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Exercise immunology is an imporrant, emerging subdiscipline within exercise physiology,
concerned with the relationship berween exercise, immune function and infection risk.
This book offers a comprehensive, up-to-date and evidence-based introduction to exercise
immunology, including the physiological and molecular mechanisms that determine
immune function and the implications for health and performance in sport and everyday
life.

Written by a team of leading exercise physiologists, the book describes the character-
istics of the immune system and how its components are organised to form an immune
response. It explains the physiological basis of the relationship berween stress, physical
activity, immune function and infection risk, and identifies the ways in which exercise
and nutrition interact with immune function in athletes and non-athletes. The book shows
students how to evaluate the strengths and limitations of the evidence linking physical
activity, immune system integrity and health, and explains why exercise is associated with
anti-inflammatory effects that are potentially beneficial to long-term health.

Every chaprer includes useful features, such as clear summaries, definitions of key
terms, discussions of seminal research studies and practical guidelines for athletes on ways
to minimise infection risk, with additional learning resources available on a companion
website. This is an essential textbook for any course on exercise immunology or advanced
exercise physiology.

Visit the companion website for this book at www.routledge.com/cw/gleeson
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changes in immunoendocrine variables (e.g. SlgA, lysozyme, cortisol,
testosterone) in athletes 154

7.1 Discuss the strengths and weaknesses of the laboratory and field
studies char investigate the effects of environmental stress on
infection and immunirty 165
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Preface

Exercise immunology is a subdiscipline of exercise physiology that is concerned with
the effects of acute and chronic physical activity on immune function. It is a relatively
new area of research. Before 1970, there were only a handful of papers describing the
effects of exercise on the numbers of circulating white blood cells. Since the mid-
1970s there has been an increasing number of papers published on this subject and
in recent years at least 400 new papers have appeared in the scientific literature each
year.

Interest in exercise immunology was prompred by mostly anecdoral reports by
athletes, coaches and team docrors in the 1970s and 1980s thar arhleres seemed 1o
suffer from a high incidence of infections (predominantly colds and flu). This was
abour the time that many sports were changing from amateur to professional status
and athletes were increasingly able to devote more time to hard training. A few
epidemiological studies in the 1980s and early 1990s appeared to confirm this higher
incidence of upper respiratory tract infection during heavy training in endurance
athletes and following competitive prolonged exercise events, such as marachon and
ultramarathon races. Since then, over a thousand studies have reported char prolonged
exercise results in a temporary depression of various immune cell funcrions. A substan-
tially smaller number of studies indicate that a chronic impairment of immune
function can occur during periods of intensified training. Even fewer studies suggest
that moderare regular exercise is associated with improved immune function and a
reduced incidence of infection compared with a completely sedentary lifescyle. Thus,
exercise is not universally bad for the immune system; rather, it is excessive amounts
of exercise (possibly in combination with other stressors, e.g. psychological) thar resule
in immune system depression and increased susceptibility to infection. In recent years,
studies have focused on the possible mechanisms by which exercise improves or impairs
immune function. Intervention studies have investigated the effects of dier and
nutritional supplements on immune responses to exercise. Other studies have looked
ar exercise in environmental extremes (heat, cold, altitude and microgravity) and in
pa:ticular subpupulatiﬂns (r:lderly, obese, HIV and cancer patients).

Exercise immunology is now established as an important field of research in the
discipline of exercise physiology and is therefore being introduced as an area of study
in sport and exercise science degree programmes in many countries around the world.

—
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Ar present, this probably takes the form of a few lectures within a module devored
to exercise physiology, physiology of training, health of the athlete or exercise and
health. In some universities, however, a full module is devored to the study of this
fascinating subject at undergraduate or master’s level. More institutions would
probably introduce the subjecr if a suitable undergraduate texc was available. This
book is intended to provide such a text. The subject of exercise immunology is still
generally ignored in standard exercise physiology texts and only a couple of books
aimed more ar researchers and postgraduates have been written on the subject and
these are now somewhart our of date.

In this boek, we examine the evidence for the relationship berween exercise load
and infection risk. This is followed by a description of the components of the
human immune system and how they function to protect the body from invasion
by potentially disease-causing micro-organisms. The subject is not covered to the
same depth as in a clinical immunology text but this book does cover the essential
derails of the structure and function of different immune system cells, soluble
factors, the immune response to infection and how the immune system is organised
and regulated. The main factors that influence immune funcrion including age,
sex, stress and diet are also mentioned. Subsequent chapters describe the known
effects of acurte exercise and heavy training on the numbers of circulating white
blood cells, innate (nonspecific) and acquired (specific) immuniry, the effect of
exercise in environmental extremes on immune function and the impact of
nutrition on immuniry and immune responses to exercise. Other chaprers consider
the anti-inflammatory effects of exercise (one of the main reasons why regular
exercise can reduce the risk of chronic metabolic and cardiovascular diseases),
allergies in athletes and the impacr of exercise on immune function in special
populations such as the elderly, people who are obese, or have diabetes or HIV.
One chaprer provides evidence-based guidelines on how athletes can minimise
their risk of immunodepression and infection.

This book has been written with the needs of both students and course instructors
in mind. The aim of the book is to enable the student to understand and evaluate the
relationship berween exercise, immune function and infection risk. After reading this
book students should be able ro:

* appreciate the influence of habitual physical activity on infection risk;

* describe the characteristics of the components of the immune system and explain
how these components are organised to form an immune response;

* appreciate the ways in which immune funcrion can be assessed;

* understand the physiological basis of the relationship berween stress, physical
activity, immune function and infection risk;

* identify the ways in which exercise and nutrition interact with immune funcrion
in athletes and non-athletes;

* cevaluate the strengths and limitations of the evidence linking physical acriviry,
immune system integrity and health;

* provide guidelines to athletes on ways of minimising infection risk.
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To reinforce learning, each chaprer begins with a list of learning objecrives and ends
with a list of key points and suggestions for further reading. Several chapters contain
technique boxes that explain the different ways in which immune function can be
measured; the emphasis here is on the principles of the tests used and their limitacions
rather than on the minute detail of the assay methods. There are also rext boxes which
focus on specific issues of general interest, key concepts, student group acrivities and
biographies of some of the eminent scientists whose research efforts have grearly
contributed ro the field of exercise immunology. At the end of the book, there is an
extensive bibliography listing all the cired references and a glossary provides
definitions of all key terms and abbreviations.

The book is designed to provide the basis of a module in exercise immunology that
could run over one or two semesters. Each chapter is structured in a logical sequence,
as it would be presented in a lecture, and the rables and figures used are ones thar we
and the other contributors currently use in our lectures. This should reduce che time
thar course instructors have to spend preparing lectures and rutorials.

The editors and other contributors are all active researchers in exercise and/or
stress immunology. They also teach the subject of exercise immunology to undergrad-
uate and masters students and supervise postgraduate research students, so they are
well versed in communicating information abourt this subject, which is I::cing
conrtinually updated by new research. All the contributors are members of the
Internarional Sociery of Exercise and Immunology.

This book is primarily written for students of sport science, exercise science and
human physiology. It is alse relevant to students of medicine, biomedical sciences,
physiotherapy and health sciences. The more practical aspects may also be of interest
to athletes, coaches and team doctors. We hope that this book inspires instructors as
well as students to delve more deeply into the subject of exercise immunology. Most
of all, we hope that you enjoy reading our book en this fascinating subject.

Michael Gleeson
Nicolerre C. Bishop
Meil I Walsh
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1 The influence of exercise on
infection risk

Nicolette C. Bishop

EI LEARNING OBJECTIVES

Afrer studying this chapter, you should be able to:

* appreciate the different agents thar cause common infections;

* appraise the J-shaped model of upper respiratory tract infection risk and exercise
volume;

+ appreciate the strengths and limitations of the methods used to measure the
incidence of infection;

* evaluate the evidence concerning the effect of single bouts of prolonged exercise
and intensive endurance training on infection risk;

» appreciate the influence of airway inflammarion on symptoms of respiratory
infection;

= evaluate the evidence concerning the effect of regular moderate exercise on
infection risk compared with a sedentary lifestyle;

» appreciate other factors that influence symproms of infection.

[] INTRODUCTION

Acute upper respiratory tract infections (URTI, such as coughs and colds, influenza,
sinusitis, tonsillicis, other throat infections and middle ear infections) are among the
most common illnesses experienced at all ages. These infections lead to absence from
school and work, visits to general practitioners (GPs) and heavy use of ‘over the counter’
medicines. In the UK, respiratory infections account for approximately 5.5 million GP
visits annually and an estimated cost of £170 million (Health Protection Agency, 2005).
These infections are also one of the main reported causes of illness in athleres. For
example, analysis of the 126 reported illnesses in athletes competing at the World
Arhletics Championships in Daegu, South Korea, in 2011 revealed thar 40% of illnesses
affecred the upper respiratory tract, with confirmed infection in around 20% of cases
(Alonso et al. 2012). Ocher than sickness associated with exercise-induced dehydration
(12%), gastroenteritis/diarrhoea was the next most common illness reported (1094),




MWICOLETTE C. BISHOP

E CAUSES OF INFECTIONS

Pathogens are disease-causing microorganisms and these can include viruses, bacteria,
fungi and parasites. The causes of upper respiratory infections can be viral or bacterial
and they are most commonly transmitted by airborne droplets or nasal secretions.
Pathogens involved as causal agents in respiratory infections can lead to a wide variety
of illnesses (Table 1.1) and many are seasonal in their activity, tending to have higher
levels during the winter months.
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INFECTIOM ORGANISM
Common cold/cough Rhinovirus, coronavirus, adenovirus, influenza A and B, human parainfluenza
virus, enterovirus

Middle ear infection (otitis media) Rhinovirus and other common-cold viruses, Streprococens preumoniae,
Haemophilus influenza, Moraxella eararrhbaliz

Sinusiris Rhinovirus, coronavirus, enterovirus, adenovirus, influenza A and B,
5. prenmoniae, H, influenza, M. catarrbalis

Sore Throat Adenovirus, influenza virus, rhinovirus, Epstein-Barr virus, cyromegalovirus,
5. progenes, Mycoplasma prenmoniae

Mere Viral causes are in plain texe; bacterial causes are in ialies.

A virus is a microscopic organism that cannor replicate or express its genes without
a host living cell. Viruses invade living cells and use the nucleic acid material thar they
contain to replicate themselves. A single virus particle (virion) is in and of itself
essentially inert. It lacks the necessary components that cells need to reproduce. When
a virus infects a cell, it marshals the cell’s enzymes and much of the cellular machinery
to replicare; viral replication produces many progeny that, when complere, leave the
host cell to infect other cells in the organism.

Viruses may contain double-stranded DNA, double-stranded RNA, single-
stranded DNA or single-stranded RNA. The type of genetic material found in a
particular virus and the exact narure of what happens after a host is infected varies
depending on the nature of the virus. Double-stranded DINA viruses typically must
enter the host cell’s nucleus before they can replicate. Single-stranded RINA viruses,
however, replicate mainly in the host cell’s cyroplasm. Once a virus infects its host and
the viral progeny components are produced by the host’s cellular machinery, the
assembly of the viral capsid (the protein coar that envelopes viral genetic marterial) is
usually a non-enzymaric, spontaneous process.

The virus may mutate during the process of its replication; this ability to change
slightly in each infected person is the reason why treating viruses can be difficult.
Viruses are responsible for several common diseases in humans, not least upper
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respiratory infections (Table 1.1). For example, there are more than 200 different
viruses thar can cause the common cold, most of which are rhinoviruses but other
viruses such as coronaviruses and adenoviruses can also be responsible.

Bacteria are single-celled microscopic organisms that are larger than viruses and
lack nuclei and other organised cell structures. As you can see in Table 1.1, several
bacterial species are capable of causing respiratory infections (pathogenic bacteria),
yet most are non-infectious and many play critical roles; for example, bacteria in the
gut aid digestion. Bacteria come in a variety of shapes (e.g. rod-like, spheres and
spirals) and sizes. Bacteria are usually classified as Gram-positive or Gram-negative,
based on a basic microbiological staining procedure called the Gram stain, which
reveals the presence (Gram-negative) or absence (Gram-positive) of an outer
membrane. For example, the streprococcal species of bacteria are rod-like gram
positive bacteria and, as outlined in Table 1.1, pathogenic species of streptococci
(Streptococcus pyogenes, S. pnewmoniae) are causes of sore throats, ear infections and
sinusitis.

Gastroenteritis/diarrhoea is worthy of mention here, not least because it was the
second most common infectious illness reported in athletes attending both the 2009
and 2011 World Championships (Alonso er al. 2010, 2012). The major cause of
viral gastroenteritis in adults is norovirus (although other viruses such as adenoviruses
can also be responsible). Close contact with infected individuals and poor personal
hygiene, in particular not washing hands after using the toiler, is the major route of
transmission. Bacterial causes (mainly through poor food hygiene practices or
competing in polluted water) include bacteria of the Campylobacter species,
Escherichia coliand Salmonella. Travellers’ diarrhoea is a rerm used to refer to gastroen-
teritis that is acquired when travelling abroad and this can affect athletes travelling
to competition. Travellers’ diarrhoea is usually the result of drinking infected warter
or earing infected foods. It is caused by a range of different bacteria or, less commaonly,
parasites such as cryprosporidium and Giardia intestinalis. These parasites are
microorganisms thac live in the gur and derive nutrients from cthe host, causing
symptoms such as abdominal pain, vomiting and diarrhoea.

IS THERE A J-SHAPED RELATIONSHIP BETWEEN EXERCISE TRAINING
LOAD AND INFECTION RISK?

The amount of exercise that a person does has an effect on respiratory infection
incidence. It has been suggested that the relationship berween exercise intensity/
volume and suscepribility to URT] is J-shaped (Nieman 1994a, 1994b; Figure 1.1).
According to this model, taking part in some regular moderate physical activicy
decreases the relative risk of infection below thar of a sedentary individual. However,
performing prolonged, high-intensity exercise or periods of strenuous exercise
training is associated with an above average risk of infection. When first proposed,
the J-shaped model was based on the findings of a relatively small number of studies
and the majority of these explored the relationship berween single bouts of endurance
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exercise and URTI risk in the following one to two weeks. Recent evidence
(Matthews er al 2002; Nieman ef 2l 2011a) from several large-scale longitudinal
studies provides us with additional evidence to evaluate the validicy of the J-shaped
relationship.

Figure 1.1 The J-shaped model of the relarionship berween risk of upper respiratory tract infection (URTT) and
exercise volume {Adapred from Nieman, 1994)

Above
average

Average

Risk of URTI

Below
average

sedentary moderate high

Activity levelfexercise load

Box 1.1 The amount of exercise a person does can influence their susceptibility to
infection

we all suffer from colds at some time but recent research indicates that a person’s level
of physical activity influences their risk of respiratory tract infections such as a cold, most
probably by affecting immune function. Moderate levels of regular exercise seem to
reduce our susceptibility to illness compared with an inactive lifestyle but long, hard bouts
of exercise and periods of intensified training put athletes at increased risk of colds and
flu,

Effects of single bouts of prolonged strenuous exercise on infection
incidence

E Most studies that have explored the effect of a single (acute) exercise session on
subsequent risk of URTI have looked ar responses from athletes involved in
endurance-type events. That is not to say that athletes involved in resistance or sprint
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events are not at risk of infections; those training heavily with insufficient recovery
periods berween sessions appear to be at as much risk of symptoms of URTT as those
who perform endurance sports.

A description of the methods commonly used to measure infection risk is detailed
in Technique box 1.1. Many of the studies of infection in athletes, particularly the
earlier studies, have been survey-based epidemiological studies, with self-reporting of
symptoms of URTT, rather than a confirmed clinical diagnosis. As mentioned in
Technique box 1.1, these studies have the advantage of allowing large numbers of
athletes to be studied. On the other hand, it should be recognised that the self-
reporting of URTI by athletes may be influenced by a degree of positive response
bias in the data: those who have symptoms of URTI may be more likely to return
these questionnaires (a positive response). It could also be argued that highly trained
athletes are more self-aware and may report symproms thar less acrive individuals
would not take any notice of.

Fieliishe e T b
Measurement of incidence of infection

Studies that have looked at the relationship between both moderate and more intense
exercise and infection risk have largely relied on data collected by means of self-report
survey. In the majority of these studies, the presence of an infectious pathogen has not
been confirmed; rather subjects have completed a questionnaire or a daily logbook in
which they noted their symptoms of iliness (including URTI) either during the study or
retrospectively, For example, in one randomised exercise training study, subjects recorded
health problems each day by means of codes including: cold (runny nose, cough, sore
throat); allergy (itchy eyes, stuffy nose); headache; fever; nauseafvomiting/diarrhoea;
fatiguestiredness; musclefjoint/bone problemn or injury; menstrual cramps; other (describe);
or none (Mieman et al. 1990b). An episode of URTI was defined as coding for a cold with
or without supporting symptoms of headache, fever, fatigueftiredness or
nausearvormiting/diarrhoea for 48 hours and separated from a previous episode by at
least one week. Jackson et al. (1958} validated a cold symptom questionnaire (see
questionnaire below) after administering by nasal instillation a dilute, cell-free, nasal
secretion from donors with a common cold to over 1000 human volunteers and recording
symptoms in those who became infected.

More recent studies (e.g. Spence ef al. 2007; Nieman et al. 2011a) have chosen to
administer the \Wisconsin Upper Respiratory Symptom Survey (WURSS) or a modified
version of this (http:/fwww.fammed. wisc edu/research/external-fundediwurss), which
were developed from the original Jackson score questionnaire. This is a reliable and multi-
validated questionnaire that provides data on symptom duration and severity as well as
absolute episodes.

The move towards email administration of self-report questionnaires (as used by
Fondell et al. (2011)) appears to have a positive effect on response rates and also allows
investigators to monitor participants more regularly. In most studies, physical activity
patterns are also assessed by questionnaire, such as the |nternational Physical Activity
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Questionnaire (IPAQ; httpAiwww.ipag.ki.se/downioads htm). These studies have the
advantage in that they allow large cohorts to be studied, although the reliability of the
data gained from these studies will depend upan the reproducibility and validity of the
guestionnaires administered and the period of recall: memary recall over long periods of
time has obvious potential for errar,

Clinical confirmation of infection requires the collection of a throat swab and/or saliva
sample for later culture and identification of potential bacterial pathogens. Viral
pathogens can be identified from viral nuclear material present in saliva samples. From a
practical standpeint, laboratory-based identification of respiratory pathogens is neither
practical nor cost effective and results are rarely available before the symptoms are
resolved. On the other hand, physician diagnosis, long considered the ‘gold standard’
method of confirming the presence of true URTI is perhaps not as robust as once thought;
large discrepancies between physician and laboratory diagnosed infection were apparent
in elite athletes presenting at an Australian Sports Medicine Clinic (Cox et al. 2008).

Jackson score upper respiratory tract illness questionnaire
Do you think that you are suffering from a common cold or flu today?

Fill in the circle if your answer is YES ()
If yes please complete all the questions below:

Are any of the following symptoms of the cammaon cold or flu present today? Please
indicate your response by filling in one circle for each of the following symptoms:

Symptom Degree of discomfort

MNone at all tild Moderate Severe
Sneezing
Headache
Malaise (feeling generally unwell)
Masal discharge (runny nose)
Masal obstruction (blocked nose)
Sore throat
Cough
Earache
Hoarseness
Chilliness

OO000000000
0000000000
QO000000000
0000000000

Nete: Participants should complete the questionnaire at the end of each day to document the severity
of their ten cald-related symptoms on a four-peint scale (0 = no symptom, 1 = mild symptom, 2 =
moderate symptom, 3 = severe symptom). The total symptom score is calculated by summing the
daily scores for all ten symptoms. Any consecutive two-day total symplom score greater than 14
can be considered as the first criterion to indicate a Jackson-verified cold; these are used in the
analysis of number of cold (URTI) episades. A second criterion is the subjective self-repart that the
participant had the impression that they were suffering fram a cold (the first circle is filled in) on three
of maore consecutive days.
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The findings of two early studies looking at incidence of self-reported URTI
following marathon-type events suggest that participating in comperitive endurance
events is associated wich an increased risk of URTI during the 7—14 days following
the event (Peters and Bateman 1982; Nieman er af 1990a). In a randomly selected
sample of 140 runners in the 1982 Two Oceans Marathon (a distance of 56 km) in
Cape Town, 33% of the runners reported symproms of URTT in the rwo-week period
following the race, compared with 15% of a group of age-martched non-running
controls, each of whom lived in the same houschold as one of the runners (Peters and
Bateman 1982). Further examination of the data revealed a significant negative
relationship between race time and post-race illness (symproms of URTI were far
more prevalent in those runners who completed the race in less than four hours,
suggesting a relationship berween acute exercise stress, or previous training load, and
suscepribility to URTI). Similar findings were reported from a cohort of over 2000
runners who took part in the 1987 Los Angeles Marathon (Nieman ef 2l 1990a).
During the week after the marathon, 12.9% of the runners reported symptoms of
URTI compared with only 2.2% in a control group of experienced runners who had
entered the race but did not compete for reasons other than illness (Figure 1.2).

Figure 1.2 Percentage of runners reporting episodes of upper respiratory rract infecrion (URTI) during the week
after the 1987 Los Angeles Marathon (Mieman er al, 1990). Controls were runners who had entered the
race but did not compete for reasons other than illness
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It is important to keep this relationship in perspective; the findings of these studies
suggest that the relative risk of an episode of URTI is increased following heavy
exercise but the majority of athletes do not experience an episode of URTI after
prolonged strenuous activity. For example, in the cohort of over 2000 marathon
runners who completed the 1987 Los Angeles marathon, only one in every seven
marathon runners reported symptoms of URTT in the week following the event
(Nieman et al 1990a). Exercise duration may be an additional eritical factor in
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Effects of intensive endurance training on infection incidence

—

Box 1.2 Does excessive exercise increase infection risk?

= Studies of single bouts of prolonged endurance exercise (e.g. marathon and ultra-
marathon events) have been typically associated with an increase in reported upper
respiratory symptoms, which have been assumed to be representative of URTI (e.g.
Peters and Bateman 1983; Mieman et al. 1990a).

* Intensive endurance training is often associated with an increase in episodes of
clinically confirmed URTI or self-reported upper respiratory symptoms. This
relationship has also been reported in athletes invelved in intermittent sports,
including football, rugby and tennis.

+ |n the absence of clinical confirmation, caution needs to be taken when interpreting
reported upper respiratory symptoms as actual infections. In many cases, self-reported
symptoms of respiratory illness may reflect airway inflammation or allergic reaction
rather than an iliness with an identifiable infectious cause.

determining post-race suscepribility for respiratory illness because performing 5-km,
10-km and 21.1-km events do not appear to increase the reporting of symptoms of
URTI in the week after the race above that reported in the week before (Nieman ef
al 1989a),

Recurrence of recent infection may also account for a significant proportion of
infections reported after endurance events. One-third of runners who reported upper
respiratory tract symptoms (URTS) in the three wecks before the 2000 Stockholm
Marathon also reported post-race episodes (Ekblom er @l 2006). This suggests a
recurrence of recent infection, perhaps caused by performing strenuous exercise
before recovering fully.

In addition to the higher incidence of respiratory symptoms reported by the runners
who completed the 1987 Los Angeles Marathon, 40% of the runners also reported
experiencing at least one episode of URTS during the two months prior to the
marathon itself (Nieman er al 1990a). After controlling for confounding factors such
as age, perceived stress levels and illness in the home, it was found thar those who ran
more than 96 km (60 miles) per week in training were rwice as likely to suffer illness
compared with those who trained less than 32 km (20 miles) per week (Figure 1 3.

Although many of the investigations of the relationship between exercise training
and URTI incidence (with or without concurrent measures of immune funcrion)
have concentrated on runners, there are now several published reports derailing a
relationship berween heavy volumes of training and competition and URTS in
athletes involved in other sports including swimming (Gleeson e 2l 1999a), foorball
(Bury er al 1998), tennis (Novas er al. 2003), American Football (Fahlman and
Engels 2005) and rugby union (Cunniffe ez al. 2011) For example, in elite Australian
swimmers, URT] incidence was higher in swimmers than in moderately exercising
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Figure 1.3 Training load (running distance per week) and relative risk of upper respiratory tract infection (URTI) in
the rwo months pr'u:rr to the 1987 Los Angc!ﬂ Marathon (Mieman e af 1990a); 40% of the runners

reported experiencing at least onc cpisode of upper respiratory symproms during the two months before
the marathon; after conerolling for confounding faceors, it was found that those who ran more than 96

ke (60 miles) per week in training were twice as likely o suffer illness compared wich those whe trained
less than 32 km (20 miles) per weck

48-63

<32 32-47 64-79 B0-96 =96

Rate ratio for URTI

kmfweek in 2 months prior to marathon

support staff (Gleeson er @l 1999a). Furthermore, an 11-month observation of elite
Welsh Rugby Union players found peaks in URTT occurred after periods of increased
training intensity and reduced game activity (Cunniffe er 2 2011). However, a
relationship berween training volume and occurrence of URTS is not always found.
Analysis of the training volume of around 1,500 runners in the six months prior to
the 2000 Srtockholm Marathon found no relationship with reported URTS either in
the three weeks before or in the three weeks after the race (Ekblom er 2l 2006).
Furthermore, clinically confirmed URTI was not related to the weekly combined
sailing and training load of elite America’s Cup yachtsmen over a 50-week monitoring
period (Neville e al 2008).

The need to distinguish berween ‘elite’ and “highly trained’ has been suggested to
be an important influencing facror in the relationship benween exercise training load
and infection risk. It has been argued by some exercise immunologists that much of
the literature has focused on the sub-elite achletic population bur infection incidence
in truly elite athleres is actually lower than in highly-trained athletes, resulting in an
S-shaped, rather than J-shaped curve (Malm 2006; Figure 1.4). Altho ugh this view
has sparked some debarte, there is perhaps some logic to the argument thar an
increased suscepribility for infection is simply incomparible with the training required
to perform to the levels achieved by elite athletes. Moreover, the ability to withstand

infections during periods of heighted physiological and psychological strain could
actually be a prerequisite for elite performance.
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Figure 1.4 The propesed S-shaped relarionship berween physical activity/exercise load and risk of upper respiracory

tract infection (URTT) (ﬂ.d:pm:l from Malm 2006); this model proposes thar true clite athletes suffer
fewer infections than their highly trained counterparts; it is suggested that the ability to withstand
infections during periods of heighted physiological and psychological strain could actually be a
prerequisire for elite performance
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Risk of URTI

Below
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sedentary moderate high elite
Activity levellexercise load

Infection or airway inflammation?
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Current guidance to help athletes to avoid illness, particularly of the upper respiratory
tract, is focused on minimising transmission of infectious pathogens and maintaining
immune competence (Bishop 2012). This seems sensible if we assume that these
symptoms all have an infectious cause. However, several reports suggest that a
substantial proportion of URTI symptoms experienced by athletes are not caused by
identifiable infectious pathogens. A study examining the causes of URTS in baoth elite
and recreational triathletes and sedentary control subjects of similar age over a five-
month period found that only 11 of 37 illness episodes had an identifiable infectious
cause (Spence ef al 2007; Figure 1.5). Rhinovirus was the most commonly identified
pathogen, with a small number of bacterial pathogens, including 5. pyogenes,
Haemophilus influenza and Mycoplasma pneumoniae also responsible. This aside, almost
75% of reported cases of URTS tested negative for detectable infectious agents. This
study demonstrates the difficulties thar researchers face when attempting to identify true
infectious episodes from observartion or self-reporting of symproms alone. Even sports
physicians can overestimate the occurrence of actual infections. In an evaluation study
of URTS in elite Australian athletes, physicians characterised 89% of cases as viral or
bacterial URT], yet only 57% of cases were actually associated with an identified
pathogen or laboratory measure consistent wich infection (Cox er al 2008). These
findings strongly suggest that not all URTT are in fact associated with the commonly
identifiable infectious agents and, for this reason, the term URTI should be used with
due caution. Given this uncertainty about the aetiology of URTS in athletes, scientists
are encouraged to use the term upper respiratory illness (URI) instead.
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Figure 1.5 Breakdown of episodes of upper respiratory illness into those with and withour idenrified pathogenic
cause rjuring the five-month monitoring pericd in sedentary (2 = 20, recreational athletes (1= 30) and
elite athleres (w = 20); alchough a J-shaped relacionship is apparent when all episodes are considered. the
relationship is less clear when only infecrious illnesses are considered (adapred from Spence er al. 2007);
URTI = wpper respiratory tract infection
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These findings lead us to the question of the cause of the unidentifiable illnesses
because, infectious or not, these illnesses still lead to loss of training and competition
days. The fact that the causes were unidentified does not necessarily mean thart chese
illnesses were not infectious; there are many reasons why a pathogen may not be
identified, including the limitations of current diagnostic techniques and the
existence of as yet unknown pathogens. Having said that, there is now a convincing
line of thought that airway inflammation may be at least partly responsible for those
illnesses withour identifiable pathogenic cause. Lung ventilation rates ac rest are
typically aboutr 5-10 L/minute but during strenuous exercise (such as running at
marathon pace) can increase to 100-200 L/minute. This increased ventilatory load
with exercise can damage the airways, causing an increase in airway osmalarity and
stimulating bronchial epichelial cells to release chemical signals (chemoateracrants) o
promote the movement of immune cells into the airways (Bermon 2007). The
resulting non-infectious inflammartion leads to many of the same symproms as
infectious respiratory illnesses.

In addition to exercise hyperventilation, allergy and exposure to environmental
facrors such as cold dry air, pollutants and chlorine-related products can all trigger
an inflammatory response and subsequent URTS. In the evaluation study of URTS
in elite Australian athletes discussed previously, laboratory investigation identified
allergy in almost 40% of the athletes presenting with URI, yet the sports physicians
did not consider allergy as a possible cause of these symproms for any of the episodes
(Cox er al. 2008). The prevalence of an allergic (racher than an infectious) cause of
symproms is highlighted in a study that found a strong correlation berween the

11
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prevalence of allergy and post-race reporting of symptoms of URI in over 200 runners
who had raken part in the 2010 London Marathon (Robson-Ansley er all 2012).
Furthermore, it is possible that some of the self-reported episodes of apparent URTI
following the marathon events in large cities such as Cape Town and Los Angeles
were actually related to pollurant-related airway inflammation and/or inflammation
caused by sustained high ventilatory loads. With this in mind, strategies to prevent
respiratory illness in athletes also need to look beyond avoidance of bacrerial or viral
pathogen transmission. Clarification of the causes of symproms of respiratory illness
in athletes alongside identificarion of those athletes who are most vulnerable to these
symptoms is necessary to help in identifying the most appropriate treatment and
management strategies (Bishop 2012).

Other factors influencing infection risk in athletes

Despite the limitations in the identification of infectious URTS, it is clear that
infections of the upper respiratory tract do exist and do appear to be more prevalent
in the athletic population. While subsequent chaprers will look at the effects of
exercise on different aspects of immune funcrion, there are several other factors thac
can also influence the risk of infection in athletes. As described in Chapters 9 and 10,
heightened psychological stress, poor sleep quality and poor dietary pracrices all
impact on immune function and subsequent risk of infection. Furthermore, pracrices
such as sharing drinking bottles, a lack of hand washing, drinking tap water or melted
ice cubes when rravelling and living in close proximity to others, for example on
training camps, can all increase the transmission of infectious pathogens. Practical
guidelines on minimising infection risk are discussed in derail in Chaprer 10.

Summary of effects of heavy exercise on infection risk

The ]-shaped model suggests that participating in acute bouts of intense exercise and
invelvement in heavy schedules of training and competition increases the relative
risk of URTS to above that of a sedentary individual. Research in this area has
generally concentrated on survey-based studies of large cohorts of competitive
endurance-trained athletes and, while the findings do provide support for a negative
relationship berween heavy exercise and risk of URTS, it is important to acknowledge
the existence of both infectious and non-infectious episodes of upper respiratory
illness. A number of other factors may contribute to the higher number of illness
episodes experienced by achletes, including impaired immune funcrion, airway
inflammartion caused by exercise hyperventilation, allergy or environmental
pollutants, increased exposure to pathogens, poor nutritional practices and increased
psychological stress.

Moderate exercise and risk of URTI

The J-shaped relationship berween exercise training load and infection risk suggests
that regular participation in moderate recreational physical activity is associated with

12
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a lower risk of infection than that of sedentary individuals. Cerrainly, many fitness
enthusiasts would agree wholeheartedly that regular exercise helps to keep illness ac
bay and there are now some quite convincing epidemiological dara to support this
notion. There have been two main experimental designs employed by researchers to
look ac this area: (1) longitudinal intervention studies, where small cohorts of
sedentary individuals underrake a short period (typically 6-12 weeks) of prescribed,
supervised regular exercise. [llness rates are compared with a control group who eicher
continued with their sedentary lifescyle or who underrook some passive or very low
intensity acrivity; and (2) longitudinal observational studies, where the acriviry
patterns and illness rates are recorded over much longer periods of time, sometimes
up to one year. These studies rely on greater recall of activity and illness but do allow
considerably larger cohorts to be observed over a longer period of time. However, as
highlighted in the above section, issues concerning the classification of true URTI
must be taken into consideration.

Box 1.3 Does regular moderate exercise reduce infection risk compared with a
sedentary ifestyle?

* |tis a widely held belief that doing regular moderate exercise is good for health and
may also lower the incidence of URTI

s A small number of studies show that regular moderate exercise can decrease the
incidence of the common cold (Matthews et al, 2002; Mieman et al, 2011a).

= |t i5s not clear whether this is because regular exercise improves one or more aspects
of immune function, although a few studies have reported modest increases in saliva
immunoglobulins and natural killer cell activity with moderate exercise training in
previcusly sedentary subjects.

* Regular exercise could also reduce the incidence of common colds by indirect effects
in improving psychological moed state, improving sleep quantity and quality,
improving nutritional status {by increasing appetite and nutrient intake in
undernourished individuals) and encouraging other aspects of a healthy lifestyle (e.q.
improved quality of diet, good personal hygiene),

= Summary: regular exercise may be immuno-stimulatory in those with compromised
immune function (such as the elderly or people who are cbese) and there is some
evidence that it can reduce the incidence of respiratory tract infection. However, it
remains contentious whether doing regular moderate exercise improves immune
function in otherwise healthy individuals,

Interventional studies

One of the earliest interventional studies involved a group of 36 previously sedentary
young women who were mildly obese (body mass index of around 28 kg.m-2)
randomly assigned ro either 15 weeks of supervised exercise training (five 45-minute
sessions of brisk walking at 60% heart rate reserve each week) or to a control group
who did not participate in any exercise outside of normal daily activity (Nieman er

—
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al. 1990b). Symproms of illness were recorded daily in a logbook using a coding
system, whereby different numbers coded for different symproms (e.g. 1 for a runny
nose, 2 for a cough, and so on). Importantly, all of the women were unaware of the
aims of the study in atempr to reduce the over-reporting of symproms. Over the
15-week study period, the actual number of URTI episodes did nor differ berween
the two groups. However, the women in the exercising group reported significantly
fewer days with URTI symptoms compared with the sedentary conrtrols (5.1 = 1.2
days versus 10.8 + 2.3 days in the exercising and control groups, respectively), which
suggests that the exercising women were able to ‘get over’ their colds more quickly.

In a similar study, 14 previously sedentary elderly women {aged 7—85 years)
completed 12 weeks of supervised brisk walking with another group of 16 of their
sedentary peers participating in supervised sessions of callisthenics (light exercise
involving muscular strength and flexibility work) over the same period (Nieman e
al 1993a). Only three of the walkers experienced an episode of URTI during the
study period, compared with eight of the individuals in the callisthenics group. Both
groups were also compared with a group of 12 highly conditioned elderly women
who were still actively involved in ‘masters’ level endurance competitions; only one
of these women experienced an episode of URTI during the same period.

Both of these studies had relatively small numbers of participants and the exercise
programmes lasted three to four months. In a year-long intervention study, 115
postmenopausal women who were overweight or obese were randomly assigned to
either an exercise group (45 minutes of moderate exercise on five days per week) or
a control group who artended weekly 45-minute stretching sessions (Chubak er al.
2006). At the start of the study and at three-month intervals thereafter, the women
completed self-administered questionnaires. The women had been educated in how
to fill in the questionnaires and they had received instructions on how to discriminate
berween allergic and infectious illness symptoms. To assess the reproducibility of the
questionnaire responses, a subgroup of women filled in the questionnaire again
within five weeks of the initial response and it was found that there was a high level
of agreement in reporting of URTI episodes. Over 12 months, the risk of self-
reported colds (bur not all URTI) decreased in exercisers relative to strerchers and,
in the final three months of the study, the risk of colds in the stretchers was more than
threefold thar of the exercisers (Figure 1.6). Interestingly, exercise appeared to partic-

ularly reduce the number of cold episodes in participants who did not already take
mulrivitamins.

Observational studies

14

Interventional observational studies have investigated the relationship berween
exercise and self-reporred URTI episodes in women who were cither older,
overweight/obese or both. This is important to acknowledge because, as we will see
in Chaprer 13, there are differences berween males and females in both immunicy and
immune responses to exercise and immune function generally decline with age. One
study that focused on the association berween activity levels and URTI in younger
adults (aged 20-23 years) failed to find any relationship (Schouten er 2/ 1988). The
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Figure 1.6 Exercisers and strerchers reperting cither 0, 1, 2 or 3 episodes of cold infeetion over the 12-mon
observation period (data from Chubalk er af 2006)
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92 men and 107 women in that study had been asked ro recall habitual physical
activity over the previous three months and symptoms of URTT over the previous six
months. While these findings may suggest that any benefits of regular activity on
symproms of respiratory illness are confined to older adulss, the long period of recall
used in these studies, particularly the six-month period of recall of URTI, does
question the reliability of the reported findings.

A more robust study design was employed by Matchews er al (2002). The
relationship berween exercise and infection risk was explored across a broad range of
age (20-70 years) and habitual physical activiry level. Over 500 adults were asked to
recall episodes of colds, flu or allergic episodes at three-month intervals over a period
of one year. Physical activity levels were assessed by 24-hour recall oceurring on three
occasions within seven weeks of each URTI recall and took into consideration
physical activity ar home, at work and during leisure time. The data were also
adjusted for many of the known risk factors for infection, such as age, smoking,
anxiety, depression and dietary factors such as macronutrient and vitamin supplement
intake. The findings suggested thac regular moderate physical activity was associated
with a 20-30% reduction in annual risk of URTI, compared with low levels of
habirual activiry (Figure 1.7). Although this study was based on three-month recall
of ‘colds” and ‘allergies’ rather than any specific symptoms of URTI, the patterns of
seasonal variation in episodes of colds were in agreement with the accepted annual
distribution of URTL. As can be seen in Figure 1.8, colds were four times more
prevalent in the winter months (November to March) than in the summer (June to
Augusrt), whereas allergies were more common in the summer.

15



NICOLETTE €. BISHOP

Figure 1.7 Relative risk of upper respiratory tract infection (URTI) acress habitual physical activity quartiles; units of

physical activity are expressed as MET-h/day 1; MET = resting metabolic rate (i.e. 3.5 ml O./kg body
mass/minute) so, for example, a value of 6 MET-h/day is equivalent w0 1 hour of moderate exercise
{where metabolic rare is six times the resting value) per day

1 &

09 b
8
ﬁ 0.8
-]
2 0.7 -
E
=2 06

ﬂ.5 i i i

o) Q2 Q3 Q4

men <3.93 3.94-7.15 7.16=11.95 =11.96

women <238 2.39-4.09 4.10-6.24 26.25

activity level (MET-h/day)

Figure 1.8 Seasonal variation (percentage within 95% confidence interval) in reported colds (upper respirarory tract

infections), influenza (flu) and allergies in a USA general population sample (data from Matthews er all
2002)
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In a robust study that addresses many of the study design issues we have
highlighted in this chapter Nieman et al (2011a) provide strong support for a
protective effect of regular physical activity on episodes of respiratory illness. Over
1000 males and females of a wide age range (18-85 years) completed a validaced
questionnaire of symptoms, the Wisconsin Upper Respiratory Symprom Survey, on
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a daily basis over a 12-week winter period (the season when URTS are most
prevalent). Leisure time activity levels were assessed, as was self-perceived level of
fitness and confounders, such as age, gender, body mass index, stress, fruit intake,
marital status and education level, were taken into account. The key findings from
the study were a reduction in days with URTS during the 12-week period with
increasing levels of acrivity. Those who exercised on at least five days each week had
a 43% fewer number of days with URTS compared with those who were largely
sedentary (reporting activity on less than one day each week) (Figure 1.9).
Furthermore, compared with the sedentary group, a significantly lower incidence of
symptom days was also found in those reporting activity on one to four days per
week. Similar findings have been reported in a four-month prospective study of over
1500 Swedish adults aged 20-60 years (Fondell er af, 2011). Here URTS (classified
as colds and influenza) were assessed via self-report questionnaires thar were emailed
to participants at three-week intervals and physical activity was assessed by
questionnaire at baseline. There was an 18% reduction in URTS risk between high
and low physical acrivicy quartiles that improved to a 429 reduction in URTS risk
in those with high levels of perceived stress. This relationship was stronger in men
who reported higher stress levels compared with women.

It is important to emphasise that, in these studies, someone in the most active
group is unlikely to be performing the large quanrities of vigorous training that form
the focus of the studies of athletes described in the earlier parts of this chapter. They
are more likely to engage in regular moderate-vigorous but non-fatiguing exercise,
such as going to the gym or jogging on most days of the week and being moderarely
active in the rest of their free time (such as performing household chores, walking,
gardening, and actively playing with young children).

Figure 1.9 Toral number uf‘da}ls with upper respiratory symptoms over the 12-week observation period across

physical fitness and exercise frequency rertiles: = P < 0.05 compared with the low fitness or exercise
frequency tertile (data from Nieman eral 201 12)
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Group activity 1.1 [#|

Discuss the strengths and weaknesses of the epidemiological studies that
investigate the effects of habitual physical activity level on infection incidence

The problem

There are only a limited number of studies that have investigated relatively large
populations (e.g. Macthews er al 2002; Nieman ef al 2011a) and even these
have not included individuals engaged in large volumes of training. There is the
problem of possible confounding factors (such as age, gender, psychological
stress, diet) that need to be conrrolled for, and the history of infection episodes
is often limited to self-reporting and recall rather than the use of validated
infection symprom questionnaires or physician diagnosis. The studies of athleres
have mostly been limited to examining URTS by self-repore in the weeks

follow]ng lﬂng—dismncc running events (e.g. Peters and Bateman 1983; Nieman
et al. 1990a).

Questions for group discussion

* Whar are the strengths and weaknesses of the epidemiological studies that
investigate the effects of habitual physical activity level on infection incidence?

* Whar confounding factors need to be considered in such studies?

* What would be the best ways of monitoring infection incidence in large scale
popularion studies?

Moderate exercise and URTS duration and severity

18

On balance, the evidence from the available randomised controlled studies and larger
survey-based studies does suggest some association between moderate exercise and
reduced risk of URTS. In addirion, for each episode of URTS, symprom severity and
duration may also be lower in physically active individuals. Nieman e ol (2011a)
reported that daily URTS severity was 329 and 41% lower berween the high and low
perceived fitness and aerobic acrivity tertiles. Number of daily symproms reported
(sympromology) were also 34% and 41% lower between the high and low perceived
fitness and aerobic activity tertiles. This is not to say that exercising during an upper
respiratory illness will hasten recovery. Weidner e al (1998) vaccinated 50
moderately trained college students with human rhinovirus on two consecurive days.
Thirty-four of the students then went on to exercise at 70% heart rate reserve for 40
minutes every other day for ten days, with the remaining 16 students assigned ro a
no exercise condition. Over the ten days, symprom severity and duration were
assessed using a checklist and by weighing collected facial tissues. Throughout the ten
days post-vaccination, mean scores on the symptom questionnaire did not differ
berween the two groups, neither were there any differences in mass of the collected
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tissues. While these findings suggest that continuing to exercise during an URT]I
episode in moderately fit individuals does not affect symptom severity or duration,
any extrapolation of these findings should be taken with caution. There was no
sedentary control group ro act as comparison and, as we saw at the beginning of this
chapter, human rhinovirus is just one of many respiratory pathogens and symprom
profiles may differ berween different causative microorganisms. Since this scudy only
investigated rhinovirus-caused URT], this may account for the discrepancies berween
the findings of this study and those of Nieman er 2l (1990b, 2011a) where the
episodes of URTS experienced were naturally occurring,

Summary of effects of moderate exercise on infection risk

The J-shaped relationship berween exercise and infection risk suggests that regularly
taking part in moderate levels of physical activity decreases the relarive risk of URTI
to below thar of a sedentary individual. The findings of several interventional and
observational studies certainly lend support to this relationship. Previously, it has
been argued thar the selection criteria used may well present some degree of bias
towards those with a ‘healthy lifestyle’ and, hence, the findings are not valid for the
general population. However, this argument is not as strong as perhaps it once was;
the large cohort studies have adjusted their data to take into account confounders
such as age, gender, body mass index, dietary factors such as vitamin intake, smoking
habits, education and perceived stress among many other demographical and lifestyle
influences, yet the protective effect of regular exercise on risk of URTS remains.

u KEY POINTS

* Acute upper respiratory tract infections (URTT; e.g. coughs and colds, influenza,
sinusitis, tonsillitis, other throat infections and middle ear infections) are among
the most common illnesses experienced at all ages and lead to absence from school
and work, visits to GPs, and heavy use of ‘over the counter’ medicines.

* The causes of upper respiratory infections can be viral or bacterial and are most
commonly transmitted by airborne droplets or nasal secretions. Many are seasonal
in their activity, tending to circulate in higher levels during the winter months.

* The J-shaped relationship berween exercise and infection risk suggests thar partic-
ipating in regular moderate exercise is associated with a lower risk of URTI
compared with that of a sedentary individual. Performing acute bouts of
prolonged, intense exercise or heavy volumes of training is associated with an
above average risk of URTI.

*  Studies of single bouts of endurance exercise have been typically associated with
an increase in reported upper respiratory tract symproms (URTS).

* Intensive endurance training is often associated with an increase in episodes of
clinically confirmed URT] or self-reported URTS. This relationship has also been
reported in athletes involved in intermittent sports including foorball, rugby and
[ennis.

19
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* In the absence of clinical confirmation, caution needs to be exercised when
interpreting reported URTS as actual infections. In many cases, self-reported
symptoms of respiratory illness may reflect airway inflammation or allergic
reaction rather than an illness with an identifiable infecrious cause.

* Regular participation in moderate amounts of physical activity is associated with
fewer episodes of URTS compared with sedentary individuals.

* For each episode of URTS, symptom severity and duration may also be lower in
physically active individuals compared with sedentary individuals.

* This positive effect of regular activity on infection risk persists even when

confounders such as age, gender, dietary factors, body mass index and stress are
taken into account.

n_fURTHER READING

20

Bermon, S. (2007) Airway inflammation and upper respiratory tract infection in athletes: is
there a link? Exercise Immunology Review 13: 6-14.

Moreira, A., Delgado, L., Moreira, P and Haahtela T. (2009) Does exercise increase the risk
of upper respiratory tract infections? British Medical Bulletin 90: 111-31.

Nieman, D.C. (1994) Exercise, upper respiratory tract infection, and the immune system.
Medicine and Science in Sports and Exercise 26: 128-39.

Mieman, D.C., Henson, D.A., Austin, M.D. and Sha, W. (2011) Upper respiratory tract
infection is reduced in physically fic and active adules. Brisish forernal af Sports Medicine 45:
087-992.

Spence, L., Brown, W.]., Pyne, D.B., Missen, M.D., Sloots, T.B, McCormack, ].G., Locke,
A.S. and Fricker, PA. (2007) Incidence, etiology, and sympromatology of upper respiratory
illness in elite athletes. Medicine and Science in Spores and Exercise 39: 577-806.

Walsh, N.P., Gleesan, M., Shephard, R.]., Gleeson, M., Woods, J.A., Bishop, N.C., Fleshner,
M., Green, C., Pedersen, B.K., Hoffman-Goetz, L., Rogers, C.J., Northoff, H., Abbasi, A.
and Simon, P (2011) Position statement, Part one: Immune function and exercise. Exercite
Immunology Review 17: 6-63. [Note: Information on pages 11-16 relates specifically to
respiratory infections in athletes.)



2 The human immune system

Michael Gleeson and Jos Bosch

D LEARNING OBJECTIVES

After studying this chaprer, you should be able ro:

* describe the main components of the immune system and their functions;

* distinguish berween innate and acquired (adaprive) immunicy;

* explain the basis of how the body recognises and responds to non-self marerial;

= describe the components and actions of humoral and cell-mediated immune
mechanisms;
appreciate some of the factors thart affect immune function;

* describe the principle of enzyme-linked immunosorbent assay (ELISA) merhods
to measure the concentration of specific soluble proteins in body fluids.

D INTRODUCTION AND OVERVIEW OF THE IMMUNE SYSTEM

The body is constantly under artack by viruses, bacteria and parasices. The immune
system provides us with numerous complex and potent layers of defence that can
resist these artacks. When successful, this system of defence establishes a state of
immunity against infection (Latin: immuenitas, freedom from). The immune system
protects against, recognises, attacks and destroys elements that are foreign to the
body. This funcrion is essential to body homeostasis. It involves the precise coordi-
nation of many different cell rypes and molecular messengers, yer, like any other
homeostatic system, the immune system is composed of redundant mechanisms o
ensure thar essential processes are carried out. The immune system is particularly
important in defending the body against pathogenic (disease-causing) micro-
organisms including bacteria, protozoa, viruses and fungi.

Micro-organisms have inhabired Earth for at least 2.5 billion years and the power
of immunity is a result of coevolution in which indigenous bacteria particularly have
shaped the body’s defence functions. In humans, the critical role of the immune
system becomes clinically apparent when it is defective. Thus, inherited and acquired
immunodeficiency states are characrerised by increased suscepribility to infections,
sometimes caused by commensal micro-organisms not normally considered to be
pathogenic. The immune system also plays an important role in defendin £ us against

21



MICHAEL GLEESON AND JOS BOSCH

cancer by identifying and destroying tumour cells. However, excessive activity of the
immune system can also be damaging rather than protective. This is seen in the case
of autoimmune diseases, where the immune system inappropriately arracks tissues or
organs, and in hypersensitivity reactions, where an excessive allergic response causes
a high level of inflammation thar can be fazal.

Box 2.1 Components of the immune system

The components of the immune system comprise both cellular and soluble elements.

= Al blood cells criginate in the bone marrow from commaon stemn cells. The latter are
capable of differentiating into erythrocytes (red blood cells, important in oxygen
transpart), megakaryocytes (precursors of platelets, important in blood clotting) and
leukocytes or white blood cells, which have diverse functions in immune defence.

* Leukocytes consist of the granulocytes (60-70% of circulating leukocytes), monocytes
{5-15%) and lymphocytes (20-25%). Various subsets of the latter, including B cells,
T cells and natural killer {NK) cells can be identified by the use of fluorescent-labelled
monoclonal antibodies to identify cell surface markers (known as clusters of differ-
entiation or cluster designators, CD).

= AllT cells express CD3 on the cell surface and so are designated as CD3+ cells. B cells
do not express CD3 but do express CD19 on the cell surface so are designated as

CD3-CD19+; B cells also express CD20 and CD22. NK cells are designated as CD3-
CD164+CD56+,

H THE CELLULAR COMPONENTS OF THE IMMUNE SYSTEM

The characreristics of the various leukocytes are described below and summarised in
Table 2.1.

Granulocytes: neutrophils, basophils and eosinophils

22

Granulocytes are a type of leukocyte that includes neutrophils, eosinophils and
basophils. The name neutrophil derives from staining characteristics on haemaroxylin
and eosin-stained histology preparations. Whereas the cytoplasmic granules of
basophils stain dark blue and eosinophils stain bright red, neutrophils stain a neurral
pink. They are called granulocytes because their cytoplasm contains small granules,
that contain proteins with potent protein-digesting and bactericidal properties.
Granulocytes are very important in helping the body to fight bacterial infections.
People who have abnormally lower numbers of granulocytes are more likely to get
frequent and severe bacterial and fungal infections. Granulocytes are also called
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LEUKOCYTE MAIN CHARACTERISTICS
Granulocytes: 60-70% of leukocytes
Meutrophils > 90% of granulocytes
Phagocyrosis of foreign substances
Have a receptor for antibody: phagocytose antigen-antibody complexes
Display little or ne capacicy 1o recharge their killing mechanisms once acrivared
Eosinophils 2-5% of granulocytes
Phagocytose parasites
Triggered by immunoglobulin G o release toxic lysosomal produces
Basophils 0-2% of granulocytes
Produce chemoractic factors
Tissue equivalent = the mast cell, which releases a cosinophil chemotactic facror
Monocytes/macrophages  5-15% of leukocyres
Epress into tissues (e.g. liver, spleen) and differentiate into the marure form: the
macraphage
Phagocytose enabling antigen presentation
Secrete immunemodulatory cytokines
Retain their capacity o divide after leaving the bone marrow
Lymphocyres 15-25% of leukocytes
Activate other lymphocyte subsers
Preduce lymphokines
R@wgnis: antigens
Produce immunoglobulins (antibody)
Exhibit memaory

Exhibir cytoxicity

polymorphonuclear leukocytes (PMN) because of the varying shapes of the nucleus,
which is usually lobed into two to five segments connected by chromatin filaments.
Granulocytes or PMN are produced and released from the bone marrow.

Neutrophils

Normally, neutrophils contain a nucleus divided into two to five lobes. Neutrophils
are the most abundant leukocyte in the blood, constituting 50-70% of the roral
circulating leukocytes. One litre of human blood contains abour five billion
neutrophils (5 > 107 cells) which are abour 12-15 micrometres (pm or 10 m) in
diameter. Once neutrophils have received the appropriate signals, within minutes
they can leave the blood and reach the site of an infection. Meutrophils do not return
to the blood; they turn into pus cells and die. Neutrophils do not normally exir the
bone marrow until maturity but, during an infection, neutrophil precursors called
myelocytes and promyelocytes are released. These are often referred to as non-
segmented ‘band cells’ and are thought to be nor as funcrionally effective as mature
neutrophils.
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Neutrophils have three strategies for directly acracking micro-organisms:
phagocytosis (ingestion) followed by intracellular killing; release of soluble antimi-
crobial compounds {incfuding granuh: proteins); and generation of neutrophil
extracellular traps (NETz). Neutrophils are phagocytes, capable of ingesting micro-
organisms or other particles coated with antibody and complement proteins and
damaged cells or cellular debris. This process is known as endoecytosis and involves
amoeboid-rype movement surrounding and engulfing the target (e.g. a bacterium).
Neutrophils can internalise and kill many microbes, with each phagocytic event
resulting in the formation of a phagosome (a type of vacuole or membranous sack)
into which reactive oxygen species and hydrolytic enzymes are secreted. The
consumption of oxygen during the generation of reactive oxygen species has been
termed the oxidative or respiratory burst, although unrelared ro respirarion or energy
production. The respiratory burst invelves the activation of the enzyme NADPH
oxidase, which produces large quantities of superoxide, a highly reactive oxygen
species (ROS). Superoxide dismurates spontaneously or through catalysis via enzymes
known as superoxide dismurases (Cu/Zn-SOD and Mn-50D), to hydrogen
peroxide, which is then converted to hypochlorous acid (HCIO) by the enzyme
myeloperoxidase. It is thought thar the bactericidal properties of HCIO are enough
to kill bacteria phagocytosed by the neutrophil but this may instead be a step
necessary for the activation of proteases (enzymes such as elastase that break down
proteins).

Neutrophils can release products that stimulate other phagocytes, including
monocytes and macrophages; these secretions increase phagocyrosis and the
formation of reactive oxygen compounds involved in intracellular killing. The release
of an assortment of proteins from the cyroplasmic granules is called degranulation.
MNeutrophils have two types of granules: primary (azurophilic) granules (found in
young cells) and specific granules (which are found in more mature cells). Primary
granules conrain cationic proteins and defensins that are used ro kill bacreria,
proteases and cathepsin G to break down (bacrerial) proteins, lysozyme to break
down bacterial cell walls and myeloperoxidase (used o generate hydrochlorous acid).
In addition, secretions from the azurophilic granules of neutrophils stimulate the
phagocytosis of antibody-coated bacteria. The secondary granules conrain
compounds that are involved in the formartion of reactive oxygen species, lysozyme
and lactoferrin (used to chelare iron, which is essential for bacteria ro multiply).

NETS are a web of fibres composed of chromatin and serine proteases thart trap and
kill microbes extracellularly. NETs provide a high local concentration of antimicrobial
components and bind, disarm and kill microbes independent of phagocytic uprake.
In addition to their possible antimicrobial properties, NETs may serve as a physical
barrier that prevents further spread of pathogens. Trapping of bacteria may be a partic-
ularly important role for NETs in sepsis, where NET are formed within blood vessels.

When circulating in the bloodstream and inactivated, neutrophils are spherical.
Once activated, they change shape and become more amorphous or amoeba-like and

can extend pseudopods as they hunt for microbes. The average lifespan of (non-
activated) neutrophils in the circulation is about five to six days. Upon activation,
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they marginate (position themselves adjacent to the bloed vessel endothelium), and
undergo selectin-dependent capture followed by integrin-dependent adhesion in
most cases, after which they migrate into tissues, where they survive for only one to
two days. Because neutrophil antimicrobial products can also damage body rtissues,
their short lifespan limits damage to the host during inflammarion.

During the beginning or acute phase of inflammarion, particularly as a resulc of
infection, neutrophils are usually one of the first cells vo migrate rowards the site of
inflammation. They migrate through the blood vessel walls, then through intersricial
tissue fluid, following chemical signals such as interleukin-8 (IL-8), complement
fragment C5a and leukotriene B4 in a process called chemotaxis. They are the
predominant cells in pus, accounting for its whitish/yellowish appearance.

Basophils are one of the least abundant cells in bone marrow and blood (fewer than
two percent of all leukocytes). Like neutrophils and eosinophils, they have a lobed
cell nucleus; however, they have only two lobes and the chromartin Filaments chac
connect them are barely visible. Basophils have receprors that can bind to antibodies,
complement proteins and histamine. The cytoplasm of basophils contains numerous
granules that contain histamine, heparin, chondroitin sulphate, peroxidase, platelet
activating factor and other substances.

When an infection occurs, macure basophils will be released from the bone marrow
and travel to the site of infection. When basophils are activated or damaged, they
release histamine, which contributes to the inflammatory response thar helps to fight
invading organisms. Histamine causes dilation and increased permeability of nearby
blood capillaries. Activated basophils and other leukocytes (e.g. monocytes) also
release prostaglandins that stimulate increased blood flow to the site of infection.
Both of these mechanisms allow blood-clotting elements to be delivered to the
infected area. This begins the recovery process and blocks the travel of microbes to
other parts of the body. Increased permeability of the inflamed tissue also allows
more phagocytes to migrate to the site of infection so that they can ingest and kill
microbes.

Eosinophils also have a segmented nucleus (two to four lobes). Eosinophils play a
crucial part in the killing of parasites (e.g. enteric nematodes) but these cells have a
limired ability to participate in phagocyrosis. They also funcrion as antigen-presenting
cells, regulate other immune cell functions (e.g. CD4+ T cell, dendriric cell, B cell,
mast cell, neutrophil and basophil functions), are involved in the destruction of
tumour cells and promote the repair of damaged tissue. Elevated numbers of
circulating eosinophils are commonly found in persons sul"{"ering from allergies.
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Monocytes

Monocytes are the largest type of leukocyte in the blood, produced by the bone
marrow from haematopoietic stem cell precursors called monoblasts. They are cells
thar possess a large smooth nucleus, a large area of cytoplasm and many internal
vesicles for processing foreign material. Monocytes circulate in the bloodstream for
abour one to three days and then typically move into tissues throughout the body.
They normally constitute 5-15% of the leukocytes in the blood. Monocytes are also
stored as a reserve in the spleen. Monocytes which migrate from the bloodstream to
other tissues differentiate into tissue resident macrophages or dendriric cells.

Monocytes and their macrophage and dendritic-cell progeny serve three main
functions in the immune system. These are phagocyrosis and intracellular killing,
anrtigen presentation to lymphocytes and cytokine production. Phagocytosis is the
process of uptake of microbes and particles followed by digestion and destruction of
this material. Monocytes can perform phagocytosis (in a similar way to neutrophils)
using intermediary opsonisation proteins, such as antibody or complement thar coat
the pathogen, as well as by binding to the microbe directly via pattern-recognition
receprors that recognise pathogens. These receprors are referred to as Toll-like
receptors (TLRs). Monocytes are also capable of killing infected host cells via
antibodies, termed antibody-mediated cellular cyrotoxicicy.

Microbial fragments that remain after such digestion can serve as antigen. The
fragments can be incorporated into major histocompatibility (MHC) class 11
molecules and then traffic to the cell surface of monocytes (and macrophages and
dendritic cells). This process is called antigen presentation and it leads to acrivation
of T lymphocytes, which then mount a specific immune response against the antigen.
Dendritic cells are often referred to as professional antigen-presenting cells as this is
their main funcrion.

Orther microbial products can directly activate monocytes and this leads to
production of pro-inflammatory cytokines followed somewhart later by anti-inflam-
matory cytokines. Typical cytokines produced by monocytes are tumour necrosis
factor alpha (TNF-a), interleukin (IL)-1, IL-6 and 1L-12.

Macrophages express CD14; they are widely distributed among the body rissues
and can be phenorypically polarised by the microenvironment to mounrt specific
functional actions. Polarised macrophages can be broadly classified in two main
groups: classically activated macrophages (or M1), whose typical activating stimuli
are interferon-gamma (IFN-y, a cytokine secreted by activated T lymphocytes) and
bacterial lipopolysaccharide (LPS, a component of the cell wall in Gram-negative
bacteria) and alternatively activated macrophages (or M2). M1 macrophages exhibit
potent microbicidal properties and promote strong IL-12-mediated proinflammarory
T helper (Th) lymphocyte-1 responses, while M2 macrophages support Th2-

associated effector funcrions (Martinez er al. 2008). Beyond infection, M2 polarised
macrophages play a role in resolution of inflammation through high endocyric
clearance capacities and trophic factor synthesis, accompanied by reduced proinflam-
matory and increased anti-inflammartory cytokine secretion.

Dendritic cells are present in tissues in contact with the external environment,
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such as the skin (where there is a specialised dendritic cell type called the Langerhans
cell) and the inner lining of the nose, lungs, stomach and intestine. They can also be
found in an immarure state in the bloed. Once activated, they migrate to the lymph
nodes, where they interact with lymphocytes (both T and B cells) to initiate and
shape the acquired (or adaprive) immune response. At certain stages of their
development, they grow branched projections, the dendrites, that give the cell its
name (déndron being Greek for tree). Immature dendritic cells are also called veiled
cells, as they possess large cyroplasmic 'veils' rather than dendrites.

Lymphocytes

O

Lymphocytes account for 15-25% of blood leukocytes. Under the optical
microscope, lymphocytes can be divided into large lymphocytes and small
lymphocytes. Large granular lymphocytes include natural killer (NK) cells. The small
lymphocytes are mostly T cells and B cells. Under the microscope, in a Wright’s stain
blood smear, a normal Iymphm:}rtc hasa Iargc. darlc-staining nucleus wich little to no
cytoplasm. In normal situarions, the coarse, dense nucleus of a lymphocyte is approx-
imarely the size of a red blood cell (about 7 pm in diamerer). Polyribosomes are a
prominent feature in the lymphocytes that can be seen with an electron microscope.
The ribosomes are involved in protein synthesis allowing the generation of large
quantities of cytokines and immunoglobulins {antibodies) by these cells.

It is impossible to distinguish berween T cells and B cells in a peripheral blood
smear. Normally, flow cytometry testing is used for specific lymphocyte population
counts. This can be used to specifically derermine the percentage of lymphocytes
that contain a particular combination of specific cell surface proteins, such as the
cluster of differentiation (CD) markers, or that produce particular prorteins (for
example, cytokines using intracellular cyrokine staining).

T cells (processed in the thymus glands) and B cells (bursa of Fabricius-derived
cells) are the major cellular components of the acquired immune response. T cells are
involved in cell-mediated immunicy, whereas B cells are primarily responsible for
humoral immunity (relating to antibody whose actions are mostly restricted to the
extracellular Auids). T cells are more numerous than B cells in blood; T cells account
for 60-80% of blood lymphocytes and B cells 5-15%. The function of T cells and
B cells is to recognise and respond to specific ‘non-self” antigens, during a process
known as antigen presentation. Once they have identified an invader, the cells
generate specific responses that are tailored o effectively eliminarte specific pathogens
or pathogen-infected cells. B cells respond to pathogens by producing large quanticies
of antibody which then neurtralise foreign molecules (e.g. toxins) or microbes like
bacteria and viruses. In response to pathogens some T cells, called Th cells, produce
cytokines thar direct the immune response while other T cells, called T-cyroroxic
(Tc) cells, produce toxic granules that contain powerful enzymes which induce the
death of pathogen-infected cells. Following acrivation, B cells and T cells leave a
lasting legacy of the antigens they have encountered, in the form of memory cells,
These long-lived cells enable the body ro develop a more rapid and effective immune

—_—
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y.

response to a micro-organism that is encountered for a second time, even years later.
Essentially, these memory cells ‘remember’ each specific pathogen encountered and
are able to mount a strong and rapid response if the same pathogen is detected again.

NK cells are lymphocytes that are part of the innate immune system. They play a
major role in defending the host from both tumours and virus infected cells. NK
cells account for 5-20% of blood lymphocytes. NK cells distinguish infected cells and
tumours from normal and uninfected cells by recognising changes of a surface
molecule called MHC class I. NK cells are acrivated in response to a family of
cytokines called interferons. Activated NK cells release cytotoxic (cell-killing) enzymes
(e.g. perforin) from their intracellular granules, which then destroy the altered cells.
They were named ‘narural killer cells’ because of the initial notion thar they do not
require prior activation to kill cells that are missing MHC class I molecules.

Group activity 2.1 B

Examination of a stained human blood smear

The problem

You have been given a light microscope and a slide (blood smear stained with
Wright's stain). The slide is of human blood and you are going to identify the
three main types of leukocytes in thar slide.

Whar are you looking our for?

Using the information that you have from this chapter on immune cell
characteristics, you should be able to identify:

red blood cells (numerous small circular cells with no nucleus)

and the fﬂ-ﬂnwing immune cells:

* neutrophils (60% of all leukocytes)

* lymphocytes (20-25% of all leukocytes)

*  monocytes (10-15% of all leukocyres)

* cosinophils and basophils (less than 2% of all leukocytes).

Tasks

1. ldentify each of the main cell types outlined above.

2. When you have idencified a type of leukocyte (not the red blood cells), each
student should draw it and label it with its name and the characteristics chat
you used to help you to identify it.

3. A little extra for the neutrophils: in the sample, there should be neutrophils
of different maturity (age). Identify an older and a younger neutrophil —

again, draw these and label the characreristic that you used to help you differ-

entiate berween an older and younger neutrophil.

- What is the main difference in the physical appearance of the granules in
eosinophils and basophils?
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Soluble components of the immune system

H Soluble factors of the immune system ace in several ways: (a) to activate leukocyrtes;
(b) as neutralisers (killers) of foreign agents; and (c) as regularors of the immune
system. Such facrors include the cytokines and some examples of these, together with
their sources and actions, are shown in Table 2.2, These polypeptide messenger
substances stimulate the growth, differentiation and functional development of
leukocytes via specific recepror sites on either secretory cells (autocrine function) or
immediately adjacent leukocytes (paracrine function). There are various subclasses of
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SOLUBLE FACTOR  PRODUCER(S) AND IMMUNE ACTIONS

Cytokines:
IL-1 Produced mainly from activated macrophages
IL-1ct rends to remain cell associared
IL-1p acts as a soluble mediator
Stimulaces IL-2 production from CD3+ and CD4s cells
Increases [L-1 and IL-2 recepror expression
Increases B-cell proliferation
Inereases TMF-a, 1L-6 and C5F levels
Stimulaves secretion of prostaglanding
Appears to be an endogenous pyrogen
IL-2 Produced mainly by CD4+ cells
Stimulates T-cell and B-cell proliferation and expression of IL-2 receptors on their surfaces
Stimulares release of IFM-y by T-cells
Stimulates NK cell proliferation and killing

IL-6 Produced by activared Th-cells, fibroblasts and macrophages

Stimulares the differentiation of B-cells, inflammarion and cthe acute phase response
TNF-a Produced from monocytes, T-cells, B-cells and NK cells

Enhances tumeour cell killing and aneiviral acrivicy
IFN-y Produced from activated T-cells

Enhances cell-mediated immunity
Activares NK cells and antiviral activicy

Acute-phase proteins  Made in the liver, secreted into the blood
Encourage cell migrarion to sites of injury and infection
Activate complement
Stimulate phagoeytosis
Complement proteins  Found in the serum
Consist of 20 or more proteins
Srimulare phagocytosis, antigen presentation, and neutralisation of infected cells
The ‘amplifier’ of the immune response

Mores: CD = clusters of differentiation; IL = interdeuking IFM = interferon; CSF = ml.on}r-aimuhting; factor; THF = tumour
necrosis factor; Th = T helper; NK = natural killee
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cytokines, including interleukins, interferons, tumour necrosis factors, lymphokines
and colony stimulating facrors. The actions of cytokines are not confined o the
immune system; they also influence the endocrine and nervous systems including
the brain. Other soluble factors include complement and acute-phase proteins that
are secreted from the liver, lysozyme in mucosal secretions and the specific antibodies
secreted from B lymphocytes. The actions of these other various non-specific soluble
facrors are summarised in Table 2.2.

Box 2.2 Innate and acquired immunity

The immune system can be divided into two general arms: innate (natural or non-specific)
and acquired (adaptive or specific) immunity, which work together synergistically.

The acquired immune system developed late in the phylogeny and most animal species
survive without it. However, this is nat true for mammals — including humans — which
have an extremely sophisticated acquired immune system that is both systemic and
mucosal (local) in type. There appears 1o be great redundancy of mechanisms in both
systems providing robustness to ensure that essential defence functions are preserved.
The attemnpt of an infectious agent to enter the body immediately activates the innate
system. This first line of defence comprises three general mechanisms, with the common
goal of restricting micro-organism entry into the body: (1) physicalfstructural barriers; (2)
chemical barriers; and (3) phagocytic cells that can ingest and kill micro-organisms and
other non-specific killer cells which can eliminate host cells that become infected.
Failure of the innate system and the resulting infection activates the acquired system,
which responds with a proliferation of cells that either attack the invader directly or
produce specific defensive proteins, antibodies {also known as immunoglobulins, g}
which help 1o counter the pathogen in various ways. This is helped greatly by receptors
on the cell surface of lymphocytes that recognise the antigen (foreign substance — usually
the proteins and lipopolysaccharides located on the surface of the bacteria or wirus),
engendering specificity and ‘memaory’ that enable the immune system to mount an

augmented response when the host is reinfected by the same pathogen.

= INNATE IMMUNITY

30

A pathogen that atempts 1o infect the body will immediately be counteracted by
the innate immune system (Table 2.3), the body's first line of defence (Figure 2.1),
which comprises surface barriers (Figure 2.2), soluble factors, professional phagocytes
(cells thar can engulf, ingest and digest foreign material) and NK cells (Figure 2.1).
Together, these functions constitute a primary layer of natural defence against
invading micro-organisms, with the common goal of restricting their entry into the
body by providing;: (1) physical/structural hindrance and clearance mechanisms via
epithelial linings of skin and mucosal barriers, mucus, ciliary function and peristalsis;
(2) chemical factors such as the low pH of stomach fluids, numerous antimicrobial
peptides and proteins; (3) phagocytic cells including neutrophils, eosinophils, blood
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COMPOMENTS  CELLULAR SOLUBLE
Innate Marural killer cells (CD16+, CD56+) Acute phase proteins
Phagocytes (newtrophils, eosinophils, Complement proteins
basophils. monocytes, macrophages)
Lysozymes
Cytokines (interleukins, interferons,
calony-stimulating facrors, tumour necrosis
factors)
Adaprive T-cells (CD3+, CDd+, CDE+) Immunoglobulins: IgA, gD, IgE, IgG, IgM

Becells (CD19+, CD20+, CD22+)

CD = clusters of differentiation or cluster designarors

Figure 2.1 Major components of innare immunicy

Innate immune system
[ I . I 1
Soluble factors Cellular components Physical barriers Reticuloendothelial
{e.g. complement) system
I
[ I ] [ 1
Phagocytes Natural killer cells Skin Mucous membranes
I
[ l 1 [ |
Matrophages Neutrophils Gut Respiratory tract
(activated monocytes)

monocytes, tissue macrophages and dendritic cells capable of ingesting and killing
micro-organisms; and (4) NK cells which are non-specific killer cells that can destroy
heost cells that become infected with viruses, thus preventing further viral replication.
Challenges of the innate system often lead to activation of the acquired immune
system, which aids substantially in recovery from infection, as discussed below.
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Figure 2.2 Protective function of the body’s surface barriers
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The role of antimicrobial soluble factors in innate immunity

. The production and secretion of acute phase proteins by the liver is induced by
cyrokines, especially IL-6, which is released from activated monocytes and
macrophages when they encounter pathogens. These proteins have a variety of
funcrions, including activation of complement, binding of iron and stimulation of
phagocytes. Haproglobin removes any free haemoglobin in the plasma and transferrin
(rogether with lactoferrin released from neutrophils) chelate-free iron; these effects are
designed to reduce the availability of free iron in the body fluids, which is especially
important because iron is needed by bacteria for their replication. Another acure
phase protein called C-reactive protein has a similar structure to thar of antibody
molecules. Ir coars foreign marerial and damaged host tissue and stimulaces the
activity of phagocytes that can kill bacteria and remove cell debris.

The complement system consists of over 20 different proteins that normally
circulate in the blood plasma in inacrive forms. The presence of certain yeasts, fungi
or bacteria and antibody-antigen complexes acrivates the complement cascade (Figure
2.3) thar results in the break-up of several of the complement proteins into smaller
biologically acrive fragments. The fragments formed from the breakup of
complement proteins C3 and C5 are particularly important: C3b promotes
phagocytosis, C3e promores increased release of leukocyres from the bone marrow,
C5a attracts and activares phagocytes and C5b combines with C6, C7, C8 and C9
to form a membrane artack complex. The latcer actaches to bacterial cell membranes,
forming pores which allow osmoric influx of water into the bacterium, causing it to
swell until it burses.
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Figure 2.3 The complement cascade
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The role of phagocytic cells in innate immunity

The major phagocytic cells of the immune system are neutrophils, monocytes,
macrophages and dendritic cells. Neutrophils and monocytes are found in blood and
can move out of the circuladon (extravasace) into the tssues when infection or tissue
damage is present. Neutrophils are the most abundant type of white blood cell.
Macrophages and dendritic cells are found in most tissues of the body, with large
numbers present in the lymphoid tissues such as the lymph nodes, spleen and ronsils.
Phagocytic cells are capable of amoeboid-type movement and can engulf and ingest
foreign material, including whole bacteria. Ingested material is held within a vacuole
in the cytoplasm of the cell. Granules conraining digestive enzymes fuse with the
vacuole releasing their conrents on to the foreign material. At the same time, a
respiratory or oxidative burst is initiated which generates highly reactive oxygen
species such as the superoxide radical (O,~), hydrogen peroxide (H,O,) and
hydrochlorous acid (HCIO), which aid the killing and breakdown of bacteria, as
illustrated schemarically in Figure 2.4,

Engagement of other types of recepror on phagocytic cells such as
immunoglobulin Fe receprors and complement receprors, triggers phagoeytosis and
elimination of invading micro-organisms. Although some pathogens have evolved
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Figure 2.4 The killing process in phagocytes
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mechanisms to evade innate immunicy (e.g. bacterial capsules), they cannor usually
persist within the body when an acquired immune response reinforces innate
immunity by providing specific antibodies directed against the invading pathogen
and its toxins. Thus, the innare and acquired immune systems are not independent;
innate immunicy influences the character of the acquired response and the effector
arm of the acquired response supports several innate defence mechanisms.

The role of natural killer cells in innate immunity

34

Approximarely 10-15% of peripheral blood lymphocytes are neither T nor B cells
(Table 2.4). Despite the fact thar these previously so-called ‘null cells' employ
recognition mechanisms somewhar similar to T cells, they are considered to belong
to the innate immune system and are therefore currently referred o as NK cells. The
NK cell receprors are pattern recognition receprors (PRRs) encoded in the germ line
and they recognise structures of high-molecular-weight glycoproteins expressed on
virus-infected cells. After activation, NK cells release their granule contents, which
include cyrolysin and perforin (pore-forming proteins which cause break up of the
cell membrane so thar the infected host cell breaks up or lyses) and kill virally infected
host cells and a variery of tumour cells withour prior sensitisation (Cerwenka and
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Table 2.4 Lymphiaayefunetions andielinscieristics

B e R
* el fa g

LYMPHOCYTE SUBSET  MAIN FUNCTION AND CHARACTERISTIC

Tecells (CD3+): G0-80% of lymphocytes

ThCD3+CD4i4) G0-70% of T cells
‘Helper' cells
Recognise antigen to co-ordinate the acquired response
Secrere cytokines thar stimulate T and B eell proliferation and differentiation

Tel 5 (CD3+CD8s)  30-40% of T cells
T ('suppressor’) involved in the regulation of B cells and orher T cells by suppressing
proliferation and certain funcrions
Ts may be imporant in ‘switching off” the immune response
Te ('cyvotoxic’) kill a variery of targers, including some wumour cells

CD3+CD45R0+ T memory cells (or recently activated T cells)

CD3+CD45RA+ Maive and inactivated T cells

B eells (CD19+ CD20+ 5-15% of lymphocytes

CD22+) Produce and secrete lg, specific to the activating antigen
Exhibit memory

MK cells (CD3-CD16+  5-20% of lymphocytes

CD36+) Large, granular lymphocytes

Express spontaneous cyrolytic activity against a varicty of umour-and virus-infected cells
MHC-independent

Dio not express the CD3 cell-surface antigen

Trisgcr:d b}' IEG

Control foreign materials until the antigen-specific immune system responds

CD = chusters of differentiation; Ig = immunoglobuling MHC = major histcocomparibility complex; MK = natueal killer;
Th = T helper: To/Ts= T gyrotexic/suppressor

Lanier 2001). Thus, NK cells are important both in defence against viral infection
and in preventing the development of cancers.

l THE RECOGNITION OF FOREIGN MATERIAL

The recognition molecules involved in innate immunity are encoded in the germ
line, This system is therefore quite similar among healthy individuals and shows no
apparent memory effect — that is, re-exposure to the same pathogen will normally
elicit more or less the same type of response. These receprors sense conserved
molecular structures that are essential for microbial survival and are present in many
types of bacteria, including endotoxin or lipopolysaccharides (LPS), teichoic acids
and bacterial DNA (Beutler and Rietschel 2003). Although such structures are
generally called pathogen-associated molecular patterns (PAMPs), they also occur in
the bacteria that live in our gur (Medzhitov 2001). However, the intestinal microflora

_
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may induce distinct molecular programming of the innate immune system, which
may explain why the indigenous micro-organisms located in the large intestine are
normally rolerated by the host (Nagler-Anderson 2001).

The cellular receptors of the innate immune system that recognise PAMDPs as
‘danger signals are called PRRs, with many of them belonging to the so-called TLRs.
They are expressed mainly by monocytes, macrophages and dendritic cells bur also
by a variety of other cell types such as neutrophils, B cells and epithelial cells
(Medzhitov 2001). A family of ten mammalian TLRs (TLR1-10) have been
identified to date and they recognise conserved pathogen-associated molecular
patterns (PAMPs) including LPS, lipoproteins, peptidoglycan, lipoteichoic acid and
zymosan (components of bacterial cell walls), flagellin (a protein component of the
flagellum or ‘tail’ of morile bacteria, bacterial DNA and double-stranded RNA (found
in many viruses). Most TLRs are expressed on the cell surface but some (e.g. TLR9)
are located in the cytoplasm. There are also some other intracellular surveillance
proteins called nucleotide-binding oligomerisation domain (NOD) receprors that
can detect bacterial peptidoglycan, The peptidoglycan product sensed by NOD1 is
a motif characteristic of Gram-negarive bacteria plus some Gram-positive bacteria,
such as Bacillus and Listeria species. In contrast, NOD2 has been implicared as a
general sensor for both Gram-positive and Gram-negative bacteria, since muramyl
dipepride, which is the minimal motif in all peptidoglycans, is the strucrure
recognised by NOD2.

As PAMPs are not expressed by host cells, TLR and NOD recognition of PAMDPs
permits self-non-self discriminartion (Kaisho and Akira 2006). The binding of these
foreign molecules ro TLRs and NODs causes activarion of immune cells. TLRs, in
particular, control both the activation of innate immunity through the induction of
antimicrobial activity (e.g. phagocytosis) and the production of inflimmarory
cyrokines and the generation of acquired immunirty through the induction of several
signalling molecules on the cell surface of macrophages and dendritic cells (collec-
tively known as antigen-presenting cells), as shown in Figure 2.5 and described in
further detail below. Therefore, TLRs, through pathogen recognirion and the control
of innate and adaptive immune responses, play a pivortal role in the host defence
response against infection. Thus, the initial activation of the innate immune system

prepares the ground for a targeted and powerful protective function of the acquired
immune system (Table 2.3).

l A'I;QUIRED OR ADAPTIVE IMMUNITY
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The purpose of acquired or adaptive immunity is primarily to combat infections by
preventing colonisation of pathogens and keep them out of the body (immune
exclusion) and to seek out specifically and destroy invading micro-organisms
(immune elimination). In addition, specific immune responses are, through
regulatory mechanisms, involved in avoidance of overreaction against harmless
antigens (hypersensitivity or allergy) as well as discrimination becween components
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Figure 2.5 Binding of pathogen associzted molecular patrerns (PAMP) and endogenous danger signal molecules
stich as heat shock proteins to Toll-like receprors leads to activation of the antigen-presenting cell (APC)
and subsequent activation of T-helper (Th) cells with which it interacts. APCs take up antigen via
endocytic pattern recognition receprors and process (degrade) it to immunogenic peptides, which arc
displayed 1o T cell receprors (TCR) in the polymorphic grove of major histocompatibility complex
molecules after their appearance at the cell surface. An interaction sccurs berween the APC and the T
eell, as indicared, useally resulting in cellular acrivation. When naive CD4+ Th cells are activared by
APCs thar provide appropriate co-stimulatory signals (cytokines andfor accessory binding molecules),
they differentiate into Thl or Th2 cells with polarised cytokine secretion. Cyrokines produced by APCs
and Th cells resule in proliferation and activanion of other immune components
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of ‘self" and ‘non-self’. Autoimmune diseases occur when this control mechanism

breaks down. The major components of acquired immunicy are shown in Table 2.3
and Figure 2.6.

The role of antigen-presenting cells in acquired immunity

—

The antigen-presenting cells (APCs) include monocytes, macrophages and dendriric
cells. The latcer are somertimes called ‘professional APCs', as this is their primary
funcrion and they are able to stimulate marure yet unprimed (naive) T cells and thus
initiate primary immune responses (Moll 2003). Most other APCs re-stimulate

memory T cells and thus initiate secondary responses. The TLRs on the surface of
APCs are acrivated by binding to PAMPs, which then leads to increased expression

—
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Figure 2.6 Major components of acquired (adaprive, specific) immunicy
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of MHC class-11 proteins on the cell surface of the APC. The MHC class-11 proteins
contain a region called the polymorphic groove, into which parts of digested foreign
proteins can be inserted. These can then be presented to T lymphocyres. In this
manner, the T cell receptors specifically recognise short immuneogenic pepride
sequences of the antigen (Figure 2.5).

Only APCs express MHC class-11 proteins; other cells in the body normally
express MHC class-1 proteins. The ability of the acquired immune system to
distinguish self from non-self likewise depends largely on the structure of the MHC
molecules, which are slightly different in each individual excepr for homozygous
(identical) cwins.

The phagocytosis (ingestion) of the invading micro-organism by an APC is the
first step in a chain of events leading to the eventual elimination of the pathogen.
Lysosomal digestive enzymes and oxidising substances are released into the
intracellular vacuole containing the foreign marerial wichin the APC. The foreign
proteins (antigens) normally found on the micro-organism's surface are processed
(degraded) to immunogenic peprides which are then incorporated within the
polymorphic groove of MHC class-11 proteins which are then translocated to the cell
surface. The antigens can now be presented to the other cellular immune
components, in particular the T-cell receprors (TCRs) on T-helper (Th) cells. (Figure
2.3). The Th lymphocytes (CD4+ expressing cells) coordinate the response via
cytokine release to acrivate other immune cells. Stimulation of mature B lymphocytes
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results in their proliferation and differenciation inte immunoglobulin-secreting
plasma cells. Immunoglobulins or antibodies are important to antigen recognition
and memory of earlier exposure to specific antigens. They also help to eliminate
pathogens in the extracellular fluids bur they cannor enter cells and so are nor effective
against pathogens that have infected host cells.

The role of lymphocytes in acquired immunity

In peripheral blood, the lymphocytes comprise 20-25% of the leukocytes. Initially,
all lymphocytes are alike: they are round in shape with a prominent circular nucleus
surrounded by a thin layer of cytoplasm which does not contain granules. After
circulating in the blood as immature lymphocytes, they continue their maturacion
either in the thymus, a gland in the upper chest, where they become T lymphocytes
or in the bone marrow where they become B lymphocytes. The thymus and bone
marrow are called the primary lymphoid organs (Figure 2.7). Naive T and B cells
enter the bloodstream and become disseminared to secondary lymphoid organs such
as the spleen, lymph nodes and mucosa-associated lymphoid tissue (Figure 2.7).

Figure 2.7 The thymus and bone marrow are called the primary lymphoid rissues, as these are the tissues where

maturation of lymphocytes takes place (T cells in :hymus.. B cells in bone marrow). T]'lmugh the blood
circulation, lymphocytes migrace o other {s:condar}'} |}rmp]10i.d tissues such as splr:cn. l_:-'rnpi'- nodes and
the gut-associated lymphoid tissue (e.g. Peyer’s parches in the small intestineg)
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Cerrain adhesion molecules and receptors for chemokines (chemo-attractant
cytokines) enable adherence of immune cells to specialised vascular endothelium and
their migration into the lymphoid organs, which are anatomically and functionally
organised to facilitate interactions between lymphocyres and various types of APCs,
Lymph nodes conrain large numbers of macrophages, which ingest pathogens swept
into the lymph nodes by the flow of lymph fluid. As indicated above, macrophages
play a key role in activating lymphocytes.

Antigens are carried into these immune-inductive structures from peripheral
tissues via draining lymph, passively as soluble molecules and dead or live particles
and actively by migrating dendritic cells, as well as directly from mucosal surfaces by
‘membrane’ or ‘microfold’ cells in mucosa-associated lymphoid tissue. Lymphocytes
located in the lymph nodes are thus strategically locared o remove antigens before
they reach the bloed. As macrophages and lymphocytes resist invasion, lymph nodes
may swell, a common sign of infecrion. Lymphocytes that do not encounter antigens
re-enter the bloodstream by way of efferent lymphatics and then the thoracic duct.
The functional consequence of this recirculation of T and B cells is thar all parts of
the body are under continuous antigen-specific immunological surveillance.

The role of T and B lymphocytes in acquired immunity

?|

Various lymphocyte subsets can be identified by the use of monoclonal antibodies
(usually of mouse origin), which recognise specific proteins — that is, cellular markers
known as cluster of differentiation or cluster designator (CD) molecules (see Table
2.4). Thus, all T lymphocytes (or T cells) express selectively CD3 and all B
lymphocytes (or B cells) express selectively CD19 and CD20. Th cells express CD4,
whereas most cyrotoxic T cells express CD8. Acquired or adaptive immunicy depends
on the functional properties of both T and B cells and is directed by their antigen-
specific surface receptors, which show a random and highly diverse repertoire.

As they marture, the lymphocytes develop immunocompetence: each cell becomes
competent at recognising one particular antigen, and mounting an immune response
against that antigen alone. Each T and B cell bears antigen receptors with a certain
specificiry; these differ benween individual clones of lymphocytes. A clone consists of
daughter cells derived by proliferation from a single ancestor cell, so-called clonal
expansion. The total population of T and B cells in a human may be able to recognise
some 10! different antigens. This remarkably diverse antigen recepror repertoire is
generated during lymphocyte development by random rearrangement of a limited
number of receptor genes. Thus, the acquired immune system is prepared for an
almost unlimited varicty of potential infections. It is important to realise chat the
versatility of the immune system is not due to flexible cells that change their antigenic
targets on demand; rather it depends on the presence of an enormous diversity of
lymphocytes with different recepror specificities. Most T cells recognise protein or
pepride antigens; however, there is 2 subser of T cells called 16 T cells that recognise
lipid ?.nd other non-peptide antigens. They are potent eytotoxic cells thar aid the
host in bacterial elimination, wound repair and delayed-type hypersensiciviry



THE HUMAN IMMUBME SYSTEM

reactions. YO T cells have a high tissue-migrating phenotype and are found to infiltrate
epithelial-rich tissue such as skin, intestines and the reproductive trace. They make
up 2-15% of the roral CD3+ blood T cell population and are mostly negative for
both CD4+ and CD8+ surface antigens.

Even without priming, the acquired immune system is able to respond to an
enormous number of antigens bur the detection of any single antigen could be
limited to relatively few lymphocytes, perhaps only one in one million. Consequently,
in a primary immune response, there is generally an insufficient number of specific
lymphocytes to eliminate the invading pathogen. However, when an antigen recepror
is engaged by its corresponding antigen, the lymphocyte usually becomes activared
(primed), ceases temporarily to migrate, enlarges and proliferaces rapidly so thar,
within three to five days, there are numerous daughter cells — each specific for the
antigen thar initiated the primary immune response. Such antigen-driven clonal
expansion accounts for the characteristic delay of several days before acquired
immunity becomes effective in defending the body.

In addition to the effector cells generated by clonal expansion and differentiation,
so-called memory cells are also generated; these may be very long-lived and are the
basis of immunological memory characteristic of acquired immuniry (Faabri er al
2003). Funcrionally, immunoclogical memory enables a more rapid and effective
secondary immune response upon re-exposure to the same antigen. In contrast to
innate immunicy, the antgen specificities of acquired immunity reflect the
individual’s liferime exposure to stimuli from infectious agents and other antigens and
will consequently differ among individuals.

7| GENERAL MECHANISM OF THE ACQUIRED OR ADAPTIVE IMMUNE
| RESPONSE

Humoral immunity

—

As outlined above, acquired immunity is based on antigen-specific responses bur it
is effected by an array of humeral (Auid borne) and cell-mediated immune reactions.

The effector cells of the B-cell system are the terminally differentiated antibody-
producing plasma cells. These consticute the basis for so-called humoral
(fluid-borne) immunity, which is mediated by circulating antibody proteins or
immunoglobulins comprising five subclasses: IgA, IgD, IgE, 1gG and IgM (Table
2.5). The antigen-specific receptor on the surface of the B lymphocyte is a
membrane-bound form of Ig produced by the same cell. Engagement of surface Ig
by co rrcsp{)ndil'lg antigen will, in co-operation with ‘help’ provided by cognate Th
cells, initiate B cell differentiation and clonal expansion (Figure 2.8). The resulting
effector B cells can then transform into plasma cells thar secrete large amounts of
antibody with the same specificity as thar of the antigen recepror expressed by the
progenitor B lymphocyte.
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Table 2.5 Propertics of the five elisses r.:t':inm'mung_lnhl.t[i:n (g found i_n.mcrmci:ﬂi,jli'.}::_ ﬂ:ﬁd:

lg CLASS MEAN ADULT SERUM HALF PHYSIOLOGICAL FUNCTION
SERUM LEVEL LIFE (days)
(g/L)
M 1.0 3 Complement fixation

Early immune response
Stimulation of ingestion by macrophages
G 12.0 25 Complement fixation
Placeneal transfer

Stimulation of ingestion by macrophages

A 1.8 o Localised protection in external secretions, e.g. saliva
D 0.03 28 Function unknown
E 0.0003 2 Stimulation of mast cells

Parasite expulsion

Figure 2.8 Humoral immunity: stimulation of matre B-lymphocytes by the actions of activared Th2 cells resulisin
the proliferation and differentiation into B cell clones of immunoglobulin-secreting plasma cells
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Most antigens activate B cells only when the B cells are stimulated by cytokines
from Th cells: these are called T-cell-dependent antigens. Some antigens are T-cell
independent; they usually have a repetitive structure and bind with several receptors
on the B cell surface at once, a process called capping. The antigen is taken into the
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cell and activates it causing appropriate clones of B cells to proliferate and
differentiate into memory cells and plasma cells which are capable of secreting large
amounts of antibody during their brief life of four to five days. The antibodies
circulate in the blood and lymph, binding to antigen and contributing to the
destruction of the organism bearing it. Until recently, it was thought that antibodies
did nort cross cell membranes and so their actions were limited to within the
extracellular fluids (blood plasma, lymph, interstitial fluid). However, it is now
recognised thar some antbodies can enter cells when they are bound to viruses and
can initiate virus elimination mechanisms within the cell cytoplasm.

Each antibody molecule has the ability to: (a) bind to a specific antigen; and (b)
assist with the antigen’s destruction. Every antibody has separate regions for each of
these two functions (Figure 2.9). The regions thar bind the antigen differ from
molecule to molecule and are called variable regions. Only a few humoral effecror
mechanisms exist to destroy antigens, so only a few kinds of regions are involved;
these are called constant regions. An antibody molecule consists of two pairs of
polypeptide chains — two short idenrical light chains and two longer identical heavy
chains. The chains are joined rogether to form a Y-shaped molecule. The variable
regions of heavy and light chains are located at the ends of the arms of the Y, where
they form the antigen-binding sites. Thus, on each antibody molecule there are two
antigen-binding sites, one at each rip of the antibody’s two arms. The rest of the
antibody molecule, consisting of the constant regions of the H and L chains,
determines the antibody's effector function. There are five types of constant region
and, hence, five major classes of antibody, called IgA, IgD, IgE, lgG and IgM. Their

Figure 2.9 Basic structure of an immunaoglobulin molecule; the malecule consists of four polypepride chains; two
light chains (shown in red) and two heavy chains (shown in bluc). Each heavy chain is linked o a light
chain and the heavy chains are linked to each other b}r diSulphidc bounds, The Fmgm-:n: :umigxn-bimling
{Fab) unit contains rwo antigen-binding sites and the molecule binds to effector cells and molecules via

the fragment crystallisable (Fe) unic

antigen binding
site

light - Fab unit
chain
=
hinge disulphide
bonds
heavy g :
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different roles in the immune response are described in Table 2.5. Within each class,
there will be a multitude of subpopulations of antibodies, each specific for a particular
antigen. Whereas IgM and IgG dominate systemic humoral immuniry, IgA is
normally the dominaring antibody class of mucosal immunity (Table 2.5).

Antibodies do not have the power to destroy antigen-bearing invaders directly.
Instead, they effectively tag foreign molecules and cells for destruction by various
effector mechanisms. Each mechanism is triggered by the selective binding of
antigens to antibodies to form antigen-antibody complexes. The antibodies may
simply block the potential toxic actions of some antigens (a process called neutrali-
sation) or they may cause clumping together of antigens or foreign cells
{ngglutination] which can then be ingested by phagoc}rms, Precipitation is a similar
mechanism, in which soluble antigen molecules are cross-linked to form inactive and
immabile precipitates that are caprured by phagocytes. Antibody-antigen complexes
on the surfaces of invading micro-organisms usually cause complement acrivation. As
mentioned earlier, once they become activated, complement proteins attack the
membrane of the invader and, by coating the surface of foreign material, make it
even more attractive to phagocytes (a process known as opsonisation).

Cell-mediated immunity

C

E
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Immunological memory

When acquired immunity is mainly mediated by acrivated effector T cells and
macrophages, the reaction is referred to as cell-mediated immuniry or delayed-type
hypersensitivity (DTH). Many pathogens, including all viruses, can only reproduce
within host body cells. The cellular immune response fights pathogens thac have
already entered cells. Activated T lymphocytes, including memory cells and Te cells,
artack and kill infected host cells or foreign cells. There are also Th cells, suppressor
T cells and regulatory T (Treg) cells, very important in mobilising and regulating the
whole immune response. When Th cells bind to specific antigenic determinants
displayed with MHC proteins on the cell surface of macrophages, the macrophage
is stimulated ro release a cytokine called 1L-1 which stimulates the T cells to grow and
divide (Figure 2.10). The activated T cells release another cytokine, IL-2, which
further stimulates proliferation and growth of Th and Tc cells. T-cytotoxic cells
recognise and attach o cells which have on their surface appropriate antigenic
determinants coupled with MHC complex proteins. T-cytotoxic cells then release
perforin (just like NK cells) which causes death of the infected host cell by lysis. The
fragments of cell debris are ingested and digested by phagocytes.

An antigen entering the body selectively activates only a tiny fraction of the quiescent
lymphocyres, which then grow and divide to form a clone of identical effector cells.
Each antigen may carry several antigenic determinants, each acrivating a different clone,
and an invading bacterium will carry a number of different antigens. So a particular
species of bacterium invading the body will activate several clones of lymphocytes.
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Figure 2.10 Cell-mediated immunity: activated Thi cells stimulate clonal proliferation of T eytotoxic cells which are
capable of killing host cells thar have become infecred with pathogens
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The first encounter with any antigen causes the primary immune response to thac
antigen, There is a lag period of several days before clones of lymphocytes selected by
the antigen can multiply and differentiate to become ceffector B and T cells. From B
cells, it takes several days for specific antibodies to appear in the blood and it is several
weeks before peak antibody levels (referred to as antibody titres) are arrained.
Antibodies of the IgM class are predominantly produced in the primary response to
antigen exposure. During the lag period, while specific antibody levels are slowly
increasing, pathogenic micro-organisms may gain entry to the body and multiply in
sufficient numbers to cause damage to host tissues and symptoms of illness.

A second exposure to the same antigen (even years later) produces a much more
rapid, stronger and longer-lasting secondary response. This depends on memory cells,
which are produced at the same time as effector cells during the primary response.
Effector cells usually only last for a few days but memory cells may last for decades.
When there is a second exposure to the same antigen, they rapidly mulciply and
differentiate to give large numbers of effector cells and large quanticies of ancibodies
(mainly of the IgG class in the secondary response) dedicated to arracking the
antigen. Thus, following a first exposure to a specific pathogen, immunity is
effectively acquired, such that on a subsequent exposure to the same pathogen — even
if this occurs years later — symproms of illness do nor arise. This is the basis of
vaccination in which an atrenuared pathogen (or specific melecules from it) are
injected into a person to "immunise’ them against a particular disease (e.g. polio,
rubella, diphtheria, tetanus).
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Regulation and the Th1/Th2 balance

Whether humoral or cell-mediated immunity will dominate, depends largely on the
type of cyrokines thar are released by the activated Th cells. Cell-mediated immunity
depends on a so-called Th1 profile of cytakines, including particularly IFMN-y and TNF-
a. These cyrokines activate macrophages and induce killer mechanisms, including Te
cells. A Th2 profile includes mainly IL-4, IL-5 and IL-13, which are necessary for
promotion of humeral immunity, IgE-mediated allergic reactions and acrivation of
potentially tissue-damaging eosinophils. IL-4 and IL-13 primarily drive B cell differ-
entiation to antibody production, while IL-5 mainly stimulates and primes eosinophils.

In recent years, great efforts have been made to elucidate the mechanisms involved
in the induction and regulation of a polarised cytokine profile characterising activared
Th-cell subsets. There is particularly great interest in the role of APCs in shaping the
phenortypes of naive T cells during their initial priming, partly because the differ-
ential expression level of various co-stimulatory molecules on activated and martured
dendritic cells may exert a decisive impact (Liew 2002). Thus, interaction of the T
cell CD28 receptor with CD80 on APCs appears to favour Th1 differentiation,
whereas interaction with CD86 appears to favour the Th2 phenorype. Certain
cytokines secreted by the developed Thl and Th2 cells act in an autocrine and
reciprocally inhibitory fashion: IL-4 promotes Th2 cell expansion and limits prolif-
eration of Th1 cells, whereas IFN-y enhances growth of Th1 cells but decreases Th2
cell development. In fact, the cytokine microenvironment clearly represents a potent
determinant of Th1/Th2 polarisation, with IL-4 and 1L-12 as the initiating key
factors — being derived principally from innate immune responses during T-cell
priming. Activated macrophages and dendritic cells are the main source of IL-12,
whereas an early burst of IL-4 may come from NK cells, mast cells, basophils or
already marured bystander Th2 cells (Liew 2002).

M:ﬂgether, exogenous stimuli such as parhogen-derived products, the martura-
tional stage of APCs, as well as genetic factors will influence Th1/Th2 differentiation,
in addition to complex interactions berween antigen dose, TCR engagement and
MHC anrigen affinities. High antigen doses appear to favour Thl development,
while low doses favour the Th2 subset (Boonstra ef al 2003). Influential antigenic
properties include the nature of the antigen, with bacteria and viruses promorting
Thi-cell differentiation and flatworms (helminths) the Th2 subser. Th2 differen-
tiation also appears to be promoted by small soluble proteins characteristic of
allergens. Some important allergens (e.g. from house dust mire) are proteases and it
has been suggested thar this favours Th2 development because helminths secrete
proteases to aid rissue penetration (Liew 2002).

Although it is somewhat of an oversimplification, the Th1 response can be seen as
the major promoter of cell-mediated reactions that provide an effective defence
against intracellular pathogens (i.e. viruses and some bacreria that can enter host
cells). In contrast, the Th2 response primarily activates humoral immunity and the
antibodies produced are usually only effective against pathogens in the extracellular
fluids (Figure 2.11). As mentioned previously, Thi- and Th2-cell responses are
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Figure 2.11 Th1/Th2 eytokine balance
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cross-regulatory and the Th1/Th2 cyrokine balance is also influenced by Treg cells
{(Maloy and Powrie 2001), which may secrete the suppressive cytokines IL-10 and
transforming growth factor-B (TGE-B). Treg cells are important in preventing
excessive acuvity of the immune system and help to bring a Stop to immune
activation after a pathogen has been eliminared.

In summary, therefore, the nature of the APC (usually a dendritic cell) thac
stimulates the naive T cells in a primary immune response will to a large extent
influence the development of Th1, Th2 and Treg cells via its co-stimulatory molecules
and cytokine secretion. In chis manner, the signature of the microbial environment
imprinted through PRRs, is important for maintenance of homeostasis in the
acquired immune system. Interestingly, che Treg cells may alse exert a dampening
effect directly on innate immune mechanisms (Maloy er 2l 2003). The anti-inflam-
matory regulatory nerwork may furthermore include IL-10 and TGF-f derived from
other activated immune cells such as macrophages and dendritic cells (McGuirk and
Mills 2002).

Activation of the immune response by endogenous danger signals

¥

The activarion of macrophages and dendritic cells, necessary for the initiation of
primary and secondary immune responses, can be induced by endogenous danger
signals — released by host tissues undergoing stress, damage or abnormal death — as
well as by PAMPs expressed by pathogens. Some of the endogenous danger signals
that have recently been discovered are heat-shock prorteins, nucleotides, reactive
oxygen intermediates, extracellular matrix breakdown products and interferons. Some
of these are primary activators of APCs and work through activation of TLRs and

others give positive feedback signals to enhance or modify an ongoing response
(Galluci and Marzinger 2001).

a7
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= MUCOSAL IMMUNITY

The mucosal immune system is arguably the largest immune component in the body.
It not only defends the intestine from invasion by infections bur also plays a similar
role in the respiratory system, mouth, eyes and reproductive tract. Mucosal immunity
can be viewed as a first line of protection that reduces the need for systemic
immunity, which is principally proinflammatory and potentially tissue damaging
and therefore a ‘two-edged sword’, as explained above. Numerous genes are involved
in the regulation of innate and acquired immunity, with a variery of modifications
introduced over millions of years. During such evolutionary modulation, the mucosal
immune system has generated two non-inflammatory layers of defence: (a) immune
exclusion performed by secretory antibodies to inhibir surface colonisation of micro-
organisms and dampen penetration of potentially dangerous soluble substances; and
(b) immunosuppressive mechanisms to avoid local and peripheral hypersensitivity
to innocuous antigens. The latter mechanism is referred to as ‘oral tolerance’ when
induced via the gut (Brandrzaeg 1996) and probably explains why overt and
persistent allergy to food proteins is relatively rare. A similar downregulatory tone of
the immune system normally develops against antigenic components of the
commensal microbial flora in the large intestine (Duchmann er.al 1997). Mucosally
induced rolerance is a robust adaptive immune function, since more than a ton of
food may pass through the gut of a human adult every year! This results in a
substantial uptake of intact antigens, usually without causing any harm.

The immune system of the gut divides into the physical barrier of the intestine and
active immune components, which include both innare and adaptive immune
responses. The physical barrier is central to the protection of the body to infections.
Acid in the stomach, active peristalsis, mucus secretion and the tightly connecred
monolayer of the epithelium each play a major role in preventing micro-organisms
from entering the body. The cells of the immune system in the gur are found in the
lamina propria. Specialised lymphoid aggregates, called Peyer's patches, reside below
specialised epithelial cells whose structure enables sampling of small particles.

Antibody-mediated mucosal defence

C

#|

The intestinal mucosa contains at least 80% of the body's activated B cells, which are
terminally differentiated to lg-producing plasma cells. IgA is the predominant
immunoglobulin secreted at mucosal surfaces. Secretory IgA (SIgA) is a dimer of
350 kD (whereas circulating IgA is mostly monomeric). The two monomers in SIgA
are joined by a ] chain and protected from proteolysis by another peptide, the
secretory component, made by epithelial cells. It is acquired by IgA molecules as they
pass through the epithelium on their journey from the plasma cell to the mucosal
surface (further details on IgA structure and transport can be found in Chapter 6).
Immune exclusion is then mediated by these antibodies in cooperation with innate
nonspecific defence mechanisms. In addition, there may be some contribution to
external defence by serum-derived or locally produced IgG antibodies transferred
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passively into the gut lumen. IgA can immobilise micro-organisms or prevent their
attachment to mucosal surfaces. It is generally believed thar most IgA in the blood
is larer available for transport to mucosal surfaces.

SIgA is also secreted in saliva in the mouth. This IgA also comes from B cells in
the surrounding mucosal tissue, Saliva IgA is thought to be important in defence
against infections of the upper respiratory tract. Saliva also contains other proteins
with antimicrobial actions, including amylase (which can help prevent bacrerial
attachment to epithelial surfaces), lysozyme (which aids in the destruction of bacterial
cell walls), defensins and lactoferrin (an iron-chelating protein whose actions help to
limit bacterial multiplication). The concentration of IgA, lysozyme and defensins, as
well as other soluble protein components of the immune system, can be measured by
a technique called enzyme-linked immunosorbent assay (ELISA, described in
Technique box 2.1). ELISA methods can also be used to measure the concentrations
of cytokines and hormones in blood plasma and other body fluids.

m REGULATION OF IMMUNE FUNCTION VIA NERVES AND HORMONES

The lymphoid tissues are innervated by nerves. Nerve cells (neurons), glia cells and
immune cells share intercellular signals like hormones, neurotransmiccers and
modulators, cytokines and chemokines, and they express respective receprors for
these signals. Some of these shared signals can cross the blood—brain barrier in both
direcrions (Capuron and Miller 2011). Immune cells traffic to all sites throughout
the body, come in close contact to nerve endings and to the brain at the meningeal
borders and in the cerebrospinal fluid and can even reach the brain parenchyma.
Both immune cells cthac circulate in the blood and those resident in lymph nodes
and rissues can be influenced by the action of several hormones released from
endocrine glands. Thus, immune function can be regulated to some degree by the
actions of both neurotransmitters and hormones. Furthermore, cytokines secrered
from immune cells can have effects on the brain including the induction of fever by
reserting the hypothalamic thermostar a few degrees above normal body temperature
of 37 degrees Celsius (this is caused by IL-6) and the induction of ‘sickness
behaviours’ such as feeling tired and unwell. The important actions of stress
hormones (e.g. adrenaline and cortisol) are described in more detail a liccle later in
this chapter.

Primary lymphatic tissues (thymus and bone marrow) and secondary |_]."l'l‘lph'ﬂl:ic
tissues (spleen, lymph nodes, mucosa-associated lymphatic tissue) are innervated by
sympathetic, pepridergic and partly also by sensory nerve fibres (Nance and Sanders
2007). The endocrine and autonomous nervous systems regulate immune funcrions
not only directly via hormones and neural innervation but also indirectly via
influences on blood flow, blood pressure, lymph flow, the supply of substrates (e.g.
glucose, fatry acids) and oxygen and on non-immune cells in the vicinity of lymphatic
tissues like adipocytes surrounding the spleen and lymph nodes. Note that some
messenger molecules can serve multiple funcrions. For example, noradrenaline is a
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ELISA metheds to measure immunoglobulins, other antimicrobial
proteins, cytokines and hormones

I:"Jl

The enzyme-linked immunosorbant assay (ELISA) is one of the simplest and most reliable
tools that the exercise immunclogist has at their disposal. Indeed, the development of a
wide range of commercially available ELISAs was an important stimulus for research into
the influence of exercise on the immune systemn. The use of the ELISA allows researchers
to measures an enormous range of molecules but, before discussing some specific
examples of the use of the ELISA as applied to exercise immunoclogy research, let us
outline of the principles behind the ELISA.

Principles of ELISA

The ELISA technigue is based on a sandwich principle which is illustrated in the figure:
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First, a 96-well plate is coated with a specific capture antibody against the molecule of
interest (all commercially available ELISA plates come with the individual wells pre-coated
with the specific capture antibody). Next, samples of interest, standards and control
sarnples are added to individual wells and the plate is incubated for a fixed period of time
during which the molecule of interest is captured by the specific capture antibody (Figure
A). Following the incubation period, the plate is washed several times 1o remove any
unbound molecules from the wells of the plate. Mext, a secondary antibody that is
conjugated to an enzyme (e.g. peroxidase) is added to each well. Importantly, this
secondary antibody recognises a different epitope (an epitope is a site on a large molecule
against which antibodies will be produced and to which the antibody will bind) on the
molecule of interest to that recognised by the capture antibody. During a second
incubation period, the enzyme-conjugated secondary antibody binds to the molecule of
interest that has bound to the capture antibody, thus completing the ‘sandwich’ (Figure
E). Following another series of washes to remove any unbound secondary antibody, a
chromogenic substrate of the enzyme is added to each well (Figure C). The reaction of
the enzyme with its substrate (5 in Figure C) converts the substrate to a product (P in
Figure D) that produces a colour change. Thus, the greater the amount of enzyme present
{i.e. the greater the amount of molecule of interest bound to the capture antibody), the
greater the colour development. To quantify the amount of molecule of interest present
within in each well, the absorbance (also known as the optical density or extinction) is
determined at a specific wavelength on a microplate reader. Mext, a standard curve is
generated via a set of standards of known concentration and the concentration of the
molecule of interest present in each well is interpolated from the calibration curve. While
all ELISAs follow a similar set of procedures and are based on the same principles as
described above, variations on this theme are common.

Use of ELISA

The ELISA is an extremely sensitive, specific and versatile tocl and can be used for the
measurement of many biological molecules, such as cytokines, hormones, adhesion
molecules, soluble receptors, intracellular signalling prateins and mRNA. However, with
regard to exercise immunology research, the main use of the ELISA has been in the
measurement of cytokines. In addition, ELISAs can also be used to assess cell function;
this is particularly advantageous since many functional technigues (e.g. flow cytometery),
require expensive equipment and a considerable degree of expertise. For example, to
assess the influence of exercise on monocyte cell function, one could assess LPS-
stimulated production of IL-18, TNF-a and IL-6, to assess neutrophil function; one could
assess the LPS-stimulated release of enzymes (e.q. elastase or myeloperoxidase) from
intracellular granules. The concentration of secretory lgA (SlgA) in saliva can also be
measured by ELISA, This can be a useful measure of mucosal immune responses to
exercise or training.

hormone released from the adrenal glands and also a neurotransmicter in the cencral
NErVoLUs Sysem; leptin is released from adipocytes and acts as a Cil’cula[ing hormone
bur also as a paracrine cytokine signal.
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Gur-associated lymphoid tissue and bronchus-associated lymphoid rissue receive
both sympathetic and pepridergic innervation. The nerve nerwork within mucosal
tissues is very extensive. It has been calculared thar the number of nerve-cell bodies
present in the gastrointestinal tract is equivalent to that found in the spinal cord.
Neuropeptides are found in very large amounts in these tissues, particularly vasoactive
intestinal peptide and somatostatin. The salivary glands are also innervated and this
influences saliva flow rate and IgA secretion. Evidence suggests that sympathertic
nerve stimulation may upregulate IgA secretion in the submandibular glands bu,
otherwise, there is a lack of informarion of how the sympathetic innervarion may
affecr mucosal immuniry.

E AUTOIMMUNME DISEASES

Failure of immune system regulation can lead to the development of autoimmune
diseases. Examples of such diseases include asthma, atherosclerosis, cancer, Crohn’s
disease, myasthenia gravis, multiple sclerosis, rheumaroid archritis, systemic lupus
erythematosus and food allergies. For some of these diseases, symproms may be
caused or aggravated by an inappropriately activated immune system. Although the
immune system is designed to destroy threatening micro-organisms, it can also
damage body tissues. Usually, the inflammation and tissue destruction that are
associated with the mechanisms used to eradicate a pathogen are acceprable and
functionally insignificant. However, in several diseases (e.g. rheumaroid arthritis),
the tissue destruction by the activated immune system is substantial, long lasting and
harmful. It is because of the potentially damaging effects of the immune cells on
body tissues that the system is very tightl}r rcguiatcd. Failure of these ﬂ:gulﬂlﬂl'_}'
mechanisms can result in the full might of the immune system being inappropriately
directed against the body's own tissues and the development of chronic inflammarory
or autoimmune diseases.

m FACTORS AFFECTING IMMUNME FUNCTION

52

Resistance to infection is strongly influenced by the effectiveness of the immune
system in protecting the host against pathogenic micro-organisms. Immune funcrion
is influenced by genetic as well as environmental factors (Figure 2.12) and thus there
is some degree of variability in resistance to infection within the normal healthy adult
population. Resistance to specific infecrions is also affected by previous exposure o
the discase-causing pathogen or inoculation with vaccines used for immunisation.
Vaecines contain dead or attenuated pathogens thar trigger immune responses
including the development of specific memory withour eliciting symptoms of disease
that are associated with inocularion by live pathogens.
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Figure 2.12 Facrors affecting immune function
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Age

Age is a critical factor in resistance to infection. Antigen-specific cellular and humoral
immunity is central to the acquired immune responses generarted in the adule human.
In contrast, the very young rely primarily on innate immunicy, although this
component of the immune system is not as fully funcrionally developed in young
children as it is in adults. Although many previous studies have demonstrated a
marked decline in several aspects of immune funcrion in the elderly, it is now
recognised that some immune responses do not decline and can even increase with
advancing age (Lesourd e al 2002). Nowadays, the influence of ageing on the
immune system is generally described as a progressive occurrence of dysregulation,
rather than as a general decline in function. Indeed, it has also been shown that many
decreased immune responses that were previously artributed to the ageing process
are actually linked to other factors such as poor nutritional status or an ongoing
disease which is not clinically apparent (Lesourd er 2l 2002).

The activity of the thymus, an essenrial organ for the production of T cells, has
long been recognised to decline with age, initially in terms of its structure and
morphology and later in terms of its function (Gress and Deeks 2009). Although
the factors underlying this decline, which normally begins in the third decade of life,
are not fully understood, a link with sex steroids has been suggested. Measurements
of the production of new T cells by the human thymus show a stable plateau through
the second decade of life and do not normally begin to decline unil the latter part
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Sex

of the third decade. Consequent upon this decline is a change in the distribution of
cells in the peripheral circulation, with naive T cells declining with age, while memory
and effector cells increase. Essentially, these effects progressively decrease the capacity

to respond to novel pathogens which requires differentiation and proliferation of the
existing naive T cell pool.

Stress

Sex also affects immune function. In females, estrogens and progesterone modulate
immune function and, thus, immunirty is influenced by the menstrual cycle and
pregnancy (Haus and Smolensky 1999). Consequently, sex-based differences in
responses to infection, trauma and sepsis are evident. Women are generally more
resistant to viral infections and tend to have more autoimmune diseases than men do
(Beery 2003). Estrogens are generally immune enhancing, whereas androgens
including testosterone — exert suppressive effects on both humoral and cellular
immune responses. In females, there is increased expression of some cyrokines in
peripheral blood and vaginal fluids during the follicular phase of the menstrual cycle
and with use of hormonal contraceprtives. In the luteal phase of the menstrual cycle,
blood leukocyte counts are higher than in the follicular phase and the immune
response is shifred towards a Th2-type response (Faas er 2l 2000). In pregnancy,
elevated levels of progesterone appear to suppress cell-mediated immune function
and Th1 cytokine production and enhance humoral immunicy and Th2 cyrokine
production (Wilder 1998). The inhibition of cell-mediated immunicy probably
reduces the risk of the mother’s immune system attacking the developing embryo.

54

Stress, both physical and psychological, results in neuroendocrine signals being
released from the brain thar can affect immune function. Stress increases neuroen-
docrine hormones, particularly glucocorticoids (e.g. cortisol) and catecholamines
(e.g. adrenaline) but, to some extent, also prolactin, growth hormone and nerve
growth factor (Glaser and Kiecolt-Glaser 2005). Stress, through the acrion of these
stress hormones, can have both salubrious and detrimental effects on immune
function, such as changes in NK-cell activity, changes in the composition of
lymphocyte populations in the blood, lymphocyte proliferation and antibody
production and can be responsible for reactivation of latent viral infections (Glaser
and Kiecolt-Glaser 2005). Stress can occur in a variety of forms, physical or psycho-
logical, acute or chronic. It is possible and probable thar differenc forms of seress will
have different effects on the stress hormones released and on immune function. For
example, the effects of acute psychological stress (minutes to hours) on the immune
system are sometimes the opposite of chronic forms of stress (days to years). Whereas
acute stress increases the secretion of SIgA in saliva, chronic stress is rypically
associated with a decrease (Bosch er al. 2002). Likewise, NK-cell activiry increases
during acute stress but is decreased during chronic forms of stress (Segerstrom and
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Miller 2004). The negative effects of prolonged stressors on the immune system have
received most attention, as they can have significant consequences on health which
include, bur are not limited o, increased infection risk (Cohen 2003), delayed wound
healing (Walburn ef 2l 2009), impaired responses to vaccination (Burns 2012) and
possibly even the progression of some cancers (Antoni er 2l 2006).

The main two neuroendocrine pathways acrivated in response to stress that control
the immune system are the hypothalamic—pituitary—adrenal (HPA) axis, which
results in release of glucocorticoids, and the sympathetic nervous system, which
results in release of catecholamines, adrenaline (which is the same as epinephrine) and
noradrenaline (also called norepinephrine). However, there are other neuroendocrine
factors that are released following stress that also regulate the immune system,
including prolactin, growth hormone and nerve growth factor (NGF).

One of the main mechanisms by which the brain controls the immune system is
through activation of the HPA axis. Upon stimulation, corticotrophin-releasing
hormone is secreted from the paraventricular nucleus of the hypothalamus. This chen
stimulares the anterior pituitary gland to secrete adrenocorticotrophic hormone
(ACTH) into the systemic circulation. This, in turn, induces the adrenal glands o
synthesise and secrete glucocorticoids. In humans, the natural glucocorticoid is
cortisol, whereas in rodents it is corticosterone. Physiological levels of glucocorticoids
are thought to be immunomodulatory whereas high stress-induced levels are
immunosuppressive (Dhabhar 2009). In humans, a variety of stressors cause increases
in plasma ACTH and cortisol levels. These stressors include intense or prolonged
exercise and various forms of psychological stress such as fear, worry and anxiery.

Cortisol elicits its many actions through a cytosolic recepror, the glucocorticoid
receptor. Upon ligand binding, the glucocorticoid receptor dissociates from a protein
complex and translocates to the nucleus, where it binds to sp-eciﬁ:: DNA sequences
to modulate gene transcription. In addition, glucocorticoid receprors can also
interfere with the signalling pathways of other transcription facrors, such as nuclear
factor-xB to repress transcription of many inflammatery molecules.

The activation of the sympathetic nervous system induces secretion of adrenaline
into the systemic blood supply. Noradrenaline is released from the nerve terminals
in the vicinity of immune cells. These catecholamines bind to the f2-adrenergic
receptor and stimulate activation of a G-coupled protein, which results in increased
intracellular cyclic adenosine monophosphare (cAMP) production. This results in
an inhibition of the intracellular signalling pathways that normally activare the
immune response to pathogens.

Prolactin and glucocorticoid receprors are also released during stress. Like ACTH,
they are both secreted from the anterior pituitary gland but can also be produced by
immune tissues, thereby having an autocrine/paracrine effect on immune cells. Both
prolactin and glucocorticoid receprors are thought to be generally immunostimu-
latory (Chikanza 1999; Gala, 1991; Hactori, 2009) and are proposed to act as counter
measures to glucocorticoids. Many of the effects of glucocorticoid receprors are
mediated through glucocorticoid recepror-induced production of insulin-like growth
factor-1. NGF is a neurotrophic hormone that is elevared in chronic stress and can

—
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Sex

of the third decade. Consequent upon this decline is a change in the distribution of
cells in the peripheral circulation, with naive T cells declining with age, while memory
and effector cells increase. Essentially, these effects progressively decrease the capacity
to respond to novel pathogens which requires differentiation and proliferation of the
existing naive T cell pool.

Stress

Sex also affects immune function. In females, estrogens and progesterone modulate
immune function and, thus, immunity is influenced by the menstrual eycle and
pregnancy (Haus and Smolensky 1999). Consequently, sex-based differences in
responses to infection, trauma and sepsis are evident, Women are generally more
resistant to viral infections and tend to have more autoimmune diseases than men do
(Beery 2003). Estrogens are generally immune enhancing, whereas androgens
including testosterone — exert suppressive effects on both humoral and cellular
immune responses. In females, there is increased expression of some cytokines in
peripheral blood and vaginal fluids during the follicular phase of the menstrual cycle
and with use of hormonal contraceptives. In the luteal phase of the menstrual cycle,
blood leukocyte counts are higher than in the follicular phase and the immune
response is shifted towards a Th2-type response (Faas er 2l 2000). In pregnancy,
elevated levels of progesterone appear to suppress cell-mediated immune function
and Thl cyrokine production and enhance humoral immunity and Th2 cyrokine
production (Wilder 1998). The inhibition of cell-mediated immunicy probably
reduces the risk of the mother’s immune system attacking the developing embryo.
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Stress, both physical and psychological, results in neuroendocrine signals being
released from the brain that can affect immune function. Stress increases neuroen-
docrine hormones, particularly glucocorticoids (e.g. cortisol) and catecholamines
(e.g. adrenaline) but, to some extent, also prolactin, growth hormone and nerve
growth factor (Glaser and Kiecolt-Glaser 2005). Stress, through the action of these
stress hormones, can have both salubrious and detrimental effects on immune
function, such as changes in NK-cell activity, changes in the composition of
lymphocyte populations in the blood, lymphocyte proliferation and ancibody
production and can be responsible for reactivarion of latent viral infections (Glaser
and Kiecolt-Glaser 2005). Stress can occur in a variety of forms, physical or psycho-
logical, acute or chronic. It is possible and probable thar different forms of stress will
have different effects on the stress hormones released and on immune funcrion. For
example, the effects of acute psychological stress (minutes to hours) on the immune
system are sometimes the opposite of chronic forms of stress (days to years). Whereas
acure stress increases the secretion of SIgA in saliva, chronic stress is typically
associated with a decrease (Bosch er al 2002). Likewise, NK-cell activity increases
during acute stress bur is decreased during chronic forms of stress (Segerstrom and
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Miller 2004). The negative effects of prolonged stressors on the immune system have
received most attention, as they can have significant consequences on health which
include, bur are not limited to, increased infection risk (Cohen 2003), delayed wound
healing (Walburn e 2/ 2009), impaired responses to vaccination (Burns 2012) and
possibly even the progression of some cancers (Antoni er 2l 2006).

The main two neuroendocrine pathways activated in response to stress that conrrol
the immune system are the hypothalamic—pituitary—adrenal (HPA) axis, which
results in release of glucocorticoids, and the sympathetic nervous system, which
results in release of catecholamines, adrenaline (which is the same as epinephrine) and
noradrenaline (also called norepinephrine). However, there are other neuroendocrine
factors thar are released following stress that also regulate the immune system,
including prolactin, growth hormone and nerve growth factor (NGF).

One of the main mechanisms by which the brain controls the immune system is
through activation of the HPA axis. Upon stimulation, corticotrophin-releasing
hormone is secreted from the paraventricular nucleus of the hypothalamus. This then
stimulates the anterior pituitary gland to secrete adrenocorticotrophic hormone
(ACTH) into the systemic circulation. This, in turn, induces the adrenal glands o
synthesise and secrete glucocorticoids. In humans, the natural glucocorticoid is
cortisol, whereas in rodents it is corticosterone. Physiological levels of glucocorticoids
are thought to be immunomodulatory whereas high stress-induced levels are
immunesuppressive (Dhabhar 2009). In humans, a variety of stressors cause increases
in plasma ACTH and cortisol levels. These stressors include intense or prolonged
exercise and various forms of psychological stress such as fear, worry and anxiery.

Cortisol elicits its many actions through a cytosolic recepror, the glucocorricoid
receptor. Upon ligand binding, the glucocorticoid recepror dissociares from a protein
complex and translocares to the nucleus, where it binds ro specific DNA sequences
to modulate gene transcription. In addition, glucocorticoid receprors can also
interfere with the signalling pathways of other transcription factors, such as nuclear
factor-kB to repress transcription of many inflimmatory molecules.

The activation of the sympachetic nervous system induces secretion of adrenaline
into the systemic blood supply. Noradrenaline is released from the nerve terminals
in the vicinity of immune cells. These catecholamines bind to the B2-adrenergic
receptor and stimulate activation of a G-coupled protein, which results in increased
intracellular cyclic adenosine monophosphate (cAMP) production. This results in
an inhibition of the intracellular signalling pathways that normally activate the
immune response to pathogens.

Prolactin and glucocorticoid receptors are also released during stress. Like ACTH,
they are both secreted from the anterior pituitary gland but can also be produced by
immune tissues, thereby having an autocrine/paracrine effect on immune cells. Both
prolactin and glucocorticoid receptors are thought to be generally immunostimu-
latory (Chikanza 1999; Gala, 1991; Haccori, 2009) and are proposed to act as counter
measures to glucocorticoids. Many of the effects of glucocorticoid receprors are
mediated through glucocorticoid recepror-induced production of insulin-like growth
factor-1. MNGF is a neurotrophic hormone thart is elevated in chronic stress and can
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regulate the immune response. NGF can function through the hypothalamus to
acrivate the HPA axis and, in addition, NGF can funcrion as an autocrine/paracrine
factor to regulate immune cells (Aloe ez al 1999). For example, it promotes prolif-
eration and differentiation of T and B lymphocytes and acts as a survival facror for
memory B lymphocytes.

Despite their very different cellular sources, glucocorticoid recepror, prolactin,
melatonin (Radogna er al 2010) and leptin (La Cava and Mararese 2004) exert
remarkably synergistic actions on the immune system. They are proinflammarory
signals that support immune cell activation, proliferation, differentiation and the
production of proinflammarory cytokines like IL-1, IL-12, TNF-a and of Thl
cytokines like IFN-y. In contrast, cortisol and catecholamines generally suppress
these immune funcrions in an anti-inflammartory manner, although some specific
aspects of immunity may be enhanced by these signals. Timing may be critical factor

in these effects, whereby immune suppression is sometimes preceded by a brief period
of enhancement.

Psychological stress

56

Psychological stress has been defined as a constellation of events, comprising a
stimulus (stressor) thar precipitates a reaction in the brain (stress perception) and
activates physiological fight or flight systems in the body (stress response). Psycho-
logical stress influences immune function through acrivation of autonomic nerves
innervating lymphoid tissue and by stress hormone-mediated alteration of immune
cell functions (Glaser and Kiecolt-Glaser 2005). As stated earlier, the effects of
psychological stressors on the immune system are timing dependent. Results from
mera-analyses demonstrate consistent effeces for cerrain immune outcomes
(Segerstrom and Miller 2004). Acute bouts of stress (minutes to hours) induce rapid
changes in the composition of blood leukocytes in peripheral blood, whereby the
number of NK cells and, to a lesser extent CD8+ T cells, rapidly increase during
acure stressors. In this regard, the effects of acute stress are comparable to those of
brief exercise, albeit somewhat smaller. Acute stress also increases NK cell activiry
and decreases lymphocyte proliferation in response to mitogens. The latter two effects
are possibly secondary to the effects of acute stress on blood composition. For
example, NK cell activity increases because there are more NK cells in the blood and
not because stress makes these cells intrinsically more cytoroxic. Acute stressors have
also been found to increase the secretion of SIgA in saliva (Bosch et #/ 2002) and to
cause a transient increase in some plasma cytokines, such as IL-6 (Steptoe et al 2007).
These responses likewise mirror what is seen after a brief bout of exercise. Overall,
then, acute stress appears to stimulate rather than suppress activity of the immune
system,

Effects of prolonged forms of stress (weeks to years), which include psychological
dl;mdws such as depression, that are consistently found across studies include
reduced NK-cell acuvity, reduced lymphocyte proliferation to mitogens, reduced
TEsponses to vaccination and reactivation of Jatent herpes viruses (Segerstrom and
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Miller 2004). Further, prolonged stress is associated with a moderate elevation of
inflammarory markers in plasma, such as cytokines like IL-6 and TNF-& and acute
phase proreins like C-reactive protein and fibrinogen (Howren ¢f 2l 2009). It should
be noted that these increases may be secondary to the lifestyle changes that charac-
terise chronically stressed and depressed individuals, such as a lack of exercise and
unhealthy dietary behaviours. For example, when individual differences in body mass
index are taken into account, the levels of inflammatory cytokines become much
maore similar to that of healthy, non-stressed individuals.

An important issue is whether effects of stress on immunity have clinical
implications. While this issue is as yet unresolved for acure stressors, the effects of
chronic stress appear compelling. For example, meta-analysis shows a robust
association between stress and wound healing, whereby chronic stress is consistencly
found to delay the wound repair process (Walburn er 2l 2009). Vulnerabilicy to
infection likewise appears increased. Cohen e al (1991) carried out a well-controlled
study (including controls for education, shared housing and personality differences)
in which subjects were intentionally exposed to one of five respiratory viruses via
nasal drops. The results indicated thar psychological stress is associated with an
increased risk of infection independent of the possibility of transmission, the strain
of administered virus and habitual physical activity. Regrettably, the effects of psycho-
logical interventions that aim to mitigate the effects of stress on immunicy have been
inconsistent. While the occasional study has reported a large effect of interventions
like relaxation training, counselling or mindfulness training, such findings are rarely
replicated and on average the effects of intervention studies have been very modest
(Miller and Cohen 2001).

Besides an effect of psychological states on immuniry, there is also good evidence
that immune alterations, in particular inflammation, affect mood. An example of
this phenomenon is the psychological alterations seen during a common cold, which
include lethargy, social withdrawal and moodiness. The features of this psychological
state, denoted as ‘sickness behaviour', show a remarkable overlap with those seen
during clinical depression (Dantzer et al. 2008). These and other similarities gave
rise to the so-called inflammarory theory of depression, which postulates that inflam-
matory cytokines may contribute to the development of clinical depression via their
effects on mental processes. For example, the incidence of clinical depression is two-
to threefold higher among patients with diseases thar are characterised by elevared
inflammarory activity, such as auto-immune and cardiovascular diseases. Likewise,
treatment with cytokines like [IFN-y or IL-2, used in the treatment of some cancers,
induces a srate of clinical depression in abour 40% of the patients (Raison et al.
2006). Luckily, and in contrast to whar is known abourt the effects ufpsychalogim[
stress on immuniry, the effects of the immune system on psychological funcrioning
is amenable to intervention. For example, the depressogenic (depression-inducing)
effects of cytokine treatment can be prevented by prophylactic treatment with antide-
pressant drugs, and depressed parients with auto-immune and cardiovascular diseases
respond equally well to psychotherapy as healthy individuals (Evans e¢ 2l 2005).

The mechanisms responsible for the effects of immune processes on mood and

—
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behaviour have been well-characterised. Brain cells carry receptors for various
cytokines, which are transported from the sites of inflammarion to the brain, via the
blood or via afferent nerves such as the vagus nerve. By activating neurological tissues,
these cyrokines subsequently affect a broad range of mental funcrions, such as
perception (e.g. pain perception and smell) and mood states (e.g. irritabilicy and
feeling blue) that underlie sickness behaviour. The function of sickness behaviours
appears to be to promote responses that serve recuperation in ill persons. However,
in situations of prolonged inflammatory acriviry, these neurological effects may
become damaging, by impairing cognitive functions and promoting the development
of psychuparhu]ogy (Danrtzer et al 2008; Raison er 2l 2006).

Physical stress {exercise)

Sleep

Elevated levels of stress hormones also occur during strenuous exercise and it is well
recognised that acute bouts of exercise cause a temporary depression of various aspects
of immune function (e.g. neutrophil oxidative burst, lymphocyte proliferation,
monocyte MHC class II expression) that lasts abour 3-24 hours after exercise
depending on the intensity and duration of the exercise bout (Gleeson and Bishop
1999). Periods of intensified training (overreaching) lasting seven days or more result
in chmnicail}r dtpress:d immune funcrion and several surveys {(described in detail in
Chapter 1) indicate that sore throats and flu-like symproms are more common in
endurance athletes than in the general population. The effects of exercise and training
on immune function are explored in detail in subsequent chaprers.
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Sleep and the circadian system have a strong influence on immunological processes
(Besedovsky er 2l 2012). The basis of this influence is a bidirectional communication
berween the central nervous and immune system thar is mediated by neurotrans-
mirters, hormones and cytokines, as well as direct innervations of the immune system
by the auronomic nervous system. Many immune functions display prominent
rhythms in synchrony with the regular 24-hour sleep—wake cycle, reflecting the
synergistic actions of sleep and the circadian system on these parameters. Differen-
tiated immune cells with immediate effector functions, like NK cells and terminally
differentiated cyroroxic T cells, peak during the wake period (Besedovsky er all 2012),
thus allowing an efficient and fast combat of invading pathogens and repair of tissue
damage, which is more likely to occur during the active phase of the organism. In
contrast, undifferentiated or less differentiated cells like naive and cencral memory
T cells p?ak during the night, when the more slowly evolving acquired immune
response is initiated. Mocrurnal sleep, and especially slow wave sleep prevalent during

the early night, promotes the release of glucocorticoid rece ptor and prolactin, while

3“t'-1ﬂf|ammamry acrions of cortisol and catecholamines are ar the lowest levels. The

en rjc:cfrme rni.!ie.l..li during early sleep critically supports the interaction berween APC

:“tda:dmlt;l“ evidenced by an enhanced production of IL-12, a shift of the Th1/Th2

ytokine balance towards Th1 cytokines and an increase in Th cell proliferation and
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probably also facilirates the migration of naive T cells to lymph nodes. Thereby, the
endocrine milieu during early sleep likely promotes the initiation of Th1 immune
responses that eventually supports the formartion of long-lasting immunelogical
memories,

Poor quality sleep and prolonged sleep deprivation induce a stress response that
invokes a persistent unspecific production of proinflaimmarory cytokines, best
described as chronic Iuw-gra-dc inflammarion, and also produce immunodeﬁcienq.r,
which have detrimental effects on health. Both an inadequate amount of nightly
sleep and poor sleep quality have been shown to increase the risk of developing
commeon cold symptoms when subjects are experimentally exposed to a dose of
human rhinovirus in a nasal spray (Cohen er 2l 2009).

It is well established thart the general nutritional status of an individual modulates his
or her immune function. Both over-nutrition thar results in obesity (Nieman er al
1999) and under-nutrition (Scrimshaw and SanGiovanni 1997) affect immune
function detrimentally. Particular aspects of the habitual dier, including far and
protein intake, multivitamin and mineral supplements, alcohol consumption and
smoking, exert a significant influence on immune function. Deficiencies of specific
micronutrients are associated with an impaired immune response and with an
increased susceptibility to infectious disease. If a nutrient supplement corrects an
existing deficiency in an adult, then it is likely that a benefit to immune funcrion will
be seen. Indeed, many human and animal studies have demonstrated thar adding
the deficient micronutrient back to the diet will restore immune funcrion and
resistance to infection (Calder and Kew 2002). Whar is far less clear is whecher
increasing the intakes of specific micronutrients above the recommended nucrient
intake will improve immune function in a healthy, well-nourished individual. There
is also a danger of excessive supplementarion of the diet with individual micronu-
trients. Excess intakes of some micronutrients (e.g. viramin E, iron and zinc) impair
immune function and increase suscepribility to infection (Calder and Kew 2002).
Thus, for many micronurrients, there is a limited range of optimum intake, with
levels above or below this resulting in impaired immune function and/or other health
problems. The effects of dier and nurritional supplements on immune funcrion are
considered in more derail in Chapter 9.

Infectrious diseases can affect the status of several nutrients in the body, thus setting
up a vicious circle of under-nutrition, compromised immunity and recurrent
infection. Under-nutrition is not a problem thar is restricted to poor or developing
countries. Under-nurrition exists in developed countries, especially among the elderly,
premature babies, individuals with eating disorders, alcoholics and patients with
certain diseases. Malnutrition was the leading cause of acquired immune deficiency
before the appearance of the human immunodeficiency virus (HIV) and poor
nutrition is also a major factor contributing to the progression of HIV infection,
especially in less developed countries.
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ﬂ CONCLUDING NOTE

This overview of the immune system and the factors affecting it has been given to
facilitate the discussions in the chapters thar follow on measurement of immune
system status and the effects of acure and chronic exercise on immune funcrion. In
some places it has been greatly simplified and the complexity of the immune system
and its precise coordinated responses should not be underestimared. For further
derails, the interested reader is recommended to consult the excellent textbooks listed
under ‘Further reading’ at the end of this chapter. You can test your understanding
of this chapter by performing the activity described in Group Activity 2.2.

Group activity 2.2

Check your understanding of the organisation of the immune system
The problem

1. Fit the following terms into the diagram below:
adaptive immunicy

* antibody
* B lymphocyte
*  basophil

* dendriric cell

* eosinophil

* granulocytes

* immunoglobulin (Ig)

* interferon-gamma (IFN-y)
* interleukin 2 (IL-2)
interleukin 4 (1L-4)
interleukin 5 (IL-5)
interleukin 13 (IL-13)
macrophage (2 places)
monocyte

natural immunicy
natural killer cells
neutrophil
non-specific immunicy
plasma cells

specific immunicy

T helper cell (Th)

T lymphocyte

T suppressor/cyrotoxic cell (Te/s)
type-1T cell (Thi)
type-2 T cell (Th2)

" & % @

s @ & ® ® 8 & % ® B A
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2. In a different colour, circle the phagocyric cells.
3. In another colour, circle the lymphocytes.

4. Finally, put the following cluster of differentiation (cluster designator) next to the
corresponding cell type on your diagram:

CD3+ CD4+ CD8+ CDI19+ CD56+

The Organisation of the Immune System

INMATE  ------=-==-=-= ANTIGEN PRESENTING CELLS[APCS) =ccscsesarannn ACQUIRED
/ — (MATURE 14 THYMUS) (MATURE 1N
BONE MARROW)
—_—  (Buwoon)

e |

— = % T
ah N
T T T

HKEY POINTS

* The immune system protects against, recognises, attacks and destroys micro-
organisms, cells and cell-parts that are foreign to the body (i.e. non-self). It can
be broadly divided into two subsystems, the innate (non-specific, natural) and
the acquired (adaprive, specific) immune systems.

* The innate immune system forms the body’s first line of defence against invading
micro-organisms. It consists of three mechanisms thar have the common goal of

preventing any foreign agent entering the body: a) physical/structural barriers: b)

chemical barriers; and c) phagocytic cells (mainly neutrophils and

macrophage/monocytes) and other non-specific killer cells (natural killer cells).

Neutrophils are the most abundant type of white blood cell or leukocyte. They

are the major cell of a subpopulation of leukocytes called granulocytes, so called
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because they contain microscopic granules thar are released in the killing process.
Ovther rypes of granulocyre are eosinophils and basophils.

* Other phagocyric cells, monocytes, mature into macrophages in the rissues.
Phagocytic cells destroy micro-organisms by engulfing them and releasing roxic
substances, including reactive oxygen species and digestive enzymes, on to the
micro-organism to kill it and break it up.

* Soluble factors such as complement, acute-phase proteins, lysozyme and cytokines
are also important in the innate immune response. Soluble factors help to enhance
the innarte response, as well as being involved in killing processes directly.

* Ifan infectious agent gets past the innate host defence mechanisms, the acquired
immune response is activated. Following phagocytosis, macrophages and dendiritic
cells incorporate parts of foreign proteins (antigen) from the digested micro-
organism into their own cell surface membrane and present them 1o
T-lymphocytes. Activation of Toll-like receptors on the surface of antigen
presenting cells by microbial molecules results in induction of co-stimulatory
molecules and T-cell activation.

* There are a number of sub-populations of T-lymphocyte. The presence of an
antigen on a macrophage cell surface stimulates the T cells to divide and
proliferate into these subpopulations. T-helper (Th) cells coordinate the cell-
mediated acquired immune response. They activate T-cytotoxic (T¢) cells and B
cells. Tc cells destroy infected cells and are the main effector cells of cell-mediated
immuniry.

» B cells proliferate into plasma cells. These secrete vast amounts of antibody (or
immunoglobulin) specific to the antigen thar triggered the immune response.
The B cell response is known as the humoral or fluid adaptive immune response.

* Both B cells and T cells "exhibic’ memory, which means that they can mount a
rapid response to that specific antigen upon subsequent exposure. This is the
rationale behind immunisation programmes.

* Cell-mediated immunity is promored by the actions of cytokines secreted by Thl

cells, whereas the humoral immune response is activated by cytokines released

from Th2 cells.

Immune function in humans is affected by both genetic and environmental

factors. The latter include age, exercise, sex, nutritional status, previous exposure

to pathogens, sleep and psychological stress.

* Stress effects on immune funetion are mostly mediated by the glucocorticoid
hormones and catecholamines.
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3 The effects of exercise on blood

leukocyte numbers
Richard J. Simpson

E LEARNING OBJECTIVES

After studying this chaprter, you should be able to:

* describe the effects of a single bout of exercise on the total number of leukocyres

and their subsets in peripheral blood;

understand the mechanisms by which discrete leukocyte subsets are selectively

deployed into the blood and tissues in response to a single bour of exercise;

explain some of the factors known to affect the leukocyte response to acute

exercise including training status, intensity and duration of the exercise bout,

fitness level, age, nurritional status and infection history;

» describe the effects of exercise training on the total number of leukocytes and the
composition of leukocyte subtypes in resting blood.

E INTRODUCTION

64

The total number of leukocytes circulating in peripheral blood is strongly influenced
by physical exercise. Leukocyrosis (an elevated number of white cells in blood)
following acute exercise was first reported well over a century ago, with Ralph
Larrabee concluding that the increased number of leukocytes observed in four partic-
ipants after the Boston marathon was due mostly to an influx of polymeorphonuclear
cells (neutrophils) and that both mechanical and toxic mechanisms were responsible
for their exercise-induced mobilisation (Larrabee 1902). Since then, many studies
have been conducted to describe the effects of both acute and chronic exercise on the
numbers and composition of leukocyte subsers, the kinetics of their response
following a single bout of exercise, the impact of intensity, duration and mode of
':‘:xtrcisc on this response, and the influence that age, training status, nutrition and
infection history have on the leukocyte response in both athletes and non-athletes.
Many "“CEE"Ch‘“S have also attempred to identify the mechanisms responsible for the
Icukuc}rt_nsm of exercise and, more recently, how these immunomodulatory effects of
performing a single bour of exercise can be harnessed for clinical use. This chaprer
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focuses on the effects of both a single bout of exercise (acute exercise) and regular
exercise training (chronic exercise) on the numbers of leukocytes and leukocyte
subsets circulating in the blood compartment of healthy people and discusses
porential mechanisms and the factors that influence these exercise-induced changes.

Box 3.1 The numbers of circulating leukocytes and subsets are temporarily altered by
an acute bout of exercise

=  The number of circulating white blood cells (leukocytes) increases during acute
exercise, This is referred to as the leukocytosis of exercise.

= The increase in the number of circulating leukocytes duning exercise is largely caused
by the mohilisation of neutrophils and lymphocytes, with a smaller contribution being
made from monocytes.

= During the early stages of exercise recovery (within 30-60 minutes of exercise
cessation) there is a rapid reduction in the blood lymphocyte count {lymphocytopenia)
that is accompanied by a sustained neutrophilia (elevated blood neutrophil count),
This neutrophilia occurs largely from an influx of neutrophils from the bone marrow
under the influence of cortisol,

* In response to endurance-based exercise in particular, the blood lymphocyte count
may fall 30-50% below pre-exercise values and can remain diminished for up to six
hours after exercise.

= At rest, blood leukocyte, neutrophil, lyrmphocyte and monocyte counts are generally
similar in athletes and non-athletes.

THE EFFECTS OF A SINGLE BOUT OF EXERCISE ON CIRCULATING
LEUKOCYTE NUMBERS

Elevated numbers of circulating leukocytes are often used in a clinical setring as a sign
of the presence of infection and/or inflammation. A typical normal resting blood
leukocyte count is in the region of 4-11 % 10%/L bur these numbers may increase up
to fourfold in response to a single bout of exercise (Figure 3.1). As exercise causes a
profound leukocytosis, physical exercise was inicially perceived to induce an inflam-
matory-like state akin to infection. However, it is now known thar the leukocytosis
that accompanies acute exercise is a transient phenomenon, as the numbers and
composition of all leukocyte subsets are usually restored to resting values within 6—
24 hours after cessation of exercise. The leukocytosis from exercise is largely caused
by the mobilisation of neutrophils and lymphocytes, with a smaller contribution
being made from monocytes. During the early stages of exercise recovery (within
30-60 minutes of exercise cessation) there is a rapid reduction in the blood
lymphocyte count (lymphocytopenia) that is accompanied by a sustained
neutrophilia (elevated blood neutrophil count). In response to endurance-based
exercise in particular, the blood lymphocyte count may fall 30-50% below the
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Figure 3.1 The effects of exercise intensity and duration on (A) the circulating leukocyte count and (B) the
circulating neutrophil and lymphocyte counts. High intensity exercise (80% VO, max) at relatively short
duration (37 + 19 minutes) causes a biphasic leukocyrosis, whereby the initial increase in the blood
leukocyre count with exercise is followed by a delayed leukocytosis 2.5 hours later. This delayed
leukocyrosis is driven by a sustained neutrophilia during the recovery phase of exercise, during which time
there is a lymphocytopenia. Prolonged exercise (164 £ 23 minures at 55% VO, max), despite being lower
in intensity, produces a much larger leukocyrosis, which remains elevated for many hours after
completion of the exercise bout. Data are mean + SEM, n = 18; " indicates significant difference from
pre-exercise (< 0.05); t indicares significan difference compared with the 80% VO, max trial. N =
neurrophils; L = lymphocytes (dara from Robson er al. 1999)
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pre-exercise values and can remain diminished for up to six hours after exercise.
Although striking changes in the total number of circulatory leukocytes in response
to exercise has been well-documented, it is important to note thar the total number
of leukocytes present in peripheral blood at any given time comprises only one to two
per cent of the total number of leukocytes disseminated throughour the entire body.

While the number and composition of certain leukocyte subtypes may not
necessarily be indicative of cellular immune presence and function in other tissues,
the peripheral circulation has been widely sourced, owing to the relative ease with
which blood samples can be obrained from exercising human participants. In modern
clinics and research laboratories, total leukocytes and leukocyte subset numbers are
typically identified using an automared haematology analyser, which enumerartes cells
in blood according to their size and granularity. For the detection of more specialised
cell subsets, fluorescently ragged monoclonal antibodies are used to bind to a surface
receptor on the cell type of interest and quantified using a flow cytomerer (see
Technique box 3.1). The following sections of this chapter describe the effects of a
single bourt of exercise on the toral number of leukocytes and leukocyte subsets
present in the peripheral circularion.

Neutrophils

H

MNeutrophils are the most abundant subset of white cells found in peripheral blood
(50=70% of all leukocytes). They are highly responsive to initial infections and play
a pivoral role in the inflammartory response to tissue injury and pathogen incursion.
MNeurtrophils are phagocytic cells that help the host to combar rapidly dividing
bacteria, yeast and fungal infections, by generating reactive oxygen and nitrogen
species, release of proteolytic enzymes and microbicidal peptides from cytoplasmic
granules (Shaw et al 2010, 2011; see Chapter 2 for further details). Owing to their
shear abundance, neutrophils are highly responsive to acute exercise and they account
for the majority of exercise-induced leukocytosis. Very brief (of an order of minures),
high-intensity exercise may cause the neutrophil count to double, while prolonged
bouts of endurance exercise may cause neutrrophil numbers to increase three- w
fourfold after exercise. Meutrophil counts tend to reach peak values during the
recovery phase of exercise, although both the magnitude and the kinetics of the
neutrophil response are influenced by the intensity and duration of exercise (Robson
et al. 1999b). After an intensive bout of treadmill-running exercise lasting for around
37 minutes at 80% VO,max, neutrophil counts reached peak values three hours after
exercise cessation (Robson ef al 1999b). In contrast, prolonged exercise lasting
around 164 minutes at 55% VO, max, despite causing a substantially greater
neutrophilia, caused neutrophil counts to reach peak values immediately after exercise
before slowly declining to baseline levels 24 hours later (Robson et 2l 1999b), Acute
exercise tends to mobilise neutrophils with a reduced expression of the low-affinicy
immunoglobulin G recepror CD16, with the effect being proportional to the
intensity of the exercise bour (Peake ez 2l 2004). As CD16 is considered a marker of
neutrophil funcrional capability and viability (Butcher er 2l 2001), exercise would

_—

67



RICHARD 1. SIMPSON

RN B2 e

Phenotypic analysis and enumeration of lymphocyte subpopulations in whole blood
in response to exercise

Whole-blood samples are labelled with monoclonal antibodies (mAbs) that react with specific cell surface
markers of interest. Each mAb is conjugated to a particular fluorophore — a fluorescent chemical
compound that emits light upon excitation by the flow cytometer's laser(s). The light emission is then
collected by the detector filters of the flow cytometer to quantify the number of cells in a population
expressing the surface marker of interest. The example in the figure below shows flow cytometry dotplots
collected from a four-colour experiment. In this example, a single-cell suspension has been labelled with
four separate mAbs that emit light at four different wavelengths. After the cells have been labelled with
the mAbs, the red blood cells are lysed and the remaining white blood cells are quantified by the flow
cytometer.
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Plots A and D in the figure show the light scatter properties of the cell population. The amount of
forward light scatter (FSC) is directly proportional to the size of the cell, while the amount of side scatter
(35C) is directly proportienal to the internal complexity of the cell. Each dot in these plots represents a
single cell. Lymphocytes, which are relatively small in size and have less internal complexity (granules) can
be identdied by their light-scatter properties and are electronically ‘gated’ on the flow cytometer (R1).
The number of cells collected in the R1 gate per known volume of blood {after adjusting for any dilutions
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made with the lysis buffer) can then be used to obtain accurate whole-blood-cell counts. In this example,
there has been almost a twofold increase in blood lymphocyte numbers caused by exercise (30 minutes
cycling at 15% above the blood lactate threshold). Instructing the flow cytometer to analyse only those
events collected in the R1 gate can assess the phenotype characteristics of the lymphocytes. In this
example, we are interested in quantifying the CD8+ T cells, which can be identified by the co-expression
aof the surface antigens CD3 and CDB. To do this, mouse anti-human mAbs against CD3 (conjugated to
the fluorophore allophycocyanin; APC) and CD8 (conjugated to the fluorophore peridinin chlorophyll
protein complex, PerCP) have been used. Plots B and E show the percentage of all lymphocytes (R1)
expressing these antigens. Single-positive, double-pesitive and double-negative cell populations can be
identified by quantifying the dots in each area of the quadrant. In pre-exercise blood (Plot B), 17.9% of
all ymphocytes are double positive {express both CD3 and CD8) and are therefore CDB+ T cells. The total
number of CO8+ T cells can also be quantified by multiplying the percentage value by the total
lymphocyte count. The CD3+/CD8+ cells are then electronically gated (R2) for further phenotypic
analysis.

CD8+ T cells can be further stratified in accordance with their stage of differentiation (antigen
experience, number of replications, cytotoxic potential) using the surface antigens CD27 and CD28
{Appay et al. 2008). Cells identified as having a ‘late” differentiation phenotype do not express CD27 or
CD28 (double negative). In plots C and F, changes in the composition of CD8+ subsets in response to
exercise can be identified. The 'late’ differentiated cells are located in the lower left quadrant, as they
did not react with the mouse anti-human CD27 (conjugated to the fluoropheore phycoerythrin; PE) or
£D28 (conjugated to the fluorophore fluorescein isothiocyanate; FITC) mAbs. In this example, the
percentage of ‘late’ cells among total CD8+ T-cells (R2) changed from 6.1% to 12.1%, owing to exercise.
The total number of ‘late’ cells can readily be calculated by multiplying these percentage values by the
total CD3+C D8+ cell count, This revealed an almost 3.9-fold increase in the number of “late” CDE+ T-
cells from a single bout of exercise.

appear to mobilise neutrophils preferentially ar an advanced stage of maturarion.
This has also been shown in adrenaline infusion studies, which induced a
neutrophilia with a larger proportion of the mobilised cells having a segmented
nueleus (Fehr and Grossmann 1979), indicating that exercise and/or adrenaline elicits
a preferential mobilisation of ‘older’ neutrophils.

Monocytes and dendritic cells

[i Monocytes and dendritic cells are the antigen presenting cells found in peripheral
blood. Monocytes comprise 5-15% of all leukocytes and can be identified by the
surface antigen CD14. They have a half-life of two to three days and are uldimarely
destined to become tissue-resident macrophages that perform phagocytic and
antigen-presenting functions within the immune system. There are three major
subpopulations of CD 14+ monocytes that can be identified using CD16 as a second
surface marker:

ot .C].iISSiCE.j‘ Monocyies CXPress CD14 ar hlgh IE’\T'S bur do not cxpress CD'G
(CD144++/CD16-) and make up 70-80% of all monocyres;
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* ‘proinflammarory’ monocytes, which are major producers of TNF-c, express low
levels of CD14 and high levels of CD16 (CD14+/CD16+4+) and make up 8-15%
of all monocytes;

* apopulation that makes up 4-10% of all monocytes, expresses high levels of CD14
bl.ll.' lOW IE"-H!IS OF CDIG {CD14++.I’CDIG+} anci, bgcause ;he}r Pmduc: (‘.OPII:ILIS
amounts of [L-10 in response to stimulation, are considered to have a role to play
in anti-inflammatory immune responses (Skrzeczynska-Moncznik er af. 2008).

Blood monocyte numbers increase in response to prolonged bouts (45-100 minutes)
of endurance exercise (Booth ef al 2010; Lancaster er 2l 2005a; Simpson et al. 2009),
short bouts (3040 seconds) of high-intensity (predominantly anaerobic) exercise
(Steppich er al 2000) and acure resistance exercise (Simonson and Jackson 2004),
indicating thar they are promiscuously responsive to many different types of exercise.
Monocyte numbers increase after exercise in a way thar alters the composition of
their subsets. Monocytes expressing CD16 are preferentially mobilised over ‘classical
monocytes (200-300% increase compared with 15-50%), causing a greater relative
proportion of CD16+ monocytes post-exercise (Booth er 2L 2010; Hong and Mills
2008; Simpson et al. 2009; Steppich er al. 2000). Unlike neutrophils, which continue
to increase in number during exercise recovery, monocyte numbers quickly revert
back to their original pre-exercise values within a short time after cessation of exercise,
although there is some evidence for a delayed monocytosis following 1.5-2.0 hours
of recovery after single bouts of endurance-based exercise (Pedersen er al 1990; Shek
et al. 1995). Changes in the concentration of monocyte subtypes following a single
bour of exercise are shown in Figure 3.2.

Dendritic cells in peripheral blood are sparse less than one per cent of all
leukocytes) (Haller Hasskamp et al 2003) bur are highly prevalent in the tissues and
play an important role in regulating adaprive immune responses and maintaining
immune self-tolerance (Agrawal et al 2012). Tivo major subsets of dendriric cells are
present in peripheral bload: myeloid (mDCs) and plasmacytoid (pDCs). Once fully
mature, mDCs are mostly responsible for stimulating antigen-specific T cells during
adaptive immune responses, while pDCs produce high levels of type-1 cytokines (e.g:
IFN-y) and play important roles in host defence against viral infections. There are
typically twice as many mDCs compared with pDCs in resting blood, and a recent
study showed thar both dendriric-cell subset numbers increased in response ro a 60-
minute training session in elite ice hockey players (Suchanek er . 2010). The relative
increase in cell number was greater for pDCs compared with mDCs (171% versus
104%), indicating that pDCs may be more responsive to acute exercise. [n contrast,

however, Nikel ez al. (2011) found that mDC numbers increased but pDC numbers
decreased after marathon running.

Lymphocytes

Lymphocytes are the most hetero

: gencous of the blood leukocyte subrypes consisting
of T cells, B cells and narural kil 4 i

er (NK) cells. These cell subsets make up 60-809%,

70



THE EFFECTS OF EXERCISE ON BLOOD LEUKDCYTE NUMBERS

Figure 3.2 Changes in total moenocyte and moneocyte subset numbers in response to a 60-km eyeling time trial (=
8). 'Classic’ (CD14++/CD16-), ‘inermediare’ (CD 14++/CD16+) and inflammarory’ (CD14+/CD 16+ +)
monocytes are identificd by the surface expression of CD14 and CD16 (A). Toral monocyre numbers
inceease in response to exercise and remain elevated up to 1 hour post-exercise (B). The numbers of both
the ‘inflammatory’ and ‘intermediate’ subsets increase afier exercise bur return to baseline | hour later.
Although the absolute number of ‘classical’ monocytes mobilised with exercise is largest, the relative change
{from pre- to post-cxercise) is greater for those monocyte subsets that express CD16 (inflammatory’ and
“intermediate’) (C) causing an altered composition of monocyte subtypes in blood, Data are mean = SE,
Difference from pre-exercise indicared b}r * (P< 0.05) and ** (< 0.01). Difference from toral monocytes
and 'classic’ monocytes indicated by ## (P < 0.01) (data from Booth er af 2010)
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5-15% and 5-20% of the total lymphocyte pool, respectively. Each of these broadly
defined lymphocyte subpopulations can be further divided into specialised
lymphocyte subtypes that have distinctive phenotype characteristics and functional
properties. T cells, in particular, are highly heterogeneous, comprising a various
array of specialised subsets that have highly variable cytokine-secretion profiles,
effector functions, antigen types and specificities, proliferative capabilities and
surface marker expression (see Chapter 2 for further details). Acure exercise elicits
a unique biphasic perturbation of the blood lymphocyte count, whereby an increase
in lymphaocyte number is observed during and immediately after exercise, before
rapidly falling below the pre-exercise values during the early stages of exercise
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recovery, gradually returning to basal levels in the following hours (Shek ez al. 1995).
The effects of exercise on blood ]}rmphoc}fre and i}rmphocy:e subser numbers are
shown in Figure 3.3.

Figure 3.3 The effects of a single bout of exercise on blood lymphocyte and lymphocyte subser numbers. Subjects
ran on a rreadmill ar 63% VO, max for 120 minutes with bload samples collected before exercise, during
exercise and during exercise recovery. Total lymphocyte numbers increased (lymphocytosis) during
exercise and remained elevated until exercise cessation (A). Within 60 minutes of recovery, the blood
lymphocyte count had fallen below pre-exercise values (lymphocytopenia) and remained lowered at 120
minutes post-cxercise. The lymphocyre count is restored afier 24 hours of recovery, Within the T cell
compartment, although the absolute number of CD4+ T cells is greater than CDE&+ T-cell numbers, the
relative change in CD8+ T-cell numbers (percentage change) is greater (B); data are mean ¢ SE (from

Shek er al(1995)
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CD4+ and CD8+ T cells
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T cells are broadly identified as CD4+ (helper T cells), CD8+ (cyrotoxic T cells) or
¥8 T cells. T cells are highly responsive to acute exercise and, although the absolute
number of CD4+ T cells mobilised with exercise is greater than that of CD8+ cells,
the relative contribution (percentage change) of the CD8+ T cells is 1.5-2.0 times
greater than that of CD4+ cells (Gabriel er al. 1991; Shek ez al 1995). The same 15
true for the post-exercise extravasation of T cells, which contributes to the well-
documented lymphocytopenia, with the relative egress of CD8+ T-cells being up 10
three times greater than CD4+ T cells. This selective response of the CD8+ T cells
usually causes a decline in the CD4 : CD8 T-cell ratio immediately after exercise,
followed by an increase above baseline durlng the carly stages of exercise recovery.
H?W{."\-"(:'l. because CDSA is also expressed on a subset of exercise-responsive NK cells
(Campbell er af 2008a), many studies had previously overestimared the CD8+ T cell
response w acute exercise by f:liling o quantify only those CD8+ cells that cxpressed
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the T cell marker CD3. Caution should therefore be taken if changes in the
CD4+/CD8+ T cell ratio with exercise were determined on cells that were not dual
stained for CD3 and CD8 or nor, at least, identified by the higher surface expression
of the CD8 antigen (Campbell er al 2008a).

More recently, attempes have been made to identify the exercise-responsive subsets
of CD4+ and CD8+ T cells. Simpson ef al (2007a, 2008) showed that CD4+ and
CD8+ T cells with a history of previous antigen exposure (defined by the surface
expression of the killer lectin-like receptor G1, KLRG1) are more responsive to acute
exercise than antigen-virgin T cells (KLRG1-). Specifically, the absolute number of
KLRG1+/CD8+ T cells that were mobilised and subsequently left the blood
compartment was two to three times greater than the KLRGI-/CD8+ T cells in
response o maximal creadmill- running exercise {Simpmn et al. 2007a, 2008). CD4+
and CD8+ T cells can be further divided into five distinct subsets according to their
expression of the surface antigens CD27, CD28, CCR7 and CD45RA (Appay et al
2008). These surface phenorypes are also indicative of their telomere lengths and, hence,
their replicative potential, their ability to secrete cytokines, perform effector funcrions
and also the viral specificity of the antigen-experienced CD8+ T cells (Appay et al
2008). For instance, CD8+ T cells specific to the common latent herpes viruses Epstein
Barr virus (EBV) or eytomegalovirus (CMV) are known to have differenc (although
sometimes overlapping) phenotypic characteristics and funcrional properties compared
with T cells specific for influenza or hepatitis (Appay et al. 2008). The four most
accepted T-cell subtypes in order of their antigen experience (low to high) and abilicy
to undergo multiple rounds of cell division (high to low) are: (1) naive; (2) central
memory; (3) effector memory; and (4) CD45RA+ effector memory cells (EMRA,
sometimes referred to as senescent or terminally differentiated cells; Sallusto et 2 2004).
Campbell er al (2009) showed that effector memory and, particularly, EMRA CD8+
T cells, were mobilised to a greater extent than central memory and naive CD8+ T
cells in response to 20 minutes of cycling exercise. As with rotal T cell numbers, the
mobilisation of the effector memory and EMRA subtypes was governed by the intensicy
of exercise, as the response was greater following cycling exercise ar 85% of maximum
aerobic power compared with 35% of maximum aerobic power (Campbell et 2l 2009).

There is now a clear consensus that T cells with a longer history of antigen
exposure and phenotypic characreristics associated with tissue migration and effector
functions are preferentially mobilised in response to acute exercise (Simpson 2011).
Early studies assumed that exercise mobilised a large number of naive T cells, owing
to the observed influx of cells expressing CD45RA (Ceddia et al 1999; Gabriel et al.
1991). Although CD45RA was previously thought to identify naive T cells (Akbar
et al. 1988), the recepror was later found to be re-expressed on a subser of effector-
memory T cells that had undergone multiple rounds of cell division (Sallusto ef al.
1999). In essence, it is now clear that the increase in CD45RA+ cells {particularly for
the CD8+ T cell subser) mostly represents a mobilisation of EMRA cells and not
naive cells, which actually contribute relatively litde to the exercise-induced T-cell
lymphocytosis (Campbell er al. 2009). The relative response of the CD8+ T cell
subsets mobilised and egressed in response to acute exercise are shown in Figure 3.4.
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Figure 3.4 Acute exercise elicits a preferential mobilisation of antigen-experienced CD8+ T cell subsets with

increased effector functions and tissue migration potential. The surface markers CD28 and killer cell
lectin-like receptor G1 (KLRG-1) can be used to identify cells with ‘low’ (CD28+/KLRG1-), ‘medium’
(CD28+/KLRG1+) and ‘high' (CD28-/KLRG1 +) antigen experience, effector functions {i.e. cytotoxicityh
and tissue migration potential (A). Comparing the relative mobilisation of these CD8+ T cell subtypes
(B) to a single bout of 30 minures of cycling exercise in healthy adults (x = 16) revealed a stepwise
increased ingress (from pre-exercise to post-exercise) and egress (from immediately post-exercise tw 1 hour
post-exercise) of those cell subsets associated with inereased antigen experience, cytotoxic and tissue
migration porential. CD8+ T cells are also identified as naive (MA; CD45RA-/CDG2L4), ceneral
memory (CM; CD45RA-/CD62L+), effector memory (EM; CD45SRA-/CD62L-) and effector memory
cells that re-express CD45RA (EMRA;: CD45RA+/CDG2L-) (C). This model of T-cell differentiation
reflects the levels of antigen experience, effector funcrions and rissuc migrating potential of the cell
subsers. This phenotypic identification also revealed a stepwise increased mobilisation of those cell subsets
associated with increased antigen experience, effector funcrions and rissue migranon potential (D),
indicating a preferential mobilisation of specific CD8+ T cell subsets in response to exercise, Data are
mean + SE (Simpson er ol unpublished dara)
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Gamma delta (v8) T cells are highly specialised cells of the immune system that
recognise lipid and other non-pepride antigens. They are potent cytotoxic cells that
aid '[l'lle host in bacterial elimination, wound repair and delayed-type hypersensitivity
reactions. 0 T cells have a high tissue-migrating phenotype and are found 0
infiltrate epithelial-rich tissue such as skin, intestines and the reproductive tract. They
make up 2-15% of the total CD3+ blood T-cell population and are mostly negarive



THE EFFECTS OF EXERCISE ON BLOOD LEUKOCYTE NUMBERS

for both CD4+ and CD8+ surface antigens. Only two studies to date have examined
the effects of acute exercise on the numbers of ¥8 T cells (Anane er al 2009; Bigley
et al. 2012) and, as with other cell subsets thar show high cytoroxic porential (i.e.
CD8+ T cells and NK cells), 8 T cells are also highly responsive to acute exercise.
In fact, from a relative standpoint (percentage change from pre-exercise counts), 5
T cells are more responsive to exercise than CD8+ T cells but less responsive than NK
cells {(Anane et al. 2009). Anane et al. (2009) showed thar the exercise effect of
mobilising 8 T cells could be replicated when the participants were infused wich
varying doses of the B2-agonist isoproterenol. Both exercise (35% and 85% of
maximum aerobic power) and isoproterenol infusion increased & T cell mobilisation
in a dose-dependent manner suggesting that, like many other leukocyte subsers, rtheir
mobilisation with exercise is governed by adrenergic mechanisms. Although the
absolute number of ¥& T cells deployed into the bloodstream is considerably lower
than other lymphocyte subtypes, the relative mobilisation (percentage change) for v8
T cells is greater than that of CD4+ and CD8+ T cells but less than that of NK cells
(Anane er 2 2009)

NE cells and NKT cells

NK cells comprise 5-20% of all blood lymphocytes and account for the majority of
the exercise-induced lymphocytosis. NK cells are highly cytoroxic and are capable of
distinguishing healthy aurologous cells from malignant or virally infected cells
without prior antigenic exposure. As such, NK cells can be stimulated by cytokines
such as [L-2 and IL-12, allowing cthem to immediately recognise and destroy target
cells. NK cells are identified by a CD3~/CD56+/CD16+ surface phenotype and also
have two major subsers based on the level of CD56 expression. NK cells with low
expression of CD356 (CD56dim) are highly cytotoxic and stress-responsive, whereas
NK cells with higher expression of CD56 (CD56bright) are considered immunoreg-
ulatory, as they produce large amounts of cyrokines but have low cytolytic activiry
(Poli er al 2009). NK cells are rapidly mobilised into the blood compartment ar the
onser of exercise and, depending on the intensity of exercise, their numbers may
increase from 30-400% (Gabriel er al 1991, 1994a; Shek er al 1995). Upon
cessarion of exercise, there is a rapid egress of NK cells chat contribures largely to the
exercise-induced lymphocytopenia that may take up to 24 or 48 hours to be fully
restored. However, in response to very prolonged bouts of exercise (e.g. two hours of
cycling) the NK cell count has been reported to be 40% lower than baseline values
for up to seven days post-exercise (Shek er al 1995). Ar rest, approximately 90% of
circulating NK cells are CD56dim while the rest are CD56bright; however, these
proportions change in response to exercise, owing to the preferential mobilisation of
the CD56dim subser (Campbell er al 2009; Timmeons and Cieslak 2008).

Recent work has shown a selective mobilisation of NK cells with specific surface
receptors. Although there does not appear to be a preferential mobilisation of NK cell
subsets defined by their surface expression of KLRG1 or CD57 (Bigley er al 2012;
Simpson er al. 2008), NK cell subsets expressing CD158a show a preferential
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deployment (Bigley er @l 2012). Although long-considered to be a cellular
component of innate immunity, there is mounting evidence in borh mice and
humans that NK cells possess antigen-specific receptors, proliferate in response to
infection and generate long-lived memory cells, all of which are key components of
T and B cell responses in adaptive immunity (Sun and Lanier 2011). It was shown
recently that NK cells undergo a process of differentiation, with some of them
becoming long-lived memory NK cells (Beziar ef al 2010). Alchough T cells with a
mature phenotype are more responsive to exercise, it remains to be derermined if
antigen-experienced memory-like NK cells are also more preferentially mobilised
with exercise in a similar manner to CD8+ T cells.

A population of T cells exist that have been referred to as NK-like T cells or simply
NKT cells (Peralbo er 2l 2007). These cells are almost entirely CD3+ and CD8+
bur also express the ‘NK-cell markers' CD56 and CD161 and respond to glycolipids
presented by CD1d (Peralbo er al 2007). NKT cells appear to be preferentially
mobilised in response to a single bour of exercise. Bigley er al (2012) reported a
greater relative change in CD56+ T cells numbers compared to CD56- T-cell
numbers in response to 30 minutes of cycling exercise, although it was not confirmed
that these cells expressed CD161 or recognised antigen presented by the MHC-like
molecule CD1d. More research work is required to characterise the response of bona
fide NKT cells to single bouts of exercise.

B cells express the surface antigens CD19 and CD20 and account for 5-15% of
circulating lymphocytes. Like T cells, B cells are a major cellular component of the
adaprive immune system. Owing to the relatively low numbers of these cells present
in the circularion, it is not surprising that they contribure relatively little to the exercise-
induced lymphocytosis. Although there is a trend for B cell numbers to increase after
endurance-based exercise, including 45 minutes of treadmill running at 80% VO,
max (Nieman et al 1994) or 30-120 minutes of treadmill running at 65% VO, max
(Shek er al 1995), these rend not to reach staristically significant levels. However, B
cells are perhaps more sensitive to the intensity and not the duration of exercise because
larger increases in B cell numbers have been documented following an exhaustive
treadmill running protocol (Fry er al 1992a) and six minutes of maximal rowing
exercise (MNielsen er al 1998). As the B cell mobilisation with exercise is relatively small
compared with other lymphocyte populations, studies on B cell responses to acute
exercise have essentially been neglected since the mid-1990s. This is unfortunare
because, like T cells, B cells are also very heterogeneous consisting of both naive and
memory subsets (Bulati er al 2011) buc whether or not acute exercise elicits a
profound redistribution of discrete B cell subrypes awaits investigarion.

Type-1 and type-2 T cells
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Cyrokines are cell-signalling protein molecules that are secreted by many cells of the
immune system and are critical to the development of both pro- and anti-
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inflammatory immune responses following infection or injury. While some cytokines
(i.e. IFN-y) promote predominantly cell-mediated, or type-1, immune responses,
other cytokines (i.e. IL-4) are involved in the acrivation of humoral, or type-2,
immune responses (Mosmann and Sad 1996). The plasma concentrations of many
cytokines have been found to change in response to a single bour of exercise, although
this provides little information regarding the cell types responsible for their secretion.
Almost all nucleated cells produce cyrokines thar are quickly secreted during an
immune response. Therefore, to detect cytokine expression in individual leukocyte
subsets, the cells must be scimulated in vitre to mimic an immune response (i.e. wich
a mitogen, lipopolysaccharide or gram-negative bacteria) and the transport of the
produced cytokine from the endoplasmic reticulum to the Golgi apparatus must be
blocked to prevent its secretion. This allows the cytokine to accumulare in the
endoplasmic reticulum where it can be detected following cell permeabilisation and
labelling with monoclonal antibodies. This technique has been used to quantify the
numbers of type-1 and type-2 T cells in the circulation in response to exercise.
Steensberg et al (2001b) reported thar the percentage of type-1 CD4+ and CD8+
T-cells expressing IFN-v and IL-2 was lower immediately after and during the
recovery phase of exercise following 2.5 hours of treadmill-running ar 75% VO, max,
whereas the percentage of rype-2 CD4+ and CD8+ T-cells expressing IL-4 remained
unchanged. The numbers of CD4+ and CD8+ T-cells were also lowered at these
times indicating that exercise may have evoked the preferential egress of T-cells
expressing type-1 cytokines (Steensberg et al 2001b). These findings were supported
by Lancaster et al (2004) who reported a reduction in both the number and
percentage of T cells expressing type-1 cytokines immediately after and during the
recovery phase of a prolonged exercise bout. In response to shorter duration exercise
(19 minutes at 78% VO, max), Starkie ef al (2001c) also reported that the percentage
of stimulated T cells expressing [FN-y and IL-2 was lower immediately after exercise,
although the absolute number of type-1 cytokine expressing T cells had increased.
The numerical increase in type-1 cytokines was diminished in subjects who received
a B-adrenorecepror antagonist (timolol maleate) two hours before exercise, although
this method of adrenergic blockade did not prevent the reducrion in the percentage
of T cells expressing cytokines (Starkie er al. 2001). This indicates that exercise may
have altered cytokine production in T cells via catecholamine independent pathways.
It is therefore difficulr to enumerate type-1 and rype-2 cells in response to a single
bour of exercise because the exercise bout itself may alter the abilicy of these cells o
express their cyrokines.

Although exercise may impair or augment the ability of individual cells to mount
a cyrokine response following an immune challenge, it is very likely thar these
apparent changes in cytokine expression with exercise are due to proportional shifts
of discrete cell sub types that have pre-existing cytokine pmﬁles, For instance, CD8+
T cells preferentially mobilised with exercise are known to have a high rissue-
migration phenotype (Campbell es al. 2009) and cells with this phenotype have, in
turn, been shown to express increased levels of type-1 cytokines such as [FN-vy and
IL-2 (Marsui er al 2003). Indeed, Ibfelr ef al (2002) concluded that the decreased

——
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percentage of CD8+ T-cells expressing IFN-vy after exercise was due to a decrease in
the number and proportion of memory (CD45RO+) cells thar constitutively express
increased levels of type-1 cytokines. However, a more recent study reported an
increased number of lymphocytes and monocytes expressing both type-1 and type-
2 cytokines immediately after exercise in cells that were not stimulated with an
immunogenic agent (Zaldivar et 2l 2006). This may indicate that exercise primes
effector leukocytes to express an array of cytokines in prepararion for their migration
to bodily areas that require enhanced immune surveillance following physical stress.

MECHANISMS INVOLVED IN THE LEUKOCYTE RESPONSE TO ACUTE
EXERCISE

Ever since Larrabee (1902) first reported thar exercise induced a pronaunccd
leukocyrosis, three pertinent questions regarding this phenomenon emerged: (1) what
are the mechanisms that underpin the leukocyrte response ro exercise; (2) where in the
body are these cells coming from; and (3) whar are the evolutionary and/or clinical
implications for rapidly mobilising large numbers of leukocytes in response to a single
bour of exercise. A great deal of effort has been made over the last three decades 1o
help answer these questions. In terms of mechanisms, early studies had purported that
homeostatic proliferation and exercise-induced hypovolaemia as a result of fluid loss
from the blood plasma as possible reasons. Although infection may cause some cells
of the immune system (i.e. lymphocytes) to proliferate, the increased leukocyte count
after exercise is too rapid to be an effect of increased rates of cell division, which can
take as long 48-72 hours to occur. Moreover, neutrophils are largely responsible for
the exercise-induced leukocytosis and, as they are already terminally differentiated,
are incapable of homeostaric proliferation. Fluid loss from blood plasma, despite
causing a degree of haemoconcentration, is also unlikely to fully account for the
leukocyrosis of exercise. For instance, plasma volume rarely decreases by more than
15% after prolonged exercise whereas the blood leukocyte count may increase up to
400% (Shek et al 1995).

The mechanisms responsible for the maobilisation of discrete leukocyte subtypes
are now known to be multi-factorial and involve the demargination of leukocyte
reservoirs contained within the blood vessels, lung, spleen and the liver and the actions
of catecholamine and glucocorticoid hormones (see Box 3.2), The recruitment of
leukocytes into the blood also appears to be highly selective in that only those cells that
would be considered useful in response to a 'flight or fight' sicuation are markedly
deployed in response to exercise. Here, we discuss a number of potential mechanisms
involved in the leukacyte response to a single bout of exercise,

Leukocyte demargination

c The intravascular pool of leukocyrtes is composed of one compartment that is
cm’.ulahng End anﬁ[hﬁf that iS I'I'largil'lﬂl'f‘d {adh:md} [ 4] thl‘.‘ ?a_gr:ular endg;heﬂum
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Box 3.2 Mechanisms contributing to the leukocytosis of exercise

* There are several mechanisms that are responsible for the increase in the numbers of
leukocytes in the circulation during exercise

* Fluid loss from blood plasma causes a small degree of haemoconcentration: plasma
volume typically decreases by 5-15% after exercise at 50-90% VO, max and this will
result in an equivalent concentration of the numbers of cells (both erythrocytes and
leukocytes) per litre of blood. Since the blood leukocyte count may increase up to
400% after prolonged exercise (Shek et al. 1995), this haemoconcentration obviously
only plays a minor role.

* In the early stages of acute exercise, leukocytes that were adhered to blood vessel
walls, particularly those blood vessels in the lungs, spleen and the liver (referred 1o as
the marginated pool of leukocytes) become detached and enter the circulating pool
as a result of increased blood flow {shear stress) and the actions of catecholamines
{adrenaline and noradrenaline), which reduce adhesion-molecule expression on the
cell surface of leukocytes and endothelial cells making them ‘less sticky”. This effect
can account for up to a 100% increase in the circulating leukocyte count and will
account for most of the leukocytosis observed after short-term high intensity exercise
(greater than 90% VO, max).

* Further increases (up to 4009%) in the blood leukocyte count may occur during
prolonged exercise (e.g. a marathon race), mainly as a result of influx of neutrophils
from the bone marrow. In fact, the number of circulating lymphocytes may start to
fall below pre-exercise levels when exercise duration exceeds two to three hours.

* The recruitment of leukocytes into the blood also appears to be highly selective in that
only those cells that would be considered useful in response to a “flight or fight'
situation are markedly deployed in response to exercise,

(Berkow and Dodson 1987) that lines the entire circulatory system. The pulmonary
vascular bed and, to a lesser extent, the spleen and liver, harbours a large reservoir for
the marginated pool of leukocytes that can be mobilised by exercise or
catecholamines. Circulatory leukocytes become marginated when they move closer
to the vessel walls where the blood flow is considerably slower than in the main axial
stream. This allows them to adhere to the vessel walls, presumably in preparation for
rolling adhesion and potential activation and migration to the tissues that may require
their presence (i.e. sites of infection). The size of the marginal pool that lines the
blood vessel walls is estimated to be equal to that of the circulatory pool (Athens e
al. 1961); hence, a complete demargination would double the number of circulating
leukocytes (Figure 3.5). However, marginal pools in the lung, spleen, liver and other
organs also contribute to the leukocytosis of exercise, with the lung marginared pool
of lymphocyres estimated to be ten times larger than the circulating pool (Hogg and
Doerschuk 1995). Therefore, a demargination of leukocytes from the pulmonary,
hepatic or splenic reservoirs, in combination with a release of leukocytes from the
blood vessel walls, might explain why the roral leukocyte count can increase three-
to fourfold after a single bout of prolenged exercise.
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Figure 3.5 Leukocyte demargination in response to a single bout of exercise increases the blood leukocyte count.

Around 50% of all leukocytes in resting blood are adhered to the blood wessel walls, These are referred w
as marginated leukocyres. Increazes in cardiae ourpur, shear stress and carecholamines with exercise cause
leukocyte demargination that inereases the circulating leukocyte count. A complete demarginarion of
lewkocytes from the vessel walls into the circulation would result in a rwofold increase in the total
cireulating leukocyre count
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Sources and destinations of the leukocytes mobilised by exercise

Although carecholamines and glucocorticoids are involved in the leukocytosis of
exercise (discussed further in this chaprer), the increased mechanical forces associated
with elevations in cardiac output, vascular vasodilation and bloed flow can
demarginate leukocyres by detaching them from the endothelium and into the
circulatory pool. This, in combination with greater levels of shear stress within the
capillary structures that contain marginated leukocytes, can also sever leukocyte—
endorhelial cell interactions and force more leukocytes into the peripheral circulation.
An increase in lymphatic flow with exercise could also contribute to the expansion
of the circulatory leukocyte pool, owing to the increased emprying of lymph into
the blood via the thoracic duct. Thus, haemodynamic factors appear to be responsible
for the majority of the leukocyte demargination that eccurs with exercise, partic-
ularly for neutrophils and most monocyres. However, this mechanism of leukocyte
recruitment may not be sufficient to deploy adequate numbers of lymphocytes and
monocytes, as certain lymphocyte and monocyte subrypes appear 1o have a greater
reliance on carecholamine-mediated mechanisms (Dimitrov er af, 2010).

Although the vast majority of leukocytes that enter the blood with exercise come
from the marginal pools, the tissues and organs that deliver these cells to the blood
are not fully understood. Owing to the substantial size of their marginated leukocyre
reservoirs, it would appear that the lung, spleen and liver are major contributors,
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while other tissues thar contain large numbers of white cells such as the lymph nodes,
intestines, bone marrow, thymus gland, and even skeleral muscle, may also be
responsible for deploying certain leukocyte subsets into the circulation. It is highly
probable that the mechanisms and tssues responsible for the mobilisation of
leukocytes into the circulation will vary depending on the type of cell thar is
dt:piu-}'cd. For instance, neutrophil recruitment may enter the circulatory pool from
the ma:ginn:ed pool or the bone marrow, while lymphocyte demnrginnt[nn may
occur from the spleen under the influence of adrenaline and noradrenaline.

Most granulocytes mobilised with exercise are believed to come from the vascular
and pulmonary marginated pools, especially those that rapidly enter the blood during
the onser of exercise. However, ﬁ:rl]uw'tng more prolonged and/or intensive exercise
bouts, the leukocyte counr may continue ro rise during exercise recovery. This delayed
leukocyrosis is mostly atrriburable to a delayed neutrophilia and appears to be
influenced by cortisol as, not only do plasma cortisol levels reach peak values during
the recovery phase of very prolonged exercise, infusion of exogenous glucocorticoids
for several hours also induces a delayed neutrophilia (Tonnesen er 2l 1987). It has
been suggested that an increased release of neutrophils from the bone marrow
contributes to the delayed neurrophilia (Allsop er al. 1992), resulting in a grearer
proportion of immarure neutrophils among the tocal circulating pool. It is possible
that certain monocyte subrypes are also released into the circulation from the bone
marrow during exercise recovery. Although monocyte numbers tend o return to
baseline values during the early stages of exercise recovery (i.e. 30-60 minutes post-
exercise), a delayed monocytosis has been observed after 1.5-2.0 hours of recovery
fo!lowing 60 minutes of cycling exercise at 75% ".?D; max {Pedersen et al 1990).
Similarly, Shek er al (1995) reported a dcla}r(‘:& monocytosis two hours after
completing a bout of treadmill running exercise at 65% VO, max lasting two hours.
Although B cells also mature in the bone marrow, their numbers in the peripheral
circulation increase only marginally with exercise and, like other lymphocyte subsets,
B cell numbers rend to decrease during the early stage of exercise recovery (Shek er
al 1995).

The splew:n is considered o harbour an extensive reservoir nfcxcrcis:vmspunsiw:
lymphocytes (Baum er al 1996) and acute exercise models in splenectomised humans
have revealed a blunted mobilisation of T cells and NK cells into the periphery when
compared with healthy age-matched controls (Nielsen ez al 1997). As splenectomised
individuals mobilise abour one-third of all the T cells and MK cells thar are mobilised
by healthy subjects, despite exhibiting similar plasma catecholamine levels and cardiac
outputs to exercise (Nielsen et al 1997), this would indicate thac the spleen is a major
source of the lymphocytes deployed into the blood with exercise. As you will learn
in the next section of this chaprer, catecholamines play a major role in the
leukocytosis and lymphocytosis of exercise; however, when both adrenaline and
noradrenaline were infused into both healthy and splenectomised individuals, a
similar recruitment of NK eells into the blood was observed (Schedlowski er al.
1996), suggesting that NK cells are mobilised via spleen-independent B2-
adrenorecepror (B2-AR) mechanisms. Taken together, these studies indicate thar NK
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cell mobilisation with exercise may involve both shear stress-induced demargination
and B2-AR mechanisms, and that shear stress (associated wirth increased cardiac
output and blood flow that is markedly greater during exercise than with
catecholamine infusion) is required to elicit a pronounced demargination of NK cells
from the spleen. Indeed, subjects who received an intravenous injection of the B2-
antagonist propranolol immediately prior to performing an acute bout of exercise
still exhibited a lymphocytosis, although this response was blunted compared with
the control condition (Foster er al. 1986). As cardiac output and catecholamine
concentrations were similar berween the propranclel and control conditions (Foster
er al. 1986), this would also indicate thar both shear stress and catecholamine
mechanisms are involved in exercise-induced lymphocyrosis. It is interesting to note
that the roral leukocytosis was unaffected by propranolol infusion (Foster er al 1986),
suggesting that haemodynamic stress and not B2-AR mechanisms may be largely
responsible for the demargination of neutrophils and other granulocytes with exercise.
Although lymphocytes are widely disseminated throughour the body, the
phenotypic characteristics of those lymphocyte subsets deployed by exercise (i.c.
mature, differentiated, high tissue migrarion porential) indicate thar they are unlikely
to come from the primary lymphoid organs such as the thymus or bone marrow
(Campbell et al. 2009; Simpson et al 2007a; 2008). Conversely, secondary lymphoid
organs such as the spleen and intestinal Peyer’s patches, in addition to tertiary
lymphoid tissue such as the skin and mucosal epithelium of the gastrointestinal and
pulmonary tracts, are likely to be a source of lymphocyte recruitment into the blood.
It is also unlikely that the lymph nodes contribute much roward the mobilised
lymphocyres, as most lymphocytes that enter the blood with exercise do not express
the lymph node homing recepror CD62L (Hong er al 2004; Simpson er 2l 2008).
Moreover, naive T cells and central memory T cells, which preferentially circulare
among the blood and lymph nodes, are mobilised in relatively fewer numbers with
exercise, compared with those lymphocytes that preferentially migrate to the
peripheral rissues such as effector memory and EMRAT cells (Campbell et 2L 2009).
A single bout of exercise elicits a large deployment of leukocytes from the
marginated pools into the circulation; however, on cessation of exercise, many of
these leukocyte subsets eventually return to resting levels (neutrophils, monocytes) or
even rerract below the baseline values (lymphocytes). It is not fully understood whar
happens to cause these large numbers of immune cells to leave the blood after
exercise. They may simply return to their pre-exercise destinations or be deployed 10
other tissues and organs throughout the body that require increased immune
surveillance after exercise. As with the leukocyrosis, it is likely thac the fate of the
mobilised cells will differ among the specific leukocyte subtypes. When normal bloed
flow is restored, many of the demarginated leukocytes that entered the circulatory
pool will simply remarginarte by adhering to the vascular endothelium or re-joining
the marginated pool of the lung, spleen and liver. Some neutrophils and monocytes
may infiltrate skeletal muscle, particularly if the exercise bour caused a significant
amount of muscle damage (Tidball 2002) or migrate toward the intestines to
compensate for a lack of blood flow to this tissue during exercise. The lung and upper
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airways are also likely to attract a greater amount of leukocyte trafficking, owing to
the increased ventilation rates associated with exercise, drying of the mucosal surfaces
and pussib|c exposure to airborne pathogens and environmental air pollutants

(Gomes eral 2011).

Catecholamines and glucocorticoids

O

The mechanisms that underpin exercise-induced leukocyrosis are fairly well charac-
terised and appear to be largely governed by increased sympathetic nervous system
activity and the resulting secretion of catecholamines (i.e. the hormone adrenaline
and che neurotransmitter noradrenaline) (Anane et 2f 2009; Atanackovic et 2l 2006).
Moreover, the corticotrophin-releasing hormone, adrenocorticotrophic hormone
(ACTH) and cortisol make up the hypothalamic—pituitary—adrenal (HPA) axis and
any activation of the HPA axis also has a profound effect on leukocyre trafficking.
While activation of the sympathetic nervous system, especially those activities thac
induce a strong noradrenaline response (high-intensity exercise), causes a profound
leukocytosis within minutes of the stressor being applied, activation of the HPA axis
and the resulting secretion of cortisol causes an increase in leukocyte (neutrophil)
numbers that is most evident within a few hours after cessation of the stressor (i.e.
during the recovery phase following a bout of exercise) (Dhabhar 2009). The
involvement of the sympathetic nervous system and HPA axis on leukocyte mobili-
sation is also evident in other forms of acute stress, such as public speaking rasks
(Bosch er al 2005; Schedlowski et 2l 1993) or parachute jumping (Schedlowski ef
al 1993). For the most part, these types of acute psychological stress elicit the same
biphasic response of the rotal blood leukocyte count that is akin to exercise,
suggesting that the effects of exercise on leukocyte trafficking are largely governed by
an activation of the sympathetic nervous system and HPA axis.

This contention is supported by a large number of studies that have used
catecholamine and glucocorticoid infusion models in resting humans (Figure 3.6).
Similar to acure stress and exercise, leukocytes are rapidly deployed into the
bloodstream in response to intravenous infusion with catecholamines (Dimitrov et al
2010) or syntheric B-agonists (isoproterenol) (Anane er al 2009) and the use of
non-selective B-blockers such as propranolol, enables the blocking of this response
(Schedlowski er al 1996). These studies provide strong evidence thar the mobili-
sation of leukocytes with exercise is largely influenced by the release of catecholamines
that bind to adrenoreceptors expressed on the surface of the exercise-responsive cells.
It is not surprising, therefore, that the cell types thar show the greatest response two
exercise (in terms of being mobilised into the blood compartment) also express
predominantly high affinicy B2-AR compared with those cell types mobilised in
relatively fewer numbers. For example, CD8+ T cells, in addition to being more
responsive to exercise, are more sensitive to B2-AR upregulation in vitro compared
with CD4+ T cells (Wahle er al 2001). Moreover, because B2-AR expression also
increases with leukocyte activation and differentiacion, this has been proposed as
basic evolutionary mechanism that allows for the rapid redistribution of cytotoxic
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Figure 3.6 The percentage change in the numbers of lymphocyte subsets in response to 16 minutes of low (35%

maximum power) or high (85% maximum power) intensity cycling exercise (A) in healthy subjects (=
11). The mobilisation of MK cells, v8 T cells and CD84+ T cells was replicated by inFu;i.nE resting subjects
(= 12) with low (20 nglkg/minute) and high (40 ngfkg/minute) concentrations of the f-agonise
isoproterenod (B), indicating that lymphocyte mobilisation with excrcise is dependent, ar least pardally,
on catecholamine: mediared mechanisms (dama from Anane er ol 2009)
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effecror cells to increase immunosurveillance requirements ar sites of potential injury
during and after an acure stressor (Dimitrov er 2l 2010).

Those leukocyte subtypes that preferentially egress from the blood during exercise
recovery are highly responsive to glucocorticoids. For instance, monocytes stimulated
with cortisol or post-exercise serum #n vitro show an increased expression of CCR2
and an ianE'aSL‘l'_E migmmry response I:owqrd munnc}r[e ;'hg:mn[nc[i,n: pmn:in—l fMCP-
1) (Okurtsu er al. 2008). These effects were blocked by the glucocorticoid recepror
anragonist RU486, indicating that monocytes exit the blood compartment after
exercise via glucocorticoid receptor and CCR2-dependent mechanisms (Okutsu ef al.
2008). The same group reported similar resules for the extravasation of blood
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lymphocytes (Okutsu et al 2005). Peripheral blood mononuclear cells were
stimulated #n vitre with cortisol or autologous serum obrained before and after an
acute bout of exhaustive cycling exercise. Both cortisol and post-exercise serum were
found to augment CD4+ and CD8+ T-cell CXCR4 expression, which was
subsequently blocked by RU486 (Okutsu e al 2005). T-cell migration toward
CXCL12 was also markedly elevated by cortisol and post-exercise plasma stimulation,
indicating that endogenous cortisol may be involved in the lymphocytopenia of
exercise via CXCR4 signalling pathways (Okurtsu er af 2005).

The biphasic response of blood leukocytes following exercise and acute stress has
been metaphorically likened to a military operation (Dhabhar 2009). During a period
of acure stress or exercise, secreted carecholamines (i.e. adrenaline and noradrenaline)
deploy the body’s ‘soldiers’ (leukocytes) to exit the ‘barracks’ (spleen, lung, marginated
pool and other organs) and enter the ‘ramparts’ (blood vessels and lymphatics)
{Dhabhar 2009). This causes a profound increase in the total number of circularing
leukocytes, with the mobilisation of granulocytes and lymphocytes accounting for the
vast majority of the blood leukocyte response. As those leukocyte subtypes that have
high cyrotoxic and/or effector functions (i.e. NK cells, non-classical monocyres, y6
T cells, etc.) appear to be preferentially deployed to the ‘ramparts’, it is mosdy ‘armed’
soldiers thar are moved in preparation for battle with a would be enemy (i.e. tissue
injury or invading microorganisms). Thus, the mobilisation of leukocyres from the
barracks to the ramparts not only increases strength in numbers bur also increases
virility by deploying only those cells thac are efficient fighters. As the exercise bout
continues, activation of the HPA axis and the release of glucocorticoid hormones
(i.e. cortisol) elicits the extravasarion of leukocytes from the blood 1o take up their
positions at potential ‘battle stations’, such as the skin, lung, gastrointestinal and
urinary-genital tracts, mucosal surfaces and lymph nodes, in preparation for potential
immune responses that may be required, owing to the stressor (Dhabhar 2009).

ftdhesiun molecules

In addition to an increased expression of high-affinicy B2-AR, the selecrive
recruitment of leukocytes with exercise appears to be influenced by the expression
profile of adhesion molecules on the surface of the cell (Shephard 2003). Adhesion
molecules are ubiquitously expressed on many cells throughout the body and play
a critical role in cell-to-cell binding and, in pardicular, the wrafficking of leukocyres
berween blood vessels and tissues (Figure 3.7). In general, the leukocyte subrypes
that are preferentially mobilised with exercise tend to have a higher surface
expression of the integrins (Gannon er al. 2001; Shephard 2003; Simpson e al.
2006a; van Eeden er all 1999). Integrins such as LFA-1 (CD18/CD11a) or Mac-1
(CD18/CD11b) mediarte the acachment of the cell to the surrounding cissues and
extracellular macrix. They are therefore important for cell transmigration (from the
blood to the tissue) and for signal transduction and acrivarion. van Eeden e al.
(1999) reported that the expression of CD11b on rotal granulocytes was more than
doubled immediately after maximal weadmill running. Similarly, monocyte
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Figure 3.7 The multistep process of leukocyte extravasation from the bloodstream. The initial phase of leukocyre
(lymphocytes are used as an example here) extravasation involves rethering and rolling af the cell along
the endothelium, a process that is mediated by selectins and cheir ligands. L-selectin (CD62L) an the cell
surface binds to is ligand CD34 on the endothelium, which facilitares a weak transient contact berween
the lymphocyte and the endothelial cells (A). The lymphocyte then rolls along the endothelium in the
direction of bloed flow until the cell becomes activated by a chemokine (B). This increases the avidity of
LFA-1 for its endothelial ligand ICAM-1. When these receptors bind, the rolling arrests and the
lymphocyte becomes firmly attached 1o the endothelium resisting the forces of blood flow, Diapedesis
then oceurs as the lymphocyte squeezes through adjacent endothelial cells into the interstitial space before
subsequently migrating along the chemokine concentration gradient into the tissues
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expression of CD11b was elevated after acute excrcise, particularly on the classical
and intermediate subtypes (Hong and Mills 2008), while Simpson er al (20062)
showed that CD8+ T cells and NK cells mobilised with exercise had a heightened
expression of the adhesion molecules CD18 (B2 integrin), CD54 {intracellular
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adhesion molecule-1, ICAM-1) and CD53, indicating thar the mobilised
lymphocyres had a marture, previously activated phenotype. Similar adhesion
molecule profiles have been observed in lymphocyte subrypes mobilised in response
to acute psychological stress tasks and (B-agonist infusion (Dimitrov er al 2010;
Goebel and Mills 2000).

Some adhesion molecules also function as homing receprors thar are believed o
provide leukocytes with an ‘address’ for tissue-specific migration (Sackstein 2005).
For example, L-selectin (CD62L) facilitates the attachment and rolling of leukocytes
to activated endothelium by binding o GlyCam-1 on high endothelial venules, or
CD34 and MadCAM-1 expressed by endothelial cells, and is a known T-cell homing
receptor for lymph nodes (see Shephard 2003 or Sackstein 2005 for a more derailed
review on the role of adhesion molecules in lymphocyrte trafficking). Although highly
expressed on naive T cells, CDG2L is also expressed on neutrophils, monacytes and
B cells and is generally considered to be a marker of an immature immune cell
(Shephard 2003). Neutrophils, monocytes and lymphocytes mobilised with exercise
tend to express very low levels of this recepror (Gannon er al 2001; Hong et al 2004;
Hong and Mills 2008; Nielsen and Lyberg 2004; Simpson er al 20073; van Eeden
er al 1999}, adding to the evidence thar exercise preferentially deploys mature,
previously activated immune cells. However, during the recovery phase of exercise
when the neutrophil count may continue to rise, it is likely that a mobilisation of
immature neutrophils from the bone marrow is contributing at leasc parcially to this
response (Allsop er al 1992). The preferential mobilisation of lymphocytes expressing
no or very low levels of CD62L would indicate thar the lymph nodes are not major
contributors to the lymphocytosis of exercise (Simpson 2011).

Although catecholamines are known to be potent stimulators of leukocyte
deployment into the blood, it appears that this response is linked to a specific
adhesion molecule and chemokine receptor expression profile. Dimitrov ex 2l (2010)
analysed adhesion molecule and chemokine recepror expression of 14 leukocyre
subsets in response to adrenaline infusion in humans. Those cell subsets that have
heightened cyroroxic/effector properties, namely EMRA CD8+ T cells, v& T cells,
NK cells, NKT cells, CD56dim cytotoxic NK cells, and proinflammarory
(CD14+/CD16++) monocytes, were rapidly and preferentially deployed into the
bloed after infusion with physiological concentrations of adrenaline (Dimitrov et all
2010). These cells exhibited a CDG2L-/CD1 latosht/CXCR3%h surface phenotype
thar was strongly associated with the adrenergic-induced leukocytosis and they also
had the strongest adherence to activated endothelium in pitre (Dimitrov er all 2010).
The adherence of these cells to the endothelium was reversed by adding physielogical
concentrations of adrenaline (Dimitrov er al 2010), indicating that the release of
catecholamines during exercise rapidly severs the atachment of leukocytes from the
endothelium ro allow the demargination and release of these potent cytotoxic/effector
cells into the bloodstream.

It is important to note thar the leukocytes mobilised into the blood with exercise
may constitutively express certain surface adhesion molecules (and indeed other
receptors) that are not necessarily altered ac the individual cell level (Simpson er al.
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2006a; Turner et al. 2011). Therefore, terms such as ‘increased/decreased expression’
or ‘upregulation/downregulation’ are misnomers, as they suggest that an increased de
novo synthesis or a shedding/internalisation of the receptor has occurred on the
individual cell. It is more likely that exercise causes a selective recruitment of specific
leukocyte subsets that have pre-existing differences in surface adhesion molecule
expression, thus altering their proportions among a total cell population and are
often misinterpreted as ‘expression changes’. For instance, the percentage of all
lymphocyrtes expressing the T-cell marker CD3 may be 70% at rest, before decreasing
to around 50% immediately after exercise. This does not mean that exercise has
caused a ‘downregulation’ of CD3 expression in individual cells but rather evoked a
preferential mobilisation of lymphocyte subsets that do not constitutively express
CD3 (i.e. NK cells) into the blood. In fact, the total number of CD3+ T cells in the
blood will be markedly elevated when the percentage values are multiplied by the
total lymphocyte count (see Technique box 3.1). The same is true when the mean
fluorescent intensity of the receptor is used to quantify expression, as exercise could
simply mobilise a greater number of cells that have a lower or higher number of pre-
existing receptors on the surface. Unfortunately, proportional shifts within a cell type
that are dramarically altered with exercise have often been misinterpreted as changes
occurring at the individual cell level.

Exercise-responsive leukocytes have similar properties

C

All leukocyte subtypes that are preferentially mobilised with exercise appear to have

similar traits, regardless of their lineage. These can be categorised into three major
components:

* cytotoxic/effector functions;
* rissue migration potential; and

* expression levels of adrenoreceptors and glucocorticoid receptors and the ability
to respond to catecholamines and cortisol.

Cytotoxic/effector functions

88

It is clear that the vast majority of exercise responsive leukocytes have high
cytotoxic/effector properties. For instance, potent cytotoxic cells such as NK cells,
CD8+ T cells and ¥8 T cells, and non-lymphocyte cells that have high effector
functions (including CD16+ monocytes) are highly stress responsive when compared
with other leukocyte subtypes that have limited cytotoxic/effector functions and are
mobilised in relatively fewer numbers (CD4+ T cells, B cells, classical monocytes).
Even within CD8+ T cells, there is a stepwise preferential mobilisation of those subsets
in order of their cytotoxic function, migratory potential and history of prior antigen
exposure (Campbell ez 2. 2009; Simpson et al. 2010). There is also an increase in the
number of cells constitutively expressing both type-1 and type-2 cytokines such as
IFN-y and IL-4 (Zaldivar ez a/. 2006) and intracellular granules that are important for
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cell-mediated cyrotoxiciry such as perforin and granzyme-b (Wang e¢ 2l 2009). NK
cell killing (Miles er al 2002; Shek et al 1995; Wang er 2L 2009), neutrophil and
monocyte phagocytosis (Nieman ez 2l 2011hb) and lymphocyte activation (Bishop er
al 2005a; Vider ez al 2001) also tend to increase after a single bout of exercise, possibly
owing to a redistribution of effector subsets into the blood.

Tissue migration potential

Leukocytes mobilised into the circulation with exercise exhibit phenotype charac-
teristics associated with tissue migration. While those leukocyres deployed with
exercise or acute-stress tend to express mostly integrins and intercellular adhesion
molecules (Simpson ef af. 2006a) and a range of chemokine receprors (CXCR2,
CXCR3 and CXCR35) thar have ligands for acrivated endothelium (Bosch er al
2003), selectins are expressed at lower levels (Hong er al 2004; Simpson er 2l 2007a).
This adhesion molecule and chemokine recepror profile of the mobilised cells is
associated with high rissue migration potential and are less likely to be mobilised
from or to the primary (i.e. bone marrow, thymus) and even some secondary (i.e.
lymph nodes), lymphoid organs. It can generally be said, therefore, that exercise
elicits a preferential deployment of leukocytes at an advanced stage of marurarion.

Expression levels of adrenoreceptors and glucocorticoid receptors and the ability to
respond to catecholamines and cortisol

The leukocyte subrypes deployed by exercise are also highly responsive to B-agonist
infusion (Dimitrov er af, 2010) and have a greater surface expression of B2-AR. This
may indicate a selective deployment of specific leukocyte subrypes that have high
cytotoxic and tissue-migration properties via catecholamine and adrenorecepror-
mediated mechanisms. Moreover, those leukocyte subrypes (particularly monocyres
and lymphocyrtes) that preferentially egress from the blood (either by remargination
or transmigration to the peripheral tissue) during post-exercise recovery are highly
responsive to glucocorticoids, indicaring that leukocyre trafficking beoween the blood
and tissues is strongly influenced by both symparhetic nervous system and HPA axis
activation.

Taken rogether, the idiosyncrasies that exist across all leukocyte subsers mobilised
with exercise would indicate that the response is highly regulated (pardicularly for lym-
phocytes and monocytes) and is not merely due to a non-specific ‘washing our’ of leuko-
cytes from the marginal pools. As those cells with potent effectar/cytotoxic funcrions
and rissue migratory potential are preferentially deployed under the influence of car-
echolamines, glucocorticoids and their receprors, it would appear thar the exercise-
induced leukocyrosis is a protective evolutionary component of the ‘flight or fight’ re-
sponse, whereby specific immune cells are deployed to vulnerable areas in preparation

for immune challenges thar may be imposed by the actions of the stressor (Dhabhar
2009).
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Exercise-induced lymphocytopenia: apoptosis or extravasation?

Alchough the actions of glucocorticoids, adhesion molecules and chemokine receprors
are accepred governing factors of leukocyte egress from the blood compartment
during post-exercise recovery, why the blood lymphocyte count would often fall
below the baseline values and why exercise would require around 40-60% of
circulatory lymphocytes to follow the demarginated lymphocytes out of the
bloodstream left exercise immunologists puzzled. Moreover, although many of the
exercise effects on immune cell mobilisation and extravasation can be replicated using
acure psychological stress or B-agonist infusion models, the acute stress-induced
lymphocytopenia appears to a phenomenon that is unique to exercise. The
lymphocytopenia of exercise is mostly due to a decline in the numbers of NK cells
and CD8+ T cells within 30-60 minutes after cessation of exercise {Gabriel ef al
1991) and, because changes in NK cell function (i.e. antibody-dependent cell-
mediated cytotoxiciry) closely parallel changes in blood MK cell numbers (Pedersen
and Ullum 1994; Shek ez al 1995), exercise-induced changes in lymphocyte numbers
may be an important mediator of apparent changes in lymphocyte ‘activity’. This
retraction of the blood NK cell numbers and, ultimately, NK cell funcrion, was
believed to be a major contributing factor to the so-called ‘open-window’ of post-
exercise immune suppression (Pedersen and Ullum 1994), which triggered a number
of investigations aimed at identifying a mechanism for this phenomenon.

Following the initial repore by Mars 2 2l (1998) thar acute exercise dramarically

increased lymphocyte apoptosis levels in the blood, cell death was considered a
possible mechanism (Mooren er al 2002, 2004; Steensberg er ol 2002). Although
some studies have reported an increased percentage of apoprotic lymphocytes
immediately after exercise (Mooren e al 2002, 2004; Steensberg er al 2002), the
total number of apoprotic cells may remain unchanged despite an increased presence
of apoprortic stimuli (Steensberg er 2l 2002). Moreover, the levels of apoptosis
reported in these studies are usually very small (less than five per cent) (Mooren et al.
2002; Simpson et al 2007b; Steensberg et al 2002) and unlikely to account for the
40-60% reductions in the blood lymphocyte count seen after exercise (Simpson
2011). Indeed, other studies have documented a lymphocytopenia in response to
acure exercise withour any concomitant evidence of an increased number of apoptotic
lymphocytes (Simpson er al 2007b; Steensberg er al 2002). As lymphocytes do not
appear to undergo apoprosis in the blood, it is unlikely that cell death is a major
contributor to exercise-induced lymphocytopenia.

A more accepted mechanism for this lymphocytopenia is a selective extravasarion
of specific lymphocyte subsets, leaving the blood compartment 1o enter the peripheral
tissues (Kruger er al 2008; Simpson er al 2006a). Indeed, it is known thac
lymphocytes that preferentially egress from the peripheral blood compartment (i.e.
CD8+ T cells, NK eells) have a heighrened expression of cerrain cell surface activarion
and adhesion molecules that facilitate their transmigration (Simpson et 2l 2006a),
allowing them to pass through adjacent endothelial cells and into the tissues. Animal
studies indicare that the extravasated lymphocytes migrate to peripheral tissues, such
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as the lungs and intestinal Peyer’s parches, following exercise (Kruger er ol 2008,
2009), presumably as part of an increased immunosurveillance response to acure
stress. Indeed, adrenergic mechanisms are purported to play a role as adrenaline
infusion partially mimicked the T cell migratory responses to exercise (Kruger er al
2008). Moreaver, glucocorticoids appear to stimulate CD4+ and CD8+ T eell
migration toward CXCR4 ligands iz witre (Okutsu er 2l 2005). However, the role of
cortisol in exercise-induced lymphocytopenia is somewhar perplexing. While eortisol
infusion in humans also elicits a lymphocytopenia, this tends to induce a selective
decline in the numbers of naive T cells thar display a lymphoid-homing phenotype
(Dimitrov et al 2009), which is in contrast to the highly differentiated cells with a
tissue migratory phenotype that preferentially egress from the blood with exercise
(Campbell et al 2009; Simpson et al 2007a; 2008; Turner et al. 2010). In our
studies, the proportions of KLRG 1+, CD57+ and CD28null CD8+ T cells was lower
than baseline at one hour post-exercise, indicating thar the exercise-induced lympho-
cytopenia is due to a preferential egress of T cells with an effector-memory or
rerminally differentiated phenorype (Simpson er al 2008; 2007a). This was
investigated in more derail by Turner e 2l (2010), who reported a 60% decrease in
late differentiated effector/memory cells, compared with a 29% decrease in naive T
cells within one to two hours afrer a 60-minure treadmill-running protocal.

While acute exercise elicits the preferential extravasation of highly-differentiated
T cells and cytoroxic NK cells, the homing destinations of these cells are not known.
It is also not known what happens to these cells when they reach the peripheral tissues
following their egress from the blood. It is possible thac chey may simply recirculate
or undergo selective apoprosis (Simpson 2011). Furthermore, although the blood
lymphocyte count normally returns to resting values within 6-24 hours after
cessation of exercise, the cell rypes and rissues responsible for this restorarion of the
blood lymphocyte count are not fully understood.

n FACTORS AFFECTING THE LEUKOCYTE RESPONSE TO ACUTE EXERCISE

Several factors influence the magnitude and rime course of leukocytosis during
exercise. These include the intensity and duration of the exercise bour; single versus
repeated bourts of exercise, training status, age, nucritional status and infection history.

Exercise intensity and duration

L

The exercise responses of almost all leukocyte and lymphocyte subsets are influenced
by both the intensity and the duration of exercise. [t is known that prolonged endurance
exercise causes a more pronounced and sustained increase in toral leukocyte and
neutrophil counts compared to high-intensity exercise protocols of short duracion.
Robson ef al (1999b) reported that prolonged exercise (164 + 23 minutes) at 55%
VO, max elicited a much larger leukocyrosis compared with shoreer-durarion exercise
(37 + 19 minures) ar 80% VO, max (Figure 3.1). However, exercise duration may only

—
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augment leukocyrosis if the exercise bout is very prolonged (in excess of 60 minutes),
with the intensity of exercise being more influential during exercise bouts of shorter
duration. For instance, Gimenez et al (1986) reported that rotal leukocyte and
lymphocyte counts were larger at 100% VO, max compared with submaximal exercise
and that cells enumerared after 45 minures of submaximal exercise were similar to the
cell counts observed after 15 minutes. Similarly, Shek er al (1995) reported that toral
leukocyte and neutrophil counts observed after 60 minutes of eyeling exercise at 65%
VO, max were similar to those observed at 30 minutes (Figure 3.2). However, after 120
minutes of exercise, total leukocyre and neutrophil numbers were almost twice as large
as the cell counts observed at 30 and 60 minutes of exercise and persisted for up o
120 minutes after cessation of the exercise bout (Shek er 4l 1995). Monocyte numbers,
alchough increasing rapidly in respense to short-duration, high-intensity exercise
(Steppich et al 2000), also tend to rise with increasing exercise duration thar may persist
during exercise recovery (Shek ez al 1995). Alchough, while CD14++/CD16- classical
monocyte numbers in blood may persist for up to one hour after prolonged exercise
(92.1 + 6.8 minutes of strenuous cycling), both CDI14+/CD16++ and
CD14++/CD16+ numbers return to near resting values (Booth er &l 2010).

While the leukocytosis due to exercise (governed mostly by a neutrophilia) is
positively associated with exercise intensity during exercise bouts of short durarion (less
than G0 minutes), this response is substantially larger during prolonged exercise bouts
at a lower intensity. In contrast, the lymphocyrosis with exercise appears to be
influenced by intensicy more than duration. Kendall er al (1990) reported that
lymphocyte proportional shifts and numerical changes were strongly affected by the
intensity of exercise and thar these eclipsed any effects of exercise durarion. Mareover,
total lymphocyre counts, although rising ar the onser of exercise, tend to plareau after
15 minutes of exercise for durations lasting 45 minutes to 2.5 hours (Gabriel er al.
1992¢; Gimenez et al 1986; Shek et al 1995), while neutrophil and monocyte numbers
may continue to rise after 60 minutes of exercise (Shek er 2l 1995). The egress of blood
lymphocytes during exercise recovery (Campbell et al. 2009) and the lymphocytopenia
associated with exercise (Simpson ef al 2007b) is also more pronounced following
higl‘l— compared with moderate-intensity exercise. It is not known, however, if exercise-
induced lymphocytopenia would be amplified in response to prolonged versus shorter
duration exercise of the same intensity, as no study 1o date has asked this research
question using a within-subjects experimental design. The effects of exercise intensity
on the mobilisation of blood lymphocytes and their subsets are shown in Figure 3.8.

Repeated bouts of exercise

O

92

Athletes are often required to perform multiple training sessions per day, which could
cause more profound changes in blood leukocyte trafficking. The ‘open-window'
hypothesis proposed by Pedersen and Ullum (1994) suggests chat immune function
is stimulated during high-intensity exercise, quickly followed by a period of
immunodepression that may last for 3-72 hours (the 'open window’) depending on
the intensity, duration and type of activity performed. They propose that it is during
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Figure 3.8 The magnitude of lymphocyte mobilisation with exercise is intensity-dependent. Healthy subjects {# =
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this time that the individual will be most susceprtible to opportunistic infection. This
theoretical framework further proposes thar, if an additional bour of exercise is
performed during the ‘open window', the initial stimulating effects of exercise will
be followed by a more severe and prolonged decline in immunicy. Researchers have
atcempted to test this hypothesis by asking subjects to complete multiple exercise
bouts in a single day and/or over a number of consecutive days. Healthy subjects
who performed a 60 minutes bout of cycling exercise at 65% VO, max each day for
five consecutive days were found to have an impaired mobilisation of T cells and NK
cells after the fifth day of exercise compared to the third and first days (Hoffman-
Goerz et 2l 1990). Suzuki et al (1996) examined blood neurrophil responses to a
GD-minute bout of exercise (70% VO, max) performed daily for seven days. The
magnitude of the exercise-induced changes rended 1o decrease with each exercise
bout, although they were not reported to be statistically significant. However, the
number of segmented (marure) neurrophils in resting blood progressively declined,
indicating that repeated bouts of exercise placed additional demands on the bone
marrow to replenish the blood neutrophil count (Suzuki er @/ 1996). In a study in
trained hill-runners, we found that running 24.5 km over mountainous terrain
(1,126 metres toral ascent/descent) each day for four consecutive days resulred in a
progressive decline in the magnitude of the exercise-induced leukocytosis (Simpson

—

93



RICHARD J. SIMPSON

?|

et al. 2006b). This was predominantly due to a reduced neurrophilia, as lymphocyre,
CD4+, CD8+ and NK cell responses to exercise did not change across the four days.
This response was probably caused by a steady increase in the average completion
time (2.25-2.5 hours) and reduction in mean heart-rate responses observed across the
four exercise bouts. Despite the arduous nature of this exercise protocol, toral
leukocyte, lymphocyte and lymphocyte subset numbers returned to baseline values
within 24 hours after each exercise bourt (Simpson e al 2006b).

In response to multiple exercise bouts performed on the same day, Ronsen et al.
(2001) found that total leukocytes, neutrophils, lymphocytes, CD4+ T-cells, CD8+
T cells and NK cells were significantly elevared after a second bour of cycling exercise
(75 min at 75% VO, max) compared to an identical bout thar was complered around
4 h earlier. Although exercise caused a lymphocytopenia, this was not exacerbated by
performing the second exercise bout (Ronsen er al, 2001b). Exercise bouts of shorter
duration also show similar effects, Elite rowers who performed three bouts of six-
minute ‘all out’ exercise at six-hour intervals over two consecutive days had elevated
leukocyte, neutrophil and CD 14+ monocyte counts after the second and third bouts
compared with the first (Nielsen er al 1996). Cell concentrations of lymphocytes,
CD4+ T cells, CD8+ T cells and NK cells were also elevated after the third bour
compared with the first (Nielsen er al. 1996). This occurred despite similar heart
rates and catecholamine responses to exercise being observed during the subsequent
exercise bouts. Taken rogether, these studies indicate thar a "carry-over’ effect on the
immune system exists when multiple exercise bouts are performed on a single day
(Ronsen er al 2001b). In contrast, Rohde et 2l (1998) found chat the absolute
numbers of NK cells, CD4+ cells, CD8+ cells and monocytes were found to be
similar immediately before and immediately after three exercise bouts performed ar
71% VO, max for 60, 45 and 30 minutes with two hours' recovery berween each
bout. Although consistent with the studies of Nielsen er af. (1996) and Ronsen et al
(2001b), roral leukocyre numbers, driven by a sustained neutrophilia, continued to
increase with each bour of exercise (Rohde er af 1998).

In summary, the effects of repeated exercise bouts on immune cell trafficking are
relatively understudied. What we know at present is thar multiple bouts of exercise
performed on the same day appear to be associated with an amplified mobilisation
of many leukocyte subtypes, particularly neutrophils and, to some exrent, monocytes.
If more than rwo exercise bouts are performed, or if the exercise bourts are of long
duration, then lymphocyte mebilisation may alse be amplified during subsequent
bouts. Unfortunately, repeated bout studies are associated with a number of experi-
mental confounders that can cloud their interpretation. These include differences in
cardiovascular responses, catecholamines, glucocorticoids and carbohydrare
availability, all of which may exist from one bout to the next. More controlled studies
are required to derermine the impact of repeated bouts of long duration exercise
performed over multiple days as this is likely to have important implicarions for the
military and athletes compering in stage events and adventure races. It should be
noted thart the effects of multiple exercise bouts on leukocyte redistribution is not
necessarily indicative of immune cell funcrion. For instance, repeated exercise bours
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have been shown to alter immune cell funcrion including NK cell acrivity and T-cell
proliferation even when leukocyte redistribucion was not affected. The impact of

multiple exercise bouts on leukocyte function is addressed in Chapter 8.

Training status

N

The effects of training status on blood leukocyte numbers following a single bout of
exercise have been assessed in two different ways: by using a cross-sectional experi-
mental design that compares leukocyte numbers before, during and after exercise
berween trained and uncrained participants; or by longitudinally comparing the
leukocyte response to a single bout of exercise in the same subjects before and after
a period of exercise training. In response ro an 18-minure incremental submaximal
cycling protocol, Moyna et al (1996) reported no effects of fitness level on the
number of leukocyrtes, neutrophils, monocytes, eosinophils, lymphocyres, NK cells
or CD3+, CD4+ and CD8+ T cells in blood during and after the exercise. Kendall
et al. (1990) also found no effect of training status (stratified by VO, max and weekly
energy expenditure) on the percentage of lymphocyte subsets present in peripheral
blood after multiple bouts of cycling exercise at various intensities and durartions.
However, the absolute number of NK cells, CD4+ T cells and CD8+ T cells
mobilised into the blood with exercise did vary among the fitness groups, with CD8+
T cell mobilisation being higher in subjects of low fitness (Kendall er al 1990). The
inconsistencies becween the studies of Moyna et al (1996) and Kendall ¢ 2l (1990)
could be atcribucable to differences in exercise duration, as Kendall er al (1990)
found thae training status differences only existed in response to the exercise protocols
of longer duration. Similarly, lymphocyte mobilisation in response to acute exercise
was blunted after six weeks of acrobic training compared with baseline exercise
responses and controls (Soppi ef al 1982). Strength training status also appears to
alter the leukocytosis to a single bout of exercise, with untrained participanes
exhibiting a more pronounced leukocytosis to resistance exercise compared to their
trained counterparts (Porteiger eral 2001). However, six months of strength craining
did nor influence the number of lymphocytes or lymphocyte subsets mobilised in
response to a single session of resistance exercise (Miles er af 2003).

Taken rogether, it would appear that training status does not alter the composition
of broad leukocyte or lymphocyte subsets after acute exercise, but the absolure number
of leukocytes redistributed by acure exercise may be affected by training. More often
than not, the numbers of neutrophils and monocytes mobilised into the blood does not
appear to be affected by training status, although lymphocyte mobilisation may be
reduced in those with superior training status. As che relacive intensity of exercise (heart
rate or %6V, max) is usually controlled, it is assumed thar the levels of mechanical
stress thar could result in leukocyte demargination are similar berween the trained and
untrained participants in these studies. As such, any impairments in leukocyre and
lymphocyte redistribution after acute exercise are most likely caused by a reduction in
leukocyte B2-AR density and sensitivity with training, possibly caused by repeated

sure to high concentrations of catecholamines (Bucler er @/ 1982). Moreover,
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Age

glucocorticoid receptor sensitivity also appears to be reduced with training (Duclos er
al. 2003), which may account for reduced numbers of extravasated lymphocytes during
exercise recovery in trained subjects. This may indicate an adaptation of the HPA axis
to repeated increases in glucocorticoids thar are secreted during exercise. Although
plasma concentrations of adrenaline, noradrenaline and cortisol may change in response
to a single bout of exercise after a period of exercise training, an impaired leukocytosis
has still been documented, despite similar exercise-induced concentrations of
catecholamines and glucocorticoids berween trained and untrained participants or after
an exercise training intervention. This indicates that the effects of training status on
leukocyte redistribution after a single bour of exercise are most likely to involve
alterarions in the sensitivity and density of B2-AR and glucocorrticoid receprors as
opposed to changes in the secretion of catecholamines and glucocorticoids. Another
possibilicy is an impaired ability for demarginared leukocytes to adhere to endothelial
ligands in trained individuals. Mills er al (2006) reported thac peripheral blood
monenuclear cell adhesion to human umbilical venous endothelial cells in vitre was
lower after acute exercise in trained but not untrained subjects.

There is evidence to indicate thar leukocyte redistribution in response to a single
bout of exercise is altered with age. Ceddia et al (1999) reported that the leukocyrosis
was lower in older compared with younger subjects after a graded exercise test, despite
both groups achieving similar relative exercise responses, including maximal
respiratory exchange ratio, age-predicted maximum heart rate and time to
exhaustion. The numbers of neurrophils, monocytes and lymphocytes mobilised into
the circulation were also lower in the older participants (Ceddia er al. 1999). Cannon
et al (1994) also documented a blunted mobilisation of neutrophils in older subjects
compared with the young, following a bour of muscle-damaging exercise. Conversely,
neutrophil responses to downhill running exercise were not age-related in a group of
trained runners (Sacheck er all 2003), indicating that impairments in exercise-
induced neutrophilia with age may only be evident in relatively untrained individuals.

Ageing is associated with a profound decline in total circularing T-cell numbers
(Provinciali er al 2009). Although the relative change in T-cell numbers does not
differ berween young and older participants in response to a single bour of exercise
(when the percentage change from baseline is determined) (Mazzeo er al 1998;
Simpson et al. 2008), the absolute number of T cells mobilised is often lower in older
participants (Ceddia er al 1999; Mazzeo et al 1998; Figure 3.9). Despite the maobili-
sation of toral T cells being similar berween the age-groups, older individuals had an
impaired mobilisation of CD4+ T cells, especially those expressing the surface marker
CD45RA (expressed on both naive and EMRATT cells) (Ceddia er al 1999). Mazzeo
e al. (1998) reported that the relative response of T cells to acute exercise is similar
berween young and old, although it can be clearly seen in this study thac the absolure
number of T cells mobilised was substantially less in the old. This appeared ro affect
both CD4+ and CD8+ T cells (Mazzeo er af 1998). In concrast, NK-cell



THE EFFECTS OF EXERCISE ON BLOOD LEUKOCYTE NUMBERS

Figure 3.9 Agcing is associated with an impaired mobilisation of roral circulating leukocytes (A}, neutrophils (B),
lymphocytes (C) and monocytes (D) in response to acute exercise. Young (mean age: 22.4 £ 0.7 years; n =
14) and elderly (mean age: 65.3 £ 0.8 years; o = 33) subjecrs complered a maximal wread mill exercise rest.
Although VO, max was lower in the elderly, maximal respiratory exchange ratio, age-predicted hearo rare
and rime to fatigue were not different, indicating thar both groups achieved relative maximal exercise
intensity. Difference from pre-exercise indicated by * (P < 0.05) and group x exercise interaction cflects
indicared by # (< 0.05). Data are mean 2 SE (from Ceddia er ol 1999)
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mobilisation wich exercise does not appear to be affected by age (Mazzeo et al 1998;
Simpson et al. 2008).

A number of factors could be invelved in the impaired exercise-induced mobili-
sation of leukocytes with age. As circulating T-cell numbers are known to decline with
age, it could be assumed that T-cell numbers in marginal pools are also lowered. This,
coupled with the known age-related reductions in cardiac outpur and blood flow
during exercise (Poole er al 2003), is likely to result in less leukocyte demargination
in older subjects. An age-related impairment in the binding of catecholamines to 32-
ARs is also a possibility. Although both young and older subjects exhibit similar
catecholamine responses to exercise (Kastello e 2l 1993), B2-AR sensitivity (but not
density) is altered with age (Feldman er al 1984). This would suggest that older
individuals have a higher threshold for catecholamine-induced leukocyte
demargination compared with the young. For a more detailed review on the effects of
ageing on leukocyte number and function, see Simpson et all (2012) In addition o
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age, differences in the leukocyte response to a single bout of exercise are also apparent
berween males and females. For a detailed account on the influence of sex differences
on these responses see Gillum et af (2011) and Gleeson et af. (2011).

Mutritional status

The impacr of nurritional status on the immune response to acute exercise has been
studied extensively. Nutritional status and leukocyte responses to acure exercise are
only briefly addressed here; see Chaprer 9 for a detailed discussion of this topic. Of
all the macronutrients, carbohydrare availability has the most pronounced effect on
exercise-induced leukocytosis. Ingestion of carbohydrate during exercise has been
shown to prevent falls in blood glucose and insulin levels, to lower HPA axis activicy
(cortisol secretion) and to reduce the release of IL-6 into the plasma from exercising
muscles. Consequently, the leukocytosis to exercise is markedly reduced when
adequate carbohydrare is available during exercise. Conversely, exercising in a state
of glycogen depletion or low carbohydrate intake is associated with enhanced
leukocytosis, exacerbated lymphocytopenia, increased cortisol and adrenaline
secretion and elevated IL-6 release. The response of all leukocyte and lymphocyte
subsets to exercise appears to be altered by both acure (i.¢. sports drinks taken during
exercise) and chronic (i.e. carbohydrate loading) carbohydrare ingestion (Lancaster
et al. 2005b; Nieman et al 1997). The International Society of Exercise and
Immunology currently recommends that 60 g of carbohydrarte are ingested every
hour during heavy exertion to dampen immune and inflammatory responses
(although not necessarily immune dysfuncrion) (Walsh e af 20113).

The mechanism by which carbohydrate availability alters the leukocyte response
to acute exercise is believed to be via indirect pathways thac alter the factors
responsible for leukocytosis, as opposed to altering the leukocytes themselves. When
muscle glycogen and blood glucose levels start to decline during exercise, there is an
increased secretion of catecholamines and corrisol to facilitate gluconeogenesis.
Therefore, adequare carbohydrate intake before and during exercise helps to mainrain
muscle glycogen and plasma glucose above critical levels, thus blunting catecholamine
and cortisol-induced leukocyrosis.

Intake of certain micronutrients may also alter the leukocyte response to acurte
exercise. Two weeks of vitamin C supplementation prior to an acute bour of
endurance exercise resulted in a blunted neurtrophilia withour altering neutrophil
funcrion (Davison and Gleeson 2006); however, supplementation with vitamin Cin
combination with carbohydrate does not appear ro exert any additional effects above
carbohydrarte ingestion on the leukocyte response to acure exercise (Davison and
Gleeson 2005). Overall scepticism remains on whether or not micronutrient
ingestion (especially in those individuals who are not already deficient) can alter
leukocyrte responses to acure exercise and ultimately modulare immune funcrion.
This is mostly because of the large number of exercise studies that report no
differences on many indices of immuniry berween supplementation and placebo
trials for a wide range of viramins and minerals and also ‘immune enhancing’
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supplements including probiotics, P-glucan, ginseng, gluramine and bovine
colostrum, to name bur a few (Whalsh er @l 2011a).

Infection history

The influence of infection history on the cellular immune response to acute exercise
in otherwise healthy people has only recently been investigated (Bigley er al 2012;
Turner er al. 2010). Cytomegalovirus (CMV), a highly prevalent latent B-herpes
virus that infeers 40-70% of the orherwise healthy adulr population (Barte er af
2010), appears to exert strong influences on the exercise response of blood
lymphocytes. NK cells and CD8+ T cells predominantly control CMV infection and
individuals with a latent CMV infection have greater numbers of effector memory
and EMRA CD8+ T cells compared with the non-infected (Derhovanessian er al
2011). As effector memory and EMRA cells are preferentially mobilised with exercise
(Campbell er el 2009), Turner ef al (2010) hypothesised chac latent CMV infection
would be associated with an amplified CD8+ T-cell response to exercise. They showed
that the mobilisation and egress of CD8+ T cells after exercise was substancially
greater in healthy subjects wich a latent CMV infection compared with their non-
infected counterpares (Figure 3.9). The amplified response of the CD8+ T cells was
attributed to the preferential mobilisation of intermediate (CD27-/CD28+) and
late-stage differentiated (CD27-/CD28-) cells in those with CMV (Turner er al
2010). These findings were corroborated by Bigley ez al (2012), who reported an
amplified mobilisation and egress of antigen-experienced CD8+ T cells (identified by
their surface expression of KLRG1) in those infecred with CMV after an acure bouc
of cycling exercise. In contrast to CD8+ T cells, Bigley er al (2012) also showed that
the exercise-induced mobilisation of NK cells was impaired in people with CMV,
indicating that latent CMV infection has contrasting effects on CD8+ T cells and NK
cells. The exercise response of CD4+ T cells, v8 T cells, neutrophils or monocytes
does not appear to be influenced by latent CMV infection (Bigley er 2l 2012; Turner
et al 2010}, although it is not known whether these responses are directly aterib-
utable to CMV ar are secondary to a greater presence of exercise-responsive CD84+
T eell subsets in people with CMV. For instance, many CMV-negarive individuals
also have an elevated frequency of effector memory and EMBA cells (Derhovanessian
et al. 2011) thar could also cause them to exhibit an amplified exercise response.
This work has shown that latent CMV infection has a major confounding effect
on the lymphocyte response to acute exercise. It remains to be determined whether
other prevalent viral infections are also influential in chis response. While Epstein-
Barr serostatus does not appear to influence T-cell or NK-cell responses 1o exercise
(Bigley eral 2012), other common viruses that infect humans and establish latency,
such as herpes simplex virus (HSV), varicella-zoster virus (VZV), roseolovirus or
parvovirus B19 may also have a role to play and should be investigated. Other viruses
associated with chronic illness (such as HIV or hepatitis) can also influence the

exercise response of certain leukocyte subrypes and these are addressed in more derail
in Chaprer 13.
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ITHE EFFECTS OF EXERCISE TRAINING ON CIRCULATING LEUKOCYTE

Many studies have investigared the effects of exercise training on the total number of
blood leukocytes and their subsets in resting blood (defined as blood samples
collected no less than 24 hours following the last exercise session). Most of these
studies are cross-sectional in design and have compared leukocyte counts berween
trained and untrained individuals, while others have adopted a longirudinal design
to examine the effects of an exercise training intervention on resting blood leukocyte
counts in athletes or previously untrained subjects. The majority of research in this
area have focused on aerobic or endurance-based exercise but there is also a substantial
amount of literacure devoted to strength and resistance exercise training.

Studies in athletes

100

Resting roral leukocyte numbers tend to be similar becween athletes and healthy age-
matched controls (Bain er al 2000). The same is true for the numbers of most
leukocyte subrypes (neutrophils, monocytes, cosinophils), although it has been
reported that marathon runners have lower lymphocyte numbers than controls (Bain
er al. 2000). When groups of athletes are compared, those who participate in predom-
inantly aerobic or endurance events tend to exhibit lower blood leukocyte counts.
Horn er af, (20010} collecred full blood counts on 2,247 elite-level Australian athleres
across a wide-range of sporting disciplines over a ten-year period (Table 3.1). They
reported that total leukocyte, monocyte and neutrophil counts were lowest among
cyclists and triathletes. Specifically, 17% of all cycling and 16% of all triachlete resting
blood samples were considered to be neutropenic (less than 2.0 % 10%/L), while 5%
of all athletes across all sports were neutropenic. Only 2% of athleres across all sports
were lymphopenic (less than 1.0 X 10°/L) or monocytopenic (less than 0.2 > 10%/L)
(Horn er al 2010). The lowest lymphocyte counts were found in male canoeists and
female volleyball players and cricketers (Horn er 2l 2010).

Leukocyte numbers in resting blood may also change in response to a period of
exercise training. Gleeson er 2l (2000) observed lower resting NK-cell numbers in
elite swimmers following a 12-week period of intensified training, Baj er ol (1994)
reported decreased CD3+ and CD8+ T cell numbers in competitive cyclists following
a six-month period of intensive training (approximarely 500 km/weck). Bury et al.
{1998) examined blood leukocyte profiles in professional Belgian soccer players
before, during and after a full season. They reported no change in total leukocyre
counts but did observe declines in neutrophil and CD4+ T cell counts (Bury er al
1998). A similar study in Portuguese soccer players had contrasting results. Rebelo
er al. (1998) reported that total leukocyte, neutrophil and CD8+ T cells counts were
clevated at the end of the season compared with pre-season values, with the increased
CD8+ T cell numbers also caused a decrease in the CD4+/CD8+ T cell ratio. The
composition of broad T-cell subsets may also change with training. Rebelo er al.
(1998) also reported a decrease in CD8+ T cells expressing CD57 (considered ro be
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a marker of rerminal differentiation) at the end of the soccer season. Cosgrove ¢ al.
(2012) reported that the proportions of differentiated (KLRG1+/CD57-) CD8+ T
cells and ‘transitional’ (CD45RA+/CD45R0+) CD4+ and CD8+ T cells increased
over a six-month training period in preparation for an lronman® triathlon, during
which subjects trained on, average, for 8-11 hours per week.

It appears thar athletes who are exposed to prolonged periods of exercise training
may experience alterations in the toral number and composition of various immune
cells. The total number of certain leukocyte subpopulations may occasionally fall
below clinical lower limits (particularly endurance athletes), although the vast
majority of athletes have roral and differential leukocyte counts within normal ranges
(Bain er al. 2000; Horn er @l 2010). Changes in the composition of leukoeyte and
lymphocyte subtypes could be atributed to a number of reasons, including increased
exposure to external pathogens, increased levels of oxidartive stress, the release of
inflammatory mediators or the reactivation of latent viruses (Cosgrove er all 2012).
It is also possible that these subtle changes in cell composition with training have no
underlying clinical consequences. Whether or nor alterations in the number and
composition of specialised leukocyte subrypes can serve as prognostic biomarkers of
illness in athletes remains to be determined.

Studies in non-athletes

102

In young healthy adults, resting blood leukocyte, granulocyte, monocyte,
lymphocyte, CD4+ T cell, CD8+ T cell, B cell and NK cell numbers wend 1o be
similar berween aerobically trained and untrained participants (as determined by
VO, max values) (Moyna et al. 1996). As such, the effects of exercise training on the
numbers and composition of blood leukocytes in non-athletes have focused mostly
on the elderly and the obese. Although most longitudinal studies have found no
effects of exercise training on blood neutrophil counts in otherwise healthy elderly
people (Walsh er 2l 201 1b; Woods er al 1999), some cross-sectional studies indicate
that regular exercise training is associated with lower blood neutrophil numbers in
elderly men (de Gonzalo-Calvo er al 2011; Michishita et al 2008). In a study of
averweight women who had completed six weeks of regular aerobic exercise training,
Michishita e¢ @l (2010) found that exercise training lowered blood neutrophil counts,
with these changes being associated with percent change in insulin sensitivity and
body mass index. Indeed, regular aerobic exercise has been associated with lower
numbers of circulating leukocytes, lymphocytes and monocytes in overweight/obese
women (Johannsen e al. 2010). Johannsen et af (2012) randomised 390 seden tary
overweight/obese postmenopausal women to either a non-exercise control group or
one of three exercise groups with various degrees of weekly energy expenditure. The
exercise intervention lasted six months and was performed at 50% VO, peak. An
exercise dose-dependent decrease in total leukocyte and neutrophil counrs was
observed in response to the exercise training intervention compared with the control
group. As elevared leukocyte and neutrophil counts are considered inflammarory
markers, it was concluded that exercise training might help to reduce the low-grade
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inflammation that has been associated with obesity (Johannsen er 4l 2012). See
Chapter 12 for further information on the anti-inflammarory effects of exercise.

Although NK cell function may change with exercise training in the elderly
(discussed more in Chaprer 4), NK cell numbers appear to be similar becween trained
and untrained people (Nieman er al. 1993a). Similarly, a period of exercise training,
although increasing NK cell function, has no effect on toral NK cell numbers (Woods
et al. 1999). Total monocyte numbers tend to be unaffected by exercise training in
the elderly, although 12 weeks of endurance/strength training in older adults reduced
blood counts of the proinflaimmartory monocyte subset (Timmerman er 2l 2008).
Another study consisting of a 12-week exercise training intervention composed of
both strength and endurance exercise did not alter total monocyre numbers in elderly
subjects compared with non-exercising controls but did elevate the number of
monocytes expressing the co-stimulatory molecule CD80 (Shimizu er 2l 2011).

In healthy people, CD4+ T cells are numerically superior to CD8+ T cells and an
inverted CD4 : CDS8 ratio is indicative of memory CD8+ T cell inflation, presumably
owing to excessive homeostatic proliferation of CD8+ T cells (Simpson et al 2012).
The CD4 : CD8 T-cell ratio decreases with age and those with a ratio below 1.0 are
said to be in the ‘immune risk profile’ category, which has been associated witch
I'norbidiry and mﬂrtﬂ]ir_',r in the r:[dcrl}r (Simpson er al. 2012). However, both cross-
sectional and longitudinal exercise training studies have failed 1o find any effects of
exercise on resting CD4 : CD8 T cell ratio in older adults (Simpson and Guy 2010).
Exercise may, however, alter the composition of CD4+ and CD8+ T cell subsers.
Spielmann et al (2011) showed that the age-related accumulation of senescent
(KLRG1+/CD57+) CD4+ and CD8+ T cells and reduction in naive T cells was
blunted in individuals with higher VO, max scores, indicating that aerobic exercise
training may contribute to the negation of immunosenescence and the associated
immune risk profile. Shimizu er a/. (2008) found increased numbers and percentages
of CD4+ T cells expressing the co-stimulatory molecule CD28 (a receptor that
typically decreases with age) after a six-month supervised aerobic exercise programme
in elderly males and females aged 61-76 years. Other longitudinal studies have,
however, failed to report any effect of exercise training on CD28+ T-cell numbers in

older adules (Kapasi er al. 2003; Raso et al 2007).

E:_I KEY POINTS

= Asingle bour of exercise elicits a profound leukocytosis thar is mostly caused by
an increase in the numbers of circulatory neutrophils (neutrophilia), lymphocytes
(lymphocytosis) and, to a lesser extent, monocytes (monocytosis). The neutrophil
count (and, consequently, the total leukocyte count) may continue to rise for a
number of hours after cessation of prolonged (over 60 minutes) exercise, while the
lymphocyte count typically falls below the pre-exercise values (lymphocytopenia)
during exercise recovery. Monocyte numbers usually return to pre-exercise values
within the early stages of exercise recovery. Among lymphocytes, the relative
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change in numbers of NK cells is largest, followed by v8 T cells, CD8+ T cells,
CD4+ T cells and B cells.

Exercise duration exerts a stronger influence on the blood neutrophil and rtotal
leukocyte count, while changes in the number of lymphocytes are mostly
dependent on the intensity of exercise. Monocyte numbers are strongly influenced
by the intensity of exercise but prolonged endurance exercise may also cause a
sustained monocytosis.

The mechanisms for increased leukocyte numbers during exercise are believed 1o
be caused by a demargination of leukocytes from the marginal pools of the blood
vessels, splenic, pulmonary and heparic reservairs as a result of increased blood
flow and cardiac output. The release of catecholamines (i.e. adrenaline,
noradrenaline) and glucocorticoids (i.e. cortisol) also play a role as they bind 1o
receprors expressed by the exercise responsive leukocytes. 1t appears that
neutrophils and some monocytes are dependent on shear-stress mechanisms for
their demargination, while lymphocytes and some specialised monocyte subrypes
are mostly dependent on the actions of catecholamines. The release of cortisol
during exercise is believed rto cause the sustined leukocytosis as additional
neutrophils are recruited from the bone-marrow, while cortisol also facilitates the
extravasation of lymphocytes that can result in a lymphocytopenia.

The leukocyte subtypes that are preferentially mobilised into the circulacion
during a single bour of exercise tend ro have similar characteristics. These include
increased cyrotoxic/effector function capabilities, increased tissue migration
potential, a greater expression of adrenoreceprors and glucocorticoid receprors
and an increased ability ro respond to catecholamines and cortisol. This indicares
that the leukocyte response to exercise (and other stressors) is highly regulated
(particularly for lymphocytes and monocytes) and nor merely due to a non-
specific ‘washing out’ of leukocytes from the marginal poals.

There are many factors that can influence the leukocyrosis to a single bour of
exercise. Unrrained individuals rend to have a smaller leukocytosis to exercise
(particularly for lymphocytes) that may be due 1o exercise training induced
reductions in the sensitivity, and to a lesser extent the density, of B2-ARs and
glucocorticoid receptors.

The absolute number of leukocytes mobilised into blood after a single bout of
exercise is usually less in older people. This could be from lowered leukocyte
reservoirs in the marginal pools and/or less shear-stress, owing to the reductions
in cardiac outpurt that occur with age. Altered sensitivity to catecholamines with
ageing may also play a role.

Repeated bouts of exercise may exert a ‘carry-over’ effect on leukocyte redistri-
burion from one exercise bour to the next; however, this appears o be dependent
on a number of factors, including the intensity/duration of exercise and the
recovery time between the bouts.

Infection history appears to have a strong influence on exercise-induced leukocyte
redistribution. Latent CMV infection has a striking effect on the numbers of
CD8+ T cells and NK cells mobilised into the circulation during exercise, bur has
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no influence on CD4+, 48 T cell, neutrophil or monocyte numbers.

* Carbohydrate availability strongly influences the leukocyte response to a single
bout of exercise. Exercising in state of glycogen depletion increases plasma cortisol
and IL-G concentrations, which, in turn, increases total leukocyte numbers. This
effect is reversed when exercise is performed following a period of carbohydrare
loading or if adequate amounts of exogenous carbohydrate are consumed during
exercise.

* Resting blood leukocyre and leukocyte subser counts tend to be similar among
athletes and healthy controls, alchough athletes participating in endurance events
(i.e. marathon running, cycling, triathlon) tend to have lower numbers of blood
leukocyres. A minority of athletes may also have toral cell counes below the
clinically normal range. Leukocyte numbers in resting blood may also change in
response to a period of exercise training, particularly within the lymphocyte
compartment.

* In young healthy adults, resting blood leukocyre, granulocyte, monocyre,
lymphocyte, CD4+ T cell, CD8+ T cell, B cell and NK cell numbers tend to be
similar berween aerobically trained and untrained participants. However, there is
evidence to suggest that exercise training may alter the composition of specific
leukocyte subtypes in the elderly and the obese.

* The number of leukocytes in the circulation ar any given time is less that rwo per
cent of the roral number of white cells in the body. It is therefore difficult to
ascertain whether the number and composition of leukocytes in the circularion
is indicative of systemic immune compromise or activation. Moreover, it remains
to be determined whether changes in the number and composition of leukocytes
in the blood compartment have any clinical ramifications in both achleres and
non-athletes.
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4 Effects of exercise on innate
immune function

Michael Gleeson

l LEARNING OBJECTIVES

. INTRODUCTION

Afrer studying this chaprer, you should be able to:

* describe the effect of acute exercise on neutrophil functions, including
chemoraxis, phagocytosis, degranulation, oxidative burst and microbicidal
capacity;

* describe the effect of acute exercise on monocyte and macrophage innate immune
functions including phagoeytosis, oxidative burst, Toll-like recepror expression;

* describe the effect of acute exercise on natural killer cell cytolytic activity;

understand the mechanisms of innate immune system modulation by acute

exercise;

* discuss the impact of exercise intensity, duration and fitness of subjects on the
innate immune response to exercise;

* identify the effect of exercise training on innate immune cell functions;

* appreciate the /n vitre methods used to measure innate immune cell funcrions.
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The ability to defend ourselves against invading micro-organisms depends on a
number of mechanisms including physical barriers (c.g. skin), innate immunity
(fronr-line defences such as neutrophils) and acquired immunity (e.g. antibodies). If
the infectious agent is able to circumvent the physical barriers of the human body,
an immune response is essential to prevent damage to the host. [nvading microbes
may be rtotally eliminated by the innate immune system. However, the innate
immune system may be unsuccessful in eliminating the micro-organism bur it sull
has an important “holding’ effect, which gives acquired mechanisms time to respond.
Diuring the carly stages of invasion, the pathogen replicates 1o establish an infection,
while the host defence attemprs to clear foreign bodies. This carly exchange berween
pathogen and innate mechanisms is often crucial in determining whether a clinical
infection is established.
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Innate immunity is our first line of defence against infectious pathogens. As
explained in Chapter 2, the major difference between innate immune responses and
adaptive responses is that innate responses do not strengthen upon repeated exposure
(there is no memory function). In addition, innate responses are less specific in terms
of pathogen recognition. So, whereas innate responses recognise classes of pathogens
(e.g. Gram-negarive bacreria) through Toll-like receprors (TLRs), lymphocytes exhibic
exquisite specificity for epitopes of individual pathogens (e.g. the influenza virus).

The innate branch of the immune system includes both soluble factors and cells.
Soluble factors include complement proteins, which mediace phagocytosis, control
inflammartion and interact with antibodies, interferons, which limir viral infection,
and anrimicrobial peprides like defensins, which limit bacterial growth. Major cells
of the innate immune system include neurrophils, which are first-line defenders
against bacrerial infecrion, dendritic cells, monocytes and macrophages, which
perform important phagocytic, regulatory and antigen presentation functions, and
natural killer (NK) cells which recognise altered host cells (e.g. those that have
become virally infected or transformed). However, many host cells, not just chose
classified as innate immune cells, can initiate responses to pathogenic infecrion. It
should be emphasised that, while partitioning the immune system into innate and
adaptive systems makes the system easier to understand, in fact, these branches are
inextricably linked with each other. For example, the innate immune system helps to
develop specific immune responses through antigen presentation, whereas cells of
the adaprive system secrete cytokines char regulate innate immune cell funcrion. This
chapter focuses on the influence of acurte and chronic exercise on cellular and soluble
components of innate immunicy.

E] EFFECT OF ACUTE EXERCISE ON INNATE IMMUNE CELL FUNCTIONS

Immunological integricy depends on, among other things, the number of immuno-
competent cells and also on the funcrional capabilities of these cells. If we are o
understand further the mechanisms through which exercise can alter the immune
response, it is paramount that we determine whether this occurs by altering cell
numbers, cell function, or both. The effect of a single bout of exercise on circulating
numbers of innate immune leukocytes (neutrophils, monocyres/macrophages and
natural killer cells) are described in Chapter 3; this chapter focuses on how exercise
affects innate immune cell funcrions.

Neutrophils

.

MNeutrophils constiture 50-60% of the circulating blood leukocyte pool. They have
an important role in non-specific host defence against a variety of microbial
pathogens, including bacteria, viruses and protozoa. Neutrophils are attracted to
areas of infection (chemotaxis) and kill microbes by ingestion (phagocytosis) followed
by enzymatic arrack and digestion within incracellular vacuoles, using granular
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hydrolytic enzymes and reactive oxygen species (ROS) in a process called the oxidative
or respiratory burst (see Chapter 2). Various neutrophil functions, including
chemoraxis, phagocytosis and oxidative burst, can be quantified in the laboratory
(see Technique box 4.1). Disorders of neutrophil function and neutropenia are
associated with recurrent infections. An impaired or deplered neutrophil function
could possibly be an important contributing factor to the increased suscepribility to
infection of athletes (Pyne 1994). The effects of acute exercise and training on various
neutrophil functions (adherence, chemotaxis, phagocytosis, degranulation and

respiratory burst) have been reviewed by Orrega (2003), Pyne (1994) and Peake
{2002},

Technigue box 4.1]

Measurement of phagocyte functions
Phagocytosis by neutrophils and monocytes

Substrates for phagocytosis indude bacteria, sheep red blood cells and yeast particles;
these can be studied in the opsonised and unopsonised states. Flow cytometry allows
identification of both the number of cells panicipating in phagocytosis and the phagocytic
activity per cell. Measures of phagocytosis can be coupled to measures of oxidative burst
or to measures of bacterial killing.

Oxidative burst activity of neutrophils and monocytes

The oxidative (respiratory) burst activity of phagocytes (neutrophils and monocytes) can
be separately assessed via flow cytometry. A key aspect of phagocyte function is their
ability to generate reactive oxygen species (ROS) that aid in the destruction of ingested
foreign organisms. We can assess the production of ROS fram neutrophils in response to
stimulation via flow cytometry. Neutrophils are activated with a stimulatory agent le.q.
LPS, PMA or Escherichia coll) in the presence of a compound called dihydrorhodamine
{DHR). Upon contact with ROS generated by the activated neutrophil the non-fluorescent
DHR is oxidised to the highly fluorescent compound rhodamine 123, The fluorescence
intensity of the rhodamine 123 1s proportional to the intensity of the neutrophil oxidative
burst, thus allowing the investigator to guantify the amount of ROS generated following
neutrophil activation. Experimental conditions should allow for both increased and
decreased oxidative burst 10 be measured. Flow cytometry allows identification of both
the number of cells participating in oxidative burst and the activity per cell. The same
principle can be applied to the monocyte population in the blood sample.

chemotactic response of neutrophils or monocytes

Chemotaxis is the movement of these cells towards particular stimuli. Stimuli used include
leukotriene B4, bacterial cell-wall peptides such as fﬂ"""ﬂ*fﬂ@!himﬂ-lew. shenyalaning
{iMLP), interleukin-8 and autologous serum.
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Chemaotaxis

Since neutrophils exerr their main funcrions in rissues outside the blood cireularion,
they are dependent on the ability to emigrate into the surrounding tissues by
diapedesis and to move to the required location when guided by chemical attracrants
{a process called chemotaxis). Most reports indicate that neutrophil adherence to the
endothelium (which is the first stage in diapedesis) is not affected by acure exercise
of a moderate (Ortega er 2l 1993b) or exhausting nature (Lewicki er al. 1987;
Rodriguez eral 1991), alchough Lewicki er al (1987) observed an attenuation of this
funcrion during acute exercise in rrained individuals. Neurrophil adherence at rest has
been reported to be lower (Lewicki er al 1987) or unaleered (Ortega er 2l 1993a) in
trained individuals compared wich controls. Neutrophil chemortaxis may be enhanced
by acute moderate exercise (Ortega er ol 1993b) or unchanged by single bouts of
exhaustive exercise (Rodriguez er all 1991), while being higher (Ortega er 2l 1993a)
or no different (Hack er al 1992) in trained versus untrained individuals.

Phagocytosis

To improve the efficiency of their arsenal, neutrophils usually engulf the pathogen.
Meutrophils achieve this process, known as phagocytosis, by extending pseudopodia
(finger-like extensions of cytoplasm) out around the pathogen. Fusion of these
extensions results in trapping of the pathogen within intracellular vacuoles, where the
neutrophil can begin to amack the pathogen (see Figure 2.3). The ability to engulf
foreign material has been used to assess neurrophil function in witre. Most studies
indicate that the phagocytic acrivity of neutrophils is increased during acurte exercise
(Hack er af 1992; Lewicki er al, 1987; Ortega er al. 1993b), although others have
not reported such enhancement (Gabriel er 4 1994; Rodriguez er al 1991). The
phagocytic ability of granulocytes, of which most are neutrophils, has been reported
to increase in response to 2.5 hours of exercise at 75% VO, max (Nieman er al.
1998a). Dara collecred before and after a marathon show a shift in phagocyric acriviry
of neutrophils: the percentage engaging in phagocytosis was increased, while the
phagocytic capaciry of the activated neutrophils was reduced (Chinda er ol 2003).
This is consistent with data from Blannin e of (1996a), which showed an increase
in the percentage of neutrophils that are phagocyrically active following acute exercise
(Blannin er 2l 1996a). These auchors investigated the effecrs of long-term (over ten
years) endurance training and submaximal exercise on the phagocytic acrivity of
circulating neutrophils. The ability of stimulated blood neutrophils isolated from
well trained cyclists (7 = 8; VO, max: 61.0 £ 8.8 ml.kg'.min"'; age: 38 + 4 years) and
age-matched sedentary controls (# = 8; VO, max: 37.4 £ 6.6 mLkg'.min"') to ingest
nitroblue recrazolium was assessed ar rest and following a standardised submaximal
bour of exercise on a cycle ergometer. The circulating neutrophil phagocytic capacicy
was approximately 70% lower in trained individuals ar rest compared with the
control subjects (Figure 4.1). Acute submaximal exercise increased this variable in
both groups but circulating phagocytic capacity remained substantially lower in the
erained subjects compared with the controls (Figure 4.1). Circulating phagocytic
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Figure 4.1 Effect of moderare exercise on the circularing phagocytic capacity of the blood in tained and untrained

subjects marched for age and body mass. Acure exercise increases the circulating phagocyric capacicy of
blood, some of which will be due 1o 2 newrophilia {dara from Blannin er 2l 1996a); T = P< 0.05; #t = P
< 0.01 trained compared with untrained; * = P< 0L0%; ** = P < 0.01 significant difference compared with
corresponding resting value

g

%. O Unitrained
£ B Trained
= 250 4
=
Frd
g 200 4
o
o
= 150 1
g
=
< 100
3 t
2
2
@
1] T
Resting Post-exercise

capacity is a function of the neutrophil count, the percentage of neutrophils that are
phagocyrically active and the phagocytic capacity of individual neutrophils. These
dara show the neutrophil count and the percentage of phagocytically active cells are
increased by moderate exercise (Blannin er @l 1996a). Although neutrophil
phagocytic activity is only one parameter that contributes to immunological status,
prolonged periods of endurance training may lead to increased suscepribility to
opportunistic infections by diminishing this activiry ar rest.

Degranulation

110

Following phagocytosis, neurrophils digest micro-organisms by releasing granular
lytic enzymes (a process called degranulation) and generating reactive oxygen species
(a process called the oxidative or respiratory burst) as described in Chapter 2. Degran-
ulation appears to be induced by exercise, since elevated plasma concentrations of
elastase (Blannin er al 1996b; Robson er al 1999b) and myeloperoxidase (MPO;
Suzuki et al. 2003) have been reported following various exercise protocols, alcthough
this could simply reflect the simultaneous neutrophilia (Suzuki er al. 1999). Blannin
et al. (1996b) investigated the effects of acure exercise and endurance training on the
neutrophil degranulation response to submaximal exercise in 14 previously sedentary
individuals. The effect of exercise training on plasma elastase concentration and
stimulated neutrophil degranulation was assessed on blood raken before and up to
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2.5 hours after cycling for 30 minutes at 70% VO, max and compared with untrained
controls. Acute exercise significantly elevated plasma elastase levels (83.1 = 12.0
compared with 56.0 + 9.2 pg/L at rest) and this response was reduced by training.
Stimulated neutrophil degranulation, measured by elastase release per neutrophil in
response to bacrerial stimulation, was unaltered during exercise bur was significantly
suppressed 2.5 hours after exercise (Figure 4.2). Training attenuated the bacterially
stimulated release of elastase per volume of blood in resting and 2.5-hour post-
exercise blood samples. The reduced degranulation response to bacteria following
acute exercise may be accriburable o desensitisation after the exercise stimulus, as
neutrophils can enter a refractory period following activation. It is unlikely char
depletion of neurrophil granules is the explanation for the reduced stimulated degran-
ulation observed in the study because an acute bout of exercise daes not appear to
affect total neurrophil elastase content (Blannin et al 1997; Bishop er af 2003).
Bishop ef al (2002) have also observed an atrenuation of stimulated neutrophil
degranulation after acute exercise. It appears, therefore, thar acurte exercise leads to an
increase in spontancous neutrophil degranularion but che ability of the neutrophil o
degranulate when stimulated is lowered by acute exercise bouts.

Figure 4.2 Effect of 30 minutes of excrcise at 70% VO, max on the stimulared news rophil degranulation response
(data from Blannin er af 1996b); data {mean = SD. n= 14} are expressed as release of clastase (fg) per
neutrophil; * indicates a significane difference compared wirh rest (P < 0.05)
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Oxidative burst

The other part of the neutrophil's arsenal, the production of reactive OXygen species
(called the oxidative or respiratory burst), has been reported to be atenuared by acure
exercise (Hack er 2l 1992; Pyne 1994). Furthermore, Macha e 2/ (1990} have
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demonstrated that the generartion of H,0, by stimulated neutrophils is atcenuared
during acute exercise by a plasma borne inhibitor. This is in contrast to the increased
producrion of hydrogen peroxide (H,0,) and hydrochlorous acid (HOCI) by
stimulated neutrophils reported by Smith er al (1990) during acute exercise. This
ambiguity may be a consequence of an intensity-dependent effect on neutrophil
funcrion, since cycling at 50% VO, max and 80% VO, max has been reported to
enhance and atenuate the oxidative burst of neutrophils (Dziedziak 1990).
Furthermore, the respiratory burst continues to decrease in the hours following
intense exercise, whilst being enhanced during recovery from moderate intensity
exercise (Pyne et al 1994). The severity of the bout appears to be the key factor, as
evidence shows that neutrophil oxidative burst activiry is significantly lowered during
a marathon race (Chinda er al 2003; Suzuki er al 2003). The mechanism for these
effects could be via the actions of adrenaline, as adrenaline decreases neutrophil
respiratory burst in vitro by elevating cyclic adenosine monophosphate (Tintinger ef
al. 2001). However, elevated levels of interleukin (IL)-6 following exercise could be
another important mechanism that regulates neutrophil respiratory burst (Peake
2002), which would also be in keeping with the different results found at moderate
and high intensiries. Since superoxide anion (O,) producrion has been shown to be
increased 24 hours after acure exercise (Hack er @l 1992), and the increase in the
oxidative burst during exercise appears to be attenuated one week after a prolonged
endurance run (Gabriel ez al. 1994b), the effects of acute exercise on the respiratory
burst activity of neutrophils can porentially be long-term in nature. Neutrophils from
trained individuals have been reported o have a lower respiratory burst activity
compared with untrained individuals (Smith eral 1990), although Hack et al. (1992)
did not observe such a difference.

Microbicidal capacity
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The combined effect of release of lytic enzymes (degranulation) and the production
of reactive oxygen species by neutrophils is the generation of a hostile environment
for the destruction of ‘foreign bodies’. Killing capacity or microbicidal activicy
(assessed by measuring the percentage aof viable intracellulac micro-organisms) has
been shown to be unaffected (Lewicki er al 1987; Ortega er al, 1993b) or enhanced
{Rodriguez et al. 1991) by acure exercise. Resting neutrophil bactericidal activicy was
reported to be similar in trained and untrained subjects (Lewicki er 2l 1987),
although this capacity was artenuated by acure exercise in trained individuals. The
apparent contradictions in the effects of acute and chronic exercise on neutrophil
functions probably arise from the differences in age, gender and inirial fitness levels
of the subjects, the exercise protocols used and the various parameters of neutrophil
function studied.
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Group activity 4.1 = |

Discuss a paper on the effects of a sporting activity on innate immunity

The problem

Read this paper: Takahshi, 1. er al (2007). Effects of rugby sevens matches on
human neutrophil-related non-specific immunicy. British fournal of Sports
Medicine 41: 13-18.

Points for discussion within your groups

Terminology: The ﬁ::]lowing terms were used in the paper; what are they/whart
do they mean?

*  serum mMyogenic enzymes

* neutrophilia

+ chemiluminescence response

*  SOA (serum-opsonic activity)

* phagocytic activiry

= reactive oxygen species production

Whar was the aim of the study?

What were the KEY findings of the study? (Give no more than three bullec
points.)

Are the observed changes in neutrophil numbers and function likely to be
beneficial or harmful to host defence? Are they likely ro alter suscepribility to
upper respiratory tract infections?

What are the practical implications of these findings?

Whar are the main limitations of the study and what informarion that the
authors do not tell us would be useful to know?

Monocyte/macrophage phagocytic function

O

Phagocytic function

Brief exhaustive exercise, insulin and dexamethasone all appear o reduce phagocytic
activity of monocytes when incubated with opsonised zymosan particles (Bieger er al
1980). In contrast, the phagocyric funcrion of monocytes has been shown to increase
following 2.5 hours of exercise at 75% VO, max (Nieman er al 1998a). For
macrophages, their function appears to change dependent on the exercise intensity;
moderate acute exercise enhances many macrophage funcrions (adherence,
chemoraxis, phagocyrosis, microbicidal activity), while acute exercise to exhaustion
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appears to have no effect on macrophage funcrions (Orrega 2003). The funcrional

changes in monocytes and macrophages after acute exercise might be due to the
actions of cortisol.

Monocyte Toll-like receptor expression and function

A new and potentially important finding is that following a prolonged bour of
strenuous exercise the expression of some TLRs on monocytes is decreased. You may
recall from Chaprer 2 thar TLRs enable antigen-presenting cells to recognise
pathogens and control the activation of the adaptive immune response. Following
recognition of their specific ligand (¢.g. bacterial lipopolysaccharide binds to TLR4
and zymosan binds to TLRs 2 and &), TLRs expressed by antigen-presenting cells
regulate the producrion of several cytokines including IL-6, IL-8, IL-12 and tumour
necrosis factor alpha (TNF-a), as well as the expression of accessory signal molecules
(CD80, CD86) and major histocomparibilicy (MHC) 11 class 11 proteins, which are
required for the activation of naive T lymphocytes. Thus, TLRs, through the
recognition of highly conserved microbial patterns and the subsequent inducrion of
inflammartory, innate and adaptive immune responses, play a fundamental role in
host defence. A study by Lancaster er al (2005b) found that following 90 minutes
of cycling at 65% VO, max in the heat (35 degrees Celsius) the monocyte expression
of TLRs 1, 2 and 4 {but not TLRY) was substantially decreased (Figure 4.3) with
little or no recovery by two hours post-exercise. Furthermere, the induction of
monocyte CDB6 and MHC class II expression by known TLR ligands was signifi-
cantly lower in samples obtained following exercise compared with pre-exercise.
Monocyte expression of TLRs 1, 2, 3 and 4 was also found to be reduced for several
hours following exercise in temperate conditions (Oliveira and Gleeson 2010). These
effects may represent an important mechanism through which exercise stress impairs
both innare and adaptive (acquired, specific) immune funcrion since the stimulation
of TLRs is essentially the first important event in the activation of the adaptive
immune response,

Monocyte cytokine production

Several studies have examined monocyte cytokine production after acute exercise and
found thar while spontaneous cytokine levels in CD14+ cells change little (Rivier e
al, 1994; Starkie er al 2000), acute exercise reduces TLR ligand-stimulated IL-6
{Figure 4.4), IL1-f} and TNF-a production {Lancaster er al. 2005b; Starkic er al.
2001a) perhaps as a consequence of reduced TLR expression. Further studies regarding
the effects of acute exercise on monocyte TLR signalling may clarify chese observations.

Monocyte phenotype

In response to acute exercise, there is a preferential mobilisation of CD14+/CD16+
expressing monocytes (Steppich er al 2000; Hong and Mills 2008) that exhibit a
proinflammatory phenotype relative to CD14+/CD 16~ classical monocytes. Indeed,
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Figure 4.3 Effect of exercise on Toll-like recepror (TLR) expression on CD 14+ monocyres. Peripheral blood samples
were abtained from 11 healthy volunteers before, immediarely after and following 2 hours of resting
recovery fram 90 minures of exercise ar 55% W, in the heat (34°C). Samples were labelled with specific
TLR monecanal antibodies or isotype controls for TLR 1 (A), TLR 2 (B), TLR 4 (C) and TLR 9 (I}
and examined by flow cytometry. All dara represent the mean + SEM; T denotes a st:tis:ic:"}r signiﬁcnnt
difference (P < 0.05) from pre-excrcise (data from Lancaster ¢2 ol 2004)
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Figure 4.4 Effect of exercise on intracellular 1L-G expression in lipopolysaccharide-stimulated CD14+ monocytes. Pe-
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it may be that these marginated cells have a more marure inflammatory functien for
entry into tissues and are knocked off the blood vessel endothelium in response o
exercise. Interestingly, the percentage of these CD14+/CD16+ cells is reduced in
recovery; perhaps indicating remarginalisation or tissue recruitment (Simpson er al.
2009). The extent to which reductions in monocyte TLR expression during exercise
reflect a true decrease, as opposed to monocyte population shifts, is unclear. In an
attempt to reconcile this, Simpson er al (2009) examined cell surface proteins on
monocyte subpopulations in response to acute exercise, They found that TLR4 and
HLA. DR (major histocompatibilicy molecule Il impertant in antigen presentation)
expression were altered on roral CD14+ monocyres bur also on individual menocyte
populations, indicating that changes in cell surface expression are not solely
influenced by exercise-induced changes in monocyte subpopulations in blood.

Macrophage functions

Natural killer cell cytotoxic activity

Because monocytes are relatively immarure, exercise-induced changes in rtheir
funcrion may not reflect actual rissue macrophage function, which is central wo
inflammation and immune responses. For this, studies have been performed in
animals to understand the influence of exercise on tissue macrophage number and
funcrion. Both moderate and intense acute exercise have potent stimulatory effects
on chemotaxis (Okutsu er al 2008; Ortega e al. 1997), phagocytosis (Ortega er al
1996), reactive oxygen species production (Woods er al. 1993, 1994) and anti-
tumour activity (Davis er al 1998; Woods er al. 1993, 1994). However, nor all
functions are enhanced by exercise. Prolonged exercise-induced reductions in
macrophage MHC class 1T expression (Woods et 2l 1997) and antigen presentation
capacity (Ceddia er 4/ 1999, 2000) have been reported in mice and exhaustive (but
not moderate) exercise reduces the ability of murine macrophages ro restricr viral
replication at eight hours post-exercise (Davis ef al. 1997) as illustrated in Figure 4.5.
Some effects may be dose-dependent as exhaustive exercise was shown to decrease
alveolar macrophage anti-viral funcrion, an effect that was correlated o increased
susceptibiliry to herpes simplex virus (HSV)-1 infection (Kohut er 4. 19983, 1998b)
and related to increased release of adrenal catecholamines bur not corticosterone
(Kohut er al 1998a). Thus, it appears that exercise, perhaps dependent on dose with
respect 1o some functions, can affect tissue macrophage and, in some studies, disease
outcomes in animals. Whether these same effects can be generalised to humans is
presently unknown,

I Activation of NK (CD3-CD16+CD56+) cells does not require recognition of an

1186

antigen—MHC class Il combination. NK cells may serve as a ‘front line of defence’
before a specific response can be mounted by T and B cells. The effects of intense
exercise on NK-cell function appear to be biphasic, with an initial enhancement
followed by a delayed suppression (Kappel et al 1991b; Pedersen 1991; Nieman er
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Figure 4.5 The abilicy of alveolar macrophages from mice to restrict viral replicarion ar 8 hours pose-exercise was
significanty decreased (* < 0L05) afier exhaustive (exh) running (2.5-3.5 hours ar a running speed of
18-36 metres/minute to fatigue) but not after moderate (mod) exercise {running speed of 18 metres/minute
for 30 minutes) mmpdmd with the contral (no exercise) treatment (dara from Davis eraf 1997)
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al, 1993b), as illustrated in Figure 4.6. NK-cell cytotoxicity is a major funcrional
measure of NK activity and can be quantified in the laborarory (see Technique box
4.2). Many authors have shown NK cytolyrtic activity to be higher at the end of
moderate and intense exercise (Pedersen er 2l 1988; Roberts et al. 2004), which may
be partly due ro the large increase in the NK population produced by exercise

Figure 4.6 Changes in natural killer cell activiey (expressed as lytic unies per litre of blood) after 45 minuees of
running at 80% WO, max; * denotes a statistically significant (P < 0.05) difference from pre-exercise (data
from Mieman er ol 2003b)
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Technigue box 4.2

Measurement of natural killer cell functions

Matural killer (NK) cell cytalytic activity is measured as the killing of tumour cells known
to be specific targets for NK cells. Killing of the target cells results in lysis of the target
cells. The K562 cell line is often used as a target for human NK cells. The assay is normally
conducted at several ratios of killer to target cell {(e.g. 100 :1;50:1;25:1; 5: 1)
Typically, the assay time is quite short - about four hours. There are a number of ways to
measure target-cell killing. Classically, target cells are preloaded with radioactive
chromium ('Cr) and the release of %'Cr into the medium as a result of target cell death
is determined by a gamma counter. One advantage of this assay is that background
counts can be low, giving a high level of sensitivity, However, the use of *'Cr requires
suitable precautions. There are alternative methods for determining MK cell activity. It is
possible to label target cells fluorescently and to determine target-cell killing using flow
Cytometry.

Alternatively, target cell death has been determined as the appearance of lactate
dehydrogenase in the medium; this is released from dead target cells. If this approach is
used, a number of controls are required, because there may be spontaneous release of
lactate dehydrogenase from both killer cells and target cells, This assay must also be done
in serum-free medium, because serum contains lactate dehydrogenase. Whatever
approach is used, the data can be expressed in various ways, such as per cent target-cell

killing at each killer to target cell ratio or "lytic ratio’, which is the ratio required to kill a
particular percentage (e.g. 25% or 509%) of target cells,

(Roberts er al 2004). Immediately after a single bout of moderate or exhaustive
exercise, there is a 50-100%% increase in human peripheral blood NK cytolytic activity
(Gannon et al. 1995; Woods er al, 1998). The exercise-induced increase in NK
cyrolytic activity is largely due to an increase in the absolute number and percentage
of blood NK cells (Gannon er al, 1995). NK cytolytic activiry expressed on a per-
cell basis does not appear to change much after acute exercise unless the bour was
intense and prolonged, in which case it can be depressed for several hours (Nieman
et al. 1993b; Figure 4.7), possibly indicating an enhanced period of suscepribility to
infection.

An artenuation of the NK cytolytic activity has also been reported a few hours
after an inrense bour of exercise (Kappel er all 1991b; McFarlin ez al 2004; Pedersen
1991). A proposed mechanism for the delayed reduction in NK-cell funcrion is an
elevared level of prostaglandins released from the relatively numerous monocytes
observed 1.5-2.0 hours after intense exercise, since this effect is abolished ¢ v and
in vive by indomethacin (which inhibirs prostaglandin synthesis) and is also blocked
if the monocytes are removed from the culture (Pedersen 1991). Furthermore,
adrenaline infusion to recreate plasma concentrations similar to those observed after
one hour of exercise ar 75% VO, max also induced a delayed monocyrosis, suppressed
MK actviry with a two-hour delay, which was blocked by indomethacin and removal
of monocytes (Kappel er al 1991b; Figure 4.8). This illustrates how adrenaline can



EFFECTS OF EXERCISE ON INMATE IMMUMNE FUNCTION

Figure 4.7 Changes in blood natural killer (NE) cell numbers {circles), total NK cell acriviry (NKICA; triangles) and
NEKCA per NK cell (squares) afrer 45 minutes of treadmill running ac 80% WO, max (data from Nieman

et al 1993b)
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Figure 4.8 Changes in the percentage of natural killer (INK) cells and NK cell acriviry (MKCA) per NK cell after |
hour cycling at 75% VO, max {light columns) or intravenous infusion of adrenaline to give plasma levels
similar to those observed after the exercise (dara from Kappel eral 1991k}
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have more long-term influences on immuniry, even though its plasma half-life is
relatively short. Since intense exercise can induce a delayed neutrophilia, and
neutrophils can suppress NK-cell activity (Pedersen er al 1988), an increased
circulating neurrophil count may contribute to the awenuartion of MK-cell function
in the hours following intense exercise. However, since a five-hour infusion of cortisol,
which induced a neutrophilia, had no effect on NK-cell numbers or activity

119



MICHAEL GLEESON

(Tonnesen et al 1987), the influence of neutrophils on NK cells is probably minimal.
More recently McFarlin er al (2004) have postulated that the post-exercise fall in
MK cytolytic activity might be due to an exercise-induced change in the Th1/Th2
balance (see Chapter 2). An important Thl cytokine is IL-2, which appears o
stimulate NK cells. [L-2 release is suppressed by corticosteroids and reduced plasma
levels and decreased in vitro production of IL-2 by lymphocytes after a bout of
vigorous exercise have been reported (Shephard er 2l 1994).

Only a few studies have examined whether NK cells mobilised into the circulation
in response to exercise have altered sensitivity to stimulating agents like IL-2 or
interferon-c (Fiatarone er ol 1989; Woods er 2l 1998); however, like unstimulared
MK eytolytic activity, these effects are likely mediated by distributional shifis in NK-

cell subsets and may not necessarily be interpreted as altered NK-cell function on a
per-cell basis.

™ MECHANISMS OF CHANGES IN INNATE IMMUNE FUNCTION DURING
| EXERCISE

120

The stress hormones adrenaline and cortisol are involved in many of the changes in
innate immunity outlined above. Adrenaline and cortisol are involved in che
production of the leukocytosis by demargination and bone marrow release. In
addirion to changing the number of circulating cells, these changes in population
may introduce cells with different functional capacity. Furthermore, the stress
hormones, and cortisol in particular, appear to regulate innate immune cell funcrion.
Moderate intensity exercise, which is often associated with enhanced immune cell
function, increases the clearance of cortisol and lowers its secretion. In contrast, high
intensity, exhaustive exercise, which can induce depression of innate immune cell
funcrions, is associated with increased secretion of cortisol. /n witre studies help to
explain the influence of exercise intensity on changes in leukocyte function because
low physiological concentrations of cortisol appear to improve function, while very
high physiological to pharmacological concentrations are typically immunosup-
pressive (Ortega 2003).

In addition to the hormones thar have been discussed, other immunelogical
regulators appear to be influenced by exercise. It is noteworthy thar there are many
similarities berween the response to acute strenuous exercise and the acure inflam-
matory response to infection, including leukocytosis, moderate fever and an increase
in cytokines, influencing leukocyte function. The complex funcrions of cytokines
and their responses 1o exercise are discussed in more derail in Chaprer 12.

The exercise-induced mediators of the changes in neutrophil function remain o
be clarified. One candidate, the rapid immunological amplifier complement
(described in Chapter 2), has been shown to be activated by prolonged (Dufaux and
Order 1989) and short intense exercise (Camus er 2l 1994; Dufaux er af 1991).
Complement increases adherence of C3b-coated microbes to phagocytic cells and
therefore aids in phagocytosis, and fragments C3a and C5a stimulare the respiratory
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burst in neutrophils and the production of many different mediators which enhance
the immune response such as chemoractic factors. It appears thar severe exercise of a
prolonged or brief exhaustive nature can activate complement, possibly by inducing
proteolytic reactions (Dufaux and Order, 1989; Dufaux e 2, 1991). It has been
suggested that only severe exercise of the kind described will activate complement, bur
an acute phase inflammartory response (known to be mediated by activated
complement) has been reported to occur one day after a single submaximal bourt of
eccentric exercise (Gleeson er al 1995¢). Activated complement has a range of
biological functions: it facilitates adherence of complement-coated micro-organisms
to phagocytic cells and therefore enhances phagocytosis; it can directly (and indirectly
via mediators) establish an acute inflammatory response ar the site of a microbial
invasion; and it can insert membrane attack complexes into bacteria, possibly
resulting in lysis.

An increase in circulating IL-6 occurs during prolonged exercise. Bente Pedersen's
group have demonstrated that the IL-6 appearing in the circularion during exercise
is produced and released from exercising muscle (Steensberg e al 2000). Rises in
circulating IL-6 increases the secretion of cortisol, [L-1ra and IL-10 (Steensberg 2003;
Steensberg er al 2003) and, thus, the post-exercise increase in IL-6 is almost cerrainly
involved in some of the immune changes induced by exercise. For example, elevated
IL-6 released from energy challenged muscle has been implicated in the shift in the
T helper-1/T helper-2 balance following exercise (Steensberg ef @l 2003) and changes
in neutrophil function (Suzuki et 4l 2003). Further details of the biological roles of
IL-6 and the effects of exercise on IL-6 can be found in Chaprer 12.

m ACUTE EFFECTS OF EXERCISE ON SOLUBLE FACTORS

Soluble factors of the innate immune system include complement proteins, which
mediate phagocytosis, control inflammation and interact with antibodies, interferons,
which limit viral infection, and antimicrobial peprides like defensins, which limir
bacterial growth. Unaccustomed, long duration and/or intense exercise has been
shown to elicit aspects of an acute-phase response (Weighr ef al 1991; Meyer et al
2001). This response, which ultimarely serves to protect the body and restore
homoeostasis, can be initiated by a wide variery of stimuli, including microbial
invasion, chemical/physical trauma and ischaemic necrosis. C reactive protein, al
anttrypsin and complement proteins are classified as acure-phase proteins.
Traditionally, an acute-phase protein has been defined as a protein that either
increases (positive acute-phase protein) or decreases (negative acute-phase protein) in
concentration in response to homoeostaric disturbance in which cell damage and/or
tissue deach has occurred. This response is a generalised systemic reaction closely
linked to inflammation and forms part of the innate immune response.

Most studies investigating the response of acute phase proteins to physical activicy
have examined prolonged bouts of running (Weight er 2 1991; Semple er al 2004),
short-term maximal and submaximal exercise (Meyer er 2l 2001; Dufaux er ol 1991)

—
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or the changes in acute-phase proteins over extended periods (Mattusch er 2l 2000).
The focus of these investigations has been proinflammatory mediators, with anti-
inflammatory proteins receiving less attention. Exercise that causes muscle damage
generally results in elevated levels of C-reactive protein and complement proteins,
which peak around 24 hours post-exercise, whereas chronic exercise training may
reduce resting concentrations of some inflammartory markers. Few studies have
investigated this response in exercise that involves less mechanical loading — that is,
less eccentric damage — such as cycling. However, one such study by Semple er al
(2006) evaluated the concentrations of proinflammatory (C-reactive protein, comple-
mentary proteins C3 and C4) and anti-inflammarory (al antitrypsin, Cl esterase
inhibiror [C1-INH]) acute phase proteins in elite cyclists at two time points during
a three-week cycle tour. The authors found increases in two of the three
proinflammarory (C-reactive protein, C4) and both of the anti-inflammartory (C1-
INH, al antitrypsin)  acute-phase  proteins, indicative of an acute
phase/inflammarory response, occurred at the mid-point of the rour and they
observed that resting concentrations of some acure phase proteins in elite cyclists
were lower than in sedentary subjects. The acute phasefinflammarory response is
classified as an integral component of non-specific/innate immunicy. Further studies
are needed to shed light on how this response affects adaptive immunicy as evidence
is mounrting to supporr a close link berween the rwo systems.

THE EFFECT OF EXERCISE INTENSITY, DURATION AND SUBJECT
FITNESS ON THE INNATE IMMUNE RESPONSE TO EXERCISE

Since many of the immunological changes to acute exercise appear to arise in response
to stress hormones, factors such as exercise intensity, duration and subject fitness,
which influence stress hormone secretion, will affect the immune response. Both
leukocyte numbers and funerions are affecred by catecholamines, which are elevared
by acute exercise in an intensity dependent manner. Subject fitness has a bearing on
the relative intensity of a bout and will, therefore, alter the immunological outcome
to an acute exercise bout (e.g. Blannin er ol 1996a). Furthermore, exercise-induced
elevations in corrisol affect the leukocyre count and funcrion and this hormone is
effected by the intensity and durarion of exercise.

Mild to moderate exercise (less than 50% VO, max) seems to reduce cortisol
concentrations, owing to an enhanced elimination and a suppressed secretion,
whereas more intense exercise (greater than 60% VO, max) increases cortisol (Galbo
1983). However, if the bout is sufficienty prolonged, even relatively moderate
intensities can elicit increases in cortisol because it is released ro increase gluconeo-
genesis and maintain blood glucose concentrations. Exercise intensity and duration
both contribute to the metabolic stress of the bour and thus influence fuel depletion.
Since evidence suggests thac skeleral muscle can release IL-6 when fuel provision
becomes challenged (Steensberg e 2l 2000) and chis cytokine is known to have
immunological actions (Steensberg er al 2003), factors such as intensity, duration and
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subject fitness that can influence metabolic demand will effect the immunological
outcome.

EFFECTS OF EXERCISE TRAINING ON CELLULAR INNATE IMMUNE
FUNCTION

Neutrophils

Regular exercise training does not appear to appreciably alter blood leukocyte eounts,
including those of neutrophils. However, there are a few reports that exercise training
reduces blood neurrophil counts in those with chronic inflammartory condirions (e.g.
people who are obese) or neutrophils in sites of chronic inflammation (Michishita e
al, 2010), raising the possibilicy that such exercise acts in an anti-inflammatory
fashion in those with elevated inflammation. This effect could be beneficial or
deleterious, depending on the context. While chere is lictle known about the influence
of exercise training on neutrophil function, regular exercise, especially heavy, intense
training, may attenuate neutrophil respiratory burst (Hack er 2l 1994; Pyne er al
1995). This could reflect a sustained effect of previous acute exercise as artenuation
of respiratory burst has been documented to last several days post-exercise (Suzuki er

al 1999).

Monocytes/macrophages

O

In peaple, both longitudinal exercise training and cross-sectional studies have shown
that physically active subjects exhibit reduced blood monocyte inflammarory
responses to lipopolysaccharide, lower TLR4 expression and a lower percentage of
CD14+/CD16+ inflaimmatory monocytes (Gleeson er al 2006; Sloan et al 2007;
Timmerman et al 2008). The extent to which these effects on the relatively small
blood monocyte pool contriburte to the anti-inflammarory effect of exercise training
is unknown. In contrast, animal studies have demonstrated char exercise training can
increase induced inflammarory responses of peritoneal macrophages (Kizaki e al
2008; Sugiura er al 2002), indicating a possible difference berween the effects of
training on blood monocytes when compared wich differentiared rissue macrophages.
Animal studies have the potential to shed additional light on the source of the anti-
inflammatory effect of regular exercise, especially in populations that exhibit elevared
inflammation. Indeed, two studies have shown that exercise training, with or without
a low-far diet, reduces visceral adipose tissue (e.g. macrophage infiltration and pro-
inflammarory cytokine gene expression) and systemic inflammation in high-far,
diet-fed mice (Vieira er al 20093, 2009b). Regular exercise may also reduce
macrophage infiltration into other sites of chronic inflammation including growing
tumours (Zielinski er al 2004) and could be interpreted as a benefirt, given the
tumour-supporting role of these cells. In contrast, reduced infiltration of
macrophages into sites of chronic infection could lead to higher morbidiry, although
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123



MICHAEL GLEESON

this has not been demonstrated. In fact, macrophages appear to play a definitive role
in mediating the beneficial effects of regular moderate exercise, as it relares o
intranasal infection with HSV-1 in mice Murphy er al (2004).

Dendritic cells

There are two reports from the same group demonstrating an effect of exercise
training on rat dendritic cells. Liao ef al (2006) reported that dendritic cell numbers
increased after training, with no difference in co-stimulatory molecule (CDB80 or
CD&6) expression, while Chiang er al (2007) found thar MHC class II expression,
mixed leukocyte reaction and IL-12 production were increased in dendritic cells from
exercise trained rats. Given the importance of dendritic cells in early immune
regulation, this is an area ripe for investigation.

Natural killer cells

Drespite much research regarding the effects of exercise training on NK-cell numbers
and Funcrion, there appears to be much controversy regarding their effece. Several
cross-sectional studies or interventions with limited subject numbers have reported
modest increases in NK cytolytic activity after moderate exercise training in previously
sedentary subjects (McFarlin e# 2l 2005; Nieman er al 1990b, 1995; Pedersen er al
1989; Shephard and Shek 1999a). In two of the larger trials, one study (Fairey er 2l
2005) found that 15 weeks of moderate exercise training increased NK cytolyric
activity compared with sedentary controls, while another 12-month trial found no
change in NK cytolytic activity in 115 post-menopausal women (Campbell er al.
2008b). However, intense rraining has been shown o alter NK-cell subsets and reduce
NK cyrolytic activity (Gleeson er al. 1995b; Suzui et al 2004; Rama er al. 2013).
Studies in animals have demonstrated that regular exercise can increase in wive
cytotoxicity (MacNeil and Hoffman-Goerz 1993; Jonsdottir er 2l 2000), although
the specific contribution of NK cells in mediating this exercise effect is unclear.

n KEY POINTS
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* For strenuous exercise lasting less than one hour, there is an immediate
leukocytosis consisting mainly of neutrophils and lymphocytes, which begin to
recover, leaving a developing neutrophilia peaking between two to three hours
post-exercise. If the exercise is more prolonged, however, these events superimpose
upon cach other.

* The initial leukocytosis appears to be produced by demargination of leukocytes,
owing to increased shear stress and catecholamines. In contrast, the neutrophilia
observed at the end of prolonged exercise or hours after brief, intense exercise is

produced by release of neutrophils from the bone marrow induced by elevared
plasma cortisol.
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* The various aspects of neutrophil function appear o respond to exercise
independently of each other. The number of neutrophils engaging in phagocytosis
is increased by acute exercise but their phagocytic capacity is lowered. Exercise
induces a slight degranulartion of neutrophils, which may be responsible for the
artenuared degranulation response to bacterial stimulation that is seen for several
hours after exercise. Finally, the effect of exercise on neutrophil respiratory burst
activity appears to be dependent on the intensity of the bour; moderate work
rates elicit enhanced respiratory burst but severe exercise bours compromise
neutrophil respiratory burst.

* Functional changes are brought abourt by a variety of bloodborne factors produced
by exercise. Activation of complement and increased circulating concentrations
of carecholamines, corrtisol and IL-6 are important regulators of innate immune
function during and following exercise.

* Exercise training affects some aspects of innate immuniry. Regular exercise
training does not appear to appreciably alter blood leukocyte counts, including
those of neutrophils. However, there are a few reports that exercise training
reduces blood neutrophil counts in those with chronic inflammatory conditions
(e.g. people who are obese) or neutrophils in sites of chronic inflammartion raising
the possibility that such exercise acts in an anti-inflammarory fashion in those
with elevated inflammarion.

* Both acure and chronic exercise can alter circulating monocyte and NK eell
subsets.

»  Modest increases in NK cytolytic activicy may occur after moderate exercise
training in previously sedentary subjects.
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5 Effects of exercise on acquired

immune function

Nicolette C. Bishop

I LEARNING OBJECTIVES

After studying this chapter, you should be able to:
* understand how acute exercise affects T cell funcrions, including cyrokine
production, proliferation and migration;

understand how acute exercise affects B cell antibody production;

appreciate the mechanisms of acquired immune system modulation by exercise;
recognise the influence of exercise intensity, duration and fitness level on the
acquired immune response to exercise;

identify the effect of exercise training on acquired immune cell funcrions;
appreciate the in wive methods used to measure immune function.

H ACQUIRED IMMUNITY REVISITED
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A more derailed description of acquired immunity can be found in Chapter 2 bur,
here, we briefly revisit the key features of this aspect of the immune system before
looking at the influencing effects of exercise.

Acquired immunity (also known as adaptive or specific immunity) is designed to
combat infections by preventing colonisation of pathogens and destroying invading
micro-organisms. With only a few exceprions, it is initiated by the presentation of
antigen within the pepride-binding groove of major histocomparibilicy complex class
IT molecules on antigen-presenting cells to T helper (CD4+) lymphocytes. CD4+ T
cells form a key part of the cell-mediated immune response, since they orchestrate and
direct the subsequent response. Helper T-cell clones can be divided into two main
phenotypes (there are others): type-1 (Th1) and type-2 (Th2) cells, according to the
cytokines that they produce and release. Th cells play an important role in defence
against intracellular pathogens (e.g. viruses) and Th2 cells are involved in protection
against extracellular parasites and stimulation of B-cell antibody production
(although some antigens can activate B cells independently of CD4+ cells). Although
cytotoxic T cells (CD8+) can also be classified into rype-1 (Tcl) and rype-2 (T<2)
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cells according to their cytokine profiles, the functional significance of these cells is,
at present, unclear.

EXERCISE AND T-CELL FUNCTIONS

As described in Chapter 2, T cells play a fundamental role in the orchestration and
regulation of the cell-mediated immune response to pathogens. One important
consequence of a defect in T-cell function is an increased incidence of viral infections
(Fabbri et al. 2003). With this in mind, it has been suggested that the apparent
increased susceptibility of sportsmen and women to upper respiratory tract infections
may be due to exercise-induced decreases in T-cell function. The effect of acute
exercise on cell-mediated immune function has been most commonly been assessed
using a variety of in vitro methods relating to specific T-cell actions, such as cytokine
production and proliferation (see Technique box 5.1).

Measurement of antigen-stimulated cytokine production by leukocytes

L e boE

 To measure stimulated cytokine production from leukocytes, blood samples are
incubated for a predetermined time (usually between 4 hours and 48 hours, depending
on the particular cytokine being examined) with a specific activating agent. The choice
of which activating stimulus is used primarily depends on the cell type from which one
wishes to examine cytokine production. For example, if one wishes to examine monocyte
cytokine production, lipopolysaccharide (a structural component of specific bacteria that
is recognised by specific receptors present on the monocyte cell surface) might be used.
On the other hand, to examine lymphocyte cytokine production, we might use pharma-
cological activators such as phorbol myristate acetate and ionomycin. Following
completion of the incubation period, samples can either be examined flow cytomet-
rically for the expression of cytokines within individual cells (using fluorescence-labelled
antibody to a specific cytokine) or the concentration of a specific cytokine in the cell
culture media can be determined by an enzyme-linked immunosorbent assay (ELISA).
Explanations of ELISA can be found in Technique box 2.1 in Chapter 2. Flow cytometry
is described in Chapter 3.

T cell cytokine release

L

The release of cytokines by activated Th (CD4+) cells largely determines whether
the subsequent immune response to an antigen challenge will be T cell-mediated
(e.g. IL-2 and IFN-y; a Th1 response) or favour B-cell antibody production (e.g. IL-
4; a Th2 response). Prolonged strenuous physical activity decreases the proportion of
circulating Th1 cells but has litcle effect on the proportion of circulating Th2 cells
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(Steensberg er al. 2001b). It is not clear whether these changes are caused by cell
death (apoprosis) or changes in the distribution of cells berween the circulation and
the tissues. It is likely that both these mechanisms play a role.

Box 5.1 Exercise affects the Th1/Th2 balance and impairs interferon-y production by
Th cells

Similar to physical fitness, fitness of the immune system requires training. Animals that
have been raised under sterile conditions have a poor immune system and fail to thrive,
"Immune training’ is normally provided by contact with live microorganisms or by immuni-
sation. Increasing evidence has suggested that moderate amounts of activity can decrease
the frequency of infections while excessive, exhausting exercise can lead to the opposite,
a situation that has been described by a J-curve {see Chapter 1). Following prolonged,
exhausting exercise, a transient partial suppression of several immune functions can be
shown and it has been suggested that this period provides a window for invasion of
microbes. On the basis of data showing that endatoxin-inducible interferon-gamma {IFN-
y) preduction is virtually abrogated for a short period following excessive exercise, it has
been hypothesised that the rigorous regulatory blockade of one of the ways of IFM-y
induction may be critically involved in causing the transient immunosuppression following
exhaustive exercise stress,

It is important to recognise that alterations in the proportion of circulating T cells
capable of releasing rype-1 and rype-2 cytokines do not necessarily reflect actual
cytokine release when stimulaced by mitogen or antigen. Having said this, several
studies have found thar the release of T-cell cytokines when stimulated in vitro does
indeed follow a similar pattern. For example, one hour of eycling at 75% VO, max
markedly decreased IL-2 production from stimulated T cells compared with resting
values (Tvede er al 1993), yer IL-4 production by stimulated lymphocytes was
unaffected by 18 minutes of incremental exercise consisting of six minutes at 55%,
70% and 85% VO,max in active and sedentary males and females (Moyna er al

1996). The effects of exercise on T-cell cyrokine production are described further in
Chapeer 12.

T-cell proliferation

k
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Given the frequency of viral infections in some achletes it is tempring to argue that
an impaired Thl response indicates reduced host defence against intracellular
pathogens such as viruses. However, eytokine production is just one step of the mulri-
stage process that ultimately leads to lymphocyte proliferation (cell division) and
cytortoxicity. These pathways require many other co-stimulatory signals, including
specific antigen encounters, without which the cells may enter a dormant state of
inactivity or ‘anergy’. Assuming that the required co-stimulatory signals are present,
T cells will proliferate in vive in response to an antigen challenge to produce a clone
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of functional effector cells specific to the antigen that caused the initial response.
This function is modelled in witro using a mirogen (a subsrance thar triggers cell
division) or an antigen ro stimulate the cells and is widely used to assess the general
abilicy of cells to respond to a challenge.

Mumerous studies in the literature report that lymphocyte proliferation decreases
during and after exercise (Walsh er al 2011a). For example, significant decreases in
mitogen-stimulated T-cell proliferation have been observed following incremental
treadmill test exercise to exhaustion in trained men (Fry er 2l 1992a), strenuous
resistance exercise in women before and after a period of training (Miles er 2l 2003),
following both 2.5 hours of treadmill running and 2.5 hours of cycle ergometry at
75% VO,max in trained male and female triathletes (Henson et al 1999) and after a
90-minute shuttle-running protocol design to mimic the activity patterns of a football
match (Bishop er al 2005b). Like many other measures of the immune response to
exercise, the rnagnitud: of the response appears to depend upon the duration and
intensicy of the exercise. For example, 45 minutes of treadmill running at 80%
VO, max was associated with a 509 fall in lymphocyte proliferation at one hour post-
exercise, whereas only a 25% decrease in the proliferation response was observed after
performing the same exercise ar 50% VO, max (Nieman ef al. 1994; Figure 5.1).

Figure 5.1 Absolute (A) and adjusted per T cell (B} changes in concanavalin A-stimulated lymphocyte proliferative
responses to 2 45-minute treadmill run ar 80% VO, max (high intensity) and 50% VO, max (moderate
intensity); * indicates a significant difference from pre-exercise values, £ < 0,05 (dawa from Mieman er al

1994)
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Mitogen versus antigen stimulation

While intense exercise is associated with transient decreases in mitogen-induced
lymphocyte proliferation, we should remember that lymphocyte responses are
antigen-specific and assessment of cell responses to mitogens such as the plant lectins,

129



NICOLETTE C. BISHOP

phytohaemagglutinin (PHA), concanavalin A (Con A) and pokeweed mitogen
(PWM), in witro will not necessarily provide an exact model for the in vive situation.
Whereas PHA will only activate a high percentage of circulating T cells, PWM can
also activate B cells and Con A can activate NK cells. This could result in unrealis-
tically large changes in lymphocyte funcrion. Furthermore, responses to PHA may
lack the sensitivity to detect subtle bur highly relevant alterations in the activity of
T-cell populations involved in defence against common pathogens. In support of
this, performance of 90 minutes of soccer-specific intermittent exercise resulted ina
differing pattern of proliferative responses to PHA, influenza and tetanus toxoid;
with relative responses to PHA highest and relative responses to reranus toxoid lowest
(Bishop er al 2005b; Figure 5.2). It could be argued these differences could be relared
to the dose of mitogen and antigen used. However, an earlier pilot study had
previously determined the concentration of PHA and each antigen to use to give a
comparable amount of proliferation at rest.

Figure 5.2 Relative change in proliferative response to phyrohacmagglurinin (PHA), influenza and tetanus toxoid

stimulation following 90 minutes of soccer-specific intermirtent exercise. Responses relative ro the first

(resting) sample were highest when cells were stimulared with the Tocell-specific mitogen PHA and lowest
in response 1o the antigen teranus toxoid (dara from Bishop er afl 2005b)
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There is an additional need for caution when it comes to the interpreration of prolif-
erative response to exercise. As we have seen in Chaper 3, acure exercise is associated
with marked changes in the circulating numbers of lymphocytes and lymphocyte
subsets. Proliferation assays tend to use a constant number of peripheral blood
lymphocytes or a fixed amount of whole blood. While this is appropriate for samples
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taken at rest, the proportions of the different lymphocyte subsets in those samples will
have changed after exercise. For example, there is a greater influx of NK cells into the
circulartion relative to T cells following exercise. This is imporrant because NK cells
do not respond to PHA, the most common mitogen used to assess T-cell proliferation
in lymphocyte cultures. Given thart after exercise there will a greater proportion of NK
cells relative to T cells in a fixed number of toral lymphocytes or fixed volume of
blood, it is perhaps not surprising that “T-cell’ proliferation decreases after exercise.
That is to say that a post-exercise decrease in proliferation to PHA in culture may
simply reflect the smaller proportion of cells in the culture that can respond to that
mitogen, racher than any impairment of the ability of individual T cells ro proliferace.

The significance of the presence of NK cells in proliferation cultures has been
highlighted by Green er al (2002) Changes in proliferation in response to a one-
hour intensive treadmill run were assessed in cultures containing a fixed number of
lymphocytes excepr in half of the cultures the NK cells were removed using magnetic
microbeads. Interestingly, immediately after the run, PHA-stimulared proliferarive
responses were significantly lower in the cell culture that conrained NK cells
compared with the one containing the same number of lymphocytes but from which
the NK cells had been removed (Figure 5.3).

Figure 5.3 Phytochaemagglutinin-stimulated proliferation in (A) mixed lymphocyte and monocyte cultures with (B) in
natural killer cell-depleced cultures, Samples were taken during an exercise trial when subjects completed
60 minutes of weadmill running besween 6 a.m. and 7 a.m. and in a resting control session; * indicates a
significant difference berween the exercise and control condition, P < 0L05 {daa from Green er al 2002)
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Other than depleting cultures of NK cells, one other way employed by researchers
to overcome the problem of disproportionate changes in numbers of lymphocyte
subsets in response to exercise is to mathemarically adjust the proliferation dara for
changes in circulating numbers of T cells. Reporting proliferation on a ‘per T cell’
basis in this way tends to have the resulting effect that only decreases in proliferative
responses following longer and more intensive exercise remain. For example, in the
study by Nieman ez al (1994) described above, proliferation was assessed in response
to Con A (a T- and NK-cell stimulant). Adjusting the data for changes in circulating
T cell numbers alone resulted in a 21% fall in proliferative responses ar one hout
post-exercise in the highcr—intensir}r exercise trial, :r::mparcd with the 50% fall
observed in the unadjusted data. Moreover, the post-exercise fall on the moderate
intensity exercise trial was abolished when the data were adjusted in this way, with
values remaining close to pre-exercise values throughour the exercise (Figure 5.1B).
Further support for a genuine reduction in T-cell proliferation with intensive exercise
comes from the study of Bishop er al (2005b), where proliferation was assessed in
cultures using a fixed number of T cells, rather than a fixed number of total
lymphocytes. Here, PHA-stimulated T-cell proliferation fell significantly after

performance of 90 minutes of a foorball-specific intermittent exercise on two
consecutive days (Figure 5.4).

Figure 5.4 Proliferative response in a fixed number of T cells to the T-cell-specific mitogen phyrohaemagglutinin

following 20 minutes of soccer-specific intermittent exercise on 2 consecutive days; * indicates a
significant difference compared with pre-exercise on day 1 (P < 0.05) (data from Bishop et al. 2005b)
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There is an argument that the post-exercise decline in lymphocyte responsiveness
is at least partly related to an increase in cell death rates in culture. This has primarily
been provided by a study that used carboxyfluorescein diacetate succinamidyl ester
(CFSE) labelling of lymphocyte populations to quantify cell division in response to
PHA on an individual cell basis (Green and Rowborttom 2003). It was found that
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samples taken midway through a 60-minute treadmill run ar 95% of the ventilatory
threshold demonstrated a 60% decrease in the number of responsive CD4+ and
CD8+ cells in culrure. This was mirrored by a 65% increase in cell death (apoprosis)
in those samples. Cell mitosis rates were unchanged. These dara therefore suggest
that the exercise decreased the ability of cells to survive in culture, with litdle effecr
on the ability of the cells to divide. While this may simply reflect the difficulties of
modelling in vive situations in isolated cells in vitro, it could also indicare a corrisol-
mediated stimulation of apoprosis or the exercise-induced mobilisation of a
subpopulation of cells susceptible to apoptosis into the circulation. Cerrainly, a 60%
increase in the percenrage (but not actual number) of apoptotic lymphocytes has
been reported two hours after a strenuous 2.5-hour treadmill run (Steensberg er al.
2002).

T-cell migration and homing

In vivo

We have seen how acute exercise can affect T-cell functions and speculated on the
consequences of this for host defence, particularly against common viral pathogens.
In addirion, there is now some evidence to suggest thar prolonged exercise leads to an
alteration in the migratory or homing properties of T cells (i.e. the capacity of these
cells to move to where they are needed to ‘fight infection’). Airway epithelial cells
produce several chemical attractants (chemokines) and proinflammatory cytokines
when infected with human rhinovirus. These result in increased airway inflammation,
which is thoughe to trigger or exacerbate cold symproms. Following a two-hour
treadmill run at G0%, there was a decrease in the ability of CD4+ and CD8+ cells and
their memory and naive subpopulations to migrate towards supernatants released from
human rhinovirus-infected human bronchial epithelial cells (Bishop er af 2009; Figure
5.5). Such reducrions in migration may transiently deprive the lung of immune
surveillance by T cells specific for respiratory pathogens, which may give rise to the
apparent increased incidence of respiratory infection in athleres.

cell mediated immunity

L

The previous sections illustrate that the majority of studies in the licerature have used
in vitre measures to assess exercise-induced changes in T-cell function. However, chis
always raises the issue of how well such measurements of isolated circulating
lymphocytes truly reflect the situation thar would occur if an individual who had
performed an acute bout of strenuous exercise came into contact with a pathogen.
Furthermore, it should be considered that, atr any one time, the majority of
lymphocytes are not circulating in the blood and so any observed changes in
peripheral blood lymphocytes may not necessarily reflect changes that may occur in
cells located in lymph nodes and other tissues throughour the body. Irr vive methods
to measure the effects of exercise on the T-cell response (cell-mediated response) o

specific antigens provide a strong approach to this problem and are described more
fully in Technique box 5.2.
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Figure 5.5 Percenrage of CDé+ cells migrating vowards the supernatant from human rhinovirus-infected human

bronchial epithelial cells compared with contral {uninfected cell) supernatant. Values are expressed as a
percentage of the pre-exercise response; © indicates a significant decrease in CD4+ cell migration at | hour
post-cxercise compared with control at that time (data from Bishop e afll 2009)
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One study thar assessed cell-mediated immune function in vive injected trained
wriathletes with seven previously encountered (recall) antigens, including teranus,
diphtheria and group C streprococcus intradermally following a half-Ironman race
(Bruunsgaard er 4l 1997b). The resultant delayed-type hypersensitivity (DTH) skin
response was assessed 48 hours later by measuring the size (diamerer) of the resulting
skin indurations in millimerres. It was found that the response in these triathletes after
the race was significantly smaller than that of a group of non-exercising triathletes and
also a group of non-exercising moderately trained men, However, while the use of
recall antigens in this way allows assessment of pre-existing immunclogical memaory,
a limitation is thar it does not provide information abour the effects of exercise on
the primary (induction) response to a novel antigen. Furthermore, assessing DTH in
this way typically gives rise to highly variable responses, another limitation which is
likely caused, at least in pare, by the lack of control over the timing and dose of the
initial exposure. A recent study (Harper Smith er al, 2011) dealt with these
limitations by assessing both the i# wiwe induction and memory (recall) responses to
a topically applied novel antigen, diphenyleyclopropenone (DPCP). It was found
that two hours of running on a treadmill ac 60% VO, peak before initial sensitisation
to DPCP reduced the subsequent induction response to DPCP four weeks later,
compared with controls that had been sensitised to DPCP after resting quietly in
the laboratory (Harper Smith et @l 2011). The recall in vive T-cell-mediated immune
response was assessed in a separate group of previously sensitised participants who had
received several monthly DPCP challenges to boost the response until reaching a
plateau. Participants then received two further DPCP challenges, in a crossover
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Measurement of in vivo acquired immune functions
Antigen-stimulated antibody production

In vivo miethods involve challenging experimental subjects more commaonly with antigenic
(immune-stimulating but not sickness-causing) or less commonly with pathogenic
(immune-stimulating and possibly sickness-causing) stimuli and assessing subsequent
antigen-driven responses (Walsh et af. 2011a). Such responses include the circulating
antibody response to injection of either a novel antigen, such as keyhole limpet
haemocyanin, or a previously encountered antigen, such as influenza vaccine or tetanus
toxoid. The generation of an antigen-specific immunoglobulin response reflects a
functionally important end product of the multicellular immune response.

Antigen-stimulated delayed-type hypersensitivity response

An alternative method is the assessment of the delayed-type hypersensitivity (DTH)
response. This method provides an indication of the in wivo cell-mediated immune
response using novel {e.g. diphenylcyclopropenone, DPCP) or recall (e.g. tetanus and
diphtheria toxoids, Candida albicans, streplococcus) antigens. Antigens are injected just
under the skin, usually on the forearm, resulting in an inflammatory response of raised
red swelling (oedema) at the paint at which the antigen was applied. The diameter of the
resulting oedema and the increase in redness (erythema) is usually recorded 24-48 hours
later, with the greatest magnitude of oedema and erythema indicating the strongest in
vivo cell-mediated immune response (see photagraph). Movel antigens, such as DPCR
require prior sensitisation by skin exposure to elicit a primary allergic response; the
strength of subseguent in vivo cell-mediated responses is later quantified with a dose
series of the same antigen (Harper-Smith et al. 2011).

Skinfald thickening (cedema) response to a dose-series of OPCP (labelled 1-5) at 48 hours after
topical application. Individuals had been sensitised to DPCP 1 month earlier. The dose series involved
placing six B-mm patchas with DPCP on the inside of the upper arm for 6 hours. The patches were
soaked in 10 pl of acetone {control, labelled ACET) and a range of low-dose DPCP concentrations
from 0.0048% (patch 1) to 0.03125% (patch 5) made up in acetone
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design, after performing a rwo-hour treadmill run ar 60% "-;"D, pr:ak and a resting
control trial, each separated by four weceks. It was found that exercise immediately
before the antigen recall challenge elicited a lower recall response than when the same
participants had been resting before the antigen recall challenge. Interestingly,
compared with the corresponding control trial, the exercise-evoked impairment of the
inductien response to DPCP was greater (around 50% reduction) than the later
recall response (around 20% reduction). This implics that the primary immune
response to antigens is more susceptible to heavy exercise-evoked immune
impairment than the later recall response (Figure 5.6).

Figure 5.6 The effecs of a 2-howr run on a treadmill ar 60% of peak oxygen uptake on the primary (induction) and

secondary (recall) response to the novel antigen diphenyleyclopropenene (DPCTY). The primary response
was compared with that in a separate group who had been sensitised 1o DPCP afier ressing quictly. The
recall response to the same antigen was determined in a group of participants who had been exposed 10
several monthly DPCP challenges before performing bath an exercise test and a resting control trial. The
impairment of the induction response to DPCP was greater (around 50% reduction) than the later recall
response (around 20% reduction), implying that the primary response to antigens is more susceptible w0
immune impairment than the later memory response: con = controls, ex = exercise group {daca from
Harper Smith er al 2011)
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Acute exercise appears to stimulate changes in T-cell funcrion that are, as with many
other aspects of immune function, proportional to exercise intensity and duration.
There is evidence that acure exercise stimulates T-cell activation, although it is not
clear whether INCreases in actvation are caused I}}.' an increase in the recruitment of
HC[i"r'ﬂ'[Ed ﬂel]s i_]'l[{} I:h;: c]rculaﬂo“ aran cﬁ‘ec: on the state ﬂr ai:[i\"aliﬂl'l ofindividuul
cells themselves. Most likely it is a combination of both. Acure exercise is also
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associated with a decrease in T eell IL-2 and IFN-y production immediately after
exercise, although the importance of this in terms of any impairment of cell-mediated
immuniry is difficult ro assess since total numbers of [L-2 and IFN-y producing T
cells had increased ar this time. There are numerous reports in the literature detailing
decreased mirtogen-stimulated T-cell proliferation following acute exercise but
interpretation of these findings may be confounded by the presence of NK cells and
B cells in the cell cultures. Furthermore, it should be remembered that in vitre
stimulation with mirogen does not necessarily reflect the more subtle responses of
cells following a specific antigen encounter within the body. Moreover, exercise may
alrer T-cell funcrion in vitre through an increase in the rate of cell death in eell culrure
rather than a decrease in T-cell division. Finally, while these impairments of specific
T-cell funcrions in response o acute intensive exercise may be mathematically
significant, it is important to recognise that in the absence of clinically normal
reference ranges the biological importance of such findings is difficult ro clarify.

EXERCISE AND B-CELL FUNCTION

Upon stimularion, B cells proliferare and differentiate into memory cells and plasma
cells, with plasma cells in the circulation or localised in lymph or mucosal tissue able
to produce and secrete vast amounts of antigen-specific immunoglobulin (or
antibody) thar circulate in the body fluids. Compared with studies that have looked
at the effect of exercise on T-cell responses, relatively few studies have concentrated
on B-cell ‘proliferation’ itself. As described in the previous section, B cells also
proliferate in response to certain mitogens; therefore, it is likely that some of the
exercise-induced decline in T-cell proliferation from mitogen-stimulated lymphocyte
cultures may be attributed changes in B-cell responses. However, any contribution is
likely to be small given the relative size of the circulating B-cell population (B cells
account for only 5-15% of all circulating lymphocytes). Therefore, to try to isolate
B-cell functional capability, immunoglobulin levels have been more commonly
assessed either in wive or in vitre in response to mitogen-stimulated proliferation.

Circulating immunoglobulins

The predominant immunoglobulin in the blood is IgG (its normal serum concen-
tration is around 12.0 gfL), with smaller amounts of IgA (around 1.8 g/L) and IgM
(around 1.0 g/L). The amounts of IgD and IgE are negligible by comparison (less
than 0.05 g/L). Therefore, it is not surprising that exercise-induced changes in serum
IgA, IgG and IgM have received the most attention in the literature. On the whole,
serum immunoglobulin concentrations appears to remain either unchangcd or
slightly increased in response to either brief or prolonged exercise. For example,
modest increases in serum IgA, IgG and IgM were found fnllnwing a maximal graded
treadmill run in trained runners bur these increases were similar o those found in a
group of resting controls over the same duration. This suggests a possible diurnal

—
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effect and all changes were abolished when the data were adjusted for alterations in
plasma volume (MNieman er al. 1989¢). Serum concentrations of lgA, 1gG and lgM
were also unaffected by an acute bour of strenuous resistance exercise in both trained
and untrained women (Potteiger e af 2001). In contrast, a 45-minute walk at 60%
was associated with small, yer significant, increases in serum IgA, IgG and Ig
compared with rest over the same period of time (Nehlsen-Cannarella er &l 1991)
suggesting thar moderare exercise can lead to a transient rise in circularing antibody.
Since there were no differences in plasma volume, the authors concluded thar these
increases might be due to exercise-induced influx of immunoglobulin into the blood
from the lymph and extravascular pools.

In vitro immunoglobulin production

In vivo

138

There are contrasting findings concerning in vitre immunoglobulin synthesis following
mitogen-stimulation; these may depend upon the immuneglobulin being investigared.
For example, Shek er al. (1995) found that, during a two hour treadmill run ar 65%
VO,max in trained males, IgM production by PWM-stimulated lymphocytes fell ro
339% and 42% of pre-exercise values after 90 and 120 minutes of exercise, respectively,
but IgA and IgG production did not appreciably change in response to exercise.
Mackinnon et al. (1989) also report that a two-hour cycle bout ar 90% of ventilatory
threshold (70-80% VO,max) in trained cyclists had little effect on PNWM-stimulated
IgA and IgG production. In contrast, Tvede er af (1989) observed a decline in the
number of PWM-stimulated IgM, lgA and IgG producing B cells during and rwo
hours after an intensive one-hour cycle bour in untrained individuals. These findings
cannot be arrributed to a redistribution of B cells, since circulating numbers did not
change in response to the exercise. It is likely that differences in exercise duration and
training status of the subjects involved in these studies account, ar least in parr, for
these inconsistent findings. An alternative argument is that exercise-induced alterations
in CD4+ cell numbers may have influenced these results because these studies used
PWM to stimulate the lymphocytes. Pokeweed stimulates B cells via stimulation of
CD4+ cell cyrokine release. However, this cannot wholly account for the decreases in
immunoglobulin synthesis reported: significant elevations in numbers of circulating
CD4+ cells were observed at the same time as the decline in IgM production in the
study of Shek er al (1995) and the signiﬂcant decreases in imm unngl:ubulin synthesis
at two hours post-exercise observed in the study of Tvede er all (1989) occurred ata time
when CD4+ cell numbers had returned ro pre-exercise values.

immunoglobulin production

As explained earlier in this chaprer, it should be remembered that in vire measures
of stimulared immunoglobulin production may not always accurately reflect an
impairment of the in vive response. The study by Bruunsgaard et al. (1997b),
described earlier in this chapter, also assessed antibody responses to antigen-
stimulation i vive, by vaccinating trained triathletes 30 minutes after a half-Ironman
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event and comparing the responses in the group of non-exercised triathletes and a
group of moderately trained controls. The vaccinations contained antigens thar act
on B cells via both T-cell dependent (teranus and diphcheria toxoids) and T-cell
independent (pneumococcal polysaccharide) pathways to assess any differential effects
on cell function. Importantly, the antigens in these vaccines would have already been
encountered by individuals (i.e. recall antigens) as part of general health vaceinarion
programmes. Mo differences in the antibody response to any of the antigens were
found berween groups when assessed 14 days later, despite the lower in vivo cell-
mediated immune responses observed in the exercising triathletes 48 hours after che
event, as described in this chaprer. These findings suggese thar B-cell ability to
generate antibody responses to recall antigens is not impaired following strenuous,
high-intensiry exercise.

The primary antibody response appears to be more susceptible to the effects of
exercise. Injecrions with a novel antigen, such as keyhole limpet haemocyanin (KLH)
will stimulate a primary antibody response in the form of B cell ant-KLH
immunoglobulin production. KLH also has the advantage of being benign (i.e. it
does not cause sickness). Although KLH is commonly used to stimulate primary
antibody responses in vive in both animals and humans, there are still relartively few
studies thar have used KLH rto assess i vivo antibody responses to exercise. One
study reports that progressive treadmill training in rats supresses and-KLH IgM
production compared with sedentary rats (Moraska er al 2000). The effect of exercise
on the primary antibody response may be intensity dependent; ten months of
moderate aerobic exercise training in previously sedentary older adults resulted in
greater anti-KLH IgM and IgG1 production than in a similar group who had
undertaken flexibilicy training over the same time (Grant ez al. 2008) (Figure 5.7).

Figure 5.7 Effects of a 10-moenth cardiovascular exercise (cardio) or flexibilicy/balance exercise (flex) intervention on
the primary anti-KLH IgG1 response. Participanes were vaccinated 8 months into the intervention. [gGl
responses were higher in the cardio group 2, 3 and 6 weeks after vaccination: * indicates a significant
difference berween cardio and flex groups at exch time poine post-vaccination (P < 0.03) (data from
Grant of af 2008)
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Effects of exercise training on acquired immune cell functions

8

In the true resting state (i.e. more than 24 hours after their last training session)
circulating lymphocyte numbers and functions exhibit very few differences berween
athletes and non-athletes (Nieman 2000). Longitudinal studies in which previously
sedentary people undertake weeks or months of exercise training have failed o show
any marked changes in T and B cell functions, provided thar blood samples are raken
at least 24 hours after their last exercise bout, In contrast, T and B cell functions
appear to be sensitive to increases in training load in well-trained athletes undertaking
a period of intensified training, with decreases in circulating numbers of type-1 T
cells, reduced T cell proliferative responses and falls in stimulated B cell
immunoglobulin synthesis reported (Verde er al. 1992; Baj er al. 1994; Lancaster ef
al. 2004). This suggests that athletes engaging in longer periods of intensified training
can exhibit decreases in T-cell functionality. The effects of intensified training on
adaptive immune responses are discussed in more detail in Chaprer 8.

m KEY POINTS

140

Acute exercise appears to result in changes in T-cell function that are proportional
to exercise intensity and duration.

A decrease in T-cell production of IL-2 and IFN-y is reported immediarely after
acute, intensive exercise. The effect of this on type-1 T cell responses is unclear
since it might be countered by a concomitant increase in the number of
circulating IL-2 and IFN-y producing T cells.

Acute strenuous exercise decreases mitogen and antigen-stimulated T-cell prolif-
eration but caution should be exercised when interpreting these findings because
they may also reflect changes in the distribution of the circulating lymphocyte
subpopulations and/or an increase in cells undergoing apoprosis.

The ability of T cells to migrate towards to the chemical signals released by
infected airway epithelial cells is reduced by prolonged, strenuous exercise.
Serum immunoglobulin concentration appears to remain either unchanged or
slightly increased in response to either brief or prolonged exercise.
Mitogen-stimulated IgM concentration appears to increase in response to exercise
independently of changes in T or B cell numbers. There are contrasting findings
concerning any exercise effects on mitogen-stimulated IgA and IgG synthesis.

In vive assessments of both cell-mediated immune responses and antibody
production suggest that the initial primary response is more affected by exercise
than subsequent memory responses.

Comparison of trained versus untrained individuals reveal litele difference in
measures of T and B cell functions, providing the blood samples are collecred ar
least 24 hours after the last exercise bour.
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6 Effects of exercise on mucosal
iImmunity

Nicolette C. Bishop

u LEARNING OBJECTIVES

After studying this chapter, you should be able to:

.

understand the basic structure and effector mechanisms of immunoglobuling
identify the different antimicrobial proteins present in saliva;

understand the effect of acute exercise and exercise training on levels of secretory
immunoglobulins and other antimicrobial proteins;

appreciate the potential mechanisms of mucosal immune system modulation by
exercise;

understand the relationship berween levels of saliva secretory IgA and risk of upper
respiratory tract infection.

ﬂ INTRODUCTION

In Chapter 2, we looked ar the different types of immune cells that make up our
immune system and in Chaprers 3, 4 and 5, we looked at the way in which exercise
affects the circulating numbers and functions of these cells. However, important
immune defence molecules called immunoglobulins are present in all bodily fluids,
including blood plasma, lymph fluid, tears, swear, mucous and breast milk.
Immunoglobulin (Ig) is continuously secreted from terminally differentiated B cells
known as plasma cells following antigen exposure. There are five classes of
immunoglobulin: 1gG, IgA, IgM, IgD and IgE. When secreted, immunoglobulin
binds to antigen the immunoglobulin-antigen complex and is called an antibody.

E IMMUNOGLOBULIN STRUCTURE AND ACTIONS

The main characteristics of the different types of immunoglobulin are summarised
in Table 6.1, The structure of the IgG monomer is considered che basic characteristic
Y—Ehaptd SCructure Df':mmunuglnhulin (see Figure 2.9), with orther classes nxi&ting as
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Ig CLASS TYPICAL CONCENTRATION CHARACTERISTICS AND MAIN ROLES
SERUM {mg.mi-'P  SALIVA {mg.|'p

G 6.0-13.5 15-30 Maost abundane in blood and rissue liquids (comprises
75-80% of all circulating Ig), lower amounts in saliva.
Transfers across placenta. Binds to many rypes of parhogens,
Maonomeric, exists as 4 isorypes: [gG1, 1gG2, 1gG3, lgGd

M 0.5=3.0 5=10 ‘Matural antibody” found in serum without prier contact
with antigen. Small amounts found in saliva. First antibody
o appear afier immunisation, Exists as a pentamen,

A 0.6-3.0 100-200 Major secretory antibody. Secreted across mucosal eract.
Found in saliva, rears and breast milk. Exists as a monomer
in serum and as a dimer in secretions, Has as owe isorypes:
IgAl and IgA2

D <0.14 Mot known Exact role remains obscure. Recently found to be secreted in
respiratory mucosa, where it binds bacreria and their
produces. Binds to circulating basophils stimulating release
of antimicrobial and inflammatery proreins

E = (L0004 Mot secreted Binds strangly to receprors on basophils and mase eells,

sensirising them for cerrain allergic reactions

MNorer
+ Serum concenrrations have been reported in mg ml, whereas those for saliva are in mg.1*'; to compare the owo directly. serum

values should be multiplied by 1000 :
* Saliva values vary widely berween individuals and will also depend on the medhod wsed for analysis

Sourcer compiled wsing informartion from Engsertim eval (1996), Pyne of ol (2000), Janeway ef al (2001}, Chen and Cherui
{2011)

dimers (IgA) and pentamers (IgM). The arms of the Y are the fragmenc antigen (Fab)
units containing antigen-binding sites where the molecule can bind to a wide variery
of anrigens. In this way, immunoglobulins act as opsonins, facilitating the recognition
of the antigen—-immunoglobulin complex by phagocytic cells. The tail of the Y
contains the fragment crystallisable (Fc) unig; this is where the immunoglobulin
binds to Fc receptors present on effector molecules and cells. Specific Fe receprors
exist on neutrophils, monocytes/macrophages and natural killer (NK) cells for all
types of anribody, although those for IgD and IgM are not so well characterised. It
is important to remember that binding of antibody to a single Fc recepror on an
effector cell is not enough to cause cellular acrivation on its own; rather, this requires
the complex crosslinking of several Fc receprors bound to more than one
immunoglobulin molecule. Following crosslinking, the receprors can acrivate several
effector-cell actions, including acrivation of the complement pathway, phagocytosis,
release of cytokines such as interferon gamma (IFN-y) and other inflammatory
mediators, and antibody-dependent cellular cytotoxicity, whereby NK cells actively
lyse the targer cell by release of cytotoxic molecules, such as granzyme and perforin,
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and also acrivate apoprosis (programmed cell deach). Antigen-specific antibody can
be detected in blood serum or plasma for decades after antigen encounter; the
importance of this effect can be observed in the success of many global vaccination
programmes.

lTHE COMMON MUCOSAL IMMUME SYSTEM

To provide effective immune surveillance, antibody must be able to circulate readily
throughour all bedily fluids. Unlike most other cells of the immune system, plasma
cells are unable to migrate from tissue to tissue, so it is vital that these cells are located
at vulnerable tissue sites or at sites where there is easy access to the circulation, such
as the spleen, lymph and bone marrow. The mucosal surfaces of the bady, such as
those in the gur, nasal passages, respiratory passages, female reproductive tract and
urinary tract, are examples of vulnerable sites which are exposed to a large number
of different antigens. The ‘tommon mucosal immune system’ is a network of
organised structures protecring these mucosal surfaces, including Peyer's patches and
isolated lymphoid follicles in gur-associated lymphoid tissue, nasal-associated
lymphoid tissue, bronchial/tracheal-associated lymphoid tissue and salivary glands.
The sheer magnitude of these defences is casier to comprehend if you consider that
the surface area of the human mucosae is around 400 m? - this is roughly equivalent
to the size of a basketball court. In contrast, the surface area of another important
defensive structure, the skin, is only 1.8 m2,

l SECRETORY IgA

The major effector funcrion of the mucosal immune system is the production of IgA;
it produces more IgA than its combined synthesis of the other four subclasses of
immunoglobulin. This secretory IgA (SIgA) is considered to provide the ‘first line of
defence’ against pathogens and antigens presented ar mucosal surfaces and it does chis
with support from innate mucosal defences such as alpha-amylase (pryalin),
lactoferrin and lysozyme (Table 6.2). Salivary SlgA is the most commonly studied
marker of mucosal immune system integrity, mainly because of the obvious advantage
of being easy to collect in both field and laboratory situations. A high incidence of
infections is reported in individuals with selective deficiency of IgaA (Hanson er al
1983) and low levels of SIgA are reported in children prone to respiratory infections
{Lehtonen er al 1987).

There are rwo isorypes of IgA: IgAl and [gA2, with IgAl forming abour 90% of
all IgA. Secretory IgA is a dimeric molecule, with the secreted IgA monomers joined
‘rail-to wil’ by a small polypeptide structure known as the J-chain. It also contains the
epithelial-derived ‘secrerory component’ (Figure 6.1}, which is essentially a remnant
of the receptor (known as the polymeric immunoeglobulin recepror or plgR) thar
binds IgA and allows its transport across the mucosal epichelium (Figure 6.2). The
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PROTEIN MAIN SOURCE ACTION
c-amylase Acinar cells in the secretory endpicce of Key digestive enzyme, breaking down starch
salivary glands ingo malrose: also inhibits the ability of bacteria
to grow and attach to mucosal surfaces
Lysozyme Acinar cells in the seerctory endpiece of Diesteoys bacreria by breaking down the
salivary glands polysaccharide component of bacerial cell walls
Lactoferrin Macrophages in the oral mucosa Sequesters ferric iron to prevent bacterial

growth; also acts against several viruses,
including the respiratory viruses adenovirus and
respiratory syneytial virus

Figure 6.1 Structure of dimeric secretory IgA. Two lgA monomers are joined tail-to-tail by the | chain, Secretory
compaonent is covalently bound 1o the IgA dimer providing resistance against degradation by proteases;
Fab = fragmene antigen unit; Fo = fragment crystallisable unic (adapred from Bishop and Glecson 2009)

Jchain  IgA monomer
e ——

Fab Fe

antigen
binding site

heavy chain  gecretory X
component light chain

plgR is synthesised by mucosal epithelial and glandular cells and expressed on the
basolateral membrane, where it is perfectly placed to bind to IgA (and, to a far lesser
extent, [gM) produced by local plasma cells. The recepror is proteolytically cleaved
at the apical surface, leaving only the secretory component bound to the IgA dimer.
However, the remaining secretory component is not just an artefact of previous
cellular transport; rather, the covalent binding of secretory component makes
secrerory lgA more resistant to protease degradation in secretions such as saliva. The
transport of IgA bound to plgR across the mucosal epithelium essentially provides
three aspects of protection by SIgA: (1) through prevention of pathogen adherence
and penetration of the mucosal epithelium; (2) by neutralising viruses within the
epithelial cells during transcytosis; and (3) by removal of locally formed immune
complexes across mucosal epithelial cells to the luminal surface (Lamm 1998).
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Figure 6.2 Transport of 1gA across the mucosal epithelium. IgA monomers are secrered by rerminally differentiated B

cells (plasma cells) located in the basolaveral surface. Dimeric IgA is formed when rwo 1gA monomers arc
joined together by the J-chain. Dimeric ]gh binds 1o the P-ﬂl}'n1¢]'i¢ immnnqgh}bulin recepror {FEER} on
the basolateral membranc of the epithelial cell and is transported 1o the apical surface where the plgR is
eleaved leaving only the secretory component bound 1o the secreted IgA. Secretory componens acts o
protect SlgA against breakdown by digestive enzymes (adapted from Bishop and Gleeson 200%)
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I IMMUNE DEFENCES IN SALIVA
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Humans preduce around 1500 ml of saliva per day from three pairs of major salivary
glands (the parorid, submandibular and sublingual glands), in addition to the around
600 smaller glands found in the submucosa under most soft tissue surfaces of the
mouth (Figure 6.3). Although the parotid glands are the largest of the major salivary
glands, they only contribute to around 25% of secreted saliva, with the submandibular
glands accounting for 70% and the sublingual glands around 5%. Not only does the
volume of saliva secreted vary berween the pairs of major glands bue the nature of the
secretions also differs. Saliva secreted from the parotid glands tends to be watery
(‘serous’), whereas that from the sublingual glands is less watery but has a higher
mucous content. The submandibular secretion is a mixture of the rwo.

Whereas lgA (and o a much lesser extent, IgM) is transported inro saliva across
sa]'war)' glandular epi:hciiai CE“S a5 dcscrihcd nhow:, the small amounts qugG ﬁ}und
in saliva are from the gingival crevicular fluid, a thin and warery fluid (‘transudare’)
thar is squeezed through the mucous membrane in the gingival crevice. Saliva alpha-
amylase and lactoferrin are synthesised and secreted by acinar cells in the secretory
endpiece of salivary glands. The main sources of lysozyme are macrophages in the oral
mucosa, although there is some secretion of lysozyme from the basal cells of striated
ducts in the pamfid g'lands. FU”DWIL‘L‘IE secretion, both |}rm3}-me and lacroferrin

sm ke
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Figure 6.3 Location of the main salivary glands
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require pepsin digestion for conversion into an active form for their microbial activigy
(West et al. 2006). The fluid component of saliva is supplied by filcration of blood
plasma in a dense nerwork of blood vessels, via the interstitial space.

Control of saliva secretion

ACUTE

Saliva secrerion is regulated by the autonomic nervous system. The salivary glands are
innervated by branches of both the parasympatheric and sympathetic nervous systems
thar, unlike in many other physiological systems in the body, act synergistically racher
than antagonistically. Parasympathetic stimulation produces a high volume of watery
saliva that is low in protein content and this secretion is associated with a pronounced
vasodilation of blood vessels supplying the gland, thought to be mediated by local
release of vasoactive pepride. In contrast, saliva produced by sympathetic simulation
is relatively low in volume and high in protein, mainly owing to the increased exocytosis
of salivary proteins from salivary gland or associated cells (Proctor and Carpenter 2007).
The secretion of salivary SlgA can be increased by both parasympathetic and
sympathetic nerve stimulation. Given thar intensive exercise is associated with enhanced
sympathetic nervous system activation it seems logical to assume that strenuous physical
activity would modify secretion of saliva and its constituent proteins.

EXERCISE AND MUCOSAL IMMUNITY

Following acute bouts of high-intensity exercise, many studies report a decrease in
salivary SIgA concentration that recovers to resting levels within one hour of exercise
completion. In contrast, other studies report eicher no change or even increases in
SlgA concentration (Walsh er al 2011a), The effects of exercise on salivary SIgA

_—
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concentration and secretion rate appear to be largely dependent on overall exercise
intensity and, to a lesser extent, exercise duration. Levels of salivary SIgA are generally
unchanged, with moderate acrobic exercise lasting less than one hour (Bishop and
Gleeson 2009), moderare and high-intensity intermittent/interval exercise protocols
(Bishop et al 1999, Davison 2011) and resistance-exercise sessions (Koch 2010).

A further reason for the inconsistency in the published literature is that there are
several different methods used to express salivary SlgA dara, often making it difficult
to make direct comparisons berween studies. One of the major sources of variation in
salivary SlgA levels is an alteration in saliva flow rate (the volume of saliva secreted into
the mouth per minute), which is not always accounted for. The literature is in general
agreement that exercise of sufficient intensity (greater than 60% VO, max) is associared
with falls in rates of saliva flow (Walsh er al 2011a). Therefore, even if the actual
amount of salivary SIgA secreted across the epithelium remains constant, the concen-
tration of salivary SlgA in that fluid would appear to increase because it is present in
a smaller volume of saliva. This could give the artificial impression of enhanced
mucosal defence. Similarly, stimularing saliva flow, for example by chewing, could
result in a diluting effect on the concentration of SIgA in the saliva, giving the (perhaps
misleading) notion of a decrease in salivary SIgA concentration. It is clear that
researchers working in this area need a way of accounting for alterations in saliva flow.

A range of methods have been employed to overcome this problem. An early
approach was to assess salivary SIgA concentration as a ratio to toral saliva protein or
albumin, with the assumption thar total protein or albumin secretion rates into saliva
do not change in response to exercise, allowing these proteins 1o act as a constant
reference point. For example, in the first published study to look ar the relationship
berween salivary SlgA and exercise, Tomasi e al (1982) reporred a 20% decrease in
salivary SIgA concentration following two to three hours of competition in elite
cross-country skiers that became a 40% decrease when expressed relative to saliva
total protein concentration. However, it has been suggested that correcting for roral
protein is misleading, since protein secretion rate itself has been shown to increase
during exercise (Blannin er al 1998; Walsh er al 1999). The expression of salivary
SlgA as a secretion rate (concentration multiplied by saliva flow rate) is now generally
viewed as a more appropriate indicator of mucosal protection because it takes any
alterations in saliva volume directly into account. Furthermore, the mechanical
washing effect that saliva production itself has on the oral mucosa is also important
in host defence. A further method of expressing salivary SlgA dara is relative to saliva
esmolality, since osmolality rises in proportion to the fall in saliva flow rate and

mainly reflects the inorganic electrolyre concentration, with protein accounting for
less than one per cent of saliva osmolality.

Other influencing factors

! Different methods of saliva collection are described in Technique box 6.1 and these
may also contribure to the discrepancies in the literature (Bishop and Gleeson 2009).
Cotton swabs are used to minimise the risk of gingival bleeding associated with the
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Saliva collection and analysis

There are several methods by which saliva samples can be collected but the most commonly used is
cotton-swab collection or collection by passive dribble into a sterile plastic tube with a lid. It may be
easier for some individuals (e.g. children) and in some situations (samples taken while exercise continues)
for collections to be made using cotton swabs but there are some considerations with regard to volume
collected that need to be taken into account, as outlined elsewhere in Chapter 6. Some collections are
performed over a fixed time period (e.g. 2 minutes), others until a fixed volume (e.g. 1 or 2 ml) has been
collected (these collections are usually into tubes with the target volume indicated on the side).

If you wish to report a secretion rate, you also need to determine saliva flow. To do this, make sure
that you weigh the cotton swab and its tube or other collecting tube to the nearest 10 mg before and
after collecting the sample, so that you are able to work out the saliva volume produced over the
collection period. Assuming that saliva has a density of 1.0 g/ml, the difference in mass indicates the
volume of saliva collected. This, divided by the collection time in minutes, gives you the volume of saliva
produced each minute.

«— |id

— Swab

+— inner basket

< outer tube

Collection of a saliva sample

Whichever method is being used, around 5 minutes before collection, provide the individual with a srall
{approximately 100 mi) drink of plain water to wash the mouth and remove any contaminants. Then, if
using the swab method:

* give the individual an unopened swab tube and ask them to unscrew the tube lid and tip the swab

out into their hand;
* ask the individual to swallow to empty the mouth and then ask them to place the swab under their

tongue;
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» ask the individual to sit quietly for the duration of the timed collection (normally 2 minutes but this
may vary depending on the individual’s saliva flow);

* a3t the end of the collection period, ask the individual to push the swab directly out of their mouths
(without using their hands) into the plastic tube and replace the lid.

If using the passive dribble method:

» give the individual the unopened sterile screw-top tube and ask them to unscrew the lid;

* 3k the individual to swallow to empty the mouth and then sit with their head tilted slightly forward;

*» ask the individual to dribble the saliva as it collects under their tongue every 20 seconds for the
duration of the timed collection (normally 2 minutes) or until the target volume has been reached,
while making minimal facial movement and no talking (see photo).

* atthe end of the collection perind, ask the individual to replace the tube lid and pass the closed tube
to you.

If using the passive dribble method, before analysis it is usual to aspirate the saliva into a fresh centrifuge
tube and centrifuge at high speed (> 10,000 rpm) far twe minutes 1o obtain a clear sample, with any
contaminants {e.g. cells, mucous) collecting in the bottomn of the tube. Cotton swabs are designed to
be centrifuged in their outer tubes, with saliva collecting at the base of the outer tube via a small hole
in the base of the inner basket. The supernatant (clear fluid) is then used for the analysis. Salivary 104,
lactoferrin and lysozyme concentrations are determined using specific enzyme linked immunosorbent
assays (ELISA) as detailed in Chapter 2 (Technique box 2.1); whereby the target protein (e.g. 194,
lysozyme) is ‘captured’ by an initial antibody specific for that protein and detected by a second antibody
that is also bound to an enzyme that can subsequently convert a substrate into a coloured product, The
thange in colour reflects the amount of the protein in the original sample and is compared with the
change in a range of standard samples of known concentrations.

Alpha-amylase (a-amylase) activity is assessed by determining the activity of the enzyme in the saliva
sample when a reagent is added containing a substrate (e.g. 2-chloro-p-nitrophenal linked to maltriose),
which is broken down by a-amylase into a product that can be detected by the amount of light it absorbs
(spectrophotometry). The amount of a-amylase activity present in the sample is directly proportional to
the rate of increase in light absorbance after the reagent is added. For measurements of enzyme activity
like this, it is important that the temperature of the reaction is recorded and remains constant. Values
of enzyme activity (units/minute) are usually corrected to values at 37°C.

expectoration method of saliva collection, They are also easier to use with children
than collections made by dribbling into a sterile collection pot. However, low (less
than 0.2 ml) and high (over 2 ml) sample volumes may affect salivary SlgA concen-
trations obrained from cotton swabs. In addition, the placement of the cotton swab
(e.g. under the tongue or against the inside of the cheek) could potentially affect the
composition of the saliva collected, as this would preferentially collect saliva from
andfor stimulate different saliva glands which, as outlined above, themselves differ in
the composition of saliva thar they produce. Another factor to consider when
comparing studies, particularly those thar have used swabs, is whether or not saliva
flow has been stimulated by chewing, This tends ro decrease the concentration of
salivary SlgA, owing to a dilution effect of the increased saliva volume.
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A further consideration when interpreting salivary SlgA daca is its circadian
variation: the salivary SlgA concentration decreases throughour the day from its
highest value in the early morning to its lowest value in the evening. With chis in
mind, it is possible that reports of decreased SlgA after prolonged exercise performed
in the morning may be at least partly reflecting usual diurnal variations in these
markers,

Acute exercise effects on other antimicrobial proteins in saliva

Although the majority of studies investigating changes in mucosal immunity with
exercise have focused on salivary SIgA, there is some evidence that concentrations of
IgG in saliva are unchanged by acute bouts of exercise, whereas absolute concen-
trations of saliva IgM appear to parallel the decrease in SIgA levels and usually recover
within 24 hours (Gleeson and Pyne 2000).

Increases in saliva alpha-amylase are stimulated by increased acrivity of the
sympathetic nervous system, with most of this protein produced by the parorid gland.
In accordance with this, several studies have found thar exercise increases the alpha-
amylase activity of saliva in a manner that is dependent on exercise intensity (Li and
Gleeson 2004; Allgrove et al. 2008). Intense and exhaustive exercise of bath shorter
{around 20 minurtes) and longer (around 3 hours) duration is associated with
increases in saliva lysozyme secretion rate (Allgrove et al. 2008, West er al. 2010),
although high-intensity intermittent exercise does not appear to affect saliva lysozyme
concentrations (Davison 2011).

The effect of exercise on lactoferrin concenrration and, partir.u!aﬂ_]r. salivary
lactoferrin concentration, has received little attention to date. However, one study has
shown a 50% increase in levels of salivary lactoferrin following a graded treadmill test
o exhaustion in 2 cohort of elite rowers (West er ol 2010).

Potential mechanisms

]

The mechanisms by which acute exercise influences salivary responses have still not
been fully determined. However, recent studies of salivary gland control and protein
secretion in animal models have provided insights into several porential mechanisms
which may be involved during exercise. Underlying these mechanisms are alterations
in the stimulation of the autonomic nerves that innervarte the salivary glands directly
or the blood vessels that supply the glands.

Varations in the volume and/or source of secreted saliva will influence the resulrant
secretion rate of the constituent proteins. It has been suggested that siimulation of
salivary glands by sympathetic nervous activity reduces saliva flow rate via vasocon-
striction of the blood vessels supplying the salivary glands (Strazdins er al. 2005).
While sympatheric stimulation is known ro exert some control over glandular blood
flow, it is important to note thar this is not part of the reflex salivary response to
stimuli such as anxiery, chewing, raste and sight of food. Under reflex conditions, it
has been shown that vasoconstriction is not responsible for altered saliva volume

—
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because only sympatheric secretomotor nerve fibres and not vasoactive nerve fibres
are stimulated (Proctor and Carpenter 2007). This suggests that the decrease in flow
rate associated with exercise is more likely related to a removal of parasympathetic
vasodilarory influences rather than sympathetically mediated vasoconstriction. This
is further supported by the finding that ‘dry mouth’ sensations associated with
psychological stress were related to parasympatheric withdrawal racher than
sympathetic activation (Bosch et al. 2002) and that increased sympathetic activicy
through caffeine ingestion had no effect on saliva flow rate responses to intensive
exercise (Bishop er al 2006).

The rate of secretion of SIgA itself is depends on two factors: (1) the production
of SlgA by the plasma cells; and (2) the rate of IgA transcytosis across the epithelial
cell. It is unlikely that decreased production of SIgA by local plasma cells makes a
major contribution to the alterations in salivary SlgA observed in response to acute
exercise. This is because changes in salivary SIgA are evident relatively quickly
(minutes) and B-cell ability o generate specific antibody secretory responses is not
impaired even up to two weeks after strenuous, high-intensity exercise (Bruunsgaard
er al. 1997b). Animal studies have demonstrated elevated IgA transcytosis from the
glandular pool in response to acute simularion of bera-adrenoreceprors, perhaps via
increased availabilicy of the plgR (Proctor er al 2003; Carpenter ef al 2004).
Although such a mechanism has not yer been demonstrated in humans, the finding
that increases in salivary SIgA secretion rate are associated with elevations in plasma
adrenaline following caffeine ingestion lends some support to this suggestion (Bishop
er gl 2006).

While enhanced IgA transcytosis may explain post-exercise elevations in salivary
5lgA secrerion, it does not account for contrasting findings of either no change or
decreases in salivary SlgA secretion rate after acure exercise. Increased mobilisation
of the plgR only occurs above a certain threshold of frequency of stimulation (Procror
et al. 2003) and this could account for the finding of little change in salivary SlgA
levels ar more moderate intensities of exercise. However, the finding of decreased
concentrations of IgA in response to exercise reported by some authors is harder to
explain. The answer may lie in the findings of a study in rats, which reported
decreases in SIgA concentration that were associated with a decline in plgR mRNA
expression Fa"ﬁwing a treadmill run to exhaustion that lasted about one hour
(Kimura et @l 2008). This may possibly imply that more intensive exercise (i.e. higher
frequency of stimulation) exceeds a second critical chreshold of stimulation above
which plgR expression becomes downregulared.

n EXERCISE TRAINING AND MUCOSAL IMMUNITY
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There is a consensus in the literature thar falls in salivary SIgA concentration can
occur during intensive periods of exercise training (Walsh e al 2011a), with some
studies also reporting a negative relationship berween measurements of salivary SIgA
and symptoms or incidence of upper respiratory tract illness (URTI). Several
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longitudinal studies have monitored immune function in high-level achletes over the
course of a competitive season. For example, resting levels of salivary SIgA fell with
each additional month of training in a cohort of elite Australian swimmers over a
seven-month training season. Both the preseason and the mean pre-training SlgA
concentrations were found to predicr the number of infections in the swimmers
(Gleeson et al. 1999a). In a study of American football players, the incidence of
URT1 was increased during periods of intense training and competition and this was
associated with falls in SIgA concentration and secretion rate (Fahlman and Engels
2005). In this study, it was reported thar the secretion rate of SIgA (which represents
the amount of SlgA available on the mucosal surfaces for protection against
pathogens) was significantly and inversely related to URTI incidence). Furthermore,
a year-long study of America’s Cup yachrtsmen thar collected saliva samples on a
weekly basis found that levels of salivary SIgA were associated with rating of subjective
farigue and significant reductions in salivary SlgA occurred in the three weeks prior
to clinically confirmed respiratory infection (Figure 6.4). Moreover, a salivary SlgA
value of less than 40% of the individual's value when healthy indicated a 50% chance
of contracting an infection within 3 weeks (Meville ez 2L, 2008).

Figure 6.4 Relative change in salivary secretory immunoglobulin A (SlgA) concentration in elite yachesmen when
compared with values when healthy in the weeks before and after clinically confirmed upper respiracory
illness (URTL). A 40% decrease in IgA from an individual’s healthy mean value was associated with a 1 in
2 chance of concracring URTI within 3 weeks; * URT significanely different from —4 weeks, +1 week

and +2 weeks {7 < 0.005) (adapred from Meville 2 ol 2008)
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Short-term observations have not always been able to reproduce these outcomes,
although this may be influenced by infrequent saliva collections. For example, saliva

—
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Group activity 6.1 B

Discussion about the practicalities of collecting saliva for monitoring changes

in immunoendocrine variables (e.g. SigA, lysozyme, cortisol, testosterone) in
athletes

The problem
Discuss the monirtoring of saliva parameters in field settings (e.g. at a football

training ground or swimming pool).
Points for discussion within your groups:

* What are the reasons for choosing saliva rather than blood for monitering
hormonal and immune status in athletes/teams?
*  How should saliva be collected?

* How much saliva is needed?

* s it better to use timed or fixed-volume collections?

* Which populations might provide the biggest problem in doing timed
collecrions?

Whar is the difference berween stimulared and unstimulated samples?
Does time of day marter?

Should subjects be fed or fasted and does this martter?

Where should you carry out the collection and are there any external
influences that mighr affect saliva flow rate or composition?

" & & @

samples taken from 41 elite Australian swimmers in the months of May and August
before the 1998 Commonwealth Games found no differences in salivary concen-
trations of IgA, IgG and IgM berween the two collection times (Pyne er al 2000).
Importantly, no differences in salivary immunoglobulin concentrations were found
berween swimmers who had experienced URTT (as confirmed by the ream physician}
in the six-week period leading up to and including the Commonwealth Games and
those who had remained healthy.

To dare, there has been lictle attention paid to the effect of training stress on saliva
lysozyme, lactoferrin and alpha-amylase concentrations. With regard to saliva
lysozyme, contrasting findings have been reported: lower saliva lysozyme concen-
trations were observed during periods of heavy training and comperition compared
with pre-season values in elite rugby players (Cunniffe er al 2011), yet a five-month
study of elite rowers found no difference in saliva lysozyme values berween rowers and
sedentary controls over the time-course of the study (West er 2l 2010). Exercise
training may have a clearer effect on saliva lactoferrin concentrations. Values were
60% lower in elite rowers than sedentary controls ar baseline and mid-way through
a five-month monitoring period (West er 2l 2010) and periods of intense EI’-‘:iﬂ'lng
and competition were associated with decreases in saliva lactoferrin concentration in
Nartional League basketball players (He er al 2010). The effect of exercise training on
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alpha-amylase has received little attention in humans o date. However, a study in
mice found no effect of 12 weeks free-running exercise on alpha-amylase levels
(Yoshino et 2l 2009).

Potential mechanisms

0

There is little research in either humans or animals to shed light on the potential
mechanisms by which concentration and secretion rate of salivary SIgA decrease in
response to long-term intensive training. Modification of IgA synthesis from local
plasma cells could play a greater role in this chronic effect, particularly as chis
relationship is most consistently observed when salivary SIgA is monitored over
periods of several months. In addition, it may be that repeated mobilisation of the
plgR could deplete the available formed IgA pool, leading to decreases in SlgA
output. An inhibitory effect of corrisol exposure may also be involved here; increases
in levels of salivary cortisol have been associated with decreased secretion rates of
salivary SIgA, lysozyme and lactoferrin during the playing season in professional
sportsmen (He er 2l 2010; Cunniffe er 2l 2011).

Clinical relevance

Qg

As we can see from the previous section, there is consensus that intensive rraining is
associated with a decrease in salivary SIgA concentrarion and secretion rate. In many
cases, particularly where monitoring has taken place over several months, falls in
salivary SIgA levels have been related to either subsequent symproms of, or confirmed,
upper respiratory illness. However, this has not been shown unanimously and
certainly observations over a shorter time period and/or with less frequent
measurements have often not been able to replicate these findings.

Such observations highlight the challenge with which researchers find themselves
presented when trying to identify relationships berween SlgA levels and symproms
or incidence of URTI; individuals with lower levels of salivary SIgA will not
necessarily present with URTI and chose who present with URTT will not necessarily
demonstrate low levels of salivary SIgA. There is no common threshold for salivary
SlgA concentration or secretion rate below which all individuals are placed ar
increased risk for URTL In addition, differences in collection methods and assay
technigues mean that specific thresholds applied by particular research groups cannot
necessarily be applied universally. Studies thar have attempred to relate measures of
salivary SIgA with symproms or incidence of URTI have invariably used regression
or correlation analyses, yet it is important to appreciate that the absence of a staristical
relationship does not necessarily indicate the absence of a biological relationship.
Measures of salivary SIgA vary widely berween individuals and, with this in mind, it
is probably more meaningful to monitor salivary SlgA responses on an individual
basis, taking notice of any substantial deviations from the usual profile for that
individual when h:a.]rhy The Srl_'l.d}" in .H.menca's Cup }rachrsmcn mtﬂliﬂl‘ltd in Eﬂfliﬂ'
in this chaprer lends strong support for this approach: although a 409 deviation
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from an individual’s healthy salivary SIgA concentration was associated with a one
in two chance of contracting clinically confirmed URTI within three weeks, the
authors failed to find any relationship berween salivary IgA concentration (mg/L)
and incidence of URTI (Meville e al 2008).

n KEY POINTS

156

Immunoglobulin molecules are secreted by terminally differentiated B cells. There
are five classes of Ig: IgG, IgM, IgA, IgD, and IgE.

The common mucosal immune system is a structure protecting the mucosal
surfaces of the gur, respiratory tract, nasal passages and female reproductive tract.
The main effector function of the common mucosal immune system is secretion
of IgA (known as secretory IgA, or SlgA). SlgA is a dimeric molecule (rwo
immunoglobulin melecules joined rogether by a J-chain’) and transporred across
the mucosal surfaces via the polymeric immunoglobulin recepror (plgR).

The SIgA response to acute exercise in inconsistent and is affected by several
factors including exercise intensity, duration, method of collection, merhod of
reporting and time of day. However, saliva flow rate is consistently reported to fall
in response to exercise at moderate intensities and above.

The changes in salivary SIgA with strenuous acute exercise may reflece altered
mobilisation of the plgR as a consequence of increase sympathetic nervous system
activarion. Decreases in saliva volume most likely reflect wichdrawal of the
inhibitory effects of the parasympathetic nervous system.

Salivary SIgA concentrarions and secretion rates tend to fall with longer-term,
intensive exercise training. In many eases (but not all) this has been associated
with increased risk of URTL

The mechanisms underlying the chronic effect of exercise are unclear but may
reflect modified IgA synthesis from local plasma cells and/or depletion of the
available pool of plgR. An inhibitory effect of cortisol may be involved.

Orther antimicrobial proteins in saliva include alpha-amylase, lysozyme and
lactoferrin. The effect of exercise on these has received far less attention than thar
of salivary SIgA and any changes tend to be less marked.

Saliva can be collected easily in the field withourt the need for specialist equipment
or training. In this way, monitoring salivary SlgA levels can be a useful tool for
athletes and coaches ro highlight athletes who may be ar risk of URTIL
Evaluation of salivary SIgA must be undertaken on an individual basis, with
interpretation based on changes from the usual profile for thar individual, rather
than looking at overall changes within a group of athletes.
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7 Effect of extreme environments
on immune responses to exercise

Neil P. Walsh and Samuel J. Oliver

E LEARNING OBJECTIVES

Afrer studying this chaprer, you should be able to:

describe research evidence from studies examining the effects of environmental
extremes (e.g. hear, cold, high altitude, air pollution and spaceflight) on the
mimune I'I‘.'-E'P'U-ﬂ“ [0 €Xercise.

demonstrate an understanding of the possible mechanisms by which environ-
mental extremes have been hypothesised to alter the immune response to exercise.
provide a case both for and against a possible role for immune dysregulation in
exertional heat illness actiology.

critically discuss whether the commonly held belief that cold exposure increases
the incidence of the common cold is credible and, if so, whether cold-induced
depression of the immune function is responsible.

demonstrate an understanding of the effects of high altitude on the incidence of
infection and immune funcrion.

describe the effect of air pellution on immune function during exercise.
describe the effect of space travel on infection and immune funcrion.
demonstrate an understanding of the strengths and weaknesses of laboratory and
field studies investigating the effects of environmental extremes on the incidence
of infection and immune function.

E INTRODUCTION

158

Many factors have the potential to influence the immune response 1o exercise,
including: age and sex (see Chapter 13); training status (see Chaprer 8); nutrition (see
Chaprer 9); the psychological stress of training and competition and the quantiry
and quality of sleep (see Chaprer 2) and the environmental conditions. Athletes,
military personnel, fire fighters and mountaineers are often required to perform
vigorous physical activity in adverse environmental conditions. These adverse
environmental conditions may present themselves as extremes of heat and humidiry,
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cold, high altitude, air pollution and, in a small number of cases, the hyper- and
micro-graviry that accompanies spaceflight. Even in staged world sporting events,
such as the Olympic Games, an athlete can be required to compete in adverse
environmental conditions to which they are neither narive nor resident, such as the
altitude of Mexico City in 1968, the extreme heat and humidicy of Athens in 2004
or the polluted air of Beijing in 2008. In spire of appropriate preparation, exercise in
environmental extremes may induce a stereotyped stress hormone response over and
above that seen during exercise in more favourable conditions (Shephard 1998).

Emergence of a new subdiscipline within exercise immunology

In the late 1990s, Dr Roy Shephard and his team at the University of Toronto
presented the intriguing hypothesis that performing physical activity in stressful
environments poses a greater threar than normal to immune function (Shephard
1998). Dr Shephard’s pioneering work sparked a number of exercise immunologists
to turn their attention to investigating the effects of environmental extremes on the
immune response to exercise (Box 7.1 1.

Box 7.1 Dr Roy Shephard - a pioneer in exercise immunology

Dr Shephard is Professor Emeritus of Applied Physiology at the University of Toronto, He
currently lives in Brackendale, British Columbia. He holds degrees fram the University of
London {BSc, MBBS, PhD and MD) and honorary doctorates from the Universities of
Toronto, Ghent, Montréal and Québec, together with honour awards from the Canadian
Society of Exercise Physiclogy, the American College of Sports Medicine and the North
American Society for Pediatric Exercise Medicine. He is a former president of the
Canadian Society of Exercise Physiclogy and the American College of Sports Medicine
and has authored many books, including Physical Activity, Training and the Immune
Respaonse (1997), has published same 1,500 scientific papers and edited many journals,
He was the founding editor of the journal, Exercize Immunaology Review and is currently
editor-in-chief of the Year Book of Sports Medicine.

Roy Shephard's research interests over a 63-year academic career in England, the
United States, France and Canada have included many facets of fitness, exercise and
environmental physiology. Retirement from the University of Toronto brought the
opportunity for research at the Defence and Civil Institute of Environmental Medicine in
a northern suburb of Toronto, where he found the opportunity to marry the emerging
discipline of exercise immunalogy with personal experience in exercise physiology and the
interests of the Institute in human survival under challenging environments, With a strong
cadre of postgraduate fellows and graduate students, he authored a number of early
reviews and research publications on these topics,

Considering the body's response to stressors such as exercise and environmental
stress and the link with immune function (first described in Chapter 2 and

—
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summarised in Box 7.2), it is easy to understand why Dr Shephard hypothesised that
exercise in adverse environmental conditions, with increased circulating stress
hormone responses, would cause greater disruption to immune function and host
defence. This chapter draws upon research evidence from studies investigating the
effects of exercise in environmental extremes including heat, cold, high altitude, air
pollution and spaceflight on immune responses and infection incidence to test this

hypothesis.

Box 7.2 Meurgendocrine modulation of immune function — a coordinated response to
siress

STRESSORS

- Environment
Heat
Cold
High altitude
Microgravity

Dbser immaune
paramelers
e, cylokines

M~ 0Other stressors
or lymphoid Malnutrition

' Psychological
Sleep disruption
Exercise

Overview of the potential medulators of immune function under stress. Enviranmental stressors
such as heat, cold, high altitude or microgravity may indirectly influence immune function through
the initiation of a stress-harmeone respanse invaling the hypothalamic-pituitary-adrenal axis and
sympatheticoadrenal-medullary axis. Hyperthermia may have a direct effect on immune funetion
(modified from Jonsdottir 2000)

Stressors such as exercise, heat or hypoxia are characteristically met by a series of
coordinated hormonal responses controlled by the central nervous system (see Box
7.2) {Jonsdortir 2000). The central control station resides within the hypothalamus,
with the hypothalamic-pituitary-adrenal (HPA) axis and sympatheticoadrenal-
ITIEdI.I“aI'}" {S_AM} axis P:Wlding the effector limbs b}l‘ which the brain iI.'I.HLIEI'ICI!S the
body’s response to stress by controlling the production of adrenal hormones known
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to modulate immune function. The HPA axis regulates the production of cortisal by
the adrenal cortex and the SAM axis regulates the production of catecholamines
(adrenaline and noradrenaline) by the adrenal medulla. Aside from these dominant
axes, anterior pituitary hormones with known immune regulatory effects, such as
growth hormene and prolactin, may also be released during stressful sicuartions.
Evidence supports an interaction between neuroendocrine responses to exercise and
immune responses to exercise (Hoffman-Goerz and Pedersen 1994). For example,
sympathetic nerve innervation of organs of the immune system (e.g. primary
lymphoid rissue) indicates an autonomic nervous system involvement in immune
modulation under stress. The expression of B-adrenergic receprors on immune cells
is well documented and, since these receptors are the targets for catecholamine
signalling, it is generally considered thar catecholamines have significant effects on
immune cell function during stress. The immunosuppressive effects of cortisol are
widely accepred.

m HEAT STRESS AND IMMUNE FUNCTION

It is important to distinguish between the increase in body temperature char
accompanies a fever (core temperature maintained at greater than 37.2°C) and the
increase in body remperature thar accompanies passive hear exposure (e.g. when
taking a sauna or hot bath) or vigorous physical activiry. An increase in endogenous
pyrogens, such as IL-1, [L-6, IFN-y and TNF-a, raise body temperature during a
fever through an increase in the hypothalamic temperature set point. During passive
hear exposure or vigorous physical activiry, the hypothalamic temperature set poine
remains the same bur problems with heat dissipation cause body temperature to rise.
During vigorous exercise, particularly in warm weather, core body remperature
frequently exceeds levels associated witch fever and hyperthermia (over 39.5°C) (Pugh
1967; Byrne et al 2006). Core body temperatures of 40-42°C have been reported
in conscious runners and greater than 42°C in collapsed runners (Maron et 2l 1977;
Roberts 1989).

Passive heating and immune function

O

It has been known for some rime thar passive exposure to hear stress resulting in
elevated core temperature evokes an increase in the circulating numbers of leukocyrtes.
Inducing artificial fever (core temperature around 39.5°C) using whole-body
immersion in warm water has been shown to increase circu]a:ing neutrophils,
lymphocytes, NK cells and eosinophils and decrease monocyte numbers (Downing
and Taylor 1987; Downing et al. 1988). The efficacy of inducing artificial fever as a
potential therapy to increase immune function in cancer patients is reviewed in Box
7.3. The leukocytosis associated with hyperthermia may be partly accounted for by
an increase in the demarginarion of leukocytes from the blood vessel walls as a result
of the increase in cardiac output (increase in shear stress). Studies using hormonal
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blockade and hormone infusion do not support a role for catecholamines and p-
endorphin in the circulating leukocyte response to hyperthermia bur do supporr a
role for growth hormone and cortisol as powerful mediators of neutrophil release
into the circulation (Kappel e 2l 1998).

Box 7.3 Does taking a regular sauna or hot bath reduce infection and improve
immune function?

s It is a widely held belief that a hot bath or sauna can have therapeutic effects for
many ailments. Is this why the Romans built so many spas?

* A small number of studies show that regular sauna bathing can decrease the
symptoms of the common cold.

+ Hot-water immersion has been shown to improve clinical outcomes for cancer
patients, i.e. those with compromised immune function.

*  Whole-body hyperthermia {two degree Celsius rise in core temperature) in cancer
patients increased circulating lymphocyte counts and mitogen-stimulated cytokine
release in the hours after heating.

+ Whole-body hyperthermia in cancer patients using limb perfusion (heating the
blood to 41.5°C) for up 1o six hours transiently raised neutrophil bactericidal
capacity to healthy control levels.

Summary

Whole-body hyperthermia can be immunostimulatory in those with compromised
immune function. However, it remains contentious whether taking a regular sauna or

hot bath reduces respiratory tract infection incidence and improves immune function in
otherwise healthy individuals.

With the exception of monocyte function, which does nort appear to be affected
by an increase in temperature within the range 37-39°C, an increase in in vitre or
in wvivo temperature of around 2°C is widely acknowledged to enhance neutrophil,
lymphocyte and NK cell function (Walsh and Whitham 2006). The magnitude of
the change in leukocyte function with passive heat stress appears to be dependent
upon the magnitude of the temperature rise and also possibly the exposure duration.
For example, leukocyte counts and function remained unaltered with a rise of around
0.7°C in core temperature bur were enhanced with rise of around 2°C rise in core
temperature (Kappel ef al. 1991a; Severs er al. 1996). Furthermore, a brief increase
in incubation temperature from 37°C to 39°C enhanced in witro neutrophil
migration but a similar increase in incubarion temperature for a more prolonged
period (72 hours) inhibited this important function (Nahas etal 1971; Roberts and
Sandberg 1979).
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Exercise in the heat and immune function

Compared with exercise in thermoneurral conditions, exercise in hot conditions is
associated with increased core temperature, higher heart rate (cardiovascular drift),
increased circulating stress hormones and an increased reliance on carbohydrate as a
fuel source (Galloway and Maughan 1997; Febbraio 2001). Unsurprisingly, compared
with thermoneutral conditions, endurance performance in the hear is impaired
(Galloway and Maughan 1997; Ely eral 2010). Exercising in hot conditions in which
core temperature rises by more than 1°C compared with thermoneurtral conditions
(where core temperature rise is less than 1°C) augments anticipated increases in
circulating stress hormones, including catecholamines and cytokines, with associated
elevarions in circulating leukocyre counts (Cross ef al 1996; Rhind e 2/ 2004).
Using an elegant experimental model described as a ‘thermal clamp’ to assess the
contribution of hyperthermia in the leukocytosis of exercise, two studies had subjects
perform 40 minutes of cycling at 65% VO, peak on one occasion with a rise in core
temperature (cycling immersed to mid-chest in 39°C warer) and on another occasion
withour a significant rise in core temperature — this thermal clamp condition involved
cycling immersed to mid-chest in 18°C or 23°C water (Cross et af 1996; Rhind &
al 1999), Exercising in the thermal clamp condition substantially reduced the rise
in circulating leukocytes and neutrophils (Figure 7.1) and lymphocyte subsets
(CD3+, CD4+ and CD8+) (Figure 7.2) and NK cell (CD16+CD56+) numbers bur
not the increase in circulating monocyte numbers. The thermal clamp reduced

Figure 7.1 Tetal leukocyre (A) and

neutrophil (B) counts during and
after 40 minures of immersed
c}'\c“ng ar G5% "u‘l"D: peak in hot
and cold warer. Values are mean +
SEM, m= 10 males. Significantly
greater than resting: * P< 0.05
and ** P < 0.001. Significancly
greater than cold: T 7= 0.05
{modified from Rhind ef ol 1999)

O Hot (39°C)
W Cold (18°0)

Cell concentration (x10%L-1)
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Time (min)
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Figure 7.2 (A) T-lymphocyre (CD3+), (B) helper

(CD+) T-lymphocyte and (C)
suppressor (CD8+) T-lymphocyre
counts during and after 40 minures
of immersed cycling ar 65% VO,
peak in hot and cold water. Values are
mean £ SEM, » = 10 males,
Significanely different from resting;: *
FP<0.05and =" < 0.001.
S':Eniﬁ.cnnt difference berween trials:
1 P = 0.05 (modified from Rhind e
al. 1999)

2 Hot (39°0)
H Cold (18°C)

U.B;I

08 |C o

Cell concentration (x10™L-1)

30 0 20 40 70 160

Time {min)

exercise-induced increments of plasma adrenaline, noradrenaline and growth
hormene and abolished the increase in plasma cortisol concentration (Cross er al.
1996; Rhind er al. 1999) (Table 7.1). Multiple regression analysis showed that core
temperature had no direcr association with lymphocyte subsets but was significantly
correlated with hormone levels. The authors stated that hyperthermia mediaces
exercise-induced leukocyte redistribution to the extent that it causes sympathoa-
drenal activation, with alterations in circulating adrenaline, noradrenaline and cortisol
(Rhind et 2l 1999),

These thermal clamp studies demonstrate a significant contribution of the rise in
core temperature to the development of the leukocytosis and cytokinaemia of exercise
(Cross e al. 1996; Rhind e al 2004). However, with the exceprion of a reduction
in stimulated lymphocyte responses after exercise in the heat (Severs er al 1996),
tightly controlled laboratory studies (see Group Activity 7.1) show a limired effect of
exercise in the hear on: neutrophil function, monocyre function, NK cell cyroroxic

activity (NKCA) and mucosal immunity (Walsh and Whitham 2006; Walsh er al
2011a, 2011b).
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Group activity 7.1 S I

Discuss the strengths and weaknesses of the laboratory and field studies that
investigate the effects of environmental stress on infection and immunity

The problem

Owing to the tight restrictions enforced by ethical committees, most laboratory
studies that have examined immune responses to exercise in the heat have evoked
only modest increases in core temperature (peak core temperature less than
39°C). Core temperature during exercise in the field often exceeds 40°C in
athletes, military personnel and fire fighters undertaking vigorous physical
activity in hot conditions.

Questions for group discussion

*  Whar are the strengths and weaknesses of employing a laboratory design?
*  Whart are the strengths and weaknesses of employing a field design?

These questions could equally form the basis of a group discussion abour the
strengths and weaknesses of the research in the other sections of this chaprer
dealing with cold stress, altitude, etc.
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In summary, most of the available evidence does not support the contention that
exercising in the hear poses a greater threat to immune function compared with
thermoneutral conditions. It is worth noting thar individuals exercising in the heart
tend to farigue sooner, compared with performing the same exercise in thermoneucral

conditions, so their exposure to exercise stress in the heat tends o be self-limiring
(Gonzalez-Alonso et all 1999),

A controversial concept: a role for immune dysregulation in exertional heat illness

Withour a doubt, the most compelling ongoing controversy in this subdiscipline of
exercise immunology centres on whether the immune system is invelved in the
aetiology of exertional hear stroke (EHS). Unlike the more mild exertional heat illness
(EHI), EHS is a Iifc-thr:atcning acute hear illness characterised by hyperthermia
(core temperature above 40°C) and neurological abnormalities that can develop after
exposure to high ambient temperature and humidicy (Muldoon er 2/ 2004).

The possible involvement of immune dysregulation in the actiology of EHS was
first described in the exercise immunelogy literature by Dr Roy Shephard (see Box 7.1)
and Dr Pang Shek (Shephard and Shek 1999b) and has been discussed more recenty
by others (Lim and Mackinnon 2006; Leon and Helwig 2010). During exercise heat
stress, redistribution of blood flow can lead to gastrointestinal ischaemia which, in turn,
can result in damage to the intestinal mucosa and the unwelcome leakage of
lipopolysaccharide (LI'S) into the portal circulation. The LPS is typically neutralised
firstly by the liver and secondly by monocytes and macrophages. However, these
defences may become overwhelmed, resulting in increased LIS in the peripheral
circulation; the increase in circulating LPS may be exacerbarted if immune function is
impaired during heavy training (e.g. via decreased anti-LPS antibodies) (Bosenberg er
al. 1988). In turn, a sequence of events ensues involving LPS binding to its binding
protein, the transfer of LPS to its recepror complex, Toll-like recepror-4, with
subsequent nuclear factor-kappa B activation and translation and production of inflam-
matory mediators including interleukins IL-1f3, TNF-ct, IL-6 and inducible nitric oxide
synthase (Selkirk er al. 2008). These events can lead to the systemic inflammatery
response syndrome (SIRS), intravascular coagulation and eventually to multi-organ
failure. This is an auractive model (Figure 7.3), particularly for cases of EHS thar are
otherwise difficult to explain, because the pyrogenic cytokines (e.g, IL-1p and TNF-
@) can alter thermoregulation (IL-1 induces fever) and cause cardiovascular instability
resulting in collapse of the athlete or soldier. Arguments for and against a role for
immune dysregulation in EHS aetiology are presented in Box 7.4.

Which came first, the chicken or the egg?
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As Figure 7.3 shows, vascular damage and multi-organ failure induce cytokinaemia,
so studies that report an increase in circulating cytokines in EHS casualties cells us
'i"'EI':p" lictle, ifan}f:hing. abour a possible involvement of immune d}'srcgulafinn in the
aetiology of EHS. Prospective studies in humans are required to examine the extent
of any immune dysregulation prior to collapse (Walsh and Whitham 2006).
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Figure 7.3 Classical and immune parhways of exertional hear stroke; GI = gastrointestinal; LPS = lipopolysaccharide;
RES = reticuloendothelial system; g = immunoglobuling Mo = macrophage; LBP =
lipapolysaccharide-binding protcin; TLR-4 = Toll-like receptor-4; MF-kB = nuclear factor-kappa B; solid
arrows indicare likely links in pathway; broken arrows indicate unsubstantiated in EHS aetiology from
Walsh er al 201 1a, reproduced with kind permission)
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In summary, it is likely thar the more traditional predisposing factors for EHS
(Figure 7.3) such as high heat load and underlying illness (Rav-Acha er al. 2004),
alongside a possible muscle defect causing excessive endogenous heat production
(Rae et al 2008), play a more prominent role in EHS aetiology than immune dysreg-
ulation. It remains to be seen whether immune dysregulation has a role to play in the
aetiology of a small number of EHS cases that are otherwise difficult to explain by
the more tradirional predisposing factors. Emerging research will tell us more abour
the possible role for the immune system in recovery from hear stroke. For example,
Lisa Leon and her colleagues at the United States Army Research Institute of Environ-
mental Medicine in Natick have speculated thar the cytokinaemia of heat stroke may
be instrumental in the recovery process from chis life-threatening event (Leon er af
2006; Leon and Helwig 2010) and we must wair to see whether emerging research
supports this exciting concept.
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Box 7.4 Arguments for and against a role for immune dysregulation in EHS aetiology
Arguments for

Authors often cite suppart for an involvement of immune dysregulation in the aetiology
of EHS from studies showing;

Circulating LPS levels in ultramarathon runners similar to florid sepsis (Bosenberg et
al. 1988);

Improved heat tolerance in heat-stressed animals treated with corticosteroids and
antibiotics to prevent increases in circulating LPS (Gathiram et al. 1987, 1988);

+ Cytokinaemia in people with EHS (Bouchama et af, 1991);

Symptoms of heat stroke in animals receiving IL-1§ or THF-c (Lin 1997);

Enhanced survival in heat-stressed animals receiving IL-1 receptor antagomist (Chiu et
al. 1996);

Important roles for heat shock proteins (e.g. HSP72) in cellular acquired thermal
tolerance (Kuennen et al. 2011);

That experimentally induced inflammation compromises heat tolerance in rats (Lim et
al. 2007).

Arguments against

There are many inconsistencies and gaps in knowledge that require elucidation. For
example;

There exists great variability in circulating LPS and cytokine levels in heat stroke and
EHS casualties (Walsh et al. 201 1a).

There is no consensus about the level of circulating LPS associated with clinical
manifestations of EHS, although one group (Moore et al. 1995) have suggested a
threshold of 60 pgml-;

It seemns unreasonable that one widely cited paper presents pre-exercise circulating
LPS in ultra-distance tnathletes of 81 pg.ml (Bosenberg et al. 1988} surely,
triathletes attend a race without initial clinical manifestations of heat illness?
Circulating cytokine levels in heat stroke and people with EHS are more often than
not below the magnitude seen during SIRS and sepsis (Bouchama et al. 1991).

Lack of experimental control in field studies and delay in admitting patients to hospital

for blood collection add to the confusing picture regarding cytokines and heat stroke
pathology.

Acquired cellular thermal tolerance and heat acclimation = complementary or shared
pathways of adaptation
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Hear acclimation refers 1o the reduction in ph}rsinlnglcﬂl strain that occurs after
repeared days of heat exposures as a result of biological adaprations. For example,
exercising heart rate and core temperature are decreased and sweating rate is increased
at the same absolute work output during exercise in the hear after a period of heat
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acclimation = usually six days or more. Acquired thermal tolerance refers to cellular
changes after repeated days of heat exposures thar confer cyroprotection againse
subsequent, more extreme and potentially lethal heat exposure (Kregel 2002). These
cellular changes, which include a blunting in the induction of heat shock proteins
(e.g. HSP72) in mononuclear cells in response to heat shock, were thoughrt to occur
separately from the more traditional adaptations that accompany heat acclimation
(i.e. those that reduce physiological strain during exercise-heat stress) (McClung er
al. 2008; Leon and Helwig 2010). However, another study indicates chat acquired
thermal tolerance and hear acclimation may share a common mechanism (Kuennen
er al. 2011). The authors showed that blocking the heat shock protein response (by
daily supplementation of the polyphenol compound quercetin) prevented nor only
the cellular adaprations bur also the normal thermoregulatory adaprations during a
seven-day hear acclimation period — exercising core temperature was reduced by day
seven in the placebo group but not in the group who received daily quercetin supple-
menation.

Exercise immunologists have a keen interest in the effects of cold exposure on
immune function and upper respiratory tract infection (URTI) incidence because
athleres and soldiers regularly train and compete in cold ambient conditions
(Castellani er al 2006). Popular belief is that cold exposure increases suscepribility
to URTI (sec Box 7.5) but does exercising in a cold environment lead to immune
funcrion depression? This section examines the available evidence to answer this
quesrion.

Behavioural thermoregulation, e.g. adding extra clothes and finding shelter, maybe
inadequate to prevent heat loss and maintain body temperature in a cold
environment. In an attempr to defend core temperature, shivering thermogenesis
and peripheral vasoconstriction begin (Figure 7.4). These responses are initiared by
the SAM and HPA axis, which are also potent modulators of the immune system
{Box 7.2). Alterations in thermoregulation may therefore also affect the immune
system.

Research in athletes and soldiers shows that peak infection and illness gypically
occur at times of the year when ambient cemperature is lowest; for example, a year-
long study with elite cross-country skiers reported URTI incidence to be highest in
the winter months (Berglund and Hemmingson 1990). Studies in soldiers also
suggest an increase in incidence and severity of URTI during winter months or when
deployed to colder regions (Whitham er al. 2006). From these epidemiological
reports, it is not possible to establish thar cold exposure was the cause of the URTI,
as many other stressors were likely to have been present including arduous exercise
(see Chaprers 4-6), inadequate energy and fluid intake (see Chaprer 9), psychological
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Box 7.4 Arguments for and against a role for immune dysregulation in EHS aetiolog

Arguments for

Authors often cite support for an involvernent of immune dysregulation in the aetioog
of EH5 from studies showing:

» Circulating LPS levels in ultramarathon runners similar to florid sepsis (Bosenberger |
al. 1988);

* Improved heat tolerance in heat-stressed animals treated waith corticosteraids ard
antibiotics to prevent increases in circulating LPS (Gathiram et al. 1987, 1988),

+ Cytokinaemia in people with EHS (Bouchama et al. 1991); i

* Symptoms of heat stroke in animals receiving IL-1f or TNF-c (Lin 1997); !

Enhanced survival in heat-stressed animals receiving IL-1 receptor antagonist (Chivet |

al. 1996); i

* Important roles for heat shock proteins (e.g. HSP72) in cellular acquired therma!
tolerance (Kuennen ef al. 2011);

That experimentally induced inflammation compromises heat tolerance in rats (Limet |
al. 2007).

Arguments against

There are many inconsistencies and gaps in knowledge that require elucidation For
example;

* There exists great variability in circulating LPS and cytokine levels in heat stroke and
EH5 casualties (Walsh et al. 2011a).

There is no consensus about the level of circulating LPS associated with linica
manifestations of EHS, although one group (Moore et al. 1995) have suggested 2
threshold of 60 pg.ml-:

It seems unreasonable that one widely cited paper presents pre-exercise Circulaing
LPS in ultra-distance triathletes of 81 pg.ml-' (Bosenberg et al. 1988); surey.
triathletes attend a race without initial clinical manifestations of heat illness?
Circulating eytokine levels in heat stroke and people with EHS are more often than
not below the magnitude seen during SIRS and sepsis (Bouchama et al. 1991).
Lack of experimental contral in field studies and delay in admitting patients to hospita'

for blood collection add 10 the confusing picture regarding cytokines and heat stoke
pathology.

L]

I

Acquired cellular thermal tolerance and heat acclimation = complementary or shared
pathways of adaptation
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Hear acclimation refers to the reduction in physiological strain thar occurs after
repeated days of heat exposures as a result of biological adaprations. For example.
exercising heart rate and core temperature are decreased and sweating rare is inc

at the same absolute work output during exercise in the heat after a period of heat



[[ COLD STRESS AND IMMUNE FUNCTION

i

_Cold stress and infection

EFFECT OF EXTREME ENVIRONMENTS ON IMMUNE RESPONSES TO EXERCISE

acclimation — usually six days or more. Acquired thermal rolerance refers to cellular
changes after repeated days of heat exposures that confer cytoprotection against
subsequent, more extreme and potentially lechal hear exposure (Kregel 2002). These
cellular changes, which include a blunting in the induction of heat shock proteins
(e.g. HSP72) in mononuclear cells in response to hear shock, were thought to occur
separately from the more traditional adaprations thar accompany heat acclimation
(i.e. those thart reduce physiological strain during exercise-hear stress) (McClung ef
al. 2008; Leon and Helwig 2010). However, another study indicares that acquired
thermal tolerance and heat acclimartion may share a common mechanism (Kuennen
et al. 2011). The aurhors showed thar blocking the hear shock protein response (by
daily supplementation of the polyphenol compound quercetin) prevented not only
the cellular adaprations but also the normal thermoregulatory adaprarions during a
seven-day hear acclimartion period — exercising core temperature was reduced by day
seven in the placebo group but not in the group who received daily quercetin supple-
mentation,

Exercise immunologists have a keen interest in the effects of cold exposure on
immune function and upper respiratory tract infection (URTI) incidence because
athletes and soldiers regularly train and compete in cold ambient conditions
(Castellani er al 2006). Popular belief is that cold exposure increases suscepribilicy
to URTI (see Box 7.5) bur does exercising in a cold environment lead o immune
function depression? This section examines the available evidence to answer this
question.

Behavioural thermoregulation, e.g. adding extra clothes and finding shelcer, maybe
inadequate to prevent heat loss and mainwin bedy temperature in a cold
environment. In an attempr to defend core temperature, shivering thermogenesis
and peripheral vasoconstriction begin {Figure 7.4). These responses are initiated b}-
the SAM and HPA axis, which are also potent modulators of the immune system
(Box 7.2). Alterations in thermoregulation may therefore also affect the immune
SYSLEITL. )

Research in athletes and soldiers shows that peak infection and illness typically
occur at times of the year when ambient temperature is lowest; for example, a year-
Iong study with elite cross-country skiers reported URTI incidence to be highes: n
the winter months (Berglund and Hemmingson 1990). Studies in soldiers also
suggest an increase in incidence and severity of URTI during winter months or when
deployed to colder regions (Whitham er all 2006). From these epidemiological
reports, it is not possible to establish thar cold exposure was the cause of the URTT,
as many other stressors were likely to have been present including arduous exercise
(see Chaprers 4-6), inadequate energy and fluid intake (see Chaprer 9), psychological
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Box 7.4 Arguments for and against a role for immune dysregulation in EHS aetiology

Arguments far

Authors often cite support for an involvement of immune dysregulation in the aeticlogy
of EHS from studies showing:

» Circulating LPS levels in ultramarathon runners similar to florid sepsis (Bosenbeeg £
al. 1988);
* Improved heat tolerance in heat-stressed animals treated with corticosteroids an@
antibiotics to prevent increases in circulating LPS (Gathiram et al. 1987, 1988); |
* Cytokinaemia in people with EHS (Bouchama et al. 1991); !
* Symptoms of heat stroke in animals receiving IL-1p or TNF-a (Lin 1997); ;
* Enhanced survival in heat-stressed animals receiving IL-1 receptor antagonist (Chiu &2
al. 1996); {
* Important roles for heat shock proteins (e.g. HSP72) in cellular acquired thermal |
tolerance (Kuennen ef al. 2011):
*  That experimentally induced inflammation compromises heat tolerance in rats Lim &t
al. 2007).

Arguments against

There are many inconsistencies and gaps in knowledge that require elucidation For |
example:

» There exists great variability in circulating LPS and cytokine levels in heat stroke and
EHS casualties (Walsh et al. 2011a).

* There is no consensus about the level of circulating LPS associated with dinica!

manifestations of EHS, although one group (Moore et al. 1995) have suggested &

thresheld of 60 pg.ml-; '

It seems unreasonable that one widely cited paper presents pre-exercise circulaing

LPS in ultra-distance triathletes of 81 pg.mi~' (Bosenberg et al. 1988); surely.

triathletes attend a race without initial clinical manifestations of heat iliness?

* Circulating cytokine levels in heat stroke and people with EHS are more often than
not below the magnitude seen during SIRS and sepsis (Bouchama et al. 1991). .

*  Lack of experimental control in field studies and delay in admitting patients to hospa
for blood collection add to the confusing picture regarding cytokines and heat stioe
pathology.

e

Acquired cellular thermal tolerance and heat acclimation - complementary or shared
pathways of adaptation

Hear acclimation refers to the reduction in physiological strain that occurs after
repeated days of heat exposures as a result of biological adaprations. For example,
exercising heart rate and core remperature are decreased and sweating rate is incre

at the same absolute work outpur during exercise in the heat after a period of heat
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acclimation — usually six days or more. Acquired thermal tolerance refers o cellular
changes after repeated days of heat exposures that confer cytoprotection against
subsequent, more extreme and potentially lethal heat exposure (Kregel 2002). These
cellular changes, which include a blunting in the induction of hear shock proteins
(e.g. HSP72) in mononuclear cells in response ro heat shock, were thoughr ro occur
separately from the more traditional adaprations thar accompany hear acclimarion
(i.e. those that reduce physiological strain during exercise-heat stress) (McClung et
al. 2008; Leon and Helwig 2010). However, another study indicares that acquired
thermal tolerance and heat acclimation may share a common mechanism (Kuennen
et atl. 2011), The auchors showed that blocking the heat shock protein response (by
daily supplementarion of the polyphenol compound quercetin) prevented not only
the cellular adaptations but also the normal thermoregulatory adaprarions during a
seven-day heat acclimation period — exercising core temperature was reduced by day
seven in the placebo group bur not in the group who received daily quercetin supple-
mentation.

Exercise immunologists have a keen interest in the effects of cold exposure on
immune function and upper respiratory tract infection (URTI) incidence because
athletes and soldiers regularly train and compete in cold ambient conditions
(Castellani er @l 2006). Popular belief is that cold exposure increases suscepribilicy
to URTT (see Box 7.5) but does exercising in a cold environment lead to immune
function depression? This section examines the available evidence to answer this
question.

Behavioural thermoregulation, e.g. adding extra clothes and finding shelter, maybe
inadequate to prevent heat loss and mainwin body temperature in a cold
environment. In an attempr to defend core temperature, shivering thermogenesis
and peripheral vasoconstriction begin (Figure 7.4). These responses are initiated by
the SAM and HPA axis, which are also potent modulators of the immune system
(Box 7.2). Aleerations in thermoregulation may therefore also affect the immune
system. P

Research in athletes and soldiers shows that peak infection and illness cypically
occur at times of the year when ambient temperature is lowest; for example, a year-
long study with elite cross-country skiers reported URTT incidence to be highest in
the winter months (Berglund and Hemmingson 1990). Studies in soldiers also
suggest an increase in incidence and severity of URTI during winter months or when
deployed to colder regions (Whitham er al. 2006). From these epidemiological
reports, it is not possible to establish that cold exposure was the cause of the URTI,
as many other stressors were likely to have been present including arduous exercise
(see Chaprers 4-6), inadequare energy and fluid intake (see Chaprer 9), psychological
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Box 7.4 Arguments for and against a role for immune dysregulation in EHS aeticlogy

Arguments for

Authors often ate support for an involvement of immune dysregulation in the setiology
of EHS from studies showing:

Circulating LPS levels in ultramarathon runners similar to florid sepsis (Bosenberg ef |

al. 1988);

Improved heat tolerance in heat-stressed animals treated with corticosteroids and
antibiotics to prevent increases in circulating LPS (Gathiram et al. 1987, 1988),
Cytokinaemia in people with EHS (Bouchama et al. 1991);

Symptoms of heat stroke in animals receiving IL-1p or TNF-cu (Lin 1997);

Enhanced survival in heat-stressed animals receiving IL-1 receptor antagonist {Cha &t
al. 199s);

important roles for heat shock proteins (e.g. HSP72) in cellular acquired therma:
tolerance (Kuennen et al, 2011);

That experimentally induced inflammation compromises heat tolerance in rats (Lim &l
al. 2007).

Arguments against

There are many inconsistencies and gaps in knowledge that require elucidation. For
example:

There exists great variability in circulating LPS and cytokine levels in heat stroke and
EHS casualties (Walsh et al. 2011a).

There is no consensus about the level of circulating LPS associated with chinical
manifestations of EHS, although one group (Moore et al. 1995) have suggested 3
threshold of 60 pg.ml-;

It seems unreasonable that one widely cited paper presents pre-exercise circulating
LPS in ultra-distance triathletes of 81 pg.ml-' (Bosenberg et al. 1988} surely.
triathletes attend a race without initial clinical manifestations of heat illness?
Circulating cytokine levels in heat stroke and people with EHS are mare often than
not below the magnitude seen during SIRS and sepsis (Bouchama et al. 1991).
Lack of experimental control in field studies and delay in admitting patients to hospita
for E‘md collection add to the confusing picture regarding cytokines and heat stioxe
pathology.

Acquired cellular thermal tolerance and heat acclimation — complementary or shared
pathways of adaptation
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Hear acclimation refers to the reduction in physiological strain that occurs after
repeated days of heat exposures as a result of biological adaprations. For example,
exercising heart rate and core temperature are decreased and swearing rate is in¢
at the same absolute work outpur during exercise in the heat after a period of heat
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acclimarion — usually six days or more. Acquired thermal tolerance refers to cellular
changes after repeated days of heat exposures that confer cytoprotection against
subsequent, more extreme and porentially lethal hear exposure (Kregel 2002). These
cellular changes, which include a blunting in the induction of heat shock proteins
(e.g. HSP72) in mononuclear cells in response to hear shock, were thought to occur
separately from the more traditional adaprations that accompany hear acclimation
(i.e. those thar reduce physiological strain during exercise-hear stress) (McClung e
al. 2008; Leon and Helwig 2010). However, another study indicares thar acquired
thermal tolerance and heat acelimation may share a common mechanism (Kuennen
et aal. 201 1), The authors showed thart hlncking the heat shock protein response (by
daily supplementation of the polyphenol compound quercetin) prevented not only
the cellular adaptations bur also the normal thermoregulatory adaprations during a
seven-day heat acclimation period — exercising core remperature was reduced by day
seven in the placebo group but not in the group who received daily quercetin supple-
mentation.

Exercise immunologists have a keen interest in the effects of cold exposure on
immune function and upper respiratory tract infection (URTT) incidence because
athletes and soldiers regularly train and compete in cold ambient conditions
(Castellani er al. 2006). Popular belief is that cold exposure increases susceptibility
to URTTI (see Box 7.5) bur does exercising in a cold environment lead to immune
funcrion depression? This section examines the available evidence to answer this
question,

Behavioural thermoregulation, ¢.g. adding extra clothes and finding shelter, maybe
inadequate to prevent heat loss and mainmin body temperature in a cold
environment. In an attempt to defend core temperature, shivering thermogenesis
and peripheral vasoconstriction begin (Figure 7.4). These responses are initiated by
the SAM and HPA axis, which are also potent modulators of the immune system
(Box 7.2). Alterations in thermoregulation may therefore also affect the immune
system.

Research in athletes and soldiers shows that peak infection and illness rypically
occur at times of the year when ambient temperature is lowest; for example, a year-
long study with elite cross-country skiers reported URTI incidence to be highest in
the winter months (Berglund and Hemmingson 1990). Studies in soldiers also
suggest an increase in incidence and severity of URT1 during winter months or when
deployed to colder regions (Whitham er 2/ 2006). From these epidemiological
reports, it is not possible to establish thar cold exposure was the cause of the URTTI,
as many other stressors were likely to have been present including arduous exercise
(see Chaprers 4-6), inadequate energy and fluid intake (see Chaprer 9), psychalogical
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Box 7.4 Arguments for and against a role for immune dysregulation in EHS aetiology

Arguments for

Authors often cite support for an involvement of immune dysregulation in the aetiglogy
of EHS from studies showing:

= Circulating LPS levels in ultramarathon runners similar to florid sepsis (Bosenberg &t
al. 1988); |
* Improved heat tolerance in heat-stressed animals treated with corticosteroids ard
antibiotics to prevent increases in circulating LPS (Gathiram et a/, 1987, 1988); |
* Cytokinaemia in people with EHS (Bouchama et al. 1991); |
= Symptoms of heat stroke in animals receiving IL-1f or TNF-a (Lin 1997);
* Enhanced survival in heat-stressed animals receiving IL-1 receptor antagonist (Chiu &t
al, 1996); i
* Important roles for heat shock proteins (e.g. H5P72) in cellular acquired thermai
tolerance (Kuennen et al. 2011); |
* That experimentally induced inflammation compromises heat tolerance in rats (Limef |
al. 2007). '

Arguments against

There are many inconsistencies and gaps in knowledge that require elucidation. For
example:

There exists great variability in circulating LPS and cytokine levels in heat stroke a0
EHS casualties (Walsh et al. 2011a).

There is no consensus about the level of circulating LPS associated with clinica!
manifestations of EHS, although one group (Moore et al. 1995) have suggested 2
threshold of 60 pg.ml-;

It seems unreasonable that one widely cited paper presents pre-exercise circulating
LPS in ultra-distance triathletes of 81 pg.mi-' (Bosenberg et al. 1988); surely,
triathletes attend a race without initial clinical manifestations of heat iliness?
Circulating cytokine levels in heat stroke and people with EHS are more often than
not below the magnitude seen during SIRS and sepsis (Bouchama et al. 1991).

*  Lack of experimental control in field studies and delay in admitting patients 10 hospial
for blood collection add to the confusing picture regarding cytokines and heat stroke
pathology.

. TR ——— -

Acquired cellular thermal tolerance and heat acclimation — complementary or shared
pathways of adaptation

Hear acclimation refers to the reducrion in physiological strain thar occurs after
repeated days of heat exposures as a result of biological adaptations. For example,
exercising heart rate and core temperature are decreased and sweating rate is inc

at the same absolute work output during exercise in the heat after a period of heat
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acclimation — usually six days or more. Acquired thermal rolerance refers to cellular
changes after repeated days of hear exposures that confer cytoprotection against
subsequent, more extreme and potentially lethal heat exposure (Kregel 2002). These
cellular changes, which include a blunting in the induction of heat shock proteins
(e.g. H5P72) in mononuclear cells in response to heat shock, were thought to occur
separately from the more traditional adaptations that accompany heat acclimation
(i.c. those thart reduce physiological strain during exercise-hear stress) (McClung e
al. 2008; Leon and Helwig 2010). However, another study indicates thar acquired
thermal tolerance and heat acclimation may share a common mechanism (Kuennen
et al. 2011). The authors showed that blocking the heat shock protein response (by
daily supplementation of the polyphenol compound quercetin) prevented not only
the cellular adaprations but also the normal thermoregulatory adaprations during a
seven-day heat acclimarion period — exercising core temperature was reduced by day
seven in the placebo group but not in the group who received daily quercetin supple-
mentation.

Exercise immunologists have a keen interest in the effects of cold exposure on
immune funcrion and upper respiratory tract infection (URTI) incidence because
athletes and soldiers regularly train and compete in cold ambient conditions
(Castellani er 2l 2006). Popular belief is thar cold exposure increases susceptibilicy
to URTI (see Box 7.5) bur does exercising in a cold environment lead to immune
function depression? This section examines the available evidence to answer this
question,

Behavioural thermoregulation, e.g. adding extra clothes and finding shelter, maybe
inadequate to prevent hear loss and maintain body temperature in a cold
environment. In an attempt to defend core temperature, shivering thermogenesis
and peripheral vasoconstriction begin (Figure 7.4). These responses are initiated by
the SAM and HPA axis, which are also potent modulators of the immune system
(Box 7.2). Alterations in thermoregulation may therefore also affect the immune
system.

Research in athletes and soldiers shows that peak infection and illness typically
occur at times of the year when ambient temperature is lowest; for example, a year-
long study with elite cross-country skiers reported URTI incidence to be highest in
the winter months (Berglund and Hemmingson 1990). Studies in soldiers also
suggest an increase in incidence and severity of URT] during winter months or when
deployed to colder regions (Whitham er al 2006). From these epidemioclogical
reports, it is not possible to establish thar cold exposure was the cause of the URTT,
as many other stressors were likely to have been present including arduous exercise
(see Chaprers 4-6), inadequare energy and fluid intake (see Chaprer 9), psychological
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Acquired cellular thermal tolerance and heat acclimation — complementary or shared

Box 7.4 Arguments for and against a role for immune dysregulation in EHS aeticlogy

Arguments for

Authors often cite support for an involvement of immune dysrequlation in the aetohg
of EHS from studies showing:

Circulating LPS levels in ultramarathon runners similar to florid sepsis (Bosenbeng et
al. 1988);

Improved heat tolerance in heat-stressed animals treated with corticosteroids and

antibiotics to prevent increases in circulating LPS (Gathiram et af. 1987, 1988},
Cytokinaemia in people with EHS (Bouchama er al. 1991);
Symptoms of heat stroke in animals receiving IL-1f or THF-a (Lin 1997);

Enhanced survival in heat-stressed animals receiving IL-1 receptor antagonist (Chiuel
al. 199&);

i

Important roles for heat shock proteins (e.g. HSP72) in cellular acquired themma! |

tolerance (Kuennen et al. 2011);

That experimentally induced inflammation compromises heat tolerance in rats {Limer

al, 2007).

Arguments against

There are many inconsistencies and gaps in knowledge that require elucidation. For
example:

There exists great variability in circulating LPS and cytokine levels in heat stroke ang
EHS casualties (Walsh et af, 2011a).

There is no consensus about the level of circulating LPS associated with dinical
manifestations of EHS, although one group (Moore et al. 1995) have suggested 2
threshold of 60 pg.ml-;

It seems unreasonable that one widely cited paper presents pre-exercise circutating
LPS in ultra-distance triathletes of 81 pg.mi-' (Bosenberg et al. 1988); surel,
triathletes attend a race without initial clinical manifestations of heat iliness?
Circulating cytokine levels in heat stroke and people with EHS are more often than
nat below the magnitude seen during SIRS and sepsis (Bouchama et al. 1991).
Lack of experimental control in field studies and delay in admitting patients 10 hosptal
for blood collection add to the confusing picture regarding cytokines and heat stroke
pathalogy.

e

pathways of adaptation
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Hear acclimation refers to the reduction in physiological strain thar occurs after
repeated days of heat exposures as a result of biological adaprations. For example,
exercising heart rate and core temperature are decreased and swearing rate is inc
at the same absolute work outpur during exercise in the hear after a period of heat

t
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acclimation — usually six days or more. Acquired thermal tolerance refers to cellular
changes after repeated days of heat exposures that confer cytoprotection against
subsequent, more extreme and potentially lethal hear exposure (Kregel 2002). These
cellular changes, which include a blunting in the induction of hear shock proteins
(e.g. H5P72) in mononuclear cells in response to hear shock, were thought to occur
separately from the more traditional adaprations that accompany hear acclimation
(i.e. those that reduce physiological strain during exercise-heart stress) (McClung et
al. 2008; Leon and Helwig 2010). However, another study indicates that acquired
thermal tolerance and hear acclimarion may share a common mechanism (Kuennen
et al. 2011). The authors showed that blocking the hear shock protein response (by
daily supplementation of the polyphencl compound quercetin) prevented not only
the cellular adaptations but also the normal thermoregulatory adaprations during a
seven-day heat acclimarion period — exercising core temperarure was reduced by day
seven in the placebo group but not in the group who received daily quercetin supple-
mentation.

[]cmn STRESS AND IMMUNE FUNCT!DN

A e - - - =

Cold stress and infection

s

D Exercise immunologists have a keen interest in the effects of cold exposure on
immune function and upper respiratory tract infection (URTI) incidence because
athletes and soldiers regularly train and compete in cold ambient conditions
(Castellani er al 2006). Popular belief is that cold exposure increases suscepribility
to URTI (see Box 7.5) but does exercising in a cold environment lead to immune
function depression? This section examines the available evidence to answer this
question.

Behavioural thermoregulation, e.g. adding extra clothes and finding shelter, maybe
inadequate to prevent heat loss and maintain body temperature in a cold
environment. In an acempt to defend core temperature, shivering thermogenesis
and peripheral vasoconstriction begin (Figure 7.4). These responses are initiated by
the SAM and HPA axis, which are also potent modulators of the immune system
(Box 7.2). Alterations in thermoregulation may therefore also affect the immune
system.

Research in achletes and soldiers shows that peak infection and illness rypically
occur at times of the year when ambient temperature is lowest; for example, a year-
long study with elite cross-country skiers reported URT] incidence to be highest in
the winter months (Berglund and Hemmingson 1990). Studies in soldiers also
suggest an increase in incidence and severity of URTI during winter months or when
deployed ro colder regions (Whitham er al 2006). From these epidemiological
reports, it is not possible ro establish that cold exposure was the cause of the URTI,
as many orther stressors were likely to have been present including arduous exercise
(see Chaprers 4-6), inadequate energy and fluid intake (see Chapter 9), psychological

—_—
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Box 7.5 Does getting cold and wet increase your chances of developing a cold? It's
called a *cold’ after alll

+ Itisacommonly held belief that getting a ‘chill’ causes acute viral respiratory infection
{the ‘comman cold”) but does the scientific evidence support this concept?

* Colds are most prevalent in winter months and when outside air temperature and
humidity are low (Cunwen 1987).

»  Early studies that exposed people to the cold before or after a viral nasal inoculation
reported no increases in URTI (Andrewes 1950).

+  However, URTI symptoms were more than doubled in the four to five days after cold-
water immersion of the feet for 20 minutes compared with non-chilled contrals
{Jlohnson and Eccles 2005).

+  Furthermore, in a study of Finnish military conscripts, the onset of URTI, including
the comman cold, was preceded by three days of declining ambient temperature and
humidity (Makinen et al, 2008,

= Acute peripheral cooling of the nose and upper ainvays has been suggested to inhibitl
the trafficking of immune cells. This creates a more suitable environment for wiral
replication that subsequently leads to the onset of common cold, by converting an
asymptomatic sub-clinical infection into a symptomatic clinical infection (Figure 7.7)

(Eccles 2002a).
Host
Host Virus defence
defence : Virus
[ ] | Cold exposure
1. Infection but no symptoms (sub-clinical) 2. Intection with symptoms (clinically significant)

The hypothesised effect of cold expesure on mfection

In summmary, although not entirely conclusive, there is growing evidence to suggest that
cold exposure often precedes, and is associated with increased incidence of, URTI
including the “commaon cold',

stress and sleep disruption (see Chaprer 2) and confined living. As discussed in the
indicared chapters, these stressors are each purported to increase URTI. More
compelling evidence for a link berween low ambient temperature and increased
URTI, including the common cold, has recently been provided from a two-year study
in the Finnish military where ambient temperature and humidity were observed two
decline in the three days before the onser of URTI (Makinen er al 2009),
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Figure 7.4 Porendal mechanisms to explain increased infection in cold environments
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Decreased immune funcrion with repeated cold exposure (Figure 7.4) is one
mechanism of many that could explain the increase in infection reported by achletes
and soldiers during the winter months. The following sections will focus on
understanding this and other possible explanations.

Core body cooling and immune function

Hypothermia, defined as a core body temperature of less than 35°C, is uncommon
in athleres because the heat produced as a by-product of exercise is normally adequare
to offser hear loss. Nonetheless, hypothermia has been documented in some
individuals exercising in cold water or in cold air intermitently for prolonged
periods; for example, open-warter swimmers and hill walkers (Pugh 1967). Indeed,
many studies have identified hypothermia in open-water swimmers (Nuckron et al.
2000; Keatinge er al 2001; Brannigan er al. 2009). Similarly, hypothermia is more
common in some active occupational populations where cold air and water exposure

is frequent during exercise or operations (e.g. naval and army personnel) (Beeley e
al 1993: Giesbrecht 2000).
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A limired number of investigations have examined the effect of lowering core
temperature on leukocyte cell trafficking and function in humans. Most studies have
modestly lowered core temperature by 0.5-1°C, which causes a leukocytosis that
typically remains for two hours after cooling: this leukocytosis is characterised by an
increase in neutrophils and a simultaneous decrease in lymphocytes (Brenner et al
1999; Costa et all 2010). It has been reported that maximal shivering thermogenesis
in adule humans can reach intensities equivalent to approximarely 40% of VO, max
or approximately five rimes resting metabolic rate (Eyolfson er @l 2001), which is
comparable with modest exercise. The modest rise in circulating leukocyte numbers
associated with cold exposure may be ateributed to demargination of leukocytes from
the blood vessel walls as a result of increased cardiac outpur and catecholamines (Box
7.2). In these and in observational studies of patients undergoing surgery, where core
temperature has decreased by 2°C to core temperatures of approximately 35°C,
NEKCA remained unaltered but saliva secretory immunoglobulin-A (SlgA) secretion
rate, lymphocyte funcrion and neutrophil function are reduced (Wenisch et al 1996;
Beilin er 2l 1998; Brenner et al 1999; Costa et al. 2010). Collectively, these studies
suggest that lowered core temperature can disrupt circulating and mucosal immune
funcrion thar may partly explain the increased infection in cold exposed athletes and
soldiers. A limitation of this previous research is thar studies in patients undergoing
surgery have questionable relevance to healthy athletes because of anaesthesia and
existing comorbidity. Furthermore, in the studies with healthy participants a
thermoneutral control trial was not included and rherefore an effect of diurnal
variation cannot be excluded. More research is necessary if the effect of low core
temperature on immune function is to be fully understood.

Exercise in cold conditions and immune function

C
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M:hough dECI'éﬂ.StS in core I:cmpr:rﬂture are unusual, Pcriphgml cold {lmv sicin
temperature) is common in outdoor enthusiasts and athleres because light clothing
is often chosen for optimal athletic performance rather than thermal protecrion.
Compared with steady-stare exercise in thermoneutral conditions, exercise in cold air
is associated with similar or slightly lower core and muscle temperature and cardiac
output with increased respiratory hear loss, ventilation, oxygen uptake, carbohydrate
oxidation and energy expenditure (Pugh 1967; Walsh er 2l 2002). Because cold
exposure causes an increased energy requirement, cold-induced diuresis and a blunted
thirst response; as a consequence, negative energy balance and dehydration are more
likely to affect those exercising and training in the cold (See Chapter 9 for effects of
inadequare nutrition on immune function). Most of the small number of studies
that have examined immune responses to exercise in cold conditions in humans have
compared immune responses after short-duration exercise in cold with immune
responses o exercise in hot, rather than thermoneurral conditions. For example, in
one thermal clamp study healthy young men performed 40 minutes of cycling at
65% VO, max immersed to mid-chest in cold (18-23°C) and hot (39°C) water where
core temperature increased by around 0.5°C in cold and by around 2.0°C in hot
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conditions (Rhind er el 1999). Exercising in cold water attenuated the leukocytosis
observed after exercise in hor water with smaller increases in circulating neutrophils
(Figure 7.1). The authors suggested that the significantly reduced plasma
catecholamine and cortisol response to exercise in cold condirions was mosrt likely
responsible for the atrenuared leukocyrosis after exercising in the eold. Blunting
plasma catecholamines and cortisol by exercising in cold water might therefore be
favourable for immune function and host defence (Box 7.2). In another chermal
clamp study, the same group had subjects perform a one-hour bour of cycling ac
55% VO, peak immersed in cold (18°C) and thermoneutral (35°C) warer where a
more modest (around 1°C) rise in core temperature occurred after exercise in
thermeneutral water compared with around 0.2°C rise in core temperature after
exercise in cold water (Brenner er all 1999). Toral and differential circulating
leukocyte counts and NKCA were similar after exercise in cold and thermoneutral
water. The previously noted blunting effect had therefore disappeared highlighting
the importance of comparing exercise in cold conditions with thermoneutral rather
than hot conditions.

Exercising in cold air conditions compared with thermoneutral conditions has
been shown to have a limired effect on mucosal immunity. Compared with exercise
in a thermoneutral environment, salivary SIgA secrerion rate was similar immediately
after and higher 30 minutes after a 30-minute exercise bout at 70% heart rate reserve
in cold conditions (1°C) (Mylona e# al 2002). In line with chis, immediacely after
prolonged cycling exercise (two hours at 70% VO, max) salivary SIgA secretion rate
was reduced similarly in cold (-6.4°C) and thermoneutral (19.8°C) conditions
(Walsh e al 2002). In summary, the limiced evidence to date does not support the
popular belief chat exercising in cold compared wich thermoneutral conditions
decreases immune function, which mighe lead to greater infection. A limitation of
studies to date is that they have focused predominantly on systemic circulating
immune parameters assessed by in pitro immune tests. fn vitro tests do not represent
the whole-body and integrarive funcrion of the immune system. Peripheral blood
samples only represent a small percentage of total leukocytes (around 59%) and
therefore they can only poorly reflect a change in another pare of the body rhar is
important for the immune system (e.g. lymph nodes, bone, thymus). Circulating
immune parameters are likely therefore ro play a limited role in the drama of cold
exposure, immune function and infection.

Alternative mechanisms to explain the increased URTI with cold
exposure

O

Alternative mechanisms that might explain the increased URTI with cold exposure
include decreased epithelial barrier funcrion caused by upper airway drying from
breathing cold air during exercise (Figure 7.4) (Giesbrecht 1995). Similarly, as the
face is normally uncovered during exercise, cold exposure leads to decreases in nasal
respiratory epithelium temperature and reduces mucociliary clearance of pathogens,
which may impair immune cell trafficking and function, owing to peripheral
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vasoconstriction and decreased metabolism (Eccles 2002b). As more than half of
body velume is less than three centimetres from the skin surface (Webb 1992), low
skin temperature and subsequent cold induced peripheral vasoconstriction may
impair whole body peripheral immune cell trafficking and function that may lead ro
greater infection, particularly if open wounds exist. This contention is supported by
wound healing being slower and infection higher in surgical patients that become
hypothermic (Kurz er 2l 1996). Future research using in vive skin measures, such as
contact hypersensitivity (Harper Smith er af 2011), are warranted to establish the
effect of peripheral cooling on skin immune function (see Technique box 5.2 in
Chapter 5). Additionally, although acute exercise in the cold has been shown to have
a limited effecr on mucosal immuniry, future research should examine the chronic
effects of breathing large volumes of cold air on mucosal and nasal immunity.

Owing to cold ambient temperature, poor weather and shorter daylight hours,
athletes and soldiers spend a greater proportion of time living and training indoors
during the winter months. Inereased time spene in close conract with others can
increase pathogen exposure and may therefore explain the increased URTT reported
in the winter months. In the general population, indoor crowding has been suggested
as a cause of increased infection for over 80 years (Hill and Clemen 1929). Whether
crowding is really greater in winter compared with summer has been criticised, as it
has been suggested that modern living means people lead a similarly crowded lifestyle
all year round, e.g. share open-plan offices, factories and public transport. The idea
that indoor crowding spreads infection is general accepred by scientists because few
alternative explanations have been described (Eccles 2002a). As Figure 7.4 suggests,
other possible explanations do exist for increased URTI incidence in athletes and
other active populations during the winter months.

In summary, cold exposure is associated with a greater incidence of URTT in active
populations. The mechanism(s) responsible for the increased URTI, however,
remains elusive and may not be related to a reduced immune funcrion. The limited
evidence ro dare does not support that exercising in cold compared with
thermoneurtral conditions suppresses immune function.

E ALTITUDE, IMMUNE FUNCTION AND INFECTION: INTO THE DEATH ZONE

174

Athleres must sometimes compete at modest altitudes up to 2,000 merres as
numerous major sporting events are held ac alticude (e.g. the 2010 South Africa
Football World Cup). Moreover, altitude stress is common to athletes who complere
training in alticude or hypoxia, with the aim of improving performance via hypoxia
stimulated adaprations (e.g. increased red blood cell concentration and oxygen-
carrying capacity). The rwo most used training paradigms are “live high, train high',
where athletes train and live ar altitude, and ‘live high, train low’, where athletes are
intermittently exposed to hypoxia by training ar sea level bu sleeping at natural or
simulated altitude (Stray-Gundersen and Levine 2008). Simulared alticude is typically
achieved in a chamber or tent with normobaric hypoxia (normal pressure but low
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Figure 7.5 An athlere compleres training in a hypoxic chamber ar simulated altitude (normebarie hyposxia)

oxygen environment; Figure 7.5). Typically, these training periods are two to four
weeks.

In contrast, trekkers, mountaineers and other active occupational groups (e.g.
miners and soldiers) are exposed to high altitude for many weeks or months. Trekkers
typically exceed 4,500 metres on trips to Himalayan or Andean mountain base
camps, with mountaineers climbing into the death zone, greater than 8,000 metres,
when attempting to scale the highest mounrains in the world (Mount Everest 8,848
metres). [n Mepal alone, over 130,000 foreigners visit each year to complete trekking
and mountaineering activities. As more people become exposed to hypoxia, it is
important to understand the effects of alritude and hypoxia per se on immune
function and infection. This section describes what we know abour this topic.

At high terreserial locations, the reduced pressure (hypobaria) causes a reduction
in the partial pressure of inspired oxygen in air that ultimately causes arverial
hypoxaemia, a decrease in arterial oxygen content. To compensate, increases in
ventilation, cardiac output and tissue vasodilation occur to improve blood
oxygenation and delivery to tissues. Substrate selection also adaps w greater
carbohydrare utilisation that ensures the most economical use of oxygen (Mazzeo
2005). As these adaptations are principally initiated by the SAM and HPA axes, it is
plausible that adaptations for oxygen delivery may also affect the immune system
(Box 7.2).
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Altitude and infection

Reports suggest thart elite athletes experience increased URTI symptoms during and
immediately after altitude training camps (Bailey er al 1998; Gore et all 1998).
Similarly, trekkers and mountaineers who travel to high altitude often repore
symproms of URTI and studies indicare that upper-airway symptoms increase with
increasing alticude (Murdoch 1995; Oliver er al. 2012). Further evidence thar altitude
exposure leads to greater infection comes from one large epidemiological study where
soldiers stationed ar 3,692 metres had greater pneumonia prevalence than those at
lower altitudes (Singh er al 1977). It is tempring to speculate that the increased
incidence of URTI] symptoms reported ar altitude is the direct consequence of
hypoxia-impaired immunity; however, limited evidence exists to support this notion
(Walsh er al 2011a). The increased infection incidence and URTI symproms could
be more simply explained by other factors common to high altitude (e.g. poor
nutrition, cold exposure, ultravioler radiation, personal hygiene and crowded living
quarters). Moreover, diagnosing infection ar altitude is difficule as there is a large
degree of overlap in symptoms berween URTI and acute mountain sickness (Bailey
et al. 2003). Examining the effects of altitude and hypoxia on objecrive and clinically
relevant measures of immune function is important to provide further confirmarion
as to whether depression of the immune system is responsible for the increased
infection reported ar altitude.

Altitude and immune function

o
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Most human studies to examine immune funcrion ar altitude indicate that NKCA
and humoral immunity are either unaffecred or enhanced (Mechan et al 1988; Biselli
er al. 1991; Facco et al 2005; Table 7.2). In contrast, T cell-mediated immune
function has been shown to be impaired during alticude exposure (Pyne er al. 2000;
Facco et ol 2005), which is likely relared to the associated increases in circularing
corrisol, adrenaline and noradrenaline reported at altitude (Mazzeo 2005).
Unfortunately, the few human studies to indicate an immunodepressive effect of
high alritude have used in vitro techniques to assess cell-mediated immune funcrion.
The importance of using in wive immune responses is that they reflect the coordinared,
multi-cellular responses of the immune system and have an end result thar is associated
with clinical relevant endpoines, such as infection (Walsh er 2l 2011a, 2011b).
Although sparse, evidence does suggest thar altitude exposure negatively affects
clinically relevant immune funcrion. For example, wound healing that is reliant on a
well-orchestrated and functioning immune system (e.g. inflammation and
phagocytosis) has been suggested in anecdotal reports by medical docrors of
mountaineering expeditions to be impaired (Sarnquist 1983). Anecdoral reports of
impaired wound healing in mountaineers at high altitude are supported by laboratory
studies in animals showing that breathing hypoxic air (129 O, equivalent to 4,000
metres) impairs wound healing after intradermal injection with Escherichia coli
(Knighton et 2l 1984). Additionally, research using an iz prve immune measure also
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IMMUMNE COMPONENT  IMMUNE RESPONSE COMPARED WITH SEA LEVEL!

Innane:
Cellular MK cell activiey Mot differens (Mechan e al 1988; Klokker ef ol 1995; Facco of
al. 2005) or enhanced (Wang and Wu 2009)
Meutrophil function Increased (Hitomi el 2003; Wang and Chiu 2009) or not
different (Chouker er af 2005)
Soluble Masal lysozyme: protein Mo differens (Mechan er al 1988)
Adaprive:
Cellular T cell-mediared Runction Decreased (Pyne er al 2000; Facco e ol 2005; Zhang er al 2007;
Wang and Lin 20010}
Humaoral B cell-mediated function Ingreased (Pyne er @l 2000} or not different (Biselli er ad 1991)
Soluble Serum immunoglobuling Mot different (Biselli o2 2l 1991; Kleessen er afl 2005)
Masal and salivary SlgA Mot differsne (Mechan er o 1988; Tiollier er «f 2005)
Mate:

1 Where there are mere studies 1o support a particular response the direction of effect is underlined

suggests thar alrirude exposure decreases T cell-mediated immune funcrion (Oliver e¢
al. 2011). Immune depression might therefore, at least in parr, be responsible for the
increased incidence of URTI reported at high altitude. The importance of using in
vive, rather than in vitre, immune measures has been highlighted because in vive
measures involve a whole-body integrated, multi-cellular response thar is clinically
relevant (Albers er al 2005; Harper Smith er ol 2011). In the study by Oliver er al
(2011), the immune test involved the application of a novel ancigen, diphenylcyclo-
propenone (DPCP), to the lower back of rested controls ar sea level and mountaineers
28 hours after ascent to a cable car station ar 3,777 metres. Four weeks after sensiti-
sation, the strength of immune memory was quantified by measures of cedema
(skinfold thickness) and redness (erythema) 48 hours after topical application of a
low-dose series of DPCP This test is deseribed in Chapter 5 (Technique box 5.2).
Compared with control responses, skinfold thickness and erythema were lower in the
mountaineers (Figure 7.6). High-altitude exposure therefore impaired the induction
of new immune memory as evidenced by the reduced immune response to the second
exposure with the same antigen. Additionally, this study highlights the utility of this
novel skin test as a feasible and sensitive in wive immune function measure for field
study use; therefore, overcoming many of the limitations with in pitre immune tests
(e.g. the rypical requirement for venepuncrure, immediate sample processing,
expensive laboratery facilities and highly-trained staff).

Altitude, exercise and immune function

As highlighted by the 1968 Mexico Olympics, where no records were ser in
endurance events, altitude greatly diminishes performance in aerobically demanding

—
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Figure 7.6 Reduction in frr pive immune function at alticude (data from Oliver eraf 20011)
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activities. This is primarily because VO, max progressively declines at abour 8% for
every 1,000 mertres of altitude gained after 700 merres (Grover er al 1986).
Consequently, submaximal performance is also affected at altitude, because an
absolute workload completed ar high alticude will require a greater relative oxygen
uptake than ar sea level (Lundby er al 2007). Exercise at altitude is therefore
associated with a number of responses thar might further depress immune funetion
that include increased circulating stress hormone concentrations. For example, when
exercise workload is reduced to the same relarive workload (same %VO, max) plasma
adrenaline is srill found ro be greater during exercise ar 4,300 metres (Mazzeo and
Reeves 2003). Further, during interval training sessions ac 1,800 metres with well-
trained runners, circulating noradrenaline and adrenaline were elevared more than
during low-altitude training sessions, despite reducing running velocities by five per
cent and the training sessions eliciting similar blood lacrate responses (Niess er al
2003). Given these additional stress responses and the widely acknowledged immune
depression of exercise performed at sea level, we might expect a greater degree of
immune suppression when exercise and training are performed at high altitude.
There are few tightly controlled studies thar have assessed immune function
responses to acute exercise and hypoxia stress (Table 7.2). In the most comprehensive
examination, Wang and colleagues have shown that significant alcerations in immune
function tend to only occur when exercise is completed in severe hypoxia (12%
inspired oxygen concentration, around 4,000 metres), when arterial hypoxaemia and
carecholamines are greatest. As few immune alterations were noted at moderate
hypoxia (15% inspired oxygen concentration, around 2,700 metres), this scudy
suggests that immune funcrion during exercise will only be altered above a particular
hypoxic threshold. Compared with exercise at sea level, these studies suggest exercise
under severe hypoxia is associated with increases in neutrophil functien (i.e.
phagocytic activity and oxidarive burst; Wang and Chiu 2009), NK cell number and
effector function potential (e.g. cytotoxic protein levels; Wang and Wu 2009) buc
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unchanged NKCA (Wang and Wu 2009). Similar to studies of mountaineers and
athleres training at alticude, Wang and colleagues also showed that lymphocyte
function was impaired (decreased proliferation and increased apoptosis; Wang and
Lin 2010). A notable feature of Wang and colleagues’ study design is char partic-
ipants completed the same absolute exercise workload, 30 minures at 100 W, at sea
level and in hypoxia and, therefore, it is presently unclear whether the immune
modulation reported is an effect of hypoxia per se or because the same absolute
workload complered ar altitude requires a grearer relarive oxygen uptake than ac sea
level. Further studies are needed to demonstrate the effect of more realistic exercise
workload and duration thar are typically performed by arthleres, trekkers,
mountaineers and workers at altitude. This issue of exereise duration is key as one of
the only studies to examine more prolonged exercise has shown thar three to four
hours of mountaineering from 1,780 to 3,198 metres suppressed neutrophil
activation, a finding that was absent during ascent without exercise (Chouker e al
2005). Chouker et 2l (2005) speculated that downregulartion of neutrophil funcrion
whilst climbing to high altitude may serve to limic exercise-induced inflaimmarory
tissue damage which might otherwise be exacerbated by cyrotoxic neutrophils. It
remains unclear whether downregulation of neutrophil funcrion whilst exercising ar
high altitude might alter host defence and risk of URTI. Furthermore, because
athletes, trekkers and mounraineers rypically select lower workloads with increasing
altitude, future research where relative exercise intensities are comparable in normoxic
and hypoxic environments is warranted to further understand the effects of hypoxia
on the immune response to exercise.

In summary, high-alticude exposure has no negarive effect on humoral immunicy
but has been shown to econsistently suppress T cell-mediated immunicy, which might
at least partly account for the increased infection observed in those who travel to
altitude.

m AIR POLLUTION, EXERCISE AND IMMUNE FUNCTION

Pollution comes mainly from the burning of fossil fuels, which is why poor air quality
is a characteristic of many cities that include former Olympic and World Cup hosts,
including Los Angeles, Mexico City, Athens and Beijing (Florida-James er 2l 2004).
Air pollution is not, however, restricted to cities, as pollution can be blown into rural
areas (Harrison 2006). The main air pollutants shown in well-controlled laboratory
studies to reduce exercise capaciry are carbon monoxide and ozone (Raven ez al 1974;
Horvarth et al 1975; Schelegle and Adams 1986). In one dose-response study, ozone
conecentrations of 0, 120, 180 and 240 pg/m? caused 0%, 10%, 50% and 70% of
participants to fail to complete a one-hour time trial (Schelegle and Adams 1986).
Ozone levels exceeding even the upper dose in this study have been recorded on a
frequent basis in many industrialised cities (Sivertsen 2006). Equally shocking is
research that suggests thar 30 minutes of jogging in a big city (New York) has been
shown to raise circulating carboxyhaemoglobin concentration to a level associared
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with reduced exercise performance and similar to that found in a heavy smoker
(Nicholson and Case 1983). Compared with a sedentary person, an athlete is more
likely to suffer from the detrimental effects of air pollution, because greater breathing
increases exposure to pollutants. During exercise, the exponential increase in
ventilation causes a switch from predominantly nasal to predominantly mouth
breathing, which means less pollutant is filtered by the nasal mucocilia and more
pollutanc travels deeper into the respiratory tract (Carlisle and Sharp 2001).

Air pollution and upper respiratory symptoms

#

Exercise performed in poor air quality is well established to increase URTI symproms
(e.g. cough and sore throat; Schelegle and Adams 1986; Brunckreef er all 1994).
Clearly, in well-controlled laboratory studies, it is easy to ateribute these symptoms
to inflammarion and airway hyper-responsiveness thar is caused by many pollutants
(e.g. ozone, sulphur dioxide, nitrogen oxides and particulate matter). In practice,
when an athlete presents with URT] symptoms, it is therefore important to consider
the paossible role of pollution in causing upper-respiratory symproms. Interestingly,
the immune system has a role to play irrespective of whether these URT] symptoms
relate to infection or air pollution. The upper airways and lungs are very imporrant
in protecting us from illness and infection because the mouth and nose offer relatively
casy access to our bodies for foreign material and pathogens. By virtue of the
continuous exposure caused by breathing, which is increased during exercise and
exacerbared further still at high altitude, they are also uniquely vulnerable to atrack
from these foreign marterials. The important defence mechanisms include: (1)
primary innate immune defence mechanisms such as the epithelial barrier, mucous
secretions and mucociliary clearance that act as a physical barrier and contain
neurralising agents (e.g. SIgA, lysozyme) that prevent inward passage of harmful
foreign bodies and (2) secondary active immune components located in the
epithelium, airway and alveoli include both innate and acquired immune cells (e.g.
macrophages, neutrophils and lymphocytes; see Chapter 2 to learn more about these
individual cell funcrions). These immune defences act in concert to neutralise and
eradicate foreign matter (e.g. pollutants, bacteria, tumour cells) to the benefit of the
host. Nonetheless, they are also implicated in debilitating airway hyper-responsiveness,
inflammation and asthma (Holgate er al 2009). Air pollution (e.g. ozone) and cold,
dry air have been shown to damage these defences (Giesbrecht 1995; Al Hegelan ¢
al. 2011}, which help to explain, at least in part, why individuals exercising in extreme
environments report increased upper-respiratery symptoms and infections.

Air pollution, exercise and immune function

c
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Pollutants negartively affect the cardiorespiratory system and increase subjecrive
sensations of effort, which likely reduce exercise capacity. Carbon monoxide reduces
oxygen-carrying capacity because it competes with oxygen to bind with haemoglobin
to form carboxyhaemoglobin, This consequently decreases VO, max and exercise
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capacity (Raven er al 1974; Horvach er 2l 1975). High ozone has also been shown
to reduce VO, max (Brunekreef e al 1994). As art alticude, any reduction in VO,
max will increase physiological stress for the same absolute workload and therefore
it is rempting to speculate that immune funcrion might be depressed in those that
exercise in polluted air environments. However, as sensations of effort are higher
during exercise in a polluted air environment, it is also plausible that exercise will be
curtailed earlier or completed at a lower exercise intensiry; as such, the immune
response to exercise in a polluted air environment compared with a clean-air
environment might be more similar chan dissimilar.

Few studies have assessed the effect of air pollution on the immune response to
exercise. Those that have suggest that even short-duration exercise (12-20 minures)
in polluted air (particulate matter and carbon monoxide) causes a greater increase in
circulating leukocytes, specifically neutrophils (Jacobs er al 2010; Kargarfard er al.
2011). A limitation of these studies is thar immune measurements on blood samples
are dissociated from the upper airways and lungs where the pollutants first meer the
immune system. The leukocytosis indicates an increase in leukocyte trafficking chat
is most likely because neutrophils move toward the airways after exposure to
pollutants (Seltzer et al 1986; Vieira er al 2012). Increases in neutrophils and other
inflammarory factors (e.g. IL-6, IL-8 and prostaglandins) have been reported in
bronchial lavage fluid and sputum following intermitrent exercise in ozone levels thar
exceed air quality recommendations (Devlin ez 2l 1991, 1996; Hazucha ez al 1996;
Holz ez al. 1999). Ozone is suggested to cause inflammation from chemical reaction
with the epithelial lining that generates free radicals and oxidarive stress (Florida-
James er al 2004). Although the increased inflammation is part of an important
process to clear foreign matter from the airways, it is also implicated in epithelial
injury and increased permeability that may lead to Future infection (Gomes er al
2011). Limited studies have examined the effect of air pollution on immune funcrion
of regular exercisers. One longitudinal study in overweight women reported no
alterations in lymphocyte proliferation bur a decrease in NK cell cytotoxicity in those
that regularly exercised within 150 metres of a major road (Williams er al 2009). As
it was detecred at rest, the reduction in NK cell function is particularly striking and
is suggestive of a chronic maladapration. The effect of these changes on URTI
incidence is unknown. This should be investigated in future studies that aim to better
understand the effect of air pollution on immune funcrion. In summary, the effect
of air pollution on immune function during exercise is poorly understood.

SPACEFLIGHT, IMMUNE FUNCTION AND INFECTION: THE FINAL
FRONTIER

Ower the last 50 years, advancements in engineering have allowed humans to explore
beyond the Earth’s boundaries into the final frontier, space. The principal goal of
space travel is planerary exploration with both the European Space Agency and the
Nartional Aeronautics and Space Administration having plans to send humans to the
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surface of Mars by 2040. Although robots are often used for space exploration, they
have been shown in previous space missions to have limitations compared with
humans (White and Averner 2001; Gueguinou et al. 2009). It is therefore likely thar
humans will be required for future planetary exploration. Unfortunacely for the
astronaut, space travel combines all the stressors of other extreme environments
{extremes of temperature, changes in pressure, sleep deprivation, impaired nutrition
and psychological stress), as well as some additional unique stressors that include
hypergravity during rake-off, and microgravity (weightlessness), confinement and
radiation during space flight. The next section examines the effect of space travel on
infection and immune funcrion.

Space travel and infection

l Medical reviews of both astronauts and cosmonauts have revealed a significant
number of bacterial and viral infection episodes, which have included influenza,
acure respiratory, conjunctivitis and dental infections (Hawkins and Ziegelschmid
1975). Indeed, 52% of crew members in early Apollo missions developed viral or
bacterial infections during or one week after space flights (Hawkins and Ziegelschmid
1975). Living in close proximity to other crew greatly increases the likelihood of
cross-transmission of infection and, withour facilities to isolate crew members, a
single infection may jeopardise the health and safety of an entire crew, as well as the
success of any mission. Increased infection incidence during and immediately after
space flight might be related to increased virulence of pathogenic microorganisms
within microgravity (Taylor 1974; Nickerson er 2l 2000; Wilson er 2l 2007). For
example, bacteria have been shown o proliferate more readily in space (Gueguinou
er al. 2009) and bacteria from space-flight cultures when injected into mice decreased
survival time (Wilson er al 2007). An elevation of circulating stress hormones (e.g.
catecholamines and cortisol) is, however, also a frequent observation in individuals
returning from space and thus, as these hormones are potent modulators of the
immune system (Box 7.2), it is possible that depressed immune funcrion is
responsible for the noted increase in infection.

Space travel and immune function

. It is impertant to appreciate that the stress of space travel begins before launch day.
Astronauts and space-station crew must complete intensive training and testing before
flights and increases in plasma cortisol coneentration have been reported two and
ten days before launch (Stowe er afl 2000, 2011). Additionally in this period,
astronaut neutrophil and menocyte Funcrion (phagocytosis and oxidative burst) is
also lower than conrrols (Kaur er &l 2004, 2005). In combination, these studies
suggest that astronauts and space-station crew may already be ar a greater risk of
infection before leaving Earth.

Owing to the practical difficulties of performing immune and neurcendocrine
tests, very litcle is understood abour immune function during space flight. For
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example, litdle is known abour the innate immune response during space flighe in
humans, Despite the small numbers of astronauts and cosmonauts who have been
studied, it has consistently been shown that humoral immunity remains intact during
space flight, as serum immunoglobulins are typically unaltered (Voss 1984) or
increased (Konstantinova er al 1993). In contrast, cell-mediated immunirty is
suppressed during space flight of short or long duration (4-177 days; Taylor and
Janney 1992; Gmunder e ol 1994). In these studies, astronaur cell-mediated
immunity was assessed before and during space flight by their delayed-type hypersen-
sitivity (D'TH) response ro an injection of seven common antigens (e.g. teranus,
diphtheria, streprococcus, candida). Whether assessed by the number of positive
reactions or the sum of the diamerers of all posirive sites, the DTH response during
space flight was approximately 30% lower than thar assessed two months before flight
(Figure. 7.7). Studies that have shown reactivation of latent viruses (Epstein-Barr,
herpes, cytomegalovirus and varicella-zoster virus) also suggest char cell-mediated
immunity is depressed during space flighe (Mehta ef al 2000; Stowe er 2l 2001;
Pierson er 4l 2003). Stress hormones measured during space flight suggest thac short
flights are associated with greater plasma cortisol (Stowe er al 2001) buc
catecholamines and cortisol are within the normal range during longer flights
(Kvetnansky er al. 1988). As only two astronauts were studied in each of these investi-
gations, future research is required to substantiate these results and further examine
neurcendocrine responses during space flight.

Reported increases in circulating stress hormones (cortisol and catecholamines)
during the potentially lethal manoeuvres of re-entry and landing most likely account
for the observed leukocytosis upon return to normal gravity (Stowe et 2l 2003,
2011). The marked rise in circulating leukocyte numbers is most likely attribucable

Figure 7.7 Suppressed im vive cell-mediated immuniry during space flight. Maximum possible number of reactions is
70 (N = 10) {dara from Taylor and Janney 1992)
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to a noradrenaline-mediated demargination of neutrophil cells (Taylor and Dardano
1983; Taylor er al 1986; Stowe er al 2003). Landing is, however, associated with
suppressed phagocytosis and oxidative burst (Kaur e 2l 2004). Additionally,
monaocyte number, phagocyrosis, oxidarive burst and degranularion have also been
reported to decrease following space flight (Kaur er ol 2005). Additionally,
monocytes stimulated by LPS have been shown to produce less IL-6, IL-10 and TNF-
a but more IL-1pB, which is characteristic of a shift from anti- to proinflammarory
state and a shift from Thl ro Th2 (Crucian et af 2011). Reducrions in MK cell
number and NKCA has also been reported after spaceflight (Konstantinova er 2l
1993; Stowe et al 2003). In general, cell-mediated immunity has been shown to
decline after re-entry into the Earth's armosphere, with changes including decreased
in vitre mitogen-stimulated lymphecyte proliferation (IL-2 and IFN-y production;
Tayler and Dardano 1983; Taylor er al 1986; Stowe er all 2003). Similar to during
space flight, serum immunoglobulin concentrations after exposure to microgravicy
have been shown to remain unchanged or increase after landing (Voss 1984; Konstan-
tinova et al 1993; Stowe er 2l 2003).

In summary, space flight, including before launch, during flight and on return to
Earth is associared with alterations in immune function thar may increase suscepti-
bilicy to infection. These immune alterations, alongside the increased microorganism

virulence in micrograviry, present considerable, as yet unresolved, challenges for
furure space travel to other planets.

E KEY POINTS

184

* Since circulating stress hormones (e.g. cortisol and adrenaline) are known to be
ar least partly responsible for the immunosuppressive effects of exercise, larger
increases in stress hormones after exercise in unfavourable conditions most likely
accounts for the immune alrerarions compared with exercise in more favourable
conditions.

* Passive hear stress thar results in a core temperature greater than 39°C s associared
with an increase in circularting rotal leukocyte and differential leukocyte number.

* An increase in i witro or in wive temperature of around 2°C is widely
acknowledged to enhance neutrophil, lymphocyte and NK cell funcrion.

* In comparison with prolonged exercise in thermoneurral conditions, prolonged
exercise in hot conditions thar evokes a larger increment in core temperature
(greater than 1°C compared with thermoneutral conditions) is associated with
larger numbers of circulating leukocytes during recovery.

+ Studies that have clamped the rise in core temperature during exercise show that
as much as half of the leukocytosis observed with exercise is artributable indirectly
to the rise in core temperature through hyperthermia-induced sympathoadrenal
acrivation,

+  With the exception of PHA-stimulared lymphocyte proliferation, which decreased
to a greater extent after prolonged exercise in the heat, studies show a limited
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effect of prolonged exercise in the heat on neutrophil funetion, NKCA and
salivary immunicy.

* Hypothermia (core rtemperature less than 35°C) may lead ro suppressed immune
function and increase URTI incidence.

* Studies to dare suggest thar exercising in the cold does not depress immune
funerion more so than exercising in thermoneutral condirions most probably
because exercise prevents core cooling.

= Exposure to high altitude has been shown to increase URTI symproms and
decrease cell-mediated immunity but has a limited effect on other aspects of
immunity {neutrophil and NK cell function, humeoral and mucosal immunicy).

* The effect of air pollution on immune funcrion during exercise is presently
unclear.

» Re-entry to normal gravity environment after microgravity exposure is associated
with a leukocytosis, suppressed cell-mediated immunicy and limiced alterations
in humoral immuniry. Less is known abour the effects of prolonged space flight
on immune function bur limited research also suggests cell-mediated immune
funcrion is impaired, which may explain the increased URTI incidence reported

during and after space ﬂight.
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8 Immune responses to intensified

periods of training

Michael Gleeson

n LEARNING OBJECTIVES

After studying this chapter, you should be able to:
* summarise the effects of chronic exercise training on immune function;

describe changes in innate, mucosal and acquired immune funcrion that oceur in
response to short periods of intensified training in athletes;

discuss associations berween impaired immune funcrion in athletes and increased
incidence of infectious illness;

deseribe the effects of overtraining syndrome on immune function and suscepri-
bility to infection;

discuss possible immune markers of impending overtraining.

= INTRODUCTION

As discussed in Chaprer 1, the relationship between exercise and suscepribilicy to
infection has been modelled in the form of a J-shaped curve, as illustrated in Figure
1.1 (Nieman 1994a) and the relationship berween exercise load and immune
funcrion is modelled as the inverse (mirror image of this curve). This model suggests
that, while engaging in moderate activicy may enhance immune function above
sedentary levels, excessive amounts of prolonged high-intensity exercise induce
detrimental effects on immune function. The literature provides strong evidence in
support of the latter point (Nieman 1994a; Pyne 1994; Pedersen and Bruunsgaard
1995; Gleeson and Bishop 1999; Gleeson et al. 1999a; Mackinnon 1998; Shephard
and Shek 19992), although relatively lictle evidence is available to suggest chac there
is any clinically significant difference in immune function berween sedentary and
moderately active persons.

Retrospecrive and prospective longitudinal studies have identified that the majority
of elite athletes experience symptoms of upper respiratory tract infection (URTT) ac
a rate similar to the general population (Cox et al. 2008; Fricker et al 2000; Pyne and
Gleeson 1998). However, the episodes of URTI in elite athletes do not follow the
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usual seasonal pacterns of URTI observed in the general population (Matthews er al
2002) but rather occur during or around competitions (Gleeson er 2l 2002; Nieman
et al. 2006; Peters and Bateman 1983; Spence et al. 2007; Walsh er al 201 1a).
Symproms occur more frequently during the high-intensity training and taper period
before competitions in some sports, such as swimmers and kayakers (Fricker et al
1999; Gleeson 2000b; Gleeson #r af 2000), while in other endurance sports, such
as long distance runners, URTI symptoms appear more frequently after a
competition (Cox et @l 2010¢; Mieman et al 2006; Peters and Bateman 1983),
llness-prone athletes may also be susceprible to URTT symptoms during regular
training periods or Folluwing increases in training load (Fricker and Pyne 2005). The
short-term durarion of URT] symptoms (one to three days) reported in most studies
suggests that, in most instances, a primary infection is unlikely and the symproms
may be due to viral reactivation (Gleeson et al 2002; Reid er al 2004) or other causes
of exercise-induced inflammation.

RECAP OF THE EFFECTS OF EXERCISE TRAINING ON INNATE, MUCOSAL
AND ACQUIRED IMMUNE FUNCTION

This section serves as a summary and reminder of the effects of exercise training on
innare, mucosal and acquired immune funcrion.

Exercise training effects on innate immune function

Regular exercise training does not appear to appreciably alter blood leukocyte couns,
including those of neutrophils (Gleeson and Bishop 2005). However, there are a few
reports that exercise training reduces blood neutrophil counts in these with chronic
inflammatory conditions or neutrophils in sites of chronic inflammarion (Michishita
et al. 2010), raising the possibilicy thar such exercise acts in an ant-inflammarcory
fashion in those with elevared inflammarion. This effect could be beneficial or
deleterious, depending upon the context. While there is litcle known about the
influence of exercise training on neutrophil function, regular exercise, especially
heavy, intense training, may attenuate neutrophil respiratory burst (Hack er 2l 1994;
Pyne er al 1995). This could reflect a sustained effect of previous acurte exercise, as
attenuarion of respiratory burst has been documented ro last several days post-exercise
(Suzuki er al 1999). Both longitudinal exercise training and cross-sectional studies
have shown thar physically active persons exhibir reduced blood monocyte inflam-
matory responses to lipopolysaccharide, lower Toll-like recepror (TLR)-4 expression
and a lower percentage of CD14+/CD16+ ‘inflammatory’ monocytes (Gleeson ot al
2011a). There are two reports from the same group demonstrating an effect of
exercise training on rat dendritic cells. Liao er al (2006) reported thar dendritic cell
numbers increased after training, with no difference in m-s:irnulamr}r molecule
(CD80 or CD86) expression, while Chiang er al (2007) found that major histocom-
patibility complex (MHC) II expression, mixed leukocyte reaction and interleukin
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(IL)-12 production were increased in dendritic cells from exercise trained rats.
Clearly, given the importance of dendritic cells in early immune regulacion, thisisan
area ripe for furcher investigation.

Despite much research regarding the effects of exercise training on natural killer
(MK) cell numbers and funcrion, there appears to be much controversy regarding its
effect. Early cross-secrional studies or interventions with limited subject numbers
reported modest increases in NK cell cyrolytic acrivity (NKCA) after moderate
exercise training in previously sedentary subjects (McFarlin er af, 2005; Nieman er
al, 1990, 1995; Peters er al, 1994; Shephard and Shek, 1999; Woods er al, 1999).
In two of the larger trials, one study Fairey er al (2005) found that 15 weeks of
moderate exercise training increased NKCA compared with sedentary conrrols, while
another 12-month trial found no change in NKCA in 115 post-menopausal women
(Campbell er al 2008). However, periods of very intensive training have been shown
to alter NK-cell subsets and to reduce NKCA (Gleeson er all 1995b; Suzui er al
2004; Morgado ef al 2012).

Exercise training effects on mucosal immune function

C
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The producrion of secretory immunoglobulin A (SIgA) is the major effector function
of the mucosal immune system providing the ‘first line of defence’ against pathogens.
To date, the majority of exercise studies have assessed salivary SlgA as a marker of
mucosal immunity but, more recently, the importance of other antimicrobial proteins
in saliva (e.g. a-amylase, lactoferrin and lysozyme) has gained greater recognition.
Acute bouts of moderate exercise have little impact on mucosal immuniry but
prolonged exercise and intensified training can evoke decreases in salivary secretion
of SlgA. Mechanisms underlying the alterations in mucosal immunicy with acute
exercise are probably largely related to the activation of the sympathetic nervous
system and its associated effects on salivary protein exocytosis and IgA transcytosis.
Depressed secretion of SIgA into saliva during periods of intensified training and
chronic stress are probably linked to altered activity of the hypothalamic-pituitary-
adrenal axis with inhibitory effects on IgA synthesis andfor transcytosis. Several
studies support the hypothesis thar reduced levels of salivary SlgA are associated with
increased risk of URTI during heavy training. While study popularions vary, the
association of an increased risk of URTT with lower concentrations of salivary IgA and
secretion rates has been consistent for high-performance endurance achletes
undertaking intensive training regimens (Fahlman and Engels 2005; Gleeson er al.
1999a, 1999b, 2000b, 2002; Libicz et al 2006; Neville ez al 2008; Nieman and
Nelson-Cannarella 1992, 2002a, 2006; Pyne er al 2000; Whitham ez al. 2006).
Similarly, the increases in salivary SIgA observed after moderate exercise training may
contribute to the reduced suscepribility to URTI associated with regular moderate
exercise (Akimoto et 2l 2003; Klentrou er 2l 2002).

A high incidence of infections is reported in individuals wich selective deficiency
of SIgA (Hanson et al. 1983) or very low saliva flow rates (Fox eral 1985). Moreover,
high levels of salivary SlgA are associated with low incidence of URTI (Rossen et af
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1970) and low levels of salivary SlgA in athleres (Fahlman and Engels 2005; Gleeson
eral 1999a, 2012b) or substantial transient falls in salivary SIgA (Neville ez af 2008)
are associated with increased risk of URTL

Levels of salivary SIgA vary widely berween individuals and, although some early
studies indicated thar salivary SIgA concentrations are lower in endurance athletes
compared with sedentary individuals (Tomasi er af 1982}, the majority of studies
indicarte thar they are generally not different in athletes compared with non-athletes
except when athletes are engaged in heavy training (Bishop and Gleeson 2009;
Francis et #f 2005; Gleeson and Pyne 2000).

Exercise training effects on acquired immune function

D In the true resting state (i.e. more than 24 hours after their last training session)
circulating lymphocyte numbers and functions appear to be broadly similar in
athleres compared with non-athletes (Nieman 2000). Longitudinal studies in which
previously sedentary people undertake weeks or months of exercise training have
failed to show any marked changes in T and B cell functions provided that blood
sarmples are taken at least 24 hours after their last exercise bout. In contrast, T and B
cell funcrions appear to be sensitive to increases in training load in well-trained
athletes undertaking a period of intensified training, with decreases in circulating
numbers of type-1 T cells, reduced T-cell proliferative responses and falls in
stimulated B cell immunoglobulin synthesis reporeed (Baj er 2l 1994; Lancaster er
al. 2004; Verde ex al. 1992). This suggests thac athletes engaging in longer periods of
intensified training can exhibit decreases in T-cell funcrionality. The cause of this
depression in acquired immunity appears to be related to elevated circularing stress
hormones, particularly cortisol, and alterations in the pro/anti-inflammatory cytokine
balance in response to exercise. This appears to result in a remporary inhibition of
type-1 T-cell cytokine production with a relative dampening of the rype-1 (cell-
mediated) response.

EFFECTS OF INTENSIFIED PERIODS OF EXERCISE TRAINING ON
IMMUNE FUNCTION

The effects of intensified exercise training on immune function have been
investigated in several athlete groups using relatively short-term (rypically one to
three weeks) longitudinal studies. There are a few longitudinal studies thar have
monitored immune funcrion in athletes over the course of a competitive season
lasting typically 4-10 months. There are also a handful of small cross-secrional studies
that have compared immune funcrion in athletes diagnosed as ‘over-trained’ with
healthy athletes, as well as a few larger-scale studies that have compared ‘illness-prone’
with more healthy athleres.

Athletes commonly intensify their training for a few days or weeks ar certain stages
of the season. This may induce a state of overreaching, in which performance is
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temporarily reduced, but following a period of taper with only light training, results
in super-compensation and an increase in performance. Several studies in recent years
have investigated the effects of short periods of intensified training on resting immune
funcrion and on immunoendocrine responses to endurance exercise. These studies
indicate thar several indices of leukocyte function, including neutrophil and
monocyte oxidative burst, T-lymphocyre CD4+/CD8+ ratios, mitogen-stimulated
lymphocyte proliferation and antibedy synthesis and NKCA are sensitive to increases
in the training load in already well-trained athletes (Gleeson et all 1995b; Lancaster
et al. 2003, 2004; Robson er al 1999b; Verde et al, 1992). Even following relatively
short periods (one to three weeks) of intensified training, marked reductions in
neutrophil function, lymphocyte proliferation, SIgA and the circulating number of
T-cells producing interferon-y (IFN-y) have been observed (Gleeson 2000b;
Lancaster er al 2003, 2004). For example, a two-week period of intensified training
in already well-trained triathletes was associated with a 20% fall in the lipopolysac-
charide-stimulated neutrophil degranulation response (Robson et al 1999a; Table
8.1) and after only one week of intensified training in well-trained cyclists substantial
falls in both neutrophil oxidative burst activity and lymphocyte proliferation
responses were observed (Lancaster ef 2/ 2003). Thus, with sustained periods of
heavy training, several aspects of both innate and adaprive immunirty are depressed
but athletes are not clinically immune deficient. In other words, exercise-induced
immune dysfunction does not put athletes in danger of serious illness buc it could be

sufficient to increase the risk of picking up common infections such as URTI or
influenza should the dreaded outbreak occur.
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VARIABLE TRAINIMNG

NORMAL INTEMSIFIED
A
Saliva lgA (mgfL) 115221 104 £ 25
Total beukoeyte coune (% 10%L) £6+0.2 5.1+0.2
MNeutrophil count (X 10°/L) 2302 27202
Meutrophil degranulation (fg/ecll)® 166 £ 13 117"
B
Tcell CD4+/CD8+ ratio 2912071 2.0520.32"
Mitogen-induced IgG synthesis (mg/L) 644 £ 207 537 + 130%
Mitogen-induced IgM synthesis (mg/L) 730+ 190 585 = 445°
Nover

A = Training was intensified over a 2-week peried by the imposition of addirional interval craining sessions on top of the normal
endurance teaining of cight male rriathletes; data are mean + SEM (data from Robson er ol 1998),

B = Weekly training distance was increased by 35% abeve the normal training for 3 weeks in ten male distanee runners; dara are
mean (SEM) (data from Verde eral 1992).

CD = dusters of differentiation; Ig = immunoglabulin,

* elastase rebrase in respanie to siimulation with bacierial lipopolysaccharide.

* 2 0,05 significant effect of additional Lraning.
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Several longitudinal studies have monitored mucosal immune function in high-
level athletes such as cyclists (Baj es al 1994), swimmers (Gleeson 2000b; Gleeson
et al. 1995b) and footballers (Bury er al 1998; Fahlman and Engels 2005; Rebelo et
al. 1998) over the course of a competitive season. In a study of American football
players, the incidence of URTI was increased during intense training (Figure 8.1)
and this was associated with falls in SIgA concentration and secretion rate. In thac
study, it was reported thar the secretion rate of SIgA (which represents the amount

Figure 8,1 Incidence of upper respiratory rract infection (URTI) (A) and secretory immunoglobulin A (STgh)
concentrations (B) among male college American footballers (V= 75) and recreationally active male
controls (V= 25) over a season of training and comperition. The most intensive training and competition

periods were in autumn (periods 2 and 3) and spring (periods 6 and 7)

(A) 100 -

-8 Footbalers
== Conlrols

80 4

2

3

Parcent with URTI

g

0 ' v T T T T T J
1 2 3 4 5 L T 8

Stage of season

[E} 160 -
140 1

—i— Foolballers
=0— Conlrols

Salivalgh (mail)
o 8 3288 8 B

T T T T T ia T ]

1 2 3 4 5 & 7 8
Stage of season

191



MICHAEL GLEESON

of 5lgA available on the mucosal surfaces for protection against pathogens) was signif-
icantly and inversely related to URTT incidence (Fahlman and Engels 2005). In an
earlier and much-cited study, the impaer of long-term training on systemic and
mucosal immunity was assessed prospectively in a cohort of elite Australian swimmers
over a seven-month training season in preparation for the national championships
(Gleeson er 2l 1995b, 1999a). The results indicated significant depression of resting
serum and salivary immunoglobulin concentrations in athletes, associated with long-
term training at an intensive level, Furthermore, resting SIgA concentrations at the
start of the training period showed significant correlations with infection rates (Figure
8.2) and the number of infections observed in the swimmers was predicted by the
pre-season and mean pre-training SlgA levels (Figure 8.3). Among the markers of
systemic immuniry that were also measured, there were no significant changes in
numbers or percentages of B- or T-cell subsets but there was a significant fall in NK
cell numbers and percentages in the swimmers over the training season.

Figure 8.2 The relationship berween resting salivary secretory immunoglobulin A (S$1gA) concentration and

incidence of infection among 26 elite swimmers during a 7-month training season. Resting SlgA fell
during the 7-menth training period on average by 4.1% per month of training and infection incidence
was more frequent towards the end of the training period (data from Gleeson ef ol 1995)
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Another study monitored elite yachtsmen over 50 weeks of training and
competition and reported an inverse (i.e. negative) association between SlgA levels
and training load as well as a significant inverse association between SIgA levels and
URTl incidence (Meville er af. 2008). Furthermare, retrospective analysis of infection
episodes and 5IgA levels indicated thar, before URT] episodes, Slgh levels fell in the
preceding two to three weeks (see Figure 6.5).

These studies on mucosal immunity in athletes are representative of a very small
number of studies thar have established a relationship berween some surrogace
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Figure 8.3 Swimmers with resting salivary secretory immunoglobulin A (SlgA) concentrations below 30 mg/L had 2
higher incidence of upper respiratory tract infection (URT1; 4-7 episodes) than swimmers with higher
secrerory immunoglobulin A (SIgA} levels (0-3 episodes) during a 7-month training season (from
Gleeson 2000)

Saliva IgA concentration (mg/L)
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measure of immune function and infection incidence in athletes. A few studies of
soldiers during intensive periods of military training have also reported a negarive
relationship berween SIgA concentration and occurrence of URT (Carins and Booth
2002, although others have not (Gomez-Merino er al. 2005; Tiollier er al 2005a).
SlgA was evaluared as a marker of the severity of stress during a 19-day Royal
Ausrralian Air Force survival course, during which the 29 participants experienced
hunger, thirst, boredom, loneliness and extreme heat and cold, combined wich
demanding physical efforc (Carins and Booth 2002). Dierary restriction,
consumption of alcohol, body mass loss, occurrence of URTI and negative emotions
were negatively associated with SIgA or the ratio of SlgA to albumin and the authors
concluded thar this ratio is a useful marker of the severity of stresses encountered
during stressful training. Another study examined the impace of a three-week period
of military training followed by an intensive five-day combar course in 21 French
commandos on SlgA levels and incidence of URTI (Tiollier er 2l 2005a). Saliva
samples were collected ar 8 a.m. before entry into the commande training, the
morning following the three-week training period, after the five-day combar course
and after one week of recovery. After the three-week training period, the SlgA concen-
tration was not changed, although it was reduced by around 40% after the five-day
course and returned to pre-training levels within a week of recovery. The incidence
of URTI increased during the trial bur was nort related to SIgA. Among the 30
episodes of URTI reported, there were 12 rhinopharyngitis, six bronchiris, five
tonsillicis, four sinusitis and three otitis. This study indicates that sustained stressful
situations have an adverse effect on mucosal immuniry and incidence of URTI,
although a causal relationship berween the two could not be established. However,
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in these military personnel studies, the training often involves not only strenuous
physical activity bur also dietary energy deficiency, sleep deprivation and psycho-
logical challenges. These muluple stressors are likely to induce a pattern of
immunoendocrine responses that amplify the exercise-induced alterations.

In a study on competitive cyclists, the toral number of leukocytes, T-lymphocyte
subsets, mitogen-induced lymphocyte proliferation and IL-2 production, adherence
capacity and oxidative burst activity of neutrophils were measured at rest at the
beginning of a training season and after six months of intensive training and a racing
season, cycling approximately 500 km a week (Baj er al 1994). Baseline values of the
tested immune parameters were within the range observed in non-trained healthy
controls. At the end of the season, significant decreases in absolute numbers of CD3+
and CD4+ cells, diminished IL-2 production and reduced MM LP- and PMA-stimulared
oxidarive burst activity of neutrophils were noted. Surprisingly, a marked increase in
lymphocyte proliferation induced by phytohaemagglutinin and anti-CD3 were also
observed at rest after the training season.

In a study of 18 national level swimmers and 11 healthy non-athlete volunteers,
blood samples were collected from achletes after 36 hours of resting recovery from
exercise at four times during the training season and at similar rimes from the non-
athlete controls (Morgado et al 2012), The samples were incubated in the presence
or the absence of LPS and IFN-y and the frequency of cytokine producing neucrophils,
monocytes and dendritic cells and the amount of each cytokine produced per cell
were evaluated by flow cytometry. In addition, plasma cortisol levels were measured
and upper respiratory symptoms recorded through daily logs. In the athletes, but not
in the controls, a decrease in the number of monocytes, neurrophils and dendritic cell
subsets and in the amount of IL-1f, IL-6, IL-12, TNF-a and MIP-1p produced by
these cells in response to stimulartion, was observed over the training season. The
differences were most noticeable berween the first (baseline values) and second blood
collections, corresponding to the initial elevation of training volume. In che athletes,
the plasma levels of cortisol partially correlated with training intensity and could, at
least in part, explain the reduced response of cells to stimulation iz vitro. The results
from this study supporr the idea that long-term intensive training may affect the
funcrion of innarte and antigen-presenting immune cells, reducing their capacity to
respond to acute challenges, possibly contributing to an elevated risk of URTI.

There are only a few studies that have examined immunological changes in profes-
sional football players before, during and after a full season. Bury er 2l (1998) reported
that a competitive season in 15 Belgian professionals did not produce any change in
the total number of leukocytes but increased neurrophil counts and decreased CD4+
T-lymphocyte counts. They also reported a slight decrease in T-cell proliferation and
a significant decrease in neutrophil function. On the other hand, training and
competitions did not induce significant changes in the number of NK cells nor NK
cytoroxic activity. Rebelo er al (1998) examined the effect of a soccer season on
circulating leukocyte and lymphocyte subpopulations of 13 Portuguese players. Ac
the end of the season, total leukocyte and neutrophil numbers and CD8+ cells were

increased compared to pre-season values and the CD4/CD8 ratio was decreased.
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Few studies have investigated the effects of intensified training on multiple markers
of immune function. However, in one such study (Lancaster e 2/, 2003), seven
healthy endurance-trained men completed three trials consisting of cycling exercise
at a work rate equivalent to 74% VO, max until volitional fatigue. The trials took
place in the morning, before and after a six-day period of intensified training and after
two weeks of light recovery training, as illustrated in Figure 8.4. Normal training
consisted of around ten hours of cycling per week; during the intensive training
phase, training load was increased on average by 73% (Figure 8.5). During recovery

Figure 8.4 Schematic representation of the experimental protocol used by Lancaster ez a/. (2003)

Day 1 Days 2 -7 Day 8 Days 9 - 22 Day 23
| 4 N 1 4 A |
. . . . 2-weekRecovery i i
Experimental Trial 1 ) Experimental Trial 2 Period Experimental Trial 3
6-day Intensified
Exercise to . . Exercise to Exercise to
exhaustion Training Period exhaustion exhaustion
8t ~74% VO g, at ~74% VO-g 8t ~74% VO g
Pre-ex 60- Post-ex 1-hPost-ex Pre-ex 60- Post-ex 1-hPost-ex Pre-ex 60- Post-ex 1-hPost-ex
Blood sample Blood sample Blood sample
collection collection collection

Figure 8.5 The weekly training load (hours : minutes) during the normal, intensified and recovery training periods
in the study of Lancaster et al. (2003)

Training time (h:min) Heart Rate Zones
20:00 4 B>90% HRmax
=83 - 90% HRmax
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Training Training Training Training
Week Week Week 1 Week 2
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training, exercise was limited to no more than four hours per week for two weeks.
Training intensity and duration were confirmed by rthe use of heart rate monitors. The
percentage and number of T-cells producing IFN-vy was lower at rest following the
intensified training period compared with normal training (Table 8.2). Ex viwvo
stimulared neutrophil oxidarive burst activity (Figure 8.6) and lymphocyte prolif-
eration (Figure 8.7) fell after acute exercise and were markedly dcprcssc& ar rest after
the intensified training period compared with normal training. £x vive simulared
monocyte oxidative burst activity was unchanged after acute exercise but was lower
at rest following the intensified training period compared with normal training (Table
8.2). Following all acute exercise trials, the circulating number of IFN-y+ T-cells and
the amount of IFN-y produced per cell was decreased (Figure 8.8). The six days of
intensified training did not affect resting SlgA concentration but the latrer was

O O P T T L] [T T T AcE A T P Ly T SRV & (o IR T T or i T B Pt | Lo LT T
a3 i o sl e g e =Tl (LB ieTnpte e h 1 Sl g e A
~ oy T g . .

CLASSIFICATION OF TRAIMING PERIOD LOAD

NORMAL IMTEMSIFIED RECOVERY
Monocyie oxidative burst 178 £ 18 136 z 24° 196 £ 21
IFM-ys Tocells (2 10% cells/L) 0,19 £ 0.02 12 = 0.03 0.20 £ 0.03

Motr:
* e 005 versus normal training

Sowree data from Lancaster er al (2003)

Figure 8.6 Effect of an exhaustive exercise bour performed during normal weaining (NT), intensified training (IT)
and recevery training (RT) perieds on neutrophil oxidative burse acrivity (mean Auorescence intensity,

ME1). Analysis of variants revealed significant main effects of time and wrearment (data from Lancaseer ef
al. 2003)
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Figure 8.7 Effect of an exhaustive exercise bour performed during normal training (NT), intensified training (IT)
and recovery training (RT) periods on mitogen-stimulated lymphocyte proliferation. Analysis of variants
revealed s'tgniﬁ:anr main effects of rime and rrearment (dara from Lancaster o2 2 2003)

Lymphocyte proliferation (Stimulation [ndex)
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Figure B8 Effect of an exhaustive exercise bout performed during normal training (NT), intensified eraining (IT)
and recovery training (RT) periods on stimulated T lymphocyte incerferon-y (IMF-y) preduction (mean
fluorescence intensicy, MFI). Analysis of variants revealed significant main effect of time only (lower
POSt-exercise mmp:.md with p-n:-:::wn:iu; P < 0.0%) (dara from Lancascer er ol 2003)
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significantly lower at the end of recovery training (SIgA values were 74.2 £ 13.1,
64.6 £ 12.5 and 49.0 £ 10.4 mg/L during normal training, intensified training and
recovery training, respectively). Except for SlgA, all measured immune paramerers
were back to normal after two weeks of recovery training. These results indicare chac:
(1) acute exhaustive exercise causes a temporary fall in several aspects of immune cell
function and a decrease in IFN-y production by T cells; (2) resting immune function
is decreased after only six days of intensified training and these effects are reversible

—

197



MICHAEL GLEESON

with two weeks of relative rest; (3) in general, the immune response to an acute bout
of exhaustive exercise is not affected by the weekly training load.

Although elite athletes are not clinically immune deficient, it is possible that the
combined effects of small changes in several immune parameters may compromise
resistance to common minor illnesses such as URTI. Protracted immune depression
linked with prolonged intensive training may determine suscepribility to infection,
particularly at times of major comperitions.

n COMPARISONS OF ILLMESS-PRONE ATHLETES WITH HEALTHY ATHLETES
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Within the general healthy human population, there is a range of immunocom-
petency, owing to genetic differences, age, gender and lifestyle habits. Clearly, some
individuals are more prone to illness than ochers (this is true for both the sedentary
population and the athletic population) bur it is not known which particular aspects
of immune function (ar dysfunction) are responsible for these differences in illness
suscepribility. Biomarkers to predict infections could be of significant value among
athletes and military personnel. As mentioned previously, several studies have
reported associations berween decreased SlgA concentration or secretion rate and
URTl incidence in athletes (Gleeson eral 1999a; Fahlman and Engels 2005; Neville
et al. 2008) but these have been based on a relarively small number of subjects. Associ-
ations berween URTI risk and blood immune parameters have not been extensively
examined, though an impaired IFN-y production in unstimulated whole-blood
culture has been reported in fatigued and illness-prone endurance athleces (Clancy
et al. 2006). However, the relevance of this measure of immune function to infection
risk is unclear, as cyrokine production in the unstimulated state is very low compared
with the response to an infectious agent or antigen challenge.

One study atrempred to examine immune factors (including the cytokine response
to an antigen challenge) influencing suscepribilicy to URTI in men and women
engaged in endurance-based physical acrivity during the winter months (Gleeson er
al 2012b). Eighty individuals provided resting blood and saliva samples for determi-
nation of markers of systemic immuniry and each individual kept weekly training and
illness logs for the following four months. Thirgy of the subjects did not experience
an URTI episode and 24 subjects experienced three or more weeks of URTI
symptoms, Retrospective analysis revealed that these illness-prone subjects had higher
training loads and had around 2.5-fold higher IL-4 and IL-10 production by mulri-
antigen-stimulared whole-blood culture than the illness-free subjects (Table 8.3).
Iliness-prone subjects also had significantly lower salivary SlgA secretion and saliva
flow rare than the illness-free subjects. There were no differences in circulating
numbers of leukocyte subtypes, lymphocyte subsets or plasma levels of IgA and IgG
berween the illness-prone and illness-free subjects. The production of IL-10 was
positively correlated and the SIgA secretion rate was negatively correlated with the
number of weeks with infection symptoms. The authors concluded that high IL-10
production in response to antigen challenge and low SlgA secretion are risk factors
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Saliva flow rate (mLfmin) 0.35 = 0.19 0.53 = 0.24 0.004
Slgh concentrarion (mg/L) 1452 79 155+ 95 0.835
Slgh secrerion rate (pg/min) 49 2 36 40+ 53 0,019
Plasma IgA (g/L) 1.38 = 0.51 1.64 £ 0.B0 0.183
Plasma IgG (g/L) 10.75 + 1.83 11.31 £ 2.59 0.378
Leukocyre count (> 10%L) 572+ 1.88 5782 1.19 0.890
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Sowrce: data from Gleeson ot af (2012)

for development of URTI in physically active individuals. The significance of IL-10
may be its anti-inflammartory and immunosuppressive effects. Individuals thar
produce relatively large amounts of IL-10 during the early stages of an infection may
not mount a sufficiently robust immune response to counter the pathogen and,
consequently, may be more prone o developing the symproms of infection. The
results of chis study also indicated thar saliva flow rate is also an important factor in
URTI risk. This might reflect the importance of other antimicrobial proteins in
saliva, such as amylase, defensins, lysozyme and lactoferrin (West er /. 2009) in
addition to SIgA. The multiple of the saliva flow rate and the saliva concentration of
these antimicrobial proteins determines their secretion rates into the oral caviry.

A few other small-scale studies have artempred to determine if eytokine responses
to exercise differ berween healthy and illness-prone distance runners. One such study
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by Cox et al (2007) classified runners as healthy (no more than two episodes of
upper-respiratory symptoms per year; = 10) or illness-prone (four or more episodes
per year; V= 8) and reported that the resting plasma IL-8, IL-10 and IL-1ra concen-
trations were 19-38% lower in illness-prone runners. After a standardised bour of
treadmill running, post-exercise plasma IL-10 and IL-l1ra concentrations were
10-20% lower, whereas 1L-6 elevations were 84-185% higher in illness-prone
subjects, suggesting that cytokine responses to exercise differ berween healthy and
illness-prone athletes. This might reflect impaired inflammatory regulation in the
hours after exercise that may account for the greater frequency of upper-respiratory
symptoms experienced. Such differences in cytokine production in response to
exercise or infection may be, at least in part, due to differences in cytokine gene
polymorphisms (Cox e al 2010a) but more work is needed ro establish whether this
is an important factor influencing illness risk among achletes or other populations.

E EFFECTS OF OVERTRAINING ON IMMUNITY

As athletes strive to produce improved performances, they are under pressure to
increase their training load; this is epitomised by the Olympic motto ‘citius, altins,
fortins (faster, higher, stronger). Paradoxically, there is much anecdoral evidence cited
in the literature that links excessive exercise with a chronic decrease in athletic
performance. This is highlighted by elite athletes failing to improve on the previous
year's performances, despite undergoing ever more intensive training programmes, or
athletes reporting an inability to regain previous form following a tough competition.

An athlete must undergo significant stress during training to provide sufficient
stimulus for physiological adapration and the subsequent improvement in
performance. To ensure that the athlete adapts favourably to the training load,
imposed adequate rest is a erucial part of any training programme. If rest is not
sufficient and the exercise stress alone or combined with other stressors (physical,
nutritional, environmental or psychological) is too grear, the athlete may fail o adapr
(maladapr) and become overreached. If insufficient rest continues when overreached
and the athlete is exposed o further stressors, then a state of chronic fatigue, non-
recovery and, in some instances, immunodepression may occur; this is classified as
overtraining syndrome (OTS5). For an up-to-date review on the diagnosis, treatment
and prevention of OTS see Mecusen et al (2013).

Redefinition of overtraining syndrome

C
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To date, the aetiology of OTS remains elusive bur the recent redefinition of the
syndrome may help to resolve this conundrum. The term ‘overtraining syndrome’ is,
in fact, a misnomer, since it implies that exercise is the sole causative factor of the
syndrome, whereas the aetiology of OTS appears 1o be mulrifactorial. This has been
a major limiting factor in identifying the cause of OTS. Therefore, the syndrome
has been redefined as unexplained underperformance syndrome (UPS; Budgerr er
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al. 2000); hence, for the purposes of clarity, the syndrome will be referred to as UPS
for much of this chaprer.

Unexplained UPS has been defined as a persistent decrement in achlerie
performance capacity despite two weeks of relative rest, which is acknowledged by
both the coach and the athlete (Budgere et 2L 2000). UPS should not be confused
with overreaching, which causes a temporary deterioration in performance but, with
sufficient rest and recovery, the overreached athlete recovers fully and, in many
instances, their athletic performance is improved.

Symptoms of unexplained UPS

The most prominent symprom of UPS is general/local fatigue and heightened sense
of effort during training. Other commonly reported symproms include general
malaise/flu-like symptoms, sleep and mood disturbances, unexplained or unusually
heavy, stiff and/or sore muscles, loss of appetite, gastrointestinal disturbances and
slow wound healing.

Anecdoral repores from athletes and coaches of an increased infection rate with
UPS have also been supported by several empirical studies. In a cohort study of highly
trained athletes before the Olympic Games, over 50% of the athletes who reported
symptoms of UPS presented with infection compared with none of the athletes in the
overreached group (Kingsbury er al 1998). It appears, therefore, that suppression of
immune system function as a consequence of excessive physical and/or psychologieal
stress can clinically manifest as an increased susceptibilicy to infectious illness. The
most commonly reported infection and most acurely disabling for elite athletes is
that of the upper respiratory tract.

Hypotheses to explain immunodepression in UPS

There are several possible causes of the diminution of immune funcrion associated
with periods of heavy training. Alchough, ar present, there is no encompassing ctheory
to explain the altered immune competence experienced by athletes with UPS, several
hypotheses have been proposed.

Glutamine hypothesis

The most frequently cited theory is the glutamine hypothesis of overtraining which
was first proposed by Eric Newsholme (Newsholme 1994). Glutamine is an amino
acid essential for the optimal functioning of lymphocytes and in vitro studies by
MNewsholme and his colleagues have demonstrated thar, in the absence of glutamine,
lymphocytes are unable to proliferate (see Box 8.2). Since many athletes with UPS and
those undergoing intense exercising training present with low plasma glutamine
concentrations (Keast er ol 1995, Kingsbury er al 1998; Rowbottom er all 1995), it
is hypothesised thac the fall in plasma glutamine levels causes lymphocyte function to
become depressed, thus rendering the athlete more susceprible to infections. However,

—
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Box B.2 Dr Eric A. Newsholme, PhD

The late Professor Eric Newsholme read natural science at Cambridge and this was
foliowed by a FhD in biochemistry. In 1964, he moved 10 Oxford University to work with
Sir Hans Krebs: he became a Fellow of Merton College and a Lecturer at the Department
of Biochemistry in 1973. Eric was a rare example of a talented researcher who was alse
an outstanding teacher. He could make even drab topics in biochemistry sound exciting
and he had many original ideas and hypotheses that have informed exercise biochemistry
and immunology over several decades. More than 50 PhD students and a similar number
of postdoctoral scientists received research training in Eric's laboratory. Eric published
over 300 research papers and reviews. His textbooks (Regulation in Metabolism by
Mewsholme and Start, 1973, and Biochemistry for the Medical Sciences by Newsholme
and Leech, 1983) provided many biochemists with much knowledge of intermediary
metabolism and metabolic control. Eric recently updated his 1983 textbook to become
Functional Biochemistry in Health and Disease with Tony Leech (2010},

Eric took up marathon running in his mid-30s and successfully completed around 40
marathons. This gave him a considerable appreciation of energy metabalism in exercise.
Work in the late 1970s and early 1980s with a DPhil student, M. 5. M. Ardawi, resulted
in the discovery (amang others) that the amino acid, glutamine, was used as a fuel at a
surprisingly high level in resting, unstimulated lymphocytes. In wvitro work in Eric’s
laboratory by another student, Mark Parry Billings, demonstrated that, despite the
presence of all other essential nutritional components in cell culture mediom, only when
glutamine was decreased did a decrease in the proliferative ability of lymphocytes occur.
Philip Mewsholme (Eric's son) and, later, Philip Calder (also students) showed that
glutamine was essential for macrophage function.

On becoming aware of a decrease in some key immune cell numbers and functions
after prolonged, exhaustive exercise, Eric hypothesised that a lack of glutamine might be
responsible. Glutamine is a metabolic fuel for many cells and a nitrogen donor for puring
and pyrimidine nucleotide synthesis and, thus, for DA synthesis. There is an extensive
literature on the role of glutamine in clinical situations, to which Eric’s group has
contributed, showing that burns and major trauma are associated with very low
glutamine levels in the blood. Several field studies confirmed that the plasma concen-
tration of glutamine was indeed low (by 20-25%) in endurance runners after an event,
as well as in overtrained athletes at rest (Parry-Billings et al. 1992). Subsequent studies
on more than 150 marathon runners showed that the provision of glutamine within the
recovery period reduced self-reported iliness (mostly URTI) by around 43% compared
with placebo.

The other major aspect of Eric’s input into exercise immunology concerns fatty acids
and the immune system. This work was carried cut largely with his former student, Philip
Calder (now a professor at Southampton University). Eric’s key contributions almast
certainly emanated from his desire 1o prowide quantitative descriptions of complex
metabolic pathways and to consider whole-body metabolism, not just the cell or tissue
in which the study was conducted. Another principle which he liked to instil in his
students was; 'you can never prove or disprove a hypothesis: you can only add to the
evidence for or against it'. Bear that in mind when you read this book!
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a weakness in this theory concerns the in vitro studies. When lymphocytes are cultured
with identical glutamine concentrations to the lowest plasma glutamine concentrarions
reported in athletes following intense exercise or with UPS (300-400 pM),
lymphocyte proliferation and lymphokine-acrivated killing cell activity are idenrical
to when they are culrured in normal resting glutamine levels (GO0 pM). Furchermore,
Kingsbury ez al (1998) found no differences in the plasma glutamine concentrations
of athletes with UPS, either with or without infections. Although plasma glutamine
does not appear to be involved with exercise-induced immunodepression, it may still
provide a useful marker of excessive exercise and impending UPS.

Open window theory

An alternative theory is the ‘open window' theory, as derailed in previous chaprers.
The period of post-exercise suppression of some aspects of the immune system has
been identified as a potential window of opportunity for infections. This window
can remain open for 3=72 hours (although in most cases, 3-24 hours is probably
the norm) following exercise, during which an infectious agent may be able to gain
a foothold on the host and increase the risk of an opportunistic infection (Pedersen
and Ullum 1994). It is feasible that the combination of stressors that lead to the
onset of UPS in athletes may cause the post-exercise ‘window of vulnerability to
infection’ to be open for a longer period, consequently rendering the achlere with
UPS more susceprible to infection.

Tissue infury or cytokine theory

The most recent theory, which holds much promise, is the ‘tissue injury theory’ of
immunodepression in UPS proposed by Smith (2003, 2004). Over the first decade
of the twenty-first century, it has been established that T-helper lymphocytes (Th),
an integral part of immune function, comprise two funcrional subsers, namely
Thil and Th2, which are associated with cell-mediated immunity and humoral
immunity, respectively (as described in Chapter 2). When Th-precursor cells are
acrivared, one subset is uprcgulaﬂ:d in Favour of the other subser, such thar eicher
the Thl or the Th2 lymphocytes are activated, depending on the nature of the
stimulus. The upregulation of one subser over the other is determined by the
predominant circulating cytokine pattern. The tissue injury theory proposes that the
exercise-induced immunodepression in UPS is due to excessive tissue trauma (i.e.
muscle fibre damage) induced by intense exercise with insufficient rest, which
produces a pattern of cytokines that drive the Th2 lymphocyte profile. The upregu-
lation of the Th2 lymphocytes is further augmented by the elevarion of circulating
glucocorticoids, catecholamines and prostaglandin E, following prolonged exercise.
The Th2 proliferation results in a suppression of the Thl lymphocyre profile, thereby
suppressing cell-mediated immuniry. It has been suggested thar chis may be an
important mechanism in exercise-induced depression of immune cell functions
(MNorthoff er al 1998) and in increasing suscepribility to viral infections (Smith,
2003).
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The observed tissue trauma and cyrokine parrern following prolonged exercise lends
some credence to this hypothesis, although whether this is a causal factor in the
incidence of post-exercise infection remains unknown. The theory concludes thar the
increased incidence of infection in some athletes with UPS is not due 1o a global
immunosuppression burt rather to an altered aspect of immune funcrion resulting in a
down-regulation of cell-mediated immuniry. This theory may provide insight into the
increased incidence of viral infections in some athletes wich UPS, since cell-mediated
immunity predominantdly protects against intracellular viral infections. However, this
theory cannot account for the bacterial infections of the upper respiratory tract (e.g.
streprococcal and staphylococcal infections), which are associared with depression of
non-specific immunity and are commonly reported in athletes with UPS.

It is also possible that chronic elevation of stress hormones, particularly glucocor-
ticoids such as cortisol, resulting from repeated bouts of intense exercise with
insufficient recovery, could cause temporary immunodepression, even in the absence
of tissue trauma. It is known that both acute glucocorticosteroid administration
(Moynihan er al 1998) and exercise cause a temporary inhibition of IFN-y
production by T-lymphocytes and a shift in the Th1/Th2 cytokine profile towards
one that favours a Th2 (humoral) response with a relative dampening of the Thl
(cell-mediated) response.

Whilst the theories discussed above describe the possible causes of compromised
immune funcrion in UPS, the universal and most debilitating symprom in UPS is the
persistent fatigue reported by athletes. This may also be attributable to elevared levels
of cytokines in the blood causing ‘sickness behaviour’. Cytokines communicate with
the central nervous system and induce a ser of behaviours referred to as “sickness
behaviour’, characterised by mood changes, a disinclinarion to exercise and fatigue,
until the inflammatory response is resolved. This is chought to be a prorective
mechanism as it dampens the individual’s desire to expend energy in times of
excessive physical and psychological stress. This theory has received some support
from a study that reported elevared levels of cytokines (e.g. IL-6) in the circulation
at rest, at the same time as markers of muscle damage were evident in well-trained
triathletes undergoing periods of intensified training (Robson-Ansley er l 2007)
and a study thart reported positive associations berween elevated levels of plasma
cytokines and mood disturbance (including increased sensations of fatigue) during
intensified periods of training in elite rowers (Main ez of 2010).

The cytokine theory has been further refined into the ‘IL-6 hypothesis of UPS’
(Robson 2003). This theory proposes that factors aside from exercise-induced tissue
trauma trigger a dysregulated inflammatory response in UPS, causing either increased
levels of circulating cytokines or an increased sensitivity to cytokines. The theory is
primarily focused on the fatigue-inducing properties of the cytokine, IL-6, which
increases sensations of fatigue as its circulating concentration rises during prolonged
exercise (Robson-Ansley et al 2004). Studies investigating the effect of IL-6 on resting
healthy individuals showed that low doses of recombinant human IL-6 (rhIL-G, a
synthesised form of IL-6) induce an increased sensarion of fatigue, depressed mood
state, as well as elevated hearr rate and disrupted sleep pattern, which are strikingly
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similar symproms to those reported by athletes with UPS, although the symproms
of IL-6 administration are relatively short-term in healthy individuals compared with
the chronic fatigue associated with UPS. The IL-6 link in the association of chronic
farigue with UPS is further advanced by a study that showed a heightened sensicivicy
to thIL-6 administration in patients with chronic fatigue syndrome (CFS) compared
with normal control subjects (Arnold er @l 2002). The CFS group experienced an
immediate increase in flu-like symproms following rhIL-6 administration, whereas
the control group did not experience any symptoms until six hours post-adminis-
tration. Furthermore, the feelings of fatigue and malaise remained up to 24 hours
after the rhlL-6 administration in the CFS group. This suggests that an athlete wich
UPS undergoing physical andfor psychological stress resulting in elevated IL-6
concentrations could experience an exacerbated sensation of farigue during exercise.
Of significant interest is the finding that 1L-6 administration in healthy individuals
induces temporary symptoms that are akin to those experienced during influenza
infection. This may explain why some athletes with UPS complain of flu-like
symptoms in the absence of clinically confirmed infection and suggests a cytokine-
mediated sickness behaviour.

E_KEY POINTS

* Resting immune function is not very different in achletes compared with non-
athletes.

= Periods of intensified training (overreaching) in already well trained athletes can
result in a depression of immuniry in the resting state.

* Illness-prone athletes appear to have an altered cytokine response to antigen
stimulation and exercise. Having low levels of salivary IgA secretion makes athletes
more susceptible o URTI.

* Overtraining is associated with recurrent infections and immunodepression is
commaon but immune functions do not seem to be reliable markers of impending
overcraining.

* There are several possible causes of the diminurtion of immune function associated
with periods of heavy training. One mechanism may simply be the cumularive
effects of repeated bours of intense exercise (with or withour tissue damage) with
the consequent elevation of stress hormones, particularly glucocorticoids such as
cortisol, causing temporary inhibition of Th1 cytokines with a relative dampening
of the cell-mediated response, When exercise is repeated frequently there may not
be sufficient time for the immune system to recover fully.

+ The IL-6 hypothesis of UPS postulates that a heighrened sensitivity o IL-6 or a
dysregulated production of IL-6 during exposure to physical and/or psychological
stress are possible mechanisms for the development of UPS in achletes.
Furthermore, the absence of clinical confirmation of infection despite the flu-like
symptoms reported by some athletes following excessive exercise suggests a
cytokine-mediated sickness behaviour response to physical scress.
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9 Exercise, nutrition and immune
function

Neil P. Walsh and Michael Gleeson

n_LEARNING OBJECTIVES

After studying this chapter, you should be able to:

* describe the mechanisms by which nutrient availabilicy may alter the immune
response to heavy exercise and training;

* describe how poor dietary practices during training and competition may be
involved in the aetiology of exercise-induced immune depression;

* provide examples of research findings from studies investigating the effects of
macronutrient and micronutrient availability on the immune response to heavy
exercise and training;

* critically evaluate the evidence thar dier and nurritional supplements can modify
immune responses and reduce infection incidence, severity and duration during
heavy training and competition.

n INTRODUCTION

Achletes engaged in heavy training programmes, particularly those involved in
endurance events, appear to be more susceptible to upper respiratory tract infections
(URTI) as discussed in Chapter 1. Laboratory and field-based investigations have
implicated immune depression, particularly in the hour after heavy exercise (‘open
window hypothesis’), as being at least pardy responsible for the increased incidence
of URTI in athletes (discussed in Chaprers 4-6). It is noteworthy, though, thar
evidence showing a causal relationship berween immune depression and inereased
incidence of URTT in athletes is eurrently lacking (Walsh ez 2L 2011b). Many factors
are known to influence the immune response to exercise; these include nucrition
(discussed in this chaprer), environmental condirtions (discussed in Chaprer 7) and
the psychological stress of training and competition (briefly discussed in Chaprer 2).

Nutrirional deficiencies are widely acknowledged to impair immune funcrion and
there exists a large body of evidence showing that the incidence and/or severity of
many infections is increased by specific nurritional deficiencies. Insufficient energy,
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macronutrient and micronutrient intake have all been shown to impair immune
function. This chapter firstly highlights the probable mechanisms by which nutrient
availability influences the immune response to heavy exercise and training. A
summary of the research evidence investigating the effects of the day-to-day training
diet and competition diet on immune function and susceptibility to infection follows.
Where available, recommendations for macronutrient and micronutrient intake are
included to help athletes to counter some of the negative effects of heavy exercise
and training on immune function. The remainder of this chapter focuses on the
controversial question: do nutritional supplements augment immune function and
reduce illness in athletes?

E NUTRIENT AVAILABILITY AND IMMUNE FUNCTION: MECHANISMS OF
| | ACTION

208

Nutrient availability has the potential to affect almost all aspects of the immune
system because macronutrients are involved in immune cell metabolism and protein
synthesis and micronutrients are involved in immune cell replication and antioxidant
defences (Gleeson 2006a). Inadequate nutrient availability is known to cause
alterations in immune function including depressed cell-mediated immunity,
T-lymphocyte proliferation, complement formation, phagocyte function, humoral
and secretory antibody production and altered cytokine production. Deficiencies or
excesses of specific nutrients may alter the immune response by ‘direct’ and/or
‘indirect’ mechanisms (Figure 9.1). A nutritional deficiency is said to have a ‘direct
effect’ when the nutritional factor being considered has primary activity wichin the
lymphoid system (e.g. as a fuel source) and an ‘indirect effect’” when the primary
activity affects all cellular material or another organ system thart acts as an immune
regularor. A reduction in the availability of carbohydrate (e.g. decreased blood glucose
concentration during prolonged exercise) might decrease immune cell energy
metabolism and protein synthesis (e.g. cytokine, antibody and acute phase protein
production); this would be described as a ‘direct effect’ (Figure 9.1). Alternatively,
decreased blood glucose availabilicy might have an ‘indirect effect’” on immune
function through its stimulatory effect on the secretion of stress hormones. The
immunosuppressive effects of the stress hormones (e.g. cortisol and adrenaline) are
widely acknowledged to explain much of the exercise-induced immune depression
(‘indirect effect’; Figure 9.1) (Walsh et 2l 2011b). The duration and severity of a
nutrient deficiency also have a potentiating influence on the magnitude of immune
impairment; although, even a mild deficiency of a single nutrient can result in an
altered immune response (Gleeson 2006a). Studies in animals and humans have
shown that adding the deficient nutrient back to the diet can restore immune
function and resistance to infection (Calder and Kew 2002). Diets that are excessively
high in some nutrients (e.g. omega-3 polyunsaturated fatty acids and zinc) also have
the potential to cause detrimental effects on immune function (Bishop ez a/. 1999).
Athletes often consume diets that are excessively high in carbohydrate, to maintain
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Figure 9,1 Mutrient availability and immune funcrion: direct and indirect mechanisms. Deficiencies in
macro/micronutrients may modify immune responses direetly by altering the availabiliy of energy and
nutrients required for eell proliferation and protein synthesis and indirectly by influencing circulating
levels of stress hormones known to have immunoregulatory effects. Evidence is lacking vo show thar
inadequare nurrition and associated immune impairment translates invo the increased suscepribiliny o
URTI observed in arhletes undergoing heavy training, Solid arrows (=) = Research evidence mosidy
supports link; doteed arrow = limited research evidence 1o suppore link in athletes; CHO = carbohydrate;
ACTH = adrenccorticorrophic hormone; URT] = upper respiratory teace infection

Inadequate or Inappropriate Nutnticn

* Megabwve entrgy balance (2.9, ancrexia athiebca, making werght for competition)
= Carboiydeale, fal or probein deliciency
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= Deypdralion of hypohydrabion
= Micronitnent deliceencies
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Altered availabulity of nutrienis/coaraymesicalacion imobed Immunareguialony effects of stress hormones

inimmune cell engdgy melabolism and prolein synihesis

ARpred hommone response 10 SIress (2., exercise)
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[ 1 URTIin athletes? |

muscle glycogen stores, at the expense ofprnrcin which mighr be derrimenral as
protein is an important nutrient for immune funcrion.

It is important to understand that decreased nutrient availability during prolonged
high-intensicy exercise, and poor dietary practices that limir nutrient availabilicy in
athletes and soldiers during training, may be involved in the acticlogy of exercise-
induced immune depression. For example, carbohydrate beverage ingestion during
prolonged exercise is purported to prevent some of the observed immune depression
by blunting changes in circulating blood glucose and stress-hormone concentrations
{Henson er al. 1998). This indicates a more than likely involvement of nurrient
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availabilicy in the aetiology of exercise-induced immune depression. Whether the
immune depression associated with nutrient deficiencies during heavy training
translates into the increased reports of URTI observed in athletes remains unclear
(Walsh er al 2011a).

= THE TRAINING AND COMPETITION DIET AND IMMUNE FUNCTION

Energy and body water deficits and immune function

210

Relatively lirtle is known abourt the effects of dietary energy restriction, hypohy-
dration (body water deficit) and dehydration (dynamic loss of body water, e.g.
through swear losses) on immune responses at rest or after exercise. Both cellular and
humoral immunity have been shown to be depressed in soldiers surviving for 12 days
on ration packs providing only half of their daily energy requirements (around 7.5
M] or around 1,800 keal) compared with a control group whe consumed sufficient
energy to maintain energy balance (Booth et 2l 2003). Another study has shown
that soldiers undertaking an eight-week training programme with a modest daily
energy deficit (around 2.2 M] or around 500 kcal) experienced decreases in
circularing lymphocyte and monocyte counts thar were prevented with additional
feeding to offset the energy deficit (Figure 9.2; Diment ef 2 2012). A particularly
novel finding in this study was that nurtritional supplementation to offsec the energy
deficit increased the salivary secretory immunoglobulin A (SIgA) secretion rate during
the eight-week training programme (Figure 9.2), This finding can be considered
favourable for host defence (see Chaprer 6).

A 36-hour fast has been shown to decrease both neutrophil chemoraxis and
oxidative burst acrivity, although this was reversed with re-feeding in only four hours
(Walrand er al 2001). Another study in humans has shown thar a seven-day fast
lowered rotal T and helper T-lymphocyte numbers, together with lymphocyte
interleukin (IL}-2 release in response to bacterial stimulation (Savendahl and
Underwood 1997). The authors noted that, during prolonged starvation, large
reductions in lymphocyte IL-2 production might impair immune function; indeed,
IL-2 is known to enhance a number of immune functions, including lymphocyte
cytotoxicity by both natural killer (NK) cells and cyroroxic T cells. Starvation in
anorexia nervosa has also been associated with a reduction in memory T cells
(CD45R0O+) although, once again, normalisation occurred rapidly after re-feeding
(Mustafa et al 1997). The authors speculated that elevated circulating cortisol during
starvation in people with anorexia nervosa may have had differencial effects on T
lymphocyte populations, resulting in the decrease in memory T cells. One mighe
argue that the results from studies involving prolonged fasting (e.g. for periods up to
seven days) have little relevance for competitive athletes but it is worth noting that
many athletes adopt very low energy diets and periods of fasting in sports where
leanness or low body weight are thought to confer an advantage (e.g. gymnastics,
dance) or to make weight for competition (e.g. boxing, martial arts, rowing). In one
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Figure 9.2 Circulating lymphocyte count (A) and salivary secrerory immunoglobulin A {SIgA) secretion rate response
(B) to an 8-weck military training programme where soldicrs consumed cicher a habitual dict alone (CON
— open circle) or a habitual diet plus a daily mixed nutritional supplement (SUP - solid cirele); baseline
{week 0), pre-field exercise (week 6) and after an arduous 2-week field exercise (week 8); data are mean
(SEM); * < 0,05 and ** P < 0.01 vi, baseline; #8 P < 0.01 vs. COMN (from Dirment e af 2012)
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study, circulating lymphocyte counts, total T and helper T lymphocyrte counts were
lowered after only 24 hours of energy restriction (90% restriction) in an ex perimental
protocol that resembled an athlete making weight for competition (Laing er 2l 2008).
In addition, the subelinical disorder ‘anorexia athletica’ has been associated with an
increased suscepribility to infection (Beals and Manore 1994). As such, when feasible,
athletes are advised o consume sufficient energy during training, competition and
recovery to limit the potential detrimental effects of an energy deficit on immune
function. Performing standardised measurements of nude body mass at weekly
intervals and, if possible, body composition (e.g. using a bioelectrical impedance
device), will provide the athlete with valuable information in this regard (i.e. whether
they are in energy balance, gain or deficit). As described in the next paragraph, da}-’-
to-day changes in nude body mass on rising in the morning probably reflect changes
in hydration status racher than energy balance.
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Elevared plasma cortisol has been observed during dehydration in ruminants
(Parker er al 2003) and during prolonged exercise with restricted fluid intake
compared with exercise performed with sufficient fluid intake to offser swear losses
(Bishop er al. 2004). Given thar the immunosuppressive effects of cortisol are widely
acknowledged, we might expect these observations of increased plasma cortisol with
fluid deficits to be associated with depressed immune funcrion. Indeed, one elegant
study demonstrated that intravenous endortoxin injection in dehydrated rars caused
a fever that was absent when the endortoxin was injected into euhydrared rars
(Morimoto ef al 1986). Until recently, very little was known about the effects of
hydration status on the immune response to heavy exercise and training. As fluid
intake sufficient ro offser fluid losses during prolonged exercise can prevent the
decrease in saliva flow rate (Walsh er al 2004), one would expect this to maintain the
secretion rate of several saliva proteins known to have imporrant antimicrobial
properties (e.g. SIgA, lysozyme and c-amylase) (Bishop and Gleeson 2009). Very
recent evidence provides some support for this notion as modest dehydration (three
per cent body mass loss evoked by exercise-hear stress withour fluid intake) decreased
saliva secretion rates of lysozyme and a-amylase; albeir, the secretion rare of salivary
SlgA remained unchanged (Figure 9.3; Fortes er 2l 2012). Fluid deficits during heavy
exercise and training (particularly in hot environments) might therefore play a role
in the observed immune impairment. It is quite possible that combining a modest
fluid deficit and a modest energy deficit has additive or, in some cases, even synergistic
eftects on immune function. For example, a 48-hour period of either fluid restriction
alone (75% restriction, 2.9 litres per day deficit) or energy restriction alone (90%
restriction, 11 M] or around 2,600 keal per day deficit) did not significancly affect
the salivary SlgA secretion rate but combining these fluid and energy restrictions
significantly decreased the response (Figure 9.4; Oliver ez 2l 2007). With the available
information in mind, athletes are advised to consume sufficient fAuids during
training, competition and recovery to limit the potential detrimental effeces of fluid
deficits on immune function. By weighing themselves nude before and after exercise,
athletes can estimare swear losses and determine the appropriate amount of fluid thac
should be replaced (where one kilogram of body mass loss = around one litre of sweat
loss). Coaches and support staff should also consider monitoring changes in their
athletes’ hydration status, particularly whilst training and competing in hot
environments. The simplest method of monitoring hydration is to assess daily nude
body mass changes on rising in the morning bur suppore staff should also consider
using urinary indices (e.g. colour, osmolality and specific gravity) salivary indices
(e.g. osmolality) and possibly even ocular indices of hydration (e.g. tear fluid
osmolality) (Walsh e 2l 2004; Armstrong et al 2010; Fortes eral 2011).

From a critical standpoint, studies in athletes and soldiers that investigate the
effects of energy and fluid deficits on clinically relevant in vive immune measures

and clinical outcomes, such as infection or wound healing, are currently lacking and
are sorely needed.
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Figure 9.3 Salivary antimicrobial protein responses to progressive exercise-hear induced dehydration 1o 1%, 2% and
3% body mass loss (BML), subsequent evernighr fluid resteiction (8 a.m.) and rehydration (11 2.m.)
during fuid reseriction (DEH - solid circle) and with fluid intake to offser fluid losses (CON — open
cirele). Shown are salivary secretory immunoglobulin A (SIgA) secretion rare (A), @-amylase secretion rate
(B) and lysozyme secretion rate (C). Values are means (SEM); * P< 0L05, ** P < 0.01 vs. 0% BML; # P<
0.05, #% < 0.0] indicate differences beoween trials (© 2008 Canadian Science Publishing or its
licensors; reproduced with permission from Forees er sl 20012)
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Figure 9.4 Percentage change (A) in salivary secrerory immunoglobulin A (SIgA) secretion rae after a 4

8-hour peried

of fluid restriction (FR), encrgy restriction (ER) and combined fluid and energy restriction (F+ER); ** P=

0.01 indicares that SlgA secretion rate {pg-min") was lower than baseline {from Oliver e al.

2007)

ER F+ER
1

=104

lllg

-20-

~304

=404

% A in Slgd secretion rate

L1
=5

Dietary carbohydrate, exercise and immune function

214

The importance of adequate carbohydrate availability for maintenance of heavy
training schedules and successful athletic performance has long been recognised.
During periods of heavy training, athletes should consume sufficient carbohydrate o
cover about 60% of their energy costs. The recommended daily carbohydrarte intake
is 6-10 g/kg body mass for athletes who train for one to three hours each day and
8-12 g/kg body mass for athletes training more than four hours each day (Burke er
al. 2011). These recommendations are principally aimed at restoring muscle and
liver glycogen stores to ensure sufficient carbohydrace availability for skeleral muscle
contraction for training on successive days and to avoid the development of hypogly-
caemia during long training sessions without carbohydrate ingestion.

Since many aspects of exercise-induced immune function impairment seem to be
caused by elevated levels of stress hormones (Figure 9.1), nurritional strategies that
effectively reduce the stress-hormone response to exercise would be expecred to limit
the degree of exercise-induced immune dysfunction. The size of the glycogen stores
in muscle and liver at the onser of exercise influences the hormonal and immune
response to exercise. The amount of glycogen stored in the body is rather limited
(usually less than 500 grams) and is affected by recent physical activity and dietary
carbohydrate intake. When individuals perform prolonged exercise following several
davs on very low carbohydrate diets (rypically less than ten per cent of dietary energy
jnéﬂ]ﬂf from carbnh}‘dﬂ“‘:}' the mngnitudr: of the circul:uing stress hormone response
(e.g. adrenaline and cortisol) and cyrokine response (e.g. IL-6, IL-10 and IL-1ra) is
markedly higher than on normal or high carbohydrate diets (Figure 9.5; Mitchell e
al, 1998; E:lshup er al 2001b). Mevertheless, with the uxccptiﬂ.n of a modest
depression in circulating lymphocyte counts (Mitchell e 2l 1998), there is limired
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Figure 9.5 Changes in the concentrations of (A) plasma cortisol, (B) plasma interleukin-6 (IL-6) and (C) plasma
interleukin- 1 recepror amtagonist (IL-1ra) after 1 hour of gyeling at 60% VO, max immediately followed
by a 30-minure time trial {work rate around 80% VO, max). For the three days prior to the exercise erial,
participants consumed either a high-carbohydrate (CHO} diet where = 70% of rotal dietary energy from
CHO (open circle) or a low-CHO diet where < 10% of tonal dictary energy from CHO (solid circle):
dara are presented as mean (SEM); SiEl'IirKal'IEI}" different from Low-CHO, # P < 0.05, #£2 P < 0.01 (from

Bishop er ol 2001h)
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evidence showing that immune indices are depressed to a much greater extent after
prolonged exercise in participants on a very low carbohydrate compared with a high
carbohydrate diec. Given, though, thart the cortisol response to prolonged exercise is
greater in participants on a very low carbohydrate diet, athletes with carbohydrate
intake well below the recommended intake will not only jeopardise athletic
performance, by limiting muscle and liver glycogen availability bur may also place
themselves at risk from the known immunosuppressive effects of cortisol.

Dietary fats, exercise and immune function

O

216

Far is an essential substrate in the diet, not only because of the important contri-
bution of fat metabolism to energy producrion bur also because lipids are important
constituents of cell membranes. In contrast to the small carbohydrate stores within
the body, those of lipids are, from a practical standpoint, unlimited. The UK
Department of Health recommends thar toral far intake should contribure no more
than 35% of daily energy intake in sedentary individuals; of which, saturated fats
should conrribute no mere than 10% of total daily energy intake, with the remainder
of fat intake provided by monosaturated farry acids (15%), polyunsarurated facry
acids (PUFAs; 6%), linoleic acid (1%), linolenic acid (0.2%) and trans-fatey acids
(less than 29%). The American College of Sports Medicine recommends that achletes
consume a diet where 20-35% of daily energy intake should come from fat
(Rodriguez er al 2009). Relatively licle is known abour the potential contriburion
of dietary farry acids to the regulation of exercise-induced modification of immune
function. Twe groups of PUFAs are essential to the body: the omega-6 (n—6) series,
derived from linoleic acid and the omega-3 (7-3) series, derived from a-linolenic
acid. These PUFAs cannot be synthesised in the body and so must be derived from
the diet. Fatty acids may influence immune function eicher by acting as a fuel for
immune cells (‘direct effect’), in their importane role as membrane constituents in
immune cells (‘direct effect’) or by regularting eicosanoid (particularly prostaglandin)
formation (‘indirect effect’; Figure 9.1). Prostaglandins are known to have
immunomodulatory effects. There are reports that diets rich in omega-6 and omega-
3 PUFAs improve the conditions of patients suffering from diseases characterised by
an overactive immune system, such as rheumatoid archritis; that is to say, they have
anti-inflammatory effects (Calder 2011). Whether increasing dietary intake of PUFAs
in healthy athletes alters immune funetion remains an ongoing topic of debate.
Immune function is often compromised on a high-far diet (Pedersen ez 2l 2000) and
so a diet high in fats would not be recommended to athletes for optimal immune
functioning. For example, resting NK cell activity decreased during a seven-week
endurance training programme in previously untrained men who consumed a fac-rich
diet (62% daily energy intake as fat) but increased in men who consumed a
carbohydrate-rich diet (65% daily energy intake as carbohydrate) (Pedersen er al 2000).
It iis difficult to clarify whether the negarive effect of the fac-rich dieton NK cell activicy
was caused by a lack of dietary carbohydrate or an excess of a specific dietary fat
component. Although low fat diets (less than 15% daily energy intake as far) have been
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shown to enhance some aspects of immune funcrion (Pedersen er al 2000), exercise
performance may be decreased on a low-fat diet and micronutrient intake (e.g. vitamin
E. iron, calcium and zinc) will probably be below the recommended level on a low-Ffat
dier. Given thar these micronutrients are essential to immune function (e.g. vitamin E
is an important lipid-soluble antioxidant), when athletes consume a low-far diet, they
may be more susceptible to oxidative stress. On the basis that exercise performance
may be decreased and the immune response to exercise may be impaired, athletes are
not recommended to consume low-far diets (less than 15% daily energy intake as fac).

Dietary protein, exercise and immune function

L The World Health Organization advises that a minimum protein intake of 0.8 glkg
body mass per day is adequate for the needs of sedentary individuals. During certain
circumstances, such as heavy endurance exercise or an intense strength training
programme, protein turnover substantially increases, which, in turn, increases the
individual’s daily protein requirement. The American College of Sports Medicine
recommends a daily protein intake of 1.2-1.4 g/kg body mass per day to maintain
nitrogen balance for endurance athletes and 1.2-1.7 g/kg body mass per day to
support muscle growth for strength athletes (Rodriguez er al 2009). There is licde
evidence to show thar either endurance- or resistance-trained achletes are prorein
deficient. As long as athletes consume sufficient energy from food ro maintain energy
balance and their diet is well-balanced, the increased requirement for protein will
likely be met. Consequently, those athletes most ar risk of protein deficiency would
be those undertaking a programme of food restricrion to lose weight, vegerarians,
and athletes consuming unbalanced diets (e.g. with excess carbohydrate intake at the
expense of protein). Inadequate protein intake is widely acknowledged to impair
immune function and increase the incidence of opportunistic infections (Li ef al.
2007). The effects of dietary protein deficiency on the immune system include
atrophy of lymphoid tissue, decreased mature T-lymphocyte numbers and T-
lymphocyte proliferation response to mitogens, decreased T-lymphocyte
helper/suppressor ratio (CD4+/CD8+) and decreased macrophage phagocytic activicy
and IL-1 production. As expected, the severity of the protein deficiency tends o
dictate the magnitude of immune impairment, although even moderate protein
deficiency has long been known to impair immune function (Daly er al 1990).

D DIETARY SUPPLEMENTS AND IMMUNE FUNCTION IN ATHLETES

This section critically reviews the research evidence on dietary supplements and
immune function. You should find Table 9.1 useful, as it provides a rating of the
strength of the supporting evidence for the chosen supplement to improve immunicy
and/or reduce infecrion risk in athletes.
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EXERCISE, NUTRITION AND IMMUNE FUNCTION

Carbohydrate

O

Dr David Nieman (Box 9.1) and his team have shown that consumprion of
carbohydrare during prolonged exercise attenuates the rise in plasma adrenaline,
cortisol, and cytokines (Nehlsen-Cannarella et 2l 1997); attenuates che trafficking of
most leukocyte and lymphocyte subsets (Nieman er ol 1993b, 1994, 1998a);
prevents the exercise-induced fall in neucrophil funcrion and reduces the diminution
of mitogen-stimulated T lymphocyte proliferation (on a per-cell basis) after
prolonged exercise (Henson er al 1998). Consuming 30—60 grams of carbohydrate
per hour during 2.5 hours of strenuous cycling prevented both the decrease in the
number and percentage of interferon-gamma (IFN-y) positive T lymphocytes and the
suppression of IFN-y production from stimulated T lymphocytes observed with a
placebo treatment (Lancaster er 2l 2005a). [FN-y production is critical to antiviral
defence and it has been suggested that the suppression of IFN-y production may be
an important mechanism leading to an increased risk of infecrion after prolonged
exercise bouts (Northoff et @l 1998). Carbohydrate ingestion during prolonged
exercise has also recently been shown to artenuate the post-exercise fall in
T-lymphocyte migration inte human rhinovirus-infected airway epichelial tissue
(Figure 9.6; Bishop er al 2009).

Box 9.1 David C. Nieman, DrPH, FACSM

Dr David Mieran is a professor in the College of Health Sciences at Appalachian State
University, and Director of the Human Performance Laboratory at the Morth Caroling
Research Campus in Kannapolis, North Caroling (www.nrcresearchcampus.net). Dr
Mieman has been a pioneer in exercise immunology and his team has devoted great
energy to better understanding the influence of dietary supplements on immune health
in athletes. His work has helped to establish that: (1) regular moderate exercise lowers
upper respiratory tract infection rates while improving immuncsurveillance (Nieman et al.
2011a); (2) heavy exertion increases infection rates (Mieman et al. 1989a, 1990a) while
causing transient changes in immune function (Mieman et al,, 1993b, 1994, 1998a); and
{3) that carbohydrate (Nieman et al,, 2004) and flavoncid (Nieman et al. 2007, 2009a)
ingestion by athletes attenuates exercise-induced immune depression. Dr Mieman's
current work is centred on investigating unigue nutritional products as countermeasures
to exercise- and obesity-induced immune dysfunction, inflarmmation, illness and oxidative
stress (wwaw.ncre.appstate.edu). Dr Mieman has received USE6 million in research grants
and published more than 280 peer-reviewed publications in journals and books, and sits
on ten journal editorial boards, incuding the Journal of Applied Physiology and Medicine
and Science in Sports and Exercize, He is the author of nine books on health, exercise
science and nutrition, including Exercise Testing and Prescription: A Health-Related
Approach (Mew York: McGraw-Hill, 2011, now in its 7th edition), Dr Nieman served as
Vice-president of the American College of Sports Medicine and two terms as President
of the International Society of Exercise and Immunology. He was an acrobatic gymnast
and coach for ten years and has run 58 marathons (personal best 2 hours 37 minutes)
and ultra-marathons,
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Figure 9.6 Influence of heavy exercise and carbohydrare intake on T-lymphocyte migration towards human
thinovirus-infected eell line. A shows migration of T-helper cells (CD44); B shows migration of naive
T-helper cells (CD4+CD45RA+): # < 0.05 higher on CHO than PLA; ** P2 0.01 vs. resting value
{reproduced with permission from Bishop er al 2009)
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Although carbohydrate feeding during exercise appears to be effective in

minimising some of the immune perturbations associated with prolonged strenuous
exercise, it does not prevent the falls in NK cell function or salivary SIgA secrerion
and seems less effective at minimising the more modest immune alterations during
exercise, which includes regular rest intervals; in for example, football (Bishop et al
1999a) or resistance exercise (Nieman ef af, 2004). Furthermore, carbohydrate
feeding during exercise is not as effective in reducing immune-cell trafficking and
funcrional depression when exercise is performed to the point of fatigue (Bishop ez
al 2001a). Findings show that carbohydrate/protein feeding immediately after but
not one hour after prolonged, heavy exercise can prevent the post-exercise decrease
in bacterially stimulated neutrophil degranulation (Costa er al. 2009). In line with
the work where carbohydrare was fed during exercise, this immediate post-exercise
feeding strategy had lirtle influence on salivary antimicrobial proteins during recovery
(Costa er al 2012). Thus, carbohydrate is seen as only a partial countermeasure
against exercise-induced immune impairment and evidence thar the beneficial effect
of feeding carbohydrate on immune responses to exercise actually translates into a
reduced incidence of URTI after prolonged exercise, such as marathon races is
currently lacking. Although a trend for a beneficial effect of carbohydrate ingestion
on post-race URTI was reported in a study of 98 marathon runners, this did not
achieve statistical significance and larger scale studies are needed to investigate this
possibilicy (Nieman er 2L 2002a). A current paradox, described in more detail in Box
9.2, is that the train-low strategy (i.e. with low carbohydrate availabilicy) adopred by
many endurance athleres to maximise training adaprations might pose a greater threar
to the immune system (compared with training high) via increases in circulating
immunosuppressive stress hormones (e.g. cortisol).
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Box 9.2 The carbohydrate training adaptation-immune maintenance paradox

Train low and compete high - a new perspective on dietary carbohydrate to
maximise training adaptations

= What is train low and compete high?
This relatively new concept is where the athlete trains with low carbohydrate
availability to promote a greater training response, before switching to high
carbohydrate availability to optimise competitive performance.

*  How might an athiate train fow?
= By training twice-a-day an athlete commences half of their training sessions with
a low muscle glycogen concentration.
= By training after an overnight fast.
By consuming only water during longer training sessions.
By withhaolding carbohydrate in the hours after exercise.

= What evidence supports the concept that training low increases training adaptations?
Commencing training with low muscle glycogen (vs. high muscle glycogen) has been
shown to enhance metabolic adaptations by inducing a greater transcriptional
activation of muscle enzymes involved in carbohydrate metabolism; including, AMP-
activated protein kinase (AMPK), GLUT4, hexokinase and pyruvate dehydrogenase
(PDH) complex. Training low has also been shown to enhance adaptive responses
favouring fat metabolism (for a comprehensive review see Burke et al. 2011).

= Does train low and compete high improve athietic performance?
Although training low can improve metabolic adaptations, this has not, as yet, been
shown 1o translate inte better athletic performance compared with more conven-
tional diet and training practices.

= What are the disadvantages of training low?
One cbvious disadvantage is that an athlete would not be able to train as hard when
training low.,
The athlete and support staff would need to carefully consider the scheduling of
train-low sessions within the periodised training programme to avoid the potentially
deleterious effects of overreaching and chronic maladaptation (coined the
‘overtraining syndrome’).

= What is meant by the carbohydrate training adaptation-immune maintenance
paradox?
By training low to maximise metabolic adaptations (e.g. training twice a day), the
athlete may be penalised with decreased immune function and an increased risk of
infection. It is widely accepted that training with low carbohydrate availability
increases the immunosuppressive stress hormones. Indeed, it has long been known
that the second of two daily training bouts causes greater immune perturbations
than the first (Ronsen et af. 2001b).
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n-3 polyunsaturated fatty acid

As described in Table 9.1, n-3 PUFAs are found in fish oils and can modulate immune
function by acting as a fuel source for immune cells, in their role as membrane
constituents or by regulating eicosanoid formation (e.g. leukotrienes and
prostaglandins); indeed, prostaglandins are known for their anti-inflammarory effects.
One study in untrained men reported that the inflammatory response to eccentric
exercise-induced muscle damage, evaluated by increases in circularing IL-6 and C-
reactive protein, was attenuated by 14 days of daily supplementation with
docosahexaenoic acid (an n-3 PUFA: 800 mg), tocopherols (300 mg) and flavonoids
(100 mg hesperetin and 200 mg quercerin) (Phillips er el 2003). However, it has been
suggested that high intakes of PUFA may exert an undesirable influence on inflam-
mation and immune function during and after exercise (Konig ez @l 1997) and some
human studies have shown that dietary supplements with n-3 PUFA (e.g. eicosapen-
taenoic acid) decrease NK-cell activity in healthy humans (Thies ef 2f 2001). Another
study, however, indicated that supplementation with a combinarion of n-3 PUFA
(eicosapentaencic acid and docosahexaenoic acid) in 2.4 g/day of fish oils for six weeks
had no effect on selected immune responses to prolonged exercise, although in this
study NK-cell activiry was not measured (Nieman et 2/ 2009b). A follow-up study by
the same group has generated some concern after reporting an increase in the oxidative
stress marker, F2-isoprostane in plasma after exercise when trained cyclists were supple-
mented daily with the same n-3 PUFA combination (McAnulty er o 2010). More
research is needed on the effects of altering essential farry acid intake on immune
function after exercise and during periods of heavy training,

Glutamine and branched-chain amino acids

Gluramine is the most abundant free amino acid in human muscle and plasma and
is urilised art very high rates by leukocytes to provide energy and optimal conditions
for nucleotide biosynthesis. Indeed, glutamine is important, if not essential, to
|}"MPI‘IOC}"E¢S and other mpidl}f di?iding :q:]ls, inl;luding the gUr mucosa and bone
marrow stem cells. Glutamine is also required for optimal macrophage phagocytic
activity. Prolonged bouts of exercise (Rennie er al. 1981), periods of heavy training
(MacKinnon and Hooper 1996) and maladapration to rtraining (coined the
‘overtraining syndrome’) (Parry-Billings et al. 1992) have all been associated with a
fall in the bloed plasma concentration of glutamine. This decrease was hypothesised
to explain the exercise-induced immune impairment (Parry-Billings ez al 1990). The
glutamine hypothesis is discussed in more derail in Box 9.3.

Caffeine
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Caffeine is the most widely consumed drug in Europe and America. It has long been
used by athletes because of the convincing evidence that even modest doses of caffeine
(e.g. 3 mg/kg body mass) improve endurance performance (Bridge and Jones 2006).
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Box 9.3 The glutamine hypothesis

The late Professor Eric Newsholme aroused early interest with his hypothesis that the
exercise-induced suppression of immune function was due to a decrease in plasma
glutamine availability (Parry-Billings et al. 1992). Glutamine is certainly needed for
leukocyte metabolism. Studies from his Oxford University laboratory found a 20% fall of
plasma glutamine following a marathon run. A controlled trial showed a reduced risk of
immunosuppression after endurance races in those who consumed two drinks each
containing 5 g glutamine, (19% compared with 51% reported infections in those given
a maltodextrin placebo; Castell et al. 1996; Castell and Newsholme 1998). A severe lack
of glutamine can undoubtedly impair immune function in malnourished populations but
glutamine lack seems less plausible in athletes who are eating a high-protein diet.
Subsequent research has generally falled to support any benefit of glutamine
supplements for reducing immune impairments after exercise (Rohde et al. 1995, 1998,
Walsh et al. 2000).

Several scientists have suggested that exogenous provision of glutamine supplements
may be beneficial by preventing the impairment of immune function after prolonged
exercise. However, the evidence that oral glutamine supplements reduce the incidence
of URTI after endurance events is limited (Castell et al. 1996). Several studies that have
investigated the effect of oral glutamine supplementation during and after exercise on
various indices of immune function have failed to find any beneficial effect. A glutamine
solution (0.1 g/kg body mass) given during exercise, immediately post-exercise and 30
minutes after prolonged bouts of cycling at 75% VO, max prevented the fall in the
plasma glutamine concentration but did not prevent the fall in mitogen-induced
lymphocyte proliferation and lymphokine-activated NK-cell activity (Rohde et al. 1538).
Similarly, maintaining the plasma glutamine concentration by consuming glutamine in
drinks taken both during and after two hours of cycling at 60% VO, max did not affect
leukocyte subset trafficking or prevent the exercise-induced fall in neutrophil function
(Walsh er al. 2000), Unlike the feeding of carbohydrate during exercise, glutamine
supplements do not seem to affect immune function perturbations (Table 9.1) and review
articles (Walsh et al. 1998h; Hiscock and Pedersen 2002) conclude that falls in plasma
glutamine are not responsible for exercise-induced immunodepression.

Bassit and colleagues reported that supplementation (6 gfday for 15 days) with
branched-chain aming acids (BCAAs) before a triathlon or a 30-km run prevented the
approximately 40% decline in mitogen-stimulated lymphocyte proliferation observed in
the placebo control group after exercise (Bassit et al. 2002). BCAAs (valine, isoleucine
and leucine) are precursors for glutamine, and BCAA supplementation prevented the
post-exercise fall in plasma glutamine concentration and was also associated with
increased IL-2 and IFN production. However, these findings need to be viewed with
caution as there were flaws in the experimental design and statistical analysis; as such,
these results need to be confirmed in more controlled studies. In summary, the evidence
to date does not support a role for decreased plasma glutamine in the aeticlogy of
exercise-induced immune depression (the ‘glutamine hypothesis') and there is little data
to support the contention that athletes should supplement glutamine to maintain
immune function,
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In 2004, caffeine was removed from the list of banned substances by the Interna-
tional Olympic Commirtee. Caffeine originates naturally in 63 species of plants as
several types of methylated xanthines. Caffeine and caffeine-like substances can be
found in a variety of foods and drinks (now including several sports drinks and energy
drinks) bur the main sources for these substances are coffee beans, tea leaves, cocoa
beans, and cola nuts. Although consumption wvaries greatly, typical caffeine
consumption in the UK and USA is 200 mg/day (around 3 mg/kg body mass) but
this may be as high as 400 mg/day in parts of Scandinavia, where habitual caffeine
intake is high (around 6 mg/kg body mass). Coffee accounts for 75% of all caffeine
consumption (rypically there is 40-180 mg of caffeine per cup). Caffeine is an
adenosine-receptor antagonist and several immune cell types, including neutrophils
and lymphocytes express adenosine receprors. Furthermore, caffeine ingestion results
in elevated circulating adrenaline concentration both at rest and during exercise and
so could conceivably affect immune cell functions ‘indirectly” (Figure 9.1) via actions
on adrenoreceprors. At present, there is little informarion on the effects of caffeine
on immune function at rest. The addition of pharmacological doses of caffeine to cell
culture media has been associated with a dose-dependent suppression of mitogen-
stimulared proliferarive responses of human lymphocytes (Rosenthal er 2l 1992).
However, in vive administration of 18 mg/kg/day of caffeine in rats was associated
with a significant increase in mitogen-stimulated T-cell proliferation (Kantamala er
al. 1990). In the same study, B-cell proliferative responses to mitogen were signifi-
cantly decreased following administration of a more physiologically relevant caffeine
dose of 6 mg/kg/day.

Exercise studies have demonstrated char caffeine ingestion (6 mg/kg body mass)
one hour before a bour of intensive endurance exercise was associated with grearer
perturbations in numbers of circulating lymphocytes, CD4+ and CD8+ cells
compared with placebo. Moreover, caffeine ingestion was associated with an increased
percentage of CD4+ and CD8+ cells expressing the early activation marker CD69 in
vive before and after exercise (Bishop er 2l 2005a). Other findings from a series of
studies by Dr Bishop's group show thar caffeine ingestion (6 mg/kg body mass)
increased salivary SIgA responses during prolonged exercise (Bishop er al 2006),
attenuated the post-exercise fall in stimulated neutrophil oxidative burst (Walker er al
2006) and, more recently, increased NK-cell recruitment to the circulation and NE-
cell acrivation one hour after prolonged, high-intensity exercise (Fletcher and Bishop
2011). From a eritical standpeint, 6 mg/kg body mass is a relatively high dose of
caffeine, so a particular strength of the latter study is that a 2 mg/kg body mass ‘low
dose’ of caffeine was also shown to increase NK-cell activation during recovery from
prolonged, high-intensity exercise. It is thoughr thar at least some of these effects may
be mediated through caffeine’s action as an adenosine recepror antagonist. More work
is needed o determine the efficacy of caffeine supplementation to maintain immune
health in athletes; for example, the influence of caffeine supplementation on in vive
immune function and infection incidence in athletes remains unknown.
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Megadoses of antioxidant vitamins

Vitamins with antioxidant properties, including vitamins C, E, and B-carotene
(provitamin A}, may be required in increased quantities in athletes to inactivate the
products of exercise-induced lipid peroxidarion. Oxygen free-radical formarion chat
accompanies the dramaric increase in oxidative metabolism during exercise could
potentially inhibit immune responses. Sustained endurance training appears to be
associated with an adaprive upregulation of the antioxidant defence system; however,
such adaprations may be insufficient to protect athletes who train extensively (Powers
et al 2004).

Vitamin C (ascorbic acid) occurs in high concentration in leukocytes and is
implicated in a variety of anti-infective funcrions, including promotion of T-lymphogyte
proliferation, prevention of corticosteroid-induced suppression of neutrophil activity,
production of IFN and inhibition of virus replication. It is also a major water-soluble
antioxidant that is effective as a scavenger of ROS in both intracellular and extracellular
fluids. It can act as an antioxidant both directly (e.g. in the prevention of auto-oxidative
dysfunction of neutrophil bactericidal acrivity) and indirectly via its regenerarion of
reduced vitamin E. Good sources of vitamin C, include fruit and vegetables and the
recommended daily amount (RDA) is 40 mg in the UK.

In a study by Peters and colleagues, using a double-blind placebo research design,
it was determined thar daily supplementation of 600 mg of vitamin C (15 times the
RDA) for three weeks before a 90-km ulera-marathon reduced che incidence of URTI
symptoms (incidence was 33% compared with 68% in age- and sex-matched conrrol
runners) in the two-week post-race period (Peters ef @l 1993). Caurion is needed
when interpreting the results for URTI from self-report logs as it is unlikely that 68%
of the athletes in the placebo group were suftering from an infection in the two-week
post-race period. The limitations with using self-report to record URTT are discussed
in derail in Chapter 1. A follow-up study also showed thar the supplementation of
additional dietary antioxidants (vitamin E and f-carotene) did not confer any
additional beneficial effect (Peters er 2l 1996). The doses of vitamin C used in these
studies (600-1,000 mg/day) are considerably higher than the daily dosage of 200 mg
that is needed o saturare body tissues with vitamin C. In a more recent randomised,
double blinded, placebo-controlled study, 1,500 mg/day viamin C for seven days
before an ultra-marathon race with consumption of vitamin C in a carbohydrare
beverage during the race (athletes in the placebo group consumed the same
carbohydrate beverage without added vitamin C) did not affect oxidarive scress,
cyrokine or immune funcrion measures during and after the race (Nieman er al
2002b). In contrast, it has been reported (Fischer er 2l 2004) that four weeks of
combined supplementation with vicamin C (500 mg/day) and vitamin E (400 iu/day
equivalent to around 270 mg which is around 27 times the RDA of 10 mg) before a
three-hour knee-extension exercise protocol reduced musele 1L-6 release and reduced
the systemic rise in both circulating IL-6 and cortisol. Some degree of blu nting of the
plasma cortisol response to exercise and betrer maintained neutrophil funcrion after
exercise was reported in a placebo-controlled study thar used the same dose of daily
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vitamin C and E supplements and examined immunoendocrine responses to 2.5 hours
of eyeling after four weeks of supplementation (Davison er al 2007). Furthermore,
administration of the antioxidant N-acetyl-L-cysteine (a precursor of glurathione) to
mice prevented the exercise-induced reduction in intracellular glutathione concen-
tration and markedly reduced post-exercise apoprosis in intestinal lymphocytes
{(Quadrilatero and Hoffman-Goetz 2004). Thus, although there are some inconsis-
tencies in the literature regarding antioxidant supplementation and immune responses
to exercise, there is at least a sound scientific basis for believing thac such supplemen-
tation could have beneficial effects in alleviating exercise-induced immunodepression
via the mechanisms summarised in Figure 9.7 and Table 9.1.

The most recent Cochrane meta-analysis examined the evidence that daily doses
of mere than 200 mg vitamin C were more effective in preventing or treating the
common cold than placebo (Douglas e 2/ 2007) Twenry-nine trial comparisons
involving 11,077 study participants contributed to this meta-analysis of the relative
risk (RR) of developing a cold while taking prophylactic vicamin C. The pooled RR
was 0.96 (95% confidence interval [CI] 0.92 to 1.00). A subgroup of six trials thar
involved physically active participanrs (a roral of 642 marathon runners, skiers and
soldiers on sub-Arctic exercises) reported a pooled RR of 0.50 (95% CI 0.38 o 0.6G6).
Thirty comparisons involving 9,676 respiratory episodes contribured to the merta-
analysis on the duration of the common cold during vitamin C or placebo

Figure 9.7 Possible mechanisms by which dietary antioxidant supplementation reduces stress-induced or
exercise-induced immunodepression. Also shown is the effecr of carbohydrare ingestion during prolonged
Exercise {rt:pmdu.i.‘:d. with permission, from Glesson 2006a)
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supplementation. A consistent benefit of vitamin C was observed, representing a
reduction in cold duration of 8% (95% CI 3% to 13%) for adult participants and
14% (95% CI 5% to 21%) for child participants. Fifteen trial comparisons thar
involved 7,045 respiratory episodes conrribured to the mera-analysis of severity of
episodes experienced while on prophylaxis and the resules revealed a benefic of
vitamin C when days confined to home and off work or school were taken as a
measure of severity. A limited number of trials had examined cold duration and
severity during therapy with vitamin C that was initiated after the onser of cold
symptoms and no significant differences from placebo were found. The authors
concluded thar the failure of vitamin C supplementation to reduce the incidence of
colds in the normal population indicates thar routine mega-dose prophylaxis is not
generally justified bue that individuals subjected to brief periods of severe physical
exercise and/or cold environments may gain some benefic. However, even if some
protective effeces of high-dose antioxidant supplementation on infection risk is
indeed a reality, athletes need to consider the risks, which may include the blunting
of some of the adaptations to training with a high intake of antioxidants (Ristow er
al 2009}, although whether or not this is likely to affect adaprations in already well-
trained athletes performing intensive training has been questioned (Yfanri er al
2010).

Vitamin D

L

Vitamin D is not actually a vitamin bur a secosteroid hormone produced in the skin
from 7-dehydrocholesterol after exposure to sunlight ultraviolet-B radiation. The
classical role of vitamin D in bone mineralisation is very well known but much less
is known abour a putative role for vitamin D in maintaining immune funcrion. New
insights indicate thar sufficient vitamin D is required for the production of antimi-
crobial proteins (e.g. cachelicidin and defensins) following Toll-like recepror
stimulation; as such, vitamin D is purported to play a central role in the anribac-
terial defences that characterise the innate immune response (Table 9.1; Laaksi 2012).
Under most circumstances, the major source of vitamin D (around 90%) comes
from exposure of the skin to sunlight, thus dietary vitamin D (e.g. from oily fish, eggs
and fortified cereals) rypically accounts for a small ecomponent (around 109%).
However, diet becomes a very important souree of vitamin D in northerly laticudes
during the wintertime because the limited sunlight exposure is known 1o be
inadequare for inducing endogenous vitamin D production (Laaksi et 2l 2010).
Adequarte exposure of the skin to sunlight to aveid vitamin D deficiency is 5-30
minutes in the middle of the day several times each week (Powers et 2l 2011). The
Institure of Medicine in the USA has recommended thac daily vitamin D intake
should be 15 pg (600 iu/day) for skeletal outcomes but the vitamin D requirements
for extraskeletal outcomes, such as maintaining immune function remain poorly
understood (Ross er al 2011). Vitamin D status is determined by measuring the
serum concentration of the major circulating form of the hormone, 25-hydrox-
yvitamin D (25(0H)D) which is formed in the liver. Vitamin D deficiency (serum
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Zinc

25(0OH)D less than 40 nmol/l} is not uncommen and reaches epidemic levels among
adules with limired sunlight exposure. Such was the level of concern abour vitamin
D deficiency in Finland that in 2003 the Ministry of Social Affairs and Healch
instigated the fortification of milk (0.5 pg/dl) and margarines (10 pg/100 g) with
vitamin D; this fortification has substantially improved vitamin D status in Finland
{Laaksi 2012).

Emerging evidence indicates that some athletes also experience vitamin D
deficiency. Particularly susceptible appear to be athletes who:

* live in the northern hemisphere during the winter months

*  have darker skin (owing to the relationship of skin pigmentation to vitamin D
synthesis)

= rrain indoors; and finally

= wear protective clothing that covers the skin (Powers er al 2011).

Vitamin D deficiency has been associated with increased infection in a small number
of studies. In one study in 756 conscripts serving on a military base in Finland, those
with serum 25(OH)D less than 40 nmol/l (V= 24, 3.6%) experienced significantly
more days of absence from dury owing to respiratory infection than those with serum
25(0OH)D greater than 40 nmol/l (Laaksi er 2/ 2007). A follow-up study in 164
military conscripts, by the same group in Finland, showed that supplementation with
10 pgfday vieamin D for six months prevented the typical wintertime fall in serum
25(0OH)D (dara for V= 58) bur did nort alter the number of days absent, owing to
respiratory tract infection. Although, a positive finding was that the proportion of
men remaining healthy throughour the six-month period was greater in the
intervention group (51%) than in the placebo group (36%; Laaksi er ol 2010).
Clearly, there is a pressing need for studies to determine the efficacy of vitamin D
supplementation to improve immuniry in athletes (Table 9.1).
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Zinc is essential for the development of the immune system and more than 100
metalloenzymes are dependent on it, including those involved in the transcription of
DNA and synthesis of proteins. Zinc also functions as an intracellular signal molecule
for immune cells (Prasad 2009). The effects of zinc deficiency on immune function
include lymphoid atrophy, decreased delayed-hypersensitivity curaneous responses,
decreased IL-2 production, impaired mitogen-stimulated lymphocyte proliferative
responses and decreased NK-cell eytolytic activity (Overbeck er al 2008; Prasad
2009),

Vegetarian athletes are at risk for zine deficiency because meat and seafood are che
richest zinc sources and, although nuts, legumes, and whole grains are good sources
of zinc, the high levels of fibre in these foods can decrease zinc absorption. Zinc
deficiency can also be a problem for athletes in sports where a low body mass confers
a performance advantage. Very-low-energy or starvarion-type diets may induce
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significant zinc losses. Because zinc is lost from the body mainly in sweat and urine
and these losses are increased by exercise, a heavy schedule of exercise training (parric-
ularly in the heat) could conceivably induce a zinc deficiency in athletes.

Studies concerning the relationship between immune funcrion, exercise and zinc
status in athletes are lacking. However, megadoses of zinc (the RDA is 10 mgand 12
mg for females and males, respectively) can actually have detrimental effects on
immune function. The administration of zinc (150 mg twice a day) to 11 healthy
males for six weeks was associated with reduced T-lymphocyte proliferative responses
to mitogen stimulation and impaired neutrophil phagocyrtic activity (Chandra 1984).
A study of male runners found that six days of zine supplementation (25 mg of zinc
and 1.5 mg of copper, rwice a day) exaggerated the exercise-induced suppression of
T-lymphocyte proliferation in response to mitogens; although this did not reach
statistical significance (Singh er al 1994). These two studies should be viewed with
some caution, as the work of R. K. Chandra has since been brought into question
{(Smith 2005) and the Singh study rtested only five male runners, and thus was
underpowered to determine statistical significance. Potential problems with zinc
supplements of more than 30 mg per day include nausea, bad raste reactions,
lowering of high-density lipoprotein cholesterol, depression of some immune cell
functions and interference with the absorprion of copper. Hence, large doses of zinc
are not recommended. Instead, athletes should be encouraged to consume some
zine-rich foods in their training and competition diet (e.g. poultry, mear, fish and
dairy produce). Vegetarians might consider a 10-20 mg supplement of zine daily
but, in view of the above findings, supplements at the lower end of this range may
be more suitable for vegetarian athletes.

The efficacy of zinc supplementation as a treatment for the common cold has
been investigated in ac least a dozen studies published since 1984. Unfortunately,
the findings have largely been equivocal and are often presented in obscure rather
than mainstream nurtrition journals. Several reviews of this topic conclude chat zine
supplementation may be of benefit in rthe treatment of some diseases such as
pneumonia and acute lower respiratory infection but thar the resules for the common
cold are not conclusive (Macknin 1999; Marshall 2000; Roxas and Jurenka 2007;
Overbeck er al 2008; Prasad 2009). Although only limirted evidence suggests that
taking zinc supplements reduces the incidence of URTI (McElroy and Miller 2002;
Veverka er al 2009), in the studies that have reported a beneficial effect of zinc
lozenges in treating the common cold (i.e. reduction of symprom duration, severity
or both) zinc lozenges (greater than 75 mg/day) had ro be raken within 24 hours of
the onset of symptoms to be of any benefic (Hemila 2011).

Echinacea

O

Several herbal preparations are reputed to have immunostimulatory effects and
consumption of products containing Echinacea purpurea is widespread among
athletes. In a double-blind, placebo-controlled study, the effect of a daily oral pre-
trearment for 28 days with pressed juice of £. purpurea was investigated in 42
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triathletes before and after a sprint triathlon (Berg er 2l 1998). A subgroup of athletes
was also treated with magnesium as a reference for supplementation with a micronu-
trient important for oprimal muscular function. During the 28-day pre-trearment
period, none of the athletes in the Echinacea group became ill, compared with three
athletes in the magnesium group and four athletes in the placebe group.

Numerous experiments have shown that E. purpurea extracts exert significant
immunomodulatory effects in vitro. Among the many pharmacological properties
reported, activation of macrophages, polymorphonuclear leukocytes and NK cells
has been reasonably well demonstrated (Barrert 2003). Changes in the numbers and
activities of T-cell and B-cell leukocytes have been reported but are less certain,
Despite this cellular evidence of in vitre immunostimulation, pathways leading to
enhanced resistance to infectious disease have not been adequartely described. Several
dozen human experiments, including a number of blind, randomised trials reporr
health benefits. The most robust data come from trials testing E. purpurea extracs
in the trearment of acute URTL. Although suggesting a modest benefir, these trials
are limited borth in size and in methodological quality. In a randomised, double-
blind, placebo-controlled trial, administering unrefined Echinacea ar the onser of
symptoms of URTI in 148 college students did not provide any detectable benefic
or harm compared with placebo (Table 9.1) (Barrett er al, 2002).

In a meta-analysis of trials on Echinacea (Linde er al, 2006) thar included 22
well-controlled trials, chree trials investigated prevention of colds and 19 trials rested
treatment of colds. A variety of different Echinacea preparations were used. None of
the three comparisons in the prevention trials showed an effect of Echinacea over
placebo. Comparing an Echinacea preparation with placebo as a treacment for colds,
a significant beneficial effect was reported in nine comparisons, a trend in one and
no difference in six. The authors’ main conclusions were that Echinacea preparations
tested in clinical trials differ greatly but that there is some evidence that preparations
based on the aerial parts of the Echinacea plant might be effective for the early
rrearment of colds in adules bur resules are not fully consistent. Beneficial effects in
preventing colds have not been shown in independently replicated, rigorous
randomised trials. Hence, although a grear deal of moderately good-quality scientific
dara regarding Echinacea has been gathered, its effectiveness in treating illness or in
enhancing human health has not yet been proved beyond a reasonable doubt.

Quercetin

C
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The physiological effects of dietary plant polyphenols including the flavonol
quercetin are of great current interest, owing to their antioxidant, anti-inflammarory,
anti-pathogenic, cardioprotective, and anti-carcinogenic actions. The richest food
sources of quercerin are apples, blueberries, broccoli, curly kale, hot peppers, onions
and tea. Toral daily flavonol intake (with quercetin representing abour 75%) varies
from 13 mg to 64 mg, depending on the study sample and the population studied.
Humans ean absorb significant amounts of quercetin from food or supplements, and
elimination is quite slow, with a reported half-life ranging from 11-28 hours. Animal
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studies indicate that seven days of quercetin feeding improves survival from influenza
virus inoculation (Davis er al. 2008).

A few human trials have now been conducted and a double-blind, placebo-
controlled study with 40 cyclists showed that 1,000 mg/day quercetin for three weeks
significantly increased plasma quercetin levels and reduced URTI incidence during
the two-week period following three successive days of exhaustive exercise (Nieman
er al. 2007). A surprisingly high proportion (45%) of participants in the placebo
group reported URTI symproms in the two-week post-training period. Once again,
you are recommended to familiarise yourself with the limitations of using self-report
for recording URTTI as discussed in Chapter 1. In this study, markers of immune
dysfunction, inflammation and oxidacive stress were not different from the quercetin
treated group, suggesting that quercetin exerted direct and-viral effects, at least within
the context of the study design. There is some support for co-ingestion of quercetin
with other flavonoids and food components to improve and extend quercetin’s
bioavailability and bioactive effects. These include the flavonoid epigallocatechin 3-
gallate (EGCG) from tea, isoquercetin, which is the glycosylated form of quercerin
in onions and other foods, n-3 PUFA, such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), vitamin C and folate. In a study wicth 39 crained
eyclists, a quereetin supplement combined with EGCG, isoquercerin and n-3 PUFA
was more effective than quercetin alone in partially countering exercise-induced
inflammation and oxidative stress (Nieman et 2l 2009a). It remains a mateer of
contention whether blunting inflammation and exidative stress during training with
supplement cockrails (e.g. quercerin with EGCG and n-3 PUFA) atcenuaces some of
the important merabolic adaprations thar occur during rraining,

Beta-glucans

#

Beta-glucans are not only present as major structural components of the cell walls of
yeast, fungi and some bacteria bur are also present in the diet as part of the endosperm
cell wall in cereals, such as barley and oar. Beta-glucans are carbohydrares consisting
of linked glucose molecules and differ in macromelecular structure depending on
the source; fi-glucans from bacteria are unbranched 1,3 B-linked glycopyranosyl
residues. The cell wall B-glucans of yeast and fungi consists of 1,3 B-linked glycopy-
ranosyl residues with small numbers of 1,6 f-linked branches, whereas oat and barley
cell walls contain unbranched B-glucans with 1,3 and 1,4 B-linked glycopyranosyl
residues. The specific characteristics of the various B-glucans may influence their
immune modulating effects. For example, it has been suggested thac high molecular
weight and/or particulate B-glucans from fungi directly activate leukocyres, whilst low
molecular weight B-glucans from fungi only modulate the response of immune cells
when they are stimulated (e.g. with cytokines) (Brown and Gordon 2003). This
implies that the addition of B-glucans to the dier may be used to modulate immune
funcrion and so might improve the resistance against invading pathogens in humans.
To date, there is limited evidence for immune-promoting effects of orally
administered oat f-glucans in animals and humans. Intragastric administration of oar
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B-glucans in mice enhanced resistance to bacterial and parasitic infections (reviewed
by Volman er al. 2008). Furthermore, another study demonstrated chac daily
ingestion of oat f-glucan counteracted the decrease in macrophage antiviral resistance
induced by exercise stress in mice (Davis er afl 2004). Results from i vitro studies in
animals treated with fi-glucans suggest that fi-glucans enhance the immune response
in leukocytes and epithelial cells. In the in vive sitnation, there is now substantial
evidence in animals that these effects ultimately translate into an enhanced survival
after infection with pathogens (Volman er al 2008). In this respect, effects are
observed irrespective of the B-glucan source and/or roure of administration. It has
been suggested thar the protective effects of orally administered 1,3 f-glucans are
mediated through recepror-mediated interactions with microfold cells — specialised
epithelial cells for the transport of macromolecules in the Peyer's patches — which
lead to increased cytokine production and enhanced resistance to infection.
Therefore, it might be possible to modulate human immune funcrion by increasing
the dietary B-glucan intake, for example, by developing functional foods. This may
have benefits for specific, immunocompromised rarget populations like, for example,
the elderly or people with type I1 diabetes bur possibly also for athletes involved in
heavy training; all of these populations are characterised by some degree of
suppression of the (Th1) immune response (Gleeson 2006b). However, one trial in
humans found no effect of three weeks of B-glucan supplementation (5.6 g/day) on
immune responses to exercise or infection incidence during the rwo-week period
following three successive days of exhaustive exercise (Nieman et al 2008).

Probiotics

234
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Probiorics are food supplements that contain live microorganisms which when
administered in adequate amounts confer a health benefit on the host. There is now
a reasonable body of evidence thar regular consumption of probietics can modify
the population of the gur dwelling bacteria (microbiora) and influence immune
function (Martsuzaki 1998; Mengheri 2008; Borchers e 2, 2009; Minocha 2009),
although it should be noted thar such effects are strain specific. Probiotics survive gur
transit and medify the intestinal microbiora such that the numbers of beneficial
bacreria increase and, usually, numbers of species considered harmful are decreased,
which has been associated with a range of potential benefits to the health and
funcrioning of the digestive system, as well as modulation of immune funcrion.
Probiotics have many mechanisms of action. By their growth and merabolism, they
help to inhibit the growth and to reduce any harmful effects of other bacteria,
antigens, toxins and carcinogens in the gut but, in addition, probiotics are known to
interact with the gut-associated lymphoid tissue, leading to positive effects on the
innate and even the acquired immune system. This is possible because the gu, as
the largest surface area of the body, has a significant role to play in immuniry, as
every day it has to deal with three different immune challenges. Firstly, it must differ-
entiate and tolerate the large commensal microbiota otherwise inflammartion will
occur and, secondly, it must also tolerate the food antigens. On the other hand, the
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gut must be able to mount a defence against any potential pathogens when required.
This explains why 85% of the body’s lymph nodes are located in the gur and why
probiories, as funcrional foods thar target the gut, have the potential to affect the
health of the whole body including parts of the body distant from the gur.

Studies have shown that probiotic intake can improve rates of recovery from
rotavirus diarrhoea, increase resistance to enteric pathogens, and promote anti-
tumour activity. Some evidence even suggests thar probiotics may be effective in
alleviating some allergic and respiratory disorders in young children (Kopp-Hoolihan
2001). Although, to dare, there are few published studics of the effectiveness of
probiotic use in athletes, interest is beginning to grow, mostly in examining their
potential in helping to maintain overall general health, enhancing immune funetion
or reducing URTI incidence and symptom severity or duration (West er o/ 2009).

In a double-blind, placebo-controlled, crossover trial in which healthy elite
distance runners received the probiotic Lactobaciffus fermentum or placebo daily for
28 days, with a 28-day washout period berween the initial and the second trearment,
athletes (# = 20) suffered fewer days of respiratory illness and lower severity of
respiratory illness symptoms when raking the daily probiotic (Cox er 2f 2010¢; Figure
9.8). There was also a significant change in the whole blood culture [FN-y
production, with the probiotic trearment eliciting a two-fold greater change in whole-
blood culture IFN-y production compared with placebo, which may be one
mechanism underpinning the positive clinical outcomes. In another study in athletes
presenting with fatigue and impaired performance and who had a deficit in blood
CDé4+ (T-helper) cell IFN-y praduction compared with healthy control athletes, chis
apparent T cell impairment was reversed following a one-month course of daily
probiotic (L. acidophilus) ingestion (Clancy er al. 2006).

Another probiotic supplement was investigated in 119 marathon runners who
completed a randomised, double-blind intervention study in which they received

Figure 9.8 Number of days of respiratory wrace illness {RTI) symptoms for 20 endurance achletes during | month of
supplementation with a probiotic or placebo. Also shown is the mean severicy of RTI symproms on the
prabiotic and placebo rreatments {data from Cox er 2l 2010)
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Bovine

L. rhamnosus GG (LGG, N = 61) or placebo (W = 58) daily for a three-month
training period and then participated in a marathon race with a two-week follow-up
of illness symproms (Kekkonen et af. 2007). There were no differences in the number
of respiratory infections or gastrointestinal (GI) symptom episodes. Nevertheless, in
their conclusions, the authors mentioned that the duration of GI symptom episodes
in the LGG group tended to be shorter than in the placebo group during the training
period (2.9 compared with 4.3 days) and was significantly shorter during the two
weeks after the marathon (1.0 compared with 2.3 days). Caution is needed when
interpreting these data, as the percentage of runners who actually suffered GI
symptom episodes during the two weeks after the marathon was, as one might expect,
low (4% in each group). As such, the sample the authors base their rather speculative
conclusion on was small (only owo to three runners in each group). In a scudy on the
effect of a L. casei probiotic supplement on respiratory trace infection and immune
and hormonal changes in soldiers participating in three weeks of commando training
followed by a five-day combar course, no difference in infection incidence berween
groups receiving daily probiotic or placebo was reported (Tiollier e¢ 2L 2007). Among
the immune parameters investigated, the major finding was a significant decrease in
salivary SlgA concentration after the combat course in the placebe group, with no
change over time in the probiotic group. Another randomised, placebo-controlled
trial in 64 university athletes reported a lower incidence of URTI episodes during a
four-month winter training period in achletes receiving daily probiotic (L. casei
Shirota) compared with placebo and this study also reported better maintenance of
salivary SlgA in the probiotic group (Gleeson er al 2011hb). A meta-analysis using
data from both athlete and non-athlete studies involving 3,451 parricipants
concluded that there is a probable benefit in reducing URTT incidence (Hao et al
2011). Further large-seale studies are needed to confirm that taking probiotics can
reduce the number of training days lost to infecrion and to determine the most
effective probiotics, as their effects are strain-specific.

From the research reviewed here, one cannot reach a solid conclusion of probiotic
benefic for sportspeople but there is now sufficient understanding of the mechanism
of action of certain probiotic strains and enough evidence from trials with athletes
and sportspeople to signify thar this is a promising area of research. Given that some
probiortics appear to provide some benefit (Table 9.1), with no evidence of harm and
are low cost, there is currently no reason why athletes should nor take probiortics,
especially if they are travelling abroad or are illness-prone.

colostrum

Q
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Bovine colostrum is the first collection of a thick creamy-yellow liquid, produced by
the mammary gland of a lactating cow shordly after birth of her calf, usually within
the first 36 hours. Bovine colostrum conrtains antibodies, growth factors, enzymes,
gangliosides (acid glycosphingolipids), vitamins and minerals and is commercially
available in both liquid and powder forms. Numerous health claims have been made
for bovine colostrum, ranging from performance enhancement to preventing
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infections, but well-controlled studies in athletes are rare. The gangliosides in bovine
colostrum may modify the gur microbial flora and acr as decoy targers for baceerial
adhesion, as well as having some direct immunostimulatory properties (Rueda 2007).
A few studies sugpese thar several weeks of bovine colostrum supplementation can
elevate levels of antibodies in the circulation and saliva. In a study of 35 middle-aged
distance runners who consumed a supplement of either bovine colostrum or placebo
for 12 weeks, median levels of salivary SIgA increased by 79% in the bovine
colostrum group after the 12-week intervention, with no change in the placebo group
(Crooks er 2l 2006). While this resule was stacistically significant, its physiological
interpretation must be viewed with caution, owing to the small numbers in chis study
and the large variabiliry in salivary SlgA levels. A more recent study reporred thar four
weeks of daily bovine colostrum supplementacion prevented exercise-induced falls
in salivary lysozyme and speeded the recovery of neutrophil function after two hours
of strenuous cycling in healthy men compared with placebo (Davison and Diment
2010). Furcher studies are needed to confirm and extend these observarions of effects
on immune responses to exercise and to establish wherther bovine colostrum can

reduce the incidence of URTs in athleres (Table 9.1).

D CONCLUSIONS AND RECOMMENDATIONS

There are many nutritional supplements on the market that are claimed to ‘boost’
immunicy (see Table 9.1). Unfortunately, the claims for these supplements are often
based on selective evidence of efficacy in animals, i wirre experiments, children, the
elderly or clinical patients in severe catabolic states and direct evidence for their
efficacy for preventing the more modest, exercise-induced decrease in immune
funcrion or for improving immune function in otherwise healthy athletes is lacking.
Some scientists even question the value of using immunonutrition support for
athletes because blunting the immune, inflammarory and free radical perturbarions
that occur during exercise might interfere with the imporeant signalling mechanisms
that promote training adaprations (Ristow eral 2009), Nevertheless, exercise trai ning
increases the body’s requirement for most nurrients and, in mosr cases, these increased
needs are met by increased food consumprion. However, some athletes adopr an
unbalanced dietary regimen and the poor nutritional status of some athletes very
likely predisposes them to immunodepression. Although countering the effects of
all of the factors thar contribure o exercise-induced immunodepression is impossible,
minimising many of the effects is possible and should be a goal for the athlete and
support staff. Athletes can help themselves by eating a well-balanced diet that includes
adequare carbohydrate, protein and micronurrients, Other factors that may help the
athlete maintain immune function and aveid infection include appropriate
scheduling of heavy training, comperition and rest (Chaprer 8), reducing other life
stressors and obraining adequate sleep (Chaprer 2) and pracrising good hygiene and
avoiding sick people (Chaprer 10).
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a KEY POINTS

Decreased nutrient availability during prolonged high-intensity exercise and poor
dietary practices during training may be involved in the aetiology of exercise-
induced immune depression.

Whether the immune depression associated with nutrient deficiencies translares
into the increased incidence of URTI symproms observed in athleres remains
unclear.

To mainrain immune function, athletes are advised to ear a well-balanced diet
with sufficient energy intake to maintain energy balance. This should also ensure
an adequare intake of micronutrients.

Athletes are advised to consume sufficient fluids during exercise and recovery to
limit the potential detrimental effects of dehydration on immune function.
Carbohydrate ingestion during exercise (30-60 g/hour) or shortly after exercise
can artenuate some of the immune impairment.

A high carbohydrate diet will not only optimise athletic performance but may
also decrease the immunosuppressive effect of stress hormones.

Athletes on energy-restricted diets should consider a low-dose multivitamin
supplement. Care is needed though because megadoses of some viramins and
minerals can reduce immune responses.

Current evidence supporting the use of dietary supplements (coined ‘immunos-
timulants’) to prevent or treat common infections in athleres is limited.

ﬂ FURTHER READING
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10 Practical guidelines on
minimising infection risk in
athletes

Stéphane Bermon, Michael Gleeson
and Neil P. Walsh

n LEARNING OBJECTIVES

After studying this chapter, you should be able to:

* describe che value of monitoring the immune system status of achletes;

* describe some practical guidelines for minimising the risk of developing
immunodepression in athletes;

* describe some pracrical guidelines for minimising exposure to pathogens and
reducing the risk of infection in athletes;

= describe some pracrical guidelines on vaccination and medicines for the travelling
athlete;

*  describe some practical guidelines abour training when suffering from infection
and recovery from infection.

n INTRODUCTION

Athleres dread the thoughr of catching a cold or the flu. Infections can interfere with
training, impair performance and even prevent an athlete from competing. As you
will have realised from the preceding chaprers, the funcrioning of the immune system
is affected by stress. There are many different forms of stress: strenuous exercise is one;
psychological challenges, under-nutrition and environmental extremes are others. A
combination of some of these may be experienced by elite athletes and an accumu-
lation of stress may lead to chronic immunodepression and hence increased
susceptibility to opportunistic infections. Although impairment of immune function
sometimes leads to the reactivation of a latent virus, the development of a new
infection generally requires exposure to a pathogen and there are many situations in
which the achlete’s exposure to pathogens is increased. Hence, athletes, coaches and
their medical support personnel seek guidelines on the ways to reduce the risk of
illness, which, when it accurs, is likely o compromise training and competitive
performance. This chaprer begins by describing the potential value of immune
munitﬂring in athletes and cthen prﬂv[dg;s an ﬂplana;ign of the current guidclincs
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that can be given to athletes to minimise the risk of picking up unwanted infections.
Although some general guidelines can be given on practical strategies to reduce
exposure to pathogens and minimise the degree of stress-induced immunodepression,
much current advice is based on speculation. Future experimental studies are required
to evaluate and confirm the effectiveness of these strategies in reducing the incidence
and severity of illness in athletes.

n MONITORING IMMUNE SYSTEM STATUS IN ATHLETES

Blood analysis can serve a useful purpose for athletes as it can sometimes give answers
as to why performance has declined for no other obvious reason. It can also serve as
a health check and give an indication of an individual’s likely susceptibilicy to
infection. A blood rtest can be used to assess the status of many organ systems,
including the heart, liver, kidneys and endocrine glands. However, perhaps the most
common tests are those designed to assess the numbers of red and white blood cells
and the body’s iron status. Some normal values for blood parameters in adulr men
and women are shown in Table 10.1 and this section explains whart these values mean
and what the consequences of values outside the normal range can mean. Since red
blood cell count and haemoglobin concentrarion are not directly linked to immune
Funertion, these parameters will not be described here.

e
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BELOOD MEASURE MALES FEMALES
Red blood cell count (% 10"4L) §.5-6.5 3.8-5.8
Haemeglobin concentration (gfdL) 13.4=17.0 11.5-16.5
Serum ferritin concentration {ug/L) 40-180 12-190
Serum B12 concentration {pg/L) 160=1,100 160-1,10:d
Serum folate concentration (ug/L) 1.5-20.0 1.5-20.0
Haematocrit percentage (26) 40-50 3747
WWhite blood cell count (2 10%L) 4.0-11.0 4.0-11.0
Meutrophil count (% 10%L) 20-7.5 20-7.5
Lymphecyre count (% 10%/L) 1.0-3.5 1.0-3.5
Monocyre count (2 10°/L) (n.2-0.8 0.2-0.8
Eosinophil count (3 10°/L) 0=0.4 0-0.4
Creatine kinase activiry (LV/L) 15=110 15=-90

' U = unir of cnzyme activicy

Metals

c
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Transition metals such as iron, zinc, manganese and copper have numerous biclogical
roles as both structural and catalytic co-factors for proteins. Therefore these meals
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are essential for life and it is suggested that approximarely 30% of all proteins interact
with a metal co-factor. In keeping with the strict requirement for metals in a variety
of cellular processes, transition metals are essential for proper immune function
{Kchl-Fie et af 2010).

Iron is an important component of the oxygen-carrying pigment hacmoglobin. As
an iron deficiency can lead ro anaemia (below-normal blood haemoglobin concen-
tration), it is important to maintain normal iron stores. A serum ferritin value below
the normal range (Table 10.1) indicates iron deficiency, which is likely to result in
the development of anaemia. Ferritin is a serum protein thar is used in the tissues of
the body to store iron and its concentrarion (which can be measured by enzyme-
linked immunosorbent assay, ELISA) gives a good indicator of the size of the body's
iron stores.

Moreover, iron deficiency depresses certain aspects of cell-mediated immunicy as
well as cyrokine secretion/production whereas humoral immunity is unaffected
(Munoz er al 2007). On the other hand, iron can be toxic to cells, when present at
high concentrations, because of its abilicy to promore the formarion of damaging
oxidative radicals. In such situarions, several organs rissues (e.g. heare, liver, brain,
gonads, skin) can be affected by the iron excess leading to either haemosiderosis or
haemochromarosis, which are potentially lechal diseases. Therefore, iron, which is
sold over the counter at most chemists, should only be taken on medical advice. It is
possible to measure the serum free-iron concentration.

Iron is a key immune regulator of the host-pathogen interaction and its associared
morbidity. Indeed, iron is essential for the growth and virulence of most microbial
pathogens and one of the host's defence strategies is to reduce iron availabilicy and
to deprive micro-organisms of this viral element. The increased expression of hepcidin
that accompanies inflammation is also generally viewed as part of the strategy of
pathogen iron deprivation, since it leads to a decrease in serum iron levels. In
addition, the host produces molecules thar directly compete with the infecting micro-
organism for iron. One of these molecules is lactoferrin, an iron-binding glycoprotein
that is abundantly expressed in mucosal secretions of the respiratory, gastrointestinal
and mammary epithelia. Therefore, one can say thar chere is a real struggle for iron
at the host—pathogen interface (MNairz er al 2010).

Magnesium and other minerals important for immune function

The serum concentrations of other minerals imporcant for immune function and
exercise performance, such as magnesium and zinc and cooper, can also be
determined. Although deeply involved in muscle physiology, magnesium also plays
a key role in the immune response. It is a co-factor for immunoglobulin synthesis,
C3-convertase, immune-cell adherence, antibody-dependent cytolysis, immuno-
globulin (Ig)-M lymphacyte binding, macrophage response to lymphokines and T
helper—B cell adherence (Tam er al 2003). Magnesium concentrations can be

——
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measured in serum and in erythrocytes. Zinc is critically important for proper
immune funcrion, as even a mild zinc insufficiency results in widespread defects in
both innate and adaptive immuniry (Wintergest et al. 2007). There is incressing
evidence suggesting that the host actively sequesters zinc during infection to hinder
microbial growth. The concentration of zinc in erythrocytes is thought to provide 2
berter measure of body zinc status than the serum zinc concentration, as the later is
more readily influenced by recent food inrake. Manganese is essential to norma!
immune function bur, fortunately, manganese deficiency is rare.

Copper is also essential to a normal immune function, including proliferative
response and normal phagocytic function of neutrophils and macrophages. Copper
status can be assessed by measuring blood copper and its transport protein, cerulo-
plasmin, but the first is decreased by concomitant zinc intake and the Jater is
influenced by inflammarion, pregnancy and oral contraceptives.

Serum B12 and folic acid

-

Vitamin B12 and folic acid are two water-soluble B vitamins thar are required for the
production of DNA. Hence, they are important for cells (immune cells) that are
dividing at rapid rates. This is true of the stem cells of the bone marrow, which are
the precursors of both red and white blood cells. A deficiency of B12 and/or folicacid
can result in the development of megaloblastic anaemia (lowered blood haemoglobia
concentration with increased mean red cell volume).

Vitamin D status

In recent years, it has been recognised that vitamin D is important in maintaining
immunity (Kamen and Tangpricha 2010) and several studies indicare that vitamin
D status can be suboptimal in both the general population and athletes (Larson-
Meyer and Willis 2010), particularly in conditions where exposure to sunlight is
limited. Ensuring that the individual has adequate vitamin D status may therefore be
helpful and chis can be assessed using blood tests to measure the plasma concen-
tration of 25-hydroxy vitamin D.

White blood cells

242

White blood cells (leukocytes) are the cellular part of the immune system and are very
important in surveying the body for infection. They find, trap, neutralise and kill
invading pathogens. There are many different types of white blood cells which hm_-t
specific functions in protecting you against developing infections as described in
Chapter 2. Endurance training causes the body to release hormones such as cortiso!
that can reduce the number and function of white blood cells in the blood. Cortisol
is released when the body is stressed; it is known as a ‘stress hormone’ and the body
perceives exercise as a stressor just as it does, for example, in sicuarions such as
examinations, moving house, redundancy, bereavement (Khansari ef al. 1990).
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Cortisol levels can become high; for example, if training has been particularly hard,
the athlete has been doing very long exercise sessions or many competitions, not
eating enough carbohydrate at meals or during training or having inadequate sleep.
In contrast, the plasma concentration of testosterone tends to fall during periods of
stress. Hence, the plasma ratio of cortisol to testosterone is promoted by some sports
scientists as a useful indicator of stress in athletes.

If the total white blood cell counc is high, it may be that the achlete has nort
recovered properly from a training session or that an infection of some kind is present.
It is never advisable to train hard with a cold or infection of any kind; essenrially, the
body’s immune system is fighting to keep you healthy, so it does not make sense to
stress it more (see section entitled *Should athletes train during periods of infection?’)
The best advice is to take a few days off from training until the symptoms of illness
have gone. In the long term, fewer days training will be missed by stopping training
altogether during illness than keeping training and risking the development of further
complications such as post-viral fatigue and overtraining syndrome. These compli-
cations may stop an athlete training completely for very long periods of rime or
ultimately force him or her to retire from their sport.

Neutrophils

MNeurtrophils are the most abundant white blood cell in the blood circulation, they
make up approximartely 60% of the total whire blood cell count. They act as a firse
line of defence against invading pathogens (micro-organisms capable of causing
illnesses) by destroying them and by stopping them from multiplying in the body.
During exercise, more neutrophils enter the bloodstream from the bone marrow and
help to clear up damaged muscle fibres. Hence, an individual undergoing endurance
training may use up bone marrow reserves of neutrophils faster than a non-training
individual and thus low neutrophil levels (quite common in endurance athletes) may
affect how the body deals with an invading pathogen. This could leave an individual
more susceptible to carching colds and infections. An elevated neutrophil count is
usually indicative of an acute bacterial infection.

Lymphocytes

Lymphocytes make up approximarely 20-25% of the white blood cell count. They
have many functions in the immune system. Lymphocytes are important for
producing antibodies (killing agents) against invading pathogens. These cells exhibir
a ‘memory’ capability so thar, if the body is invaded again by the same pathogen (e.g.
chicken pox, measles), the immune system can react immediately to fight the illness
so that symptoms do not normally develop a second time.

More sophisticated (and expensive) tests can distinguish the different types of
lymphocytes present which include B cells, T cells and natural killer (NK) cells. There
is some value in measuring these subsets, as this may identify individuals who have
low numbers of NK cells and therefore tend to be more susceprible to viral infections.
Indeed, several studies indicate thar suscepribility to infections and cancer is greater
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Figure 10.1 Numbers of circulating natural killer (MK} cells among a first team squad of professional foorball players
(English Premier Leaguc); blood samples were abrained at rest at the stare of preseason training and ac
the end of the season; horizonral bars represent the mean values
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in individuals who possess low NK-cell acriviry compared with individuals with
moderate-high NK-cell activity (Levy er al 1991; Imai et al 2000; Ogata ez al 2001).
Figure 10.1 illustrates the range in NK-cell counts (CD3-CD56+ cells) among a
squad of elice professional soccer players; clearly, among these 25 individuals, there
are some thart can be identified as having rather low NK-cell counts. Ideally, both
INK-cells counts and cytolytic activity should be measured bu the latter still remains
a non routine laboratory analysis,

Another marker of immune system status thar can be obrained from lymphocyte
subser analysis is the T-helper/suppressor (CD3+CD4+/CD3+CD8+) ratio. A low
value is associated with impaired immunity and increased risk of infection.
Quanrifying markers of activation such as che expression of CD38, CD69, HLA-DR
on T cells can identify individuals who are currently infected. During viral infections,
the numbers of cells expressing CD38, HLA-DR and CD45RO are usually increased,
as are the numbers of NK cells.

Meonocytes make up approximately four to five per cent of the white blood cell count.
They have an important role in controlling immune responses and in killing
pﬂ:hugcns. including bacreria and viruses. An elevated monocyte count tends to be
indicative of a chronic infection.

Eosinophils are white blood cells involved in reactions to allergies. A higher than
normal number of these cells in the circulation generally indicates the presence of an
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allergic condirion (this may include asthma or hay fever). This is especially likely to
show up in the summer months when the pollen counc is high.

Creatine kinase

O

Creatine kinase is an enzyme used as an indicator of muscle damage. Damage to
skeletal muscle (e.g. by unaccustomed downhill running, weight training, endurance
cycling) results in the release of increased levels of creatine kinase into the blood. The
normal reference range for the sedentary population (Table 10.1) is frequently
exceeded in arhleres because regular exercise training involves a certain degrcc of
muscle damage and rebuilding. However, if levels are excremely high (e.g. more than
500 U/L) this can be taken as an indication that training should be reduced before
a competition to ensure that the muscles have properly recovered from the last
training session. On a week-to-week basis, it is important to incorporate adequate rest
days. The minimum recommendartion is one day per week where you do only very
light training or no exercise ac all. It is worth remembering that it is during recovery
periods that the body adapts to the training sessions, muscle fibres regenerate and
glycogen stores are replenished and, ultimartely, with an appropriate period of
tapering, the desired ‘training effect’ of improved performance is gained.

How much do these blood tests cost?

O

Red cell counts, haemoglobin, haemarocrit and a differential white blood cell count
can be performed on a single 5-mL blood sample and should cost abour €6-12.
Measures of serum Fferricin, B12, folic acid, free iron, magnesium, zinc and creatine
kinase will cost about € 12 each. Thus, for the list of parameters shown in Table 10.1,
the cost should be abour € 60. Measuring lymphocyte subsets is more expensive and
requires access to a flow cytometer. A lymphocyte subser analysis that gives
percentages of NK cells, B cells, T cells and the CD4/CD8 ratio should cost abourt
€ 35. Measurement of immune cell functions (e.g. neutrophil oxidative burst,
mitogen-stimulated lymphocyte proliferation, NK-cell cyrolytic acrivity) is time
consuming and expensive (around €60 per test). Furthermore, most immune cell
funcrions have to be measured within a few hours of blood collection. Hence, these
measures are usually restricted to research studies and are not really practical for
routine menitoring of athletes in training,

Salivary immunoglobulins

O

The monitoring of changes in the salivary concentrarions of immunoglobulins (IgA
and IgM) during training has been conducted with some success in elite athletes.
Studies on elite Australian swimmers have shown that low levels of saliva secretory
IgA (SIgA) are associated with increased incidence of upper respiratory trace
infections (URTI; Gleeson 2000b). These studies have also shown that SIgA levels
may fall acurely after a training session and thar over the course of a seven-month

—
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training season, SIgA in saliva samples obtained ac rest falls progressively. Henee, this
indicator of mucosal immunirty can be a useful practical measure that can be used to
identify individuals who may be at higher risk of URT and to monitor the effects
of individual and repeated training sessions on mucosal immunity (Neville e al
2008). Salivary IgA values can vary quite markedly berween individuals (as illustrated
in Figure 10.2) but, as you can see in Figure 6.5, when SIgA is expressed as a
percentage of the athlete’s known healthy baseline value, the salivary SlgA concen-
tration falls significantly before an URTI episode and hence its regular (e.g. weekly)
measurement can aid in the prediction of infection risk among different individuals.
Salivary 5lgA coneentration can be measured by ELISA and some microwell plate kits
are commercially available. These cost abour €350 for 2 96-well kit sufficient for
the analysis of 40 samples (and a range of standards) in duplicate. Further
developments in technology may soon allow the measurement of salivary SIgA (and
possibly cortisol and testosterone as well) using rapid response analysers and possibly
even hand-held analysers, which would greatly assist this rype of monitoring in field
situations (e.g. at the training ground).

Figure 10.2 Salivary IgA concentration measured in samples raken at rest in professional footballers (rwo first team

squads in English premier league), elite swimmers (GB national squad; males: closed circles, females:
apen circles) and national standard cyclists
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Other salivary antimicrobial proteins
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To date, the majority of exercise studies have assessed salivary SlgA as a marker for
monitoring immune status in athletes (Gleeson er al. 2000b; Neville et al 2008) bur,
more recently, the importance of other antimicrobial proteins in saliva, including a-
amylase, lactoferrin and lysozyme has gained greater recognition (Bishop and Gleeson
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2009). These antimicrobial proteins could soon be used for athlete monitoring
purposes.

Cytokines

g

i

Cyrokines modulate post-exercise changes in immune function, possibly increasing
the risk of infection or the appearance of inflammartory symptoms mimicking URTL
A study demonstrated decreased anti-inflammatory plasma cytokines (IL-8, IL-10,
IL-1ra) ar rest and after exercise and increased proinflammatory cytokines (IL-6) in
illness-prone distance runners when compared with runners who did not suffer
frequent episodes of URTI symproms (Cox er al 2007). A cytokine gene
polymorphism study by the same group (Cox er al 2010a) identified an underlying
genetic predisposition to high expression of the proinflammatory IL-6 in achletes
prone to frequent URTI symproms. These studies suggest that not only infections but
dysregulated inflammarion can cause the symptoms of “sore throat’ (Bermon 2007).
The value of measuring circulating or possibly even salivary cytokines for monitoring
immune status in achletes has yer to be determined.

TRAINING AND RECOVERY GUIDELINES TO MINIMISE THE RISK OF
INFECTION

Infections can interfere wich training, impair performance and even prevent an athlete
from competing (Reid er @l 2004). Unfortunarely, athletes engaged in heavy training
programmes (e.g. exercising for more than two hours per day at greater than 70% of
maximum heart rate), particularly those involved in endurance sports, appear to be
more susceptible than normal to infection (see Chapeer 1). The most common form
of infecrion in athleres are those that affect the upper respiratory tracr. As described
in detail in previous chaprers the funcrioning of the immune system is affected by
stress and chere is some convincing evidence that the increased susceptibility vo URTI
in athleres acrually arises from a depression of immune function. Furthermore, other
stressors, including extreme environmental conditions (see Chapter 7), improper
nutrition (see Chapter 9), psychological stress and lack of sleep (see Chaprer 2) can
compound the negative influence of heavy exertion on immunocompetence. An
accumulation of stress may lead ro chronic immunodepression and hence increased
susceptibilicy to opportunistic infections in athletes (Figure 10.3).

Although impairment of immune function sometimes leads to the reactivation of
a latent virus, the development of a new infection generally requires exposure to a
pathogen and there are many training and competitive situations in which the
athlete’s exposure to pachogens is increased (Figure 10.3). During exercise, exposure
to airborne pathogens will be increased, owing to the higher rate and depth of
breathing. A study in adolescent male soccer players showed that, following a ene-
hour indoor training session, the colony count of Staphylococcus aurens (a bacteria
associated with URTI) was significantly increased in the nasal passages (Figure 10.4;
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Figure 10.3 Factors contributing 1o infection incidence in athletes
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William et al. 2004). An increase in gut permeabilicy may also allow increased entry
of gut bacterial endotoxins into the circulation, particularly during prolonged exercise
in the heat (Bosenberg er al 1988). Some of the lifestyle strategies and training
strategies that can be adopted by athletes to minimise the risk of developing
immunodepression are listed in Box 10.1 and Table 10.2. Dr David Pyne also
discusses strategies for modifying training to limit the risk of immunodepression in
the Exercise Immunology Review Position Statement (see Recommended reading

Walsh er @l 201 1a).
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Box 10.1 Lifestyle strategies for athletes to minimise the risk of immunodepression

*  Keap life stress 1o a minimum.

= Get regular and adequate sleep (at least seven hours per night).

= NMore rest may be needed after travel across time zones to allow circadian rhythms
to adjust,

= Avoid crash dieting and rapid weight loss.

*  Ensure adequate total dietary energy, carbohydrate and protein intake,

« A good well-balanced diet should provide all the necessary vitamins and minerals
but, if fresh fruit and vegetables are not readily available, multnvitamin supplements
should be considered.

= Consume carbohydrate drinks (approximately 6% weight by volume) before, during
and after prolonged workouts appears 1o reduce some of the adverse effect of
exercise on immune function {around 30-60 grams of carbohydrate per hour during
exercise).

*  \Wear proper outdoor clothing and avoid getting cold and wet after exercise,

]lﬁ"—l‘-‘imii’ 1 ST ’1'.1..3__?& i) -n::g,.{‘

TRAINING DESCRIFTOR

COMMENT

Frequency

Walume

Intensicy

Load (velume x intensicy)
Load increments

Load sequencing —

wucHy micmcycl:

Load sequencing —
multi-week macrocyle

Recovery - sessionfweck

Recovery = scason

Increase the frequency of shorter training sessions rather than enduring fewer but

longer sessions.

Reduce the everall weekly raining volume and/or volume of individual training

SE55IONs.

Awoid prolonged intensive training sessions or activities. Employ shorcer sharper (spike)
sessions mixed with lower-intensity work.

Systemarically manipulate cither the training volume and/or intensity to manage the
degree of training load,

Reduce the size of increments in frequency, volume. intensity and load of training e.g.
increases of 5=10% per week rather than 15-30%.

Undertake rwo or three casy to moderate training sessions after cach high-intensicy
session rather than the traditional patrern of simply aliernaring hard with casy sessions.

Plan an easier recovery or adapeation week every second or third week rather than using

longer 3-6 week cycles with increasing loads.

Implement recovery activities immediately after the most intensive or exhaustive
training sessions,

Permin athletes ar heigheened risk of illness a longer period of passive and active
recovery (several weeks) after completion of a season or major comperition,

Source, reproduced with permission from Walsh eraf (2001h
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n FACTORS DIRECTLY ASSOCIATED WITH EXERCISE TRAINING

250

As explained in Chaprers 4 and 5, the functional capacities of leukocytes may be
decreased by acute bouts of prolonged strenuous exercise: the mechanism(s) for which
probably involve, amongst other factors, stress hormones (see Chapter 2). Thus, an
acute bour of physical activity is accompanied by a temporary depression of several
immune cell functions that may provide a temporary period of increased suscepui-
bility to infection: the so-called ‘open window" hypothesis.

For exercise lasting less than one hour, exercise intensity is the most crirical factor
in determining the degree of exercise-induced immunosuppression (Nieman et al
1993b, 1994). When subjects cycled for a fixed duration of 45 minutes, immune
system perturbations were greater at an intensity of 80% VO, max compared with
50% VO, max (Nieman er af 1993b, 1994). However, others have shown that
exercising for three hours ar 55% VO, max produced greater changes in leukocyte
wafficking, plasma cortisol concentration and neutrophil function than exercising
to fatigue in less than an hour ar 80% VO, max (Robson et al. 1999b). Furchermore,
24 hours after exercise, neutrophil function had recovered to pre-exercise levels after
the shorter, higher-intensity bout but neutrophil funcrion was still significantly
depressed at this time after the longer bout. Hence, very prolonged exercise sessions,
as well as high intensity bouts of shorter duration, appear to threaten the proper
immune function of athletes.

Exercise training also modifies immune function, with most changes on balance
suggesting an overall decrease in immune system function, particularly when training
loads are high, as discussed in Chapter 8. Furthermore, even in well-trained
individuals, sudden increases in the training load are accompanied by signs of more
severe immunodepression. Given that many reports have linked heavy training with
impaired immune function, any training programme should be appropriate to the
individual athlete’s physical condition and the athlete’s responses to the training stress
including performance, mood, fatigue, muscle soreness, perception of effort should
be monitored closely. Training strategies to minimise the risk of immunodepression
need to consider the management of training volume and intensiry, training variety
to overcome monotony and strain, a periodised and graded approach to increasing
training loads, how the training is spread over the course of the day and provision of
adequate rest and recovery periods. This implies the use of some means to measure
the training load in terms of intensity, as well as durarion or distance covered. The
availability of heart-rate monitors or power-meters (cycling) makes this possible, so
it should be a relatively simple rask for the athlete or coach to record and upload ©
a personal computer a daily log of the time spent by the athlete in specified heart rate
zones. A summary of the various methods that can be used to monitor the training
load is given in Table 10.3.

Many factors can increase the stress hormone response to exercise and some of
these are listed below and have been discussed in derail elsewhere in this textbook:

* fasting (Chaprer 9)
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*  low glycogen stores (Chapter 9)

* dehydration (Chaprer 9)

= hypoglycaemia (Chapter 9)

* heat (Chapter 7)

* cold (Chapter 7)

s altitude (hypoxia) (Chaprer 7)

* psychological stress (Chaprer 2)

* sleep deprivation (Chaprter 2)

* jet-lag and travel across time zones (Chapter 2).

Since these factors may therefore increase the degree and duration of exercise-induced
immunodepression, it is important that the impact of these factors is kept to a
minimum. Training has to be hard if athletes are going ro compete successfully buc
the training should be managed ro avoid the risk of immunodepression (see ‘load
increments’ and ‘load sequencing’ in Table 10.2). On days where the training load is
high, training should be split into two or more sessions. Prolonged immunode-
pression is more likely ro develop if all the exercise on a hard training day is done in
a single session. When an increase in the weekly training load is planned, it is
probably advisable to limit the increase to no more than 5-10% above the previous
week’s load.

Meonitoring the athlete for signs of impending overtraining

§

Given that overtraining is commonly associated with recurrent infections, ir is
important that this condition is prevented from developing. Ways of monitoring
athletes for signs of impending overtraining have received increasing attention and
several markers were discussed in Chapter 8. Heart-rate monitoring could be used to
help detect the early stages of overtraining and the most commonly observed features
are increased resting heart rate and/or decreased maximal heart rate and/or altered
heart rate variability (Baumert er al 2006). Sleep disturbance is a common symptom
in overrrained athletes (Budgerr 1990) and chronic lack of sleep is itself associated
with impaired immuniry (see Chapter 2 and Walsh et 2/ 2011a). Athletes should be
encouraged to ger adequate sleep and seven hours sleep per night is probably the
minimum required by most. Some studies have reporred lower blood lacrate
responses during submaximal exercise tests in overtrained athletes. The reduced blood
lacrate response to exercise in the overtrained state contrasts with the elevared blood
lactate response 1o exercise following exercise-induced muscle damage described by
Gleeson et al (1995¢, 1998) and may offer a means of distinguishing between
overtraining and overreaching.

The immune system is extcremely sensitive to stress — both physiological and
psychological — and thus, potentially, immune variables could be used as a sensor of
stress in relation to exercise training (see Chaprer 8 for further details). Regular
monitoring of immune variables (e.g. salivary S]gﬁ} could provide a diagnostic
window for evaluating the impacr of acute and chronic exercise on health (Pedersen

E ———
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TOOL DESCRIPTION EVIDEMCE FOR EFFICACYY RATING'
LIMITATIONS _ =
Diaries, questionnaires,
sleep and resting HR:
Diaries, POMS, DALDA, A variery of self-repornt Limired informarion on predicting oo
TOQR and RESTQ-Sport.  questionnaires for progression to UPS. Issues with
Sleep and HR monitoring mood, exertion, compliance, particularly for lengrhy
life demands and recovery.  questionnaires. Remains unclear
Simple monitors (e.g. whether the quantity and quality of
Actigraph) can assess sleep  sleep identifies progression inco UPS.
quanrity and quality. Frobably most effective when used in
conjunction with other tools listed.
Training load:
Distance, time, speed, Some simple, yet descriptive, Training load assessment can be eeeCC
power e, HR 20nes, wols now easily monitored  subjecrive (e.g. session RPE).
TRIMP? session RPE with GPS/power meters erc.  Mevertheless, session RPE may
HR, TRIMP and session  be useful when HR. monitors are
RPE provide more specific  wnavailable, TRIMP provides
informarion abour information beyond HR alone but
training stress. has limited urilicy for exercise above the
anaerobic (lactate) threshold. Probably
miest effective when used in conjunction
with other tools listed.
Exercise and performance
testing:
Subemaximal and maximal  Assess blood lactare and Maximal lactate response is reduced 00000
exercise testing other neurcendocrine in UPS. Utility of lacrare and
responses (e.g. plasma neuroendocrine responses (o exercise
ACTH, corisol) to an tests 1o track progression into {and
exercise test, recovery from) UPS is mixed. Probably
maost effective when used in conjunction
with other tools listed.
Exercise performance tests: Exercise perfarmance tests (L L LS

are essential ro diagnose
Ups.

Useful to identify recovery from
intensified training, Less useful ro
confirm recovery from UPS as fitness

will likely decrease during UPS. Exercise
performance tests should be sport speci fic.
Probably most effective when used in
conjunction with other tools listed.

Noter

.I H-'llliﬂsi!' based upan supponting evidence and wrility of the toel fos implementation on a continuum ‘_ﬁ"h'-'m 00000
indicates no supponing evidenceluility and @ @ @ @ @ indicates very sirong supporting evidence/uriliry.

*TRIMP (training impulsc) i caloulated using teaining duration, maximal heart rare {HR), resting

IRINERE session

ACTH = adrenoconicottophic hormone; DALDA = daily analysis of life demands for athletes; POMS » profile of mood sext

HR and average HR d'-"i"ﬁ'l""
e AIE

= rating of perceived exertion; TOR = roral quality recovery; UPS = unexplai ned underperformance syndrome

—
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and Bruunsgaard 1995; Gleeson 2000b; Neville er 2l 2008) and identifying achletes
who are most art risk of developing infections. The main drawback here is that
measures of immune function are expensive and usually limited to just one aspect of
whar is a multi-faceted system containing much redundancy. Hormones have also
been suggested as potential markers of overtraining but no consistent and
reproducible hormonal changes have been reported in overtrained athletes. A
summary of the potential value of various biochemical, haemarological and immuno-
logical markers as indicators of training stress, overreaching and impending
overtraining is shown in Table 10.4.

Nutritional factors (see Chapter 9)

¥

Athletes can help themselves by eating a well-balanced diet thar includes adequare
intake of energy, carbohydrate, protein and micronutrients. Consumprion of
carbohydrate drinks during training is recommended, as this practice appears to
artenuare some of the immunosuppressive effects of prolonged exercise, provided
that exercise is not continued to the point of fatigue. Results for most nutritional
supplements tested as countermeasures to exercise-induced inflammation, oxidative
stress and immune dysfunction following heavy exertion have been disappointing.
Athletes may benefic from an increased intake of antioxidants but che dangers of
excessive over-supplementation of micronutrients should be highlighted. Many
micronutrients given in quantities beyond a certain threshold can reduce immune
responses, impair the absorption of other micronutrients or have toxic effecrs.
Moreover, the real benefit of immuno-nutritional support for athletes has been
challenged because it is suspected to interfere with important signalling mechanisms
for training adaprations (Ristow et al 2009), by partially blocking immune changes,
oxidarive seress and inflammarion. Hence, in general, supplementation of individual
micronutrients or consumption of large doses of simple antioxidant mixtures is not
recommended. The most effective nutritional strategies ro maintain robust immune
function during intensive training are to avoid deficiencies of essential micronu-
trients, to ingest carbohydrate during exercise and ingest Lactobacillus probiorics on
a daily basis. When cold symptoms begin, there is some evidence thar raking zinc
lozenges at this time (greater than 75 mg zinc/day; high ionic zinc content) can
reduce the number of days that illness symproms last. Ensuring thar the individual
has adequate vitamin D status may also be helpful and this can be assessed using
blood tests to measure the plasma concenrration of 25-hydroxy viramin D.

Psychological factors (see Chapter 2)

O

Although acute psychological stressors can evoke a temporary increase in some aspects
of immune function, various forms of chronic psychological stress very clearly have
the opposite effect. Traumatic life events such as bereavement, divorce and prolonged
care of an aged or disabled relative are perceived as stressful and generally result in
depressed immune funcrion and increased incidence of infection. Elite athleres have

253



STEPHAME BERMON, MICHAEL GLEESON AND NEIL P. WALSH

TR TRkt

i
LI

TOOL

g1l anhTlil=sh ) bradet o E )

" ' ] ; ; TR T
) stucad TEakad T Bl ek vk L T TP i T e T T T LR O RS TP T
A P R T —

|||r|.|-|!,|_.-I;||;.|i |'|_-"|. g -|_lh|:;|,..'_

DESCRIPTION EVIDEMCE FOR EFFICACY/ RATING!
LIMITATIONS
Biochemical:
Free testosterone: May provide an indicator  May indicare response to training but [ X Islals]
cortisol ratio af anabolic/catabalic cannot identify UPS. A low free
balance; can be assessed in - testosterone: cortisol ratio (>30%
hoth blood and saliva. below normal) indicates over-reaching.
Unclear how these changes relate o
performance. Costly and time consuming.
Plasma glutamine Mon-essential amino acid:  Plasma glutamine decreases in response @ @@ OO
imporrant fuel for immune o incensified training, over-reaching
cells; ratio to gluramate and UPS. Ratio to glutamate has been
may indicate training stress.  shown to indicate training intolerance,
Requires bload sample. Costly and
time consuming.
Bleed CK and CRP Indicators of muscle Mot suirable to indicare training eCO00

Serum iron, ferritin and
rransferrin

Haematological:
Red blood cell counr,

hasmoglobin and
haematocric

Immunelogical:
Blood leukocyte counts

Blood lymphocyte subser
counts
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damage and inflammartion.

Indicators of infllammartion
and chronic recovery: iron
deficiency can lead vo

anzemia.

Standard elinical
laboravory tests,

Srandard clinical
laborarory rest provides
roral leukocytes and
differential counts
{neutrophils, lymphocytes,
MONBCYIEs €10},

Flow eytometric analysis
of lymphocyre subsers
(e.g. T-helper/suppressor
CDe! CDE+ ratio).

adapration, everreaching or UPS.

Some wility to exclude other explanations

for undr.rpcrformanct. Requires blood

sample. Costly and time consuming.

May be reduced in chronically exercising @ @O OO
individuals, particularly during high

intensity training, Decrease may negatively

affect performance. Requires blood

sample. Costly and rime consuming.

Mormal clinical ranges established.

These tests cannot detect over-reaching
or UPS. Useful for dc::rmining averall
health status. Can be performed on finger
prick rather than venous bloed sample.

*e OO0

Mermal clinical ranges established. Some @ ® O 0O
evidence of lowered leukocyte counes

during intensified training, over-reaching

and UPS. May indicate response to

training bur cannot identify UPS,

Altered differential counts may indicate

infection. Costly and rime consuming,

A low T-helper/suppressor lymphocyte L X Telele]
ratio is associated with impaired

immuniry and increased risk of infection.

Some T-lymphocyte markers (CD3E,

CD6Y, HLA-DR) can identify individuals

wha are currently infeeted. Cannor

identify UPS. Extremely costly and

time consuming limits utilicy,
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TOOL DESCRIFTION EVIDENCE FOR EFFICACY/ RATING'
LIMITATIONS

Functional immune
ﬂSS:I:f!

Blood cyrokines

Saliva AMDPs

In vive immune rests

Well-equipped laboratories
can make measurements
of immune funcrion (e.g.
neutrephil phagecyric
activity, natural killer

cell activiey erc).

Well-equipped laboratories
use ELISA wo assess
cytokines in plasma and
possibly saliva.

Assessment of saliva IgA
and other AMPs imporcanc
for host defence using
ELISA.

Blood antibody response
to influsnza vaccination.
Skin DTH tests including
recall antigens (e.g.
Mantoux) and novel
antigens (e.g. DPCP).

Typically requires a fresh blood sample, @O Q00
Extremely costly and rime consuming
lirmies weiliy.

Preliminary evidence that illness prone. @ @O0 0
athletes have higher plasma inflammatory

(2., IL-6) and lower anti-inflammatery

(e.g- IL-1ra) cyrokines. Jn wmitro vaccine-

stimulared cyrokine response also used.

Extremely costly and time consuming

limits uriliry.

Good evidence thar decreases in salivary @@ @ OO
IgA track infection during training and

competition. Less is known abour salivary

Abdls and infection in arhleres. Mo

suitable as markers of over-reaching or

UPS. Highly variable both within and

between participants. Yariabiliry likely

nwing to poor standardisation of saliva

collection, handling and reporting,

Costly and time consuming.

Represents a co-ordinated, integraved [ L 3 Jelel
immune response. Clinically relevant

and responsive to stress. Cannat identify

UPS. Limited data in athletes. Blood

antibody measurements are costly and

time consuming which limits urilicy.

DPCP skin test is cheap, quick and

skinfold response (skin thickening) is

casy to measure, Temporary erythema

{reddening) ar skin site and slight irchiness

may discourage some participants.

MNorer

| Rating is based upen supporting cvidence and uriliry of the ool for implementation on a continuum where: 3 OO0 O O
indicates no supporting evidence/utility and @ @ @ @ @ indicaces very strong supporning evidence/urilicy

AMP = antimicrobial proteing CK = creatine kinase; CRIP = C-reactive protein; DPCE = diphenyleyclopropenone:

DTH = delayed type hypersensitiviny; ELISA » enzyme-linked immunosorbent assay; Igh = immunoglobulin A [L = interleuking
UPS = underperformance syndrome
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to train hard to compete successfully, so some degree of physical training stress is
unavoidable. In addition, there is the added psychological stress of competition, team
and commercial pressures, international travel, selection pressures, funding pressures
and other major life events. The aim of the coach, working with a sport psychologist,
should be to anricipate these addirional stressors and, through appropriate evaluation
and planning, eliminate or minimise as far as possible their impact upon the athlere,

Dwuring training, psychological profiling may be underraken to some effect using
self-scored profiles of mood states (POMS); some scientists believe thar the best gauge
of excessive training stress is how the athlete feels. The abbreviated POMS scale
(Morgan ez al 1987) or the Daily Analysis of Life Demands in Athletes (Figure 10.5;
Rushall 1990) are examples of simple questionnaires thar can be used on a daily basis
to assess the impact of training on the athlete’s psyche. Gauging sensations of muscle
soreness and farigue during and after each training session has also been
recommended (Moakes, 1992) and may be an effective way of monitoring the
recovery from deliberate overreaching and identifying early development of
overtraining syndrome.

Figure 10.5 Daily analyses of life demands in athletes (DALDA) questionnaire (from Rushall 1990)
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Total A response

Total B response
Total C response
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Part B Symtoms of stress
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Muscle pains
Technigues
Tiredness

Meed for a rest
Supplementary work
Boredom

Recovery time
Irritability

Weight

Throat

Internal
Unexplained aches
Technique strength
Enough sleep
Between sessions recavery
General weakness
Interest
Argurments

Skin rashes
Congestion
Training effort
Temper

Swellings
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A = Worse than normal; B = Same as normal; € = Better than normal

Total A response
Total B response
Total € response
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Travel, jetlag and sleep disruption

With frequent international competitions now being the norm in many spors,
competitors are faced with regular air travel, with the associated problems of
sleeplessness and jetlag. Travelling for many hours in a confined space, with several
hundred other individuals (a cerrain proportion of which are bound to have
infections) and rebreathing the same dry air in hypobaric conditions is highly
conducive to the spread of infection. Precautions including the wearing of a filier
mask, maintaining hydration, avoiding alcohol and trying to get some sleep are
recommended. As far as sleep disruption is concerned, studies involving athletes are
lacking; although, one study has shown that sleep quality (percentage of time spent
in bed asleep) but not sleep quantity was poorer in athletes than age and sex matched
non-athletic controls (Leeder er @l 2012). The authors show the benefit of using
simple wristwarch acrigraphy to moniter the quantity and quality of sleep in athletes
that Walsh and colleagues highlighted recently (Walsh er al 2011a). Another
interesting rhinovirus nasal inoculation study reported a three-fold higher common
cold incidence in humans sleeping less than seven hours per night when compared
with those sleeping more than eight hours per night. In this study, sleep quality was
also inversely correlated with the infection rate (Cohen er 2l 2009).

Environmental factors (see Chapter 7)

Athletes are often required to compere in extremes of hear or cold. For many
endurance athletes, periods of training ar alticude may be required. Exercising in
these environmental extremes is associated with an increased stress hormone response
and perception of effort. For cold, the limited evidence does not support the
contention that athletes training and competing in cold conditions experience 2
greater reduction in immune function than those exercising under thermoneutral
conditions. As far as altitude is concerned, some evidence SUPPOFES the belief that
high-altitude exposure increases URTI and decreases cell-mediated immunity. There
has been substantial interest in the effects of heat exposure on immune function for
many years. It is well known thar the growth and replication rates of certain bacteria,
viruses and fungi are impaired by high temperatures. Of course, our own body reacts
to infections by increasing body core temperature after production of the endogenous
pyrogens, including IL-6, which enhance the individual’s resistance to infection.
Body temperature also increases a few degrees during strenuous exercise and might
lead to exertional heat illness (core temperature above 40°C). With the exception of
this condition, laboratory studies showed that exercising in the heat does not impair
immune function when compared to thermoneutral conditions (Walsh er al 20113).

HYGIENE PRACTICE AND MEDICAL SUPPORT

Other behavioural lifesryle changes, such as good hygiene practice, may limit
transmission of contagious illnesses by reducing exposure to common sources of
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infection, including airborne pathogens and physical contact with infected
individuals. Some simple strategies thar athletes can use to minimise the portential for
transmission of infectious agents are listed in Box 10.2. The most important of these
are good hand hygiene and avoiding close contact with people who are infected.
Hand washing (with the correct technique to ensure all parts of hands are cleaned
effectively) with soap and warter (Figure 10.6) is effective against most pathogens bur
does not provide continuous protection. Hand gels conraining over 60% alcohol
disinfect effectively bur the protection they provide does nor last long (only a few
minutes), so they need to be applied frequently and chis can cause skin drying and
irritation. Other sanitisation methods include the use of non-alcohol based antimi-
crobial hand foams (e.g. Byorrol™ products, which contain a mixture of cationic
biocides and hydrophobic polymers) that are claimed to disinfect hands for up to six
hours. However, individuals need to be aware that these products are removed by
hand washing and excessive sweating and so really need to be reapplied every few
hours.

Figure 10.6 Hand disinfection technigue: ensure thar all pares of hands are effecrively washed

HAND DISINFECTION TECHNIQUE

Whichever method is
used, ensure all of the
hand is covered

i

Pay attention to finger | =
tips and back of hands! =" B

By

Other simple, commonsense practical strategies to limir pathogen exposure include
avoiding touching hands to the eyes, nose and mouth, as microbes often gain entry
at these sites if hands are contaminated, and limiting contact with surfaces such as
door handles that may have been contaminated by others (Figure 10.7). Personal
itemns, such as drinks bottles and towels (Figure 10.8) should not be shared with
others, to reduce the risk of cross-contamination.

259



STEPHANE BERMON, MICHAEL GLEESON AND NEIL P. WALSH

260

Box 10.2 Practical guidelines for prevention of transmission of infections among
athletes (from Walsh et all 2011b)

= (Check that your athletes are up-to-date on all vaccines needed at home and for
foreign countries, should they travel abroad for training and competition,

*  Minimise contact with infected/sick people, young children, animals and potentially
contaminated objpects.

* Avoid self-inoculation by not touching the eyes, nose and mouth. Microbes often
gain entry at these sites if hands are contaminated.

* Keep at distance (over one metre) from people who are coughing, sneezing or have
a 'runny nose’ and, when appropriate, wear or ask them to wear a disposable mask

* Wash hands reqularly, before meals and after direct contact with potentiafly
contagious people (e.q. after shaking hands), animals, blood, secretions, public places
and bathrooms,

= Carry hand sanitising gel or foam (e.g. Byotrol™) with you where lavatories are not
available or not clean enough.

* Do not share drinking bottles, cups, towels, etc,

* While competing or training abroad, choose cold drinks from sealed bottles, avoid
crude vegetables and meat. Wash and peel fruits before eating.

* Quickly isolate a team member with infection symptoms and move out hisfher
roommate.

* Protect airways from being directly exposed to very cold and dry air during strenuous
exercise, by using a face mask.

*  Wear flip-flop or thongs when going to the showers, swimming pool and locker
rooms to avoid dermatological diseases.

* Maintain good oral hygiene; brush teeth regularly and consider using an antiseptic
mouthwash morning and evening.

* Remember that good personal hygiene and thoughtfulness are the best defences
against infection.

Although impairment of immune function sometimes leads to reacrivation ofa
latent Epstein-Barr virus (EBV; Eichner 1987, Gleeson 2000b), which is widely
prevalent in the young population, the development of clinical infection gcncmllj’
involves exposure to an external pathogen. The most frequent pathogens are viruses
such as rhinovirus, influenza A and B, parainfluenza, adenovirus, EBV (primo-
infection or reactivation) and coronavirus (Walsh er a/ 2011b).

Medical support, including regular check-ups, appropriate immunisation and
prophylaxis may be particularly important for athleres who are ar high risk of
succumbing to recurrent infection. Athletes should ensure thar their schedule of
immunisation is updated regularly (Table 10.5 and see www.cdc.gov/vaccines [USAL
huep://immunisation.dh.gov.uk/category/the-green-book and www.nhs.uk/Planners/
vaccinations/Pages/Adulshub.aspx [UK]), paying particular attention to the viruses
which are pﬂ:\ra!cnt at venues of international compericion. Influenza vaccines are
available cach year and chese are probably most effective if given in the autumn for
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Figure 10.7 Avoiding infection: avoid touching hands to the eyes. nose and mouth. Microbes often gain entry at
these sites if hands are contaminaced. Limit coneact with surfaces that may have been contaminared by
others (e.g. door handles)

AVOIDING INFECTION

Mwoid touching these (your ownl) as much as possible
- Eyes

- Mose

= Mouth

Cloor handles

— Ayoid contact with the most
frequently touched area

- Ayoid using whole hand

Figure 10.8 Avoiding infection: avoid sharing personal irems

AVOIDING INFECTION

B
85
34
|

Do not share
personal items

athletes who will be competing in the winter months when the prevalence of flu is

generally highest.
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VACCINE SCHEDULE

Heparitis B 3 doses (0, 1-2 and 4—6 months)
Influenza 1 dose annually before influenza season
Diptheria, tecanus, perussis 1 dose and booster every 10 years
Human papilloma virus 3 doses

Measles, mumps, rubella 1 or 2 doses

Varicella (chickenpox) 2 doses (0, 48 weeks)

Heparitis A 2 doses (0, 1-2 and 4—6 months)
M.qningoqod:q] 1 dose

Sowree. US Centers for Disease Conurol and Prevention, 2012; updaies can be found at www.cde.govivaccines

H MEDICATION FOR COUGHS, COLDS AND FLU

262

Colds and influenza (flu) are caused by viruses chat are transmitted from person to
person. Colds and flu are three to four times more common in the winter months.
The symproms of a cold are sneezing, runny nose and headache and will usually last
for a few days. A sore throat may also develop which can make eating, swallowing and
even talking difficult. The runny nose is caused by the increased mucous secretion of
inflamed nasal passages and the headache results, ac least in part, from blockage of
the sinuses, leading to sinus pressure and pain above and below the eyes. The mucous
membranes of the nose and upper respiratory tract can become irrirated by cold, flu
or allergies. This causes them to become inflamed and produce excess mucous.

With more severe colds, a fever may develop that is accompanied by shivering,
tiredness and aches and pains. Flu usually lasts longer than a cold and the symproms,
although similar in nature, are often more severe. Flu is often associated with feelings
of weakness and fatigue and these sensations probably arise, owing to the actions of
cytokines on the brain.

A vast variety of medicines are available to treat eolds and flu when they do occur.
The most common cause is a viral infection and so antibiotics will generally be
ineffective. Most cold remedies do not require a prescription and contain one of
more pain-killers with anti-inflammatory actions (e.g. aspirin, paracetamol,
ibuprofen), decongestants (e.g. phenylephrine, oxymertazoline, menthol) and
stimulants (e.g. caffeine). It is important to keep in mind that some over-the-counter
cold and flu remedies (those that contain ephedrine, pseudoephedrine, methyle-
phedrine, thuaminoheprane) are included in the current World Anti Doping Agency
(WADA) list of banned substances (WADA 2013). Achletes and support staff are
recommended to check the medication status before using it. The WADA prohibited
list changes frequently and can be found online (www.wada-ama.org) and a partic-
ularly useful website allows searches by brand name (www.globaldro.com). Sore
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throats can be eased by sucking lozenges that contain compounds with local
anaesthetic and antiseptic actions (e.g. hexylresorcinol and benzalkonium). For the
treatment of extremely painful throats, sprays containing the local anaesthetic
lidocaine are available.

Coughing is a reflex reaction to irritation ar the back of the throar or to congestion
in the lungs and helps clear congestion. A dry or tickly cough is when you have an
itchy or tickly feeling at the back of your throar and no phlegm or mucous is
produced when coughing. This rype of cough can lead to a dry and sore throat and
can be treated by a dry cough syrup, liquid or pastilles containing dextromethorphan.
Inhaling steam can help to break up phlegm or mucous in the lungs for a chesty
cough.

Once the athletes have obrained advice from their doctor concerning the remedies
that they can take without contravening the doping laws, it is advisable for athleres
to carry a supply of these with them when travelling away from home. The presence
of ulcers on the tonsils or a chesty cough producing a yellow/green mucous may
indicate the presence of a bacterial infection (note that both viral and bacterial
infections can be present simultaneously). A five- to seven-day course of antibiotics
(e.g. penicillin, erythromycin, tetracycline, ciprofloxacin) is likely to be the most
effective treatment for this and in some countries (including the UK) can only be
obrained with a prescription issued by a qualified doctor. Quinolones (an ancibiotic
family including ciprofloxacin) should be used with caution in high-level athletes,
since they can induce severe and lasting Achilles tendinopathies (Melhus 2005).

Antibiotics are ineffective against viral illness. One double-blind, placebo-
controlled cross-over trial study examined the effectiveness of prophylactic
administration of the antiviral agent valaciclovir for control of EBV reactivation and
upper respiratory symptoms in elite distance runners (Cox er ol 2004). Although
valaciclovir treatment resulted in an 82% reducrion in the detecrable EBV load in
saliva for EBV seropositive runners compared with the placebo treatment, salivary
SIgA concentration and the incidence of upper respiratory symptoms were
unchanged over the course of the study.

Dietary supplements that are claimed to ‘boost’ immune function seem to be a
popular choice with athletes (see Chaprer 9). Unfortunately, the evidence supporting
the use of dietary supplements to prevenrt or trear the common cold is weak. A
Cochrane mera-analysis has shown that therapy with megadoses of vicamin C that
was initiated after the onser of cold symptoms had no effect on cold duration. The
authors concluded thac the failure of vitamin C supplementation to reduce the
duration of colds in the normal population indicates that megadose vitamin C
treatment for the common cold is not generally justified (Douglas er al 2007). There
is some evidence, albeit parchy, that suggests raking zinc supplements can reduce the
incidence of URTI (Veverka er al 2009). In che studies chat have reported a beneficial
effect of zinc lozenges in treating the common cold (i.e. reduction of symptom
duration, severity or both) zinc lozenges (with high ionic zinc content and ingesting
greater than 75 mg zinc/day) had to be raken within 24 hours of the onset of
symproms to be of any benefic (Hemila 2011). Some herbal medicines (e.g.
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Pelargonium sidoides, Kaloba®) seem to be reasonably effective in reducing severity
and/or duration of symptoms of sinusitis, bronchitis and the common cold bur are
probably not any more effective than the usual over-the-counter cold remedies that
can be purchased from the local pharmacy. The daily ingestion of probiotics may
also confer some benefit to immune function and reduce the risk of both respiratory
and gastrointestinal infections (Gleeson et al. 2012¢; Hao er 2l 2011). Further
discussion of these and other dietary immunestimulants can be found in Chapter 9.

E_SHDULD ATHLETES TRAIN DURING PERIODS OF INFECTION?
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When an athlete is suffering from an infection some deterioration in performance s
to be expected (Reid er al. 2004). It is important for the team docror to determine
whether there is a systemic viral infection present. A simple URTT requires no more
than some reduction in training load, with the use of a sympromaric trearment
ensuring thar the prescribed medication does not breach the anti-doping rules. If the
individual has developed a systemic viral illness (e.g. with symproms below the neck,
including swollen glands, aching joints and muscles, vomiting, diarrhoea, farigue,
chesty cough), exercise should be stopped for several days (Budgerr 1990). Heavy
training can increase the severity and duration of such disease. Iron supplements
should not be taken during periods of infection. Although rare, enteroviral infections
of muscle and mvocarditis have been known to result, with incapacirating and life-
threatening consequences. A summary of the advice thar can be given to athletes and
coaches regarding training when infection is present is provided in Box 10.3. Advice
for exercise training upon return from infection is pm\-’idcd in Box 10.4.

Box 10.3 Guidelines for exercise during episodes of upper respiratory tract or
gastrointestinal infections in athletes (from Walsh et al. 2011h)

First day of illness:

» Mo strenuous exercise or competitions when experiencing URTI symptoms such as
sore throat, coughing, runny or congested nose. No exercise when experiencing
symptoms like muscle/joint pain and headache, fever and generalised feeling of
malaise, diarrhoea or vomiting. Drink plenty of fluids, keep from getting wet and
cold, and minimise life stress.

» Censider use of topical therapy with nasal drainage, decongestants and analgesics if
feverish. Report iliness 1o a team physician or health care personnel and keep away
from other athletes if you are part of a team training or travelling together.

Second day of iiness:

s i bogy lemperaiure above 37.5-38 degrees Celsius or increased coughing, diarrhoea
or vomiting: no training. If no fever or malaise and no worsening of “above the neck’
symptoms: light exercise {pulse less than 120 beats per minute) for 30-45 minutes,

indoaors during winter and by yourself.
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Third day of iliness:

= |f fever and upper respiratory tract or gastrointestinal symptoms are still present, consult
your physician. In gastrointestinal cases, antibiotics should be taken if unformed stools
occur more than four times a day or for fever, blood, pus or mucus in stools. If no fever
or malaise and no worsening of initial symptoms: moderate exercise (pulse less than 150
beats per minute) for 45-60 minutes, preferably indoors and by yourself.

Fourth day of illness:

+ If no symptom relief, do not try to exercise but make an office visit to your doctor.
Stool cultures or examination for ova and parasites should generally be reserved for
cases that last beyond 10-14 days. If first day of improved condition, follow the
guidelines in Box 10.4.

Box 10.4 Guidelines for return to exercise after infections {from Walsh et al. 2011b)

* \Wait one day without fever and with improvement of upper respiratory tract or
gastrointestinal symptoms before returning to exercise.

* Stop physical exercise and consult your physician if a new episode with fever or
worsening of initial symptoms or persistent coughing and exercise-induced breathing
problems occur.

* Use the same number of days to step up to normal training as spent off regular
training because of iliness.

+ Observe closely your tolerance to increased exercise intensity and take an extra day
off if recovery is incomplete.

* Use proper outdoor clothing and specific cold air protection for airways when
exercising in temperatures below 10°C the first week after URTI

D KEY POINTS

* Monitoring of selected immune variables may help to identify individual athleres
who may be at higher risk for URTI. Blood moniroring can also be useful ro pick
up deficiencies of some micronutrients (e.g. iron, zing, magnesium, vitamin B12,
folic acid) that could impair both immune funcrion and exercise performance.

* The immune system is extremely sensitive to stress — both physiological and
psychological — and athletes fail to perform to the best of cheir ability if they
become infected or stale. Excessive training with insufficient recovery can lead to
recurrent infections and a debilitating syndrome in which performance and
wellbeing can be affected for months.

« Training strategies to minimise the risk of immunodepression need to consider the
management of training volume and intensity, training variety to overcome
monortony and strain, a periodised and graded approach to increasing training
loads and provision of adequare rest and recovery periods.
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* MNurritional considerations should emphasise the need for adequare intakes of

energy, fluid, carbohydrate, protein and micronutrients. Ensuring the recovery
of glycogen stores on a day-to-day basis and consuming carbohydrate during
exercise appear to be ways of minimising some of the immunodepression
associated with an acute bout of exercise.

To limic the effects of psychological stress athletes should be taught self-
management and coping skills and benefit may be gained from monirtoring
athletes’ responses to the psychological and psychosocial stresses of high-level
training and comperition.

Limiting initial exposure when training or competing in adverse environmental
conditions (heat, humidity, cold, alticude, sleep disruption), and acclimarising
where appropriate will reduce the effects of environmental stress.

Other behavioural, lifestyle changes such as good hygiene practice, may limit
transmission of contagious illnesses by reducing exposure to common sources of
infection. Medical support including regular check ups, appropriate immuni-

sation and prophylaxis may be particularly important for athletes who are at high
risk of succumbing to recurrent infection.

n FURTHER READING
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11 Allergy in sport

Paula Robson-Ansley

E LEARNING OBIJECTIVES

After studying this chaprer, you should be able to:

* describe the allergic response to inhalant allergens such as grass, dust house mires;

* explain the classification of allergens;

* discuss the potential impact of exercise on T-helper cell polarisation and the
allergic response;

* describe the clinical tests which are used to identify sensitisation to allergens;

* understand effective management recommendations for the treatment of allergy
in athleces;

* understand the rare condition of exercise-induced anaphylaxis.

n INTRODUCTION

This chapter discusses immunoglobulin (Ig)E-mediated allergy in the conrext of
sport and exercise. IgE-mediated allergy is the most common type of allergic discase,
although allergy may involve other immunological mechanisms as seen in contact
allergies (affecting the skin) and allergic alveoliris (affecting the lungs). Itis important
to define common terms used within the allergy licerature to avoid confusion as often
terms are used interchangeably. If an individual is classified as ‘atopic’ then they have
an exaggerated IgE response to allergens. Atopy is associated with a predisposition to
develop allergic disease. Whereas, if a person is ‘allergic’ to an allergen chen they will
have a heightened IgE level and also display clinical symptoms when in the presence
of the allergen (e.g. itchy eyes, running nose). Allergy is the clinical expression of
atopic disease such as asthma, rhinicis, eczema, food allergy. Berween 30% and 40%
of individuals in developed countries are atopic whereas only a proportion will have
allergic diseases such as rhinitis (10-20%) and asthma (5-10%) (Sunyer er al 2004).
This chapter focuses on inhalant, airborne allergens to which athletes are most
exposed in their training environment; the scope of this chapter does not extend 0
discussing food, drug or insecr allergies.
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l UPPER RESPIRATORY TRACT SYMPTOMS IN ATHLETES

It is a commonly held belief that the frequency of upper respiratory trace (infection-
type) symproms (URTS) is increased following single bours of ulrra-endurance
exercise and excessive exercise training. To date, the evidence to support this
suppasition is inconclusive. Temporary modulations in innate and adaptive immune
system funcrion may contribute to the increase in suseeptibility to infection reported
during times of high volume-training and competition (Mieman 1994b) and
numerous research studies have demonstrared rhar excessive exercize can transiently
suppress markers of immune function (Robson e 2l 1999b; Mieman er ol 1989b).
However, studies demonstrating a direct relationship between the temporal
suppression of immune function following excessive exercise and incidence of upper
respiratory eract infection have not been forthcoming. Whether the URTS commonly
reported in athletes are a consequence of infecrion and/for inflammartory conditions
is an area of current debate. South African scientists (Schwellnus er af 1997)
demeonstrared thar use of an anti-inflaimmarery nasal spray significantly reduced self-
reported episodes of URTS in runners following a 56-km marathon, indicaring that
some symptoms are related to localised inflammation in the airways.

The diagnosis of infection as the cause of URTS by physicians has come under
scrutiny. Research suggests chat athletes with recurrent URTS require further clinical
investigation to rule out non-infection, inflammartory based causes. One study
analysed nasopharyngeal and throar swabs from athletes reporting URTS (Cox et al.
2008). Swabs were analysed for bacterial, viral, chlamydial and mycoplasmal
respiratory pathogens. A total of 37 episodes from 28 athletes over a five-month
period were reported bur pathogens were identified in only 30% of cases with
bacterial infections, accounting for about five per cent of episodes. Herpes group
viruses and Epstein-Barr virus reactivation have been associared with URTS reported
by elite athletes {Reid er af 2004); however, anti-herpes virus treatment was not
effective in reducing the frequency of URTS episodes in these athletes, again
indicating other non-infective causes for URTS in athletes.

These and other data have led to the development of the ‘non-infectious’
hypothesis for upper respiratory tract illness, where self-reported episodes of
‘infection’ may be more related to other factors including allergy-related symptoms,
local inflammation in the airways and bronchospasm from cold dry air inhalation.
Data suggest thar a “rule of thirds’ could be applied to the cause of URTS in athleres,
where one-third is atributable to non-infectious conditions (allergy, exercise-induced
bronchospasm), one-third to infection and one-third to inflammarory based disorders
(Figure 11.1). The current consensus is that the cause of URTS in athleric
populations is uncertain and symptoms should only be referred to as infection-based
if a pathogen is identified (Walsh er 2l 2011a). Inflammation from non-infecrive
causes is common in athleres and some conditions are treatable and can be well
managed if diagnosed correctly.

As this chaprer is concerned with allergy in sport, it is worth considering that some
of the commonly reported symptoms (e.g. itchy and running nose, sneezing and
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Figure 11.1 'Rule of thirds’ for actiology of upper respiratory trace symptoms in athletes based on the position
statement from the International Socicry of Excrcise and Immunicy, 2001 (Walsh e al 2001}
EIB = Exercise-induced bronchospasm

Intlammation

Mon-infectious cause
e.g. allergy, EIB

ocular irritation) are more likely to be allergic (Dijkstra and Robson-Ansley 2011).
Allergies are highly treatable and can be well managed, so identification of allergens
provoking allergic responses in individuals is desirable, especially for high-
performance athletes competing over spring and summer months when pollen counts
are at their peak (Helenius and Haahtela 2000).

EI THE ALLERGIC RESPONSE

Allergies are the result of an immune system dysfunction; they are a normal immuno-
logical process mounted against an inappropriate stimulus. In simple terms, the
immune system believes cha it is being invaded by a parasite rather than a harmless
allergen present in the environment. Hence, the development of the allergic response
is similar to the development of an anti-parasitic immune response.

The majority of pathogens with which the immune system usually has to deal with
are microscopic, single-unit organisms, such as viruses and bacteria, bur a parasite is
substantially larger and often visible to the eye. To eradicate a large parasite, the immune
system will need to use alternative methods, as a cell-mediated approach alone is not
going to be effective in winning this battle. One option is to make the environment
hostile to the parasite and then annihilate ic. The primary response is led by mase cells,
which contain a large variety of preformed mediarors including histamine, enzymes
(tryptase and chymase) and heparin proteoglycans thar cause vasedilation, oedema and
itching, which is recognised as the early phase of the allergic response.
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Allergy symptoms, such as a running nose and watery eyes, associated with
airborne allergens result in an increase in the watery, mucous barrier on mucosal
surfaces which reduces the ability of a parasite to take a hold on the host; localised
itching from neural stimulation by histamine aids removal of the parasite from the
skin by initiation of scratching of the skin; in addition, cedema and swelling of
the tissues raises the temperature of the affected area and facilirates leukocyte entry
to the site. The mast cell-driven response is followed by the development of allergic
inflammation primarily caused by the recruitment of eosinophils into the local
environment. This is achieved by the production and release of proinflammarory
cyrokines by mast cells and T-helper 2 cells which stimulate synthesis of eosinophils
by the bone marrow and their migration into the tissues.

On reaching the rarger tissues, eosinophils degranulare, release protein mediators
(i.e. major basic protein, eosinophil cationic protein and eosinophil derived
neurotoxin) on to the surface of the parasite. These mediators, whilst extremely
effective at annihilating parasites, are highly toxic for human tissues and can cause
extensive tissue damage. For example, eosinophilic-derived proteins irritate the nerve
terminals inducing nerve hyperreactivity, destroy collagen fibres in the basal
membrane and induce the death of epithelial cells. The integrity of the epithelium
is then disrupted leading to exposure of basal membranes to allergens and irritants
resulting in chronic allergic inflammarion.

The reason for the apparent immune system confusion resulting in an allergic,
yet anti-parasitic response to an innecuous commen protein requires explanation.
To gain entry into the host, parasites secrete digestive enzymes onto the skin and
mucosal tissues to digest the bonds berween mucosal and skin cells resulting in
tissue breakdown and entry into the host domain. In response to the parasitic
digestive enzymes, the host’'s immune system mounts an anti-parasitic response;
however, the proteins that trigger an allergic response (allergens) are also enzymes.
Unfortunately, the antigen-presenting cells (dendritic cells) are unable to differ-
entiate berween parasite-derived and non parasite-derived enzymes and initiate an
immune response to the supposed aggressor which is recognised as allergic
symptoms to the allergen.

Most allergens are proteins or glycoproteins, although the glycan moiety of the
glycoprotein does not stimulate IgE production. Sources of allergen are diverse and
include pollens, house dust mites, fungal spores, animal hairs, drugs and foods (Table
11.1). As most allergens are proteins, some allergens are destroyed during exposure
to hear and digestive enzymes. For example, pollens do not cause gur-derived allergic
reactions, as they are denatured by digestive enzymes if orally ingested and so are
restricted to causing an allergic response in the oral cavity/respiratory tract. The
biochemical and physiochemical properties of the allergen influence the site of allergic
reaction. Indeed, allergens that are resistant to hear and digestive enzymes may
facilitate systemic allergic responses (e.g. those involved in nur allergies). Ir is not
fully understood why some atopic individuals are sensitive to some allergens, whereas
these allergens have no effect on other atopic individuals. It is thought that genetic
make-up is important, as are extrinsic factors (e.g. viruses, tobacco smoke, and
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Inhalane:
Pallens (teee, weeds, grass)

Meulds/fungi
Animal dander
Bird feathers

House dust mirte

Birch, oak, rimothy grass, mugworr,
plantain

Aspergillus

Car, dog, horse, hamster

Duck, chicken, pigeon
Dermarophagoides preronyssinus
(found in UK)/farina (non-UK)

Seasonal: pollen calendars can be used ro
determine months of high pollen load
Variable/perennial

Perennial

Perenmial

Perenmial: high load in warm houses
during winter months when ventilation is

low

Inseces Cockroach, fly, midge Seasonal
Chral:

Food Peanuts, seafood, soya, eggs, chocelate  Noen-seasonal
Drugs Penicilling, antibiotics Mon-seasonal
Injecred:

Insects Bee, wasp Summer
Drugs Blood producrs, vaccines, antibiotics Mon-seasanal

Sowuree: adapred from Holgate er ol (2006)

pollutants), which may also contribute to allergen recognition by the immune system
by altering normal homeostaric defence mechanisms.

Genes associated with IgE regulation, inflammarion and production of allergen-
specific IgE have been studied in some detail. Studies have shown that genes coding
for proteins associated with major histocomparibility class (MHC) I and Il genes
which will influence presentation of antigen and allergen peprides to T helper cells
are involved in development of allergic disease.

The most common allergens are those in the environment and most individuals
are exposed to a mix of allergens rather than single allergens at any one time (unless
in a specific workplace). Allergen exposure may occur in domestic and occuparional
sertings and are often referred to as indoor or outdoor allergens to reflect the origin
of their source. Typical outdoor allergens thar may affect the ourdoor rraining aropic
athlete include pollens and fungi, whereas indoor training athletes may encounter
animal dander or house dust mite facces. Indeed, all athletes at some point in their
day will encounter both indoor and outdoor allergens, although, depending on where
they train, they may be exposed to greater levels of allergen.

To summarise, an allergic response has a very similar pattern to a parasite-killing
response, a mast-cell dominated early-phase response followed by the later infilcration
of eosinophils, driving the development of allergic inflammarion. The latter is caused
primarily by the eosinophilic-derived proteins, which are highly toxic for human
tissues causing severe damage, if this response is present in the respiratory system,

—
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owing to inhalation of allergens such as pollens, dust house mites, animal dander, and

this can result in the development of chronic allergic conditions such as asthma and
rhinitis.

Cytokines and the allergic response

The allergic immune response involves production of IgE antibodies by B cells that
is elicited by signalling berween T cells and B cells with accompanying signals from
cywokines. T helper cells are the main T-cell population involved in the development
of the allergic response, consisting of a balance berween the activation and response
of T helper 1 (Th1), T helper 2 (Th2), T regulatory (Treg) and possibly T helper I7
(Th17 cells).

As discussed in previous chapters, in a Thl-dominant immune response, the
production of the cytokine, interferon gamma (IFN-y) results in the activation of
macrophages and enhanced microbial killing. B cells are then stimulated to produce
complement binding and opsonising anribodies increasing chemoraxis and
recruitment of phagocyrtic cells to remove foreign organisms. In a Th2-dominani
immune response, the production of the cytokines IL-4 and IL-13 induces the
production of IgE antibodies by B cells. On primary exposure to an allergen, IgE
binds to mast cells via specific receptors including the high-affinity FeeRl and, ona
subsequent exposure to a triggering antigen, the IgE is cross-linked with the allergen
resulting in mast cell degranulation and release of mediarors such as histamine,
enzymes (tryptase and chymase) and heparin proteoglycans (Figure 11.2). The
production of IL-5 causes activation and proliferation of eosinophils leading o an
inflammatory response. Th] and Th2 responses are mutually antagonistic but can
also be regulared by Treg cells. There are different types of Treg cells, which secrete
different combinations of cyrokines, the two main ones being [L-10 and TGF-p.

T cells recognise an antigen as a complex of a pepride fragment presented to them
bound ro a sel-MHC molecule (MHC class 1) whereas B cells can recognise intact
antigen. B cells are able to produce different classes of antibodies dependent upon the
cytokines in the environment in which they inirially encounter antigen. To switch the
type of antibody produced by the B cell to the production of IgE antibodies, both
IL-4 and IL-13 are required in the local milieu.

Hygiene hypothesis

E
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Dara indicate thar there has been an increase of allergic symproms such as allergic
asthma and rhinitis in the general population, which can result in long-term health
problems (Bousquer et 2/, 2008; O'Connell, 2004). One reason for this has been
atrributed to keeping young children in extremely clean conditions, resulting in a
lack of early childhood exposure to pathogens and thus a lack of priming for the
development of a healthy immune system; this is known as the hygiene hypothesis
(Strachan 2000). During pregnancy, the fetus and mother’s immune system response
is polarised in a Th2 direction and exposure to pathogens develaps a Th1-polarised
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Figure 11.2 Mechanisms of immunoglobulin {Ig)E-mediaced aropic disease (source: fonrmal af the American
Pharmacolagical Asociarion 2008)
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response early in life, reducing the risk of developing Th2-associated diseases such as
allergy. Studies indicate that exposure to rural environments is associaved with a lower
incidence of allergy and asthma; indeed, farm children have a lower incidence of
allergic disease than the general population (Alm er al 1999). Furthermore, exposure
to dogs during carly childhood has also been shown protective against the
development of allergic disease and it is thoughe this is due to exposure to a high
endotoxin load that induces a Thl- polarised immune response (Simpson and
Custovic 2005).

IFN-y is a key cytokine in driving a Th1-polarised immune response, it prevents
viral replication and has a proinflammarery effects. This cyrokine produced predom-
inantdly by T cells and NK cells and, importantly, inhibits Th2 cells and blocks the
effect of IL-4 on the production of IgE by B cells. IFN-y is produced in response to
viral infection and forms the basis of the theory thar reduced exposure to infection
(lower IFN-y levels) leads to increased allergic sensitisation as proposed in the hygiene
hypothesis.

However, the immune response will not be enrirely polarised in the direction of a
Th1 or Th2 response and relative amounts of cytokines present in any environment
will determine the overall response to a foreign agenr. It is important to recognise that
rarely is a response purely of one type or another and thar regulatory factors play a
large part in determining the balance and overall outcome.
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Atopy and allergy in athletes

A study by a ream of researchers from Northumbria University endeavoured to
address the relationship between self-reported URT] and atopy/allergy in runners of
the 2010 London Marathon (Robson-Ansley e# 2l 2012). This involved the screening
of a cohort of runners who competed in the marathon distance for atopy and allergic
disease using the Allergy Questionnaire for Arhletes (AQUA) and specific serum IgE
concentrations in response to a panel of common inhalant allergens (including tree,
grass, and weed pollen, car, house dust mite) as well as the incidence of upper-
respiratory tract infection-like symproms in the runners for two weeks following the
marathon. The results showed thart atopy was present in a high proportion of the
marathon runners (almost one in two) which was in agreement with current
prevalence data from elite long distance runners (49%) (Helenius e ol 1998) and is
higher than that reported for randomly selected adults in the UK (34—44%) (Sunyer
et al 2004). Furthermore, 40% of the runners were classified as being allergic to one
or more of the selected inhalant allergens. Interestingly in this study, a strong
association berween a positive AQUA and the incidence of post-race URTS in
runners was found and similarly atopy was significantly predictive of URTS, which
indicares that a high proportion of these symptoms may be related to allergy rather
than to infection.

There is considerable evidence indicating an increased incidence of exercise-
induced bronchospasm and atopy in highly trained athletes compared with
non-athletic controls (Helenius ez 2L 1998). In a study on elite Finnish ice hockey
players, 58% of the athletes, compared with 36% of the control subjects, were atopic
(Lumme er @l 2003). In another study, 50% of potential Australian Olympic and
Paralympic athletes who wete screened prior o the 2000 Olympics had symproms
of allergic rhinoconjunctivitis and 56% had a positive skin-prick test to ar least one
inhalant allergen (Katelaris e af 2000).

Exercise-induced Th1/Th2 polarisation and allergy in athletes

274

Immunological dara suggest that chronic exercising training can lead to a polari-
sation of T-helper lymphocytes toward the Th2 phenotype (Steensberg er @ 2001b;
Lakier 2003), which may predispose achletes to greater frequency of reported URTS,
such as allergic rhinitis and asthma. A Th2-polarised response involves an increase in
production of Th2 archetypical cytokines such as IL-4, IL-5 and [L-13, resulting in
an upregulation of IgE antibody formation via B lymphocytes. In turn, this results
in an increase in [gE producrion as well as recruitment of mast cells and eosinophils
which, as previously described, play a key role in the induction of allergic sympro-
mology. Darta indicating alterations in archerypical Th2 cytokines in response 1o
exercise is sparse, as much research has focused on the Thl proinflammatory cytokine
FESPONSE [0 EXErcise.

Studies indicare, however, that IL-6 can drive Th2 differentiation of naive
T-helper lymphocytes (Dienz and Rincén 2009) and deletion of the IL-6 gene
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promotes Thl differentiation (Munegowda er @l 2012). Strenuous, prolonged
exercise has consistently been shown to increase circulating concentrations of IL-6,
which is produced in greater amounts than any other cytokine (Ullum et al 1994a;
Nieman er al 1998b). Indeed, it may be proposed that, in chronic exercise training,
the repeated exercise-induced elevations in IL-6 play a role in the reported increased
incidence of atopy and allergic disease in athletes by driving Th2 differentiation
(Figure 11.3).

Figure 11.3 Exercise-induced inerlukin (IL)-6 shifts the T helper lymphecyte (Th}1/Th2 balance rowards Th2 by
inhibiting Thi differentiation and promating Th2 (adapred from Dichl and Rincdn 2002}

Exercise-induced IL-6

L
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IL-6 promotes the differentiation of Th2 cells and simultaneously inhibits Th1
polarisation through two independent molecular mechanisms (Diehl and Rincén
2002). Firscly, IL-6 activates nuclear factor of activated T cells, which leads to the
production of IL-4 by naive CD4+ cells. Following the inirial stimulus by IL-6, the
IL-4 secreted from CD4+ T cells acts in an autecrine fashion by upregularing
additional IL-4 production from CD4+ cells. The increased IL-4 in the local milieu
inhibits IFN-y production, thereby inhibiting Th1 polarisation bur promoting Th2
differentiation. Secondly, IL-G inhibits Th1 differentiacion by inducing the expression
of suppressor of cytokine signalling (SOCS)-1, which interferes with IFN-y, thus,
inhibiting the signalling for the differentiation of naive CD4+ cells into Th1 cells.

Research indicates that endurance exercise, in particular, is associated with
elevations in both 1L-G and its soluble recepror (which acts to amplify the IL-6
signalling) (Robson-Ansley er al 2009; Walshe er al. 2010), which may result in the
increased incidence of atopy and IgE-mediated disease in endurance rrained arhletes
compared with the general population. As yet, the role of exercise-induced 1L-6 in
the development allergy/atopy in athletes remains untested bur this could provide a
fruitful avenue of potential investigation.
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| PERFORMANCE

E’IMPACT OF ALLERGY ON HEALTH, WELLBEING AND ATHLETIC

The physical effects of untreated allergy will influence athletes” health and wellbeing
as well as potentially having a detrimental effect on athleric performance. Endurance
athletes are at particular risk as they have extensive exposure to many outdoor
inhalant allergens during the pollen season. The shifting of breathing from nose ro
combined mourth and nasal breathing results in a grearer deposition of airborne
allergens to the lower airways (McFadden et 2, 1985). It has been previously
proposed thar athletes who are repeatedly and excessively exposed to outdoor inhalant
allergens may develop symproms of allergic asthma and rhinitis (Bermon 2007),
which are often misdiagnosed as infections (Cox er al. 2008). The physical effects of
untreated allergy can affect a variery of tissues and organs in the body, resulting in
chronic allergic inflammation, those areas most affected by airborne/inhalant
allergens include the lungs, nose and eyes.

The lungs

C

276

In the lungs, untreated allergy can trigger and exacerbate underlying asthma. As the
rate and depth of breathing increases during exercise, the athlete’s exposure to various
airborne elements is magnified, which intensifies the conract berween the respiratory
system and the environment. It is worth bearing in mind that not all athletes with
exercise-induced bronchospasm (EIB) are atopic and not all atopic athletes have EIB.

Several mechanisms, which may act in together or alone, are involved in the
development of EIB in elite athletes and these are comprehensively reviewed
elsewhere (Anderson and Kippelen 2005):

*  Airway drying: high lung ventilation rates induce a loss of warer via evaporation,
resulting in drying of the airways. The epithelial cells within the respiratory tract
become hyperosmolar, which provides an osmotic stimulus for the movement of
water from any cell in the locality, resulring in cell shrinkage and the release of
proinflammatory mediators. The proinflammatory mediators, including
histamine, neuropeprides, cysteinyl leukotrienes and prostaglandins produce
contraction of bronchial smooth muscle and a degree of airway obstruction.

* Airway cooling: in cold weather, high volumes of cold air will enter the lungs
which will be rapidly rewarmed. The process of rapid rewarming may induce
vascular hyperaemia of the bronchial microvascular, airway oedema and a degree
of airway narrowing/obstruction. Indeed, epithelial injury and airway remodelling
does occur in some athletes, in particular endurance achletes, which resules in a
sensitised airway smooth muscle and the development of airway hyper-respon-
siviry.

* Allergy: endurance athletes, more specifically track and field athletes, are exposed
to vast number of pollen allergens throughour the spring and summer. High lung
ventilation rates, often exceeding 100 Liminute, resulc in a shift of breathing from
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the nose to combined mouth and nasal breathing,. In atopic athletes, chere will be
a high deposition of airborne allergens (together with unconditioned air and other
inhaled particles) in the lower airways inducing an allergic response, airway hyper-
responsivity and subsequent narrowing of airways. In addition o pollen allergy,
the indoor training environment can also be highly allergenic for some
individuals. Indeed, Helenius er 2L (2005) reported high levels of dog, car and
house dust mite allergens within indoor arenas in Finland.

EIB is relatively eommaon in high-performance athletes, which is understandable
considering the exercise-related aetiological factors. Poor air quality, cold temper-
atures and exposure to aeroallergens can exacerbate EIB, which can severely impact
on athletic performance. Unfortunartely, EIB is often misdiagnosed and poorly treated
(Ansley et @l 2012; Hull ef al 2009), which can result in the development of asthma
with longer-term health implications. More recently, owing to the provision of
continuing education programmes for sport team suppor staff and the development
of mobile EIB screening equipment, recognition and correct treatrment for the
condition is on the increase.

The nose

T

In the nose, allergy will result in allergic rhinits. Allergic rhinitis is characrerised by
nasal congestion, sneczing, itching of nose, postnasal drip and chronic allergic rhiniris
can lead 1o sleep disturbance, cough and fatigue. Allergic rhinitis can be confused
with nasal infections, highlighting the importance of allergy screening to permic
appropriate treatment of symptoms. It can disrupt sleep because of night-time
congestion and dry mouth. Research indicates thar long-term sleep disturbance
affects physical and cognitive performance as well as resulting in the suppression of
immune function, potentially increasing suscepribility to infectious episodes. There
is a convincing link between sleep disturbance and allergic rhinicis, supported by a
study investigating the impact of rhinitis symptoms on sleep in a large cohore of
individuals (Young ez 2/ 1997). Participants with frequent rhinitis symproms (more
than five nights per month) were significantly more likely to experience chronic
excessive daytime sleepiness and/or non-restorative sleep.

Orher research has determined that allergic rhinitis can be detrimental to reaction
time, artention and vigi!anoe, which are key elements ufsporting p:rfurmancc. Severe
rhinitis can lead ro cyrokine release and exogenous administration of IL-6 (a key
inflammatory cytokine) to athleres has been shown to sig,niﬁcantly impair ten-
kilometre time trial performance and increase sensation of fatigue during exercise
(Robson-Ansley e all 2004). Of clinical significance, poorly treated or undiagnosed
rhiniris can lead to the development of EIB and asthma (Bousquet et ol 2001).
Indeed, allergic inflammacion in one area of the respiratory tract (the nasal passages)
can result in inflammation further down the airways (EIB/asthma) and this is known
as the "unired airways’ hypothesis. The correct management of rhinitis in asthmarics
significantly reduces the incidence of hospital admission with asthma. It is of utmost
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imporrance thar allergic rhinitis is not considered to be a trivial symprom bur is
treated appropriately to prevent the subsequent development of EIB or exacerbarion
of underlying asthma. Allergic rhinitis in sport is comprehensively reviewed by
Dijkstra and Robson-Ansley (2011},

The eyes

In the eye, untreated allergy will result in allergic conjunctivias. This is a common
disorder affecting 21% of the adult population in the UK. It can develop in the
conjunctiva, the mucous membrane lining the eye. In mild cases, the conjunetiva
becomes inflamed in response to an allergen, producing itchy, watery and sticky eyes
and visual disturbance. The condition is mild and is generally caused by excessive
tear and mucous production (Katelaris er af 2003). The onset and time course is
determined by the duration of exposure to the allergen (e.g. grass pollen) season.
Allergic conjunctivitis could impair athletic performance, in particular for those
whose sports require excellent vision (such as rifle shooting or archery).

nTESTING FOR SENSITISATION TO AEROALLERGENS

Obraining objective evidence of sensitisation to common aeroallergens is key in the
confirmation of allergic disease in association with positive allergy history. There are
two main proposed ‘gold-standard’ methods: skin-prick testing and serum allergen-
specific IgE (see Technique box 11.1 for details).

Tests to avoid for allergy screening

There are many alternative methods proposed by alternarive therapists as diagnostic
for allergies bur these tests must be viewed with caution and are not recommended.
These tests are of unproven value, often expensive and can be misleading on allergy
diagnosis. They include hair analysis, the *Vega' electrical rest where an allergen (often
food) is placed in a chamber contained within an electrical circuic completed by the
person, auricular cardiac reflex testing (based essentially on changes in heart rate),
applied kinesiology (where the proposed allergen is placed in one hand and muscle
appears weaker if the individual has an allergy to the allergen). Blood rests for [gG
are also adverrised for diagnosis of allergy but high IgG indicates that an individual
has been exposed to a protein recently and is not indicative of IgE-mediated disease.

Team screening for inhalant allergic disease in sport
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The diagnosis of IgE-mediated disease is dependent upon both the allergy history
taken from an individual and the resules of skin-prick or radioallergosorbent (RAST)
tests (see Technique box 11.1). The allergy history should be taken by a trained
professional, asking pertinent questions on frequency and severity of symptoms and
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+ Testing for sensitisation to aeroallergens

Obtaining objective evidence of sensitisation to comman aercallergens is key in the confir-
mation of allergic disease in association with positive allergy history. There are two main
proposed ‘gold-standard” methods: skin-prick testing and serum allergen-specific IgE.

Skin-prick testing

Skin-prick is a painless and bloodless procedure to determine sensitivity to a common
allergen, The test involves placing a drop of an allergy extract solution {e.g. a solution
containing an extract of tree pollen, dust house mite or grass pollen), which is pressed into
the skin using a lancet. After a 15-minute period, the size of wheal {reaction) is measured
and compared against a negative control (containing the allergy diluent only), A positive
test is determined when the wheal is 2 mm or greater in diameter than the negative
control. A wheal 6 mm or greater in diameter tends to be of greater clinical relevance but
this is not ahways the case, hence the size of the wheal does not indicate the degree of
sensitivity, just that the individual is sensitised to the specific allergen.

Serum allergen-specific IgE determination

This involves the collection of a whole blood sample into a vacutainer tube, from which
the serum/plasma is separated. The serum/plasma is then tested against a panel of
common aeroallergens using radicimmunoassay, enzyme-linked immunosorbent assay
or chemiluminescence methods. The most widely known test for allergen-specific IgE
testing is the radicallergosorbent (RAST) test; this technology can measure up to 650
different types of specific IgE. Rapid-result, specific IgkE tests are also available that use
finger-prick blood sampling but these tests are limited to ten predetermined allergens
per panel and can be costly if screening in large numbers.

In general, for inhalant allergies, skin prick tests tend to be more sensitive than RAST
tests, which have a sensitivity {true positive) between B0-80%, whereas RAST tests have
a greater specificity {true negative) than skin-prick tests, often as high as 90% (Calabria
et al. 2009). Skin-prick tests are inexpensive but require a trained professional to conduct
the testing; they provide immediate results and have good educational value to the
individual. The RAST test is completely safe and is able to identify a wider range of possible
allergens, although testing can become expensive. In some instances, total IgE levels have
bean used to identify atopy but this is not infarmative for identifying specific allergens,

The rmeasurement of total IgE concentration reguires sensitive tests for its determination,
as the total serum IgE concentration is approximately 10,000 times less than that of IgG.
Total IgE will determine whether the levels lie within normal reference ranges but the
predictive value of the test is limited, as approximately 50% of individuals with allergies
will have total IgE concentrations within the normal range. Some sport-related allergy
studies have measured total IgE concentration but this is not a particularly useful method
of determining allergen sensitivity and specific IgE or skin-prick tests are preferable, Despite
this, IgE measurement is relatively inexpensive and it can be performed in a standard
laboratory. Elevated IgE concentrations should warrant further specific IgE tests to determine
the specific allergen, so that an appropriate management plan may be developed.
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potential allergic triggers. However, elinically testing all athletes in a team for the
presence of allergic disease using gold-standard clinical methods is neither practical
nor cost effective and a more practical method of initiating an allergy screening
programme for large groups of athletes may be done using an athlete-specific
questionnaire such as the AQUA (Bonini er al 2009).

The AQUA has been validated as a reliable rool for assessing the prevalence of
allergy in a group of athletes. The AQUA was derived from the European
Communirty Respiratory Health Survey Questionnaire and adapred to the targer
population using open interviews with athletes, team physicians and coaches. It was
administered for validation to professional football players, alongside allergy diagnosis
using skin-prick testing/specific IgE determination and comprehensive allergy history.
A roral AQUA score of five or more had the best predicrive value for allergy (0.94)
with a specificity of 97% and a sensitivity of 58%. The AQUA has been used in
several studies to assess allergic symptoms in athletes and also provides a useful rool
for highlighting athletes with allergic symproms who require furcher specialist clinical
support and advice on managing their allergies.

Sports medicine pracritioners have used the questionnaire approach to screening
on the Grear Britain Track and Field Team at the 2006 Gothenburg European
Championships to identify self-reported prevalence of allergy and asthma symproms
(Dijkstra and Robson-Ansley 2011). The questionnaire was completed by 63 team
members, of whom 38 (609%) athletes gave a positive response to the question ‘Have
you ever suffered from hay fever?’, with only five (8%) of these positive responders
reported having had specific clinical allergy tests to confirm the diagnosis (Dijkstra,
unpublished dara). The dara indicated thar, despite experiencing symptoms of
inhalant allergy, the majority of UK track and field athletes did not pursue further
clinical confirmation, which might have put them ar risk of poor management of
their condition which could not only affect performance but also their healch and
wellbeing. This initial questionnaire-based screening lead to the implementation of
an active allergy screening and management programme. UK Achletics has produced
a set of practical guidelines for both athletes and support staff to advise on allergy
management for athletes (see Box 11.1).

In summary, the AQUA questionnaire may be used to highlight achletes at risk of
allergy who require further clinical investigation. This should be followed up with
clinical allergy diagnosis, which is dependent on clinical allergy history and objective
tests of IgE sensitivity (skin-prick test or specific IgE measurements). Once a positive
diagnosis of allergy is made, a trearment and management plan can be developed to
reduce or eliminare the impact of the allergy on athlete performance and wellbeing.

PRACTICAL GUIDELINES FOR DIAGNOSIS AND MANAGEMENT OF
ALLERGY IN SPORT

When an allergen is identified through objective screening procedures, the achlete is
advised to reduce exposure to the allergen, which can often reduce symproms
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Box 11.1 Advice on allergy management for athletes

Source: UK Athletics medical considerations for travel and competition, UKA Guidelines
{Dijkstra and Robson-Ansley 2011).

*  Know your own allergy risk.
a. What time of year are you affected?
b. What causes your allergies? {blood/skin-prick tests may be necessary to determine
this).
€. What are your normal symptoms?

=  Know your training and competition environment.

*  Minimise exposure to pollens (training venue, time of day training) and rinse your
nose with salt water washes after training.

* Preventive use of corticosteroid nasal spray andfor non-sedating antihistamine is very
important and are permitted by the World Anti-Doping Agency (WaDA). A corticos-
teroid nasal spray is the most effective treatment. We do not advise the use of
nor-sedating anti-histamines around competition, as these may be detrimental to
performance in both sprinters and endurance athletes.

»  Asthmatics should take their inhalant medication regularly and according to
instructions in potentially polluted ervironments. You may need additional medication
or changed doses in high pollen or polluted environments.

= If you have allergies, your doctor should assess you before leaving for the holding
camp or soon after arriving, to ensure that you have an optimal management
strategy.

(Custovic er al. 1998). For example, in an individual with cat allergy, removal of the
offending animal from the houschold will reduce symproms. A reduction in dust
house mites, a common allergen, can be achieved by removal of curcains and
carpering, washing bed linen at a temperature higher than 60°C and killing mites
using pesticides such as acaricides. For pollen allergy sufferers, the shuting of car
and bedroom windows during high pollen days and washing of hair and clothing
after being outside can help to reduce allergen load. However, if an athlete is required
to exercise outside during high pollen days, allergen avoidance is not going to prove
a viable oprion and other management plans need to be set in place.

Pharmacological treatment

(]

Unfortunartely, the use of any pharmacological treatments for allergy and asthma by
recreational endurance athletes with allergic disease is extremely low (23%), with
athletes reporting thar they do not wish to take preventative medication for fear of
affecting performance (Robson-Ansley e al 2012). Furthermore, fewer chan 50% of
the runners who took part in the previously described London Marathen study who
had diagnosed asthma reported using their prescribed medication. The risk of
untreated allergy and asthma on long-term health is considerable and is associated
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with a higher risk of hospitalisation (Crystal-Peters et 2l 2002). Hence, educational
plans should be developed to inform recreational level athletes of the risk of
untreated/poorly managed allergic conditions on long-term health and to ensure
optimum management of their condition by clinical practices.

Reassuringly, a greater proportion of elite athletes although still modest, take
allergy medications (50% of Finnish elite athletes) and this may be due to the clinical
provision for athletes at that level of participation (Alaranta er al 2005). In general,
elite athletes are reluctant to take any medication and this may be auributed 1o an
impact on performance but also to the overt awareness of World Anti-Doping Agency
(WADA) regulations and concern about infringing drug regulations. Intranasal
corticosteroids are highly recommended as the management drug of choice, in
conjunction with second-generation antihistamines (severity dependent) and, where
practicable, allergen avoidance (Alaranca et 2l 2005). Immunotherapy should also be
considered as a potential therapy for pollen-allergic individuals. Increased awareness
and education of both the athlete and clinical support team is needed, as the majority
of pharmacological allergy and asthma treatments are permitced for competing
athletes by WADA through use of therapeutic use exemption procedures (Dijkstra
and Robson-Ansley 2011).

Pollen calendars
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Knowledge of environmental conditions (climate, season, type of pollen) to which
an athlere may be exposed during training and competition is key to managing allergy
and minimising any negative impact on sporting performance.

Pollen calendars are widely available on the Interner and through the National
Pollen Bureau in the UK (Figure 11.4). These should be used to determine risk
periods for an allergy-prone athlete to ensure that appropriate allergy management
plans are in place to manage their condition. With athletes travelling internationally
1o competition or training camps, it is possible to obtain common seasonal aeroal-
lergens for their specific country of competition (e.g. common Mediterranean grasses,
olive pollen) in advance of travel and advise susceprible athletes or screen entire reams
as a precautionary action.

If an arhlete is compering overseas, it is also important to remember seasonal
differences will be apparent, especially if travelling to a different hemisphere. For
example, pollen counts could be high in the country of destination compared with
those that the athlete has left (e.g. travelling from the UK in December to Australia).
Many countries measure and provide reports on pollen counts; hence, athletes should
be able to obtain pollen counts for their destination. Furthermore, the non-UK strain
of house dust mire (Dermatophagoides farinae) may cause symptoms in athletes who
do not react to the house dust mite whilst residing in the UK (D, preronyssinus) so
attention to bedding and sleeping environment is of importance.
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Figure 11.4 UK Pollen Calendar (Macional Pallen and Acrobiology Ressarch Unit, Universicy of Worcester). The
exact timing and severity of pollen seasons will differ from year to year depending on the weather and
also regionally depending on geographical location
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n EXERCISE-INDUCED ANAPHYLAXIS

Another exercise-related allergic condition that affects some exercising individuals is
exercise-induced anaphylaxis (EIAn) (Robson-Ansley and Toit 2010). ELAn is a rare
syndrome previously described in high-performance athletes and in individuals
undertaking only very occasional exercise. It often occurs only in association with
the ingestion of a food allergen around the time of exercise, when it is referred to as
food-dependent exercise-induced anaphylaxis (FDEIA). The onser of ElAn is
generally reported following submaximal exercise of a relatively short duration. There
are no consistent exercise-associated factors, such as extreme ambient temperature
or humidiry although some pharmacological agents (aspirin, anti-inflammatories)
and alcohol ingestion has been associated with increased incidence. Several
hypotheses have been proposed to explain the pathophysiology of FDEIA and these
include alterarions in plasma esmolalicy and pH, tissue enzyme activiry and gastroin-
testinal permeability. Evaluation of these hypotheses in the context of exercise
physiology renders the majoricy of these inappropriate. More recently, it has been
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suggested thar, at the onser of exercise the redistribution of blood from the gut, which
has specific resident mast cells, transports recently ingested allergens to areas of
phenortypically different mast cells where a transient loss of tolerance or an intensi-
fication of low-grade allergy manifests as anaphylaxis (Robson-Ansley and Toit 2010).
The incidence of EIAn is extremely rare, which may be in part under-diagnosis
because of its rarity but also individuals who have experienced EIAn symptoms may
well have stopped any physical acrivity to avoid reoccurrence. However, there are
reports of athletes with a sudden onset of EIAn and any athletes with suspected
exercise-induced anaphylaxis should be managed according to standard clinical
anaphylaxis guidelines and later referred to a specialist allergy centre for furcher
assessment.

n KEY POINTS

= URTS are commonly reported in athletes particularly following periods of intense
training and following prolonged bouts of exercise.

* Currenrt research has led to the development of the ‘non-infectious’ hyporthesis
for upper respiratory tract symptoms in athletes, suggesting that many of the
symptoms reported post-exercise include itchy and running nose, sneezing and
ocular symproms are more likely allergic in origin than infectious.

= Aropy in highly trained athletes is higher than compared with non-athleric
controls with recreational marathon runners reporting a similar prevalence as elire
athletes but only a small proportion of athletes with self-reported allergies undergo
specific clinical allergy tests to confirm the diagnosis or optimally manage their
allergies.

* Aropy and allergic disease is higher in athletes than the general population and,
if unmanaged, can impact upon athletic performance as well as future wellbeing.
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12 Exercise and the prevention of
chronic diseases: the role of
cytokines and the
anti-inflammatory effects of
exercise

Michael Gleeson

= LEARNING OBJECTIVES

After studying this chapter, you should be able ro:

describe the effects of exercise on plasma eyrokines;

discuss the evidence that interleukin(IL)-6 is secreted from contracting muscle;
describe the metabolic and immunoregulatory roles of IL-6;

describe the effects of exercise on cytokine production by leukocytes;
understand the link berween chronic disease risk and chronic inflammation;
describe the effects of a sedentary lifestyle and obesity on inflammation in adipose
tissue;

describe the long-term health benefits of performing regular exercise;

* discuss the anti-inflammatory actions of IL-6 and IL-10;

* appreciate other mechanisms by which exercise can exert anti-inflammarory effects.

- & & & & @

= INTRODUCTION

The different types of cytokines and some of their main roles were described in Chaprer
2 bur a short recap is provided here. The word ‘cyrokine’ derives from the Greek, oo
meaning cell and £ine meaning movement. Cytokines are peprides or proteins rypically
defined as ‘molecules that are produced and released by cells of the immune system
and mediarte the generation of immune responses’. This definition of eytokines does not
tell the whole story, however. It is more accurate to state that ‘cytokines are secreted
molecules that may exert specific effects both on the cell from which they are secreted
(autocrine affects) and on other cells (paracrine affects)”. The important distinction
berween these definitions is that, while cytokines were initially identified as molecules
released by cells of the immune system, their origins and influence spread far beyond

286



EXERCISE AND THE PREVENTION OF CHRONIC DISEASES

that of the immune system alone. Indeed, exercise has proved to be a fascinating
example of how cells of non-immune origin are able produce and release specific
cytokines. The first part of this chapter therefore discusses the mechanisms by which
exercise stimulates the production of cytokines and examines the functional roles played
by exercise-induced cytokines. Despite recent research demonstrating thar cytokines
are secreted from and ace upon non-immune cells, cytokines are primarily viewed as
immunoregulatory molecules. Indeed, the producrion of gyrokines by specific immune
cells is critical to many aspects of the host response to infection. The second part of this
chaprer focuses on how exercise influences the production of cytokines from immune
cells. Finally, we examine how cytokine responses to exercise, together with other
mechanisms, contribute o the anti-inflammatory effects of exercise, and why this may
have important health implications, particularly in the prevention of chronic merabolic
and cardiovascular diseases.

u EXERCISE-INDUCED ACTIVATION OF CYTOKINE SECRETION

Ohne of the earliest reports on the effects of exercise on cyrokines observed an elevation
in the circulating levels of several cyrokines following the completion of a marathon
(Northoff and Berg 1991). Some years later, several reports on the effects of exercise
on cytokines began to appear in the scientific literature — the imperus behind this
increase was probably the development of sensitive, specific, commercially available,
assays for the detection of a large number of cytokines. One the earliest and most
consistent findings has been that of an elevation in the circulating level of IL-6
following prolonged strenuous exercise. In an important study, Nehlsen-Cannarella
et al. (1997) demonstrated thar the plasma [L-6 concentration was dramarically
increased following 2.5 h of high-intensity running. Furthermore, it was shown thar
when subjects consumed a carbohydrate (CHO) beverage during exercise, the
increase in the circulating IL-6 concentration was decreased compared with subjects
who consumed a placebo. While these studies provide no mechanistic insight into the
source of the exercise-induced increase in the circulating IL-6 concentrarion, or its
biological purpose, this study acted as a stimulus for subsequent investigations into
the effects of exercise on cywkines. Indeed, many subsequent studies have
demonstrated an increase in the circulating concentration of several eyrokines
following prolonged strenuous exercise. Increases in che circulating concentrations of
both proinflammarory cytokines (e.g. IL-1B, rumour necrosis factor alpha (TNF-or)
and anri-inflammatory cytokines (e.g. IL-6 and IL-10; Ostrowski ez 2L 19982, 1999)
cytokine inhibitors (e.g. IL-1 receptor antagonist and soluble TNF receprors)
(Ostrowski et al, 1998a), chemokines (e.g. [L-8, macrophage inflammarory protein
and monocyte chemotactic protein-1; Ostrowski er 2l 2001; Suzuki er af. 2002,
2003), and colony-stimulating factors (Suzuki er al 2003) have been reported
following endurance exercise. However, the finding of an increase in the circulating
[L-6 concentration following prolonged exercise is the most marked and consistent
exercise-induced response of any cytokine so far examined (Figure 12.1).
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Figure 12.1 The cyrokine response o pmlong,rd strenuous exercise; 1L = interleukin, THF-tt = tumour necrosis

factor alpha (adapted from Febbraio and Pedersen 2002)
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The main sources of IL-6 in vive are activated monocytes/macrophages, fibroblasts
and endothelial cells (Akira et 2 1993); however, numerous other cellular sources of
IL-6 have been identified, including T cells, B cells, neutrophils, eosinophils,
osteoblasts, keratinocytes and myocytes (Akira er al 1993). An early study indicared
that monocytes were unlikely to be the source of the exercise-induced increase in the
plasma IL-6 concentration (Ullum er o 1994a) as one hour of strenuous exercise
caused no changes in the amount of IL-6 mRNA detecred in peripheral blood
mononuclear cells despite an elevarion in the plasma IL-6 level. This finding was
later confirmed by Starkie er 2l (2000), who demonstrated thar monocyte
intracellular IL-6 protein expression was unchanged following a bour of prolonged
strenuous exercise; importantly, Starkie e af (2001a) also demonstrated chat exercise
had no significant effects on TNF-at or IL-1P production from monocytes. Several
possible sites of origin were suggested for the exercise-induced increase in the
circulating level of 1L-6, with contracting skeletal muscle receiving the most attention.
Specifically, the intriguing finding thar mRNA for IL-6 was elevated in the previously
contracting skeletal muscle following prolonged exercise led to the hypothesis thar
strenuous exercise = marathon running in this case - caused the destruction of
contracting myofibres, triggering an inflimmatory response and the subsequent
release of IL-6 into the systemic circulation (Ostrowski er 2l 1998b).

Although initial studies supported the hypothesis that an increase in the plasma
level of 1L-G was related to exercise-induced muscle damage (Bruunsgaard er al.
1997a), it soon became apparent that muscle damage itself was only a minor
contriburor to the exercise-induced rise in the circulating level of IL-G. Firstly,
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although many of the initial studies examining the effects of exercise on cytokines
used running as an exercise model, several studies have also examined the cytokine
response to prolonged bicycle exercise. While prolonged cycling induces only a
minimal degree of muscle damage (if any) and consequently does not trigger an
inflammatory response, cycling exercise does result in a considerable elevation
(cypically three- to ten-fold higher than resting values) in the circulating IL-6 concen-
tration. Specifically, in a recent study, Starkie er @l (2001b) demonstrated that 60
minutes of either running or cycling, ac mode-specific lactate cthreshold, resulted in
a similar elevation in the plasma IL-6 concentration. However, perhaps the strongest
evidence that muscle damage is not a prerequisite for an increase in the systemic IL-
6 concentration in response to exercise came from Croisier e al (1999). In chis study,
subjects performed two bouts of eccentric muscle contractions separated by a period
of three weeks. After the initial exercise bout, the expected elevation in serum
myoglobin (a marker of muscle damage) and delayed onset muscle soreness was
observed, in addition to a rise in the circularing IL-6 concentration. Importantly, it
is well known that following a period of recovery from an inirial bour of muscle
damaging exercise a second exercise bout identical to the first causes a much lower
level of muscle damage. Therefore, and as expecred, the second exercise bout resulted
in minimal increases in serum myoglobin and muscle soreness, yet the increase in the
circulating IL-6 concentration was very similar to that observed in response to the
initial bour of exercise. These studies provide compelling evidence thar the increase
in the circulating 1L-6 concentration following exercise is not primarily related to
muscle damage.

However, it is important to note that, in response to prolonged running, the
plasma IL-6 kinerics appear to be bimodal. During both prolonged cycling and
running, the plasma IL-6 concentration rises gradually and generally peaks at the
cessarion of exercise. However, after a rapid decline in the circulating IL-6 concen-
tration post-exercise, prolonged running causes a sustained elevation in the IL-6
concentration that is observed for several days. While the increase in the plasma IL-
6 concentration that occurs during exercise is not related to muscle damage, the low,
sustained elevation in the plasma IL-6 concentration that is observed after prolonged
running may be related to muscle damage. The inflammatory response triggered by
muscle-damaging exercise is well characterised and results in the sequential
infileration of neutrophils and macrophages into the damaged rissue at berween 6—
48 hours post-exercise. Activated macrophages release [L-6 as part of the
inflammatory response and, although speculative, it would seem a likely scenario
that the sustained elevation in the circulating IL-6 concentration in response to
prolonged running is atrributable to the presence of activared macrophages in the
damaged skeletal muscle.

Although later studies confirmed earlier findings of an increased [L-6 mRNA in
skeleral muscle following prolonged exercise (Ostrowski ez al 1998b; Starkie er al
2001h), these studies do not demonstrate thar the skeletal muscle is che source of the
exercise-induced increase in the systemic IL-6 concentration. In this regard, a study
by Adam Steensberg, a student of Professor Bente Pedersen from the Copenhagen
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Muscle Research Centre, is very important. In this study, catheters were placed into
the femoral artery of one leg and the femoral vein of both legs and subjects performed
five hours of single-legged knee extensor exercise, a purely concentric exercise model
(Steensberg er al 2000). The results of this study were intriguing and demonstrared
that the contracting leg releases IL-G and thar this release almost exclusively accounts
for the elevated systemic IL-6 concentration. Importantly, despite the same supply
of various hormones, metabolites and other porential mediators of IL-6 pro-duct ion
from the femoral arteries to the resting and exercising legs, no release of [L-6 was
detected from the resting leg. This demonstrates that IL-6 release from the muscle is
absolutely dependent upon muscle contraction and that secreted factors (eg.
adrenaline) do not play an important role in the exercise-induced increase in the
systemic IL-6 concentration. Importantly, this study did not conclusively
demonstrate that skeletal muscle was the source of the exercise-induced increase in
the systemic IL-6 concentration. The arteriovenous difference technique is only able
to measure the net uprake or release of a given molecule (in this case 1L-6) over a
specific region of tssue (in this case the upper leg). Therefore, although this study
does provide strong evidence that IL-G is released from the exercising limb, it is
possible thar other cellular sources within the upper leg, such as resident rissue
macrophages, fibroblasts in connective tissue, the endothelium of the musele capillary
bed, adipose tissue or bone may have conrributed to increased release of IL-6 from
the upper leg during exercise.

One of the most interesting findings of this study was the kinetics that che 1L-6
concentration/release displayed during the exercise period. In Figure 12.2A, we can
see that, during the first three hours of exercise, the systemic IL-6 concentration is
only modestly elevated but during the last two hours of exercise the IL-6 concen-
tration rapidly increases. Similarly, although the release of IL-6 from the resting leg
is unaffected by exercise, IL-6 release from the exercising leg is greatly increased
during the final two hours of exercise (Figure 12.2B). It therefore appears that the
release of IL-G from the contracting muscles and subsequent accumulation in the
systemic circulation is closely related to the duration of the exercise bout. It is well
known that, during prolonged exercise, the level of muscle glycogen in the
contracting skeletal muscles decreases and it was therefore hypothesised that, during
prolonged exercise, IL-6 is released from skeletal muscles in response to an energy
crisis, specifically a reduction in muscle glycogen stores, within the contracting
myofibres. As muscle glycogen levels decrease, the contracting muscles’ reliance on
blood glucose as a substrate for energy increases. Thus, 1L-6 released from the
contracting muscles may signal the liver to increase its glucose outpur and prevent a
drastic, exercise-induced, fall in the blood glucose concentration (Steensberg e al.
2000) as illustraced in Figure 12.3. This hypothesis is suppurl:cd by the observation
that carbohydrate ingestion during exercise, which provides an exogenous source of
glucose and helps to maintain the blood glucose concentration, attenuates the
systemic IL-6 concentration (Nehlsen-Cannarella er al 1997; Starkie e all 2001b).
Later studies confirmed that the IL-G response to exercise was mostly dependent on
exercise duration and to a somewhar lesser extent on exercise intensiry (Fischer 2006).
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Figure 12.2 (A) Systemic interleukin (IL}-6 concentration during 5 hours of single-legged kinee exrensor exercise. (B)
Release of [L-6 from resting and exercising legs during 5 hours of single-legged knee extensor exercise
(from Steensberg e¢ al 2000)
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With prolonged exercise (over 2.5 hours), IL-6 levels can increase over 100-fold,
although more modest increases are reported with shorter duration exercise (Fischer
2006). Increases have also been noted using intermittent exercise protocols when the
exercise duration was relatively short (Meckel er al 2009). With exercise, the increase
in IL-6 is transient, normally returning to resting levels within one hour after exercise.
The plasma IL-6 concentration increases exponentially with exercise duration and a
major stimulus of its synthesis and release appears to be a fall in muscle glycogen
content (Keller er al 2005; Pedersen and Fischer 2007). Inereases in intracellular
calcium and increased formarion of reactive oxygen species are also capable of
activating transcription factors known to regulate IL-6 synthesis (Fischer 2006).
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Figure 12.3 An encrgy crisis in the contracting muscle = most likely glycogen depletion — stimulaces the production

of interleukin (IL})-6 by the working muscles. IL-6 is then released from the muscle, resulting in an
elevation in the systemic IL-6 concentration. 1L-6 also stimulates adrenocorticotrophic hormone
(ACTH) and cortisol secretion and may also be involved in the development of central Fatigue;
CRP = C-reactive protein, T, = body temperature
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To test the hypothesis that muscle glycogen concentration is indeed a critical factor
mediating the release of IL-6 from contracting muscles, Steensberg er al. (2001a)
performed a study in which pre-exercise muscle glycogen levels were manipulated. To
do this, the day before the experimental trial, subjects performed one hour of one-
legged cycling exercise to reduce the level of muscle glycogen in one leg only. On the
day of the experimental trial, catheters were placed into the femoral arcery of one leg
and the femoral vein of both legs and subjects performed five hours of two-legged
knee extensor exercise. Just before the exercise began, the muscle glycogen concen-
tration of the depleted leg (the leg that was exercised on the day before the
experimental erial) was around 50% lower than thar of the control (non-exercised)
leg and during the first three hours of exercise, the release of IL-6 was si gnificancly
greater in the glycogen-depleted leg compared with the control leg, Towards the end
of the five-hour exercise period, the release of IL-6 was not different berween the
control and deplered leg; however, by this time, the muscle glycogen levels were not
significantly different. These data provide strong evidence that muscle glycogen is
an important regulator of IL-6 production in skeleral muscle during exercise and
support the hypothesis that IL-6 is released from contracting muscle in response to
an ‘energy crisis’.

As discussed above, the detection of an increased amount of IL-6 mRINA in post-
exercise compared with pre-exercise muscle biopsies and an increased release of IL-6
protein from a contracting leg as determined via the arteriovenous difference
technique, does not provide definitive information on the actual cellular source of the
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exercise-induced increase in the systemic IL-6 concentration. Similarly, muscle
biopsies contain many other cell types in addition 1o myocytes (e.g. endothelial cells
and macrophages) and therefore the increase in IL-6 mRNA derectable in post-
exercise muscle biopsies could be caused by an increased production of IL-6 in
numerous cell types. To conclusively determine the cellular source of the exercise-
induced increase in 1L-6, Hiscock et al (2004) obtained muscle biopsies ar rest and
following 120 minutes of cycling exercise. Biopsies were sectioned and IL-6 protein
and mRINA expression within myofibres was determined by immunchistochemistry
(staining with fluarescence-labelled monoclonal antibody to IL-6) and in situ hybridi-
sation, respectively. The expression of IL-6 protein in myocytes at rest was not
derecrable bur it was present following rwo hours of low-intensity exercise and was
mostly located at the periphery of individual myofibres. Furthermore, an increase in
the level of IL-6 mRNA was also observed in post-exercise muscle biopsy samples
compared with pre-exercise. These data provide compelling evidence that the source
of exercise-induced increase in the systemic IL-6 concentration is indeed the
contracting skeletal myocytes. Many of the studies described above were carried our
at Copenhagen University by Dr Bente Klarlund Pedersen and colleagues and she was
the first o suggest (Pedersen er al 2003) thar muscle derived cytokines should be
termed ‘myokines’ (see Box 12.1).

Box 12.1 Dr Bente Klarlund Pedersen PhD FACSM

Bente Klarlund Pedersen is Professor of Integrative Medicine and a specialist in infectious
diseases and internal medicine. She is the Directar of the Damish Mational Research
Foundations Centre of Inflammation and Metabolism (wwwinflarmmation-
metabolism.dk), She has served as President for The International Society of Exercise and
Immunology and President for the Danish Saciety of Infectious Medicine, Chairman for
the research council at Rigshospitalet, coordinator of the Muscle Research Cluster at the
Medical Faculty, University of Copenhagen, and as president for the National Council for
Public Health in Denmark. Her research has established the importance of muscle-derived
cytokines {myckines) such as interleukin-6 in metabolism, obesity and chronic disease
(Febbraio and Pedersen 2002; Pedersen 2009; Pedersen and Febbraio 2008; Steensberg
et al. 2000, 20014, 2003) and she is one of the most prolific researchers in the field of
exercise immunology.

Fossible biological roles of IL-6

Despite an increase in our understanding of the mechanisms regulating the release
of IL-6 and the sources of the exercise-induced 1L-6, the biological role of the
exercise-induced increase in the systemic IL-6 concentration has, unril very recently,
been unknown. In an elegant study, Febbraio et 2l (2004) tested the hypothesis that
IL-G released from the contracting muscles during exercise signals to the liver 1o
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stimulate hepatic glucose production. In this study, subjects performed three experi-
mental trials consisting of two hours of cycling exercise. In one trial, subjects exercised
at 70% VO, peak, in a second trial subjects exercised at 40% VO, peak and, ina
third trial, subjects exercised ar 40% VO, peak and received a constant infusion of
recombinant human (rh) IL-6 at a rate intended to march the elevated systemic IL-
6 concentration seen during the high-intensity exercise trial. To calculate the
endogenous glums:' pmductiﬂn {(heparic glucose producrion), subjects were infused
with a glucose stable isotope tracer during all trials, Importantly, endogenous glucose
production was significantly greater in the 40% VO, peak + rhIL-G rrial compared
with the 40% VO, peak trial and was very similar to the endogenous glucose
production observed during the 70% VIO, peak trial. The main regulator of hepatic
glucose production in vive is the glucagon to insulin ratio bur, additionally, cortisol
and catecholamines also modulate hepatic glucose producrion. Crucially, in the study
by Febbraio er al (2004), no differences were observed between the 40% VO, peak
+ thIL-6 trial and the 40% VO, peak trial for insulin, glucagon, cortisol, growth
hormone, adrenaline or noradrenaline. Therefore, this study provides compelling
support for the hypothesis that 1L-6 released during exercise stimulates glucese
producrion from the liver.

Exercise-induced elevations of plasma IL-6 may also influence fat metabolism.
When rhiL-6 was infused into resting humans, increasing the plasma IL-6 concen-
tration to levels observed during prolonged exercise, the rates of lipolysis and fat
oxidation were increased (van Hall ¢ 2l 2003). It has also been shown thar IL-6-
deficient mice develop mature-onset obesity and that when these mice were treated
with IL-6 for 18 days, cheir body weight decreased (Wallenius e al. 2002). These
studies identify IL-6 as a possible regulator of far metabolism and support the
hypothesis that contracting muscles release IL-6 in a hormone-like manner to increase
substrate mobilisarion (Figure 12.4).

Strenuous exercise increases plasma concentrations of cortisol, glucagon,
adrenaline and noradrenaline. Infusion of rhIL-6 into resting humans to mimic the
exercise-induced plasma levels of IL-6 increases plasma cortisol in a similar manner
(Steensberg er al 2003). In contrast, the same rhlL-6 infusion does not change
plasma adrenaline, noradrenaline or insulin levels in resting, healthy, young subjects.
Therefore, muscle-derived 1L-6 may be partly responsible for the cortisol response to
exercise (Figure 12.3), whereas other hormonal changes cannot be ascribed ro IL-6.
Stmulation of cortisol secretion by IL-6 may be caused by an effect of IL-G on the
hypothalamus, stimulating the release of ACTH from the anterior pituitary gland or
by a direcr effect of [L-G on cortisol release from the adrenal glands; evidence for
both mechanisms exists.

In addition, it was demonstrated by Steensberg et 2l (2003) thar relatively small
increases in plasma levels of 1L-6 induce the two anti-inflammatory eytokines 1L-
1raand IL-10 together with C-reactive protein. During exercise, the increase in [L-6
precedes the increase in the these two cytokines, arguing circumstantially for muscle-
derived IL-6 ro be the initiator of this response. IL-6 and IL-4 stiimulate monocytes
and macrophages to produce IL-1ra, which inhibits the effect of IL-1. Type-2
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Figure 12.4 Some biological actions of muscle-derived interleukin (IL)-6; FFA = free farty acids, TG = eriacylglycerol
{adapred from Pedersen er ol 2001)
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T lymphocytes, monocytes and B cells are the main producers of IL-10 and, togecher
with IL-4, it can inhibit type-1 T-cell cytokine production. In accordance with chis,
strenuous exercise decreases the percentage of type-1 T cells in the circulation,
whereas the percentage of type-2 T cells does not change. Both cortisol and
adrenaline suppress the type-1 T cell cytokine production, whereas IL-6 directly
stimulates type-2 T cell cyrokine production. As discussed in Chaprer 2, type-1T
cells drive the immune system towards protection against intracellular pathogens
such as viruses; therefore, exercise, possibly working through muscle-derived IL-6,
may decrease virus protection in the host and thus may account for athletes appearing
to be more prone to acquire upper respiratory tract infection. However, it is very
important to stress that the shift toward type-2 T-cell dominance might be beneficial,
because it also suppresses the ability of the immune system to induce rissue damage.
In addition, in autoimmune diseases such as type-1 diaberes mellitus, auroimmune
thyroid disease and Crohn's disease, the balance is turned roward rype-1 T-cell
dominance. Therefore, by shifting the T-lymphocyte balance roward type-2 T cells,
exercise may improve the symproms of these disorders (Elenkov and Chrousos 2002).
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Exercise induces highly stereotypical changes in leukocyte subpopulations. Thus,
the number of neutrophils increases during and after exercise. Infusion of rhIL-6
resules in similar changes and this effect is likely to be mediated by cortisol. Blood
lymphocytes initially increase during exercise and decrease post-exercise. Although
these inirial changes can be ascribed to catecholamines, the prolonged lymphopenia
may be caused by exercise-induced elevarions of plasma IL-6. Altogether, these
findings suggest that muscle-derived IL-6 may play a role in regulating both fuel
metabolism and the immune system during exercise.

As discussed later in this chaprer, exercise-induced elevation of circularting IL-6
levels may provide a mechanism to explain how exercise either reduces the suscepti-
bility to, or improves, the symproms of diseases associated with low-grade
inflammarcion, such as type-2 diabetes, atherosclerosis and possibly some
autoimmune diseases. In addition, muscle-derived IL-6 may also reduce the inflam-
matory response in the exercised muscles and could even play a role in the
development of central farigue (Gleeson 2000a; Robson-Ansley et 2 2004) and the
mood changes that accompany overtraining. The latter possibility, known as the
‘cyokine theory of overtraining’, is considered in more detail in Chaprer 8.

Intriguingly, other rissues have been shown to contribute to the exercise-induced
increase in the systemic IL-6 concentration in addition to the contracting skeletal
muscle. For example, the brain has been shown to release IL-6 during exercise (Nybo
er al. 2002) and IL-6 gene expression within adipose rissue has been shown 1o be
increased in response to exercise (Keller er 2l 2003). However, the stimulus for the
increased production and release of IL-6 from these tissues is presently unclear,

although glycogen depletion in the brain during exercise is one possibilicy (Marsui
eral 2012),

E EXERCISE AND OTHER CYTOKINES
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To derermine whether other cytokines exhibit a similar exercise-induced partern 0
that of IL-6, Chan et al (2004) and Nieman er af (2003a) examined the mRNA
expression of a number of cytokines in response to prolonged exercise. At rest, the
mRNA for a number of cytokines, including IL-1f, IL-6, IL-8, IL-15, TNF-a,
IL-12p35 and IFM-y, is detecrable in skeletal muscle. In conrrast, mRMNA for several
other cytokines including IL-1ct, 1L-2, IL-4, IL-5, IL-10 and IL-12p40 is not
detecrable. In both studies, following exercise an increase in mRINA expression was
observed for IL-6 and [L-8; however, in the study by Nieman and colleagues, an
increase in mRMNA expression was also observed for IL-1P. An exercise-induced
increase in mRINA expression was not observed for any other of the measured
cytokines. It is probable that the inconsistency in the IL-13 mRNA response is
explained by differences in the exercise protocols used in the two studies. Specifically,
in the study by Nieman ez al. (2003a), three hours of running was used as the exercise
model, whereas in the study by Chan er al (2004), one hour of cycling exercise was
used. It is possible that the increase in IL-1f mRNA expression observed following

-
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three hours ufrunning exercise represents the initiation of an inflammartery response
induced by muscle damage. In contrast, one hour of cycling, which is unlikely o
cause any significant muscle damage, has no effect on IL-1p mRNA expression. In
support of this notion, although carbohydrate ingestion during exercise significantly
reduced the exercise-induced increase in IL-6 and IL-8 mRNA, supporting a
metabolic role for these cytokines, no effect of carbohydrate ingestion was seen on
IL-1B mRINA expression. While considerable evidence exists supporting the idea
that the increase in [L-G expression following exercise is from a mertabolic ‘crisis’
within the contracting muscle, the studies by Chan er al (2004) and Nieman ez al.
(2003a) provide the first evidence that IL-8 may have a similar biological profile to
that of IL-6. As stared above, carbohydrare ingestion during exercise was shown to
blunt the exercise-induced increase in IL-8 mRNA. In addition, the study by Chan
and colleagues showed that, when subjects started the one-hour bour of exercise in
a muscle glycogen-depleted state, the exercise-induced increase in IL-8 mRMA was
significantly greater compared with the control (normal muscle glycogen) trial.
However, an important difference exists berween the effects of exercise on [L-6 and
IL-8 expression: while exercise causes an increase in the expression of both [L-6 and
IL-8 mRNA within the contracting muscle, only IL-6 is released. The biological role
of the exercise-induced increase of [L-8 within the contracting muscle awaits future
research.

The plasma concentration of IL-1ra is markedly increased in response to prolonged
exercise. Interestingly, alchough the increase in the plasma concentration of [L-1ra is
of a similar magnitude to that of IL-G, the peak plasma IL-1ra concentrarion occurs
slightly later than that of IL-6 (see Figure 12.1); in fact, in many studies it is seen to
peak in the post-exercise recovery period. Given that IL-6 is a potent inducer of IL-
Lra, it is likely thac the release of 1L-6 from the contracting muscle during prolonged
exercise stimulates the release of [L-1ra from blood mononuclear cells. In support of
this notion, 1L-1ra mRNA is increased in blood mononuclear cells obtained
following prolonged strenuous exercise whereas [L-6 mRNA is not (Ostrowski ef al.
1998b). Given that IL-1ra is an anti-inflammatory cytokine, it is likely the increase
in the exercise-induced increase in the IL-1ra concentration acts as a negative
feedback mechanism, controlling the magnitude and duration of 1L-6 and IL-1
mediated effects.

In chis first part of the chapter, we have discussed how exercise directly effects the
production of cytokines in various tissues. The magnitude and duration of the IL-6
response to exercise initially marked ic out for further investigation. Subsequent
studies have demonstrated that exercise directly stimulates the production of IL-6
from contracting skeletal muscle and that IL-6 released from skeletal muscle during
exercise acts in a hormone-like fashion to stimulate glucose outpur from the liver
and lipolysis in adipose tissue. However, exercise induces an increase in the systemic
concencration and muscle levels of numerous additional cytokines. Intriguingly, the
funcrions of many of these cytokines, with respect to exercise, are poorly understood
and many addirional studies are required to more fully understand the biological role
of these exercise-induced cyrokines.
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Box 12.2 Differences between the cytokine responses to sepsis and exercise

Increases in circulating cytokines occur as a response to both sepsis (caused by infection)
and exercise, and occasionally authors comment on the similarities between the two,
However, there a number of important differences in the pattern, time course and
magnitude of the response.

Certainly, strenuous exercise is accompanied by an increase in circulating cytokines,
having some similarities with the response to sepsis and trauma. An inflammatory
response represents a fundamental series of humoral and cellular reaction cascades
in response to infection, tissue injury and related insults. An excessive response is
commonly seen under the pathological conditions of trauma, sepsis and burns. Most,
if not all, of the distinguishing features of a classical inflammatory response are
detectable in an exercising individual, namely mobilisation and activation of
granulocytes, lymphocytes and monocytes; release of inflammatory factors and
soluble mediators; invalverment of active phase reactants: and activation of the
complement and other reactive humoral cascade systems.

In sepsis, there is a sequential release of substantial amounts of TNF-a, IL-13 and IFN-
v from activated immune cells. Particularly large increases in these circulating
Cytokines are observed in bacterial diseases, As the infection is cleared and inflam-
mation subsides, there is a later secretion of inflammation responsive cytokines (e.g.
IL-6} and anti-inflammatory cytokines such as IL-1 receptor antagonist {IL-1ra), IL-10
and soluble TNF receptors (STHF).

In exercise, there is a rather small and sometimes undetectable rise in proinflam-
matory cytokines like TMF-g, IL-18 and IFN-y. Rather, there is an increase in circulating
IL-6 (released not from immune cells but from contracting muscle fibres) which
induces increased secretion of IL-1ra, IL-10 and sTNF (Pedersen et al. 2009).

While the manifestation of many exercise-induced immune and related changes has
been reported and confirmed repeatedly, several of the underlying mechanisms
triggering and modulating the elicited immune responses are undoubtedly different.
Sepsis-associated cytokine responses are largely initiated by activation of Toll-like
receptors on antigen-presenting cells, while exercise-induced IL-6 release is activated
by rises in intramuscular calcium and falls in glycogen. One similarity between exercise
and sepsis is that the presence of endotoxin in the circulation can occur in some
forms of exercise, owing to increased gut permeability, but endotoxin levels are
generally much lower than observed in sepsis.

Although there are qualitative similarities between the immune responses to exercise
and sepsis, the magnitude of the changes induced by most forms of exercise remains
much smaller than in a typical inflammatory response (Shephard 2001).

| LEUKOCYTES

E INFLUENCE OF EXERCISE ON CYTOKINE PRODUCTION FROM

As discussed briefly above, when cytokine production is examined in unstimulated
leukocyrtes (leukocytes that have not been exposed to an activating agent such as
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lipopolysaccharide [LPS] or phorbol 12-myristate 13-acctate [PMA]), no cytokine so
far examined is influenced by exercise. In rwo studies by Starkie er al (2000, 2001a),
prolonged exercise, either cycling or running, had no effect on the production of
IL-1B, TNF-a or IL-6 from unstimulated monocytes. Similarly, Lancaster er al.
(2005a) reported that prolonged exercise has no effect on the production of IL-4, IL-
6 or IFN-y from unstimulated lymphocytes. Thus, unlike skeletal muscle, exercise
does not directly stimulate the production of cytokines from leukocytes.

Cytokine production by cells of the immune system is crirical in the development
of immune responses against invading pathogens. To date, studies that have examined
the effects of acute or chronic exercise on cytokine production have primarily focused
on monocytes and T lymphocyres, probably because of the important role that
cyrokine production from these cells plays in the development of immune responses.
Specifically, the production of IL-1B, TNF-ct and IL-6 by is an important component
of the inflammatory response initiated by invading pathogenic microerganisms and
tissue damage. You may recall from Chaprer 2 that T lymphocytes are able to secrere
numerous cytokines, including [FN-y, IL-2, IL-4, IL-5 and IL-12. Specifically, T
lymphocytes known as type-1 CD4+ lymphocyres (Thl lymphocytes) secrete [FN-
¥ and IL-2, while type-2 CD4+ lymphocytes (Th2 lymphocytes) secrete [L-4, IL-5
and IL-12. The cytokines secreted by cype-1 and type-2 T lymphacytes play critical
roles in promoting both cell-mediated immunity (the activation of macrophages and
CD8+ T cytotoxic lymphocytes, promotion of antibody class switching to 1gG2a)
and humoral immuniry (B-cell activation and differentiation, promotion of antibody
class switching to IgE and IgG1 and the activation of eosinophils), respectively.

While the effect of exercise on unstimulated monocyte cytokine producrion has
received much atrention — as inidially it was believed chat monocytes were likely o
be the source of the exercise-induced increase in systemic cytokine concentrarions —
the effect of exercise on stimulated monocyte cytokine production has also been
examined in several studies. For example, Starkie er 2l (2001a) have shown that a
competitive marathon suppresses the amount of IL-6, TNF-ot and IL-1ot produced
by LPS-stimulated monocytes. Interestingly, it has been demonstrated thac
incubartion of whole blood samples with adrenaline inhibits monocyte cyrokine
production, while the infusion of corrisol ar either physiological or pharmacological
concentrations similarly inhibits monocyte cytokine production. Exercise is a potent
activator of the central nervous system, acting through motor centre stimularion of
endocrine centres within the brain and blood-borne merabolic and peripheral neural
feedback mechanisms. Thus, exercise causes a marked increase in the circulating
concentration of several immunomodulatory hormones.

To examine the influence of exercise-induced increases in immunomodulatory
hormones on monocyte cytokine production Lancaster et al (2005b) carried our a
study in which ten subjects performed bicycle exercise for 90 minures in a 35°C hear
chamber supplemented with either a 6.4% (6.4 grams per 100 mL) carbohydrate
beverage or a placebo. Imporrantly, supplementation with a carbohydrate solution
during exercise results in a significant attenuation of the exercise-induced increase in
the systemic concentration of numerous immunomodulatory hormones, including
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adrenaline and cortisol. The production of TNF-a and IL-6 by monocytes stimulated
with either LPS or zymosan was determined in the pre- and post-exercise blood
samples. Zymosan is a polysaccharide component of the cell wall of yeast and is
recognised by specific receptors on the monocyte cell surface; of note, the receprors
that recognise LPS are distinct from those thar recognise zymosan. The resuls
confirmed that exercise results in a decrease in the production of IL-6 and TNF-u by
LPS-stimulated monocytes. Furthermore, the ingestion of carbohydrare during
exercise, which resulted in an attenuation of the circulating concentration of several
immunomodulatory hormones compared with placebo ingestion, attenuared the
exercise-induced decrease in LPS-stimulated IL-6 and TNF-a production from
monocytes. While these results certainly provide evidence that exercise modulares
monocyte cytokine production via increases in the circulating concentrations of
immunomodulatory hormones, they do not identify the specific hormones involved.
While several studies have shown that LPS-stimulated monocyte cytokine production
is impaired following prolonged strenuous exercise, few studies have examined
monocyte cytokine production in response to stimuli other than LPS. Intriguingly,
Lancaster ef al (2005b) found that in contrast to the observed suppressive effects of
exercise on LPS-stimulated monocyte cytokine production, zymosan-stimulated
monocyte cytokine production was augmented following exercise. While the reason
for these divergent results are nor yer clear, whar they do emphasise is that exercise does
not simply cause a general suppression of stimulated monocyte cytokine production.

As discussed above, type-1 and type-2 cytokine-producing T lymphocytes play very
important roles in the development of immune responses and it is therefore not
surprising that several studies have examined the influence of exercise on stimulated
cytokine production from T lymphocytes. Several studies (Steensberg ef al 2001b;
Ibfele et a2l 2002) have shown that pmlongcd exercise causes a decrease in the circulating
concentration of IFN-y-producing type-1 T lymphocytes and that this decrease is
sustained for several hours post-exercise. In contrast, prolonged exercise has lirtle effect
on the number of circulating IL-4-producing type-2 T lymphocytes. However, these
studies did not determine the amount of cyrokine produced in response ro stimulation.

The type-1 cytokine IFN-y is very important in antiviral defence and several
studies have demonstrated that the concentration of IFN-y in the supernatant of
stimulated whole blood is decreased following prolonged exercise, To examine the
potential mechanisms involved in the exercise-induced suppression of IFN-y
production by T lymphocytes, Starkie et al (2001c) performed a study in which
subjects were given 0~ and B-adrenorecepror antagonists (thus allowing the investi-
gators to examine the influence of adrenaline and noradrenaline on exercise-induced
alterations in T lymphocyte [FN-y production) before completing a bout of
strenuous exercise. The results of this study demonstrated that while a- and p-
adrenoreceptor blockade abrogated the exercise-induced decrease in the number of
circulating IFN-y-producing T lymphocytes, it had no effect on the amount of IFN-
y produced by stimulated T lymphocytes. These resules suggest thac adrenergic
stimularion is unlikely to be the mechanism causing the decrease in stimulared [FN-
¥ production following exercise.
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To further explore the potential mechanisms regulating the exercise-induced
suppression of stimulated IFN-y production from T lymphocytes and the exercise-
induced decrease in the number of circulating IFN-y-producing T lymphocyrtes,
Lancasrer er al. (2005a) conducted a study in which subjects performed 2.5 hours of
bicycle exercise supplemented with either a 6.4% carbohydrare solution, 12.8%
carbohydrate beverage or placebo. The results of the study confirmed previous
findings, demonstrating that stimulated IFN-y production is decreased following
exercise. The results showed that IFN-y production in response to stimulation with
PMA + ionomycin was decreased in both CD4+ T helper and CD8+ T cyroroxic
lymphocytes following exercise. Interestingly, there was a dose-dependent effect of
carbohydrare ingestion on stimulated IFN-y preduction from T lymphocytes,
although both the 6.4% and 12.8% carbohydrate beverages (the prescribed drinking
regimen employed resulted in subjects receiving 38.4 g or 76.8 g of carbohydrare
per hour) attenuated the exercise-induced suppression of stimulated T-lymphocyte
[FN-y production observed during the placebo trial. Furthermore, there was a
significant correlation berween the post-exercise CD4+ and CD8+ T-lymphocyte
[FN-y production and the post-exercise cortisol concentration. While nort
demonstrating cause and effect, these results suggest thar cortisol plays a role in the
post-exercise suppression of T lymphocyte IFMN-y production.

The finding of suppressed cyrokine production from specific cells of the immune
system has led to the hypothesis thar defects in cytokine production may account
for the reported increased sensitivity to upper respiratory tract infections (URTI)
following prolonged strenuous exercise or during periods of intense training (Smitch
2003). While the evidence strongly suggests that both monocyte and type-1 T-
lymphocyte cytokine production is suppressed following endurance evens, it is
imporrant to realise that these changes have not been shown ro be a causative factor
in the increased susceptibiliy to URTI that has been reported to occur following
prolonged strenuous exercise and during periods of intensified exercise training,
However, some evidence suggests that the balance of the proinflammatory to anti-
inflammatory cytokines produced in response to stimulation of leukocytes with
antigen may be an important determinant of illness risk (Gleeson er af 2012b). It
appears that athletes with a relatively high incidence of URTI (i.e. illness-prone
individuals) exhibit a significantly higher IL-10 response to anrigen stimulation of
whole blood culture than athleres who are generally less susceprible to URTI.
Furthermore, the IL-10 response to antigen stimulation is influenced positively by
training load (Gleeson er al, 2012a; Wang er af 2012).

LINKS BETWEEN SEDENTARY BEHAVIOUR, CHRONIC INFLAMMATION
AND CHRONIC DISEASE

The prevalence of obesity continues to rise worldwide and is being accompanied by
proportional increases in a host of other medical conditions associated with
derangements of immunometabolism (Mathis and Shoelson 2011) such as type-2
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diabetes, cardiovascular diseases, chronic obstructive pulmonary disease, colon cancer,
breast cancer, dementia and depression. Inflammarion appears to be aetiologically
linked to the pathogenesis of all these conditions (Ouchi et al 2011) and the
development of a chronic low-grade inflammatory state (as indicated by elevared
levels of circulating inflammation markers such as IL-6, TNF-a and C-reacrive
protein) has been established as a predictor of risk for several of them (Pradhan et al
2001). Importantly, physical inactivity and sedentary behaviour increase the risk of
all these conditions (Pedersen and Saltin 2006; Hardman and Stensel 2009; Warren
et al. 2010). An inactive lifestyle leads to the accumulation of visceral far and,
consequently, the acrivation of a nerwork of inflaimmatory pathways thart results in
inflammation in adipose tissue, increased release of adipokines (peptides and proteins
includlng some cytokines that are secreted from white adipose tissue) and the
development of a low-grade systemic inflammatory state (Ouchi ez al 2011). Chronic
inflammarion promotes the development of insulin resistance, atherosclerosis,
neurodegeneration and tumour growth and, subsequently, the development of several
diseases associated with physical inactivity (Figure 12.5). Exercise has anti-
inflammatory effects and therefore, in the long-term, regular physical activity can
protect against the development of these chronic diseases, as well as having other
benefits for health, functional capacity and qualiry of life (Pedersen and Saltin 2006;
Hardman and Stensel 2009), which are summarised in Table 12.1. Furthermore,
exercise can be used as a treatment for (or to ameliorate the symptoms of) many of
these condirions which is increasingly being promoted as the concept thart ‘exercise
is medicine’.

Obviously, exercise increases energy expenditure and burns off some of the body
fat that would otherwise accumulate when individuals eat more dietary energy
than they need. In that simple sense, exercise reduces the risk of developing obesity
and excessive adiposity. Regular exercise also imbues cardiovascular health benefits
by improving the blood lipid profile through decreasing the concentration of
plasma triglycerides and small low-density lipoprotein particles and by increasing
the concentration DFPFD[EC[i\I‘-& hlgh-densiq Iip.opr.mein cholesteral (Kraus er al
2002). These beneficial alterations in plasma lipids are presumed to limit the
development of atherosclerosis. However, the protective effect of a physically active
lifestyle against chronic inflammarion associated diseases may, to some extent, be
ascribed to an anti-inflammatory effect of exercise (Kasapis and Thomson 2005).
This may be mediated not ani}r via a reducrion in visceral far mass [wn:h a
subsequent decreased production and release of adipokines) bur also by inducrion
of an anti-inflammatory environment with each bour of exercise (Petersen and
Pedersen 2005). The remainder of this chapter explains the possible mechanisms
by which exercise exerts its anti-inflammarory effect and briefly discuss the

implications for the use of exercise as medicine in the prevention and treatment of
chronic disease,
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Figure 12.5 Physical inactivity and positive energy balance lead to an accumulation of visceral far which becomes
infiltrared by proinflammatory macrophages and T cells. The proinflammatory 1 macrophage
phenotype predominares and inflamed adipese tissue releases adipokines and tumour necrosis facror
alpha {TMNF-a) thar lead te a state of persistent low-grade systemic inflammation. This promaores the
development of insulin resistance, tumour growth, neurodegeneration and atherosclerosis. The lacer is
exacerbared by the deleterious changes in the bload lipid profile associated with a lack of physical
activity; CRI = C-reacrive protein, FFA = free farry acids. HDL = high-density lipoprotein, [L =
interleukin, LDL = low-density lipoprotein, M@ = macrophage, TLR = toll-like recepror
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MNTI"NFLAMMAT'DR? EFFECTS OF EXERCISE

The anti-inflammatory effects of exercise have mostly been ascribed to two possible
mechanisms: (1) increased production and release of anti-inflammarory cytokines
from contracting skeletal muscle (Mathur and Pedersen 2008); and (2) reduced
expression of Toll-like receptors (TLRs) on monocytes and macrophages (Flynn and
MecFarlin 2006) with subsequent inhibition of downstream responses such as
proinflammatory cytokine production, antigen presentation and co-stimulatory
molecule expression (Gleeson er al 2006). However, the anti-inflammatory effeces of
exercise arise not only from these two mechanisms bur also other effects of exercise
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DISEASE

EVIDEMCE THAT PHYSICAL ACTMITY MAY LOWER DISEASE RISK AND/OR HAVE
THERAPEUTIC WALUE IN TREATING DISEASE

Coronary heart disease

Stroke

Cancer

Type 2 diabetes mellitus

Dementia

Oither

A large body of epidemiological evidence demonstrates that high levels of PA and PF are
associated with a lower risk of developing CHD. RCTE show that regular PA can
favourably medify CHD risk factors including (but not limited to) dyslipidaemia,
hyperiension and obesicy. RCTE also show thar PA improves survival in CHD patients.

Evidence thar high levels of PA and PF reduce the risk of stroke is supgestive but not as
compelling as thar for CHD, RCTe show rthat PA can lower but not necessarily normalise
blood pressure in hypertensive individuals.

High levels of PA are associated with lower risk of colon and breast cancer. PA may lowet
eancer risk by systemic (reduced bedy fat and insulin levels, enhanced immune function)
and site-specific (reduced sex steroid hormone levels for breast cancer, decreased bowel
transit time for colon cancer) mechanisms. Some ohservational and RCT evidence
supports a therapeuric role for PA in preserving mobiliny and function in cancer patients,

Ohbservational epidemialogical evidence consistently demonstrates an assaciation
berween high levels of PASPF and a reduced risk of developing type 2 diabetes. RCTs
show thar lifestyle intervention (diet and FA) can lower body mass, improve glucose
wlerance and reduce the risk of developing T2D in high risk patients. In patients with
type 2 diabetes, high levels of PA and PF are associated with a reduced risk of CHD and

all-cause morality.

Observational epidemiological studies indicate that higher levels of A are associared
with a lower risk of cognitive decline and dementia in older aduls. Some limited
evidence is available from RCTs to suggest that PA induces modest improvements in
cognition in people whao are ar increased risk of dementia and Alzheimer's disease.
There is some evidence from observational and intervention studies to support a role for
PA for enhancing physical function and improving quality of life in those suffering from
chronic heart failure, chronic obstructive pulmonary disease, depression, intermiteent
claudication, esteoarthritis and osicoporesis.

CHD: coronary heart disease; PA: ph}':iﬁl activicy; PF: physical fivness; RCT: randomised conrrolled rial; T2D: ype 2 diabetes

that have been established, such as the inhibition of monocyte/macrophage

infiltratio

n into adipose tissue (Kawanishi e @/ 2010), phenotypic switching of

macrophages within adipose tissue (Kawanishi er al 2010), a reduction in the
circulating numbers of proinflammatory monocytes (Timmerman ez al. 2008) and
an increase the circulating numbers of IL-10 secreting regulatory T cells (Yeh et al

20006; Wa

ng et al. 2012). The major focus of this part of the chaprer is to explain

these various mechanisms,
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Reduction in visceral fat mass

The aceurnulation of body far, particularly in the abdomen, liver and muscles, is
associated with increased all-cause moruality (Pischon et al 2008), the development
of type 2 diabetes (Bays 2009), cardiovascular disease (Haffner 2007), dementia
(Whitmer er al 2008) and several cancers (Xue and Michels 2007). The production
of proinflammatory adipokines is increased with adipose tissue expansion, whereas
the amounts of anti-inflammarory cytokines produced are reduced. This leads to the
development of a state of persistent system low-grade inflammarion (Yudkin 2007).
Regular exercise can reduce waist circumference and cause considerable reductions in
abdominal/visceral far, even in the absence of any loss of body weight, in both men
and women regardless of age (Ross and Bradshaw 2009). Therefore, increased
physical activity can bring abour a reduction in systemic inflammation (Yudkin 2007)
via a reduction in proinflammatory adipokine secretion as a direct result of lowering
the amount of fat stored in abdominal depots.

Release of IL-6 from contracting muscle

0

As mentioned earlier in this chaprer, during and after exercise of sufficient load, the
active skeleral muscle will increase cellular and circulating levels of IL-6 (Pedersen
2009). When exercise is performed for about one hour, the increase in IL-6 is
transient, normally returning to resting levels within one hour after exercise. IL-G
appears responsible for the subsequent rise in circulating levels of the anti-inflam-
matory cytokines IL-10 and [L-1ra and also stimulates the release of cortisol from the
adrenal glands (Steensberg ez al 2003), as well as having previously mentioned
metabolic effects. These actions and possible associated health effects are summarised
in Figure 12.6. The causal role of IL-6 in stimularing [L-10, IL-1ra and corrisol
secretion is substantiated by the observation that intravenous infusion of [L-6 torally
mimics the acute anti-inflammatory effects of a bout of exercise both with regard o
elevations of plasma IL-10, IL-1ra and cortisol (Steensberg er al 2003) and with
regard to suppression of endotoxin-stimulared increases in TINF-at levels (Starkie ef
al. 2003). The IL-6 half life is prolonged by combining with the soluble IL-6 receptor
(sIL-6R) and it is this complex which is crucial in determining the biological activicy
of IL-6. The expression of IL-GR in tissues is limited to hepatocytes, leukocytes and
adipocytes (Rose-John e al 2006) with a relatively low expression in resting skeleral
muscle (Keller et al 2005). Exercise training increases the expression of IL-6R on
the muscle membrane (Keller e al 2005), removing some of the dependency on the
circulating sIL-6 recepror.

IL-1ra is secreted mainly by monocytes and macrophages and inhibits the pro-
inflammarory actions of IL- 1P (Freeman and Buchman 2001). IL-10 is known to be
produced primarily by regulatory T cells and monocytes but also by Th2 cells,
macrophages, dendritic cells, B cells, CD8+ T cells, Thl cells, and Th17 cells
(Maynard and Weaver 2008). Irrespective of the cellular source, the principal role of
[L-10 appears to be containment and suppression of inflammatory responses so as to
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Figure 12.6 Biological role of muscle-derived interleukin (IL)-6 during exercise. Full lines represent acure effects of

IL-6 infusion. Broken lines represent possible health effects of IL-6, and suggested effects of acute IL-6
infusion; CRP = C-reactive protein, TNF-a = tumour necrosis factor alpha (adapted from Steensberg
2003)
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downregulate adaptive immune effector responses (Moore ez /. 2001) and to
minimise tissue damage in response to microbial challenges. Accordingly, IL-10
induces downregulation of major histocompatibility complex (MHC) antigens, the
intercellular adhesion molecule-1, as well as the co-stimulatory molecules CD80 and
CD86 on antigen presenting cells, and it has been shown to promote differentiation
of dendriric cells expressing low levels of MHC class II, CD80 and CD86 (Maynard
and Weaver 2008). In addition, IL-10 downregulates or completely inhibits the
expression of several proinflammatory cytokines and other soluble mediators, thereby
further compromising the capacity of effector T cells to sustain inflammatory

responses.

Thus, IL-10 is a potent promoter of an anti-inflammatory state. Circulating levels
of IL-10 are lower in obese subjects and acute trearment with IL-10 prevents lipid-
induced insulin resistance (Hong ez 2/. 2009). IL-10 increases insulin sensitivity and
protects skeletal muscle from obesity-associated macrophage infiltration, increases
in inflammatory cytokines and their deleterious effects on insulin signalling and

glucose metabolism (Hong et 2/ 2009).

A limitation of the hypothesis that exercise-induced elevations of IL-6 are mostly
responsible for the anti-inflammatory and long-term health benefits of regular exercise
is that substantial increases in circulating IL-6 do not occur with short durations of
low/moderate intensity exercise (Fischer 2006) despite the known health benefits (e.g.
reduced risk of heart disease) associated with only very moderate increases in physical

activity above that of a totally sedentary lifestyle (Miyashita ez /. 2008).
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Increased levels of circulating cortisol and adrenaline

Secretion of the adrenal hormones cortisol and adrenaline into the circulation is
increased during exercise, owing to activation of the hypothalamic-pituitary-adrenal
axis and the sympathetic nervous system (SNS), respectively. Impulses from the
motor centres in the brain, as well as afferent impulses from working muscles, elicir
an intensity-dependent increase in sympathoadrenal activity and in release of some
pituitary hormones including adrenocorticotrophic hormone (ACTH; Galbo 1983).
Increased SIS activity stimulates adrenaline and noradrenaline release from the
adrenal medulla within seconds of the onset of exercise and ACTH stimulaces cortisol
secrerion from the adrenal correx within a marrer of minutes. These hormonal
responses usually precede the rises in circulating concentrations of cytokines. Thus,
the magnitude of the elevations in plasma cortisol and adrenaline are related to the
intensity and durartion of exercise (Galbo 1983). Cortisol is known to have porent
anti-inflammartory effects (Cupps and Fauci 1982) and catecholamines downregulate
the LPS-induced production of TNF-ct, IL-6 and IL-1/ by immune cells (Bergmann
et al. 1999). Cortisol secretion is also augmented by the aforementioned rise in
circulating IL-6 (Steensberg er 2l 2003). Thus, hormones, myckines and cytokines
all contribute to the anti-inflammatory effect of exercise (Figure 12.7).

Inhibition of macrophage infiltration into adipose tissue

The expression of proinflammatory cytokines, chemokines and cell adhesion
molecules in adipose tissue is increased in obese mice (Jiao er al 2009). Macrophages
and T cells, which infilcrace adipose tissue in abesity, are known to regulace the
inflammarory state of adipose tissue (Kanda er #/ 2006). Thus, the migration of
peripheral blood mononuclear cells (PBMCs) towards sites of inflammarion,
including adipose tissue and damaged vascular endothelium, is central to che
development of sustained tissue inflammation (Zeyda et al 2011). Itis thoughe chac
the size of the adipocytes triggers macrophage infileration, rather than overall obesiry,
and thar recruitment of the macrophages may be stimulated by the chemokines,
monocyte chemortactic protein (MCP)-1 and macrophage inflammarory protein
(MIP)-1ct (Bruun er al 2005).

Esxercise might limit the movement of PBMCs into inflamed adipose tissue in a
similar manner to its effect of reducing PBMC migration towards a virus-infected
human bronchial epithelial cell line (Bishop er al 2009). Migration of PBMCs from
the circulation into the tissues is a tightly regulared process involving a gradient of
release of chemokines from the inflamed tissue (including from immune cells residing
within), the expression of complimentary chemokine receprors on PBMCs and the
expression of adhesion molecules on both immune and endothelial cells. Acute bours
of exercise reduce T-cell migration towards the supernatants of human rhinovirus-
infected human bronchial epithelial cells in a manner that is independent of any
involvement of adhesion molecules or exercise-induced elevarions of cortisol or
catecholamines (Bishop et «f 2009). However, it is known that acure exercise stress
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Figure 12.7 Potential mechanisms contributing o the anti-inflammatory effects of exercise. Activation of the

hypothalamic-pituitary-adrenal axis (HPA) and sympathetic nervous system (SMNS) lead to the release of
cortisol and adrenaline from the adrenal cortex and medulla, respectively. These hormones inhibit the
release of tumour necrosis factor alpha (TNF-o) by menocytes. Interleukin {IL}-6 produced by
coneracting skeleral muscle also downregulates the production of TNF-at by monocytes and may
stimulate Further cortisol release. Acute elevations in 1L-G stimulate release of IL-1 recepror antagonist
{IL-1ra) from monocytes and macrophages, thus increasing the circulating concentrations of this
anti-inflammarory cytokine. Exercise training mobilises TReg cells, a major source of the
anti-inflammarery cyrokine IL-10 and decreases the proportion of inflammatory (CD14lewCD16+)
monocytes, compared with classical {CDI-ihi.El'l] monoacytes. Following exercise CDHhi,g.h MonoCyes
express less TLR4 and thereby induce a reduced inflammatory response, marked by lower levels of
proinflammarory cyrokines and reduced adipose tissue infileration. Exercise also increases plasma
concentrations of key inflammarory immune cell chemokines; repeated elevations of such chemokines
may lead 1o a downregulation of their cellular reCCpLors, muiling in reduced rissue infiltration. A
reduction in adipose tissue mass and adipocyte size, along with reduced macrophage infiltration, and a
switch from a M1 1w M2 phenorype all may contribute to a reduction in pro-inflaimmatory cyrokine
release fram adipose tissue, such as IL-G and THF-a, and an inerease in anti-inflimmatery eyrokine
release, such as adiponectin and IL-10; M) = macrophage
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results in the release of chemokines into the circulation from multiple sources and
sustained exposure of PBMCs to physiological concentrations of chemokines
including MCP-1 results in chemokine receptor internalisation (Maffei e al 2009).
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This is thuught to serve as a negative feedback mechanism ro reduce migration and
thereby terminate accumulation of PBMCs in inflamed tissue. It is therefare possible
that an active lifestyle creates an environment of repeated short-lasting elevarions in
plasma chemokines that act over time to downregulate expression of their receprors
on PBMCs and restrict migration of these cells towards adipose rissue. However, this
potential mechanism needs to be explored furcher in humans.

Whether exercise acts to inhibit the release of chemokines from human adipose
tissue and in this way reduce macrophage infiltration is not clear. Cerrainly, evidence
from murine studies has shown thar obese mice deficient in the macrophage
chemokines MCP-1 and CXCL14 do not exhibit inflammatery responses such as
macrophage infiltration, increased rissue expression of IL-6 and insulin resistance
(Kanda er al 2006). However, while exercise training reduces macrophage infiltration
into adipose rissue in obese mice, it has litde effect on adipose rissue MCP-1 and
CXCL14 expression (Kawanishi er al 2010), perhaps suggesting that these chemokines
are not key to the exercise-induced restricrion of macrophage infileration of adipose
tissue. Findings in humans do not report any independent effect of 12 weeks of exercise
training on adipose tissue expression of MCP-1 (or MIP-1a, TNF-ct and IL-6), despite
falls in circularing concentrations of MCP-1 with exercise. Diet-induced weighe loss,
or weight loss in combinartion with exercise, were associated with non-significanc falls
in adipokine mRNA expression in adipose tissue and significant decreases in CD 14
expression in adipose tissue were only found with diet alone).

In mice, training is reported to decrease the tissue expression of intercellular
adhesion molecule-1 (ICAM-1) (Kawanishi e 2l 2010), the expression of which is
known to be increased in obesity in humans (Bosanskd er 2/ 2010). Furthermore,
antagonism of [CAM-1 in obese mice prevents macrophage infiltration into adipose
tissue (Chow er al 2005) and circulating ICAM-1 levels were reduced by six months
of progressive aerobic exercise training in people with type 2 diabetes without changes
in body mass and waist circumference (Zoppini er al 2006). Furcher studies in
humans are required to ascertain the role of exercise training on ICAM-1 in adipose
tissue bur [CAM-I might also play a role in the exercise-induced reduction of
mactophage infiltration into adipose rissue.

Macrophage activation has been defined into rwo separate polarisation states, M1
and M2 (Martinez et al 2008). The M1 macrophage produces TNF-a, IL-6 and
nitric oxide while the M2 macrophage produces anti-inflammatory cytokines and
arginase. Therefore, M1 macrophages induce a chronic inflammatory state and M2
macrophages subdue inflammation in adipose tissue. The inflammartion state of
adipose tissue also appears to be associated with a preferential recruitment of M1
macrophages and/or a phenorypic switch of macrophage polarisation in adipose tissue
towards the M1 phenotype. Therefore, it is possible that the attenuared inflammarory
state of adipose tissue associated with chronic exercise training occurs by both
suppression of macrophage infiltration and acceleration of phenotypic switching
from M1 to M2 macrophages. A study in mice fed a high-fac diet ro induce obesity
provided some evidence thar exercise training induces the phenorypic switching from
M1 to M2 macrophages in adipose tissue, as well as inhibiting M1 macrophage
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infiltration into adipose tissue (Kawanishi er al 2010), although studies in humans
are lacking.

l DOWNREGULATION OF TLR EXPRESSION

TLRs are highly conserved transmembrane proteins that play an important role in
the detection and recognition of microbial pathogens (described in more detail in
Chapter 2) and they can also be activated by endogenous danger signals of tissue
damage such as heat shock proteins (Kaisho and Akira 2006). The key product of
TLR signalling in antigen-presenting cells is the production of proinflammarory
cytokines and proteins and thus the TLR pathway plays an important role in
mediating whole body inflammation (Takeda et @l 2003). Following a prolonged
bourt of strenuous exercise the expression of TLRs 1, 2 and 4 on monocytes is
decreased for at least several hours (Lancaster et al 2005b; Gleeson er al 2006;
Oliveira and Gleeson 2010; Figure 12.8). Prolonged exercise also results in a

Figure 12.8 Effect of 2.5 hours of cycling ar 60% VO, max in temperate (20°C) conditions on monocyte Toll-like
recepror [ TLR) expression (dara from Oliveira and Gleeson 2010)
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decreased induction of MHC class 11, co-stimulatory molecules CD80 and CD86,
and cyrokines following stimulation with known TLR ligands (Lancaster et al
2005b). Whether this reduction in cell surface expression of TLRs is due a downreg-
ulation of TLR gene expression, a shedding of TLRs from the cell surface or
reinternalisation by the cell remains to be established.

Evidence is now emerging that TLRs may be involved in the link berween a
sedentary lifestyle, inflammacion and disease. Exercise training studies and cross-
sectional comparisons berween physically active and inactive subjects have shown a
reduced inflammatory response of blood monocytes to endotoxin stimulation in vitre
and a lowered TLR4 expression at both the cell surface and mRNA level in physically
active individuals (Flynn and McFarlin 2006; Gleeson er al. 2006; Figure 12.9),
which is associated with decreased inflammarory cyrokine production (Stewarr er al,
2005) and has been shown to occur in both young and elderly aduls (Figure 12.10).
Over the long term, a decrease in TLR expression may represent a beneficial effect
for health because it decreases the inflammarory capacity of leukocytes, thus altering
whole body chronic inflammarion and possibly reducing the risk of developing
chronic disease. The precise physiological stimulus mediating an exercise-induced
decrease in cell-surface TLR expression is not known; however, several possible signals
have been implicated including anti-inflammatory cytokines, stress hormones and
hear shock proteins (Gleeson er al 2006),

Figure 12.9 Effect of exercise rraining amd Toll-like recepior {TLR}4-mRMA and TLR4 expression, (A} A
longitudinal study of 9 weeks of resistance sraining in clderly women (data from Flynn er ol 2003). (B)
A cross-sectional study of trained and untrained elderly women; * = group difference (P = 0L05)
(daga from McFarlin er all 2004)
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Figure 12.10 Effects of moderate exercise training and age on monocyte Toll-like recepror (TLR)4 expression. Dan

are for old and young subjects before and after a | 2-week trmining intervention in the inactive groups
or maintained activiry level in the active groups: MFI = mean fluorescence intensiry; group difference
(< 0.05) (adapred from Stewarr e 2f 20035)
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There are two main populations of monocyres, classical (CD14++) and inflammatory
(CD14+CD16+), that differentially express cell-surface TLR4, with the inflam-
martory monocytes expressing 2.5 times more cell-surface TLR4 (Skinner er af 2005).
Despite constituting only ten per cent of the total monocyte population, inflam-
matory monocytes contribute significantly o the inflammatory potential of the
monocyte pool as a whole (Belge er 2l 2002). The circulating, inflammarory
monocyte percentage is elevated in people with rtheumaroid arthritis (Baeten er al
2000), cardiovascular disease (Schlitt e¢ 2/ 2004) and rype 2 diaberes (Guiletti e al.
2007) and it has been suggested thar inflammatory monocytes play a significant role
in the pathogenesis of several diseases linked o inflammation. Transient increases in
the inflammartory monocyte percentage after a single, acute bour of intense exercise
have been observed (Simpson er all 2009), followed by a rapid return to baseline
during recovery, but regular exercise appears to reduce the proportion of inflam-
matory monocytes in the circulation in the resting state. For example, a
cross-sectional comparison of healthy physically inactive elderly men and women
with an age-marched physically active group indicated that sedentary people have a
rwo-fold higher percentage of circulating, inflammatory monocytes (Timmerman ef
al 2008). Furthermore, just 12 weeks of regular exercise training significantly
reduced the percentage of inflammarory monecytes in the inactive group to the level
of the acrive group (Figure 12.11) and endotoxin-stimulated TNF-a producrion was
reduced significantly afeer the training intervention. Based on previous reports that
glucocorticoid therapy selectively depletes CD14+CD16+ monocytes (Fingerle-
Rowson er al. 1998), it is interesting to speculate thar exercise-induced transient
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Figure 12.11

Inflammatory monocyre subser (CD14+CD16+) percentage in physically active and sedentary subjects
before and after 12 weeks of exercise training (for sedentary subjects) or continued physical activiry (for
active subjects): * = baseline group effect (P < 0.05). 1 = significant group x time effect (P < 0.05)
{modified from Timmerman e of 2008)
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spikes in cortisol may have play a role in reducing CD14+CD 16+ monocytes with
exercise training.

Increased circulating numbers of regulatory T cells

e

CD4+CD25+ regulatory T cells specifically express the gene encoding forkhead/
winged helix transcription factor (Foxp3) (Sakaguchi 2005) and suppress immune
responses via cell contact-dependent mechanisms. Studies show that the depletion of
these cells causes autoimmune disease and enhances the immune response to foreign
antigens (Fernandez er #l 2008). Interestingly, one study showed thar a 12-week
programme of tai chi chuan exercise induced a significant increase in regulatory T
cells (Yeh er al 2006). Production of the regulatory T-cell mediators transforming
growth factor alpha (TGF-c) and IL-10 in response to specific antigen stimulation
(varicella zoster virus) was also significantly increased after this exercise programme.
Furthermore, a study of people with type 2 diaberes showed thar regular tai chi chuan
exercise altered the Th1/Th2/Treg balance by increasing Foxp3 buc not TGF-u
expression (Yeh et al 2009).

In a study that used a running mouse model, the responses of circulating
regulatory T cells to moderate and high intensity exercise training were examined.
Only the high-intensity training resulted in increases in regulatory T-cell numbers
and acrivation and was also associated with reduced proinflammartory and increased
anti-inflammarory cytokine expression (Wang er al. 2012). Intriguingly, the logical
conclusion from these findings is that high-intensity exercise training might be more
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beneficial than moderate intensity in reducing risk of chronic cardiovascular and
metabolic diseases via its anti-inflammatory effects. This notion is supported by
another study which showed that the combination of high-intensity aerobic plus
resistance exercise training, in addition to daily physical activiry, is required to achieve
a significant anti-inflammartory effect in people with type 2 diabetes (Balducci et al
2010).

Other factors

During acute exercise there is also a marked increase in growth hormone, prolactin,
hear shock proteins and other factors that have immunomodulatory effects (Pedersen
and Hoffman-Goerz 2000). Taken together, it appears that each bout of exercise
induces an anti-inflammatory environment. Various mechanisms can contribute to
this (Figure 12.7) and it seems likely that their relative importance will vary
dependent on the frequency, intensity and duration of the exercise performed.
Intuicively, we might expect IL-6 to assume greater relative importance when the
exercise is prolonged and glycogen-depleting, whereas catechola mine-mediated effects
are likely to assume greater importance with shorter duration, high intensiry exercise.

= EXERCISE IS MEDICINE
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In view of the anti-inflammarory effects of exercise described above and the role of
inflammartion in the pathogenesis of disease it is not surprising thar exercise is now
considered a prophylactic for preventing several major diseases as well as an effective
therapy for many conditions/diseases (Table 12.1). Perhaps the strongest evidence
for the role of exercise in disease prevention comes from randomised controlled trials
evaluating the effectiveness of lifestyle intervention in preventing rype 2 diabetes (for
a review see Gill and Cooper 2008). These studies have demonstrated conclusively
that lifestyle intervention (combined diet and exercise) is effective in preventing rype
2 diabetes in groups of individuals who are at high risk of the disease by virtue of
having impaired fasting glucose and/or impaired glucose tolerance, as well as being
overweight or obese. A limitation of these studies is that they did not isolate the
independent effects of exercise and diet in preventing rype 2 diabetes but the
effectiveness of exercise is supported by the finding in the Finnish Diabetes
Prevention Study (Tuomilehto er @l 2001) that, among those in the intervention
group who did not reach the goal of losing five per cent of their initial body mass but
who achieved the goal of exercising for more than four hours per week, the odds
ratio of diaberes was 0.2 (i.e. 80% lower) than in intervention participants who
remained sedentary. Thus, although more needs to be learnt about the role of exercise
in preventing type 2 diabetes, it is clear thar exercise makes a valuable contribution
to an overall lifestyle package for preventing this disease.

In addition, exercise appears to have major benefits for the treatment of rype 2
diaberes. The findings of one non-randomised study (the Malmé Feasibilicy Study)
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showed that 54% of participants with early stage rype 2 diabetes were in remission
by the end of a five-year diet and exercise intervention (Eriksson and Lingirde 1991).
Moreover, prospective observational studies indicate chat high levels of physical
activity and/eor physical fitness are effective in reducing the risk of cardiovascular
disease and/or all-cause mortality and there is evidence implicating inflammation in
the pathogenesis of type 2 diabetes (Mathis and Shoelson 2011) and it is cherefore
likely that the therapeutic benefits of exercise for those with type 2 diabetes are due,
at least in part, to the well established anti-inflammatory effects of regular exercise
(Kasapis and Thompson 2005).

Aside from its role in preventing and treating type 2 diabetes, there is good
evidence that exercise is effective in preventing several other major diseases partic-
ularly cardiovascular disease (Tanasescu er al 2002), breast cancer (Eliassen e al
2010) and colon cancer (Wolin et al 2011) and there is some evidence to support a
role of exercise in preventing dementia (Abbot e al 2004). Moreover, while exercise
should not be considered a panacea, there is evidence to support a role for exercise
as a therapy for many diseases/condirions beyond those mentioned above, including
chronic obstructive pulmonary disease, chronic kidney disease, asthma and
osteoporosis (see Pedersen and Saltin 2006, for a comprehensive review).

E THE ELITE ATHLETE PARADOX

As discussed in Chapter 1, although regular moderate intensity exercise is associated
with a reduced incidence of URTI compared with a completely sedentary state, the
long hours of hard training thar elite achletes undertake appears to make them more
susceprible to URTs. This is alsc likely atcributable to the anti-inflaimmartory effects
of exercise inducing a degree of immunodepression, An increased risk of minor
infections may be the (small) price to be paid for the long-term health benefits of
regular exercise at high dosage.

A murine study indicated that intensive exercise training results in an increased
anti-inflammatory cytokine ([L-10) response to antigen exposure (Wang et 2l 2012)
and a study on human endurance athletes revealed thar those who were illness-prone
during a four-month period of winter training had four-fold higher 1L-10 production
by antigen-stimulated whole blood culture compared with athletes who remained
illness-free during the same period (Gleeson er al 2012b). There is now extensive
evidence from both murine and human studies that IL-10 production usually
imposes some limits on the effectiveness of anti-pathogen immune responses,
especially innate immuniry and adaptive Th1 responses. These studies suggest thar
very high training loads induce a large enough ant-inflammatory state to increase the
risk of picking up minor infections.
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KEY POINTS
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Exercise results in an increase in the circulating and tissue levels of numerous
cyrokines,

Exercise is capable of suppressing the production of specific cytokines from
stimulated monocytes and T lymphocytes. Th1 cyrokines are more affected than
Th2 cyrokines and exercise induces a decrease in the percentage of rype-1 T cells
with the possible consequence of a weakening of cell-mediared immune responses
and increased susceptibility to viral infection.

Release of IL-6 from contracting muscle appears to be the main source of the
elevated plasma IL-6 concentration during exercise. The brain also releases IL-6
during exercise, whereas there is a net uprake of circulating IL-6 by the liver.
Muscle damage is not primarily responsible for the elevated concentration of
cytokines in the plasma during exercise. However, the production and/or release
of some cytokines (notably [L-6) are increased when muscle glycogen content is
depleted.

IL-6 appears to act in a hormone-like manner and is involved in increasing
substrate mobilisation (release of glucose from the liver and farry acids from adipose
tissue) during prolonged exercise. IL-6 also induces secretion of corrisol, IL-1ra, IL-
10 and C-reactive protein and so has generally anti-inflammatory effects.
Regular exercise reduces the risk of chronic merabolic and cardiorespiratory
diseases, in part because exercise exerts anti-inflammartory effects.

The anti-inflammarory effect of regular exercise may be mediated via both a
reduction in visceral far mass (with a subsequent decreased release of adipokines)
and the induction of an anti-inflammartory environment with each bout of
exercise,

Various mechanisms may contribute to the anti-inflammarory effects of exercise
including increased release of IL-6 from working skeletal muscle, increased release
of cortisol and adrenaline from the adrenal glands, reduced expression of TLRs
on monocytes/macrophages, inhibition of monocyte/macrophage infiltration into
adipose tissue, phenorypic switching of macrophages within adipose tissue, a
reduction in the circulating numbers of proinflaimmarory monocytes and an
increase the circulating numbers of regulatory T cells.

At present, we do not know whar the relative importance of the different anti-
inflammartory mechanisms that have thus far been identified are, although it seems
likely thac this will depend on the modes, frequencies, intensities and durations
of exercise performed.

The anti-inflammatory effects of exercise are also likely to be responsible for
depressed immuniry that makes the elite athlete more susceprible to commen
infections.

High training loads may be needed to increase circulating numbers of regulatery

T cells and maximise the anti-inflammatory effect but possibly at the cost of a
small increase in infection risk.
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13 Exercise, infection risk, immune
function and inflammation in
special populations

Nicolette C. Bishop

n LEARNING OBJECTIVES

understand the differences in immunity and immune response to exercise between
males and females;

recognise the importance of the relationship berween exercise, immune function
and infection risk in populations who may be immune-compromised;

identify the effects of moderate intensity training programmes on immuniry and
risk of upper respiratory tract infection (URTI) in older people;

understand the current view of the relationship berween of acure and regular
exercise and the effect on disease progression in people with human immunode-
ficiency virus (HIV);

appreciate the relationship between exercise, immune funcrion and inflammation
in individuals with chronic conditions such as diabetes, chronic kidney disease,
certain cancers and spinal cord injury;

appreciate the potential clinical applications of exercise immunology and key
future directions in exercise immunology.

E INTRODUCTION
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Much of the published exercise immunology research has focused on the effect of
exercise on risk of URTI and immune function in athletic populations or in
individuals who are involved in regular habitual exercise. In the majoricy of cases,
the participants in these studies have been relatively young and free from long-term
illness. However, the field of exercise immunology has applications in a far wider
setting, particularly to those who may be immune compromised owing to disease,
poor health or the effects of ageing. Furthermore, as we shall see in the next section,
males and females display noticeable differences in immunity and in the immune
response to exercise stress. It is important that we acknowledge sex differences in
immuniry particularly when exercise is employed as a non-pharmacological
intervention in clinical sertings.
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X DIFFERENCES IN IMMUNITY AND THE IMMUNE RESPONSE TO
EXERCISE

It is probably true to say that there is an anecdotal view among many women that
some men are guilty of exaggerating symptoms of infections and illness. In all
seriousness, differences berween the sexes in immunity do suggest thar men are indeed
more susceprible to certain illnesses. Sex-based differences in immunicy exist in both
the innate and acquired arms of the immune system and these contribute to
differences in the pathogenesis of infectious diseases in males and females (Pennell ez
al 2012). Females tend to suffer fewer bacterial, viral and parasitic infections, ar least
unril the menopause, but have a higher incidence of autcimmune diseases, including
rheumaroid archritis and multiple sclerosis (Pennell et 2l 2012).

Sex differences in immunity

Ar this stage it is probably worth clarifying the rerm “sex differences” as opposed to
‘gender differences’. In the medical field, sex differences are defined as biclogically
conditioned dissimilarities becween males and females, whereas gender differences
rake into account psychosocial, culwural and econemic factors (Holderoft 2007). In
the context of this chapter, we focus on the basic differences berween males and
females in immune functions and, as such, these are ‘sex differences’.

Generally, females respond to pathogens with a stronger innate and acquired
immune response; this results in faster recognition and destruction of pathogens but
also contributes to the greater prevalence of autoimmune diseases in females
compared with males. The reasons for these differences, as with most biological
differences, appear to be largely related to both hormonal and genetic influences.
Broadly speaking, the female steroid hormone estrogen exerts profound effects via
estrogen receprors present on macrophages, natural killer (NK) cells and T and B
lymphocytes. For example, elevations in estrogen regulate T helper lymphocyte (Th)1
and Th2 responses in a bi-phasic manner during the menstrual cycle, wich Thl
responses heighrened during menstruation and the lureal phase when oestrogen levels
are low and Th2 responses heightened during the follicular phase when estrogen
levels are elevated (Pennell er al 2012). Numbers of circulating T-regulatory (Treg)
cells also flucruate with the menstrual cycle, tending to be higher in the follicular
phase (when escrogen levels are high) and lower in the luteal phase (Arruvtio er al
2007). Estrogen also increases B cell immunoglobulin (Ig) production (Oerrelt-
Prigione 2012). In contrast, progesterone generally appears to decrease immune
function, although it may enhance neutrophil chemoraxis (which is inhibited by
estrogen) (Miyagi ef al 1992). The male sex hormone testosterone appears to either
have little effect, or decreases immune function. In particular, testosterone inhibits
B cell IgG and IgM production via inhibition of interleukin (IL)-6 production by
monocytes (Oertelt-Prigione 2012).

The presence of the additienal X chromosome in females is a further important
influencing factor in the sex differences in immune function. The X chromosome has
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approximately 1,000 genes, many of which are responsible for immune funcrion
(Fish 2008). However, it is only relatively recently that investigations in this area have
started and many of the polymorphisms found ro date relate to auroimmune diseases.
Given that most genes relevant to immune responses are present on the autosomes
(i.e. the other 22 pairs of chromosomes), sexual dimorphisms here also need 1o be
determined.

Sex differences and the immune response to exercise

320

Studies comparing the responses of various aspects of immune funetion in human
males and females in response to acute exercise are limited in number. However, most
suggest that the response is similar berween the sexes (as reviewed in Gillum er ol
2011). Importantly however, very few of these have controlled for menstrual phase
and oral contraceptive use. When these facrors are taken into account, marked
differences in the immune response to acure exercise stress are suggested. For example,
circulating cytokine levels and stimulated whole-blood cytokine production did not
differ berween men and women after intensive exercise (Nieman er gf 2001a; Moyna
et al. 199Ga) when menstrual phase was not conrrolled for. In contrast, when
controlling for menstrual phase and oral contraceptive use, a one-hour run ar greater
than 90% of the individual’s anaerobic threshold was associated with differences in
expression of pro- and anti-inflammatory genes berween menstrual phases and
berween the sexes. In parricular, expression of IL-6 at the transeriptional level was
lower in women in the luteal phase and higher in the follicular phase (MNorthoff eral
2008). The leukocyrosis of exercise also appears to be influenced by menstrual phase
and oral contraceptive use. After 90 minutes cycling at 65% of maximal aerobic
power, numbers of circulating neutrophils, monocytes and lymphocytes were higher
during the luteal phase than the follicular phase in those using oral contraceprives and
also greater than the responses in men (Timmons er al. 2005; Figure 13.1).
Information on any sex differences in immune variables and infection incidence
in the athleric population is scarce. However, a study of 80 endurance athletes found
lower saliva flow rates, salivary secretory immunoglobulin A (SIgA) concentration,
SlgA secrerion rates, B cell and NK cell numbers in the female compared with the
male athletes (Gleeson er all 2011c). Female athletes also tended o have higher Toll-
like recepror (TLR)-4 expression. These differences had no effect on infection
incidence, duration and symprom severity, which was similar berween the sexes.
There were also no differences in plasma levels of IgA, 1gG and IgM, toral numbers
of leukocytes, neutrophil, moneocyte and lymphocytes and whole blood stimulated
cytokine production in response to multi-antigen stimulation berween the sexes. The
lower IgA responses are in contrast to the usual sex associated differences in immune
function, particularly as estrogen is known o enhance B cell immunoglobulin
production. However, lower SIgA levels have been previously reported in elite female
swimmers compared with their male counterparts (Gleeson er al. 1999a). The
findings may suggest a greater effect of training on humoral immune functions (B
cells and immunoglobulin production) in women than men although further research
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Figure 13.1 Change in immune cell counts immediarely afrer exercise in men and women during wo phases of the
menstrual eyele; OC = oral contraceprive, NOC = no oral contraceptive, Lut = luteal phase, Fol =
follicular phase; * significantly different from all others (2 < 0,05), ** significantly different from OC,
Fol and men (P < 0.05) (data from Timmons «¢ al. 2005)
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is needed to confirm this. Although menstrual phase and oral contraceprive use was
not determined here, previous data suggest that menstrual cycle phase has lictle effect
on resting SIgA responses in endurance trained female athletes (Burrows er al 2002).

Summary of the sex differences in immune function

l There are marked differences in immune function between men and women, with
women demonstrating heightened innate and acquired immune responses thar
reduced their susceptibility to infections but may also increase their risk of
autoimmune diseases. The literature relating to sex differences and the immune
response to exercise is limited, largely because very few studies have controlled for the
menstrual cycle and oral contraceptive use. Where these factors have been taken into
account some quite marked differences in immune responses across the menstrual
cycle and berween the sexes have been reported.

ﬂ EXERCISE, IMMUNE FUNCTION AND THE ELDERLY

Ageing is accompanied by a progressive decline in the functional integrity of the
immune system resulting in the increased suscepribilicy of older people to infections
and poorer responses to infection (Simpson ef al 2012). This state of ‘immunose-
nescence’ appears to be related to several factors over a liferime, including
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accumulated exposure to external pathogens, persistent viral infections, neuroen-
docrine factors and increased free radical production (Simpson e al 2012; Woods
et al 2002). Some researchers also refer to the state of the ageing immune system as
‘dysregulated’, rather than simply reduced or depressed, as a reference to the view
that although most aspects of immune function decline with ageing, some aspects are
maintained and some aspects increase (Woods et al, 2002).

Innate immune responses that decline with ageing include NK cell cyrotoxiciry
(although the proportion of NK cells in the circulation increases (Brunsgaard and
Pedersen 2000)), neutrophil phagocytosis and chemortaxis and monocyte activation,
particularly in relation to TLR expression and signalling (Simpson ef al 2012). The
decline in function of several components of acquired immuniry has been tound to
predict future moreality; together these are termed the ‘immune risk profile’ and are
considered to be prognostic immunological biomarkers in humans (Simpson er al
2012). Markers of the immune risk profile include an inverted CD4+ : CDE&+ rario,
impaired T-cell proliferative responses to antigens and the production of, and respon-
siveness to, [L-2, a decline in numbers of naive T cells (related to the atmphicd
thymus) and an increase in the number of memory T cells; these latter twe factors
inhibit immune responses to novel pathogens, increasing the risk of infectious
diseases. This is particularly important when you consider that the viruses which
cause common respiratory infections, such as rhinovirus, respiratory syncytial virus
and influenza, constantly evolve. This means they are less likely to be recognised by
an immune system with a substantially limited T-cell repertoire, leading to an
increased mortality rate from these infections and associated complications in older
people.

Participation in physical activity is encouraged in older people because it is
associated with improved muscle function and with the prevention of such age-
associated diseases as rype 2 diabetes, osteoporosis, atherosclerosis, peripheral vascular
disease and hypertension (Bruunsgaard and Pedersen 2000). Given the decline in
many aspects of immune-cell function with ageing, it might be expected that the
magnitude of any changes in immune measures following acute exercise is different
berween older and younger people. Furthermore, ﬂ:gu!ar participation in maoderate
intensity exercise is associated with a lower than average risk of upper respiratory
tract infections (as described in Chaprer 1) and may enhance some aspects of immune
function. Therefore, it is possible that that regular parcicipation in moderate exercise
training programmes may positively influence immune funcrion in older people.

Acute exercise and immune function in older people
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Few studies have investigated the effect of an acute bout of exercise on immune
function in elderly people and these studies have largely concentrated on graded
exercise to volitional exhaustion. For example, Ceddia er @/ (1999) found that a bout
of incremental treadmill exercise to fatigue resulted in a significant leukocytosis in
previously sedentary older (mean age of 65 years) and younger (mean age of 22 years)
subjects, although the magnitude of the leukocyrosis was smaller and persisted for
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longer in the older subjects. Elevations in numbers of circulating neutrophils were
observed after exercise in both the older and younger subjects buc the magnitude of
these changes was again much smaller in the older group. Similar responses were
observed for both monocytes and rotal lymphocytes. OF course, the time to fatigue
and absolute work rate ar fatigue were markedly lower in the older subjects, which
may in part account for the smaller leukocytosis. However, the number of T
lymphocytes increased by approximarely 50% following exercise in both the older
and younger subjects and there was no significant difference berween the groups in
terms of the number of CD4+ and CD8+ cells recruited into the circularion ar chis
time. Similar findings were reported by Brunsgaard ez al (1999), following a bour of
maximal cycling exercise in a group of elderly (76-80 years) and younger (19-31
years) subjects; the elderly group demonstrated a leukocytosis of smaller magnitude
than the younger group but recruited similar numbers of T lymphocytes. This
relationship also persists at more moderate exercise intensities; Mazzeo et 2l (1998)
found rhat 20 minutes of cycling at 50% of peak work capacity was associated with
a 15% increase in number of toral leukocytes in a group of older men (mean age of
69 years) compared with a 33% increase in a group of younger men (mean age of 26
years) with increases of similar magnirude in numbers of CD4+ and CD8+ cells in
both groups. These studies suggest thar the abilicy ro recruit T lymphocytes into the
circulation in response to exercise is maintained with ageing, although neutrophil
and monocyte mobilisation may be blunted in older subjects.

In the study of Mazzeo et al. (1998), resting T-cell proliferative responses following
stimulation with the mitogen phytohemagglucinin (PHA) were significancly lower in
the old compared with the younger subjects. Following the moderate exercise
protocal, there was a significant increase (55%) in T-cell responsiveness compared
with pre-exercise in the younger subjects bur values did not significantly change in
the elderly subjects. Similar findings are reported in response to graded exercise o
exhaustion (Ceddia er al 1999). These findings suggest thar, in older individuals,
the effects of exercise intensity on lymphocyte proliferation are attenuated, perhaps
owing to the age-related decline in resting T-cell responsiveness.

The recruitment and function of NK cells in response to acute bouts of exercise
appears to be maintained with ageing. Fiatarone er al (1989) found that graded cycle
exercise to volitional farigue in older (mean age of 71 years) and younger (mean age
of 30 years) women resulted in similar increases in NK-cell numbers and in MK-cell
cytotoxic activity between the rwo groups. Resting numbers of NK cells and funerion
were also similar berween the older and younger women. In agreement with this,
Mazzeo et al (1998) reported similar numbers of NK cells at rest and following 20
minutes of cycling at 50% of peak work capacity berween younger and older subjects.

These studies provide information on the response of an aging immune system to
an acute stressor, namely a single bout of exercise. However, they do not provide
information regarding the influence of regular exercise on immune function in older
people. This is perhaps of greater relevance to the longer-term health and wellbeing
of our ageing population.
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Exercise training and immune function in older people

The effect of exercise training on immune function in older people has been
investigated in both cross-sectional (a comparison of active older people with

sedentary older people) and longitudinal (a period of exercise training in previously
sedentary older people) studies.

Immune function differences between older active and older
sedentary individuals

Early work by Nieman ez af. (1993a) compared resting T-cell proliferative responses
to mitogen and resting MK-cell acrivity in a group of 12 highly accive older women,
aged berween 65 and 84 years, with a group of 32 sedentary older women of similar
age. Resting NK and T cell numbers were similar berween the two groups but NK
cell activity and T cell proliferative responses to PHA were 54% and 56% higher,
respectively, in the active older women compared with their sedentary counterparts
(Figure 13.2). Shinkai er 2l (1995) also report higher (44%) T-cell proliferarive
responses to PHA in a group of active older men (with an average age of 63 years)
compared with that of similarly aged sedentary men, despite similar numbers of
lymphocytes and lymphocyte subsets berween the groups. However, in contrast to
Nieman et al (1993a), NK-cell activity was similar berween the older conditioned
men and their sedentary counterparts. Sex differences in NK cell cytoxicity and/for
intensity of the regular training in which the conditioned groups participated may
be reasons for the discrepancy between these rwo studies. In the study of Shinkai ef
al. (1995), the men were recreational runners who exercised on average for just under
one hour, five days a week for around 17 years, compared with the women in the
study of Nieman er al. (1993a), who reported exercising on average for 1.6 hours
every day for the previous 11 years.

Figure 13.2 Comparison of natural killer (ME) eell aceivity and phyrohaemagglutinin-stimulated lymphoeyte

proliferative responses in highly conditioned and sedentary older women; = < 0.01 beeween the highly
conditioned older women and the sedentary women (dara from Nieman er 2f 1993)
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The decrease in numbers of naive T cells with ageing is a crucial factor in reduced
pathogen recognition and subsequent infection. However, this effect of ageing may
be attenuated in fitter individuals. Spielmann eral (2011) grouped 102 healthy men
aged 18-61 years into tertiles according to their age-adjusted maximal oxygen uprake
and found thart aerobic fitness was positively related to the proportion of circulating
naive CD8+ T cells and negatively related to the proportion of ‘exhausted’ or
senescent CDM+ and CD8+ T cells (i.e. T cells thae have undergone many cycles of
proliferation in response to antigen and are less able to respond). This relationship
was apparent even after adjusting for body mass index, percentage body far and lacent
herpes infections, such as cytomegalovirus and Epstein-Barr virus. These common
viruses are thought to advance immunosenescence, owing to the chronic antigenic
load in places on the T-cell compartment (Simpson er all 2012).

Fewer studies have focused on differences in neutrophil function berween
seclentary and trained older people. Yan ef al (2001) compared recreationally active
older men (with an average age of 65 years) with a group of age-marched sedentary
males. The active men had exercised at least twice 2 week for a minimum of one hour
for more than three years. Resting neutrophil counts were similar berween the
sedentary and active older men, yet neutrophil phagocytic activity was significandly
lower in the sedentary group. Furthermore, when compared with a group of younger
men (aged berween 20 and 39 years) neurrophil phagocytic activity was lower in the
older sedentary men, yer was similar berween the older active men and their younger
active and inactive counterpars, perhaps suggesting that long-term activity may help
to maintain neutrophil function with advancing age (Figure 13.3). This effect of
exercise could have particularly important applications for bacterial infections and
also wound healing, where neutrophil migrarion plays a key role as pare of the inflam-
matory response (o rissue injury.

Figure 13.3 Newtrophil amtibacrerial activity in young compared with older aceive and sedenrary men: * significandy
lower than all ather groups, < 0.05 (dara from Yan e ol 2001}
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It is important to acknowledge that, unless controlled for, other lifestyle factors
may influence the results of cross-sectional studies, particularly since it has been
shown that many decreases in immune cell function that were previously atcributed
to the ageing process are actually linked to other facrors such as poor nuritional
status or an ongoing disease thar is nor clinically apparent (Lesourd er 2/ 2002).
Individuals who have been active for a number of years are perhaps more likely 10
have followed a round ‘healthier’ lifestyle, yer simple cross-sectional comparisons
cannot separate the specific impact that exercise training may exert on immune
function from that of nutritional habits, smoking habits, genetics, psychological well-
being and socio-economic status.

Regular exercise and immune function in older people
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One method that can be employed to determine whether exercise training itself can
impact on immune function is to look at immune function before and after a period
of training in previously sedentary individuals (longitudinal studies). In this way,
some of the lifestyle factors that may potentially influence immunosenescence can be
controlled for, for example by recruiting non-smoking subjects who are free from
chronic illness and collecting data concerning nurritional habits and psychosocial
factors. On the other hand, we may be selecting the healthiest participants who may
or may not be those who would benefit most from regular activity.

Following the cross-sectional comparison of older active and sedentary women,
Mieman ez al (1993a) also looked at the effect of a supervised 12-week training
programme on immune measures in 30 of the sedentary women. The women were
divided into two further groups; each group exercised for 30-40 minutes, five days
per week, with one group walking at 60% of heart rate reserve and the other group
participating in sessions of callisthenies (light exercise involving muscular strength
and flexibility work) ever the same period. At the end of the training programme,
?D:mu increased b}" a]most 13% in the wnlk_ing group bu: wWias unchangcd in the
callisthenics group. However, NK-cell activity and PHA-stimulated lymphocyte
Pl'ﬂlif'éi‘a!iﬂl'l did not differ berween che groups at the end of the (rain'mE pcrith:l.
suggesting thar 12 weeks of moderate-intensity acrobic training was not sufficient
stimulus to improve immune function in this group (Figure 13.4). Interestingly,
despite the lack of differences in immune cell function berween the training groups,
the incidence of symproms suggesting URTI over the 12 weeks was lower in the
walking group (occurring in three of the 14 women) compared with the callisthenics
group (occurring in eight of the 16 women) and only one of the highly conditioned
older women experienced symptoms of URTI during the same period.

Woods et al (1999) derermined the effect of exercising for 40 minutes ar 60-65%
VIO, max, three times per week over a period of six months in a group of older men
and women with an average age of 65 years. A comparison group of age-matched
subjects performed flexibiliny/toning exercise for the same duration and frequency.
Ar the end of the training period, there were no differences in toral and differential
leukocyte counts or in lymphocyte subpopulations between groups. In agreement
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Figure 13.4 Mawral killer cell cytoronic activity (MKCA) {A) and phywohaemagglutinin-stimulaced lymphocyte
prulifcmr':w: responses (B) in sr.:h:n::lrlv older women before and after participation in a | 2eweek training
programme of cither moderate intensity walking or callisthenics. Dashed lines indicate corresponding
levels in a group of women of similar age who had been highly active for a period of years (data from
Mieman erall 1993a)
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with Nieman et al (1993a), no significant changes in NK-cell activity were reported,
although the exercise group tended to show an increased proliferative response to
stimularion with the mitegen concanavalin A (Con A). Taken together, these findings
suggest thar short-term moderate intensity aerobic training does not result in major
changes in immune function in previously sedentary older people.

Fahlman er al (2000) suggested that, rather than enhancing immune function,
short-term exercise may simply help to prevent seasonal falls in immune cell
measures. A ten-week training programme in which active (but not specifically
trained) elderly women with an average age of 76 years walked for 50 minutes, three
days each week at 70% heart rate reserve had no effect on resting NK-cell activity.
However, at the end of the training period, resting NK-cell activity was decreased in
a group of age-marched active but non-exercising women compared with pre-study
values. The study was carried out over the winter months and this fall is in accordance
with seasonal variations in cellular immune function. Therefore, these findings may
suggest that rather than enhancing NK-cell function, endurance craining in older
people might help to maintain levels of NK-cell funcrion. However, although a
seasonal decline in NK-cell activity was also observed in the study of Nieman et al.
(1993a), the magnitude of the decline was similar berween the walking and callis-
thenics groups. Perhaps this again suggests that exercise intensity is a critical facror
in determining any impact on immune function in older people since the elderly
women in Mieman e al’s (1993a) study rrained ar G0% hearr rate reserve compared
with 70% heart rate reserve in the study of Fahlman er al (2000).
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In addition to aerobic exercise, strength training is also advocated in the older
population to prevent osteoporosis and increase ability to perform daily tasks (such
as gerring up from a chair) and increase capaciry for independent living. However, this
resistance training programmes also appears to have negligible effect on measures of
immune function. Flynn ef al (1999) examined the effects of lower body resistance
training performed three times per week over a ten-week period in women aged
G784 years, compared with a group of similarly aged women whe did not perform
the resistance exercise. Training increased muscle strength bur did not affect
phenotypes of circulating lymphocytes, Con A-stimulated lymphocyte proliferation
and NK-cell cytotoxiciry. A longer duration of resistance training gave similar resulis;
a 12-month programme in 42 clinically healthy 6077 years olds increased strength
compared with the controls, with little effect on circulating immune cell phenotypes,
T-cell proliferation and NK-cell gyrotonicity (Raso et al 2007). One study does report
increases in response to a combined resistance and endurance training programme in
28 men and women aged 61-76 years (Shimizu er al 2008). After completing five
sessions per week of resistance exercise and 30 minutes of moderate-vigorous
endurance exercise over six months, both numbers and proportions of anti-viral
(interferon-y+) CD4+ cells compared with age-matched non-exercising controls.

Exercise training and vaccine efficacy in older adults

C
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The antibody response to vaccination can essentially be viewed as the ‘end point’ of
the immune response to antigenic challenge. In this way, it may be a better reflection
of the capacity of the whole immune system to respond to a challenge than specific
#n vitro measures. Importantly for the older population, the efficacy of the antibody
response to vaccination decreases with age, most likely because of age-relared declines
in immune function. For example, it is estimated char current vaccines are 70-90%
effective in young adults, but only 17-53% effective in older adults (Goodwin er al
2006). This is of particular relevance when you consider thar influenza is one of the
major causes of death in the over-65 age group and annual vaccination against the
current strain is most effective means of protecting against infection in the older
population (Simpson ef 2l 2012).

A number of researchers have made attempts to improve the antibody response o
influenza vaccine, for example using nutritional supplementation and, more recently,
moderare exercise (Kohuc er ol 2002, 2004; Woods er al 2009). In a cross-sectional
study, Kohurt er al (2002) found a positive association berween self-reported physical
activiry levels and the antibody response to influenza vaccine in older adults. Those
who reported participating in at least 20 minutes of vigorous exercise three or more
times per week had higher responses than less active and sedentary older adults.
However, it may be that those who chose to exercise regularly were in better health
and as such may have had a more robust immune system, which would have
influenced the findings. To address this Kohur e . (2004) investigated che effect of
a ten-month moderate intensity exercise training programme in 14 adules aged 64
years and over. The training programme involved exercising at 65-75% of heart rate
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reserve for 25-30 minutes on three days each week and responses were compared
with an aged-matched group of non-exercising controls. All subjects were vaccinated
with the crivalent (three strains) influenza vaccine before and after che exercise
training. At the end of the training period, the exercise group significantly improved
their performance in a six-minute walking distance test whereas performance in the
control group was unchanged. Importantly, the magnitude of the antibody response
to influenza vaccine (adjusted to rake gender and differences in dier into account) was
greater in the exercise group. Since the exercise intensity used in this stcudy was
65-75% of hearr rare reserve, these findings also lend support to the suggestion that
exercise training needs to be of a higher intensity (greater than 60% heart-race reserve)
for any benefit on immune function to be detectable. This relationship was not
apparent when the antibody response to the pre-training influenza vaccination was
determined after the first eight weeks of exercise. This may suggest chat exercise
training programmes need to be performed for a period of several months before any
benefit for immune function is evident.

To establish whether exercise can influence influenza vaccine efficiency over a
period of several months (i.c. to reflect the need for protection across the whole
autumn and winter season) Woods er al (2009) assigned 144 inactive elderly women
with an average age of 70 to a ten-month cardiovascular or flexibility exercise training
programme. The women were vaccinated against influenza afrer four months of
training and then continued exercising for the next six months. The proportion of
women who had levels of antibody above the threshold for protection after six
months was higher in the cardiovascular group than the flexibilicy group (Figure
13.5). These findings suggest thar cardiovascular training can help to increase the
duration of protection against influenza.

Summary of effects of ageing on immune responses to exercise

¥

Ageing is associated with immunosenescence; a progressive decline of immune
function. This is related to the increased morbidicy and mortality from infectious
causes in the older popularion. Exercise is advocated in the prevention of a number
of cardiovascular and merabolic diseases associated with ageing bue it is known that
exercise can exert profound effects on immune function and as such exercise needs
to be carefully prescribed in older people to avoid any negative impact on an already
compromised immune system. In response to acute exercise, older people
demonstrate a smaller leukocytosis than younger people that mainly reflects an
attenuation of neutrophil mobilisation since recruitment of lymphocyte subpopu-
lations is similar berween older and younger subjects. In response to acure exercise
of both moderate and maximal intensity, mitogen-stimulated lymphocyte prolif-
erative responses are attenuated in older subjects, whereas NK-cell function appears
to be preserved with ageing. Regular participation in exercise training over a period
of several years is associated with enhaneced measures of several innate and acquired
immune functions compared with that of sedentary older people. However, shorter-
term (up ro one year) moderate intensity exercise training (both aerobic and
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Figure 13.5 Regular exercise and long-lasting vaccine efficiency in elder women. The proportion of women who had

levels of antibody abave the threshold for protection 24 weeks afrer vaccination with H1M1 and H3N3
variants of influenza virus was higher in the cardiovascular group (CARDIO) than the fexibility group
(FLEX); " signiﬁ:a.nt difference berween groups, < 0.05 {data from Woods e ol 2009)
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resistance) in previously sedentary clinically healthy older people does not result in
a restoration of resting immune measures to the levels observed in highly conditioned
older people, although it is associated with increased vaccine efficacy. However, it
should be acknowledged that exclusion criteria for these studies may mean that
participants are those with the most robust immune systems and greatest benefits of

exercise may be more apparent in older people who are more immune compromised
or who are considered to have the immune risk profile.

n EXERCISE, IMMUNE FUNCTION AND HIV-SEROPOSITIVE INDIVIDUALS
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HIV is a retrovirus that preferentially targets CD4+ cell surface molecules and
accordingly leaves T helper cells as the major target for infecrion. Macrophages and
microglia also express low densities of CD4 which making these cells an additional
target for HIV. Transmission of HIV is usually through blood or semen containing
HIV-1 or the related virus HIV-2. HIV isa rype of virus known as a "retrovirus, which
has a nucleic acid core of RNA rather than DNA. Retroviruses contain an enzyme
‘reverse transcriptase’ that allows the virus's RNA to be transcribed into DINA and
integrated into the rarger cell’s genetic material, where it may remain dormant for
long periods. Stimulation of infected cells activates HIV replication within the cell,
killing the cell directly and also indirectly via the body’s normal immune response to
attack. The continual killing of large numbers of T helper cells by the rapidly
replicating HIV virus is matched by the formation of new cells for a number of years
after infecrion. As a result, the number of T helper cells remains normal (approximarely
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1,000 cells/pL blood) and individual remains free from symptoms and often unaware
of thar they are infected. Nevertheless, the CD4+ count can fall if che effects of the
virus outweigh the body's capaciry to produce new cells and given the pivoral role of
T helper cells in orchestrating the acquired immune response, as described in Chaprer
2, it is not surprising that as numbers of T helper cells fall, cytotoxic T cells and B cells
will ne longer function properly. When CD4+ T cell numbers fall to below 200
cells/ul che individual is considered to have the acquired immune deficiency
syndrome (AIDS) and the risk of death from pulmonary infections and cancers that
would ordinarily be handled by a healchy immune system is high.

However, HIV infection is no longer considered to be a necessarily life-threatening
illness. Increased availability and efficacy of anriretroviral medicines has turned HIV
into a chronic and manageable disease for many (O'Brien eral 2010). Anti-retroviral
therapy involves trearment of the HIV infection with drugs thar act to inhibit the
action of reverse transcriptase and act to prevent the assembly of new HIV. This
therapy aims to slow down the progression of the infection by reducing the number
of virus copies within the body (viral load). While aniretroviral therapy has
significant benefits in terms of disease stability, it also is associated with the
development of several metabolic complications including increased central adiposity,
diabetes, dyslipidaemia and osteoporosis. The transition of HIV infection from life-
threatening to manageable chroniciry (and therefore life expectancy) has therefore
been followed by an increased prevalence of health-related issues related to HIV
infection (e.g. muscle weakness and wasting, anxiery and depression) and the
metabolic side-effects of its treatment.

Aerobic and resistance exercise training programmes have been used ro trear
physiological symproms associated with HIV infection, such as muscle weakness and
wasting, Exercise has also been successfully used to treat anxiety and depression in
HIV-infected individuals (O'Brien e al. 2010). However, HIV is a disease of the
immune system and, given the relationship berween exercise and immune function,
there is concern that these exercise programmes, while enhancing cardiovascular
fitness and psychological well-being, could also have an adverse effect on an already

mmpmmis:d immune system.

Acute exercise, immune function and HIV

i

Few studies have investigated the effect of acute exercise on immune funetion in
HIV-infected individuals, Ullum er al (1994b) compared measures of immune
function in eight asympromatic males with HIV with those of eight healthy control
subjects of the same gender and age following one hour of cycle ergomertry at 75%
VO, max. The healthy individuals had significantly higher CD4+ counts at rest and
in response to the exercise compared with the males with HIV. However, the
magnitude of the change in CD4+ count elicited by the exercise was similar in both
the patients and the controls, suggesting that mobilisation of T cells is not affected
by HIV infection. In contrast, the post-exercise increases in numbers of circulating
neutrophils, NK cells and NK-cell responsiveness following stimulation observed in
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the healthy subjects were suppressed in the HIV-infecred individuals. This perhaps
suggests some additional impairment of the ability of the innate immune system
(‘the first line of defence’) to respond ro a challenge following acurte strenuous
dynamic exercise in those with HIV.

Exercise training, immune function and HIV

332

Participation in regular moderarte intensity exercise training programmes is suggested
as a non-pharmacological therapy for treating the complications of HIV infection and
the side effects of anti-retroviral therapy, as it has been shown to be beneficial for
increasing lean muscle mass, decreasing fat mass and improving muscular strength
(O’Brien er al 2010). Furthermore, regular participation in physical activity also
improves mental health, particularly reducing anxiery and depression, in HIV-
infected individuals. For example, LaPerriere e al (1990) studied 50 asympromaric
males who were at high risk of HIV infection but who were unaware of whether they
were infected with the disease at the start of the study. The men were assigned 10
either an exercise or no-exercise control group. The exercisers participated in a five-
week training programme that involved cycling on a stationary ergometer for 45
minutes at 80% of age-predicted maximum hearr rate. After five weeks of training,
cardiovascular, psychological and immunological data were collected from both the
exercise group and non-exercising control group. Three days after this, the men
received notification of whether or not they were infected with HIV. One week after
notification, psychological and immunelogical data were collected for a final time.
FD"DWing notification, men in the control group who were found to be in fecred with
the disease (HIV+) showed significant decreases in numbers of NK cells (these cells
are important in viral defence and are described in Chapter 2) and, as would be
expected at such a time, significant increases in measures of anxiety and depression.
However, at this time N K-cell numbers were maintained in the men in the exercising
group that were found to be HIV+ and psychological measures resembled those of
the men in the exercise and control groups thar were found to be free from infection.
Cardiovascular fitness (as measured by VO,max) improved in both HIV+ and HIV-
men in the exercise group, suggesting that moderate aerobic exercise training
programmes may be of benefit in the management of HIV.

Stringer et al. (1998) also examined the effect of moderate aerobic exercise training
on both immune and psychological measures in 34 people with HIV, of who all but
two were on anti-retroviral therapy. Individuals were assigned to three groups; a
control group that did not perform any exercise training and two exercise groups
that performed either moderate (around 45% VO,max) or heavy exercise (around
75% VO,max) for one hour, three times a week for six weeks. Training session
duration was shortened in the heavy exercise group to ensure that the roral amount
of work performed per session was equivalent berween the moderace and heavy
exercise groups. Training significantly increased in the heavy exercise group only. The
average CD4+ count at the beginning of the study was around 270 cells/pL with a
range of 100-500 cells/uL (recall that the average count in a healthy individual is
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approximately 1,000 cells/uL). Exercise training did nort affect resting CD4+ counts,
which remained similar to pre-training values at the end of the study in each group
and in the non-exercising controls. Similarly, the number of plasma HIV RNA copies
did not change significantly in response to the exercise-training programme in either
group or in the conrrols. However, when the authors tested the in vive cell-mediared
immune response by introducing a fixed amount of the yeast (Candrda albicans) juse
below the skin and measuring the area of resulting swelling, a significantly enhanced
response compared with the control group was found in the moderate exercise group
only (Figure 13.6). Measures of quality of life also improved in both exercise groups
during the study relative o the non-exercising control group. The results of this study
and others (O'Brien et al 2010) lend further weight to the idea thar exercise training
is safe and effective in individuals with HIV+ and thar exercise programmes should
be promoted as an addirional treatment for individuals with HIV+ in the
intermediate stages of the disease.

Figure 13.6 fn wivo skin-test response to Camdidn albicans w assess cell-mediared immunicy in HIV patients whe
undertook a G-week rr:li.ning programme of cither moderate or heavy aerobic exercise or were :ISSiEII'-'d [+]
the no-exercise control groups * P < 0.05 compared with the control group (data from Stringer er al
1998)
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While moderate intensity exercise training was shown in this study to result in
the greatest improvements in the immune response to antigen skin testing, neither
moderate nor heavy exercise training affected resting CD4+ counts. This contrasts
with the study of LaPerriere et al (1991) that found thar five weeks of interval
training on a cycle ergometer at 70-80% of age predicted maximum heart rate was
associated with increases in CD4+ cell count in individuals who had just found out
they were infected with HIV and in a group of high-risk but healthy individuals
compared with non-exercising controls. This may suggest that any benefits of exercise
interventions for CD4+ cell numbers may be only apparent in those at an early stage
of infection (and therefore with higher CD4+ counts).
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This idea is supported by the finding that a 12-week training programme of one
hour of aerobic and resistance work three days per week increased strength and
exercise performance bur did nor affect CD4+ cell counts in HIV+ men who had
resting counts of less than 200 cells/uL at the start of the study (Rigsby er al 1992).
CD4+ counts were also unchanged in a group of non-exercising but counselled men
of similar disease status. Importantly, while this study did not find any positive effect
of exercise training on numbers of CD4+ cells, it did nor find any negative effect,
suggesting thar ar this stage of disease progression, exercise can be used to enhance
muscular strength and aerobic fitness without any adverse effects on the number of
CDé+ cells.

A further possible reason for discrepancies berween studies may be patient
compliance to the exercise programme and dropout rate. In the study of Stringer er
al. (1998) the dropour rate was 23%. This issue was investigated further by Perna et
al. (1999); 28 carly sympromatic HIV infected men and women participated in the
study and the average resting CD4+ cell count for the cohort was approximartely 450
cells/ul. Eighteen of the men and women participated in a 12-week interval training
programme on a stationary cycle ergometer at 70-80% of age-predicted maximum
heart rate for 45 minutes, three times each week. The remaining ten men and women
acted as non-exercising controls. Approximately 60% of the exercise group completed
the 12-week training programme bur cardiovascular and immunological measures
were still taken from those patients who did not complere more than 50% of the
sessions (non-compliant group) for comparison with the compliant exercise group
and the controls. There were significant increases in VO, peak and resting CD4+ cell
count ar the end of the 12-week training period in the compliant exercise group only.
Moreover, there was a significant fall in the resting CD4+ cell count in the non-
compliant exercise group (Figure 13.7), with values unchanged in the control group.
It is important to acknowledge thar there may be other factors relating to their iliness
that caused them to leave the study and these, rather than the absence of exercise,
could also account for the lower CD4+ counts in this group.

Further support for an increase in CD4+ cell count in patients at the earlier srages
of the disease who are involved in regular exercise comes from a longitudinal study
of 156 HIV+ males (Mustafa er el 1999). Individuals with an initial CD4+ cell count
of berween 600-800 cells/uL who said that they exercised at least three or four times
per week had increased CD4+ cell counts after one year compared with those with
similar initial counts who did nor exercise as regularly. No such relationship was
found berween healthy exercisers and non-exercisers over the same time. Interestingly,
participation in regular exercise by HIV-infected patients also appeared to slow the
progression of the disease to AIDS, with exercising three or four times per week
having a more protective effect compared with exercising daily.

Progressive resistance training is also advocared in the exercise treatment in those
with HIV to help alleviate symptoms of muscle wasting and loss of strength. It may
also be that resistance training can also be beneficial to CD4+ counts: in a small
cohort study, a group of 11 older (6271 years) men and women who had been
HIV+ for an average of nine years actended twice weekly resistance training sessions
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Figure 13.7 CD4+ cell counts before and afier a 12-week period of training at 70-80% of age prediceed maximum
heart rare for 45 minutes, 3 times each weck in a group of HIV-infected men and women compared
with a group of no-excrcise conteols, The exercise group was sub-divided into compliant and
non-compliant exercisers (arrended 50% of sessions or fewer); * M« 0,05 and =" P< 0,01 compared
with pre-training valucs within group {data from Perna eral 1999)
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over one year (Souza et 2l 2008). Compliance was 77%. In addition to the substantial
strength increases experienced by all parients, small increases in CD4b+ counts were
also reported. It should be noted thart the study would have been strengthed by the

inclusion of a non-exercising control group.

Summary of exercise and immune function in HIV

Anecdotal reports from patients infected with HIV and clinicians associate long-
term survival with maintained physical fitness and mental health, Despite the
limitations of small sample sizes and high dropout rates, the evidence available
supports this viewpoint participating in regular moderate acrobic and resistance
exercise is associated with maintenance of lean body mass, increases in muscular
strength and cardiovascular fitness and in psychological measures of wellbeing and
quality of life. There is some limited evidence to suggest that moderate exercise
training programmes are associated with some increase in the numbers of CD4+ cells
at rest, although this potential benefit appears to depend upon disease
progression/initial CD4+ count and compliance to the activity. Nevertheless, in those
patients in the later stages of the discase, regular moderare exercise training
programmes do not appear to have harmful effects on resting CD4+ counts (and
may even maintain numbers of CD4+ cells) and still result in improvements in
muscular strength, cardiovascular fitness and psychological well-being,

335



MICOLETTE C. BISHOP

EXERCISE AND IMMUNE FUNCTION AND OTHER CHRONIC LONG-TERM
CONDITIONS

In the previous sections, we have seen how the influence of exercise on immune
funcrions could potentially impact on immunity and infection risk in those who
already have a weakened immune system. Just as exercise is advocared for physio-
logical, merabolic and psychological benefits in the elderly and in those who are HIV
seropositive there many other long-term conditions where exercise is recommended
to restrict illness development and alleviate symproms in those who are, by virwe of
their condition and/or treatment, immune-compromised. This is often evidenced
by increased susceptibility to infections and poor wound healing. Research attention
is now beginning to be paid to the influence of exercise on immune function in some
these conditions. Examples of these will be briefly explored in this section.

Long-term inflammatory conditions

c
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Chronic long-term inflammation, as indicated by elevated levels of circularing inflam-
mation markers such as IL-6 and C-reactive protein has been established as a
predicror of risk for several of long-term conditions, including cardiovascular disease,
diabetes, chronic obstructive pulmonary disease, chronic kidney disease, stroke,
multiple sclerosis, rheumatoid arthritis and Alzheimer's disease (Gleeson ez al 2011a).
These inflammatory conditions are also characterised by an accumulation of
proinflaimmatery macrophages and T cells in adipose tissue, high numbers of
circulating proinflammatory monocytes and low levels of the anti-inflammatory
regulatory T cells. The anti-inflammarory effects of exercise are addressed in detail in
Chaprer 12 and include a phenotypic switch from pro- to anti-inflammarory tissue
macrophages, reduced numbers of circulating proinflammatory monocytes and
increased numbers of Tregs (Gleeson er al 2011a).

In addition to the exacerbared inflammatory properties of immune cells in these
conditions, defence mechanisms are also markedly impaired resulting in an increased
incidence of infections. For example, patients with diabetes mellitus (rypes 1 and 2)
often experience more severe and prolonged bacterial infections compared with
healthy individuals. One reason for this may be impaired neutrophil funcrion, with
abnormalities in neutrophil chemotaxis, adherence, oxidative burse activicy and
phagocytosis all reported in diaberic patients (DiPenta et al 2007). In addition, poor
glucose control is associated with impaired monocyte antigen presentation and
oxidative burst activiry in patients with cype-2 diabetes (DiPenta er 2l 2007). Chronic
kidney disease, which is linked to diabetes in some parients, is also associated with
an impairment of these neutrophil functions (Cohen ef 2l 1997) in addition to
defects in T-cell proliferation, reduced production of rype-1 T cell eytokines and
altered type-1/type-2 T-helper cell balance (Stenvinkel ef al 2005; Eleftheriadis et
al. 2007). In fact, there is lictle aspect of the immune system that is not defective in
chronic kidney disease; therefore, it is not surprising that patients with renal disease
demonstrate increased rates of infection by all rypes of infective agent (bacterial and
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Cancer

viral) and impaired wound healing. This, together with exposure of the blood to
dialysis membranes and non-physiological fluids leads to chronic over-activation of
inflammartory immune cells and pathways leading to increased risks of both infection
and of inflammatory conditions.

Research regarding the effect of exercise on anti-infective immune funcrions in
chronic inflaimmatory conditions is negligible compared with that of the porential
benefits of exercise to inflammatory immune functions, yet the two are inevitably
related. Furthermore, increased rates of infection and exacerbated inflammartory
conditions have significant impact on quality of life, morbidity and mortalicy. One
study investigating the benefits of a 12-week course of moderare rai chi exercise to
T-cell function in patients with type 2 diabetes reported a reduction in HbAlc levels
and enhanced type 1 (anti-viral) CD4+ cell function in patients with rype 2 diabetes,
in addition ro enhanced expression of the Treg transcription factor FoxP3, compared
with age-matched non-diabetic controls (Yeh er al 2009). With regard to chronic
kidney disease, a six-month programme of regular brisk walking was associared with
a down-regulation of T-cell and monocyte activation, which was associated with an
improvement in the ratio of pro-inflammatory IL-6 to anti-inflammarory [L-10
cytokine levels compared with chronic kidney disease patients who did nort exercise
(Viana et al 2011). Regular exercise had no effect on circulating immune cell
numbers and neutrophil degranulation responses.

T

An independent protective effect of physical activicy has been identified for the risk
of colon (bowel) cancer and postmenopausal breast cancer, with increasing evidence
suggesting a role of exercise in reducing the risk of cancers of the endometrium, lung
and pancreas (Walsh et @l 2011a). However, the role of the immune system in the
biological mechanisms relating to exercise and cancer is not well understood {Goh
et al. 2012). Chronic inflammation has a role in the aetiology of colon and breast
cancers, yet dara linking a reduction in biomarkers of chronic inflammation via
regular exercise and cancer risk have yet to be clearly demonstrated. Likewise, it has
been hypothesised thac the mobilisation of anti-rumour immune cells, such as NK
cells and macrophages, with exercise increases anti-tumour surveillance, recognition
and destruction. However, issues such as the nature of the anti-tumour defence
mechanisms affected by exercise and the optimal exercise intensicy, duration and
frequency needed ro maximise any anti-tumour {and anti-inflammarory) effects still
need to be resolved (Walsh e af 2011a; Goh eral 2012).

Spinal cord injury

a

Individuals with spinal cord injury experience autonomic dysfuncrion to a degree
that depends on the level and severity of the damage to the spinal cord. Given the role
of the autonomic nervous system on immune cell mobilisation and functions it is not
surprising that many immune cell functions are known to be depressed in spinal cord
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injured individuals including NK cell numbers and cytotoxicity, T-cell function and
activation and macrophage phagocytosis (MNash 2000). The decline in immune
function occurs rapidly after injury; for example NK-cell functions fell to 21% of that
in non-injured age-matched controls two weeks after injury in a group of 49
paraplegic and tetraplegic individuals. T-cell funcrions fell to 40% of that of the
controls by three months post-injury (Kliesch et al 1999). Infections of the skin,
respiratory and urinary tracts are the most common causes of morbidity in
individuals with 5CI (DeVivo 1999) while long-term inflammatory conditions are
more common than in non-injured individuals of the same age, most likely the resule
of inactivity and poor diet (Nash es 2l 2000).

Well-designed investigations of any effects of exercise on immune functions in
individuals with spinal cord injury are limited ro a few studies of NK cell numbers
and cytotoxicity and salivary SIgA. For example, NK-cell cytotoxicity decreased
immediarely after two hours arm-crank exercise at 60% VO, peak in paraplegic
individuals with injuries to the spinal cord at the level of the thoracic and lumber
vertebrae (levels T11-L4) bur increased ar the same time in a group of non-injured
control participants (Ueta er al 2008). In contrast, the cytortoxic activiry of NK cells
was impaired in tetraplegic individuals (injury at the level of the sixth and seventh
cervical vertebrae; C6~C7) in response to 20 minutes of arm-cranking exercise at a

similar intensity, compared with non-injured controls (Yamanaka er al 2010; Figure
13.8).

Figure 13.8 Arenuated natural killer (NE) cell cytoroxic activiry in response to 20 minutes arm-cranking exercise a1

60% VO, max in tetraplegic arhletes (SCI) and non-injured controls (Non 5CL); * significantly lower
than cantrels, < 0,001 (dara from Yamanaka er ol 2010)
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With regard to salivary SIgA, tetraplegic athletes (injury ar C6-C7 cervical
vertebrae) were able to increase SIgA secretion rate similarly to paraplegic (injury ac
T6-T12) and ambulant wheelchair athletes in response to both 60 minutes of
moderate continuous and 60 minutes of intensive intermiteent wheelchair propulsive
exercise, although the magnitude of the increase was greater for the retraplegic athletes
(Leicht er al 2011). This was despite the level of their injury resulting in disrupted
sympathetic innervation of salivary glands and most likely reflects greater coneri-
burion of parasympathetic inputs and/or sympathetic reflex activity. The contribution
of such compensatory mechanisms was further highlighted by the observation that
during an intense training session tetraplegic wheelchair athletes showed responses
thought to be governed by the sympathetic nervous system, such as reductions of
saliva flow rate as a result of strenuous exercise (Leiche er al 2012a). Similarly, a
period of heavy training was associated with a decrease in resting levels of SIgA in elite
tetraplegic athletes (Leicht er el 2012b), just as has been commonly reported in the
able-bodied population.

Circulating levels of inflammarory markers are also greater in those with spinal
cord injury than in controls of similar age (Wang er al 2007). There is licde
information on the potential of exercise to exert anti-inflammatory effects of exercise
in those with spinal cord injury but some early dara suggests an impaired cytokine
response to wheelchair propulsive exercise in tetraplegics compared with paraplegics
and non-injured controls (Paulson er af 2013), which may suggest a thar the anti-
inflammatory effeces of volunrary exercise are limited in these individuals.

Application of genomics and proteomics to exercise immunology
research

We have seen in this chaprer thar the potential clinical applications of exercise
immunology research are wide ranging. However, to translate research findings into
effective exercise prescription there is a pressing need to better understand the
mechanisms underlying the relationship between exercise and immune function in
both healchy and clinical populations. Application of genomics and proreomics to the
relationship berween exercise and immune function is one method that exercise
immunologists hope will help to more easily identify mechanistic pathways and
reliable clinical biomarkers in the near future. These methods use high-
throughput/high-sensitivity laboratory methods and complex staristical analysis to
essentially scan an entire biological field, or part of it, without hypothesis (Walsh e
al 2011a). As you can imagine, such methods generate vast amounts of deailed
dara. While this increases the chances of finding unexpected biological relationships
and indeed has revealed numerous pathways and candidares for biomarkers, given the
great redundancy inherent in the immune system it should be acknowledged that
each relationship found may not necessarily be of equal biological importance. That
said, genomics and proteomics have revealed that gene expression in peripheral blood
mononuclear cells are rapidly activated and deactivated even after short bouts of
exercise (Connolly er al 2004), gene expression is dependent on workload (Biitener

—
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et al. 2007) and is influenced by age and menstrual cycle (Northoff er al 2008;
Thalacker-Mercer ez al 2010); all facrors that go some way to explaining some of the
effects of exercise on immune function. Furthermore, the expression of micro-RNAs,
a class of pest-transcriptional regulators thar are capable of altering gene expression
by rargeting mRINAs usually resulting in their silencing, has been reported to alter
in response to brief heavy exercise (Radom-Aisik er al 2012). Specifically, exercise was
associated with changes microRINA profiles in monocytes and lymphocytes, many of
which are related to inflammatory processes.

While these techniques will undoubtedly enhance our mechanistic understanding,
their practical application is currently limited. This is because, to use genomic and
proteomic data to make reliable predictions of individual risk of infection or illness, it
is necessary to standardise genomic and proteomic analyrical procedures berween
laboratories; this is something that is almost impossible to do at the present time (Walsh
et al. 2011a). As such, a widespread practical application of these techniques is not yer
viable but given the pace of new technologies and innovarions, can't be too far away.

Summary

C

One of the key aims of the American College of Sports Medicine’s ‘Exercise is
Medicine’ inirtiative launched in 2007 is to foster implementarion of exercise
CﬂunSt”ing into clinical practice and promote collaboration berween healthcare
providers and exercise professionals. In this regard, the potential clinical applications
of exercise immunology are vast. Exercise is recommended to restrict the development
and alleviate symptoms of long-tcrm conditions in those who are, by virtue of their
condition and/or treatment, immune-compromised. Research regarding the effect
of exercise on anti-infective immune functions in chronic inflammarory conditions
is limited compared with that of the potential benefits of exercise in inflammatory
immune functions, yer the two are inevitably related. Furthermore, inflammartory
events are an important part of wound healing, which is impaired in ageing and
many clim'cal candillnns, oﬁtn lcading o chrgnic ulcers and Pr:ssurc sores.
Therefore, the clinical applicarions of the immune response to exercise are a key area
for future research to enable healthcare and exercise professionals to be able w0

prescribe optimal exercise programmes to maximise the benefits of exercise to
immune function, inflammartion and infection risk.

c KEY POINTS

= Much of the exercise immunology literature has focused on the effects of exercise
in healthy, relatively young individuals wheo are highly conditioned or, at the very
least, recreationally active. However, field of exercise immunology has potential
applications in a far wider setting.

s Males and females exhibit marked differences in immunity, with females naturally

more resistant to infections bur more prone to autcimmune conditions.
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* Limired information from well-controlled studies suggests that leukocyte mobili-
sation, as well as inflammatory cyrokine responses, may be influenced by
menstrual phase and oral contraceprive use,

= Ageing is associated with immunosenescence; a progressive decline of immune
funcrion which is related to the increased morbidity and mortality from infecrious
causes in the clder population.

* Long-term active older people demonstrate enhanced measures of several innate
and acquired immune funcrions exercise, Shorter-term moderate intensity exercise
training in previously sedentary older people does not result in a restoration of
resting immune measures to the levels observed in highly conditioned older people
bur is associated with increased vaccine efficacy.

= Participartion in regular moderate aerobic exercise is advocated as a non-pharma-
cological therapy for the management of HIV infection, since it is associated with
physiological and psychological benefits withour any adverse effects on immune
function; it may even help to maintain or increase numbers of CD4+ cells in
adherent exercisers.

* Exercise is recommended to restrict the development and alleviate symproms of
long-term conditions in those who are, by virte of their condition and/or
treatment, immune-compromised.

* Research regarding the effect of exercise on anti-infective immune functions in
chronic inflammatory conditions is limited compared with that of the potential
benefits of exercise to inflammarory immune functions, yet the two are inevitably
related.

* It has been hypothesised that the mobilisation of anti-tumour immune cells, such
as NK cells and macrophages, with exercise increases anti-tumour surveillance,
recognition and destruction, although this remains to be conclusively shown.

* Spinal cord injury is associated with impaired immune function, most probably
related to the injury-related disruption to the auronomic nervous system. Well-
designed investigations of the effects of exercise on immune functions in
individuals with spinal chord injury suggest impairment of altered NK-cell
responses yet a maintenance of the salivary SIgA response compared with non-
injured individuals. _

* The potential clinical applications of the immune response to exercise are
extensive but to translate research findings into effective exercise prescription,
there is a pressing need for better mechanistic understanding. This will no doubr
involve the wider application of genomics and proteomics to exercise immunology
research.
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AA  (amino acid) the chief structural molecule of protein, consisting of an amino
group (NH,) and a carboxylic acid group (CO,H) plus another so-called R-group
that determines the amino acid’s properties; 20 different amino acids can be used
to make proteins

a-amylase (or amylase) a digestive enzyme found in saliva thar begins the digestion
of starches in the mouth (also called pryalin); it also has an antibacterial action

acclimatisation adapration of the body 0 an environmental extreme (e.g. hear,
cold, and alditude)

acidosis a disturbance of the normal acid-base balance in which excess acids
accumulate causing a fall in pH (e.g. when lacric acid accumulates in muscle and
bloed during high-intensicy exercise)

acquired immune response immunity mediated by lymphocytes and charac-
terised by antigen specificity and memory

ACSM  American College of Sports Medicine

ACTH (adrenocorticotrophic hormone) hormone secreted from anterior pituitary
gland, which stimulates release of cortisol from adrenal glands

active transport movement or transport across cell membranes by membrane
carriers; an expenditure of energy (ATT) is required

acute phase proteins several proteins released from liver (e.g. C-reactive protein)
and leukocytes that aid body's response to injury or infection; rapid change in
circulating concentration of acute phase proteins occurs following the initiacion
of an inflammarory response

adaptogen name used for substances that help the body to adapt to stress
situations

adipocyte adipose tissue cell whose main function is to store triacylglycerol (fat)

adipose tissue white fatcy tissue that stores triacylglycerol

ADMR (average daily metabolic rate) the average energy expenditure over 24 hours

adrenaline hormone secreted by the adrenal gland; a stimulanc that prepares the
body for ‘fight or flight’ and an important activacor of fat and carbohydrate
breakdown during exercise (also known as epinephrine)

aerobic occurring in the presence of free oxygen

Al  (adequate intake) recommended dietary intake comparable to the RN1 or RDA
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but based on less scientific evidence

AIDS acquired immune deficiency syndrome

allergen antigen that causes an allergy

allergy abnormally high sensitivity to certain substances, such as pollens, foods or
mlcmnrgﬂmsms

alpha-tocopherol the most biologically active aleohol in vitamin E

ammonia (NH,) metabolic by-product of the oxidation of amino acids. It may
be transformed into urea for excretion from the body.

AMP antimicrobial protein

AMPK adenosine monophosphate-activated protein kinase

AMS acute mountain sickness

anaemia a condition defined by an abnormally low blood haemoglobin content
resulting in a lowered oxygen carrying capacity

anaerobic occurring in the absence of free oxygen

anaphylaxis an acute, potentially life-threatening hypersensitivity reaction,
involving the release of mediators from mase cells, basophils and recruited inflam-
marory cells

anorexia athletica a form of anorexia nervosa observed in athletes who show
significant symproms of eating disorders but who do not meer the criceria of the
Diagnostic and Statistical Manual of Menral Disorders (American Psychiatric
Association 1987) for anorexia or bulimia nervosa

anorexia nervosa an eating disorder characterised by an abnormally small food
intake and a refusal to maintain a normal body weight (according to what is
expected for gender, age and height), a distorted view of body image, an intense
fear of being fat or overweight and gaining weight or ‘feeling far’ when clearly the
individual is below normal weight, and the absence of at least three successive
menstrual cycles in females (amenorrhoea)

ANOVA  analysis of variance

anthropometry use of body girths and diameters to evaluare body composition

antibody soluble protein produced by B lymphocytes with antimicrobial effects;
also known as immunoglobulin

antigen usually a molecule foreign to the body but can be any molecule capable
of being recognised by an antibody or T-cell recepror

antioxidant molecules that can prevent or limit the actions of free radicals usually

by removing their unpaired electron and thus converting them into something far
less reactive

APC  anrigen-presenting cell

apoptosis  an internal programme that allows damaged or obsolete cells to commir
suicide

AQUA  Allergy Questionnaire for Athletes

arteriosclerosis hardening of the arteries (see also atherosclerosis)

ascorbic acid vitamin C; major role is as a water-soluble antioxidant

atherosclerosis  a specific form of arteriosclerosis characterised by the formation
of farry plaques on the luminal walls of arteries
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atopy a genetic predisposition toward the development of immediate hypersensi-
tivity reactions against common environmental antigens

ATP (adenosine triphosphate) a high-energy compound that is the immediace
source for muscular contraction and other energy requiring processes in the cell

atrophy wasting away, a diminution in the size of a cell, tissue, organ, or part

AV (arteriovenous) refers to comparison of arterial and venous blood composition

AV differences difference berween arterial and venous concentration of a
substance, indicating net uptake or release of that substance

B cells bursa of Fabricius-derived cells

bacterium single-celled microscopic organism larger than a virus and lacking a
nucleus and other organised cell seructures

base subsrance thar tends to donate an electron pair or coordinate an electron

BASES British Association of Sport and Exercise Sciences

basophil type of granulocyte found in the blood

BCAA (branched-chain amino acid) three essential amino acids that can be oxidised
by muscle; includes leucine, isoleucine and valine

B-carotene precursor for vitamin A found in plants; also called provitamin A

bioavailability in relation to nutrients in food, the amount that may be absorbed
into the body

biopsy a small sample of tissue taken for analysis

b.m. body mass in kilograms

BMI (body mass index) body mass in kilograms divided by height in square metres
(kg/m2); an index used as a measure of obesity

BMR (basal metabolic rate) energy expenditure under basal, post-absorprive
conditions representing the energy needed to maintain life under these basal
conditions

bronchoconstriction narrowing of air passages of the lungs from smooth muscle
contraction, as in asthma

caffeine stimulant drug found in many food producrs, such as coffee, tea and cola
drinks; stimulares the central nervous system and used as an ergogenic aid

calorie (cal) traditional unit of energy; 1 calorie expresses che quanity of energy
(heat) needed to raise the temperature of 1 g (1 ml) of water 1°C (from 14.5°C
o 15.5°C)

CAM  cell adhesion molecule

cAMP  (cyclic adenosine monophosphate) an important intracellular messenger in
the action of hormones

capillary  the smallest vessel in the cardiovascular system; capillary walls are only
one cell thick; all exchanges of molecules berween the blood and tissue fluid occur
across the capillary walls

carcinogen cancer-inducing substance

catabolism  destrucrive metabolism whereby complex chemical compounds in the
body are degraded to simpler ones (e.g. glycogen to glucose; proteins to amino
acids)

catalyst substance that accelerates a chemical reaction, usually by temporarily
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combining with the substrates and lowering the activarion energy, and is recovered
unchanged art the end of the reaction (e.g. an enzyme)

CBSM cognitive behavioural stress management

CCR chemokine receptor

CD (clusters of differentiation or cluster designators) proteins expressed on cell
surface of leukocytes (white blood cells) that can be used to identify different types
of leukocyte or subsets of lymphocytes

cell smallest discrete living unit of the body

cell-mediated immunity refers to T cell-mediated immune responses; killing of
infected host cells by T-cytotoxic lymphocytes

cellulose  major component of plant cell walls and the most abundant non-starch
polysaccharide; cannot be digested by human digestive enzymes

CFS chronic fatigue syndrome

CHD  (coronary heart disease) narrowing of the arteries supplying the heart muscle
thar can cause heart attacks

chemokines cytokines that selectively induce chemortaxis and activation of
leukocytes

chemotaxis movement of cells up a concentration gradient of attractant chemical
factors

CHO (carbohydrate) compound composed of carbon, hydrogen and oxygen in
ratio of 1 : 2 : 1 (CH,0); carbohydrates include sugars, starches and dietary fibres

CK  (creatine kinase) enzyme that catalyses the transfer of phosphate from phospho-
creatine to ADP to form ATP; also known as creatine phosphokinase

clone identical cells derived from a single progenitor

CMV  cytomegalovirus

coenzyme small molecules that are essential in stoichiometric amounts for the ac-
tivity of some enzymes; examples include nicotinamide adenine dinucleotide, flavin
adenine dinucleotide, pyridoxal phosphate, thiamine pyrophosphate and biotin

colon  the large intestine; this part of the intestine is mainly responsible for forming,
storing and expelling faeces

colony-stimulating factor cyrokine that stimulates increased production and
release of leukocytes (white blood cells) from the bone marrow

complement soluble proteins found in body fluids and produced by liver; once
activared, they exert several antimicrobial effects

complex carbohydrates foods conraining starch and other polysaccharides as
found in bread, pasta, cereals, fruits and vegetables, in contrast to simple carbohy-
drares such as glucose, milk sugar, and table sugar

Con A (concanavalin A) a T-cell mitogen

concentration gradient difference in concentration of a substance on either side
of a membrane

condensation reaction involving the union of two or more molecules with the
elimination of a simpler group such as H,O

conformation shape of molecules determined by rotation about single bonds,
especially in polypepride chains about carbon-carbon links
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COOH  carboxylic acid group

cortisol steroid hormone secreted from the adrenal glands

covalent bond chemical bond in which two or more atoms are held together by
the interaction of cheir outer elecrrons

C-reactive protein acute phase protein that is able to bind to the surface of micro-
organisms and stimulates complement acrivation and phagocyrtesis by neutrophils
and macrophages

CSFE  carboxyfluorescein succinamidyl ester; a fluorescent molecule used in flow
cytomertry to track the proliferation of CD4+ and CDE+ T-lymphocyte subsets

Cu copper

CXCR4 chemokine recepror type 4 (also called fusin or CD184)

cytokine protein released from cells that acts as a chemical messenger by binding
to receprors on other cells; cytokines include interleukins, umour necrosis factors,
colony-stimulating factors and interferons

cytotoxic abiliry to kill other cells (e.g. those infected with a virus)

DALDA  daily analyses of life demands in athletes questionnaire

degranulation release of granule contents (e.g. digestive enzymes form
neutrophils)

demargination release into the circulation of leukocytes that were bound to
endothelial cells of blood vessel walls

dendritic cell specialised antigen presenting cell found in the rissues

DHA docosahexaenoic acid

diabetes mellitus disorder of carbohydrate metabolism caused by disturbances
in production or utilisation of insulin; causes high blood-glucose levels and loss of
sugar in the urine

diarrhoea frequent passage of a watery faecal discharge because of a gastroin-
restinal disturbance or infection

diffusion movement of molecules from a region of high concentration to one of
low concentration, brought about by their kinetic energy

digestion process of breaking down food to its smallest components so that it can
be absorbed in the intestine

disaccharide sugars that yield two monosaccharides on hydrolysis; sucrose is the
most common and is composed of glucose and fructose

diuretics drugs thar act on the kidney to promote urine formation

dl (decilitre) one renth of a litre

dm  (dry marter or dry material) usually refers to tissue weight after removal of
water

DNA  (deoxyribonucleic acid) compound that forms genes (i.c. the genetic material)

DPCP diphenylcyclopropenone

DTH (delayed cype hypersensitivity) cell-mediated immune reaction to a recognised
antigen occurring within 24-72 hours

EBV (Epstein-Barr virus) virus responsible for infectious mononucleosis

eccentric exercise  types of exercise that involve lengthening of the muscle during
acrivation, which can cause damage to some of the myofibres; rypes of exercise
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that have a significant eccentric component include downhill running, bench
stepping and lowering of weights

ECF (extracellular fluid) body fluid that is located ourside the cells, including the
blood plasma, interstitial fluid, cerebrospinal fluid, synovial fluid and ocular
fluid

EDTA (ethylene diamine tetra acetate) anticoagulant that prevents blood from
clotring by binding to and removing free calcium ions

EE (energy expenditure) energy expended per unit of time to produce power

EEA (energy expenditure for activity) energy cost associated with physical acrivity
{exercise)

EGCG epigallocatechin 3-gallate

EHI exertional heat illness

EHS exertional hear stroke

ElAn exercise-induced anaphylaxis

EIB exercise-induced bronchospasm

eicosanoids derivartives of fatry acids in the body thar ace as cell-cell signalling
molecules; they include prostaglandins, thromboxanes and leukorrienes

electrolyte substance that, when dissolved in warer, conducts an electric current;
include acids, bases, and salts, and usually dissociate into ions carrying either a
positive charge (cation) or a negative charge (anion)

ELISA (enzyme-linked immunosorbent assay) a type of assay used to measure the
concentration of soluble cytokines, hormones, antibodies, etc.

ELISPOT sensitive type of assay used to quantify cytokine-secreting cells

EMRA CD45RA+ effector memory cells, sometimes referred to as senescent or
terminally differentiared cells

endocrine  ductless glands that secrete hormones into the blood

endogenous from within the body

energy ability to perform work; exists in various forms, including mechanical,
hear and chemical

energy balance balance berween energy intake and energy expenditure

enzyme protein with specific catalytic activiry; designated by the suffix “-ase’ and
frequently attached ro the type of reaction caralysed; virtually all merabolic
reactions in the body are dependent upon and conrrolled by enzymes

eosinophil cype of blood granulocyte; increased numbers in the circulation are
found in allergic conditions

EPA ecicosapentaenoic acid

epinephrine seeadrenaline

epitope part of an antigen recognised by an antibody or T-cell recepror

ergogenic aids substances that improve exercise performance and are used in
artempts to increase athleric or physical performance capacity

ergolytic performance impairing

erythrocyte red blood cell thar contains haemoglobin and transports oxygen

essential amino acids amino acids that must be obtained in the diet and cannot
be synthesised in the body; also known as indispensable amino acids
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essential fatty acids unsaturated farey acids that cannot be synthesised in the
body and must be obrained in the diet (e.g. linoleic acid and linolenic acid)

euhydration normal state of body hydration (warer content)

eumenorrhoea occurrence of normal menstrual cycles

excretion removal of metabolic wastes

exogenous from outside the body

FACS fluorescence-activarted cell sorter

FAD flavin adenine dinucleotide (see also coenzyme)

faeces excrement discharged from the intestines, consisting of bacteria, cells from
the intestines, secretions and a small amount of food residue

fat fac molecules contain the same structural elements as carbohydrates bue with
litele oxygen relative to carbon and hydrogen and poorly soluble in water; also
known as lipids (derived from the Greek word fipos); a general name for oils, fars,
waxes and related compounds; oils are liquid at room temperature, whereas fats are
solid

fatty acid  type of far having a carboxylic acid group at one end of the molecule and
a methyl (CH,) group at the other end, separated by a hydrocarbon chain that can
vary in length; a typical structure of a farry acid is CH,(CH,) ;COOH (palmitic
acid or palmitate)

Fc crystallisable, non-antigen-binding fragment of an immunoglobulin molecule

Fc receptor  cell-surface recepror that binds to the Fe part of immunoglobulin
molecules

FeeRl  high-affinity IgE recepror, also known as Fe epsilon RI; is a recepror for the
Fe region of IgE, an antibody subclass involved in allergy disorders and immunicy
against parasites. FceR] is found on epidermal Langerhans cells, eosinophils, mast
cells and basophils. Crosslinking of the FceRI via IgE-antigen complexes leads o
degranulation of mast cells or basophils and release of inflammatory mediators,
most notably histamine

FDEIA food-dependent exercise-induced anaphylaxis

female athlete triad syndrome that is characterised by the three conditions that
are prevalent in female athletes: amenorrhoea, disordered eating and osteoporosis

ferritin  protein used to store iron; mostly found in the liver, spleen and bone
marrow; soluble ferritin is released from cells into the blood plasma in direct
proportion to cellular ferritin content; hence, the serum ferritin concentration can
be used to indicate the status of the body'’s iron stores

fibre indigestible carbohydrates

fish oil oils high in unsaturared fats extracted from the bodies of fish or fish parts,
especially the livers; used as a dietary supplement

FITC fluorescein isothiocyanare; a fluorescent marker used in flow cyrometry

flux rate of flow through a metabolic pathway

fMLP  (formyl-methionyl-leucyl-phenylalanine) a bacterial cell-wall peptide that is
a chemical stimulant of phagocytes

folic acid or folate  water-soluble vitamin required in the synthesis of nucleic acids;
it appears to be essential in preventing certain types of anaemia
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free radical atom or molecule that possesses at least one unpaired electron in its
outer orbit. The free radicals the superoxide ("O3), hydroxyl ("OH), and nitric
oxide (NO) radicals; highly reactive and may cause damage to lipid membranes
causing membrane instability and increased permeability; can also cause oxidative
damage to proteins, including enzymes, and damage to DNA

FSH (follicle stimulating hormone) a gonadotrophin secreted from the anterior
pituitary gland

g gram

gamma delta (y8) T cell subset of T lymphocyte that recognises lipid and other
non-peptide antigens; potent cytotoxic cells that aid the host in bacterial
elimination, wound repair and delayed-type hypersensitivity reactions

gastrointestinal tract gastrointestinal system or alimentary tract; the main sites
in the body used for digestion and absorption of nutrients, consisting of the
mouth, oesophagus, stomach, small intestine (ileum) and large intestine (colon)

gene specific sequence in DMNA that codes for a particular protein; genes are
located on the chromosomes; each gene is found in a definite position {locus)

genotype genetic composition or assortment of genes that, together with environ-
mental influences, determines the appearance or phenorype of an individual

germ line genetic material transmitted from parents to offspring through the
gametes (sperm and ova)

ginseng root found in Asia and the USA, although the Asian variety is more easily
obtainable; a popular nutritional supplement and medication in Asia

g/L  grams per litre

gluconeogenesis  synthesis of glucose from non-carbohydrate precursors such as
glycerol, ketoacids or amino acids

GLUT4 glucose transporter type 4

glutamine one of the 20 amino acids commonly found in proteins; the most
abundant free amino acid in the blood plasma; considered to be an important
energy source for leukocytes

glycaemic index increase in blood glucose and insulin response to a meal; the
glycaemic index of a food is expressed against a reference food, usually glucose

glycogen polymer of glucose used as storage form of carbohydrate in the liver and
muscles

glycogenolysis breakdown of glycogen into glucose-1-phosphate by the action
of phosphorylase

glycolysis sequence of reactions that converts glucose (or glycogen) to pyruvate

glycoprotein protein that is artached to one or more sugar molecules

glycosidic bond  chemical bond in which the oxygen atom is the common link
berween a carbon of one sugar molecule and the carbon of another; glycogen, the
glucose polymer, is a branched-chain polysaccharide consisting of glucose
molecules linked by glycosidic bonds

GM-CSF  granulocyte-monocyrte colony stimulating factor

GMFI (geometric mean fluorescence intensity) a quantitative measure of the
staining intensity of a fluorescent marker used in flow cytometry
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gonadotrophic hormones hormones released from the anterior pituitary gland
that promote sex steroid hormone synthesis by the ovaries in females and the testes
in males

GP general pracritioner

H+ hydrogen ion or proton

H:0; hydrogen peroxide

haem molecular ring structure that is incorporated in the haemoglobin molecule,
enabling this protein to carry oxygen

haematocrit proportion of the blood volume that is eccupied by the cellular
elements (red cells, white cells, and platelets); also known as the packed-cell
volume

haematopoiesis production of erythrocytes and leukocytes in the bone marrow

haematuria red blood cells or haemoglobin in the urine

haemodilution thinning of the blood caused by an expansion of the plasma
volume without an equivalent rise in red blood cells

haemoglobin red, iron-containing respiratory pigment found in red blood cells;
important in the transport of respiratery gases and in the regulation of blood pH

haemolysis destruction of red blood cells within the circulation

haemorrhage damage ro blood-vessel walls resulting in bleeding

half-life time in which half the quantity or concentration of a substance is
eliminated or removed

HCl  (hydrochloric acid) part of gastric digestive juices

HCIO (hydrochlorous acid) produced by phagocyres

HCO,- bicarbonate ion, the principal extracellular buffer

HDL (high-density lipoprotein) protein-lipid complex in the blood plasma that
facilitates the transport of triacylglycerols, cholesterol and phospholipids

hepatic glucose output liver glucose output; the glucose that is released from the
liver as a result of glycogenolysis or gluconeogenesis

HIV  human immunodeficiency virus

HLA  human leukocyte antigen

hormone organic chemical produced in cells of one part of the body (usually an
endocrine gland) thar diffuses or is transported by the blood circulation to cellsin
other parts of the body, where it regulates and coordinates their activities

HPA axis hypothalamic-pituitary-adrenal axis

HPLC high-pressure liquid chromarography

hROS highly reactive oxygen specics

humoral fluid-borne

hydrogen bond  weak intermolecular or intramolecular attraction resulting from
the interaction of a hydrogen acom and an electronegative atom possessing a lone
pair of electrons (e.g. oxygen or nitrogen); hydrogen bonding is important in DNA
and RNA and is responsible for much of the tertiary structure of proteins

hydrolysis reaction in which an organic compound is split by interaction with
water into simpler compounds

hyperthermia elevated body temperature (> 37°C or 98.6°F)
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hypertonic having a higher concentration of dissolved particles (osmaolality) than
that of another solution with which it is being compared (usually blood plasma,
which has an esmolality of 290 mOsm/kg)

hyperventilation state in which an increased amounr of air enters the pulmonary
alveoli (increased alveolar ventilation), resulting in reduction of carbon dioxide
tension and eventually leading to alkalosis

hyponatraemia below normal serum sodium concenrtration (< 140 mmol/L)

hypothalamus region at base of brain responsible for integration of sensory input

and effector responses in regulation of body temperature; also contains centres for
control of hunger, appetite and thirst

hypothermia lower than normal body temperature

hypotonic  having a lower concentration of dissolved particles (osmolality) than
that of another solution with which it is being compared (usually blood plasma,
which has an osmolality of 290 mOsm/kg).

hypovolaemia reduced blood volume

ICAM  intercellular adhesion molecule

IFN  (interferon) rype of cytokine; some interferons inhibit viral replication in
infected cells

lg (immunoglobulin) same as antibody

IGF insulin-like growth factor

IL (interleukin) type of cytokine produced by leukocytes and some other tissues;
acts as a chemical messenger, rather like a harmone burt usually with localised effects

IL-1ra  interleukin-1 receptor antagonist

immuncdepression lowered functional activity of the immune system

in vitro  within a glass, observable in a test tube, in an artificial environment; can
also be referred to as ex vive (outside the living body)

in vivo within the living body

indispensable amino acids  see essential amino acids

inflammation body's response to injury, which includes redness (increased blood
flow) and swelling (cedema) caused by increased capillary permeabiliry

innate immunity immunity that is not dependent on prior contact wich antigen

insulin  hormone secreted by the pancreas involved in carbohydrate metabolism
and, in particular, the control of the blood glucose concentration

interferon type of cytokine; inhibits viral replication

interstitial  fluid-filled spaces that lie berween cells

I0C  International Olympic Committee

ion any atom or molecule that has an electrical charge owing to loss or gain of
valency (outer shell) electrons; may carry a positive charge (cation) or a negative
charge (anion)

ionic bond bond in which valence electrons are either lost or gained and atoms
that are oppositely charged are held together by electrostatic forces

ischaemia reduced blood supply to a tissue or organ

isoform chemically distinct forms of a enzyme with identical activities usually
coded by different genes; also called isoenzyme
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isomer one of two or more substances that have an identical molecular
composition and relative molecular mass but different structure because of a
different arrangement of atoms within the malecule

isotonicity having the same concentration of dissolved particles (osmolality) chan
that of another solution with which it is being compared (usually blood plasma,
which has an osmolality of 290 mOsm/kg)

isotope one of a set of chemically identical species of atom that have the same
atomic number but different mass numbers (e.g. 12-isotopes, 1 3-isoropes and 14-
isotopes of carbon whose atomic number is 12)

iu international unics

J  (joule) unit of energy according to the International System of Units. 1 joule is
the amount of energy needed to move a mass of 1 g at a velocity of 1 m/s

kecal (kilocalorie) 1,000 calories; 1 keal = 1 Calorie = 1,000 calories

kD kilodalton

ketone bodies acidic organic compounds produced during the incomplete
oxidation of fatty acids in the liver; contain a carboxyl group (-COOH) and a
ketone group (-C=0); examples include acetoacetare and 3-hydroxyburyrare

kinase enzyme that regulares a phosphorylation-dephospherylation reacrion (i.c.
the addirtion or removal of a phosphate group); this process is one important way
in which enzyme activity can be regulared

kl (kilojoule) unit of energy (1 kj = 102])

KLH keyhole limpet haemocyanin; a protein antigen that is unlikely to have been
encountered previously and which elicits a thymus-dependent antibody response

KLR  killer lectin-like recepror

L litre

lactic acid merabolic end product of anaerobic glycolysis

lactoferrin  antimicrobial protein found in plasma and saliva that chelates iron
(essential for bacterial proliferation) and has anciviral properties

LAK (lymphokine-activated killer cells) types of lymphocyre similar to narural killer
cells chat are activated by interleukin-2

LBM  (lean body mass) all parts of the body, excluding fat

LDL (low-density lipoproteins) protein-lipid complex in the blood plasma that
facilitates the transport of triacylglycerols, cholesterol and phespholipids

lecithin common name for phosphatidyl choline, the most abundant phosphelipid
found in cell membranes

lectins  proteins, mostly from plants, thac bind specific sugars on glycoproteins and
glycolipids; several lectins are mitogenic (e.g. Con-A; PHA)

legume high-protein fruit or pod of vegetables, including beans, peas and lentils

leptin  regulatory hormone produced by adipocytes (fat cells); when released into
the circulation, it influences the hypothalamus to control apperite

leucine essential amino acid thar is alleged to slow the breakdown of muscle
protein during strenuous exercise and to improve gains in muscle mass with
strength training

leukocyte white blood cell; important in inflammation and immune defence
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leukocytosis  increased number of leukocytes in the circulation

leukotrienes merabolic products of the polyunsaturared farcy acid arachidonic
acid which promote inflammatory responses; mostly produced by macrophages,
mast cells and basophils

LGG L. rbamnosus GG

LH (luteinising hormone) a gonadotrophin secreted from the anterior pituitary
gland

ligand any molecule that is recognised by a binding structure such as a receptor

linoleic acid  an essential fatry acid

linolenic acid an essential facry acid

lipid compound composed of carbon, hydrogen and oxygen and sometimes other
elements; lipids dissolve in organic solvents but not in water and include triacyl-
glycerol, cholesterol and phospholipids; commonly called facs

lipid peroxidation oxidation of fatry acids in lipid structures (e.g. membranes)
caused by the actions of free radicals

lipolysis breakdown of triacylglycerols into farry acids and glycerol

LPS (lipopolysaccharide) endotoxin derived from Gram-positive bacterial cell walls
that has inflammarory and mitogenic actions

LTB-B4 (leukorriene-B4) metabolic product of the polyunsaturated farry acid
arachidonic acid, which promotes inflammatory responses; mostly produced by
macrophages

lymph tissue fluid which drains into and from the lymphatic system

lymphocyte type of white blood cell important in the acquired immune response;
includes both T cells and B eells, the latter producing antbodies

lymphokines cytokines produced by lymphocytes

lysis process of disintegration of a cell

lysosome membranous vesicle found in the cell cytoplasm; lysosomes contain
digestive enzymes capable of autodigesting the cell

lysozyme enzyme that breaks down proteins and proteoglycans in bacterial cell
walls; produced by macrophages and found in tears and saliva

M  (molar) unit of concentration (nM: nanomolar = 10-*M; pM: micromolar =
10-60h; mbd: millimolar = 10-30).

macromineral dierary elements essenrial o life processes that each constitute at
least 0.01% of total body mass; the seven macrominerals are potassium, sodium,
chloride, calcium, magnesium, phosphorus, and sulphur

macronutrients nurrients ingested in relatively large amounts (carbohydrate, far,
protein, and water)

macrophage phagocyte and antigen-presenting cell found in the tissues; precursor
is the blood monocyte; initiates the acquired immune response

maltodextrin  glucose polymer (commonly containing 6-12 glucose molecules)
thar exerrs lesser osmotic effects compared with glucose and is used in a variety of
sports drinks as the main source of carbohydrate

maltose disaccharide that yields owo molecules of glucose upon hydrolysis

margination adherence of leukocytes to the endothelial wall of blood vessels
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mast cell cell found in the tissues that resembles a blood basophil; both cell types
are activated by IgE-antigen complexes resulting in degranulation and release of
inflammarory mediators including histamine and leukarrienes

MCP  monocyte chemoractic protein

mDC  myeloid dendritic cell

megadose  excessive amount of a substance in comparison to a normal dose (such
as the RDA); usually used to refer to vitamin supplements

memory cells clonally expanded T and B lymphocytes that are primed ro respond
faster on exposure to a previously encountered antigen

meta-analysis an analytical technique which takes a bird's-eye perspective by
comparing and summarising the effects of a large number of studies

metabolic acidosis metabolic derangement of acid-base balance where the blood
pH is abnormally low

metabolite product of a metabolic reaction

metalloenzyme enzyme that needs 2 mineral component (e.g. copper, iron,
magnesium, and zinc) to function effectively

METS (metabolic equivalents) measurement of energy expenditure expressed as
multiples of the resting metabolic rate; | MET equals approximarely an oxygen
uptake rate of 3.5 ml O,/kg b.m./minute

MFI  (mean fluorescence intensity) used to quantify expression of molecules

Mg (microgram) one millionth of a gram

MHC  (major histocompatibility complex) molecules involved in antigen presen-
tation to T cells; class I MHC proteins are present on virtually all nucleaced cells,
whereas class [I MHC proteins are expressed on antigen presenting cells (primarily
macrophages and dendritic cells)

micromineral those dietary elements essential to life processes that each comprise
less than 0.001% of rotal body mass and are needed in quantities of less than 100
mg a day; among the 14 trace elements are iron, zinc, copper, chromium and
selenium; also known as trace elements

micronutrients organic vitamins and inorganic minerals that must be consumed
in relatively small amounts in the diet to maintain health

mineral inorganic element found in nature, although the term is usually reserved
for those elements that are solid; in nurrition, the term is usually used to classify
those dietary elements essential o life processes; examples are calcium and iron

minute unit of time; 60 seconds

MIP  macrophage inflammatory protein

mitochondrion oval or spherical organelle containing the enzymes of the wricar-
boxylic acid cycle and electron transport chain; site of oxidative phosphorylation
(re-synthesis of ATP involving the use of oxygen)

mitogen chemical that can stimulate lymphocytes to proliferate (undergo rapid
cell divisions)

mitosis  type of cell division in which each of the two daughter cells receives exactly
the same number of chromosomes present in the nucleus of the parent cell

MJ  (megajoule) 106 joules
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mL  millilicre

mM  millimole (10-*M)

pM  micromole {10-4M) one millionth of a mole; a mole is the molecular weight
in grams

Mn magnesium

mole amount of a chemical compound whose mass in grams is equivalent to its
molecular weight, the sum of the atomic weights of its constituent atoms

molecule aggregation of ar least two atoms of the same or different elements held
together by special forces (covalent bonds) and having a precise chemical formula
(e.g. O, CHOY)

monoclonal antibody  specific antibody derived from a single B-cell clone

monocyte type of white blood cell that can ingest and destroy foreign material
and initiate the acquired immune response; precursor of tissue macrophage

monosaccharide simple sugar that cannot be hydrolysed to smaller units (e.g.
glucose, fructose and galactose)

mOsm/kg milliosmoles per kilogram

mRNA  messenger ribonucleic acid

m/s metres per second

MTT  3-(4,5-dimethlythiazol-2-y1)-2,5-diphenyltetrazolium bromide; a yellow
compound used in assays of lymphocyte proliferation

mucosa layer of cells lining the mouth, nasal passages, airways and gut that
presents a barrier to pathogen entry into the body

myoglobin  protein that functions as an intracellular respiratory pigment that is
capable of binding oxygen and only releasing it at very low partial pressures

NAD nicotinamide adenine dinucleotide (see also coenzyme)

NADPH (nicotinamide adenine dinucleotide phosphate-oxidase) a membrane-
bound enzyme complex

NETs (neutrophil extracellular traps) a web of fibres composed of chromartin and
serine proteases that trap and kill microbes extracellularly; NETs prc.widc a high
local concentration of antimicrobial components and bind, disarm and kill
microbes independent of phagocytic uprake

neurotransmitters endogenous signalling molecules that transfer informarion
from one nerve ending to the next

neutrophil type of white blood cell that can ingest and destroy foreign material;
very important as a first line of defence against bacteria

NH; amino group

NH; ammonia

NH,+ ammonium ion

nitrogen balance dietary state in which the inpur and output of nitrogen is
balanced so that the body neither gains nor loses tissue protein

NK (natural killer) cell; type of lymphocyte important in eliminating viral
infections and preventing cancer

NKCA (natural killer cell cytotoxic activity) ability of NK cells to destroy virally
infected cells and tumour eells
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NKT  (narural killer T cells) chese cells are almost entirely CD3+ and CD8+ (so are
arype of T lymphocyte) but also express the ‘NK-cell markers' CD56 and CD161
and respond to glycolipids presented by CD1d

N/L ratio  ratio of neutrophils to lymphocytes in the blood

nM  nanomolar (10-*M)

NO nitric oxide

NO* nirric oxide radical

NOD receptors (nucleotide-binding oligomerisation domain) receprors; a group
of intracellular surveillance proteins that can detect bacterial peptidoglycan,
signalling the presence of bacteria in the host cell

non-essential amino acids amino acids that can be synthesised in the body

noradrenaline catecholamine hormone and the neurotransmicter of most of the
sympathetic nervous system (of so-called adrenergic neurons); also known as
norepinephrine

norepinephrine see noradrenaline

nutraceutical nutrient that may function as a pharmaceurical (drug) when taken
in certain quanticies

nutrient substance found in food that provides energy or promote growth and
repair of tissues

nutrition  total of the processes of ingestion, digestion, absorption and metabolism
of food and the subsequent assimilation of nutrient marerials into the rissues

0, oxygen molecule

*0; (superoxide radical) a highly reactive free radical

obesity excessive accumulation of body far; usually reserved for those individuals
who are 20% or more above the average weight for their size

OH  hydroxyl group

"OH (hydroxyl radical) a highly reactive free radical

opsonin molecule that enhances phagocytosis by promoting adhesion of the
antigen to the phagocyre

osmosis diffusion of water molecules from the lesser to the greater concentration
of solute (dissolved substance) when two solurions are separated by a membrane
that selectively prevents the passage of solute molecules buc is permeable to water
molecules

OTS overtraining syndrome

oxidative burst increased oxygen consumption and production of reactive oxygen
species by phagocytes following their activation; also known as respiratory burst

PAMP (pathogen associated molecular patcern) molecules that are commonly
expressed by micro-organisms thar are not expressed by host cells

pathogen micro-organism that can cause symptoms of disease

PBMC peripheral blood mononuclear cells which includes all lymphocytes and
monocytes but excludes granulocyres

PBS phosphate-buffered saline

pDC  plasmacytoid dendriric cell

PE R-phycoerythrin; a luorescent marker used in flow cytometry
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PEM (protein energy malnutrition) inadequate intake of dietary protein and
ener

peptidﬁy small compound formed by the bonding of two or more amino acids;
larger chains of linked amino acids are called polypeprides or proteins

PerCP (peridinin chlorophyll) a fluorescent marker used in How cytometry

perforin molecule produced by natural killer cells and cytotoxic T cells thar forms
a pore in the membrane of target cells leading to lysis and cell death

PGE; prostaglandin E,

pH measure of acidity/alkalinity; pH = —log,[H"]

PHA (phytohaemagglutinin) planc lectin that acts as a T cell mitogen

phagocyte leukocyte capable of ingesting and digesting microorganisms

phagocytosis process of ingestion of bacteria, virus or cell debris by cells such as
neutrophils and macrophages (phago = ear; cyre = cell)

phenotype appearance or physiological characteristic of an individual thar results
from the interaction of the genotype and the environment

phospholipids fats containing a phosphate group that on hydrolysis yield fauy
acids, glycerol and a nitrogenous compound; lecithin is an example; phospho-
lipids are important components of membranes

PlgR (polyimmunoglobulin recepror) receptor molecule that specifically binds
dimeric secretory IgA and transports it across the mucosal epithelial cells

plasma liquid portion of the blood in which the blood cells are suspended;
typically accounts for 55-60% of total blood volume; differs from serum in that
it contains ﬁhrinogen, the clot-forming protein

plasma cell terminally differentiated B lymphocyte that secretes large amounts of
antibody

PLP pyridoxal phosphate (see alio coenzyme)

PMBC peripheral blood mononuclear cell

PMA  (phorbol myristate acetate) mitogen that directly stimulates protein kinase C

PMN  (polymorphonuclear) cells, which principally refers to neutrophils

PMT photomultiplier tube

polypeptide peptide that, upon hydrolysis, yields more than two amino acids

polyphenols large class of nawrally occurring compounds that include the
flavonoids, flavonols, flavonones, and anthocyanidins; these compounds conrain
a number of phenolic hydroxyl (-OH) groups attached to ring structures, which
confers them with powerful antioxidant activity

polysaccharide polymers of (arbitrarily) more than abour ten monosaccharide

residues linked glycosidically in branched or unbranched chains; examples include
starch and glycogen

POMS profile of mood state questionnaire

post-absorptive state period after a meal has been absorbed from the gastroin-
testinal tract

power work performed per unit of time

precursor substance from which another, usually more active or mature substance,
is formed
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prohormones protein hormone before processing to remove parts of its sequence
and thus make ir active

prostaglandins lipids derived from the polyunsaturated fatry acid arachidonic
acid thar increase vascular permeability, sensitise pain receptors, initiate fever and
stimulate or inhibit immune responses

prosthetic group coenzyme that is tightly bound to an enzyme

protease enzyme thar caralyses the digestion or cleavage of proteins

protein biological macromolecules composed of a chain of covalently linked amino
acids; may have structural or functional roles

PRR (pattern recognition receptors) receptors on APCs and phagocytes that
recognise PAMPs

PUFA  (polyunsaturated farty acid) farry acid that contains more than one carbon-
carbon double bond

PWM  (pokeweed mirogen) plant lectin thar is a T-cell dependent B cell mitogen

pyrogen substance thar causes body remperature to elevared, as in fever, and be
regulared at a higher set point

Ra (rate of appearance) usually refers to the rate at which a substance enters the
blood circularion

RAST test radioallergosorbent test (see Technique box 11.1)

RBC (red blood cell) erythrocyte

Rd (rate of disappearance) usually refers to the rate at which a substance leaves the
blood circularion

RDA  (recommended daily allowance) recommended intake of a particular nutrient
that meets the needs of nearly all (97%) healthy individuals of similar age and
gender; established by the Food and Nutrition Boards of the National Academy
of Sciences

respiratory burst  see oxidative burst

reperfusion restoration of the blood supply to a rissue or organ

rhiL-6 recombinant human interleukin-6

RIA radicimmunoassay

ribosome  very small organelle composed of protein and RNA that is cither free in
the cytoplasm or attached to the membranes of che endoplasmic reticulum of a
cell; site of protein synthesis

RNA ribonucleic acid

RNI  (recommended nutrient intake) defined as the level of intake required to meet
the known nutritional needs of more than 97.5% of healthy persons; In the UK,
the RINI is very similar to the original RDA

ROS (reactive oxygen species) collective name for free radicals and other highly
reactive molecules derived from molecular oxygen; ROS include superoxide radical
("O3), hydroxyl radical ("OH), hydrogen peroxide (H,O,) and perchlorous acid
(HOCI)

s (second) a unit of time

SAM sympatheticoadrenal-medullary axis

sarcolemma cell membrane of a muscle fibre
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sarcomere smallest contracrile unir or segment of a muscle fibre and is defined as
the region between two Z lines

sarcoplasm cytoplasm or intracellular fluid within a muscle fibre

sarcoplasmic reticulum  elaborate bag-like membranous structure found withina
muscle cell; its interconnecting membranous tubules lie in the narrow spaces
berween the myofibrils, surrounding and running parallel to them

SD (standard deviation) measure of variabilicy about the mean; 68% of the
population is within 1 standard deviation above and below the mean, and about
95% of the population is within 2 standard deviations of the mean

SE (standard error) measure of variability abour the mean

sensitivity a measure of how often a test will correctly identify a positive

serum fluid lefr afrer blood has clotted

s-IgA salivary immunoglobulin A

Sl units (Systéme Internationale d’unités) the International System of Units,
worldwide agreed uniform system of units of measurement

SIRS  systemic inflammarory response syndrome

SOCS suppressor of cyrokine signalling

S0D superoxide dismutase

solute substance dissolved in a solvent liquid such as water

solvent liquid medium in which particles can dissolve

specificity a measure of how accurate a test is against false posirives

stable isotope isotope is a specific form of a chemical element; it differs from
atoms of other forms (isotopes) of the same element in the number of neutrons
in its nucleus; ‘stable’ refers to the fact that the isotope is not radioactive, in
contrast to some other rypes of isoropes

starch carbohydrate made of multiple units of glucose attached rogether by bonds that
can be broken down by human digestion processes (see alse complex carbohydrates)

steroid complex molecule derived from the lipid cholesterol containing four
interlocking carbon rings

stimulation index lymphocyte proliferation expressed as ratio of mitogen-
stimulated proliferation rate to unstimulated proliferation rate

Tcells lymphocytes processed in the thymus glands

TBARS (thiobarbituric acid-reactive substances) stable compounds produced asa
consequence of free radical actions on lipid structures; commonly used as a
measure of exidative stress

Te  (T-cyroroxic lymphocyte) effector cell of cell-mediated immunicy

TCR (T cell recepror) antigen receptor present on surface of T lymphocytes that
mmcgsnim fragments of antigenic peptides presented by MHC class II proteins on
AP

testosterone male sex hormone responsible for male secondary sex characteristics
at puberty; it has anabolic and androgenic effects

TGF (transforming growth factor) an inhibitory cytokine produced by T regulatory

cells

Th  T-helper lymphocyte
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thymus lymphoid gland located in the chest where lymphocytes differentiate into
immunocompetent T cells

tissue organised association of similar cells that perform a common function (e.g.
muscle tissue)

TLR (Toll-like recepror) family of evolutionary conserved pattern recognition
receptors present on APCs and phagocytes thac detect PAMPs and initiate the
acquired immune response to pathogens

TNF  (tumour necrosis factor) cyrokine thar promores inflammarion

TPP cthiamine pyrophosphate (see alse coenzyme)

trace element  see micromineral

trafficking (of leukocytes) movements of leukocyres into or out of the circulation

transcription  process by which RNA polymerase produces single-stranded RNA
complementary to one strand of the DNA

translation process by which ribosomes and tRNA decipher the genetic code in
mRINA ro synthesise a specific polypepride or protein '

Treg T-regulatory lymphocyte, a major producer of the anti-inflammatory
cytokine, interleukin-10

UK United Kingdom

UPS unexplained underperformance syndrome (also known as overtraining
syndrome)

urea end product of protein metabolism; chemical formula CO(NH,),

URI  upper respiratory illness

uric acid breakdown product of nucleic acids; present in small quantiy in the
plasma and urine of man and most mammals

urine fluid produced in the kidney and excreted from the body; contains urea,
ammonia and other merabolic wastes

URTI  (upper respiratory tract infections) increasingly used ro describe symproms of
illness affecting the upper respiratory teact where an infectious cause of symptoms
cannot be confirmed and other causes (e.g airway inflammation) may be responsible

URTS upper respiratory tract (infection-type) symproms

USA  United States of America

vegan vegerarian who eats no animal products

vegetarian one whose food is of vegetable or plant origin

virus microscopic organism that cannot replicate or express its genes wifhuu: a
host living cell; viruses invade living cells and use the nucleic acid marerial they
contain to replicate themselves

vitamin organic substance necessary in small amounts for the normal metabolic
functioning of the body; must be present in the diet because the body cannot
synthesise it (or cannot synthesise an adequate amount of it)

vitamin B, thiamine

vitamin B; riboflavin

vitamin B¢ pyridoxine

vitamin B,; cyanocobalamin

vitamin C ascorbic acid
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vitamin D cholecalciferol; the product of irradiation of 7-dehydrocholesterol found
in the skin

vitamin E  alpha-tocopheral

vitamin K menoquinone

Vimax  maximal velocity of an enzymatic reaction when substrate concentration is
not limiting

VO; Rate of oxygen uprake

VO;max maximal oxygen uprake; the highest rate of oxygen consumption by the
body that can be determined in an incremental exercise test to exhaustion. VO,
max is confirmed by the observation of plateau in oxygen uptake despite an
increase in exercise intensicy

VO, peak peak oxygen uptake; the highest rate of oxygen consumption by the
body observed in an incremental exercise test to exhaustion but not necessarily
confirmed as the true maximum value. For good athletes VO, max can often be
measured bur, for less fic individuals, children and the elderly, usually only VO,
peak can be measured because they cannor sustain high-intensity exercise long
enough to reach a plateau in oxygen uptake

W (wartt) unit of power or work rate (J/s)

water universal solvent of life (H,0); the body is composed of 60% warter

white blood cells leukocytes; important cells of the immune system that defend
the body against invading micro-organisms

WHO World Health Organization

w.w.  wet weight
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