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Summary During exercise, leucocytes are recruited to the blood, and if muscle damage

occurs the cytokine level is enhanced. After prolonged, intense exercise the num-
ber of lymphocytes in the blood is reduced, and the function of natural killer cells
is suppressed; furthermore, secretory immunity is impaired. During this time of
immunodepression, often referred to as ‘the open window’, the host may be more
susceptible to micro-organisms bypassing the first line of defence. This is of
interest to top athletes who perform frequent severe exercise. Clinical observa-
tions regarding an increased risk of infections in top athletes are compatible with
this model. However, in those performing regular moderate exercise the immune
system will often be temporarily enhanced and this will protect these individuals
from infections.
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During the past few years there has been a grow-
ing interest in understanding how exercise influ-
ences the immune system. Research into exercise
immunology has been stimulated by: (a) reports of
increased frequency of upper respiratory tract in-
fections (URTI) among athletes;[!] (b) the finding
that in addition to physical exercise several other
physical stressors (e.g. surgery, trauma, burn, hyp-
oxia and hyperthermia) induce changes in the cel-
lular immune system;?! and (c) the possibility that
increased levels of some neuroendocrine factors
(e.g. catecholamines and growth hormone) may
modulate the immune response.!3 This article sum-
marises some of the important findings on exercise
and the first line defence mechanisms of the im-
mune system.

1. Short Term Time-Limited
Exercise Stress

It is well known that exercise alters the distribu-
tion and trafficking of peripheral mononuclear
cells.[] The first English-language publication re-
porting exercise-induced leucocytosis was by
Larrabee in 1902,!%! who described the phenome-
non in a small group of marathon runners. Periph-
eral blood leucocytosis after exercise has been
shown to be due to increased concentrations of neu-
trophils, monocytes and lymphocytes. The neutro-
phil concentration increases during and after exer-
cise.[*6) During exercise, natural killer (NK), B and
T cells are also recruited to the blood, resulting in
an elevated total lymphocyte count. The sub-
population composition of T cells is altered, with
the CD4+/CD8+ ratio decreasing because the num-
ber of CD8+ T cells increases more than the num-
ber of CD4+ cells. After intense exercise, the lym-
phocyte level decreases below pre-exercise values,
and the duration of this suppression depends on the
intensity and duration of exercise.[!

1.1 Natural Killer Cells

NK cells are a heterogeneous population of cells
that mediate the killing of a broad range of target
cells.[” They are thought to play an important role
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in the first line of defence against acute and chronic
viral infections and tumour spread.®!

The modulation of NK cell activity in response
to exercise has been investigated extensively.[-36]
During physical exercise, the absolute concentra-
tion and the relative fraction of blood mononuclear
cells (BMNC) expressing characteristic NK cell
markers are markedly enhanced. Simultaneously,
the cytotoxic activity of NK cells (the function of
NK cells) increases. After intense exercise, NK cell
activity is suppressed.[>-3®! Among several hypoth-
eses regarding the mechanism behind the
postexercise suppression of NK cell activity, one
has addressed the possibility that the activity is
suppressed by prostaglandins released by the ele-
vated number of monocytes.[2%-32]

1.2 Antibody Production

The secretory immune system of mucosal tis-
sues such as the upper respiratory tract is consid-
ered to be the first barrier to colonisation by patho-
genic micro-organisms which might cause
URTI.137:381Tn mucosal secretions immunoglobulin
(Ig) A is the major class of immunoglobulins, and
the level of IgA in mucosal fluids has been shown
to correlate more closely with resistance to URTI
than serum antibodies.)

Tomasi et al.l*%! reported suppressed levels of
salivary IgA in cross-country skiers after a race.
This finding was confirmed by a 70% decrease in
salivary IgA for several hours after 2 hours of in-
tense ergometer cycling.[*!) Decreased salivary
IgA was found after swimming,[*?) and salivary
IgA was low for several hours after marathon run-
ning./3 In order to study the mechanism behind
the suppression of immunoglobulins, a plaque
forming cell (PFC) assay was used. This assay al-
lows the identification of the individual immuno-
globulin-secreting cells of blood. Stimulation of
cells, in vitro, with pokeweed mitogen (PWM),
interleukin (IL)-2 or Epstein-Barr virus (EBV) re-
sulted in significantly decreased numbers of IgG-,
IgA- and IgM-secreting blood cells both during
and 2 hours after exercise, with recovery after 1
day.[**! Purified B cells produce plaques only after
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stimulation with EBV and in these cultures no ex-
ercise-induced suppression was found. It was
found that the suppressed immunoglobulin-pro-
duction of blood mononuclear cells isolated from
the blood, post-exercise, was partly restored by ad-
dition of indomethacin to the asssay and by re-
moval of the monocytes. These results indicate that
the immunoglobulin-producing cells are not di-
rectly influenced by exercise, but by substances
e.g. prostaglandins produced by the monocytes.[*4!

1.3 Cytokines

The various cells of the immune system com-
municate by a network of soluble mediators called
cytokines, which include interleukins, lympho-
kines, monokines and interferons. Their coordi-
nated presence is necessary for the growth, differ-
entiation and functional activation of all cells of
the immune system.!*3! Physical exercise, includ-
ing eccentric muscle contractions, increases the
production of some cytokines. Increased IL-1p in
muscle tissue was found for up to 5 days following
eccentric exercise.[*01 IL-1 activity increased after
eccentric exercise in the plasma of untrained sub-
jects.[*7] After long distance running, increased
concentrations of 1L-6 were found in plasma,!48]
and others have found increased levels of plasma
tumour necrosis factor-o. (TNFq).19! Theoreti-
cally, increased production of monokines in re-
sponse to dynamic exercise could be expected be-
cause of an elevated number of monocytes.!
Furthermore, increased in vitro production of IL-1,
IL-6 and TNFo was found in supernatants from
lipopolysaccharide-stimulated BMNC isolated
from untrained individuals 2 hours after cy-
cling.’% Several years ago, increased endogenous
pyrogen activity in plasma after concentric exer-
cise was shown to occur.3!!

We have recently investigated the effects of aer-
obic, concentric exercise on plasma levels of IL-
lot, IL-18, IL-6, and TNFq, and the presence of
pre-mRNA for these cytokines in BMNC. Moder-
ately trained, healthy young men performed er-
gometer cycling exercise for 1 hour at 75% of max-
imum oxygen uptake (VOsma). The levels of
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plasma IL-6 increased significantly during exer-
cise, but IL-1¢, IL-1p and TNFo were not reliably
detected in plasma. Pre-mRNA for IL-1¢, IL-10,
IL-6 and TNFa could be detected in BMNC, but
the amounts did not change in relation to exer-
cise.’? These results indicate that, although the
levels of CD14+ monocytes had increased after ex-
ercise, the increased plasma IL-6 noted during ex-
ercise may not have been a result of activated
monocytes in peripheral blood.

1.4 Exercise of Different
Duration and Intensity

It was recently shown that cycling for 1 hour at
25, 50 and 75% of VOjmax increased the NK and
lymphokine activated killer (LAK) cell activity,
whereas the NK cell activity was suppressed only
after intense exercise. Furthermore, only intense
exercise induced a postexercise monocytosis.3? In
a recent review!”) we concluded from the results
obtained from different types of exercisel*-30! that
the intensity, rather than the duration, of exercise
1s responsible for the degree of increment in num-
ber of NK cells. On the other hand, the immune
system is only suppressed following intense exer-
cise of one hour’s duration or more.!?!

1.5 Concentric Versus Eccentric Exercise

Physical exercise consists of concentric, iso-
metric and eccentric muscle contractions, isolated
or in combination. In particular, high-intensity ec-
centric exercise in untrained individuals is associ-
ated with muscle damage which is reflected in:

e an increased level of myocellular enzymes in
the circulation

e ultrastructural damage in the striation of the
muscle cell

¢ an acute inflammatory response in the muscle,
causing oedema, infiltration of inflammatory
cells and muscle soreness 24 to 48 hours after
exercise (reviewed by Evans et al.)[*7]

Differences in the interaction of high-intensity
eccentric versus concentric exercise and the im-
mune system are interesting from the point of view
that they may serve as a model for, on the one side,
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physiological stressors such as surgery, traumatic
injury and acute myocardial infarction which in-
volve a component of muscle proteolyse, and on
the other side, stressors such as hyperthermia,
haemorrhagic shock and hypoxia, which do not.

The exercise-related effect on NK cells has been
studied in relation to whole body exercise concern-
ing concentric exercise (e.g. bicycling) and combi-
nations of concentric and eccentric exercise (e.g.
running). The isolated effect of eccentric exercise
has only been investigated in exercise involving a
small muscle mass.3%] In this study, one-leg exer-
cise increased the percentage of CD16+ cells and
NK cell cytotoxic activity per fixed number of
BMNC, whereas the NK cell activity per NK cell
did not change. In the same study it was shown that
the plasma level of neutrophils increased during
and after exercise, whereas the level of monocytes
increased only during exercise.

The effect of eccentric work on the level and
production of cytokines has already been de-
scribed. We hypothesise that high-intensity eccen-
tric exercise causes a more pronounced increase in
the muscle and plasma levels of cytokines involved
in acute inflammatory responses (IL-1, TNF and
IL-6) during and after exercise than does concen-
tric exercise, because of the more pronounced dam-
age to the muscle. We suggest that the source of the
cells responsible for an increased synthesis of
cytokines may be macrophages, endothelial cells
and fibroblasts in the muscle. Concerning BMNC,
we hypothesise that recruitment during physical
activity may be due to the same mechanisms (e.g.
increases in stress hormones) in eccentric and con-
centric exercise. Moreover, in eccentric exercise a
part of the increased postexercise level of neutro-
phils and monocytes may reflect inflammation in
the muscle. An increased level of cytokines, espe-
cially IL-1, in the inflammatory response may play
arole in the recruitment and activation of NK cells.
Further investigation is necessary to elucidate this.

1.6 Where Do the Cells Come From?

Exercise-related neutrocytosis is thought to be
due to movement of neutrophils from marginal
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pools located intravascularly and from extravascu-
lar storage pools. The role of the lung vasculature
in neutrophilic granulocyte sequestration has been
repeatedly demonstrated.[’34 In the case of lym-
phocytes it is less clear where those cells come
from. It has been suggested that rapid transfer of
lymphocytes into the intravascular compartment of
the spleen might contribute to a selective increase
in the number of circulating lymphocytes. How-
ever, in a recent paper the increase in neutrophils
and lymphocytes and their subpopulations was
similar in splenectomised patients and controls.!5!
Thus, exercise-induced leucocytosis can take place
in the absence of the spleen.

1.7 Possible Mechanisms of Action

Physical stress increases the levels of a number
of stress hormones in the blood, including cate-
cholamines, growth hormone, B-endorphins, cor-
ticotrophin (ACTH) and cortisol. Kappel et al.l?!]
showed that selective administration of epineph-
rine (adrenaline) mimicked the exercise-induced
effect on BMNC subsets, NK cell activity and lym-
phocyte function. However, epinephrine infusions
caused a smaller increase in neutrophil levels than
the exercise-induced increase.[?!]

In vivo injection of growth hormone in humans
had no effect on BMNC subsets, NK cell activity,
cytokine production or lymphocyte function.
Growth hormone increased only the neutrophil
concentration.%¢

Fiatarone et al.l!3! showed that when naloxone
was administered in vivo to young women who un-
derwent a maximal cycle ergometer test, the rise in
NK cell activity was no longer significant. How-
ever, the exercise-induced increase in cells ex-
pressing the CD16 marker (NK cells) was not sig-
nificantly altered compared with the group
receiving placebo. In another study, healthy young
men were given epidural anaigesia which blocked
the afferent nerve impulses and inhibited increases
in B-endorphins and ACTH during exercise. In this
way, the exercise-induced increase in NK cell func-
tion, the percentage of NK cells and the NK cell
concentration were significantly enlarged.l>’)
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Therefore, blocking the B-endorphin receptor and
inhibiting the increase in levels of B-endorphin
during exercise exerts differential effects on the
immune system (inhibition and augmentation of
the exercise-induced rise in NK cell activity, re-
spectively). Only a minor increase in cortisol lev-
els has been described in short term, time-limited
exercise stress,3] and it is unlikely that such mod-
est increments alone can account for the magnitude
of exercise-induced immunomodulation. How-
ever, this does not preclude an immunomodulatory
role for cortisol in long term exercise stress.

2. Training and Fitness Level

Resting levels of NK cell activity were found to
be elevated in 29 highly trained elite cyclists com-
pared with sex- and age-matched controls (median
VOomax of 72.0 and 54.7 ml/kg/min, respec-
tively).138-59 The elite cyclists were examined dur-
ing a period of high (summer) as well as low (win-
ter) training, after 20 hours at rest. At both
examinations, NK cell activity was elevated in the
trained group. In a study by Nieman et al.,[6%
mildly obese premenopausal women performed a
15-week walking exercise training programme (5
x 45-min sessions per week, brisk walking at 60%
of maximum HR reserve) and in a study by Crist
et al.!1!1 elderly volunteers performed a 16-week
exercise programme (3 x 60 mins/week consisting
of at least 20 minutes of aerobic exercise per ses-
sion at a HR of 50% maximum HR of the HR re-
serve). Both studies showed that resting levels of
NK cell activity increased in response to training.

3. Exercise and Infections

When 2 groups of trained and untrained mice
were infected in a resting period with Salmonella
typhimurium!9?) or influenza type A,!63! the trained
mice had a higher survival rate than sedentary
mice. In contrast, when mice performed intense ex-
ercise during the incubation period of an infection
with Coxsackie B virus, increased tissue destruc-
tion and mortality were found among the exercis-
ing animals.[64
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Also, several studies in humans have explored
the relationship between exercise and URTI. These
are summarised in a recent review by Nieman.!!]
These studies were based on self-report and did not
include a clinical examination or laboratory work-
up. An increased frequency of URTI has been re-
ported in a study of 1550 runners who took part in
a 56km race, compared with matched controls.
Those who ran faster race times reported more
symptoms, indicating a dose-response relation-
ship.[63] Nieman et al.[%] reported that the runners
who actually ran a marathon reported more symp-
toms of URTI during the week following the race
than similarly experienced runners who entered
but did not participate in the race for reasons other
than sickness. Heath et al.[7] followed a cohort of
530 runners. Those who ran less than 16km (10
miles) per day, had the lowest odds ratio for respi-
ratory disease, while the odds ratio more than dou-
bled for those running more than 27km (17 miles).

The effects of moderate exercise training were
examined in a 15-week study of mildly obese
women who were randomly assigned to a walking
or a nonexercising group. The women in the exer-
cise group experienced fewer URTI symptoms
than their sedentary controis.[60]

On the basis of several reports, including the
above mentioned studies, a ‘J’-shaped model of the
relationship between varying amounts of exercise
and the risk of URTI has been suggested.[!] This
model suggests that moderate exercise may lower
the risk of respiratory infection while excessive
amounts may increase the risk.

4. Exercise and Cancer

NK cells are very sensitive to exercise, and
these cells are thought to play a role in defence
against malignant cells. Hoffman-Goetz!%8! has re-
cently reviewed evidence linking exercise, natural
immunity and tumour metastasis. In general, there
is an inverse relationship between exercise and the
development of experimental tumours in ani-
mals,®-38! and epidemiological evidence in humans
generally supports this relationship.[®!

Sports Med. 19 (6) 1995



398

The prevalence rates of cancers of the reproduc-
tive system (uterus, ovary, cervix and vagina) and
breast cancer were determined for 5398 living
alumnae, 2622 of whom were former cotlege ath-
letes. For nonathletes/athletes, the relative risk
was 2.53 for cancers of the reproductive system
and 1.83 for breast cancer.!”%) The latter finding was
confirmed in a recent study.!”!! The association be-
tween physical job activity and colon cancer was
examined in a 19-year follow-up study of 1.1 mil-
lion Swedish men.[”2 The relative risk of colon
cancer in men employed in sedentary occupations
was estimated at 1.3. However, in these epidemio-
logical studies the possibility of exercise-induced
changes in the immune system as underlying mech-
anisms was not addressed.

5. Exercise and Training in Patients
with Chronic Diseases

In a recent study, patients with rheumatoid ar-
thritis performed an 8-week bicycle exercise pro-
gramme (30 min interval training, 4 to 5 times a
week). No changes were observed in NK cell ac-
tivity, BMNC proliferation or cytokines.!”>! In rats
with adjuvant-induced arthritis, exercise did not in-
fluence the severity of the disease.[’#!

Infection with the HIV type 1 results in progres-
sive and profound immunosuppression. The pri-
mary defect is the depletion of CD4+ cells, but de-
pletions and defects in the function of other
lymphocyte subpopulations, including NK and
LAK cells, and altered cytokine production also
occurs.I”>78 HIV seropositive individuals have
been shown to possess an impaired ability to mo-
bilise neutrophils, NK cells and LAK cells to the
blood in response to short term time-limited exer-
cise stress (bicycling at 75% of VOpnay for 1
hour).34 The mechanisms behind this impaired re-
cruitment are unknown, but may be attributed to an
altered response to stress, a lower expression of
fB-receptors on the surface of NK cells and/or a
smaller reservoir of cells available for recruitment.

Thus, in patients with chronic diseases such as
rheumatoid arthritis and HIV-infection, there have
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not been reports showing that exercise is harmful
to the immune system or worsens disease activity.

6. Conclusions

At rest, trained subjects have slightly elevated
nonspecific immunity. During exercise, leucocytes
are recruited to the blood and if muscle damage
occurs the cytokine level is enhanced. Thus, short
term, time-limited exercise stress induces an in-
flammatory response. Following long term, intense
exercise the number of lymphocytes in the blood is
suppressed, and the function of NK and B cells is
inhibited. During this time of immunodepression,
often referred to as ‘the open window’, the host
may be more susceptible to micro-organisms by-
passing the first line of defence. This is of interest
to top athletes who perform frequent severe exer-
cise without allowing the immune system to re-
cover between each bout. In those performing
moderate exercise the immune system is enhanced
during exercise, but there is no ‘open window’ fol-
lowing exercise.

The clinical observations regarding an in-
creased risk of infections in top athletes, but a de-
creased number of infections in subjects perform-
ing regular moderate exercise training, are
compatible with this model.
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