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INTRODUCTION

Interest in the influence of exercise upon the human white cell population dates
back more than a 100 years. Thus, when introducing the third meeting of the
International Society of Exercise Immunology in Brussels, Dr. Bente Klarlund-
Pedersen noted that Schulte had already described an exercise-induced leukocyto-
sis as early as 1893. However, for much of the following century interest
remained strictly clinical, with physicians assessing the possible changes in vul-
nerability to bacterial and viral diseases that were induced by various forms of
physical activity. In the absence of specific remedies, bed rest was a common
medical recommendation for infectious disease, and if the patient recovered from
the immediate infection there was often a substantial residual loss of physical
condition. Army hospitals in particular were thus anxious to know whether recov-
ery would be compromised if physical activity were to be encouraged during con-
valescence. Prominent concerns of this era were the influence of exercise upon
anterior poliomyelitis and viral hepatitis. The paralysis resulting from the anterior
poliomyelitis virus was generally localized to body parts that had been active, and
it seemed most likely to develop in those who continued to engage in vigorous
exercise in the face of early symptoms (46, 57, 119, 120). Data on viral hepatitis
also suggested a need for rest in the acute phase of the disease (1, 65, 115, 128),
although most authors concluded that in this condition exercise could be resumed
during convalescence, provided that the patient was no longer severely jaundiced
(5, 32, 136).

During the 1970s, sports physicians began to enquire whether exercise-induced
modifications of immune function were responsible for the high frequency of
minor infections seen in competitors around the time of major competitions (1,
65, 115, 128). Concerns were also expressed that such infections might have an
adverse impact on athletic performance (23, 38), exacerbate any tendency to exer-
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cise-induced bronchospasm (51), and (if normal activity was maintained) lead to
a fatal viral myocarditis (15, 146). In apparent confirmation of these fears,
Swedish orienteers had an epidemic of sudden exercise-related deaths between
1979 and 1992, but such incidents stopped quite abruptly in 1992, suggesting that
some factor other than myocarditis, possibly blood doping, may have been
involved (146, 147).

Dr. Ernst Jokl (photo page 205) was an early proponent of the idea that participa-
tion in competitive sport could adversely affect immune function (59). His clini-
cal arguments were vigorously criticized by some exercise scientists such as Dr.
Bengt Eriksson of Göteborg and Dr. H.B. Simon (135). However, towards the end
of the 1980s, support for Dr. Jokl’s views came in the form of controlled studies
of long-distance runners conducted by Dr. Edith Peters in South Africa (106) and
Dr. David Nieman (photo page 206) and his colleagues at Appalachian State Uni-
versity (95); both noted that race participants showed a substantial increase of res-
piratory symptoms in the first few weeks after the event. Many authors attempted
to link these observations to the changes in cellular and humoral parameters seen
during and following various types of physical activity, both acutely, and follow-
ing several months of training. A detailed account of this phase in the evolution of
exercise immunology has been published recently (126).

The modern, experimental phase of exercise immunology began in the 1980s,
with involvement of a relatively small group of laboratories. However, over the
two following decades there was an exponential expansion of interest and result-
ing discoveries. The present article examines some of the factors that have
encouraged the rapid growth of exercise immunology, marked by an ever-growing
output of peer-reviewed papers, the development of an international society spe-
cializing in exercise immunology, and the founding of a well-respected journal.
Brief comment is made on some of the key personalities involved and a few land-
mark discoveries are highlighted. This article concludes by noting some future
research opportunities and challenges in exercise immunology.

FACTORS UNDERLYING THE RAPID DEVELOPMENT OF
EXERCISE IMMUNOLOGY

The Second World War stimulated the development of potent vaccines, antibiotics
and chemotherapeutic treatments for many infectious diseases, so that by the sec-
ond half of the twentieth century interest in the relationships between exercise,
training and bacterial and viral diseases was tending to wane. One exception to
this generality was the problem of upper respiratory infections. These remained a
significant issue for athletes, who feared a deterioration in performance (23, 38,
44) and possible death from viral myocarditis if they decided to compete despite
an infection (15, 146, 147). Such considerations were likely important in driving
early investigations into various cellular and humoral aspects of exercise
immunology. Other influential forces have included major advances in technolo-
gy, the demands of cold-war military tactics, the potential to use exercise as an
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experimental model of sepsis, and a growing interest in the areas of psychoneu-
roimmunology and stress research.

Acute infections and their treatment. Fears that upper respiratory infections
might impair competitive performance piqued the interest of several drug compa-
nies, who sought to develop protective immunoglobulin preparations (144, 145).
Beginning in the 1960s, there was also considerable public health (37, 83, 100)
and religious (90) interest in encouraging a healthy, active lifestyle in order to
stem the epidemic of coronary heart disease. It was thus important for exercise
scientists to understand, and if possible to counter any adverse influence of such
activity upon resistance to infections.

Although most governmental initiatives promoted regular, moderate physical
activity of the type advocated by the American College of Sports Medicine and
the Canadian Society of Exercise Physiology, many lay activists decided that if a
little exercise was good, more strenuous exercise was better. The healthy lifestyle
movement thus spawned mass participation in marathon and ultra-marathon runs.
Some events attracted 40-80,000 participants, many of whom were ill prepared to
run over such distances. It was quickly noted that participants apparently had an
increased incidence of upper respiratory illness relative to their peers who decided
not to enter a given event (95), raising questions about the wisdom of allowing
unbridled exercise, and stimulating interest in the possibility of averting an
adverse response by the use of dietary supplements and medications.

More recently, questions have arisen about the place of exercise programmes in
the fight against the world-wide epidemic of Human Immunodeficiency Virus
(HIV) infection. In particular, information was needed as to whether exercise
would attenuate or compound the depression of immune function associated with
this disease. Exercise seemed a potentially valuable element in therapy, given its
ability to stimulate NK cell function, to counter depression (which itself
depressed immune function), and to reverse the deterioration of general physique
seen in many HIV patients. Dr. Arthur LaPerriere (photo page 207) and his col-
leagues have played a major role in these enquiries. The response to a moderate
training programme has generally proven favourable, with no further depression
of T cell numbers; counts of both CD4+ and CD4+CD45+ cells were increased in
exercisers; augmentation of the latter cell sub-set was particularly important,
given its potential to activate CD8+ cytotoxic cells. LaPerriere and associates con-
cluded that the response to a moderate exercise programme was at least as good as
might be anticipated from contemporary AZT treatment (66). Other observers
have claimed enhanced skin responses to the Multitest Mérieux antigen in exer-
cisers (122). However, immune benefits have not always been seen, and much fur-
ther research is needed (132).

Technological advances. In many areas of biological science, the progress of
knowledge has been propelled not by human curiosity or serendipity, but rather
by the advent of some new technology or the sudden availability of research fund-
ing offered by government or industry hopeful of an early payback of “usable”
information. The enormous strides made by cardio-respiratory physiologists dur-
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ing and immediately following World War II provides one obvious example. In
the 1940s, high altitude research laboratories replaced the straw levers and
smoked drums of the traditional physiology laboratory by recording galvanome-
ters linked to sophisticated electronic transducers of respiratory and intravascular
pressures, and continuously recording infra-red, paramagnetic and mass-spectro-
scopic indicators of gas concentrations were substituted for the laborious chemi-
cal analysis of gas samples.

Similar forces have played an important role in shaping the development of exer-
cise immunology. Technical developments have facilitated rapid progress in our
understanding of both cellular and the humoral aspects of this sub-discipline.
Analysis of leukocytes has been greatly speeded and facilitated with introduction
of the Coulter Counter, the FACScan cell sorter, radioactive techniques that meas-
ure cell toxicity accurately, and the application of molecular biology techniques to
examine cell metabolism. Likewise, in animal laboratories, technological
advances in mouse models of both exercise and immune responses, and the ready
availability of mouse reagents have stimulated study of the immune system and
how it is affected by exercise. Unfortunately, much of the new equipment and
related reagents has remained relatively expensive, so that only a limited number
of exercise scientists associated with major hospitals, military research laborato-
ries and national sports training facilities have been able to exploit the more
expensive components of the new technology.

Automated cell counting. The idea of automated cell counting dates back to 1934
(81). Wallace Coulter developed a device to detect the number and size of parti-
cles suspended in a fluid. This was patented in 1953 (22), and became widely
available in the late 1960s. Changes in electrical conductance were detected as the
cell-containing fluid was drawn through a small aperture. One difficulty was to
allow the particles to pass the orifice in a reasonable time; electrophoresis and
electrolysis proved unsuccessful, and eventually multiple apertures were used.
Counts showed a good correlation with manual enumeration of total leukocytes,
lymphocytes and neutrophils (6).

Fluorescence activated cell sorting. Early B cell counts were based on the roset-
ting technique (12, 49), and unfortunately this did not distinguish clearly
between B and NK cells. Development of the fluorescence activated cell sorter
and appropriate monoclonal antibodies has allowed much more accurate and
automated sorting of cell sub-types; in the case of B cells, exercise-induced
increases in count were seen to be much smaller than those that had been esti-
mated by the rosetting technique (28). The basic idea of the automated cell sorter
dates back to 1969 (29), and a commercial apparatus became available by the
early 1970s (Becton-Dickinson Fluorescence Activated Cell Sorter, FACS ®).
Electronic devices sorted cells by volume (39), and absorbing dyes were quickly
replaced by fluorescent markers linked to monoclonal antibodies (40, 58, 80).
Light from one or more laser beams was directed onto the stream of suspended
cells. The forward scatter reflected cell size; lateral scatter reflected the surface
form of the cells, membrane folding and granularity, and the intensities of green,
orange and red fluorescence emitted by the monoclonal markers. After photo-
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multiplication, data for scatter and fluorescence were gated, plotted, and com-
pared with responses to calibration beads. Development of an ever-growing range
of monoclonal antibodies has allowed precise study of surface antigens, and exer-
cise-induced changes in surface characteristics during and following exercise (40,
80, 118). This has allowed assessments of adhesion molecule expression, and
determinations of the proportion of mature cells in the circulating blood.

The introduction of tritiated thymidine incorporation methodology has allowed
accurate assessment of in vitro lymphocyte proliferation rates (79, 134). Beginning
with Hedfors and associates (50), exercise immunologists studied the functional
activity of B cells in terms of the in-vitro pokeweed mitogen-stimulated production
of immunoglobulins. Other early studies of cellular activity were based on insulin
binding (64), glucose metabolism (11), and the direct observation of phagocytosis
in animals (34). One promising development has been to monitor the intracellular
generation of superoxide anions using FACscan equipment (110).

Humoral responses. Early investigators studied changes in the production of anti-
gens in response to the injection of foreign erythrocytes (43), neutrophils (67) or
various toxoids (30, 33, 69). Progress in the humoral aspects of exercise
immunology has been spurred by the development of techniques such as gas-liq-
uid chromatography, enzyme-linked immuno-absorbent assay (ELISA), western
blot technologies, and most recently the transcription of cytokine mRNAs, using
RNA isolation kits and the molecular biology technique of reverse transcription
polymerase chain reaction assay (82, 114).

Cold-war military tactics. Western military commanders became very interested
in the possible immuno-suppressant effects of prolonged exercise at the height of
the “cold war.” The tactical wisdom of that era was that the front-line strength of
NATO troops was inadequate to resist a sustained Soviet attack. The game plan
of the western generals was thus for their troops to fight a continuous rearguard
action for 4-5 days, until they could be reinforced by troops flown from the Unit-
ed States (14). In the event of such extended combat, the defenders would likely
be exposed to a combination of immune stressors, including very prolonged exer-
cise, sleep deprivation, possible shortages of food and the anxieties associated
with battle.

Exercise as a possible model of sepsis. Another strand of enquiry viewed exer-
cise as a precipitator of the inflammatory response, and this seemed an important
topic to investigate because it might throw some light upon the seemingly
intractable problem of clinical sepsis (16). Dr. G. Camus and colleagues at the
University of Brussels, Dr. Hinnak Northoff (photo page 207) and colleagues at
the University of Tübingen, and Dr. Pang Shek at the University of Toronto have
all made major contributions to this area of investigation. By 1997, interest in the
topic was such that an International Colloquium on “Immune Responses to
Inflammation and Trauma: A Physical Training Model” was hosted in Toronto;
the group photo from this meeting includes many of those most active in exercise
immunology in 1997 (photo page 199).
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Other areas stimulating research in exercise immunology. Individual inves-
tigators have inevitably tended to believe that their particular area of research
has made a major contribution to the development of exercise immunology, and
there have undoubtedly been many influences other than those already noted.
One such candidate is the rapidly growing area of psychoneuroimmunology,
the complex two-way interaction between the pysche and immune function that
modulates many chronic diseases and conditions (123). Fatiguing exercise, par-
ticularly under conditions of international competition or military combat, is
undoubtedly very stressful. Indeed, one growing strand of thought urged by Dr.
Bente Pedersen of the University of Copenhagen (photo page 206) and Dr. Lau-
rie Hoffman-Goetz of the University of Waterloo, ON (photo page 206), has
argued that heavy exercise affects the immune system much as a variety of
other stressors, providing a useful general model of the immune response to
stress (101). This issue has stimulated particular interest in military laborato-
ries, since soldiers are often expected to undertake prolonged exercise in the
face of other stressors such as extremes of heat and cold, hyperbaric environ-
ments and sleep deprivation (127).

EMERGENCE OF EXERCISE IMMUNOLOGY
AS A SPECIFIC SUB-DISCIPLINE IN THE

EXERCISE SCIENCES

Relatively few exercise science laboratories were involved in experimental
immunology during the 1980s. Early pioneers included, among others, Dr. Hoff-
man-Goetz at the University of Waterloo, ON; Dr. Laurel Mackinnon of the Uni-
versity of Queensland, Brisbane; Dr. David Nieman, Dr. Sandra Nehlsen-
Cannarella and colleagues, a collaboration between Appalachian State University
and Loma Linde University in California; Dr. Bente Pedersen and colleagues at
the University of Copenhagen; Drs. Shephard, Shek and Shinkai at the University
of Toronto; Dr. Heinz Liesen in Paderborn, Westphalia; Dr. Gerd Uhlenbruck in
Cologne; Dr. Hinnak Northoff in Tübingen; and Dr. Holger Gabriel, now at the
University of Jena (40, 54, 69, 73, 97, 98, 105, 134). Particularly since the early
1990s, there have been major research contributions from other investigators,
including Dr. Mark Davis, of the University of South Carolina, Dr. Jeff Woods,
formerly of the University of South Carolina, and now at the University of Illinois
(Urbana), Dr. Monika Fleshner, now at the University of Colorado (Boulder) and
Marian Kohut, now at Iowa State University (7, 26, 148-150).

The emergence of exercise immunology as a specific sub-discipline of the exer-
cise sciences began in the early 1990s, as FACScan equipment became more
widely available, and an ever-growing number of scientific papers addressed vari-
ous cellular and humoral aspects of exercise immunology. The founding of a pro-
fessional society, the establishment of a specialist research journal, and the publi-
cation of several comprehensive textbooks all helped carry the process forward.
Dr. David Nieman has frequently presented slides at professional meetings illus-
trating the exponential growth of research in exercise immunology that began
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around 1990 (Figure 1). The course of this trend can also be examined by pairing
the terms “immunology” and “exercise or physical activity or fitness” in the
HealthStar-Ovid data base. The total number of articles detected by the latter
approach is substantially smaller than that seen in Dr. Nieman’s graphs, which
cover a wide field of interests ranging from the epidemiology of upper respiratory

infections to detailed research on cytokines and adhesion molecules. However,
both approaches demonstrate the same trend of a rapid increase of interest during
the 1990s. Dr. Nieman is no longer updating his graphs, but the alternative
method of analysis suggests that for the moment interest may have reached a
plateau.

Dr. David Nieman offered a sterling service to those entering the field of exercise
immunology by circulating, on a biennial basis and at no charge to recipients, a
detailed bibliography that provided extended abstracts and summaries of relevant
papers; the first volume, published in 1993, listed and cross-referenced 360 arti-
cles from 1902 to 1991. Subsequent biennial updates carried this resource
through to 1999, when electronic documentation such as PubMed and HealthStar
Ovid made further editions redundant.
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Figure 1. Illustrating the striking growth in the number of peer-reviewed articles in various
areas of exercise immunology that began around 1988. (Illustration: Courtesy of Dr. David
Nieman



Systematic textbooks played an important role in defining and consolidating the
field of exercise immunology. The first text written for students of exercise
immunology was published by Laurel Mackinnon (74); a much expanded edition of
this same book was published seven years later (72). Hoffman-Goetz and MacNeil
contributed a chapter examining the possible impact of exercise on immune func-
tion in relation to cancer in a more general text on Exercise and Disease (56), and
four years later Dr. Hoffman-Goetz edited a multi-authored book devoted entirely
to Exercise and Immune Function (53). The following year, I authored a research
monograph with an extensive bibliography that synthesized available knowledge to
date (132). Finally, a text focusing on nutritional aspects of the exercise-immunolo-
gy relationship was published by David Nieman and Bengt Pedersen (91).

DEVELOPMENT OF THE INTERNATIONAL SOCIETY OF
EXERCISE IMMUNOLOGY

A number of universities in Germany had shown a strong interest in exercise
immunology during the late 1980s, and in November 1989 Dr. Heinrich Liesen
(photo page 205) of the Institute for Sports Medicine at the University of Pader-
born hosted a seminal International Symposium on Sports and the Immune Sys-
tem under the aegis of the German Federation of Sports Medicine. This meeting
celebrated the “presentation” of the Institute for Sports Medicine of the Universi-
ty of Paderborn, and also marked the 60th birthday of Professor Gerhard Uhlen-
bruck of the University of Cologne, a collaborator with Dr. Liesen and an early
investigator in exercise immunology (69). Interest in the meeting was strong, and
the desire was expressed to repeat such exchanges of the latest information on a
regular basis. Senior investigators thus met immediately following the meeting,
and formulated plans for the establishment of an inter-disciplinary International
Society of Exercise and Immunology.

The Heinz-Nixdorf Foundation, a funding agency associated with a major com-
puter manufacturer in Paderborn had provided generous financial support for the
1989 symposium, and through the good offices of Dr. Liesen this same Founda-
tion was persuaded to provide continuing funding as an International Society was
developed. Despite his well-established research credentials and demonstrated
administrative ability, Dr. Liesen modestly declined presidency of the new organ-
ization, and after some discussion among the ad hoc group who were laying the
groundwork for the new Society, a consensus developed that Dr. Arthur LaPer-
riere should serve as the first President. It was decided that the Society would
meet biennially, that the first meeting would be in Paderborn, and that Dr. LaPer-
riere’s Presidency would extend from 1993-1995. Subsequent Presidents have
included Dr. Bente Klarlund-Petersen (1995-1997, Dr. David Nieman (1997-
2001), Dr. Ingabjorg Jonsdottir (2001-2003), Dr. Jeff Woods (2003-2005). Dr.
Ryoichi Nagatomi (2005-2007), Dr. Michael Gleeson (2007-2009) and Dr. Maree
Gleeson (2009-2011).

Because of the strong initial support from the Heinz Nixdorf Foundation, it was
initially resolved that meetings would alternate between Paderborn and various
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international destinations. However, this plan was later abandoned, in part
because those arranging meetings found it more practical to organize meeting
rooms near to their home base. The Society thus met in Brussels (1995), returned
to Paderborn (1997) and then visited in turn Rome (1999), Baltimore (2001),
Copenhagen (2003), Monaco (2005), Sendai, Japan (2007) and Tübingen, Ger-
many (2009). Meetings were generally well attended and well-received, the one
contentious gathering being in Brussels (where the meeting was followed by an
unfortunate financial dispute between the local organizers and the Society).

Between the biennial meetings, interest was maintained by regional gatherings.
In Germany, the principal forum for such interaction was the German Federation
of Sports Medicine. In the United States, Dr. David Nieman organized seminars,
specific symposia and an “interest group” through the annual meetings of the
American College of Sports Medicine. In July of 1997, Canadian investigators
from the Faculty of Physical Education & Health of the University of Toronto and
what was then the Defence and Civil Institute of Environmental Medicine at
Downsview, ON, hosted an International Colloquium on “Immune Responses to
Inflammation and Trauma: A Physical Training Model”. Papers from this last
meeting were published as a special supplement to the Canadian Journal of Phys-
iology and Pharmacology (125). Finally, the PsychoNeuroImmunology Research
Society has developed a growing interest in issues of physical activity and exer-
cise, stimulated in part by a special issue of Brain, Behavior & Immunity edited
by Dr. Jeff Woods in September of 2005 (151).

DEVELOPMENT OF A SPECIALIST RESEARCH JOURNAL

The International Society of Exercise and Immunology launched a peer-reviewed
specialist research journal (the Exercise Immunology Review) in 1995. It began
under my editorship, with Dr. Northoff as my associate editor. The Society decid-
ed to publish a single volume each year, with an initial focus upon invited in-
depth reviews by emerging leaders in the discipline. Because of the specialized
nature of the topic, the total circulation was limited (less than 300 copies), but
perhaps because of the novelty of the topic, the distinguished nature of the con-
tributors and a concentration upon in-depth reviews, the “Impact Factor” for the
journal rapidly topped figures for established sports science journals. In the year
2000, the Impact values for the four top journals in Exercise and Sports Science
were the Exercise Immunology Review (2.9), the American Journal of Sports
Medicine (2.3), Medicine & Science in Sports & Exercise (2.1) and the Journal of
Applied Physiology (2.1). By 2005, the Impact Factor for the Exercise Immunol-
ogy Review stood at 3.47, and by 2007 it had reached 4.44. The alternative Eigen
Factor measure of the journal’s influence showed a similar picture of high accept-
ance (Figure 2).

A commercial publisher (Human Kinetics) produced the first five issues, but sales
did not reach their expectations, and Dr. Northoff thus arranged very efficiently
for subsequent issues to be published under the aegis of the University of Tübin-
gen and the Exercise Immunology Work Group of the German Society of Sports
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Medicine and Prevention. In 1998, Dr. Northoff became the lead editor, a task he
has now fulfilled very ably for some 12 years. Associate editors became Dr.A.
Berg of Freiberg and myself. Dr. Mike Gleeson replaced me as second associate
editor, beginning in 2001. The first two issues prepared under Dr. Northoff’s guid-
ance focused on a specific theme- nutrients modifying immune responses, and
cellular damage, respectively. However, it proved challenging to coordinate the
writing of five or more reviews on related topics, and subsequent issues have cov-
ered a diverse range of topics. A second innovation proposed by Dr. Northoff was
to allow the inclusion, at the discretion of the author and the editor, of recent orig-
inal research relevant to a given review.

The current mission statement of the Exercise Immunology Review (2008) pro-
vides both a good snap-shot of the journal and a concise definition of the field of
Exercise Immunology:
“Exercise Immunology Review publishes review articles that explore (a) funda-
mental aspects of immune function and regulation during exercise, (b) interac-
tions of exercise and immunology in the optimization of health and protection
against acute infections, (c) deterioration of immune function resulting from com-
petitive stress and overtraining, (d) prevention or modification of the effects of
aging or disease (including HIV infection, cancer, autoimmune, metabolic or
transplantation associated disorders) through exercise, (e) instrumental use of
exercise or related stress models for basic or applied research in any field of phy-
siology, pathophysiology or medicine with relations to immune function.”
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od 1998 to 2006.



KEY PERSONALITIES IN THE EVOLTION OF EXERCISE
IMMUNOLOGY

Space will not permit detailed sketches of all the many scientists who have helped
to bring exercise immunology to its current stage of development. We here focus
on just a few names who were among the pioneers and/or contributed specifically
to development of the International Society and its journal. Most of these individ-
uals have had a broad range of career interests, but we focus here on their contri-
butions to exercise immunology.

Dr. Ernst Jokl. Dr. Ernst Jokl was born in Germany, and
later emigrated to South Africa, before finding his niche as
Sports Physician at the University of Kentucky in Lexing-
ton, KY. A long interest in sports medicine saw him
become one of the seven “founding fathers” of the Ameri-
can College of Sports Medicine. As physician to the Uni-
versity teams, he became acutely aware of the problems
caused by upper respiratory infections in high performance
sports, and he was an early clinical protagonist of the view
that exercise modified immune function (59).

Dr. Heinz Liesen. Dr. Heinz Liesen founded the Institute
of Sports Medicine at the University of Paderborn, in
Westphalia. He has had an active interest in many aspects
of sports performance, particularly soccer and golf. In the
context of this article, he organized the first International
Symposium on Exercise Immunology (Paderborn, 1989),
and he played a vital background role in founding the
International Society of Exercise Immunology. His scien-
tific contributions to exercise immunology have received
greater recognition in German-speaking countries than in
North America. Notably, he and his colleagues have stud-
ied interactions between catecholamines and adhesion

molecules (121), demonstrating by a study of splenectomized patients that the
spleen plays little role in the sequestration of NK cells (8). He wrote an important
early review of the area in collaboration with Dr. Gerd Uhlenbruck (69).
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Dr. David Nieman. Dr. David Nieman has for many years
been Professor of Health, Leisure and Exercise Science at
Appalachian State University. He has also been one of the
main driving forces behind the growth of interest in Exer-
cise Immunology in North America, usually chairing ses-
sions on this topic at the American College of Sports Med-
icine. Particular scientific contributions, often undertaken
in collaboration with Dr. Sandra Nehlsen-Cannarella, have
included the demonstration of a six-fold increase in self-
reported upper respiratory infections following participa-
tion in a marathon run (95), exploration of the changes in
blood leukocyte levels associated with endurance and

other forms of exercise (96), and development of the hypothesis of a j-shaped
relationship between exercise dose and susceptibility to infection (93).

Dr. Bente Pedersen. Dr. Bente Klarlund Pedersen is Pro-
fessor in the Department of Infectious Diseases and the
Muscle Research Centre at the University of Copenhagen.
She served as president of the International Society for
Exercise Immunology from 1995-1997, and is one of the
leading investigators in exercise immunology in Scandi-
navia. Particular contributions have included the concept
that the immune response to exercise provides a useful
general model of immune responses to stress, and her
demonstration that muscle production of a cytokine (inter-
leukin-6) plays a major role in the regulation of metabo-
lism during exercise (101).

Dr. Laurie Hoffman-Goetz. Dr. Laurie Hoffman-Goetz is
Professor in the Department of Health Studies and Geron-
tology, a division of the Faculty of Applied Health Sci-
ences at the University of Waterloo, Ontario. One of the
early pioneers in exercise immunology. her primary inter-
est has been the interaction between exercise and suscepti-
bility to cancer. In part because the University of Waterloo
is at some distance from a major teaching hospital, and in
part because she has wished to study the question experi-
mentally rather than epidemiologically, much of her
research has concentrated on animal models of carcino-
genesis (see below).
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Dr. Laurel Mackinnon. Dr. Laurel Mackinnon is Associ-
ate Professor in the School of Human Movement Studies at
the University of Queensland, Brisbane, NSW. Perhaps her
most important contribution to exercise immunology has
been in defining the scope of the topic by writing its first
systematic textbook (72, 74). Many of her scientific inves-
tigations have been completed in association with the Aus-
tralian National Institute of Sport. She has had opportunity
to study the cellular and humoral responses of Australia’s
top national athletes over months of rigorous training, not-
ing resulting changes in serum immunoglobulins and an
increased risk of upper respiratory infections (77).

Dr. Arthur LaPerriere. Dr. Arthur LaPerriere, first Presi-
dent of the International Society of Exercise Immunology,
has a strong interest in the field of psychomeuroimmunol-
ogy. He carried out important early research on responses
of the immune system to exercise in patients infected with
the Human Immunodeficiency Virus (HIV).

Dr. Hinnak Northoff. Dr. Hinnak Northoff is the Medical
Director of the Centre for Clinical Transfusion Medicine
GmbH of the German Red Cross, serving that organization
well through the crisis associated with the world-wide
public perception of “tainted” blood transfusions. In addi-
tion to his clinical and administrative responsibilities, he
has served the exercise immunology community faithfully
through his careful editing of the Exercise Immunology
Review (above). He has also found time for some innova-
tive research in exercise immunology, particularly in con-
nection with the concept that exercise can be considered as
a model of sepsis (98).
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Dr. Roy Shephard. Dr. Roy Shephard was Professor of
Applied Physiology at the University of Toronto for 34
years, developing a strong graduate programme in the
Exercise Sciences within the School of Physical & Health
Education. A substantial number of the post-doctoral fel-
lows and Ph.D. candidates under Dr. Shephard’s supervi-
sion pursued research in exercise immunology, usually
working in collaboration with Dr. Pang Shek and col-
leagues at the Defence and Civil Institute of Environmen-
tal Medicine (Downsview, ON). This laboratory offered
facilities for examining many aspects of leukocyte
responses to exercise, the expression of adhesion mole-

cules, and molecular aspects of cytokine secretion, together with environmental
chambers to explore interactions between exercise and climatic extremes (82,
114, 131, 132, 134). Two of the post-doctoral fellows (Drs. Shinkai and Suzui)
have carried their interest in exercise immunology back to Japan. Other contribu-
tions have included establishment of the Exercise Immunology Review, organiza-
tion and editing of the International Colloquium on Exercise as a possible model
of sepsis (125), and writing of the first detailed research textbook on Exercise,
Immunity and Training (132).

Other early leaders in the International Society of Exercise Immunology. Other
early leaders in the Society, not mentioned elsewhere, can be gleaned from the
composition of the Editorial Board of the Exercise Immunology Review: mem-
bers to 2009 have included Drs. V. Brusasco (Genoa), K. de Meirleer (Brussels),
M. Fabbrio (Melbourne), L. Fitzgerald (London, England), D. Keast (Perth), L.
Jonsdottir (Göteborg), M. Gleeson (Loughborough, UK), R. Nagatomi (Tohoku,
Japan), J. Peake (Waseda, Japan), and J. Woods (Urbana/Champaign, IL).

MAJOR DISCOVERIES IN EXERCISE IMMUNOLOGY

Space again limits the number of major discoveries that can be considered. Note
is taken of the accurate identification of NK cells, the epidemiology of exercise
and upper respiratory infection, the glutamine hypothesis, influence of adhesion
molecules as modulators of cell counts, the concept of a cytokine cascade, the
role of cytokines in metabolic regulation, and exercise as a model of sepsis and of
the stress response.

Accurate identification of NK cell counts and activity. NK cells were original-
ly identified by rosetting, a form of negative selection whereby B cells were
removed by adherence to nylon wool, and T cells by panning with anti-CD3 (21).
More recently, a form of positive selection became available. The NK cells were
coated with biotinylated specific antibody, and passed through a column contain-
ing the biotin binding substance avidin linked to polyacrimide beads (10), some-
times using ferric oxide coating and a magnet to complete the separation (113).
Cytotoxicity was traditionally assessed by the release of 51Cr from myeloid tumor
cells (99, 109), but faster flow cytometric methods are now available (18). These
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advances have allowed examination of the influence of cell counts, trafficking,
prostaglandins (104) and endogenous opioids (35) on NK cell toxicity. In general,
NK cell toxicity seems to mirror the corresponding cell counts, increasing during
exercise, and remaining depressed for 6-24 hours following activity.

Epidemiology of exercise and upper respiratory infections. The first epidemi-
ological studies in the late 1980s established that the risk of developing respirato-
ry symptoms was increased 2-6 fold by participation in a marathon run (95, 106).
Heavy training also increased this risk (48, 71, 96), but adverse effects from a sin-
gle event were unlikely if the distance covered was less than a marathon (95, 96).
Many athletes themselves perceived an optimal level of training, and if they
exceeded this level, their risk of infections appeared to increase (132). These
observations led David Nieman to formulate the provocative hypothesis of a j-
shaped relationship between the amount of exercise performed and the risk of
infection (92, 93), although critics were quick to point out the dangers of inferring
the shape of a dose-response relationship by pooling studies that differed in
amounts and types of exercise, populations and rigour of analysis (129).

Most of the early studies relied on symptom reporting, and it was pointed out that
further progress depended on distinguishing infections from inflammatory or aller-
gic responses that also caused respiratory symptoms during exercise (111). Appli-
cation of modern quality criteria showed that to the year 2000 only 7 of 28 epi-
demiological studies met current criteria of excellence, and not all of Bradford
Hill’s markers of a causal association were satisfied (129). Nevertheless, the likeli-
hood of reporting an increased risk of infection following exhausting exercise
seemed to be just as great in weak as in well-designed investigations. Further sup-
port for an adverse effect of prolonged and vigorous physical activity has come
from animal studies showing that stressful exercise can increase susceptibility to
both respiratory infections and influenza virus in mice models (25, 61, 84), in part
through a stress-hormone modulated reduction in activity of alveolar macrophages
(62).

Circulating concentrations of NK cells were early shown to increase during exer-
cise (28), but multiple sampling showed a substantial decrease following vigorous
exercise (134). Some investigators argued that this offered an immunological
explanation of the susceptibility to upper respiratory infections. In most studies,
counts have been depressed for only 6-24 hours, and this seems a rather short
period to cause any substantial increase in risk; one study did report a 7 day
decrease in NK cell count (124), but an explanation of this aberrant finding is still
awaited. An alternative hypothesis is that exhausting exercise depresses
immunoglobulin secretion. As early as 1982, low levels of nasal IgA were found
in cross country skiers, with a further depression noted during intensive training
(140). Similar findings were observed in swimmers (138). Depression of serum
immunoglobulins was also demonstrated in Russian athletes as early as 1983
(107), and subsequently confirmed by studies in Germany (138) and at the Aus-
tralian Institute of Sport (75). Currently, this seems the most convincing explana-
tion of any exercise-induced increase in vulnerability to upper respiratory infec-
tions.
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The preventive administration of polyvalent immunoglobulins was advocated by
Weiss (143, 144), and uncontrolled studies on the German National Boxing team
prior to the 1992 Olympic Games claimed benefit from such therapy. Kohut and
associates have underlined the role of exercise in enhancing the effectiveness of
influenza and other vaccines (60, 63). Other reports have suggested that the oral
administration of thymomodulin (42) and the nasal instillation of IgA (52) can
protect against upper respiratory infections. However, one Swedish report found
that although nasal instillation of IgA increased salivary IgA concentrations, it did
not lead to any decrease in respiratory symptoms (70).

The glutamine hypothesis. Newsholme aroused early interest with his hypothe-
sis that the exercise-induced suppression of immune function reflected a decrease
in plasma glutamine (88). Glutamine is certainly needed for leukocyte metabo-
lism. Studies from the Oxford laboratory found a 20% fall of plasma glutamine
following a marathon run, and a controlled trial showed a reduced risk of
immuno-suppression in those who consumed two drinks each containing 5 g of
glutamine, (19 vs. 51% reported infections in those given a maltodextrin placebo)
(17). A lack of glutamine can undoubtedly impair immune function in malnour-
ished populations, but glutamine lack seems less plausible in athletes who are eat-
ing a high protein diet. Subsequent research has generally failed to support either
a substantial drop in plasma glutamine levels with prolonged exercise or benefit
from glutamine supplements (76, 116),

Adhesion molecules and trafficking as modulators of circulating leukocyte
counts. Exercise-induced increases in neutrophil count (2, 27) were noted even
before the introduction of automated counters. It was quickly recognized that this
reflected a movement of cells from reservoir sites, particularly in the lungs and
bone marrow, in response to changes in cortisol and complement concentrations
(24, 117). As understanding of the immune system developed, it became apparent
that many of the changes in cell count observed during and following exercise
were due to a modulation of cell adherence and the demargination of leukocytes
(142). Examination of differential responses to exercise began with Rabin and
associates (112), spurring an extensive study of the hormonal modulation of adhe-
sion molecules (131). Thus, FACScan studies of surface antigens showed that the
well-recognized exercise-induced increases in monocyte counts (2, 3, 27, 31) rep-
resented a trafficking of cells from tissue depots, with circulating monocyte num-
bers subsequently declining as the cells migrated to sites of tissue injury (41).
Those with access to sheep models have been able to explore the distribution of
lymphocytes between the blood, the thymus, bone marrow and lymph ducts (47).
Trafficking is an important area of study, since samples taken from the blood
stream represent only a very small (and often a biased) fraction of the total leuki-
cyte population.

The cytokine cascade and metabolic regulation. Cytokines act in minute con-
centrations, and the cellular response often depends on the presence of other
cytokines or cell stimulants. Other complicating factors are a short half-life,
strong binding to receptors, a potential for modification of receptor sites (68,
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114), and possible neutralization by circulating inhibitors. Thus, detection of
exercise-induced changes has been challenging, and the in vitro production of
cytokines by mitogen or phytohemagglutinin stimulated cells has not always mir-
rored the changes observed in vivo. Dr. Bente Pedersen made the important obser-
vation that in vivo, cytokines were secreted as a cascade, one cytokine eliciting
secretion of the next element in the chain (103). Factors identified as modifying
the pattern of cytokine production have included the relative numbers of Th1 and
Th2 cells, the body temperature and any prostaglandins secreted in response to tis-
sue injury.

Dr. Nehlsen-Cannarella and colleagues (85) suggested that one possible media-
tor of impaired immune function might be a depletion of muscle and liver glyco-
gen reserves during prolonged exercise. Such depletion could conceivably lead
to a depletion of plasma glutamine, as originally postulated by Eric Newsholme.
The effects of a 6% carbohydrate supplement were thus tested during 2.5 hours
of high intensity treadmill running. Immediately and 1.5 hours post-exercise,
larger increases of IL-6 and IL-1 receptor antagonist were observed in the place-
bo controls, suggesting that the carbohydrate attenuated the release of cytokines
in the inflammatory cascade. More recently, Bente Pedersen and her associates
have confirmed the involvement of certain cytokines in metabolic regulation;
during exercise, the IL-6 gene is activated in muscle, and the corresponding
cytokine is released into the blood as glycogen stores became depleted. TNF-α
also seems to be involved, with a stimulation of lipolysis and cortisol production
(102, 108).

Exercise as a model of sepsis. An exercise-related increase of acute phase reac-
tants was an early finding of German investigators (45); this pointed to a tempo-
rary enhancement of lytic activity, and spurred interest in the associated produc-
tion of the cytokine IL-6, with development of what seemed an aseptic inflamma-
tory response (98). Further interest in exercise, particularly eccentric exercise, as
a potential model of septic responses to inflammation and trauma was shown in
Belgium (Camus and colleagues) (16). It was argued that such a reaction, proba-
bly initiated by an increased macrophage production of IL-1, could temporarily
depress the immune response to infections. Classical Th1 cells have a pro-inflam-
matory action, but advances in the identification of surface markers revealed a
second population (Th2cells) with an anti-inflammatory action; it was thus argued
that the relative proportion of the two cell types influenced the likelihood of see-
ing a septic-type reaction. A parallel to clinical sepsis was seen in the penetration
of the gut endothelium by gram-negative micro-organisms during exhausting
exercise (13), with a resulting increase in plasma concentrations of lipopolysac-
charides. Interest peaked in 1997, with the Toronto colloquium devoted to this
theme (55). Although some similarities between strenuous exercise and sepsis
were identified, the colloquium also underlined important differences between
exercise and clinical sepsis (125).

One problem hampering such research has been that the exercise model cannot
ethically be pushed to the point of inducing a septic reaction, at least in humans.
Any inflammatory response thus remains sub-clinical and well ordered. Analysis
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has also proven difficult, many of the key reactants having low concentrations,
short half-lives, and neutralizing factors in the circulation. Possibly, molecular
biologists may help to resolve these problems by the intracellular assay of
cytokine production.

Exercise as a model of stress. There are many points of similarity between stren-
uous exercise (particularly athletic competition) and responses to other environ-
mental stressors, including modulations of hypothalamic activity and the stress
hormones epinephrine and cortisol (19, 101). Exercise has thus been proposed as
a model of the general immune response to stress (101). Exercise interacts with
any other co-existing stressors, so that an otherwise acceptable intensity of effort
becomes excessive if it is undertaken in an adverse environment. Defence labora-
tories, in particular, have been concerned about interactions between exercise and
the immune response at high altitude, during deep diving, and under very hot and
very cold conditions (132).

FUTURE CHALLENGES TO EXERCISE IMMUNOLOGY

Future challenges for the exercise immunologist seem likely to include a need to
change the transmission of information through scientific meetings and the jour-
nal, demands for further study of exercise in relation to aging and cancer, evalua-
tion of the potential to prevent upper respiratory infections by regular moderate
exercise, and applications of immune technology in the prevention of athletic
doping.

Organizational aspects. The future is likely to present a number of organization-
al challenges to Exercise Immunology. Rising air fares will probably preclude the
attendance of young investigators at future international meetings, and there will
thus be a need to develop both national and regional chapters, and other tech-
niques for the on-line discussion of emerging issues. The journal will need to con-
sider producing more than a single issue in any one year, and will also wish to
move to instantaneous on-line publication once a paper has received editorial
approval. The ever-increasing complexity of investigative techniques may finally
call for a certification of both laboratories and investigators qualified to carry out
the necessary analyses.

Aging. Current problems of an aging population will undoubtedly encourage a
building upon existing knowledge of interactions between aging, exercise and
immune function, either in animals or in elderly people (36, 133). Investigators
will need to allow for many concomitant factors that can influence immune func-
tion in the elderly, including poor nutrition, a build up of chronic infection, a
depressed mood state and degenerative changes in various body organs. Given
that aging is marked by progressive DNA damage and apoptosis (20), there is
likely to be increasing interest in the DNA damage and release of reactive species
caused by strenuous exercise (87, 118), and investigators will want to explore the
relationship of such responses to the deteriorations of immune function associated
with aging and carcinogenesis.
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One intriguing recent discovery has been the finding that aging is associated with
increased levels of inflammation, and increased concentrations of the pro-inflam-
matory cytokines IL-1beta and TNF-α; these contribute to hippocampal neurode-
generation in transgenic mice models of Alzheimer’s Disease. A promising
avenue for future enquiry is thus suggested by the action of regular wheel exercise
in reducing the level of these cytokines, and delaying one component of the brain
aging process (89).

Cancer. It is now generally accepted that exercise reduces the risk of several
types of neoplasm (130). Many possible mechanisms have been discussed, possi-
bly including increased activity of macrophages, NK cells and related cytokines.
Certainly, animal experiments suggest that an exercise-induced stimulation of NK
cell function decreases the risk of metastasis (78). Given the prevalence of cancer,
research into mechanisms underlying the benefits of exercise are likely to contin-
ue into the next decade, although if the immune system is involved, it will be nec-
essary to explain why exercise only protects against some types of cancer.

To date, the progress of human studies has been hampered by the slow nature of
the carcinogenic process, and the absence of any unifying theory. Research
seems likely to continue on small mammals, where tumor cells can be implanted
(4) and tumors induced by injection of potent carcinogens (139, 141) or massive
numbers of tumor cells (78). However, there will be continuing difficulties in
comparing such massive challenges to the gradual process of carcinogenesis seen
in most human tumors. It will also be necessary to consider such issues as the
stress of enforced exercise, and differences of lifespan and body size between
humans and animal models.

Acute upper respiratory infections. There is growing evidence that an appropri-
ately chosen moderate dose of exercise can enhance both cellular and humoral
resistance to upper respiratory infections (94, 96, 137). Given the lack of specific
remedies for the common cold, it thus appears worthwhile to explore these
responses carefully, and to determine how far effects can be maximized in the
contexts of public health and prevention of the common cold.

Athletic doping. Finally, exercise immunologists are likely to make an increasing
contribution to the unmasking of athletic doping. One troublesome form of cheat-
ing has been homologous red blood cell transfusion, and a flow cytometric tech-
nique of detecting such transfusions has now been developed, based on the pres-
ence of foreign antigens (86). There are also increasing fears that athletes may
abuse gene transfer technology to gain competitive advantage. However, the
development of a polymerase chain reaction technique now allows the presence of
transgenic DNA to be detected in whole blood (9).
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