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From the Editors

EIR26 2020 contains eight articles. Our associate editor,
Richard Simpson, coordinated a debate article, which repre-
sents a new type of article for EIR. The purpose of this article
was to solicit opposing arguments centered around a funda-
mental question in the exercise immunology field: can exer-
cise affect immune function to increase susceptibility to infec-
tion. The second article by Joisten et al. gives an overview
about the current state of knowledge in exercise and the
Kynurenine pathway. Hoekstra et al. discuss the potential and
mechanisms of active (e.g. exercise) and passive (e.g. hot
water immersion; sauna therapy) heating methods to reduce
chronic low-grade inflammation and improve metabolic
health in physically inactive people. Mulas et al. examined the
effects of exercise on tumor growth and its possible adjuvant
effects when combined with anti-PD-1 immunotherapy in a
patient-derived xenograft model of non–small-cell lung can-
cer. A study from Hwang et al. suggests that mobilizing serum
factors and immune cells may be a key mechanism by which
exercise counteracts cancer in older adults. Colby et al. ana-
lyzed and present key viral immune genes and pathways to
identify elite athletes with symptoms of upper respiratory ill-
ness. Curran et al. demonstrate that the mobilisation of early
mature CD56dim/CD16bright NK cells is blunted in response
to a single bout of vigorous intensity exercise in people living
with Type 1 Diabetes. Finally, Siveira et al. present evidence
for the mechanistic role of peroxisome proliferator-activated
receptor gamma (PPARγ) in macrophage immunophenotypes
differentiation during exercise.  We hope you enjoy reading

this new issue of EIR and we send out a special thanks to all
contributors and reviewers of EIR26.

In 2019, a total of 17 manuscripts were submitted to EIR,
which corresponds to an acceptance rate of about 50%. Cur-
rently (2018/19), EIR has an official impact factor of 6.455.
For EIR27 and beyond, our preference is to always solicit and
publish topical review articles. While original research arti-
cles are also published in EIR, we encourage potential authors
to combine their new data with an extended literature review
and/or discussion of the topic. Please note that the submission
deadline for EIR27 is 31st July 2020. Thank you, Rickie
Simpson, Neil Walsh and Jonathan Peake, for the continuing
close, trusting and friendly teamwork as we work towards
keeping EIR as one of the top ranked journals in the Sports
Science category. We thank all members of ISEI and the EIR
Editorial Board for the confidence and trust you have placed
in us. We greatly appreciate your ongoing support of EIR. 

Finally, we hope to see a large number of ISEI members at the
15th ISEI symposium, will be held in Tucson, Arizona (USA)
in November 2021. Please check the ISEI website and
LinkedIn page for updates. 

On behalf of the Editors, 

Karsten Krüger



opposing arguments centered around this fundamental ques-
tion in the exercise immunology field: can exercise affect
immune function to increase susceptibility to infection. Issues
that were contested between the debating groups include: (i)
whether or not athletes are more susceptible to infection
(mainly of the upper respiratory tract) than the general popu-
lation; (ii) whether exercise per se is capable of altering
immunity to increase infection risk independently of the multi-
ple factors that activate shared immune pathways and are
unique to the study populations involved; (iii) the usefulness
of certain biomarkers and the interpretation of in vitro and in
vivo data to monitor immune health in those who perform
arduous exercise; and (iv) the quality of scientific evidence
that has been used to substantiate claims for and against the
potential negative effects of arduous exercise on immunity and
infection risk. A key point of agreement between the groups is
that infection susceptibility has a multifactorial underpinning.
An issue that remains to be resolved is whether exercise per se
is a causative factor of increased infection risk in athletes.
This article should provide impetus for more empirical
research to unravel the complex questions that surround this
contentious issue in the field of exercise immunology.

Keywords: Exercise immunology, Athletes, Immuno-sup-
pression, Upper respiratory tract infections, Open window of
infection risk, stress, physical activity. 

Introduction

Richard J. Simpson, University of Arizona, Tucson, AZ, USA
Karsten Krüger, University of Giessen, Giessen, Germany
Neil P. Walsh, Liverpool John Moores University, Liverpool, UK

Exercise immunology as a discipline came of age in the latter
part of the twentieth century (121). Since 1990, ~5,000 peer-
reviewed original research and review papers have been pub-
lished, cutting across multiple themes including acute/chronic
changes in athletic and non-athletic populations, clinical and
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Abstract

Multiple studies in humans and animals have demonstrated
the profound impact that exercise can have on the immune
system. There is a general consensus that regular bouts of
short-lasting (i.e. up to 45 minutes) moderate intensity exer-
cise is beneficial for host immune defense, particularly in
older adults and people with chronic diseases. In contrast,
infection burden is reported to be high among high perform-
ance athletes and second only to injury for the number of
training days lost during preparation for major sporting
events. This has shaped the common view that arduous exer-
cise (i.e. those activities practiced by high performance ath-
letes/military personnel that greatly exceed recommended
physical activity guidelines) can suppress immunity and
increase infection risk. However, the idea that exercise per se
can suppress immunity and increase infection risk independ-
ently of the many other factors (e.g. anxiety, sleep disruption,
travel, exposure, nutritional deficits, environmental extremes,
etc.) experienced by these populations has recently been chal-
lenged. The purpose of this debate article was to solicit

Can exercise affect immune function to increase susceptibility to infection?
Richard J. Simpson1, John P. Campbell2, Maree Gleeson3, Karsten Krüger4, David C. Nieman5, David B. Pyne6, James
E. Turner2, & Neil P. Walsh7
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translational perspectives, nutritional interactions and
immunosenescence (91, 124, 141). Both cross-sectional and
longitudinal studies in humans have demonstrated the profound
impact that exercise can have on the immune system. Physical
fitness and moderate intensity exercise training have been
shown to improve immune responses to vaccination, lower
chronic low-grade inflammation, and improve various immune
markers in several disease states including cancer, HIV, cardio-
vascular disease, diabetes, cognitive impairment and obesity
(39, 56, 67, 130). Conversely, arduous bouts of exercise, typi-
cally those practiced by athletes and other high-performance
personnel (e.g. the military), have been associated with sup-
pressed mucosal and cellular immunity, increased symptoms of
upper respiratory tract infections (URTI), latent viral reactiva-
tion, and impaired immune responses to vaccine and novel
antigens (15, 64, 91, 98). This body of research has informed
the view in the exercise immunology field that regular bouts of
short-lasting (i.e. up to 45 minutes) moderate intensity exercise
are ‘immunoenhancing’ whereas repeated bouts of long-lasting
(>2hours) arduous intensity exercise can be ‘immunosuppres-
sive’ (126, 141). The J-curve and open-window hypothesis
have been staples of the exercise immunology discipline for
almost three decades, providing a set of theoretical frameworks
to explain why exercise can apparently exert both enhancing
and suppressive effects on the immune system and alter suscep-
tibility to illness (89, 100). While the plethora of beneficial
effects provided by regular short-lasting moderate intensity
exercise on the immune system of older adults and people with
chronic disease are undisputed (91, 126), the empirical research
supporting the basis of these frameworks and the idea that any
form of exercise can be considered ‘immunosuppressive’ has
recently been challenged (17, 18).

The purpose of this debate article was to revisit a fundamental
question in the exercise immunology field – can exercise
affect immune function to increase susceptibility to illness?
Renowned experts in exercise immunology were asked to pro-
vide a brief narrative supporting their contention that exercise
is/is not capable of affecting immune function to increase sus-

Figure 1: 
Schematic model of the exercise workload/stress continuum and the relationship between immunosurveillance measures and risk of illness as
the exercise workload is increased to moderate, heavy and overload.

ceptibility to illness. Providing the argument for (The Yes
Case) are Maree Gleeson (University of Newcastle, Aus-
tralia), David C. Nieman (Appalachian State University,
USA) and David B. Pyne (University of Canberra, Australia).
The argument against (The No Case) is provided by John P.
Campbell (University of Bath, UK) and James E. Turner (Uni-
versity of Bath, UK). Both groups of authors were also asked
to provide a rebuttal to the original narratives. Finally, points
of agreement and issues that remain to be resolved are pre-
sented by the editorial team to provide impetus for future
empirical research studies in the area. 

Can Exercise Affect Immune Function to increase Suscep-
tibility to Infection? – The Yes Case
Maree Gleeson, University of Newcastle, Callaghan, NSW,
Australia
David C. Nieman, Appalachian State University, Kannapolis,
NC, USA
David B. Pyne, University of Canberra, Canberra, ACT,
Australia

Introduction

The impact of exercise on innate and acquired immune
parameters (magnitude, direction of changes and recovery
time) is dependent on the intensity of exercise, and in high-
performance sports, the duration and load of training. Immune
function can be compromised at the high-performance end of
the spectrum of physical activity, and place an individual at
increased risk of infection (Figure 1). These risks are co-
dependent on factors that regulate immune function (genetic,
nutritional status, psychological stress, interrupted circadian
rhythm), environmental stressors (extreme temperatures,
allergens, airway irritants), or underlying health conditions
that promote inflammatory processes [see reviews (12, 140,
141)]. As upper respiratory illness (URI) is the most common
(35-65%) non-injury related presentation in sports medicine
(49), there is substantial clinical and laboratory evidence of



episodes in athletes have an identified infective origin (28, 128).
A single negative test point does not exclude the possibility of
infection for other pathogens not included in the tested panels,
or timing of the appearance of detectable levels of infections.
Allergy is also a common clinical finding in high-performance
athletes (28, 42, 84, 107), but regardless of the infectious and/or
allergic stimulus (2, 70, 97) that induces an inflammatory
cytokine cascade in the airways, a major concern for the athlete
is the accompanying fatigue that can limit or prevent training
(50, 57, 111) and impair performance (50, 108, 111).

Impact of Exercise on Immunity and URI Risk in High Perfor-
mance Athletes

Intense exercise induces a well-characterised systemic and
mucosal response in innate and acquired immune parameters
(141). NK cell and neutrophil function, T- and B-lymphocyte
function, salivary IgA output, skin delayed-type hypersensi-
tivity response, major histocompatibility complex II expres-
sion in macrophages, and other biomarkers of immune func-
tion are altered for several hours to days during recovery from
prolonged and intensive endurance exercise (119). Exercise
has the potential to transiently alter immune protection,
increase the risk of infection, or induce inflammatory process-
es in the airways (91). Suppression of immune parameters can
occur in elite athletes over years of training (25, 111). This
may result in temporary or sustained reactivation of viruses
(61, 111), most likely due to an exercise-induced decline in
cytotoxic T-cells (141).

Despite extensive laboratory studies of immune parameters in
response to exercise, parallel examination of URI is often not
included in the study design. Elite athletes prone to recurrent
URI have altered/adverse cytokine responses to exercise in
comparison with healthy athletes (29), and an underlying
genetic predisposition to pro-inflammatory cytokine respons-
es (27, 147). Differences in IFN-γ and IL-10 polymorphisms
are known to affect illness severity, cytokine protein levels
and duration/recovery time from various viral infections
(136). A reversible defect in IFN-ɣ has been associated with
illness-prone athletes experiencing fatigue (25). Viral reacti-
vation of EBV is also a common finding (22-50%) in athletes
experiencing recurrent URI (61, 111), and expression of EBV
DNA in saliva is associated with a prior reduction in salivary
IgA levels (61, 146), which is part of mucosal protection
against viral infections (114).

Measurement of secretory IgA (SIgA) in saliva has shown
consistent associations with URI in athletes. The consensus
for studies of elite athletes is that low levels of salivary IgA
and/or secretion rates (55, 58, 59), low pre-season salivary
IgA levels (59), declining levels over a training period (57,
88), and failure to recover to pre-training resting levels (57),
are associated with an increased risk of URI. Longitudinal
studies have identified the impacts of intense training over
both short (months) (50, 59) and long (years) (25, 111) peri-
ods on immune suppression and increased incidence of URI.
Low levels of SIgA can occur prior to the symptoms (59, 61,
88). However, the best predictive use of salivary IgA is moni-
toring immune status in individual athletes with a history of
URI (50, 57).

10 •   Exercise and susceptibility to infection
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exercise-related immune disturbance and increased suscepti-
bility to URI in athletes undertaking strenuous exercise.

Animal and Cell Culture Data

Animal-based experiments assessing the linkage between
muscular fatigue and pathogen resistance date back to the late
1800s. These early studies were reviewed by Baetjer (7) in
1932 who concluded that the data "appear to indicate that
exhaustive exercise just preceding or immediately following
infection, but more especially the latter, predisposes the ani-
mal to a more rapid and fatal attack of the infectious disease."
Numerous studies since then have supported this observation
and provided insights into how exercise fatigue impacts
underlying immune intracellular processes (19, 21-23, 32, 47,
72, 79, 86, 87, 145). A representative murine study indicated
higher mortality from herpes simplex type 1 virus (HSV-1)
injected intranasally after prolonged strenuous (2.5-3.5 h to
fatigue) compared to moderate (30 minutes) exercise (32).
Antiviral resistance of lung macrophages from the exercise-
fatigued group was suppressed, linking exercise-induced
immune dysfunction with increased susceptibility to respira-
tory infection in vivo.

Immunometabolism is an emerging science that highlights
connections between the metabolic state of immune cells and
the nature of the immune response (44, 68, 76, 81, 90, 92,
102, 106, 120, 134). In response to an acute immunological
challenge such as exercise stress, immune cells grow, prolifer-
ate, and generate molecules such as cytokines and cytotoxic
granules. This immune activation requires metabolic repro-
gramming to generate sufficient energy to fuel these demands.
This relationship between metabolic and immune systems is
particularly apparent during recovery from physiologically
demanding bouts of intensive exercise (11), and provides a
new methodology for future research to better understand
exercise-induced immune dysfunction (90).

URI in High Performance Athletes 

While the majority of athletes have a similar incidence of URI
to the general population, a small proportion (5-7%) experi-
ence recurrent episodes at significantly higher rates (48),
often associated with persistent fatigue that interferes with
training (111) and may affect competition performance (108).
The incidence of URI in high-performance athletes can
increase during periods of intense training, in association with
increases in training load and competitions. Epidemiologic
data collected during international competitions reveals that
7% of elite athletes (range 2-16%) experience an illness
episode, with respiratory illness the major cause of presenta-
tion (30-64%) and infection the most common diagnosis (32-
58%) by medical teams (4, 42, 84). Studies using self-report-
ed URI rather than validated illness questionnaires (52, 105)
may not as be as accurate, but physician verification is com-
mon for elite athletes. Responsive, reliable and validated sur-
vey instruments for respiratory illness (8, 10) can be used con-
fidently for research and clinical applications.

The aetiology of URI is rarely examined, with the few studies
that included pathology indicating that ~30-40% of URI
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Concluding statement

A large body of evidence supports the proposition that elite
athletes undertaking prolonged heavy intensive exercise can
exhibit immune changes, in association with physiological,
metabolic, and psychological stressors, and pathogen/allergen
exposure, that increase the risk of infection and/or airway
inflammation. Individual responses to different exercise
workloads vary widely (46), and the changes in immune
parameters reflect the magnitude of the stressors experienced
by the athlete (Figure 1). A "survivor" effect exists for elite
athletes whose immune system can be trained to adapt and
attenuate responses to greater workloads than the general pub-
lic. But athletes too have their limits, and their underlying
genetic profile, in association with other stressors and envi-
ronmental factors, will determine their risk profile for URI.
We assert that multiple lines of laboratory-, field- and clinical-
ly-based evidence converge in support of the viewpoint that
exercise at a high-performance level can affect immune func-
tion, increasing susceptibility to infection.

Can Exercise Affect Immune Function to increase Suscep-
tibility to Infection? – The No Case
John P. Campbell, University of Bath, Bath, UK
James E. Turner, University of Bath, Bath, UK

Is there evidence that exercise impairs the normal functioning
of the immune system?

A central dogma of exercise immunology has incontrovertibly
persisted that strenuous exercise bouts, or periods of intensi-
fied training, impair aspects of cellular and humoral immuni-
ty, leading to an ‘open window’ of infection risk. Consistent
and reliable evidence in support of this assertion is lacking
(17, 18) (Figure 2).

Measurement of blood leukocyte frequency and functional
competency in response to strenuous exercise is common in
the literature (141). Exercise induces a bi-phasic response,
whereby leukocyte frequency in blood increases, and then,
upon exercise cessation, the frequency of some cells decreas-
es below resting levels to a nadir one or two hours later (113)
(Figure 2F). Coinciding with changes in cell number, parallel
alterations to cell function are consistently reported (e.g.,
cytokine production, proliferation, migration capability, cyto-
toxicity), whereby increases are observed during exercise, fol-
lowed by decreases shortly afterwards (77), leading to specu-
lation that immune function is compromised. Evidence indi-
cates that the fall in cell number after exercise does not reflect
mass apoptosis. Instead, cells are redistributed out of the
bloodstream to tissues and organs (Figure 2F). This phenome-
non has been demonstrated in rodents with fluorescent cell
tracking (74) and in humans by the proportional reduction of
cells expressing homing receptors for tissue and organ sites
(16, 75, 125). This redistribution effect is largely comprised of
highly functional sub-populations of T cells and NK cells (16,
75, 125), and seems to confer host benefits, for example, by
enhancing the identification and eradication of tumour cells in
tissues (101). Following exercise, a small number of apoptotic
lymphocytes accumulate in bone marrow and blood, coincid-

ing with mobilisation of haematopoietic stem cells (83).
These observations support the proposal that exercise might
reverse T cell immunosenescence (123), partly by selective
apoptosis of senescent T cells, and by promoting the develop-
ment and / or survival of naïve T cells, facilitated by myokine
release from contracting skeletal muscle (39).

A mainstay of exercise immunology that is used to assess
whether exercise impairs humoral immunity is the measure-
ment of salivary IgA (Figure 2D). Some studies have reported
a decline (e.g., 20-25%) in saliva IgA following exercise
(132), yet, other studies do not show this effect (13). A reason
for discordant findings is that IgA measured within-day and
between-days is highly variable within a person. Such intra-
individual differences – exacerbated at an inter-individual
level – are likely orchestrated by multiple factors that include
sleep and circadian rhythms, psychological stress, diet, and
oral health (Figure 2D). Use of salivary IgA as a single meas-
ure of immune competency in the hours and days after exer-
cise should be interpreted with caution. At a systemic level, it
has never been demonstrated that exercise suppresses plasma
cell immunoglobulin production. This could be due to the
long half-life (1-3 weeks) and high concentration of
immunoglobulins in blood, which together, may mask any
subtle suppression of plasma cell immunoglobulin synthesis.

Is there evidence that exercise increases susceptibility to ill-
ness? 

Observational studies have reported that symptoms of upper
respiratory tract infections were more common in competitors
of mass-participation endurance sporting events (103) (Figure
2A). However, a limitation of studies from this era was that
infection symptoms were not confirmed by laboratory analy-
sis. Subsequently, a study using molecular techniques showed
that only one-third of illness symptoms reported by athletes
over five-months represented genuine infections (128).
Although more recent research showed three-quarters of ill-
ness symptoms reported by athletes were infectious (133), it is
likely that a substantial number of perceived illnesses are
caused by factors such as allergy, asthma or non-specific
mucosal inflammation, and not infection due to exercise-
induced immuno-suppression. Among the genuine infections,
it seems speculative to isolate exercise as a sole factor as other
non-exercise factors contribute, including: long-haul air trav-
el, sleep disruption, altered diet, and psychological stress (54,
131) (Figure 2E). Importantly, attending any mass participa-
tion event – whether exercising or not – increases the risk of
encountering pathogens due to crowds (Figure 2B-C). Indeed,
it has been shown that one-third of people attending a mass-
participation religious gathering reported infections (24).
Thus, guidelines to reduce infection risk (e.g., hygiene prac-
tices) are relevant (138). Finally, we are not aware of robust
evidence showing that endurance athletes develop more infec-
tions annually than the general population.

Will future research demonstrate that exercise is capable of
impairing immune competency?

Research over four decades has examined whether strenuous
exercise suppresses immunity. The lack of compelling evi-
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Figure 2: 

A-C: Athletes competing in mass-participation events, and even spectators, are at an increased risk of infection due to heightened pathogen
exposure from crowds because some people will be harboring infections. D: In saliva, secretory immunoglobulin-A (sIgA) concentration and
secretion rate exhibit profound inter-and intra-individual variation, likely due to oral health, psychological stress or sleep, and diurnal or season-
al changes respectively. E: Non-exercise factors influence infection risk, including poor sleep quality and quantity, psychological stress, inade-
quate nutrition, extreme environmental conditions, air travel (particularly across multiple time zones) and single-nucleotide polymorphisms in
critical immune defence genes. F: Acute bouts of exercise mobilise lymphocytes into peripheral blood, characterised by a selective mobilisation
of effector T cells and NK cells. Following exercise, these effector cells extravasate to tissues such as the lungs, peyers patches, bone marrow
or inflammatory sites (e.g. in skin) for immune-surveillance. The number of effector and regulatory cells in blood typically returns to pre-exercise
values within 12 hours. Assessing the functional capacity of lymphocytes (or major sub-types such as T cells and NK cells) in blood samples
collected at rest, during exercise, or afterwards, is confounded by the proportions of effector and regulatory cells, even when accounting for
total cell number. Functional capacity (e.g. proliferation, cytokine production, cytotoxicity) is directly related to the number of effector cells in
samples.
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dence suggests that: (i) the detrimental effects of exercise on
immunity are negligible, and / or (ii) research has not been
designed optimally to assess immune competency. As we
have discussed elsewhere (17, 18), it could be speculated that
exercise is capable – in principle – of impairing aspects of cel-
lular immune function due to the energy cost of exercise and
metabolic perturbations that can occur in the absence of
appropriate nutrition. However, to date, immuno-metabolic
stress has not been investigated at a single cell level in the
context of exercise. It could also be speculated that height-
ened steroid hormone production, or adrenaline exposure dur-
ing exercise, may impair cell function. However, cell function
can be regulated both positively and negatively by stress hor-
mone exposure (93, 94) and different cell sub-types can
respond differently to the same hormone (127). Thus, it is an
over-simplification to denounce exercise as pan-immunosup-
pressive.

Given the aforementioned complexities, clinically relevant
models of primary or secondary antigenic challenge should be
used to examine the effects of exercise on immunity. Perti-
nently, previous research has examined the effects of a
marathon on the response to vaccination (43). In this study,
participants were vaccinated with tetanus toxoid approximate-
ly 30 minutes after exercise. This post-exercise time-point
coincides with elevated cortisol levels, ‘reduced’ blood lym-
phocyte frequency, ‘impaired’ lymphocyte function and meta-
bolic perturbations. Antibody titres were measured 15 days
later and compared to those from a control group who did not
compete in the marathon. Although the sample size included 4
runners and 59 controls, the results indicated that antibody
titres were higher in those who received the vaccine following
the marathon (43). Similar methodology was employed by
administering diphtheria and tetanus toxoid and a pneumococ-
cal polysaccharide vaccine to 22 athletes 30 minutes after a
triathlon (15). After 14 days antibody titres from athletes were
compared with those from 33 control participants who
received the vaccine without prior exercise, and there were no
differences between groups (15). If energy depletion or stress
hormones were capable of hindering immunity following
exercise, then one would expect impaired rather than enhan-
ced or unchanged vaccine responses following exercise.
These findings align with an emerging theorem in the field,
that, on the balance of available evidence, exercise may in fact
enhance immune competency and regulation.

Response to the No Case

Maree Gleeson, University of Newcastle, Callaghan, NSW,
Australia
David C. Nieman, Appalachian State University, Kannapolis,
NC, USA
David B. Pyne, University of Canberra, Canberra, ACT,
Australia

There is agreement between the debating groups that regular
bouts of moderate-to-vigorous physical activity (MVPA)
enhance the exchange of immune cells between the circula-
tion and peripheral lymphoid tissues (1, 16, 36, 125, 126).
The net effect is enhancement of immune surveillance,

improved health, and decreased risk of illness  (91, 123,
126).

Despite the large number of studies describing changes in
immune parameters, this debate centers on the effect of acute
and chronic exercise on the immune system and risk of illness
and infection. This issue was the focus of investigation by the
early pioneers in exercise immunology, including Pedersen
and Hoffman-Goetz, who in 1994 and again in 2000,
reviewed the literature and reasoned that "exercise-immune
interactions can be viewed as a subset of stress immunolo-
gy"(66, 99). These investigators emphasized that "many clini-
cal physical stressors (e.g. surgery, trauma, burn, and sepsis)
induce a pattern of hormonal and immunological responses
that have similarities to that of exercise"(66).

This interpretation has withstood the test of time, especially
when evaluation of animal and human studies is made in the
full context of the exercise workload - stress continuum (15,
22, 32, 43, 50, 61, 72, 86, 91, 98, 108, 121, 131, 140, 141,
145). Unfortunately, the argument by the opposing debate
group that "consistent and reliable evidence in support of this
assertion is lacking" was supported using many references
that included MVPA workloads well within recommended
levels for the general community (16, 39, 74, 75, 83, 100,
101). However, high-performance athletes and other person-
nel (e.g. elite military groups) undertake workloads well
beyond the recommended upper levels over extended periods.
Individuals in these cohorts can have an increased risk of res-
piratory infection (4, 42, 48, 52, 85, 96, 107, 111, 131) associ-
ated with altered immune biomarkers (25, 27, 50, 55, 57, 59,
61, 88). The consensus among investigators is that exercise-
induced immune changes reflect the physiological and meta-
bolic stress experienced by the individual (12, 34, 91, 121,
140, 141).

Several lines of evidence across animal and human studies
support the paradigm that illness risk may be elevated during
periods of unusually heavy exertion, especially when other
stressors are present. These factors include mental depression
or anxiety, international travel across several time zones, par-
ticipation in competitive events, lack of sleep, temperature
extremes, and low dietary energy intake and nutritional defi-
ciencies (31, 34, 38, 54, 60, 65, 73, 84, 91, 111, 112, 131, 136,
144).

The opposing debate group disregarded these findings
because of mistrust in self-reported acute respiratory illness
(ARI) symptom data. However, Barrett and others (8, 10)
have shown carefully that individuals are capable of reporting
ARI symptoms that agree with physician-based diagnosis.
There are no perfect tools or gold standard for assessing ARI
episodes and symptoms. Studies show that etiological
pathogens cannot reliably be detected using laboratory meth-
ods in 20-40% of people with classic ARI symptoms (9, 28,
128, 144). ARI episodes caused by viral infection can be
asymptomatic at the time of testing in 25-35% of people (9,
28, 128), while symptoms can also be linked to a non-viral
cause (28, 70, 84, 111). Defining ARI is part of the challenge,
but epidemiological and clinical trial ARI data contributes to
the discussion and should not be discarded.



lar and systems level, the a priori assumption that exercise is
a de facto cause of immune suppression is unsubstantiated.
Immunological idiosyncrasies, unrelated to exercise, most
likely explain why, as highlighted in the Yes case, that ‘the
majority of athletes have a similar incidence of URI to the
general population’ (51).

The primary risk factor for infections is exposure 

Evidence cited in the Yes case relating to infection incidence
predominantly relies on studies surveying athletes around the
time of competitions, which are often attended by large groups
of athletes or spectators (4, 42). Other studies, assessing illness
symptoms over longer periods, may not accurately capture
time spent by athletes in settings where they are in close prox-
imity to other people or crowds. Our standpoint is that public
travel to, or attendance at, any mass-participation event is like-
ly to increase exposure to pathogens (17, 24). Thus, anyone
attending a sporting event, whether a competitor or spectator,
is at a heightened risk of infection (Figure 2A-C). Indeed, this
risk is likely to be exacerbated in subgroups of people – both
athletes and non-athletes alike – due to aforementioned inter-
individual differences in immune competency.

If exercise causatively suppresses immunity increasing infecti-
on risk, what is the mechanism?

Firstly, it is stated in the Yes case that ‘measurement of sIgA
has shown consistent associations with URI in athletes’, how-
ever, numerous well-conducted studies have found no associ-
ations (5, 20, 53, 95, 104, 118, 135). It is stated that ‘low
levels of sIgA can occur prior to the symptoms’ of infection,
but it is just as likely that sIgA does not decline at this time
because of the profound intra-individual variability of sIgA
(109). Moreover, in studies linking sIgA to infections, con-
founding factors known to impact sIgA secretion, are rarely
considered (14) (Figure 2D). Pertinently, many studies show
that exercise does not alter sIgA levels, bringing into question
the relevance of correlating sIgA with infections assumed to
be brought about by exercise (3, 33, 71, 110, 115, 139).

Secondly, some evidence cited in the Yes case as supporting
exercise-induced immune-suppression must be interpreted
carefully. For example, conclusions drawn from a systematic
review (119), do not account for temporal changes in the cel-
lular composition of blood as explained previously (17) (Fig-
ure 2F). Separately, the observational studies which examined
immunological features of ‘illness prone’ individuals lack
important methodological controls (25, 111), and rather than
signposting exercise-induced immune-suppression, the results
highlight inter-individual differences in basal immune func-
tion. The most robust evidence shows that transient changes
in cell numbers and function after exercise represent immune-
surveillance (35) (Figure 2F), and evidence that exercise sup-
presses immunity at a systems level is lacking (17). Further,
lifelong exercise (40) and physical fitness (129) might facili-
tate the deletion of senescent immune cells, theoretically
maintaining global immune competency (123).

Thirdly, results from animal models are inconsistent due to
methodological heterogeneity; some show exercise
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Until recently, exercise-induced immune responses were meas-
ured using a few targeted biomarkers, but increasingly the
focus has shifted to multi-omics approaches (91). Advances in
measurement technologies and bioinformatics will improve our
capacity to measure both the beneficial effects of moderate
exercise on immunity, and the downturn in immunity that can
occur during periods of heavy exercise training. In a represen-
tative study, an integrative omics approach was used to explore
immunosuppression in female physique athletes undertaking
prolonged periods of intense training coupled with low-energy
availability (116). Several molecular pathways were elucidated
and included dysregulated hematopoiesis, suppressed immune
cell proliferation, and loss of immune cell function by reduced
antibody and chemokine secretion. Most of these measures of
dysregulated immune function were reversed during an 18-
week weight regain period. 

Data generated from multi-omics approaches will reshape our
future understanding of how exercise influences immune
function and the complex interactions with neuroendocrine
systems in individuals to either enhance protection, or
increase the risk of illness and infections in susceptible indi-
viduals.

Response to the Yes Case

John P. Campbell, University of Bath, Bath, UK
James E. Turner, University of Bath, Bath, UK

There is limited evidence supporting the proposition that exer-
cise suppresses immunity. The Yes case claims ‘substantial
evidence’ exists because ‘upper respiratory illness (URI) is
the most common non-injury presentation in sports medicine’.
URI is also the most common health problem in primary care
(45) and is therefore not a problem unique to sport. Given the
ubiquity of URI, the incidence among athletes is not in ques-
tion. At the crux of this debate is whether exercise causatively
suppresses immunity to a clinically meaningful degree, and in
doing so, increases the risk of URI in a sub-group of athletes.
We posit herein, that it is misleading to conclude from exist-
ing evidence, that exercise is the causative factor of URI
among athletes.

Immune competency is strongly influenced by non-exercise
factors

The Yes case states that, in the context of exercise, infection
‘risks are co-dependent on factors that regulate immune
function (genetic, nutritional status, psychological stress,
interrupted circadian rhythm)’. Crucially, this statement
acknowledges that infection risk is ‘co-dependent’ on other
factors. Our standpoint is that infection risk is fundamentally
dependent on non-exercise factors given the evidence that
polymorphisms in critical immune-defence genes, inadequate
nutrition, psychological stress, poor sleep quality or quantity,
and environmental conditions dysregulate immunity (54, 117,
131). Importantly, these ‘factors’ are rarely controlled in exer-
cise studies. Thus, without measuring these non-exercise fac-
tors, and in the absence of mechanistic human evidence that
exercise causatively suppresses immunity at a humoral, cellu-
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improves responses to infectious (80, 122, 142) and neo-
plastic challenge (6). For example, a study cited in the Yes
case, showed that rodents intranasally infected with HSV-1
after strenuous exercise exhibited 36% lower morbidity and
61% lower mortality than non-exercise controls (86). In
addition, important confounders must be considered. For
example, in one study cited by the Yes case, cold exposure,
was the key factor – rather than exercise – driving morbidity
and mortality (79). Other work has shown that forced exer-
cise, compared to voluntary exercise, induces psychological
stress which is the cause of immune dysregulation rather
than exercise per se (26). Further, it must be considered
whether experimental infections in animal studies provide a
representative dose and route or method of pathogen entry.
Conclusions must also be interpreted considering exercise
timing: if already infected, some studies show exercise can
be detrimental, but this does not represent risk of becoming
infected.

Finally, the Yes case does not appraise the most robust evi-
dence in humans showing that immunity is enhanced or at
least unchanged with pathogenic challenge after exercise (15,
43, 78), supporting systematic reviews that exercise in general
does not suppress immunity or increase risk of infections (62,
63).

Summary

Richard J. Simpson, University of Arizona, Tucson, AZ, USA
Karsten Krüger, University of Giessen, Giessen, Germany
Neil P. Walsh, Liverpool John Moores University, Liverpool,
UK

The purpose of this debate article was to solicit opposing
arguments centered around the following question: can exer-
cise affect immune function to increase susceptibility to infec-
tion. After reviewing the original narratives and responses
from each camp, we asked the debating groups to highlight
points of agreement and issues that remain to be resolved.
These were then coalesced by the editorial team (Simpson,
Kruger and Walsh) and summarised as follows:  

Points of Agreement:

• Regular bouts of moderate to vigorous intensity exer-
cise are beneficial for the normal functioning of the
immune system and likely help lower the risk of respi-
ratory infection/illness and some cancers. The frequent
exchange of immune cells between the blood and the
tissues with each bout of moderate to vigorous intensi-
ty exercise likely contributes to enhanced immune sur-
veillance, improved health and a lower risk of illness.

• Infection susceptibility has a multifactorial underpin-
ning. Both groups acknowledge that factors such as
stress, sleep, nutrition, circadian misalignment and
infection/vaccination history could directly impact or
contribute to impaired immunity and infection risk,
particularly in situations when pathogen exposure is
more likely.

• There is a critical need for more research to help
unravel the immune modulating effects of exercise,
with multi-omics and immunometabolism-based stud-
ies being pivotal to further our understanding. The Yes
camp suggest that further studies using these tech-
niques will provide experimental support for the con-
cept that reductions in immune competency reflects the
physiological stress imposed from excessive exercise
workloads. The No camp have called for more sys-
tems-level (e.g., immune response to vaccination)
studies that control for confounding factors (e.g., nutri-
tion, sleep, hygiene and prior exposure from infections
and/or vaccinations) to determine if very large vol-
umes of exercise (e.g., ultra-endurance activities and
prolonged period of training) impair global immune
competency.

• Both camps acknowledge that the field has moved on
substantially from salivary IgA and total blood lym-
phocyte counts after acute exercise as measures of
immune competency. While the lymphocytopenia
observed after acute high-intensity/prolonged exercise
was identified as a biomarker supporting the concept
of an ‘open-window’ in the 1990’s, the contemporary
interpretation is that this particular measure reflects a
redistribution of lymphocytes from the blood to the tis-
sues after exercise, albeit experimental data in humans
is still currently lacking.

Issues to be resolved:

• Whether or not athletes are more susceptible to ill-
ness/infection than the general population continues to
be debated between the Yes and No camps. The No
camp identify the reliance on self-reported measures of
upper respiratory illness symptoms as a limitation.
They also contend that exposure to pathogens is the
major cause of upper respiratory infection, is the most
common health problem in primary care, and is there-
fore not unique to sport. The Yes camp counter that the
questionnaires used for these studies have been exten-
sively validated and agree with physician-based diag-
noses. They also posit that there is no substantial evi-
dence that post-race infectious episodes among ath-
letes are linked to increased exposure from spectators
at major sporting events.  Moreover, the Yes camp
asserted that most illnesses in humans are based on
multiple risk factors, and to exclude arduous exercise
as one of the important risk factors is highly selective.

• The Yes camp argue that several lines of evidence
across animal and human studies support the paradigm
that illness risk may be elevated during periods of
heavy exertion that go beyond recommended physical
activity guidelines, especially when other stressors are
present. The No camp contend that, even if athletes are
more susceptible to infection than the general popula-
tion, it is difficult to discern exercise (regardless of
volume) as the causative factor independently of the
non-exercise factors that are potential confounders
(e.g. nutrition, anxiety, travel, sleep disturbances, tem-



ing the issue of whether participation in high-performance
events (e.g. elite sport, military activities) and not exercise per
se alters immunity and infection risk. On reflection, this might
have been a more pertinent question to ask as it would take
into consideration not only arduous exercise (i.e. exercise that
far exceeds the recommended physical activity guidelines),
but also the multi-factorial aspects that share pathways for the
immune response to challenges including life events, expo-
sure, personal hygiene, sleep, travel, anxiety, mental fatigue,
rumination, nutrition, etc. Moreover, this debate process has
perhaps exposed the field of being too focused on the exercise
component, while the multitude of other factors that could
directly affect and/or interact with exercise to alter immunity
and infection susceptibility may have been overlooked (41,
138).  While the assertion that changes in immune function
measures following acute bouts of strenuous exercise or peri-
ods of heavy training account for URI symptoms in athletes
remains open for debate, URI symptoms will nevertheless
hinder athletic training and competition regardless of the aeti-
ology (138). Taking a multifactorial approach may allow us to
develop evidence-based recommendations and countermea-
sures to better prepare athletes and military personnel for the
multiple challenges they will face to their immune health dur-
ing training and competition/deployment (137, 138). Indeed,
this multi-factorial approach is currently taken in space
immunology research to help understand why astronauts
experience increased episodes of latent viral reactivation and
altered hypersensitivity reactions during missions, with
microgravity, radiation exposure, isolation/confinement
stress, altered nutrition, circadian misalignment, exertion and
physical deconditioning (e.g. muscle and bone loss) all
believed to play a role (30). 

If exercise is directly capable of altering immunity to increase
susceptibility to infection then the duration/volume of exer-
cise will likely be a key factor. While natural infection rates
are always difficult to incorporate as endpoints in highly con-
trolled studies, there is a critical need for more controlled
comparative studies centered around exercise duration (e.g.
bouts lasting <45 minutes to bouts lasting >2h) as a key vari-
able, particularly those using reliable in vivo endpoint meas-
ures of immune function. To this end, vaccine or experimental
infection models in humans that elicit both primary and recall
immune responses combined with multi-omics approaches
would be highly informative for future studies. While experi-
mental rhinovirus models have been used with exercise in
humans previously (143), these early studies lacked the
appropriate technology to document changes in reliable in
vivo endpoints such as viral replication and immune responses
to re-exposure. Thus, experimental pathogen/antigen chal-
lenge studies in humans could be revisited (37, 143), incorpo-
rating more cutting edge technology such as RT-PCR, RNA
sequencing, proteomics and metabolomics to determine if
exercise (with volume/duration as a key variable) can increase
susceptibility to infection and alter immunological control of
pathogens in the host. While in vitro assays can be useful to
determine the impact of exercise on certain aspects of immune
function, it is important that the limitations and potential con-
founding factors (e.g. cell trafficking) of these methods are
adequately appraised to avoid potentially flawed interpreta-
tions.
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perature variations, genetic polymorphisms and prior
exposure due to infection and/or vaccination).

• There continues to be disagreement on the use of sali-
vary IgA as a biomarker to determine infection risk in
athletes. The Yes camp point to the clinical evidence
linking low salivary IgA levels as a biomarker of recur-
rent mucosal infections regardless of exercise status.
They also highlighted that the most effective use of
salivary IgA was monitoring individual athletes with a
history of URI. The No camp argue that salivary IgA is
profoundly influenced by an array of factors including
diurnal variation, psychological stress and oral health
and therefore has limited clinical use as a single mark-
er of infection risk in athletes.

• Both camps challenged statements made by the other
regarding the scientific evidence that is available to
substantiate their claims. The No camp highlighted
several experimental design features they feel should
be taken into consideration when interpreting results
from animal studies, suggesting that misleading con-
clusions could be drawn due to experimental hetero-
geneity (e.g. forced versus voluntary exercise, and the
timing of exercise relative to infection/neoplastic chal-
lenge). The Yes camp argue that most of the evidence
cited by the No camp to show immune enhancing
effects of exercise are in response to bouts of moderate
to vigorous intensity exercise and of relatively short
duration (e.g. 30-45 minutes), are in special popula-
tions who likely have lowered immunity to begin with
(e.g. older adults), and that these volumes/intensities of
exercise are well within the recommended physical
activity guidelines for the general population. The Yes
camp contend that undertaking exercise workloads
beyond these recommendations for extended periods
of time is what can impair immune competency and
increase infection risk.

• Finally, both camps point to markers of global immu-
nity to measure immune competency (e.g. vaccination,
latent viral reactivation) in people exposed to different
volumes/intensities of exercise. The No camp argue
that the most robust evidence in humans indicates that
immunity is enhanced or at least unchanged with path-
ogenic challenge after even arduous exercise. This is
countered by the Yes camp who cite evidence of latent
viral reactivation among high performance athletes as
a marker of reduced immune competency after periods
of intense exercise. 

Conclusion:

While the debating groups were able to find areas of agree-
ment on this topic (e.g. that infection susceptibility has a mul-
tifactorial underpinning), the idea that exercise, be it arduous
or otherwise, can affect immune function and increase suscep-
tibility to infection remains a contentious issue. Although the
question at hand was to focus on whether exercise can affect
immunity to increase susceptibility to infection, the lack of
laboratory-controlled studies resulted in both camps address-
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To address the number of issues that remain to be resolved,
we suggest that more robust longitudinal studies are needed to
determine, firstly, if athletes or other high-performance per-
sonnel are at greater risk of laboratory-confirmed infections
compared to the general population. Secondly, we should
determine if arduous physical exercise per se is a direct cause
and/or a co-factor responsible for any potential increases in
infection susceptibility among athletes/military personnel.
Thirdly, further work is required to clarify the underlying
causes of respiratory illness and whether they are infectious in
origin or initiated by other inflammatory stimuli such as aller-
gy or epithelial trauma; and finally, what are the immunologi-
cal components/pathways (including genetic predisposition,
multi-omics and immunometabolism-based studies) involved
if arduous exercise increases infection susceptibility directly. 
Studies focused on laboratory-confirmed infections as an end-
point should consider seasonal variations, as confirmed infec-
tious URI’s are more prevalent during the autumn and winter
months (~70%) compared to spring and summer (~35%) (128,
133). It would also be useful to compare athletes of different
sports (e.g. endurance versus strength/power activities) who,
presumably would be exposed to similar confounding factors
(e.g. travel, stress, exposure), but differ in the key variable of
interest, which is prolonged ‘heavy’ exercise.  It will also be
important for future experimental studies to control for these
confounding variables (e.g. sleep, nutrition, life stress, anxi-
ety, etc) that could influence the selected endpoint measures,
even in the laboratory setting. This will present some chal-
lenges, as even laboratory-controlled studies have to contend
with a number of immune-modulating psychological variables
that come into play more so during prolonged compared to
shorter bouts of arduous exercise (41). Moreover, psychologi-
cal traits such as emotional intelligence and mental toughness
can affect the individual’s ability to regulate mood and psy-
chological strain during prolonged exercise (69, 82).

While this research continues to evolve, it is important in the
interim to emphasise the context of the message that is pro-
jected to the public and scientific community. On the one
hand, if performing frequent and arduous bouts of exercise
that far exceed recommended physical activity guidelines is
projected to have no negative impact on immunity or infection
rates, then the immune health of athletes and other high-per-
formance personnel could be unjustly ignored and regarded as
insignificant. On the other hand, if exercise is portrayed as
being ‘immunosuppressive’ then this might discourage
patients and clinicians from participating in and recommend-
ing exercise, and could also project the wrong message to the
vast majority of the population who would benefit from
increasing their physical activity levels to improve, not only
immune function, but also general health and wellness. We
anticipate this debate article will provide impetus for more
empirical research in the area to unravel the complex ques-
tions that surround this contentious issue in the field of exer-
cise immunology.
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Abstract

Introduction: The essential amino acid tryptophan (TRP) is
primarily degraded through the kynurenine (KYN) pathway,
which is dysregulated in several chronic diseases. KYN path-
way metabolites have immune- and neuro-modulatory proper-
ties and are involved in the de novo synthesis of nicotinamide
adenine dinucleotide (NAD+). Currently, little evidence
exists demonstrating that physical exercise may influence this
pathway. However, differences between acute and chronic
stimuli as well as the influence of exercise modalities remain
to be investigated. Here, we provide an overview of existing
studies and present results of a randomized cross-over trial on
acute effects of a single-bout of resistance and endurance
exercise.
Methods: 24 healthy male adults conducted both an acute
endurance exercise (EE) and resistance exercise (RE) session.
Blood samples were collected before, immediately after and
one hour after cessation of each exercise session. Outcomes
comprised serum levels of TRP, KYN, kynurenic acid (KA),
quinolinic acid (QA) and calculated ratios. Gene expression
of the enzymes indoleamine 2,3 dioxygenase (IDO) 1 and
kynurenine aminotransferase (KAT) 4 was measured in
peripheral blood mononuclear cells (PBMCs). Moreover,
serum concentrations of the potential KYN pathway mediators
interleukin (IL)-6 and cortisol were determined. Finally, we
investigated baseline correlations between immune cell sub-
sets, potential mediators and initial KYN pathway activation
outcomes.
Results: The KYN/TRP ratio correlated positively with IL-6
and CD56bright NK-cells and negatively with CD56dim NK-
cells. Expression of IDO1 in PBMCs correlated positively
with IL-6, regulatory T-cells and CD56bright NK-cells, where-
as negative correlations to cytotoxic T-cells and CD56dim NK-

cells were revealed. A significant time effect on KYN/TRP
ratio was detected for RE. Regarding KA and KA/KYN ratio,
an increase after exercise followed by a decrease at the fol-
low-up measurement was revealed in EE. KAT4 expression
also increased after exercise in EE. Moreover, elevated QA
levels were observed after the EE session.
Conclusion: In contrast to chronic exercise interventions, sin-
gle-bouts of endurance exercise provoke acute alterations on
KYN pathway outcomes in humans. Our results indicate that
EE induces stronger alterations than RE. Enhanced conver-
sion of KYN to both, KA and QA suggest a peripheral KYN
clearance, thereby preventing pathological accumulation
within the CNS. Future acute and chronic exercise studies are
needed to examine the role of NAD+ synthesis starting with
TRP and the interplay between KYN pathway activation and
mid- to long-term immunological modulations.

Keywords: Exercise, Kynurenine Pathway, Endurance Exer-
cise, Resistance Exercise, Immune system

Introduction

Only one percent of the essential amino acid tryptophan
(TRP) is used for protein synthesis under physiological condi-
tions. While merely a small portion is metabolized via the
serotonergic pathway, the vast majority of available TRP
(over 95%) is metabolized through the kynurenine (KYN)
pathway (8). During the past two decades, the pathogenesis
and progression of various chronic diseases have been linked
to metabolic disturbances of the KYN pathway. Dysregula-
tions were revealed in diseases involving the central nervous
system (CNS) (e.g. Alzheimer’s disease, Multiple Sclerosis or
Parkinson’s disease (14, 68)) and several internistic patholo-
gies (e.g. diabetes mellitus (16) and cancer (57)).

The tryptophan 2,3 dioxygenase (TDO) and its isoenzymes
indoleamine 2,3 dioxygenase (IDO) 1 and 2 catalyze the
degradation of TRP to KYN, thereby representing the initial
step of the KYN pathway. In contrast to TDO, which is main-
ly expressed in hepatic tissue and primarily stimulated by TRP
itself or glucocorticoids (8), IDO can be expressed in almost
all types of human cells (40). IDO1 and IDO2 have demon-
strated differing levels of expression, effects on peripheral
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blood metabolites, and enzyme activity in response to specific
physiological conditions (58). However, knowledge about the
more recently discovered IDO2 is still sparse and the differen-
tial roles of both enzymes are not yet fully understood (51,
58). Interestingly, IDO activity closely interacts with the
immune system. Especially peripheral blood mononuclear
cells (PBMCs) have been shown to be potent producers of
IDO (35). Based on immune homeostasis, IDO mediated con-
version of TRP to KYN is suspected to be constant and almost
entirely mediated by TDO under basal conditions. In contrast,
local and systemic inflammatory stimuli provoke a dramatic
increase in IDO1 mediated conversion (57). Particularly, ele-
vated levels of interferon-gamma (IFN-y) (66, 70), but also
increases in other pro-inflammatory cytokines, such as inter-
leukin (IL)-6 (58) and tumor necrosis factor (TNF)-α (27),
seem to be decisive stimuli for IDO induction. KYN itself
possesses immunomodulatory effects comprising the suppres-
sion of cytotoxic T-cell, NK-cell activity (43, 51, 52) and
mediating the differentiation of regulatory T-cells (Tregs) (18).
Evidence suggests that the IDO1-mediated conversion to
KYN activates the aryl hydrocarbon receptor (AHR), which
plays a key role in T-cell differentiation (46). Since IDO1 is
upregulated in tumor microenvironment (58), it is not surpris-
ing that IDO1 has recently attracted extended attention as
promising immunotherapeutic target in cancer research (57).
Furthermore, a chronic inflammation-induced activation of
the KYN pathway has been described as pathological mecha-
nism of depression and might also be of relevance for mood
disorders in general (6, 67). A consistent decrease in the
bioavailability of TRP that is essential for the neurotransmitter
serotonin seems to be one causal factor. If chronic inflamma-
tory conditions are present, the degradation of available TRP
through the KYN pathway is pathologically increased, which
consequently leads to an impaired synthesis of the neurotrans-
mitter serotonin (6).

Apart from its effects on immune function, KYN pathway
metabolites also influence CNS homeostasis. KYN itself can
either be converted to the neuroprotective kynurenic acid
(KA) or (over several intermediate steps) to quinolinic acid
(QA), which is closely linked to neuronal excitotoxicity.
Within the CNS, KA and QA act as antagonist and agonist of
N-methyl-d-aspartate (NMDA) receptor activation, respec-
tively, thereby mediating either neuronal protection or excito-
toxicity. Specifically, KA has been described to act as NMDA
receptor inhibitor, either at the strychnine-insensitive glycine-
binding site (at low concentrations) or at the glutamate site (at
higher concentrations) (17). Furthermore, KA is also able to
inhibit α7 nicotinic acetylcholine receptors (nAChRs) that are
expressed by glutamatergic axon terminals and involved in
increased glutamate release (68). Since NMDA receptor
mediated excitotoxicity represents a common pathological
mechanism in different neurodegenerative diseases (68), the
anti-glutamatergic properties of KA may have beneficial
effects on neurodegenerative processes. Regarding QA, the
predominant and most-investigated neurotoxic effect is
undoubtedly its activation of the NMDA receptor, leading to
excitotoxicity. However, several other neurotoxic aspects of
QA have been described. These aspects include the inhibition
of glutamate uptake by astrocytes, the generation of reactive
oxygen intermediates or the suppression of astroglial gluta-

mine synthetase (30, 68), emphasizing its strong association
with CNS damage. Interestingly, neurons in certain brain
regions, specifically the hippocampus, striatum and neocor-
tex, seem to be more susceptible to QA than others (30).

The homeostasis of this neuroactive branch largely depends
on the activity of the enzymes kynurenine aminotransferases
(KATs) and kynurenine-3-monooxydase (KMO), which cat-
alyze the degradation of KYN to KA or QA, respectively.
More precisely, the conversion to KA can be mediated by four
different isoforms of KAT (KAT 1-4), whereas the conversion
to QA proceeds through two metabolic intermediate products,
namely the 3-hydroxykynurenine (3-HK) and 3-hydroxy-
anthranilic acid (3-HAA). Under non-pathological conditions,
the vast majority of KYN is metabolized to QA, yielding the
preferred end product nicotinamide adenine dinucleotide
(NAD+), which is highly relevant for oxidative energy pro-
duction. Based on specific environmental conditions or if
higher levels of TRP or KYN are present, the metabolic flux
towards KA can increase (16). Considering the neurotoxic
potential along the KYN pathway, it is not surprising that cen-
tral and/or peripheral dysregulations in metabolites and
enzyme activities are associated with various neurodegenera-
tive disorders, such as Parkinson’s disease, Huntington’s dis-
ease or Multiple Sclerosis (68). Drawing a parallel between
all these neurological diseases, an over-activated KYN path-
way leading to an accumulation of QA in the CNS as well as a
decrease in the neuroprotective KA has been ubiquitously
linked to pathogenesis or disease progression (65, 68). As a
consequence of pathological QA accumulation, induced neu-
rodegenerative processes implicate neuro-inflammatory con-
ditions, representing a hallmark of CNS damage. Accordingly,
KMO-Inhibitors represent a common therapeutic drug target
in various neurological disorders (68).

Exercise and the kynurenine pathway

Evidence suggests that physical exercise has beneficial effects
on diseased populations such as persons with Cancer (21),
Parkinson’s disease (28) or Multiple Sclerosis (49). To date,
our understanding of the underlying mechanisms is limited.
Some studies in both, human (2, 4, 10, 11, 31, 32, 39, 41, 45,
47, 50, 60, 63, 64) and rodent (1, 38) have shown that physical
exercise influences the KYN pathway, thereby representing a
potential link between an active lifestyle and primary and ter-
tiary disease prevention. Although studies in rodents investi-
gating the impact of exercise on KYN pathway activation may
represent a suitable approach to examine potential underlying
mechanisms highly standardized, especially in view of
enzyme expression in different tissues, it is worth mentioning
that discrepancies in metabolism between humans and rodents
impair the transferability of results. In contrast to humans,
high output of nitric oxide by inducible nitric oxide synthase
(iNOS) has been reported in rodents (71). Since nitric oxide
radical is known to supress IDO expression (71), different
responses in KYN pathway activation mediated by IDO in
immune cells can be assumed. Therefore, among others, stud-
ies in rodents may predominantly focus on skeletal muscle
and the further course of the KYN pathway. Overall, existing
studies in both human and rodent strongly differ in regard to
exercise modalities, outcome measures and study populations.
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Training studies with humans were inspired by a promising
preclinical investigation of Agudelo et al. (1). The authors
have shown that endurance exercise training increases muscle
expression of KATs through an activation of the transcription
coactivator PGC-1α1 in a mouse model of depression. Subse-
quently, increased serum/plasma KYN levels, as they can also
be observed in depressed humans, were degraded to KA. In
contrast to KYN, KA is not able to pass the blood brain barri-
er. Thereby, exercise reduced neurotoxic effects of KYN and
its downstream metabolite QA. In fact, exercise-induced
reductions of CNS KYN levels were associated with
decreased inflammatory stress, increased levels of neu-
rotrophic/protective factors and reduced symptoms of anxiety
and depressions. In another mouse model, Kim et al. (38)
revealed that exercise counteracts a decline in cognitive per-
formance in QA-induced Huntington’s disease.

In contrast to the promising results of animals studies, a clini-
cal trial by Millischer et al. (47) comparing the impact of three
non-supervised 12-week exercise interventions varying in
intensity (yoga vs. moderate aerobics vs. vigorous aerobics
and strength training) in depressed humans did not show any
effects on KYN and KA levels. These results are in line with
those of Hennings et al. (31) who found no impact of one
week of non-supervised “increased physical activity” (daily
fitness/stretching exercise) on KYN levels and markers of
inflammation in persons suffering from major depressions.
Unfortunately, Hennings et al. (31) did neither report
KYN/TRP ratios nor what and how much “activity” was per-
formed. Interestingly, both studies revealed reduced self-
reported levels of depressions after the exercise interventions.
Similar to Agudelo et al. (1), Allison et al. (2) described ele-
vated KAT expression in muscle tissue of healthy older men
after a 12-week supervised multimodal (resistance and
endurance) exercise program. Reductions in plasma KYN and
increases in KA levels did not reach statistical significance.
Unfortunately, again no ratio was calculated. A recent study
by Herrstedt et al. (32) investigated the impact of a
chemotherapy-accompanying 12-week combined exercise in
persons with gastro-esophageal junction cancer on TRP
metabolites in blood plasma and enzyme expression in skele-
tal muscle. While the QA precursor 3-HK increased in the
control group, no significant changes were observed in the
exercise group. Furthermore, KMO expression in skeletal
muscle was significant higher in the control group post inter-
vention. These results indirectly suggest that regular exercise
has the potential to alleviate treatment-induced alterations
along the KYN pathway. However, conclusions should be
drawn cautiously since strong methodological limitations
exist in this study as recently pointed out by Zimmer et al.
(73). Moreover, Küster et al. (39) investigated the effects of a
ten-week intervention of physical training with older adults at
risk of dementia on a broad range of TRP metabolites. No sig-
nificant changes were revealed for any outcome in the physi-
cal training group. Absent changes might result from low
training adherence or selected exercise modalities, since
important information on both is insufficiently described.
Finally, a study by Bansi et al. (10) has focused on the
KYN/TRP ratio in persons with different subtypes of MS.
Two different supervised three-week endurance training pro-
grams led to a significant increase in the KYN/TRP ratio in

persons with relapsing remitting MS, whereas no effects were
observed in persons suffering from secondary progressive MS
(10).

Regarding acute exercise, an initial activation of the KYN
pathway, indicated by a significant increase in KYN/TRP
ratio has been demonstrated in healthy trained adults (63, 64)
and in persons with relapsing remitting MS (10). Keeping in
mind that IDO, as responsible mediator for the conversion of
TRP to KYN is sensitive to inflammatory cytokines, it has
been proposed that its activation is caused by inflammatory
stimuli as they appear during and after acute exercise (69).
Nevertheless, since high levels of cortisol were suggested to
stimulate TDO activity (9) and acute exercise is known to
increase peripheral cortisol levels (29, 34, 54), it cannot be
ruled out that activation of the exercise-induced KYN path-
way is caused exclusively by increased IDO activity. In view
of the immunomodulatory properties of KYN itself, an activa-
tion of the KYN pathway is of major research interest due to
two reasons. Firstly, repetitive short-term increases in KYN
levels represent a potential explanation for the mechanistic
interaction between acute exercise-induced responses and
chronic adaptions of the immune system. Secondly, persons
with inflammation-mediated diseases (e.g. MS, Parkinson’s
disease) could benefit from short-term elevated KYN levels
regarding its long-term anti-inflammatory effects. However,
this hypothesis remains to be addressed since no further KYN
metabolites of the neuroactive branch, which are highly rele-
vant in MS, were measured in the study by Bansi et al. (10).
Beside an initial activation of the KYN pathway, some studies
also suggest acute exercise-induced alterations on the further
regulation of the KYN pathway. These studies consistently
indicate, primarily in healthy populations, that acute en-
durance exercise upregulates the concentrations of KA and
QA (41, 50, 60). Similar to IDO, increased KMO activity is
suspected to be mediated by inflammatory stimuli (72), repre-
senting a potential explanation for increased QA levels after
acute exercise. However, it remains unclear whether KMO
activity is influenced by inflammatory stimuli directly or as a
consequence of an overall metabolic activation of the KYN
pathway as described above. As potential underlying mecha-
nism of increases in KA, it was hypothesized that not only
chronic training, but also acute exercise can upregulated gene
expression of KATs through PGC-1α1 in skeletal muscle (50).
PGC-1α represents a well-studied coactivator that plays a piv-
otal role in oxidative metabolism through its impact on mito-
chondrial biogenesis and angiogenesis and is further involved
in adaptions in skeletal muscle fiber type composition (3).
Especially acute endurance exercise (7, 53) but also resistance
exercise is known to upregulate PGC-1α (59, 62).

In summary, current evidence (detailed overview is provided
in Table 3) proposes a modifying effect of acute and chronic
exercise on different sections of the KYN pathway due to dis-
tinct underlying mechanisms with promising perspectives on
health benefits (see Figure 1). Nevertheless, knowledge about
specific exercise modalities to impact the KYN pathway is
strongly restricted by the methodological heterogeneity of
existing studies. Limitations of the current state of research
also comprise a lack of studies that directly compare acute
effects of different exercise modalities (type, duration, inten-
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sity and frequency) under physiological conditions. Further-
more, no data on follow-up measurements exists to evaluate
the kinetics of exercise-induced alterations in the KYN path-
way. More detailed information about the effects of acute
bouts of exercise could help to appropriately design long-term
intervention studies. Future randomized controlled trials seem
to be of major relevance to achieve sustainable modulation or
normalization within the KYN pathway and its consequences,
especially in view of populations with inflammation-mediated
chronic diseases and dysregulations within the KYN pathway.

Here, we investigated the impact of acute resistance (RE)
and endurance exercise (EE) on the KYN pathway. We
hypothesize that KYN pathway alterations will be greater
following endurance exercise compared to resistance exer-
cise. A broad range of metabolites along the KYN pathway,
IL-6 and levels of cortisol of healthy participants were deter-
mined in blood serum at pre, post and 1h follow-up measure-
ment. Additionally, gene expression of IDO1 and KAT4 in
circulating PBMCs was measured to provide further knowl-
edge about underlying mechanisms of exercise-induced
modulations of the KYN pathway. To determine potential
relations between initial KYN pathway activation parame-
ters and IL-6, cortisol and immune cell subsets during a rest-
ing condition, we performed baseline flow cytometry analy-
sis.

Methods
Participants

A total of 24 healthy males (N=24) were recruited for partici-
pation. The inclusion criteria comprised being male, between
20 and 35 years of age, no contraindications to physical exer-
cise and no drug intake during the last six weeks. Inclusion
criteria were checked before study participation using the ger-
man version of the Physical Activity Readiness Questionnaire
(PAR-Q) (22) and an additional question on drug intake dur-
ing the last six weeks. All participants signed a written in-
formed consent prior to participation. The study was approved
by the local ethics committee of the German Sport University
Cologne and was prospectively registered at the German clin-
ical trial register (DRKS00014286).

General procedure

A randomized cross-over study design including two interven-
tion arms was applied. An initial baseline testing was conduct-
ed one week prior to the intervention. At baseline, partici-
pants’ maximal endurance and strength capacity were meas-
ured in order to standardize and control exercise intensity.
Subsequently, all participants performed a single bout of
endurance exercise (EE) and resistance exercise (RE) with a
wash-out period of at least 48 hours between both exercise

Figure 1. Potential acute exercise-induced mechanisms impacting the kynurenine pathway.
Modulatory effect of acute exercise; TRP tryptophan; KYN kynurenine; KA kynurenic acid; QA quinolinic acid; 3-HK 3-hydroxykynurenine; 3-

HAA 3-hydroxyanthranilic acid; NAD+ Oxidized form of nicotinamide adenine dinucleotide; IDO indoleamine 2,3-dioxygenase; TDO tryptophan
2,3-dioxygenase; KMO kynurenine 3-monooxygenase; KATs, kynurenine aminotransferases; KYNU kynureninase; 3-HAO 3-hydroxyanthranilic
acid oxygenase; PGC-1α proliferator-activated receptor-gamma coactivator-1alpha; Tregs, regulatory T-cells; NK-cells natural killer cells; CNS
central nervous system; BBB blood-brain barrier; NMDA N-methyl-d-aspartate.
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sessions, since acute effects on cytokines and cellular immune
components do usually not persist longer than 24 hours. The
sequence of the interventions (EE+RE or RE+EE) was ran-
domly allocated (see Randomization). Venous blood samples
were collected immediately before (T0), immediately after
(T1) and one hour after (T2) both exercise sessions, respective-
ly. The follow-up measurement time point was set at one hour
after completion of the exercise sessions in order to provide
outcome kinetics and to potentially define a time frame of
occurring alterations. One hour prior to each session partici-
pants received a standardized breakfast. Participants were told
to avoid the consumption of nicotine, supplements and alco-
hol and to avoid any amount of physical exercise for 48 h
prior to baseline testing and each exercise session. Exercise
sessions started between 8 and 11 AM. The study design is
depicted in Figure 2.

Sample Size Calculation

Sample size calculation was conducted to examine different
responses of EE and RE in the change of KYN/TRP ratio post
intervention using G*power software (Version 3.1.9.2) (25) in
a baseline-adjusted ANCOVA model. Sample size calculation
was performed according to the formula (1-ρ2)*n. In detail, ρ
represents the estimated correlation between pre and post
measurements and n represents the calculated sample size by

using G*power software that would have been appropriate for
an independent t-test comparing post measurements of both
groups. We determined sample size calculation parameters
based on the results of the study of Strasser et al. (63) investi-
gating the acute effect of an exhaustive endurance exercise on
KYN/TRP ratio in healthy athletes. The data of Strasser et al.
(63) revealed an effect size (Cohen’s d (19)) of -.804 and a
correlation between pre and post measurements of r = .856. In
contrast to Strasser et al. (63), our study was designed to com-
pare acute responses of two different exercise modalities.
Therefore, sample size was calculated using a more conserva-
tively estimated effect size of d = -.65. Since we implemented
two post measurement time points in our study (T1, T2), esti-
mated correlation between pre and post measurements were
reduced to ρ = .7 and alpha (α) was adjusted to α = .025. Test
power was set at 80%. Calculation revealed a total sample
size of N = 48. Due to the applied cross-over design implicat-
ing that both intervention arms are completed by all partici-
pants, the required sample size resulted in N = 24. Sample
size calculation was performed on the assumption that no
carry-over effects exist.

Randomization

Randomization was carried out immediately after baseline
testing using Randomization In Treatment Arms (RITA, Evi-

Figure 2. Schematic overview of the study design.
* Participants’ smoking status, VO2peak-levels and total strength values were used as stratification factors.
EE endurance exercise; RE resistance exercise; 1RM one-repetition maximum; CPET cardiopulmonary exercise test; VO2peak maximal oxygen
uptake; PPO peak power output; Reps repetitions; T0 resting condition (baseline); T1 immediately after exercise cessation; T2 one hour after
exercise cessation.
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dat, Germany) software. A stratified randomization procedure
according to Pocock and Simon’s minimization method was
used (for Review see (61)). Stratification factors comprised
participants’ smoking status, relative oxygen uptake maxi-
mum (VO2peak) and a total strength value (see Baseline test-
ing). Randomization was conducted by an independent
research associate who was not involved in data collection.

Baseline testing

The baseline testing consisted of one-repetition maximum
(1RM) tests followed by a cardiopulmonary exercise test
(CPET) on a bicycle ergometer after a one hour resting break.
Participants were asked to refrain from eating during the hour
before the baseline testing. During the testing procedure par-
ticipants were allowed to drink water ad libitum.

One-repetition maximum (1RM) tests 

Following a five min warm-up on a cycle ergometer at 50 W,
participants performed five machine-based (Cybex Interna-
tional, Medway, US) 1RM tests conducted in the following
order: chest press, lat pull, leg curl, leg extension, back exten-
sion. The 1RM test at each machine started with a warm-up
set consisting of 15 repetitions of self-selected resistance
through a full range of motion. Following a 2-min break, par-
ticipants were given five attempts to attain their 1RM at each
machine. Within each attempt, the maximum amount of repe-
titions was conducted until exhaustion. The attempts at one
machine were separated by a 2-min break, respectively. The
1RM was reached if exactly one repetition was feasible with
high quality of movement execution. If the 1RM at one
machine was not reached within the five attempts, the weight
of the last attempt counted as maximum. Between the 1RM
tests of each of the five machines a break of 1.5 min was
implemented, respectively. A total strength value was calcu-
lated for each participant using the mean of all five 1RM
weights. The total strength value was used for stratification.

Incremental cardiopulmonary exercise test (CPET)

An incremental CPET on a bicycle ergometer (Ergoline, Ger-
many) with spirometry (Cortex, Meta-Lyzer 3B-R2, Ger-
many) was conducted to determine participants’ relative max-
imum oxygen uptake (VO2peak [ml/kg/min]), maximum heart
rate (HRmax [beats per minute (bpm)]) and peak power out-
put (PPO). Participants started with a five-minute warm-up
period at 25 W. Subsequently, workload was set to 100 W and
was increased by 20 W/min until the participant was not able
to maintain pedal cadence above 60 rounds per minute (rpm).
Participants’ heart rate, respiratory quotient (RQ) and rate of
perceived exertion (RPE (13)) were recorded at exhaustion.
PPO was defined as the average of the highest ten second
interval, whereas VO2peak was calculated as the average of the
highest ten second interval. Additionally, lactate levels were
measured at rest (Lapre) and at exhaustion (Lapost).

Interventions

Participants received a standardized breakfast consisting of a
cereal bar and a banana one hour prior to each exercise inter-

vention. Each exercise session lasted 50 minutes in total and
started at the same time of day. Exercise duration of 50 min-
utes was chosen to represent an extended and realistic training
stimulus that could be transferred to clinical populations. Par-
ticipants were allowed to drink water ad libitum.

Endurance Exercise (EE)

Following a five min warm-up at 50 W, participants cycled for
45 min at a power output corresponding to 60% of PPO. Par-
ticipants were asked to refrain from standing during the trial
and asked to maintain a cadence between 60 and 80 rpm. 

Resistance Exercise (RE)

Following a five min warm-up at 50 W on a cycle ergometer,
participants conducted four sets at each of the five resistance
machines used in the baseline testing for 1RM determination
in equal order (chest press, lat pull, leg curl, leg extension,
back extension). A specific warm-up set comprising 15 repeti-
tions at 30% of 1RM was implemented immediately before
the exercise at each resistance machine. Each set consisted of
8-10 repetitions at 70% of the attained 1RM. Resting time
between the sets and between the five resistance machines
was set at 1 min.

Outcomes and measurements

All outcomes were assessed at each measurement time point
(T1, T2, T3). Concentrations of IL-6 were determined using
enzyme-linked immunosorbent assay (ELISA) according to
manufactures instructions (R&D Systems, Human IL-6 Quan-
tikine ELISA Kit; detection limit: 0.70 pg/ml, coefficient of
variability for intra-assay precision: 4.2%). Concentrations of
cortisol were measured using chemiluminescence immunoas-
say (CLIA) by contract laboratory (Labor Dr. Wisplinghoff,
Cologne, Germany). TRP and its metabolites KYN, KA and
QA were analyzed by high performance liquid chromatogra-
phy (HPLC). To obtain detailed information on changes in
KYN pathway balance, ratios of KYN/TRP, KA/KYN,
QA/KYN and QA/KA were calculated. Moreover, gene
expression of central enzymes along the KYN pathway (IDO1
and KAT4) were measured in PBMCs. In addition to the out-
comes, flow cytometry analysis was performed at baseline
(T0) to evaluate potential relationships between numbers and
proportions of immune cell subsets (lymphocytes, NK-cells,
NK-cell subsets (dim/bright), cytotoxic T-cells, T-helper cells
and regulatory T-cells) and initial KYN pathway activation
parameters (KYN, KYN/TRP, IDO1). Detailed information
on the procedure of haematological analyses is provided in the
following.

Blood sampling

Blood samples were drawn at each measurement time point in
supine position from a medial cubital vein. Blood samples
were used (i) to isolate serum and (ii) to isolate PBMCs.
Regarding serum isolation, blood was rested at room tempera-
ture for 10 min for clotting and thereafter centrifuged at 3500
rpm for 10 min. Serum samples were aliquoted and stored at
-80°C until analyses with HPLC, ELISA and CLIA were per-
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formed. EDTA blood was used for PBMC isolation by density
gradient centrifugation using a lymphocyte separation medium
(PromoCell, Heidelberg, Germany). In brief, blood was layered
on top of the lymphocyte separation medium and centrifuged for
30 min at 800xg. Thereafter, the PBMC containing interphase
was separated and washed with PBS. PBMCs were aliquoted
and frozen at -150°C until analyses with real-time quantitative
polymerase chain reaction and flow cytometry were performed.

High performance liquid chromatography (HPLC) and mass
spectrometry

Chemicals and materials

For the preparation of aqueous solutions and eluents, ultra-
pure water obtained from a Sartorius Stedim Arium® pro UV
apparatus (Guxhagen, Germany) was used. Acetonitrile
(ACN), ammonium acetate, acetic acid, and ammonium
hydroxide solution (25% NH3) of analytical grade were from
Merck (Darmstadt, Germany). Reference compounds (purity
≥98%) including TRP, KYN, KA and QA as well as pooled
human serum (male donors) were purchased from Sigma-
Aldrich Chemie GmbH (Schnelldorf, Germany). As internal
standards (ISTDs), multiply deuterium-labelled analogues L-
Tryptophan-d5 (TRP-d5), Kynurenic acid-d5 (KA-d5) and
2,3-Pydridinedicarboxylic acid-d3 (QA-d3) were obtained
from Toronto Research Chemicals (North York, ON, Canada).

Sample preparation/analyte extraction

In accordance to previously published protocols (5), aliquots of
50 µL of serum were spiked with 5 µL of the ISTD [10 µg/mL
TRP-d5, 1 µg/mL KA-d5 and 10 µg/mL QA-d3] and were fur-
ther diluted by the addition of 25 µL of water and 70 µL of ACN.
After 5 min of sonication, serum proteins were precipitated by
centrifugation at 14.000xg at room temperature (RT) for another
5 min. The supernatant was separated from the obtained pellet
and transferred to a fresh polypropylene vial. Subsequently, 5 µL
of 25% NH3 was added and samples were ready for analysis.

Liquid chromatography (LC)

Liquid chromatographic separation was achieved by using an
ACQUITY UPLC® system (Waters GmbH, Eschborn, Ger-
many) equipped with a Gemini C6-Phenyl analytical column
(100 mm x 2 mm ID, 3.0 µm particle size, 110 Å) from Phe-
nomenex (Aschaffenburg, Germany). Gradient elution was car-
ried out using 5 mM ammonium acetate solution acidified with
0.1% acetic acid as solvent A and acetonitrile fortified with 5%
of Eluent A as solvent B. The overall gradient program lasted 20
min and the flow rate was set to 250 µL/min. Initiated by the
injection of 2 µL of the sample into the LC system, the analytical
run started with 1 min of constant flow of 100% A. Subsequent-
ly, the organic phase was increased to 40% within 6 min and to
100% within another 2 min. Finally, the initial conditions of
100% A were restored followed by re-equilibration for 10 min.

Mass spectrometry

The mass spectrometric analysis was performed on a Xevo®

TQ-XS triple quadrupole mass spectrometer (QqQ/MS)

(Waters GmbH, Eschborn, Germany) equipped with a UniS-
pray™ (US) ion source. The system was operated in positive
ionization mode (US+) with activated soft transmission mode.
The ion source was set to a desolvation temperature and cone
voltage of 400°C and 45 V, respectively. Data were generated
by multiple reaction monitoring (MRM) experiments after opti-
mization of the method and individual tuning of all analytes of
interest. Argon (purity grade 5.0) was used as damping gas for
collision-induced dissociation (CID) experiments. Waters’
Mass-Lynx software (V4.2 2016) was used for result interpreta-
tion. Further information is provided in supplement 1.

Method evaluation and result interpretation

During the evaluation of the detection method, parameters
such as specificity, linearity of calibration curves, lower limit
of quantification (LLOQ), recovery and intraday precision
were assessed. To ensure the method’s specificity, 12 blank
serum samples from different female and male volunteers (n =
6 + 6) were analyzed after activated charcoal stripping as pub-
lished elsewhere (48). Samples were successfully tested for
the absence of potentially interfering signals at expected
retention times. Moreover, analogously purified commercially
available pooled human serum was used for the determination
of further validation parameters. Calibration curves for quan-
titative result interpretation of all target analytes were pre-
pared individually and were found to be linear within appro-
priate concentration ranges [TRP: 0.5, 2, 5 and 20 µg/mL;
KYN: 20, 50, 200, 5000 and 2000 ng/mL; QA: 5, 20, 50, 200,
500 and 2000 ng/mL and KA: 0.5, 2, 5, 20, 50 and 200
ng/mL] with coefficients of correlation of greater than 0.98.
Linear correlation was utilized to calculate concentrations of
the measured analytes by their peak areas (peak area ration of
analytes and corresponding ISTDs). The analytical perform-
ance between different sample batches on consecutive days
was monitored by measuring quality control samples with
defined concentrations. The LLOQ, defined as the lowest con-
centrations measurable via a signal-to-noise ratio (S/N)
greater than 9 was estimated for each substance at 10 ng/mL
(QA and KA), 25 ng/mL (KYN), and 50 ng/mL (TRP), and
was confirmed by six sample replicates (n = 6) spiked at the
aforementioned concentrations. With regard to the recovery
during the sample work up, two sets of six charcoal stripped
serum aliquots (n = 6 + 6) were fortified with 1 µg/mL of TRP
and QA, 100 ng/mL of KYN and 50 ng/mL of KA. In the first
set, the analytes were added simultaneously with the ISTDs
before sample preparation while for the second set spiking
was carried out just before injection to the LC-MS system.
Resulting recoveries were between 66-76%. Moreover, six
sample replicates at 3 concentration levels (high, medium and
low, n = 6 + 6 + 6) were prepared and analyzed to determine
the intraday imprecision. Values ranged between 2-18% for
TRP, 2-12% for KYN, 2-15% for QA and 3-13% for KA. Fur-
ther details are summarized in supplement 1.

Real-time quantitative polymerase chain reaction (qRT-PCR)

For gene expression analyses PBMCs were thawed and RNA
was isolated using TRIzol reagent (Merck, Darmstadt, Ger-
many) according to the manufacture´s protocol. In brief, phe-
nol chloroform phase separation was used and the aqueous
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phase containing the RNA was further processed. RNA was
precipitated with isopropanol, washed with ethanol and resus-
pended in RNAse free water. cDNA synthesis and qRT-PCR
were performed using the GoTaq 2-Step qRT-PCR Kit
(Promega GmbH, Mannheim, Germany) according to the
manufacture´s protocol. For cDNA synthesis a maximum of
1µg RNA per reaction was applied and 4 reactions per sample
were performed. The cDNA of these 4 reactions per sample
were pooled for further qPCR analysis. Primer for IDO1 and
KAT4 were described previously by Dewi et al. (23) and
Agudelo et al. (1), respectively. As reference genes HPRT1
and UBE2D2 were chosen, since Oturai et al. (55) found them
to be stably expressed in PBMCs. Primers for the housekeep-
ing genes were generated to span Exon-Exon junctions
(HPRT1: forward GCGTCGTGATTAGTGATGATG, reverse
GTTCAGTCCTGTCCATAATTAGTC; UBE2D2: forward
ACTAACTATTTCAAAAGTACTCTTGTCCATCT, reverse
CGAGCTATTCTGTTGTACTTTTCTCTA). Gene expression
was analyzed by comparison of the delta Ct values of the tar-
get genes.

Flow cytometry

PBMCs were thawed for flow cytometry analyses. Two differ-
ent panels were analysed. In the first panel PBMCs were
stained with anti-CD3 PE-Cy7, anti-CD8 PE, anti-CD4 APC,
anti-CD16 PE (BD Bioscience, Heidelberg, Germany) and
anti-CD56 APC-Cy7 (BioLegend, San Diego, CA, USA).
Lymphocytes were gated by size and granularity. Cytotoxic T-
cells were gated as CD3+CD8+, whereas T-helper cells were
gated as CD3+CD4+. NK-cells were gated as CD3-CD16+ and
further divided into CD56dim and CD56bright NK-cells. In the
second panel PBMCs were stained with anti-CD3 PE-Cy7,
anti-CD4 APC-Cy7, anti-CD127 PE and anti-CD25 APC (BD
Bioscience, Heidelberg, Germany). Tregs were gated as
CD3+CD4+CD25+CD127dim. Flow cytometry was performed
on a FACS Array (BD Bioscience, Heidelberg, Germany) and
gating was performed using the BD FACS Diva Software.

Statistical analyses

To investigate relationships between IL-6, cortisol, immune
cells subsets and initial KYN pathway activation outcomes
(KYN, KYN/TRP, IDO1) at baseline (T0), Pearson’s correla-
tion coefficient (r) was calculated. To examine the hypothesis
of this study, within and between differences in EE and RE
post intervention were tested in TRP metabolites, IL-6, corti-
sol and KYN pathway enzyme expression measured in
PBMCs. Therefore, outcome data was first tested for potential
significant interaction effects of intervention sequences
(EE+RE vs. RE+EE) or intervention periods (trainings ses-
sion day 1 vs. training session day 2) using a baseline-adjust-
ed analysis of covariance model (ANCOVA) for each out-
come (necessary pre testing for cross-over design). If no
effects of intervention sequence or periods were revealed, data
of equal training modalities were pooled for further analyses.
Separated baseline-adjusted ANCOVA models were conduct-
ed for all outcomes to examine time and interaction
(time*group) effects of EE and RE. Mauchly’s test of
Sphericity was applied to detect potential violations and
Greenhouse-Geisser correction was used if necessary. In case

of significant ANCOVA results Bonferroni corrected post-hoc
analyses were conducted. In addition, Cohens’ d effect sizes
were calculated for significant results. For all statistical analy-
ses parametric procedures were conducted using SPSS statis-
tics 25 (IBM®, Armonk, NY, USA). Level of significance was
set at p ≤ .05.

Results

Baseline characteristics for all participants and each interven-
tion sequence (RE+EE and EE+RE) for anthropometric data,
CPET and 1RM tests are provided in Table 1. The investigat-
ed sample revealed an overall mean age ± standard deviation
(SD) of 24.6 ± 3.9 years, an overall mean VO2peak ± SD of 48.3
± 7.4 ml/kg/min and an overall mean of the total strength
value ± SD of 101.9 ± 16.2 kg.

Results of bivariate correlational analyses between IL-6, corti-
sol, immune cell subsets and initial KYN pathway activation
outcomes (KYN, KYN/TRP, IDO1) at baseline are presented
in Table 2. Significant correlations were revealed between IL-
6 and IDO1 (dCt HPRT1: r = -.318, p = .031; dCt UBE2D2: r
= -.389, p = .008), IL-6 and KYN/TRP (r = .473, p = .001).
Regarding cortisol, concentrations significantly correlated
with KYN/TRP (r = -.366, p = .012). Furthermore, propor-
tions of Tregs significantly correlated with IDO1 (dCT HPRT1:
r = -.356, p = .014). Concerning proportions of cytotoxic T-

Values are presented as mean ± standard deviation. RE resistance
exercise; EE endurance exercise; BMI body mass index; VO2peak peak
oxygen uptake; HRpre heart rate before incremental exercise test;
HRmax maximal heart rate; Lapre lactate level immediately before car-
diopulmonary exercise test; Lapost lactate level immediately after car-
diopulmonary exercise test; RERmax maximal respiratory exchange
ratio; PPO peak power output; Watt/kg relative power output; 1RM
one repetition maximum; Total strength value mean of all 1RM tests.

Table 1. Baseline characteristics of study participants separated by
exercise sequence.
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cells, significant correlations to IDO1 (dCt HPRT1: r = .532, p <
.001; dCt UBE2D2: r = .464, p = .001) were revealed. In addi-
tion, numbers of cytotoxic T-cells correlated significantly with
IDO1 (dCt HPRT1: r = .529, p < .001; dCt UBE2D2: r = .439, p
= .002). For proportions of NK-cells, analysis indicated signifi-
cant correlations to KYN/TRP (r = .306, p = .039). Moreover,
proportions of CD56dim NK-cells significantly correlated with
IDO1 (dCt HPRT1: r = .353, p = .015) and KYN/TRP (r = -.357,
p = .015). Regarding proportions of CD56bright NK-cells, signif-
icant correlations to IDO1 (dCt HPRT1: r = -.348, p = .016) and
KYN/TRP (r = .356, p=.015) were detected. Finally, analysis
revealed a significant correlation between numbers of
CD56bright NK-cells and KYN/TRP (r = .396, p = .007). A com-
prehensive overview of correlation coefficients is provided in
Table 2.

To examine necessary assumptions considering the cross-over
study design, outcome data were pretested for potential signif-

icant interaction effects of interven-
tion sequences (EE+RE vs. RE+EE)
or intervention periods (trainings
session day 1 vs. training session
day 2) using baseline-adjusted
ANCOVAs for each outcome.
Regarding KAT (HPRT1), a signifi-
cant interaction effect of interven-
tion periods was detected (p < .005,
F = 7.365, df = 1.299). For all other
outcomes, neither a significant
effect of intervention sequences nor
of intervention periods was
revealed. Therefore, outcome data
was pooled before conducting
ANCOVA models for each parame-
ter with training modality (EE vs.
RE) as between subjects factor.

ANCOVA results of IL-6 showed a
significant time (p < .001, F =
12.282, df = 1,355) and interaction
(p < .001, F = 12.090, df = 1,355)
effect. Bonferroni corrected post-
hoc test revealed a significant
increase from T0 to T1 (p < .001, d =
1.322), from T0 to T2 (p = .006, d =
.549) and a significant decrease
from T1 to T2 (p < .001, d = -.951) in
EE. Significant interaction effects
were detected at T1 (p < .001) and T2
(p = .015) with levels of EE being
higher than those of RE, respective-
ly. Concerning cortisol, a significant
time (p < .001, F = 20.870, df =
1.648) and interaction effect (p <
.001, F = 14.642, df = 1,648) was
found. In EE, levels of cortisol were
significantly increased at T1 com-
pared to T0 (p < .001, d = 1.069).
Furthermore, levels at T2 were sig-
nificantly decreased compared to
levels at T1 (p < .001, d = -.906). In

RE, levels of cortisol were significantly decreased at T2 com-
pared to T0 (p < .001, d = -.862) and T1 (p < .001, d = -.752).
Significant interaction effects were revealed at T1 (p < .001)
and at T2 (p < .001) with levels of EE being higher than those
of RE, respectively. In view of TRP, ANCOVA results showed
a significant effect over time (p < .001, F = 19.894, df = 2).
Bonferroni post-hoc test detected a significant decrease from
T0 to T1 (p = .034, d = -.368) in RE. A significant effect over
time was also revealed for KYN (p = .016, F = 4.359, df = 2),
but Bonferroni post-hoc test did not show any significant dif-
ferences between measurement time points in EE or RE.
Regarding KYN/TRP ratio, ANCOVA resulted in a significant
time effect (p = .041, F = 3.332, df = 2). In RE, values were
significantly increased at T1 compared to T0 (p = .001, d =
.474) and significantly decreased at T2 compared to T1 (p =
.005, d = -.437). ANCOVA results of KA showed a signifi-
cant time (p = .007, F = 5.631, df = 1.748) and interaction (p =
.028, F = 3.987, df = 1.748) effect. Bonferroni post-hoc test

* p ≤ .05; ** p ≤ .01; (p) proportions (n) numbers. Proportions of T-helper cells, cytotoxic T-cells
and NK-cells refer to Lymphocytes. Proportions of Tregs refer to CD3+ lymphocytes. Proportions 
of NK-cells (CD56dim) and NK-cells (CD56bright) refer to NK-cells.

Table 2. Baseline correlations (Pearson’s coefficient) between IL-6, cortisol, immune cell subsets
and KYN pathway outcomes.
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revealed significantly increased levels at T1 compared to T0 (p
< .001, d = 1.384) and significantly decreased levels at T2
compared to T1 (p = .008, d = -.646) in EE. Additionally, sig-
nificantly decreased levels of KA were found at T2 compared

to T1 (p = .041, d = -.819) in RE. In regard to the interaction
effect, values of EE were significantly higher at T1 (p = .002)
and at T2 (p = .037) than values of RE. Considering KA/KYN
ratio, a significant time (p = .024, F = 3.925, df = 2) and inter-

Figure 3. Kinetics of TRP metabolites separated by training intervention.
* significant time effect (p≤0.05); # significant interaction effect (p≤0.05); black shading indicates endurance exercise; grey shading indicates
resistance exercise; T0 baseline; T1 post exercise; T2 1 hour follow-up; values are presented as mean ± standard deviation; (A) interleukin-6
concentrations; (B) cortisol concentrations; (C) tryptophan concentrations; (D) kynurenine concentrations; (E) kynurenine-tryptophan ratio; (F)
kynurenic acid concentrations; (G) kynurenine-kynurenic acid ratio; (H) quinolinic acid concentrations; (I) quinolinic acid-kynurenine ratio; (J)
quinolinic acid-kynurenic acid ratio.
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action effect (p = .002, F = 6.961, df = 2) was detected. In EE,
values compared to T0 were significantly increased at T1 (p <
.001, d = 1.565) as well as at T2 (p = .004, d = .666). More-
over, values in EE were significantly decreased at T2 com-
pared to T1 (p = .01, d = -.554). Significant interaction effects
were found at T1 (p < .001) and at T2 (p = .007) with values of
EE being higher than those of RE, respectively. For QA, a sig-
nificant time effect was revealed (p = .014, F = 4.529, df = 2).
Post-hoc test showed a significant increase from T0 to T1 (p =
.008, d = .076) in EE. Furthermore, a significant interaction
effect was detected for QA/KYN ratio (p = .016, F = 4.335, df
= 2). Values of EE were significantly higher than those of RE
at T1 (p = .006) and at T2 (p = .015), respectively. In view of
QA/KA, no significant effects were revealed. Kinetics of all
TRP metabolites separated by training interventions are illus-
trated in Figure 3.

Concerning ANCOVA results of IDO1 gene expression meas-
ured in PBMCs, no significant effects were detected, neither
for HPRT1 nor for UBE2D2 calculated ΔCT values. ANCO-
VA results of ΔCT KAT4 HPRT1 gene expression in PBMCs
revealed a significant effect over time (p = .001, F = 10.441,

df = 1.254). Bonferroni post-hoc test showed sig-
nificantly increased values at T1 compared to T0
(p = .019, d = .374) in EE. No significant effects
were detected for ΔCT KAT4 UBE2D2. Kinetics
of enzyme gene expression in PBMCs are shown
in Figure 4.

Discussion

This is the first study investigating the acute
impact of two different exercise modalities on a
broad range of KYN pathway outcomes with
simultaneous consideration of the potential medi-
ators IL-6 and cortisol. Moreover, we examined
associations between KYN pathway outcomes
and immune cell subsets during a resting condi-
tion in humans and provide first information on
outcome kinetics due to the implemented follow-
up measurement time point one hour after exer-
cise cessation. Overall, our results indicate a
stronger activation along the KYN pathway
induced by EE compared to RE. However, the
KYN/TRP ratio was only significantly increased
in RE immediately after exercise, representing an
initial activation of this metabolic pathway. In
line with previous investigations, our results
emphasize an increased conversion of KYN to
KA in response to EE (41, 50, 60).

Kynurenine pathway activation (TRP → KYN)

IL-6 serum concentrations positively correlated
with both, the KYN/TRP ratio and IDO1 expres-
sion in PBMCs at baseline. These results support
findings from previous studies reporting a stimu-
lating role of IL-6 in the activation of the KYN
pathway (20). Moreover, proportions of total
NK-cells as well as numbers and proportions of

cytokine producing CD56bright NK-cells positively correlated
with the KYN/TRP ratio. In contrast, cytotoxic CD56dim NK-
cell proportions negatively correlated with the KYN/TRP
ratio. These associations between KYN pathway metabolites
and NK-cell phenotypes support previously described
immunomodulatory properties of KYN pathway activation
(16). Frumento et al. (26) already showed that IDO activity
inhibits NK-cell proliferation. However, NK-cell subsets were
not investigated. In addition to KYN pathway metabolites, our
results suggest a positive association between IDO1 expres-
sion in PBMCs and cytokine producing CD56bright NK-cells
and a negative association with proportions of cytotoxic
CD56dim NK-cells. These results give a first hint that NK-cell
subsets may be differentially regulated by IDO1. In line with
Frumento et al. (26) IDO1 expression showed a negative cor-
relation to numbers and proportions of cytotoxic T-cells.
Apart from an inhibition of the cytotoxic potential of different
lymphocyte subsets, we also found an association between
IDO1 expression and proportions of Tregs supporting earlier
results (18, 33). In brief, the baseline correlations of
KYN/TRP ratio and IDO1 gene expression in PBMCs with
different NK- and T-cell subsets strongly emphasize the

Figure 4. Kinetics of enzyme gene expression in PBMCs.
* significant time effect (p≤0.05); black shading indicates endurance training; grey
shading indicates resistance training; T0 baseline; T1 post exercise; T2 1 hour follow-
up; values are presented as mean ± standard deviation; (A) ΔCT of IDO1 expression
in PBMCs referring to HPRT1 housekeeping gene; (B) ΔCT of IDO1 expression in
PBMCs referring to UBE2D2 housekeeping gene; (C) ΔCT of KAT4 expression in
PBMCs referring to HPRT1 housekeeping gene; (D) ΔCT of KAT4 expression in
PBMCs referring to UBE2D2 housekeeping gene.
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 suppressive effects of IDO-mediated KYN pathway activation
on the immune system in humans.

In view of the kinetics of KYN pathway activation mediators
IL-6 and cortisol, EE provoked a significant increase from
baseline (T0) levels to post exercise (T1) followed by a signifi-
cant decrease from post exercise to the 1h follow-up measure-
ment (T2) (Figure 3). These results are in agreement with sev-
eral previous studies (34, 56, 69). In contrast, RE had no
effects on IL-6 and reduced cortisol serum concentrations at
the 1h follow-up measurement. Overall, EE induced a
stronger effect compared with RE on both outcomes not only
immediately after exercise but also at 1h follow-up measure-
ment. Thus, EE appears to be the more appropriate stimuli to
impact two potential mediators of KYN pathway activation.
However, serum levels of TRP, KYN and KYN/TRP ratio do
not support the hypothesis of an IL-6 / cortisol mediated acti-
vation of the KYN pathway. In regard to TRP, KYN and
KYN/TRP ratio, EE did not show any significant changes
whereas RE provoked significant changes over time. To our
knowledge, this is the first study demonstrating a transient
KYN pathway activation in response to acute RE as indicated
by an increased KYN/TRP ratio immediately after cessation
that is followed by a decrease to baseline level at the 1h fol-
low-up measurement. To date, most studies on exercise-
induced KYN pathway activation only investigated the ef-
fects of EE. These studies revealed an increased KYN/TRP
ratio following exercise, if calculated (10, 63, 64). Interesting-
ly, all these studies used an incremental exercise protocol until
exhaustion as intervention. Therefore, the absent increase of
the KYN/TRP ratio provoked by EE in the present study
could be due to longer exercise duration or rather the time
between pre and post exercise measurements. The previously
described increases in KYN/TRP ratio after EE may also be
caused by the incremental nature of the applied exercise pro-
tocols implicating the highest and most exhaustive load
immediately before post-measurements. Hence, future studies
should examine dose-/time-response relationships of varying
EE modalities with consideration of different energy supply
systems.

Similar to KYN/TRP ratio, IDO1 expression in PBMCs was
unaffected by EE. Since RE resulted in an upregulated
KYN/TRP ratio but did not alter IDO1 expression in PBMCs,
the underlying mechanisms remain to be elucidated. IDO1
expression may also occur in other cell types or tissues. Fur-
thermore, it is worth mentioning that only one isoform of IDO
was investigated in the present study. The physiological roles
of IDO2 are by far not as well examined as for IDO1. Howev-
er, and especially considering the significant increase in
KYN/TRP ratio after RE, it cannot be ruled out that elevated
IDO2 expression represents an underlying mechanism. Alter-
natively, the observed increase in KYN/TRP ratio after RE
could be driven by the augmented demand of amino acids, as
shown by a decrease of serum TRP over time in response to
this anabolic exercise stimulus (12, 44).

Kynurenine pathway branch yielding KA

In line with previous studies, KA and KA/KYN ratio
increased following EE (41, 50, 60). Here we have shown for

the first time, that these increases are only of transient nature,
since both outcomes decrease after cessation. In contrast, RE
leads to a significant decrease in KA at follow-up. Taken
together, EE provokes a more pronounced activation of the
KA producing branch of the KYN pathway.

In parallel to the different effects of both exercise interven-
tions on KA and the KA/KYN ratio, KAT4 expression was
elevated immediately after exercise only in EE (Figure 4). To
our knowledge, it was shown for the first time that KAT4 gene
expression is upregulated in PBMCs after an acute bout of
EE. To date, increased KAT expression was only shown in
longer EE training interventions in muscle tissue in both,
humans and rodents (1, 2). It remains to be investigated to
what extend acute exercise-induced changes in KA/KYN ratio
are driven by PGC-1α transcription coactivator signaling in
different tissues (muscle and PBMCs) and how strong these
tissues contribute to the conversion from KYN to KA. In
greater detail, PGC-1α represents a pan-coactivator of peroxi-
some proliferator-activated receptors (PPARs), which are lig-
and-activated transcriptional factors and involved in the regu-
lation of different immunomodulatory processes (24). As
potential mechanistic insight underlying the observed effects
of EE on the KYN pathway yielding KA, the increased KAT4
gene expression in PBMCs may results from a PGC-1α medi-
ated alterations in PPARs. Agudelo et al. emphasized the reg-
ulatory role of PPARα and PPARδ together with PGC1-α1 in
KAT gene expression in skeletal muscle (1). Indeed, especial-
ly PPARγ has been described to be expressed in different
immune cells (24). However, a direct link between PGC-1α

mediated PPARs signalling and increased KAT gene expres-
sion in PBMCs needs to be further investigated.

Kynurenine pathway branch yielding QA

In line with previous studies (41, 60), QA was significantly
increased immediately after cessation in EE. In contrast, RE
did not show any effects on QA serum concentrations. The
different degradation of KYN yielding QA is strongly under-
lined by the significant interaction effects of the QA/KYN
ratio with values in EE being greater than those of RE. So far,
studies implicated beneficial effects of exercise for brain
health, due to a reduced KYN flux to the CNS (1, 42). These
effects have been interpreted by an increased peripheral
degradation from KYN to KA, which is not able to cross the
BBB. Interestingly, QA which is widely known to have neuro-
toxic properties, is also not able to pass the BBB. Therefore,
an enhanced peripheral clearance of KYN towards QA
through exercise might also prevent a pathological accumula-
tion of KYN within the CNS.

Finally, little attention has been focused on another potential
reason for commonly observed increases in peripheral QA
levels after acute EE (41, 60). QA serves as precursor of de
novo NAD+ synthesis starting with TRP. TRP may not be con-
sidered as the most relevant precursor of NAD+. However,
especially EE represents a strong metabolic stimulus, increas-
ing the demand for substrates which are involved in energy
supply such as NAD+. In fact, NAD+ is known to increase in
response to exercise in mammalian cells. The maintenance of
consistent or even increased tissue levels of NAD+ represent a
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current research topic in the context of protection against
aging and treatment of several diseases (36, 37). Moreover,
increased levels of NAD+ have been associated with enhanced
mitochondrial function under metabolic stress (15). Against
this backdrop, following exercise trials may also shed light on
this important aspect of the KYN pathway. Importantly, exer-
cise-induced increases of peripheral QA concentrations
should not be linked to its negative properties within the CNS.
Future research should investigate more intermediate metabo-
lites of this branch and should especially focus on the expres-
sion of the rate-limiting enzyme KMO, that is potentially sen-
sitive for inflammatory stimuli.

Strengths and Limitations

Strengths of this study comprise the first comparison of two
prevalent exercise modalities that were designed as applica-
tion-orientated sessions on KYN pathway outcomes. Besides
commonly assessed pre- and post- exercise measurements, we
additionally included a 1h follow-up measurement to gain
knowledge on outcome kinetics. Regarding outcome meas-
ures, this trial covers a broad range of KYN pathway metabo-
lites, enzymes and mediators as well as their relation to im-
mune cell proportions and numbers. In contrast to previous
studies, focusing on KAT expression in muscle, gene expres-
sion of IDO1 and KAT4 was assessed in PBMCs for the first
time in the context of exercise. Limitations include the con-
strained transferability of the results to other populations (e. g.
females, older or diseased subjects), since a homogenous sam-
ple of young, healthy, male adults was investigated. More-
over, future studies may add KMO expression as outcome and
include both, gene expression in muscle and PBMCs to deter-
mine which tissue/cell type mainly contributes to exercise-
induced alterations of the KYN pathway. Finally, different
isoforms of IDO and KAT enzyme expression were not meas-
ured and remain to be investigated.

Conclusion

In this article, the reviewed literature indicated only restricted
evidence for chronic effects of exercise interventions on KYN
pathway outcomes. However, long-term intervention trials
strongly differ in view of study populations and applied exer-
cise modalities. In contrast, single-bouts of EE consistently
provoke acute alterations in KYN pathway outcomes. Here, we
directly compared two exercise modalities and revealed that
acute resistance and endurance exercise induce different ef-
fects on KYN pathway outcomes. Elevated levels after
endurance exercise of both KA and QA may lead to neuropro-
tection by preventing a pathological KYN accumulation within
the CNS. Furthermore, the increased level of QA raises the
question of an involvement in the compensation of enhanced
NAD+ demand as a consequence of augmented energy supply
during and/or immediately after endurance exercise. Moreover,
the revealed associations between immune cell subsets and
KYN pathway outcomes emphasize the hypothesis that repeat-
ed acute exercise-induced alterations of the KYN pathway pro-
voke long-term adaptions of the immune system. Especially in
view of clinical settings with inflammation-mediated diseases,
future studies investigating the interplay between acute and

chronic exercise stimuli, the KYN pathway and modulations of
the immune system might be of major relevance.
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Table 1. Mass spectrometric properties of all target analytes: Most intense
precursor/product ion pairs were used for quantification (and qualification/identification).

Table 2. Assay characteristics.

Table 1. Documentation of exercise intervention modalities.

1RM One-repetition maximum (kg); SD Standard deviation; HRmax

Maximal heart rate (bpm); Wattmax Peak power output (W)
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Abstract

Chronic low-grade inflammation is increasingly recognised in
the aetiology of a range of chronic diseases, including type 2
diabetes mellitus and cardiovascular disease, and may there-
fore serve as a promising target in their prevention or treat-
ment. An acute inflammatory response can be induced by
exercise; this is characterised by the acute increase in pro-
inflammatory markers that subsequently stimulate the produc-
tion of anti-inflammatory proteins. This may help explain the
reduction in basal concentrations of pro-inflammatory mark-
ers following chronic exercise training. For sedentary popula-
tions, such as people with a disability, wheelchair users, or
the elderly, the prevalence of chronic low-grade inflamma-
tion-related disease is further increased above that of individ-
uals with a greater capacity to be physically active. Perform-
ing regular exercise with its proposed anti-inflammatory
potential may not be feasible for these individuals due to a
low physical capacity or other barriers to exercise. Therefore,
alternatives to exercise that induce a transient acute inflam-
matory response may benefit their health. Manipulating body
temperature may be such an alternative. Indeed, exercising in
the heat results in a larger acute increase in inflammatory
markers such as interleukin-6 and heat shock protein 72 when
compared with exercising in thermoneutral conditions. More-
over, similar to exercise, passive elevation of body tempera-
ture can induce acute increases and chronic reductions in
inflammatory markers and positively affect markers of gly-
caemic control. Here we discuss the potential benefits and
mechanisms of active (i.e., exercise) and passive heating
methods (e.g., hot water immersion, sauna therapy) to reduce
chronic low-grade inflammation and improve metabolic
health, with a focus on people who are restricted from being
physically active.

Keywords: hyperthermia, passive heating, cytokines, heat
shock protein, glucose metabolism 

Chronic low-grade inflammation and chronic
disease

Introduction
Type 2 diabetes mellitus (T2DM) and cardiovascular disease
(CVD) are associated with small, yet sustained elevations in
circulating levels of pro-inflammatory proteins, a state called
chronic low-grade inflammation (11). Causative links
between inflammation and the aetiology of those diseases
have been suggested (34). For example, in T2DM, chronically
elevated plasma concentrations of pro-inflammatory
cytokines can impair insulin sensitivity by affecting insulin
signalling, potentially through inhibition of C-Jun N-Terminal
Kinase (JNK) (72). Indeed, it has been shown that attenuation
of JNK activity is associated with protection from insulin
resistance in mice (63). For CVD, vascular integrity may be
impaired by pro-inflammatory cytokines, facilitating the infil-
tration of macrophages through the vascular wall to form ath-
erosclerotic plaques (9). Gene knockout studies in mice pro-
vide experimental evidence that the actions of tumour necro-
sis factor α (TNF-α) lead to an increase of plaque formation
(19). This aligns with observational epidemiological data that
show a positive association between pro-inflammatory mark-
ers and future CVD events (147). 

These examples indicate that targeting inflammatory path-
ways might help to prevent and treat chronic inflammatory
diseases. The last two decades have seen a host of studies
investigating the anti-inflammatory effects of lifestyle inter-
ventions, such as exercise (54). Inflammation is multi-faceted
in nature. Here we introduce two categories of inflammatory
markers that are relatively well studied in the context of exer-
cise, temperature and chronic low-grade inflammation:
cytokines and heat shock protein. Referring to literature
focused on exercise in addition to passive heating, we then
discuss how temperature can affect chronic inflammation,
providing rationale for the potential benefits of elevated tem-
perature in chronic disease prevention.

Cytokines
It is recognised that a surplus of body fat is an independent
risk factor for T2DM and CVD (151). Confirming the interac-
tions between obesity and inflammation, it has been demon-
strated that basal circulating interleukin (IL)-6 concentration
in obese individuals is elevated, and that weight loss can
reduce the concentration of this risk marker (32, 96). A mech-
anistic explanation lies in visceral adipose tissue and the
residing macrophages within that are a major source of circu-
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lating IL-6 at rest (11). Further mechanistic evidence is
derived from the associations between obesity, increased
intestinal permeability and inflammation (125). Both a high
fat diet and increases in body mass increase intestinal bacteri-
al species’ DNA in adipose tissue, which correlates with TNF-
α mRNA expression in adipose tissue (2). The importance of
inflammatory pathways in the aetiology of T2DM is further
underlined by data demonstrating that inhibition of pro-
inflammatory pathways by knocking out the nuclear factor
kappa B (NF-κB) (5) and JNK (65) pathways disrupts the link
between obesity and insulin resistance in obese mice. In addi-
tion, pro-inflammatory cytokines can prevent tyrosine phos-
phorylation of IRS-1 upon activation of the insulin receptor
and instead promote phosphorylation of IRS-1 on its serine
residues, which leads to impaired insulin signalling (72). This
might explain why blocking the actions of pro-inflammatory
cytokines using anti-TNF-α treatments can improve insulin
sensitivity (73).

The cytokine interleukin (IL)-6 has been extensively studied
in the context of chronic low-grade inflammation; however, to
date, its causative role remains heavily debated (34, 121).
Observational studies report a positive association between
the chronic elevation of plasma IL-6 concentration and insulin
resistance, atherosclerosis, T2DM and CVD (11, 34, 38, 120,
144), linking it with chronic disease. It is important, however,
to appreciate the diverse actions of IL-6. For instance, infu-
sion of IL-6 for 2 to 4 h does not alter (133) or even enhances
insulin sensitivity (25). There are possible explanations for
this discrepancy. Whereas transient increases in plasma IL-6
concentrations can acutely enhance insulin action via AMP-
activated protein kinase activation and glucose transporter-4
(GLUT4) translocation (25), chronic increases may impair
insulin signalling by inhibiting the phosphorylation of tyro-
sine residues on IRS-1 (34). In the context of T2DM, it is
noteworthy that IL-6 production is upregulated in response to
increased concentrations of TNF-α (135). Because the detri-
mental role of TNF-α in insulin sensitivity and vascular func-
tion is relatively well-established (34, 135), it has been sug-
gested that IL-6 may serve as a bystander rather than having a
direct impact on health (43). On the other hand, pharmacolog-
ical blocking of the IL-6 receptor can alleviate symptoms of a
range of inflammatory diseases, such as rheumatoid and juve-
nile idiopathic arthritis (76). However, this also brings about
increased concentrations of cholesterol and worsening of
insulin sensitivity (117). The exact function of IL-6 in the cir-
culation may also depend on the receptors it binds to follow-
ing appearance in the circulation. Several cell types (e.g.,
leukocytes, hepatocytes) express surface IL-6 receptors for
classic IL-6 signalling, while IL-6 can also bind to soluble IL-
6 receptors present in the circulation, after which the resulting
complex can bind to cells that do not express the IL-6 receptor
(e.g., skeletal muscle cells) in a process called trans-sig-
nalling. It is the latter signalling pathway that is suggested to
be mainly associated with inflammation (53). Taken together,
although the exact underlying mechanisms need further
research, chronically elevated plasma IL-6 concentrations are
associated with poor metabolic health (11, 34). 

Monocytes contribute to the inflammatory profile as they are
producers of pro-inflammatory cytokines by signalling

through their surface receptors, toll-like receptor (TLR)2,
TLR4 and cluster of differentiation (CD) 14 (1, 7). By binding
to the TLR-CD14 complex, pathogen-associated molecular
patterns can trigger the production of cytokines such as IL-6
and TNF-α through the activation of the NF-κB pathway (7).
As a result, the expression of TLRs on the surface of mono-
cytes has been suggested to be a marker for chronic-low
grade inflammation (89), particularly TLR2 and TLR4 (47).
Indeed, monocytes from individuals with T2DM express
more TLR2 and TLR4 when compared with healthy controls
(35).

In addition to the surface expression of TLRs, the inflamma-
tory nature of monocytes can be characterised by their expres-
sion of CD14 and CD16. Using these two surface markers,
monocytes can be divided into three subsets: classical mono-
cytes (CD14++CD16-), intermediate monocytes
(CD14++CD16+) and non-classical monocytes
(CD14+CD16++) (154). Interestingly, TLR4 expression is
lowest in the classical subsets, as shown in patients with acute
myocardial infarction (78) or stable angina pectoris (116).
This might explain why a large proportion of intermediate and
non-classical monocytes are associated with CVD, T2DM and
other chronic diseases (103, 153), suggesting that the distribu-
tion of monocyte subsets can be used as a marker for chronic
low-grade inflammation. Indeed, in response to an in-vitro
stimulant (i.e., lipopolysaccharide (LPS)) non-classical and
intermediate monocytes produce more of the pro-inflammato-
ry cytokines TNF-α and IL-1β than the classical subset (17,
110). 

Heat shock protein
The presence of heat shock protein (HSP) has been confirmed
in every eukaryotic cell type and HSP subtypes have been
defined based on their molecular mass, ranging from the
HSP10 to the HSP110 family. Notably, contrary to what the
name might suggest, HSPs are not exclusively induced by
heat but are responsive to a range of stressors including hyper-
thermia, oxidative stress and glycogen depletion (112). With
regards to chronic low-grade inflammation, exercise and tem-
perature, the HSP70 family, with its inducible subtype Hsp72,
is most widely studied and is the HSP of focus in this review.
Note that we use the nomenclature adopted by the Cell Stress
Society International, in which HSP refers to the protein fami-
ly, Hsp refers to the specific protein, and hsp refers to the gene
and mRNA expression.

Intracellular Hsp72 (iHsp72) functions as a chaperone for pro-
tein folding and aids in the maintenance of homeostasis within
cells (112). Indeed, the survival rate in mice subjected to heat
shock is higher when iHsp72 expression is elevated by a prior
non-lethal heat shock compared to control mice (84). When in
homeostasis, Hsp72 is bound to heat shock factor-1 (HSF-1)
in the cytosol, rendering this complex inactive. In response to
physiological stress or inflammation, these molecules are
uncoupled, allowing HSF-1 to translocate to the nucleus and
activate heat shock elements on the heat shock protein gene.
As a result, the transcribed hsp72 mRNA then leads to an
increased Hsp72 protein expression in the cytosol (82).
Expression of Hsp72 and its association with metabolic health
has been assessed in a variety of cell types, with levels in
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leukocytes, adipose tissue and skeletal muscle tissue having
gained most attention in the context of chronic low-grade
inflammation and metabolic health (63). It is suggested that
iHsp72 exerts its anti-inflammatory actions by blocking the
activity of the JNK and NF-κB pathways, reducing the pro-
duction of pro-inflammatory cytokines and enhancing insulin
sensitivity (30, 63). Indeed, it has been shown in cell culture
experiments that JNK activation is reduced in cells overex-
pressing Hsp72 (48), and that a high iHsp72 expression pre-
vents the activation of NF-κB and subsequent TNF-α gene
transcription (106).

A growing body of evidence supports the importance of HSP
in the aetiology of T2DM and CVD (63, 71). In humans,
iHsp72 expression in skeletal muscle and adipose tissue is
lower in those with T2DM and non-alcoholic fatty liver dis-
ease when compared with healthy controls (20, 24, 62). In
murine models, Hsp72 knock-out mice develop insulin resist-
ance and obesity (63), and mice in which iHsp72 is overex-
pressed are protected against the deleterious effects of high fat
overfeeding on insulin sensitivity (61). Protection from
insulin resistance in mice appears to be associated with the
attenuation of JNK. Interestingly, in this particular study JNK
attenuation was achieved by heat therapy (63). Moreover,
pharmacologically restoring Hsp72 expression induces an
85% increase in glucose clearance rate during intravenous
glucose infusion in Hsp72-deficient monkeys (80). 

Whereas animal studies have provided compelling evidence
of the influence of iHsp72 in skeletal muscle on metabolic
health (30, 80), the protective effect of an elevated expres-
sion of iHsp72 in immune cells is less clear. Compared with
other leukocyte subsets, iHsp72 in monocytes is most
responsive to stress and iHsp72 expression shows a dose-
response relationship with incubation temperature in isolated
cell suspensions (8). Monocytes produce a range of pro-
inflammatory cytokines when activated including TNF-α
and IL-1β (36); iHsp72 expression in this cell type may
therefore directly affect the inflammatory profile of an indi-
vidual. In addition, and similar to skeletal muscle, mono-
cytes are insulin-sensitive. Their behaviour may therefore
serve as surrogate measure for peripheral insulin sensitivity
(128). Simar et al. (129), Singh et al. (130) and Njemini et al.
(111) found a reduction in resting iHsp72 expression in
monocytes as a result of ageing, a process associated with
the development of chronic low-grade inflammation (15).
Furthermore, increased basal expression of iHsp72 in mono-
cyte-derived macrophages reduces the production of TNF-α
and IL-1β in response to in-vitro LPS stimulation (36). This
finding indicates an anti-inflammatory function of iHsp72 in
this cell type. 

Hsp72 is also released into the circulation, where its function
differs from Hsp72 present within the cell. The tissues that
excrete Hsp72 are not fully identified, but there is evidence
that the liver, the brain and leukocytes release Hsp72 into the
circulation through passive - as well as active - mechanisms
(75). In a study using exercise as a stressor, Febbraio et al.
(42) showed that skeletal muscle does not contribute to circu-
lating eHsp72 concentrations. In contrast to the anti-inflam-
matory actions of iHsp72, extracellular Hsp72 (eHsp72) can

activate monocytes through the TLR4/CD14 complex, induc-
ing the production of pro-inflammatory cytokines (6).
Indeed, elevated basal levels of eHsp72 are linked to
impaired insulin sensitivity (28, 35, 85) and the development
of atherosclerosis in individuals with hypertension (119). In
further support of its potential role in chronic low-grade
inflammation, resting eHsp72 concentrations strongly corre-
late with resting serum TNF-α and CRP concentrations in
elderly individuals (111). Thus, by stimulating the production
of pro-inflammatory cytokines in circulating immune cells,
eHsp72 may exacerbate chronic low-grade inflammation and
exert a negative effect on health. As the extracellular, pro-
inflammatory, function of Hsp72 appears to differ from the
cytoprotective function when present in the cell, it has been
suggested that the ratio between extra- and intracellular
Hsp72 expression could be a determinant for insulin resist-
ance and T2DM risk (86).

Despite the cross-sectional data suggesting a negative role of
eHsp72 on several aspects of health, evidence for its potential
to induce pro-inflammatory cytokine release in monocytes
and other leukocytes is equivocal (75). It has been suggested
that the activation of monocytes following in-vitro incubation
with eHsp72 can be the consequence of contamination with
endotoxins, as opposed to the effect of eHsp72 itself (14, 49).
For example, incubating monocyte-derived dendritic cells
with endotoxin-free Hsp70 does not induce an acute inflam-
matory response (14). Moreover, pre-incubation of eHsp72
with polymyxin-B to block the actions of the contaminant
LPS abolishes the production of pro-inflammatory cytokines
in macrophages (49). Therefore, future in-vitro research on
the mechanistic actions of eHsp72 should carefully control for
possible contamination by endotoxins.

The anti-inflammatory effects of exercise – and
the role of temperature

The following evidence derived from the exercise literature
helps to understand and partly informs the inflammatory
response to hyperthermia. It is heavily summarised; for a
broader view on exercise and inflammation, the reader is
directed to previous excellent reviews, for example by Glee-
son et al. (54) and Petersen and Pedersen (118). 

1. Acute exercise
If of sufficient intensity and duration, a bout of exer-
cise induces an acute inflammatory and subsequent
anti-inflammatory response, which is thought to be
partly responsible for the protective effects of regular
exercise (54, 118). IL-6 responds most dramatically
to acute exercise and has been suggested to be a main
driver of the anti-inflammatory effects of exercise,
because the acute post-exercise peak of IL-6 is fol-
lowed by elevated anti-inflammatory cytokine con-
centrations (118). Indeed, infusion of recombinant
human IL-6 in healthy humans at rest shows that IL-
6 independently triggers the production of anti-
inflammatory cytokines such as IL-1ra or IL-10, and
it increases plasma concentrations of cortisol, a hor-
mone with anti-inflammatory properties (132). Fur-
thermore, acute exercise can increase iHsp72 (108,
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112) and eHsp72 concentrations (148), while sup-
pressing TNF-α and IL-1 production (117). The dis-
tribution of monocyte subsets within the peripheral
circulation is also affected by acute exercise. Most
studies report an acute increase in intermediate and
non-classical monocytes directly following the ces-
sation of exercise (33, 69, 136), but increases in clas-
sical monocytes following exercise have also been
reported (94, 103). Potentially reflecting the change
in circulating monocyte subsets, reduced monocyte
TLR expression in the two-hour recovery period fol-
lowing exercise has been reported (89), which may
help explain the mechanisms behind the altered
inflammatory profile following acute exercise. 
The inflammatory response to exercise is affected by
both exercise duration and intensity (117). Impor-
tantly, in the context of this review, the increase in
body temperature contributes to this relationship.
Exercise in the heat results in a greater inflammatory
response when compared with exercise in ther-
moneutral or cold conditions (44, 51, 88, 122, 131).
Moreover, clamping core temperature (Tcore) by
cycling in cold water can abolish the acute IL-6
response (122). The amplified acute cytokine
response following exercise in the heat may be partly
mediated by the increased plasma catecholamine
concentrations (122) and carbohydrate utilisation
when compared with exercise in thermoneutral or
cold conditions (45). 

2. Regular exercise
Regular exercise is protective against the develop-
ment of T2DM and CVD (95, 126). Cross-sectional
and longitudinal evidence suggests that regular phys-
ical activity can reduce chronic low-grade inflamma-
tion, as indicated by lower basal circulating concen-
trations of the inflammatory risk factors IL-6,
eHsp72, and numbers of intermediate and non-clas-
sical monocytes (16, 54, 59, 152). Possible candi-
dates to explain improvements in the inflammatory
profile after exercise training are reductions in vis-
ceral adipose tissue (producing pro-inflammatory
cytokines at rest) (40), reduced TLR expression on
immune cells (47) and changes in the number and
phenotype of circulating cells and immune cells
residing in tissue (139).

3. Heat acclimation studies 
Heat acclimation studies provide some insight on the
inflammatory effect of exercise training in the heat
(reviewed by Amorim et al. (4)). Basal iHsp72
expression has been particularly studied as a media-
tor for the enhanced heat tolerance after heat accli-
mation (87): Whereas three days of heat acclimation
do not increase basal iHsp72 expression in peripheral
blood mononuclear cells (99), ten days of heat accli-
mation seem sufficient to increase basal iHsp72
expression in peripheral blood mononuclear cells (3,
105). Furthermore, the link between iHsp72 and
markers of metabolic health, such as insulin sensitiv-
ity (63), suggests that heat acclimation-type exercise
training may have wider-reaching effects than on
exercise performance alone.

Who benefits from passive heating interven-
tions?

Over the past decade there has been an alarming increase in
number of people suffering from T2DM and CVD in the gen-
eral population (150). The prevalence of these diseases is even
higher in those with obesity (12), the elderly (31), or individu-
als with a physical disability, such as spinal cord injury (SCI)
(13). Given the anti-inflammatory benefits of exercise out-
lined briefly above, it is unsurprising that a common trait of
these populations is a reduced physical capacity. Despite this,
there is still promise for exercise interventions. Even low-
intensity exercise interventions such as regular walking can
induce improvements in inflammatory markers in at-risk pop-
ulations (142). For populations restricted to upper-body exer-
cise modalities (e.g., wheelchair users) it is worth noting that
this can induce an acute inflammatory response despite the
smaller active muscle mass when compared with lower body
exercise (67). Indeed, comparable inflammatory responses
have been reported between upper and lower body exercise
matched for relative intensity (94). Further, cross-sectional
evidence (107), as well as some (10, 124) - but not all (140) -
longitudinal upper-body exercise interventions indicate that
upper body exercise can reduce inflammatory risk markers in
SCI. Metabolic markers such as fasting glucose and insulin in
people with SCI are also positively affected by physical activ-
ity (23). 

Because reductions in physical capacity per se do not pre-
clude the inflammatory effects of exercise, it is conceivable
that the below-average physical activity levels in these at-
risk populations (100, 137) contribute to their elevated dis-
ease risk. Indeed, environmental, social, and physical barri-
ers to exercise have been identified (97, 143), which may go
some way to explain the increased risk for chronic disease.
Furthermore, for some populations, exercise of adequate
intensity and duration may not be feasible or tolerable.
These populations include those with acute injuries (e.g.,
musculoskeletal injuries, patients recovering from surgery),
movement restrictions (e.g., due to obesity, spasticity), sec-
ondary complications to chronic disease (e.g., diabetic foot
for T2DM, pressure sores for conditions leading to immo-
bility), or cognitive impairments (e.g., dementia). An alter-
native or addition to exercise may hence represent a wel-
come strategy for these individuals. Because the acute
inflammatory response to exercise is partly mediated by the
rise in body temperature (88, 149), it is conceivable that pas-
sive heating strategies have the potential to improve the
inflammatory profile. Similar to exercise, these strategies
have the benefit of being low-cost, non-pharmacological
interventions, reducing the financial strain on health-care
providers.

The acute inflammatory response to passive
heating 

There are several ways to increase body temperature passively
in humans, of which sauna bathing and hot water immersion
(HWI) are the most commonly used. These methods are asso-
ciated with a range of positive health outcomes, such as
weight loss (70), improved sleep quality (37) and vascular
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function (21, 27). Nevertheless, the potential of passive heat-
ing to reduce chronic low-grade inflammation and improve
metabolic health has received relatively scarce attention. 

Cytokines
It is suggested that contracting muscle is responsible for the
increased circulating concentrations of IL-6 following exer-
cise (134). Animal studies show that the IL-6 production in
skeletal muscle increases following passive heat stress as well
(146). Welc et al. (145) demonstrated that the upregulation of
IL-6 production may be the consequence of HSF-1 activation.
Another suggested mechanism for IL-6 release from the mus-
cle in response to hyperthermia is through increased calcium
influx after activation of the thermosensitive transient recep-
tor potential 1 (113). Although these studies have provided
rationale to study passively ele-
vating body temperature in the
context of chronic low-grade
inflammation, it should be noted
that in animal studies Tcore is
increased to a much larger
extent than considered safe in
human participants (50, 127,
146). This could make passive
heating interventions less potent
inducers of an acute inflamma-
tory response in humans. For
example, Gupte et al. (57) kept
the Tcore of mice between 41.0°
and 41.5°, while in human stud-
ies the maximal attained Tcore
during HWI remained between
38° and 39° (41, 66, 114). Fur-
thermore, due to the difference
in size between species - and
concomitant higher inertia in
Tcore during passive heating in
larger species - Tcore of humans
takes considerably longer than
that of small animals to increase
to a given threshold. This is
another important difference
between human and animal
research to date, in addition to
the often reported higher Tcore
investigated in animals.

An overview of studies investi-
gating the acute response of
inflammatory markers following
passive heating is provided in
Table 1. Despite smaller increas-
es in Tcore during passive heating
in human compared with animal
studies, 1−2 h HWI induces an
acute circulating IL-6 response
in humans (41, 66, 88, 93). Con-
sistent with exercise studies
(46), this acute IL-6 response
appears to be dose-dependent.
Laing et al. (88) reported a ~12

fold increase in IL-6 immediately following 2 h HWI in water
set at 38.5° while 1 h HWI only results in a ~2−3 fold increase
in plasma IL-6 concentration (41, 66, 93). 

Heat shock protein
The activation of HSF-1 by passive heating not only results in
increased IL-6, but also increased iHsp72 production (146).
Raising the temperature of human blood ex-vivo indeed
results in an acute increase in iHsp72 expression (68), which
is consistent with findings in animal passive heating studies
(57, 79). In Vervet monkeys, maintaining Tcore between 39°
and 41° for 30 min using HWI results in a significant increase
in hsp72 expression in skeletal muscle. In addition, maintain-
ing Tcore of rats around 41.0−41.5° for 20 min using a thermal
blanket leads to a ~three-fold increase in iHsp72 protein

Table 1. The acute effect of passive heating on inflammatory markers in humans.

Abbreviations: eHsp72, extracellular heat shock protein 72; HWI, hot water immersion; iHsp72, intracel-
lular heat shock protein 72; IL, interleukin; IL-1ra, interleukin-1 receptor antagonist; mRNA, messenger
ribonucleic acid
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expression in skeletal muscle when compared with control
(57). Of note, the acutely increased iHsp72 expression in
these two studies was also associated with improved insulin
sensitivity. 

Despite promising evidence from animal and isolated tissue
studies, the iHsp72 response in human whole-body models
shows mixed results. Some of the variation may be confound-
ed by the tissue analysed, with relatively few studies investi-
gating skeletal muscle iHsp72 following passive heat stress.
This lack of studies may be related to the invasive nature of
skeletal muscle sampling. Harvesting monocytes by
venepuncture is relatively easy in comparison, and some of
the human evidence on passive heating is therefore based on
monocyte iHsp72 (66, 114), due to monocyte responsiveness
to heat stress (8). Although the acute iHsp72 response to exer-
cise in total leukocytes is similar to the response in skeletal
muscle (141), comparing results from studies investigating
different cell/tissue types must be done with due caution.

To date, only four studies have investigated the acute iHsp72
response to HWI in humans. These studies found no increase
in skeletal muscle (109) or monocytes (66) after 1 h, but an
increase in PBMC iHsp72 after 1h (22), and an increase in
monocyte iHsp72 expression after 2 h HWI (114). Time is a
likely determinant of the iHsp72 response. This is supported
by Gibson et al. (52), who demonstrated that Tcore needs to be
maintained above 38.5° for at least 27 min to induce the
upregulation of hsp72 expression following exercise. The
extent to which Tcore is elevated is a likely additional explana-
tory factor. Tcore increased by approximately 1.7−2.0ºC in the
study showing increases in monocyte iHsp72 expression (22,
114), whereas the increase was ~1.5ºC in the studies showing
no change in this parameter (66, 109). 

There are limited data about the potential of HWI to induce an
acute increase in eHsp72 concentration in humans. Faulkner
et al. (41) reported a similar increase in eHsp72 concentration
following HWI when compared with exercise matched for
heat production. The elevation of muscle temperature was the
strongest predictor for the eHsp72 response, explaining 27%
of its variance (41). Passive heating by 30 min of sauna
bathing, resulting in a 0.8° Tcore increase, also leads to the ele-
vation of eHsp72 concentrations (74). In contrast, Brunt et al.
(22), Hoekstra et al. (66) and Whitham et al. (149) found no
significant acute change in eHsp72 following HWI in water
set at 38.5−40.5°. Therefore, partly due to the lack of a con-
trol condition in some studies and the different designs across
studies, the potential of passive heating to elevate eHsp72
concentrations remains equivocal. 

Chronic adaptations to passive heating interven-
tions 

Acute studies have confirmed the potential of HWI to induce
an inflammatory response (41, 66, 88, 93, 114), which has led
to the suggestion that chronic HWI treatment may help to
reduce chronic low-grade inflammation and improve metabol-
ic health (71, 86, 104, 138). Although there are currently lim-
ited human data to support this notion, animal studies provide

some insight into the efficacy of chronic passive heat therapy
and the few human studies available show promise.

Most animal studies investigating the effect of chronic passive
heat therapy on metabolic health and chronic low-grade
inflammation have focussed on basal iHsp72 expression and
its impact on insulin sensitivity (30, 56, 79, 127). In mice,
heat therapy for 16 weeks increased basal iHsp72 expression
in skeletal muscle concurrently with improved insulin sensi-
tivity when compared with a sham control condition (30). To
further support the importance of iHsp72 for insulin sensitivi-
ty, increasing iHsp72 expression by pharmacological means
or genetic manipulation resulted in similar improvements in
insulin sensitivity (30). A simultaneous increase in basal
iHsp72 expression and improvement in insulin sensitivity was
also reported in the studies by Gupte et al. (56) and Silverstein
et al. (127). Mechanistically, the link between both adapta-
tions following passive heating appears to involve the inhibi-
tion of JNK and NF-κB activation (63). Indeed, Chung et al.
(30) and Gupte et al. (56) reported reduced activation of these
pathways following passive heat therapy. Moreover, in humans,
low iHsp72 expression is associated with impaired insulin sen-
sitivity, but also elevated JNK activity (30) (Figure 1).

In a series of studies, Kavanagh et al. (28, 79, 80) showed that
the increase in iHsp72 can also lead to beneficial adaptations
in non-human primates, a species genetically closer to
humans. In these animals, two HWI sessions per week for five
weeks increased basal iHsp72 expression in skeletal muscle,
which was strongly associated with fasting blood glucose and
the insulin responses during an intravenous glucose tolerance
test (79). In keeping with the data derived from mice (30),

Figure 1 - Chronic impact of passive heating on markers related to
inflammation and glycaemic control: overview of evidence to date. A
chronic positive energy balance, eventually resulting in obesity, leads
to the activation of NF-κB and JNK pathways. This results in an
enhanced production of pro-inflammatory proteins and inhibits insulin
receptor substrates, attenuating insulin sensitivity. Passive heating
has the potential to counteract some of these negative adaptations,
reducing inflammation and enhancing insulin sensitivity. eHsp72,
extracellular heat shock protein 72; iHsp72, intracellular heat shock
protein 72; IL-6, interleukin-6; IRS-1, insulin receptor substrate-1;
JNK, c-Jun N-terminal kinase; NF-κB, nuclear factor kappa B; TNF-α,
tumour necrosis factor α.
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pharmacological induction of iHsp72 expression also
increased iHsp72 expression and improved insulin sensitivity
in non-human primates (80). Together, animal studies have
highlighted the potential for chronic passive heating interven-
tions to improve the inflammatory profile and metabolic
health, possibly through the elevation of basal iHsp72 expres-
sion.

Epidemiological studies indi-
cate that sauna bathing can
reduce systemic inflammation
(90), as well as all-cause mor-
tality (91). Epidemiological
data further show that habitual
hot-spa bathing is linked to a
lower incidence of hyperten-
sion and CVD (98). These find-
ings are supported by con-
trolled passive heating inter-
ventions investigating resting
inflammatory and metabolic
markers in humans, as sum-
marised in Table 2. Hooper (70)
showed that three weeks of
HWI reduces fasting glucose
and glycated haemoglobin con-
centration in people with
T2DM. A reduction in fasting
glucose concentration was also
observed following two weeks
of sauna therapy in patients
with congestive heart failure
(18), or two weeks of HWI in
overweight (but otherwise
healthy) individuals (66).
Moreover, a two-week HWI
intervention reduces plasma IL-
6 concentration at rest in peo-
ple with chronic heart failure
(115), and four weeks of sauna
therapy reduces IL-6 mRNA
expression in leukocytes (156).
In contrast, no changes in rest-
ing plasma concentration of IL-
6 were found in healthy indi-
viduals following two- (66) or
eight-week (22) HWI interven-
tions, or nine days of passive
heat acclimation (77). 

The lack of improvements in
inflammatory markers follow-
ing repeated passive heating
reported in some of these stud-
ies may be linked to the popula-
tions that were under investiga-
tion, which do not always pres-
ent with an increased risk for
metabolic ill-health prior to the
chronic intervention (66). For
other investigations, the reason

could also lie in the relatively modest body temperature
increase that was induced in each session, or in the fact that
the effect of the acclimation period was assessed on the day
after the last passive heating session (77), possibly resulting in
the assessment of acute instead of chronic effects. Despite
these caveats, the existing evidence suggests that, providing

Table 2. The effect of chronic passive heating interventions on inflammatory and metabolic markers in
humans.

Abbreviations: AUC, area under the curve; BMI, body mass index; CRP, C-reactive protein; eHsp72,
extracellular heat shock protein 72; HWI, hot water immersion; iHsp72, intracellular heat shock protein
72; IL, interleukin; mRNA, messenger ribonucleic acid; TNF-α, tumour necrosis factor-α. *trend for a
decreased resting IL-6 mRNA expression.
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sufficient thermal load, improvements in markers for glucose
metabolism and chronic low-grade inflammation can be
achieved in as little as two weeks. Because animal studies that
have induced elevations in basal iHsp72 expression have used
longer duration protocols (30, 127), this leaves the question of
whether the observed improvements in glucose metabolism
reported in humans are orchestrated by the actions of iHsp72.
Indeed, no changes in iHsp72 in the presence of fasting glu-
cose reductions have been found following two weeks of HWI
in humans (66). Furthermore, as human studies often report
more moderate increases in Tcore than animal studies, it is not
uncommon that acutely, iHsp72 remains unaffected (Table 1).
It is therefore debatable whether acute increases in iHsp72 are
required for a passive heating intervention to be beneficial in
context of inflammation and glycaemic control. Other mark-
ers of inflammation (e.g., IL-6) do show acute perturbations
in the absence of changes in iHsp72, and chronic interven-
tions can improve glycaemic control using protocols of a
duration and moderate heat stress too short or not sufficiently
intense to acutely increase iHsp72 expression (Table 2).

Future research

The presented evidence supports a potential therapeutic role
of passive heating interventions to reduce chronic low-grade
inflammation that may particularly benefit clinical popula-
tions. However, such interventions bring their own chal-
lenges. For example, some populations exhibit impairments of
thermoregulatory capacity, including those with T2DM (26)
and those with SCI (55). Notwithstanding this, even in popu-
lations with normal thermoregulatory control, sweating is
largely ineffective for regulating body temperature during
HWI interventions due to the inability to decrease body tem-
perature through evaporative heat loss. These clinical popula-
tions may therefore not be at a disadvantage during HWI.
However, impaired thermoregulation affects the return of
body temperature to normal following HWI (93), which may
increase the risk in any emergency situations where a quick
return of body temperature is warranted. Furthermore, heat
interventions during which skin is exposed to air may induce
accelerated elevations of body temperature in these at-risk
populations (55). Heat therapy may also be associated with a
higher risk for adverse events in the elderly and people with
hypertension, T2DM, cardiovascular disease, or allergies
(86). Indeed, heart disease is the main natural cause of death
during sauna bathing, heat being a contributing factor in half
of cases, and the main cause in a quarter of the deaths investi-
gated in one particular study (81). It is further yet to be deter-
mined whether the acute elevations in postprandial glucose
concentrations following HWI (92) occur in people with
T2DM, and whether this might hence influence the feasibility
of HWI interventions in this population. Therefore, protocols
that have not been adapted and developed for at-risk popula-
tions must be carefully evaluated in order to avoid heat illness
related events.

Developing protocols that are tolerable and, ideally, enjoy-
able, should form an important part of future investigations.
For example, it could be questioned whether a 120-min HWI
session inducing a rise in Tcore of 2.0ºC as studied by Oehler et

al. (114) is realistic to implement in a practical setting, as even
a 60-min HWI session inducing a rise in Tcore of 1.6ºC can be
perceived as uncomfortable (66) and physiologically straining
(123). Therefore, protocols that induce minimal heat stress
stimuli associated with improvements in health markers need
to be identified. This may hence improve subjective percep-
tions of passive heating interventions. Similar to the approach
taken in the development of exercise guidelines in a clinical
population (SCI) (101), a focus might be put on finding mini-
mal, rather than optimal, heat-doses to induce health benefits.
Subjective perceptions may also be improved by targeting
specific parts of the body rather than taking a whole-body
approach; for example, local heating might reduce whole
body heat strain. Such an approach can still result in notewor-
thy metabolic changes, as shown for targeted heating of one
leg, resulting in increased glucose uptake when compared
with the contralateral control leg (29). Alternatively, localised
cooling might make whole-body heating protocols more toler-
able. Finally, different populations (e.g., male/female,
young/old, healthy/clinical) may present different characteris-
tics regarding thermoregulation, heat perception and inflamma-
tory profiles. Therefore, specific populations need investigating
in detail, because the majority of evidence in controlled human
laboratory studies is derived from young, healthy males.

Conclusions

Chronic low-grade inflammation is increasingly recognised in
the aetiology of chronic diseases, such as T2DM and CVD.
Although exercise can effectively reduce chronic low-grade
inflammation, it may not be a feasible intervention to adhere
to regularly for populations with reduced physical capacity
and/or barriers to exercise. Because the increase in body tem-
perature partly mediates the exercise-induced acute inflamma-
tory response, passive heating strategies may have potential as
an alternative or addition to exercise to reduce chronic low-
grade inflammation. Indeed, the passive elevation of body
temperature acutely influences a range of inflammatory mark-
ers that are affected by exercise, which is supported by
human, animal and cell culture studies. A small but growing
number of chronic passive heating interventions in humans
have further explored its effect on inflammatory and metabol-
ic markers. Whereas the literature on improvements of gly-
caemic control after repeated passive heating in humans is rel-
atively convincing, consistent evidence for improvements of
the inflammatory profile has so far been limited to animal
studies. This limitation may be related to the reduced thermal
load and the relatively short-duration chronic interventions
that were investigated in humans. The development of effec-
tive and tolerable passive heating protocols to improve the
inflammatory profile, alongside glycaemic control, using
longer-term chronic interventions in humans should therefore
be the aim of further investigations. 
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ABSTRACT

Background: Lung cancer has the highest incidence and mor-
tality rate in the world. One of the most promising new cancer
therapies in recent years is immunotherapy, which is based on
the blockade of immune checkpoints such as programmed cell
death protein 1 (PD-1). Exercise training is beneficial to
maintain and improve the quality of life of cancer patients,
and it might also modulate the anti-tumoral efficiency of some
chemotherapeutic agents. However, the potential of exercise
combined with immunotherapy as a cancer therapy remains
to be elucidated. Here, we examined the effects of exercise on
tumor growth and its possible adjuvant effects when combined
with anti–PD-1 immunotherapy (nivolumab) in a patient-
derived xenograft (PDX) model of non–small-cell lung carci-
noma (NSCLC).
Methods: We generated a PDX model using NOD-SCID
gamma mice with subcutaneous grafts from tumor tissue of a
patient with NSCLC. Animals were randomly assigned to one
of four groups: non-exercise + isotype control (n=5), exercise
+ isotype control (n=5), non-exercise + nivolumab (n=6) or
exercise + nivolumab (n=6). The animals undertook an 8-

week moderate-intensity training regimen (treadmill aerobic
exercise and strength training). Immunotherapy (nivolumab)
or an isotype control was administered 2 days/week, for 6
weeks. Several tumor growth and microenvironment parame-
ters were measured after the intervention.
Results: Improvements in aerobic capacity and muscle
strength (p=0.027 and p=0.005) were noted in exercised ani-
mals. Exercise alone reduced the tumor growth rate with
respect to non-exercised mice (p=0.050). The double inter-
vention (exercise + nivolumab) increased tumor necrosis and
reduced apoptosis with respect to controls (p=0.026;
p=0.030). All interventions achieved a reduction in prolifera-
tion compared with the control group (p=0.015, p=0.011, and
p=0.011). Exercise alone increased myeloid tumor infiltrates
(mostly neutrophils) with respect to the nivolumab only group
(p=0.018). Finally, Vegf-a expression was higher in the
nivolumab groups (in combination or not with exercise) than
in exercise + isotype control group (p=0.045 and p=0.047,
respectively). No other significant effects were found. 
Conclusions: Our results would suggest that aerobic and
strength training should be studied as an adjuvant to cancer
immunotherapy treatment.

Keywords: exercise, training, lung cancer, patient-derived
xenografts, cancer immunotherapy, immune checkpoints.

INTRODUCTION

Lung cancer is the most common cancer worldwide, and
accounts for more than 2.1 million new cases each year and
about 1.8 million deaths (10). Non–small-cell lung carcinoma
(NSCLC) is a major sub-type of lung cancer with a particularly
poor 5-year relative survival rate of 10–13% (20), which is part-
ly attributable to inefficient methods for early detection and lack
of curative treatments for advanced disease (10). While surgical
resection and chemotherapy remain the cornerstone of treatment
in NSCLC (9), checkpoint inhibitor-based immunotherapy is
quickly emerging as a possible new treatment modality with the
potential to revolutionize cancer care for patients (25). 
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On the other hand, the study of the relationship between
cancer and exercise continues to evolve. A healthy lifestyle
that includes regular exercise and physical activity is epidemi-
ologically associated with a lower risk of cancer – including
lung tumors – and cancer mortality (54). Exercise also
improves the general physical condition of patients undergo-
ing anti-neoplastic treatment or surgery, and helps mitigate
treatment side effects and other complications, and for these
reasons people living with and beyond cancer should be
advised to be as physically active as possible (56). Regarding
lung cancer specifically, growing evidence supports the safety
and efficacy of exercise interventions (4). For instance, preop-
erative exercise considerably reduces the postoperative com-
plication rate (61), with a recent meta-analysis of randomized
controlled trials in patients with NSCLC showing improve-
ments in walking endurance, peak exercise capacity, dysp-
noea, risk of hospitalization, and postoperative pulmonary
complications (53). However, the molecular underpinnings of
the potential exercise benefits on lung cancer outcomes
remain to be elucidated (4). Some mechanisms have been pos-
tulated, such as p53-induced apoptosis in a murine model of
lung adenocarcinoma (26), or reduced proliferation and sur-
vival of NSCLC cells (41). In addition, the potential anti-
tumorigenic effects of exercise on lung cancer –and in fact in
most tumors –appear to be related to immunomodulation, as
explained below. 

The best studied mechanisms are those associated with
moderate-intensity aerobic exercise, which involve the
improvement of immune function (48). Specifically, innate
immunity can be regulated by exercise through reprogram-
ming the tumor microenvironment (39), and by polarizing the
relative abundance of different myeloid cell types towards a
more anti-tumorigenic phenotype (1). The evidence is particu-
larly strong for natural killer (NK) lymphocyte mobilization
and redistribution to the tumor, pointing to a direct anti-tumor
effect of exercise, although changes have also been reported
in adaptive immunity, with exercise enhancing the mobiliza-
tion, redistribution and activation of T lymphocytes (princi-
pally, cytotoxic CD8+ T cells) (40), increasing their infiltra-
tion into the tumor stroma (39, 49). With regard to lung can-
cer, Pedersen et al. (49) found that wheel running in mice
inoculated with Lewis lung cancer cells significantly reduced
tumor volume, with an upregulation of the proinflammatory
cytokine interleukin (IL)1α, as well as of inducible nitric
oxide synthase [iNOS] and markers for NK and T-lymphocyte
activity. In patients with NSCLC, tai chi training may promote
proliferation of peripheral blood mononuclear cells – with an
improvement in their cytotoxicity – and increase circulating
NK cell percentage, natural killer T, and dendritic CD11 cells
(43), and could also preserve a stable interferon (IFN)γ-pro-
ducing CD3+ T lymphocytes (T1) to IL4-producing CD3+ T
lymphocytes (T2) ratio (70). 

Several preclinical models have been developed to study the
effects of exercise in cancer (54), with some studies suggesting
a greater therapeutic benefit of certain drugs (e.g., low-dose
doxorubicin (62)) when used in combination with exercise. The
use of the aforementioned models is crucially important for
testing the biological plausibility, establishing the therapeutic
window and the effective “dose” (intensity, volume and dura-
tion of the exercise), and identifying possible predictors of
exercise response (33). However, the potential anti-tumor

effects of exercise in combination with checkpoint inhibitor-
based immunotherapy remain to be elucidated using preclinical
cancer models. Although this treatment approach has resulted
in unprecedented improvements in survival for patients with
lung cancer, not all patients benefit equally and many issues
remain unresolved, including the mechanisms of action and the
possible effector function of immune cells from non-lymphoid
lineages. In this regard, the clinical implementation of antibod-
ies targeting the immune checkpoint inhibitor programmed cell
death protein 1 (PD-1), for example nivolumab, can relaunch
anti-tumor responses by stimulating the action of infiltrating
cytotoxic T lymphocytes in the tumor microenvironment (59,
65). Yet, recent preliminary evidence from our group using a
murine patient-derived xenograft (PDX) model of squamous
NSCLC devoid of host lymphoid cells provided mechanistic
support for an additional immunotherapy mechanism mediated
by myeloid cells – specifically neutrophils –, which act as PD-1
inhibitor effector cells responsible for tumor regression by
necrotic extension (44). Thus, it would be of interest to use the
aforementioned model to investigate whether exercise acts as
an adjuvant to anti–PD-1 immunotherapy on malignant tumor
cells through mechanisms beyond those related to T lympho-
cyte involvement. 

The aim of the present study was therefore to determine the
effect of a physical exercise intervention (specifically, an 8-
week combined protocol including aerobic and strength train-
ing) during immunotherapy treatment with the anti–PD-1
monoclonal antibody nivolumab in a PDX murine model of
squamous cell lung carcinoma – a histologic type of NSCLC.
Our main hypothesis was that the exercise intervention would
induce significant beneficial effects in terms of physical
capacity in PDX mice, and also that the combined effect of
physical exercise with nivolumab therapy would enhance the
anti-tumor response, with exercise acting as a potential adju-
vant treatment.

MATERIALS AND METHODS

Ethical approval for the collection and the use of patient
tumor tissue was granted by the Ethics Committee of the Hos-
pital Universitario Puerta de Hierro (Madrid, Spain; approval
number: PI/144-14). The study was conducted following the
Declaration of Helsinki guidelines for the treatment of data
and tumor tissue samples from donor patients, collected from
May 2015 to October 2018. Eligibility criteria for tissue col-
lection included: patient´s informed consent, a new diagnosis
of a primary lung tumor (specifically a NSCLC), not having
received previous therapy until surgery and, provision of a
sufficient quantity of tumor volume to donate a section for
research purposes. 

All animal experimental protocols were also approved by
the Institutional Ethics Committee of the Hospital Universita-
rio Puerta de Hierro (approval number: PROEX 163/14) and
were conducted in accordance with European (European Con-
vention ETS 123) and Spanish (32/2007 and R.D. 1201/2005)
laws on animal protection in scientific research. 

Donor patient 
The donor patient was a 79-year-old male who underwent a
lobectomy for a nodule in the upper lobe of the right lung.
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According to World Health Organization criteria for histologi-
cal classification and staging (11, 66), the patient´s tumor was
a basaloid infiltrating and poorly-differentiated squamous cell
lung carcinoma, in clinical stage IIA (pT2a N1 L1 M0).

Animals 
Female 8-week-old NOD-SCID gamma mice (NSG,
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) purchased from Charles
River Breeding Laboratories (Chatillon-sur-Chalaronne,
France) were used for the establishment of a human squamous
NSCLC PDX model. Mice were housed in the animal facility
of Hospital Universitario Puerta de Hierro on a 12-hour
light/12-hour dark cycle under controlled conditions of tem-
perature (22 ± 1 ˚C) and humidity (45 ± 10%). Mice were
accommodated in pairs in ventilated racks under specific
pathogen-free conditions, with environmental enrichment
(nestlets), and ad libitum access to food and water. Mice were
handled in laminar airflow cabinets during all the experimen-
tal protocols. 

Study design
Establishment of a human squamous NSCLC PDX model
The tumor sample was surgically obtained from the donor
patient and sliced into fragments (~3 mm × 2 mm) under ster-
ile conditions. Two specimen pieces were implanted subcuta-
neously into the bilateral flanks of mice (bilateral grafts)
under inhalation anesthesia (sevoflurane in oxygen, Sevo-
rane). This first transplant directly performed from the donor
patient to the host mouse was referred to as passage 0 or p0.
Whenever palpable, tumor volume was measured with a

caliper (AA846R, Aesculap AG, Tuttlingen, Germany) twice
weekly using the following formula: (4π/3) × (w/2)2 × (l/2),
where w = width and l = length. When the volume reached ~1
cm3, a piece of the tumor was harvested and regrafted into
new host mice, in order to maintain the PDX line in vivo dur-
ing subsequent passages; these serial transplants were called
p1, p2, and p3, etc. Another portion of the harvested tumor
was used for phenotype and molecular analyses to verify that
the xenograft model was stable without histopathological
changes along passages. When the PDX p2 tumors reached
the appropriate size (~100 mm3), they were regrafted subcuta-
neously in the bilateral flanks of 22 female mice (p3) (Figure
1A). Finally, transplanted p3 mice were monitored and their
bilateral tumor volumes were measured as described above.
When the tumors reached ~100 mm3, the mice were included
in the intervention. 

Pharmacological and exercise intervention
The pharmacological intervention for the NSCLC PDX model
was based on our previous study, which describes an
immunotherapy mechanism based on neutrophils (44).

Transplanted p3 mice were paired-matched based on their
aerobic capacity (see below), and each pair was randomly
assigned to the following experimental groups: non-exercise +
isotype control (n=5); exercise + isotype control (n=5); non-
exercise + nivolumab (n=6); exercise + nivolumab (n=6). The
study design and the experimental groups are shown in Figure 1.

Regarding the pharmacological intervention, isotype con-
trol or nivolumab was administrated intraperitoneally (i.p.)
twice weekly for six consecutive weeks, beginning at day 0

Figure 1. Study design. (A) Schematic representation of the study protocol. Tumor sensitivity to exercise and immunotherapy in a murine PDX
model of squamous non–small-cell lung carcinoma (NSCLC). (B) Table showing treatment regimens. Abbreviation: PDX, patient-derived
xenograft.



Exercise and Immunotherapy •   61

EIR 26 2020

(d0) until the end of the experiment (d42). The treatment regi-
mens and doses used in this study are shown in Figure 1B.

The exercise intervention was based on our previous expe-
rience (17, 18) and was adapted to the features of the PDX
model. The exercise program combined both aerobic and
resistance training during five days per week (Monday–Fri-
day; session duration: 40–60 minutes) for a total of eight
weeks (from day minus 15 [d-15] to d42). The aerobic trai-
ning regimen included five weekly sessions (session duration:
30–40 minutes) during which the exercise duration, treadmill
speed and inclination were gradually increased (Figure 2A).
Accordingly, mice started with very low workloads (d-15, 20
minutes at 40% of the maximal velocity obtained during the
aerobic performance test that is described below and 0% gra-
dient) and ended with 40 minutes at 80% of maximal velocity
and 15% gradient in the last sessions (d42). Electrical stimula-
tion was applied (0.2 mA, 1 Hz) during the first aerobic ses-
sions, but later only gentle tail touching was used as a stimu-
lus to provoke the mouse to move. The strength training was
performed after the aerobic training, twice weekly (Tuesday
and Friday), and included two exercises as recently described
(18): horizontal screen exercise (Tuesday; Figure 2B) and
hanging exercise with two limbs (Friday; Figure 2C). For the
first exercise, the mouse was placed on top of an inverted
screen (BIO-GRIPGS model, Bioseb; Chaville, France) and
had to climb back over to the top; when this was achieved, the
mouse was placed again in the initial position. The number of
repetitions was gradually increased (from two to six with a
duration of one minute each) with a constant 1-minute rest

period between repetitions. For the second exercise, mice
were picked up by the tail and placed on a metal cloth hanger
taped to a shelf and maintained at 40 cm above a layer of bed-
ding to cushion any fall. Mice were allowed to grasp the wire
only using the two forepaws for as long as they could during
one set of two-to-six repetitions, with a 2-minute rest period
between repetitions. Non-exercise groups could freely move
in their cages, but did not perform the exercise intervention.

Sample collection
Peripheral blood samples from the caudal vein were drawn
into EDTA tubes at the end of the intervention (d46, 48 hours
after the last exercise tests) to study immune cell populations
by flow cytometry. Mice were sacrificed after the last blood
collection (d46) by cervical dislocation. The bilateral tumors
(n=44) were removed and weighed, and their volumes were
measured as described earlier. Then, each tumor was divided
into several portions for the following analyses: i) one piece
was fixed in formalin and paraffin-embedded prior to
histopathological and immunohistochemical studies; ii) a sec-
ond piece was cryopreserved in OCT (Tissue-Tek, Sakura
Finetechnical Co., Ltd., Tokyo, Japan) to determine prolifera-
tion and apoptosis by immunofluorescence; and, iii) a third
piece was homogenized in Hank's Balanced Salt Solution
(HBSS, Gibco Life Technologies, Gergy-Pontoise, France) to
examine for intratumoral immune cell infiltrates using flow
cytometry and real-time quantitative polymerase chain reac-
tion (qPCR). To this end, tumors were mechanically homoge-
nized and then digested by gentle agitation in RPMI medium

Figure 2. Diagrams of physical exercise equipment. Experimental apparatuses used in the exercise study: (A) Treadmill. (B) Grid. (C) Hanger. (D)
Grip strength meter.
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(Gibco Life Technologies) with D-collagenase (1 mg/ml;
Roche Diagnostics, Mannheim, Germany) in a 3:10 propor-
tion for 24 hours at room temperature. When the enzymatic
digestion was completed, the suspension was passed through
a 40 μm pore size nylon mesh (BD Biosciences, Franklin
Lakes, NJ) and centrifuged for 15 minutes at 1500 rpm. After
washing twice with HBSS, a part of the resuspended pellet
was directly used for leukocyte population identification by
flow cytometry and another part was preserved at -80 ºC to
analyze immune system-related gene expression.

Outcomes 
Aerobic capacity 
All mice had two familiarization sessions on a treadmill (Har-
vard Apparatus; Panlab, Barcelona, Spain; Figure 2A) before
the aerobic capacity tests were performed at the beginning
and the end of the study. The familiarization sessions consist-
ed of a gradual increase in running duration (5–10 minutes),
treadmill speed (0–8 cm/s), and inclination (0–15 degrees),
starting with no electrical stimulation and ending with 0.2
mA (1 Hz, 200 ms). Once mice were weighed, they per-
formed a 10-minute warm-up period at 5–10 cm/s (treadmill
inclination: 15 degrees) followed by the incremental tread-
mill test, which started at 5 cm/s with successive speed incre-
ments of 2 cm/s every 2 minutes until exhaustion (constant
treadmill inclination at 15 degrees), which was defined as the
mouse spending more than five continuous seconds on the
electric grid and unable to continue running at the next speed.
The maximal aerobic capacity achieved was expressed as the
total distance run by the mice during each incremental aero-
bic test considering the weight of the animal [total distance
(meters)/ weight (grams)] (adapted from (30, 42)). We also
registered maximal velocity achieved in order to determine
training intensities for the exercised groups (exercise + iso-
type control; exercise + nivolumab). To assess aerobic adap-
tations, we compared the maximal aerobic capacity before
and after the training period.

Forelimb grip strength
The maximum forelimb grip strength was measured – as the
maximum force (grams) exerted by the mouse before losing
grip – using an isometric force transducer (Harvard Appara-
tus; Panlab, Barcelona, Spain; Figure 2D) on the days fol-
lowing the two aerobic capacity tests. Each mouse took the
test three times with a 5-minute rest period between them,
and the best reading was recorded as the maximal grip
strength in grams. To measure strength adaptations, we com-
pared the maximal grip strength before and after the training
period. All animals were weighed at the start and the end of
the test.

Tumor volume and tumor growth rate
Tumor volume was measured twice weekly throughout the
trial using a caliper, as described above. The response to treat-
ment therapy and/or exercise intervention was quantified in
terms of tumor growth rate expressed as a percentage of the
total tumor growth with respect to the volume at the beginning
of the intervention. The formula (TVdx / TVd0) × 100 was
applied, where TVdx refers to the tumor volume measured on
a specific day and TVd0 as the tumor volume at the beginning
of the pharmacological intervention (set at 100%).

Necrotic index
The percentage of necrotic areas as a measure of tumor
regression in response to therapies (pharmacological treat-
ment and/or exercise) was quantitatively analyzed using
CaseViewer software (3DHISTECH Ltd., Budapest, Hun-
gary). The average percentage of necrotic areas was evalu-
ated in four paraffin-embedded sections (5 μm, 4 tumors
per study group) stained with hematoxylin and eosin. The
area for each section was calculated according to the formu-
la: % necrosis area = (Σ necrosis area / total tumoral mass
area) × 100.

Cell proliferation
The expression of Ki67 as a proliferation marker (19) was
evaluated in 4-μm sections of OCT-embedded tumor tissue by
immunofluorescence using a specific proliferative cell anti-
body (anti-Ki67 human antibody, clone SP6, reference MAD-
000310QD, ready to use; Master Diagnostica, Granada,
Spain). Antigen unmasking was performed by immersing the
slides into a specific buffer (EnVisionTM FLEX Target
Retrieval Solution, Low pH, 50×; Agilent Technologies Inc.,
Santa Clara, CA) during 20 minutes at 97ºC. Tumor samples
were then fixed in 100% methanol (-20ºC) for 10 minutes at
room temperature followed by incubation with 5% bovine
serum albumin for 60 minutes to block the nonspecific protein
binding. Samples were stained with undiluted anti-Ki67
mouse antibody, overnight at 4ºC. After three 5-minute wash-
es with phosphate buffered saline (PBS), samples were incu-
bated with the secondary anti-rabbit IgG Alexa 488 antibody
diluted 1:200 (Invitrogen Life Technologies, Waltham, MA).
After three additional 5-minute washes with PBS, samples
were stained with TO-PRO-3 (reference T3605; Invitrogen
Life Technologies) diluted 1:500 in PBS for 20 minutes, fol-
lowed by washing and assembling the samples in PBS/glyc-
erol. Finally, the cell proliferation index was determined by
confocal microscopy (20×, numeral aperture of 0.4; TCS-
SP5-AOBS-UV; Leica-Microsystems) quantifying the posi-
tive nuclear staining (green colour; Arg laser, 500–540 nm) in
8 areas of each slide (~100 cells). The contrast with TO-PRO-
3 was displayed in blue colour (He/Ne laser, 633 nm, 645–750
nm). The percentage of Ki67 positive cells (% Ki67) was cal-
culated against the total number of nuclei per field and the
average value of the eight images per sample was also calcu-
lated.

Apoptosis 
End-stage apoptotic cells were investigated in 4-μm sections
of OCT-embedded tumor tissue using terminal deoxynu-
cleotidyl transferase (TdT)-mediated biotin-16-dUTP nick-
end labeling (TUNEL assay) based on DNA fragment detec-
tion (DeadEnd™ Fluorometric TUNEL System; Promega,
Madison, WI). To eliminate possible autofluorescence, slides
were washed with PBS and incubated with NH4Cl before the
TUNEL assay. Subsequently, samples were incubated with
TO-PRO-3 (Invitrogen Life Technologies) diluted 1:1000 in
PBS for 20 minutes at room temperature. After three 5-min-
utes washes with PBS, samples were incubated with the sec-
ondary anti-rabbit IgG Alexa 488 antibody diluted 1:200
(Invitrogen Life Technologies), washed and assembled in
PBS/glycerol. The fluorescent dye-conjugated dUTP-labeled
DNA (displayed in green) and TO-PRO-3 (in blue) were visu-
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alized using a confocal laser scanning microscope (100×,
TCS-SP5-AOBS-UV) and images were captured (5 images
per preparation; 1024 × 1024 pixels) with Leica Confocal
Software (both from Leica-Microsystems). The apoptotic
index was determined using the following formula: (number
of TUNEL-positive staining cells) / (total number of nuclei) ×
100. 

Identification of leukocyte populations in tumor stroma (ex vivo)
As described earlier, fresh tumor tissue was homogenized and
digested in RPMI media with D-collagenase (1 mg/ml). This
was then filtered and prepared for immune cell analysis by
flow cytometry (FACSCanto II and FACSDiva software
v6.1.2; BD Biosciences) using the specific human and mouse
antibodies shown in Table 1 and Table 2.

Identification of gene expression associated with the tumor
microenvironment
Total RNA extracted from digested tumor tissues using the
RNeasy Plus Mini Kit (Qiagen Inc., Hilden, Germany) was
reverse-transcribed into cDNA using SuperScript VILO Mas-
terMix (Invitrogen Life Technologies) in a Mastercycler EP
thermocycler (Eppendorf, Hamburg, Germany). All reactions
were performed using the same protocol consisting of an incu-
bation step at 25ºC for 10 minutes, followed by one cycle at

42°C for 120 minutes, another cycle at 85°C for 5 minutes,
and a cool down cycle at 4°C.

qPCR was carried out using the TaqMan Gene expression
and the TaqMan Gex Master Mix (both from Applied Biosys-
tems, Foster City, CA). Each sample was analyzed independ-
ently in duplicate for every determination with the 7500 Fast
Real-Time PCR System using 7500 software v2.0.6 (Applied
Biosystems). Oligonucleotide primers and probes for the
amplification reactions were purchased from Applied Biosys-
tems and are shown in Table 3. The expression of the follow-
ing human and murine genes was studied, all related to
immune system and tumor microenvironment: a) Human
genes: cytotoxic T lymphocyte antigen 4 (CTLA-4), PD-1,
programmed death ligand 1 (PD-L1), IL4 and IFNγ; and, b)
Murine genes: arginase-1 (Arg1), vascular endothelial growth
factor a (Vegf-a), inducible nitric oxide synthase (iNos), Pd-1
and Pd-l1 (Table 3). Relative mRNA abundance was normal-
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ized to the internal standard, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) for human and murine genes, using
the relative quantification method. Each sample was analyzed
as an independent duplicate for each set of primers and
probes. Changes (Δ) in cycle threshold (Ct) values were cal-
culated using the formula: ΔCt = mean Ct for target gene –
mean Ct for housekeeping gene (GAPDH). Relative gene
expression levels were calculated using ΔΔCt analysis, where
ΔΔCt = ΔCt of sample – ΔCt of GAPDH. The formula 2^(-
ΔΔCt) was used to calculate the relative expression ratio in
treatment and control groups.

Statistical analysis
Between-group differences were analyzed with the non-para-
metric Kruskal-Wallis one-way ANOVA test (with post hoc
pairwise comparisons done using the Mann Whitney U test).
The Wilcoxon signed-rank test was used for within-group
comparisons over time. Since tumors were bilateral, the sam-
ple size per group for all tumor-related variables was the total
number of tumors we studied per group. Statistical analyses
were performed using IBM SPSS 22.0 package (SPSS, Inc.,
Chicago, IL) setting the significance level at p=0.05. All
graphics were made with GraphPad Prism 6, version 6.01
software (GraphPad Software, San Diego, CA).

RESULTS

Body weight, aerobic capacity and forelimb grip strength 
An increase in body weight over time was detected in all mice
(1.9 ± 0.4 g on average, p<0.05 for all within-group compar-
isons). These changes can be attributed, at least in part, to the
tumor development process. Between-group analyses showed
that the aerobic capacity (p=0.027, Figure 3A) and forelimb
grip strength (p=0.005, Figure 3B) (both corrected by body
weight) were significantly higher in the exercised mice (exer-
cise + nivolumab or isotype groups) after the 8-week com-
bined training intervention than in their non-exercised peers
(non-exercise + nivolumab or isotype groups). Within-group
analysis showed that aerobic capacity declined significantly in
the non-exercised groups at the end of the study (p=0.020),
but was maintained in the exercised groups (p>0.05).

Tumor volume and tumor growth rate
When we compared tumor growth rates between groups, we
found a delay in tumor growth in the exercise + isotype con-
trol group compared with the non-exercise + isotype control
group (p=0.050) (Figure 4A), and also a smaller tumor vol-
ume at sacrifice (Figure 4B). By contrast, no differences in
tumor growth were observed between the exercise + nivolum-
ab group and the non-exercise + nivolumab group. Macro-
scopically, we observed that the final tumor volume in the
double intervention (exercise + nivolumab) group tended to
be larger than that in the other study groups, but this differ-
ence was not statistical significant (p>0.05).

Necrotic index
Tumor regression was analyzed by evaluating the percentage
of necrotic areas as an index of the tumor response to the dif-
ferent interventions at the study end. Between-group compar-
isons showed that the necrotic index was significantly higher
in the double intervention group than in the non-exercise +
isotype control group (p=0.026) (Figure 5). 

Cell proliferation 
Cell proliferation was assessed by immunostaining for Ki67. As
shown in Figure 6A and B, the non-exercise + isotype control
group had the highest cell proliferation between the four study
groups (40% of Ki67-positive proliferating cells). Significant
lower Ki67 immunostaining was found in the exercise + isotype
control, non-exercise + nivolumab and exercise + nivolumab
groups when compared with the non-exercise + isotype control
group (p=0.015, p=0.011 and p=0.011, respectively; Figure 6B).

Figure 3. Effect of physical exercise on aerobic capacity. Results con-
sider together the sedentary (non-exercise, white square) and the
trained (exercise, black square) groups, before and after the eight
weeks of training (to sacrifice). (A) Aerobic performance (distance
covered [meters] normalized to weight [g]) before and at the end of
the experiment in the control and exercised groups. (B) Muscle
strength (forelimb grip strength [g]) before and at the end of the exper-
iment in the control and exercised groups. Values represent mean ±
SEM. Data were analyzed using non-parametric tests for within and
between-group comparisons (Wilcoxon signed-rank test and Mann-
Whitney U test, respectively) and significant p-values are shown.

A

B
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Apoptosis 
We noted very little apparent apoptosis in any of the four
groups of mice examined, and TUNEL-positive cells were not
strictly located to the necrotic areas (Figure 7A). The non-
exercise + isotype control group contained the largest number
of TUNEL-positive cells (1.65 ± 0.59%), which was signifi-
cantly greater than in the exercise + nivolumab group
(p=0.030) (Figure 7B). 

Identification of leukocyte populations in peripheral blood
and in tumor stroma
We used flow cytometry to analyze several human and mouse
immune cell populations in peripheral blood and in tumors in
the four study groups (see Tables 1 and 2). We failed to detect
human leukocytes (hCD45+) in both blood and tumor sam-
ples, and the immune component was 100% murine
(mCD45.1+). Similarly, human T and B lymphocytes and NK

cells were also absent, so we con-
cluded that the lineage present in the
samples was myeloid, from the
murine host. Identical results were
found for all study groups.  

Focusing on tumor homogenates,
we found a significantly higher
tumor infiltration of leukocytes in
the exercise + isotype control group
than in the non-exercise + nivolum-
ab group (p=0.018; Figure 8A). The
percentage of neutrophils, mono-
cytes and eosinophils were very sim-
ilar in all study groups (Figure 8B),
although there was a quasi-signifi-
cant trend for an increase in tumor-
infiltrating neutrophils in the exer-
cise + nivolumab group when com-
pared with the non-exercise + iso-
type control group (p=0.060). 

Gene expression associated with the tumor microenviron-
ment
We next used qPCR to test for the expression of human
genes related to the immune system and the tumor microen-
vironment in RNA extracted from tumor tissues (i.e., CTLA-
4, PD-1, PD-L1, IL-4 and IFNγ), and found that their expres-
sion was undetectable in all the study mice (results not
shown). In an analysis of murine genes related to the tumor
microenvironment, we found that Vegf-a expression was
higher in the nivolumab groups (in combination or not with
exercise) than in exercise + isotype control group (p=0.045
and p=0.047, respectively) (Figure 9). We also noted a trend
for lower Arg1 expression when exercise was applied as the
only intervention compared with the exercise + nivolumab
group (p=0.068). The remaining genes (iNos, Pd-1 and Pd-
1l) showed similar expression levels in all experimental
groups.

Figure 4. Tumor response to exercise and anti–PD-1 immunotherapy. (A) Tumor growth rate at sacrifice of the different groups. Tumor growth
rate was expressed as a percentage of the change of tumor volume with respect to initial tumor volume, which was considered 100%. Data are
expressed as mean ± SEM and the only significant pairwise difference is shown (Kruskal-Wallis p-value for group effect = 0.173). (B) Panel with
representative ex vivo images of the tumor sizes at the end of the experiment (at sacrifice moment). Scale bars, 10 mm.

Figure 5. Analysis of tumor necrosis in the experimental groups. The necrosis index is expressed as
a percentage of necrotic areas. Values represent the percentage (mean ± SEM) and the only signifi-
cant pairwise difference is shown (Kruskal-Wallis p-value for group effect = 0.074).
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DISCUSSION

Our main findings were that: (i) exercise per se – and also in
combination with nivolumab – reduced cell proliferation in
tumors compared to non-exercise and exercise alone also
increased myeloid tumor infiltrates (mostly neutrophils) with
respect to the nivolumab only group; and (ii) the combined
intervention (exercise + nivolumab) increased tumor necrosis
with respect to the non-intervention control group. To the best
of our knowledge, this is the first study to analyze the effect of

a physical exercise intervention
(applying an 8-week combined pro-
tocol including aerobic and strength
training) as a potential adjuvant ther-
apy for anti–PD-1 treatment using a
murine PDX model of NSCLC. The
fact that this model is devoid of host
lymphoid cells allows to gain mech-
anistic insight into the effects of
exercise – combined or not with
immunotherapy – on tumor develop-
ment, particularly with regard to the
role played by neutrophils, which
have been much less studied than
lymphocytes. 

On the other hand, we found that
an exercise intervention combining
aerobic and resistance training, and
based on public health recommenda-
tions for adults (24), conferred sig-
nificant benefits on aerobic capacity
and forelimb grip strength in mice
irrespective of immunotherapy treat-
ment. These results are in line with
previous studies performed in
patients with NSCLC (53) and in
preclinical murine models of lung
cancer (50) and other tumors (e.g.,
slowing prevention of muscle wast-
ing (6, 29, 52)). 

Studies on physical exercise as an
adjuvant therapy in patients with
cancer generally focus on increasing
their general health status and toler-
ance to treatments, which might con-
tribute to improve their prognosis
and survival. Although immunologi-
cal adaptations to exercise in cancer
have being studied previously (see
54 for a review), there is no direct
biological evidence in humans for
the potential beneficial effects of
exercise per se, on tumor regression
or on delaying tumor progression.
However, previous studies have
demonstrated how exercise can
reduce the tumor growth rate in pre-
clinical models (e.g., 26, 49, 51, 73),
but because of the broad heterogene-
ity with respect to type of cancer,
murine models and exercise inter-

ventions used in these studies, it is difficult to draw clear con-
clusions. In our murine PDX model, physical exercise by
itself was found to delay tumor growth and to result in a
smaller tumor volume at the end of the study compared with
non-exercised mice, irrespective of immunotherapy. Howev-
er, the final tumor volume as a result of the double interven-
tion (exercise + nivolumab) tended to be larger than that
observed in the remainder of the study groups.  In this regard,
we recently showed in the current mouse PDX model that
anti–PD-1 therapy, alone or sequentially combined with cis-

Figure 6. Effect of exercise and anti–PD-1 treatment on cell proliferation. (A) Panel of representative
images of Ki67 immunofluorescence staining (green). Nuclei were stained with TO-PRO-3 (blue).
Right panels show merged images. Scale bars, 50 µm. (B) Scatter plot, with the individual percent-
ages of Ki67-positive cells in tumors in each group. The lines in the dot plots represents the mean ±
SEM of each group and significant pairwise differences are shown (Kruskal-Wallis p-value for group
effect = 0.027).
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platin, led to a paradoxical response, that is, to an increase in
tumor growth rate (in the anti–PD-1 phase) with large and fri-
able tumors in some cases, which were associated with exu-
dates containing inflammatory polymorphonuclear neu-
trophils (PMNs) from areas of reactive necrosis (44). This
phenomenon is reminiscent of unconventional responses of
checkpoint inhibitor-based immunotherapy, such as pseudo-
progression, which can be observed in patients´ solid tumors
(including NSCLC) treated with this type of immunotherapy
(12, 13, 37). These ‘paradoxical’ or ‘unconventional’ respons-
es are associated both with immune cell – PMNs and lympho-
cytes – recruitment and with the intratumoral inflammatory
environment triggered by those cells (12). 

In murine cancer models, aerobic
exercise training at moderate intensi-
ty has been shown to induce apopto-
sis in tumors, essentially through
caspase activation and a reduction in
Bcl-2 expression (3, 7, 26, 27, 73).
By contrast, our results suggest that
apoptosis is probably not the mecha-
nism of cell death that results in
tumor regression in response to
nivolumab, exercise or their combi-
nation, in this model. Indeed, the
exercise + nivolumab combination
produced the lowest levels of apop-
tosis, although the percentage of
positive TUNEL staining was low
(<2% on average) in all study
groups. Regarding the results of cell
proliferation in our study (measured
as Ki67-positive cells), exercise and
nivolumab (alone or in combination)
significantly reduced cell prolifera-
tion with respect to the non-exercise
+ isotype control group (i.e., 6–10%
versus 40% in the control group), but
no differences were observed
between the treatment groups. Thus,
we consider that exercise per se
could be responsible for the decrease
in proliferation found in the tumors
from this group. In this regard, exer-
cise can inhibit cell proliferation by a
variety of mechanisms. These
include decreases in circulating
growth factors such as insulin-like
growth factor 1 (54), activation of
AMP-activated protein kinase
(AMPK), and down-regulation of
protein kinase B, which collectively
down-regulate the activity of the
mammalian target of rapamycin
(mTOR) (74). Direct and indirect
(through Akt inhibition) downregu-
lation of mTOR, as well as of mTOR
downstream signalling (ribosomal
protein S6 kinase beta-1 [p70S6K]),
has also been shown in NSCLC cells
exposed to post-exercise serum,

together with stimulation of proliferation and survival through
inhibition of extracellular signal-regulated protein kinases 1
and 2 (ERK1/2) (41). However, some controversy exists
because other authors associate exercise with an increase in
tumor cell proliferation (71). 

Exercise modulates the tumor microenvironment by acting
on the innate and adaptive immune systems (28, 39), increas-
ing the peripheral blood levels of T lymphocytes and NK
cells, their mobilization to the tumor stroma (31, 49), or their
cytotoxicity against tumor cells (28, 39). However, in the
PDX model used in this study, flow cytometry analysis
revealed the absence of T lymphocytes and NK cells in the
tumor grafts and also in peripheral blood, which is common in

Figure 7. Effect of exercise and anti–PD-1 treatment on tumor apoptosis evaluated by TUNEL
assay. (A) Panel of representative images of TUNEL immunofluorescence staining (green). Nuclei
were stained with TO-PRO-3 (blue). Right panels show merged images. Scale bars, 65 µm. (B) Scat-
ter plot, with the individual percentages of TUNEL-positive cells (apoptotic) of the tumors in each
group. The lines in the dot plots represents the mean ± SEM of each group and the only significant
pairwise difference is shown (Kruskal-Wallis p-value for group effect = 0.089).
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this type of model (60). Animal and human studies show that
exercise can also impact the innate immune component by
increasing the levels of myeloid cells such as macrophages,
monocytes and neutrophils, both in peripheral blood and in
tissue infiltrates (64, 69). In addition, exercise can regulate the
reprogramming of the tumor microenvironment, by promot-
ing the polarization of myeloid cells towards a more anti-
tumorigenic phenotype (1, 22, 23). As expected for PDX
models of solid tumors (72), including NSCLC (46), we found
that the leukocyte-infiltrated tumor component was complete-
ly replaced by a murine infiltrate. We cannot confirm whether

some human cells were preserved in
host mice, but they were below the
limit of detection in tumor
homogenates. Accordingly, in the
absence of murine NK cells and lym-
phocytes, myeloid cells were consid-
ered as the infiltrated cells present in
the stroma. We found an increase in
the number of total leukocytes in
tumor infiltrates from exercised mice
treated with the isotype control,
which is in line with previous
research on exercise-induced
changes to myeloid cell abundance
(64, 69). We also found a trend
towards an increase (p=0.06) in the
proportion of neutrophils in the
tumor stroma of the exercise +
nivolumab group (38%) versus the
non-exercise + isotype control group
(17%), which is an important finding
as neutrophils dominate the 
immune cell composition in NSCLC
(35). Moreover, there was a 
decrease in the number of mono-
cytes/eosinophils in the tumors of
exercised mice that received

nivolumab, which was concomitant with an increase in neu-
trophils. In turn, leukocyte populations in tumor stroma
appeared to be balanced in the pharmacological (nivolumab)
and non-pharmacological (physical exercise) groups, which
might create an environment that can lead to potential benefi-
cial effects of both therapies, since the tumor microenviron-
ment is characterized by a loss of homeostasis in immune cell
populations (47, 63).

Immunotherapy treatment can modify the cellular compo-
nent of the tumor microenvironment and, consequently, the
gene expression profile related to the immune system of the

Figure 8. Leukocyte populations in PDX tumor homogenates. (A) Analysis of murine leukocytes in homogenized tumors. Results represent the
percentage of mCD45.1 positive cells with respect to the total amount of cells that are detected as events in the flow cytometer. (B) Analysis of
populations of murine myeloid cells in homogenized tumors. Populations of neutrophils and monocytes/eosinophils are shown, with respect to
the total numbers of cells that are detected as events in the flow cytometer. The data (A and B) are expressed as the mean ± SEM and the only
significant pairwise difference is shown (Kruskal-Wallis p-value for group effect = 0.056 for mCD45.1+ leukocytes, 0.310 for neutrophils, and
0.293 for monocytes/eosinophils). Neutrophil phenotype: mCD45.1+ mCD11b+ mLy6G+; monocyte/eosinophil phenotype: mCD45.1+ mCD11b-

mLy6G -.

Figure 9. Analysis of murine gene expression related to immune system and microenvironment.
Relative expression of arginase-1 (Arg1), vascular endothelial growth factor-a (Vegf-a), inducible
nitric oxide synthase (iNos), programmed cell death protein 1 (Pd-1) and programmed death ligand
1 (Pd-l1) by qPCR in homogenized tumors. Represented are the mRNA intratumoral relative levels,
which are expressed as mean ± SEM. Significant pairwise differences are shown (p=0.161 for
Kruskal-Wallis group effect in Vegf-a.)
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intratumor environment (21, 57). Physical exercise also pro-
duces this effect, as it is known to mobilize myokines (mainly
proteins and small peptides [i.e., cytokines]) and immune cells
at the systemic level (1, 39, 54). Although the expression of all
murine genes evaluated was detected in the tumors of all exper-
imental groups, a significant increase in Vegf-a expression was
observed 8 weeks after nivolumab administration (combined or
not with exercise) compared with the exercise + isotype control
group, which showed the lowest expression of this gene. Vegf-a
is involved in angiogenesis in the tumor microenvironment (5).
The effect of exercise on Vegf-a is controversial because both a
decrease (in the vicinity of Dalton’s lymphoma (68) or in breast
tumor tissue from female mice (58)) and an increase in its
expression has been reported (67). Tsai et al. showed an
increase in serum Vegf-a levels in tumor-bearing mice inoculat-
ed with Lewis lung carcinoma (LLC) compared with baseline,
but without significant differences in terms of survival rate or
tumor growth compared with the control group [67]. In turn,
Alves et al. observed 2.5-fold higher Vegf-a mRNA levels in an
LLC mice model undergoing daily high-intensity interval train-
ing after tumor cell injection compared with non-exercised
mice, with a significant reduction of tumor mass and an increase
in survival (2). On the other hand, the finding that exercise
might result in enhanced tumor perfusion (through increases in
Vegf-a) had led some authors to hypothesize that exercise may
enhance the delivery of drugs (45) and thus exercise emerges as
a potential co-adjuvant intervention when combined with drug
therapy, improving the efficacy of the latter (8). Thus, the fact
that Vegf-a expression was increased with nivolumab treat-
ment, especially when combined with exercise, does not nec-
essarily reflect a deleterious effect. On the contrary, this find-
ing can be interpreted as a mechanism by which anti–PD-1
immunotherapy promotes PDX tumor perfusion, implying
vascular remodeling, better drug distribution and myeloid cell
– mainly neutrophils – mobilization with the potential to exert
an anti-tumor (cytotoxic or ‘necrotizing’) effect. In effect, the
treatment that tended to yield the highest necrotic index (Fig-
ure 5) as well as the highest Vefg-a tumoral levels was the dou-
ble intervention exercise + nivolumab group. Morover, neu-
trophils participate actively in the remodeling and (neo)angio-
genesis processes of the tumor and its extracellular matrix as a
result of VEGF-α production and activation (14, 15).  

Our study has several limitations and strengths. Firstly, the
sample size was low and the study was done in only one
immunotherapy-responder line of PDX mice. On the other
hand, the NOD-SCID gamma mice used as the experimental
model lack T cells, B cells and mature NK cells, so it was not
possible to study the interaction of those immune cells with
both the tumor microenvironment and the interventions
applied in this study. However, the fact that we studied PDX
mice devoid of host lymphoid cells might be actually viewed
as a potential strength as they represent a unique animal model
to study the effects of exercise on tumor development through
mechanisms other than the classically advocated T lymphocyte
or NK cell involvement. Therefore, we were able to study the
effects of the anti–PD-1 (nivolumab) immunotherapy, the
exercise training program, and their combination by mecha-
nisms independent of the adaptive immune system, specifical-
ly through myeloid cells such as neutrophils. One of the
strengths of this study was the application of a training modal-
ity combining aerobic and resistance exercise, with the latter

been applied here for the first time in the field of exercise in
preclinical cancer models, and with the knowledge on the
potential benefits of exercise against cancer been confined up
to date to aerobic exercise only. Interestingly, preliminary evi-
dence suggests that chemotherapy-treated patients with lung
cancer who joined exercise sessions using resistance bands
managed to maintain white blood cell levels during treatment
compared with a control group (36). Our study is also the first
to combine exercise with immunotherapy, specifically an
immune checkpoint inhibitor that is receiving growing atten-
tion in oncology for its potential to improve treatment respons-
es compared to traditional treatments. In addition, the study
was focused on the analysis of the tumor response to exercise
and/or to the anti–PD-1 therapy, assessing several molecular
markers of growth, progression and cell death and also the
anti-tumoral transcriptome, with particular emphasis on the
infiltrated innate immune system and the production of Vegf-a.

CONCLUSION

The combination of an aerobic and strength exercise training
program in a murine PDX model of NSCLC improved aerobic
capacity and maximal strength in mice. Exercise per se was
also able to reduce cell proliferation in tumors from these
mice, as reflected in a reduction in Ki67 staining and in tumor
volume. When exercise was combined with nivolumab, both
therapies influenced tumor regression through an increase in
necrosis and a decrease in the proliferative index. An incre-
ment in Vegf-a expression was also found in the exercise +
nivolumab group, although future research should examine
the biological relevance of this result. In conclusion, we con-
sider that despite the need for a deeper analysis of the effect of
exercise in clinical and pre-clinical studies, its application
should be taken into consideration as a co-adjuvant therapy to
pharmacological treatment. Furthermore, PDX models as the
one we used here might allow other researchers to gain deeper
insight into the role of non-lymphoid immune cells, particu-
larly neutrophils, against tumor development, with these cells
been scarcely studied to date compared with lymphocytes. 
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ABSTRACT

An increasing body of evidence suggests that age-related
immune changes and chronic inflammation contribute to can-
cer development. Recognizing that exercise has protective
effects against cancer, promotes immune function, and benefi-
cially modulates inflammation with ageing, this review out-
lines the current evidence indicating an emerging role for
exercise immunology in preventing and treating cancer in
older adults. A specific focus is on data suggesting that mus-
cle-derived cytokines (myokines) mediate anti-cancer effects
through promoting immunosurveillance against tumourigene-
sis or inhibiting cancer cell viability. Previous studies sug-
gested that the exercise-induced release of myokines and
other endocrine factors into the blood increases the capacity
of blood serum to inhibit cancer cell growth in vitro. However,
little is known about whether this effect is influenced by age-
ing. Prostate cancer is the second most common cancer in
men. We therefore examined the effects of serum collected
before and after exercise from healthy young and older men
on the metabolic activity of androgen-responsive LNCaP and
androgen-unresponsive PC3 prostate cancer cells. Exercise-
conditioned serum collected from the young group did not
alter cell metabolic activity, whereas post-exercise serum
(compared with pre-exercise serum) from the older men inhib-
ited the metabolic activity of LNCaP cancer cells. Serum lev-
els of candidate cancer-inhibitory myokines oncostatin M and
osteonectin increased in both age groups following exercise.
Serum testosterone increased only in the younger men post-
exercise, potentially attenuating inhibitory effects of myokines
on the LNCaP cell viability. The data from our study and the

evidence in this review suggest that mobilizing serum factors
and immune cells may be a key mechanism of how exercise
counteracts cancer in the older population.

Keywords: ageing, cancer development, exercise, immuno-
surveillance, cancer growth-inhibitory molecular factors,
immune-regulatory myokines
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INTRODUCTION

The global increase in the elderly population is associated
with growing challenges both for individuals and health care
systems (5, 25, 108). The incidence and prevalence of most
cancers increase with ageing (9, 64, 70), and this has major
health implications. It is therefore important to improve the
understanding of the efficacy of lifestyle-based strategies for
preventing and treating cancer with advancing age. Epidemio-
logical and observational evidence shows that regular physi-
cal activity and exercise1 protect against the development of
some of the most common cancers (such as breast, colon and
endometrial cancer), and reduce the risk of disease recurrence
and mortality (1, 64, 70, 74). The protective effects of exer-
cise against cancer are proposed to revolve around changes in
the endocrine and immune systems (56, 58, 73). Notably, age-
related alterations in the immune system may contribute to the
increased cancer risk in the older population (43). Recogniz-
ing the increasing body of evidence suggesting immune bene-
fits of exercise especially in older adults (34, 116), this notion
has important implications for the role of exercise immunolo-
gy in the protection against cancer with ageing. 

Recent experimental data have also shown that blood
serum collected after exercise from mice (57), healthy
younger adults (105), and cancer patients and survivors (32,
33), inhibits cancer cell growth in vitro. These effects of exer-
cise-conditioned serum are likely due to the exercise-induced
secretion of endocrine factors by skeletal muscle – termed
myokines – and/or other tissues into the blood (32, 33, 57,
105). Muscle-derived endocrine factors that may mediate can-
cer-inhibitory effects of exercise through controlling cancer
cell metabolism and growth kinetics include, for example,
irisin, osteonectin (also known as secreted protein acidic and
rich in cysteine, or SPARC), and oncostatin M (OSM) (57,
93). Furthermore, certain myokines, including interleukin
(IL)-6, IL-7 and IL-15, have immune regulatory effects (56,
91, 93), which might have important consequences for coun-
teracting carcinogenesis. For example, IL-6 regulates the
exercise-induced redistribution of cytotoxic natural killer
(NK) cells from the blood circulation into tumours, thereby
decreasing tumour growth (95). The data suggesting a
myokine-mediated ‘crosstalk’ of skeletal muscle with immune
and cancer cells, provide a novel conceptual framework that
links active skeletal muscle and immune function with exer-
cise-associated protection against cancer (34, 58). However,
so far, only very little information is available on how ageing
influences these muscle-immune- and muscle-cancer cell-
interactions. 

Prostate cancer is the second most common cancer in
males, and, in particular, a type of cancer that becomes more
common as men age (1). The epidemiological evidence for a
preventive effect of physical activity specifically against
prostate cancer is limited (1, 64, 70, 74). However, epidemio-
logical data suggest that physical activity is associated with a
38% reduction in the relative risk of cancer-specific mortality
in individuals diagnosed with prostate cancer (74). Observa-
tional studies have also shown an exercise-dependent reduc-
tion in the risk of disease recurrence for prostate cancer (58,
63). Moreover, a study by Rundqvist et al. has demonstrated
that serum collected from 10 healthy men (aged between 18
and 37 years) after one hour of cycling inhibited the growth of

prostate cancer cells (LNCaP) in vitro, as compared with
serum obtained in resting conditions (105). Nevertheless,
there are no data available on whether ageing influences the
exercise-induced changes in the capacity of serum to inhibit
the viability of cancer cells in general, and prostate cancer
cells in particular. Expanding upon the work by Rundqvist et
al. (105), the primary aim of the current study was to compare
how serum collected pre- and post-exercise from younger and
older men affects prostate cancer cell growth. We hypothe-
sised that acute exercise would improve the capacity of serum
to inhibit prostate cancer cell growth in younger and older
men, as compared with serum collected in resting conditions.
As another extension to the study by Rundqvist et al. (105),
we used two different prostate cancer cell lines, androgen-
responsive LNCaP and androgen-unresponsive PC3 cells, for
incubation with the serum. Androgen signalling plays an
important role in normal male physiology and prostate cancer
(29, 106). Considering that systemic levels of androgens, such
as testosterone, change in response to exercise (79, 125) and
with ageing (53, 109), we used these two cell lines to gain
insights into potential androgen-related mechanisms. In addi-
tion, we assessed whether there are age-related differences in
the exercise-induced changes in the serum concentrations of
testosterone and candidate immune-regulatory or cancer-
inhibitory cytokines including myokines IL-6, IL-15, irisin,
osteonectin, and OSM. 

In addition to our original contribution, we have outlined
the current evidence on the role of exercise-induced changes
in serum myokine/cytokine concentrations and the immune
system in counteracting cancer in the older population. Sever-
al reviews on the impact of exercise on immune function in
the context with either ageing (34, 116) or cancer (56) are
available. A recent review by Hojman et al. has provided an
updated status of research related to the molecular mecha-
nisms underlying the link between exercise and cancer pre-
vention and treatment (58). To present a contemporary view,
this review combines and integrates available data on how
myokines, cytokines and the cellular immune system mediate
protective exercise effects against cancer specifically with
advancing age, with the major focus on human studies. 

METHODS

Ethical approval
The study was approved by the Queensland University of
Technology Human Research Ethics Committee (ethics no.
1500000881). A total of 22 healthy males volunteered to par-
ticipate and all participants provided written, informed con-
sent before their inclusion in the study. 

Study participants
Twelve healthy males aged 20 to 33 years (young age group)
and ten healthy males aged 60 to 73 years (old age group)
were recruited for this project. Before the enrollment into the
study, all participants were assessed by a medical physician
and were classified as clinically healthy. This medical
entrance examination included a standard medical history
questionnaire, height, weight, body mass index (BMI), and
blood pressure measurements. The participants also complet-
ed a physical activity questionnaire. Both age groups had a
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normal BMI of 18.5–25 kg/m2. Exclusion criteria included
any evidence of acute or chronic diseases such as cancer, or
heart, lung, nerve or muscle disease and diabetes. Further
exclusion criteria included training for and participation in
any competitive sports events, smoking and the use of blood-
thinning medication, and other drugs such as anti-inflammato-
ry medicines or statins. All participants performed an incre-
mental exercise test on a cycle ergometer (LODE Excalibur
Sport, LODE BV, Groningen, The Netherlands) to determine
their maximum oxygen uptake (V

.
O2 max). After a warm-up of 5

minutes, the test commenced at a power output of 25 W, with
increments of 25 W/min until cadence dropped below 60 rpm,
or voluntary exhaustion occurred. Gas analysis during the test
was performed using a TrueOne2400 metabolic cart (Par-
voMedics, East Sandy, UT, USA), while heart rate was moni-
tored by telemetry (Vantage NV, Polar, Finland). The partici-
pants’ anthropometric and physiological characteristics are
summarized in Table 1.

Exercise protocol
On the morning of the exercise trial, the participants were pro-
vided with a standardized breakfast. This standardized break-
fast consisted of four high-fiber low-sugar cereal biscuits (983
kJ, 0.9 g fat, 44.2 g carbohydrates, 8.2 g protein) and 200 mL
milk (538 kJ, 6.8 g fat, 10.2 g carbohydrates, 6.6 g protein).
The participants were asked to have their breakfast 2 to 2.5 h
before the exercise trial. Furthermore, the participants were
required not to exercise in the 24 h preceding the exercise trial
and to refrain from any caffeine and alcohol consumption dur-
ing this time frame. As in the study by Rundqvist et al. (105),
the exercise trial consisted of 20 min of cycling at a work rate
corresponding to 50% of their V

.
O2 max, before the work rate

was increased to a work rate corresponding to 65% of their
V
.
O2 max for an additional 40 min. Immediately before and

immediately after exercise, approximately 25 mL of blood
was collected through a 21-gauge butterfly needle inserted
into an antecubital vein. Blood was collected into vacutainers
(Becton Dickinson Biosciences, San Jose, CA, USA), con-
taining either ethylenediamine tetraacetic acid (EDTA; for
hematological analysis) or a clot activator (CAT; for serum

analysis and serum incubation with the cell lines). For serum
analysis and serum incubation experiments, blood samples
were centrifuged at 1500 × g for 10 min at 22 °C, within 20
minutes of collection. Serum was aliquoted and stored at –80
°C until analysis or use for cell culture experiments. 

Hematological analysis
Pre- and post-exercise whole blood collected in vacutainer
tubes with EDTA was used for assessment of the hematologi-
cal profile (including concentrations of total leukocytes and
leukocyte subpopulations) using an automated hematology
analyzer (Ac T diff 2, Beckman Coulter, Brea, CA, USA).
Before data acquisition, the instrument accuracy and precision
were checked using the 4C-ES Cell Control (Beckman Coul-
ter). The collected blood samples were gently mixed before
placing the tube into the analyzer.

Cell culture
Two commonly used prostate cancer cell lines from the Amer-
ican Type Culture Collection (ATCC), PC3 (ATCC® CRL-
1435™) and LNCaP (ATCC® CRL-1740™), were used in
this study. Both cell lines differ in their biological characteris-
tics, with PC3 cells demonstrating stronger invasiveness com-
pared to LNCaP cells in vitro. LNCaP cells are androgen-
responsive, unlike PC3 cells, which are not responsive to
androgens (72). Both cell lines were cultured in 75-cm2 flasks
using phenol red-free Roswell Park Memorial Institute medi-
um-1640 (RPMI-1640) supplemented with 10% (v/v) fetal
bovine serum (FBS), 0.1 mg/mL streptomycin, 100 units/mL
penicillin. 

Cellular metabolic activity assay
The Alamar blue assay® (ThermoFisher, Waltham, MA,
USA) was used to assess the effect of pre- and post-acute
exercise serum on the metabolic activity, an indirect measure
of the cellular viability, of the prostate cancer cells. This assay
is a widely used to evaluate the metabolic function and cellu-
lar health of cultured cells (102). Specifically, it incorporates
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an oxidation-reduction indicator that fluoresces and changes
color in response to chemical reduction of growth medium
resulting from cell growth. As the cultured cells grow, their
metabolic activity results in a chemical reduction of this indi-
cator. Continued growth maintains a reduced environment,
whereas inhibition of growth maintains an oxidized environ-
ment. In 400 µL of growth medium, LNCaP and PC3 cells
were seeded (at cell densities of 5.82 x 103 cells/cm2 and
2.91x 103 cells/cm2 for the LNCaP and PC3 cells, respective-
ly) into individual wells of 48-well plates and incubated at 37
°C with 5% CO2 for 24 h. On the following day, the cells were
serum-starved for 3 h. After serum starving, 200 µL of RPMI
1640 medium supplemented with 5% FBS and 5% each par-
ticipants’ rest or exercise serum were added to each well plate
in triplicate. Cells were returned to the incubator at 37 °C with
5% CO2 for another 96 h, with the medium refreshed at the 48
h-time point. At the 96 h-endpoint, Alamar blue was added to
each well at a final concentration of 8% (v/v). The plates were
incubated at 37 °C for another 4 h and from each well, 100 µL
of medium were transferred to a 96-well black plate in dupli-
cate. Fluorescence intensity (excitation 544 nm, emission 590
nm) was detected using the POLARstar OPTIMA plate reader
(BMG, Labtech, Ortenberg, Germany). After the Alamar blue
assay, the cell monolayers were washed twice with PBS to
remove residual Alamar blue reagent, and then stored at –80
°C for at least 48 h before the PicoGreen assay was per-
formed.

DNA content assay for determining cell number
In addition to assessing the metabolic activities of prostate
cancer cells, the cell number and cellular proliferation were
measured indirectly by using a DNA quantification assay.
This was achieved by using the PicoGreen reagent (Ther-
moFisher, Waltham, MA, USA) in conjunction with a DNA
standard curve according to the manufacturer’s instruction.
After thawing the frozen plates, 0.5 mg/mL proteinase K
(Invitrogen™) in phosphate-buffered EDTA (PBE) was added
into each well and the plates were incubated at 37 °C with 5%
CO2 overnight. The detached cells were thoroughly resus-
pended and incubated at 56 °C for another 8 h. Subsequently,
the cells were centrifuged (Microfuge 18, Beckman Coulter)
at 2000 rpm for 5 min, and the supernatant containing DNA
was diluted (1:50) in PBE. The DNA standard curve was pre-
pared with lambda DNA standard using a dilution series, con-
sisting of 1000, 500, 250,125, 62.5, 31.25, 15.625 ng/mL).
The standards and samples were plated in triplicates of 100
µL into black 96-well plates. PicoGreen working solution
(100 µL) was added to each sample or standard, and the plates
were incubated for 5 to 10 min at room temperature and pro-
tected from light. The fluorescent signals were detected using
a POLARstar OPTIMA fluorescence plate reader (excitation
485 nm emission 520 nm).

Serum testosterone analysis
Serum concentrations of total testosterone were assessed by
electrochemiluminescence using an automated immunoassay
analyser (Cobas E411, Roche diagnostics, Indianapolis, IN,
USA) and native reagents (Elecsys Testosterone II, Roche
diagnostics, Indianapolis, IN, USA). The manufacturer-
reported measuring range is 2.5–1500 ng/dL. Analysis was
performed with technical duplication, resulting in a coeffi-

cient of variation of 1.3 %. Due to difficulty to collect suffi-
cient blood volumes from some of the participants, it was not
possible to analyze serum testosterone from the whole study
population. Samples from 10 young participants and seven
old participants were included in the testosterone analysis.

Serum cytokine/myokine analysis
A Milliplex Myokine immunoassay kit (Millipore Corp., Bil-
lerica, MD, USA) was used to simultaneously measure serum
levels of five known myokines, including IL-6, IL-15, irisin,
osteonectin (also known as SPARC), and OSM (catalogue
number: HMYOMAG-56K), as previously described (45).
The assay was performed according to the manufacturer’s
instructions and all samples were run in duplicate. Briefly,
25µL of the provided standards, controls or blanks were
added to the appropriate wells. In addition, 25 μL of each
thawed serum aliquot was diluted 1:2 in assay buffer and then
added to the sample wells prior to the addition of another 25
μL of assay buffer. A 25 μL aliquot of the provided serum
matrix was added to wells containing standards, controls and
blanks. A final 25 μL volume of working solution containing
multiple microbeads, labelled with specific antibodies against
each of the aforementioned factors were then added into each
well and allowed to incubate overnight on a plate shaker at 4
°C. The plate was then washed twice with 200µL Milliplex
wash buffer and the beads were incubated for 1 h at room tem-
perature in 25 µL of detection antibodies. A 25 µL aliquot of
Streptavidin-Phycoerythrin was then added to each well and
allowed to incubate for 30 min at room temperature with agi-
tation. The plate was then washed twice more, 150 µL of drive
fluid was added to each well and the plates were then incubat-
ed for 5 min on a plate shaker. The plate was read on Milli-
pore Magpix System (Millipore), and data was analysed using
Milliplex Analyst software (V5.1, Millipore). Mean inter-
assay coefficient of variation for the five factors analyzed
were as follows: IL-6: 2.4 %; IL-15: 1.9 %; irisin: 2.3 %;
osteonectin: 2.9%; OSM: 2.1%. Minimum detectable concen-
trations (minDC) and sensitivity (i.e., minDC+2SD; indicated
in brackets) were as follows: IL-6: 0.53 pg/mL (0.9 pg/mL);
IL-15: 0.73 pg/mL (5 pg/mL); irisin: 224.42 pg/mL (281
pg/mL); osteonectin: 3.62 ng/mL (7.5 ng/mL); OSM: 0.96
pg/mL (6 pg/mL).

Statistical analysis 
Statistical analyses were conducted using SPSS version 25
(IBM, New York, USA) and GraphPad Prism version 7
(GraphPad Software, Inc., San Diego, CA). To compare the
means between two unpaired groups, normality was tested
using the Shapiro-Wilk test. If the data followed a Gaussian
distribution, a Student T-test was performed; otherwise, the
non-parametric Mann-Whitney test was performed. To com-
pare among the two cell lines treated with pre- and post-exer-
cise serum, a two-way repeated-measures ANOVA was per-
formed, in conjunction with Sidak's multiple comparisons
test. A paired T-test was used to compare the blood leukocyte,
serum testosterone concentrations and cytokine/myokine con-
centrations pre- and post-exercise. Furthermore, a two-way
repeated measures ANOVA was conducted to determine inter-
action effects of exercise and age on serum concentrations of
testosterone and cytokines/myokines. Statistical significance
was set at a P<0.05. 
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RESULTS

Exercise-induced changes in total leukocyte counts and
leukocyte subpopulations in the blood circulation
Total circulating leukocyte counts, granulocyte and lympho-
cyte counts increased significantly (P<0.05) in both age
groups after the exercise trial. No differences were detected in
the magnitude of these changes between the two age groups.
All changes in leukocyte subpopulations are summarized in
Table 2.

Effects of exercise on the metabolic activity of prostate
cancer cells
For the young age group, there was no significant differ-
ence in the metabolic activity of LNCaP and PC3 cells

treated with pre- versus post-exercise serum (Figure 1). For
the old age group, there was a significant reduction in
LNCaP cell metabolic activity when cells were treated with
post-exercise serum compared with pre-exercise serum
(P<0.01). For the PC3 cell line, there was no significant dif-
ference in the metabolic activity when cells were treated
with pre- versus post-exercise serum from both the young
and older group. 

Effects of exercise on prostate cancer cell numbers
As a proxy indicator of cell growth/proliferation, there was no
difference in the total amount of DNA for LNCaP cells and
PC3 cells treated with pre- versus post-exercise serum (Figure
2). There were no exercise  age interaction effects for the total
amount of DNA.

Fig. 1. Effects of exercise on the metabolic activity of LNCaP and PC3 prostate cancer cells after incubation with serum collected from the
young and older men, as assessed by using the Alamar blue assay.

Metabolic activity results measured with Alamar blue reagent for LNCaP and PC3 cells treated with pre- or post-exercise human serum, sepa-
rated based on the age group (young n=12, old n=10) and cell types (LNCaP, PC3). Values shown are the averages of the technical replicates for
cells treated with each participant’s pre- (circle) or post- (square) exercise serum. Each connected set of dots represent a different individual. A
two-way repeated measure ANOVA with Sidak’s multiple comparisons test was used to compare between the pre- and post-exercise response
for each cell line within young or old age groups. *, P<0.05
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Exercise-induced changes in serum testosterone concen-
trations
Serum testosterone concentration increased from pre- to post-
exercise in the young group (P<0.01), but not in the old group
(shown in Figure 3). Results of the two-way repeated measures
ANOVA on the serum testosterone data showed that there was
neither an age effect nor an interaction effect of exercise and age. 

Exercise-induced changes in serum concentrations of can-
didate cytokines/myokines 
Serum concentrations of osteonectin and OSM increased in
both young and older men from pre- to post-exercise
(P<0.05). Significant effects of exercise for the total study
group (P<0.001) as well as for the young (P<0.05) and the
older group (P<0.01) were evident for both osteonectin and

Fig. 2. Effects of exercise on numbers of LNCaP and PC3 prostate cancer cells after incubation with serum collected from the young and older
men, as assessed by using the PicoGreen assay.

Combined cellular DNA results using the Alamar blue reagent for LNCaP and PC3 cells treated with pre- or post-exercise human serum, sepa-
rated based on the age group (young n=12, old n=10) and cell types (LNCaP, PC3). Values shown are the averages of the technical replicates for
cells treated with pre- (circle) or post- (square) exercise serum. Each connected set of dots represent an individual. A two-way repeated meas-
ure ANOVA with Sidak’s multiple comparisons test was used to compare between the pre- and post-exercise response for each cell line within
young or old age groups.

Fig. 3. Changes in the serum concentrations of testosterone from pre- to post-exercise in the young and older adults.

Univariate scatterplots of the level of testosterone (A) in pre- or post-exercise serum samples from each participant grouped on their age group
(young n = 10, old = 7). Each connected set of dots represent a different individual. Fig. 3B shows the change in the testosterone levels post-
exercise for each individual. A two-way repeated measures ANOVA was used to compare between the pre- and post-exercise response for
each age group and interaction effects of exercise and age. A paired T-test showed that testosterone increased in the young group. ns = non-
significant (P>0.05); **, P<0.01.
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OSM. There was no effect of age or interaction effect of exer-
cise and age. The pre- to post-exercise changes in the serum
osteonectin and OSM concentrations in both age-groups are
shown in Figure 4. Serum levels IL-6, IL-15 and irisin were
not consistently detectable in all samples or did not change
after exercise (data not shown). 

DISCUSSION

The most important finding of this study was that, compared
with pre-exercise serum, serum collected from older men after
a single bout of exercise reduced the metabolic activity of
(androgen-responsive) LNCaP prostate cancer cells in vitro.
By contrast, no such effect was observed after treatment of the
cancer cells with pre- versus post-exercise serum collected
from young men. Furthermore, there was no difference
between the effects of pre- versus post-exercise serum on the
total amount of DNA of LNCaP and PC3 prostate cancer cells.

Exercise elicited an increase in the serum levels of osteonectin
(also known as SPARC) and oncostatin (OSM) in both age
groups, while serum testosterone concentrations increased
only in the young adults following the exercise trial. 

Prostate cancer is the second most common cancer in men
and the incidence of the disease increases with advancing age
(1). For examining whether acute exercise influences the
capacity of serum from young versus older men to modify
prostate cancer cell viability in vitro, we used two commonly
used prostate cancer cell lines, LNCaP and PC3 cells. A major
difference between these prostate cancer cells lines is that
unlike the PC3 cell line, the LNCaP cell line is responsive to
androgens, including testosterone and testosterone metabolites
(28). The androgen signalling-axis plays a central role in both
prostate physiology and in the pathogenesis of prostate cancer
(29, 106). Androgens, particularly testosterone, likely con-
tribute to prostate cancer growth during advanced stages of the
disease (20, 100). However, contrary to the more traditional
concept that high serum testosterone levels could be a risk fac-

Fig. 4. Changes in the serum concentrations of osteonectin (SPARC) and oncostatin M (OSM) from pre- to post-exercise in the young and older
adults. 

Univariate scatterplots of the level of osteonectin (A) and OSM (C) in pre- or post-exercise serum samples from each participant grouped on
their age group (young n=12, old n=10). Each connected set of dots represent a different individual. The change in the osteonectin and OSM
levels post-exercise for each individual are represented (B, D), with the mean depicted as a horizontal line. A two-way repeated measures
ANOVA was used to compare between the pre- and post-exercise response for each age group and interaction effects of exercise and age. *;
P<0.05; **, P<0.01.
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tor for prostate cancer, more recent evidence suggests that high
levels or variations in serum concentrations of androgens
(including testosterone) within a ‘normal’ physiological range
are not associated with an increased risk of developing
prostate cancer (37, 78, 100, 101, 136). Experimental and epi-
demiological data indicate a complex relationship between
systemic concentrations of androgens and the growth versus
the differentiation of a prostate tumour (100, 101). A variety of
mechanisms, including pre- and post-receptor regulation and
intra-tumoural androgen synthesis, contribute to the complexi-
ty of dysregulated androgen signalling in prostate tumourigen-
esis (29). Furthermore, various cytokines and growth factors,
such as IL-6, IL-8, epidermal growth factor receptor and
insulin-like growth factor 1 (IGF-1), have been implicated in
the crosstalk with androgen receptors in prostate cancer (29).
Blood testosterone concentrations in young, healthy men have
been reported to either increase or decrease after acute
endurance exercise, dependent on the exercise duration and
intensity (79, 125). Data also suggest that regular endurance
training can help to counteract the age-related decline in basal
systemic testosterone concentrations in middle-aged and older
men (53, 109). In our study, serum testosterone concentrations
increased in response to the exercise trial only in the young
participants, but not in the older adults. The lack of an acute
response of testosterone to exercise in the older men might
reflect a reduced capacity to produce or secrete testosterone
with age, as was suggested by a previous study (3).

With regards to the serum effects on prostate cancer cells,
in our study, post-exercise serum (compared with pre-exercise
serum) from the older men inhibited the metabolic activity of
androgen-responsive LNCaP (but not that of androgen-unre-
sponsive PC3) prostate cancer cells. Contrary to previous
findings by Rundqvist et al. (105), exercise did not influence
the capacity of serum from younger men to affect the viability
or metabolism of either of the prostate cancer cells. Various
biological mechanisms might have played a role in the dis-
crepancy between the findings of these studies. For example,
age-dependent interactive effects of androgens with cytokines
and growth factors on the LNCaP prostate cancer cells follow-
ing exercise may be a potential mechanism contributing to the
differences in the effects of post-exercise serum from young
versus older men. As a possible explanation, the exercise-
induced increase in serum testosterone in the young adults
might have influenced the cell metabolic activity and
‘masked’ inhibitory effects of certain cytokines or myokines.
Different assays used to assess prostate cancer cell growth as
well as different incubation conditions might also account in
part for the disparity between the studies.

Another important observation of our study was that serum
levels of two candidate cancer-inhibitory myokines, OSM and
osteonectin, increased in both younger and older men follow-
ing exercise. The outcome of a previous study has suggested
that OSM might suppress cancer cell growth (57). By incubat-
ing a human mammary cancer cell line (MCF-7) with serum
collected from mice after exercise, Hojman et al. showed that
the exercise-conditioned serum inhibited the proliferation and
increased caspase activity of the cancer cells (57). Additional
mechanistic investigations indicated that incubating these
cells with recombinant OSM inhibited cell proliferation and
induced apoptosis, whereas adding anti-OSM-antibodies to
the cell media reduced the induction of caspase activity (57).

Moreover, OSM was upregulated in the mouse muscle and
increased in the serum after exercise, suggesting that OSM is
a myokine (57). Although OSM displays contrasting roles in
cancer (dependent, at least partly, on the investigated tissue
compartment) (60), the findings by Hojman et al. suggest that
OSM is a possible candidate myokine mediating an inhibitory
effect on mammary cancer cell growth (57). Our data tend to
support the concept that OSM is a candidate factor that
inhibits the viability or metabolism of cancer cells. However,
considering that the metabolic activity of LNCaP prostate
cancer cells only decreased after incubation with post-exer-
cise serum from the older group, the present study points
toward a context-dependent nature of such effects. Such con-
text-dependent effects might relate to the differential serum
testosterone responses between the two age groups, interac-
tions between OSM and testosterone or other androgens, and
the different physiology (e.g., androgen responsiveness) of the
two different prostate cancer cell lines.

Notably, our study appears to be the first showing an exer-
cise-induced increase in blood serum levels of osteonectin in
both young and older humans. A previous study by Aoi et al. has
identified this matricellular protein as a myokine secreted by
skeletal muscle contractions into the blood circulation in mice
and healthy young men (6). Using a colon cancer mouse model,
it was shown that regular exercise inhibited colon tumourigene-
sis in wild-type mice but not in osteonectin-null mice, suggest-
ing an anti-tumourigenic effect of osteonectin (6). Similar as for
OSM, the data from the present study do not reveal any appar-
ent effects of the serum osteonectin response to exercise and the
viability and metabolic activity of the prostate cancer cells after
treatment with pre- to post-exercise serum. Osteonectin is a
multifunctional protein that regulates cell-cell and cell-matrix
interactions in a cell type- and context-dependent manner (123).
Future research may, therefore, focus on factors that influence
the effects of osteonectin, for example, on different (cancer) cell
types and in different tissue environments. 

In both age groups, the exercise trial induced changes in
blood leukocyte concentrations, i.e., increases in total leuko-
cytes, lymphocytes and granulocytes (including neutrophils).
These changes in the cellular immune system are characteris-
tic for moderate to more intense endurance exercise (90, 129).
On the contrary, serum levels IL-6, IL-15 and irisin were not
detectable or did not change immediately after exercise. As
one possible explanation, the assay used might have lacked
the sensitivity to detect potentially minimal serum changes in
these myokines. For example, available human data on
changes in the plasma/serum concentrations of IL-15 follow-
ing acute exercise suggest that increased IL-15 levels are
small (88, 122). Furthermore, while there has originally been
some controversy about the specificity and methods used to
measure irisin (4, 22), irisin has meanwhile been identified in
human plasma by mass spectrometry (59). However, the
reported increases in circulating irisin levels after exercise
training have also been relatively small (59). Considering that
these myokines only increase to such small extents, we might
have missed peak concentrations, in case IL-15 and irisin
increased in a slightly delayed manner after exercise. With
regards to IL-6, the lack of a detectable increase in the serum
after exercise was somewhat surprising. Most (but not all)
studies that have assessed systemic IL-6 responses to acute
exercise have shown increases in IL-6 plasma or serum concen-
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trations, dependent on the combination of mode, intensity and
duration of exercise (as discussed below) (22, 88, 92). The few
studies that did not find an increase in plasma or serum IL-6
levels mostly involved cycling at a more moderate intensity (22,
69). It remains possible that the combination of mode (i.e.,
cycling), intensity and duration (20 min at 50% V

.
O2 max fol-

lowed by 40 min at 65% V
.
O2 max) in this study was not sufficient

to elicit a detectable systemic IL-6 response. 
It is also worth mentioning that, taking into account the age-

associated decline of V
.
O2 max (50), the fitness level of the older

study participants based on their V
.
O2 max was relatively high

(i.e., 38.95 ± 8.4 mL/kg/min; mean ± SD), as compared with the
younger participants (44.1 ± 7.3 mL/kg/min). This somewhat
higher training status of the older individuals, relative to the
young group, may have contributed to the observed effect of
post-exercise serum on the LNCaP cells. Higher physical activi-
ty levels and regular exercise training might influence serum
concentrations of cytokines, myokines and growth factors both
at rest and following acute exercise (22). Dependent on what
serum factors are considered, training might induce a greater or
a smaller acute response to exercise. For example, as discussed
below, there is some evidence suggesting that long-term train-
ing might attenuate the pro-inflammatory cytokine response to a
single bout of exercise in older animals and humans (75, 85). 

A limitation of the current study was the lack of data on
whether the treatment with pre- and post-exercise serum also
affects the metabolism and viability of normal prostate cells.
Originally, we planned to compare the effects of human serum
on prostate cancer cells versus non-tumourigenic human prosta-
tic epithelial cells (i.e., the RWPE-1 cell line; ATCC® CRL-
11609™). However, due to technical problems with the cultur-
ing and serum treatment of this normal prostate cell line, we
were not able to provide evidence on effects on these cells. The
findings by Rundqvist et al. suggested that the growth-inhibito-
ry effect of exercise-conditioned serum from healthy men was
specific for prostate cancer cells, but did not influence the
growth of fibroblasts (105).

Together, our findings contribute important new information
on the effect of a single bout of exercise on the capacity of
serum, collected from young versus older men, to modify the
metabolic activity of androgen-responsive prostate cancer cells.
These data provide tentative support of the notion that acute
exercise elicits beneficial effects against the viability of prostate
cancer cells specifically in older men. Additional investigations
are required to substantiate the impact of ageing on these
effects, and to further investigate mechanisms contributing to
the differential responses of the androgen-responsive versus the
androgen-unresponsive prostate cancer cells. Future research
may also focus on examining potential interactive effects of
androgens with key candidate cancer-inhibitory
cytokines/myokines such as OSM and osteonectin. Further-
more, as discussed in our review below, another emerging
aspect that warrants further investigation is the exercise-depen-
dent interplay of serum factors with the cellular immune sys-
tem. 

Mechanisms linking age-related changes of the immune
system to cancer development
Ageing, immune function, and cancer development
The incidence and prevalence of most cancers, in particular
breast, colon and prostate cancer, increase with ageing (9, 64,

70). Various age-associated molecular, cellular and physiolog-
ical changes have been proposed to contribute to the increased
cancer risk with advancing age (9). At a cellular level, for
example, underlying ageing processes such as increased
oxidative stress, macromolecular damage, genomic instability,
cellular senescence, and dysregulated cellular growth and dif-
ferentiation might affect the development and growth of can-
cer (9, 18, 41, 49). Over the past years, there has been increas-
ing research interest in the putative role that age-related alter-
ations in the immune system play in the increased cancer inci-
dence and prevalence in older adults (34, 43, 68). Advanced
age is associated with remodelling and dysregulation of the
immune system, which is commonly referred to as
‘immunosenescence’ (34, 68, 87). The age-associated
decreased immune competence likely results from lifelong
exposure to antigens and pathogens (particularly latent
cytomegalovirus or CMV infection), intrinsic changes in
immune cells and genetic predisposition (40, 68). Bone mar-
row ageing and thymic atrophy also contribute to the age-
related impairment in the development and function of
immune cells, such as T- and B-cells (7, 67). Longitudinal
studies in octo- and nonagenarians have shown that age-relat-
ed changes in various robust immune variables are associated
with clinical outcomes, including frailty and mortality (2, 119,
130, 131). Based on the results of these studies, a cluster of
immunological variables that are predictive of mortality and
accepted as ‘hallmarks’ of human immune ageing has been
established (68, 87). Referred to as the ‘Immune Risk Profile’
(IRP) (68, 87), this cluster includes variables indicative of T-
cell senescence, such as an inversion of the peripheral blood
CD4+ to CD8+ T-cell ratio (as discussed below). A causal rela-
tionship between the decline in the normal functioning of the
immune system with ageing and cancer has not been estab-
lished (43, 44). However, various age-related immune
changes may contribute to cancer development and progres-
sion in older adults (43, 44). 

The potential link of ‘immunosenescence’ with cancer deve-
lopment
The phenotypic and functional changes in both the innate and
the adaptive immune systems with ageing and the physiologi-
cal mechanisms underlying these changes have been compre-
hensively covered elsewhere (7, 43, 67, 68, 111). This review
focuses instead on some of the age-associated alterations in the
immune system that have been suggested to play important
roles for cancer development. An increasing body of evidence
from clinical epidemiology and experimental studies in animal
models support the notion that a fully functioning immune sys-
tem is central for counteracting carcinogenesis (49, 73). In a
process that is termed immunosurveillance, both the innate and
adaptive cellular arms of the immune system track, recognize
and eliminate antigens and abnormal cells (43, 49). Effective
immunosurveillance recognizes and eliminates premalignant
lesions and cancer cells before the formation of a clinically
recognizable tumour (43). Among the key components of
immunosurveillance against cancer development are cytotoxic
immune cells, specifically natural killer (NK) cells and CD8+
T-cells (44). Natural killer cells are cytotoxic effector cells of
the innate immune system that, under normal physiological
conditions, can recognize and eradicate tumour cells without
prior antigen exposure (116). Age-related changes in the phe-
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notypic and functional characteristics of these cells are there-
fore likely to contribute to the survival of cancer cells and
increased cancer risk with ageing (43, 44, 68). With regards to
NK cells, ageing is associated with a phenotypic redistribution
of NK cell subsets characterized by decreased numbers of
more immature and more cytotoxic CD56hi NK cell subtypes,
coupled with increased numbers of more secretory CD56low

NK cell subtypes (19, 44, 111). Furthermore, ageing is accom-
panied by an impairment in the NK cell cytotoxicity at the sin-
gle cell level (54). These alterations may impair the efficacy of
NK cells to control transformed cells with advancing age (44,
68). In addition to an inverted CD4+ to CD8+ T-cell ratio, key
features of T-lymphocyte senescence include: decreased pro-
portions of naïve T-cells (34); increased proportions of T-cells
expressing surface markers associated with a late differentiat-
ed, exhausted and senescent phenotype (34, 68, 116, 118);
increased secretion of pro-inflammatory cytokines by T-cells
(7, 34); an imbalance in helper T cell phenotypes, with a shift
toward type 2 (Th2) > type 1 (Th1) cells (43, 116); decreased
T-cell proliferative responses (7, 34, 68, 116); and decreased
CD8+ T-cell cytotoxicity (34, 44). Together, these age-related
alterations are indicative of a restricted repertoire and func-
tional capacity of T-cells (43, 116). All of these changes might
contribute to an impaired immune response against cancer
development, but the decreased killing functions of CD8+ T-
cells is specifically a central aspect in this context (44). 

Ageing is also associated with impairments in Toll-like
receptor (TLR) signalling (103, 111, 127). As a critical compo-
nent of cellular innate immune function, TLRs recognize
pathogen- and damage-associated molecular patterns (PAMPs
and DAMPs, respectively). They also link innate and adaptive
immune responses (24, 62, 111). By sensing of danger and
damage signals originating for example from pre-malignant
lesions, TLRs are important for an effective immunosurveil-
lance against carcinogenesis (43, 133). Age-associated decreas-
es in TLR functions may therefore not only contribute to the
impairment in immune responses to infectious diseases and
vaccination, but also to a decreased capacity to recognize and
eliminate abnormal and transformed cells in the elderly (127). 

Other aspects of immune ageing that might contribute to a
reduced immunosurveillance against cancer development
include impaired dendritic cell functions (potentially con-
tributing to a decreased presentation of tumour antigens to T-
cells) (21, 44, 68); an increase in immunosuppressive immune
cells such as regulatory T cells and myeloid-derived suppres-
sor cells (which might suppress anti-tumour T-cell responses)
(43, 44, 48); and decreased effector functions of neutrophils
and monocytes/macrophages (43, 55, 111). Regarding the
age-dependent dysregulation of innate immunity, a more gen-
eral characteristic is that innate immune cells are already acti-
vated in the basal state, whereas their responses to additional
stimulation are impaired (44, 111). In accordance with the
presence of a stronger inflammatory milieu (as discussed
below), ageing is associated a shift in monocyte subpopula-
tions towards more pro-inflammatory phenotypes, and an
increased production of pro-inflammatory cytokines by
monocytes (8, 30, 44, 111).

‘Inflammageing’ and cancer
Another central feature of ageing that is, in part, affected by
immunosenescence is chronic low-level inflammation, also

termed ‘inflammageing’ (34, 40). Inflammation is an integral
component of the innate immune response to infectious
pathogens and tissue damage, but the resolution of inflamma-
tion is central for restoring homeostasis (16, 89, 129). Inflam-
mageing describes a state of systemic inflammation that is
unresolved and associated with a two- to four-fold increase in
the circulating levels of inflammatory mediators such as
cytokines (e.g., tumour necrosis factor (TNF)-α, interleukin
(IL)-1 and IL-6) and acute-phase proteins (e.g., C-reactive
protein (CRP)) in older individuals (15, 16, 40). The exact
aetiology underlying this age-associated chronic inflamma-
tion is incompletely understood (40). Potential mechanisms
that contribute to unresolved inflammation with ageing
include accumulating macromolecular and cell damage, dys-
functional mitochondria, cellular senescence, an imbalance in
the gut microbiota, and the accumulation of visceral fat (16,
40, 91). Each of these sources activates a network of inflam-
matory pathways. In addition, as described above, the dysreg-
ulation of components of the innate and adaptive immune sys-
tems, such as increases in basal immune cell activation and
pro-inflammatory cytokine production, play an important role
in chronic inflammation with advancing age (16, 40, 68, 111).
Although a causal relationship has not been established, there
is evidence suggesting that chronic low-grade inflammation is
a major contributor to the pathology of several age-related
conditions and chronic diseases, including cancer (16, 40, 91,
131). Chronic inflammation may contribute to cancer devel-
opment by enhancing oxidative stress and by altering the tran-
scriptional regulation of cytokines, oncogenes and tumour
suppressor genes (40, 44). Unresolved inflammation also sup-
plies or activates various bioactive molecules within the
tumour microenvironment that promote tumour growth (49).
These molecules include growth factors that enhance prolifer-
ative signalling; anti-apoptotic factors that suppress (cancer)
cell death; extracellular matrix-modifying enzymes that facili-
tate angiogenesis, invasion, and metastasis; and signalling
factors that activate the epithelial-mesenchymal transition (a
cellular program that broadly regulates invasion and metasta-
sis) (49). 

Exercise training improves or preserves the normal func-
tioning of various components of the immune system in older
adults (116). Furthermore, acute exercise produces an anti-
inflammatory environment in the body, and exercise training
mediates additional anti-inflammatory effects in the long-term
(91, 129). In the following sections, we discuss available evi-
dence whereby exercise may contribute to counteracting can-
cer development through modulating immune function and
inflammation in general, and in particular in the ageing popu-
lation. 

The emerging role of exercise immunology in cancer pre-
vention and survival
Epidemiological evidence linking physical activity and exerci-
se with a decreased cancer risk
There is strong evidence from epidemiological research show-
ing that physical activity reduces the risk and improves the
survival for several cancers, including some of the most com-
mon cancers (1, 64, 70, 74). A recent systematic review of 45
reports comprising hundreds of epidemiologic studies with
several million study participants has indicated that physical
activity is associated with an approximate 10 to 20 per cent
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reduction in the relative risk for cancers of the breast, colon,
endometrium, bladder, stomach, oesophagus (adenocarcino-
ma) and kidney (74). Notably, the levels of physical activity
that were associated with this risk reduction corresponded
with the amount of physical activity recommended in the US
2018 Physical Activity Guidelines Advisory Committee Sci-
entific Report (i.e., at least 150 to 300 minutes of moderate-
intensity aerobic activity plus muscle-strengthening activity at
least two days each week (110)) (74). Furthermore, a dose-
response relationship between physical activity and specific
cancer risk was evident for several cancers, with the strongest
evidence for a dose-dependent reduction in the risk for breast
and colon cancers (74). Data from randomized clinical trials
also support the beneficial effects of physical activity for can-
cer primary prevention and the reduction in the risk of disease
recurrence (42, 63). Potential mechanisms underlying the ben-
efits of physical activity or exercise for protection against can-
cer include exercise-dependent reductions in cancer risk fac-
tors such as sex hormones, metabolic hormones, and pro-
inflammatory factors, as well as improved immune function
(73). Over the past few years, there has been increasing evi-
dence in support of the concept that the exercise-dependent
regulation of the immune system and inflammation plays a
central role in counteracting cancer (56, 58). Recent experi-
mental studies have also provided important mechanistic
information in agreement with this concept (95).

Exercise-induced effects on the cellular immune system that
might counteract cancer
Changes in the number and composition of blood leukocytes
are one of the most prominent effects of acute exercise bouts
on the immune system, most likely as a result of hemodynam-
ic shear stress and in response to catecholamines, glucocorti-
coids and cytokines (90, 94, 129). Being an integral part of the
physiological stress response to exercise, these changes in the
cellular immune system likely reflect a redeployment of spe-
cific immune cell subtypes, for example, out of the blood to
peripheral tissues that require enhanced immunosurveillance
following physical stress (90). Importantly, acute exercise
preferentially mobilizes immune cells with potent effector
functions, including NK cells and CD8+ T-cells, both of which
are highly cytotoxic against tumours (as discussed above) (90,
115). A recent preclinical study by Pedersen et al. demonstrat-
ed how important the exercise-induced mobilisation and
redistribution of NK cells are for counteracting tumour inci-
dence and progression (95). Using a model of voluntary wheel
running in mice, this study showed that six weeks of exercise
training reduced tumour onset and growth across different
tumour models by at least 60 per cent, as compared with non-
exercising control conditions (95). Additional mechanistic
experiments within this study suggested that these protective
effects resulted from the exercise-dependent mobilization of
NK cells, their infiltration into the tumours and the subse-
quent destruction of tumour cells (95). Exercise also appears
to “prime” effector functions of immune cells, thereby
enhancing immunosurveillance (90, 115). As shown by a
study in healthy cyclists, NK cells present in the blood during
exercise recovery, as compared with resting conditions, are
more efficient killers of various cancer cell lines in vitro (12).
However, it is poorly understood how exercise mediates
tumour-killing NK cell functions. 

Furthermore, the mobilisation, redistribution, transcription-
al reprogramming and functional changes of neutrophils fol-
lowing acute bouts of exercise are among the most pro-
nounced exercise-induced effects on the cellular immune sys-
tem (80, 90, 129). Neutrophils and their heterogeneity are
suggested to play an important role in cancer (81). Additional
research may, therefore, focus on whether the beneficial
effects of exercise against cancer are mediated through regu-
lation of neutrophils (56). 

Experimental evidence linking myokines with cancer protecti-
on
The concept that skeletal muscle is an endocrine organ pro-
vides another important mechanistic basis for linking exercise
immunology with cancer protection (34, 56, 91). Contracting
muscle is capable of producing and releasing several hundred
cytokines and other peptides with autocrine, paracrine and
endocrine effects, referred to as myokines (88, 91). Several
myokines have immune regulatory functions, including, for
example, IL-6, IL-7 and IL-15 (56, 91, 93). Other muscle-
derived endocrine factors, such as OSM, irisin, and
osteonectin (also known as secreted protein acidic and rich in
cysteine (SPARC), may mediate cancer-inhibitory effects of
exercise more directly by controlling growth kinetics of can-
cer cells (57, 93) (discussed below).

The first identified and most studied myokine is IL-6 (92).
The magnitude of the exercise-induced increase in plasma IL-
6 is related to exercise duration, intensity, the muscle mass
involved during exercise, and muscle glycogen levels (92). In
addition to its potent metabolic effects, IL-6 likely also medi-
ates some of the anti-inflammatory and immune-regulatory
effects of exercise (93, 120, 121, 129). IL-6 is commonly used
as a marker of inflammatory status and associated with vari-
ous age-related pathologies that have a strong chronic inflam-
matory component (40, 131). However, the transient response
of IL-6 and other cytokines to exercise is markedly different
from the cytokine cascade induced in pathological situations
(92, 93, 129). For example, in contrast to inflammatory
responses to sepsis or chronic low-grade inflammation, the
IL-6 production by contracting muscles does not involve the
activation of the pro-inflammatory nuclear factor- pathway.
Nor does muscle-derived IL-6 stimulate the production of the
pro-inflammatory cytokine TNF-α (92, 97). Under physiolog-
ical conditions such as during exercise, muscle-derived IL-6
has metabolic and anti-inflammatory effects (92, 97). The
acute increase in plasma IL-6 in response to exercise is fol-
lowed by increases in the anti-inflammatory cytokines IL-1
receptor antagonist (IL-1ra) and IL-10 (79, 80, 97). Experi-
mental data support a direct role of IL-6 in these anti-inflam-
matory effects. For example, it has been shown that infusion
of IL-6 at concentrations corresponding to levels obtained
after exercise enhances plasma levels of IL-1ra and IL-10 and
inhibits TNF-α production in healthy humans (120, 121).
Muscle-derived IL-6 also contributes to the exercise-induced
redeployment of leukocytes (121). The study by Pedersen et
al. (described above) showed that exercise-induced increases
in IL-6 played a central role in regulating NK cell trafficking
and NK cell-dependent tumour control (43).

Interleukin-7 has also been identified as a myokine (51). It
is also produced in the thymus and is essential for the devel-
opment and survival of T-cells and NK cells (107, 113, 128).
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Another myokine with immune-regulatory properties is IL-15
(91). In addition to its metabolic effects, IL-15 is an important
proliferative and activating factor for T-cells and NK cells
(107, 128). In a clinical trial, IL-15 administration positively
affected lymphocyte homeostasis and immune responses in
cancer patients (26). However, at present there is only little
information available on whether IL-7 and IL-15 responses to
exercise have clinical implications (35).

In addition to these observed effects of myokines on
immune cell activity, some experimental studies suggest that
specific myokines affect cancer cell viability and tumour
growth kinetics in a more direct manner (58). In a preclinical
study by Hojman et al. (57), post-exercise blood serum col-
lected from mice inhibited mammary cancer cell proliferation
and induced apoptosis of these cells in vitro (29). Further
mechanistic experiments suggested that OSM might be a key
candidate myokine mediating the observed inhibitory effects
on cancer cell growth (57). 

Moreover, osteonectin has been identified as another novel
myokine (6, 23). It was shown that osteonectin inhibits colon
cancer cell growth in vitro and reduces colon tumourigenesis
in exercising mice (6). Both the transcription and translation
of osteonectin was downregulated in skeletal muscle of old
sedentary mice as compared with young sedentary mice, sug-
gesting an impact of ageing on the expression of osteonectin
(6). In an experimental model, enhanced growth of pancreatic
tumours has been observed in osteonectin-null mice (14).
Osteonectin is involved in both physiological processes such
as development and tissue remodelling, and pathological con-
ditions such as cancer (123). Considering that osteonectin is
also expressed by other tissues (including neoplastic tissues)
and that it might also favour tumourigenesis (123), additional
investigations examining factors that influence the function of
osteonectin (e.g., different microenvironments) might help to
better explain its contrasting roles in cancer. 

In general, several human studies have shown that blood
serum collected after acute exercise from healthy men (105),
breast cancer patients (32), and colorectal cancer survivors
(33) inhibits the growth of prostate cancer cells (105), breast
cancer cells (32), and colon cancer cells (33). These data sup-
port the conceptual framework that exercise-induced changes
in the blood, likely through the secretion of molecular factors
by skeletal muscle and/or other tissues, contribute to the pro-
tective effects of exercise against cancer development (58).
Although these findings are promising, to date, only a limited
number of potential cancer-inhibitory myokines and other
‘exercise factors’ have been identified. In addition to identify-
ing these factors, future research may also examine whether
myokines play a role in the exercise-dependent enhancement
of certain functions of the cellular immune system, such as the
cytotoxicity of NK cells against tumours.

Multiple health benefits of exercise are mediated through
long-term adaptation of physiological systems, such as skele-
tal muscle or the cardiovascular system, following regular
physical training (39, 52). Notably, it has been suggested that
the transient, but repetitive release of ‘anti-oncogenic’ molec-
ular factors into the blood following single bouts of exercise
may be at least as important for tumour control as chronic
changes in resting blood concentrations of ‘risk factors’ such
as pro-inflammatory cytokines (32, 33, 56, 58). This notion
agrees with the data from some of the aforementioned in vitro

serum incubation studies. Serum collected after acute exercise
inhibited tumour growth kinetics, while serum obtained in
resting conditions following longer-term exercise training did
not (32, 33).

Exercise-dependent regulation of inflammation and anti-
inflammatory effects in the context with cancer protection
An increasing body of evidence suggests that the anti-inflam-
matory effects of exercise are of major importance for health
(39, 91, 129). Considering the association of cancer with low-
grade chronic inflammation (as described above), it is there-
fore likely that exercise-associated anti-inflammatory effects
also play an important role for counteracting cancer (56, 91,
129). It is widely recognized that regular exercise exerts its
anti-inflammatory effects by producing an anti-inflammatory
environment with each bout of exercise, and through a reduc-
tion of visceral fat (the latter of which is pro-inflammatory in
nature, e.g., by secreting pro-inflammatory cytokines and
adipokines) (91, 93, 97, 129). The anti-inflammatory effects
of single exercise bouts are, at least partially, mediated by the
release of myokines, such as IL-6, into the blood circulation
(92, 93, 97). As described above, the IL-6 release from con-
tracting skeletal muscle has anti-inflammatory effects, e.g., by
stimulating the production of IL-1ra and IL-10 by blood
mononuclear (immune) cells (92, 97, 121). 

Numerous studies have investigated the systemic responses
of cytokine and other inflammatory mediators to exercise (88,
129). Dependent on various factors, including exercise dura-
tion and intensity and the extent of exercise-induced muscle
damage, exercise induces a transient increase in
cytokines/myokines (e.g., IL-1ra, IL-6, IL-8, IL-10) and
acute-phase proteins (e.g., CRP) in the circulation (79, 80, 88,
129). While skeletal muscle cells within contracting muscles
are the main contributors to the exercise-induced increase in
circulating IL-6, other potential cellular sources of circulating
cytokines include cells within the microvasculature, fibrob-
lasts and leukocytes (88). The changes of cytokines and acute-
phase proteins in the circulation following exercise likely are
an important part of the body’s response to the exercise-asso-
ciated physiological demands (88). Under non-pathophysio-
logical conditions, even a more pronounced immune-
endocrine, cytokine and stress response to a single bout of
strenuous exercise is a tightly coordinated and dynamic
process that is followed by counter-regulatory and anti-
inflammatory mechanisms (90, 129). Furthermore, regular
exercise training and a high degree of physical fitness appear
to attenuate the systemic inflammatory response to acute exer-
cise (65), which might reflect adaptive mechanisms for coun-
teracting ‘overshooting’ inflammation. In the context with
cancer, such robust, but rapidly resolved systemic inflamma-
tory responses to repeated bouts of exercise might enhance the
clearance of transformed cells and nascent tumours (56).
Moreover, chronic exercise training might ‘shape’ acute
inflammatory responses in a manner that facilitates the protec-
tion from carcinogenesis (56). In a rodent model, the acute
inflammatory response to a liver carcinogen was attenuated
and more rapidly resolved after voluntary wheel running for
six weeks, leading to a faster and more effective clearance of
damaged liver cells as compared with less active mice (11). 

In contrast to the transient response of inflammatory medi-
ators to acute exercise, data from cross-sectional and interven-
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tion studies suggest that regular physical training is associated
with lowered systemic levels of inflammation markers in rest-
ing conditions (42, 47, 84, 91, 97). For example, a randomized
controlled trial that involved 400 previously inactive, healthy
women aged 50 to 74 years, showed reduced basal blood con-
centrations of CRP and IL-6 after a year-long exercise training
(42). Moreover, a stronger reduction of CRP and IL-6 was
observed with increased weekly exercise time (42). 

Collectively, there is some evidence suggesting that the
cumulative effect of repeated responses of
cytokines/myokines to acute exercise along with the regula-
tion of inflammation by regular exercise are important mecha-
nisms that contribute to counteracting tumour growth and pro-
gression (32, 33, 56, 58). Long-term exercise training likely
also contributes to a reduced risk of cancer development by
suppressing chronic inflammation (58, 91).

Beneficial effects of exercise on the ageing immune system
and the potential role of these effects in counteracting can-
cer with advancing age
Immune-protective and anti-inflammatory effects of exercise
in older adults
Accumulating evidence suggests that regular exercise or
physical activity improves immune function in the older pop-
ulation (34, 116). A causative link between exercise-associat-
ed benefits for immune health and the risk of chronic disease,
especially cancer, has not been established to date (34, 126).
Nevertheless, cross-sectional data show that several of the
immune biomarkers that are key components of the IRP clus-
ter (e.g., T-cell responsiveness to mitogens, naïve/memory T-
cell ratio) are positively displayed in physically active com-
pared with sedentary elderly individuals (83, 114, 116, 118).
In agreement with the concept that exercise has immune bene-
fits in older adults, prospective population-level studies have
shown that regular physical training reduces the risk of infec-
tion, as compared with sedentary behaviour (34, 86). Data
from clinical trials indicating that increased physical activity
enhances the efficacy of vaccinations in aging humans also
support this concept (135). Furthermore, as discussed above,
data from both cross-sectional and intervention studies sug-
gest that regular exercise is associated with lowered systemic
levels of inflammation markers in healthy individuals and in
populations at-risk of diseases associated with low-grade
inflammation, such as the elderly (42, 47, 84, 91, 97). In a
recent animal study, Nilsson et al. observed that lifelong aero-
bic exercise alleviated systemic inflammation, including key
drivers of the cytokine cascade and tumour progression (TNF-
α, IL-6, and IL-1β), and protected against several different
types of cancer in naturally-aged mice (85). The extent to
which these immune-protective and anti-inflammatory effects
of exercise contribute to a decreased cancer risk in older
humans is unknown (34, 126). However, various components
of the immune system that improve with exercise in older
adults, such as increased cytotoxic functions of NK cells and
CD8+ T cells, play important roles for immunosurveillance
against cancer (34, 44). 

Exercise-induced effects on the cellular immune system in
older adults
Some, but not all, studies investigating the effects of regular
physical training on NK cell number and function in healthy,

older individuals reported benefits of exercise (17, 83, 116,
134). Compared with their sedentary, less fit counterparts,
elderly women with a high aerobic capacity were shown to
have superior NK cell cytolytic activity, despite similar NK
cell numbers in the blood (83). In vitro NK cell cytotoxicity
against a target cell line (human leukemic K562 cells) was
higher in a group of sedentary men and women (aged 650.8
years) after six months of aerobic exercise training (134), but
not in postmenopausal women (aged 50–75 years) after a 12-
month intervention involving aerobic exercise training (17).
Furthermore, 12 weeks of moderate aerobic exercise training
did not improve NK cell function in previously sedentary
women aged 67–85 years (83). Only a few studies have inves-
tigated the effects of exercise on NK cells in cancer patients.
For example, 15 weeks of aerobic exercise training increased
NK cell cytotoxic activity in postmenopausal breast cancer
survivors (aged 596 years) (38), while eight weeks of com-
bined aerobic and resistance exercise did not alter NK cell
cytotoxicity against K562 cells in breast cancer patients (aged
35–72 years) (82). Among other influencing factors, the
mixed results among these studies are likely due to differ-
ences in exercise doses and modes, the duration of the training
interventions, and the diversity of the initial health and fitness
status of the participants. Of note, comparable reductions in
tumour volume with exercise were observed in adult and old
mice in the aforementioned experimental study by Pedersen et
al. (95), suggesting a similar capacity of exercise to enhance
tumour-killing NK cell functions in both age groups. More
research is needed to examine under which conditions (partic-
ularly concerning the individuals’ health status) exercise train-
ing is most efficient for augmenting cytotoxicity of NK cells
against cancer cells. Additional translational research is also
required to verify the interplay of exercise and ageing on these
‘anticancer’ functions of NK cells in humans. Further benefits
of exercise training on the innate immune system in older
adults include lower monocyte subpopulations displaying a
more pro-inflammatory phenotype (CD14+CD16+) (124), and
improved neutrophil migratory dynamics (10). In general,
however, relatively little is known about the influence of exer-
cise training on innate immune cells, especially neutrophils,
with ageing (116). 

With regards to T-cells, cross-sectional data are relatively
consistent in showing greater T-cell proliferative responses
and lower proportions of senescent T-cells in physically active,
as compared to sedentary older adults (76, 83, 116, 118). A
cross-sectional study involving 102 healthy males aged 18–61
years has demonstrated that aerobic fitness (V

.
O2 max was asso-

ciated with a lower age-related accumulation of senescent
CD8+ T-cells (118). Detailed analysis of the data from this
study suggests that the relative fitness status of individuals
might have a more pronounced effect on phenotypic shifts in
blood T-cells than ageing per se (118). A study by Duggal et al.
assessed phenotypic characteristics of immune cells in 125
older cyclists (55–79 years) who had maintained a high level
of physical activity for much of their adult lives, as compared
with 75 age-matched, healthy individuals who were not
involved in regular exercise (35). An accumulation of senes-
cent T-cells was observed in both the sedentary and the active
older adults, yet the masters cyclists displayed a higher propor-
tion of naïve T-cells and recent thymic emigrants (indicative of
a better-preserved thymus output), higher serum levels of IL-7
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and lower serum levels of IL-6 under resting conditions (35).
Contrary to findings in cross-sectional studies, results from
longitudinal studies examining T-cell mediated-immunity in
older individuals are less consistent (17, 83, 116, 134). Fea-
tures of T-cell senescence were either unchanged (17, 83, 134)
or improved in previously sedentary healthy elderly individu-
als following training interventions (134). In postmenopausal
breast cancer survivors, T-cell proliferation responses were
increased after a 15-week aerobic training intervention (38).
Furthermore, a recent study in pre-diabetic adults (aged 57.0 ±
5.2 years) showed that 3 weeks of regular endurance exercise
training stimulated the production and mobilization of naïve T-
cells, while terminally differentiated effector memory cells
might have disappeared by apoptosis (98). These findings
agree with the concept that regular exercise mobilizes ‘older’
functionally exhausted/senescent lymphocytes to undergo
apoptosis and create ‘vacant space’ for the expansion of newly
functional T-cells (77, 114). Together, these findings suggest
that the benefits of exercise training might be greatest in indi-
viduals who already display more profound impairments with-
in the peripheral T-cell compartment (e.g., cancer survivors) at
the beginning of an exercise intervention (116). 

Effects of ageing on systemic cytokine responses to exercise
Relatively little is known about the interplay of ageing and
regular physical training on the systemic changes of cytokines
and myokines in response to acute exercise. In a naturally
ageing mouse model, acute exercise elicited a lower pro- and
anti-inflammatory cytokine response in young and old aerobi-
cally trained mice, compared with sedentary old mice (85).
This might reflect a protective adaptation associated with
long-term exercise training to prevent excessive inflammation
(85). Available data in older humans are varied. In an earlier
human study that investigated the relation of ageing and mus-
cle-derived IL-6, healthy older men released the same amount
of IL-6 from skeletal muscle as healthy young men at the
same relative exercise intensity (96). This suggests that ageing
skeletal muscle maintains its capacity to produce and release
IL-6 into the circulation in response to exercise. In a recent
study, differential systemic cytokine changes were reported in
young and middle-aged non-athletes and masters athletes
(aged 53.1±8.8 years) following an incremental test to
exhaustion (75). Blood IL-4 and IL-6 concentration increased
only in the young adults, while an increase in IL-1 concentra-
tion was observed only in the masters athletes (75). Moreover,
although the concentrations of all other assessed cytokines did
not change in response to exercise in any of the three groups,
the TNF-α/IL-10 ratio (used as a proxy marker for the overall
pro- and inflammatory cytokine balance) increased only in
untrained middle-aged adults (75). Another study observed no
measurable circulatory IL-6 and IL-10 response to either
moderate- and higher-intensity exercise in healthy older
adults with either lower or higher levels of physical fitness
(132). Collectively, while there is some evidence suggesting
that long-term exercise training may attenuate the pro-inflam-
matory response to exercise with advancing age, available
data do not enable us to make more definitive conclusions
about the impact of ageing on the systemic cytokine response
to exercise. More research is warranted comparing these
responses between older and younger adults and between
older trained and untrained adults. 

Methodological considerations of in vitro cancer cell cultu-
re assays
There are important methodological considerations for in
vitro cell culture studies. Traditional studies in which cancer
cells are cultured as two-dimensional (2D) monolayers on
rigid, plastic surfaces cannot fully represent the complexity of
the tumour microenvironment (71). In vivo, cancer cells inter-
act not only with neighboring cancer cells, but also other cell
and tissue types such as fibroblasts, adipocytes, the surround-
ing vasculature, as well as cells from the immune system (13).
Three-dimensional (3D) cell cultures, such as tumour sphe-
roids, are better able to recapitulate in vivo cellular physiology
including cell-cell and cell-matrix interactions, nutrient trans-
port properties, and oxygen and nutrient diffusion gradients
(36, 99). Gene and protein expression profiles of 3D cultures
are better able to recapitulate in vivo profiles than 2D cultures
(61). Furthermore, within a 3D tumour spheroid configuration
cancer cells are more reflective of the in vivo situation. The
cancer cells form spheroids which then develop a necrotic
core and an outer proliferative zone (104) and respond to
stimuli differently in comparison to 2D culture systems. For
example, the cancer cell response to chemotherapy, growth
factors and interaction with the extracellular matrix are more
physiologically relevant in 3D as compared to 2D models (36,
99). With these points in mind, future studies investigating the
response of cancer cells to exercise may consider utilizing 3D
cell culture systems for a more physiologically relevant in
vitro model.

Evidence from in vitro or in vivo studies demonstrates that
exercise does not completely eliminate cancer (31, 95, 105).
Rather, pre-incubating cancer cells with serum collected from
individuals post-exercise decreases the ability of those cancer
cells to form tumours in vivo (i.e., the tumour take rate) or
colony-forming ability in in vitro studies. Furthermore, pre-
incubation of cancer cells with post-exercise serum slows
tumour growth in in vivo cancer models. Culturing cancer
cells in the presence of post-exercise serum decreased cancer
cell growth in in vitro models of several cancers (31, 33, 57,
95, 105, 117, 126). As discussed above, previous studies have
suggested a link between myokines and modulation of the
tumour microenvironment. However, in vitro serum incuba-
tion studies generally only represent the effects of a single
‘snapshot’ in time, such as a specific time point following
exercise. As such, they cannot replicate the cumulative effect
of repeated acute exercise responses that may lead to tumour
growth control in vivo (58). 

Hojman et al. postulated that exercise may have a more
potent effect on cancer metastatic potential, as opposed to
direct control of cancer cell viability (58). In addition, exer-
cise is reported to normalize tumour vasculature, alter the sys-
temic immunological profile and enhance tissue-immune cell
surveillance (66). Future research may therefore also focus on
the effects of exercise on the tumour microenvironment,
rather than only on the malignant cells themselves.

Exercise can influence the tumour microenvironment by
affecting tumour metabolism, nutrient and growth factor sig-
naling, autophagy, lactate levels, angiogenesis and the local-
ized immune response (66). Generally, cancerous cells escape
detection by suppressing the immune response within the
tumour microenvironment. Recognizing the beneficial effects
of exercise on immunosurveillance (as discussed above),
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future investigations may, therefore, focus on this aspect by
using 3D models. The immunosurveillance effects of activat-
ed NK and T cells have already been modelled in 3D spheroid
culture systems, but not in the context of exercise. Co-culture
studies of allogenic CD8+ T and NK cells, stimulated with IL-
15, and patient-derived colorectal cancer spheroids demon-
strated that these immune cells can infiltrate into the cancer
spheroids and concomitantly increase their expression of acti-
vation markers (CD25 and CD107a), leading to increased
cancer cell apoptosis (27). Sherman et al. used a 3D lung car-
cinoma spheroid model to demonstrate that NK cells could
migrate towards a chemotactic gradient, infiltrate the tumour
spheroids and cause cancer cell destruction (112). Moreover,
serum from participants engaged in acute exercise activated
NK cells, leading to increased NK cell cytotoxic activity
directed against lymphoma and multiple myeloma cells in
vitro (12). Together, this suggests that exercise serum could be
used to study immune cell infiltration and activity directed
against cancer cells using 3D spheroid culture models.

CONCLUSION AND FUTURE DIRECTIONS

Emerging data suggest that the immune system and the
‘crosstalk’ of contracting skeletal muscle with immune and
cancer cells through myokines mediate some of the protective
effects of exercise against the development and progression of
cancer. Recognizing the increased cancer risk with advancing
age, more research is needed for verifying these effects in
experimental and clinical settings in older humans.

In particular, more well-controlled, long-term studies
measuring molecular and cellular markers combined with
clinical outcomes are required to determine the immune-pro-
tective and anti-carcinogenic effects of regular exercise train-
ing in the older population. Another aspect that warrants fur-
ther investigation is whether there are ‘dose-dependent’ exer-
cise effects in this context. As discussed above, some evi-
dence suggests dose-response relationships between physical
activity levels and the risk for certain cancers (i.e., a
decreased cancer risk with increased exercise ‘doses’) (74).
Data from a previous meta-analysis showed that even former
elite athletes, including elite endurance athletes (i.e., a popula-
tion group with exceptionally high exercise loads), have a
lower risk of cancer mortality than the general population
(46). There is also strong epidemiological and clinical evi-
dence that supports the widely recognized notion that the
numerous health benefits of regular exercise outweigh poten-
tial negative effects of even very strenuous exercise training
(such as a transient dysfunction of certain immune compo-
nents (90, 129)). Future research may focus on determining
whether there is an optimal range of training loads that con-
fers the most benefits for immune function, health, and cancer
protection, and whether hypothetical dose-response benefits
are age-specific and change over the lifespan. Additional
investigations are also required for identifying which exercise
modes (e.g., endurance- or resistance exercise, or a combina-
tion of both) are most efficient in enhancing anti-carcinogenic
and anti-tumorigenic effects of the cellular immune system
and cytokines/myokines especially in older adults. 

Future research could also take advantage of ‘omics’ tech-
nologies (e.g., blood plasma proteomics) and advanced bioin-

formatics methods (e.g., network-driven methods) to identify
‘anti-cancer’ candidate factors as well as linkages of such fac-
tors with functional and clinical outcomes. Furthermore, using
3D cell culture platforms will be a key extension upon previ-
ous investigations that used 2D cell culture models for exam-
ining how blood serum collected before and after exercise
interventions influences the viability of cancer cells in vitro.
Such 3D cell culture models more realistically mimic the in
vivo tumour microenvironment, as compared with 2D struc-
tures. This is especially important with regards to the interac-
tions of cancer cells with exercise-induced cytokines,
myokines and other serum factors. Another emerging aspect
that warrants further investigation is the exercise-modulated
interplay between serum factors and the cellular immune sys-
tem. In the light of data suggesting that exercise enhances
anti-tumourigenic functions of immune cells, such as cytotox-
ic NK cells (12, 115), investigating whether such tumour-
killing immune cell functions are affected by exercise-
induced changes in the serum, will provide important mecha-
nistic information in this regard.

The evidence in this review suggests that mobilizing can-
cer-inhibitory and immune-regulatory serum factors and
immune cells may be a key mechanism of how regular exer-
cise mediates its protective effects against cancer in the
older population. Collectively, this is a promising and
important area of research within the domain of exercise
immunology. It is likely that advancing the understanding of
the role of immune-endocrine responses to exercise for
counteracting carcinogenesis will expand a variety of poten-
tial targets for preventing and treating cancer, and help to
define more efficient exercise prescriptions especially for
older adults.

AUTHOR CONTRIBUTIONS

O.N., J.M.P., J.M.H., T.J.P., and E.W.T. conceived and
designed this research project; J.H.H., J.McG., G.M.M., P.D.-
G., and L.R. performed experiments and contributed to the
acquisition of the research data; J.H.H., J.McG., J.M.P. and
O.N. analysed and interpreted the research data; J.H.H. and
J.M.P. prepared figures; O.N., J.H.H., and J.McG. drafted this
manuscript; O.N., J.McG., G.M.M., J.M.H., T.J.P., E.W.T.,
and J.M.P. edited and critically revised this manuscript. All
authors approved the final manuscript version.

ACKNOWLEDGMENTS

The authors greatly acknowledge Dr. Alanna Platz for provid-
ing medical advice, Melissa Schulz from the Haematology
Technical Services at Queensland University of Technology
(QUT) for the technical assistance with the haematological
analysis, and Edward Gosden at QUT’s Institute of Health and
Biomedical Innovation for the support with the statistics. The
authors also gratefully thank the study participants for their
time and efforts in participating in this study. Oliver Neubauer
acknowledges QUT for being granted a Vice-Chancellor’s
Research Fellowship and a Mid-Career Researcher Develop-
ment Grant at QUT’s Institute of Health and Biomedical Inno-
vation.



Exercise-immunological aspects in counteracting cancer with ageing •   89

EIR 26 2020

REFERENCES

1. World Cancer Research Fund International/American Institute
for Cancer Research. Diet, Nutrition, Physical Activity and
Cancer: a Global Perspective. Continuous Update Project
Expert Report 2018. Available at
www.dietandcancerreport.org (information retrieved on Aug.
26th 2019).

2. Adriaensen W, Derhovanessian E, Vaes B, Van Pottelbergh G,
Degryse JM, Pawelec G, Hamprecht K, Theeten H, Mathei C.
CD4:8 ratio >5 is associated with a dominant naive T-cell phe-
notype and impaired physical functioning in CMV-seroposi-
tive very elderly people: results from the BELFRAIL study. J
Gerontol A Biol Sci Med Sci 70: 143-154, 2015.

3. Ahtiainen JP, Nyman K, Huhtaniemi I, Parviainen T, Helste M,
Rannikko A, Kraemer WJ, Hakkinen K. Effects of resistance
training on testosterone metabolism in younger and older men.
Exp Gerontol 69: 148-158, 2015.

4. Albrecht E, Norheim F, Thiede B, Holen T, Ohashi T, Schering
L, Lee S, Brenmoehl J, Thomas S, Drevon CA, Erickson HP,
Maak S. Irisin - a myth rather than an exercise-inducible
myokine. Sci Rep 5: 8889, 2015.

5. Anton SD, Woods AJ, Ashizawa T, Barb D, Buford TW, Carter
CS, Clark DJ, Cohen RA, Corbett DB, Cruz-Almeida Y, Dot-
son V, Ebner N, Efron PA, Fillingim RB, Foster TC, Gunder-
mann DM, Joseph AM, Karabetian C, Leeuwenburgh C,
Manini TM, Marsiske M, Mankowski RT, Mutchie HL, Perri
MG, Ranka S, Rashidi P, Sandesara B, Scarpace PJ, Sibille
KT, Solberg LM, Someya S, Uphold C, Wohlgemuth S, Wu
SS, Pahor M. Successful aging: Advancing the science of
physical independence in older adults. Ageing Res Rev 24:
304-327, 2015.

6. Aoi W, Naito Y, Takagi T, Tanimura Y, Takanami Y, Kawai Y,
Sakuma K, Hang LP, Mizushima K, Hirai Y, Koyama R, Wada
S, Higashi A, Kokura S, Ichikawa H, Yoshikawa T. A novel
myokine, secreted protein acidic and rich in cysteine
(SPARC), suppresses colon tumorigenesis via regular exercise.
Gut 62: 882-889, 2013.

7. Arnold CR, Wolf J, Brunner S, Herndler-Brandstetter D,
Grubeck-Loebenstein B. Gain and loss of T cell subsets in old
age--age-related reshaping of the T cell repertoire. J Clin
Immunol 31: 137-146, 2011.

8. Baehl S, Garneau H, Lorrain D, Viens I, Svotelis A, Lord JM,
Cabana F, Larbi A, Dupuis G, Fulop T. Alterations in Mono-
cyte Phenotypes and Functions after a Hip Fracture in Elderly
Individuals: A 6-Month Longitudinal Study. Gerontology 62:
477-490, 2016.

9. Balducci L and Ershler WB. Cancer and ageing: a nexus at
several levels. Nat Rev Cancer 5: 655-662, 2005.

10. Bartlett DB, Fox O, McNulty CL, Greenwood HL, Murphy L,
Sapey E, Goodman M, Crabtree N, Thogersen-Ntoumani C,
Fisher JP, Wagenmakers AJ, Lord JM. Habitual physical activ-
ity is associated with the maintenance of neutrophil migratory
dynamics in healthy older adults. Brain Behav Immun 56: 12-
20, 2016.

11. Bay ML, Gehl J, Pedersen BK, Hojman P. Voluntary Wheel
Running Reduces the Acute Inflammatory Response to Liver
Carcinogen in a Sex-specific Manner. Cancer Prev Res (Phila)
10: 719-728, 2017.

12. Bigley AB, Rezvani K, Chew C, Sekine T, Pistillo M, Crucian
B, Bollard CM, Simpson RJ. Acute exercise preferentially

redeploys NK-cells with a highly-differentiated phenotype and
augments cytotoxicity against lymphoma and multiple myelo-
ma target cells. Brain Behav Immun 39: 160-171, 2014.

13. Bissell MJ and Radisky D. Putting tumours in context. Nat
Rev Cancer 1: 46-54, 2001.

14. Brekken RA, Puolakkainen P, Graves DC, Workman G,
Lubkin SR, Sage EH. Enhanced growth of tumors in SPARC
null mice is associated with changes in the ECM. J Clin Invest
111: 487-495, 2003.

15. Bruunsgaard H and Pedersen BK. Age-related inflammatory
cytokines and disease. Immunol Allergy Clin North Am 23:
15-39, 2003.

16. Calder PC, Bosco N, Bourdet-Sicard R, Capuron L, Delzenne
N, Dore J, Franceschi C, Lehtinen MJ, Recker T, Salvioli S,
Visioli F. Health relevance of the modification of low grade
inflammation in ageing (inflammageing) and the role of nutri-
tion. Ageing Res Rev 40: 95-119, 2017.

17. Campbell PT, Wener MH, Sorensen B, Wood B, Chen-Levy Z,
Potter JD, McTiernan A, Ulrich CM. Effect of exercise on in
vitro immune function: a 12-month randomized, controlled
trial among postmenopausal women. J Appl Physiol (1985)
104: 1648-1655, 2008.

18. Campisi J. Aging, cellular senescence, and cancer. Annu Rev
Physiol 75: 685-705, 2013.

19. Campos C, Pera A, Sanchez-Correa B, Alonso C, Lopez-Fer-
nandez I, Morgado S, Tarazona R, Solana R. Effect of age and
CMV on NK cell subpopulations. Exp Gerontol 54: 130-137,
2014.

20. Campos C, Sotomayor P, Jerez D, Gonzalez J, Schmidt CB,
Schmidt K, Banzer W, Godoy AS. Exercise and prostate can-
cer: From basic science to clinical applications. Prostate 78:
639-645, 2018.

21. Cao JN, Agrawal A, Sharman E, Jia Z, Gupta S. Alterations in
gene array patterns in dendritic cells from aged humans. PLoS
One 9: e106471, 2014.

22. Catoire M and Kersten S. The search for exercise factors in
humans. FASEB J 29: 1615-1628, 2015.

23. Catoire M, Mensink M, Kalkhoven E, Schrauwen P, Kersten
S. Identification of human exercise-induced myokines using
secretome analysis. Physiol Genomics 46: 256-267, 2014.

24. Chen GY and Nunez G. Sterile inflammation: sensing and
reacting to damage. Nat Rev Immunol 10: 826-837, 2010.

25. Christensen K, Doblhammer G, Rau R, Vaupel JW. Ageing
populations: the challenges ahead. Lancet 374: 1196-1208,
2009.

26. Conlon KC, Lugli E, Welles HC, Rosenberg SA, Fojo AT,
Morris JC, Fleisher TA, Dubois SP, Perera LP, Stewart DM,
Goldman CK, Bryant BR, Decker JM, Chen J, Worthy TA,
Figg WD, Sr., Peer CJ, Sneller MC, Lane HC, Yovandich JL,
Creekmore SP, Roederer M, Waldmann TA. Redistribution,
hyperproliferation, activation of natural killer cells and CD8 T
cells, and cytokine production during first-in-human clinical
trial of recombinant human interleukin-15 in patients with can-
cer. J Clin Oncol 33: 74-82, 2015.

27. Courau T, Bonnereau J, Chicoteau J, Bottois H, Remark R,
Assante Miranda L, Toubert A, Blery M, Aparicio T, Allez M,
Le Bourhis L. Cocultures of human colorectal tumor spheroids
with immune cells reveal the therapeutic potential of MICA/B
and NKG2A targeting for cancer treatment. J Immunother
Cancer 7: 74, 2019.



90 •   Exercise-immunological aspects in counteracting cancer with ageing

EIR 26 2020

28. Cunningham D and You Z. In vitro and in vivo model systems
used in prostate cancer research. J Biol Methods 2: 2015.

29. Dai C, Heemers H and Sharifi N. Androgen Signaling in
Prostate Cancer. Cold Spring Harb Perspect Med 7: 2017.

30. de Pablo-Bernal RS, Canizares J, Rosado I, Galva MI,
Alvarez-Rios AI, Carrillo-Vico A, Ferrando-Martinez S,
Munoz-Fernandez MA, Rafii-El-Idrissi Benhnia M, Pacheco
YM, Ramos R, Leal M, Ruiz-Mateos E. Monocyte Phenotype
and Polyfunctionality Are Associated With Elevated Soluble
Inflammatory Markers, Cytomegalovirus Infection, and Func-
tional and Cognitive Decline in Elderly Adults. J Gerontol A
Biol Sci Med Sci 71: 610-618, 2016.

31. Dethlefsen C, Hansen LS, Lillelund C, Andersen C, Gehl J,
Christensen JF, Pedersen BK, Hojman P. Exercise-Induced
Catecholamines Activate the Hippo Tumor Suppressor Path-
way to Reduce Risks of Breast Cancer Development. Cancer
Res 77: 4894-4904, 2017.

32. Dethlefsen C, Lillelund C, Midtgaard J, Andersen C, Pedersen
BK, Christensen JF, Hojman P. Exercise regulates breast can-
cer cell viability: systemic training adaptations versus acute
exercise responses. Breast Cancer Res Treat 159: 469-479,
2016.

33. Devin JL, Hill MM, Mourtzakis M, Quadrilatero J, Jenkins
DG, Skinner TL. Acute high intensity interval exercise reduces
colon cancer cell growth. J Physiol 597: 2177-2184, 2019.

34. Duggal NA, Niemiro G, Harridge SDR, Simpson RJ, Lord JM.
Can physical activity ameliorate immunosenescence and
thereby reduce age-related multi-morbidity? Nat Rev Immunol
2019.

35. Duggal NA, Pollock RD, Lazarus NR, Harridge S, Lord JM.
Major features of immunesenescence, including reduced
thymic output, are ameliorated by high levels of physical
activity in adulthood. Aging Cell 17: 2018.

36. Duval K, Grover H, Han LH, Mou Y, Pegoraro AF, Fredberg J,
Chen Z. Modeling Physiological Events in 2D vs. 3D Cell
Culture. Physiology (Bethesda) 32: 266-277, 2017.

37. Endogenous H, Prostate Cancer Collaborative G, Roddam AW,
Allen NE, Appleby P, Key TJ. Endogenous sex hormones and
prostate cancer: a collaborative analysis of 18 prospective
studies. J Natl Cancer Inst 100: 170-183, 2008.

38. Fairey AS, Courneya KS, Field CJ, Bell GJ, Jones LW, Mack-
ey JR. Randomized controlled trial of exercise and blood
immune function in postmenopausal breast cancer survivors. J
Appl Physiol (1985) 98: 1534-1540, 2005.

39. Fiuza-Luces C, Garatachea N, Berger NA, Lucia A. Exercise
is the real polypill. Physiology (Bethesda) 28: 330-358, 2013.

40. Franceschi C and Campisi J. Chronic inflammation (inflam-
maging) and its potential contribution to age-associated dis-
eases. J Gerontol A Biol Sci Med Sci 69 Suppl 1: S4-9, 2014.

41. Franzke B, Neubauer O and Wagner KH. Super DNAging-
New insights into DNA integrity, genome stability and telom-
eres in the oldest old. Mutat Res Rev Mutat Res 766: 48-57,
2015.

42. Friedenreich CM, O'Reilly R, Shaw E, Stanczyk FZ, Yasui Y,
Brenner DR, Courneya KS. Inflammatory Marker Changes in
Postmenopausal Women after a Year-long Exercise Interven-
tion Comparing High Versus Moderate Volumes. Cancer Prev
Res (Phila) 9: 196-203, 2016.

43. Fulop T, Kotb R, Fortin CF, Pawelec G, de Angelis F, Larbi A.
Potential role of immunosenescence in cancer development.
Ann N Y Acad Sci 1197: 158-165, 2010.

44. Fulop T, Witkowski JM, Dupuis G, Le Page A, Larbi A, Paw-
elec G. Immunology of Aging and Cancer Development (book
chapter). Aging: Exploring a complex phenomenon (editor:
Ahmad, SI; 2018 by Taylor and Francis Group, LLC) 2018.

45. Gabel L, Ridgers ND, Della Gatta PA, Arundell L, Cerin E,
Robinson S, Daly RM, Dunstan DW, Salmon J. Associations
of sedentary time patterns and TV viewing time with inflam-
matory and endothelial function biomarkers in children. Pedi-
atr Obes 11: 194-201, 2016.

46. Garatachea N, Santos-Lozano A, Sanchis-Gomar F, Fiuza-
Luces C, Pareja-Galeano H, Emanuele E, Lucia A. Elite ath-
letes live longer than the general population: a meta-analysis.
Mayo Clin Proc 89: 1195-1200, 2014.

47. Geffken DF, Cushman M, Burke GL, Polak JF, Sakkinen PA,
Tracy RP. Association between physical activity and markers
of inflammation in a healthy elderly population. Am J Epi-
demiol 153: 242-250, 2001.

48. Gregg R, Smith CM, Clark FJ, Dunnion D, Khan N,
Chakraverty R, Nayak L, Moss PA. The number of human
peripheral blood CD4+ CD25high regulatory T cells increases
with age. Clin Exp Immunol 140: 540-546, 2005.

49. Hanahan D and Weinberg RA. Hallmarks of cancer: the next
generation. Cell 144: 646-674, 2011.

50. Harridge SD and Lazarus NR. Physical Activity, Aging, and Phys-
iological Function. Physiology (Bethesda) 32: 152-161, 2017.

51. Haugen F, Norheim F, Lian H, Wensaas AJ, Dueland S, Berg
O, Funderud A, Skalhegg BS, Raastad T, Drevon CA. IL-7 is
expressed and secreted by human skeletal muscle cells. Am J
Physiol Cell Physiol 298: C807-816, 2010.

52. Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative
biology of exercise. Cell 159: 738-749, 2014.

53. Hayes LD and Elliott BT. Short-Term Exercise Training
Inconsistently Influences Basal Testosterone in Older Men: A
Systematic Review and Meta-Analysis. Front Physiol 9: 1878,
2018.

54. Hazeldine J, Hampson P and Lord JM. Reduced release and
binding of perforin at the immunological synapse underlies the
age-related decline in natural killer cell cytotoxicity. Aging
Cell 11: 751-759, 2012.

55. Hearps AC, Martin GE, Angelovich TA, Cheng WJ, Maisa A,
Landay AL, Jaworowski A, Crowe SM. Aging is associated
with chronic innate immune activation and dysregulation of
monocyte phenotype and function. Aging Cell 11: 867-875,
2012.

56. Hojman P. Exercise protects from cancer through regulation of
immune function and inflammation. Biochem Soc Trans 45:
905-911, 2017.

57. Hojman P, Dethlefsen C, Brandt C, Hansen J, Pedersen L, Ped-
ersen BK. Exercise-induced muscle-derived cytokines inhibit
mammary cancer cell growth. Am J Physiol Endocrinol Metab
301: E504-510, 2011.

58. Hojman P, Gehl J, Christensen JF, Pedersen BK. Molecular
Mechanisms Linking Exercise to Cancer Prevention and Treat-
ment. Cell Metab 27: 10-21, 2018.

59. Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, Szpyt J,
Robinson MM, Nair KS, Gygi SP, Spiegelman BM. Detection
and Quantitation of Circulating Human Irisin by Tandem Mass
Spectrometry. Cell Metab 22: 734-740, 2015.

60. Jones SA and Jenkins BJ. Recent insights into targeting the IL-
6 cytokine family in inflammatory diseases and cancer. Nat
Rev Immunol 18: 773-789, 2018.



Exercise-immunological aspects in counteracting cancer with ageing •   91

EIR 26 2020

61. Jung HR, Kang HM, Ryu JW, Kim DS, Noh KH, Kim ES, Lee
HJ, Chung KS, Cho HS, Kim NS, Im DS, Lim JH, Jung CR.
Cell Spheroids with Enhanced Aggressiveness to Mimic
Human Liver Cancer In Vitro and In Vivo. Sci Rep 7: 10499,
2017.

62. Kawai T and Akira S. The role of pattern-recognition receptors
in innate immunity: update on Toll-like receptors. Nat
Immunol 11: 373-384, 2010.

63. Kenfield SA, Stampfer MJ, Giovannucci E, Chan JM. Physical
activity and survival after prostate cancer diagnosis in the
health professionals follow-up study. J Clin Oncol 29: 726-
732, 2011.

64. Kerr J, Anderson C and Lippman SM. Physical activity, seden-
tary behaviour, diet, and cancer: an update and emerging new
evidence. Lancet Oncol 18: e457-e471, 2017.

65. Kleiven O, Bjorkavoll-Bergseth M, Melberg T, Skadberg O,
Bergseth R, Selvag J, Auestad B, Aukrust P, Aarsland T, Orn S.
High physical fitness is associated with reduction in basal- and
exercise-induced inflammation. Scand J Med Sci Sports 28:
172-179, 2018.

66. Koelwyn GJ, Quail DF, Zhang X, White RM, Jones LW. Exer-
cise-dependent regulation of the tumour microenvironment.
Nat Rev Cancer 17: 620-632, 2017.

67. Kogut I, Scholz JL, Cancro MP, Cambier JC. B cell mainte-
nance and function in aging. Semin Immunol 24: 342-349,
2012.

68. Larbi A, Franceschi C, Mazzatti D, Solana R, Wikby A, Paw-
elec G. Aging of the immune system as a prognostic factor for
human longevity. Physiology (Bethesda) 23: 64-74, 2008.

69. Leggate M, Nowell MA, Jones SA, Nimmo MA. The response
of interleukin-6 and soluble interleukin-6 receptor isoforms
following intermittent high intensity and continuous moderate
intensity cycling. Cell Stress Chaperones 15: 827-833, 2010.

70. Leitzmann M, Powers H, Anderson AS, Scoccianti C, Berrino
F, Boutron-Ruault MC, Cecchini M, Espina C, Key TJ, Norat
T, Wiseman M, Romieu I. European Code against Cancer 4th
Edition: Physical activity and cancer. Cancer Epidemiol 39
Suppl 1: S46-55, 2015.

71. Loessner D, Meinert C, Kaemmerer E, Martine LC, Yue K,
Levett PA, Klein TJ, Melchels FP, Khademhosseini A, Hut-
macher DW. Functionalization, preparation and use of cell-
laden gelatin methacryloyl-based hydrogels as modular tissue
culture platforms. Nat Protoc 11: 727-746, 2016.

72. Marchiani S, Tamburrino L, Nesi G, Paglierani M, Gelmini S,
Orlando C, Maggi M, Forti G, Baldi E. Androgen-responsive
and -unresponsive prostate cancer cell lines respond different-
ly to stimuli inducing neuroendocrine differentiation. Int J
Androl 33: 784-793, 2010.

73. McTiernan A. Mechanisms linking physical activity with can-
cer. Nat Rev Cancer 8: 205-211, 2008.

74. McTiernan A, Friedenreich CM, Katzmarzyk PT, Powell KE,
Macko R, Buchner D, Pescatello LS, Bloodgood B, Tennant B,
Vaux-Bjerke A, George SM, Troiano RP, Piercy KL, Physical
Activity Guidelines Advisory C. Physical Activity in Cancer
Prevention and Survival: A Systematic Review. Med Sci
Sports Exerc 51: 1252-1261, 2019.

75. Minuzzi LG, Chupel MU, Rama L, Rosado F, Munoz VR,
Gaspar RC, Kuga GK, Furtado GE, Pauli JR, Teixeira AM.
Lifelong exercise practice and immunosenescence: Master
athletes cytokine response to acute exercise. Cytokine 115: 1-
7, 2019.

76. Minuzzi LG, Rama L, Chupel MU, Rosado F, Dos Santos JV,
Simpson R, Martinho A, Paiva A, Teixeira AM. Effects of life-
long training on senescence and mobilization of T lympho-
cytes in response to acute exercise. Exerc Immunol Rev 24:
72-84, 2018.

77. Mooren FC and Kruger K. Apoptotic lymphocytes induce pro-
genitor cell mobilization after exercise. J Appl Physiol (1985)
119: 135-139, 2015.

78. Morgentaler A. Turning conventional wisdom upside-down:
low serum testosterone and high-risk prostate cancer. Cancer
117: 3885-3888, 2011.

79. Neubauer O, Konig D and Wagner KH. Recovery after an
Ironman triathlon: sustained inflammatory responses and mus-
cular stress. Eur J Appl Physiol 104: 417-426, 2008.

80. Neubauer O, Sabapathy S, Lazarus R, Jowett JB, Desbrow B,
Peake JM, Cameron-Smith D, Haseler LJ, Wagner KH, Bul-
mer AC. Transcriptome analysis of neutrophils after endurance
exercise reveals novel signaling mechanisms in the immune
response to physiological stress. J Appl Physiol (1985) 114:
1677-1688, 2013.

81. Ng LG, Ostuni R and Hidalgo A. Heterogeneity of neutrophils.
Nat Rev Immunol 19: 255-265, 2019.

82. Nieman DC, Cook VD, Henson DA, Suttles J, Rejeski WJ,
Ribisl PM, Fagoaga OR, Nehlsen-Cannarella SL. Moderate
exercise training and natural killer cell cytotoxic activity in
breast cancer patients. Int J Sports Med 16: 334-337, 1995.

83. Nieman DC, Henson DA, Gusewitch G, Warren BJ, Dotson
RC, Butterworth DE, Nehlsen-Cannarella SL. Physical activi-
ty and immune function in elderly women. Med Sci Sports
Exerc 25: 823-831, 1993.

84. Nilsson A, Bergens O and Kadi F. Physical Activity Alters
Inflammation in Older Adults by Different Intensity Levels.
Med Sci Sports Exerc 50: 1502-1507, 2018.

85. Nilsson MI, Bourgeois JM, Nederveen JP, Leite MR, Hettinga
BP, Bujak AL, May L, Lin E, Crozier M, Rusiecki DR, Moffatt
C, Azzopardi P, Young J, Yang Y, Nguyen J, Adler E, Lan L,
Tarnopolsky MA. Lifelong aerobic exercise protects against
inflammaging and cancer. PLoS One 14: e0210863, 2019.

86. Pape K, Ryttergaard L, Rotevatn TA, Nielsen BJ, Torp-Peder-
sen C, Overgaard C, Boggild H. Leisure-Time Physical Activi-
ty and the Risk of Suspected Bacterial Infections. Med Sci
Sports Exerc 48: 1737-1744, 2016.

87. Pawelec G. Age and immunity: What is "immunosenescence"?
Exp Gerontol 105: 4-9, 2018.

88. Peake JM, Della Gatta P, Suzuki K, Nieman DC. Cytokine
expression and secretion by skeletal muscle cells: regulatory
mechanisms and exercise effects. Exerc Immunol Rev 21: 8-
25, 2015.

89. Peake JM, Neubauer O, Della Gatta PA, Nosaka K. Muscle
damage and inflammation during recovery from exercise. J
Appl Physiol (1985) 122: 559-570, 2017.

90. Peake JM, Neubauer O, Walsh NP, Simpson RJ. Recovery of
the immune system after exercise. J Appl Physiol (1985) 122:
1077-1087, 2017.

91. Pedersen BK. The Physiology of Optimizing Health with a
Focus on Exercise as Medicine. Annu Rev Physiol 81: 607-
627, 2019.

92. Pedersen BK and Febbraio MA. Muscle as an endocrine
organ: focus on muscle-derived interleukin-6. Physiol Rev 88:
1379-1406, 2008.



92 •   Exercise-immunological aspects in counteracting cancer with ageing

EIR 26 2020

93. Pedersen BK and Febbraio MA. Muscles, exercise and obesi-
ty: skeletal muscle as a secretory organ. Nat Rev Endocrinol 8:
457-465, 2012.

94. Pedersen BK and Hoffman-Goetz L. Exercise and the immune
system: regulation, integration, and adaptation. Physiol Rev
80: 1055-1081, 2000.

95. Pedersen L, Idorn M, Olofsson GH, Lauenborg B, Nookaew I,
Hansen RH, Johannesen HH, Becker JC, Pedersen KS, Deth-
lefsen C, Nielsen J, Gehl J, Pedersen BK, Thor Straten P, Hoj-
man P. Voluntary Running Suppresses Tumor Growth through
Epinephrine- and IL-6-Dependent NK Cell Mobilization and
Redistribution. Cell Metab 23: 554-562, 2016.

96. Pedersen M, Steensberg A, Keller C, Osada T, Zacho M, Saltin B,
Febbraio MA, Pedersen BK. Does the aging skeletal muscle main-
tain its endocrine function? Exerc Immunol Rev 10: 42-55, 2004.

97. Petersen AM and Pedersen BK. The anti-inflammatory effect
of exercise. J Appl Physiol (1985) 98: 1154-1162, 2005.

98. Philippe M, Gatterer H, Burtscher M, Weinberger B, Keller M,
Grubeck-Loebenstein B, Fleckenstein J, Alack K, Kruger K.
Concentric and Eccentric Endurance Exercise Reverse Hall-
marks of T-Cell Senescence in Pre-diabetic Subjects. Front
Physiol 10: 684, 2019.

99. Pickup MW, Mouw JK and Weaver VM. The extracellular
matrix modulates the hallmarks of cancer. EMBO Rep 15:
1243-1253, 2014.

100. Platz EA and Giovannucci E. The epidemiology of sex steroid
hormones and their signaling and metabolic pathways in the
etiology of prostate cancer. J Steroid Biochem Mol Biol 92:
237-253, 2004.

101. Platz EA, Leitzmann MF, Rifai N, Kantoff PW, Chen YC,
Stampfer MJ, Willett WC, Giovannucci E. Sex steroid hor-
mones and the androgen receptor gene CAG repeat and subse-
quent risk of prostate cancer in the prostate-specific antigen
era. Cancer Epidemiol Biomarkers Prev 14: 1262-1269, 2005.

102. Rampersad SN. Multiple applications of Alamar Blue as an
indicator of metabolic function and cellular health in cell via-
bility bioassays. Sensors (Basel) 12: 12347-12360, 2012.

103. Renshaw M, Rockwell J, Engleman C, Gewirtz A, Katz J,
Sambhara S. Cutting edge: impaired Toll-like receptor expres-
sion and function in aging. J Immunol 169: 4697-4701, 2002.

104. Riffle S, Pandey RN, Albert M, Hegde RS. Linking hypoxia,
DNA damage and proliferation in multicellular tumor sphe-
roids. BMC Cancer 17: 338, 2017.

105. Rundqvist H, Augsten M, Stromberg A, Rullman E, Mijwel S,
Kharaziha P, Panaretakis T, Gustafsson T, Ostman A. Effect of
acute exercise on prostate cancer cell growth. PLoS One 8:
e67579, 2013.

106. Sanchez WY, de Veer SJ, Swedberg JE, Hong EJ, Reid JC,
Walsh TP, Hooper JD, Hammond GL, Clements JA, Harris
JM. Selective cleavage of human sex hormone-binding globu-
lin by kallikrein-related peptidases and effects on androgen
action in LNCaP prostate cancer cells. Endocrinology 153:
3179-3189, 2012.

107. Satoh-Takayama N, Lesjean-Pottier S, Vieira P, Sawa S, Eberl
G, Vosshenrich CA, Di Santo JP. IL-7 and IL-15 independently
program the differentiation of intestinal CD3-NKp46+ cell
subsets from Id2-dependent precursors. J Exp Med 207: 273-
280, 2010.

108. Seals DR, Justice JN and LaRocca TJ. Physiological gero-
science: targeting function to increase healthspan and achieve
optimal longevity. J Physiol 594: 2001-2024, 2016.

109. Sellami M, Dhahbi W, Hayes LD, Kuvacic G, Milic M, Padulo
J. The effect of acute and chronic exercise on steroid hormone
fluctuations in young and middle-aged men. Steroids 132: 18-
24, 2018.

110. Services WDUSDoHaH. 2018 Physical Activity Guidelines
Advisory Committee Scientific Report. 2018.

111. Shaw AC, Goldstein DR and Montgomery RR. Age-dependent
dysregulation of innate immunity. Nat Rev Immunol 13: 875-
887, 2013.

112. Sherman H, Gitschier HJ and Rossi AE. A Novel Three-
Dimensional Immune Oncology Model for High-Throughput
Testing of Tumoricidal Activity. Front Immunol 9: 857, 2018.

113. Shitara S, Hara T, Liang B, Wagatsuma K, Zuklys S, Hollander
GA, Nakase H, Chiba T, Tani-ichi S, Ikuta K. IL-7 produced
by thymic epithelial cells plays a major role in the develop-
ment of thymocytes and TCRgammadelta+ intraepithelial
lymphocytes. J Immunol 190: 6173-6179, 2013.

114. Simpson RJ. Aging, persistent viral infections, and immunose-
nescence: can exercise "make space"? Exerc Sport Sci Rev 39:
23-33, 2011.

115. Simpson RJ, Bigley AB, Agha N, Hanley PJ, Bollard CM.
Mobilizing Immune Cells With Exercise for Cancer
Immunotherapy. Exerc Sport Sci Rev 45: 163-172, 2017.

116. Simpson RJ, Lowder TW, Spielmann G, Bigley AB, LaVoy
EC, Kunz H. Exercise and the aging immune system. Ageing
Res Rev 11: 404-420, 2012.

117. Soliman S, Aronson WJ and Barnard RJ. Analyzing serum-
stimulated prostate cancer cell lines after low-fat, high-fiber
diet and exercise intervention. Evid Based Complement Alter-
nat Med 2011: 529053, 2011.

118. Spielmann G, McFarlin BK, O'Connor DP, Smith PJ, Pircher
H, Simpson RJ. Aerobic fitness is associated with lower pro-
portions of senescent blood T-cells in man. Brain Behav
Immun 25: 1521-1529, 2011.

119. Spyridopoulos I, Martin-Ruiz C, Hilkens C, Yadegarfar ME,
Isaacs J, Jagger C, Kirkwood T, von Zglinicki T. CMV
seropositivity and T-cell senescence predict increased cardio-
vascular mortality in octogenarians: results from the Newcas-
tle 85+ study. Aging Cell 15: 389-392, 2016.

120. Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen
BK. Exercise and IL-6 infusion inhibit endotoxin-induced
TNF-alpha production in humans. FASEB J 17: 884-886, 2003.

121. Steensberg A, Fischer CP, Keller C, Moller K, Pedersen BK.
IL-6 enhances plasma IL-1ra, IL-10, and cortisol in humans.
Am J Physiol Endocrinol Metab 285: E433-437, 2003.

122. Tamura Y, Watanabe K, Kantani T, Hayashi J, Ishida N, Kane-
ki M. Upregulation of circulating IL-15 by treadmill running
in healthy individuals: is IL-15 an endocrine mediator of the
beneficial effects of endurance exercise? Endocr J 58: 211-
215, 2011.

123. Tichet M, Prod'Homme V, Fenouille N, Ambrosetti D,
Mallavialle A, Cerezo M, Ohanna M, Audebert S, Rocchi S,
Giacchero D, Boukari F, Allegra M, Chambard JC, Lacour JP,
Michiels JF, Borg JP, Deckert M, Tartare-Deckert S. Tumour-
derived SPARC drives vascular permeability and extravasation
through endothelial VCAM1 signalling to promote metastasis.
Nat Commun 6: 6993, 2015.

124. Timmerman KL, Flynn MG, Coen PM, Markofski MM, Pence
BD. Exercise training-induced lowering of inflammatory
(CD14+CD16+) monocytes: a role in the anti-inflammatory
influence of exercise? J Leukoc Biol 84: 1271-1278, 2008.



Exercise-immunological aspects in counteracting cancer with ageing •   93

EIR 26 2020

125. Tremblay MS, Copeland JL and Van Helder W. Effect of train-
ing status and exercise mode on endogenous steroid hormones
in men. J Appl Physiol (1985) 96: 531-539, 2004.

126. Turner JE and Brum PC. Does Regular Exercise Counter T
Cell Immunosenescence Reducing the Risk of Developing
Cancer and Promoting Successful Treatment of Malignancies?
Oxid Med Cell Longev 2017: 4234765, 2017.

127. van Duin D, Mohanty S, Thomas V, Ginter S, Montgomery
RR, Fikrig E, Allore HG, Medzhitov R, Shaw AC. Age-associ-
ated defect in human TLR-1/2 function. J Immunol 178: 970-
975, 2007.

128. Wallace DL, Berard M, Soares MV, Oldham J, Cook JE, Akbar
AN, Tough DF, Beverley PC. Prolonged exposure of naive
CD8+ T cells to interleukin-7 or interleukin-15 stimulates pro-
liferation without differentiation or loss of telomere length.
Immunology 119: 243-253, 2006.

129. Walsh NP, Gleeson M, Shephard RJ, Gleeson M, Woods JA,
Bishop NC, Fleshner M, Green C, Pedersen BK, Hoffman-
Goetz L, Rogers CJ, Northoff H, Abbasi A, Simon P. Position
statement. Part one: Immune function and exercise. Exerc
Immunol Rev 17: 6-63, 2011.

130. Wikby A, Ferguson F, Forsey R, Thompson J, Strindhall J,
Lofgren S, Nilsson BO, Ernerudh J, Pawelec G, Johansson B.
An immune risk phenotype, cognitive impairment, and sur-
vival in very late life: impact of allostatic load in Swedish
octogenarian and nonagenarian humans. J Gerontol A Biol Sci
Med Sci 60: 556-565, 2005.

131. Wikby A, Nilsson BO, Forsey R, Thompson J, Strindhall J,
Lofgren S, Ernerudh J, Pawelec G, Ferguson F, Johansson B.
The immune risk phenotype is associated with IL-6 in the ter-
minal decline stage: findings from the Swedish NONA
immune longitudinal study of very late life functioning. Mech
Ageing Dev 127: 695-704, 2006.

132. Windsor MT, Bailey TG, Perissiou M, Meital L, Golledge J,
Russell FD, Askew CD. Cytokine Responses to Acute Exer-
cise in Healthy Older Adults: The Effect of Cardiorespiratory
Fitness. Front Physiol 9: 203, 2018.

133. Wolska A, Lech-Maranda E and Robak T. Toll-like receptors
and their role in carcinogenesis and anti-tumor treatment. Cell
Mol Biol Lett 14: 248-272, 2009.

134. Woods JA, Ceddia MA, Wolters BW, Evans JK, Lu Q,
McAuley E. Effects of 6 months of moderate aerobic exercise
training on immune function in the elderly. Mech Ageing Dev
109: 1-19, 1999.

135. Woods JA, Keylock KT, Lowder T, Vieira VJ, Zelkovich W,
Dumich S, Colantuano K, Lyons K, Leifheit K, Cook M,
Chapman-Novakofski K, McAuley E. Cardiovascular exercise
training extends influenza vaccine seroprotection in sedentary
older adults: the immune function intervention trial. J Am
Geriatr Soc 57: 2183-2191, 2009.

136. Xu X, Chen X, Hu H, Dailey AB, Taylor BD. Current opinion
on the role of testosterone in the development of prostate can-
cer: a dynamic model. BMC Cancer 15: 806, 2015.



94 •   Obesity and exercise on PPARγ knockout macrophages

EIR 26 2020

ABSTRACT

Moderate aerobic training may be therapeutic for chronic
low-grade inflammatory diseases due to the associated anti-
inflammatory response that is mediated by immune cells. The
peroxisome proliferator-activated receptor gamma (PPARγ)
regulates the M1 (pro-inflammatory) and M2 (anti-inflamma-
tory) polarization, as well as the immunometabolic response
of macrophages. Against this background, the present study
seeks to clarify whether the conditional deletion of PPARγ in
macrophages would have any effect on the anti-inflammatory
role of moderate aerobic training. To test this hypothesis, two
mice strains were used: PPARγ LyzCre+/+ (KO) and litter-
mates control animals (WT). Each genotype was divided into
1) sedentary high-fat diet (HF) and 2) high-fat diet and mod-
erate aerobic training (HFT) (n = 5–8 per group). The exper-
imental protocol lasted for 12 weeks, comprising 4 weeks of
HF diet only and 8 weeks of HF diet and aerobic training (5
times/week, 50–60 minutes/day at 60% of maximum speed).
Metabolic analyses were carried out on the serum glucose
homeostase, adipose tissue morphology and cytokine content,
and macrophage cytokine production. Immunophenotyping
and gene expression were also performed. KO male mice were
more prone to hypertrophy in the subcutaneous adipose tis-
sue, though only the IL-1β (p = 0.0049) was higher compared
to the values observed in WT animals. Peritoneal
macrophages from KO animals exhibited a marked inflamma-
tory environment with an increase in TNF-α (p = 0.0008), IL-
1β (p = 0.0017), and IL-6 (p < 0.0001) after lipopolysaccha-
ride stimulation. The moderate aerobic training protected
both genotypes from weight gain and reduced the caloric
intake in the KO animals. Despite the attenuation of the M2

marker CD206 (p < 0.001) in the absence of PPAR-γ, the aer-
obic training modulated cytokine production in LPS stimulat-
ed peritoneal macrophages from both genotypes, reducing
proinflammatory cytokines such as TNF-α (p = 0.0002) and
IL-6 (p < 0.0001). Overall, our findings demonstrate the
essential role of PPARγ in macrophage immunophenotypes.
However, the deletion of PPARγ did not inhibit the exercise-
mediated anti-inflammatory effect, underscoring the impor-
tant role of exercise in modulating inflammation.

Keywords: adipose tissue, cytokines, immune system, mod-
erate aerobic training, transcriptional factor 

INTRODUCTION

Obesity is a global public health concern with a rising preva-
lence since the industrial revolution due to the increase in
caloric intake (1). The obese adipose tissue is characterized by
hypertrophy and subsequent higher lipolysis, which can cause
ectopic lipid accumulations and impairments of insulin sensi-
tivity (2). Together with the accumulation of fat depots and an
increased risk of cardiovascular diseases, obesity may be a
trigger to the inflammatory response characterized by a low-
grade but chronic (3-4). 

The long-term stimulation of innate immune cells exacer-
bates the release of cytokines, adipokines, and acute phase
proteins (3, 5). One of the first studies describing obesity as a
trigger of low-grade inflammation was conducted by
Hotamisligil (6), in which the tumour necrosis factor alpha
(TNF-α), a potent proinflammatory cytokine from visceral
adipose tissue, was considered the link between inflammation
and insulin resistance. 

Although macrophages are considered the central players
in local inflammation within adipose tissues, other immune
cells play relevant roles in the origin and maintenance of low-
grade inflammation. These include different subsets of T and
B lymphocytes, eosinophils, and NK cells (7). However, of all
the cells from the innate immune system, macrophages are the
majority in the adipose tissue stromal vascular fraction (8).
Classically activated macrophages (M1) exhibit a more gly-
colitic metabolism and a higher secretion of TNF-α, IL-6, and
IL-1β from obese adipose tissues (9). In contrast, lean adipose
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tissues not only recruit immune cells with anti-inflammatory
characteristics, but also release cytokines such as adiponectin,
which induces the polarization of alternatively activated
macrophages (M2) (8). 

Macrophages recognize pathogens and some fatty acids by
a transmembrane protein called Toll like receptors (TLRs).
TLR-4 recognizes lipopolysaccharides (LPS) (10) and trig-
gers a pathway that leads to the dissociation of an inhibitory
subunit from the nuclear factor kappa B (NF-κB) complex and
its subsequent translocation to the nucleus, leading to the tran-
scription of pro-inflammatory genes (11). Diet-derived fatty
acids modulate monocytes/macrophages In addition to TLRs
expression patterns, saturated fatty acids are believed to acti-
vate TLR4-mediated signalling pathways (12). In contrast,
some studies have shown that polyunsaturated fatty acids such
as eicosapentaenoic acid and docosahexaenoic acid have anti-
inflammatory properties due to the ability to activate the per-
oxisome proliferator activated receptors (PPARs) (13). 

PPARs are a family of transcriptional factors that regulate
several genes related to lipid metabolism and lipogenesis.
Three members from the PPARs family have been identified
(α, β/δ, and γ), with diversified tissue distribution (14).
PPARα is considerably expressed in tissues with high meta-
bolic rates, such as liver, heart, muscle, brown adipose tissue,
and some immune cells. Its main role is the regulation of fatty
acid metabolism (15). PPAR β/δ is involved in the transcrip-
tion of genes responsible for fatty acid uptake, beta-oxidation,
and energy decoupling. This fosters the reduction of lipotoxic-
ity and the improvement of insulin sensitivity (16). PPARγ is
considered the main regulator of adipogenesis. It has metabol-
ic functions such as adipocyte differentiation, lipid storage,
and glucose metabolism, as well as anti-inflammatory func-
tions that are expressed essentially via macrophages. Some of
the PPARγ target genes are lipoprotein lipase, CD36, and
adiponectin (2). Two anti-inflammatory mechanisms of
PPARγ have been previously identified. One is the suppres-
sion of proinflammatory transcription factors, including
STAT, NF-κB, and AP-1, via competition for the same PPAR
responsive element (PPRE) (17). The other mechanism is the
non-removal of corepressor complexes from inflammatory
genes, keeping them in a suppressed state (18).

For PPARγ binding to specific DNA sequences to occur,
heterodimerization with a second member of the nuclear
receptor family, the retinoic X receptor (RXR), is required. In
the absence of ligands, PPARγ silencing occurs by transcrip-
tional corepressor complexes. Alternatively, binding of ago-
nists ligands induces conformational changes in PPARγ struc-
ture. This leads to the trapping of transcriptional coativators
(19). Previous human studies have shown that PPARγ activa-
tion leads monocytes into the anti-inflammatory profile by
alternative M2 macrophage polarization (20). Additionally,
pre-treatment with proinflammatory cytokines down-regu-
lates PPARγ gene expression in bone marrow-derived
macrophages. In addition, the pre-treatment of adipocytes
with arachidonic acid hinders PPARγ gene and protein
expression (21). 

In 2010, Kawanishi et al. showed that moderate aerobic
training (16 weeks on the treadmill) was able to increase M2
(CD163) mRNA expression of surface markers and reduce
M1 (CD11c) in obese mice with a concomitant reduction of
TLR-4 mRNA. Besides this, exercise has been considered an

important PPARγ activator by different mechanisms such as
gene expression (22), DNA-binding (23), or ligands genera-
tion (24). Our group has previously showed that PPARα plays
an important anti-inflammatory role in acute exercise (25).
PPARγ also plays an essential role in the control plasma lipids
(26) and in the alternative activation of monocytes in human
(27) and animal models (28) in moderate-intensity aerobic
training. 

Due to the need for therapeutic strategies for chronic
inflammatory diseases, such as diabetes, we chose not to use a
therapeutic target already well-established in the literature,
PPARγ. Rather, we chose to apply an acknowledged treat-
ment, physical exercise, based on the hypothesis that the
absence of PPARγ would impair the well-known anti-inflam-
matory effect of exercise. As such, in the context of obesity
the over-activation of inflammatory TLR4 pathway, we seek
to investigate whether macrophages PPARγ influences the
exercise-mediated anti-inflammatory effect. To evaluate this,
we analyzed alterations in the metabolic and inflammatory
parameters of PPARγ CreLox mice induced to obesity by a
high-fat diet and subsequently submitted to an 8-week moder-
ate-intensity aerobic training. 

MATERIALS AND METHODS

Animals and diet
The Animal Care Committee of the Institute of Biomedical

Sciences approved all the experimental protocols (University
of São Paulo, Brazil, Protocol 112/13CEUA). Mice with a
selective deletion of PPARγ in the myeloid lineage (PPARγ
Cre+) were produced by crossing PPARy Lox/P mice (The
Jackson Laboratory, stock no. 004584) with Lys Mcre mice
(The Jackson Laboratory, stock no. 004781). The animals
were selected by genotyping using primers and protocols indi-
cated by the manufacturer Figure S1. The mice in the study
were male 8–10-week-old mice maintained at 22 ± 2°C in a
12-hour light/dark cycle. 

The mice were fed with a high-fat diet (HF, 59% of calories
from fat, 15% from proteins, and 26% from carbohydrate)
consisting of a modified AIN-93 diet with an increased lipid
content and a reduced carbohydrate content (Table S1) (29).
The basic composition of the high-fat diet were: hydrogenated
vegetable fat, sucrose, casein, dextrinized corn starch, corn
starch, microfine cellulose, sunflower oil [omega 6], mineral
mix, vitamin mix, L-cystine, and choline bitartrate. Two or
three mice were kept in each cage and both water and the diet
were supplied ad libitum. The food consumption pattern was
recorded weekly and the caloric intake was calculated (Figure
1C).

Experimental groups
The mice were subdivided into four groups (8–10 mice

each): wild type sedentary (WT HF) [21.6 ± 1.12g], knockout
sedentary (KO HF) [21.41 ± 1.33g], wild type trained (WT
HFT) [20.51 ± 1.54g], and knockout trained (KO HFT) [19.65
± 1.15g]. All the animals were adapted to a treadmill for 1
week (10 min—10 m/min) and performed a maximum test
speed in three moments (week 1/8, week 4/8, and week 8/8).
Only trained groups were submitted to the exercise training
protocol (5 days/week, 1 hr/day 55–65% of maximum speed
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test) (30-31). After 72 hours of resting from the last maximum
speed test, the animals were euthanized (6hr fasting).

Analysis of serum lipid concentrations
The mice were euthanized and blood was collected from

the same site of decaptation, and the serum was obtained by
centrifugation at 3000rpm for 15 minutes at 4°C. The non-
esterified fatty acids (NEFA; HR Series NEFA HR; Wako
Pure Chemical Industries, Ltd., Richmond, VA), glucose, tria-
cylglycerol (TAG), and total cholesterol (TC) were analyzed
in the serum by a colorimetric method (Labtest, Lagoa Santa,
Brazil). All the assays were performed in duplicates.

Glucose (GTT) and insulin (ITT) tolerance tests
The mice received an intraperitoneal injection of D-glu-

cose (2 g.kg−1 body weight) or insulin (0.375 U.kg−1 body
weight) after a 4-hour fast. For the glucose tolerance test
(GTT), blood drops were collected from the tail vein before
and at 15, 30, 60, and 90 minutes after the glucose injection.
The glucose concentrations at each time point were used to
calculate the area under the curve (AUC) (32). For the insulin
tolerance test (ITT), blood samples were collected from the
tail vein before and at 5,10,15,20, 25, and 30 minutes after
insulin injection. The constant for serum glucose disappear-
ance (KITT) was calculated by linear regression of glycemic
levels measured between 5 and 15 minutes after insulin injec-
tion according to Bonora (1989) (33). An interval of 72 hours
between the two tests was observed. Accu-Chek Performa
(Roche, São Paulo, SP, Brazil) was used to assess the levels of
glucose.

Citrate Synthase
The activity of citrate synthase was determined using 5. 5'-

dithiobis- (2-nitrobenzoic acid DTNB) using muscle (soleus)
homogenates in 100 mM Tris, pH 8.0, 0.1 mM acetyl-CoA,
0.1 mM 5,5'-dithiobis- (2-nitrobenzoic acid), 0.1% triton X-
100. 2 μg of supernatant protein were used for the reaction
that was started with 0.2 mM oxaloacetate and monitored at
412 nm for 3 minutes at 25 ° C.

Enzyme-linked immunosorbent assay (ELISA)
Subcutaneous (inguinal) adipose tissue (80–100 mg) and

adipocytes extracted from the same depot were homogenized
in radioimmunoprecipitation assay buffer (0.625% Nonidet P-
40, 0.625% sodium deoxycholate, 6.25 mM sodium phos-
phate, and 1 mM ethylenediaminetetraacetic acid [EDTA] at
pH 7.4) containing 10μg.ml−1 of protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO). After centrifugation, the
supernatant was used to determine the protein concentration
by the Bradford assay (Bio-Rad, Hercules, CA). Insulin from
the serum and cytokines from the supernatant of cultured
macrophages and from the adipose tissue were assessed in
duplicates by ELISA (DuoSet ELISA; R&D Systems, Min-
neapolis, MN).

Peritoneal macrophage isolation and culture
Macrophages were obtained by washing the peritoneal cav-

ity with Roswell Park Memorial Institute (RPMI) culture
medium (Sigma-Aldrich), enriched with 2% fetal bovine
serum (FBS), and antibiotics (1%). The medium collected was
centrifuged, the supernatant aspirated, and the cell pellet

resuspended in 1 ml of complete medium The cells were
counted in a haemocytometer using trypan blue (0.4%) exclu-
sion and 5x105 viable macrophages were cultured in medium
(RPMI) supplement with fetal bovine serum (10%), and
antibiotics solutions in standard conditions (37°C in humidi-
fied 95% air; 5% CO2). After 2 hours, nonadherent cells were
removed by washing with RPMI. Adherent cells were then
collected using cold phosphate-buffered saline (PBS) 2% sim-
ulated body fluid for further flow cytometry analysis or incu-
bated with 2.5µg.ml−1 of lipopolysaccharide (LPS;
Escherichia coli, serotype 0111:B4; Sigma Aldrich) for 24
hours (34). The medium was collected for the determination
of interleukin-6 (IL-6), IL-10, IL-1β, monocyte chemoattrac-
tant protein-1 (MCP-1), IL-1ra, and TNF-α by ELISA (R&D
System) according to the manufacturer’s instructions.

Adipose tissue-macrophages and peritoneal macrophages
flow cytometry

Adipose tissue was digested with collagenase type II (2
mg.ml−1; Sigma- Aldrich) in PBS with EDTA (2 mM; Sigma-
Aldrich) and 0.5% FBS for 60 minutes at 37°C in a shaker.
The suspension was filtered using a cell strainer 100 μm and
subsequently centrifuged at 400 rpm for 10 min at 4°C. The
supernatant was decanted and the pellet was resuspended in 3
ml lysis buffer (17 mM Tris–HCl + 0.144M de cloreto de
amônia, pH 7.2) for 2 min for purification of leukocytes. After
centrifugation at 3,000 rpm for 10 minutes at 4°C, the cells
were washed with PBS, and stained with the following anti-
body panel: Anti-CD11b, F4/80, CD11c, CD206, diluted
1:100 (BioLegend, San Diego, CA). M1 macrophages were
characterized by the expression of CD11c in adipose tissue-
resident macrophages and CD86 in peritoneal macrophages
concomitant with F4/80 and CD11b markers and M2
macrophages by the expression of CD206 concomitant with
F4/80 and CD11b markers (Table S2). The characterization of
subpopulations of leukocytes was performed on the FACS
CANTOII machine (Beckton Dickson, Franklin Lakes, NJ)
and data analysis was performed with FlowJo 9.5.3 software
Tree Star (Ashland, OR).

Real-time reverse transcription PCR
Macrophage total RNA was extracted with TRIzol reagent

(Invitrogen Life Technologies, Grand Island, NY), following
the method described by Chomczynski and Sacchi (35).
Reverse transcription to complementary DNA (cDNA) was
performed using the high capacity cDNA kit (Applied Biosys-
tems, Foster, CA). Gene expression was evaluated by real
time PCR according to Higuchi et al. (36), using SYBR Green
Master Mix (Applied Biosystems) as a fluorescent dye.
Primer sequences are shown in Table S3. Quantification of
gene expression was carried out using the RPLP0 gene as an
internal control, as previously described by Liu and Saint
(37).

Histological sections
Tissues were removed, fixed in 4% formaldehyde (phos-

phate buffer) at pH 7.4, for a period of approximately 24
hours at room temperature. After fixation, the tissues were
dehydrated in ethanol, clarified in xylol and embedded in
paraffin at 60°C. Subsequently, the paraffin blocks containing
the tissues were cut into a microtome (Leica®, Germany),
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resulting in cuts of 5 μm in thickness. The sections were
stained with hematoxylin and eosin (H & E). For histological
investigation. An image analysis system consisting of a digital
camera (Evolution, Media Cybernetics, Inc., Bethesda, MD)
attached to a light microscope (Eclipse 400, Nikon) was used.
High quality images (2048 × 1536 pixels) were captured with
ImagePro Plus 4.5.1 (Media Cybernetics) and quantified areas
of adipocyte perimeters and diameters by Fiji Software
(ImageJ) Madison, Wisconsin, USA - Adiposoft (38).

Statistical analysis
All the groups were first tested for the distribution normali-

ty (Shapiro Wilk test) and subsequently compared in terms of
the effects of genotype (WT HF x KO HF) and exercise
(sedentary x trained) by using the two-way ANOVA followed

by Bonferroni post hoc test. For comparison between two
variables, the Student T test was used. The analyses were per-
formed using the software GraphPad Prism version 6.01 (La
Jolla, CA). Results are presented as mean ± standard error of
mean. The significance level adopted was p < 0.05.

RESULTS

Aerobic training avoids exacerbated weight gain in both
genotypes and decreases calorie in KO animals

Despite the occurrence of body weight gains in the same
proportion (with no statistically significant differences
between the WT HF and KO HF) (Figure 1A), the KO HF
mice showed a higher calorie intake in the sedentary groups

Figure 1. Effect of PPARγ deletion and aerobic training in obese mice. Weekly body weight (A), citrate synthase from the soleus muscle (B),
caloric intake (C) and serum leptin concentration (D). All values are mean ± standard error of the mean (n = 8–10 per group). (Two-way ANOVA
followed by Bonferroni post-test). a = different from WT HF; b = different from KO HF; * p < 0.05; ** p < 0.01.

WT HF KO HF WT HFT KO HFT
Body weight (g) 33.50 ± 4.94a 34.94 ± 3.04b 28.82 ± 2.30 31.18 ± 4.12
SAT (%) 1.97 ± 0.77 2.47 ± 1.34 1.89 ± 0.63 1.78 ± 1.04
RAT (%) 0.97 ± 0.42 1.10 ± 0.42b 0.78 ± 0.60 0.67 ± 0.44
EAT (%) 4.46 ± 1.575 5.39 ± 1.51b 3.52 ± 1.53 3.01 ± 1.75
Liver (%) 4.11 ± 0.19 4.20  ±  0.53 3.65 ± 1.01 4.19 ± 0.22
GAST (%) 0.76 ± 0.12ac 0.89 ± 0.11 1.01 ± 0.13 0.96 ± 0.077
TC (mg.dL−1) 171.01 ± 9.18 159.52 ± 16.64 138.69 ± 8.40 137.87 ± 5.99
TAG (mg.dL−1) 136.29 ± 11.88 127.77 ± 5.81 124.05 ± 7.02 113.40 ± 3.42
NEFA (mg.dL−1) 0.766 ± 0.04 0.654 ± 0.01 0.712 ± 0.03 0.676 ± 0.03
Adiponectin (ng.mL−1) 5.20 ± 2.64 6.26 ± 0.511b 5.72 ± 0.32 4.76 ± 0.37

g = grams; % = relative weight; SAT = Subcutaneous adipose tissue; RAT = Retroperitoneal adipose tissue; GAST = Gastrocnemious; EAT =
Epididimal adipose tissue; TC = Total Cholesterol; TAG = triacylglycerol; NEFA = free fatty acids; a = different from WT HFT; b = different from KO
HFT; c = different from KO HF.

Table 1. Effect of PPARγ deletion and aerobic training on variables of body composition, lipid profile, and serum adiponectin of obese mice. All
values are mean ± standard error of the mean (n = 8–10 / group) (two-way ANOVA followed by Bonferroni post-test p < 0.05).
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but aerobic training balanced the calorie intake in the geno-
types (Figure 1C). In addition, leptin concentrations were
equivalent between the genotypes with exercise-mediated
decreases in both groups (Figure 1D).

Adipose tissues from the KO animals seems to be more
susceptible to weight variances generated by exercise
training, especially decreasing the ones located in the cen-
tral region (retroperitoneal and epididymal) (Table 1). Nei-
ther the liver nor brown adipose tissue weights were
affected by exercise (data not shown). However, the gas-
trocnemius relative weight, which was naturally higher in
the WT HF, was more enlarged in the training group
(Table 1).

Aerobic training reduces fasting blood glucose and insulin
in WT animals fed with a high-fat diet

Serum glucose and insulin concentrations in WT HFT ani-
mals were lower when compared to their sedentary pairs. In
the KO HF, there was no significant effect by aerobic training
(Figure 2A and B). With regards to the glucose tolerance and
insulin resistance tests, exercise does not alter the area under
the curve nor the glucose decay constant after insulin injection
in any of the genotypes (Figure 2C and D).

Neither aerobic training nor the genotype affected the
serum lipid concentrations (Table 1), however, adiponectin
was lower in the KO HFT group when compared to their
sedentary pairs (Table 1).

Figure 2. Glucose metabolism of WT and KO animals submitted to a high-fat diet and aerobic training. Glucose (A) and fasting insulin (B),
intraperitoneal glucose tolerance test (ipGTT) (C), intraperitoneal insulin tolerance test (ipITT) (D), area under the AUC curve of the tolerance test
(E) and glucose decay constant (KiTT) (F). All values are mean ± standard error of the mean (n = 5–6 per group). (ANOVA two-way followed by
Bonferroni) a = different from WT HF. b = different from KO HF. c = different from WT HFT; d = different from KO HFT. * p < 0.05, ** p < 0.01, *** p
< 0.001.
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Aerobic training attenuates hypertrophy in subcutaneous
adipose tissue of KO animals

Although not significant, the KO HF had a slightly higher
adipocyte area in the subcutaneous adipose tissues but aerobic
training did not prevent the expansion of this exacerbated area
(Figure 3B and C).

Although the aerobic training did not contribute to the mor-
phological alteration in the WT subcutaneous adipose tissues,
the M1 marker CD11c was significantly reduced. However,
even with normalization of subcutaneous adipose tissue area
in the KO animals, macrophages maintained their M1/M2
markers balance (Figure 4B).

The IL-6 and adiponectin profiles were similar in both iso-
lated adipocytes and total adipose tissue (adipocytes plus stro-
mal portion) microenvironments. However, TNF-α seems to
be essentially produced in the stromal portion of the tissue
(Figure 5A and D). In addition, regardless of the non-reduc-
tion of M1 marker CD11c+ as observed in the KO HFT (Fig-
ure 4B), exercise anti-inflammatory effects such as decreased
TNF-α and IL-1β should be highlighted in this genotype (Fig-
ure 5D and H).

Aerobic training maintains anti-inflammatory effects in
peritoneal macrophages despite of reduced M2 markers
CD206 in the absence of PPARγ.

Aerobic training increased mainly M1 markers in both
obese groups. In addition, M2 markers CD206+ were lower in
cells with PPARγ deletion when compared to WT (Figure
4A). The KO HFT showed a reduction of proinflammatory
cytokines production such as TNF-α and IL-6 in 24h-cultured
cells with LPS stimulation (Figure 6A and B). IL-10 produc-
tion after LPS was lower in the KO macrophages of the
trained animals compared to WT (Figure 6C). IL-1β showed
higher values when LPS stimulated and increased due to the
effect of aerobic training on WT macrophages (Figure 6F).

It was observed that LPS significantly increased the TLR-
4 gene expression and that exercise prevents this phenomenon
regardless of PPARγ (Figure 6H). The hypoxia inducible fac-
tor 1 alpha was higher in the KO HF when compared to the
WT HF and KO HF LPS (Figure 6G).

DISCUSSION

In this study, different responses in macrophages subpopu-
lation (peritoneal and adipose tissue-associated) were identi-
fied as a result of obesity and moderate aerobic training. Fur-
thermore, PPARγ transcription factor has been shown to be
necessary for modulating macrophages surface markers,
though it plays a lesser degree of importance in the modula-
tion of cytokines production. Since macrophages are plastic
cells (39), it is reasonable that exercise can alter their func-
tion/secretion without undergoing significant phenotypic
changes. This finding suggests the idea that when exercise is
involved, not only macrophages phenotype but cell function-
ality (cytokine production) must be taken into account.

The KO HFT group showed a lower caloric intake despite
the decrease in serum leptin concentrations which suggests
that such animals may develop resistance to leptin when fed a
high-fat diet, phenomenon that is also common in obese
humans (40) and associated with hyperinsulinaemia and the
risk of type 2 diabetes (41). Reduction in fasting insulin as
well as improvement in glucose tolerance test in the WT HFT
animals may be explained by an increase in glucose uptake in
peripheral tissues such as skeletal muscle by insulin-indepen-
dent pathways (42-43). In a study conducted simultaneously
with the high-fat diet, exercise training improved insulin sen-
sitive in the WT group (44) facilitated by the reduction in both
fasting insulin and glucose.

In the knockout model for PPARγ in adipose tissue, high-
fat diet did not induce a significant increase in body weight
and insulin resistance (45). Compared to the data of the pres-
ent study, which uses animals with the same gene deletion but

Figure 3. Morphology of adipose tissues of WT and KO animals fed
with high-fat diet and submitted to aerobic training. Representative
pictures of each group using 40 times amplification (A), mean area (B)
and frequency of subcutaneous adipocyte distribution (C). The values
were calculated from histological sections images using the ImagePro
Plus Fiji version 6.0 program. All values are expressed as the mean ±
standard error of the mean (n = 3 per group). (Two-way ANOVA fol-
lowed by Bonferroni).
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Figure 4. Phenotypic characterization of macrophages by flow cytometry. Effects of high fat-diet and aerobic training on peritoneal (A) and adi-
pose tissue-associated (B) macrophages phenotypic markers in PPARγ conditional knockout (KO) and control (WT) mice. Quantification of
markers (A and B) and histogram representation of the groups analysed (C and D). Leukocytes were identified by CD45. A sequential labeling
strategy was used to identify populations expressing specific markers (F4/80+CD11b+), followed by identification of subpopulations with
expression patterns: peritoneal macrophages M1 (CD86+), M2 (CD206+) and adipose tissue M1 (CD11c+), M2 (CD206+). (Two-way ANOVA fol-
lowed by Bonferroni or t test for differences between M1 and M2) * p < 0.05; ** p, 0.01; *** p < 0.001
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in myeloid cell lines, it was observed that the KO HFT ani-
mals had a more pronounced reduction in adipose tissue
weight in the central regions (epididymal and retroperitoneal)
compared to WT. Aerobic training is known to be a useful
therapy for reducing visceral adiposity and one of the underly-
ing mechanisms may be an increase in adipocyte triglyceride
lipase expression (ATGL) related to an overexpression of
PPARγ2 in adipose tissues (46). Other mechanisms that may
explain an improvement in insulin sensitivity is the AMPK
(Adenosine 5-Monophosphate-Activated Protein Kinase) acti-
vation, an energy sensor increases glucose uptake in an
insulin-independent manner (47). AMPK activation in
macrophages, either via exercise or pharmacological means
(48), is also strongly related to an anti-inflammatory pheno-
type (49).

In relation to the serum variables, adiponectin was lower in
KO HFT. A systematic review focused on the effects of exer-
cise on serum adiponectin concentrations concluded that in
humans adiponectin was acutely or chronically increased as

an effect of aerobic training (50). Although adiponectin is pro-
duced in adipose tissues, PPARγ deletion in myeloid cells
may have affected its serum concentration. In isolated
adipocytes from WT HFT, adiponectin was significantly
reduced compared to WT sedentary. This fact suggests that
the reduction in WT adipocytes may be due to a decrease in
adipose tissue mass, though the lack of PPARγ may also be
involved. PPARγ is a potent regulator of adipogenesis and the
incorporation of fatty acids by adipose tissues (51). In obesity,
there is also an increase in the expression of adipose tissue–
associated macrophages in animal (52) and human models
(53). Thus, the results of cytokine content (total tissue and iso-
lated adipocytes) as well as the immunophenotying, indicates
that these cells may be a relevant way to examine PPARγ
interferences.

The exact mechanism by which this inflammatory stimulus
initiates insulin resistance and/or metabolic dysfunctions has
not been fully elucidated, however, some studies have investi-
gated the alleged low-grade chronic inflammation caused by

Figure 5. Isolated adipocytes and adipose tissue cytokines content of WT and KO mice fed with a high-fat diet and submitted to aerobic train-
ing. Adipocyte isolated from subcutaneous adipose tissue: tumor necrosis factor-α (TNF-α) (A), interleukin-6 (IL-6) (B) and adiponectin (C) and
cytokine content in subcutaneous adipose tissue: TNF-α (D), IL-6 (E), adiponectin (F), monocyte chemotactic protein-1 (MCP-) (G), interleukin-
1beta (IL-1β) (H), interleukin-10 (IL-10) (I) and interleukin-1 antagonist receptor (IL-1ra) (J). Cytokine concentrations were determined by ELISA
and relativized by total proteins (n = 5 per group). Data are presented as mean ± standard error of the mean. (Two-way ANOVA followed by Bon-
ferroni). * p < 0.05; ** p, 0.01; *** p < 0.001.
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obesity. Previous research has shown that adipose tissue
macrophages from non-obese subjects present an M2 profile
(54). In our model, the aerobic training reduced M1 marker
CD11c+ only in WT HFT, in agreement with Kawanishi et
al.’s findings which showed that the increase of CD11c+ by a
high-fat diet was attenuated by chronic exercise due to the
inhibition in M1 surface markers mRNA in adipose tissues of
obese mice and TLR4 downregulation (55). In the present
study, TLR4 gene expression in adipose tissues was not meas-
ured, though TLR4 downregulation was present in LPS stimu-
lated peritoneal macrophages from the trained mice, indicat-
ing that the expression of the receptor is a strong regulator of
exercise-induced immune response over obesity. One mecha-
nism recently related to this theory is the irisin production, an
adipomyokine induced by muscle contraction, and relevant
for adipose tissue browning that may be associated with
downregulation of downstream pathways of TLR4/MyD88
(56). 

An important role has been suggested for proinflammatory
cytokines derived from adipose tissue-associated

macrophages, especially TNF-α and IL-1β (54). Reflecting
what has been previously suggested our data showed that in
the KO HF animals there was an increase of IL-1β in compar-
ison with WT HF, which was reverted by the aerobic training.
IL-1β plays a very important role in adipose tissues as it is
associated not only with insulin resistance but with the secre-
tion of proinflammatory cytokines (57). Secretion of IL-1β is
mediated by the NLRP3 inflammatory pathway and the adi-
pose tissue is believed to be a major contributor to serum IL-
1β concentration (58). The KO HFT exhibited a lower IL-1β
content in the adipose tissues, agreeing with a recent study
that observed reduced NLRP3 and IL-1β gene expression via
resistive and aerobic training, respectively (59) (Figure 7).

Aerobic training was also effective in lowering inflamma-
tory cytokines such as TNF-α, MCP-1, and a tendency to
reduce IL-6 in WT HFT. Surprisingly, there was no excess of
MCP-1 in KO HF. However, studies have shown that
increased MCP-1 in adipose tissues may be associated with
insulin resistance. Since the KO HF animals exhibited a

Figure 6. Peritoneal macrophages cytokines production and gene expression from WT and KO obese mice submitted to aerobic training stimu-
lated or not by LPS (2.5 μg.mL-1). Cytokines production: Tumor necrosis factor-α (TNF-α) (A), interleukin-6 (IL-6) (B), interleukin-10 (IL-10) (C),
interleukin- -1ra (IL-1ra) (D), monocyte chemoattractant protein-1 (MCP-1) (E) and interleukin-1β (IL-1β) (F) were determined by ELISA in culture
medium (n = 8–10 per group) and gene expression: hypoxia inducible factor 1-α (HIF-1α) (G), toll- like receptor 4 (TLR4) (H) and nuclear factor
kappa B (NF-κB) (I) were obtained by polymerase chain reaction (n = 5 per group). Data are presented as mean ± standard error of the mean.
(ANOVA Two-way followed by Bonferroni). * p < 0.05; ** = p < 0.01; *** = p < 0.001; # different from the same non-stimulated group.
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milder insulin resistance, this may be one of the reasons why
MCP-1 was unchanged (60).

Similar to adipose tissue-associated macrophages
immunophenotyping, peritoneal macrophages markers were
also not unbalanced by the absence of PPARγ or by the high-
fat diet, but exercise was a main point to disturb the M1/M2
equilibrium. One assumption may be the constitutive secre-
tion of proinflammatory cytokines previously observed in
obese Zucker rats in response to LPS (61) that was possibly
increased due to the HF diet (62). In addition, peritoneal
macrophages isolated from the trained mice showed higher
numbers of the M1 marker CD86 in cells from both geno-
types. However, the M2 marker CD206 was lower in the KO
HFT compared to WT HFT.

A previous study showed that proinflammatory cytokines
such as TNF-α and IL-6 even under LPS stimulation had sim-
ilar secretion patterns independently of PPARγ macrophages
deletion (63), though the LPS dose (0.1ug.mL−1) was lower
compared to the present study (2.5ug .mL−1). Chawala et al.
have suggested that macrophages PPARγ is involved in
inflammation due to the effect of its ligands on lipid metabo-
lism, such as regulation of its target gene, CD36. However, in
regards to cytokine production and the inflammatory
response, the effects may be independent of PPARγ activation
capacity (63).

The LPS-stimulated WT HFT group showed an anti-
inflammatory response to aerobic training by reducing TNF-α
and IL-6, while increasing IL-10 and IL-1ra. The possibility
of a suppression of inflammatory responses may be due to a
functional anti-inflammatory phenotype via the activation of
AMPK, the negative regulation of IκB degradation and the
positive regulation of Akt (49). In this context, a study evalu-
ating the surface markers of monocytes after aerobic training
reported that the profile of polarization markers was represen-
tative of a M2 subtype of macrophages, the “M2b,” character-
ized by the production of M1-associated cytokines as well as
high concentrations of IL-10 (27, 64). Although the same
reduction in TNF-α and IL-6 have been observed in HFT KO,
no improvement in M2 related cytokines such as IL-10 and

IL-1ra was noted in the present study. In humans, studies have
shown that low-intensity aerobic training may induce mono-
cyte differentiation into M2 macrophages via PPARγ/PGC-
1α/β (65), confirming the harmful effect of the anti-inflamma-
tory action of exercise on the absence of PPARγ.

In endothelial cells, the role of PPARγ in the inhibition of
MCP-1 and IFN-γ has been suggested by Murao, et al. (66),
but little is known about its effects on macrophages. In the
present study, there was a tendency for MCP-1 to decrease in
the HFT KO group after stimulation of LPS in culture. One
possible reason for this may be that the exercise induced LPS
overflow into the circulation, resulting in autoimmunization
or LPS tolerance (67). This is because TNF-α and IL- 6 did
not increase in the presence of LPS in animals of both geno-
types.

Activation of the TLR4/NF-κB pathway results in an
increased expression of inflammatory cytokines (68).This
increase can be explained by HF diet causing local inflamma-
tion, via TLR4/NF-κB, in the gut (69). However, this has not
been previously explored in peritoneal macrophages in the
context of exercise. Unchanged gene expression of inflamma-
tion-related factors such as HIF1α and TLR4 in non-LPS-
stimulated peritoneal macrophages may be suggested as a
possible explanation for the non-increase in proinflammatory
cytokines in the KO HF compared to WT HF. However, the
decrease in TLR4 gene expression in LPS-stimulated cells
from trained mice, independently of the genotype, suggests
that exercise was primordial in TLR4 mRNA downregulation.
This is one of the reasons why training may have reduced
inflammatory cytokines.

HIF-1α remained unchanged in WT animals and elevated
in KO (without LPS), demonstrating that this factor does not
appear to have an effect on the secretion of proinflammatory
cytokines in peritoneal macrophages. Yet, this increase in
HIF-1α expression may be signalling a change in cellular
metabolism via a Krebs cycle accumulation of succinate,
caused by the decline in the activity of the succinate dehydro-
genase enzyme, and generating a subsequent stabilization in
the transcription factor HIF-1α (70). Despite being well-
known as a key regulator of glycolysis, HIF-1α seems not to
be essential for the proinflammatory activation of adipose tis-
sue-associated macrophages (71).

Each phenotype, M1 or M2, has a different metabolic sig-
nature. In other words, there is a different activation and meta-
bolic pathways for each profile. While M2 macrophages
exhibit high rates of oxidative phosphorylation and fatty acid
oxidation, cells with M1 characteristics have predominant
glycolytic metabolism (70). It is extremely important that
studies and therapies involving macrophages focus on their
metabolic reprogramming and the attendant effects on their
profile. In fact, similarities among PPARs function may be an
experimental dilemma when an isotype knockout is used due
to its possible compensation/overexpression by others. In a
study conducted by our group, a PPARγ-positive regulation
was observed when palmitoleic acid supplementation was
used in the culture medium of PPARα knockout peritoneal
macrophages (72). Indicating that this regulatory effect could
be one of the hypotheses for the anti-inflammatory effect of
exercise in the absence of PPARγ macrophages. 

Overall, moderate aerobic training protected both geno-
types from weight gain, as well as reducing caloric intake

Figure 7. Exercise-mediated effects on subcutaneous adipose tissue
of WT and PPARγ KO mice. Adipose tissue macrophages from WT
exercised mice showed lower M1 marker (CD11c) compared to KO
although the absence of PPARγ did not inhibit proinflammatory
cytokines (TNF-α and IL-1β) content reduction. WT = wild type;
PPARγ = peroxisome proliferator-activated receptor-gamma; KO =
knockout; CD = cluster of differentiation; TNF-α = tumoral necrosis
factor alpha; IL-1β =interleukin 1 beta; IL-10 = interleukin 10; MCP-1
= monocyte chemo attractant protein -1.
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from KO animals. There were different responses in the sur-
face markers of macrophages, depending on the local environ-
ment (peritoneum or adipose tissue). Aerobic training was
able to support an anti-inflammatory profile in PPARγ knock-
out peritoneal macrophages with impaired M2 markers, possi-
bly via a reduction in the expression of the TLR-4 gene.
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ABSTRACT

Purpose: Habitual intense exercise may increase the inci-
dence of upper respiratory symptoms (URS) in elite athletes.
This study investigated whether immune gene expression
could identify gene markers that discriminate athletes with a
higher prevalence of URS. 
Methods: This cross-sectional analysis of elite Australian ath-
letes from various sports investigated whether athletes retro-
spectively reporting URS for two days or more in a month
(n=38), had an altered immune gene expression profile com-
pared with asymptomatic athletes (n=33). Peripheral blood
samples were collected during Olympic selection events with
corresponding URS data collected for the one-month period
before sampling. Digital immune gene expression analysis
was undertaken using the NanoString PanCancer Immune
Profiling panel.
Results: Fifty immune genes were differentially expressed
between the groups (p<0.05) and approximately 78% of these
genes were more highly expressed in athletes reporting URS.
Many of these genes were interferon-stimulated genes or
genes involved in the Jak/Stat signalling pathway. Only inter-
feron alpha inducible protein 27 (IFI27), an interferon stimu-
lated gene involved in viral response, remained significantly
higher in athletes reporting URS (log2 fold-difference=2.49,

odds ratio 1.02 per unit increase; p<0.01) post-adjustment
and discriminated athletes reporting URS from asymptomatic
athletes with 78% accuracy.
Conclusion: Expression of IFI27 could differentiate athletes
reporting URS from asymptomatic athletes, a gene that is
upregulated in the immune response to viral infection. Upreg-
ulation of viral signalling pathways provides novel informa-
tion on the potential aetiology of URS in elite Olympic ath-
letes. 

Key words: NanoString, elite athletes, digital immune gene
expression, respiratory illness

INTRODUCTION

The chronic effects of habitual exercise on the immune sys-
tem in elite athletes are well documented (43). Habitual,
intense exercise can modulate various aspects of immune
function associated with an increase in upper respiratory
symptoms (URS), which can have a negative impact on sport-
ing performance in elite athletes (14, 15, 32, 34). Preventing
URS is a high priority for athletes and coaches underpinning
extensive investigation for predictive biomarkers that indicate
an increased risk of URS (7, 15, 17). 

An increasingly common approach to enhance the under-
standing of immune regulation in disease is through multi-
parametric immune profiling, such as immune gene expres-
sion analysis (24, 36). Studying immune gene expression pro-
vides additional insight beyond simple phenotypic measure-
ment of individual immune parameters as indicators of
immune status. This approach accounts for the complex inter-
action between a diffuse biological network comprising a
multitude of cells and molecules (23). Gene expression analy-
sis has been utilised in exercise immunology to provide a
deeper understanding of the immune-regulatory networks
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activated by acute exercise (29). Preliminary studies indicate
changes in immune gene expression that might increase the
risk of URS. In a study of marathon runners, increased expres-
sion of genes relating to a T-helper 2 (Th2) anti-inflammatory
immune status was reported one week post-race (45). In
endurance runners, a post-event reduction in toll-like receptor
(TLR) transcripts from dendritic cell fractions isolated from
whole blood has been reported (27). While these studies focus
on the effects of acute exercise they provide evidence for
exercise-induced immune regulation in support of the open-
window theory that proposes a bout of intense exercise
induces a transient period of immunosuppression lasting
between three and 72 h (28). With regards to habitual exercise
training, regular bouts of intense exercise likely act in a cumu-
lative manner to induce a chronic anti-inflammatory immune
phenotype (37, 42) that could compromise the ability of the
immune system to prevent infection and viral re-activation
(42). 

URS are the most common illness in elite athletes and are
the most common presentation to medical professionals dur-
ing elite sporting events, such as the Olympic Games(11).
While reports are mixed, illness during competition negative-
ly impacts competitive performance (13, 33). Investigations
of the etiology of URS in elite athletes during competition
report a mix of viral, bacterial, allergic and airway irritation as
key factors underpinning illness symptoms (15). Clearer iden-
tification of the basis of URS in athletes will inform strategies
to reduce the risk of illness. To date, no study has examined
the immune gene expression profiles of elite athletes reporting
URS with reference to asymptomatic athletes. Characterising
immune status in association with self-reported URS may pro-
vide key information on the inflammatory basis of disease and
inform athlete management and treatment strategies to reduce
illness negatively impacting athletic performance. A recog-
nised limitation in elite athlete research is cohort size. We
were able to compare URS data with immune gene expression
in 71 athletes selected for a summer Olympic Games. The aim
of this study was to determine whether immune gene expres-
sion profile of peripheral blood could differentiate athletes
reporting URS for two days or more during the month prior to
Olympic selection, from asymptomatic athletes.

METHODS

Design and participants 
A cross-sectional design was employed to examine the preva-
lence of URS in Australian Olympic athletes and determine
whether URS is associated with patterns of immune gene
expression. Questionnaire and sample collection were under-
taken during Olympic selection events that occurred over a
three-month period, approximately six months (March – April
2016; Southern Hemisphere autumn) before the 2016 Rio
Olympic Games. A total of 71 athletes provided a blood sam-
ple 24-48 hours following completion of their selection
eventsand responded to the questionnaires, with enough detail
specific to URS, for inclusion in this study. Some athletes had
trained prior to sample collection. To account for the effects of
training, three classifications were used as determined by the
sports scientists on the research team: trained for fewer than 3
hours at moderate intensity pre-sampling; trained for fewer

than 3 hours at light intensity pre-sampling; and had not
trained in the 12 hours prior to sampling. Athletes were also
asked to report whether they had used probiotic supplementa-
tion during the previous month and these responses were
recorded simply as ‘yes’ or ‘no’ (Supplement 1). Athletes also
provided self-reported training hours per week and described
the number of hours spent undertaking endurance, strength
and team-based training from which group mean values were
calculated. Ethical approval for the study was granted by the
Australian Institute of Sport Ethics Committee (Approval
number 20160407) and the Griffith University Human Ethics
Committee (HREC 2016/213). All procedures performed
were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable
ethical standards. All participants provided written informed
consent prior to data and sample collection as part of the Stay
Healthy project and as described previously (11). 

To determine the prevalence of URS, a self-reported, retro-
spective illness symptoms log was completed via an electron-
ic athlete management system used regularly by the athletes,
as previously described (44). The illness symptoms log gath-
ered information regarding the number of days athletes expe-
rienced URS, such as a blocked or runny nose, sore throat or
sneezing as well as symptoms of chest illness including
coughing, sputum, chest congestion, wheezing or high tem-
perature over the previous month (Supplement 1). Based on
their responses, athletes were allocated to one of two groups;
the URS group (n=38) and the asymptomatic group (n=33).
Where athletes had reported URS for two or more days during
the previous month, they were classified in the URS group.
Athletes were classified as asymptomatic if they did not report
URS in the previous month. Athletes who were experiencing
symptoms at the time of sampling or who reported URS for a
single day only in the previous month were not included in
analyses.

Blood sample collection 
A peripheral blood sample (2.5mL) was collected from an
antecubital vein by a qualified phlebotomist, on a single occa-
sion for the evaluation of messenger ribonucleic acid
(mRNA). Samples were collected into an RNA PAXgene®
tube (Pre-AnalytiX, Feldbachstrasse, Switzerland), kept at
room temperature for two hours and stored at -80°C until
analysis. Due to the limitations of samples being collected
during an Olympic selection event the time of sampling and
whether athletes were fasted could not be controlled. 

RNA extraction and mRNA isolation
Total RNA was extracted using the commercially available
Maxwell® RSC miRNA tissue kit (Promega, Wisconsin,
USA) as per the manufacturer’s protocol using the Maxwell®
RSC Instrument (Promega, Wisconsin, USA). Extracted RNA
was stored at -80°C until required for mRNA and micro RNA
separation (miRNA). To separate mRNA and miRNA from
total RNA the commercially available RNA Clean and Con-
centratorTM kit (Zymo Research, California, USA) was used
as per manufacturer’s instructions. Isolated mRNA was stored
at -80°C. The LabChip GX Touch 24 (PerkinElmer®, Massa-
chusetts, USA) was used to assess the concentration and qual-
ity of mRNA samples.
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Gene expression analysis
Isolated mRNA was analysed for digital gene expression
analysis of 730 immune genes and key inflammatory path-
ways [11, 12], using the nCounter® PanCancer Immune Pro-
filing panel (NanoString Technologies, WA, USA) on the
nCounter® Gene Expression Assay (NanoString Technolo-
gies, WA, USA) as per the manufacturer’s instructions. The
nCounter® PanCancer Immune Profiling panel (NanoString
Technologies, WA, USA) includes 38 housekeeping genes,
with full information available at nanostring.com. In brief,
100 ng of mRNA was hybridised with sequence-specific bar-
coded probes at 65 °C for 24 h before being placed into the
NanoString Prep Station where the target-probe complex
was immobilised on to the analysis cartridge. Cartridges
were read by the nCounter Digital Analyser for digital count-
ing of molecular barcodes corresponding to each target. Vali-
dation using polymerase chain reaction or other methods was
not pursued due to the literature demonstrating the repro-
ducibility and validity of digital gene expression analysis (1,
2, 10, 22).

Statistical analysis
Differences in group characteristics were evaluated in SPSS
version 25 (IBM Computing, New York, USA). All data were
evaluated for skewness and kurtosis (within the range of 0 ±
3) to confirm normal distribution. Continuous variables were
assessed using a t-test and are presented as mean and stan-
dard variation (SD). Categorical variables are presented as
count (n) and percent (%) and assessed using the Chi-square
test for independence. The Yates’ Continuity Correction was
applied to compensate for two-by-two comparisons and
Cramer’s V was reported to show effect size (small 0.1;
medium 0.3; large 0.5). The Phi correlation coefficient was
used to indicate the degree of association between two vari-
ables. Adjustments for multiple comparisons were made
using the Benjamini-Hochberg procedure and presented as a
q-value. Statistical significance was indicated at the level of
p<0.05 or q<0.05. 

Immune gene expression data was evaluated using the
Advanced Analysis Module in nSolver™ Analysis Software
4.0 (NanoString Technologies, WA, USA). The package
includes modules enabling automated and optimised normal-
ization using geNorm, differential gene expression analysis
and Pathview plots analysis (5). Raw data was normalised
using negative controls to account for systemic background
noise and platform-associated sources of variation were nor-
malised using positive controls. An optimized set of reference
genes were used to adjust transcript counts relative to house-
keeping genes included in the panel. Assessment of immune
gene expression data was undertaken and confounding vari-
ables, sport and probiotic use, were adjusted for. Unsuper-
vised hierarchical clustering was used to generate a heat map
to visualize normalized data and view relationships between
and within clusters of genes. Differential immune gene
expression was determined between athletes reporting URS
and asymptomatic athletes using multiple linear regression,
and adjustment for multiple comparisons was performed
using the Benjamini-Yekutieli false discovery rate (FDR). The
Pathview Plots Module was used to map differential gene
expression to known protein-based KEGG (Kyoto Ency-
clopaedia of Genes and Genomes) pathways.

RESULTS

Prevalence of URS in Olympic athletes 
Responses to the URS log indicated that 53% of athletes
reported URS and/or chest symptoms for two or more days in
the month prior to sampling. Sixty-three percent of athletes
reported URS for 2-5 days, 19% of athletes experienced URS
for 6-9 days and 18% for more than 10 days, respectively.
Thirty-three out of 71 athletes reported no URS and/or chest
symptoms during the previous month. These results deter-
mined the two groups within this study for subsequent gene
expression analysis: the URS group (n=38) and the asympto-
matic group (n=33).

Group characteristics 
The group characteristics are described in Supplement 2;
groups did not differ significantly in age, gender distribution
or self-reported training load. The URS and asymptomatic
groups were significantly different with regards to the distri-
bution of sports (p=0.04, Cramer’s V = 0.01, small effect
size). Benjamini-Hochberg adjusted post-hoc analysis
revealed that, between the groups, the significantly different
sport was water polo (p=0.02) with only one water polo play-
er categorized in the asymptomatic group compared to 11
within the URS group. The URS group reported significantly
higher probiotic use (p=0.007, Cramer’s V = 0.03, small effect
size) from which 53% of athletes indicated probiotic use in
the previous month compared to 21% of athletes from the
asymptomatic group.

Differential gene expression
A total of 305 immune genes within the Pan Cancer Immune
Profiling Panel were expressed above background and unsu-
pervised hierarchic clustering of these genes could not sepa-
rate the groups (Supplement 3). Prior to adjustment, 50
immune genes were differentially expressed (p<0.05) between
athletes reporting URS and asymptomatic athletes. Of these
50 genes, 36 were upregulated (72%) and 14 were downregu-
lated (28%) in athletes reporting URS in comparison with ath-
letes reporting no URS. Following Benjamini-Yekutieli
adjustment only one gene, IFI27, remained significant
(p=6.7*10-04; 2.49 Log2 fold-difference, confidence interval
(CI) 1.67-3.31), see Supplement 4 for the full results table.
The top 40 most significant genes can be viewed at Figure 1.

Results from the differential expression analysis were over-
laid on various KEGG pathways to identify perturbed path-
ways and returned a plot for the JAK-STAT pathway (Figure
2). Multiple genes and gene families were over-expressed in
the JAK-STAT pathway in the athletes reporting URS com-
pared to asymptomatic athletes prior to Benjamini-Yekutieli
adjustment. The Pathview module also returned plots for
immune processes known to be involved in the response to
influenza A (Supplement 5) and the Herpes Simplex Virus
(Supplement 6). The genes common to all three Pathview
plots are central to the JAK-STAT pathway and have primary
roles in immune regulation.

Gene expression and self-reporting URS 
Logistic regression was performed to assess the effects of pro-
biotic use, sport of the athlete and IFI27 expression on the
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likelihood that athletes would report URS (Table 1). The
logistic regression model was statistically significant χ2(df=6,
n=71) =31.59, p=<0.001 indicating that the model could dis-
tinguish between athletes reporting URS and asymptomatic
athletes. The model explained between 35% (Cox and Snell R

square) and 47% (Nagelkerke R square) of
the variance in URS and correctly classified
78% of cases. The only variable within the
model that achieved statistical significance
was IFI27 (Odds ratio (OR)=1.02, p=0.01,
95% CI, 1.004 to 1.03). For every unit
increase in IFI27 mRNA, athletes were 1.02
times more likely to report URS in the previ-
ous month.

DISCUSSION

Highly multi-parametric immune gene
expression profiling in elite athletes during
Olympic selection resulted in two novel dis-
coveries. For the first time we have identi-
fied that athletes reporting URS could be
differentiated from asymptomatic athletes
with 78% accuracy by the expression of one
gene, IFI27. The expression of this gene, an
interferon-stimulated gene, is increased dur-
ing the viral innate immune response via
interferon signalling and increased mito-
chondrial activity (6). Secondly, in light of
recent findings from Tang et al., that IFI27
is able to differentiate viral URS from other
URS aetiologies (41) our results provide
unique insight into the aetiology of URS in
an elite athlete cohort in the lead up to an
Olympic selection event. Furthermore, our
observation of an increased expression of
the immune anti-viral genes MX1, OAS3,
IFIT2 and ISG15, in the current study (prior

to Benjamini-Yekutieli adjustment) were also reported as
being related to viral infection by Tang et al. Our findings pro-
vide preliminary evidence for a viral basis of URS in highly
trained athletes and indicates that inflammatory processes
may still have been resolving.

Figure 1: Volcano plot displaying the top 40 differentially expressed genes between athletes
reporting URS compared to asymptomatic athletes. Highly differentially expressed genes,
by (log2) fold-difference fall to either side of the plot and highly significantly different genes
fall at the top of the plot. IFI27, an interferon signalling gene, is shown in the top right corner
with a log2 fold-difference of 2.49, p=6.7*10^-4.

Figure 2: Genes from the STAT family and SOCS family are over expressed within the JAK-STAT pathway in athletes reporting URS compared to
asymptomatic athletes. A KEGG diagram (Kyoto encyclopedia of genes and genomes) is a computerised representation of a biological pathway
and its components. Genes and genes families within the plot and are represented within the Pan Cancer Immune Profiling Panel shown in
colour or in grey. Genes and gene families known to be involved in the pathway but are not represented within the panel are shown in white.
Genes and gene families that are over-expressed in the KEGG pathway are shown in shades of orange (log2 fold-difference 0 to 2.5). 
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Other investigators have also pointed to a link between
IFI27 expression and infection with respiratory syncytial
virus (12) and a number of other viruses (48), (31), (6). These
associations indicate that IFI27 expression is stimulated by a
range of viruses and stressors and could explain, in part, why
some of the athletes self-reported URS. To date, assessment of
URS aetiology in athletes typically identify infective sources
in approximately thirty percent of cases, which has prevented
definitive recommendations for preventive interventions to
reduce the risk of URS in athletic cohorts (38). Current para-
digms in exercise immunology indicate that respiratory symp-
toms, particularly in athletes prone to recurrent illness, may be
related to viral reactivation, although the role of viral reactiva-
tion in respiratory illness in athletes is conflicting (16, 18, 20).
Our findings contribute to the evidence for a viral aetiology
for URS in highly trained athletes. Future research could
incorporate viral molecular profiling in conjunction with clin-
ical investigation in longitudinal studies to inform diagnostic,
treatment and prevention programs for URS in elite athlete
cohorts.

The higher expression of immune genes in the JAK-
STAT pathway and interferon-stimulated genes (ISG’s) are
also associated with viral infection (41, 47). The JAK-STAT
pathway is central to multiple immune processes via cellular
membrane signalling that leads to the induction of immune
gene expression (36). Interferons, cytokines, interleukins
and hormones are all able to activate the JAK-STAT path-
way with widespread downstream effects (30). A key mech-
anism of JAK-STAT activation is via interferon signalling
which leads to the expression of ISG’s (21). JAK-STAT
upregulation was observed in the URS group in addition to
two other KEGG pathways outlining genes known to be
involved in the immune response to influenza A and herpes
simplex infection. Identification of upregulated gene
expression across these two viral response pathways is
important as both viruses have been identified as sources of
URS in athletes either through primary, unresolved or reac-
tivated infection (8, 20, 35, 39). Several other studies
involving non-athletes have identified a strikingly similar
set of core genes that are common to the immune gene
expression response elicited following viral inoculation (3,
9, 19, 26, 40, 46, 47).

Evaluating other respiratory pathologies also provides
insights into immune-regulatory mechanisms that may be rele-
vant in the context of URS in athletes. In patients with asthma,
peripheral blood immune gene expression was measured from
166 blood samples taken following asthma exacerbations and
compared to 1149 samples representing quiescent asthma in the
same patients. This study reported upregulation of the JAK-
STAT pathway and for ISG’s. Upregulated genes included
STAT1, STAT2, IFI27, JAK1, JAK2, IRF7, MX1, IFI35, ISG15,
OAS2, IFIH1, and OASL (4). Many of the same genes in this
study were significantly upregulated in athletes reporting URS
in our study, including IFI27. Although patients experiencing
asthma exacerbations were excluded from the study if diag-
nosed by a physician with an active illness, an accurate URS
diagnosis is difficult (39). In individuals with allergic inflam-
mation, a recent study compared the gene expression of
PBMCs with or without antigen challenge from four subjects
with diagnosed allergic inflammation compared to the cells
from four healthy controls (25). Although the study involved a
very small cohort, gene activation of the JAK-STAT pathway
within PBMC’s was observed in patients with allergic inflam-
mation (25). The studies described above had recruited patients
with diagnosed URS caused by either asthma, allergic inflam-
mation or infection and all reported involved upregulation of
the JAK-STAT pathway and ISG immune expression. Our
results indicating up-regulation of IFI27 was reported in
patients following asthma exacerbation but not following aller-
gic inflammation. The current results provide cohort-specific
evidence for IFI27 as a potential viral biomarker in highly
trained athletes although the involvement of IFI27 in other
inflammatory pathways should be examined further.

Limitations
The main limitation of this study was that sampling conditions
were not standardized. The variables that were not controlled
included sex, diet, sport, the time of day samples were collect-
ed, whether the athletes had trained or were rested, whether
athletes were fasted/non-fasted, the location athletes were sam-
pled and by whom they were sampled. Many of these factors
can alter the circulation / mobilisation of immune cells and,
where possible, the statistical approach adjusted for those vari-
ables that were statistically significant between the groups. The

Table 1 Logistic regression of probiotic supplementation, sport of the athlete and IFI27 gene expression on the likelihood that athletes report
URS (*indicates p<0.05)

95% CI

Variables B SE Wald df p-value Odds ratio Lower Upper

IFI27 gene expression 0.18 0.007 6.27 1 0.01* 1.02 1.004 1.03

Probiotic supplementation 1.1 0.85 1.65 1 0.20 3.0 0.56 15.94

Sport (Rowing as reference) 2.73 4 0.60

Rugby 7’s -0.06 1.09 0.003 1 0.96 0.94 0.11 8.01

Soccer 0.03 1.18 0.001 1 0.98 1.03 0.1 10.39

Triathlon -20.12 2.84x10^4 5.0x10^-7 1 0.99 1.83x10^-9 0.0 0.0

Water polo 1.95 1.32 2.17 1 0.14 7.0 0.53 93.12

Constant -1.56 1.25 1.57 1 0.21 0.21
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current findings should be confirmed using a more structured
study design, ideally within a prospective-longitudinal study
using athletes from multiple centers, to determine whether
IFI27 is related to URS. An additional limitation of this study
was that the number of days between sample collection and
when URS were experienced was not recorded. A record of
when URS was last experienced could be used to inform statis-
tical evaluation and further interpretation of the results. 

Conclusion
Athletes reporting URS were able to be differentiated from
asymptomatic athletes for the first time by a higher expression
of the IFI27 immune gene involved in the response to viral
infection and multiple genes within the JAK-STAT pathway.
The results give important insight into the aetiology of URS in
athletes. The results present an opportunity for further
research aiming to refine diagnostic, treatment and URS pre-
vention programs in elite athletes.
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Q1-1. How many days of FULL TRAINING with upper respiratory symptoms? Number of days
Q1-2. How many days of MODIFIED TRAINING with upper respiratory symptoms? Number of days
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Q2-3. How many days were there where you COULD NOT TRAIN due to chest infection symptoms? Number of days
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Supplement 3: Unsupervised hierarchic clustering of 305 immune genes that were above background and differentiated URS
(n=38, grey) and asymptomatic athletes (n=33, coral), within the horizontal row above the heat map. Each column within the
heat map represents a sample and each row represents a gene. The horizontal yellow bar at the top of the map represents the
quality control (QC) standards (positive control, binding density and imaging) the yellow colour indicates that all sample passed
QC. The grey column to the left of the map represents the gene count threshold and the grey colour indicates that all genes met
the minimum expression of 50 transcripts. Within the heat map, the data is plotted as a z-score - orange is indicative of high
gene expression and blue is indicative of low gene expression. Despite some minor clustering of URS subjects to the right of the
map no substantial differences in overall immune gene expression could separate the groups.
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Supplement 4: Adjusted differential gene expression between the URS and Asym group. Most genes reaching p<0.05 were
expressed at a higher frequency in the URS group. Only IFI27 remained significant following adjustment for multiple compar-
isons BY.p<0.05. 

IFI27 2.49 5.62 1.67 3.31 1.28*10^-07 6.7*10-04

ISG15 1.51 2.85 0.83 2.20 5.71*10-05 0.15
OAS3 1.42 2.68 0.76 2.09 9.03*10-05 0.16
IFIT1 1.53 2.89 0.80 2.27 1.30*10-04 0.17
MX1 1.13 2.19 0.53 1.73 4.90*10-04 0.51
ITGA2B 0.72 1.65 0.28 1.16 1.93*10-03 1
CD38 0.41 1.33 0.15 0.68 3.18*10-03 1
STAT2 0.54 1.46 0.18 0.91 4.80*10-03 1
LGALS3 0.54 1.46 0.18 0.91 5.12*10-03 1
TAP2 0.36 1.28 0.12 0.61 5.41*10-03 1
ARG1 -1.02 0.49 -1.73 -0.32 6.13*10-03 1
SERPING1 1.07 2.10 0.28 1.87 0.010 1
IFIH1 0.53 1.45 0.14 0.93 0.011 1
STAT1 0.52 1.43 0.13 0.91 0.011 1
IFI35 0.60 1.52 0.15 1.06 0.012 1
DDX58 0.54 1.45 0.13 0.95 0.012 1
CXCL10 1.15 2.22 0.28 2.03 0.012 1
THBD -0.45 0.73 -0.79 -0.10 0.013 1
CCL2 1.19 2.28 0.26 2.12 0.014 1
ITGA5 -0.21 0.86 -0.38 -0.05 0.015 1
C4B 0.81 1.75 0.17 1.45 0.016 1
TAB1 0.16 1.12 0.03 0.29 0.017 1
TOLLIP -0.18 0.88 -0.33 -0.03 0.018 1
IL18R1 -0.44 0.74 -0.80 -0.08 0.018 1
APP 0.19 1.14 0.04 0.35 0.019 1
CYLD 0.14 1.10 0.03 0.25 0.020 1
NOD1 0.26 1.20 0.04 0.48 0.022 1
IFIT2 0.69 1.62 0.11 1.27 0.022 1
CDH1 0.55 1.46 0.09 1.01 0.022 1
IL6ST 0.18 1.13 0.03 0.32 0.023 1
NLRC5 0.28 1.22 0.04 0.52 0.025 1
IRF7 0.50 1.42 0.07 0.93 0.026 1
CFP -0.18 0.88 -0.34 -0.02 0.028 1
BCL2 0.23 1.18 0.03 0.44 0.030 1
IL12RB1 0.18 1.13 0.02 0.34 0.030 1
IL4R -0.30 0.81 -0.56 -0.03 0.031 1
MAP2K4 -0.18 0.89 -0.33 -0.02 0.032 1
BST2 0.30 1.23 0.03 0.57 0.034 1
IL18RAP -0.47 0.72 -0.90 -0.04 0.035 1
IL16 -0.10 0.93 -0.20 -0.01 0.035 1
FLT3LG 0.16 1.12 0.01 0.31 0.037 1
CD83 0.24 1.18 0.02 0.46 0.038 1
CD97 -0.21 0.87 -0.40 -0.01 0.040 1
BID -0.29 0.82 -0.56 -0.01 0.045 1
ISG20 0.28 1.21 0.01 0.55 0.046 1
SIGLEC1 0.79 1.73 0.03 1.55 0.046 1
SELPLG -0.17 0.89 -0.33 -0.01 0.047 1
UBC -0.14 0.91 -0.27 0.00 0.049 1
THBS1 0.40 1.32 0.01 0.79 0.049 1
IRF4 0.23 1.17 0.01 0.45 0.049 1
PBK 0.49 1.41 0.01 0.97 0.05 1
TNFSF14 -0.22 0.86 -0.44 0.00 0.05 1

Log2 Linear Confident limit
FC Fold- Log2 P-value BY.p.value

Gene difference Lower Upper
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HLADOB 0.25 1.19 0.00 0.50 0.05 1
IL1R2 -0.41 0.76 -0.81 0.00 0.05 1
TRAF3 0.12 1.09 0.00 0.24 0.05 1
ITGA4 0.13 1.09 0.00 0.26 0.05 1
S100A12 -0.44 0.74 -0.87 0.00 0.05 1
POU2F2 0.15 1.11 0.00 0.30 0.06 1
HLADMA 0.15 1.11 0.00 0.30 0.06 1
BCL2L1 0.37 1.29 -0.01 0.75 0.06 1
IL2RG 0.12 1.09 0.00 0.25 0.06 1
STAT5B -0.17 0.89 -0.35 0.01 0.06 1
TNFRSF10C -0.25 0.84 -0.52 0.01 0.07 1
LRP1 0.24 1.18 -0.01 0.48 0.07 1
IL17A -0.50 0.71 -1.02 0.03 0.07 1
TAP1 0.27 1.20 -0.02 0.56 0.07 1
CXCR6 -0.32 0.80 -0.66 0.03 0.08 1
F13A1 0.27 1.20 -0.02 0.55 0.08 1
LCN2 0.29 1.23 -0.03 0.62 0.08 1
FOS -0.25 0.84 -0.53 0.03 0.08 1
CD36 0.18 1.13 -0.02 0.38 0.08 1
SMAD3 0.13 1.09 -0.01 0.27 0.08 1
ICAM3 -0.17 0.89 -0.36 0.02 0.08 1
CD74 0.15 1.11 -0.02 0.32 0.08 1
SLC11A1 -0.30 0.82 -0.63 0.04 0.09 1
IDO1 0.73 1.66 -0.09 1.55 0.09 1
CEBPB -0.23 0.86 -0.48 0.03 0.09 1
ROPN1 0.44 1.35 -0.06 0.93 0.09 1
MFGE8 0.22 1.17 -0.03 0.48 0.09 1
PRG2 0.34 1.26 -0.05 0.72 0.09 1
BCL6 -0.31 0.81 -0.67 0.04 0.09 1
ITGB3 0.44 1.36 -0.07 0.94 0.09 1
MAP4K2 0.09 1.06 -0.01 0.19 0.10 1
FUT7 -0.26 0.84 -0.55 0.04 0.10 1
CXCR1 -0.23 0.85 -0.51 0.04 0.10 1
HLADRB4 1.96 3.89 -0.37 4.28 0.10 1
IKBKE 0.11 1.08 -0.02 0.25 0.11 1
HAMP -0.48 0.72 -1.06 0.10 0.11 1
CD40 0.18 1.13 -0.04 0.40 0.11 1
CD1E -0.41 0.75 -0.90 0.09 0.11 1
PNMA1 0.14 1.10 -0.03 0.30 0.11 1
CYBB 0.19 1.14 -0.04 0.43 0.12 1
IKBKB 0.10 1.07 -0.02 0.22 0.12 1
TRAF6 -0.09 0.94 -0.20 0.02 0.12 1
TREM1 -0.24 0.85 -0.54 0.06 0.12 1
TFRC 0.29 1.22 -0.07 0.64 0.12 1
RELA -0.13 0.92 -0.28 0.03 0.12 1
TNFSF10 0.28 1.21 -0.07 0.62 0.12 1
TLR4 -0.22 0.86 -0.50 0.06 0.12 1
LTA 0.16 1.11 -0.04 0.36 0.13 1
IL6 0.39 1.31 -0.11 0.88 0.13 1
CXCR2 -0.21 0.86 -0.48 0.06 0.13 1
IL15 0.24 1.18 -0.07 0.54 0.13 1
CCRL2 0.26 1.20 -0.08 0.60 0.14 1
IL13 0.41 1.33 -0.13 0.95 0.14 1
IL15RA 0.32 1.25 -0.10 0.74 0.14 1
MST1R 0.39 1.31 -0.12 0.91 0.14 1
IL2 0.42 1.34 -0.13 0.98 0.14 1
MAPK3 -0.13 0.91 -0.31 0.04 0.14 1
ICOS 0.16 1.11 -0.05 0.36 0.15 1
CCL14 0.45 1.36 -0.15 1.04 0.15 1
SELE 0.46 1.38 -0.16 1.08 0.15 1
ANP32B 0.12 1.08 -0.04 0.27 0.15 1
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IL11RA 0.14 1.10 -0.05 0.34 0.15 1
CD209 0.33 1.26 -0.12 0.77 0.15 1
HLADMB 0.12 1.08 -0.04 0.28 0.15 1
CD99 0.10 1.07 -0.04 0.24 0.15 1
IFNGR1 -0.14 0.91 -0.33 0.05 0.16 1
SOCS1 0.41 1.33 -0.16 0.98 0.16 1
SAA1 0.41 1.32 -0.15 0.96 0.16 1
LAMP3 0.56 1.47 -0.22 1.34 0.16 1
IL17B 0.43 1.35 -0.17 1.03 0.17 1
FPR2 -0.22 0.86 -0.53 0.09 0.17 1
GNLY -0.24 0.85 -0.57 0.10 0.17 1
CDKN1A 0.22 1.16 -0.09 0.52 0.17 1
CD244 -0.12 0.92 -0.28 0.05 0.17 1
CTLA4 0.15 1.11 -0.06 0.35 0.17 1
ILF3 0.07 1.05 -0.03 0.16 0.18 1
TAPBP 0.12 1.09 -0.05 0.29 0.18 1
TNFSF8 0.09 1.06 -0.04 0.21 0.18 1
TNFSF12 -0.11 0.92 -0.28 0.05 0.18 1
CD3G 0.12 1.09 -0.06 0.30 0.19 1
CD58 -0.13 0.92 -0.31 0.06 0.19 1
PSMB9 0.15 1.11 -0.07 0.37 0.19 1
TFEB -0.12 0.92 -0.30 0.06 0.19 1
XCR1 0.35 1.27 -0.16 0.85 0.19 1
C2 0.76 1.69 -0.36 1.87 0.19 1
IFNAR1 -0.14 0.91 -0.34 0.07 0.19 1
PSMB10 0.12 1.09 -0.06 0.30 0.19 1
CD63 -0.12 0.92 -0.30 0.06 0.19 1
CRP -0.35 0.79 -0.86 0.17 0.19 1
MASP1 -0.34 0.79 -0.86 0.17 0.19 1
TNFSF13B 0.27 1.20 -0.14 0.67 0.20 1
ICAM2 0.09 1.06 -0.04 0.22 0.20 1
C3AR1 -0.21 0.87 -0.52 0.11 0.20 1
IFITM2 -0.21 0.87 -0.52 0.11 0.20 1
CD40LG 0.10 1.07 -0.05 0.26 0.20 1
TLR1 -0.16 0.90 -0.39 0.08 0.21 1
CCL15 0.35 1.27 -0.19 0.88 0.21 1
PTGS2 -0.14 0.91 -0.34 0.07 0.21 1
PSEN1 -0.10 0.93 -0.26 0.06 0.22 1
CD180 0.14 1.10 -0.08 0.36 0.22 1
CTCFL 0.39 1.31 -0.23 1.00 0.22 1
HLADRB3 0.12 1.09 -0.07 0.31 0.22 1
THY1 -0.33 0.79 -0.86 0.20 0.22 1
CD274 0.44 1.35 -0.26 1.13 0.22 1
CFB 0.34 1.26 -0.20 0.88 0.22 1
ITK 0.10 1.07 -0.06 0.27 0.23 1
LILRB1 0.13 1.10 -0.08 0.34 0.23 1
TAL1 0.20 1.15 -0.12 0.51 0.23 1
TBK1 0.10 1.07 -0.06 0.26 0.23 1
TFE3 -0.17 0.89 -0.43 0.10 0.23 1
TRAF2 0.08 1.06 -0.05 0.21 0.23 1
CD33 -0.11 0.92 -0.30 0.07 0.24 1
TCF7 0.10 1.07 -0.06 0.26 0.24 1
NFKBIA -0.10 0.93 -0.26 0.06 0.24 1
MAPK11 0.27 1.20 -0.17 0.70 0.24 1
MAPK14 -0.15 0.90 -0.39 0.09 0.24 1
LTF 0.30 1.23 -0.19 0.79 0.24 1
MAPKAPK2 -0.10 0.93 -0.28 0.07 0.24 1
CD276 0.31 1.24 -0.21 0.84 0.24 1
FCER1A -0.17 0.89 -0.47 0.12 0.24 1
ADORA2A 0.09 1.06 -0.06 0.23 0.24 1
BTK 0.10 1.07 -0.06 0.26 0.25 1
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CCL19 0.32 1.25 -0.22 0.86 0.25 1
ATG16L1 0.07 1.05 -0.05 0.18 0.25 1
CD28 0.12 1.09 -0.08 0.32 0.25 1
IFI16 0.19 1.14 -0.13 0.50 0.25 1
CLEC7A 0.14 1.10 -0.10 0.37 0.25 1
GTF3C1 0.10 1.07 -0.07 0.27 0.25 1
SPO11 0.33 1.25 -0.23 0.88 0.25 1
TNFRSF17 0.26 1.20 -0.18 0.71 0.25 1
CTSW -0.16 0.90 -0.42 0.11 0.25 1
CASP8 -0.08 0.95 -0.21 0.06 0.25 1
IL18 -0.17 0.89 -0.45 0.12 0.26 1
PIN1 0.08 1.05 -0.05 0.21 0.26 1
IFNA8 -0.34 0.79 -0.91 0.24 0.26 1
CD96 0.09 1.06 -0.06 0.24 0.26 1
BCL10 -0.08 0.95 -0.21 0.06 0.26 1
CCL21 -0.34 0.79 -0.93 0.25 0.26 1
ELANE 0.25 1.19 -0.19 0.69 0.26 1
RUNX1 0.08 1.06 -0.06 0.22 0.26 1
TNFRSF11A -0.23 0.86 -0.62 0.17 0.27 1
HLADPA1 0.11 1.08 -0.08 0.31 0.27 1
LILRA5 -0.19 0.88 -0.52 0.14 0.27 1
LILRB2 -0.12 0.92 -0.32 0.09 0.27 1
NFATC1 0.08 1.06 -0.07 0.23 0.27 1
TNFRSF8 -0.12 0.92 -0.32 0.09 0.28 1
IFNAR2 -0.08 0.95 -0.21 0.06 0.28 1
CD6 0.09 1.06 -0.07 0.25 0.28 1
IRF8 0.09 1.06 -0.07 0.25 0.28 1
IRAK2 -0.11 0.92 -0.32 0.09 0.29 1
CD34 0.29 1.22 -0.24 0.82 0.29 1
VCAM1 -0.32 0.80 -0.90 0.27 0.29 1
EPCAM -0.29 0.82 -0.84 0.25 0.29 1
C9 -0.28 0.82 -0.80 0.24 0.29 1
CASP1 0.13 1.09 -0.11 0.36 0.30 1
IL2RA 0.13 1.10 -0.11 0.38 0.30 1
MAP2K2 0.07 1.05 -0.06 0.20 0.30 1
CSF3R -0.13 0.91 -0.37 0.11 0.30 1
TNFRSF1A -0.11 0.93 -0.31 0.10 0.30 1
C6 0.29 1.22 -0.26 0.84 0.30 1
STAT4 0.09 1.06 -0.08 0.25 0.30 1
CEACAM1 0.24 1.18 -0.21 0.68 0.30 1
HLADRA 0.09 1.06 -0.08 0.26 0.31 1
TLR8 -0.14 0.91 -0.41 0.13 0.31 1
DOCK9 0.10 1.07 -0.09 0.29 0.31 1
CD4 0.10 1.07 -0.09 0.28 0.31 1
LTBR -0.11 0.93 -0.33 0.10 0.31 1
LY86 0.09 1.06 -0.08 0.26 0.32 1
NFATC4 -0.28 0.83 -0.81 0.26 0.32 1
MAGEC1 0.32 1.25 -0.31 0.96 0.32 1
NLRP3 -0.12 0.92 -0.35 0.11 0.32 1
NFKB2 0.08 1.05 -0.07 0.23 0.33 1
TNFAIP3 0.08 1.06 -0.08 0.24 0.33 1
PLA2G1B 0.31 1.24 -0.30 0.91 0.33 1
MR1 0.11 1.08 -0.11 0.33 0.33 1
PSMB8 0.10 1.07 -0.10 0.31 0.33 1
ZAP70 0.08 1.06 -0.08 0.23 0.33 1
CLEC4C 0.25 1.19 -0.25 0.74 0.33 1
TLR2 -0.13 0.92 -0.38 0.13 0.33 1
CD47 0.04 1.03 -0.04 0.12 0.34 1
S100A8 -0.18 0.88 -0.54 0.19 0.34 1
RELB 0.12 1.08 -0.12 0.35 0.34 1
MNX1 -0.26 0.84 -0.79 0.27 0.34 1
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NRP1 0.19 1.14 -0.20 0.58 0.34 1
CD14 -0.12 0.92 -0.36 0.12 0.34 1
NUP107 0.07 1.05 -0.08 0.22 0.34 1
MPPED1 -0.23 0.85 -0.70 0.24 0.35 1
BATF -0.10 0.93 -0.32 0.11 0.35 1
CD3E 0.07 1.05 -0.08 0.22 0.35 1
CCL3L1 -0.27 0.83 -0.82 0.29 0.35 1
CCL5 0.10 1.07 -0.11 0.32 0.35 1
C1QBP 0.06 1.05 -0.07 0.20 0.36 1
CCND3 -0.06 0.96 -0.20 0.07 0.36 1
IL6R -0.09 0.94 -0.30 0.11 0.36 1
MEF2C 0.10 1.07 -0.12 0.31 0.37 1
CCL3 -0.23 0.86 -0.72 0.27 0.37 1
LAMP2 -0.09 0.94 -0.27 0.10 0.37 1
PYCARD -0.09 0.94 -0.29 0.11 0.37 1
CX3CL1 0.25 1.19 -0.29 0.79 0.37 1
FYN 0.06 1.04 -0.07 0.18 0.37 1
ATG10 -0.08 0.94 -0.27 0.10 0.38 1
TLR6 -0.11 0.93 -0.36 0.14 0.38 1
ENTPD1 -0.13 0.92 -0.40 0.15 0.38 1
CD3D 0.08 1.05 -0.09 0.24 0.38 1
PECAM1 -0.08 0.95 -0.26 0.10 0.38 1
NOD2 0.13 1.09 -0.16 0.42 0.38 1
EWSR1 0.04 1.03 -0.05 0.12 0.38 1
IFITM1 0.16 1.12 -0.20 0.52 0.38 1
CARD9 0.09 1.06 -0.11 0.29 0.39 1
IL1RAP -0.12 0.92 -0.40 0.15 0.39 1
PPARG 0.23 1.18 -0.29 0.76 0.39 1
PIK3CD -0.06 0.96 -0.21 0.08 0.39 1
ANXA1 -0.06 0.96 -0.19 0.07 0.39 1
REL 0.06 1.04 -0.08 0.19 0.40 1
TLR10 -0.08 0.95 -0.27 0.11 0.40 1
TANK 0.09 1.06 -0.12 0.30 0.41 1
IFNL2 0.24 1.18 -0.32 0.79 0.41 1
NCF4 -0.11 0.93 -0.35 0.14 0.41 1
CD8B -0.11 0.93 -0.36 0.14 0.41 1
IL17F 0.24 1.18 -0.32 0.80 0.41 1
IL8 0.16 1.12 -0.23 0.55 0.42 1
FCER1G -0.14 0.91 -0.47 0.19 0.42 1
HCK -0.09 0.94 -0.31 0.13 0.42 1
IRF5 0.09 1.06 -0.12 0.30 0.42 1
LIF 0.25 1.19 -0.35 0.84 0.42 1
JAK2 0.10 1.07 -0.14 0.33 0.42 1
CR1 -0.12 0.92 -0.43 0.18 0.42 1
IFNB1 0.22 1.17 -0.32 0.77 0.43 1
TICAM1 -0.07 0.95 -0.25 0.10 0.43 1
SPANXB1 0.25 1.19 -0.36 0.85 0.43 1
NOTCH1 -0.09 0.94 -0.30 0.13 0.43 1
BLK 0.14 1.10 -0.21 0.49 0.43 1
IRAK4 -0.05 0.96 -0.19 0.08 0.43 1
PTPRC -0.11 0.93 -0.37 0.16 0.44 1
PDCD1LG2 0.39 1.31 -0.59 1.36 0.44 1
ALCAM 0.08 1.05 -0.12 0.27 0.44 1
CD27 0.07 1.05 -0.10 0.24 0.44 1
IRAK1 -0.05 0.97 -0.16 0.07 0.44 1
CXCL13 0.23 1.17 -0.36 0.81 0.45 1
LILRA1 -0.07 0.95 -0.27 0.12 0.45 1
KLRK1 -0.08 0.94 -0.30 0.13 0.45 1
CXCR4 -0.06 0.96 -0.20 0.09 0.45 1
TXNIP -0.05 0.96 -0.20 0.09 0.45 1
CD5 0.07 1.05 -0.11 0.24 0.45 1
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USP9Y -0.29 0.82 -1.03 0.45 0.45 1
SH2B2 -0.09 0.94 -0.33 0.15 0.45 1
ETS1 0.06 1.04 -0.10 0.23 0.45 1
C7 0.24 1.18 -0.38 0.85 0.45 1
CCL11 -0.21 0.87 -0.75 0.33 0.45 1
ITGB1 0.06 1.04 -0.10 0.23 0.46 1
MSR1 0.46 1.38 -0.76 1.68 0.46 1
AICDA -0.17 0.89 -0.62 0.28 0.46 1
EP300 0.04 1.03 -0.07 0.15 0.46 1
CXCL11 0.54 1.45 -0.89 1.96 0.47 1
LTB 0.05 1.04 -0.09 0.19 0.47 1
CXCL16 -0.09 0.94 -0.33 0.15 0.47 1
ECSIT 0.08 1.06 -0.14 0.29 0.47 1
IGF2R -0.09 0.94 -0.33 0.16 0.47 1
TNFSF11 -0.19 0.88 -0.69 0.32 0.48 1
MAP3K5 0.06 1.04 -0.11 0.24 0.48 1
PASD1 0.21 1.15 -0.36 0.77 0.48 1
FUT5 0.21 1.15 -0.36 0.78 0.48 1
ULBP2 0.17 1.13 -0.30 0.64 0.48 1
LRRN3 0.13 1.09 -0.23 0.49 0.48 1
TIGIT 0.10 1.07 -0.17 0.36 0.48 1
CCR1 0.13 1.10 -0.24 0.50 0.48 1
HSD11B1 -0.17 0.89 -0.65 0.31 0.49 1
SYT17 -0.17 0.89 -0.65 0.31 0.49 1
SBNO2 -0.09 0.94 -0.36 0.17 0.49 1
IL26 -0.16 0.90 -0.61 0.29 0.49 1
CD22 0.08 1.06 -0.16 0.32 0.50 1
TLR5 -0.16 0.90 -0.61 0.29 0.50 1
CCR7 0.08 1.05 -0.14 0.29 0.50 1
CCL22 0.21 1.16 -0.40 0.82 0.50 1
MAF 0.06 1.04 -0.12 0.24 0.51 1
KIR3DL1 0.35 1.28 -0.69 1.40 0.51 1
IL13RA1 -0.08 0.95 -0.32 0.16 0.51 1
TNFRSF11B 0.21 1.16 -0.42 0.85 0.51 1
KLRB1 -0.10 0.94 -0.38 0.19 0.51 1
CD24 0.07 1.05 -0.15 0.30 0.51 1
CCR6 0.08 1.06 -0.17 0.34 0.51 1
KIR Activating
Subgroup 2 0.31 1.24 -0.62 1.24 0.51 1
C8G 0.14 1.10 -0.27 0.54 0.51 1
IL22 0.20 1.15 -0.40 0.80 0.52 1
IL1RN 0.12 1.09 -0.25 0.49 0.52 1
TNFSF4 0.09 1.06 -0.18 0.36 0.52 1
KLRC1 0.12 1.09 -0.25 0.49 0.52 1
KIR Inhibiting
Subgroup 1 0.45 1.37 -0.92 1.82 0.52 1
BTLA 0.06 1.04 -0.12 0.24 0.52 1
MAGEA12 0.18 1.13 -0.37 0.73 0.52 1
FCGR2B 0.10 1.07 -0.21 0.41 0.52 1
C1QB 0.36 1.29 -0.76 1.48 0.53 1
PRM1 0.18 1.13 -0.37 0.73 0.53 1
KIR_ Inhibiting
Subgroup 2 0.43 1.34 -0.91 1.76 0.53 1
CD207 0.17 1.13 -0.37 0.72 0.54 1
CCR2 0.06 1.04 -0.13 0.25 0.54 1
ITGAL 0.03 1.02 -0.07 0.14 0.54 1
FCGR2A -0.09 0.94 -0.37 0.19 0.54 1
CXCR5 0.08 1.06 -0.17 0.33 0.54 1
RORA 0.06 1.04 -0.12 0.24 0.54 1
MRC1 -0.12 0.92 -0.52 0.27 0.54 1
CD84 0.05 1.04 -0.12 0.23 0.54 1
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HMGB1 0.02 1.02 -0.05 0.09 0.54 1
ICAM1 -0.08 0.95 -0.34 0.18 0.54 1
TBX21 -0.08 0.95 -0.33 0.17 0.55 1
YTHDF2 0.03 1.02 -0.07 0.14 0.55 1
VEGFA -0.08 0.95 -0.34 0.18 0.55 1
IL3 0.19 1.14 -0.42 0.80 0.55 1
LCP1 -0.06 0.96 -0.24 0.13 0.55 1
PIK3CG -0.04 0.97 -0.16 0.09 0.55 1
CD86 0.06 1.04 -0.14 0.26 0.56 1
IL24 -0.13 0.91 -0.58 0.31 0.56 1
IGLL1 0.17 1.12 -0.40 0.73 0.57 1
MEFV -0.07 0.95 -0.31 0.17 0.57 1
SMPD3 0.32 1.25 -0.78 1.43 0.57 1
MME -0.10 0.93 -0.44 0.24 0.57 1
CCR5 -0.07 0.95 -0.32 0.18 0.57 1
CFI 0.17 1.12 -0.40 0.73 0.57 1
IFNA7 0.14 1.10 -0.33 0.60 0.57 1
MARCO 0.39 1.31 -0.96 1.74 0.57 1
IL7R 0.05 1.04 -0.12 0.22 0.57 1
NFKB1 -0.05 0.97 -0.21 0.12 0.58 1
CSF2RB -0.07 0.96 -0.30 0.17 0.58 1
CFD 0.15 1.11 -0.39 0.70 0.58 1
CTSL 0.44 1.36 -1.15 2.04 0.59 1
CD19 0.07 1.05 -0.19 0.34 0.59 1
SLAMF7 0.08 1.05 -0.20 0.35 0.59 1
APOE 0.15 1.11 -0.39 0.69 0.59 1
MAGEA1 -0.17 0.89 -0.79 0.45 0.59 1
LAMP1 -0.03 0.98 -0.15 0.09 0.59 1
IL25 -0.15 0.90 -0.70 0.40 0.59 1
CD53 -0.04 0.97 -0.21 0.12 0.59 1
TREM2 0.14 1.10 -0.37 0.65 0.59 1
IFNA17 0.14 1.10 -0.36 0.63 0.60 1
MAPK8 -0.03 0.98 -0.16 0.09 0.60 1
ATF1 -0.03 0.98 -0.12 0.07 0.60 1
IL1RL2 0.14 1.10 -0.39 0.68 0.60 1
MAVS -0.03 0.98 -0.15 0.09 0.61 1
IL23A 0.07 1.05 -0.19 0.33 0.61 1
ITGA1 0.43 1.35 -1.20 2.06 0.61 1
CYFIP2 -0.02 0.99 -0.11 0.06 0.61 1
LYN -0.06 0.96 -0.28 0.17 0.61 1
CMA1 0.14 1.10 -0.40 0.67 0.61 1
SPP1 0.24 1.18 -0.69 1.18 0.61 1
TYK2 -0.03 0.98 -0.17 0.10 0.62 1
IL22RA1 0.16 1.11 -0.45 0.76 0.62 1
C8B 0.14 1.10 -0.40 0.68 0.62 1
CCR3 -0.09 0.94 -0.46 0.27 0.62 1
CD1C -0.06 0.96 -0.30 0.18 0.62 1
VEGFC 0.32 1.25 -0.93 1.56 0.62 1
CDH5 0.12 1.09 -0.36 0.61 0.62 1
CCL8 0.35 1.27 -1.04 1.74 0.62 1
KLRD1 -0.07 0.96 -0.33 0.20 0.63 1
CKLF -0.07 0.96 -0.33 0.19 0.63 1
NFATC2 0.04 1.03 -0.13 0.21 0.63 1
LILRB3 -0.06 0.96 -0.31 0.19 0.63 1
PRAME 0.14 1.11 -0.44 0.73 0.63 1
SYCP1 -0.15 0.90 -0.78 0.47 0.63 1
RIPK2 0.05 1.04 -0.16 0.26 0.63 1
PDGFRB 0.41 1.32 -1.25 2.06 0.63 1
TARP -0.08 0.95 -0.39 0.24 0.64 1
ITGAE 0.04 1.03 -0.13 0.21 0.64 1
SIGIRR 0.04 1.02 -0.11 0.18 0.64 1
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CX3CR1 0.06 1.04 -0.19 0.31 0.64 1
BST1 -0.06 0.96 -0.32 0.19 0.64 1
PDCD1 0.36 1.29 -1.15 1.88 0.64 1
C1S 0.10 1.08 -0.33 0.54 0.64 1
IL17RB -0.11 0.93 -0.55 0.34 0.64 1
MICA 0.07 1.05 -0.22 0.36 0.64 1
ARG2 0.40 1.32 -1.29 2.09 0.65 1
IL34 -0.10 0.93 -0.52 0.32 0.65 1
CARD11 0.04 1.03 -0.15 0.23 0.65 1
CLEC6A 0.37 1.29 -1.22 1.96 0.65 1
CCL28 -0.14 0.91 -0.73 0.46 0.65 1
FLT3 -0.41 0.76 -2.18 1.37 0.66 1
ABCB1 -0.05 0.97 -0.26 0.16 0.66 1
SELL 0.06 1.04 -0.21 0.33 0.66 1
MYD88 -0.04 0.97 -0.24 0.15 0.66 1
ITGA6 0.04 1.03 -0.14 0.23 0.66 1
CTSG 0.30 1.23 -1.02 1.62 0.66 1
TNFRSF13C 0.06 1.04 -0.21 0.33 0.66 1
SMAD2 -0.02 0.99 -0.12 0.08 0.66 1
GZMM 0.05 1.03 -0.17 0.26 0.66 1
CAMP -0.08 0.95 -0.45 0.29 0.67 1
CD48 0.04 1.03 -0.13 0.21 0.67 1
IRF1 0.05 1.04 -0.19 0.30 0.67 1
EBI3 -0.11 0.93 -0.63 0.40 0.67 1
MERTK -0.37 0.77 -2.08 1.34 0.67 1
MAP2K1 -0.03 0.98 -0.14 0.09 0.67 1
CDK1 0.33 1.26 -1.22 1.88 0.68 1
CD160 -0.08 0.95 -0.45 0.29 0.68 1
CD2 0.03 1.02 -0.13 0.20 0.68 1
SH2D1B -0.06 0.96 -0.34 0.22 0.68 1
CD1B 0.12 1.08 -0.44 0.67 0.69 1
CEACAM8 0.27 1.21 -1.04 1.58 0.69 1
EGR1 0.10 1.07 -0.37 0.56 0.69 1
CXCL1 -0.06 0.96 -0.34 0.22 0.69 1
JAM3 0.09 1.06 -0.34 0.52 0.69 1
IFNA2 0.12 1.09 -0.48 0.72 0.69 1
PSMB7 0.02 1.01 -0.08 0.13 0.70 1
GZMK 0.05 1.03 -0.20 0.30 0.70 1
CD46 0.03 1.02 -0.13 0.19 0.70 1
MASP2 0.12 1.09 -0.49 0.73 0.70 1
NEFL 0.24 1.18 -0.97 1.44 0.70 1
MCAM 0.10 1.07 -0.42 0.62 0.70 1
HLADPB1 0.03 1.02 -0.14 0.20 0.71 1
IL3RA 0.08 1.06 -0.34 0.50 0.71 1
CHUK -0.03 0.98 -0.17 0.12 0.71 1
MBL2 -0.11 0.93 -0.70 0.47 0.71 1
LCK 0.03 1.02 -0.12 0.18 0.71 1
CXCL14 -0.11 0.93 -0.69 0.47 0.71 1
GPI -0.03 0.98 -0.16 0.11 0.71 1
IL1RAPL2 0.08 1.05 -0.33 0.48 0.71 1
ITGAM -0.04 0.97 -0.25 0.18 0.72 1
ATF2 0.02 1.01 -0.08 0.11 0.72 1
TPSAB1 -0.19 0.88 -1.25 0.88 0.73 1
BMI1 0.03 1.02 -0.12 0.17 0.73 1
CCL26 0.11 1.08 -0.49 0.70 0.73 1
SLAMF1 0.04 1.03 -0.18 0.25 0.74 1
MAP3K1 -0.02 0.98 -0.16 0.11 0.74 1
CD247 0.03 1.02 -0.13 0.19 0.74 1
LBP 0.10 1.07 -0.50 0.71 0.74 1
KIR3DL2 0.44 1.36 -2.16 3.04 0.74 1
JAK3 0.04 1.02 -0.18 0.25 0.74 1
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DUSP4 0.08 1.06 -0.41 0.58 0.74 1
A2M 0.09 1.06 -0.45 0.62 0.74 1
CD37 -0.02 0.98 -0.17 0.12 0.75 1
HLAC -0.06 0.96 -0.41 0.30 0.75 1
BIRC5 0.22 1.16 -1.12 1.55 0.75 1
IL1R1 -0.32 0.80 -2.26 1.63 0.75 1
IL17RA -0.04 0.98 -0.25 0.18 0.75 1
CXCL6 -0.27 0.83 -1.96 1.42 0.75 1
PPBP 0.06 1.05 -0.35 0.47 0.76 1
STAT6 -0.02 0.98 -0.17 0.12 0.76 1
HLAG -0.06 0.96 -0.46 0.33 0.76 1
CD9 0.04 1.03 -0.23 0.31 0.76 1
PVR -0.04 0.97 -0.29 0.22 0.76 1
AKT3 -0.02 0.99 -0.17 0.12 0.77 1
C5 0.29 1.22 -1.62 2.19 0.77 1
TLR7 0.30 1.23 -1.70 2.30 0.77 1
CXCR3 0.04 1.03 -0.21 0.28 0.77 1
IL12B 0.08 1.06 -0.46 0.63 0.77 1
CD79B -0.03 0.98 -0.25 0.19 0.78 1
PRF1 -0.03 0.98 -0.28 0.21 0.79 1
KIR3DL3 -0.09 0.94 -0.74 0.56 0.79 1
ATG5 0.02 1.01 -0.11 0.14 0.79 1
MS4A1 0.04 1.03 -0.23 0.30 0.79 1
IFNA1 -0.08 0.94 -0.69 0.52 0.79 1
MAGEC2 0.08 1.06 -0.50 0.66 0.79 1
CD1D -0.02 0.98 -0.19 0.14 0.79 1
TNFRSF9 -0.28 0.82 -2.36 1.79 0.79 1
MUC1 0.23 1.17 -1.45 1.91 0.79 1
IL13RA2 0.09 1.06 -0.56 0.74 0.79 1
FOXJ1 -0.28 0.83 -2.31 1.76 0.79 1
CCL18 0.07 1.05 -0.42 0.55 0.79 1
PMCH -0.08 0.95 -0.64 0.49 0.79 1
CTSS 0.02 1.02 -0.16 0.21 0.79 1
C1QA 0.14 1.10 -0.91 1.19 0.80 1
KLRC2 -0.05 0.97 -0.40 0.30 0.80 1
CCL25 -0.06 0.96 -0.54 0.42 0.80 1
TGFB1 -0.02 0.99 -0.13 0.10 0.80 1
KLRF1 -0.04 0.97 -0.33 0.25 0.80 1
CCL27 -0.06 0.96 -0.53 0.41 0.80 1
ZNF205 0.07 1.05 -0.48 0.62 0.80 1
LAG3 0.04 1.03 -0.28 0.36 0.81 1
RRAD 0.07 1.05 -0.47 0.60 0.81 1
IL5 0.08 1.06 -0.55 0.71 0.81 1
STAT3 -0.02 0.98 -0.22 0.17 0.81 1
IL2RB -0.03 0.98 -0.26 0.20 0.81 1
S100B 0.08 1.06 -0.56 0.72 0.81 1
CD80 0.20 1.15 -1.42 1.82 0.81 1
IRF2 0.02 1.02 -0.17 0.22 0.81 1
TNFRSF1B -0.02 0.99 -0.18 0.14 0.81 1
ADA 0.02 1.01 -0.15 0.19 0.81 1
DUSP6 -0.02 0.98 -0.23 0.18 0.82 1
TNFSF13 -0.02 0.98 -0.22 0.17 0.82 1
ATG7 0.02 1.01 -0.15 0.18 0.82 1
TNFRSF4 0.27 1.20 -2.04 2.57 0.82 1
HLADQA1 -0.26 0.83 -2.51 1.99 0.82 1
SLAMF6 -0.02 0.99 -0.22 0.17 0.82 1
CXCL5 0.06 1.04 -0.47 0.59 0.82 1
RUNX3 -0.02 0.99 -0.18 0.14 0.83 1
MS4A2 -0.17 0.89 -1.63 1.30 0.83 1
CCL7 -0.07 0.95 -0.67 0.53 0.83 1
LY9 0.02 1.01 -0.14 0.18 0.83 1
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CCL4 0.03 1.02 -0.22 0.28 0.83 1
SYK -0.02 0.99 -0.19 0.15 0.83 1
CCL20 0.33 1.25 -2.76 3.42 0.84 1
NOS2A 0.06 1.05 -0.55 0.68 0.84 1
TICAM2 -0.03 0.98 -0.27 0.22 0.84 1
ITGAX -0.02 0.98 -0.25 0.20 0.84 1
IL27 0.17 1.12 -1.42 1.75 0.84 1
GZMA -0.02 0.98 -0.26 0.21 0.84 1
CXCL9 0.20 1.15 -1.72 2.12 0.84 1
LILRA4 0.16 1.12 -1.37 1.69 0.84 1
TNFSF18 0.06 1.04 -0.51 0.62 0.84 1
CLEC4A 0.02 1.02 -0.20 0.24 0.84 1
IL7 0.22 1.16 -1.90 2.33 0.84 1
ITGB2 0.02 1.01 -0.14 0.17 0.84 1
CEACAM6 0.12 1.09 -1.08 1.33 0.84 1
CHIT1 -0.17 0.89 -1.84 1.51 0.84 1
IL32 -0.02 0.99 -0.23 0.19 0.85 1
PTGDR2 -0.04 0.97 -0.47 0.38 0.85 1
PLA2G6 0.01 1.01 -0.12 0.15 0.85 1
MAGEA4 0.05 1.04 -0.50 0.61 0.85 1
IGF1R -0.02 0.99 -0.21 0.18 0.86 1
FN1 0.05 1.04 -0.54 0.65 0.86 1
IL19 -0.05 0.97 -0.61 0.51 0.86 1
CSF3 0.04 1.03 -0.44 0.53 0.86 1
SPINK5 -0.05 0.96 -0.64 0.53 0.86 1
CMKLR1 -0.03 0.98 -0.36 0.30 0.86 1
HAVCR2 0.02 1.01 -0.17 0.21 0.86 1
CASP10 0.20 1.15 -1.98 2.38 0.86 1
GATA3 0.18 1.14 -1.87 2.24 0.86 1
IL9 0.05 1.04 -0.55 0.66 0.86 1
CXCL3 -0.18 0.88 -2.19 1.84 0.86 1
TP53 -0.01 0.99 -0.14 0.12 0.86 1
C3 0.25 1.19 -2.63 3.13 0.87 1
CD200 0.03 1.02 -0.28 0.33 0.87 1
DDX43 -0.12 0.92 -1.47 1.23 0.87 1
MAPK1 0.02 1.01 -0.19 0.23 0.87 1
TTK 0.13 1.09 -1.38 1.63 0.87 1
REPS1 0.02 1.01 -0.19 0.23 0.87 1
IL1RL1 -0.09 0.94 -1.24 1.05 0.87 1
FEZ1 -0.17 0.89 -2.18 1.85 0.87 1
GZMB -0.02 0.98 -0.33 0.28 0.87 1
MAP3K7 0.01 1.00 -0.08 0.10 0.88 1
CREB5 -0.02 0.99 -0.29 0.25 0.88 1
TIRAP -0.02 0.99 -0.21 0.18 0.88 1
EOMES -0.14 0.91 -1.84 1.57 0.88 1
F2RL1 -0.03 0.98 -0.37 0.32 0.88 1
SPACA3 -0.04 0.97 -0.62 0.53 0.88 1
CD163 0.02 1.02 -0.29 0.34 0.88 1
MAGEB2 0.04 1.03 -0.46 0.54 0.88 1
IL21R 0.02 1.01 -0.21 0.25 0.88 1
CSF2 -0.05 0.97 -0.64 0.55 0.88 1
TNFRSF18 0.16 1.12 -1.91 2.23 0.88 1
TNFRSF12A 0.20 1.15 -2.42 2.81 0.88 1
IL23R 0.10 1.07 -1.18 1.37 0.88 1
IRF3 -0.01 0.99 -0.20 0.17 0.88 1
ELK1 0.13 1.09 -1.55 1.80 0.88 1
BAGE -0.04 0.98 -0.51 0.44 0.88 1
SPA17 0.20 1.15 -2.43 2.83 0.88 1
SPN 0.01 1.01 -0.16 0.18 0.89 1
TLR3 -0.11 0.92 -1.67 1.44 0.89 1
AMICA1 -0.01 0.99 -0.20 0.18 0.89 1
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TNFRSF13B -0.13 0.92 -1.91 1.65 0.89 1
C8A 0.04 1.03 -0.54 0.62 0.89 1
PSEN2 0.23 1.17 -2.98 3.44 0.89 1
PRKCE 0.17 1.13 -2.23 2.58 0.89 1
GAGE1 0.19 1.14 -2.44 2.82 0.89 1
S100A7 0.04 1.03 -0.52 0.60 0.89 1
LTK -0.11 0.93 -1.68 1.46 0.89 1
IKBKG -0.01 0.99 -0.16 0.14 0.89 1
DMBT1 0.17 1.13 -2.36 2.70 0.90 1
PRKCD -0.01 0.99 -0.20 0.18 0.90 1
BAX -0.01 1.00 -0.10 0.09 0.90 1
CD79A 0.02 1.01 -0.24 0.27 0.90 1
CD59 -0.02 0.99 -0.30 0.27 0.90 1
RPS6 0.01 1.01 -0.19 0.21 0.90 1
XCL2 0.02 1.01 -0.31 0.35 0.91 1
IL5RA -0.07 0.95 -1.33 1.18 0.91 1
OSM 0.08 1.06 -1.32 1.48 0.91 1
IFNG 0.09 1.06 -1.43 1.60 0.91 1
MIF 0.01 1.01 -0.14 0.16 0.91 1
CR2 0.16 1.12 -2.69 3.02 0.91 1
ITGB4 -0.10 0.93 -1.89 1.69 0.91 1
CD1A 0.12 1.08 -1.92 2.16 0.91 1
CLEC5A 0.09 1.06 -1.48 1.66 0.91 1
HLAA -0.01 0.99 -0.19 0.17 0.91 1
CCL13 0.16 1.12 -2.65 2.96 0.91 1
SH2D1A -0.01 0.99 -0.21 0.19 0.91 1
IL11 -0.03 0.98 -0.64 0.58 0.92 1
RAG1 0.03 1.02 -0.44 0.49 0.92 1
ITCH -0.01 1.00 -0.10 0.09 0.92 1
FADD -0.13 0.91 -2.56 2.30 0.92 1
TPTE -0.02 0.99 -0.43 0.39 0.92 1
CD44 -0.01 1.00 -0.11 0.10 0.92 1
CTAG1B -0.10 0.93 -1.93 1.74 0.92 1
IL22RA2 0.03 1.02 -0.51 0.57 0.92 1
CD70 0.09 1.06 -1.61 1.79 0.92 1
RORC 0.02 1.01 -0.32 0.35 0.92 1
KIT -0.11 0.93 -2.30 2.08 0.92 1
TNFRSF10B -0.01 0.99 -0.20 0.18 0.92 1
JAK1 0.00 1.00 -0.10 0.09 0.92 1
CD164 -0.01 1.00 -0.16 0.15 0.93 1
CCR4 0.12 1.09 -2.44 2.68 0.93 1
PLAUR -0.01 0.99 -0.27 0.25 0.93 1
MAGEA3 -0.03 0.98 -0.61 0.55 0.93 1
SEMG1 0.11 1.08 -2.26 2.48 0.93 1
TNF 0.01 1.01 -0.16 0.17 0.93 1
COLEC12 0.03 1.02 -0.52 0.57 0.93 1
IL12RB2 -0.09 0.94 -2.08 1.90 0.93 1
KLRG1 -0.02 0.99 -0.36 0.33 0.93 1
CREB1 0.01 1.01 -0.16 0.18 0.93 1
COL3A1 -0.13 0.92 -2.98 2.73 0.93 1
CD68 -0.01 0.99 -0.21 0.19 0.93 1
HLAB -0.01 1.00 -0.18 0.16 0.93 1
CD81 -0.01 1.00 -0.18 0.16 0.94 1
IL4 0.05 1.04 -1.32 1.43 0.94 1
CCR9 0.06 1.04 -1.37 1.48 0.94 1
TMEFF2 -0.02 0.99 -0.56 0.52 0.94 1
IRGM -0.06 0.96 -1.82 1.69 0.94 1
CREBBP -0.10 0.93 -2.93 2.73 0.95 1
CTSH -0.01 1.00 -0.17 0.16 0.95 1
EGR2 -0.09 0.94 -2.64 2.46 0.95 1
ATG12 0.10 1.07 -2.76 2.96 0.95 1
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POU2AF1 0.07 1.05 -2.06 2.20 0.95 1
AXL 0.02 1.01 -0.44 0.47 0.95 1
GZMH 0.01 1.01 -0.39 0.42 0.95 1
FAS 0.01 1.01 -0.30 0.32 0.95 1
FCER2 0.01 1.01 -0.29 0.31 0.95 1
ENG 0.09 1.06 -2.61 2.79 0.95 1
PDGFC 0.09 1.06 -2.53 2.71 0.95 1
AMBP 0.02 1.01 -0.62 0.66 0.95 1
HLADQB1 -0.06 0.96 -1.82 1.71 0.95 1
CXCL12 0.02 1.01 -0.60 0.64 0.95 1
CD55 0.12 1.09 -3.65 3.90 0.95 1
DPP4 -0.11 0.93 -3.65 3.42 0.95 1
IL21 -0.02 0.99 -0.55 0.52 0.95 1
TNFRSF14 0.00 1.00 -0.15 0.16 0.95 1
IL1B -0.01 0.99 -0.39 0.36 0.95 1
IL10RA 0.00 1.00 -0.11 0.11 0.95 1
PSMD7 0.00 1.00 -0.08 0.08 0.96 1
C1R 0.08 1.06 -2.99 3.15 0.96 1
TXK 0.00 1.00 -0.18 0.19 0.96 1
NFATC3 0.00 1.00 -0.10 0.09 0.96 1
F12 -0.04 0.97 -1.72 1.63 0.96 1
C4BPA 0.03 1.02 -1.05 1.10 0.96 1
DEFB1 0.01 1.01 -0.54 0.57 0.96 1
BLNK 0.06 1.04 -2.57 2.68 0.97 1
PLAU -0.05 0.97 -2.17 2.08 0.97 1
IL12A -0.04 0.97 -1.85 1.78 0.97 1
SERPINB2 0.04 1.03 -2.09 2.18 0.97 1
TGFB2 -0.01 1.00 -0.45 0.44 0.97 1
CSF1 0.04 1.02 -2.20 2.27 0.98 1
CXCL2 -0.03 0.98 -1.89 1.83 0.98 1
CCL1 0.04 1.03 -2.50 2.58 0.98 1
TNFSF15 0.10 1.07 -6.98 7.17 0.98 1
TLR9 -0.07 0.96 -5.19 5.06 0.98 1
CTAGE1 -0.01 0.99 -0.65 0.63 0.98 1
FCGR1A 0.01 1.01 -0.64 0.65 0.98 1
CD3EAP 0.04 1.03 -3.28 3.36 0.98 1
INPP5D 0.00 1.00 -0.12 0.13 0.98 1
CSF1R -0.02 0.98 -2.30 2.25 0.98 1
SSX1 -0.01 1.00 -0.57 0.55 0.98 1
ICAM4 -0.02 0.98 -2.40 2.35 0.98 1
NCR1 0.00 1.00 -0.29 0.28 0.99 1
CCL24 -0.01 1.00 -0.70 0.68 0.99 1
ATM 0.03 1.02 -2.77 2.82 0.99 1
HRAS 0.03 1.02 -2.94 2.99 0.99 1
ST6GAL1 0.00 1.00 -0.15 0.15 0.99 1
LY96 0.00 1.00 -0.36 0.36 0.99 1
MICB 0.00 1.00 -0.21 0.21 0.99 1
HLAE 0.00 1.00 -0.15 0.15 0.99 1
CCL16 0.00 1.00 -0.60 0.59 0.99 1
IL1A 0.00 1.00 -0.56 0.57 0.99 1
CD8A 0.00 1.00 -0.28 0.27 0.99 1
CASP3 0.00 1.00 -0.10 0.10 0.99 1
AIRE 0.01 1.01 -2.02 2.05 0.99 1
KIR_Activating
Subgroup_1 -0.01 1.00 -0.91 0.89 0.99 1
NT5E -0.01 0.99 -2.00 1.98 0.99 1
FOXP3 0.01 1.01 -1.78 1.80 0.99 1
CLU 0.00 1.00 -0.57 0.56 0.99 1
FCGR3A 0.00 1.00 -0.28 0.28 0.99 1
ICOSLG 0.01 1.01 -2.38 2.40 0.99 1
NCAM1 -0.01 0.99 -2.10 2.08 0.99 1
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ITGA2 -0.02 0.99 -3.84 3.81 0.99 1
LAIR2 0.00 1.00 -0.18 0.18 0.99 1
CCL17 0.00 1.00 -0.58 0.59 0.99 1
IL10 0.01 1.01 -2.99 3.01 1.00 1
CCL23 0.00 1.00 -1.36 1.37 1.00 1
CD7 0.00 1.00 -0.19 0.19 1.00 1
PAX5 0.00 1.00 -1.87 1.87 1.00 1
CT45A1 0.00 1.00 -1.74 1.75 1.00 1
ABL1 0.00 1.00 -5.41 5.40 1.00 1
SSX4 0.00 1.00 -5.40 5.40 1.00 1

Supplement 5: A KEGG pathway of the genes involved in the immune response to influenza A. Genes shown in white are known to be
involved in the pathway however, but not represented within the Pan Cancer Immune Profiling Panel. Genes and gene families that are over-
expressed in the KEGG pathway are shown in shades of orange (log2 fold-difference 0 to 2.5). The genes upregulated in athletes reported
URS are as follow: RIG1 (retinoic acid inducible gene 1) and MDA5 (melanoma differentiation associated protein 5) translation yields pro-
teins involved in the pattern recognition of viruses, the OAS genes (oligoadenylate synthase) leads to synthesis of protein capable of degrad-
ing viral RNA, IRF3 (interferon regulatory factor 3) genes products stimulates transcription of interferon genes while the product of the
MCP1 (monocyte chemotactic protein 1) and IP10 genes (interferon-inducible cytokine10) are involved in T cell activation and migration of
monocytes. TRAIL (TNF-related apoptosis-inducing ligand), a gene whose protein is involved in initiation of apoptosis was also upregulated.
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Supplement 6: A KEGG pathway of the genes involved in the immune response to herpes simplex virus. Genes shown in white
are known to be involved in the pathway however, are not represented within the Pan Cancer Immune Profiling Panel. Genes
and gene families that are over-expressed in the KEGG pathway are shown in shades of orange (log2 fold-difference 0 to 2.5).
The genes upregulated in athletes who reported URS are as follow: RIG1 (retinoic acid inducible gene 1) and MDA5 (melanoma
differentiation associated protein 5) translation yields proteins involved in the pattern recognition of viruses, the 2’-5’OAS
(oligoadenylate synthase 1) gene leads to synthesis of protein capable of degrading viral RNA, IRF3 (interferon regulatory fac-
tor 3) gene products stimulates transcription of interferon genes while the product of the MCP1 (monocyte chemotactic protein
1) and ISG56 genes (interferon stimulated gene 56) are involved in T cell activation, monocytes activation and migration. ISG56
is also involved in sensing single stranded (viral) RNA.



132 •   NK cell mobilisation is blunted in T1D following an acute exercise bout

EIR 26 2020

ABSTRACT

Type 1 diabetes (T1D) is a T cell mediated autoimmune dis-
ease that targets and destroys insulin-secreting pancreatic
beta cells. Although T cell mediated, a number of other
immune cells are also critically involved in co-ordinating the
events leading to T1D. Specifically, innate subsets play an
important role in the pathogenesis of T1D. NK cells are one of
the first cell types to infiltrate the pancreas, causing damage
and release of beta cell antigens. Previous work in our group
has shown differential mobilisation of highly differentiated
CD8+ T cells during vigorous intensity exercise in T1D com-
pared to a control cohort. Here, we aimed to explore exercise-
induced mobilisation of other cell types involved in T1D
pathogenesis. In this study, we investigated the effects of a sin-
gle bout of vigorous (80% predicted VO2 max) intensity exer-
cise on innate cell mobilisation in T1D and control partici-
pants. T1D (N=12, mean age 33.2yrs, predicted VO2 max 32.2
ml.kg.min-1, BMI 25.3 kg.m-2) and control (N=12, mean age
29.4yrs, predicted VO2 max 38.5 ml.kg.min-1, BMI 23.7 kg.m-
2) male participants completed a 30-minute bout of cycling at
80% predicted VO2 max in a fasted state. Peripheral blood
was collected at baseline, immediately post-exercise, and 1
hour post-exercise. NK cell subsets mobilised during vigorous
intensity exercise in both control and T1D participants. How-
ever, mature NK cells, defined as the CD56dimCD16bright sub-
set, displayed a lower percentage increase following vigorous
intensity exercise in T1D participants (Control: 185.12%,
T1D: 97.06%). This blunted mobilisation was specific to early
mature NK cells (KIR+) but not later differentiated NK cells
(KIR+CD57+). Myeloid lineage subsets mobilised to a similar
extent in both control and T1D participants. In conclusion,
vigorous exercise mobilises innate immune cells in people
with T1D albeit to a different extent to those without T1D.
This mobilisation of innate immune cells provides a mecha-
nistic argument to support exercise in people with T1D where
it has the potential to improve surveillance for infection and
to modulate the autoimmune response to the beta cell.

Key Words: Exercise, Physical activity, Type 1 Diabetes,
Innate immunity, Natural Killer cells

INTRODUCTION

Type 1 Diabetes (T1D) results from beta cell destruction
caused by autoreactive T cells. Pancreatic lymphocyte infiltra-
tion results in a hallmark inflammation within the pancreas
referred to as insulitis (57). In the initial stages of insulitis, a
mixed leukocyte population including CD4+ T cells, CD8+ T
cells, natural killer (NK) cells, Dendritic cells (DC), B cells,
and macrophages infiltrate the pancreas (49, 67, 69, 81). Traf-
ficking of CD45+ cells from lymphoid organs to the pancreas,
specifically to the region of insulitis, has been demonstrated
by cell tracking in mice (49). CD4+ T cell, CD8+ T cell, and B
cell populations are seen to migrate into the pancreas. NK
cells and B cells make up much lower proportions of pancre-
atic lymphocyte populations (67). However, NK cells are one
of the first cell types to infiltrate the pancreas, even before
autoreactive T cell infiltration occurs (2, 8, 29, 64). The pres-
ence of NK cells results in damage and release of beta cell
antigens. Myeloid lineage subsets then present beta cell anti-
gens to autoreactive T cells and thus begins the autoreactive
cascade. As demonstrated by these mixed immune popula-
tions infiltrating the pancreas in T1D, a range of immune cell
subsets are involved in the pathogenesis of T1D. 

T1D is an immune mediated disorder and the primary treat-
ment is insulin replacement. However insulin replacement
does not achieve the level of diabetes control required to pro-
tect patients from the complications of this condition (44).
Whilst significant effort has been invested in trying to prevent
and cure T1D, little progress has been made to date (75).
Exercise has clear immunomodulatory effects which could
unlock the potential for immunotherapy of T1D (43). Howev-
er, to do so, we need to understand the effects of exercise on
the immune system in T1D. Previous work in our group has
shown differential mobilisation of highly differentiated CD8+
T cells during vigorous intensity exercise in T1D, a subset
highly involved in the pathogenesis of T1D (23). This study
however did not address the effect of exercise on innate
immune cells. Because innate immune cells are some of the
first cells to infiltrate the pancreatic islet in T1D, we also
wanted to characterise the effect of exercise on innate immune
cell mobilisation in  people with T1D.

Innate cells in T1D
NK cells home to the diabetic pancreas before T cell infiltra-
tion or beta cell destruction occurs. NK cells have been
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detected from day 1 in the pancreatic infiltrate of the non-
obese diabetic (NOD) mouse, before inflammation becomes
established (8, 64). A high percentage of NK cells are also
detected at weeks 4-5 in the NOD pancreas, i.e. the prediabet-
ic stage. Both NK cells and T cells were then detected in later
weeks 9-10 (8). Furthermore, NK cells were present in the
pancreas of NOD-Rag (no B or T cells) mice indicating NK
cells infiltrate the pancreas independent of T cells and estab-
lished inflammation, and is believed to be the first event in
insulitis (8).

NK cell infiltration into the pancreas drives T1D onset.
Increased intra-pancreatic NK cells accelerated the onset of
diabetes in NOD mice and NK cell associated cytokines were
hyper-expressed in the pancreas from mice with accelerated
diabetes onset (2). In addition to this, intra-pancreatic NK
cells influence diabetogenic T cell function. Activated NK
cells within the pancreas of NOD mice produce large amounts
of IFN-γ, thus promoting effector function of diabetogenic
CD4+ T cells (29). Furthermore, depletion of NK cells has
prevented T1D in animal models, supporting their involve-
ment in T1D pathogenesis (2, 30, 64).

NK cells within the islet have a distinct phenotype, differing
to those found in the spleen and peripheral blood (74). Pancre-
atic NK cells are in an activated state indicted by increased
expression of CD25, CD69, and PD-1, coupled with down-
regulation of CD62 ligand (CD62L). Pancreatic NK cells also
express higher killer cell lectin-like receptor subfamily G
member 1 (KLRG1) than splenic NK cells, indicating their
high proliferation state (74), and  lower natural-killer group 2-
member D (NKG2D) expression, a natural cytotoxicity recep-
tor, was also reported (74). 

Myeloid subsets, DC and macrophages, can also be detect-
ed within the pancreas during insulitis in diabetic donors
(54, 69). DCs (defined as lineage negative, HLA-DR+ (48))
are present in the islets of diabetic donors and have a clear
role in the pathogenesis of T1D (69, 81). DC present beta
cell antigens to autoreactive T cells, driving T cell traffick-
ing to the pancreas (78). In NOD mice, DCs are efficient
antigen presenting cells (APC). DCs effectively stimulated
GAD, a beta cell autoantigen, reactive T cell proliferation
in in vitro co-cultures (52). In another study, plasmacytoid
DCs (pDC) were shown to present immune complexes to
CD4+ T cells more efficiently than conventional DCs
(cDCs), suggesting a possible pathogenic role of pDCs in
T1D onset (3). 

Macrophages have also been implemented in the pathogenesis
of T1D. Macrophages are recruited to the pancreas by CD4+ T
cells (13). One week after adoptive transfer of CD4+ T cell
into NOD.SCID (no B or T cells) mice, macrophages were
detected in pancreatic infiltrates. Diabetogenic CD4+ T cells
recruit macrophages through C-C Motif Chemokine Ligand
(CCL)1 secretion. This interacts with and recruits activated
CCR8+ macrophages (13). Macrophage infiltration is also
mediated through CCL2 expression on beta cells. CCL2 pro-
motes recruitment of macrophages from the bone marrow to
the islets. Furthermore, CCL2 receptor inactivation prevents
macrophage recruitment (54).

Acute exercise and innate cells

A significant amount of work on the effects of exercise on
immunity has been undertaken in  non-T1D cohorts. Acute
exercise causes significant immune cell mobilisation, of
which NK cells are the most exercise responsive lymphocyte
subset (35, 56, 73). Fully differentiated CD8+ T cells are the
next most significantly mobilised cell subset (12, 79), with
lower levels of mobilisation among CD4+ T cells and B cells
(12, 34, 72). 

NK cells are phenotypically identified as CD3-CD56+ (21,
68). NK cells can be further divided based on their CD16
expression into functionally different subsets;
CD56dimCD16bright, CD56brightCD16dim, CD56dimCD16dim

and CD56brightCD16- (65). During maturation, NK cells
become CD56dim, and lose NKG2A expression (7). This is
followed by increased killer immunoglobulin receptor (KIR)
expression, with a gradual increase in CD57 (7).  CD57 is a
marker of highly mature, highly differentiated NK cells, and
is expressed by highly cytotoxic CD56dimCD16bright NK cells
(47). Lack of Inhibitory C-type lectin receptor A (NKG2A)
and expression of KIRs independently correlated with
reduced proliferation, and co-expression of CD57 was associ-
ated with a completely abolished proliferative response to
cytokines. This is evidenced by KIR+CD57-NKG2A- prolifer-
ate more than KIR+CD57+NKG2A-. 

NK cells are the most responsive lymphocyte subset to acute
exercise due to their high beta-adrenergic receptor expression
resulting in their preferential intensity-dependant mobilisation
in response to adrenaline during acute exercise (5, 25, 50, 82).
Of the NK cells mobilised, CD56dimCD16bright NK cells and
those with a highly differentiated phenotype (CD57+ KIR+

NKG2Alo) are preferentially redeployed and demonstrate the
largest increase post-exercise (6, 76). This is followed by a
larger decrease below baseline during the recovery period.
Following exercise, CD56bright subsets return to baseline lev-
els, whereas CD56dim decrease below baseline levels (6, 76).
There have also been reports of IL-2Rβ (CD122+) and IL-2Rα
(CD25+) NK cells increasing following exercise. CD25 is
expressed on CD56bright NK cells in comparison to CD122
which is constitutively expressed on all naïve NK cells (56,
73). 

DCs also increase in the peripheral blood in response to phys-
ical stress (9, 24, 38, 60). In particular, there is an increase in
DCs expressing adhesion molecules CCR5 and CD62L. Cir-
culating DCs also display reduced toll-like receptor (TLR)
responsiveness after acute exercise, as evidenced by a less
pronounced upregulation of activation markers, HLA-DR and
CD86. Therefore this indicates the mobilisation of DCs which
may be less prone to drive inflammatory processes following
exercise (24). In a recent study by Brownet al., (2018), 9
healthy males completed a 20-minute cycling bout at 80%
VO2 max. DCs were reported to increase by 150% following
exercise. In this study, there was a preferential mobilisation of
plasmacytoid DCs (pDC) (CD303+) over than myeloid DCs
(mDC) (CD303-) during exercise. Within the mDC subsets,
CD1c−CD141− cells showed the largest exercise-induced
mobilisation, with a stepwise pattern observed for



134 •   NK cell mobilisation is blunted in T1D following an acute exercise bout

EIR 26 2020

CD1c+CD141−, CD1c+CD141+, CD1c−CD141+ cells. It was
also reported that CD205− mDC, DCs capable of recognising
apoptotic and necrotic cells, were the most exercise respon-
sive. All DC subsets returned to resting levels within 30 min-
utes following exercise cessation (9). 

Other mononuclear cells also respond to exercise. Monocytes
mobilise in an exercise intensity-dependent manner, with
mature monocytes (CD14low) increasing the most (33, 71, 80).
Granulocytes also increase, with the majority of these being
neutrophils. Neutrophils increase immediately post-exercise
and fall below baseline during the 1 hour post-exercise recov-
ery period, this is followed by an increase 2 hours post-exer-
cise referred to as the “second wave” (10, 46, 66). Vigorous
acute exercise also increases hematopoietic stem and progeni-
tor cells (HSPC) post-exercise (4, 27). 

Acute exercise and T1D

To date, there is a limited amount of research investigating the
effects of exercise in people with T1D. This research is pre-
dominantly focused in two areas. First, exercise training in
T1D has been shown to mediate improvements in beta cell
function through increased insulin content and insulin secre-
tion (43, 58, 59). We have previously hypothesised that an
exercise training programme has the potential to modulate
beta cell loss in people newly diagnosed with T1D (59). We
have tested this hypothesis in a pilot randomised controlled
trial (43, 58). This study showed that beta cell function, when
corrected for the changes in insulin sensitivity that accompany
physical exercise, appears to be preserved in people with
T1D. Furthermore, exercise training in streptozotocin-induced
T1D mice significantly increased insulin content and insulin
secretion compared to sedentary mice (39).

Second, exercise modulates immunity in T1D (18, 23, 61).
Two studies show that exercise training in NOD mice reduced
immune cell infiltration into the pancreas and insulitis. These
are the only two exercise studies in a model of T1D to demon-
strate the modulatory effects of exercise on islet immunity
(18, 61). Recently, our group has shown that acute vigorous
intensity exercise causes intensity-dependant lymphocytosis
in T1D. However, we observed an impaired mobilisation of
highly differentiated CD8+ EMRA T cells during vigorous
intensity exercise in T1D (23). These are amongst the subsets
which are directly involved in the pathogenesis of T1D. Fur-
thermore, these subsets express high levels of the beta-2-
adrenergic receptor and mobilise in response to adrenaline
during acute exercise. This has led us to hypothesise that the
adrenaline response during vigorous exercise may be
impaired in T1D. Reduced beta-adrenergic sensitivity of lym-
phocytes in T1D has been reported previously, resulting in a
dampened adrenaline response (31, 41, 77). During acute
exercise, increased beta-adrenoceptor density and sensitivity
of lymphocytes is noted in healthy participants. However,
patients with congestive heart failure (CHF) who exhibited
reduced beta-adrenoceptor density and sensitivity, displayed a
blunted lymphocyte increase following acute exercise (51).
Therefore, a similar effect may be seen in T1D and may
impact exercise-induced lymphocytosis of exercise respon-
sive subsets.

In this study, we describe the effects of vigorous intensity
exercise on innate cell subsets in T1D, with a particular focus
on the most exercise responsive subset, NK cells. We also
investigated the adrenaline response during exercise in T1D to
gain insight into the mechanisms of any differential lympho-
cyte mobilisation between T1D and controls.

METHODS

Participants
Ethical approval was granted by the Preston Research Ethics
Committee (REC) for this study. Twelve controls and twelve
T1D participants were recruited. All participants were male
and between 16-65 years of age. Male only participants were
chosen to minimise differences in immune cell phenotypic
and functional capacity evident in females due to higher
oestrogen levels (19, 36, 45). Participant baseline characteris-
tics are reported in Table 1. T1D participants had a clinical
diagnosis of T1D, were on basal bolus insulin regime or
insulin pump therapy, competent in carbohydrate content esti-
mation of meals, were willing to test glucose through capil-
lary testing, and were able to recognise hypoglycaemic symp-
toms before blood glucose fell to 3.9mmol/L. Participants did
not have a history of cardiac disease or other significant ill-
ness that would prevent attendance at the study site. All T1D
participants did not have active proliferative diabetic retinopa-
thy, autonomic neuropathy, or history of severe hypogly-
caemia requiring third party assistance within the 3 months
prior to the study. Discrepancies in participant numbers for
the outcome measures presented in this study are due to low
sample volume or missing reagents on the day of an individ-
ual’s visit. Exact number of participants for each outcome
measure can be found in Table and Figure legends.

Experimental design
Participants had one enrolment visit, where baseline demo-
graphics and anthropometric assessment were carried out
(Table 1). These visits were undertaken in the NIHR/Well-
come Trust Clinical Research Facility at the University of
Birmingham. Blood pressure and heart rate data were collect-
ed following 10min rest and using an Omron Professional
Blood Pressure monitor. All equipment, including those for
measuring height and weight are regularly calibrated for accu-
racy as per CRF protocol. During the enrolment visit, each
participant completed a non-fasted incremental sub-maximal
(85% HRmax) cycle ergometer test to calculate their predict-
ed VO2 max. This was used to calculate workload and heart
rate for the subsequent exercise visits to adjust for individual
fitness (16). The enrolment visit and exercise visits were sepa-
rated by a minimum of one week. Participants were asked to
abstain from vigorous exercise 24 hours prior to each exercise
visit. Participants were also required to record a food diary for
the 24 hours prior to each exercise visit. Participants were
advised to use these diaries to ensure that the same foods were
consumed in the 24 hours prior to each exercise bout. The
exercise visits started at 8.30am for all participants and con-
sisted of a thirty-minute bout of cycling at 80% predicted VO2
max. An initial fasting blood sample was taken for each par-
ticipant once the cannula was inserted. The participant was
then allowed to rest for a further 20 minutes before preparing
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for the acute exercise bout. Fasting blood samples were col-
lected intravenously at immediately pre-exercise, immediate-
ly post-exercise, and 1 hour post-exercise.  Pre and post-exer-
cise samples were taken whilst the participant was sitting on
the cycle ergometer and sampling was strictly timed using a
stopwatch. Timing for the immediately post-exercise sample
was crucial because lymphocytes egress from peripheral
blood within minutes of exercise cessation (70). At all 3 visits,
all participants completed an international physical activity
questionnaire (IPAQ) (37) and perceived stress question-
naires; the life scale events questionnaire (17), perceived

stress scale (20), the undergraduate stress questionnaire (22),
self-perceived health status (53), and the Pittsburgh sleep
quality index (11).

Sample processing
All blood samples were processed under identical conditions
using the same laboratory reagents and apparatus. Blood sam-
ples for immunophenotyping analysis were taken in lithium
heparin vacuette tubes (95057-405, Greiner Bio-one GmbH,
Frickenhausen, Germany) and placed on a roller at room tem-
perature to ensure constant mixing of the blood sample until
processing. All sample processing was initiated within 2 hours
of blood-draw. Haematological measures were conducted on
25μl of whole blood using an automated coulter counter
(ABX Micros ES 60, HORIBA Medical). Relative cell num-
ber (cells/μl) of immune cell subsets was then calculated from
this.

Whole blood staining
The whole blood staining protocol was optimised prior to the
start of the study. The protocol was adapted from the Clinical
Immunology Service, University of Birmingham. Red blood
cells were lysed by preparing whole blood in 4ml aliquots and
washed with 16ml Ammonium Chloride lysis buffer (16g
Ammonium Chloride (326372, Sigma-Aldrich, Dorset, UK),
2g sodium hydrogen carbonate (S/4240/60, Fisher scientific
Ltd, Loughborough, UK), 0.2g EDTA (E5134, Sigma-
Aldrich, Dorset, UK), and 2L ddH2O). The sample was cen-
trifuged at 1000g for 5 minutes. Pelleted cells were resus-
pended in 10mls RPMI-1640 (R0833, Sigma-Aldrich, Dorset,
UK) (supplemented with 2% FBS) and centrifuged at 1000g
for 5 minutes. Cells were then counted and resuspended to a
concentration of 1x106 cells/ml. Cells were stained with
appropriate antibodies listed below and incubated in dark at
4°C for 20 minutes. Stained cells were fixed with 500µl 1X
BD FACS lysing solution (containing 14% formaldehyde)
(349202, BD Biosciences, Wokingham, UK) and incubated in
dark at 4°C for a further 15 minutes. Fixed cells were washed
(centrifuged at 1000g for 5 minutes) in 2ml phosphate-
buffered saline (PBS). Pelleted cells were resuspended in
500µl PBS and stored at 4°C until flow cytometry analysis.
The stability of fixed stains was assessed and confirmed that
cells could be stored up to 24 hours at 4°C before flow cytom-
etry analysis. All samples were analysed using BD LSR
Fortessa X-20. Parent populations (i.e. lymphocytes) were
selected based on their size on FSC/SSC dot plots. Doublets
were omitted by selecting the linear population shown on
FSC-A/FSC-H dot plots prior to recording. Events to record
were set to 100,000 within the parent singlet population gate.
Compensation was carried out monthly using compensation
beads and single stained cells. A negative control (unstained
whole blood) was run for each experiment.

Innate cell subset analysis
Two multicolour flow cytometry panels were designed to
enable phenotypic analysis of leukocyte subsets using the fol-
lowing mAbs; Panel 1 (NK cells): anti-CD3 PE-Cy7
(UCHT1), anti-CD16 PE-CF594 (3G8), anti-CD18 (LFA-1)
APC (6.7), anti-CD25 PE (M-A251) anti-CD56 BV510
(NCAM16.2), anti-CD57 BB515 (NK-1), anti-CD122 BV421
(131411), anti-CD158a (KIR) BV711 (HP-3E4), Live/Dead
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fixable viability stain 780 APC-Cy7. Panel 2 (Dendritic cells
and monocytes): anti-CD11c BV510 (B-ly6), anti-CD14
BV711 (MPhiP9), anti-CD16 PE-CF594 (3G8), CD123
BV421 (7G3), HLA-DR BV786 (G46-6), Lineage cocktail 2
(CD3 – SK7, CD14 – MoP9, CD19 – SJ25C1, CD20 – L27,
CD56 – NCAM16.2) FITC, Live/Dead fixable viability stain
780 APC-Cy7. 

Data analysis
FlowJo version 10 (FlowJo LLC, Oregon) was used to
analyse flow cytometry data. Doublets were removed using
FSC-A versus FSH-H. Dead cells positive for the viability

stain were removed, and lymphocytes were gated based on
size on SSC-A versus FSC-A dot plot. NK cells were selected
as CD3- and further selected on CD56+/CD16+/- expression as
follows: CD56dimCD16bright, CD56brightCD16dim,
CD56brightCD16-, CD56dimCD16dim, and CD56-CD16+

(Figure 1). Cell surface expression of CD25, CD57, CD122,
KIR, NKG2A, and LFA-1 was examined on the two most
common NK cell subsets; CD56dimCD16bright and
CD56brightCD16dim. Mature NK cells were
CD56dimCD16bright and defined as early mature (KIR+) and
highly-differentiated (KIR+CD57+/NKG2Alo). t-SNE analysis
was performed on concatenated samples from each time-point

Figure 1. Representative flow cytometry gating strategy for NK cell subpopulations. CD3 negative lymphocytes -> CD56+ NK cells. NK cell
subsets: A. CD56dim CD16bright, B. CD56bright CD16dim, C. CD56bright CD16-, D. CD56dim CD16dim. CD56dim CD16bright can be divided
into CD16intermediate and CD16bright

Figure 2. Representative flow cytometry gating strategy for DC and monocyte populations (a)Lineage negative -> HLA-DR+ DC subsets->
plasmacytoid vs myeloid DC subsets-> HLA-DR++CD11c++ DC subsets (b)Monocytes ->CD16loCD14hi and CD16hiCD14hi monocyte sub-
sets.



NK cell mobilisation is blunted in T1D following an acute exercise bout •   137

EIR 26 2020

during vigorous intensity exercise in control and T1D partici-
pants. A down sample population of CD3-CD56+ NK cells
was selected up to 15,000 events. t-SNE analysis was run
using phenotypic markers of NK cell subsets (CD56, CD16,
CD57, KIR). Cell surface markers which are not core pheno-
typic markers and with variable expression level (CD25,
CD122, LFA-1) were applied once the t-SNE plot was calcu-
lated.

Dendritic cells were selected as Lineage- 2 (CD3-, CD14-,
CD19-, CD20-, CD56 -) and further selected on HLA-DR
expression. Further subdivisions of dendritic cells were
selected as CD11c+ (myeloid) and CD123+ (plasmacytoid)
(Figure 2). DC subsets during vigorous exercise only is shown
in T1D due to missing data. Monocytes were selected based
on size on FSC-A/SSC-A and further selected on
CD14high/CD16high/lo expression (Figure 2). 

Plasma isolation and adrenaline measurement
Blood was collected in EDTA vacuette tubes (454209, Greiner
Bio-one GmbH, Frickenhausen, Germany) and immediately
placed on ice. The blood was centrifuged at 1500RPM for 10
minutes at 4°C. The plasma (top layer) was removed using
sterile pipette tips and placed in sterile Eppendorf tubes.
Aliquots were made to avoid deterioration of the serum by
freeze-thaw cycles. Plasma was stored at -80°C until use.
Adrenaline (pg/mL) was measured at pre-exercise, post-exer-
cise, and 1 hour post-exercise plasma samples using EPI (epi-
nephrine/adrenaline) ELISA kit (E-EL-0045, Elabscience,
Texas, USA). 

Statistical analysis
Statistical analysis was performed using SPSS version 24
(IBM, Chicago) and GraphPad Prism version 7 (GraphPad
Software, California). Firstly, normality tests were performed
on all data using Q-Q plots in SPSS. Data which was not nor-
mally distributed was logged and normality tests were repeat-
ed, confirming all subsets to have normal distribution. Main
effects of exercise are described as changes over time.
Changes immediately post-exercise and 1 hour post-exercise
are compared to baseline values and are reported in tables for
each group under the heading “contrast”. P values were report-
ed as sphericity assumed however where Mauchly’s test of

sphericity was violated, i.e. p ≤0.05, Greenhouse-Geisser cor-
rected value was used. Student T-tests were performed on
baseline characteristics. The p values, F values, and degrees of
freedom (df) are reported in tables as [F = (df, df error) value,
p-value]. Data are presented in tables as mean ± standard devi-
ation (SD). P values ≤0.05 were considered significant. Signif-
icantly mobilised subsets in both control and T1D groups, that
also demonstrated a blunted egress immediately post-exercise
in T1D group, are highlighted in the results tables in bold. 

RESULTS

Participants anthropometric and physiological characteristics
are shown in Table 1. No statistically significant differences
between groups were found for anthropometric and physio-
logic characteristics. The statistical analysis for innate cell
subpopulations during vigorous intensity exercise are sum-
marised in Tables 2-5.

Reduced NK cell mobilisation in T1D participants follo-
wing vigorous intensity exercise compared to control par-
ticipants

As previously described, NK cells are the most sensitive sub-
set to mobilisation during acute exercise. In this study, NK
cells significantly mobilised during vigorous intensity exer-
cise in both the control (p=0.021) and T1D (p=0.005) group,
significantly increasing immediately post-exercise in both
groups independently (T1D: p=0.044, control: p=0.021).
However, the magnitude of the response immediately post-
exercise was higher in control participants (T1D: 100.49%,
control: 174.13%) (Table 2).

NK cells, in particular mature CD56dimCD16bright sub-
sets, display blunted mobilisation during vigorous intensi-
ty in T1D

NK cell subsets were defined using the classical cell surface
markers CD56 and CD16 as shown in Figure 2;
CD56dimCD16bright, CD56brightCD56dim, CD56dimCD16dim,
and CD56brightCD16-. The mean, standard deviation, and sta-
tistical analyses are displayed in Table 2. 
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Typically, CD56dimCD16bright NK cells demonstrate the
largest response to acute exercise. This is further supported by
the results of our study (Figure 3); the percentage increase of
CD56dimCD16bright NK cells is a minimum of 3-fold higher
than that of the other subsets. CD56dimCD16bright NK cells
mobilised significantly during vigorous intensity exercise in
both groups independently (T1D: p=0.049, controls: p=0.001)
(Figure 3a and 3b). However, CD56dimCD16bright NK cells
significantly increased immediately post-exercise in the con-
trol group only (p=0.001). Furthermore, the magnitude of
response post-exercise was much larger in control participants
(T1D: 97.06%, control: 185.12%) (Table 2). 

Interestingly, CD56dimCD16bright NK cells were the only sub-
set to significantly mobilise in the T1D group during vigorous
intensity exercise, but to a lesser magnitude than the control
group (Figure 3b). In the control group, CD56dimCD16bright,
CD56brightCD56dim, CD56dimCD16dim all significantly
mobilised during vigorous intensity exercise (Figure 3a).

Early mature KIR+CD56dimCD16bright NK cell subsets
drive the blunted mobilisation during vigorous intensity
exercise in T1D

CD56dimCD16bright and CD56brightCD56dim NK cells are the
most studied NK cell subpopulations. For this reason, we used
a number of cell surface markers to define differentiation and
migratory status of these NK cell subpopulations. CD57 and
KIR can be used to define NK cells with a highly differentiat-
ed phenotype, with KIR being expressed first followed by co-
expression with CD57 as NK cells reach maturation (6, 76).
LFA-1 is an adhesion molecule involved in NK cell migra-
tion. Lastly, NK cells expressing both CD25 (IL-2Rα), also a
marker of activation, and CD122 (IL-2Rβ/IL-15R), involved
in NK cytokine signalling, have been shown to migrate during
exercise previously (56, 73). The mean, standard deviation,
and statistical analyses are displayed in Table 3.

Although a small subset, we measured all of the above surface
markers on CD56brightCD16dim cells. The results and statistical
analysis are displayed in Table 3. CD56brightCD16dim expressing
KIR, albeit a small sub-group, are the only subset to mobilise in
both groups during vigorous exercise (Control p=0.013, T1D
p=0.045), with a similar percentage increase immediately fol-
lowing exercise in both groups. This subset may represent NK
cells reaching early maturity as they begin to express KIR. How-
ever, we have focused mainly on the larger NK subpopulation
CD56dimCD16bright and our findings our described below. 

All CD56dimCD16bright NK cell subsets expressing the above
surface markers, apart from LFA-1, significantly mobilised
during vigorous intensity exercise in both groups. LFA-1+

CD56dimCD16bright NK cells did however significantly
mobilise in the control group during vigorous intensity exer-
cise (Table 3). 

CD56dimCD16bright NK cells make up the largest proportion
of NK cells with a highly differentiated phenotype as defined
by expression of KIR and CD57, whilst lacking NKG2A
expression. As described previously, during NK cell matura-
tion they lose NKG2A and gain KIR expression. This is fol-
lowed by a gradual increase in CD57 expression as they
become highly differentiated (7, 65). KIR+CD56dimCD16bright

NK cells retain proliferative capacity, however
KIR+CD57+CD56dimCD16bright NK cells have a reduced pro-
liferative capacity. It is well supported that mature, highly dif-
ferentiated NK cells mobilise dramatically during acute exer-
cise and we see this in both the control and T1D group in this
study. Here we describe the differential mobilisation of early
mature (KIR+) and highly differentiated
(KIR+CD57+NKG2Alo) CD56dimCD16bright NK cells in con-
trol and T1D participants. 

KIR+CD56dimCD16bright NK cells significantly mobilised dur-
ing vigorous intensity exercise in the control and T1D group

Figure 3. NK cell subsets during moderate and vigorous intensity exercise in control and T1D participants (a) NK cell subsets during vig-
orous exercise in control participants (b) NK cell subsets during vigorous exercise inT1D participants. Error bars represent SEM.
Note: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001



NK cell mobilisation is blunted in T1D following an acute exercise bout •   139

EIR 26 2020

(p<0.001, p=0.001 respectively). However, the percentage
increase immediately following vigorous intensity exercise
was blunted in the T1D group (Control 192.4%, T1D 74.24%). 

The fully differentiated KIR+CD57+ subset significantly
mobilised during vigorous intensity exercise in the control
and T1D group (p=0.001, p=0.012 respectively). Further-
more, highly differentiated NK cells (KIR+CD57+) with a
migratory capacity (LFA-1+) significantly mobilised during
vigorous intensity exercise in the control group (p=0.001), but
this was not significant in the T1D group. 

In summary, highly differentiated, mature KIR+CD57+ NK
cells increase dramatically following vigorous intensity exer-
cise in both the control and T1D groups. However, early
mature KIR+ NK cells display a blunted increase following
vigorous intensity exercise in the T1D group and this may
drive the overall blunted mobilisation of CD56dimCD16bright

NK cells observed. 

Dimensionality reduction analysis of NK cell subsets sup-
ports observed blunted mobilisation of early mature
KIR+CD56dimCD16bright NK cell subsets in T1D

Dimensionality reduction using t-Distributed Stochastic
Neighbour Embedding (t-SNE) algorithms is a powerful
analysis technique that allows visualisation of multiple inter-
actions on a 2D scale. t-SNE plots are formed using phenotyp-
ic markers to cluster similar populations. Markers which can
change expression, for example adhesion molecules, can be
assessed once the populations are defined. Here we have used
t-SNE to observe changes within the CD56+ NK profile pre,
immediately post, and 1 hour post vigorous intensity exercise
(Figure 4). The NK cell subsets CD56dimCD16bright (blue),
CD56brightCD56dim (green), CD56dimCD16dim (pink), and
CD56brightCD16- (orange) are represented in t-SNE plots in
Figure 4. The CD56dimCD16bright cluster is further divided
into CD56dimCD16int-bright (light blue) and
CD56dimCD16bright+ (dark blue) to further delineate the

Figure 4. Representative concatenated t-SNE plots for NK cells during vigorous intensity exercise in control and T1D participants (a) NK
cell populations CD56/CD16: CD56brightCD56dim (green), CD56dimCD16dim (pink), CD56brightCD16- (orange), CD56dimCD16int-bright (light blue)
and CD56dimCD16bright+ (dark blue) (b) maturity markers KIR/CD57: KIR+NK cells (pink), CD57+KIR+ NK cells (yellow)
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Figure 5. (a) Cluster definition (b) Confirms dark blue clusters not hidden behind light blue clusters.

Figure 6. Dendritic cell subsets and monocytes during vigorous intensity exercise in control and T1D participants (a) DC subsets in con-
trol participants (b) DC subsets in T1D participants (c) HLA-DRhi CD11chi mDC subsets during vigorous exercise in control and T1D participants
(d) Total monocytes during vigorous exercise in control and T1D participants. Error bars represent SEM.
Note: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001
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changes observed within this subset during vigorous intensity
exercise (Figure 4a).

At baseline, the combined CD16bright subsets (blue) make up
the bulk of the NK cell subsets in both groups (Figure 4a).
Immediately post vigorous exercise, the CD56brightCD16-

(orange), CD56brightCD16dim (green), and CD56dimCD16dim

(pink) subsets are reduced, as the CD16bright subsets (blue)
have increased at this time point. Comparing the control
group to the T1D group at this time point, it is obvious that the
CD56dimCD16int-bright (blue) subset is present post-exercise,
but a proportion of the CD56dimCD16bright NK cells (blue) are
absent, supporting the blunted effect reported above. Follow-
ing recovery, 1 hour post-exercise, NK subsets return almost
to normal in the control group, but the CD16bright subset
(blue) has only marginally returned to baseline levels in the
T1D group. Here, the CD56dimCD16dim subsets (pink) repre-
sents are larger proportion of the NK cell subsets in the T1D
group. 

In Figure 4b, the pink clusters represent the early mature
KIR+NK cells and the yellow clusters represent the late
mature CD57+KIR+ NK cells. As expected, these populations
reside mainly within the CD56dimCD16bright subsets (blue)
shown in Figure 4a. Immediately post vigorous exercise, it is
obvious that a proportion of KIR+CD56dimCD16bright NK
cluster is absent from the T1D group as shown by the appear-
ance of an incomplete t-SNE plot. To further explain this,
there are 6 clusters belonging to CD56dimCD16bright popula-
tions in the baseline sample (Figure 5). Four small clusters
belong to the CD56dimCD16bright subset, one of which is
CD57+KIR+ (cluster 1 – yellow) and it is evident in the post-
exercise t-SNE plot that there are only three clusters present,
to which this missing cluster belongs to one of the three KIR+

populations identified at baseline (cluster 6). Both
CD57+KIR+ clusters (clusters 1 and 2) in yellow are present
in the post-exercise plot, however cluster 1 which belongs to
the CD56dimCD16bright subset, is dramatically reduced post-
exercise in T1D (Figure 5a). At 1 hour post-exercise, KIR+

and CD57+KIR+ NK cells return almost to normal in the con-

trol group, with a small decrease in CD57+KIR+ NK cells as
expected. This is also observed for the T1D group.

Using t-SNE algorithms to visualise changes in NK cell sub-
sets during vigorous intensity exercise further highlights that
the blunted increase of CD56dimCD16bright NK cells immedi-
ately post vigorous exercise is driven by a lack of early mature
KIR+CD56dimCD16bright NK cells. This dimensionality reduc-
tion analysis supports the findings using conventional flow
cytometry gating analysis and enumeration of the populations
during vigorous intensity exercise. 

Myeloid lineage subsets mobilise similarly in control and
T1D participants

The mean, standard deviation, and statistical analyses for den-
dritic cell (DC) and monocyte subsets are displayed in Table
4. Total DC mobilised during vigorous intensity exercise in
both control (p=0.049) and T1D (p=0.027) groups, and to a
similar magnitude in both groups (Figure 6a and 6b). Within
the DC subsets, mDC preferentially mobilised during vigor-
ous intensity exercise. mDC mobilised during vigorous inten-
sity exercise in both control (p=0.045) and T1D (p=0.008)
groups, and to a similar magnitude in both groups. This was
driven by HLA-DRhi CD11chi mDC, in both control and T1D
groups (p=0.033, p=0.012 respectively). pDC did not signifi-
cantly mobilise in either group. However, there was an evi-
dent percentage increase immediately following vigorous
exercise in both groups.

Total monocytes significantly mobilised during vigorous
intensity exercise in the control group (p=0.006). This was not
found to be significant in the T1D group. However, there was
an evident increase immediately post vigorous exercise.

Systemic adrenaline concentration during exercise is simi-
lar between groups

The adrenaline concentration during vigorous intensity exer-
cise in control and T1D participants is shown in Figure 7.
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Whilst there is a trend for lower adrenaline levels in T1D, this
is not statistically significant. Nonetheless, these experiments
need to be repeated with larger patient numbers, but we can-
not currently exclude the possibility that lower basal adrena-
line release in T1D participants may have an impact on the
blunted NK cell mobilisation observed. It is notable that the
baseline adrenaline concentration is abnormally elevated and
therefore may mask the expected increase post-exercise in
both groups (26, 28, 42).

DISCUSSION

This study has, for the first time, characterised the effects of
acute exercise on the mobilisation of innate cell subsets in
people with T1D. First, we aimed to investigate the effects of
vigorous intensity exercise on innate cell subsets in T1D, with
a particular focus on the most exercise responsive subset, NK
cells. Second, we aimed to investigate the adrenaline response
during exercise to gain insight into the mechanisms of differ-
ential lymphocyte mobilisation in T1D. 

In this study we have demonstrated mobilisation of NK cell
subsets in both control and T1D participants. Our findings are
supported by previous studies also showing a preferential
mobilisation of NK cells during acute exercise (5, 25, 50, 82).
However, we show for the first time that this effect was blunted
in the T1D participants. A strength to our study is that we have
carried out a detailed characterisation of NK cell subsets during
exercise including CD56dimCD16bright, CD56brightCD56dim,
CD56dimCD16dim, and CD56brightCD16-. We found that all NK
subpopulations CD56dimCD16bright, CD56brightCD56dim,
CD56dimCD16dim and CD56brightCD16- significantly mobilised
during vigorous intensity exercise in controls. In T1D, only
CD56dimCD16bright NK cells significantly mobilised during
vigorous intensity exercise. As demonstrated in previous stud-
ies, CD56dimCD16bright NK cells demonstrate the largest
response to acute exercise. The percentage increase of
CD56dimCD16bright NK cells is a minimum of 3-fold higher
than that of the other subsets in our study. As seen with total
NK cells, the magnitude of the response immediately following
vigorous exercise was blunted in T1D participants.

Both CD122+ (IL-2Rβ/IL-15R) and CD25+ (IL-2Rα)
CD56brightCD16dim NK cells significantly mobilised during

vigorous intensity exercise in control participants. However,
only CD122+ CD56brightCD16dim NK cells subsets signifi-
cantly mobilised during vigorous intensity exercise in T1D
participants. Previous reports have shown mobilisation of
CD122+ and CD25+ NK cells following exercise in healthy
cohorts (56, 73). We have for the first time demonstrated this
in T1D during vigorous intensity exercise. We have also
demonstrated in our study that CD56brightCD16dim NK cells
with a migratory capacity (LFA-1+) significantly mobilise fol-
lowing vigorous intensity exercise in the control group.

It has been well established that mature CD56dimCD16bright

NK cells with a highly differentiated phenotype mobilise dra-
matically during acute exercise (6, 76). In this study, we have
examined the mobilisation of both early mature (KIR+) and
highly differentiated (KIR+CD57+) NK cells during acute
exercise. As expected, highly differentiated NK cells signifi-
cantly mobilised during vigorous intensity exercise in the con-
trol and T1D group. Early mature NK cells (KIR+) exhibited a
similar effect. However, the percentage increase immediately
following vigorous intensity exercise was blunted in the T1D
group. In summary, highly differentiated, mature KIR+CD57+

NK cells increase dramatically following vigorous intensity
exercise in both the control and T1D groups. However, the
observed blunted increase of CD56dimCD16bright NK cells is
driven by early mature KIR+ subset. In this study we have
used t-SNE visualisation to assess changes in NK cell subsets
during vigorous intensity exercise to further delineate the evi-
dent blunting following vigorous exercise in T1D. Most of the
data in the field of exercise immunology is presented in
absolute numbers because changes in the proportions of popu-
lations are difficult to detect. The t-SNE plots allow us to
identify and easily visualise subtle changes in subgroups that
may not be obvious by directly looking at the proportion.
Here we have further divided the CD56dimCD16bright NK sub-
sets into CD56dimCD16int-bright and CD56dimCD16bright. Thus,
further highlighting that the blunted increase in
CD56dimCD16bright NK cells is driven by the early mature
KIR+ subgroup, specifically those within the
CD56dimCD16bright clusters. To further increase the strength
of this powerful tool, more parameters need to be included in
the phenotyping panels. Inclusion of more phenotypic mark-
ers such as other NK inhibitory and activation receptors may
identify more subpopulations. In our study, multiple clusters
reside within the mature NK cell populations suggesting some
phenotypic differences within this subgroup. This could iden-
tify new exercise sensitive NK cell populations in future
investigations on the effects of exercise on immune parame-
ters in healthy and disease states. Although much work has
been done to identify populations mobilised during exercise,
deeper immunophenotyping analysis is necessary to broaden
the scope of analysis and in particular, the investigations of
exercise in disease states which have a skewed immune phe-
notype. Within the myeloid subsets, total DC mobilised dur-
ing vigorous intensity exercise in both groups, and to a similar
magnitude. Of the DC subsets, activated HLA-DRhiCD11chi

mDC, preferentially mobilised during vigorous intensity exer-
cise in both groups. Total monocytes significantly mobilised
during vigorous intensity exercise in the control group. How-
ever, an increase in total monocytes immediately following
exercise was evident in the T1D group. Previous studies have

Figure 7. Adrenaline response during vigorous intensity exercise
in control and T1D participants Total adrenaline concentration
(pg/mL) during vigorous exercise in control and T1D participants.
Error bars represent SEM. Control = 12, T1D = 12
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also shown DC and monocyte mobilisation during acute exer-
cise in healthy cohorts (9, 24, 33, 38, 60, 71, 80). In particular,
a recent study demonstrated preferential mobilisation of pDCs
during exercise in a healthy cohort (9). However, in our study
we see a preferential mobilisation of mDC. This could possi-
bly be due to differences in the phenotypic surface markers
used; in our study we used CD11c to identify mDC and
CD123 to identify pDC. In the aforementioned study, CD303-
was used to identify mDC and CD303+ to identify pDC. Addi-
tionally, the exercise bout lasted 20 minutes in the aforemen-
tioned study, whereas the acute exercise bout last 30 minutes
in our study. This highlights how small differences in study
design can impact on the variation of findings between
research groups. The mechanisms through which differential
mobilisation of lymphocyte subsets during exercise in T1D
need to be defined to further understand the implications of
acute exercise in T1D. NK cells are the most responsive lym-
phocyte subset to acute exercise due to their high beta-adren-
ergic receptor expression resulting in their preferential inten-
sity-dependant mobilisation in response to adrenaline during
acute exercise (5, 25, 50, 82). As seen in our previous work,
exercise sensitive subsets including highly differentiated
CD8+ T cells which respond to adrenaline are also blunted.
This leads us to the premise that the blunted effect is due to an
impaired adrenaline response during vigorous intensity exer-
cise in T1D (23). We measured systemic adrenaline during
vigorous intensity exercise in both control and T1D partici-
pants. In this study, we found no statistical significant differ-
ences in systemic adrenaline between groups during exercise.

As a result, there are a number of points to consider surround-
ing the adrenaline response in our cohorts. The pre-exercise
adrenaline concentration is abnormally elevated in both
groups. Resting baseline adrenaline would be expected to be
approximately 50-200pg/ml (26, 28, 42). However, in our
study we found baseline adrenaline concentrations above
1000pg/ml. This is comparable to expected post-exercise
adrenaline concentrations (42). Psychological stress is an
important factor to consider when measuring adrenaline as it
can result in dramatic increases in systemic adrenaline (26).
Although we aimed to reduce psychological stress by taking
an initial resting baseline sample 30 minutes prior to the pre-
exercise sample, the stress of being in laboratory conditions
may have caused an increase in adrenaline at this time point.
In future studies, it may be better to increase the resting time
or to have the participant sitting on the bike for a short period
of time before taking the pre-exercise blood sample. Begin-
ning with an elevated adrenaline level may have disguised the
expected increase post-exercise in both groups and therefore
makes it difficult to delineate differences in adrenaline release
between control and T1D groups. Furthermore, although we
aimed to recruit participants with similar activity levels, it is
worth considering that the adrenaline response is different
between trained and untrained individuals (40). Nonetheless,
the lower basal adrenaline release in the T1D cohort may
influence the blunted NK cell mobilisation observed in our
study. Therefore, these experiments need to be repeated with
larger patient numbers to fully elucidate the mechanism of
differential mobilisation of certain lymphocyte subsets fol-
lowing vigorous intensity exercise in T1D. On the other hand,
reduced beta-adrenergic sensitivity of lymphocytes in T1D

has been reported previously, resulting in reduced adrenaline
responses (31, 41, 77). Reduced beta-adrenoceptor density
and sensitivity, causes a blunted lymphocyte increase during
acute exercise (51). Therefore, exercise-induced mobilisation
of exercise responsive subsets including highly differentiated
CD8+ T cells and early mature NK cells may be blunted due to
a reduced lymphocyte beta-adrenoceptor density and sensitiv-
ity in T1D.

Early mature KIR+ and highly differentiated mature
KIR+CD57+ NK cells are important cytotoxic populations
involved in immune surveillance. Both subsets are highly
cytotoxic, however early mature KIR+CD56dimCD16bright are
still proliferative compared to KIR+CD57+ NK cells. The
blunted increase in early mature KIR+ NK cells may be
indicative of an increased risk of cancer associated with T1D
(15, 62). Although a blunted increase is evident, there is still
mobilisation of a proportion of early mature KIR+ and com-
plete mobilisation of highly mature KIR+CD57+ NK cells.
Therefore, repeated bouts of acute vigorous intensity exercise
may have positive implications in reducing the risk of cancer
in T1D, particularly those with long-standing T1D. This is
supported by previous studies investigating exercise training
in cancer models in which immune surveillance was increased
and tumour growth was reduced (63). NK cell infiltration into
tumours was increased in trained mice. In this study, it was
reported that adrenaline and IL-6 were imperative for NK cell
mobilisation, redistribution, and activation to control tumour
growth (63).

Preliminary data presented here provides evidence to investi-
gate exercise training in T1D. Exercise-induced improve-
ments in T1D following exercise training have been shown in
NOD mice (61). NOD mice that were trained for 20 weeks
demonstrated reduced immune cell infiltration into the pan-
creas and therefore a reduction in insulitis (61). NK cells are
one of the first immune subsets to infiltrate the pancreas
before diabetes onset, therefore reduced insulitis may be in
part through a reduction in NK cell infiltration. Exercise train-
ing also acts as a preventative measure for atherosclerosis in
people at risk such as people with T1D (1, 55). Together, this
provides a strong basis to investigate exercise training in T1D
to reduce pancreatic NK cell infiltration, reduce atherosclero-
sis risk, and increase immune surveillance. Respectively,
these benefits may translate into a number of clinically rele-
vant outcomes. Firstly, exercise may modulate the natural his-
tory of autoimmune T1D. We have recently published the
results of a pilot clinical trial to explore whether physical
exercise reduces the rate of beta cell loss in people newly
diagnosed with T1D (58). Whilst immune changes were not
reported as part of this trial, the results do suggest that exer-
cise has the potential to protect beta cells in new-onset
patients. The trial needs to be taken forward to a formal and
adequately powered clinical trial for beta cell preservation.
However, the innate immune cell changes we report here do
provide mechanistic support for physical exercise modulating
immune cell behaviour in T1D. Second, innate immune cells
play an important role in infection and increasing the respon-
siveness of these cells is one approach to control this (32).
People with T1D are at significantly increased risk of hospi-
talised infection (14) and the ability of exercise to mobilise
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innate immune cells may be beneficial in the surveillance and
management of this risk. In summary therefore, this study
provides important immune based evidence to support the
encouragement and provision of exercise to people with T1D.
However, whilst our findings do demonstrate that vigorous
exercise increases the mobilisation of innate immune cells in
T1D, the mobilisation is not as significant as in people with-
out diabetes. It may be therefore that exercise will need to be
of higher intensity, longer duration or of a different form to
achieve the mobilisation observed in non-T1D. Although this
is the first study of its kind, it is important to note that partici-
pant numbers in our study were relatively low. This has large-
ly contributed to the lack of statistical significance between
groups. However, this study offers insight into exercise relat-
ed changes in T1D compared to healthy participants. It pro-
vides a basis for future investigation into the effects of exer-
cise on NK cells in T1D and this is imperative in moving
research in this field forward. 

In conclusion, mobilisation of NK cell subsets is observed in
control and T1D groups following vigorous intensity exercise.
However, CD56dimCD16bright NK cells display a blunted
increase following vigorous intensity exercise in T1D and this
was driven by impaired mobilisation of an early mature KIR+

subset. This may be due to differences in lymphocyte beta-
adrenergic receptor density in T1D. Our findings have impli-
cations for immune surveillance in T1D and supports the need
for studies to explore whether vigorous intensity exercise can
modulate the autoimmune response in T1D.
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NOD Non-Obese Diabetic
O2 Oxygen
PBS Phosphate Buffer Saline
pDC Plasmacytoid DC
REC Research Ethics Committee
SSC-A Side Scatter- Area
SSC-H Side Scatter- Height
T1D Type 1 Diabetes
T2D Type 2 Diabetes
Th1 Type 1 helper 
Th2 Type 2 helper 
TLR Toll-like Receptor
tSNE t-Distributed Stochastic Neighbor Embedding
UHBFT University Hospitals Birmingham NHS Foundation

Trust
WTCRF Wellcome Trust Clinical Research Facility
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