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Abstract

Pharmacologic manipulation of the immune system is emerging as a viable and robust treatment
for some cancer patients. Exercise-induced modulation of the immune system may be another
adjunctive strategy for inhibiting tumor initiation and progression. In healthy individuals, exercise
has been shown to modulate a number of cell subsets involved in innate and adaptive immunity.
Here, we provide an overview of the current state of knowledge pertaining to exercise modulation
of the inflammation-immune axis in cancer. The current evidence suggests that exercise may be a
promising adjunctive strategy that can favorably alter numerous components of the immune
system, which, in turn, may modulate tumorigenesis. However, many important knowledge gaps
are evident. To this end, we propose a framework to guide future research efforts investigating the
immune effects of exercise in cancer.

Introduction

Over the past 2 decades, a steadily growing and increasingly diverse evidence base has
emerged investigating the tolerability and initial efficacy of general physical activity, as well
as of structured aerobic exercise training interventions (hereafter referred to as “exercise”),
in preventing and/or mitigating the adverse physiologic and psychosocial impact of cancer
and associated cytotoxic and supportive care therapies.[1] On the basis of available evidence,
several international agencies have published cancer-specific exercise guidelines intended
specifically for use by cancer patients both during and following the completion of primary
therapy.[2-4] Symptom control is, and will likely continue to be, the major focus of research
and clinical efforts in “exercise oncology” over the next 2 decades. In conjunction with such
efforts, however, a new line of investigation has started to emerge exploring whether the
benefit of exercise extends beyond symptom control—that is, exploring the efficacy of
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exercise as a primary and/or combination treatment for cancer (ie, the use of exercise with
therapeutic intent).[5]

Promising data from a growing but limited number of observational studies indicate that, in
general, higher levels of self-reported postdiagnosis exercise exposure are associated with
reductions in the risk of recurrence and cancer-specific mortality (as well as overall
mortality) in patients with nonmetastatic breast, prostate, and colorectal cancer.[6,7] A
limited number of preclinical studies also indicate that exercise exhibits antitumor activity;
these studies have been conducted mostly in immune-competent animals bearing syngeneic
allografts, as well as in genetically engineered mouse models of breast and prostate cancer.
[8-13] Collectively, these data have led to the provocative hypothesis that postdiagnosis
exposure to exercise may inhibit disease progression—prompting calls from many
stakeholders regarding the need for large-scale definitive clinical trials to test this question.
As with the development of all anticancer agents, successful development of exercise as a
candidate anticancer strategy will be contingent on elucidation of the underlying
mechanisms of action.[5]

It is established that tumor progression is regulated by complex, multifaceted interactions
between the systemic milieu (host), the tumor microenvironment, and cancer cells.[14] The
tumor microenvironment, whether in primary or distant ectopic sites, is directly influenced
by and responsive to circulating growth factors, cytokines and angiogenic factors, hormones,
and numerous other cell types—including immune cells—that comprise the systemic host
milieu.[15,16] Higher circulating (systemic) levels of certain inflammatory cytokine and
angiogenic factors (eg, hepatocyte growth factor, tumor necrosis factor [TNF], interleukin
[IL]-6),[17-19] as well as of metabolic growth hormones (eg, insulin, glucose, leptin),[20]
are associated with higher risks of recurrence and cancer-specific mortality in a number of
solid malignancies.[21] To date, few studies have investigated the ability of exercise
treatment to modulate host factors.[7] A host-related pathway that also may play a critical
role in underpinning the antitumor effects of exercise is the inflammation-immune axis
(Figure 1).[22]

The role of the immune system in eradicating malignant cells has been recognized for
almost a century; over the past decade, research efforts in this area have been significantly
bolstered by seminal discoveries of how T cells recognize, regulate, and eradicate cancer
cells.[23] These efforts have spearheaded a paradigm shift in the treatment of certain solid
tumors, with numerous immune activators and immune checkpoint inhibitors either
approved or currently under active investigation.[24,25] Intriguingly, emerging evidence
indicates that exercise significantly alters the number and function of circulating cells of the
innate immune system (eg, neutrophils, monocytes, and natural killer [NK] cells) and, to a
lesser degree, of the adaptive immune system (eg, T and B cells).[26] However, whether
modulation of the immune system contributes to the potential antitumor properties of
exercise has not been thoroughly examined.

Accordingly, here we provide an overview of the current state of knowledge regarding
exercise modulation of the inflammation-immune axis in cancer. Specifically, we present a
framework that focuses on the effects of long-term exercise (as opposed to acute, single
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bouts of exercise) on specific steps at which normal cells interact with the immune system,
and at which—when the immune response fails to eliminate malignantly transformed cells—
immune escape and cancer growth may ensue (Figure 2). The subsequent sections of this
paper will thus provide an overview of: (A) chronic inflammation and malignant cellular
transformation (cancer initiation); (B) immune surveillance of malignantly transformed
cells; (C) immune escape and subsequent tumor progression, with emphasis on innate
immune cell tumor infiltration and adaptive immune responses; and (D) immune activation
in response to a clinically detectable cancer. For each step, we describe the known
interaction between the host and the inflammation-immune axis, as well as look at the
known or potential effects of exercise both in health and in cancer. Finally, we highlight
current research gaps, with the hope that this will inform areas of future research.

A. Chronic Inflammation and Malignant Cellular Transformation

Cells of the innate immune system are equipped with germline-encoded pattern-recognition
receptors (PRRs), including the Toll-like receptors (TLRs), which directly bind to conserved
microbial structures that are characteristic of microbes such as viruses and bacteria
(pathogen-associated molecular patterns [PAMPSs]).[27] Signaling downstream of TLRs
leads to activation of the central inflammatory transcription factor nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB), which triggers a local acute inflammatory
response whose purpose is to contain and/or eliminate the pathogen. Vascular endothelial
cells upregulate adhesion molecules and chemokines to allow recruitment and extravasation
of immune cells. Tissue-resident neutrophils and macrophages produce pro-inflammatory
cytokines, such as interferon-y (IFN-v), IL-6, and TNF-a, which, via both autocrine and
paracrine signaling, trigger the recruitment and activation of additional innate immune cells,
including NK cells, in order to eliminate infected cells. Simultaneously, tissue-resident
dendritic cells (DCs) phagocytize microbial structures, resulting in the maturation of DCs
and the subsequent presentation of the microbial antigens to naive CD8+ and CD4+ T cells
and B cells in secondary lymphoid organs, thus initiating the specific adaptive immune
responses required for infection eradication.[28]

An inflammatory response that does not eventually resolve can transition into a state of
chronic “smoldering” inflammation that is permissive for tumorigenesis; this process has
been described in detail in numerous prior excellent reviews. [29,30] In brief, under certain
pathologic conditions involving dysregulated immune system function, including chronic
infections, some autoimmune diseases, and obesity, smoldering inflammation causes
prolonged cellular stress, which can result in malignant cellular transformation and cancer
(Figure 2A). [31-35] It is important to note that in this review, we are focusing on the
prophylactic effect of reducing chronic inflammation (ie, the ability of such a reduction to
prevent cancer initiation); however, this focus is not intended to exclude or negate a
treatment effect of reducing chronic inflammation (ie, the inhibition of already diagnosed
cancer), particularly in inflammation-driven cancer. Multiple strategies have been deployed
in an attempt to reverse low-grade inflammation and thus to prevent and/or slow cancer
initiation and progression; such strategies have met with mixed success.[36]
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Exercise and inflammation in health

Exercise has been shown to modulate local and systemic inflammatory processes. As
described in excellent reviews by Gleeson et al[37] and Walsh et al,[26] exercise is
postulated to modulate inflammation in humans via a number of processes. Exercise leads to
a reduction in visceral fat mass and a subsequent reduction in pro-inflammatory adipokine
secretion, as well as a reduction in macrophage infiltration into adipose tissue.[38,39]
Exercise can also induce macrophage polarization in adipose tissue towards an anti-
inflammatory M2 phenotype, thereby reducing systemic inflammation independent of
changes in fat mass—although to our knowledge, this has only been shown in preclinical
models.[39] Each individual bout of exercise also results in the production and release of
cytokines from contracting skeletal muscle (such cytokines are thus termed “myokines™).
[40,41] For example, IL-6 released from skeletal muscle appears to be responsible for
subsequent elevations in circulating anti-inflammatory cytokines IL-1Ra and IL-10, as well
as for cortisol release from the adrenal gland, [42] which is known to have potent anti-
inflammatory properties. [43] Combined with the exercise-induced activation of the
hypothalamic-pituitary-adrenal axis and the release of cortisol and catecholamines, which
can downregulate the lipopolysaccharide (LPS)-induced production of cytokines (eg, TNF-a
and IL-1p) by antigen-presenting cells such as macrophages and DCs,[44] these alterations
cumulatively result in an anti-inflammatory systemic host environment that can be
maintained with long-term, sustained exercise.[37] Exercise also reduces circulating pro-
inflammatory (CD14+CD16+) monocytes and decreases LPS-stimulated monocyte-specific
TNF-a production.[45]

Exercise can also alter autonomic nervous system function by increasing parasympathetic
(vagal) nervous system activity,[46] the effects of which may regulate the inflammatory
reflex.[47] Efferent vagus nerve activity can induce catecholamine-mediated activation of T-
cell-derived acetylcholine release in the spleen and release of acetylcholine from vagal
nerve endings in other organs. The result is inhibition of NF-xB nuclear translocation and
reduced pro-inflammatory cytokine secretion by macrophages and other immune cells. [47]
Proof of this concept with exercise, however, has not been discerned.

Exercise also favorably alters plasma lipoprotein levels,[48] in particular by increasing high-
density lipoprotein (HDL) concentrations.[49,50] These favorable alterations in the lipid
profile are associated with reduced inflammation.[51,52]

Exercise and inflammation in cancer

Few studies have evaluated the effects of exercise on pro-inflammatory effectors in cancer,
although preliminary data appear promising. For example, Jones et al[53] randomized 20
patients with locally advanced breast cancer to either a 12-week nonlinear exercise
prescription in combination with neoadjuvant doxorubicin-cyclophosphamide (AC) or AC
alone. Results demonstrated significant reductions in several circulating cytokines (eg,
IL-1pB, IL-2). However, there were no changes in the pro-inflammatory cytokines IL-6 and
TNF-q, a finding that was supported by Ergun et al[54]; the latter researchers also reported
no changes in a panel of inflammatory cytokines (eg, IL-6, IL-8, and TNF-a) after 12 weeks
of exercise following treatment in breast cancer patients. Glass et al[55] found that 12 weeks

Oncology (Williston Park). Author manuscript; available in PMC 2016 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koelwyn et al. Page 5

of supervised exercise was associated with a significant reduction in circulating levels of
IL-4, macrophage inflammatory protein beta (MIP-1), and TNF-a in a heterogeneous study
cohort of 44 patients with solid tumors who were receiving cytotoxic therapy. Despite these
promising initial data, there is currently insufficient evidence to draw definitive conclusions
regarding the ability of exercise to modulate circulating levels of inflammatory effectors in
any cancer setting. The current data are also confounded by the considerable heterogeneity
in study methodology, which stems from small sample sizes, analysis of different pro/anti-
inflammatory biomarker panels, heterogeneous patient populations, and use of
nonstandardized doses of exercise. In addition, whether exercise-induced alterations in
circulating concentrations of inflammatory effectors are associated with and/or directly
underpin (1) tissue-specific changes in inflammation (in the tumor/microenvironment), or
(2) the potential antitumor effects of exercise is not known.

There is currently insufficient evidence to draw definitive conclusions regarding the
ability of exercise to modulate circulating levels of inflammatory effectors in any
cancer setting

B. Immune Surveillance

The role of the immune system in protecting against cancer development and in shaping the
types of cancers that arise in immune-competent hosts has been unequivocally demonstrated.
[56] Within the immune system, NK cells play a critical role in the immune surveillance or
“elimination” phase.[57-59] NK cells are part of the innate immune system, specialized in
the recognition of cells with increased expression of stress-induced ligands (MICA/B, UL16
binding proteins [ULBPs], TNF-related apoptosis-inducing ligand [TRAIL] receptors) and
low expression of major histocompatibility complex (MHC) class I, a common characteristic
of transformed cells.[60-64] IFN-y produced by NK cells promotes cross-presentation of
tumor cell-derived antigens to T cells by antigen-presenting myeloid cells, leading to the
development of adaptive immunity. This adaptive immunity not only eliminates many
incipient cancers, but also provides selective pressure that results in the progression only of
cancers that have decreased immunogenicity and that have acquired the ability to suppress
the immune response (Figure 2B).[56]

Exercise and immune surveillance in health

There is some evidence to suggest that exercise increases NK cell number and function,
although not all studies support this conclusion.[26] For example, in adults with suspected
impaired immune surveillance (eg, older individuals), 10 weeks of exercise increased
circulating NK cell-mediated cytotoxicity (NKCC) against K562 tumor cells in vitro.[65]
However, in a similar cohort, 24 weeks of exercise showed no significant changes in
NKCC[66]; in addition, a 12-month trial found no change in NKCC in postmenopausal
women.[67]

Exercise and immune surveillance in cancer

Several studies have evaluated the effect of exercise on NK cell function in cancer.[22,68]
For example, after 15 weeks of stationary cycle ergometry in 52 postmenopausal breast
cancer patients following the completion of primary adjuvant therapy, Fairey et al[69] found
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increased cytotoxic activity of NK cells in peripheral blood mononuclear cells that target
K562 cells, compared with a nonexercise control group. However, Saxton et al[70] found no
effect on NKCC in 85 overweight breast cancer patients who were 3 to 18 months
posttreatment and who were randomized to either a 6-month exercise-plus-hypocaloric-diet
intervention or usual care. These contrasting findings likely reflect the differences in
exercise dose, as well as the heterogeneity of the patient populations. Another limitation is
that the assays used in these studies only measure NKCC in vitro. Performing studies in
mouse models of cancer that use NK cell-depleted mice (with NK cell depletion mediated
by anti-asialo-GM1- and anti-NK1.1-depleting antibodies) would provide direct evidence
for the role of exercise on NK cell-mediated antitumor effects. Furthermore, the genotyping
of killer-cell immunoglobulin-like receptors (KIRs) from peripheral blood NK cells in
clinical cohorts could give an indication of whether exercise has an effect on NK cell
development and licensing in healthy individuals and cancer patients, further clarifying the
role of exercise in modulating NK cell “immunosurveillance” activity. It is also important to
note that, although it is beyond the scope of this review, a considerable literature base also
exists on the effect of a single bout of exercise on NK cells. In brief, NK cell number
significantly increases following a single bout of exercise, [71] which may have implications
in the cancer setting, particularly in allogeneic adoptive NK-cell transfer. [26]

C. Immune Escape and Tumor Progression

If complete elimination of the malignant cells fails, the continued immunologic pressure on
the emerging tumor will instead lead to the selection of increasingly less immunogenic
tumor cells (Figure 2C). This phase of immunoediting is driven largely by T cells and occurs
over several years.[72] Malignant cells with high chromosomal instability escape antigen-
specific T-cell recognition by antigenic loss or upregulation of immunosuppressive
mediators. Accumulation of de novo mutations eventually results in an invasive phenotype
that favors escape from immune surveillance, leading ultimately to an overt (detectable)
tumor. [73] Traits acquired by tumor cells that enable them to avoid recognition by adaptive
immune cells include downregulated surface expression of MHC class I, as well as the
shedding of antigens and natural killer group 2D (NKG2D) ligands. [74—76] Moreover,
tumors gradually become more resistant to elimination by immune cells due to upregulation
of immune-inhibitory molecules, such as ligands for the T-cell-inhibitory receptor
programmed death 1 (PD-1). The shedding of death receptors and the overexpression of
anti-apoptotic proteins increase resistance to apoptosis.[77-80] Importantly, tumor cells also
manipulate the cellular composition of the tumor microenvironment by secreting
chemokines and cytokines that can recruit and polarize myeloid cells and some lymphoid
cells to an immunosuppressive, protumorigenic phenotype. Unfortunately, the role of
exercise in modulating these processes remains unexplored.

Innate immune response

Macrophages typically infiltrate human tumors, where they play an important role in
shaping the tumor microenvironment (see Figure 2C). In the early stages of tumor
development, tumor-associated macrophages (TAMs) are polarized by IFN-y to an
inflammatory M1 phenotype characterized by tumoricidal activity and IL-12 secretion,
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which supports NK-cell activation and the development of T helper 1 (Th1) immunity.
[81,82] In more advanced stages of tumor development, TAMs are recruited to the tumor
microenvironment primarily via monocyte chemoattractant protein (CCL2)-induced
chemotaxis; they are converted to an M2 phenotype via tumor-derived immunosuppressive
cytokines, including transforming growth factor (TGF)-$ and IL-10, and promote tissue
remodeling and angiogenesis.[83] M2-polarized TAMs are enriched in hypoxic and ischemic
areas of tumors, where expression of hypoxia-inducible factor 1a (HIF-1a) and vascular
endothelial growth factor (VEGF) are central regulators of macrophage recruitment.
Macrophage tumor infiltration is therefore associated with adverse outcomes and shorter
survival across multiple cancer subtypes.[84-86] In preclinical models, pharmacologic
modulation of CCL2-mediated migration and VEGF receptor 2 (VEGFR-2)-mediated tumor
infiltration is associated with reduced tumor burden, demonstrating the therapeutic potential
of inhibiting TAM recruitment. [87,88] In addition, downregulation of placental growth
factor (PIGF) using histidine-rich glycoprotein skewed the polarization of macrophages to an
M1 phenotype, resulting in improved antitumor immune responses.[89] Tumor-associated
neutrophils (TANS) possess a wide range of traits that can allow them to effectively kill
tumor cells (via secretion of oxidants and proteases), as well as recruit and stimulate effector
immune cells via secretion of cytokines (IL-8, C-X-C motif ligand 10 [CXCL10], IL-12,
TNF-a, IL-1p, and IFN-v).[90] However, tumor-derived TGF-f has also been shown to
cause polarization of TANs from an antitumorigenic N1 phenotype to an N2 phenotype that
promotes angiogenesis and metastasis and induces oxidative stress in effector T cells
through production of reactive oxygen species, thus inhibiting the antitumor immune
response.[91]

4 months of treadmill running

in BALB/c mice elicited greater cytolysis of p815 tumor cells by resident
peritoneal macrophages in vitro than in sedentary control mice

Lu et al. Am J Physiol. 1999.[99]

Exercise and innate immune response in health—In non-cancer populations,
research has focused on the capacity of exercise modulation of the innate immune system to
(1) mitigate low-grade chronic inflammation (discussed earlier, in section A) and (2)
enhance response to infections and other environmental injuries [92]; these capacities may
provide clues to the role of exercise in response to tumor escape and progression.
Interestingly, Kizaki et al[93] showed that 3 weeks of treadmill exercise in BALB/c mice
increased LPS-induced release of nitric oxide (NO) and production of IFN-y and TNF-a,
and lowered levels of 1L-10 production in peritoneal macrophages, suggesting a potential
shift towards a more pronounced M1 phenotype and enhanced innate immune response.
These results corroborated findings from Sigiura et al[94] that showed that 8 weeks of
treadmill exercise also significantly increased LPS-induced production of NO and IL-1f by
peritoneal macrophages. The results of the work by Kizaki et al and Sigiura et al, however,
stand in contrast to other researchers’ findings of a decreased LPS response of circulating
monocytes to exercise (decreased LPS-stimulated TNF-a production) in humans.[45] Thus,
we speculate that exercise may reduce the inflammatory phenotype (and number) of
circulating monocytes, but upon differentiation of monocytes into macrophages within
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specific tissues, exercise may favor an inflammatory (M1) phenotype, which would be
advantageous for antitumor immunity. With regard to neutrophil function following exercise,
little is currently known, although exercise does not appear to significantly alter neutrophil
counts.[26,65] Acutely, exercise does rapidly induce a profound neutrophilia, followed by a
delayed increase in the blood neutrophil count, 1 to 2 hours following exercise cessation;
this is modulated by both the length and intensity of exercise.[95] Repeated bouts of high-
intensity exercise may reduce neutrophil respiratory burst,[96,97] although this has only
been shown in athlete populations.

Exercise and innate immune response in cancer—To our knowledge, no clinical
studies have examined the effect of exercise on TAMs and TANs. Preclinical work found
that exercise might modulate the polarization and resultant function of macrophages external
to the tumor. Specifically, in a chemically induced model of mammary carcinogenesis,
exercise promoted M1 polarization of isolated peritoneal macrophages stimulated with LPS
(via increased levels of the cytokines IFN-y, TNF-a, and 1L-12) compared with sedentary
mice, which exhibited a more pronounced M2 phenotype (increased levels of 1L-10 and
TGF-B). [98] Furthermore, as M2 TAMs are enriched in hypoxic areas of the tumor,
“normalization” of these hypoxic regions could in turn alter the recruitment, retention, and
polarization of TAMs. Interestingly, our group found that voluntary wheel running in
immunocompetent BALB/c and C57BL/6 mice injected orthotopically with estrogen-
negative 4T1 and estrogen-positive EO771 tumor cells reduced tumor growth compared with
sedentary controls; the reduced tumor growth occurred in conjunction with increased
microvessel density, vessel maturity, and perfusion, leading to reduced intratumoral hypoxia.
[11] Thus, exercise-induced tumor normalization via alteration in the recruitment,
polarization, and function of TAMs appears biologically plausible. Functionally, 4 months of
treadmill running in BALB/c mice elicited greater cytolysis of p815 tumor cells by resident
peritoneal macrophages in vitro than in sedentary control mice,[99] suggesting again a
predominant M1 phenotype. Exercise may also limit TAM/TAN infiltration into the tumor.
Exercise (forced swimming) in male Swiss mice injected with Ehrlich tumor cells (6 weeks
of exercise, with tumor cell injection at 4 weeks) resulted in lower tumor volume and
concomitant decrease in macrophage and neutrophil infiltration. [100] This is supported by a
study from Zielinski et al[101] showing that 2 weeks of treadmill running in BALB/c mice
injected with EL4 lymphoma cells decreased macrophage and neutrophil infiltration
compared with sedentary control mice. Further, McClellan et al[8] showed that in the
ApcMM* mouse model of intestinal tumorigenesis, 12 weeks of treadmill running reduced
the number of large polyps alongside decreased overall macrophage presence and reduction
of M1 (eg, IL-12) and also M2 (eg, CD206, CCL22, and Arg-1) gene expression in intestinal
tissue. Overall, exercise may enhance the antitumor immune response following immune
escape and resultant tumor progression, through alterations in macrophage and neutrophil
infiltration and macrophage polarization—although validation of these findings in vivo is
required. Specifically studies to discern the potential mechanisms underlying the role of
exercise in reducing monocyte recruitment and macrophage/neutrophil infiltration into the
tumor, as well as in polarization of TAMs and TANs once within the tumor
microenvironment, are required.
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Adaptive immune response

Adaptive immune cells play a critical role in the control of tumor development (see Figure
2C). In recent years, the mapping of spontaneous adaptive antitumor immune responses in
cancer patients has provided highly accurate prognostic markers, as well as predictive
markers of response to chemotherapy and immunotherapy[102—-105] For example, using
analysis of the spatiotemporal distribution of different immune cell types in colorectal
cancer specimens, Galon et al found that high intratumoral density of Th1-polarized T cells
(particularly CD8+ central memory T cells and CD4+ follicular T helper cells) and B cells,
as well as expression of T-cell homing chemokines (C-X3-C motif ligand 1 [CX3CL1] and
CXCL10) and adhesion molecules (intercellular adhesion molecules and vascular cell
adhesion molecules), was predictive of prognosis.[106-110] Regulatory T cells (Tregs) are
also important for maintaining peripheral tolerance and are capable of suppressing the
adaptive immune response to tumors via secretion of immunosuppressive cytokines,
including 1L-10 and TGF-B.[109] Recruitment and conversion of conventional Foxp3- CD4+
T cells into Foxp3+ Tregs via secretion of TGF-f is a common immune escape strategy
employed by tumors, and high Treg infiltration in solid tumors has been correlated to poor
prognosis.[110,111]

Exercise and adaptive immune response in health—Exercise in younger sedentary
populations has failed to demonstrate any marked changes in T-cell function [26]; however,
exercise in older individuals may have an effect. [112] For example, 6 months of exercise
increased the T-cell proliferative response to mitogen stimulation,[65] and 10 months of a
similar exercise protocol in sedentary older individuals significantly improved influenza
vaccine response (via increased seroprotection and reduced overall illness severity),
compared with controls. [113] Preclinical work in C57BL/6 mice found that 6 weeks of
high-intensity treadmill running, but not moderate-intensity running, increased the
proportion of CD4+CD25+ Tregs in the spleen and the expression of Foxp3,[114]
suggesting that higher-intensity training may elicit a Treg-mediated dampened adaptive
immune response. Cumulatively, exercise may maintain immunocompetent T-cell
populations, and the intensity of training is likely important in mediating the adaptive
immune cell response.

Exercise and adaptive immune response in cancer—Exercise-induced changes in
intratumoral T-cell composition and function in the clinical cancer setting have received
scant attention.[22] In preclinical studies, an 8-week moderate swimming intervention in
mice injected with DMBA increased quantities of splenic lymphocytes producing IFN-y,
IL-2, IL-12, and TNF-a; decreased quantities of lymphocytes (and macrophages) expressing
IL-4, IL-10, and TGF-f; and lowered proportions of splenic Tregs compared with sedentary
mice.[115] In patients, Glass et al[55] showed non-significant increases in the percent
change in circulating T-lymphocyte population subsets (CD8+, CD4+, CD8+/CD45RA, and
naive cytotoxic T cells) following a 12-week supervised exercise program in a cohort of
heterogeneous solid tumor patients. However, Saxton et al[70] found that patients
undergoing a 6-month exercise intervention exhibited a reduced total lymphocyte count
compared with patients who did not undergo the intervention, although the lymphocyte
proliferative response to phytohemagglutinin (PHA) after exercise was unchanged. In terms
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of intratumoral T-cell alterations, preclinical work from Goh et al[116] showed that
voluntary wheel running in a transgenic polyoma middle T oncoprotein (PyMT) mouse
model of invasive breast cancer resulted in decreased intratumoral gene expression of
CCL22, a cytokine associated with Treg recruitment. McClellan et al[8] showed greater CD8
expression and reduced Foxp3 expression in lymphocytes isolated from polyp-laden
intestinal tissue in ApcMi* mice exposed to 12 weeks of treadmill running. Further,
Zielinski et al[101] showed greater lymphocyte density in tumors following 2 weeks of
treadmill running in BALB/c mice injected with EL4 lymphoma cells, compared with
sedentary mice. These data suggest that exercise may positively alter both the circulating
and the intratumoral adaptive immune response in cancer.

Preclinical work in Sprague-Dawley rats found a significant increase in DC number
in a group subjected to 5 weeks of exercise compared with a nonexercise control
group, yet there were no differences in expression of maturation markers CD80 and
CD86

D. Triggering an Immunogenic Response to the Tumor

As previously described, the degree of infiltration of effector T cells in tumors is a strong
prognostic marker in a variety of tumor subtypes.[106,117-119] In addition, tumors with
high CD8+ T-cell infiltration are more likely to respond to immune checkpoint inhibitors,
which unleash T-cell function.[120] However, in most cancer patients, there is a lack of
spontaneous antitumor immunity, as well as absent or minimal intratumoral T-cell
infiltration, making the tumor somewhat “invisible” to the immune system. In such patients,
any therapeutic approach will need to stimulate a de novo immune response. DCs are
essential for the initiation of immune responses, and although they are found in tumors, they
are often in a tolerogenic state in which they are unable to provide costimulatory signalsto T
cells during antigen presentation, rendering the T cells anergic.[121] However, DCs can be
activated locally in the tumor following stimulation by danger-associated molecular patterns
(DAMPs), including calreticulin, high-mobility group protein B1 (HMGB1), and adenosine
triphosphate (ATP). Tumor cells undergoing immunogenic cell death, induced by certain
anticancer therapies, translocate calreticulin to the cell surface, which provides an “eat me”
signal to surrounding DCs and stimulates engulfment of the dying cells.[122] Moreover,
extracellular HMGB1 and ATP released by dying cancer cells activate DCs in the tumor
microenvironment via ligation with TLR4 and purinergic P2X receptors, respectively.[123]
Activated DCs upregulate MHC class Il and costimulation molecules, as well as induce
chemokine receptors C-C chemokine receptor type 7 (CCR7) and C-X-C motif receptor 4
(CXCRA4) to migrate to tumor-draining lymph nodes, where the processed tumor antigens
are presented to T cells.[122,124-126] In addition, the sensing of tumor cell-derived DNA
by tumor-resident DCs, which is mediated by the cGAS/STING pathway, activates the
production of type I IFNs, which act in both an autocrine and paracrine fashion to stimulate
the antigen-presenting function of DCs.[127,128]

Exercise-induced triggering of an immune response in health

To our know ledge, no studies to date have analyzed the effects of exercise on DC function
in humans. Preclinical work in Sprague-Dawley rats found that a 5-week course of exercise
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significantly increased the mixed lymphocyte reaction of bone marrow—derived DCs (used to
evaluate the T-cell stimulatory capacity of DCs) compared with controls, as well as
increasing cytokine secretion capacity (IL-12) and expression of MHC class Il molecules.
[129] Together, these findings suggest greater DC antigen presentation ability, which may
translate to greater antitumor immunity.

Exercise-induced triggering of an immune response in cancer

Further preclinical work in Sprague-Dawley rats[130] found a significant increase in DC
number in a group subjected to 5 weeks of exercise compared with a nonexercise control
group, yet there were no differences in expression of maturation markers CD80 and CD86.
Moreover, peripheral blood mononuclear cells and splenocytes isolated from the rats in the
exercise group showed greater ability to inhibit human leukemia U937 and murine
lymphoma YAC-1 cell lines in vitro. These results need to be confirmed in human studies.

Reactivation of the immune system

The activation of T cells requires their interaction with antigen-presenting DCs in lymph
nodes (priming phase) and is strictly regulated by concomitant engagement of costimulatory
and co-inhibitory receptors, which are known as immune checkpoints, and which play a
critical role in the maintenance of self-tolerance under normal conditions. However, in
cancer, the costimulatory function of DCs is often reduced, and monoclonal antibodies
blocking the coinhibitory molecule cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4)
can recover activation of tumor-specific T cells.[24] Another negative regulator of T-cell
activation, PD-1, which interacts with ligands expressed in the tumor microenvironment, is
also a major obstacle to the function of antitumor T cells.[131] Antibodies targeting CTLA-4
and PD-1 have shown remarkable clinical activity and have been approved by the US Food
and Drug Administration for the treatment of melanoma and lung cancer.[132-136]
However, in tumors that lack a pre-existing immune response and that have low lymphocytic
infiltration, treatment with immune checkpoint inhibitors remains largely ineffective and is
likely to require combination with other treatments that enhance tumor immunogenicity.
[137,138] In this context, it is intriguing to consider the possibility that exercise, if capable
of enhancing antitumor immune responses, could be an effective combination treatment with
immune checkpoint inhibitors.

Triggering of immunogenic cell death or ‘in situ vaccination’

Immunogenic cell death of tumor cells can be induced by treatment with chemotherapeutic
agents or radiation therapy. [139,140] Preclinical work by our group has shown that
radiation therapy, in combination with immune checkpoint blockade, can stimulate tumor-
specific adaptive immune responses. [141,142] Clinical evidence for a similar synergy in
patients is beginning to emerge. For instance, a patient with chemotherapy-refractory
metastatic non—-small-cell lung cancer underwent complete tumor regression after localized
radiation therapy treatment of a single tumor in combination with anti—-CTLA-4 antibody
therapy.[143] The role of exercise in eliciting immunogenic cell death has not been
discerned; however, we speculate that exercise-induced alterations in tumor physiology
(improved tumor vascularization, decreased hypoxia, and increased apoptosis)[11] may
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increase T-cell infiltration, DC activation, and antigen presentation, leading to tumor
inhibition.

Future Directions

On the basis of current knowledge, a full understanding of the complex and multifaceted
interaction between the host, exercise regulation of the inflammation-immune axis, and
tumor biology is not yet possible. A summary of current evidence and future directions are
presented in the Table.

Conclusions

Exercise is a pleiotropic strategy that may be a promising candidate therapy for the treatment
of cancer.[5] The evidence reviewed in this paper suggests that exercise has
immunomodulatory effects that could alter multiple critical phases of immune system—tumor
cross-talk in both tumor initiation and progression, although this area of investigation clearly
remains in its infancy. The recent success of immunotherapy in multiple solid tumors
highlights the power of this approach, which, when properly activated, can effectively
control treatment of refractory tumors. Thus, understanding the efficacy and mechanisms of
exercise as a potential strategy for enhancing the immunogenic response to cancer is
germane. There now exists an unprecedented opportunity for exercise-oncology researchers
to investigate the key questions that can unlock the potential therapeutic promise of exercise
in cancer initiation and progression. To do this will require the design of research studies
that involve multidisciplinary teams with expertise in exercise science, immunology, cancer
biology, and clinical oncology. A better understanding of the relationship between exercise
and the inflammation-immune axis may be able to optimize the efficacy of exercise as an
effective adjuvant and combination anticancer treatment.
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TO PUT THAT INTO CONTEXT

Connie J. Rogers, PhD, MPH

Department of Nutritional Sciences, Pennsylvania State University, University Park,
Pennsylvania

What Two Recent Developments Undergird Research Into Exercise and Immune
Function in Cancer?

This review highlights recent developments in two areas of cancer research that until not
long ago were seemingly unrelated. First, there have been promising advances in cancer
immunotherapy, including recent clinical successes that may signal the beginning of a
transition for cancer immunotherapy from experimental to established therapy. Thus,
there is heightened interest in novel therapies and modalities that target the immune
system. Second, emerging population data indicate an important role for exercise in the
prevention of cancer recurrence and mortality, suggesting that exercise may be a vital
intervention in cancer survivors. The biological mechanisms that might explain a
relationship between these two developments are not well studied, but it has been
hypothesized that an exercise-induced enhancement of antitumor immunity and/ or
reduction in immunosuppression may be the mechanism that underlies the ability of
exercise to reduce cancer recurrence and increase survival.

What Are the Important Questions That Now Need to Be Answered?

The field of exercise oncology is in its infancy and many unanswered questions remain.
Critical information about the dose, duration, frequency, and type of exercise required to
achieve a cancer prevention effect is essential to advance the field. Furthermore, the
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efficacy and safety of exercise across the cancer continuum needs to be studied to
determine whether exercise can have a beneficial effect on the inflammation-immune axis
during the treatment phase, as well as during the survivorship window. Interdisciplinary
collaborations between investigators in the fields of exercise physiology, immunology,
cancer biology, and oncology are crucial to adequately design and implement preclinical
experiments and clinical trials addressing these key unsolved problems in exercise
oncology.
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Figure 1.
Schematic representation of the postulated role of exercise in shifting the inflammation-

immune axis balance in cancer through (1) decreasing chronic inflammation and (2)
increasing antitumor immunity, altering the initiation and progression of disease.
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Figure 2. A conceptual framework to discern the potential role of exercise in regulating
inflammation-immune axis function in cancer initiation and progression

(A) Chronic inflammation can be initiated and maintained in patients suffering from a
variety of conditions, including autoimmune reactions, persistent viral infections, and

obesity (due to pro-inflammatory adipokine secretion). Sustained secretion of pro-

inflammatory cytokines can result in transformation of cells that can ultimately lead to
cancer. There is emerging evidence that exercise can reduce a variety of markers of
inflammation. (B) Most premalignant cells are eliminated by innate immune cells in a
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process of immune surveillance, particularly by NK cells that are specialized in eliminating
cells infected by viruses or undergoing cellular transformation. It has been reported that
exercise leads to increased numbers of circulating NK cells, as well as to potentiated NK cell
cytotoxic function, although the evidence is inconclusive. (C) In cases where transformed
cells are able to avoid elimination, they are instead kept in equilibrium with surrounding
immune cells. Over long periods of time and sustained immunologic pressure, a Darwinistic
microselection process takes place in which tumor cells that acquire additional mutations
become resistant to killing by immune cells, surviving and making the emerging tumor
decreasingly immunogenic. Ultimately, the tumor is able to escape from immune control, the
growth rate accelerates, and the cancer becomes clinically detectable. Although minimal
evidence exists, exercise may positively influence innate and adaptive immune responses
following immune escape and subsequent tumor growth. (D) The occurrence and strength of
spontaneous tumor-specific immune responses varies significantly depending on the tumor
type and the affected individual. In tumors that have evidence of a pre-existing adaptive
immune response (high immunogenicity), the infiltrating tumor-specific T cells can be
reactivated by the use of immune checkpoint inhibitors (anti-CTLA-4, anti—-PD-1), thus
triggering a direct antitumor effect. In tumors that have low immunogenicity, there is a lack
of recognition of tumor antigens, which renders the tumor invisible to T-cell attack. In order
to generate an adaptive immune response in such tumors, a de novo antitumor immune
response must be initiated. Localized tumor irradiation has been shown to trigger
immunogenic cell death of tumor cells, resulting in release of tumor antigens and
concomitant danger-associated molecular patterns (DAMPs) that allow tumor-resident
dendritic cells to become activated, engulf the exposed tumor antigens, and subsequently
present the antigens to naive T cells to trigger tumor-specific immune responses. Minimal
evidence suggests that dendritic cell number may increase with exercise; currently, no
evidence exists for the role of exercise in triggering immunogenic cell death or reactivation
of the immune system. CTLA-4 = cytotoxic T-lymphocyte—associated antigen 4; NK cell =
natural killer cell; PD-1 = programmed death 1; RT = radiation therapy.
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Table

Future Directions for Research Into the Effects of Exercise on Inflammation-Immune Axis Function in Cancer

Current Evidence

Future Directions

Exercise in Cancer Prevention

A. Chronic inflammation

Minimal evidence: Exercise is generally associated
with decreases in inflammatory markers, both in
preclinical and clinical studies; data vary depending on
model/population/exercise dose.
B. Immune surveillance

Minimal evidence: Exercise is generally associated
with increased NK cell function in preclinical models;
clinical data are inconclusive.

Exercise may directly influence the metabolic and immunologic mechanisms that
foster a chronic state of smoldering inflammation.

Direct evidence for the mechanisms involved should be obtained in pre-clinical
models of carcinogenesis, focusing on models of inflammation-driven
carcinogenesis.

. Examples include:

1. A mouse model of colitis-associated cancer
induced using azoxy-methane/dextran sulfate
sodium (AOM/DSS).[144]

2. The transgenic mouse model of inflammation-
associated de novo epithelial carcinogenesis
using K14-HPV16 mice.[145]

. Since many of the mechanisms underlying cancer development
in these models have been defined, they provide a
straightforward platform for studying the effects of exercise on
both protective and promoting immune effectors.

Exercise in Cancer Treatment

C. Immune escape and tumor progression

Innate immunity Minimal evidence:
Exercise may decrease
TAM and TAN infiltration
in preclinical models; no
clinical evidence.

Adaptive immunity Minimal evidence:
Exercise may increase
intratumoral cytotoxic T-
cell infiltration and reduce
Treg infiltration in
preclinical models; no
clinical evidence.

By comparing the response to treatment in immune-deficient and
immunocompetent mice, it has been established that some chemotherapy drugs
and radiotherapy work, at least in part, by activating antitumor immune responses.
[146]

A similar approach could be used to determine whether exercise can reduce
cancer growth and whether its effects require the presence of an intact immune
system.

Exploring Exercise in Combination With Immunotherapy

D. Triggering an immune response
Minimal evidence: Exercise may increase DC number
in preclinical models; no clinical evidence.

Because immunotherapy can achieve long-term responses superior to those seen
with most other treatments, but works only in subsets of patients, combination
treatments that enhance responses are under active investigation.

Exercise is likely to have benefits with limited side effects and could be easily
explored in multiple well-defined mouse cancer models.

. Genetic tools are available to dissect the mechanisms involved,
thus identifying potential biomarkers for testing in patients.[147]

DC = dendritic cell; NK cell = natural killer cell; TAM = tumor-associated macrophage; TAN = tumor-associated neutrophil; Treg = regulatory T

cell.
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