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Abstract

Unhealthy lifestyle factors, such as obesity, disrupt organismal homeostasis to accelerate cancer 

pathogenesis, in part via metabolic and immune dysregulation. Exercise is a prototypical strategy 

that maintains and restores homeostasis at organismal, tissue, cellular, and molecular levels 

with the capacity to prevent or inhibit numerous disease conditions, including cancer. Here we 

review unhealthy lifestyle factors that contribute to metabolic and immune dysregulation to drive 

tumourigenesis, focusing on the patient physiology (host) – tissue / tumour microenvironment 

interaction. We also discuss how exercise may sculpt distant tissue microenvironments to improve 

tissue function through both metabolic and immune-specific pathways. Finally, we consider future 

directions that merit consideration in basic and clinical translational exercise studies.

Introduction

Achievement of the World Health Organization’s (WHO) objective of a 25% reduction 

in cancer mortality rates by 2025 will require, among many elements, effective cancer 

prevention strategies. The nature of cancer prevention strategies should, in turn, be guided 

by epidemiological data deciphering the major determinants of cancer pathogenesis. These 

data provide clear insight: modifiable lifestyle factors are the strongest determinants for 
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the most common cancers, responsible for 35% to 50% of all diagnoses and cancer-related 

deaths.1,2 Indeed, factors related to host energy balance (e.g., poor diet and inactivity) now 

directly competes with tobacco smoking as the primary preventable cause of cancer.

From an integrative physiology perspective, phenotypes such as chronic positive energy 

balance, (i.e., obese phenotype) are associated with aberrant mobilization, recruitment, 

retention and function of specific cell types and/or molecules collectively dysregulating 

numerous regulatory networks, including metabolism, hormonal regulation, immunity 

and oxidative balance at the host, tissue or tumour microenvironment (TME), cellular, 

and molecular levels.3,4 All regulatory networks, and the interplay between them, play 

crucial roles in tumourigenesis, however metabolism and immune function are particularly 

germane.5

Altered cellular metabolism is a hallmark of cancer pathogenesis.5,6 Reprogramming of 

cancer cell metabolism dramatically alters metabolite influx, pathway regulation, and cell 

fate decisions that drive tumourigenesis.6 Such reprogramming also alters the extracellular 

metabolite composition in the surrounding microenvironment, driving phenotypic shifts in 

stromal cells to further propagate tumour growth.7 Altered or misled immune responses 

and the inflammatory TME are also established drivers of cancer.5,8 Cancer cell evasion 

of immunological destruction from T and B lymphocytes, macrophages, and natural killer 

(NK) cells is a feature of every occult tumour escaping the bonds of immune surveillance.5,9 

TME accumulation of innate immune cells such as monocytes, neutrophils and macrophages 

can further promote tumourigenesis via angiogenesis, hyperproliferation, suppression of NK 

and T cell cytotoxicity, and metastatic dissemination.5,8,10,11

Regulatory networks, including metabolism and immune function, do not operate 

in isolation, but instead are highly inter-dependent in order to maintain organismal 

homeostasis.12 One example of such interplay is the metabolic reprogramming of cancer 

cells, which induces an acidic, nutrient-depleted TME, driving accumulation of immune 

suppressive cell (pheno)types, inhibition of tumour antigen presentation and T cell activation 

which collectively inhibit appropriate antitumour immune responses.6 At the cellular level, 

the discovery of the intricate link between metabolite and nutrient availability in the TME 

and alteration of immune-effector function due to metabolic rewiring, further illustrates the 

interdependence of such regulatory networks in cancer.7,13–16

Effective targeting of metabolic and immune dysregulation in cancer are areas of immense 

discovery and therapeutic efforts. Work to date has mostly adopted the classic paradigm of 

targeting single molecules within an individual regulatory network.17–22 Since molecules 

operate within pathways that interact to form larger regulatory networks and integrative 

systems, complementary strategies with the capacity to regulate multiple higher order 

networks may represent an alternative, more effective therapeutic approach. Exercise, 

defined as structured, repeated and purposeful physical activity with the objective of 

improving health or cardiorespiratory fitness, is one such strategy. Observational data 

suggests that exercise may reduce the primary risk of multiple forms of cancer23 as well 

as the risk of recurrence in certain solid tumours.24 Preclinical studies confirm the biological 

plausibility of exercise-induced inhibition of tumourigenesis in multiple cancer models.25 
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The underlying mechanisms of how exercise inhibits or delays tumourigenesis remain 

elusive, however reprogramming of metabolic and immune dysregulation are likely key 

facets of its antitumour effects.25,26

In this Review, we provide an overview of how certain unhealthy lifestyle behaviors 

induce metabolic and immune dysregulation at the level of the host and tissue/TME 

to drive tumourigenesis, and how exercise may regulate these processes to re-establish 

homeostasis. Finally, we discuss future directions that merit consideration in basic and 

clinical translational studies.

Unhealthy lifestyle factors, metabolic and immune dysregulation, and 

cancer

As reviewed previously,27–31 obesity – the phenotypic manifestation of chronic excess 

nutritional intake in the context of insufficient physical activity – provides a prototypical 

example of how environmental and lifestyle factors drive dysregulation of the immune-

metabolism axis at the organismal, TME, and cellular levels to facilitate tumourigenesis.28

Briefly, aberrant availability of key metabolic growth factors such as glucose, insulin, 

insulin-like growth factor (IGF-1), and leptin stimulate chronic activation of numerous 

growth factor signaling pathways that promote cell growth, survival and proliferation, which 

coupled with increased concentrations of mutagenic substances (e.g. increased reactive 

oxygen species) and epigenetic shifts in gene regulation, collectively lower the barrier 

for cells to undergo oncogenic transformation, as well as drive progression following 

transformation.2,29 Obesity also drives inflammation and immune dysregulation.27,28,30,31 

The outgrowth and hypertrophy of adipocytes in various tissue and fat depots lead to 

hypoxia, adipocyte stress and death.32 This stimulates the production of pro-inflammatory 

mediators and tissue-specific recruitment and accumulation of innate immune cells 

(e.g. neutrophils, monocytes, and macrophages), promoting chronic activation of cellular 

proliferation and survival pathways, providing an alternative driver of tumourigenesis.27,28

The TME in obese states is also immunosuppressed.15 For example, in obese mouse 

models of breast cancer, myeloid-derived suppressor cells (MDSCs) in the TME upregulate 

the immune checkpoint molecule programmed death-ligand 1 (PD-L1), induced by 

intratumoural (IFN)-γ, resulting in impaired CD8+ T cell function.33 Furthermore, CD4+ 

and CD8+ T cells across a variety of animal models display upregulation of programmed 

cell death receptor-1 (PD-1) expression and impaired proliferative responses in the obese 

state, as well as CD8+ T cell exhaustion (higher frequency of PD-1, Tim3 and Lag3 and 

decreased Ki67+ cells) in the TME.34 Recent discoveries also reveal metabolic and immune 

crosstalk in obesity. Obesity-induced increased circulating 27-hydroxycholesterol (27HC) 

induces accumulation of polymorphonuclear-neutrophils and gammadelta (γδ)-T cells in the 

lung, facilitating metastatic seeding in mouse models of breast cancer.35

In related work, obesity-driven breast cancer growth occurred in conjunction with increased 

adipocyte release of leptin, a potent regulator of energy balance, which activated signal 

transducer and activator of transcription 3 (STAT3) in tumour infiltrating CD8+ T cells, 

Koelwyn et al. Page 3

Nat Metab. Author manuscript; available in PMC 2022 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increasing intracellular fatty acid oxidation and inhibiting glycolysis, resulting in dampened 

effector functions.36 Finally, in a murine melanoma model, Michelet et al. reported obesity 

enhanced natural killer (NK) cell lipid accumulation, resulting in intracellular metabolic 

paralysis through interference of the mammalian target of rapamycin (mTOR) - peroxisome 

proliferator-activated receptor (PPAR) pathways, and loss of cytotoxic function which 

accelerated melanoma growth.37

Of interest, several additional host-related acute perturbations such as surgery,38 acute 

myocardial infarction,39 and heart failure40–42 accelerate tumourigenesis through immune 

and/or metabolic dysregulation. Although the extent and temporal effects of these events 

on reprogramming of immuno-metabolic regulation and tumourigenesis is obviously distinct 

from the chronic nature of obesity and other lifestyle factors, these emerging data further 

highlight the importance of host response in cancer pathogenesis.

Exercise-induced regulation of immuno-metabolism in normal tissues

Exercise is a potent challenge to homeostasis that engages numerous regulatory systems 

at the organismal, tissue, and cellular level but in contrast to unhealthy lifestyle factors 

stimulates physiological (e.g. favorable) adaptation to promote enhanced performance and 

function.43,44 The complex and highly coordinated response underlying exercise-induced 

physiological adaptation is extensively reviewed in prior work.44,45 In brief, exercise 

stimulates inter-organ communication characterized by complex interplay between organs 

such as skeletal muscle, heart, bone, liver and adipose tissue. Inter-organ communication is 

regulated through paracrine and endocrine signaling facilitating subsequent reprogramming 

of multiple regulatory systems, including metabolism and immunity.26,46 For instance, in 

their accompanying review, Murphy et al. overview how exercise is a major regulator of host 

metabolism in health and disease states. Over time, the cumulation of these organismal-level 

adaptations, which are the product of integrated cell and tissue-specific adjustments across a 

range of tissues, establish a higher homeostatic ‘set point’, fostering enhanced performance, 

and tolerance to system stress.47

A fundamental question in exercise biology is whether the beneficial adaptations observed 

in organs directly engaged in, and responsible for the cardiovascular / respiratory response 

to exercise (e.g. heart, lung, vascular, skeletal muscle), organs that enable the convective 

delivery of oxygen from the environment to the skeletal muscle mitochondria, termed the 

oxygen cascade.48 To support the exercise response, other non-cardiovascular tissues organs 

play a central role including the brain (e.g. central nervous system control), liver (e.g. 

release of glucose), and adipose tissue (e.g. release of free fatty acids), adrenal glands 

(e.g. release of adrenaline and cortisol) and pancreas (e.g. release of glucagon).26,44,45 

While the contribution of multiple organs to the exercise response is well documented, 

understanding of how chronic exercise alters the biology of these and other distal tissues 

at the cellular and molecular level is almost exclusively confined to skeletal muscle.44,49 

However, several emergent findings provide initial exciting insights that exercise not 

only significantly regulates biological processes in distal tissues/organs but modulation of 

metabolic or immune regulatory pathways play a central role (Fig. 1). We selected three 

tissue-specific examples to illustrate these effects. These tissues were selected as they are 
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highly susceptible to malignancy (e.g. liver, colon) with observational data suggesting that 

exercise may reduce the primary risk of cancer in these organs23, or are known mediators of 

the systemic milieu and TME (e.g. bone marrow)11. We also recognize that skeletal muscle 

is a mediator of the systemic milieu and has been linked to cancer pathogenesis, which has 

been reviewed elsewhere.50,51

Liver.

Non-alcoholic fatty liver disease (NAFLD), a product of chronic metabolic dysregulation, is 

characterized by accumulation of triglycerides within hepatocytes (i.e. hepatic steatosis) 

with accompanying hepatic inflammation, and increases the risk for hepatocellular 

carcinoma.52 In a diet-induced mouse model of NAFLD, four weeks of exercise (voluntary 

wheel running) inhibited hepatic steatosis development compared to control.53 Correlative 

studies revealed that in conjunction with inhibition of lipogenesis, exercise increased 

liver-specific adenosine monophosphate kinase (AMPK) activation (p-AMPK-α/AMPK-α), 

which is a key metabolic sensor and regulator, decreasing anabolic (e.g. lipid synthesis) and 

increasing catabolic (i.e. lipid oxidation) processes.54 These metabolic alterations occurred 

alongside reductions in hepatic inflammation, as assessed by reduced gene expression of the 

pro-inflammatory cytokine Il6 and the Adgre1 (the gene encoding the macrophage marker 

F4/80), and reduced nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

activation (pNF-kB p65/NF-kB p65).

Colon.

The second example links exercise with attenuation of a tissue-specific inflammatory 

condition - ulcerative colitis - a major risk factor for colorectal cancer.55 Using the dextran 

sulfate sodium (DSS)-induced rat model of chronic colitis, Qin et al. found exercise 

treatment (i.e., swimming 1 or 1.5 h.d, 5 d.wk for 7 wks) inhibited colon shortening, colon 

barrier disruption and splenomegaly compared to control in a dose dependent manner.56 

Exercise also attenuated DSS-induced decreases in colon crypt depth, secretion of pro-

inflammatory cell mediators (neutrophils, tumour necrosis factor (TNF)α+ and IFNγ+ T 

cells), and reduced colon-specific ex vivo production of proinflammatory cytokines such as 

TNFα, interleukin (IL)-1β, IL-6, monocyte chemoattract protein (MCP)-1, and keratinocyte 

chemoattractant (KC), as well as reduced expression of colon-specific nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB) p65 and cyclooxygenase-2 (COX2).

Bone.

Frodermann and colleagues57 conducted one of the most in-depth investigations of exercise 

regulation of distant organ function. The bone marrow is the primary site for hematopoiesis. 

In cancer, hematopoiesis is elevated, with a shift toward production of myelopoietic 

cells;58 elevated circulating myeloid cells also correlate with poor outcomes in a variety 

of cancers.11,59 In multiple mouse models, Frodermann et al. found that exercise (6 

weeks of voluntary wheel running) promoted hematopoietic stem and progenitor cell 

(HSPC) quiescence compared to control, reducing bone marrow myelopoiesis and systemic 

monocytosis.
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The underlying mechanism was identified as exercise-induced reductions in leptin levels 

in adipose tissue, blood, and bone marrow, decreasing leptin-receptor signaling in bone 

marrow stromal cells, increasing expression of genes involved in myeloid cell retention, 

such as Cxcl12, and lowering HSPC proliferation. Within the HSPC compartment, exercise 

induced HSPC quiescence, which was associated with epigenetic changes in bone marrow 

progenitors, reducing chromatin accessibility in lineage marker-negative, Sca1+/c-Kit+ 

(LSK) progenitor cells, which persisted up to three weeks following exercise cessation. 

These findings reveal exercise imprints sustained, learned responses in bone marrow 

progenitors and induces long-term hematopoietic reprogramming. In final experiments, the 

authors demonstrated that despite a reduction in chronic myelopoiesis, exercise improved 

emergency hematopoiesis in models of sepsis, demonstrating enhanced host response to 

immune challenge.

Collectively, these exemplars provide direct evidence that exercise reprogramming of tissue-

specific immunometabolic regulation facilitates enhanced resistance to tissue-specific events 

linked to tumourigenesis. Whether such effects extend to regulation of the TME is discussed 

in the next section.

Exercise-induced regulation of immuno-metabolism in the TME

Exercise alters numerous specific cell types and/or molecules that regulate systemic 

metabolic and immune function. For example, exercise increases glucose uptake and 

decreases circulating insulin, IGF1 and glucose,60 as well as decreases circulating myeloid 

cells and increases circulating NK cell number and cytotoxic function.61,62 Similar changes 

also occur in patients with cancer.63–66 Although overly simplistic, such metabolic and 

immune reprogramming of the systemic milieu might consequently alter the nature and 

strength of signaling at the tissue and cellular levels in the TME. Indeed, emergent 

work demonstrates the antitumour activity of various exercise paradigms in a variety of 

preclinical cancer models, 25,26 with related correlative studies indicating that TME-specific 

reprogramming of metabolic and immune networks plays a major role in orchestrating the 

exercise – cancer pathogenesis link (Fig. 2a).

Metabolism.

Initial studies in this area focus on metabolic effectors and/or pathways known to regulate 

tumourigenesis. For instance, Zhu et al. found that exercise (voluntary wheel running) in a 

rat model of chemically-induced breast cancer reduced tumour incidence and multiplicity 

(number of tumours per animal), which occurred in conjunction with reduced systemic 

levels of insulin, IGF1 and leptin, increased intratumoural activation of AMPK, and 

inhibition of activated AKT and mTOR.67 Extending these observations, Xie et al. identified 

similar metabolic alterations (i.e., reduced AKT, PI3K and p42/p44-MAPK) in skin tissues 

following 10 weeks of forced treadmill running in the TPA-induced model of skin cancer.68 

Furthermore, Aveseh and colleagues69 found exercise inhibition of the mammary MC4-L2 

cancer model coupled with a shift in the tumour lactate dehydrogenase (LDH) isozyme 

profile towards LDH-1, together with a reduction in LDHA expression, increase in LDHB 

expression, and concomitant decrease in tumour lactate and the lactate transporter MCT-1. 
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Since excess lactate is a common byproduct of reprogrammed cancer cell metabolism, 

lower TME lactate levels suggests exercise either shifted metabolism to produce less lactate, 

increased lactate utilization, and/or increased lactate clearance.

More recent work has focused on exercise regulation of tumour metabolism. Lu et al. 
utilized six patient-derived xenografts (PDXs) of colorectal cancer to test how voluntary 

wheel running altered tumour metabolite composition.70 Exercise inhibition of tumour 

growth was observed in three models although accompanying metabolomic analysis of 

tumour lysates signified metabolic alteration in all PDXs compared to control.

Specifically, tumours from exercised mice showed alterations in 47 metabolites with 

pathway enrichment in nucleotide, vitamin B6, and amino acid metabolism, as well as the 

tricarboxylic acid cycle (TCA). Interestingly, the TCA cycle activity was downregulated by 

exercise, as the majority of TCA cycle intermediates (with the exception of succinate and 

glutamate) were lower compared to control. Comparison of tumour metabolic profiles from 

exercise-responsive and non-responsive tumours revealed that the differences in TCA cycle 

metabolites, however, no longer persisted yet changes in nucleotide metabolism remained. 

Thus, cancer cell-autonomous intrinsic variations in nucleotide metabolism, and not the 

TCA cycle, may explain differential sensitivity of tumours to exercise, at least in PDX 

models of colorectal cancer.

Supporting the notion that heterogeneity in cancer cell autonomous metabolic programming 

may mediate tumour response to exercise, Glass et al.71 found that differential sensitivity 

of two murine breast cancer cell lines, E0771 and C3(1)SV40Tag-p16-luc, to exercise 

was paralleled by activation or lack of activation of intratumoural hypoxia-inducible factor 

1 (HIF-1α) and its downstream targets PDK-1 and GLUT-1. Specifically, activation of 

HIF-1α and associated shifts towards glycolysis occurred in exercise-induced acceleration 

(C3(1)SV40Tag-p16-luc), but not inhibition (E0771), of tumour growth. Blocking of 

HIF-1α activation using digoxin abrogated exercise-induced acceleration of C3(1)SV40Tag-

p16-luc growth rates.

Overall, exercise appears to be a regulator of TME-specific metabolites (e.g. lactate), 

pathway and transcription factor signaling (e.g. PI3K, HIF1α) and central carbon 

metabolism (e.g. TCA cycle). Further, exercise-induced metabolic alterations, as well as 

the pattern of metabolic alterations, does not appear to be uniform across cancer models or 

tumour types, suggesting cancer-cell intrinsic effects regulate the exercise response. Further 

exploration of how metabolic alterations mechanistically underpin the antitumour activity of 

exercise is an exciting area of future research.

Immunity.

In early work, Zielinski et al. reported that two weeks of treadmill running delayed tumour 

growth in mice, which occurred in conjunction with decreased intratumoural accumulation 

of macrophages and neutrophils in the EL4 lymphoma model.72 Similar findings were 

observed in the syngeneic ehrlich tumour model following six weeks of forced swimming.73
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Pedersen and colleagues74 significantly extended this work by showing immune activation 

was required for exercise-induced tumour inhibition. Specifically, voluntary wheel running 

prior to implantation of B16 melanoma cells inhibited tumour growth, with tumours 

displaying higher numbers of cytotoxic NK cell and CD3+ T cells compared to control.74 

The tumour inhibitory effect of exercise persisted in athymic nude mice, yet was abrogated 

with NK cell depletion, suggesting that NK cells, and not T cells, were responsible 

for exercise growth inhibition. Further, blockade of either β-adrenergic or IL-6 signaling 

prevented NK cell tumour infiltration, abrogating exercise growth inhibition.74

A subsequent study by Hagar et al. reported eight weeks of treadmill running before tumour 

inoculation inhibited tumour growth and extended survival, alongside a two-fold increase in 

the intratumoural cytotoxic T cell (CD8+)/regulatory T cell (Foxp3+) ratio in the syngeneic 

4T1 breast cancer model.75 Exercise-induced antitumour activity was mitigated in athymic 

nude mice in this model, suggesting that exercise induced effects on T cells were required 

for growth inhibition.

Exercise may regulate additional systemic and intratumoural immune responses. 4T1 breast 

tumours induce a marked increase in extramedullary hematopoiesis, splenic accumulation 

of myeloid-derived suppressor cells (MDSCs), and associated splenomegaly.76 Forced 

treadmill running in the 4T1 model inhibited tumour growth, reduced splenic weight, and 

splenic and intratumoural MDSCs.77 Consistent with the immunosuppressive effects of 

MDSCs, exercise-induced effects were associated with increased intratumoural activation 

of CD8+ T cells (CD69+), although CD8+ T cell function was not assessed. Of interest, 

exercise potentiated growth inhibition of local radiation plus PD-1 blockade, occurring 

alongside reduced intratumoural MDSC accumulation compared to control.

These collective findings indicate that modulation of both innate and adaptive immunity 

is complicit in exercise antitumour activity. Future studies to address how these changes 

mechanistically regulate tumourigenesis are discussed below.

Future Directions

A sufficient evidence base now exists to launch the next generation of studies leveraging 

advances in mainstream immuno-metabolism oncology research to comprehensively 

interrogate exercise efficacy. Herein, we discuss some of the key knowledge gaps in 

regulation of metabolism and immunity, and perhaps more importantly, elucidation of 

exercise action at the nexus of these regulatory networks (Fig. 2b).

Metabolism.

Exercise appears to regulate metabolite availability at host and tissue levels, occurring in 

conjunction with regulation of tumour metabolic pathways, including a shift in central 

carbon metabolism. The mechanistic drivers of these alterations, or whether such changes 

are necessary for exercise antitumour activity, however, are unknown. Furthermore, how 

exercise regulates other aspects of cellular metabolism known to play key roles in the TME 

(e.g. glycogen metabolism)78,79 are an important area of future study.
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Utilization of unbiased metabolomic platforms may reveal global overarching patterns 

correlating with exercise sensitivity and/or resistance, facilitating in-depth mechanistic 

interrogation. It is unlikely that shifts in single metabolites and/or resulting pathways will 

be responsible for exercise phenotypes. As such, experimental approaches with the capacity 

to capture broad metabolic shifts will be required. Illustration of one such elegant approach 

was reported by Vande Voorde et al. and Cantor et al, wherein in vitro recapitulation of 

physiologic (systemic) levels of a multitude of extracellular nutrient and metabolite levels 

induced profound effects on tumour cell behavior, which better recapitulated in vivo tumour 

metabolic profiles compared to standard cell culture media.80,81 Similar strategies could be 

applied to understand how exercise-induced alterations in metabolite/nutrient availability in 

blood regulates metabolic signaling and cancer cell response in vitro as well as in vivo. Such 

work could be followed by in vitro screening studies across different oncogenic / mutational 

profiles, with in vivo validation to determine how tumour-intrinsic features mediate the 

metabolic response to exercise.

Immunity.

How TME immune cell composition and phenotypes shift in exercise states is 

poorly characterized. In particular, the interaction between innate and adaptive immune 

populations, the specific cell types involved, and the phenotypic and functional states are 

open areas of investigation. This is mainly due to the fact that exercise research is typically 

restricted to orthotopic models that do not recapitulate the complex immune responses 

unique to in situ cancer initiation and development.82 Use of genetically engineered models 

with established characterization of immune populations and phenotypes, neo-antigen-

specificity, and/or capacity to evaluate early tumourigenesis or metastatic seeding more 

closely recapitulate human cancer pathogenesis and hence offer superior model systems 

for such investigations.82–84 Such models could be exploited to investigate the fundamental 

questions such as whether the exercise-conditioned host more effectively orchestrates innate 

and/or adaptive antitumour immune responses, including tumour-specific T cell responses; 

enhances antigen presentation; or eradicates damaged or mutated cells more effectively.

In parallel, elucidation of how exercise-induced changes in TME immune milieu alters 

cancer cell phenotypes (and possibly genomic landscape) is also currently unexplored. 

For example, does exercise induce immunoediting; that is, mutational contraction through 

depletion of neoantigens and clones harboring them to alter tumour genomic landscapes? 

Are certain genomic signatures in tumours more sensitive to exercise-induced immune 

alterations?

Exercise regulation of immune-metabolic interaction.

To our knowledge, how exercise modulates immune and metabolic interaction to alter 

tumourigenesis has not been investigated. It is plausible that exercise-induced reductions in 

key metabolic growth factors such as leptin, free-fatty acids, and lactate in the TME (which 

in excess drive tumour immune suppression6,7,36,37) may, in turn, facilitate broad, sustained 

immune activation.
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Exercise also modulates TME cellular architecture, characterized by increased angiogenesis 

and vascular function, leading to a decrease in hypoxia.26,85 Such changes likely further 

alter metabolite availability, as well as the infiltration, spatial composition and function of 

intratumoural immune cells. Experimental approaches with the capacity to evaluate broad 

metabolic and immune alterations, including cancer cell responses to such alterations, 

are needed. In an exemplar of one such approach, Leone and colleagues found that 

glutamine blockade reduced intratumoural hypoxia, acidosis, and nutrient depletion in the 

TME. These alterations occurred alongside T cell activation and concurrent suppression of 

cancer cell metabolism (e.g. reductions in glycolytic and oxidative metabolism), leading to 

decreased tumour growth.86 It is intriguing to speculate that exercise could similarly restore 

(immunometabolic) function in the TME.

Clinical Translation

At least two, multicenter phase 3 randomized control trials (RCTs) are investigating the 

efficacy of structured exercise therapy on cancer outcomes in individuals with primary colon 

cancer (disease-free survival)87 and metastatic prostate cancer (overall survival, progression-

free survival), alongside several other ongoing clinical trials of structured exercise therapy 

in cancer prevention and prognosis (Table).88 A critical corollary to these ongoing trials are 

correlative science studies to interrogate whether exercise-induced alterations in systemic 

(host) immunometabolic factors link with alterations in “normal” tissue microenvironments 

among individuals at high-risk of cancer (i.e., exercise to prevent primary cancer incidence) 

as well as the TME in patients with cancer (i.e., exercise to prevent recurrence or 

progression of cancer).89

To our knowledge, only one trial to date has directly investigated the effects of exercise on 

biological end points in a tissue / organ other than the skeletal muscle or adipose tissue. 

McTiernan et al. performed a two-arm RCT to examine the effects of structured exercise 

(60 minutes/d, 6 d/wk) on change in number of Ki67-stained cells, a marker of cellular 

proliferation, in colon mucosal crypts among women and men undergoing routine screening. 

At 12 months, men exercising at least 250 min/wk had significant reductions in colon 

crypt cell proliferation.90 Data from the same trial indicated that exercise training increased 

expression of the proapoptotic protein (Bax) in the bottom of the colon crypts among men, 

whereas it decreased expression in the middle of colon crypts among women.91

Similarly, investigation of exercise regulation of the TME is limited to one trial. Taking 

advantage of the pre-operative “window of opportunity”, which permits testing of candidate 

strategies on tumour biology without the confounding impact of other anticancer therapies, 

Ligibel et al.92 studied the effects of a combined aerobic and resistance exercise regimen 

(planned dose, ~200 mins/wk) compared to usual care in 49 operable breast cancer 

patients. No differences were observed in tumour cell proliferation, apoptosis or insulin 

receptor expression in response to exercise. However, exploratory whole transcriptome 

sequencing before and after exercise revealed enrichment of immune- and inflammation-

associated pathways including NFκB signaling, NK cell mediated cytotoxicity, and T cell 

receptor signaling. Given inherent limitations of whole-tumour transcriptome analyses, 

an independent team re-analyzed this data set with deconvolution analyses, permitting 
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evaluation of changes in tumour immune cell composition, and revealed exercise-associated 

changes, albeit non-significant, in macrophages and B cells.93

These preliminary findings suggest that both short-term and longer-term treatment with 

exercise regulates the microenvironments of tissues / organs harboring cells potentially 

primed for malignant transformation as well as the TME. Furthermore, they also 

demonstrate conduct of exercise trials with correlative science tissue biology end points are 

feasible in both the prevention and post-diagnosis settings. These vanguard efforts together 

with advancements in molecular and computational biology now provide an unprecedented 

opportunity to interrogate exercise reprogramming of tissue-specific immunometabolic 

pathways in normal tissue as well as the TME. For instance, exercise trials could incorporate 

deep, dynamic phenotyping of exercise response at the level of the whole-organism via 

longitudinal profiling at the level of the microbiome, metabolome, or immunome. If such 

studies are conducted in high-risk patients or the pre-operative window, there is also the 

exciting opportunity to combine phenotyping of host response with profiling of the tissue or 

tumour landscape at the cellular, genomic and epigenomic level using tissue obtained from 

routine and/or research-directed biopsies.

Recent advancements in single cell and spatiotranscriptomic technologies may be 

particularly relevant in the exercise context.94 The pleiotropic nature of exercise action 

suggests that approaches with the capacity to uncover dynamics of cellular phenotypes 

including compositional changes in tissue and TME architecture are likely required for 

comprehensive molecular interrogation of the exercise – cancer link not possible with 

current bulk tissue sequencing approaches. The large datasets generated by digital medicine 

approaches will require advanced computational methods, including use of machine and 

deep learning artificial intelligence tools, to fully comprehend the abundance of data 

generated.95 Although daunting, such efforts would provide remarkable insights into 

exercise reprogramming of the complex, dynamic interplay between organismal physiology, 

immunometabolic network signaling, and tumourigenesis at an unprecedented level of 

resolution.

Conclusion

Unhealthy lifestyle factors accelerate tumourigenesis, in part via dysregulation of the 

immune-metabolic axis at the organismal, tissue, cellular, and molecular levels. As reviewed 

here, exercise is one strategy with the capacity to regulate immune and metabolic networks, 

and potentially their interaction. Further, modulation of these processes may underpin the 

exercise – tumourigenesis inhibition link. Over the next decade we anticipate preclinical 

and correlative clinical studies will provide exciting new insights on how exercise regulates 

immunometabolic phenotypes in the host and distant tissues. Such work will bridge the gap 

between the long-standing epidemiological findings to direct mechanistic evidence on how 

exercise may inhibit cancer pathogenesis.
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Figure 1: 
Exercise-induced protection from tissue-specific perturbations in organs involved in cancer 

regulation or prone to malignancy. Blue boxes contain illustrative examples in the liver, 

colon and bone marrow. Grey boxes indicate examples of tissues where data to support 

exercise-induced regulation of tissue biology in the absence of frank malignancy is currently 

lacking. NAFLD: non-alcoholic fatty liver disease; AMPK: adenosine monophosphate 

kinase; NFκB: nuclear factor kappa-light-chain-enhancer of activated B cells; TNFα: 

tumour necrosis factor alpha; IL: interleukin: IL; KC: keratinocyte chemoattractant; MCP-1: 

monocyte chemoattract protein; COX2: cyclooxygenase-2; HSPC: hematopoietic stem and 

progenitor cell; Cxcl12: C-X-C motif chemokine 12.
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Figure 2: 
Exercise-induced regulation of immune and metabolic function in the TME. (A) Exercise 

alters the immune composition of the TME (blue boxes), decreasing the proportion of innate 

immune cell populations (macrophages and myeloid derived suppressor cells (MDSCs) and 

increasing CD3+ T cells and NK cells. Furthermore, the ratio of CD8+ T cells versus 

regulatory T cells (Treg), as well as the activation of CD8+ T cells (CD69+) is increased 

with exercise. Exercise also alters TME metabolism (green boxes). Decreased hypoxia 

and increased vascularization occur alongside decreased levels of lactate and MCT1, and 

the relative concentration of metabolites that comprise the TCA cycle are also reduced. 

Increased intratumoural AMPK activity and reduced AKT, mTOR, Pi3K, and p42/p44-

MAPK have all been reported with exercise. T cells and NK cells are required for exercise-

induced tumour inhibition in mouse models of cancer. (B) Proposed immunometabolic 

mechanisms that may drive exercise-induced inhibition or delay of tumourigenesis. NK: 

natural killer; MCT-1: Monocarboxylate transporter 1; TCA: tricarboxylic acid cycle; 

AMPK: adenosine monophosphate kinase; mTOR: mammalian target of rapamycin; Pi3K; 

Phosphoinositide 3-kinase; MAPK: mitogen-activated protein kinase.
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