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SUMMARY

Exercise prevents disease and promotes health, yet the cellular and molecular drivers of these benefits 
remain incompletely resolved. A principal mechanism is immune modulation. This review synthesizes recent 
evidence from healthy individuals and disease contexts, focusing on cancer and autoimmunity, detailing how 
acute bouts and consistent training reshape the mobilization, fate, and function of innate and adaptive im-

mune cells. We also delineate how exercise reprograms non-immune tissues, including skeletal muscle, ad-

ipose tissue, vasculature, and the gut microbiota, to shape immunity via exercise-induced signaling factors 
(‘‘exerkines’’)—including cytokines, metabolites, catecholamines, and microbiota-derived products—that, 
together with hemodynamic cues, rewire leukocyte trafficking, phenotype, and effector activity. Recognizing 
exercise as a potent, context-dependent immunomodulator, we argue that deeper mechanistic insight will 
enable dosable, immune-informed exercise prescriptions and the development of exerkine-based therapeu-

tics for patients unable to train.

INTRODUCTION

Eating alone will not keep a man well; he must also take 

exercise—Hippocrates of Kos, 460–370 BCE 1

The health benefits of physical activity have been recognized 

for millennia: physicians across cultures prescribed movement 

to prevent and treat disease, and today’s evidence-based exer-

cise prescriptions have deep historical roots in managing 

obesity, diabetes, and other inactivity-related illnesses. Notable 

scholars, including Su�sruta (India, ∼600 BCE), Herodicus 

(Greece, 5 th century BCE), Hippocrates (Greece, 460–370 

BCE), and Galen (Rome, 129-c. 216 CE), all advocated exercise 

to promote health 1 (Figure 1).

Physical activity, as defined by the World Health Organization 

(WHO), is any bodily movement produced by skeletal muscles 

that requires energy expenditure. 2 The health consequences of 

inactivity were first rigorously documented in 1953, when epide-

miologist Jerry Morris linked sedentary occupations to a higher 

risk of chronic disease. 3 Since then, an extensive body of evi-

dence has established that regular physical activity reduces 

all-cause mortality, 4,5 improves vaccine response among older 

adults 6,7 and lowers the risk of numerous chronic conditions, 

including cardiovascular disease, 8,9 several cancers, 10–12 and 

type 2 diabetes (T2D). 3,4 Beyond disease prevention, exercise 

improves sleep, cognition, and mental health across the life-

span 5 (Box 1). While the beneficial effects of exercise on disease 

outcomes are well-established, the underlying biological mech-

anisms remain incompletely understood.

A central pathway by which exercise exerts systemic effects is 

through modulation of the immune system. 13 This connection 

dates back to 1902, when transient leukocytosis was first 

observed in marathon runners. 14 Since then, clinical and preclin-

ical studies show that exercise influences the differentiation, traf-

ficking, and function of diverse immune cells (Figure 1). A major 

challenge in the field of exercise immunology is to define consis-

tent immunomodulatory signatures across settings and to 

dissect the molecular mechanisms that drive them. Such in-

sights are critical both for designing targeted exercise interven-

tions and for developing exercise mimetics to benefit individuals 

unable to engage in physical activity.

Interleukin-6 (IL-6) and β-adrenergic signaling are foundational 

pathways in exercise immunology. During acute exercise, con-

tracting skeletal muscle increases circulating IL-6, which 

acts as an endocrine myokine capable of tuning downstream im-

mune responses. 15 In parallel, exercise-induced catecholamine 

surges—particularly epinephrine—drive rapid leukocyte mobili-

zation in part through β-adrenergic receptor signaling. 16–19 The 

functional relevance of this axis is illustrated by a herpes simplex 

virus (HSV) challenge model: 8 weeks of moderate exercise 

training followed by infection 24 h after the final bout in young 

and aged BALB/c mice increases anti-HSV immunoglobulin M 

(IgM) antibodies and shifts interferon (IFN)-γ and IL-2 kinetics 

(with increased IL-10). Importantly, β1 and β2 adrenergic 

blockade with nadolol blunts several exercise-induced immune 

adaptations in aged—but not young—mice, supporting an 

age-dependent requirement for β-adrenergic signaling in medi-

ating training-linked immune modulation. 19 Building on this
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concept, interventional human studies indicate which immune 

populations are preferentially redeployed by catecholamines 

and how. Epinephrine infusion at physiological concentrations 

induces a rapid, transient adrenergic leukocytosis selective for 

cytotoxic effector subsets, including CCR7⁻ effector-memory 

CD8 T cells that re-express CD45RA (TEMRA cells), γδ T cells, 

CD3 + CD56 + natural killer-like T (NK T-like) cells, CD16 + 

CD56 dim NK cells, and CD14 dim CD16 + pro-inflammatory mono-

cytes. 17 These populations share a CD62L⁻ CD11a bright 

CX3CR1 bright phenotype, and epinephrine promotes their de-

margination by attenuating CD11a and CX3CR1-mediated 

endothelial attachment shown through in vitro assays. 17 Criti-

cally, a complementary randomized, double-blind, crossover ex-

ercise study in healthy cyclists provides causal pharmacologic 

evidence that this preferential mobilization is β2-adrenergic 

dependent: following 30 min of exercise (∼10% above blood 

lactate threshold), nadolol (β1 and β2 blockade) significantly 

blunts mobilization of NK cells (including CD57 + ), differentiated 

CD8 T cell subsets (central memory, effector memory, and 

TEMRA cells), γδ T cells, and non-classical monocytes 

compared with placebo and bisoprolol (β1 blockade), indicating 

a dominant role for β2-adrenergic signaling beyond hemody-

namic effects. 16

Collectively, these foundational studies establish a coherent 

framework in which exercise shapes immunity through coordi-

nated endocrine cues—myokine release (IL-6) and catechol-

amine-driven β2-adrenergic trafficking—thereby motivating 

continued efforts to map how specific exercise ‘‘doses’’ tune im-

mune programs across disease contexts.

In this review, we synthesize key advances from the past 5 

years on how exercise shapes immunity in health and disease, 

with particular emphasis on cancer and autoimmunity, and we 

discuss the molecular mechanisms underlying these adapta-

tions. We further highlight the immunomodulatory contribu-

tions of non-hematopoietic and microbial compartments— 

including skeletal muscle, adipose tissue, and the micro-

biota—that integrate exercise cues to tune systemic immune 

function.

EXERCISE MOBILIZES IMMUNE CELLS

Exercise modulates immune-cell development and behavior un-

der homeostatic conditions by altering their mobilization, fate, 

and function. Here, we summarize recent insights into exer-

cise-induced immune-cell mobilization processes (Figure 2). 

For clarity throughout this review, we use ‘‘acute exercise’’ to 

denote a single exercise bout and ‘‘training’’ to denote repeated 

bouts performed over at least 1 week.

Acute exercise evokes pronounced, dose-dependent leuko-

cytosis and redistribution of immune effector cells between the 

blood and lymphoid/peripheral tissues, driven largely by hemo-

dynamic forces together with catecholamine and glucocorticoid 

release. Even brief bouts of dynamic exercise lasting only mi-

nutes can increase total leukocyte counts by ∼2–3-fold, whereas 

prolonged endurance exercise (∼0.5–3 h) can raise counts by as 

much as ∼5-fold. Within this global leukocytosis, immune sub-

sets display stereotyped kinetics whose amplitude scales with 

intensity and duration: circulating lymphocytes, including NK 

cells and differentiated CD8 T cell subsets, and monocytes rise 

within minutes, peak at or near exercise cessation, and then 

fall rapidly during early recovery, often dropping below baseline 

(transient post-exercise lymphopenia). By contrast, neutrophils 

show delayed kinetics, with a more gradual and sustained 

post-exercise neutrophilia that can persist for hours and gener-

ally resolves within ∼24 h. 13,20–24 These canonical patterns 

have been consolidated by Simpson et al., 24 who synthesized 

evidence that acute exercise drives selective, dose-dependent 

redistribution of immune effector cells through coordinated he-

modynamic and neuroendocrine signals. Their analysis also 

emphasized that prolonged, strenuous exercise can transiently 

alter T cell, NK cell, and neutrophil function and is associated 

with reduced mucosal defense, including lower secretory IgA.

Figure 1. Milestones in exercise as 
medicine

This timeline illustrates how long-standing obser-

vations that physical activity promotes health 
matured into a mechanistic framework linking 
exercise to immune remodeling and cancer con-

trol. Ancient Greek and Roman physicians pre-

scribed movement as a component of well-being. 
Later medical ‘‘regimens’’ emphasized modera-

tion, fresh air, and physical activity as elements of 
maintaining resilience during recurrent epidemics. 
Early physiological immunology emerged in the 
early 1900s, when endurance events were re-

ported to induce leukocytosis in healthy adults. 
Mid-20 th -century rodent work revealed that exer-

cise could constrain tumor growth, albeit without 
mechanistic clarity. Formal public health and 
clinical guidance expanded with the American 
College of Sports Medicine’s (ACSM) 1978 exer-

cise prescription position stand and subsequent 
updates that incorporated broader fitness domains, followed by the ‘‘Exercise is Medicine Initiative’’ (2007) and WHO global physical-activity guidelines (2010; 
expanded in 2020 to additional subpopulations). In parallel, modern exercise immunology defined specific mediators: around 2000, contracting skeletal muscle 
was established as a major source of exercise-induced IL-6. In the early 2000s, training was shown to enhance vaccine responses in older adults. Mechanistic 
oncology-immunology advances accelerated thereafter, including a 2016 demonstration that exercise-induced epinephrine (EPI) and IL-6 mobilize NK cells to 
tumors and suppress tumor growth, a 2022 study identifying exercise-induced engagement of the IL-15/IL-15Rα axis in pancreatic cancer, and recent work 
showing that exercise-driven microbiota remodeling can increase microbial formate to activate Nrf2 in CD8 T cells, thereby restraining tumor growth and 
enhancing immune checkpoint blockade efficacy. Despite rapid progress, key dose-response relationships and pathway hierarchies remain unresolved, 
motivating continued mechanistic and translational studies.
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By contrast, regular moderate-intensity exercise is linked to 

enhanced immunosurveillance, lower chronic inflammation, 

and improved immune competence in at-risk populations. 24 

Building on this framework, more recent studies are beginning 

to refine the kinetics and underlying mechanisms that govern 

the mobilization of specific lymphoid and myeloid subsets. For 

example, exercise-induced increases in circulating CD8 T cells 

occur extremely rapidly. As little as 90 s of acute high-

intensity sprinting is sufficient to elevate circulating CD8 T cells 

and alter their metabolic and inflammatory profile. 20 Conversely, 

the post-exercise contraction phase could also be swift: after 

30 min of cycling, only 3 min of rest significantly reduces circu-

lating lymphocytes and monocytes toward pre-exercise titers. 25 

This rapid ‘‘overshoot-and-return’’ suggests that mobilization 

and early recovery are tightly coupled to cardiovascular dy-

namics, not solely to catecholamine exposure. Consistent with 

this interpretation, the magnitude of post-exercise decreases 

in NK, CD4, and CD8 T cells correlates positively with heart 

rate recovery, supporting a role for hemodynamic recovery ki-

netics, alongside β-adrenergic signaling, in governing the 

resorption of cells from blood back into tissues. Further support-

ing hemodynamic contributions, during an acute 10 min cycling 

test, higher exercising blood pressure correlates with greater 

mobilization of CD56 + CD16 + NK cells, CD8 T cells, and pro-in-

flammatory monocytes, with a relative decline in B cells. 26 Spe-

cifically, diastolic blood pressure correlates with changes in total 

NK and CD56 + CD16 + NK proportions, while arterial pressure 

correlates with CD56 + CD16 + NK mobilization. 26

Taken together, acute exercise stimulates immune mobiliza-

tion followed by recovery that depends on exercise dose; but 

the timing of both phases is strongly cell-type dependent with 

rapid lymphocyte/monocyte waves and a delayed neutrophil 

response. 23,27

Beyond the immediate effects of a single bout, it is essential to 

consider the immune adaptations that accrue with repeated exer-

cise (training). Consistent, moderate-intensity training appears to 

summate many acute-bout effects, improving immunosurveil-

lance and restraining basal inflammation, in part by repeatedly 

promoting exchange of immune cells and soluble mediators be-

tween lymphoid tissues, peripheral tissues, and the circulation. 22 

By contrast, very heavy exertion could transiently counteract 

these benefits by imposing substantial immunometabolic stress. 

This concept has been captured by the ‘‘J-curve’’ model relating 

exercise workload to risk of upper respiratory illness (URI): 

compared with sedentary behavior (baseline risk), regular moder-

ate exercise is associated with reduced URI risk (often reported as 

up to ∼50%), whereas periods of heavy training and/or exhaustive 

events are associated with elevated risk (commonly reported as 

∼2–6-fold above baseline). 28 While training at appropriate inten-

sity generally supports immune health, the extrinsic modifiers 

and molecular mechanisms that govern long-term exercise-

induced immune remodeling remain incompletely defined. 

Recent studies have defined additional mechanisms by which 

exercise induces immune mobilization beyond the classical 

catecholamine-centric model. In mice, a single bout of aerobic 

exercise promotes macrophage accumulation in skeletal muscle 

via oncostatin M (OSM), an IL-6 family cytokine. 29 Genetic loss-

and gain-of-function approaches indicate that OSM is necessary 

and sufficient for exercise-induced recruitment, plausibly 

through induction of chemokine ligand 2 (CCL2), CCL7, and 

CXCL1 in resident macrophage populations. 29 Acute exercise 

also associates with neutrophil redistribution into blood and 

skeletal muscle, 30–32 with emerging evidence implicating che-

mokine axes such as CX3CR1 and CXCR2 signaling in this pro-

cess. 30 In parallel, human studies have refined how muscle-

derived cytokines contribute to subset-selective trafficking. 

IL-6, a canonical myokine released during muscle contraction, 

rises in plasma during exercise. 33 A randomized, placebo-

controlled trial in healthy participants shows that IL-6 receptor 

blockade with tocilizumab selectively attenuates post-exercise 

mobilization of mature CD56 dim NK cells and dendritic cells 

(DCs), while sparing CD56 bright NK cells. 34 Notably, monocytes, 

T cells, and neutrophils still mobilize under IL-6R blockade, indi-

cating that IL-6 is not a universal mobilization signal. 34 How IL-6 

regulates NK cell trafficking remains unresolved—whether 

through direct effects on NK cells or indirectly via intermediary 

stromal, endothelial, or chemokine programs. Consistent with 

this uncertainty, a controlled study in healthy males reports 

that an acute exercise bout reduces circulating naive CD4 

T cells and classical monocytes while transiently increasing NK 

and CD8 T cells, coinciding with increased CXCR4 expression, 

a pathway that intersects with IL-6-linked signaling net-

works. 35,36 Taken together with established epinephrine/ 

β-adrenergic models of NK cell mobilization, 16,17 these data sup-

port a model where skeletal-muscle-derived IL-6 acts as a 

modulatory co-signal that preferentially shapes the redeploy-

ment of mature CD56 dim NK cells rather than serving as the pri-

mary driver of global leukocyte trafficking.

Beyond acute trafficking, longer-term training studies have un-

covered mechanisms by which exercise remodels hematopoiesis

BOX 1. The global health burden of physical inactivity and recommendations for activity

Physical inactivity is a major global public health crisis, contributing significantly to non-communicable diseases and premature 

mortality. A landmark 2012 study in The Lancet quantified this burden, estimating that inactivity was responsible for 6% of 

coronary heart disease, 7% of T2D, and 10% of both breast and colon cancers worldwide. 3 The authors attributed 9% of 

premature mortality—representing over 5.3 million deaths based on 2008 data—to a lack of physical activity. They calculated 

that completely eliminating inactivity could extend global life expectancy by 0.68 years, while a modest 10% reduction could 

avert more than 533,000 deaths annually. 3 To combat this, the World Health Organization (WHO) recommends that adults 

perform 150–300 min of moderate-intensity or 75–150 min of vigorous-intensity exercise per week. 5 Yet, a 2022 WHO report 

revealed that nearly one-third of the world’s adults, approximately 1.8 billion people, fail to meet these guidelines. Beyond its 

preventative role, exercise is also a powerful therapeutic tool. It is increasingly recommended as a component of standard care 

for patients with cancer, diabetes, and other chronic conditions to improve clinical outcomes and quality of life. 5
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and progenitor availability. Shen et al. identified a mechanical 

pathway in which 4 weeks of training activates peri-arteriolar, os-

teolectin-expressing leptin receptor (LepR)+ stromal cells through 

piezo-type mechanosensitive ion channel component 1 (PIEZO1), 

sustaining the bone marrow niche and expanding common 

lymphoid progenitors in mice 37 —an adaptation that could in-

crease the pool of lymphoid cells available for redistribution. Com-

plementing this niche-centered mechanism, Frodermann et al. 

show that 6 weeks of training promotes quiescence of hematopoi-

etic stem and progenitor cells by reducing adipose-derived leptin 

signaling to LepR+ stromal cells, lowering circulating leukocyte 

counts, and protecting Apoe-deficient mice from cardiovascular 

inflammation without impairing lipopolysaccharide (LPS)-induced 

emergency hematopoiesis. 38 Two large human cohorts further 

support this axis by linking more frequent exercise with lower 

plasma leptin and reduced leukocyte counts. 38

Collectively, these studies suggest that exercise integrates 

adrenergic, cytokine, mechanosensory, and endocrine inputs 

to shape immune-cell trafficking after each bout, while repeated 

training induces durable remodeling of hematopoiesis, immuno-

surveillance, and inflammatory tone under homeostatic con-

ditions.

EXERCISE INDUCES FUNCTIONAL IMMUNE 
ADAPTATIONS

Exercise recalibrates immune differentiation and function under 

homeostatic conditions through convergent immunometabolic

Figure 2. Exercise induces immune-cell 
trafficking at homeostasis

Exercise impacts immune-cell trafficking at ho-

meostasis through multiple mechanisms. In skel-

etal muscle, exercise increases the expression of 
oncostatin M (OSM), leading to increased che-

mokine ligand 2 (CCL2), chemokine ligand 7 
(CCL7), and CXC motif chemokine ligand 1 
(CXCL1) production by skeletal muscle-resident 
macrophages, ultimately drawing macrophages 
and neutrophils out of circulation and into 
skeletal muscle. Skeletal muscle also produces 
interleukin-6 (IL-6) following exercise, which 
promotes natural killer (NK) cell and dendritic cell 
(DC) mobilization into circulation. While 
monocytes, neutrophils, and T cells mobilize into 
circulation following exercise, the mechanistic 
cues driving these effects remain unclear—a 
recent study shows mobilization of these cells 
occurs independent of IL-6. In adipose tissue, 
exercise reduces leptin production, leading to 
reduced leptin signaling in LepR+ stromal cells 
and ultimately promoting quiescence of 
hematopoietic stem and progenitor cells 
(HSPCs). Similarly, exercise promotes activation 
of the mechano-responsive receptor PIEZO1 in 
stromal cells, which promotes expansion of 
common lymphoid progenitors (CLPs)—a 
feasible contributor to increasing immune-cell 
mobilization into circulation following exercise.

and stress-response pathways. In 

contrast to the rapid but transient redistri-

bution that follows a single exercise bout, 

many of the most consequential func-

tional changes appear to accrue with repeated training, consis-

tent with the concept that exercise dose installs durable immune 

set points. Below, we summarize recent findings that define the 

molecular circuitry underlying these functional adaptations.

A recurrent theme has been myeloid immunometabolic reprog-

ramming, with peroxisome proliferator-activated receptor-γ 
(PPARγ) emerging as a key regulator. In healthy men, higher 

cardiorespiratory fitness (VO 2max )—a surrogate of habitual 

training—correlates with a distinct inflammatory trajectory after 

exercise, and ex vivo stimulation studies suggest that fitness strat-

ifies monocyte programs. Specifically, monocytes from lower-

VO 2max individuals produce more IL-10 after LPS stimulation, 

whereas cells from higher-VO 2max individuals upregulate PPARγ 
and related signaling proteins (e.g., TLR4, inhibitor of nuclear factor 

kappa-B kinase subunit α (IKK1), and peroxisome proliferator-acti-

vated receptor γ coactivator 1α (PGC-1α), supporting the idea that 

enhanced PPARγ-linked pathways contribute to the anti-inflam-

matory benefits of fitness. 39 In parallel, training also reshapes 

macrophage polarization. While acute exercise transiently favors 

pro-inflammatory (M1-like) activity, chronic training promotes du-

rable anti-inflammatory (M2-like) polarization. 40 In mice, repeated 

exercise reprograms bone-marrow-derived macrophages toward 

an anti-inflammatory state with reduced nuclear factor κB (NF-κB)- 

dependent Il1b and Tnfa expression, increased IRF3-driven Ifnb 

expression, reduced M1-like macrophage markers (Hif1α and 

iNos), and elevated M2-like macrophage markers (Arg1 and 

Hmox1). Assay for transposase-accessible chromatin using 

sequencing (ATAC-seq) further reveals chromatin remodeling
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that restricts access at M1-like macrophage loci while increasing 

accessibility at M2-like macrophage loci, consistent with an epige-

netically encoded anti-inflammatory ‘‘memory.’’ 41 PPARγ plau-

sibly contributes to this remodeling: in an 8-week training study, 

exercise-induced M2-like macrophage polarization impairs 

PPARγ-deficient peritoneal macrophages but preserves macro-

phages in adipose tissue, pointing to tissue-specific regulatory 

logic. 42

Complementing immunometabolic rewiring, training also en-

gages intrinsic anti-inflammatory pathways in innate cells. 43 

Mitogen-activated protein kinase (MAPK) phosphatase-1 

(MKP-1; encoded by dual specificity phosphase 1 [DUSP1]) is 

a key negative regulator that suppresses p38 MAPK signaling 

and downstream production of pro-inflammatory cytokines 

such as tumor necrosis factor α (TNF-α) and IL-6. In humans, a 

single bout of exercise upregulates DUSP1, and in mice, 8 weeks 

of moderate treadmill training increases basal MKP-1 expression 

in macrophages, lowers p38 MAPK activity, and yields a more 

restrained inflammatory response after LPS challenge. 43 This 

phenotype is functionally relevant in vivo, as trained mice display 

lower systemic cytokine levels following endotoxin exposure. 43 

Together, these data support that repeated exercise installs du-

rable myeloid anti-inflammatory tone via both metabolic 

(PPARγ-linked) and signaling (MKP-1/p38) checkpoints. 

Exercise also reshapes neutrophil effector functions. Neutro-

phil extracellular traps (NETs) are DNA-protein structures deco-

rated with enzymes such as myeloperoxidase (MPO) that trap 

and kill pathogens, but excessive NET formation (NETosis) con-

tributes to thrombosis, autoimmunity, and cancer progres-

sion. 44–46 During exhaustive exercise, skeletal muscle hypoxia 

increases anaerobic glycolysis and lactate accumulation, 

elevating plasma lactate from ∼1–2 mM at rest to ∼20 mM. 

Recent work links this metabolic shift to neutrophil function: 

higher plasma lactate negatively correlates with MPO-DNA com-

plexes (a NETosis marker), neutrophils from exercised mice form 

fewer NETs ex vivo, and lactate directly suppresses reactive ox-

ygen species (ROS) production and NET formation in vitro. 47 Ex-

tending these observations to an interventional setting, 12 weeks 

of high-intensity interval training (HIIT) reduces aging-associated 

NETosis in a clinical study. 48 Yet, further research is needed to 

determine whether exercise modalities such as HIIT represent 

effective non-invasive strategies to counteract NETosis. 

Together, these data suggest that exercise-induced lactate 

restrains NETosis—potentially contributing both to transient 

post-exertional susceptibility to infection 33 and, conversely, to 

protection from NETosis-driven pathology, such as cancer. 46 

Defining the modality, intensity, and timing that optimize this bal-

ance will be essential to harness HIIT and related approaches as 

non-invasive strategies to tune NETosis without compromising 

host defense.

While many training-associated adaptations reflect durable 

reprogramming, acute exercise also offers a distinct opportunity 

to transiently expand functional effector populations without im-

pairing competence—an idea with translational implications. For 

example, in healthy adults, blood collected after a high-intensity 

exercise bout yields nearly 4-fold more monocyte-derived DCs 

(mo-DCs) ex vivo than pre-exercise samples, yet these mo-

DCs retain normal antigen uptake and robust T cell-stimulatory 

capacity. 49 Similarly, an acute bout of HIIT in healthy young

adults triples circulating CD8 T cells, enriched for TEMRA cells, 

with increased IFNγ production and cytotoxicity while preserving 

viability and proliferative potential ex vivo. 20 Acute exercise also 

mobilizes NK T-like cells and induces transcriptional signatures 

linked to cytotoxicity, migration, and cytokine responsiveness; 

however, these changes do not translate into improved 21-day 

ex vivo expansion or enhanced long-term killing, suggesting 

that the heightened cytotoxic state is short lived. 50 

Collectively, these studies indicate that exercise-mobilized 

cells generally maintain function and, in some cases, display 

transiently enhanced effector capacity—features that could be 

leveraged for immune monitoring and potentially for cell-based 

therapeutic workflows.

At the population level, these mechanistic observations are 

consistent with broader evidence that habitual training enhances 

immune surveillance. A large systematic review and meta-anal-

ysis reported that regular exercise increases circulating CD4 

T cell counts, elevates salivary IgA, and improves vaccine anti-

body responses. 13 In line with this, 6 weeks of moderate-inten-

sity training in older women increases CD4 T helper proportions 

and remodels B cell subsets, reducing double-negative B cells 

while increasing unswitched memory B cells. 51 However, defin-

itive mechanistic studies remain needed to delineate how exer-

cise reshapes CD4 T-B cell interactions at homeostasis and 

whether these changes causally improve vaccine efficacy. 

Taken together, emerging data positions exercise as a 

systemic immunometabolic regulator that installs durable anti-

inflammatory programs in myeloid cells (via PPARγ- and MKP-

1-linked pathways), while also enabling acute expansion of func-

tional cytotoxic lymphocytes and antigen-presenting cells. The 

next priority is to define upstream sensors and tissue circuits 

that encode these effects—and determine when transient func-

tional shifts can be converted into durable, disease-relevant im-

mune remodeling in settings such as cancer and autoimmunity.

SKELETAL MUSCLE CAN ADAPT TO EXERCISE

Exercise reprograms non-immune tissues—including skeletal 

muscle, adipose tissue, and the gut microbiota—to shape sys-

temic immunity by altering leukocyte trafficking, phenotype, 

and effector function. A major conceptual advance is the recog-

nition that these effects are mediated, in part, by tissue-derived 

exercise-responsive factors (‘‘exerkines’’). Although exerkines 

influence many aspects of host physiology, 52–54 we focus on 

those with clear immunoregulatory activity.

Exercise transforms muscle into an immunoregulatory organ, 

increasing production of IL-6 and lactate following an acute ex-

ercise bout. Among exerkines, lactate has gained renewed 

attention because it functions not only as a metabolic substrate 

but also as an immunoregulatory signal and epigenetic modu-

lator implicated across cancer, autoimmunity, cardiovascular 

disease, and infection. 55 Biochemically, lactate is generated 

from pyruvate by lactate dehydrogenase (LDH), coupling this re-

action to NADH oxidation and regeneration of NAD ⁺ , a central 

electron carrier that supports cellular bioenergetics. 56 This link-

age is immunologically relevant: two complementary human tri-

als report that a single acute exercise session boosts NAD ⁺ 

metabolism in peripheral blood mononuclear cells (PBMCs), 57 

and NAD ⁺ salvage pathways have been shown to support CD8
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T cell cytotoxic effector function. 56 Together with observations 

that acute exercise can transiently enhance CD8 T cell effector 

programs, 20 these data suggest a plausible mechanistic bridge 

whereby exercise-driven glycolytic flux and lactate dynamics 

intersect with NAD ⁺ biosynthesis to support cytotoxic lympho-

cyte function.

In addition to lactate, contracting muscle fibers release myo-

kines, with IL-6 as another prototypical example. IL-6, which is 

secreted by contracting skeletal muscle, increases in plasma 

during exercise. 33 Highlighting the close regulation of lactate 

and IL-6, Hojman et al. 58 show that lactate generated during 

strenuous interval cycling tracks closely with a ∼5-fold rise in 

plasma IL-6 in humans. In mice, intramuscular lactate increases 

circulating IL-6 (>60 pg/mL) and Il6 mRNA (∼5.4-fold), consistent 

with a model in which lactate-driven acidification activates pH-

sensitive proteases that release a pre-formed intramyocellular 

IL-6 vesicle pool. 58 Similarly, in adults with obesity performing 

acute cycling at 80% VO 2peak , increased IL-6 (∼1.3-fold) corre-

lates with increased lactate (∼3.8-fold). 59 Notably, these 

lactate-IL-6 linkages are primarily demonstrated under higher-

intensity conditions with substantial lactate accumulation. 

Whether a comparable lactate-dependent IL-6 mechanism op-

erates during lower-intensity exercise remains unclear.

IL-6 represents a central example of how exercise produces 

signals that are protective in one temporal context yet patho-

genic in another. Transient exercise-induced IL-6 contributes 

to mobilization of mature human CD56 dim NK cells at homeosta-

sis, 34 and in preclinical models, IL-6-dependent NK recruitment 

into tumors supports antitumor immunity in B16 melanoma 60 

and 4T1 breast cancer. 61 By contrast, chronically elevated circu-

lating IL-6 associates with cardiometabolic disease, heightened 

autoimmunity and inflammation, cancer progression, and 

increased all-cause mortality—consistent with the clinical effi-

cacy of IL-6 and IL-6R blockade. 62,63 This ‘‘IL-6 paradox’’ has 

been best explained by differences in kinetics, source, and 

signaling context: acute, muscle-derived IL-6 spikes resolve 

within hours and occur alongside catecholamines and energy-

sensing pathways (e.g., 5’ adenosine monophosphate-activated 

protein kinase [AMPK] signaling), whereas chronic disease in-

volves sustained IL-6 arising from inflamed tissues (often 

including visceral adipose deposits). In addition, acute exer-

cise-range IL-6 coincides with a short-lived anti-inflammatory 

milieu (e.g., induction of IL-10 and IL-1RA and suppression of 

TNF-α), and with training, basal inflammatory tone and visceral 

adiposity typically decline while negative-feedback regulators 

(e.g., suppressor of cytokine signaling [SOCS] proteins) 

strengthen—preserving benefits of transient spikes without 

recapitulating the harms of chronic exposure.

One downstream endocrine pathway potentially linking mus-

cle-derived IL-6 to systemic physiology is the glucagon-like 

peptide-1 (GLP-1) axis. Acute elevations in IL-6 stimulate 

GLP-1 secretion from intestinal L-cells and pancreatic β-cells, 

improving insulin secretion and glycemic control. 64 GLP-1 re-

ceptor agonists (GLP-1RAs) such as liraglutide and semaglutide 

are widely used to control T2D and obesity. Intriguingly, GLP-

1RAs also deliver benefits beyond glucose regulation, 65–68 

raising interest in pleiotropic immunometabolic mechanisms 

they may govern. Emerging work suggests context-dependent 

immune effects: GLP-1R acts as an immune checkpoint-like

inhibitory receptor on T cells, which promotes transplant toler-

ance when activated but enhances antitumor immunity when 

antagonized. 69 In lung and liver cancer models, the GLP-1R 

agonist liraglutide improves anti-programmed death receptor 1 

(αPD-1) efficacy by suppressing neutrophil NETosis, reducing 

ROS and NET markers, and strengthening antitumor CD8 

T cell responses. 70 Whether exercise confers immune and 

broader health benefits through an IL-6 to GLP-1 endocrine cir-

cuit, however, remains unresolved and warrants rigorous mech-

anistic testing.

ADIPOSE TISSUE ADAPTS TO EXERCISE

Unlike skeletal muscle, adipose tissue is unlikely to respond to 

exercise primarily through direct mechanical loading. Rather, ex-

ercise remodels adipose tissue largely through secondary sys-

temic cues induced by physical activity, including sympathetic 

activation, altered lipolysis and substrate flux, improved insulin 

sensitivity, changes in tissue perfusion, and crosstalk with mus-

cle-derived factors. Through these integrated inputs, consistent 

training shifts adipose tissue from a pro-inflammatory endocrine 

state toward a more immunoregulatory one. 71,72

Consistent with this model, habitual training remodels adipo-

kine production in ways that can reshape local and systemic im-

munity. Exercise increases adiponectin, omentin, and apelin, 

which engage AMPK-, PPARα-, and endothelial-protective path-

ways to suppress NF-κB and NLRP3 signaling, promote M2-like 

macrophage polarization, and support Treg cell expansion and 

IL-10-associated programs. 71,73,74 Conversely, training reduces 

leptin, a pro-inflammatory adipokine that supports T helper 1 

(Th1) and Th17 polarization, consistent with a relative shift to-

ward tolerogenic myeloid programs and regulatory T cell re-

sponses. 75 Together, these findings position adipose tissue as 

a secondary but important exercise-responsive immunometa-

bolic organ that translates systemic exercise cues into lower in-

flammatory tone and improved immune homeostasis.

Beyond adipokine remodeling, exercise may also counteract 

age-associated adipose dysfunction and senescence. In aged 

mice, 4 weeks of treadmill training restores the diminished NK 

cell compartment in white adipose tissue and increases eosino-

phils and neutrophils, coinciding with reduced p16 expression. 76 

Transcriptomic profiling further reveals enrichment of immune-

process pathways and upregulation of NK cell cytotoxicity pro-

grams, consistent with enhanced immunosurveillance and se-

nescent-cell clearance. 76 Collectively, these findings support a 

model in which exercise reprograms adipose tissue not through 

direct mechanical stress, but through endocrine, metabolic, and 

vascular adaptations that reinforce immune and metabolic re-

silience.

THE MICROBIOTA ADAPTS TO EXERCISE

In addition to remodeling host tissues, consistent exercise 

training alters gut microbiome composition and function in 

both rodents and humans, 77–82 with growing evidence that these 

shifts mediate systemic immune effects. This possibility is espe-

cially relevant in cancer, given the established role of the gut mi-

crobiota in determining responsiveness to immune checkpoint 

inhibitor (ICI) therapy across mouse models and human
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cohorts. 83–87 Yet, until recently, it remained unclear whether ex-

ercise-induced microbiota remodeling constitutes a mechanisti-

cally relevant route by which physical activity could influence 

antitumor immunity and clinical outcomes. A key advance is 

the identification of formate, a microbiota-derived one-carbon 

metabolite, as an exerkine with immunomodulatory activity. 

We have recently shown that consistent training (forced treadmill 

or voluntary wheel running) drives functional microbiota changes 

that increase microbiota-derived formate, which restrains ICI-

resistant BRAF V600E melanoma and improves ICI efficacy by pro-

moting cytotoxic CD8 T cell programs via nuclear factor 

erythroid 2-related factor 2 (Nrf2) signaling. 82 Nrf2 is a pleiotropic 

transcription factor governing redox and metabolic homeostasis 

with broad immunoregulatory roles. 88 Its role in cancer remains 

controversial and appears highly cell-type and context depen-

dent. 89–91 Our work suggests Nrf2 acts as a central node linking 

exercise to antitumor immunity: microbiota-derived formate 

directly activates Nrf2 signaling in CD8 T cells, and exercise ele-

vates Nrf2 activity via microbiota metabolites. Crucially, CD8 

T cell-intrinsic Nrf2 is required in vivo for both the exercise-

induced tumor control and the formate-driven promotion of 

Tc1 differentiation. Concordant reports further support this 

axis: formate augments αPD-L1 efficacy in B16-F10 melanoma 

alongside enhanced CD8 T cell effector function, 92 and meth-

anol—which elevates serum formate—improves αPD-1 re-

sponses in the MC38 model. 93 Importantly, formate’s effects 

appear immune-context dependent: formate pretreatment of 

HT-29 colorectal cancer cells in vitro accelerates tumor growth 

in immunocompromised mice, 94 consistent with a requirement 

for intact adaptive immunity—particularly CD8 T cells—for 

formate-mediated antitumor benefit. 82,92,93 Collectively, these 

findings position formate as a microbiota-derived metabolite 

whose antitumor activity depends on the immune milieu and rai-

ses the broader question of whether exercise-induced engage-

ment of Nrf2 represents a conserved immunomodulatory 

pathway across additional disease settings.

Beyond oncology, early human data also suggest an exercise-

microbiota-immune axis in metabolic inflammation. In children 

with obesity, 12 weeks of combined strength-endurance training 

alters the gut microbiota, increasing genera such as Blautia, Di-

alister, and Roseburia and associating with higher fecal acetate 

levels. 79 Notably, this intervention also reduces NLRP3 protein 

expression in PBMCs 79 —of interest given the central role of 

the NLRP3 inflammasome in chronic low-grade inflammation 

and metabolic dysregulation. 95 While mechanistic inference re-

mains limited, these observations are consistent with the possi-

bility that exercise-driven microbiota remodeling could dampen 

inflammasome-linked inflammatory tone in obesity.

Taken together, these studies nominate the exercised micro-

biota as a mediator through which training can promote anti-

tumor immunity and mitigate obesity-related inflammation. How-

ever, evidence that exercise consistently and causally remodels 

the human gut microbiome remains comparatively limited, and 

robust reproducibility will require well-powered, controlled trials 

with standardized dietary control, sampling time, and multi-

omics readouts. Looking forward, priorities include defining the 

proximal exercise cues that drive microbiome remodeling (e.g., 

substrate availability, bile acids, and luminal oxygen levels) and 

delineating the cell-intrinsic mechanisms by which formate—

and other Nrf2 agonists—prime CD8 T cells for durable antitumor 

function. Resolving these mechanisms could uncover druggable 

targets and exercise mimetics that recapitulate discrete immu-

nological benefits of training.

EXERCISE IMPACTS ANTITUMOR IMMUNITY AND 
CANCER IMMUNOTHERAPY

Exercise is increasingly incorporated into standard clinical care 

across diseases, including cancer. 96 Beyond cardiometabolic 

benefits, growing evidence indicates that physical activity re-

shapes immune programs relevant to tumor initiation, progres-

sion, and metastasis and can modulate responsiveness to anti-

cancer therapies, including immunotherapy (Figure 3). Across 

epidemiologic and interventional studies, exercise consistently 

associates with lower cancer risk and, among patients, improves 

treatment tolerance, survival, and quality of life 96,97 —most 

strongly (to date) in colorectal, 12 breast, 98 and prostate 

cancers. 99

In breast cancer, long-term habitual activity is linked to 

reduced incidence. For example, consistent training (≥6 

h/week of vigorous-intensity physical activity across adulthood) 

is associated with a 23% lower breast cancer risk. 100 Mechanis-

tically oriented trials are beginning to test whether structured ex-

ercise can measurably shift antitumor immune function in pa-

tients. In the multicenter pilot randomized controlled 

supervised exercise for breast cancer (SPRINT) (stage I–III 

breast cancer receiving neoadjuvant chemotherapy), a 6-week 

supervised aerobic-and-resistance program delivered twice 

weekly at moderate-to-high intensity did not substantially alter 

peripheral immune subset frequencies beyond chemotherapy-

driven changes, but it increased NK cell degranulation intensity 

and showed a trend toward greater ex vivo lysis of K562 tar-

gets. 98 Although tumor sampling was limited, exercise appeared 

to preserve intratumoral CD56 + NK cell density (which declined 

in controls) and increase CD8 T cell infiltration, reducing the 

CD4/CD8 T cell ratio—features consistent with a more cytotoxic 

tumor microenvironment. 98

Preoperative studies in prostate cancer provide complemen-

tary evidence that even a single exercise bout can acutely 

amplify circulating cytotoxic immunity, offering a tractable win-

dow to interrogate mechanisms. In men undergoing prostatec-

tomy, 30 min of acute aerobic exercise selectively mobilizes 

cytotoxic CD56 dim NK cells and increases their ex vivo lysis of 

K562 targets, coinciding with an approximately 2-fold rise in 

serum IL-6. 101 Similarly, in a cohort of men with early-stage dis-

ease, one preoperative high-intensity session mobilizes NK, NK 

T-like, and CD8 T cells and shifts these subsets toward more 

mature, granzyme B-high phenotypes, increasing NK cell cyto-

toxicity against both K562 and LNCaP prostate cancer targets 

ex vivo. 102 However, whether these systemic effects reliably 

translate into increased immune infiltration within the tumor is 

less clear: a randomized preoperative HIIT intervention did not 

increase intratumoral NK cells overall, although adherence 

correlated with a within-group rise, 103 and a separate single-

bout HIIT study elicited robust systemic immune-hormonal re-

sponses without changing tumor NK cell infiltration. 104 Together, 

these data support a model where acute exercise robustly tunes 

circulating effector function, while tumor-level effects may
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depend on exercise dose, timing relative to surgery, and tumor-

specific constraints on trafficking and retention.

Colorectal cancer has provided some of the strongest clinical 

evidence that structured exercise can improve clinical out-

comes. In the phase 3 CHALLENGE trial, 889 patients with stage 

II–III colon cancer post-adjuvant chemotherapy were random-

ized to a 3-year structured exercise program—combining super-

vised sessions and behavioral counseling and targeting ≥10 

MET-h/week above baseline by 6 months—or to health educa-

tion. After 7.9 years, exercise improved disease-free survival 

(DFS) (HR 0.72; 5-year DFS 80.3% versus 73.9%) and overall 

survival (HR 0.63; 8-year OS 90.3% versus 83.2%), with fewer 

liver recurrences and new primary tumors. 12 While provocative, 

the magnitude of benefit is comparable to that reported with 

adjuvant αPD-1/αPD-L1 strategies in selected settings (e.g., 

KEYNOTE-054, CheckMate-238, and IMpower010), 105,106 

underscoring the potential of exercise as a clinically meaningful 

adjunct. However, such cross-trial comparisons are intrinsically 

limited by differences in patient populations, treatment back-

bones, follow-up, and endpoints and should therefore be inter-

preted with appropriate caution.

Collectively, these studies position exercise as a promising, 

scalable adjuvant strategy in oncology, while also highlighting 

key gaps that must be addressed to enable immune-informed 

prescriptions. Future clinical work will benefit from tighter spec-

ification of exercise dose (modality, intensity, duration, fre-

quency, and recovery), harmonized sampling time relative to 

bouts, and robust control of confounders (e.g., circadian timing, 

stress, and diet), coupled with deeper immune profiling in blood 

and tumor. These design elements will be essential to clarify 

which immune programs are most ‘‘dosable,’’ which patients 

and tumor contexts benefit most, and which mechanistic nodes 

might be translated into exercise mimetics.

Preclinical models—which enable causal, mechanistic interro-

gation—largely mirror these clinical observations, as across tu-

mor types and training paradigms, exercise suppresses tumor 

growth, prolongs survival, and enhances ICI efficacy in an im-

mune-dependent manner 107 (Figure 3). Notably, these benefits 

are most consistently observed with repeated training para-

digms rather than isolated acute bouts, underscoring that dura-

ble immune remodeling (and/or repeated effector-cell redeploy-

ment) is likely required for meaningful antitumor effects. Below, 

we summarize recent mechanistic studies that begin to define 

the principal cellular mediators and pathways.

A recurrent finding across mouse tumor models is that exer-

cise mobilizes and functionally programs NK cells as early anti-

tumor effectors. 60,61 Pedersen et al. show that voluntary wheel 

running suppresses growth across five distinct tumor set-

tings—subcutaneous and pulmonary metastasis B16-F10 mela-

noma, Lewis lung carcinoma, DEN-induced hepatocellular carci-

noma, and Tg(Grm1)EPv spontaneous melanoma—through an 

epinephrine-IL-6 axis that mobilizes NK cells and promotes their

Figure 3. Immunological effects of 
exercise on autoimmunity and cancer

Exercise shapes immunity across diseases. In 
autoimmunity, exercise ameliorates (1) experi-

mental autoimmune encephalomyelitis (EAE) by 
limiting central nervous system (CNS) immune 
infiltration and inflammation and (2) diabetes 
through exercise-induced IL-6, which raises 
GLP-1 to support β-cell survival and insulin 
production as well as the exercised microbiota, 
which improves glucose tolerance, suggesting 
mitigation of diabetes severity. In cancer, 
exercise both mobilizes and potentiates effector 
cells: IL-6 and epinephrine (EPI) drive NK cell 
trafficking to tumors, reducing growth across 
various tumor models. EPI also increases 
cytotoxic CD8 T cell homing to lung tumors, 
potentially via tumor-intrinsic CCL5/CXCL10. 
With exercise-elevated IL-15, EPI expands IL-

15Rα CD8 T cells that restrain pancreatic cancer 
and enhance immune checkpoint inhibitor (ICI) 
efficacy. The exerkine sodium lactate boosts 
CD8 T cell effector function and curbs breast 
cancer, augmenting ICI efficacy. In breast 
cancer, exercise strengthens CD8 T cell function 
and CXCR3-dependent trafficking (linked to 
tumor Cxcl9/Cxcl11), reduces myeloid-derived 
suppressor cell (MDSC) infiltration, and 
increases activated CD8/NK cells. In melanoma, 
exercise elevates ERK5 S496 phosphorylation in 
tumor-associated macrophages (TAMs), 
fostering an M1-like state. Finally, exercise-

driven microbiota-derived formate activates Nrf2 
in CD8 T cells, enhancing effector function, 
restraining tumor growth, and improving ICI 
efficacy in melanoma.
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recruitment into tumors. NK cell depletion, β-adrenergic 

blockade, or IL-6 neutralization each abolishes the exercise-

mediated antitumor benefit, establishing a causal requirement 

for this neuroendocrine-immune circuit. 60 Concordantly, in the 

4T1 breast cancer model, consistent training increases epineph-

rine and IL-6 and associates with higher intratumoral NK cell 

abundance, consistent with an NK-dependent antitumor ef-

fect. 61 These preclinical data align with clinical reports showing 

that exercise acutely increases circulating NK cells across can-

cer types, including prostate and breast cancer—paralleling 

transient NK mobilization in healthy individuals. 101,103,108 How-

ever, although small human studies suggest peripheral blood 

NK cells collected after exercise display greater tumor-cell lysis 

ex vivo, 109 larger, well-powered trials and mechanistic analyses 

are still needed to define how exercise enhances NK cell cyto-

toxicity in patients and whether these circulating changes trans-

late into durable tumor infiltration and control.

Beyond augmenting cytotoxic effectors, exercise also re-

models immunosuppressive myeloid compartments, particularly 

myeloid-derived suppressor cells (MDSCs), which suppress 

cytokine-producing antitumor T cell responses and are associ-

ated with poor ICI outcomes. 85,110 In BALB/c mice, 6 weeks of 

voluntary running prior to orthotopic 4T1 triple-negative breast 

cancer inoculation delays MDSC accumulation and reduces 

T cell suppressive activity. 111 Importantly, exercise benefits are 

not restricted to prevention-like paradigms: when initiated after 

tumor establishment, moderate-intensity treadmill training slows 

4T1 growth, increases NK and CD8 T cell activation, reduces in-

tratumoral MDSCs, and synergizes with radiotherapy plus αPD-1 

to further improve tumor control. 112 Together, these studies sug-

gest exercise promotes antitumor immunity through a dual 

mechanism—boosting cytotoxic effector programs (notably NK 

cells) while simultaneously constraining suppressive myeloid cir-

cuits—thereby creating a tumor microenvironment more permis-

sive to endogenous and therapy-amplified immune control.

2 weeks of voluntary running before EO771 mammary tumor 

engraftment reduces tumor growth in both immunocompetent 

and severe combined immunodeficiency (SCID) hosts, 

indicating that at least part of the benefit is mediated by innate 

immunity. Notably, depleting phagocytes with clodronate 

liposomes eliminates the antitumor effect, implicating macro-

phages or neutrophils as essential effectors in this setting. 112 

These data, together with reports that exercise remodels multi-

ple innate compartments, highlight the need for dedicated 

mechanistic studies to determine whether exercise directly re-

programs innate immune cells (and through which upstream 

cues) to mediate tumor control versus indirectly altering their 

recruitment and polarization through systemic endocrine and 

metabolic changes.

Across models, however, the most consistent and causally 

validated cellular mediator of exercise-induced tumor control is 

the CD8 T cell. CD8 T cell depletion repeatedly abrogates exer-

cise benefits, while training enhances CD8 T cell trafficking, acti-

vation, and cytotoxicity and sensitizes tumors to ICI therapy 

across breast, 112–115 pancreatic, 116 lung, 117 and melanoma 

models. 82,118,119 This convergence suggests that, although 

innate cells can be necessary in specific contexts, exercise 

most reproducibly shifts the tumor-immune equilibrium by aug-

menting cytotoxic Tc1 cell immunity.

Mechanistic work in breast cancer is beginning to define how 

training tunes CD8 T cell state. In I3TC mammary tumor-bearing 

mice, voluntary wheel running reduces tumor growth in a CD8 

T cell-dependent manner and is accompanied by remodeling 

of the circulating metabolome, including increased lactate and 

TCA-cycle intermediates that reprogram CD8 T cell central car-

bon metabolism and enhance effector function. 113 Exercise-

conditioned serum and physiologic lactate increase inducible 

T cell costimulatory (ICOS) and granzyme B, enhance tumor-

cell killing in vitro, and—when administered in vivo—slow I3TC 

tumor growth and improve survival. Moreover, CD8 T cells 

from trained donors transfer superior antitumor activity, indi-

cating that exercise imprints a durable, metabolically primed 

cytotoxic phenotype. 113 While this study nominates lactate as 

a candidate exerkine linking muscle metabolism to T cell func-

tion, whether comparable lactate-driven programming operates 

under homeostatic (non-cancer) conditions and how it integrates 

with catecholamine-driven trafficking remain important 

open questions. Furthermore, xenotransfer of human PBMCs 

collected before versus after acute exercise into NSG-IL-15 

mice bearing K562 tumors shows that post-exercise PBMCs 

reduce tumor burden and prolong survival, correlating with 

donor mobilization of cytotoxic effector-memory CD8 T cells. 120 

Other orthotopic breast cancer models further emphasize that 

trafficking constraints determine whether systemic mobilization 

translates into intratumoral immunity. Exercise training delays 

growth across the E0771, EMT6, MMTV-PyMT, and MCa-M3C 

cancer cell models and reduces metastasis in MCa-M3C, and 

CD8 T cell depletion abolishes exercise-mediated control in 

MCa-M3C, indicating dependence on enhanced antitumor 

CD8 T cell responses. 114 Critically, this benefit requires 

CXCR3-dependent recruitment: in Cxcr3 − /− mice, exercise-

driven CD8 T cell accumulation and tumor control are lost. Exer-

cise also sensitizes otherwise refractory tumors to checkpoint 

blockade, as combined exercise plus anti-programmed death 

receptor 1 (αPD-1) or anti-cytotoxic T-lymphocyte associated 

protein 4 (αCTLA-4) outperforms either intervention alone and in-

creases granzyme B (GZMB) and IFNγ CD8 T cells. 114 In estab-

lished 4T1 TNBC, moderate-intensity treadmill training slows tu-

mor growth while reducing immune suppression and further 

improves outcomes when added to radiotherapy plus αPD-1, 

yielding smaller tumors, more activated NK cells, and fewer in-

tratumoral MDSCs. 112 Consistent with a T cell-dependent 

component, 8 weeks of training fail to restrain 4T1 growth in 

T cell-deficient Foxn1 − /− nude BALB/c mice. 115

Parallel work in other tumor types reinforces these common 

systemic cues that gate CD8 T cell recruitment and activation. 

In lung cancer, moderate-intensity treadmill training slows Lewis 

lung carcinoma growth, elevates serum epinephrine, induces 

tumor Ccl5 and Cxcl10 expression, and increases intratumoral 

GZMB + CD8 T cell accumulation. Systemic epinephrine phe-

nocopies these effects, supporting an epinephrine-driven, che-

mokine-mediated recruitment axis 117 —consistent with cate-

cholamine-dependent effector mobilization described at 

homeostasis. In melanoma, aerobic exercise in the ICI-sensitive 

YUMMER model increases cytotoxic and proliferating CD8 

T cells while reprogramming myeloid cells toward MHCII high 

M1-like tumor-associated macrophages (TAMs) and reducing 

ERK5 S496 phosphorylation in TAMs. ERK5 S496A genetically
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targeted mice phenocopy aspects of the exercised state under 

sedentary conditions, whereas combining exercise with 

ERK5 S496A paradoxically increases tumor growth and M2-like 

TAMs, identifying ERK5 S496 phosphorylation as a bidirectional, 

exercise-responsive regulator of TAM polarization. 118,121

Work from our laboratory further extends this mechanistic 

repertoire by linking training to a microbiota-derived exerkine 

that directly primes CD8 T cells. We show 5 weeks of training en-

hances Tc1 immunity and improves ICI efficacy in melanoma 

through microbiota-derived formate, which activates CD8 

T cell-intrinsic Nrf2 signaling. 82 In an ICI-refractory BRAF V600E 

model, exercise restrains tumor growth and extends survival in 

a microbiota-dependent manner, with enrichment of pyruvate-

formate lyase (pfl)-expressing bacteria and a shift toward 

microbial one-carbon metabolism supported by integrated 

metagenomics and metabolomics. Exogenous formate pheno-

copies exercise by enhancing Tc1 function and synergizing 

with αPD-L1, whereas CD8 T cell-specific Nrf2 loss abolishes 

this benefit. These findings are translationally relevant as (1) 

increased fecal pfl abundance associates with ICI response 

across nine melanoma cohorts, (2) increased serum formate as-

sociates with progression-free survival in advanced melanoma 

patients, and (3) human-to-mouse fecal microbial transplanta-

tions (FMTs) from ‘‘high-formate’’ donors yield improved tumor 

control and increased antitumor Tc1 immunity in recipient 

mice. 82 These findings align with human exercise data identifying 

NRF2 as a conserved node engaged by exercise. In a study of 13 

healthy males, multi-omic profiling was used to dissect re-

sponses to acute exercise and sustained training. 35 At the mo-

lecular level, profiling revealed that acute exercise induces a 

robust antioxidant program, including NRF2 activation and upre-

gulation of targets such as thioredoxin (TXN), glutathione perox-

idase (GPX1), and superoxide dismutase (SOD1). Together with 

preclinical evidence, these data support NRF2 signaling as a 

candidate mechanistic node—and NRF2 agonists as potential 

exercise-mimetic strategies—to enhance protective immunity 

in settings such as cancer. 82

Collectively, these findings position microbiota-derived 

formate as both a mechanistic driver of exercise-enhanced 

Tc1 immunity and a candidate biomarker of ICI benefit.

Finally, in pancreatic ductal adenocarcinoma, aerobic training 

expands cytotoxic effector CD8 T cells, reduces suppressive 

myeloid populations, and induces an epinephrine spike with 

transient leukocytosis. 116 Blocking β-adrenergic signaling (pro-

pranolol) or lymphocyte egress/trafficking (FTY720) blunts CD8 

T cell expansion and eliminates protection, and the benefit re-

quires IL-15/IL-15Rα⁺ CD8 T cells. An IL-15 super-agonist 

(NIZ985) recapitulates the antitumor effect and synergizes with 

αPD-1, positioning IL-15 as a tractable downstream mediator 

of exercise-induced CD8 T cell licensing. 116

Taken together, across heterogeneous tumor models and 

training modalities, exercise consistently enhances antitumor 

immunity by integrating systemic endocrine and metabolic 

cues with local chemokine and myeloid programs. While innate 

effectors such as macrophages and NK cells are required in spe-

cific settings, the most reproducible axis involves amplified CD8 

T cell trafficking and effector differentiation, often translating into 

improved responsiveness to immunotherapy. These convergent 

data support the development of immune-informed exercise

prescriptions and exerkine-based mimetics to extend benefits 

to patients unable to train.

EXERCISE IMPACTS AUTOIMMUNE PATHOLOGIES

Exercise-triggered immunomodulation is implicated in the etio-

pathogenesis and clinical course of diverse autoimmune and im-

mune-mediated disorders, including cardiovascular disease, 122 

hepatic disease, 123,124 neuroinflammatory disorders, 125 inflam-

matory bowel disease, 126 and chronic pain/neuro-immune 

sensitization. 127 The most robust evidence supports protective 

associations in multiple sclerosis (MS) 128 and diabetes. 129 As 

in cancer, exercise reshapes immune-cell function and traf-

ficking; however, the dominant immunological direction often 

differs. Whereas oncology studies frequently highlight enhanced 

cytotoxic effector activity, autoimmune settings more often 

feature dampening of inflammatory programs and reduced im-

mune-cell infiltration into target tissues (Figure 3), underscoring 

a strong context dependence in exercise-immune coupling. 

Below, we summarize recent mechanistic advances in MS and 

type 1 diabetes (T1D).

MS is a chronic immune-mediated neuroinflammatory disease 

in which activated CD4 T cells—particularly IL-17A-producing 

Th17 cells—cross the blood-brain barrier and drive autoimmune 

injury to myelin and oligodendrocytes, resulting in demyelination 

and progressive neurological disability. 130,131 Experimental 

autoimmune encephalomyelitis (EAE), most commonly induced 

by myelin oligodendrocyte glycoprotein (MOG 35–55 ) immuniza-

tion, remains a central preclinical model for mechanistic dissec-

tion. 132 While EAE is not MS, it has repeatedly anticipated human 

benefit and clarified mechanisms—leukocyte trafficking, 

lymphocyte egress, B cell contributions, and redox neuroprotec-

tion—that underpin several approved disease-modifying thera-

pies. Notable examples include glatiramer acetate, first shown 

to restrain EAE before its 1997 approval 133 ; dimethyl fumarate, 

where EAE studies established immunomodulatory and Nrf2-

linked neuroprotective actions before its 2013 approval 134 ; and 

fingolimod (FTY720), for which robust EAE efficacy and discov-

eries in S1P-guided lymphocyte egress preceded its 2010 

approval. 135 Exercise is recommended as a component of stan-

dard care for MS 136 and is shown to improve patient quality of 

life. 137 Preclinical studies are beginning to define how training 

constrains central nervous system (CNS) inflammation in EAE. 

6 weeks of swimming training before disease induction delays 

EAE onset, reduces cumulative disease severity, and improves 

functional recovery through day 42 in mice. Mechanistically, ex-

ercise lowers leukocyte infiltration into the CNS—reducing B 

cells, CD4 T cells, and CD8 T cells in the spinal cord—and atten-

uates neuropathology, with decreased demyelination volume 

and reduced axonal injury. 138 Concordantly, both strength and 

endurance training reduce EAE severity across modalities. 139 

Here, exercise diminishes CNS inflammatory cytokines 

(including IFNγ, IL-17, and IL-1β), shifts MOG-reactive T cells to-

ward IL-10⁺ Treg cells while curtailing Th1 and Th17 cell re-

sponses ex vivo, and coincides with reduced ROS and nitric ox-

ide, increased glutathione activity, and restoration of Nrf2 protein 

amounts. 139 Together, these data support a model in which 

repeated exercise training limits autoimmune neuroinflammation
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by simultaneously restraining encephalitogenic T cell programs 

and strengthening antioxidant defenses.

Across EAE studies, activation of the antioxidant transcription 

factor Nrf2 is emerging as a plausible protective node linking ex-

ercise, redox control, and reduced neuroinflammation. 140–143 

Consistently, Nrf2-deficient mice develop earlier and more se-

vere EAE, with increased demyelination, greater leukocyte infil-

tration, and elevated pro-inflammatory cytokines (e.g., IFNγ, 

IL-1β, TNF-α, and IL-12), underscoring Nrf2’s role in restraining 

autoimmune pathology. 144 While these observations position 

Nrf2 as an attractive mechanistic candidate, dedicated studies 

are still required to define when Nrf2 is necessary and sufficient 

for exercise-mediated protection, which cell types are critical, 

and how Nrf2 integrates with trafficking programs that ultimately 

determine CNS immune entry.

A complementary autoimmune context in which exercise-im-

mune-endocrine interactions have been intensively studied is 

diabetes. Regular physical activity is widely associated with pro-

tection against, and improvement of, metabolic disease 

states. 145–147 T1D is characterized by immune-mediated 

destruction of insulin-producing pancreatic β cells driven by au-

toreactive CD4 and CD8 T cells. 148 In preclinical models, exer-

cise benefits are linked to immune-endocrine crosstalk that pre-

serves β-cell function: exercise-induced IL-6 stimulates GLP-1 

secretion, improving insulin secretion and promoting β-cell sur-

vival in streptozotocin-induced diabetic and non-obese diabetic 

mice, with similar effects observed in human islets ex vivo. 64 Hu-

man data are directionally consistent with altered immune 

responsiveness: after vigorous acute exercise, individuals with 

T1D exhibit reduced mobilization of effector-memory CD8 and 

CD4 T cells—including Tregs—relative to healthy controls. 149 

More broadly, in insulin resistance and T2D contexts, exercise 

is associated with remodeling of innate immunity, including 

reduced M1-like macrophage accumulation in adipose tissue 

and liver and increased M2-like polarization, alongside 

decreased TNF-α, IL-6, and IL-1β, supporting improved insulin 

sensitivity.

Finally, emerging work suggests the microbiome may 

contribute to exercise’s metabolic immunomodulation: FMT 

from exercise-trained mice improves glucose tolerance and re-

duces features of metabolic inflammation in recipients. 150 

Whether exercise-driven microbiome remodeling alone is suffi-

cient to restrain pro-inflammatory immunity in diabetes—or 

instead acts as one component within a multi-tissue endocrine 

network—remains unresolved. Collectively, current evidence 

supports the premise that both acute bouts and repeated 

training can modulate immune pathways relevant to autoim-

mune and metabolic disease, but substantially more 

mechanistic work is needed to establish causality, define the 

responsible circuits, and translate these pathways into im-

mune-informed exercise prescriptions.

CONCLUDING REMARKS

Exercise is a context-dependent immunomodulator that pro-

motes health and bolsters cancer therapy in mice and humans, 

yet its effects on immune-cell fate, function, and trafficking 

vary by cell type, training modality, and disease context. These 

responses reflect coordinated adaptations across immune and

non-immune tissues—including skeletal muscle, adipose tissue, 

vasculature, and the microbiota—communicated through exer-

kines and other systemic cues. Although multi-omics efforts 

have mapped many of these programs, the priority now is causal 

dissection, using reductionist in vitro systems and—critically— 

mechanistic in vivo experiments to identify signals that are 

necessary and sufficient for specific exercise-induced immune 

benefits.

A related challenge is to clarify how the major pathways 

described in exercise immunology connect to one another. 

Because exercise is a multi-system perturbation that imposes 

mechanical, metabolic, and hormonal stress, it likely engages 

multiple immunomodulatory mechanisms in parallel, some oper-

ating independently and others linked through hierarchical 

signaling cascades. Indeed, several pathways already appear 

coupled—including lactate triggering skeletal muscle IL-6 

release, which in turn can stimulate GLP-1 secretion—support-

ing a hybrid model where discrete primary stressors converge 

into a smaller number of branched signaling hierarchies that ulti-

mately shape immune outcomes.

Critically, because exercise encompasses many distinct ex-

posures, future prescriptions must be specified by modality, in-

tensity, duration, frequency, recovery, and sampling time relative 

to the bout to enable personalization of immune endpoints to 

specific disease states. Future clinical translation of exercise 

as a disease intervention will hinge on mechanistic scaffolds 

that enable biomarkers, rational trial design, and exercise mi-

metics for individuals unable to train—likely derived from identi-

fication of exerkines and the pathways that promote their 

expression. Importantly, prophylactic exercise-mediated bene-

fits—and the immune remodeling that accompanies them— 

remain undercharacterized and represent an underused lever 

for immune health.

Finally, sustained bench-to-bedside collaboration is needed 

to operationalize these goals, uniting oncologists, immunolo-

gists, exercise physiologists, data scientists, and behavioral re-

searchers to co-develop and rigorously test exercise- and exer-

kine-based interventions. Coordinated networks—including the 

NIH-funded exercise and nutrition interventions to improve 

cancer treatement-related outcomes (ENICTO) Consortium, 151 

the International Society of Exercise Oncology (ISEO), 152 

the Molecular Transducers of Physical Activity Consortium 

(MoTrPAC), 153 and the MoXFo initiative in MS 154 —are well posi-

tioned to harmonize protocols, endpoints, and biobanking and to 

enable dose-response trials with mechanistic correlative studies 

and standardized precision exercise prescriptions. Extending 

this framework across additional pathologies could optimize 

treatment responses, reduce therapy-associated toxicities, 

and improve patient quality of life.
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