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Abstract 

Aging is associated with a decline in immune function, termed immunosenescence, which compromises 
host defences and increases susceptibility to infections and cancer. Physical exercise is widely recognized 
for its myriad health benefits, including the potential to modulate the immune system. This review 
explores the bidirectional relationship between immunosenescence and physical exercise, focusing on 
their interplay in shaping antitumor immunity. We summarize the impact of aging on innate and adaptive 
immune cells, highlighting alterations that contribute to immunosenescence and cancer development. We 
further delineate the effects of exercise on immune cell function, demonstrating its potential to mitigate 
immunosenescence and enhance antitumor responses. We also discuss the implications of 
immunosenescence for the efficacy of immunotherapies, such as immune checkpoint inhibitors and 
adoptive T cell therapy, and explore the potential benefits of combining exercise with these 
interventions. Collectively, this review underscores the importance of understanding the complex 
relationship between immunosenescence, physical exercise, and antitumor immunity, paving the way for 
the development of innovative strategies to improve cancer outcomes in the aging population. 
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Introduction 
The intricate relationship between the aging 

process and the concurrent decline in immune system 
efficacy has been extensively studied[1–3]. With the 
global population aging, it is essential to comprehend 
the mechanisms behind the age-related decline in 
immune function, known as immunosenescence. This 
understanding is crucial for tackling the rising 
incidence of age-associated diseases, including cancer. 
And the dynamic relationship among the immune 
response, physical activity, and the shifting paradigm 
of antitumor immunity is a major research hotspot at 
present[4,5]. 

Immunosenescence is characterized by 
alterations in cellular composition and immune 

function, which result in attenuated reactions to 
pathogens and an increased susceptibility to various 
chronic conditions[1,6]. One such disease that 
prominently manifests with age is cancer, in which 
the compromised immune system contributes to the 
development and progression of malignant tumors[7]. 
Given the intricate relationship between aging and 
cancer, developing strategies for delaying 
immunosenescence and enhancing antitumor 
immunity is a prime focus of ongoing research. 

Physical exercise, widely acknowledged for its 
multifaceted health benefits, has recently gained 
attention for its potential to modulate the immune 
system[8]. Numerous studies have demonstrated that 
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regular exercise can positively affect immune 
function, attenuating the detrimental effects of 
immunosenescence[9,10]. The mechanistic basis of 
this positive effect involves the modulation of 
inflammatory mediators, enhancement of immune 
cell activity, and formation of an immune 
environment conducive to effective antitumor 
responses[11,12]. 

In recent years, the field of tumor immunology 
has witnessed remarkable progress with the advent of 
immunotherapy[13,14]. Various types of cancer 
immunotherapies, such as immune checkpoint 
inhibitors (ICIs), adoptive cell transfer, cytokine 
treatments, oncolytic virus therapy and cancer 
vaccines, have emerged and demonstrated potential 
in clinical settings. Immunotherapy harnesses the 
body's innate immune system to selectively identify 
and eradicate cancer cells, representing a 
transformative strategy in cancer treatment[13–15]. 
Understanding the complex relationship among 
immunosenescence, physical exercise, and antitumor 
immunity is essential for optimizing the efficacy of 
immunotherapy, particularly in the context of an 
aging population. 

This review provides a comprehensive summary 
of immunosenescence, the influence of physical 
activity upon immune system functionality, and the 
roles of these factors in shaping antitumor immunity, 
aiming to facilitate the development of innovative and 
personalized strategies for treating age-related 
diseases and improving the outcomes of 
immunotherapy. 

Aging and the immune system 
Immunosenescence, defined by the reduction in 

immune functionality as one ages, involves a 
multifaceted set of biological processes. This includes 
significant organ remodeling and diverse cellular 
regulatory mechanisms[2]. Senescent cells secrete a 
variety of factors known as the senescence-associated 
secretory phenotype (SASP), which not only promote 
chronic inflammation but also induce senescence in 
neighboring healthy cells. Simultaneously, this 
persistent inflammatory state accelerates immune cell 
senescence, impairing immune function and 
preventing the clearance of both senescent cells and 
pro-inflammatory mediators. This creates a vicious 
cycle of inflammation and cellular senescence. 
Prolonged inflammation in organs such as the lungs, 
liver, and bone marrow can hinder effective clearance, 
contributing to organ damage and the development of 
age-related pathologies[16]. Immunosenescence 
attenuates the ability of the immune system to induce 
effective responses against pathogens and 
vaccinations. Although the comprehensive landscape 

of underlying changes remains elusive, some notable 
alterations include dysfunction of hematopoietic stem 
cells, an altered naive-to-memory cell ratio within T 
and B cell populations, inflammaging, accumulation 
of senescent cells, weak responses to novel antigens, 
and altered stress responses[17,18] (Fig. 1). 

Innate immune cells 

Neutrophils 

Neutrophils serve as the first line of defense 
against infections and are the most abundant 
circulating cells in human blood, rapidly recruited to 
injury sites[19]. Traditionally, it was believed that 
their inability to proliferate post-maturation leads to 
rapid exhaustion and a short half-life. This limited 
understanding suggested neutrophils had a narrow 
functional role in immune defense, unlike other 
myeloid cells. Recently, however, this view has been 
challenged. Studies indicate that neutrophils may 
survive in circulation for up to 5.4 days, and their 
lifespan can extend following activation. 
Additionally, neutrophils can undergo reverse 
transmigration from injury sites back into circulation, 
although the reasons for this phenomenon remain 
unclear. Evidence suggests that these recirculating 
neutrophils may enhance T cell proliferation and 
responses by migrating to lymphoid organs[20]. 

Despite the preservation of neutrophil count in 
aged individuals, the functional abilities of these 
cells—such as chemotaxis, phagocytosis, and the 
production of NETs—deteriorate due to the aging 
process[21,22]. Studies investigating changes in the 
quantity and function of neutrophils in geriatric 
animal models are relatively limited. In a study by 
Nacionales et al., transcriptomic analysis showed that 
geriatric mice with sepsis exhibited weaker neutrophil 
mobilization, phagocytosis, and chemotaxis than their 
younger counterparts[23]. Additionally, a decreased 
accuracy in chemotaxis, along with a compromised 
ability to clear apoptotic cells (efferocytosis) and 
generate immune responses, has been associated with 
a prolonged state of immunosuppression[24]. 
However, further investigation is warranted to 
elucidate the alterations in the count, phenotype, and 
function of neutrophils among elderly patients. 

Monocytes/Macrophages 

Tissue-resident macrophages originate from 
circulating monocytes and are tissue-specific. They 
defend against pathogens via phagocytosis and 
cytokine release, activating innate immunity[25]. 
They also present antigens to boost adaptive 
immunity[26]. 
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Figure 1. Effects of aging and exercise on tumor immunity. (right) Immunosenescence weakens the immune system's capability to effectively respond to pathogens and 
vaccines. Neutrophil functional decline with aging includes reduced chemotaxis, phagocytosis, and NET production. Macrophages exhibit diminished phagocytic activity and 
antigen presentation. Aging impairs dendritic cell function, affecting antigen-presenting efficiency, cytokine production, and immune coordination. NK cell cytotoxicity decreases 
despite stable or slightly increased numbers. B cells decline in number and function with age, reducing antibody production. Immunosenescence involves stable T cell counts but 
reduced naïve T cells and increased senescent CD28-negative memory T cells, leading to compromised immune function and susceptibility to diseases. (left) Physical exercise has 
the potential to enhance immune function by counteracting the detrimental effects of aging. Engaging in a single session of physical exercise alters circulating neutrophil quantity 
and distribution, with high-intensity resistance and endurance exercises causing temporary increases that return to baseline within hours. Regular physical activity reduces 
baseline CD14lowCD16+ inflammatory monocytes, linked to decreased TLR4 expression and subdued inflammatory responses to LPS. Dynamic exercise boosts 
monocyte-derived dendritic cell production, impacting immune responses variably. NK cells are pivotal in exercise immunology due to their modulation by physical activity, 
affecting functionality and abundance post-exercise. Physical exercise affects humoral immunity, influencing systemic Ig levels and salivary sIgA, which bolster mucosal defenses. 
T cell proliferation is generally suppressed by physical exertion, notably impacting Th1 cells in athletes, with CD4+ and CD8+ T cell counts fluctuating post-exercise. Rac1: 
ras-related C3 botulinum toxin substrate 1; Arp: actin-related proteins; MARCO: macrophage receptor with collagenous structure; BAFF:B-cell-activating factor; APRIL: 
proliferation-inducing ligand. 

 
With advancing age, the overall count of 

macrophages within the body remains relatively 
stable; however, their function is remarkably altered. 
Macrophages can be categorized into two subsets as 

follows: M1, characterized by pro-inflammatory and 
anti-tumorigenic properties, and M2, characterized by 
anti-inflammatory and pro-tumorigenic properties 
[27]. The debate surrounding the occurrence of 
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macrophages in a state of senescence within living 
organisms remains an area of contentious discussion 
and ongoing investigation in the field of biology. In 
the geriatric population, M1 macrophages are 
predominant in healthy hepatic and adipose tissues, 
whereas M2 macrophages, characterized by their 
immunosuppressive activity, are predominant in 
bone marrow, lymphoid, spleen, muscular, and 
pulmonary tissues[28–31]. Macrophages exhibiting 
M2-like characteristics have been shown to promote 
angiogenesis in geriatric mice with injury. This 
observation implies a correlation between senescent 
macrophages and the development of numerous 
age-associated disorders, with a particular emphasis 
on neoplastic conditions[32].  

Aging is associated with a marked decrease in 
macrophage phagocytic activity and a concomitant 
reduction in surface expression of Toll-like receptors 
(TLRs)[26]. The reduction in TLR expression levels 
has been associated with a concurrent rise in the 
proportion of regulatory T cells (Tregs)[33]. Evidences 
showed that macrophages from aged mice 
demonstrate reduced reactivity to TLR-1, TLR-2, and 
TLR-4. This attenuated response may be attributed to 
the decreased synthesis of important 
pro-inflammatory cytokines, such as interleukin 
(IL)-6, IL-1β, and tumor necrosis factor-alpha (TNF-α), 
owing to weakened activation of the NF-κB, p38, and 
JNK pathways[34,35]. Li et al. revealed that the 
phagocytic activity of macrophages is compromised, 
at least in part, owing to a reduction in the expression 
of Rac1 mRNA. This downregulation decreases the 
expression of Rac1-GTP and suppresses the activation 
of the Arp2/3 complex, resulting in decreased 
polymerization of F-actin, impaired formation of 
filopodia, and reduced surface expression of MARCO 
(a receptor crucial for the efficient engulfment of 
pathogens through phagocytosis)[36]. 

Furthermore, the decline in the 
antigen-presenting capacity of macrophages to CD4 T 
lymphocytes has been linked to aging. This decline 
predominantly stems from the reduced expression of 
major histocompatibility complex class II (MHC-II) 
molecules, particularly the human leukocyte antigen 
(HLA)-DR isotype[37]. Efferocytosis, which refers to 
the phagocytic removal of apoptotic cells, has been 
shown to decline with age. The age-dependent decline 
in efferocytosis can impair the role of macrophages in 
the resolution of infections and modulation of 
inflammatory responses, consequently increasing the 
risk of tissue damage[38]. Accumulation of senescent 
tissue-resident macrophages and neutrophils has 
been shown to promote chronic, low-grade 
inflammation. This persistent inflammatory state 
contributes to immunosuppression mediated by 

macrophages, eventually driving the initiation of 
various diseases, including cancer[39]. In aged mice 
harboring neoplasms, the proportion of 
myeloid-derived suppressor cells (MDSCs) within the 
bone marrow, peripheral blood, and spleen is notably 
high. The increased abundance of MDSCs constitutes 
a critical barrier, as these cells are involved in 
mediating immunosuppression. Consequently, 
persistent immunosuppression not only impedes the 
removal of senescent cells but also prevents the 
destruction of tumor cells while disrupting tissue 
protein homeostasis and energy metabolism[40]. Cells 
characterized by the senescence-associated secretory 
phenotype (SASP) release various chemotactic and 
inflammatory mediators. Mediators such as 
chemokines and cytokines play a pivotal role in 
orchestrating the recruitment of MDSCs to the tumor 
microenvironment (TME). This recruitment process 
not only fosters immune evasion but also enhances 
metastatic potential, thus underscoring their 
significance in tumor progression and metastasis 
facilitation[40]. He et al. showed that MDSCs can 
modulate T-cell responses during the embryonic and 
fetal phases of development in mice and humans. 
Additionally, accumulation of MDSCs can indicate an 
underlying pathological condition or can be a 
physiological response to pregnancy[41]. Excessive 
proliferation of MDSCs has been shown to promote 
immunosenescence. An increased proportion of 
MDSCs can lead to detrimental secondary effects on 
tissue integrity. This outcome is primarily attributed 
to the cellular production of cytokines, including 
IL-10 and transforming growth factor beta (TGF-β), 
which influence tissue integrity and regulation of 
immune responses[42]. 

Dendritic Cells 

Dendritic cells (DCs) are essential 
antigen-presenting cells (APCs) that initiate adaptive 
immune responses by internalizing antigens and 
presenting them to T cells[43]. Activation occurs via 
pattern recognition receptors (PRRs) upon 
encountering pathogens, leading to increased 
expression of MHC class I and II molecules and 
co-stimulatory molecules like CD40, CD80, and CD86. 
This process also triggers the secretion of 
proinflammatory cytokines such as IFN-γ, TNF-α, 
IL-6, and IL-12, enhancing T-cell priming[43,44]. DCs 
are categorized into myeloid DCs (mDCs), which 
effectively present antigens and secrete cytokines, and 
plasmacytoid DCs (pDCs), which are key producers 
of type I IFN[43,45]. 

Although a reduction in the number of DCs is 
commonly associated with aging, recent studies have 
suggested that, in some cases, the DC count is 
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relatively stable or moderately increased in elderly 
individuals[46]. On the contrary, the functionality of 
DCs is substantially altered with advancing age[46]. 
Evidences showed that DCs obtained from elderly 
individuals had an enhanced proinflammatory profile 
characterized by elevated baseline synthesis of 
cytokines, including IL-6 and TNF-α. This 
inflammatory condition was potentially associated 
with SASP, a hallmark of immunosenescence[47–49]. 
Li et al. highlighted in their study that there exists 
diminished expression of costimulatory molecules 
among CD8α DCs isolated from aged mice. These 
molecules play a crucial role in facilitating 
interactions with MHC class II and CD40, pivotal for 
effective T-cell priming. This observed 
downregulation potentially hinders the capacity of 
DCs to elicit robust T-cell priming responses[50]. DCs 
from elderly individuals often exhibit a reduction in 
their quantity, HLA-DR expression, and functional 
efficiency, particularly in terms of migration, antigen 
presentation, pinocytosis, and phagocytosis[51]. 
Despite the important role of DCs in orchestrating 
immune responses, immunomodulatory therapies 
specifically targeting DCs are lacking. The cytokine 
FLT3L, known for its role in DC proliferation, has 
been shown to ameliorate immunosuppression 
triggered by sepsis[52,53]. In addition, IL-15 has been 
shown to exert efficient immunostimulatory and 
proliferation-inducing effects on DCs[54]. 

MDSCs, which are associated with 
immunosenescence, can negatively affect the 
functionality of DCs[55]. Studies have shown that 
stimulation of MDSCs with lipopolysaccharides 
(LPSs) and IFN-γ can disrupt DC maturation DCs in 
mouse bone marrow cultures[56]. Additionally, DCs 
co-cultured with human MDSCs exhibit diminished 
antigen-presenting capabilities and suppressed 
cytokine synthesis[57]. TGF-β1 has been identified as 
an effective inhibitor of the maturation and functional 
activity of DCs in both humans and murine 
species[58]. The role of TGF-β1 in the mouse 
epidermis is pivotal for the development and 
maintenance of Langerhans cells, exhibiting variable 
effects across different subsets of DCs[59]. Therefore, 
MDSCs may inhibit the function of DCs, potentially 
resulting in the attenuation of T- and B-cell responses 
in inflammation and cancer. 

Natural killer cells 

Natural killer (NK) cells, a subset of 
lymphocytes, significantly bolster the adaptive 
immune system. Their pivotal function lies in 
stimulating both innate and adaptive immune 
reactions, particularly targeting cancer cells[60]. They 
can not only deliver a rapid, non-specific attack on 

cells hosting pathogens[61] but also relocate and 
facilitate prompt reactions by enhancing the function 
of myeloid lineage cells, notably macrophages, 
through the secretion of IFN-γ[60,61]. In human 
peripheral blood, NK cells are categorized into 
CD56bright and CD56dim subsets, distinguished by 
their differential expression of the homophilic 
adhesion molecule CD56. The former subtype is 
associated with cytokine production, whereas the 
latter is associated with cytotoxicity[62]. 

The number of NK cells typically remains 
unaltered or exhibits a slight increase in elderly 
individuals[63]. This moderate increase can be 
attributed to the higher proportion of the mature 
CD56dim subtype and the lower proportion of the 
immature CD56bright subtype[64]. The IFN-γ 
production in NK cells either remains unaltered or 
potentially escalates as age progresses, however, their 
cytotoxic capacity is frequently reduced, possibly 
owing to the decreased secretion of perforin into the 
immunological synapse[65,66]. NK cells possess 
activating receptors such as NKp30, NKp46, and 
DNAM-1, which are important for the identification 
and elimination of different tumor cell types, 
including hematological cancer[67], melanoma[68], 
and ovarian cancer[69] cells. Researchers have 
hypothesized that alterations in the expression 
profiles of these receptors among older individuals 
could impact the capacity of NK cells in surveilling 
and eradicating malignant cells[70,71]. For older 
individuals who have been diagnosed with acute 
myeloid leukemia (AML), the NK cell population 
shows unique changes. This is manifested by a 
decrease in the generation of immature CD56 bright 
cells and a simultaneous increase in the generation of 
highly differentiated CD56 dim cells. These changes 
are suggestive of disease progression and function as 
prognostic indicators[72–74]. A clinical study that 
involved the infusion of killer cell 
immunoglobulin-like receptor (KIR) 
ligand-mismatched NK cells into elderly patients with 
AML after immunosuppressive chemotherapy 
validated the safety and applicability of NK cell 
transplantation within this specific patient group[75]. 

Adaptive Immune Cells 

B cells 

B cells, derived from the bone marrow, are 
essential components of the adaptive immune system 
and crucial in coordinating both innate and adaptive 
immune responses[76,77]. They can identify a wide 
spectrum of antigens, encompassing proteins, lipids, 
polysaccharides, nucleic acids, and diverse chemicals. 
The precision of B cells in antigen recognition is 
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substantially increased through their interaction with 
B-cell receptors (BCRs), and this process is further 
enhanced by the synergistic action of helper T 
cells[76,77]. 

Upon receiving co-stimulatory signals, 
immature B lymphocytes undergo activation, 
followed by cell division and differentiation into 
plasma cells. These differentiated cells have the 
unique ability to synthesize highly specific antibodies. 
After an infection has been resolved, some plasma 
cells form memory B cells, which trigger a rapid and 
enhanced response to the same pathogen upon future 
encounters[78]. Furthermore, B cells, by producing 
antigen-specific immunoglobulins (Igs) and 
undergoing class switching, play a pivotal role in 
humoral immunity. They can also act as APCs, 
activating T cells by expressing MHC class II 
molecules[79,80]. 

Advancing age is accompanied by a concurrent 
decline in both the number of B cells and the 
functional capacity of hematopoietic stem cells within 
the bone marrow[81,82]. Additionally, the circulatory 
levels of two vital growth factors, namely, a 
proliferation-inducing ligand (APRIL) and 
B-cell-activating factor (BAFF), are remarkably 
reduced in elderly individuals. The reduced 
expression of these factors in the plasma of older 
individuals correlates with a decline in B cell count, 
which is essential for maintaining mature B cells in 
peripheral blood[83]. 

As age progresses, there is a decline in the 
functional capacity of B cells, resulting in diminished 
humoral immune responses and decreased antibody 
efficacy. The diminished functionality of cells leads to 
reduced antibody titers and diminished binding 
affinity. This outcome arises from the intricate 
interaction between intrinsic and extrinsic factors[84]. 
An important intrinsic factor is the decreased ability 
of B cells to form germinal centers, which affects 
somatic hypermutation and affinity maturation. This 
state is worsened by a decline in the expression of 
activation-induced cytidine deaminase (AID) due to 
the downregulation of the transcription factor E47. As 
a result, class switch recombination and affinity 
maturation are prevented[85]. The decline is 
contributed to by alterations in BCR signaling and 
reduced expression levels of costimulatory molecules, 
such as CD86[82]. Furthermore, the transformation of 
a significant portion of naive B cells into memory B 
cells poses limitations on the production of 
high-affinity antibodies against new antigens[86]. 

The age-related decline in CD4+ T helper cell 
function, along with other extrinsic factors, plays a 
pivotal role in the regulation of B-cell function. While 
CD4+ T helper cells are crucial for germinal center 

formation, somatic hypermutation initiation, and 
high-affinity antibody synthesis in B cells, their 
effectiveness diminishes with age[87,88]. Altogether, 
the intrinsic and extrinsic changes in B-cell dynamics 
synergistically attenuate the humoral immune 
response in elderly individuals. Despite the integral 
role of B cells in coordinating immune responses, 
studies developing therapeutic strategies for 
modulating their activity are limited. A relevant study 
showed that androstenediol, a derivative of 
dehydroepiandrosterone (DHEA), enhanced B-cell 
responses in a murine model of aging[89]. This 
finding highlights the potential therapeutic value of 
DHEA-derived metabolites in regulating B-cell 
function[89]. 

T cells 

During immunosenescence, a notable 
inconsistency is observed between the unaltered total 
T cell count and the remarkable heterogeneity among 
T cell subpopulations throughout life. A hallmark 
characteristic of this diversity lies in the reduced 
fraction of naïve T cells, concomitant with an 
escalation in the fraction of highly differentiated 
CD28-negative memory T cells, often denoted as 
senescent T cells[90]. Upon encountering antigens, T 
cells experience proliferation and subsequently 
differentiate into a diverse array of effector T cell 
clones, each characterized by distinct functional 
attributes[91]. A specific subset of clones among these 
exhibits sustained specificity towards antigens, 
impacting both humoral and cell-mediated immune 
responses. The classification of T cells based on 
phenotype relies on the expression of distinct cell 
surface markers, primarily CD molecules, and the 
cytokines they secrete. T helper cells with CD4+ 
expression are categorized into Th1, Th2, Th17, and T 
follicular helper cells[91,92]. Th1 cells, which perform 
a vital function in combating intracellular pathogens, 
and Th2 cells, which safeguard against extracellular 
parasites and regulate inflammation through the 
secretion of cytokines including IL-4, IL-5, IL-6, and 
IL-13, have been implicated in autoimmune 
disorders[93]. Additionally, Th2 cells contribute to 
anti-inflammatory responses by secreting IL-10 and 
stimulate B cells to facilitate their maturation to 
memory and plasma cells[94]. CD8+ T cells, which 
exhibit cytotoxic activity and protect against 
intracellular pathogens, are classified as Tc1 and Tc2 
subtypes based on their cytokine secretion 
profiles[95,96]. The diverse roles played by T cells in 
adaptive immunity emphasize the requirement of an 
in-depth investigation into individual T cell subtypes. 
Notable age-related changes have been reported in 
CD8+ T cells[3]. In particular, CD8+ T cells 
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undergoing senescence exhibit a reduction in the 
expression of CD28 family receptors[97]. Conversely, 
there is a notable upregulation in the expression of 
immune biomarkers including CD57, TIM-3, KLRG-1, 
and CD45RA[98–100]. The augmented expression of 
inhibitory receptors on the surface of senescent T cells 
denotes a state of exhaustion, reminiscent of 
senescence yet governed by distinct mechanisms and 
characterized by unique features.[101,102]. In contrast 
to cellular exhaustion, cellular senescence is 
considered an irreversible process. Most of the 
existing research on T cell senescence focuses 
primarily on peripheral blood T cells, comprising a 
small fraction of the total T cell population[103]. 
Therefore, further investigation is imperative to 
advance comprehension of the mechanisms 
governing T cell senescence. 

The interplay between metabolic and epigenetic 
factors emerges as a crucial determinant in regulating 
the differentiation pathways of T cells[3,104]. Initially, 
pre-T cell receptors (TCRs) are subject to genetic 
rearrangement in the thymus[105]. Following the 
antigen recognition by professional APCs, quiescent T 
cells undergo activation, characterized by their 
proliferation and differentiation into effector 
cells[106,107]. A hallmark alteration in T cells is the 
upregulation of aerobic glycolysis, driven by an 
increased expression of glucose transporters (GLUTs) 
on the cell surface. The escalation observed is 
attributed to the overexpression of genes associated 
with glycolysis, facilitated in a c-Myc-dependent 
fashion[108]. This metabolic change is accompanied 
by the activation of signaling cascades that contribute 
to the elevation of mitochondrial biogenesis and 
replication of mitochondrial DNA (mtDNA), which 
encodes factors essential for oxidative 
phosphorylation (OXPHOS). However, the precise 
underlying mechanisms remain unclear[109]. Studies 
have described a metabolic profile that reflects 
restructuring of the mitochondrial proteome, a 
phenomenon termed "one-carbon metabolism"[107]. 
In response to a viral challenge, naïve T cells rapidly 
multiply and diversify into specialized subsets that 
are important for the clearance of pathogens, 
destruction of infected cells, and overall management 
of infection[110,111]. Following the clearance of 
antigens, the predominant fate of activated T cells 
entails programmed cell death, known as apoptosis, 
with a minority transitioning into memory cells.[112]. 
Research indicates that CD28 interacts with various 
factors to activate the PI3K-PKB/AKT-mTOR 
signaling pathway, a critical process for TCR 
reorganization and the metabolic reprogramming of 
fatty acids, glutamine and glucose during T-cell 
maturation[113,114]. The mammalian target of 

rapamycin (mTOR) complexes, mTOR complex 1 
(mTORC1) and mTORC2, serve as principal 
regulators of gene expression, each playing a unique 
role in the differentiation of T cells[115]. Continuous 
activation of mTORC1 expedites the transition of 
naïve T cells into CD8+ effector cells, while 
suppression of mTORC2 correlates with the 
generation of CD8+ memory T cells[116]. Senescence 
in T cells is characterized by a gradual transition 
toward a dysfunctional state, accompanied by 
alterations in systemic equilibrium and a general state 
of immunosuppression. This transition involves 
metabolic reprogramming and epigenetic changes, 
resulting in cellular aging and potential 
apoptosis[117]. Age-associated thymic atrophy 
impedes TCR rearrangements necessary for the 
production of double-positive thymocytes. The 
increased glycolytic activity of aging T cells can be 
partially attributed to variations in CD28 expression. 
During T cell aging, stress can lead to a failure to 
express essential components of the electron transport 
chain (ETC) and the subunits of OXPHOS[118], 
leading to an increase in reactive oxygen species 
(ROS) levels; a decline in proteasomal function; and 
the subsequent suppression of mitochondrial 
biogenesis, one-carbon metabolism, and basal lipid 
metabolism[119–121]. In vivo, T cells in a senescent 
state exhibit a diminished expression of key 
functional molecules, including senescence-associated 
β-galactosidase (SA-β-gal), granzyme B (GZMB), and 
perforin, which are essential for cytotoxic 
activity[122,123]. 

Stimulation of T cells initiates gene expression 
alterations that are important for driving their 
maturation to effector cells and maintaining their 
effector functions. This dynamic process is closely 
related to epigenetic changes. Enhancer-binding 
protein 4, a transiently expressed product of the 
c-Myc gene, serves as a crucial target of multiple 
molecules encoded by genes induced upon activation, 
playing an indispensable role in maintaining T-cell 
activation[124]. Effector function-associated genes are 
characterized by dynamic epigenetic modifications 
that enhance the precision and speed of their 
transcriptional responses to subsequent stimuli. This 
epigenetic imprint is preserved in human CD8+ 
memory T cells for an extended period and may be 
responsible for maintaining their effector 
functions[125,126]. T-cell differentiation is 
characterized by the deposition of methyl groups on 
the promoters of genes that are suppressed and the 
removal of these groups from the promoters of genes 
that are activated[127]. Studies employing chromatin 
immunoprecipitation have demonstrated that the 
simultaneous presence of the active mark, that is, 
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trimethylation of histone H3 at lysine 4, and the 
repressive mark, that is, trimethylation of histone H3 
at lysine 27, at promoter regions is a hallmark of the 
differentiation of naïve CD8+ T cells[128]. The degree 
of methylation and the extent of variation within the 
methylome strongly rely on the specific T cell subset, 
with senescent CD8+ T cells exhibiting more 
pronounced changes. Alterations in the global 
patterns of DNA methylation are considered one of 
the most definitive epigenetic modifications 
associated with senescence in T cells[129]. Usually, 
CpG islands within silent genes are hypermethylated 
and exhibit an accumulation of repressive histone 
modifications, whereas DNA sequences adjacent to 
CpG islands represent hypomethylated regions 
associated with senescence. Inversely correlated with 
the expression of genes associated with cellular 
immune responses and differentiation within CD8+ T 
cell subsets are the methylation statuses, particularly 
for CD27 and SATB1. This correlation suggests that 
epigenetic aging is linked to a reduction in T cell 
functionality[130]. Furthermore, in several studies, 
the rate of biological aging has been correlated with 
the degree of DNA methylation at particular CpG 
sites[131]. Additionally, various aging models have 
documented a decrease in the expression of 
fundamental histone proteins[132]. Senescent T cells 
are defined by unique patterns of chromatin 
condensation, termed senescence-associated 
heterochromatic foci (SAHF), along with increased 
chromatin accessibility and decreased expression of 
linker histone H1[133,134]. In combination with 
changes in histone modifications, hypomethylation, 
especially in repetitive genomic sequences situated 
within heterochromatic domains, could instigate 
genomic instability and precipitate early cellular 
senescence[135,136]. The decline in naïve T cell 
proportions with aging is notably correlated with a 
significant reduction in miR-92a expression within 
CD8+ T cells[130]. In senescent T cells with 
diminished CD28 expression, upregulation of miR-24 
results in reduced expression of the histone variant 
H2AX, thereby impairing the cellular response to 
DNA damage[137]. Epigenetic modifications are 
crucial in driving T cell senescence and are similarly 
observed in the genomes of various other immune 
cells. Remarkably, T cells in a senescent state display 
epigenetic characteristics akin to those found in 
exhausted T cells. In a study, an in-depth analysis of 
tissues from different organs of mice revealed a clonal 
subset of CD8+ T cells expressing GZMK that 
exhibited a phenotype indicative of exhaustion[138]. 
The proportion of GZMK+CD8+ effector memory 
(EM) cells in human peripheral blood mononuclear 
cells (PBMCs) increases with age, with these cells 

sharing specific epigenetic changes and exhaustion 
markers with mouse GZMK+CD8+ T cells[138]. Basic 
leucine zipper ATF-like transcription factor, which is 
highly expressed in senescent CD8+ T cells, is crucial 
for differentiation leading to T-cell exhaustion[139]. 
Terminally exhausted T cells often display augmented 
chromatin accessibility within the promoters of 
effector genes such as GZMB and IFN-γ. This 
accessibility remains unaffected by aging, indicating 
that the mechanisms driving senescence and 
exhaustion share some common pathways[139]. In the 
natural aging process of mice, there is a progressive 
buildup of CD4+ T cells that exhibit a memory 
phenotype, characterized by the presence of the 
programmed cell death protein 1 (PD-1). These cells 
emerge as the predominant subpopulation of T cells 
as the mice advance in age. However, this process is 
markedly accelerated in mice with leukemia[140]. The 
expression of CD39 during aging results in a 
decreased proportion of CD4+ T cells[141]. In 
addition, accumulation of Tregs increases with 
age[142–144], with the proportion of CD4+CD25+ 
Tregs in peripheral blood being higher in older 
mice[145]. Similarly, Treg infiltration is more 
pronounced and Foxp3 mRNA expression is higher in 
older Lewis lung cancer mouse models and older 
patients with lung cancer than their respective 
younger counterparts[146,147]. 

Exercise and the immune system 
Physical exercise can enhance immune function 

by alleviating the negative outcomes of aging, 
including immunosenescence and inflammaging, and 
obesity, including inflammation and 
immunosuppression[9,148,149]. In addition, physical 
exercise can induce notable alterations in both innate 
and adaptive immune systems (Fig. 1). The dual role 
of exercise in ameliorating immune dysfunction and 
reshaping immune responses highlights the 
complexity of physiological adaptations that occur in 
response to physical exertion. 

Innate immune cells 

Neutrophils 

Engaging in a single session of physical exercise 
can substantially influence both the quantity and 
distribution of circulating neutrophils[150]. 
High-intensity resistance exercise has been shown to 
elevate neutrophil counts, which reach a 3-fold 
increase after exercise[151–153]. In addition, extended 
periods of endurance exercise, lasting from 0.5 to 3 
hours, can lead to a 5-fold increase in neutrophil 
counts[154]. Although an increased count of 
neutrophils, along with that of other immune cells, is 
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typically associated with infection and inflammation, 
it is noteworthy that immune cell counts induced by 
physical exercise usually revert to baseline levels 
within 6–24 hours after the cessation of exercise[155]. 

Research examining the impact of physical 
activity on leukocytes, particularly neutrophils, has 
revealed that consistent exercise does not result in 
notable alterations in the peripheral blood leukocyte 
levels[156]. Studies focusing on endurance exercise 
have reported a notable reduction in neutrophil 
counts after therapeutic exercise sessions, particularly 
in individuals with chronic inflammatory conditions. 
In addition, this reduction has been associated with an 
increase in insulin sensitivity, body mass index (BMI), 
maximal oxygen consumption rate (VO2max), and 
fasting triglyceride levels[157]. Whether these changes 
are adverse or advantageous depends on the specific 
context. Notably, a study on resistance exercise 
showed that variations in the proportion of circulating 
neutrophils manifested more rapidly after a 
higher-volume/lower-intensity regimen (5 sets of 10 
repetitions at 80% of one-repetition maximum, 1 RM) 
than after a lower-volume/higher-intensity regimen 
(15 repetitions at 100% of 1 RM)[158]. The reasons for 
the varying temporal responses of neutrophils to 
different exercise regimens remain unknown and 
warrant further investigation. 

The initial increase in blood neutrophil counts 
after exercise is rapid and pronounced, with a 
subsequent, delayed increase occurring several hours 
after exercise. This dual-mode reaction has been 
associated with the extent and intensity of the 
physical exercise undertaken[155,159]. Neutrophilic 
leukocytosis observed promptly and subsequently 
after exercise is thought to be regulated by 
catecholamines and cortisol, respectively[160]. The 
ability of neutrophils to adhere to endothelial cells is 
an important early step in their translocation to sites 
of infection or trauma. However, studies have 
indicated that although intense, acute physical 
activity can enhance the chemotactic and phagocytic 
activities of neutrophils, it does not appear to increase 
their adherence to the endothelium[161,162]. A single 
session of intense exercise may attenuate the oxidative 
response and degranulation of neutrophils upon 
exposure to bacterial agents, an impact that can be 
sustained for a long duration. In addition, exercise can 
trigger an increase in the spontaneous phagocytic 
activity, degranulation, and oxidative burst potential 
of neutrophils[163–165]. Altogether, these findings 
suggest that acute physical exercise not only 
transiently decreases the responsiveness of 
neutrophils to environmental triggers but also 
facilitates the migration of highly active neutrophils 
into circulation and enhances their autonomous 

degranulation[166]. Although numerous studies have 
examined the effects of both acute and chronic 
exercise on neutrophils, the precise effects of exercise 
on the functionality of neutrophils warrant further 
investigation. 

Monocytes/macrophages 

Regular engagement in physical activity has 
been shown to reduce the baseline proportion of 
circulating inflammatory monocytes, particularly 
CD14lowCD16+ cells. Studies examining the impact 
of exercise through cross-sectional and longitudinal 
methodologies have consistently shown that 
participants engaging in physical exercise 
demonstrate a diminished proportion of 
inflammatory monocytes, concomitant with reduced 
TLR4 expression on cellular membranes and a 
mitigated inflammatory reaction to LPS 
stimulation.[167–169]. The precise mechanisms 
underlying the anti-inflammatory effects of exercise 
on tissue-resident monocytes remain elusive. 
However, preclinical studies on mouse models have 
shown that exercise can elicit inflammatory responses 
in peritoneal macrophages, suggesting that physical 
exercise has different effects on circulating and 
tissue-resident monocytes[170–172]. In addition, 
studies have shown that regular exercise can mitigate 
systemic inflammation in mice with high-fat 
diet-induced obesity[173,174] and reduce macrophage 
accumulation at sites of chronic inflammation[175]. 
These findings collectively validate the 
anti-inflammatory effects of regular physical activity. 

After exercise, the proportion of circulating 
inflammatory monocytes transiently increases, 
typically reverting to pre-exercise levels during the 
recovery period[176]. This acute elevation, lasting 
approximately 2 hours, is thought to reflect the 
transfer of monocytes from the marginal pool to the 
blood[177]. Intense exercise preferentially stimulates 
the release of CD14+CD16+ monocytes, which 
produce stronger inflammatory responses than 
CD14+CD16− monocytes[178,179]. CD14+CD16+ 
cells, which are capable of tissue infiltration, are 
released from the endothelium in response to physical 
exertion. The proportion of CD14+CD16+ monocytes 
typically decreases as the body recovers, possibly 
owing to their recruitment to tissues or remarginali-
zation[176]. Furthermore, the cytokine secretion 
profile of monocytes is altered after exercise, with a 
significant decrease being observed in the expression 
of IL-6, IL-1α, and TNF-α, potentially owing to the 
downregulation of TLR on monocytes[180–183]. A 
similar immediate increase in the proportion of 
circulating monocytes is observed after resistance 
training. Based on the intensity and duration of the 
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workout, the cell count may revert to normal within 
15–30 minutes after exercise or peak 120 minutes after 
the cessation of exercise[151,152,158].  

Given the low frequency of circulating 
macrophages and their primary maturation within 
tissues, studies investigating the relationship between 
acute exercise and macrophages in humans are 
limited. In the tumor microenvironment, macro-
phages are generally characterized by an M2 
phenotype, which can inhibit the effect of 
chemotherapy and radiotherapy, and promote tumor 
growth and metastasis. Tumor-associated macro-
phages (TAMs) of the M2-like phenotype exhibit the 
most pronounced ability to internalize glucose within 
the tumor microenvironment. This elevated glucose 
uptake activates the hexosamine biosynthetic 
pathway, thereby catalyzing O-GlcNAcylation, which 
is essential for the enhancement of tumor 
dissemination and the development of chemotherapy 
resistance[184]. Engaging in physical activity has the 
potential to preferentially polarize TAM towards an 
M1 phenotype, which is associated with antitumor 
effects. This M1 polarization can enhance the immune 
response against tumors, promoting the destruction 
of cancer cells and limiting tumor progression. A 
sedentary lifestyle, in contrast, may promote the 
skewing of tumor-associated macrophages (TAMs) 
towards the M2 phenotype, thereby supporting tumor 
progression, enhancing local invasion, and fostering 
metastasis to distant organs. Recent studies indicate 
that TAM may not be strictly M2; instead, they could 
represent a more complex transition from M1 to M2 as 
tumors progress and trigger various molecular 
signaling pathways[185]. Initially, M1 macrophages 
may be polarized in early-stage tumors. As the tumor 
grows and becomes malignant, these M1 
macrophages could subsequently shift towards an M2 
phenotype, evolving into pro-tumor 
"tumor-educated" macrophages.  

Regular engagement in aerobic exercise is 
known to foster a macrophage phenotype that is 
anti-inflammatory within the adipose tissue of obese 
individuals. However, this effect is abrogated upon 
the specific elimination of PPAR-γ in the myeloid 
lineage of murine models, underscoring the pivotal 
function of PPAR-γ in modulating the metabolic and 
phenotypic adaptations of macrophages in response 
to aerobic exercise regimens. Deficient in PPAR-γ 
within myeloid cells, slender mice display intensified 
pro-inflammatory traits[186]. An 8-week regimen of 
moderate aerobic exercise on a treadmill, 
characterized by continuous activity at 70% of 
maximum oxygen uptake (Vo2 max), elicits an 
anti-inflammatory profile specifically in adipose 
tissue-resident macrophages, without affecting the 

phenotype of peritoneal macrophages. This 
observation implies that the influence of aerobic 
exercise training on macrophage polarization and 
metabolic function is inflammation-level dependent 
and site-specific. A plausible mechanism by which 
such exercise modulates macrophage polarization is 
via the secretion of catecholamines[187,188]. 
Monocytes and macrophages alike exhibit adrenergic 
receptors (ARs) and are capable of responding to 
catecholaminergic stimulation. During physical 
activity, the secretion of adrenaline elicits 
immunomodulatory actions, enhancing the reactivity 
of pro-inflammatory macrophages in healthy 
individuals and triggering an anti-inflammatory 
profile in those with elevated baseline inflammatory 
levels. Nevertheless, the underlying molecular 
pathways responsible for these immunomodulatory 
effects remain to be fully elucidated. Animal studies 
have shown that sustained exercise can reduce the 
antigen-presenting ability of macrophages and 
downregulate MHC II molecules on their 
surface[189,190]. Acute exercise can significantly 
enhance the phagocytic activity, nitrogen metabolism, 
chemotaxis, antitumor activity, and ROS levels of 
both M1 and M2 macrophages[191,192]. In addition, 
exercise can promote the polarization of adipose 
tissue-resident macrophages from the M1 to the M2 
phenotype in mice, improving muscle adaptation and 
reducing body fat percentage. This finding indicates 
that increasing the proportion of M2 macrophages in 
adipose and muscle tissues may yield therapeutic 
benefits in cancer[193].  

Studies have shown that immunotherapy can 
regulate macrophage polarization. TAMs abundantly 
express both PD-1 and PD-L1, and the involvement of 
the PD-1/PD-L1 pathway in TAM-driven tumor 
immune evasion has been comprehensively 
demonstrated[194]. Hartley et al. discovered that 
PD-L1 consistently sends inhibitory signals to TAMs, 
leading to the development of an immunosuppressive 
M2 phenotype in these cells[194]. A separate study 
focusing on colon cancer showed that PD-1 has an 
immunosuppressive effect on TAMs by changing 
their phenotype and functions, potentially promoting 
a shift towards a tumor-promoting (M2) phenotype. 
Within the context of TAM alterations influenced by 
the tumor microenvironment, polarization has been 
identified as a crucial factor in the development of 
cancer, as it dictates the characteristics and activities 
of TAMs within this environment[195].  

The effect of exercise and immunotherapy on 
macrophage polarization is a complex process 
involving multiple signaling pathways and molecular 
mechanisms. Exercise combined with 
immunotherapy may enhance the therapeutic effect 
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by modulating the polarization of TAMs. For 
example, exercise can promote the transformation of 
M2-TAM to M1 phenotype, while inhibition of SHP2 
can block CD47-SIRPa pathway, restore phagocytic 
activity of M1 macrophages, repolarization TAM to 
M1 phenotype, restore its phagocytic function, 
promote CTLs infiltration in tumors, lead to 
immunostimulating TME, and significantly inhibit 
tumor growth[196].  

The relationship between physical activity and 
macrophage dynamics within the tumor 
microenvironment remains ambiguous, particularly 
regarding whether regular exercise or training 
reduces the infiltration of macrophages into tumors. 
Understanding the nuances of this phenotypic 
transformation and its implications for the TME is 
crucial and necessitates further research. Investigating 
how different types of physical activity influence 
macrophage polarization and activity could uncover 
new therapeutic strategies to enhance antitumor 
immunity and improve outcomes for cancer patients. 
This area of study holds promise for elucidating the 
complex interactions between lifestyle factors and 
immune responses in the context of cancer[197]. 

Dendritic cells 

A single session of dynamic exercise can lead to 
an increase in the production of monocyte-derived 
DCs in healthy adults; however, the functional 
consequences of this effect remain unclear[198]. The 
post-exercise increase in the number of circulating 
DCs may not always result in a heightened 
inflammatory response[199,200]. Preclinical studies 
have shown that consistent exercise can lead to a 
pronounced increase in the mixed leukocyte reaction, 
the surface expression of MHC II molecules, and the 
production of IL-12 by DCs. However, no significant 
differences are observed in the expression of 
costimulatory molecules, such as CD80 and CD86, on 
DCs before and after exercise[201,202]. Aerobic 
exercise may preferentially activate pDCs, which 
produce IFNs to counteract viral and bacterial 
infections, and enhance immune surveillance through 
the selective stimulation of pDCs[203]. Despite these 
findings, the effects of exercise on DCs remain elusive, 
necessitating further investigation. 

NK Cells 

NK cells have emerged as a major research 
hotspot in the field of exercise immunology owing to 
their notable modifiability by physical activity and the 
relative simplicity of their examination[204,205]. 
Multiple studies have validated the effects of exercise 
on both functionality and abundance of NK cells; 
however, the findings remain controversial. Similar to 

other leukocytes, NK cells are swiftly released into the 
bloodstream following acute physical exercise. This 
release is enhanced by catecholamines' effects on 
adhesion molecules and the consequent rise in shear 
stress[204–206]. NK cells preferentially adhere to 
human endothelial cells (EC). Catecholamines, acting 
through β 2-ARs, are capable of facilitating the 
mobilization of NK cells from the marginating 
reservoir to the circulating compartment. This process 
is mediated by altering the adhesive interactions 
between NK cells and EC. However, protracted 
periods of exercise may lead to a decrease in the 
proportion of circulating NK cells owing to their 
migration to tissues or their 
remarginalization[204,205]. High-intensity resistance 
training, involving 60–100% of one-repetition 
maximum (1 RM) across various volumes, can result 
in a transient increase in NK cell counts, with this 
increase lasting up to 15 minutes after 
exercise[151,152]. Additionally, the proportion of 
CD16+/CD56+ NK cells reverts to the baseline level 
within 3 hours after a session of sustained aerobic 
exercise[153].  

Variations in the proportion of CD16+/CD56+ 
NK cells have been positively associated with the 
intensity and extent of the physical activity 
undertaken. Notably, in contrast to other lymphocyte 
subsets, CD16+/CD56+ NK cells remain unaltered 
after low-intensity resistance training[207]. NK cells 
are characterized by their innate cytotoxic activity, 
which involves the secretion of IFN-γ and promotion 
of apoptosis in infected or transformed cells. The 
cytotoxic potential of NK cells is an important 
measure of their functional status[208]. Early-stage 
and cross-sectional studies have indicated that a 
session of moderate-intensity exercise can enhance the 
cytotoxic activity of NK cells[209,210], which typically 
decreases as the body enters the recovery phase[211]. 
These fluctuations in cytotoxic activity can be 
primarily attributed to changes in the relative 
frequency of NK cells in the PBMC population. Both 
high- and moderate-intensity exercises have been 
associated with notable changes in the proportion of 
circulating NK cells, which can markedly affect the 
interpretation of NK cell cytotoxicity assessment[211]. 
However, studies employing multiple target tumor 
cells (e.g., K562) to examine the impact of exercise on 
the cytotoxic activity of NK cells have proposed an 
alternative perspective[212]. In particular, these 
studies have suggested that exercise leads to selective 
re-distribution of NK cell subsets exhibiting a mature 
phenotype, which augments their cytotoxic activity 
against targets expressing HLA[212,213]. 
Consequently, the nature of the changes observed in 
NK cell functionality in the context of exercise 
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remains ambiguous. Whether these changes are 
exclusively indicative of variations in the quantity and 
distribution of NK cell subpopulations induced by 
exercise or whether exercise affects the intrinsic 
functionality of individual NK cells remains unclear. 

Adaptive Immune Cells 

B Cells 

The effects of physical exercise on humoral 
immunity, specifically the functionality of Igs, have 
been evaluated by measuring Ig levels in both 
mucosal and systemic environments. Studies 
investigating the impact of exercise, whether short- or 
long-term, on Igs have shown that systemic Ig 
concentrations are either moderately increased or 
remain unchanged in response to physical 
exertion[214,215]. The mucosal immune system 
protects the mucous membranes in the respiratory, 
nasal, and gastrointestinal tracts. This protective effect 
is mediated by the secretion of secretory 
immunoglobulin A (SIgA) by specialized plasma cells. 
SIgA is strategically positioned to identify and 
neutralize pathogens that threaten the mucosal 
barriers, thereby serving as the first line of defense 
against pathogen invasion[216,217]. Extensive efforts 
have been directed towards understanding how 
physical activity influences the concentration of sIgA 
in saliva[218]. Studies have demonstrated that the 
structured program of an exercise regimen and the 
intensity and duration of the exercise are key factors 
affecting the concentration of sIgA[8,219]. Elevation in 
salivary sIgA levels signifies bolstered immune 
functionality and correlates with reduced 
susceptibility to upper respiratory tract infections 
(URTIs) among those embracing an active physical 
regimen. On the contrary, a significant temporary 
decrease in salivary SIgA levels can increase 
susceptibility to URTIs[220,221]. Although earlier 
studies have shown that athletes participating in 
endurance activities have a decreased salivary 
concentration of sIgA, especially during rigorous 
training[221–223], several recent studies have 
indicated that the salivary concentration of SIgA in 
athletes is usually similar to that in non-athletes, 
except under conditions of high-intensity 
exercise[224,225]. The post-exercise decrease in 
salivary sIgA levels is attributed to the diminished 
inhibitory effect of the parasympathetic nervous 
system to some extent[219]. Consequently, 
moderate-intensity exercise sessions have a negligible 
impact on the expression of Igs in plasma cells, 
whereas prolonged and vigorous exercise can 
decrease the salivary concentration of SIgA. The 
number of B cells, which are crucial for Ig synthesis, 

may slightly increase during and immediately after 
exercise based on the duration and intensity of the 
exercise. However, the increased B cell count typically 
decreases below the pre-exercise level during the 
initial stages of recovery and returns to the baseline 
level within a day[155,226]. Consistently, studies have 
reported a higher proportion of circulating B cells 
during or after high-intensity resistance training, with 
the effects persisting after a 3-hour recovery period 
and across various volumes of training sessions 
performed at 60–100% of 1 RM[153,227,228]. 
Additionally, low-intensity resistance training has 
been shown to increase the proportion of circulating B 
cells[229]. It is noteworthy that physical exercise of 
different intensities can induce acute lymphocytosis, 
either during or immediately after the activity. 
In-depth research is warranted to understand the 
impact of physical exercise of various intensities on B 
cell counts in the bloodstream and to elucidate the 
influence of exercise regimens on the functional 
aspects of B cells. 

T Cells 

Numerous studies have shown that T cell 
proliferation is suppressed after physical 
exertion[4,8]. In athletes who undergo high-intensity 
training, the functionality of T cells, particularly 
circulating Th1 cells, is highly sensitive to increased 
training volumes. Protracted periods of intense 
training decrease the proportion of circulating Th1 
cells, compromising their functionality. However, 
lymphocytosis is common, marked by an increase in T 
cell counts during and immediately after exercise, 
followed by a decline below the baseline level in the 
early recovery phase[230,231]. Modulation of T cell 
counts in response to various exercise regimens 
usually relies on the intensity and extent of the 
physical activity undertaken[230,231]. 

Regarding resistance training, the post-exercise 
response of CD4+ T cells varies among different study 
cohorts. The number of CD4+ T cells increases 
immediately after high-intensity resistance 
training[151,152,227] and within 1 hour after 
low-intensity resistance training[232]. It typically 
reverts to the pre-exercise level within 30 minutes 
after high-intensity exercise[152] but remains high for 
up to 1 hour after low-intensity exercise[232]. Despite 
an overall increase in total lymphocyte counts, no 
significant changes in CD4+ T cell counts are 
observed before and after moderate-intensity 
resistance training (60–70% of 1 RM across various 
volumes)[153]. In the resting phase (>24 hours after 
the last training session), the proportion of circulating 
lymphocytes, encompassing all T cell types, in 
athletes is usually comparable to that in 
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non-athletes[233]. 
Similar to the number of CD4+ T cells, that of 

CD8+ T cells transiently increases after high-intensity 
resistance training (aligning with intensities of 60–
70% of 1 RM), reverting to the baseline level within 
the first 15 minutes of the recovery period or 
decreasing below the baseline level within the first 30 
minutes of the resting phase. Complete restoration of 
CD8+ T cell counts is usually achieved within 3 hours 
after the cessation of exercise[152,153,227]. 
Low-intensity resistance training has been shown to 
induce an increase in the proportion of CD8+ T cells, 
which begins during the initial phase of the activity 
and persists for up to 60 minutes after exercise. The 
increased proportion of CD8+ T cells tends to 
normalize and return to the pre-exercise level within 
20–60 minutes after the cessation of exercise[232]. 
Differences in exercise regimens and the timing of 
post-exercise blood sampling may account for the 
inconsistency in CD8+ T cell counts across studies. 
While the precise impact of physical exercise on T cell 
proliferation, both during and post-exercise, remains 
elusive, it is evident that exercise instigates alterations 
in T cell behavior. Therefore, in-depth studies are 

warranted to understand the correlation between the 
number and function of T cells in the context of 
different exercise regimens. 

Exercise modulation of immuno-
senescence and anti-tumor immunity 
Immunosenescence and cancer 

The incidence of malignant neoplasms increases 
with age. This positive correlation is governed by two 
mechanisms as follows: progressive accumulation of 
genetic aberrations and immunosenescence, which is 
a key factor in carcinogenesis (Fig. 2). The geriatric 
population has been shown to have an increased risk 
of developing neoplasms[234]. In a study, a 
meticulous assessment of mammary epithelial cells 
from women aged between 16 and 91 years 
demonstrated that the age-related progressive 
accumulation of luminal and stem cells significantly 
increased the risk of malignant tumors[235]. This 
finding highlights the close relationship between 
aging, cellular behavior, and the risk of cancer. 

 

 
Figure 2. Several factors can trigger immune cell senescence, impairing cellular function. Tumor cells increase cAMP levels, which induce T cell senescence through 
PKA–CREB and P38 signaling pathways, leading to DNA damage. Glucose competition triggers DNA damage via the ATM pathway, activating ERK1/2, P38, and STAT1/3 
pathways, ultimately halting T cell cycles. AMPK activation exacerbates P38 activity, suppresses telomerase reverse transcriptase gene expression, and promotes anaerobic 
glycolysis in senescent T cells, causing mitochondrial dysfunction and increased ROS production. GPCR: G protein-coupled receptor; cAMP: cyclic adenosine monophosphate; 
PKA: cyclic-AMP dependent protein kinase A; CREB: cAMP-response element binding protein; TERT: telomerase reverse transcriptase; GLUT: glucose transporter; AMPK: 
AMP-activated protein kinase; TAB1: TGF-Beta activated kinase 1; ERK: extracellular signal-regulated kinase; ATM: ataxia-telangiectasia mutated. 
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In the complex and dynamic TME, various 
factors can induce a state of senescence in immune 
cells, leading to the impairment of cellular function. 
The role of immunosenescence in tumors is complex, 
involving various factors such as cAMP, glucose 
competition, and oncogenic stress within the tumor 
microenvironment. These factors can lead to the 
senescence of T cells, macrophages, natural killer cells, 
and dendritic cells[1]. In the geriatric population, 
immune dysfunction not only contributes to the 
initiation of tumors but also accelerates the aging of T 
cells. Immune system disorder in TME is 
characterized by an increased proportion of 
tumor-associated macrophages and Tregs[236–238]. 
Under hypoxic conditions, tumor cells exhibit an 
endogenous elevation in cyclic adenosine 
monophosphate (cAMP) levels, which serves as an 
intrinsic factor facilitating T cell senescence by 
attenuating the functionality of tumor-specific effector 
T cells[239,240]. Furthermore, tumor cells can initiate 
the PKA–CREB and P38 signaling pathways by 
generating cAMP, consequently leading to DNA 
damage and triggering T cell 
senescence[40,236,241,242]. Competition for glucose 
can induce DNA damage via the ATM pathway, 
triggering activation of the ERK1/2 and P38 
pathways. This collaborative effect with STAT1/3 
ultimately halts the T cell cycle, leading to senescence. 
Glucose-induced activation of the ATM and AMPK 
pathways promotes DNA damage, driving T cell 
senescence. AMPK further amplifies P38 activation by 
interacting with TAB1 protein, while concurrently 
suppressing the expression of the telomerase reverse 
transcriptase gene[18,243]. P38 has been shown to 
impede cell cycle progression by activating P53, P21, 
and P16[18]. T cells undergoing senescence 
increasingly rely on anaerobic glycolysis as their 
primary source of energy. This metabolic shift can 
lead to mitochondrial dysfunction and consequently 
increase ROS production[242,244]. Furthermore, the 
NFκB, C/EBPβ, and cGAS–STING signaling 
pathways have been shown to play an important role 
in T cell senescence[3,90]. Tumor cell stimulation via 
TLR8 activation has been demonstrated to bolster 
antitumor immunity through dual mechanisms: 
hindering senescence advancement in both senescent 
T cells and tumor-specific ones, thereby alleviating 
their immunosuppressive influence, both in vitro and 
in vivo[242]. 

Multiple preclinical and clinical studies 
(NCT04924374, NCT05807243, NCT04772092) have 
investigated the consequences of immunosenescence. 
Preliminary findings suggest that immunosenescence, 
particularly its impact on CD8 T cells, plays a crucial 

role in the development and management of breast 
cancer[245]. Studies using murine models of breast 
cancer have reported a decline in IFN signaling in 
CD8 T cells of older animals[246]. The senescent 
cellular environment is closely related to tumor 
metastasis and invasion, with T cell metabolism in 
TME exhibiting age-related changes. Compared with 
younger patients with melanoma, older patients 
exhibit more pronounced ECM alterations owing to 
changes in hyaluronan and proteoglycan link protein 
1 (HAPLN1), which can enhance the invasiveness and 
metastatic potential of melanoma cells[247]. 
Additionally, the age-dependent increase in the 
secretion of sFRP2 by fibroblasts has been associated 
with enhanced angiogenesis and metastasis in 
melanoma[248]. Notably, senescence can have 
beneficial effects on the outcome of cancer. In several 
mouse models of tumors, including MC38, B16, and 
4T1, a slower rate of tumor growth has been observed 
in older mice[249]. Elderly individuals with bronchial 
cancer have been shown to have reduced tumor 
velocity and metastasis, possibly owing to host factors 
associated with aging that may limit the proliferation 
and spread of aggressive tumor cells[250]. Similarly, 
older individuals with Engelbreth–Holm–Swarm 
cancer and B16F10 melanoma mouse models have 
been shown to have decreased tumor growth and 
metastasis along with increased survival 
rates[251,252]. A historical review of 1869 breast 
cancer cases reported a higher incidence of invasive 
ductal carcinoma in patients aged <39 years[253]. 
Moreover, recent research has demonstrated an 
increase in serum methylmalonic acid levels among 
elderly individuals, resulting in the upregulation of 
SOX4 expression. This molecular event may trigger 
transcriptional reprogramming, consequently 
enhancing the aggressiveness of cancer cells[254]. 
These diverse findings collectively emphasize the 
complex relationship between aging and cancer 
development. 

The influence of chemotherapy on senescence of 
CD8 T cells in breast cancer has been 
demonstrated[245]. In a preclinical pancreatic ductal 
adenocarcinoma model, T/P drug treatment has been 
shown to induce senescence in pancreatic tumor cells 
and initiate the formation of a SASP, which is 
important for vascular restructuring. The process not 
only enhances the efficacy of chemotherapy by 
improving its uptake and potency but also promotes 
the infiltration of T cells into malignant tissues[255]. 
These findings suggest a correlation between the 
initiation and advancement of cancer and 
immunosenescence. 
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Table 1. Immunosenescence and immunotherapy. 

Characterization of immunosenescence Immunotherapy methods Results Mechanisms Reference 
IL-6 and N/L ratio sequential administration of 

nivolumab followed by ipilimumab 
or the reverse sequence 

negatively associated with OS inhibits intertumoral T cell activation [290] 

high circulating level of IL8 anti-PD-L1 checkpoint inhibitors negatively associated with OS the recruitment of neutrophils and myeloid 
cells to enhance immune evasion mechanisms 
involving neutrophil extracellular traps 

[292] 

higher pre-treatment prevalence of 
CD27-CD28-Tim-3+ CD57+ T-cells 

pembrolizumab or in combination 
with a lower dose of ipilimumab 

reduced overall survival the loss of CD27 and CD28 as well as the 
expression of the Tim-3 and CD57, correlated 
with resistance to ICI in the pilot study 

[288] 

upregulate SASP-related genes anti-PD-L1 checkpoint inhibitors improved responses to ICI in vivo reverses the resistant cell state, induces 
components of SASP 

[295] 

reduced components of SASP anti-PD-L1 checkpoint inhibitors no clinical benefit achieved associated with T cell exclusion and immune 
evasion 

[300] 

overexpression of different types of 
SASP 

anti-PD-L1 and other ICIs associated with poorer OS alterations of SASP could impact TIME 
establishment, which ultimately contributes to 
immune escape and provokes tumor 
development 

[296] 

high IL-6 levels ipilimumab establish a tumor 
microenvironment that can 
shelter incipient tumor cells 

SASP-factor IL-6 establishes myeloid-driven 
immunosuppression where CD8+ T cells were 
inhibited, resulting in unrestrained tumor 
growth 

[287] 

KLRG1+CD57+ expression CAR-T cell therapy negatively associated with OS CD57 is the marker of T-cell senescence that 
has been shown to be an indicator of limited 
T-cell proliferative capacity 

[305] 

not applicable CAR-T cells +histone deacetylase 
inhibitors 

significant suppression of Her2+ 
pancreatic cancer 

the employment of histone deacetylase 
inhibitors to catalyze a phenotypic transition 
in endogenous T cells towards a more durable 
memory T cell phenotype 

[308] 

age NK cell therapies purified NK cells are feasible in 
elderly patients with high-risk 
acute myeloid leukemia 

/ [75] 

 

 
Figure 3. Beneficial impact of regular physical activity on immunosenescence. Numerous studies have highlighted the beneficial impact of regular physical activity on 
immunosenescence, examining both innate and adaptive immune functions. Regular physical exercise enhances NK cell activity and boosts neutrophil chemotactic response; 
Routine exercise in older adults correlates with enhanced T cell proliferation and reduced indicators of immunosenescence, including lower systemic inflammation and Th17 cell 
differentiation; Men who maintained regular physical activity showed stronger antibody responses to influenza vaccines. Older women engaging in regular physical activity exhibit 
enhanced antibody response to the Flu B vaccine. 

 

Effects of exercise on immunosenescence 
Several studies have emphasized the positive 

influence of an active lifestyle on immunosenescence, 
focusing on both innate and adaptive immune 
components[9,10] (Fig. 3). Cross-sectional studies 
have consistently demonstrated that older adults with 

increased levels of physical fitness experience more 
health benefits than those with a less active lifestyle. A 
strong correlation is observed between regular 
physical exercise and the increased activity of NK 
cells in elderly individuals[256]. Additionally, the 
chemotactic activity of neutrophils in response to IL-8 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

925 

is high in physically active, healthy elderly 
individuals[257]. Interventional studies have further 
delineated the impact of exercise on important aspects 
of innate immunity. Notably, the proportion of 
proinflammatory and senescent nonclassical 
CD14+/CD16+ monocytes increases after a 12-week 
program involving moderate-intensity strength and 
endurance training[167]. In the context of rheumatoid 
arthritis, high-intensity interval training has been 
shown to increase the oxidative burst and phagocytic 
activity of neutrophils[258]. These findings 
collectively indicate that regular physical activity can 
enhance innate immune responses, potentially 
decreasing the risk of infections and alleviating 
inflammation. 

Although the response of an aging innate 
immune system to physical exercise remains to be 
elucidated, numerous studies have examined the 
effects of physical exercise on the adaptive immune 
system, with a special focus on T cells. An early 
cross-sectional study showed that mitogen-induced T 
cell proliferation was more pronounced in highly 
trained older women than in less trained older 
women[256]. Another study reported that elderly 
runners with an average of 17 years of training had 
improved T cell proliferation, which was associated 
with enhanced adaptive immunity[259]. Additionally, 
a study on healthy, non-competitive adults aged 
between 55 and 79 years demonstrated that these 
individuals exhibited minimal indicators of 
immunosenescence, with their thymic function 
markers being comparable to those in younger 
individuals. These physically active individuals 
exhibited lower levels of systemic inflammation and 
Th17 cell differentiation, with no significant 
differences being observed in the proportion of naïve 
T cells and regulatory B cells between them and their 
peers with a sedentary lifestyle. However, the 
proportion of senescent CD28-CD57+ T cells was 
found to be similar between active and inactive older 
adults[260]. The study reveals a significant correlation 
between cardiovascular endurance and the 
occurrence of senescent T cells within the circulatory 
system. This finding suggests that elevated levels of 
peak oxygen uptake are linked to a reduction in the 
percentage of senescent T cells and an augmentation 
in the proportion of naïve CD8+ T cells[258]. This 
relationship remains significant after accounting for 
variables such as age, BMI, and body fat percentage. 
However, when adjusted for VO2max values, the 
correlation between age and the proportion of 
senescent T cells is non-significant, indicating that 
cardiovascular fitness may significantly influence T 
cell dynamics related to aging[261]. Minuzzi et al. 
examined 19 master athletes aged >40 years with 

extensive training backgrounds. They found a 
decreased proportion of senescent central memory 
(CM) CD8+ T cells, senescent EM CD8+ T cells, and 
senescent CM CD4+ T cells in these athletes when 
compared with inactive individuals[28]. Additionally, 
the athletes had a decreased proportion of highly 
differentiated EM-like T cells across both CD4+ and 
CD8+ subsets[262]. Based on these findings, Minuzzi 
et al. proposed that regular exercise may not only 
prevent the accumulation of the aforementioned cell 
types but also promote their clearance through 
processes such as apoptosis[263]. A subsequent study 
showed that intense, acute exercise sessions primarily 
induced apoptosis in T cells exhibiting a senescent 
phenotype, thus validating the aforementioned 
hypothesis[264]. Furthermore, there is consistent 
evidence from cross-sectional studies indicating that 
routine physical activity has the potential to avert 
age-associated alterations in lymphocyte subgroups 
and partially ameliorate the decline in T cell 
functionality that occurs with aging.  

Findings from cross-sectional studies have been 
tested and validated to varying extents through 
controlled exercise-based interventions. For instance, 
a study involving overweight postmenopausal 
women aged 50–75 years did not observe any changes 
in T cell proliferation after a 12-month aerobic exercise 
regimen[265]. Similarly, another study showed that a 
32-week exercise regimen integrating endurance and 
strength training did not lead to an increase in T cell 
proliferation in older adults[266]. On the contrary, 
consistent endurance training has been shown to have 
positive effects on the CD4+-to-CD8+ T cell ratio in 
elderly individuals[150]. In individuals with 
prediabetes, a 3-week endurance training program 
has been shown to increase the proportion of naïve 
and CM T cells while decreasing the proportion of 
senescent EMRA CD8+ T cells[267]. Various factors 
can affect these results, including the type of exercise 
undertaken, which may have an impact on 
immunosenescence. In particular, endurance training 
has more positive effects than strength 
training[268,269]. The initial health status of 
participants may also serve as a contributing factor. 
Although many studies have focused on sedentary 
but overall healthy older individuals, the findings 
have indicated that individuals characterized by a 
"healthy risk" profile or identified as having an 
increased risk of immunosenescence (elevated IRP) 
may gain more advantages from regular physical 
activity. For example, sustained aerobic training has 
been shown to improve T cell proliferation in 
postmenopausal women after successful breast cancer 
treatment[270]. Additionally, individuals with 
prediabetes who have a diminished health status or 
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specific conditions that elevate their IRP may be more 
likely to experience a reduction in the signs of 
immunosenescence through engagement in regular 
exercise. However, further research is warranted to 
clarify the specific types of exercise that are effective, 
understand the relationship between exercise 
frequency and response, and examine the efficacy of 
physical activity in restoring immune function. 

The influence of physical activity on key health 
metrics has been extensively investigated, with 
multiple studies highlighting its effects on the 
response to vaccination. A study showed that men 
aged 65–85 years who had maintained a routine of 
physical activity for approximately 25 years exhibited 
more robust antibody reactions to influenza vaccines 
than their less active age-matched counterparts. 
Mechanistically, sustaining thymic function and 
preserving a pool of naïve T cells played an important 
role in delaying immunosenescence[271]. Another 
study showed that an exercise regimen performed 
thrice weekly at a moderate intensity over 10 months 
led to a significant increase in antibody titers after 
influenza vaccination[272]. In addition, older women 
who engage in regular physical activity have been 
shown to have higher antibody production in 
response to the Flu B vaccine when compared with 
their less active age-matched peers, with the response 
remaining elevated 18 months after the 
vaccination[273]. The relationship between exercise 
and immunosenescence has been examined in the 
context of various diseases, including cancer. Given 
that many patients with cancer present with an 
elevated risk of immunosenescence (IRP) and an 
active lifestyle is known to decrease the risk of cancer 
and yield better therapeutic outcomes, it can be 
hypothesized that some advantages of regular 
physical exercise are attributable to its effects on 
delaying immunosenescene[274]. 

Effects of exercise on anti-tumor immunity 
Immunosenescence remarkably increases the 

risk of cancer in elderly individuals, characterized by 
alterations such as decreased NK cell function, 
increased inflammation, compromised antigen 
processing by monocytes and DCs, accumulation of 
dysfunctional senescent cells, and reduced proportion 
of naive T cells capable of preventing the emergence 
of cancer cells. However, physical activity has been 
shown to delay the onset of immunosenescence. It 
enhances NK cell activity, strengthens antigen 
presentation mechanisms, attenuates inflammatory 
responses, and limits the accumulation of senescent 
cells, potentially serving as a preventive measure 
against immunosenescence-induced 
malignancies[12,275]. 

With regard to the effects of physical activity on 
immune responses, NK cells exhibit the highest 
sensitivity to exercise-induced changes, followed by T 
cells, whereas B cells exhibit the least 
responsiveness[231]. NK cells, which are notably 
affected in the earliest stage of exercise, play an 
essential role in the innate immune system, whereas T 
cells are important for orchestrating the adaptive 
immune response. The rapid response of NK cells to 
exercise is attributed to their inherent reactivity and 
activation of specific receptors, including NKG2D and 
H60a, and the NKR–P1B receptor complex ligand 
Clr-b[276–278]. Pedersen et al. showed that 
adrenaline-mediated NK cell mobilization 
significantly increased immune cell infiltration, which 
prevents cancer growth, in mouse models[279]. On 
the contrary, inhibition of NK cell mobilization by the 
β-adrenergic receptor antagonist propranolol has 
been shown to promote cancer growth and reduce 
immune cell infiltration in tumors, indicating that 
adrenergic signaling may serve as a target for immune 
cell mobilization-dependent cancer suppression. 
Additionally, the targeted regulation of cancer cell 
metabolism may enhance anti-cancer 
immunity[280,281]. Integration of physical exercise 
with anti-cancer treatment strategies has been shown 
to enhance the mobilization and activation of NK 
cells, improve blood circulation, and promote cancer 
cell apoptosis, which can increase the core 
temperature of the body[205]. In addition, physical 
exercise exerts anti-inflammatory effects by reducing 
adipose tissue and increasing the number of 
anti-inflammatory Tregs, thereby alleviating systemic 
inflammation, promoting the release of 
anti-inflammatory cytokines[282], and suppressing 
pro-inflammatory cytokines during muscle 
activity[283]. Both acute and chronic physical activity 
can induce cytokine responses that activate immune 
cells within the TME, leading to varied effects on 
cancer growth. The immunophenotypic landscape of 
the TME is dynamic and is significantly influenced by 
fluctuations in cytokine levels[197]. 

In a study, acute physical activity was found to 
substantially increase the number of apoptotic 
lymphocytes in peripheral blood during a systemic 
immune response. Simultaneously, the proportion of 
senescent and memory T cells, including both CD4+ 
and CD8+ subpopulations, was remarkably 
increased[284]. Long-term engagement in physical 
activity has been shown to increase CD28 and T 
lymphocyte levels in both younger and older 
individuals[284]. Recent studies have indicated that 
moderate-intensity physical exercise does not 
influence the concentration of anti-inflammatory 
cytokines but may increase the levels of 
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pro-inflammatory cytokines and enhance 
antigen-specific immune responses. These enhanced 
immune responses are associated with a decreased 
likelihood of developing cancer. On the contrary, 
high-intensity physical exercise can inhibit T cell 
proliferation and attenuate cytotoxic responses to 
specific antigens. Moreover, there exists a correlation 
with elevated levels of inflammatory cytokines and an 
augmented proportion of CD4+CD25+ Tregs, 
potentially heightening susceptibility to 
infections[285]. Although high-intensity exercise may 
not represent the optimal approach to preventing 
cancer development, moderate-intensity exercise has 
shown efficacy in impeding the progression of 
neoplastic diseases. 

Altogether, physical activity can enhance 
immune cell mobilization and infiltration in the TME 
through the recruitment of NK cells, induction of 
cytokine-mediated anti-inflammatory responses, and 
amplification of T cell proliferation. These protective 
effects play an instrumental role in suppressing the 
proliferation of cancer cells and delaying the onset of 
immunosenescence. 

Immunosenescence and immunotherapy 

ICIs 

ICIs are a class of monoclonal antibodies that can 
neutralize the suppressive impact of 
immunoregulatory proteins on the immune responses 
of effector cells. In clinical settings, ICIs are used to 
target PD-1 and CTLA-4 owing to the established 
function of these checkpoints in suppressing T cell 
activation and proliferation. Although age is not 
considered a primary prognostic factor in patients 
receiving ICIs, selection bias is evident owing to the 
under-representation of older individuals in clinical 
trials despite the high prevalence of cancer among 
them. On the contrary, older patients have been 
shown to have lower progression-free survival (PFS) 
and overall survival (OS) rates than younger patients 
in the CheckMate-017 trial for NSCLC, 
CheckMate-025 trial for RCC, Keynote-045 and 052 
trials for urothelial carcinoma (as monotherapy), 
CheckMate-067 trial for melanoma, CheckMate-214 
trial for RCC, and CheckMate-227 trial for NSCLC 
(which involved anti-PD-1/PD-L1-based combination 
therapies).  

Recent studies have suggested a relationship 
between immunosenescence and decreased 
effectiveness of immune checkpoint blockade (ICB) 
(Table. 1). The pre-treatment proportion of senescent 
T cells may help predict treatment outcomes. Ferrara 
et al. identified a senescent immune phenotype (SIP) 
in CD8 T cells characterized by the loss of CD28 and 

the expression of CD57 and KLRG1 in patients with 
advanced NSCLC[286]. An elevated systemic 
immune-inflammation index (SIP) before treatment, 
specifically >39.5%, has been associated with low PFS 
and OS rates in patients undergoing ICB therapy. This 
association is evidenced by the decreased rate of 
objective response to ICB, a trend that is not observed 
in patients undergoing chemotherapy. T cells in these 
patients have a decreased proliferation rate and 
increased secretion of inflammatory cytokines, 
without a discernible relationship with the age or 
chemotherapy history of the patients. In patients with 
melanoma receiving ipilimumab, a higher baseline 
proportion of differentiated EM CD8 T cells has been 
associated with a lower OS rate[287]. Similarly, in 
patients treated with pembrolizumab, either alone or 
in combination with a lower dose of ipilimumab, a 
higher pre-treatment proportion of 
CD27-CD28-Tim-3+CD57+ T cells has been associated 
with a lower OS rate[288]. Although non-senescent T 
cells are considered indispensable for effective ICB, 
further research is warranted to examine the effects of 
T cell senescence on the efficacy of ICB. 

SASP is a hallmark of cellular aging 
characterized by an increase in the serum levels of 
pro-inflammatory cytokines, including IL-1, IL-6, IL-8, 
and TNFα. Given that these cytokines play an 
important role in promoting tumorigenesis, SASP 
may be associated with decreased efficacy of ICB. For 
example, IL-6 can interfere with the activation of T 
cells by monocyte-derived DCs in the TME[289] and is 
associated with higher C-reactive protein levels and 
poorer outcomes in patients undergoing ICB 
therapy[290]. IL-1 can induce the production of 
CXCL1, CXCL2, and CXCL5 in intra-tumoral 
macrophages and monocytes, leading to the 
recruitment of neutrophils and MDSCs that can 
suppress antitumor immunity[291]. Additionally, IL-8 
contributes to unfavorable responses to ICB, 
particularly by facilitating the recruitment of 
neutrophils and myeloid cells and by promoting 
immune evasion mechanisms involving NETs[292]. 

The relationship between inflammaging and the 
efficacy of ICB therapy remains unclear[281]. Studies 
have suggested that pro-inflammatory SASP has 
positive effects on treatment outcomes, especially in 
cases in which chemotherapy or radiation therapy 
induces a state similar to senescence[293,294]. In 
melanoma characterized by dense immune cell 
infiltration, tumor cells can upregulate SASP-related 
genes, potentially leading to resistance to anti-PD-1 
treatment[295]. However, some studies have revealed 
contrasting results. In lung adenocarcinoma, a 
senescence-associated gene expression pattern has 
been associated with a reduction in OS and is thought 
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to be associated with SASP owing to the increased 
levels of IL-1α, IL-1β, IL-6, and VEGF[296]. Secretion 
of IL-6 by senescent osteoblasts can promote the 
formation of a microenvironment conducive to bone 
tumor growth[297]. Additionally, IL-6 secreted by 
tumor-resident senescent stromal cells can enhance 
MDSC infiltration and decrease the efficacy of 
anti-tumor T cell responses[298]. The complexity and 
discrepancies among the findings of existing studies 
pose a significant challenge to understanding the 
relationship between inflammaging and the outcomes 
of ICB therapy. 

Adoptive T cell therapy 

Chimeric antigen receptor (CAR)-T cell therapy 
is a well-known immunotherapeutic strategy for 
cancer. It involves the ex vivo genetic modification of 
patient-derived T cells to produce receptors that are 
capable of identifying specific antigens. These cells are 
expanded ex vivo and are reintroduced into the patient 
to selectively target and destroy cancer cells[299]. A 
major advantage of CAR over traditional TCRs is its 
ability to detect tumor-associated antigens without 
the requirement of HLA compatibility, which 
expands the range of target antigens. 

Clinical studies have validated the therapeutic 
efficacy and safety of CAR-T cell therapy, particularly 
in hematological cancers. The FDA has approved the 
use of CAR-T cell therapy for the treatment of acute 
lymphoblastic leukemia, diffuse large B-cell 
lymphoma, mantle cell lymphoma, follicular 
lymphoma, and multiple myeloma that are refractory 
or have relapsed[300–302]. Additionally, the benefits 
of CAR-T cell therapy have been observed in elderly 
individuals with hematological cancers. At present, 
multiple clinical trials are investigating the efficacy of 
CAR-T cell therapy in solid tumors, including but not 
limited to ovarian cancer, HER2-positive breast 
cancer, EGFR-positive biliary tract cancer, gastric 
cancer, pancreatic cancer, hepatocellular carcinoma, 
and colorectal cancer[303]. 

Senescent T cells are present throughout CAR-T 
cell therapy. In the cell collection stage, patients with 
diffuse large B-cell lymphoma (DLBCL) who are 
non-responsive to anti-CD19 CAR-T cell therapy 
exhibit a higher proportion of CD28−CD27−CD3 T 
cells in leukapheresis samples[298]. Additionally, the 
proportion of senescent-like CD8+CD28−CD57+ 
CD39+ T cells is found to be increased in CAR-T cells 
obtained from patients with refractory or relapsed 
DLBCL and AML[304]. After infusion, BCMA-CAR-T 
cells potentially acquire a senescent phenotype 
characterized by the expression of KLRG1 and CD57 
in patients with multiple myeloma; however, the 
correlation with treatment efficacy remains 

unclear[305]. Therefore, evaluating T cell senescence 
is crucial for understanding the resistance 
mechanisms associated with CAR-T cell therapy. 

The immunosuppressive microenvironment of 
solid tumors may impede the efficacy of CAR-T cell 
therapy[306]. The use of CAR-T cell therapy for 
treating solid tumors is challenging owing to the 
presence of an unfavorable TME, the risk of 
on-tumor/off-tumor toxicity, and low antigen 
specificity[307]. A promising strategy to overcome 
these challenges is the combined administration of 
CAR-T cells and histone deacetylase inhibitors 
(HDACis). Ali et al. showed that treatment of mice 
with pancreatic cancer with panobinostat, an HDACi, 
enhanced the antitumor efficacy of CAR-T cells by 
driving their maturation to CM cells, thereby 
enhancing the epigenetic accessibility of genes related 
to T cell memory[308]. The use of HDACis to catalyze 
the phenotypic transition of endogenous T cells 
toward a more durable memory phenotype may have 
beneficial effects in cases with pronounced T cell 
senescence. 

NK cell therapies 

Owing to their diverse immune functions, NK 
cells are gaining recognition as a promising option for 
cellular immunotherapy[309]. The therapeutic 
application of NK cells has shown encouraging results 
in the management of hematological cancers and after 
organ transplantation in clinical settings[310]. 
Evaluating the safety and potential side effects of 
chemotherapy in older individuals with AML, which 
has a higher prevalence among elderly individuals, is 
a topic of considerable interest. The susceptibility of 
elderly patients to the toxic effects of chemotherapy 
substantially challenges the treatment. Therefore, 
using NK cell-based immunotherapy in this age 
group represents a promising therapeutic approach. 
A recent clinical study (NCT00540956) examined the 
post-chemotherapy recovery of NK cell function in 
elderly patients with AML who had achieved first 
remission, providing insights into the influence of 
chemotherapy on NK cells. Another clinical study 
(NCT00799799) validated the feasibility and safety of 
using KIR-ligand-mismatched NK cells in elderly 
patients with AML who had undergone 
immunosuppressive chemotherapy, highlighting the 
therapeutic potential of NK cells in this 
population[75]. The use of KIR-ligand-mismatched 
haploidentical NK cells as a consolidation therapy 
after the first complete remission has been associated 
with prolonged disease-free survival in elderly 
patients with AML, especially when a large number of 
NK cells is infused[311]. 
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Exercise and immunotherapy 

Immune checkpoint inhibitors 

Recent studies on animal models have provided 
insights into the potential synergistic benefits of 
physical exercise and anti-PD-1 therapy. Wennerberg 
et al. demonstrated that integration of 30 minutes of 
treadmill activity daily with PD-1 blockade and 
radiation therapies significantly reduced the 
proportion of tumor-infiltrating MDSCs in breast 
cancer. This reduction was accompanied by increased 
CD8+ T cell infiltration, which effectively transformed 
the immunosuppressive TME into an environment 
more conducive to effector cell activity. Consequently, 
the group engaged in physical activity exhibited a 
pronounced decrease in tumor growth when 
compared with the sedentary group that received 
equivalent anti-PD-1/radiation therapy[312]. 

In a study using a patient-derived xenograft 
(PDX) model of non-small-cell lung cancer, the 
synergistic effect of physical activity and PD-1 
blockade was found to impede tumorigenesis. The 
suppression of tumor development was characterized 
by a decreased rate of tumor cell proliferation and an 
enlargement of regions undergoing tumor 
necrosis[313]. These findings emphasize the potential 
of exercise in regulating the immune system, notably 
by restricting myeloid cell infiltration in the TME. 
Consistently, another study showed that voluntary 
wheel running prevented the aggregation of MDSCs 
in breast cancer[314]. 

The proliferation of polymorphonuclear MDSCs, 
monocytic MDSCs, and other immunosuppressive 
myeloid cells has a detrimental impact on the efficacy 
of immunotherapy[315–317]. Regular physical 
activity may enhance the efficacy of ICIs by negating 
the destructive effects of these myeloid cells. 
Paradoxically, sedentariness and/or obesity have 
been associated with a more favorable response to 
ICIs in both preclinical and clinical studies, with 
individuals with a higher BMI demonstrating 
superior therapeutic responses[318,319]. 

Donnelly et al. highlighted the requirement of a 
meticulous investigation into the effects of BMI on 
treatment outcomes. Specifically, factors such as age, 
sex, cancer staging, lactate dehydrogenase levels, 
performance status, and BRAF mutation status should 
be considered when examining the relationship 
between BMI and ICB[320]. Although preliminary 
findings related to the relationship between exercise 
and ICB therapy are encouraging, considering the 
aforementioned factors is crucial when investigating 
the supplementary role of exercise in ICB therapy. 
Additionally, further research is warranted to 
elucidate the underlying mechanisms and maximize 

the therapeutic potential of physical exercise when 
integrated with immunotherapeutic approaches 
(Table. 2). 

Adoptive T cell therapy 

Owing to its biological impact on T cell 
dynamics, physical exercise has the potential to be 
integrated with adoptive T cell therapy. For instance, 
the rapid increase in the peripheral blood T cell count 
after acute physical activity can be strategically used 
to facilitate T cell collection during leukapheresis. This 
approach may circumvent production barriers such as 
low yields from patients with lymphopenia, extended 
durations of T cell cultures, and suboptimal ex vivo T 
cell proliferation[321–323]. 

Acute exercise may trigger a biphasic immune 
cell response, with a temporary decline in cell counts 
after exercise, which indicates the protective 
redistribution of immune cells to different organs in 
response to stress[219,324]. The functionality of these 
redistributed cells is often enhanced, and if collected 
before their re-entry into tissues, they may represent a 
more effective population for therapeutic production, 
reducing the culture duration required to reach the 
optimal cell count for therapeutic dosage. Notably, 
preliminary findings suggest a correlation between 
shorter culture periods and the increased antitumor 
efficacy of CAR-T cells[325]. Additionally, short-term 
physical activity can increase the recruitment of less 
prevalent T cell subtypes, including γδ T cells, T cells 
with specificity for viruses, and T cells that target 
specific antigens. 

The success of T cell therapy relies on the 
proliferation and longevity of T cells in vivo[325–327]. 
Physical activity can enhance the proliferation and 
survival of T cells by stimulating the secretion of IL-7 
and IL-15, which are crucial for T cell expansion and 
sustenance, from skeletal muscle. Therefore, physical 
activity may increase the effectiveness of T cell-based 
immunotherapies. Interleukins, specifically IL-15 and 
IL-7, have been identified as crucial factors 
contributing to the increased efficacy of CAR-T cell 
therapy in preclinical settings. These cytokines 
remarkably enhance the proliferative ability, 
functionality, migratory behavior, and OS of CAR-T 
cells, increasing their efficacy in preventing neoplastic 
growth[328]. In the treatment of advanced lymphoma 
with CAR-T cell therapy, higher serum levels of IL-15 
have been associated with an increase in the number 
of CAR-T cells and the rate of remission[329]. 
However, a recent study reported a decrease in T cell 
counts after intense exercise in animal models, 
indicating the suppression of hematopoiesis[330]. 
Therefore, further research is warranted to evaluate 
the potential adverse effects of physical exercise on T 
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cell counts in patients with cancer. 
Regular physical exercise may play an 

instrumental role in sustaining the optimal 
concentrations of IL-7 and IL-15, which are crucial for 
the proliferation and survival of T cells after adoptive 
transfer[331,332]. In particular, post-therapeutic 
physical activity may enhance the mobilization and 
distribution of the transfused T cells throughout the 
body. Sustained engagement in physical activity has 
been shown to ameliorate the age-dependent decline 
in immune function, which may in turn increase the 
effectiveness of immunotherapeutic interventions. 
Physical activity enhances immune function by 
maintaining a high proportion of naïve T cells, 
reducing the accumulation of senescent T cells, and 
increasing the proportion of stem-cell-like memory T 
cells. These changes are relevant to the preparation 
phase of T cells in clinical studies involving adoptive 
cell transfer (ACT) or CAR-T cell therapy[333]. 

The relationship identified between VO2max 
levels and the proportion of naive CD8+ T cells 
indicates that long-term physical activity can enhance 
the defense capabilities of immune cells[261,334]. This 
enhanced immune response is evidenced by the 
increased frequency of immune cells that are known 
for their high reactivity and readiness to initiate a 
strong immune response. The underlying mechanism 
may involve the exercise-induced release of specific 
cytokines from skeletal muscle tissues. Notably, IL-7 
and IL-15 are common cytokines that are secreted 
after physical exertion and play a crucial role in 
modulating the immune response. This 
cytokine-mediated pathway may serve as an 
important factor contributing to the efficacy of 
physical activity in triggering effective cellular 
defense responses. Altogether, physical exercise holds 
substantial promise in immune-related clinical 
interventions owing to its beneficial effects on the 
immune system. 

NK cell therapy 

The therapeutic efficacy of NK cells in cancer 
exhibits variability, which can be attributed to several 
factors. Notably, challenges associated with cell 
production, including low yields of NK cells from 
leukapheresis samples and suboptimal ex vivo cell 
expansion or activation, significantly contribute to 
this variability. After infusion, the persistence of NK 
cells and their ability to proliferate in vivo are crucial 
determinants of treatment outcomes in patients[335]. 

Acute physical activity before leukapheresis may 
help overcome the abovementioned challenges. 
Post-exercise leukapheresis samples contain 
approximately 5–10 times more activated NK cells 
than samples obtained through conventional 

methods. Additionally, exercise has been shown to 
counteract the negative effects of obesity on NK cell 
functionality. Obesity can impair NK cell function by 
disrupting glycolysis, a process mediated by the 
mTOR pathway, owing to the excessive accumulation 
of lipids and fatty acids[336,337]. 

Glycolysis and OXPHOS play an important role 
in optimal NK cell activation, which is initiated by 
cytokines such as IL-2, IL-12, and IL-15[338]. 
Specifically, IL-2 and IL-15 can upregulate metabolic 
regulators such as mTORC1 and c-Myc, which play an 
essential role in sustaining the viability of NK cells 
and enhancing their antitumor activity[339,340]. 
Given that regular physical exercise can decrease fatty 
acid levels in individuals with obesity or a sedentary 
lifestyle, it may improve NK cell function by 
mitigating the immunosuppressive effects of 
obesity[341,342]. 

Discussion and Prospects 
This review highlights the intricate relationship 

between immunosenescence, physical exercise, and 
anti-tumor immunity, with significant implications 
for aging-related diseases and cancer treatment. While 
the current understanding of these interactions is 
substantial, several key areas warrant further 
investigation to fully unlock the potential of exercise 
as a modulator of immune function and an enhancer 
of anti-tumor responses. 

1. Mechanistic elucidation of exercise-induced 
immune changes: The exact mechanisms by which 
exercise modulates immune cell function and 
influences immunosenescence remain incompletely 
understood. Further research is needed to elucidate 
the signaling pathways and molecular mediators 
involved in exercise-induced immune changes. 
Specifically, the role of cytokines, such as IL-7, IL-15, 
and sIgA, in regulating immune cell proliferation, 
differentiation, and survival deserves further 
investigation. Additionally, the epigenetic 
mechanisms underlying exercise-induced changes in 
immune cell function and senescence need to be 
explored to identify potential therapeutic targets. 

2. Personalized exercise interventions: The 
optimal exercise regimen for enhancing immune 
function and delaying immunosenescence remains 
unclear. Future studies should explore the 
individualized effects of different types, durations, 
and intensities of exercise on immune cell subsets and 
functional markers. This knowledge can inform the 
development of personalized exercise interventions 
tailored to the specific needs of individuals, including 
the elderly and cancer patients. 
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Table 2. Clinical trials of relationship between exercise and the efficacy of immunotherapy 

NCT number Cancer types Interventions Outcome Measures Experimental design 
NCT04127318 renal cell carcinoma, 

cutaneous malignancies 
or bladder cancer 

under-the desk bike 
+ immunotherapy 
infusions. 

evaluating the effects of 
low-moderate intensity 
pedaling during 
immunotherapy 

During their 30-minute immunotherapy infusions, participants will pedal 
using a stationary cycle ergometer. Participants will be allowed to 
determine their pedaling intensity and cadence, however, will be 
encouraged to reach the established goal intensity level. A research 
personnel will monitor the patient's heart rate, blood pressure, and RPE at 
baseline and every 10 minutes throughout the pedaling session. 
Participants will also have treatment response biomarkers gathered at 
baseline and before and within 10 minutes of completing their first and 
fourth immunotherapy infusions. Lastly, participants will complete both a 
physical activity questionnaire and a quality-of-life questionnaire at 
baseline and following their fourth treatment. 

NCT05358938 cutaneous melanoma, 
cutaneous squamous cell 
carcinoma, merkel cell 
carcinoma 

30 minutes of 
moderate exercise 
on an arm 
ergometer, a cycle 
ergometer, or a 
treadmill + 
checkpoint 
blockade immunoth
erapy 

pathological complete 
response 

Adjuvant participants will receive 1 year [currently 9-18 cycles] of therapy 
with avelumab, cemiplimab, ipilimumab, nivolumab, pembrolizumab or 
relatlimab, or currently approved standard of care treatment, either alone 
or in combination. Participants also will complete 30 minutes of moderate 
exercise on an arm ergometer, a cycle ergometer, or a treadmill prior to 
each administration of standard of care checkpoint blockade 
immunotherapy across all cycles. Blood samples will be collected at 1) 
baseline (upon arrival to clinic), 2) post-exercise, and 3) post-infusion. 
Blood samples will be obtained on the first, third, midpoint, and final 
infusion dates. 

NCT06008977 cutaneous melanoma 
cutaneous squamous cell 
carcinoma 
merkel cell carcinoma 

exercise intervention 
trial +checkpoint 
blockade 
immunotherapy 

preliminary data on the 
impact of a day-of-therapy 
exercise intervention 

Patients randomized to the standard arm will receive clinical care following 
AH standards for the patient's disease type and therapeutic setting. Patients 
randomized to the exercise arm will complete up to 30 minutes of same-day 
exercise prior to each administration of checkpoint blockade 
immunotherapy across all cycles. The preferred exercise is 30 minutes of 
moderate exertion on a cycle ergometer. 

NCT04676009 metastatic lung cancer exercise arm 
+immunotherapy 
and chemotherapy 
infusion 

investigate the feasibility of 
an acute physical exercise 
during the 
immunotherapy/chemothe
rapy preinfusion 

Patient randomized to the Exercise arm will receive physical activity 
recommendations at inclusion and nutritional assessment will be carried 
out during the first and last treatment cure. Patients will receive an acute 
physical exercise just before immunotherapy and chemotherapy infusion. 
They will have a home walking program and will have to wear an activity 
tracker during the 3 months of intervention.3 blood sampling times will be 
specially added to the study and will take place before exercise (1), after 
exercise (2) and 12 hours after the start of treatment (3). 

NCT06152926 urological cancers physical activity + 
immunotherapy 

to understand participant's 
perspectives and 
experiences of physical 
activity and exercise on 
immune check point 
immunotherapy treatment 
through inductive thematic 
analysis of semi-structured 
individual interviews. 

People diagnosed with a urological cancer receiving Immune checkpoint 
inhibitor treatment at a single centre trust will be invited to either face to 
face or online video-conference individual interviews (Microsoft teams) 
according to participant preference. Consenting participants will be 
interviewed via semi-structured interview methods round a topic guide 
and audio-recorded. Inductive thematic analysis will be conducted to 
explore participant experiences and perceptions of physical activity and 
exercise. 

NCT06298734 melanoma (skin) 
skin cancer 
advanced melanoma 

high-intensity 
exercise and 
high-fiber diet+ 
immunotherapy 

change in gut microbiome 
diversity 

Experimental: Group A: high-intensity exercise.10 participants will 
complete: in-office baseline visit, virtual exercise sessions 3x weekly, 
post-intervention in-office visit. Group B: high-fiber diet.10 participants 
will complete: in-office baseline visit, 1x weekly appointment with research 
staff to review to review diet adherence, post-intervention in-office visit. 
Group C: combined high-intensity exercise and high-fiber diet.10 
participants will complete: in-office baseline visit, virtual exercise sessions 
3x weekly. 1x weekly appointment with research staff via zoom platform to 
review to review diet adherence. Diet appointment may be combined with 
exercise session appointment, post-intervention in-office visit. No 
Intervention: Group D: attention control 10 participants will complete: 
in-office baseline visit, participants will receive a general healthy lifestyle 
guidebook, pot-intervention in-office visit. 

NCT04866810 melanoma diet + exercise + 
immunotherapy 

feasibility of conducting a 
decentralized clinical trial 
involving diet and exercise 
prescriptions with stool 
sample collections in 
patients receiving 
immunotherapy 

High fiber, plant-based diet + exercise prescription with ACT sessions. 

NCT03525873 advanced malignant 
neoplasm, metastatic 
malignant neoplasm, 
recurrent malignant 
neoplasm 

methylphenidate + 
physical activity 
+anti-PD-1 
immunotherapy 

assessment of the effects of 
methylphenidate plus 
physical activity in 
reducing cancer-related 
fatigue 

Patients receive methylphenidate PO BID for up to 2 weeks in the absence 
of disease progression or unacceptable toxicity. Patients also complete 
physical activity consisting of walking and resistance exercise over 25-40 
minutes QD 4 days a week. After 2 weeks, patients may continue 
methylphenidate at the discretion of the treating physician for up to 12 
weeks in the absence of disease progression or unacceptable toxicity. 

NCT06026111 lung cancer 12-week exercise 
training +immune 
checkpoint 
inhibitors 

proportion of participants 
completing the exercise 
intervention sessions 

Patients in the high-intensity interval training (HIIT) group will perform 
alternating vigorous-intensity and recovery aerobic exercise intervals on a 
provided home stationary bike. The HIIT protocol consists of alternating a 
high-intensity exercise phase (1 min at 65-90% of workload corresponding 
to VO2peak) and a recovery phase (1 min at 30%), and the high-intensity 
and recovery intervals will be repeated 5-10 times in each session. The 
moderate-intensity continuous training (MICT) group will perform an 
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NCT number Cancer types Interventions Outcome Measures Experimental design 
aerobic exercise at a continuous intensity in each session on a stationary 
bike. Similar to HIIT, the intensity will be progressed (47.5-60%). The total 
work of MICT is equalized with HIIT for training volume and frequency to 
compare the differences exerted from different intensities and energy 
expenditure. 

NCT05763563 Lymphoma, leukemia, 
myeloma 

aerobic exercise 
+CAR-T therapy 

participants health-related 
quality of life - 
baseline/participant 
self-reported exercise 

Participants will take part in an exercise program in which they will be 
encouraged to perform approximately 30 minutes of resistance training 
exercises approximately twice per week until they undergo CAR-T therapy 
(Approximately 4-6 weeks). Participants will also be encouraged to 
perform moderate aerobic exercise such as brisk walking or using 
stationary aerobic equipment at least 3 times per week. Participants will 
wear a FitBit fitness watch to monitor aerobic exercise. 

NCT05318807 lung cancer chemotherapy, 
radiotherapy 
and/or 
immunotherapy 
treatment + exercise 

evaluation of participant 
acceptability of the 
modified godin leisure time 
exercise questionnaire used 
for the personalised 
prehabilitation programme 

A personalised plan of diet, exercise and emotional support for patients 
having chemotherapy, radiotherapy and/or immunotherapy treatment for 
lung cancer. 

NCT03007602 hematologic malignance upper extremity 
aerobic exercise 
training+ 
immunotherapy 

functional exercise capacity 
evaluation 

The upper extremity aerobic exercise training with an arm ergometer will 
be performed in the treatment group so that training intensity will be 
between 60% and 80% of the maximum heart rate, dyspnea perception will 
be 3-4 according to Modified Borg Scale and fatigue perception will be 5-6 
according to Modified Borg Scale, training duration will be a 6-week. 

NCT03576274 non-metastatic solid 
tumor cancer 

a 12 weeks 
technology 
enhanced home 
exercise 

fatigue, skeletal muscle 
strength, heat shock protein 
level, brain derived 
neurotrophic factors 

Technology Enhanced Home Exercise (TEHE): a 12 weeks program 
including one 60-minute goal setting and exercise training program and 
follow up phone calls. Technology Enhanced Home Exercise plus: a 12 
weeks program including one 60-minute goal setting and exercise training 
program and follow up phone calls. Auricular Point Acupressure (APA) 
A noninvasive complementary method to provide pressure on the ear 
points. 

NCT05093192 chronic lymphocytic 
leukaemia 

exercise+ 
chemo-immunother
apy 

investigate whether an 
acute bout of exercise 
changes the frequency of 
immune cells 

Participants will perform a supervised acute bout of aerobic exercise over 
20-30 minutes, corresponding to a target power output at an intensity +10 
to 15% above ventilatory threshold. 

 
3. Integration of exercise with immunotherapies: 

The potential synergistic effects of exercise with 
immunotherapies, such as ICIs, adoptive T cell 
therapy, and NK cell therapy, warrant further 
investigation. Preclinical and clinical studies are 
needed to assess the combined efficacy and safety of 
exercise and immunotherapies in treating cancer. This 
research can also explore the optimal timing and 
duration of exercise interventions to maximize 
therapeutic outcomes. 

4. Understanding the impact of comorbidities 
and lifestyle factors: The impact of comorbidities, 
such as obesity, diabetes, and cardiovascular disease, 
on the immune response to exercise and its potential 
influence on cancer development and treatment 
outcomes needs to be better understood. 
Additionally, the interplay between exercise, diet, and 
sleep, which are all important lifestyle factors, 
deserves further investigation to optimize immune 
function and improve health outcomes. 

5. Longitudinal studies and population-based 
research: Longitudinal studies are necessary to track 
the long-term effects of exercise on immune function 
and its relationship with the development and 
progression of cancer. Population-based research can 
also provide valuable insights into the prevalence and 
correlates of immunosenescence in different 
populations, as well as the impact of lifestyle factors, 
including exercise, on immune health. 

6. Development of novel therapeutic strategies: 

The findings from this review provide a strong 
foundation for the development of novel therapeutic 
strategies targeting immunosenescence and 
enhancing anti-tumor immunity. For example, drugs 
that mimic the effects of exercise on immune cells, 
such as those that increase IL-7 or IL-15 production, 
could be developed. Additionally, interventions that 
promote the clearance of senescent cells or improve 
the function of exhausted T cells could be explored. 

There is an increasing agreement that exercise 
provides significant benefits for individuals following 
a cancer diagnosis. The 2018 Physical Activity 
Guidelines for Americans (PAGA) indicate that 
exercise positively impacts cause-specific mortality 
rates for prostate, breast, and colorectal cancers, as 
well as enhances quality of life and fitness for all 
cancer survivors[343]. There is biological evidence of 
an immune-stimulating effect in the hours after 
strenuous exercise. However, some other questions 
regarding specific exercise modalities remain open, 
such as the potential effects of resistance exercise on 
anticancer immune function[344]. 

Different types of exercise have distinct effects 
on the immune system. Depending on the intensity, 
duration, and frequency of exercise, it can produce 
both short-term and long-term effects on immune 
function. Generally speaking, moderate aerobic 
exercise is considered beneficial for the immune 
system, while prolonged high-intensity exercise may 
lead to temporary suppression of immune function. 
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Moderate aerobic exercises, such as walking, jogging, 
swimming, or cycling, are commonly regarded as 
enhancing the immune system’s defense capabilities. 
Research shows that regular moderate-intensity 
exercise can boost the activity of immune cells, 
including natural killer (NK) cells, macrophages, and 
lymphocytes, which play key roles in fighting 
pathogens and tumor cells[345]. Studies indicate that 
after prolonged high-intensity exercise, NK cell 
numbers decrease, T cell function is temporarily 
suppressed, and pro-inflammatory cytokines like IL-6 
increase, exacerbating inflammation. This immune 
suppression response is thought to be a protective 
mechanism for the body to repair physiological stress 
and damage caused by exercise[346]. Strength 
training and resistance training have more complex 
effects on the immune system. On one hand, 
moderate strength training can enhance immune 
function, similar to aerobic exercise, by promoting 
immune cell activity. On the other hand, excessive 
strength training, especially without adequate 
recovery, may lead to immune suppression and an 
increased risk of infections[331]. Therefore, 
maintaining a balanced exercise routine, with proper 
intensity and recovery time, can optimize the positive 
effects of exercise on the immune system and support 
overall health. 

In conclusion, the relationship between 
immunosenescence, physical exercise, and anti-tumor 
immunity is complex and multifaceted. Further 
research is needed to fully understand these 
interactions and develop evidence-based strategies to 
optimize immune function, delay immunosenescence, 
and improve the outcomes of cancer treatment.  

Abbreviations 
AID: activation-induced cytidine deaminase; 

AML: acute myeloid leukemia; APCs: antigen- 
presenting cells; APRIL: a proliferation-inducing 
ligand; BAFF: B-cell-activating factor; BCRs: B-cell 
receptors; BMI: body mass index; cAMP: cyclic 
adenosine monophosphate; CAR: chimeric antigen 
receptor; cDCs: classic DCs; DCs: dendritic cells; 
DLBCL: diffuse large B-cell lymphoma; EM: effector 
memory; GLUTs: glucose transporters; GZMB: 
granzyme B; HLA: human leukocyte antigen; ICIs: 
Immune checkpoint inhibitors; IFN-γ: interferon 
gamma; Igs: immunoglobulins; IL: interleukin; KIR: 
killer cell immunoglobulin-like receptor; LPSs: 
lipopolysaccharides; mDCs: myeloid DCs; MDSCs: 
myeloid-derived suppressor cells; MHC-II: major 
histocompatibility complex class II; mtDNA: 
mitochondrial DNA; mTOR: mammalian target of 
rapamycin; mTORC1: mTOR complex 1; NETs: 
neutrophil extracellular traps; NK: natural killer; OS: 

overall survival; OXPHOS: oxidative phospho-
rylation; PBMCs: peripheral blood mononuclear cells; 
pDCs: plasmacytoid DCs; PDX: patient-derived 
xenograft; PFS: progression-free survival; PRRs: 
pattern recognition receptors; SAHF: senescence- 
associated heterochromatic foci; SASP: senescence- 
associated secretory phenotype; SA-β-gal: senescence- 
associated β-galactosidase; SIgA: secretory immuno-
globulin A; SIP: systemic immune-inflammation 
index; TAM: tumor-associated macrophage; TCRs: T 
cell receptors; TGF-β: transforming growth factor 
beta; TLRs: Toll-like receptors; TME: tumor 
microenvironment; TNF-α: tumor necrosis 
factor-alpha; Tregs: regulatory T cells; URTIs: upper 
respiratory tract infections; VO2max: maximal oxygen 
consumption rate. 

Acknowledgements 
We thank Figdraw (www.figdraw.com) for 

expert assistance in the pattern drawing. The authors 
thank professional English editor (Bullet Edits) for 
assistance in improving the quality of language. 

Funding 
This work was also supported by a Research 

Foundation of Shanghai Artemed Hospital (Grant 
NO: ATM2022YJ01) to Dr. Wenge Li, a National 
Natural Science Foundation of China (NSFC) (Grant 
NO: 82203629) and a Shanghai Pujiang Program 
(Grant NO: 22PJD054) to Dr. Qi Wu, and a National 
Natural Science Foundation of China (NSFC) grant 
(Grant NO: 82303284) to Dr. Bei Li. 

Author contributions 
QW, SS and WL performed and conceived the 

review. XY and WP wrote the manuscript. XY, WP 
and BL drew all the figures. QW, SS and WL assisted 
in improving the quality of language. All authors read 
and approved the final manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Liu Z, Liang Q, Ren Y, et al. Immunosenescence: molecular mechanisms and 

diseases. Signal Transduct Target Ther. 2023; 8: 200.  
2.  Wang Y, Dong C, Han Y, Gu Z, Sun C. Immunosenescence, aging and 

successful aging. Front Immunol. 2022; 13: 942796.  
3.  Barbé-Tuana F, Funchal G, Schmitz CRR, Maurmann RM, Bauer ME. The 

interplay between immunosenescence and age-related diseases. Semin 
Immunopathol. 2020; 42: 545–57.  

4.  Nieman DC, Pence BD. Exercise immunology: Future directions. J Sport 
Health Sci. 2020; 9: 432–45.  

5.  Turner JE. Is immunosenescence influenced by our lifetime ‘dose’ of exercise? 
Biogerontology. 2016; 17: 581–602.  

6.  Santoro A, Bientinesi E, Monti D. Immunosenescence and inflammaging in the 
aging process: age-related diseases or longevity? Ageing Res Rev. 2021; 71: 
101422.  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

934 

7.  Lian J, Yue Y, Yu W, Zhang Y. Immunosenescence: a key player in cancer 
development. J Hematol Oncol. 2020; 13: 151.  

8.  Gustafson MP, Wheatley-Guy CM, Rosenthal AC, et al. Exercise and the 
immune system: taking steps to improve responses to cancer immunotherapy. 
J Immunother Cancer. 2021; 9: e001872.  

9.  Duggal NA, Niemiro G, Harridge SDR, Simpson RJ, Lord JM. Can physical 
activity ameliorate immunosenescence and thereby reduce age-related 
multi-morbidity? Nat Rev Immunol. 2019; 19: 563–72.  

10.  Simpson RJ, Lowder TW, Spielmann G, Bigley AB, LaVoy EC, Kunz H. 
Exercise and the aging immune system. Ageing Res Rev. 2012; 11: 404–20.  

11.  Ligibel J A, Bohlke K, May A M, et al. Exercise, Diet, and Weight Management 
During Cancer Treatment: ASCO Guideline. J Clin Oncol. 2022; 40: 2491-2507. 

12.  Zhu C, Ma H, He A, Li Y, He C, Xia Y. Exercise in cancer prevention and 
anticancer therapy: Efficacy, molecular mechanisms and clinical information. 
Cancer Lett. 2022; 544: 215814.  

13.  Dobosz P, Dzieciątkowski T. The Intriguing History of Cancer 
Immunotherapy. Front Immunol. 2019; 10: 2965.  

14.  Zhang Y, Zhang Z. The history and advances in cancer immunotherapy: 
understanding the characteristics of tumor-infiltrating immune cells and their 
therapeutic implications. Cell Mol Immunol. 2020; 17: 807–21.  

15.  Yu X, Li W, Li Z, Wu Q, Sun S. Influence of Microbiota on Tumor 
Immunotherapy. International Journal of Biological Sciences. 2024; 20: 2264–
94.  

16.  Li X, Li C, Zhang W, Wang Y, Qian P, Huang H. Inflammation and aging: 
signaling pathways and intervention therapies. Sig Transduct Target Ther. 
2023; 8: 1–29.  

17.  Nikolich-Žugich J. The twilight of immunity: emerging concepts in aging of 
the immune system. Nat Immunol. 2018; 19: 10–9.  

18.  Lanna A, Gomes DCO, Muller-Durovic B, et al. A sestrin-dependent 
Erk-Jnk-p38 MAPK activation complex inhibits immunity during aging. Nat 
Immunol. 2017; 18: 354–63.  

19.  Xiong S, Dong L, Cheng L. Neutrophils in cancer carcinogenesis and 
metastasis. J Hematol Oncol. 2021; 14: 173.  

20.  Davey MS, Morgan MP, Liuzzi AR, et al. Microbe-specific unconventional T 
cells induce human neutrophil differentiation into antigen cross-presenting 
cells. J Immunol. 2014; 193: 3704–16.  

21.  Hansen S, Baptiste KE, Fjeldborg J, Horohov DW. A review of the equine 
age-related changes in the immune system: comparisons between human and 
equine aging, with focus on lung-specific immune-aging. Ageing Res Rev. 
2015; 20: 11–23.  

22.  Tseng CW, Kyme PA, Arruda A, Ramanujan VK, Tawackoli W, Liu GY. Innate 
immune dysfunctions in aged mice facilitate the systemic dissemination of 
methicillin-resistant S. aureus. PLoS One. 2012; 7: e41454.  

23.  Nacionales DC, Szpila B, Ungaro R, et al. A Detailed Characterization of the 
Dysfunctional Immunity and Abnormal Myelopoiesis Induced by Severe 
Shock and Trauma in the Aged. J Immunol. 2015; 195: 2396–407.  

24.  Drew W, Wilson DV, Sapey E. Inflammation and neutrophil 
immunosenescence in health and disease: Targeted treatments to improve 
clinical outcomes in the elderly. Exp Gerontol. 2018; 105: 70–7.  

25.  Ardura JA, Rackov G, Izquierdo E, Alonso V, Gortazar AR, Escribese MM. 
Targeting Macrophages: Friends or Foes in Disease? Front Pharmacol. 2019; 
10: 1255.  

26.  De Maeyer RPH, Chambers ES. The impact of ageing on monocytes and 
macrophages. Immunol Lett. 2021; 230: 1–10.  

27.  Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The 
chemokine system in diverse forms of macrophage activation and 
polarization. Trends Immunol. 2004; 25: 677–86.  

28.  Fontana L, Zhao E, Amir M, Dong H, Tanaka K, Czaja MJ. Aging promotes the 
development of diet-induced murine steatohepatitis but not steatosis. 
Hepatology. 2013; 57: 995–1004.  

29.  Lumeng CN, Liu J, Geletka L, et al. Aging is associated with an increase in T 
cells and inflammatory macrophages in visceral adipose tissue. J Immunol. 
2011; 187: 6208–16.  

30.  Wang Y, Wehling-Henricks M, Samengo G, Tidball J G. Increases of M2a 
macrophages and fibrosis in aging muscle are influenced by bone marrow 
aging and negatively regulated by muscle-derived nitric oxide. Aging Cell. 
2015; 14: 678-88. 

31.  Liu S-Q, Chen D-Y, Li B, et al. Single-cell analysis of white adipose tissue 
reveals the tumor-promoting adipocyte subtypes. J Transl Med. 2023; 21: 470.  

32.  Kelly J, Ali Khan A, Yin J, Ferguson TA, Apte RS. Senescence regulates 
macrophage activation and angiogenic fate at sites of tissue injury in mice. J 
Clin Invest. 2007; 117: 3421–6.  

33.  Jackaman C, Radley-Crabb HG, Soffe Z, Shavlakadze T, Grounds MD, Nelson 
DJ. Targeting macrophages rescues age-related immune deficiencies in 
C57BL/6J geriatric mice. Aging Cell. 2013; 12: 345–57.  

34.  Hinojosa E, Boyd AR, Orihuela CJ. Age-associated inflammation and toll-like 
receptor dysfunction prime the lungs for pneumococcal pneumonia. J Infect 
Dis. 2009; 200: 546–54.  

35.  Boyd AR, Shivshankar P, Jiang S, Berton MT, Orihuela CJ. Age-related defects 
in TLR2 signaling diminish the cytokine response by alveolar macrophages 
during murine pneumococcal pneumonia. Exp Gerontol. 2012; 47: 507–18.  

36.  Li Z, Jiao Y, Fan E K, et al. Aging-Impaired Filamentous Actin Polymerization 
Signaling Reduces Alveolar Macrophage Phagocytosis of Bacteria. J Immunol. 
2017; 199: 3176-3186. 

37.  Herrero C, Marqués L, Lloberas J, Celada A. IFN-gamma-dependent 
transcription of MHC class II IA is impaired in macrophages from aged mice. J 
Clin Invest. 2001; 107: 485–93.  

38.  Arnardottir HH, Dalli J, Colas RA, Shinohara M, Serhan CN. Aging delays 
resolution of acute inflammation in mice: reprogramming the host response 
with novel nano-proresolving medicines. J Immunol. 2014; 193: 4235–44.  

39.  Jackaman C, Tomay F, Duong L, et al. Aging and cancer: The role of 
macrophages and neutrophils. Ageing Res Rev. 2017; 36: 105–16.  

40.  Salminen A, Kaauppinen A, Kaarniranta K. Myeloid-derived suppressor cells 
(MDSC): an important partner in cellular/tissue senescence. Biogerontology. 
2018; 19: 325-339. 

41.  He Y-M, Li X, Perego M, et al. Transitory presence of myeloid-derived 
suppressor cells in neonates is critical for control of inflammation. Nat Med. 
2018; 24: 224–31.  

42.  Salminen A, Kauppinen A, Kaarniranta K. AMPK activation inhibits the 
functions of myeloid-derived suppressor cells (MDSC): impact on cancer and 
aging. J Mol Med (Berl). 2019; 97: 1049–64.  

43.  Wculek SK, Cueto FJ, Mujal AM, Melero I, Krummel MF, Sancho D. Dendritic 
cells in cancer immunology and immunotherapy. Nat Rev Immunol. 2020; 20: 
7–24.  

44.  Kvedaraite E, Ginhoux F. Human dendritic cells in cancer. Sci Immunol. 2022; 
7: eabm9409.  

45.  Cabeza-Cabrerizo M, Cardoso A, Minutti CM, Pereira da Costa M, Reis e 
Sousa C. Dendritic Cells Revisited. Annu Rev Immunol. 2021; 39: 131–66.  

46.  Wong C, Goldstein DR. Impact of aging on antigen presentation cell function 
of dendritic cells. Curr Opin Immunol. 2013; 25: 535–41.  

47.  Agrawal S, Gollapudi S, Gupta S, Agrawal A. Dendritic cells from the elderly 
display an intrinsic defect in the production of IL-10 in response to lithium 
chloride. Exp Gerontol. 2013; 48: 1285–92.  

48.  Panda A, Qian F, Mohanty S, et al. Age-associated decrease in TLR function in 
primary human dendritic cells predicts influenza vaccine response. J 
Immunol. 2010; 184: 2518–27.  

49.  Agrawal A, Agrawal S, Cao J-N, Su H, Osann K, Gupta S. Altered innate 
immune functioning of dendritic cells in elderly humans: a role of 
phosphoinositide 3-kinase-signaling pathway. J Immunol. 2007; 178: 6912–22.  

50.  Li G, Smithey MJ, Rudd BD, Nikolich-Žugich J. Age-associated alterations in 
CD8α+ dendritic cells impair CD8 T-cell expansion in response to an 
intracellular bacterium. Aging Cell. 2012; 11: 968–77.  

51.  Agrawal A, Agrawal S, Gupta S. Role of Dendritic Cells in Inflammation and 
Loss of Tolerance in the Elderly. Front Immunol. 2017; 8: 896.  

52.  Roquilly A, Villadangos JA. The role of dendritic cell alterations in 
susceptibility to hospital-acquired infections during critical-illness related 
immunosuppression. Mol Immunol. 2015; 68: 120–3.  

53.  Toliver-Kinsky TE, Lin CY, Herndon DN, Sherwood ER. Stimulation of 
hematopoiesis by the Fms-like tyrosine kinase 3 ligand restores bacterial 
induction of Th1 cytokines in thermally injured mice. Infect Immun. 2003; 71: 
3058–67.  

54.  He W, Xiao K, Fang M, Xie L. Immune Cell Number, Phenotype, and Function 
in the Elderly with Sepsis. Aging Dis. 2021; 12: 277–96.  

55.  Tcyganov E, Mastio J, Chen E, Gabrilovich DI. Plasticity of myeloid-derived 
suppressor cells in cancer. Curr Opin Immunol. 2018; 51: 76–82.  

56.  Greifenberg V, Ribechini E, Rössner S, Lutz MB. Myeloid-derived suppressor 
cell activation by combined LPS and IFN-gamma treatment impairs DC 
development. Eur J Immunol. 2009; 39: 2865–76.  

57.  Poschke I, Mao Y, Adamson L, Salazar-Onfray F, Masucci G, Kiessling R. 
Myeloid-derived suppressor cells impair the quality of dendritic cell vaccines. 
Cancer Immunol Immunother. 2012; 61: 827–38.  

58.  Esebanmen GE, Langridge WHR. The role of TGF-beta signaling in dendritic 
cell tolerance. Immunol Res. 2017; 65: 987–94.  

59.  Borkowski TA, Letterio JJ, Mackall CL, et al. A role for TGFbeta1 in langerhans 
cell biology. Further characterization of the epidermal Langerhans cell defect 
in TGFbeta1 null mice. J Clin Invest. 1997; 100: 575–81.  

60.  Shimasaki N, Jain A, Campana D. NK cells for cancer immunotherapy. Nat 
Rev Drug Discov. 2020; 19: 200–18.  

61.  Quatrini L, Della Chiesa M, Sivori S, Mingari MC, Pende D, Moretta L. Human 
NK cells, their receptors and function. Eur J Immunol. 2021; 51: 1566–79.  

62.  Gounder SS, Abdullah BJJ, Radzuanb NEIBM, et al. Effect of Aging on NK Cell 
Population and Their Proliferation at Ex Vivo Culture Condition. Anal Cell 
Pathol (Amst). 2018; 2018: 7871814.  

63.  Brauning A, Rae M, Zhu G, et al. Aging of the Immune System: Focus on 
Natural Killer Cells Phenotype and Functions. Cells. 2022; 11: 1017.  

64.  Motegi A, Kinoshita M, Sato K, et al. An in vitro Shwartzman reaction-like 
response is augmented age-dependently in human peripheral blood 
mononuclear cells. J Leukoc Biol. 2006; 79: 463–72.  

65.  Hazeldine J, Hampson P, Lord JM. Reduced release and binding of perforin at 
the immunological synapse underlies the age-related decline in natural killer 
cell cytotoxicity. Aging Cell. 2012; 11: 751–9.  

66.  Le Garff-Tavernier M, Béziat V, Decocq J, et al. Human NK cells display major 
phenotypic and functional changes over the life span. Aging Cell. 2010; 9: 527–
35.  

67.  Fauriat C, Just-Landi S, Mallet F, et al. Deficient expression of NCR in NK cells 
from acute myeloid leukemia: Evolution during leukemia treatment and 
impact of leukemia cells in NCRdull phenotype induction. Blood. 2007; 109: 
323–30.  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

935 

68.  Lakshmikanth T, Burke S, Ali TH, et al. NCRs and DNAM-1 mediate NK cell 
recognition and lysis of human and mouse melanoma cell lines in vitro and in 
vivo. J Clin Invest. 2009; 119: 1251–63.  

69.  Carlsten M, Björkström NK, Norell H, et al. DNAX accessory molecule-1 
mediated recognition of freshly isolated ovarian carcinoma by resting natural 
killer cells. Cancer Res. 2007; 67: 1317–25.  

70.  Campos C, López N, Pera A, et al. Expression of NKp30, NKp46 and DNAM-1 
activating receptors on resting and IL-2 activated NK cells from healthy 
donors according to CMV-serostatus and age. Biogerontology. 2015; 16: 671–
83.  

71.  Campos C, Pera A, Sanchez-Correa B, et al. Effect of age and CMV on NK cell 
subpopulations. Exp Gerontol. 2014; 54: 130–7.  

72.  Tarazona R, Sanchez-Correa B, Casas-Avilés I, et al. Immunosenescence: 
limitations of natural killer cell-based cancer immunotherapy. Cancer 
Immunol Immunother. 2017; 66: 233–45.  

73.  Sanchez-Correa B, Campos C, Pera A, et al. Natural killer cell 
immunosenescence in acute myeloid leukaemia patients: new targets for 
immunotherapeutic strategies? Cancer Immunol Immunother. 2016; 65: 453–
63.  

74.  Shehata HM, Hoebe K, Chougnet CA. The aged nonhematopoietic 
environment impairs natural killer cell maturation and function. Aging Cell. 
2015; 14: 191–9.  

75.  Curti A, Ruggeri L, D’Addio A, et al. Successful transfer of alloreactive 
haploidentical KIR ligand-mismatched natural killer cells after infusion in 
elderly high risk acute myeloid leukemia patients. Blood. 2011; 118: 3273–9.  

76.  Cancro MP. Age-Associated B Cells. Annu Rev Immunol. 2020; 38: 315–40.  
77.  Engelhard V, Conejo-Garcia JR, Ahmed R, et al. B cells and cancer. Cancer 

Cell. 2021; 39: 1293–6.  
78.  Yates JL, Racine R, McBride KM, Winslow GM. T cell-dependent IgM memory 

B cells generated during bacterial infection are required for IgG responses to 
antigen challenge. J Immunol. 2013; 191: 1240–9.  

79.  Van Meerhaeghe T, Néel A, Brouard S, Degauque N. Regulation of CD8 T cell 
by B-cells: A narrative review. Front Immunol. 2023; 14: 1125605.  

80.  Katikaneni DS, Jin L. B cell MHC class II signaling: A story of life and death. 
Hum Immunol. 2019; 80: 37–43.  

81.  de Mol J, Kuiper J, Tsiantoulas D, Foks AC. The Dynamics of B Cell Aging in 
Health and Disease. Front Immunol. 2021; 12: 733566.  

82.  Frasca D, Diaz A, Romero M, Garcia D, Blomberg BB. B Cell 
Immunosenescence. Annu Rev Cell Dev Biol. 2020; 36: 551–74.  

83.  Jin R, Kaneko H, Suzuki H, et al. Age-related changes in BAFF and APRIL 
profiles and upregulation of BAFF and APRIL expression in patients with 
primary antibody deficiency. Int J Mol Med. 2008; 21: 233–8.  

84.  Pinti M, Appay V, Campisi J, et al. Aging of the immune system: Focus on 
inflammation and vaccination. Eur J Immunol. 2016; 46: 2286–301.  

85.  Frasca D, Landin AM, Lechner SC, et al. Aging down-regulates the 
transcription factor E2A, activation-induced cytidine deaminase, and Ig class 
switch in human B cells. J Immunol. 2008; 180: 5283–90.  

86.  Bulati M, Caruso C, Colonna-Romano G. From lymphopoiesis to plasma cells 
differentiation, the age-related modifications of B cell compartment are 
influenced by ‘inflamm-ageing’. Ageing Res Rev. 2017; 36: 125–36.  

87.  Martinez F, Novarino J, Mejía JE, Fazilleau N, Aloulou M. Ageing of 
T-dependent B cell responses. Immunol Lett. 2021; 233: 97–103.  

88.  Ruterbusch M, Pruner KB, Shehata L, Pepper M. In Vivo CD4+ T Cell 
Differentiation and Function: Revisiting the Th1/Th2 Paradigm. Annu Rev 
Immunol. 2020; 38: 705–25.  

89.  Padgett DA, MacCallum RC, Loria RM, Sheridan JF. Androstenediol-induced 
restoration of responsiveness to influenza vaccination in mice. J Gerontol A 
Biol Sci Med Sci. 2000; 55: B418-424.  

90.  Goronzy JJ, Weyand CM. Mechanisms underlying T cell ageing. Nat Rev 
Immunol. 2019; 19: 573–83.  

91.  Sun L, Su Y, Jiao A, Wang X, Zhang B. T cells in health and disease. Signal 
Transduct Target Ther. 2023; 8: 235.  

92.  Speiser DE, Chijioke O, Schaeuble K, Münz C. CD4+ T cells in cancer. Nat 
Cancer. 2023; 4: 317–29.  

93.  Doucet C, Brouty-Boyé D, Pottin-Clemenceau C, Jasmin C, Canonica GW, 
Azzarone B. IL-4 and IL-13 specifically increase adhesion molecule and 
inflammatory cytokine expression in human lung fibroblasts. Int Immunol. 
1998; 10: 1421–33.  

94.  Ouyang W, O’Garra A. IL-10 Family Cytokines IL-10 and IL-22: from Basic 
Science to Clinical Translation. Immunity. 2019; 50: 871–91.  

95.  Han J, Khatwani N, Searles TG, Turk MJ, Angeles CV. Memory CD8+ T cell 
responses to cancer. Semin Immunol. 2020; 49: 101435.  

96.  Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T cell 
differentiation. Nat Rev Immunol. 2012; 12: 749–61.  

97.  Huff WX, Kwon JH, Henriquez M, Fetcko K, Dey M. The Evolving Role of 
CD8+CD28- Immunosenescent T Cells in Cancer Immunology. Int J Mol Sci. 
2019; 20: 2810.  

98.  Mondal AM, Horikawa I, Pine SR, et al. p53 isoforms regulate aging- and 
tumor-associated replicative senescence in T lymphocytes. J Clin Invest. 2013; 
123: 5247–57.  

99.  Brenchley JM, Karandikar NJ, Betts MR, et al. Expression of CD57 defines 
replicative senescence and antigen-induced apoptotic death of CD8+ T cells. 
Blood. 2003; 101: 2711–20.  

100.  Heffner M, Fearon DT. Loss of T cell receptor-induced Bmi-1 in the KLRG1(+) 
senescent CD8(+) T lymphocyte. Proc Natl Acad Sci U S A. 2007; 104: 13414–9.  

101.  López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of 
aging: An expanding universe. Cell. 2023; 186: 243–78.  

102.  Dolina JS, Van Braeckel-Budimir N, Thomas GD, Salek-Ardakani S. CD8+ T 
Cell Exhaustion in Cancer. Front Immunol. 2021; 12: 715234.  

103.  Farber DL, Yudanin NA, Restifo NP. Human memory T cells: generation, 
compartmentalization and homeostasis. Nat Rev Immunol. 2014; 14: 24–35.  

104.  Rodriguez RM, Saiz ML, Suarez-Álvarez B, López-Larrea C. Epigenetic 
networks driving T cell identity and plasticity during immunosenescence. 
Trends Genet. 2022; 38: 120–3.  

105.  Dutta A, Zhao B, Love PE. New insights into TCR β-selection. Trends 
Immunol. 2021; 42: 735–50.  

106.  Bantug GR, Galluzzi L, Kroemer G, Hess C. The spectrum of T cell metabolism 
in health and disease. Nat Rev Immunol. 2018; 18: 19–34.  

107.  Ron-Harel N, Santos D, Ghergurovich JM, et al. Mitochondrial Biogenesis and 
Proteome Remodeling Promote One-Carbon Metabolism for T Cell Activation. 
Cell Metab. 2016; 24: 104–17.  

108.  Madden MZ, Rathmell JC. The Complex Integration of T-cell Metabolism and 
Immunotherapy. Cancer Discov. 2021; 11: 1636–43.  

109.  Escrig-Larena JI, Delgado-Pulido S, Mittelbrunn M. Mitochondria during T 
cell aging. Semin Immunol. 2023; 69: 101808.  

110.  Han S, Georgiev P, Ringel AE, Sharpe AH, Haigis MC. Age-associated 
remodeling of T cell immunity and metabolism. Cell Metab. 2023; 35: 36–55.  

111.  Cui W, Kaech SM. Generation of effector CD8+ T cells and their conversion to 
memory T cells. Immunol Rev. 2010; 236: 151–66.  

112.  Liu Q, Sun Z, Chen L. Memory T cells: strategies for optimizing tumor 
immunotherapy. Protein Cell. 2020; 11: 549-564. 

113.  Sharabi A, Tsokos GC. T cell metabolism: new insights in systemic lupus 
erythematosus pathogenesis and therapy. Nat Rev Rheumatol. 2020; 16: 100–
12.  

114.  Brandstadter JD, Maillard I. Notch signalling in T cell homeostasis and 
differentiation. Open Biol. 2019; 9: 190187.  

115.  Rao RR, Li Q, Odunsi K, Shrikant PA. The mTOR kinase determines effector 
versus memory CD8+ T cell fate by regulating the expression of transcription 
factors T-bet and Eomesodermin. Immunity. 2010; 32: 67–78.  

116.  Pollizzi KN, Patel CH, Sun I-H, et al. mTORC1 and mTORC2 selectively 
regulate CD8+ T cell differentiation. J Clin Invest. 2015; 125: 2090–108.  

117.  Zhao Y, Shao Q, Peng G. Exhaustion and senescence: two crucial 
dysfunctional states of T cells in the tumor microenvironment. Cell Mol 
Immunol. 2020; 17: 27–35.  

118.  Gomes AP, Price NL, Ling AJY, et al. Declining NAD(+) induces a 
pseudohypoxic state disrupting nuclear-mitochondrial communication during 
aging. Cell. 2013; 155: 1624–38.  

119.  Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M, Alimonti A. Cellular 
Senescence: Aging, Cancer, and Injury. Physiol Rev. 2019; 99: 1047–78.  

120.  Muri J, Kopf M. Redox regulation of immunometabolism. Nat Rev Immunol. 
2021; 21: 363–81.  

121.  Liu Q, Zheng Y, Goronzy JJ, Weyand CM. T cell aging as a risk factor for 
autoimmunity. J Autoimmun. 2023; 137: 102947.  

122.  Yang OO, Lin H, Dagarag M, Ng HL, Effros RB, Uittenbogaart CH. Decreased 
perforin and granzyme B expression in senescent HIV-1-specific cytotoxic T 
lymphocytes. Virology. 2005; 332: 16–9.  

123.  Debacq-Chainiaux F, Erusalimsky JD, Campisi J, Toussaint O. Protocols to 
detect senescence-associated beta-galactosidase (SA-betagal) activity, a 
biomarker of senescent cells in culture and in vivo. Nat Protoc. 2009; 4: 1798–
806.  

124.  Chou C, Pinto AK, Curtis JD, et al. c-Myc-induced transcription factor AP4 is 
required for host protection mediated by CD8+ T cells. Nat Immunol. 2014; 15: 
884–93.  

125.  Akondy RS, Fitch M, Edupuganti S, et al. Origin and differentiation of human 
memory CD8 T cells after vaccination. Nature. 2017; 552: 362–7.  

126.  Abdelsamed HA, Moustaki A, Fan Y, et al. Human memory CD8 T cell effector 
potential is epigenetically preserved during in vivo homeostasis. J Exp Med. 
2017; 214: 1593–606.  

127.  Belk JA, Daniel B, Satpathy AT. Epigenetic regulation of T cell exhaustion. Nat 
Immunol. 2022; 23: 848–60.  

128.  Russ BE, Olshanksy M, Smallwood HS, et al. Distinct epigenetic signatures 
delineate transcriptional programs during virus-specific CD8(+) T cell 
differentiation. Immunity. 2014; 41: 853–65.  

129.  Tserel L, Kolde R, Limbach M, et al. Age-related profiling of DNA methylation 
in CD8+ T cells reveals changes in immune response and transcriptional 
regulator genes. Sci Rep. 2015; 5: 13107.  

130.  Ohyashiki M, Ohyashiki JH, Hirota A, Kobayashi C, Ohyashiki K. Age-related 
decrease of miRNA-92a levels in human CD8+ T-cells correlates with a 
reduction of naïve T lymphocytes. Immun Ageing. 2011; 8: 11.  

131.  Petkovich DA, Podolskiy DI, Lobanov AV, Lee S-G, Miller RA, Gladyshev VN. 
Using DNA Methylation Profiling to Evaluate Biological Age and Longevity 
Interventions. Cell Metab. 2017; 25: 954-960.e6.  

132.  O’Sullivan RJ, Kubicek S, Schreiber SL, Karlseder J. Reduced histone 
biosynthesis and chromatin changes arising from a damage signal at 
telomeres. Nat Struct Mol Biol. 2010; 17: 1218–25.  

133.  Funayama R, Saito M, Tanobe H, Ishikawa F. Loss of linker histone H1 in 
cellular senescence. J Cell Biol. 2006; 175: 869–80.  

134.  De Cecco M, Criscione SW, Peckham EJ, et al. Genomes of replicatively 
senescent cells undergo global epigenetic changes leading to gene silencing 
and activation of transposable elements. Aging Cell. 2013; 12: 247–56.  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

936 

135.  Rendeiro AF, Schmidl C, Strefford JC, et al. Chromatin accessibility maps of 
chronic lymphocytic leukaemia identify subtype-specific epigenome 
signatures and transcription regulatory networks. Nat Commun. 2016; 7: 
11938.  

136.  Heyn H, Li N, Ferreira HJ, et al. Distinct DNA methylomes of newborns and 
centenarians. Proc Natl Acad Sci U S A. 2012; 109: 10522–7.  

137.  Brunner S, Herndler-Brandstetter D, Arnold CR, et al. Upregulation of miR-24 
is associated with a decreased DNA damage response upon etoposide 
treatment in highly differentiated CD8(+) T cells sensitizing them to apoptotic 
cell death. Aging Cell. 2012; 11: 579–87.  

138.  Mogilenko DA, Shpynov O, Andhey PS, et al. Comprehensive Profiling of an 
Aging Immune System Reveals Clonal GZMK+ CD8+ T Cells as Conserved 
Hallmark of Inflammaging. Immunity. 2021; 54: 99-115.e12.  

139.  Moskowitz DM, Zhang DW, Hu B, et al. Epigenomics of human CD8 T cell 
differentiation and aging. Sci Immunol. 2017; 2: eaag0192.  

140.  Shimatani K, Nakashima Y, Hattori M, Hamazaki Y, Minato N. PD-1+ 
memory phenotype CD4+ T cells expressing C/EBPalpha underlie T cell 
immunodepression in senescence and leukemia. Proc Natl Acad Sci U S A. 
2009; 106: 15807–12.  

141.  Fang F, Yu M, Cavanagh MM, et al. Expression of CD39 on Activated T Cells 
Impairs their Survival in Older Individuals. Cell Rep. 2016; 14: 1218–31.  

142.  Thomas DC, Mellanby RJ, Phillips JM, Cooke A. An early age-related increase 
in the frequency of CD4+ Foxp3+ cells in BDC2.5NOD mice. Immunology. 
2007; 121: 565–76.  

143.  Kozlowska E, Biernacka M, Ciechomska M, Drela N. Age-related changes in 
the occurrence and characteristics of thymic CD4(+) CD25(+) T cells in mice. 
Immunology. 2007; 122: 445–53.  

144.  Elyahu Y, Hekselman I, Eizenberg-Magar I, et al. Aging promotes 
reorganization of the CD4 T cell landscape toward extreme regulatory and 
effector phenotypes. Sci Adv. 2019; 5: eaaw8330.  

145.  Zhao L, Sun L, Wang H, Ma H, Liu G, Zhao Y. Changes of CD4+CD25+Foxp3+ 
regulatory T cells in aged Balb/c mice. J Leukoc Biol. 2007; 81: 1386–94.  

146.  Pan X-D, Mao Y-Q, Zhu L-J, et al. Changes of regulatory T cells and FoxP3 
gene expression in the aging process and its relationship with lung tumors in 
humans and mice. Chin Med J (Engl). 2012; 125: 2004–11.  

147.  Gong Z, Jia Q, Chen J, et al. Impaired Cytolytic Activity and Loss of Clonal 
Neoantigens in Elderly Patients With Lung Adenocarcinoma. J Thorac Oncol. 
2019; 14: 857–66.  

148.  Stoner L, Rowlands D, Morrison A, et al. Efficacy of Exercise Intervention for 
Weight Loss in Overweight and Obese Adolescents: Meta-Analysis and 
Implications. Sports Med. 2016; 46: 1737–51.  

149.  Lavin KM, Perkins RK, Jemiolo B, Raue U, Trappe SW, Trappe TA. Effects of 
aging and lifelong aerobic exercise on basal and exercise-induced 
inflammation. J Appl Physiol (1985). 2020; 128: 87–99.  

150.  Walsh NP, Gleeson M, Shephard RJ, et al. Position statement. Part one: 
Immune function and exercise. Exerc Immunol Rev. 2011; 17: 6–63.  

151.  Ramel A, Wagner K-H, Elmadfa I. Acute impact of submaximal resistance 
exercise on immunological and hormonal parameters in young men. J Sports 
Sci. 2003; 21: 1001–8.  

152.  Simonson SR, Jackson CGR. Leukocytosis occurs in response to resistance 
exercise in men. J Strength Cond Res. 2004; 18: 266–71.  

153.  Natale VM, Brenner IK, Moldoveanu AI, Vasiliou P, Shek P, Shephard RJ. 
Effects of three different types of exercise on blood leukocyte count during and 
following exercise. Sao Paulo Med J. 2003; 121: 9–14.  

154.  Hulmi JJ, Myllymäki T, Tenhumäki M, et al. Effects of resistance exercise and 
protein ingestion on blood leukocytes and platelets in young and older men. 
Eur J Appl Physiol. 2010; 109: 343–53.  

155.  Peake JM, Neubauer O, Walsh NP, Simpson RJ. Recovery of the immune 
system after exercise. J Appl Physiol (1985). 2017; 122: 1077–87.  

156.  Gleeson M, Bishop NC. The T cell and NK cell immune response to exercise. 
Ann Transplant. 2005; 10: 43–8.  

157.  Michishita R, Shono N, Inoue T, Tsuruta T, Node K. Effect of exercise therapy 
on monocyte and neutrophil counts in overweight women. Am J Med Sci. 
2010; 339: 152–6.  

158.  Ihalainen J, Walker S, Paulsen G, et al. Acute leukocyte, cytokine and 
adipocytokine responses to maximal and hypertrophic resistance exercise 
bouts. Eur J Appl Physiol. 2014; 114: 2607–16.  

159.  Simpson RJ, Kunz H, Agha N, Graff R. Exercise and the Regulation of Immune 
Functions. Prog Mol Biol Transl Sci. 2015; 135: 355–80.  

160.  McCarthy DA, Macdonald I, Grant M, et al. Studies on the immediate and 
delayed leucocytosis elicited by brief (30-min) strenuous exercise. Eur J Appl 
Physiol Occup Physiol. 1992; 64: 513–7.  

161.  Ortega E, Collazos ME, Maynar M, Barriga C, De la Fuente M. Stimulation of 
the phagocytic function of neutrophils in sedentary men after acute moderate 
exercise. Eur J Appl Physiol Occup Physiol. 1993; 66: 60–4.  

162.  Ortega E. Neuroendocrine mediators in the modulation of phagocytosis by 
exercise: physiological implications. Exerc Immunol Rev. 2003; 9: 70–93.  

163.  Peake J, Suzuki K. Neutrophil activation, antioxidant supplements and 
exercise-induced oxidative stress. Exerc Immunol Rev. 2004; 10: 129–41.  

164.  Peake JM. Exercise-induced alterations in neutrophil degranulation and 
respiratory burst activity: possible mechanisms of action. Exerc Immunol Rev. 
2002; 8: 49–100.  

165.  Robson PJ, Blannin AK, Walsh NP, Castell LM, Gleeson M. Effects of exercise 
intensity, duration and recovery on in vitro neutrophil function in male 
athletes. Int J Sports Med. 1999; 20: 128–35.  

166.  Bishop NC, Gleeson M, Nicholas CW, Ali A. Influence of carbohydrate 
supplementation on plasma cytokine and neutrophil degranulation responses 
to high intensity intermittent exercise. Int J Sport Nutr Exerc Metab. 2002; 12: 
145–56.  

167.  Timmerman KL, Flynn MG, Coen PM, Markofski MM, Pence BD. Exercise 
training-induced lowering of inflammatory (CD14+CD16+) monocytes: a role 
in the anti-inflammatory influence of exercise? J Leukoc Biol. 2008; 84: 1271–8.  

168.  Stewart LK, Flynn MG, Campbell WW, et al. Influence of exercise training and 
age on CD14+ cell-surface expression of toll-like receptor 2 and 4. Brain Behav 
Immun. 2005; 19: 389–97.  

169.  McFarlin BK, Flynn MG, Campbell WW, Stewart LK, Timmerman KL. TLR4 is 
lower in resistance-trained older women and related to inflammatory 
cytokines. Med Sci Sports Exerc. 2004; 36: 1876–83.  

170.  Sugiura H, Nishida H, Sugiura H, Mirbod SM. Immunomodulatory action of 
chronic exercise on macrophage and lymphocyte cytokine production in mice. 
Acta Physiol Scand. 2002; 174: 247–56.  

171.  Lu Q, Ceddia MA, Price EA, Ye SM, Woods JA. Chronic exercise increases 
macrophage-mediated tumor cytolysis in young and old mice. Am J Physiol. 
1999; 276: R482-489.  

172.  Kizaki T, Takemasa T, Sakurai T, et al. Adaptation of macrophages to exercise 
training improves innate immunity. Biochem Biophys Res Commun. 2008; 
372: 152–6.  

173.  Vieira VJ, Valentine RJ, Wilund KR, Antao N, Baynard T, Woods JA. Effects of 
exercise and low-fat diet on adipose tissue inflammation and metabolic 
complications in obese mice. Am J Physiol Endocrinol Metab. 2009; 296: 
E1164-1171.  

174.  Vieira VJ, Valentine RJ, Wilund KR, Woods JA. Effects of diet and exercise on 
metabolic disturbances in high-fat diet-fed mice. Cytokine. 2009; 46: 339–45.  

175.  Zielinski MR, Muenchow M, Wallig MA, Horn PL, Woods JA. Exercise delays 
allogeneic tumor growth and reduces intratumoral inflammation and 
vascularization. J Appl Physiol (1985). 2004; 96: 2249–56.  

176.  Simpson RJ, McFarlin BK, McSporran C, Spielmann G, ó Hartaigh B, Guy K. 
Toll-like receptor expression on classic and pro-inflammatory blood 
monocytes after acute exercise in humans. Brain Behav Immun. 2009; 23: 232–
9.  

177.  Okutsu M, Suzuki K, Ishijima T, Peake J, Higuchi M. The effects of acute 
exercise-induced cortisol on CCR2 expression on human monocytes. Brain 
Behav Immun. 2008; 22: 1066–71.  

178.  Hong S, Mills PJ. Effects of an exercise challenge on mobilization and surface 
marker expression of monocyte subsets in individuals with normal vs. 
elevated blood pressure. Brain Behav Immun. 2008; 22: 590–9.  

179.  Steppich B, Dayyani F, Gruber R, Lorenz R, Mack M, Ziegler-Heitbrock HW. 
Selective mobilization of CD14(+)CD16(+) monocytes by exercise. Am J 
Physiol Cell Physiol. 2000; 279: C578-586.  

180.  Starkie RL, Rolland J, Angus DJ, Anderson MJ, Febbraio MA. Circulating 
monocytes are not the source of elevations in plasma IL-6 and TNF-alpha 
levels after prolonged running. Am J Physiol Cell Physiol. 2001; 280: C769-774.  

181.  Lancaster GI, Khan Q, Drysdale P, et al. The physiological regulation of 
toll-like receptor expression and function in humans. J Physiol. 2005; 563: 945–
55.  

182.  Starkie RL, Angus DJ, Rolland J, Hargreaves M, Febbraio MA. Effect of 
prolonged, submaximal exercise and carbohydrate ingestion on monocyte 
intracellular cytokine production in humans. J Physiol. 2000; 528: 647–55.  

183.  Rivier A, Pène J, Chanez P, et al. Release of cytokines by blood monocytes 
during strenuous exercise. Int J Sports Med. 1994; 15: 192–8.  

184.  Shi Q, Shen Q, Liu Y, et al. Increased glucose metabolism in TAMs fuels 
O-GlcNAcylation of lysosomal Cathepsin B to promote cancer metastasis and 
chemoresistance. Cancer Cell. 2022; 40: 1207-1222.e10.  

185.  Schmid MC, Varner JA. Myeloid cells in the tumor microenvironment: 
modulation of tumor angiogenesis and tumor inflammation. J Oncol. 2010; 
2010: 201026.  

186.  Silveira LS, Batatinha HAP, Castoldi A, et al. Exercise rescues the immune 
response fine-tuned impaired by peroxisome proliferator-activated receptors γ 
deletion in macrophages. J Cell Physiol. 2019; 234: 5241–51.  

187.  Zheng J-J, Pena Calderin E, Hill BG, Bhatnagar A, Hellmann J. Exercise 
Promotes Resolution of Acute Inflammation by Catecholamine-Mediated 
Stimulation of Resolvin D1 Biosynthesis. J Immunol. 2019; 203: 3013–22.  

188.  Martín-Cordero L, Gálvez I, Hinchado MD, Ortega E. β2 Adrenergic 
Regulation of the Phagocytic and Microbicide Capacity of Macrophages from 
Obese and Lean Mice: Effects of Exercise. Nutrients. 2019; 11: 2721.  

189.  Ceddia MA, Voss EW, Woods JA. Intracellular mechanisms responsible for 
exercise-induced suppression of macrophage antigen presentation. J Appl 
Physiol (1985). 2000; 88: 804–10.  

190.  Ceddia MA, Woods JA. Exercise suppresses macrophage antigen presentation. 
J Appl Physiol (1985). 1999; 87: 2253–8.  

191.  Silveira LS, Antunes B de MM, Minari ALA, Dos Santos RVT, Neto JCR, Lira 
FS. Macrophage Polarization: Implications on Metabolic Diseases and the Role 
of Exercise. Crit Rev Eukaryot Gene Expr. 2016; 26: 115–32.  

192.  Minari ALA, Thomatieli-Santos RV. From skeletal muscle damage and 
regeneration to the hypertrophy induced by exercise: what is the role of 
different macrophage subsets? Am J Physiol Regul Integr Comp Physiol. 2022; 
322: R41–54.  

193.  Kawanishi N, Yano H, Yokogawa Y, Suzuki K. Exercise training inhibits 
inflammation in adipose tissue via both suppression of macrophage 
infiltration and acceleration of phenotypic switching from M1 to M2 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

937 

macrophages in high-fat-diet-induced obese mice. Exerc Immunol Rev. 2010; 
16: 105–18.  

194.  Hartley G, Regan D, Guth A, Dow S. Regulation of PD-L1 expression on 
murine tumor-associated monocytes and macrophages by locally produced 
TNF-α. Cancer Immunol Immunother. 2017; 66: 523–35.  

195.  Fu Y, Peng Y, Zhao S, et al. Combination Foretinib and Anti-PD-1 Antibody 
Immunotherapy for Colorectal Carcinoma. Front Cell Dev Biol. 2021; 9: 
689727.  

196.  Gong Y, Gao W, Zhang J, et al. Engineering nanoparticles-enabled 
tumor-associated macrophages repolarization and phagocytosis restoration 
for enhanced cancer immunotherapy. J Nanobiotechnology. 2024; 22: 341. 

197.  Goh J, Kirk EA, Lee SX, Ladiges WC. Exercise, physical activity and breast 
cancer: the role of tumor-associated macrophages. Exerc Immunol Rev. 2012; 
18: 158–76.  

198.  LaVoy ECP, Bollard CM, Hanley PJ, et al. A single bout of dynamic exercise by 
healthy adults enhances the generation of monocyte-derived-dendritic cells. 
Cell Immunol. 2015; 295: 52–9.  

199.  Deckx N, Wens I, Nuyts AH, et al. Rapid Exercise-Induced Mobilization of 
Dendritic Cells Is Potentially Mediated by a Flt3L- and MMP-9-Dependent 
Process in Multiple Sclerosis. Mediators Inflamm. 2015; 2015: 158956.  

200.  Ho CS, López JA, Vuckovic S, Pyke CM, Hockey RL, Hart DN. Surgical and 
physical stress increases circulating blood dendritic cell counts independently 
of monocyte counts. Blood. 2001; 98: 140–5.  

201.  Liao HF, Chiang LM, Yen CC, et al. Effect of a periodized exercise training and 
active recovery program on antitumor activity and development of dendritic 
cells. J Sports Med Phys Fitness. 2006; 46: 307–14.  

202.  Chiang L-M, Chen Y-J, Chiang J, Lai L-Y, Chen Y-Y, Liao H-F. Modulation of 
dendritic cells by endurance training. Int J Sports Med. 2007; 28: 798–803.  

203.  Brown FF, Campbell JP, Wadley AJ, Fisher JP, Aldred S, Turner JE. Acute 
aerobic exercise induces a preferential mobilisation of plasmacytoid dendritic 
cells into the peripheral blood in man. Physiol Behav. 2018; 194: 191–8.  

204.  Bigley AB, Simpson RJ. NK cells and exercise: implications for cancer 
immunotherapy and survivorship. Discov Med. 2015; 19: 433–45.  

205.  Idorn M, Hojman P. Exercise-Dependent Regulation of NK Cells in Cancer 
Protection. Trends Mol Med. 2016; 22: 565–77.  

206.  Benschop RJ, Oostveen FG, Heijnen CJ, Ballieux RE. Beta 2-adrenergic 
stimulation causes detachment of natural killer cells from cultured 
endothelium. Eur J Immunol. 1993; 23: 3242–7.  

207.  Dorneles GP, Colato AS, Galvão SL, et al. Acute response of peripheral CCr5 
chemoreceptor and NK cells in individuals submitted to a single session of 
low-intensity strength exercise with blood flow restriction. Clin Physiol Funct 
Imaging. 2016; 36: 311–7.  

208.  Wu S-Y, Fu T, Jiang Y-Z, Shao Z-M. Natural killer cells in cancer biology and 
therapy. Mol Cancer. 2020; 19: 120.  

209.  Shephard RJ, Shek PN. Effects of exercise and training on natural killer cell 
counts and cytolytic activity: a meta-analysis. Sports Med. 1999; 28: 177–95.  

210.  Nieman DC, Nehlsen-Cannarella SL, Markoff PA, et al. The effects of 
moderate exercise training on natural killer cells and acute upper respiratory 
tract infections. Int J Sports Med. 1990; 11: 467–73.  

211.  Nieman DC, Miller AR, Henson DA, et al. Effects of high- vs 
moderate-intensity exercise on natural killer cell activity. Med Sci Sports 
Exerc. 1993; 25: 1126–34.  

212.  Bigley AB, Rezvani K, Chew C, et al. Acute exercise preferentially redeploys 
NK-cells with a highly-differentiated phenotype and augments cytotoxicity 
against lymphoma and multiple myeloma target cells. Brain Behav Immun. 
2014; 39: 160–71.  

213.  Bigley AB, Rezvani K, Pistillo M, et al. Acute exercise preferentially redeploys 
NK-cells with a highly-differentiated phenotype and augments cytotoxicity 
against lymphoma and multiple myeloma target cells. Part II: impact of latent 
cytomegalovirus infection and catecholamine sensitivity. Brain Behav Immun. 
2015; 49: 59–65.  

214.  Nieman DC, Tan SA, Lee JW, Berk LS. Complement and immunoglobulin 
levels in athletes and sedentary controls. Int J Sports Med. 1989; 10: 124–8.  

215.  Nehlsen-Cannarella SL, Nieman DC, Jessen J, et al. The effects of acute 
moderate exercise on lymphocyte function and serum immunoglobulin levels. 
Int J Sports Med. 1991; 12: 391–8.  

216.  Svendsen IS, Hem E, Gleeson M. Effect of acute exercise and hypoxia on 
markers of systemic and mucosal immunity. Eur J Appl Physiol. 2016; 116: 
1219–29.  

217.  Gleeson M, Pyne DB, Callister R. The missing links in exercise effects on 
mucosal immunity. Exerc Immunol Rev. 2004; 10: 107–28.  

218.  Kurowski M, Seys S, Bonini M, et al. Physical exercise, immune response, and 
susceptibility to infections-current knowledge and growing research areas. 
Allergy. 2022; 77: 2653–64.  

219.  Wang J, Liu S, Li G, Xiao J. Exercise Regulates the Immune System. In: Xiao J, 
Ed. Physical Exercise for Human Health [Internet]. Singapore: Springer; 2020 
[cited 16 December 2023]: 395–408. (Advances in Experimental Medicine and 
Biology). Available at: https://doi.org/10.1007/978-981-15-1792-1_27 

220.  Gleeson M, McDonald WA, Pyne DB, et al. Salivary IgA levels and infection 
risk in elite swimmers. Med Sci Sports Exerc. 1999; 31: 67–73.  

221.  Neville V, Gleeson M, Folland JP. Salivary IgA as a risk factor for upper 
respiratory infections in elite professional athletes. Med Sci Sports Exerc. 2008; 
40: 1228–36.  

222.  Rutherfurd-Markwick K, Starck C, Dulson DK, Ali A. Salivary diagnostic 
markers in males and females during rest and exercise. J Int Soc Sports Nutr. 
2017; 14: 27.  

223.  Carins J, Booth C. Salivary immunoglobulin-A as a marker of stress during 
strenuous physical training. Aviat Space Environ Med. 2002; 73: 1203–7.  

224.  Tiollier E, Gomez-Merino D, Burnat P, et al. Intense training: mucosal 
immunity and incidence of respiratory infections. Eur J Appl Physiol. 2005; 93: 
421–8.  

225.  Whitham M, Laing SJ, Dorrington M, et al. The influence of an arduous 
military training program on immune function and upper respiratory tract 
infection incidence. Mil Med. 2006; 171: 703–9.  

226.  Ronsen O, Pedersen BK, Øritsland TR, Bahr R, Kjeldsen-Kragh J. Leukocyte 
counts and lymphocyte responsiveness associated with repeated bouts of 
strenuous endurance exercise. J Appl Physiol (1985). 2001; 91: 425–34.  

227.  Miles MP, Kraemer WJ, Nindl BC, et al. Strength, workload, anaerobic 
intensity and the immune response to resistance exercise in women. Acta 
Physiol Scand. 2003; 178: 155–63.  

228.  Dohi K, Mastro AM, Miles MP, et al. Lymphocyte proliferation in response to 
acute heavy resistance exercise in women: influence of muscle strength and 
total work. Eur J Appl Physiol. 2001; 85: 367–73.  

229.  Szlezak AM, Szlezak SL, Keane J, Tajouri L, Minahan C. Establishing a 
dose-response relationship between acute resistance-exercise and the immune 
system: Protocol for a systematic review. Immunol Lett. 2016; 180: 54–65.  

230.  Dorneles G P, Dos Passos A A Z, Romao P R T, Peres A. New Insights about 
Regulatory T Cells Distribution and Function with Exercise: The Role of 
Immunometabolism. Curr Pharm Des. 2020; 26: 979-990. 

231.  Fiuza-Luces C, Valenzuela PL, Castillo-García A, Lucia A. Exercise Benefits 
Meet Cancer Immunosurveillance: Implications for Immunotherapy. Trends 
in Cancer. 2021; 7: 91–3.  

232.  Szlezak AM, Tajouri L, Keane J, Szlezak SL, Minahan C. Isometric Thumb 
Exertion Induces B Cell and T Cell Lymphocytosis in Trained and Untrained 
Males: Physical Aptitude Determines Response Profiles. International Journal 
of Kinesiology and Sports Science. 2016; 4: 55–66.  

233.  Simpson RJ, Campbell JP, Gleeson M, et al. Can exercise affect immune 
function to increase susceptibility to infection? Exerc Immunol Rev. 2020; 26: 
8–22.  

234.  DeSantis CE, Miller KD, Dale W, et al. Cancer statistics for adults aged 
85 years and older, 2019. CA Cancer J Clin. 2019; 69: 452–67.  

235.  Pelissier Vatter FA, Schapiro D, Chang H, et al. High-Dimensional 
Phenotyping Identifies Age-Emergent Cells in Human Mammary Epithelia. 
Cell Rep. 2018; 23: 1205–19.  

236.  Liu X, Mo W, Ye J, et al. Regulatory T cells trigger effector T cell DNA damage 
and senescence caused by metabolic competition. Nat Commun. 2018; 9: 249.  

237.  Wang D, Yang L, Yue D, et al. Macrophage-derived CCL22 promotes an 
immunosuppressive tumor microenvironment via IL-8 in malignant pleural 
effusion. Cancer Lett. 2019; 452: 244–53.  

238.  Yang L, Zhang Y. Tumor-associated macrophages: from basic research to 
clinical application. J Hematol Oncol. 2017; 10: 58.  

239.  Sitkovsky MV, Kjaergaard J, Lukashev D, Ohta A. Hypoxia-adenosinergic 
immunosuppression: tumor protection by T regulatory cells and cancerous 
tissue hypoxia. Clin Cancer Res. 2008; 14: 5947–52.  

240.  Vang T, Torgersen KM, Sundvold V, et al. Activation of the COOH-terminal 
Src kinase (Csk) by cAMP-dependent protein kinase inhibits signaling 
through the T cell receptor. J Exp Med. 2001; 193: 497–507.  

241.  Ye J, Huang X, Hsueh EC, et al. Human regulatory T cells induce 
T-lymphocyte senescence. Blood. 2012; 120: 2021–31.  

242.  Ye J, Ma C, Hsueh EC, et al. TLR8 signaling enhances tumor immunity by 
preventing tumor-induced T-cell senescence. EMBO Mol Med. 2014; 6: 1294–
311.  

243.  Rodier F, Coppé J-P, Patil CK, et al. Persistent DNA damage signalling triggers 
senescence-associated inflammatory cytokine secretion. Nat Cell Biol. 2009; 11: 
973–9.  

244.  Henson SM, Lanna A, Riddell NE, et al. p38 signaling inhibits 
mTORC1-independent autophagy in senescent human CD8+ T cells. J Clin 
Invest. 2014; 124: 4004–16.  

245.  Onyema OO, Decoster L, Njemini R, et al. Chemotherapy-induced changes 
and immunosenescence of CD8+ T-cells in patients with breast cancer. 
Anticancer Res. 2015; 35: 1481–9.  

246.  Sceneay J, Goreczny GJ, Wilson K, et al. Interferon Signaling Is Diminished 
with Age and Is Associated with Immune Checkpoint Blockade Efficacy in 
Triple-Negative Breast Cancer. Cancer Discov. 2019; 9: 1208–27.  

247.  Ecker BL, Kaur A, Douglass SM, et al. Age-Related Changes in HAPLN1 
Increase Lymphatic Permeability and Affect Routes of Melanoma Metastasis. 
Cancer Discov. 2019; 9: 82–95.  

248.  Kaur A, Webster MR, Marchbank K, et al. sFRP2 in the aged 
microenvironment drives melanoma metastasis and therapy resistance. 
Nature. 2016; 532: 250–4.  

249.  Oh J, Magnuson A, Benoist C, Pittet MJ, Weissleder R. Age-related tumor 
growth in mice is related to integrin α 4 in CD8+ T cells. JCI Insight. 2018; 3: 
e122961, 122961.  

250.  Ershler WB, Socinski MA, Greene CJ. Bronchogenic cancer, metastases, and 
aging. J Am Geriatr Soc. 1983; 31: 673–6.  

251.  Ershler WB, Stewart JA, Hacker MP, Moore AL, Tindle BH. B16 murine 
melanoma and aging: slower growth and longer survival in old mice. J Natl 
Cancer Inst. 1984; 72: 161–4.  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

938 

252.  Pili R, Guo Y, Chang J, Nakanishi H, Martin GR, Passaniti A. Altered 
angiogenesis underlying age-dependent changes in tumor growth. J Natl 
Cancer Inst. 1994; 86: 1303–14.  

253.  Fisher CJ, Egan MK, Smith P, Wicks K, Millis RR, Fentiman IS. Histopathology 
of breast cancer in relation to age. Br J Cancer. 1997; 75: 593–6.  

254.  Gomes AP, Ilter D, Low V, et al. Age-induced accumulation of methylmalonic 
acid promotes tumour progression. Nature. 2020; 585: 283–7.  

255.  Ruscetti M, Morris JP, Mezzadra R, et al. Senescence-Induced Vascular 
Remodeling Creates Therapeutic Vulnerabilities in Pancreas Cancer. Cell. 
2020; 181: 424-441.e21.  

256.  Nieman DC, Henson DA, Gusewitch G, et al. Physical activity and immune 
function in elderly women. Med Sci Sports Exerc. 1993; 25: 823–31.  

257.  Bartlett DB, Fox O, McNulty CL, et al. Habitual physical activity is associated 
with the maintenance of neutrophil migratory dynamics in healthy older 
adults. Brain Behav Immun. 2016; 56: 12–20.  

258.  Bartlett DB, Willis LH, Slentz CA, et al. Ten weeks of high-intensity interval 
walk training is associated with reduced disease activity and improved innate 
immune function in older adults with rheumatoid arthritis: a pilot study. 
Arthritis Res Ther. 2018; 20: 127.  

259.  Shinkai S, Kohno H, Kimura K, et al. Physical activity and immune senescence 
in men. Med Sci Sports Exerc. 1995; 27: 1516–26.  

260.  Duggal NA, Pollock RD, Lazarus NR, Harridge S, Lord JM. Major features of 
immunesenescence, including reduced thymic output, are ameliorated by 
high levels of physical activity in adulthood. Aging Cell. 2018; 17: e12750.  

261.  Spielmann G, McFarlin BK, O’Connor DP, Smith PJW, Pircher H, Simpson RJ. 
Aerobic fitness is associated with lower proportions of senescent blood T-cells 
in man. Brain Behav Immun. 2011; 25: 1521–9.  

262.  Minuzzi LG, Rama L, Chupel MU, et al. Effects of lifelong training on 
senescence and mobilization of T lymphocytes in response to acute exercise. 
Exerc Immunol Rev. 2018; 24: 72–84.  

263.  Simpson RJ, Guy K. Coupling aging immunity with a sedentary lifestyle: has 
the damage already been done?--a mini-review. Gerontology. 2010; 56: 449–58.  

264.  Krüger K, Alack K, Ringseis R, et al. Apoptosis of T-Cell Subsets after Acute 
High-Intensity Interval Exercise. Med Sci Sports Exerc. 2016; 48: 2021–9.  

265.  Campbell PT, Wener MH, Sorensen B, et al. Effect of exercise on in vitro 
immune function: a 12-month randomized, controlled trial among 
postmenopausal women. J Appl Physiol (1985). 2008; 104: 1648–55.  

266.  Kapasi ZF, Ouslander JG, Schnelle JF, Kutner M, Fahey JL. Effects of an 
exercise intervention on immunologic parameters in frail elderly nursing 
home residents. J Gerontol A Biol Sci Med Sci. 2003; 58: 636–43.  

267.  Philippe M, Gatterer H, Burtscher M, et al. Concentric and Eccentric 
Endurance Exercise Reverse Hallmarks of T-Cell Senescence in Pre-diabetic 
Subjects. Front Physiol. 2019; 10: 684.  

268.  Flynn MG, Fahlman M, Braun WA, et al. Effects of resistance training on 
selected indexes of immune function in elderly women. J Appl Physiol (1985). 
1999; 86: 1905–13.  

269.  Fairey AS, Courneya KS, Field CJ, Bell GJ, Jones LW, Mackey JR. Randomized 
controlled trial of exercise and blood immune function in postmenopausal 
breast cancer survivors. J Appl Physiol (1985). 2005; 98: 1534–40.  

270.  Rada I, Deldicque L, Francaux M, Zbinden-Foncea H. Toll like receptor 
expression induced by exercise in obesity and metabolic syndrome: A 
systematic review. Exerc Immunol Rev. 2018; 24: 60–71.  

271.  de Araújo AL, Silva LCR, Fernandes JR, et al. Elderly men with moderate and 
intense training lifestyle present sustained higher antibody responses to 
influenza vaccine. Age (Dordr). 2015; 37: 105.  

272.  Kohut ML, Arntson BA, Lee W, et al. Moderate exercise improves antibody 
response to influenza immunization in older adults. Vaccine. 2004; 22: 2298–
306.  

273.  Wong GCL, Narang V, Lu Y, et al. Hallmarks of improved immunological 
responses in the vaccination of more physically active elderly females. Exerc 
Immunol Rev. 2019; 25: 20–33.  

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

275.  Tong CKW, Lau B, Davis MK. Exercise Training for Cancer Survivors. Curr 
Treat Options Oncol. 2020; 21: 53.  

276.  Rahim MMA, Chen P, Mottashed AN, et al. The mouse NKR-P1B:Clr-b 
recognition system is a negative regulator of innate immune responses. Blood. 
2015; 125: 2217–27.  

277.  Chen P, Aguilar OA, Rahim MMA, et al. Genetic investigation of 
MHC-independent missing-self recognition by mouse NK cells using an in 
vivo bone marrow transplantation model. J Immunol. 2015; 194: 2909–18.  

278.  Zimmer P, Bloch W, Schenk A, et al. Exercise-induced Natural Killer Cell 
Activation is Driven by Epigenetic Modifications. Int J Sports Med. 2015; 36: 
510–5.  

279.  Pederson L, Idorn M, Olofsson G H, et al. Voluntary Running Suppresses 
Tumor Growth through Epinephrine- and IL-6-Dependent NK Cell 
Mobilization and Redistribution. Cell Metab. 2016; 23: 554-62. 

280.  Haas R, Smith J, Rocher-Ros V, et al. Lactate Regulates Metabolic and 
Pro-inflammatory Circuits in Control of T Cell Migration and Effector 
Functions. PLoS Biol. 2015; 13: e1002202.  

281.  Wu Q, Yu X, Li J, Sun S, Tu Y. Metabolic regulation in the immune response to 
cancer. Cancer Commun (Lond). 2021; 41: 661–94.  

282.  Mancuso P. The role of adipokines in chronic inflammation. Immunotargets 
Ther. 2016; 5: 47–56.  

283.  Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and 
metabolic disease. Nat Rev Immunol. 2011; 11: 85–97.  

284.  Cao Dinh H, Beyer I, Mets T, et al. Effects of Physical Exercise on Markers of 
Cellular Immunosenescence: A Systematic Review. Calcif Tissue Int. 2017; 100: 
193–215.  

285.  Wang J, Song H, Tang X, et al. Effect of exercise training intensity on murine 
T-regulatory cells and vaccination response. Scand J Med Sci Sports. 2012; 22: 
643–52.  

286.  Ferrara R, Naigeon M, Auclin E, et al. Circulating T-cell Immunosenescence in 
Patients with Advanced Non-small Cell Lung Cancer Treated with 
Single-agent PD-1/PD-L1 Inhibitors or Platinum-based Chemotherapy. Clin 
Cancer Res. 2021; 27: 492–503.  

287.  Wistuba-Hamprecht K, Martens A, Heubach F, et al. Peripheral CD8 
effector-memory type 1 T-cells correlate with outcome in ipilimumab-treated 
stage IV melanoma patients. Eur J Cancer. 2017; 73: 61–70.  

288.  Moreira A, Gross S, Kirchberger MC, Erdmann M, Schuler G, Heinzerling L. 
Senescence markers: Predictive for response to checkpoint inhibitors. Int J 
Cancer. 2019; 144: 1147–50.  

289.  Kitamura H, Ohno Y, Toyoshima Y, et al. Interleukin-6/STAT3 signaling as a 
promising target to improve the efficacy of cancer immunotherapy. Cancer 
Sci. 2017; 108: 1947–52.  

290.  Laino A S, Woods D, Vassallo M, et al. Serum interleukin-6 and C-reactive 
protein are associated with survival in melanoma patients receiving immune 
checkpoint inhibition. J Immunother Cancer. 2020; 8: e000842. 

291.  Xia W, Qi X, Li M, et al. Metformin promotes anticancer activity of NK cells in 
a p38 MAPK dependent manner. Oncoimmunology. 2021; 10: 1995999.  

292.  Teijeira A, Garasa S, Ochoa MC, et al. IL8, Neutrophils, and NETs in a 
Collusion against Cancer Immunity and Immunotherapy. Clin Cancer Res. 
2021; 27: 2383–93.  

293.  Zhao B, Liu P, Fukumoto T, et al. Topoisomerase 1 cleavage complex enables 
pattern recognition and inflammation during senescence. Nat Commun. 2020; 
11: 908.  

294.  Hao X, Zhao B, Zhou W, et al. Sensitization of ovarian tumor to immune 
checkpoint blockade by boosting senescence-associated secretory phenotype. 
iScience. 2021; 24: 102016.  

295.  Jerby-Arnon L, Shah P, Cuoco MS, et al. A Cancer Cell Program Promotes T 
Cell Exclusion and Resistance to Checkpoint Blockade. Cell. 2018; 175: 
984-997.e24.  

296.  Lin W, Wang X, Wang Z, et al. Comprehensive Analysis Uncovers Prognostic 
and Immunogenic Characteristics of Cellular Senescence for Lung 
Adenocarcinoma. Front Cell Dev Biol. 2021; 9: 780461.  

297.  Luo X, Ribeiro M, Bray ER, et al. Enhanced Transcriptional Activity and 
Mitochondrial Localization of STAT3 Co-induce Axon Regrowth in the Adult 
Central Nervous System. Cell Rep. 2016; 15: 398–410.  

298.  Ruhland MK, Loza AJ, Capietto A-H, et al. Stromal senescence establishes an 
immunosuppressive microenvironment that drives tumorigenesis. Nat 
Commun. 2016; 7: 11762.  

299.  Irvine DJ, Maus MV, Mooney DJ, Wong WW. The future of engineered 
immune cell therapies. Science. 2022; 378: 853–8.  

300.  Kantarjian H, Stein A, Gökbuget N, et al. Blinatumomab versus 
Chemotherapy for Advanced Acute Lymphoblastic Leukemia. N Engl J Med. 
2017; 376: 836–47.  

301.  Niyongere S, Sanchez-Petitto G, Masur J, Baer MR, Duong VH, Emadi A. 
Frontline Blinatumomab in Older Adults with Philadelphia 
Chromosome-Negative B-Cell Acute Lymphoblastic Leukemia. 
Pharmaceuticals (Basel). 2020; 13: 124.  

302.  Topp MS, Gökbuget N, Stein AS, et al. Safety and activity of blinatumomab for 
adult patients with relapsed or refractory B-precursor acute lymphoblastic 
leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol. 2015; 16: 
57–66.  

303.  Siddiqui RS, Sardar M. A Systematic Review of the Role of Chimeric Antigen 
Receptor T (CAR-T) Cell Therapy in the Treatment of Solid Tumors. Cureus. 
2021; 13: e14494.  

304.  Beider K, Besser MJ, Schachter J, et al. Upregulation of senescent/exhausted 
phenotype of CAR T cells and induction of both treg and myeloid suppressive 
cells correlate with reduced response to CAR T cell therapy in 
relapsed/refractory B cell malignancies. Blood. 2019; 134: 3234.  

305.  Brudno JN, Maric I, Hartman SD, et al. T Cells Genetically Modified to Express 
an Anti-B-Cell Maturation Antigen Chimeric Antigen Receptor Cause 
Remissions of Poor-Prognosis Relapsed Multiple Myeloma. J Clin Oncol. 2018; 
36: 2267–80.  

306.  Newick K, O’Brien S, Moon E, Albelda SM. CAR T Cell Therapy for Solid 
Tumors. Annu Rev Med. 2017; 68: 139–52.  

307.  Zhang H, Ye Z-L, Yuan Z-G, Luo Z-Q, Jin H-J, Qian Q-J. New Strategies for the 
Treatment of Solid Tumors with CAR-T Cells. Int J Biol Sci. 2016; 12: 718–29.  

308.  Ali AI, Wang M, von Scheidt B, et al. A Histone Deacetylase Inhibitor, 
Panobinostat, Enhances Chimeric Antigen Receptor T-cell Antitumor Effect 
Against Pancreatic Cancer. Clin Cancer Res. 2021; 27: 6222–34.  

309.  Woan KV, Miller JS. Harnessing Natural Killer Cell Antitumor Immunity: 
From the Bench to Bedside. Cancer Immunol Res. 2019; 7: 1742–7.  

310.  Tanaka J, Miller JS. Recent progress in and challenges in cellular therapy using 
NK cells for hematological malignancies. Blood Reviews. 2020; 44: 100678.  



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

939 

311.  Curti A, Ruggeri L, Parisi S, et al. Larger Size of Donor Alloreactive NK Cell 
Repertoire Correlates with Better Response to NK Cell Immunotherapy in 
Elderly Acute Myeloid Leukemia Patients. Clin Cancer Res. 2016; 22: 1914–21.  

312.  Wennerberg E, Lhuillier C, Rybstein MD, et al. Exercise reduces immune 
suppression and breast cancer progression in a preclinical model. Oncotarget. 
2020; 11: 452–61.  

313.  Martín-Ruiz A, Fiuza-Luces C, Rincón-Castanedo C, et al. Benefits of exercise 
and immunotherapy in a murine model of human non-small-cell lung 
carcinoma. Exerc Immunol Rev. 2020; 26: 100–15.  

314.  Garritson J, Krynski L, Haverbeck L, Haughian JM, Pullen NA, Hayward R. 
Physical activity delays accumulation of immunosuppressive 
myeloid-derived suppressor cells. PLoS One. 2020; 15: e0234548.  

315.  Weber R, Fleming V, Hu X, et al. Myeloid-Derived Suppressor Cells Hinder 
the Anti-Cancer Activity of Immune Checkpoint Inhibitors. Front Immunol. 
2018; 9: 1310.  

316.  Mengos AE, Gastineau DA, Gustafson MP. The CD14+HLA-DRlo/neg 
Monocyte: An Immunosuppressive Phenotype That Restrains Responses to 
Cancer Immunotherapy. Front Immunol. 2019; 10: 1147.  

317.  Kim IS, Gao Y, Welte T, et al. Immuno-subtyping of breast cancer reveals 
distinct myeloid cell profiles and immunotherapy resistance mechanisms. Nat 
Cell Biol. 2019; 21: 1113–26.  

318.  McQuade JL, Daniel CR, Hess KR, et al. Association of body-mass index and 
outcomes in patients with metastatic melanoma treated with targeted therapy, 
immunotherapy, or chemotherapy: a retrospective, multicohort analysis. 
Lancet Oncol. 2018; 19: 310–22.  

319.  Wang Z, Aguilar EG, Luna JI, et al. Paradoxical effects of obesity on T cell 
function during tumor progression and PD-1 checkpoint blockade. Nat Med. 
2019; 25: 141–51.  

320.  Donnelly D, Bajaj S, Yu J, et al. The complex relationship between body mass 
index and response to immune checkpoint inhibition in metastatic melanoma 
patients. J Immunother Cancer. 2019; 7: 222.  

321.  Tuazon SA, Li A, Gooley T, et al. Factors affecting lymphocyte collection 
efficiency for the manufacture of chimeric antigen receptor T cells in adults 
with B-cell malignancies. Transfusion. 2019; 59: 1773–80.  

322.  Korell F, Laier S, Sauer S, et al. Current Challenges in Providing Good 
Leukapheresis Products for Manufacturing of CAR-T Cells for Patients with 
Relapsed/Refractory NHL or ALL. Cells. 2020; 9: 1225.  

323.  Hutt D, Bielorai B, Baturov B, et al. Feasibility of leukapheresis for CAR T-cell 
production in heavily pre-treated pediatric patients. Transfus Apher Sci. 2020; 
59: 102769. 

324.  Scheffer D da L, Latini A. Exercise-induced immune system response: 
Anti-inflammatory status on peripheral and central organs. Biochim Biophys 
Acta Mol Basis Dis. 2020; 1866: 165823.  

325.  Porter DL, Hwang W-T, Frey NV, et al. Chimeric antigen receptor T cells 
persist and induce sustained remissions in relapsed refractory chronic 
lymphocytic leukemia. Sci Transl Med. 2015; 7: 303ra139.  

326.  Rosenberg SA, Yang JC, Sherry RM, et al. Durable complete responses in 
heavily pretreated patients with metastatic melanoma using T-cell transfer 
immunotherapy. Clin Cancer Res. 2011; 17: 4550–7.  

327.  Louis CU, Savoldo B, Dotti G, et al. Antitumor activity and long-term fate of 
chimeric antigen receptor-positive T cells in patients with neuroblastoma. 
Blood. 2011; 118: 6050–6.  

328.  Xu Y, Zhang M, Ramos CA, et al. Closely related T-memory stem cells 
correlate with in vivo expansion of CAR.CD19-T cells and are preserved by 
IL-7 and IL-15. Blood. 2014; 123: 3750–9.  

329.  Kochenderfer JN, Somerville RPT, Lu T, et al. Lymphoma Remissions Caused 
by Anti-CD19 Chimeric Antigen Receptor T Cells Are Associated With High 
Serum Interleukin-15 Levels. J Clin Oncol. 2017; 35: 1803–13.  

330.  Frodermann V, Rohde D, Courties G, et al. Exercise reduces inflammatory cell 
production and cardiovascular inflammation via instruction of hematopoietic 
progenitor cells. Nat Med. 2019; 25: 1761–71.  

331.  Ringleb M, Javelle F, Haunhorst S, et al. Beyond muscles: Investigating 
immunoregulatory myokines in acute resistance exercise - A systematic 
review and meta-analysis. FASEB J. 2024; 38: e23596.  

332.  Ramachandran I, Lowther DE, Dryer-Minnerly R, et al. Systemic and local 
immunity following adoptive transfer of NY-ESO-1 SPEAR T cells in synovial 
sarcoma. J Immunother Cancer. 2019; 7: 276.  

333.  Klebanoff CA, Scott CD, Leonardi AJ, et al. Memory T cell-driven 
differentiation of naive cells impairs adoptive immunotherapy. J Clin Invest. 
2016; 126: 318–34.  

334.  Gustafson MP, DiCostanzo AC, Wheatley CM, et al. A systems biology 
approach to investigating the influence of exercise and fitness on the 
composition of leukocytes in peripheral blood. J Immunother Cancer. 2017; 5: 
30.  

335.  Rezvani K, Rouce RH. The Application of Natural Killer Cell Immunotherapy 
for the Treatment of Cancer. Front Immunol. 2015; 6: 578.  

336.  Michelet X, Dyck L, Hogan A, et al. Metabolic reprogramming of natural killer 
cells in obesity limits antitumor responses. Nat Immunol. 2018; 19: 1330–40.  

337.  Viel S, Besson L, Charrier E, et al. Alteration of Natural Killer cell phenotype 
and function in obese individuals. Clin Immunol. 2017; 177: 12–7.  

338.  O’Brien KL, Finlay DK. Immunometabolism and natural killer cell responses. 
Nat Rev Immunol. 2019; 19: 282–90.  

339.  Mao Y, van Hoef V, Zhang X, et al. IL-15 activates mTOR and primes 
stress-activated gene expression leading to prolonged antitumor capacity of 
NK cells. Blood. 2016; 128: 1475–89.  

340.  Kedia-Mehta N, Choi C, McCrudden A, et al. Natural Killer Cells Integrate 
Signals Received from Tumour Interactions and IL2 to Induce Robust and 
Prolonged Anti-Tumour and Metabolic Responses. Immunometabolism. 2019; 
1: e190014.  

341.  Shojaee-Moradie F, Baynes KCR, Pentecost C, et al. Exercise training reduces 
fatty acid availability and improves the insulin sensitivity of glucose 
metabolism. Diabetologia. 2007; 50: 404–13.  

342.  Johnson NA, Sachinwalla T, Walton DW, et al. Aerobic exercise training 
reduces hepatic and visceral lipids in obese individuals without weight loss. 
Hepatology. 2009; 50: 1105–12.  

343.  Kenfield SA, Chan JM. Meeting Exercise Recommendations Is Beneficial for 
Cancer Survivors. JCO. 2023; 41: 4965–7.  

344.  Fiuza-Luces C, Valenzuela PL, Gálvez BG, et al. The effect of physical exercise 
on anticancer immunity. Nat Rev Immunol. 2024; 24: 282–93.  

345.  Koivula T, Lempiäinen S, Neuvonen J, et al. The effect of exercise and disease 
status on mobilization of anti-tumorigenic and pro-tumorigenic immune cells 
in women with breast cancer. Front Immunol. 2024; 15: 1394420. 

346.  Cieślicka M, Stankiewicz B, Muszkieta R, et al. Long-Term Bovine Colostrum 
Supplementation in Football Players. Nutrients. 2023; 15: 4779. 

 


