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KEYWORDS ABSTRACT

Physical activity, This study explores the intricate relationship between physical activity and

Inflammation, immune response modulation, utilizing secondary data to synthesize existing

Immune response, knowledge on the mechanisms and outcomes involved. Through

Vaccine efficacy, comprehensive analysis of epidemiological studies, clinical trials, and meta-

Cytokine analyses, the investigation highlights how various forms of physical activity,

production. ranging from moderate exercise to high-intensity training, influence immune
function. Key findings illustrate that regular moderate exercise enhances
immune surveillance, reduces inflammation, and improves vaccine efficacy,
while excessive exercise may impair immune function and increase
susceptibility to infections. The study elucidates the underlying mechanisms,
including the mobilization of immune cells, cytokine production, and hormonal
alterations, offering insights into how physical activity acts as a non-
pharmacological strategy to bolster immune health. Additionally, the research
underscores the significance of personalized exercise regimens tailored to
individual health profiles to optimize immune outcomes. By consolidating
current evidence, this study aims to inform public health policies and encourage
the integration of physical activity into preventive healthcare strategies to
enhance immune resilience across diverse populations.

1. Introduction

The immune system plays a pivotal role in maintaining human health by defending against
pathogens and facilitating tissue repair [1]. In recent years, there has been a growing interest in
understanding how lifestyle factors, particularly physical activity, can modulate immune responses
and influence overall health. Exercise is known to confer numerous benefits, not only enhancing
cardiovascular and muscular function but also impacting metabolic processes, mental health, and
disease prevention [2]. One of the most intriguing aspects of exercise science is its capacity to
modulate immune function, a topic that has garnered attention due to its potential implications for
managing chronic diseases, improving vaccine efficacy, and enhancing resilience against
infections.

Evidence also reveals that there is a correlation between exercise and immunity response, either
primary or secondary immunity [3]. These changes appear to be dose-dependent and may thus
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exhibit variations in line with the intensity and duration of the exercise program. For example, the
performance of reasonable exercises is expected to beef up the body's immune directory, thus
reducing the risk of getting an infection, while high intensity can dampen the immune system when
there is no adequate rest [4]. It is, hence, important to acknowledge the complex interactions of
exercise's effects on immunomodulation in order to work towards enhancing health-related
benefits.

The mechanisms related to immunomodulation by physical activity are humerous and involve
multiple aspects. It has been established that immune function is altered by exercise via hormonal
and cytokine mechanisms, as well as changes in the numbers and function of immune cells [5].
Such physiological reactions can be either enhanced or inhibited by numerous factors, such as the
client’s overall health status, nutritional state, susceptibility genes, environmental factors such as
stress, and quality of sleep.

Although there is an increasing number of studies that explain the relationship between physical
activity and immunity, a lot remains unknown about the subtleties of this process. In addition, the
effect of these drugs on clinical manifestations also needs further research [6]. The purpose of this
research is to understand how physical activity regulates and interacts with the immune system
and the results of these interactions on different groups of people. Thus, the aim of this research is
to investigate ways in which physical activity could be used to enhance the immune system by
proposing theoretical concepts from immunology, exercise physiology and the public health
domain.

In this study, we will explore key questions: How does physical activity influence immune cell
function and regulation? And how can these insights be translated into practical recommendations
for disease prevention and health promotion? Our investigation will provide valuable information
to inform public health guidelines and personalized exercise prescriptions aimed at optimizing
immune function.

2. Literature Review

In recent years, a burgeoning body of literature has explored the intricate relationship between
physical activity and immune function. This literature review synthesizes the existing research to
elucidate the mechanisms by which physical activity modulates the immune response and the
outcomes of such modulation.

The immune system is a coordinated structure of cells, tissues, and organs whose function is to
protect the body against pathogenic organisms. The International Physical Activity Working
Group has unveiled that physical activity exerts a vast influence on immune competence. Initial
works by [7] showed that moderate exercise increases response to vaccinations, boosts T-cell
levels, and helps in pathogen vigilance. The aforementioned studies are further supported by more
recent work done by [8], where the authors established how exercise vehemently changed the
immune response from being inflammatory to anti-inflammatory, an event that was facilitated by
the release of cytokines such as IL-6.

There are complex processes that explain how physical activity benefits the immune system. One
of the most established mechanisms implicates the modulation of inflammation. Physical activity
also releases anti-inflammatory cytokines and myokines, like IL-10 and IL-1 RA, that have the
ability to control chronic inflammation [9]. Moreover, exercise is said to affect the characteristics
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and efficiency of the immune system cells. For instance, one of the studies conducted by [10]
found that moderate exercise improves the functional capacity of macrophages, neutrophils, and
NK cells.

Hormonal regulation is another aspect; stress response due to physical activity releases
corticosteroids and catecholamines in the blood that can temporarily dampen excess inflammation
while at the same time enhancing toxic immunity [11].

The volume and the time spent exercising are parameters that determine whether physical activity
is beneficial or detrimental to the immune system. Hence, moderate exercise is immunoprotective,
meaning that it strengthens the body’s immune system, while on the other hand high intensity
exercise training causes an “open window” of immune suppression whereby the body is vulnerable
to infections [12]. This biphasic relationship highlighted the importance of exercise regimens in
achieving effective immune results.

The modulation of immune function through exercise has significant clinical implications. Regular
physical activity has been associated with reduced incidence of chronic inflammatory diseases
such as cardiovascular disease, type 2 diabetes, and certain cancers [13]. Moreover, evidence
suggests that exercise may enhance tumor immunosurveillance and reduce cancer progression
[14]. Additionally, exercise-induced improvements in immune function may contribute to
healthier aging processes, as indicated in longitudinal studies by [15].

3. Methodology

In this comprehensive review, we systematically explored the existing literature to elucidate the
mechanisms and outcomes of immune response modulation through physical activity. Our
methodology involved a structured approach to ensure a thorough and rigorous examination of
relevant studies, incorporating diverse research designs and a range of physical activity paradigms.
This section outlines the processes of literature selection, data extraction, and synthesis that
informed our findings.

3.1 Literature Search and Selection

Our literature search was conducted across multiple databases, including PubMed, Scopus, and
Web of Science, to capture peer-reviewed articles published up to 2023. We developed a strategic
combination of keywords and Medical Subject Headings (MeSH) terms, such as “immune
response,” “physical activity,” “exercise,” “immune modulation,” and “immune system.” The
initial search yielded a corpus of 500 studies. We applied predefined inclusion criteria: studies had
to focus primarily on human subjects, be available in English, assess physical activity
interventions, and provide measurable outcomes related to immune response markers. Exclusion
criteria were applied to studies with insufficient methodological detail, those focusing solely on
non-immune outcomes, and case studies or editorial/opinion pieces.

99 ¢

3.2 Data Extraction

A team of reviewers independently screened titles and abstracts for relevance. Full-text articles of
potentially eligible studies were then retrieved and assessed against the inclusion criteria. Data
extraction was conducted by the reviewers using a standardized extraction form, capturing key
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information such as study design, population demographics, type and duration of physical activity,
and specific immunological outcomes measured. To ensure the reliability of the data extraction
process, discrepancies were discussed and resolved through consensus among the reviewers.

3.3 Data Synthesis and Analysis

The data synthesis involved qualitative and quantitative approaches. A narrative synthesis was
conducted to summarize findings across different studies, highlighting recurring themes and
variations in study outcomes and identifying mechanisms of immune modulation through physical
activity. Where feasible, we also performed meta-analyses on subsets of studies that reported
homogeneous outcomes, employing random-effects models to estimate pooled effect sizes and
assess heterogeneity using the I2 statistic.

Throughout the synthesis process, we were attentive to confounding factors such as age, sex,
baseline fitness levels, and pre-existing health conditions, all of which could mediate the
relationship between physical activity and immune response. We also examined the dose-response
relationship between physical activity intensity and immunological changes, assessing whether
moderate versus high-intensity activities yielded differential effects on immune parameters.

3.4 Ethical Considerations

While this review did not involve primary data collection, ethical considerations were inherently
addressed by referencing only studies that conformed to ethical standards as outlined in ethical
review boards relevant to each original study.

4. Findings and Discussion

4.1 Immune System and Physical Activity

4.1.1 Overview of Immune System Function

The immune system is a complex network of defenses that protect the body against infections and
diseases caused by pathogens, toxins, and other foreign objects. It comprises two main
components: It is divided into innate and adaptive immunity [16]. This form of immunity is often
referred to as the first-line defense, and its actions are immediate but not selective. Components
include the physical barrier, phagocytic cells like macrophages and neutrophils, natural killer cells,
and various cytokines and chemokines that promote inflammation and intercellular
communication. Adaptive immunity is specific to an antigen and tends to be slower but more
particular than innate immunity. It is characterized by increased production and activity of
lymphocytes, involving B and T cells responsible for humoral and cellular immunity, respectively

Various scholars have appreciated the interactive nature of these immune components as a way to
preserve balance and support health. For example, [ ] explained that there is immediate
and active immunity that plays a crucial role in enabling the body to respond to infectious
pressures. It is crucial to comprehend these aspects to gain insight into how physical activity affects
the immune response. Table 1 provides a concise overview of key components of the immune
system, their primary functions, and how they interact with physical activity.
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Table 1: Key components of the immune system.

Component of Immune
System
Innate Immunity

Adaptive Immunity

Lymphocytes

Macrophages

Cytokines

Natural Killer (NK) Cells

Inflammatory Response

Description and Function

The body's first line of
defense; provides immediate
response to pathogens

Learns to recognize specific
pathogens and provides long-
lasting protection

White blood cells part of
adaptive immunity, including
T cells and B cells

Engulf and digest cellular
debris and pathogens; secrete
cytokines to regulate
immunity

Signaling proteins
modulating the immune
response and inflammation

Play a critical role in the
rejection of tumors and
virally infected cells

A biological response to
harmful stimuli, such as
pathogens or injury

Interaction with Physical
Activity

Physical activity can enhance
the effectiveness of innate
immune responses, such as
increasing macrophage
activity.

Regular moderate exercise
has been shown to improve
the function of lymphocytes
and increase the proliferation
of T cells.

Physical activity influences
the distribution and function
of lymphocytes, aiding in
immune surveillance
Physical exercise can
stimulate the activity of
macrophages, enhancing their
pathogen-killing
effectiveness.

Exercise modifies cytokine
production, balancing pro-
inflammatory and anti-
inflammatory signals, which
aids in recovery and
adaptation

Regular physical activity can
increase the number and
activity of NK cells,
improving immune defense
mechanisms

Acute exercise can cause
temporary inflammation
followed by an anti-
inflammatory response,
promoting healing and
adaptation

4.1.2 Physical Activity Spectrum

Physical activity spans a broad spectrum from everyday activities to structured exercise regimens,
which vary in intensity and duration [21]. Moderate exercise, such as brisk walking or recreational
swimming, is characterized by activities that elevate heart rate and breathing but still allow for
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conversation. High-intensity interval training (HIIT), on the other hand, involves short bursts of
strenuous activity followed by rest periods, pushing the cardiovascular and musculoskeletal
systems to their limits [22].

The health benefits of regular physical activity are well-documented, transcending improved
cardiovascular health, weight management, and enhanced mental well-being. Importantly,
physical activity also plays a pivotal role in modulating the immune system. As noted by Campbell
and [18], moderate exercise is associated with enhanced surveillance and regulation by the immune
system. Acute bouts of exercise, particularly moderate in intensity, have been found to facilitate
the recirculation of immunoglobulins, anti-inflammatory cytokines, neutrophils, NK cells, T cells,
and B cells. Conversely, prolonged, intense exercise without adequate rest can lead to an "open
window" of immune suppression, as described in the "J-curve™ model of infection risk and exercise
intensity [23].

This contrasting pattern of the immune function modulation upon physical activity implies that
While regular but constructive exercise sessions enhance the quality of the immune system in the
body, overextending oneself with intense exercise workouts without adequate rest may cause the
immune system to revert to a state of temporary weakening. These findings are supported by the
study conducted by [24], which analysed that athletes performing HIIT without rest were found to
be more prone to upper respiratory tract infections than athletes who have been maintaining a
proper exercise regimen.

The relationship between the level of physical activity and immune system function can be
described as rather complicated, and the data representing this relationship are presented in Figure
1 as the role of physical activity in overall immune system health depends on the kind and
frequency of exercise.

" Moderate
Exercise

y i) & “ .
~ Balanced i ; ~ High-
_ Exercise : Intensity
Exercise

.
" Prolonged,
) Intense

A\ Exercise

Figure 1: Immune system's response to varying levels of physical activity.
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4.2 Mechanisms of Immune Response Modulation

The modulation of immune response through physical activity is a multifaceted phenomenon,
encompassing various biological and physiological changes. The current section delves into the
mechanisms underpinning these modifications by examining the role of exercise intensity and
duration as well as the cellular and molecular mechanisms involved.

4.2.1 Role of Exercise Intensity and Duration

The studies show that the relationship between exercise and immune function depends on exercise
intensity. Regular moderate exercise has been demonstrated with clarity to improve immune
vigilance and efficiency to prevent infections [25]. For example, moderate-intensity aerobic
exercise increases the natural killer (NK) cells and the number of white blood cells that fight
against infection. The elevated state of immune function created by moderate exercise was
recorded by [26], who observed enhanced NK cell cytotoxicity and neutrophil phagocytosis after
exercise.

Conversely, high-intensity and prolonged exercise can induce what is known as an "open window"
period, during which the immune system is transiently suppressed [27]. This period of immune
suppression is characterized by a reduction in the number of circulating lymphocytes, including
T-cells and NK cells, and an increased susceptibility to infections, particularly upper respiratory
tract infections (URTISs). A study conducted by [28] highlighted these effects, emphasizing how
elite athletes undergoing high-intensity training regimens experienced more frequent URTIs
compared to their moderately exercising counterparts.

With regard to exercise duration, prolonged physical activity, akin to marathon running, has been
linked to temporary immune dysfunction, whereas sessions of moderate duration (under 60
minutes) are generally beneficial [29]. For example, [30] demonstrated that prolonged exercise led
to increased production of cortisol and other stress hormones, which have an immunosuppressive
effect.

However, it’s important to note that repeated bouts of short to moderate duration exercise lead to
adaptations that may bolster immune defense [31]. Trained individuals often exhibit lower
inflammatory responses and enhanced recovery rates when compared to untrained individuals,
suggesting that regular exposure to moderate exercise forms an important part of immune health.

4.2.2 Cellular and Molecular Mechanisms

Physical activity induces numerous changes in immune cell dynamics. Regular moderate exercise
has been associated with preserved or even enhanced functions of T-cells, B-cells, and NK cells.
[32] discussed how exercise mobilizes immune cells into the bloodstream, enhancing their
readiness to detect and respond to pathogens. Furthermore, exercise-induced cytokines mediate
the redistribution of leukocytes, a key component of immune defense [33].

NK cells, in particular, show increased cytotoxicity after moderate exercise [34]. This is

particularly significant as NK cells are critical to the body's innate immune response to viral
infections and tumor surveillance.

4085 | Page



. Immune Response Modulation through Physical Activity: Mechanisms and Outcomes
. M SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248; Posted:05-01-2025

Exercise influences cytokine production and modulates inflammatory pathways. Regular physical
activity has been shown to lower chronic inflammation levels, a risk factor for various chronic
diseases [35]. For example, post-exercise increases in anti-inflammatory cytokines such as 1L-10
have been identified, alongside a reduction in pro-inflammatory markers such as TNF-alpha and
IL-6 following moderate-intensity exercise [36].

This cytokine response is partly attributed to muscle contractions during exercise, which trigger
the release of myokines, cytokines produced by muscle fibers that can exert systemic anti-
inflammatory effects [37]. Regular engagement in physical activity thus creates an anti-
inflammatory environment conducive to improved immune function. Similar findings were noted
by [38], who underscored the importance of maintaining regular moderate physical activity
regimes to sustain low-grade inflammation control. Figure 2 encapsulates key findings related to
the influence of physical activity on cellular and molecular mechanisms of the immune response.

T-cells, B-cells, and NK cells Cytokine Production Leukocyte Redistribution

e Enhanced readiness and function of * Moderate exercise boosts e Exercise-driven redistribution helps
immune cells due to mobilization production of cytokines like IL-10, improve immune defense
into the bloodstream contributing to anti-inflammatory preparedness
«NK cells show increased cytotoxicity, effects
enhancing viral and tumor response ¢ Decreases in pro-inflammatory
markers (TNF-alpha, IL-6

Figure 2: Influence of physical activity on cellular and molecular mechanisms of the immune
response.

4.2.3 Adaptations to Regular Physical Activity
In another aspect, daily exercise as a long-term process affects overall immunity and can provide
a powerful reaction. These adaptations include an enhanced distribution and increased
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functionality of immune cells, improved inflammatory responses, and appropriate cytokine
production. For instance, [39] identified that moderate exercise is a critical factor in the affinity of
anti-inflammatory cytokines and also the NK cells, which are responsible for combating viral
ailments and tumors.

Another benefit of regular exercise pertains to the management of inflammation at the systemic
level. Persistent low level inflammation increases the risk of developing chronic diseases such as
cardiovascular diseases and diabetes type 2. Physical activity has been found to lower levels of
inflammation markers like C-reactive protein (CRP), indicating that it plays a part in preventing
chronic disease [40].

The immune adaptations vary between acute and chronic exercise. It is essential to understand that
a bout of exercise can cause a temporary surge in stress hormone levels, such as cortisol, and that
these may inhibit immune function [41]. However, chronic exercise can help to create a more
vigilant and prepared state of immunity against diseases. The body can become more accustomed
to managing these stress responses, and this can result in better physical health.

4.2.4 Acute vs. Chronic Physical Activity

The immunological stress differs vastly between acute and chronic physical activity, an area that
has garnered much attention in exercise immunology. This condition usually results in an
immediate rise in leukocytes and lymphocytes as these cells are normally released into the
circulation from their reservoirs in the spleen and other organs. This temporary increase in the
availability of immune cells is described as the immuno-surveillance effect [7].

Acute exercise has also been utilized and is referenced to the “open window hypothesis,” which
states that during periods of stiff exercise, one becomes easily vulnerable to illnesses for some
time after exercising [42]. This is commonly seen in endurance athletes and stresses the point of
moderation between intensity and rest to promote good immunity in the body.

On the other hand, exercise that is continued and less intense builds up immunity, which actually
improves the immune system in the long run. Prolonged training in exercising affects
immunological stress in that it gains the immune system in terms of efficiency when it comes to
handling pathogens and even ministering its own exercise-stimulated inflammation. Regular
training appears to enhance mucosal immunity with higher levels of IgA in saliva, which is an
aspect that helps the body’s defense against pathogens that enter through mucosal surfaces [10].
Table 2 provides a concise overview of how acute and chronic physical activities differently
influence immune responses, balancing immediate effects and long-term health benefits.

Table 2: Outcomes of acute and chronic physical activity on immune response modulation

Parameter Acute Physical Activity
Leukocyte Response Rapid increase in circulating

Chronic Physical Activity
Gradual enhancement of

leukocytes and lymphocytes  immune cell function and
for short-term immuno- efficiency
surveillance

Window of Vulnerability Possible “open window” Reduced long-term
period post-exercise, susceptibility to infections
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increasing susceptibility to due to consistent
infections immunological adaptations
Intensity and Duration High intensity, short duration  Moderate intensity, extended
duration

Mucosal Immunity Temporary increase in Sustained increase in IgA

immune cells, no sustained levels, enhancing mucosal
enhancement immunity
NHEIIEW IR ERELEgEsial Temporary inflammation Improved management of
increase exercise-induced
inflammation

Risk of llIness Increased risk during periods  Decreased risk of illness with
of intensive exercise regular, moderate exercise

4.3 Outcomes of Immune Modulation through Physical Activity

The exploration of immune response modulation through physical activity reveals a complex
interplay between exercise and immune function. This section reviews the outcomes of this
modulation, emphasizing both the benefits and potential risks associated with physical activity.

4.3.1 Benefits for Infection and Disease Resistance

Several authors have documented the benefits of sustained moderate exercise on immunity as well
as infection and disease avoidance. Studies have shown that exercise can help prevent and
minimize infections in any given population. For example, [43] established that individuals with
exercise regimes had a reduced relative risk of contracting upper respiratory tract infections by 40
to 50 percent compared to individuals with no or little exercise. Neutrophil and lymphocyte traffic
in a sedentary pool has been increased _during moderate exercise_ due to which it is believed that
immune surveillance and pathogen defense mechanisms are improved [13].

In terms of chronic disease outcomes, physical activity has been shown to exert protective effects
against various autoimmune disorders and certain cancers. For example, several observational
studies have reported that physical activity is inversely related to the risk of developing rheumatoid
arthritis and multiple sclerosis [ ]. Additionally, exercise has been found to modulate the
inflammatory response, which is critical in the pathogenesis of a wide range of chronic diseases,
including cardiovascular diseases and Type 2 diabetes [9]. The potential anti-tumor effects of
exercise have been highlighted in meta-analyses showing reduced risk and improved survival rates
in physically active cancer patients [20].

4.3.2 Potential Risks and Limitations

While the benefits of exercise on immune function are robust, it is important to acknowledge
potential risks, particularly when exercise is excessive or not appropriately managed. Evidence
suggests that intense, prolonged exercise can lead to transient immune dysfunction, a phenomenon
often termed the "open window" theory, where the risk of infection is temporarily increased post-
exercise [45]. For example, marathon runners have been documented to have higher rates of upper
respiratory tract infections post-race, attributed to decreased salivary immunoglobulin A levels and
elevated stress hormones such as cortisol [37].
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Furthermore, the limitations of current secondary data must be recognized in establishing a clear
causational relationship between exercise and immune modulation. Most available studies are
observational and thus can demonstrate correlation but not causation. Randomized controlled
trials, while fewer in number, have been pivotal in advancing understanding but often suffer from
short durations and limited sample diversity [25]. As such, future research should focus on long-
term, mechanistic studies across diverse populations to better elucidate the complex relationship
between exercise and the immune system.

4.3.3 Implications for Health and Fitness

To effectively integrate physical activity into lifestyle interventions, several practical
considerations should be kept in mind. One key aspect is the accessibility and sustainability of the
physical activity regimen. As noted by [3], moderate-intensity exercise routines, such as brisk
walking or cycling, are easily accessible to the general population and require minimal equipment,
making them ideal candidates for lifestyle interventions. Furthermore, activities must be tailored
to individual preferences and physical capabilities to enhance adherence [11].

The legging of physical activity into the daily routine can also be done through the use of features
like taking stairs instead of elevators, walking to work, or using standing desks and taking breaks
from sitting work at short intervals. Such strategies not only raise the global level of physical
activity but also help create conditions for bringing about changes in the immune response,
preventing a long period of inactivity that leads to adverse health outcomes [24].
Immunohormesis is the optimal approach toward exercise intensity, duration, and frequency to
maximize immunity without overloading or incurring the ill effects of exercising. As demonstrated
in the study by [37], only moderate intensity training enhanced immune surveillance/immune
function domains, but intense training caused temporary immunosuppression.

Basic advice for enhancing immunity entails the recommendation for at least 150 minutes of
moderate aerobic activity per week and muscle strengthening activities two or more days a week
[42]. This is in concordance with current recommendations and has been reported earlier to boost
immunosurveillance by recruiting immune cells and making them prepared to fight pathogens [31].

For the first timers and those with chronic illnesses or those with some health risks, exercise
prescriptions should be modified according to the health state of the person; in such cases, it may
require consulting a doctor or a fitness trainer in order to prescribe safe and effective exercise
regime [22].

Overall, the integration of appropriately designed physical activity programs into daily life
presents a robust approach to enhancing immune function, contributing to better health outcomes
and increased resistance to illnesses. Research by [12] consistently supports the notion that regular
physical activity is a cornerstone of preventive health measures, providing compelling evidence to
promote its practice.

4.4 Key Immune Enhancements

The review of current literature indicates that physical activity significantly influences lymphocyte
dynamics and function. Regular moderate exercise has been shown to enhance the circulation of
lymphocytes, particularly natural killer (NK) cells, which are crucial for maintaining innate
immunity. For example, [4] demonstrated that a single bout of moderate exercise could transiently
increase NK cell activity, which potentially enhances the body's immediate defense capabilities.
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Additionally, witnesses improved T-cell function, which is linked to better adaptive immune
responses, supporting findings from [40] that regular physical training can improve the
surveillance capacity of lymphocytes.

Long-term engagement in regular exercise is associated with favorable shifts in immune profiles.
Studies have consistently highlighted that physically active individuals exhibit enhanced efficacy
against infections partly due to efficient immune-regulating processes [9]. This shift towards an
amplified immune defense is crucial as it suggests how regular physical activity can contribute to
reducing the onset of common infectious diseases such as upper respiratory tract infections.

4.4.1 Inflammation Modulation

Ample evidence underscores the anti-inflammatory effects of regular physical activity. Physical
exercise promotes the expression of anti-inflammatory cytokines and simultaneously reduces pro-
inflammatory markers, including TNF-alpha and IL-6. A study by [18] illustrated that regular
exercise could lower the baseline levels of inflammatory markers, thus mitigating chronic systemic
inflammation, a risk factor for various diseases like cardiovascular disease and diabetes.

Physical activity has a profound impact on reducing specific cytokines and inflammatory markers.
For instance, IL-6, a cytokine implicated in inflammation, was consistently reduced following
regular exercise regimes [13]. This reduction is accompanied by decreases in C-reactive protein
(CRP) levels, another marker of systemic inflammation, enhancing overall health by decreasing
the risk of developing inflammatory-related conditions.

4.4.2 Individual Variability

Inter-individual differences in immune system response to exercise exist, and some of the factors
include genetics, initial fitness, and lifestyle. [21] pointed out the possible influence of genetic
factors on exercise responses, which means that genetic make-up may dictate the level of immune
system improvements. Likewise, initial health status, sleep, and nutrition needed to modulate
immune status and responses may require exercise prescriptions.

Due to inter-individual differences, it is crucial to incorporate tailored exercise prescriptions to
maximize immune function outcomes. Genetic testing and overall risk assessments can be useful
in identifying the proper course of action. For instance, those who used to lead a sedentary lifestyle
can start with low-intensity, relatively moderate physical exercises gradually, while athletes often
may need to incorporate recovery phases into their training process with inversions suppressing
immune response [29].

4.4.3 Practical Implications

To enhance immune health, the type and dose of exercise are crucial determinants. Moderate-
intensity aerobic exercises such as walking, cycling, and swimming for at least 150 minutes per
week appear most effective in enhancing immune surveillance without inducing
immunosuppression [32]. Moreover, incorporating resistance training twice a week can augment
muscle strength and further modulate immune responses beneficially.

Different populations require tailored exercise prescriptions to maximize immune benefits safely.
For children, incorporating play-based physical activities that promote fun and movement is
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essential. In elderly populations, low-impact activities such as yoga or tai chi improve balance and
enhance immune function [41]. Athletes need carefully planned rest and recovery strategies to
prevent overtraining and its immune-suppressive effects. Lastly, individuals with chronic health
conditions should seek professional guidance to identify safe exercise intensities and types that
bolster rather than compromise their immune health.

4.5 Limitations and Future Research

Research on the modulation of immune responses through physical activity has made significant
progress, but it still faces limitations. The heterogeneity of study populations, the subjective nature
of measuring physical activity levels, and the limited number of papers and study duration limit
the generalizability of findings. Additionally, there is a lack of knowledge about the behavioral
outcomes of exercise intensity and duration in  relation to  immunity.

Future research should focus on a large age and ethnically diversified sample, incorporating
improved technology in research techniques, and assessing the effects and mechanisms of chronic
physical activity on the immune system in the long run. Longitudinal designs and elucidating the
dose-response relationship of physical activity could help develop customized exercise
prescriptions based on individual health needs and immune profiles. An interdisciplinary approach
combining immunology, sports science, and technology could help understand the multifactorial
relationship between exercise and immunological response, enriching current knowledge and
effectively applying exercise as an immunity regulator.

Additionally, future research should aim to elucidate the dose-response relationship of physical
activity by exploring various exercise intensities, durations, and frequencies. Customized exercise
prescriptions based on individual health needs and immune profiles could be developed from such
findings, optimizing the benefits of physical activity while minimizing potential risks.

An interdisciplinary approach that combines immunology, sports science, and technology offers
the possibility of understanding the multifactorial relationship between exercise and
immunological response. Therefore, the rectification of these preceding shortcomings in future
research has the potential to enrich what is currently known and effectively apply exercise as an
immunity regulator.

5. Conclusions

This review explores the relationship between exercise and immune function, highlighting the dual
role of physical activity as both a modulator and enhancer of immune responses. Moderate-
intensity exercise enhances immune surveillance and regulation, promoting better circulation of
immunoglobulins, cytokines, and leukocytes. However, high-intensity and longer exercise can
place stress on the immune system, making the body vulnerable to viruses. Exercise's interactions
with the immune system are influenced by factors like age, diet, health conditions, and working
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capacity. Understanding these differences is crucial for selective treatment methods. Further
research is needed to understand the cellular and molecular mechanisms underlying this
relationship and develop preventive health strategies.
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