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Abstract

:

Age-induced cellular senescence leads to a decline in efficacy of immune response and an increase in morbidity and mortality. Physical activity may be an intervention to slow down or reverse this process for elderly individuals or even delay it via enhanced activity over their lifespan. The aim of this systematic review was to analyze and discuss the current evidence of the effects of physical activity on senescence in leukocyte subpopulations. Two electronic databases (PubMed, Web of Science) were scanned in July 2020. Studies performing endurance or resistance exercise programs and investigating leukocytes of healthy, particularly elderly subjects were included. Nine human studies were identified, including a total of 440 participants, of which two studies examined different types of exercise training retrospectively, three conducted resistance exercise, three endurance exercise, and one endurance vs. resistance training. Results revealed that exercise training increased the naïve subsets of peripheral T-helper cells and cytotoxic T-cells, whereas the senescent and effector memory T-cells re-expresses CD45RA (TEMRA) subsets decreased. Moreover, the percentage of T-helper- compared to cytotoxic T-cells increased. The results suggest that physical activity reduces or slows down cellular immunosenescence. Endurance exercise seems to affect cellular senescence in a more positive way than resistance training. However, training contents and sex also influence senescent cells. Explicit mechanisms need to be clarified.
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1. Introduction


Like all other organs and tissues, the immune system is also subject to an aging process. Besides an adaptive remodeling process, the ability to react adequately against pathogens decreases. [1]. This dysfunction is reflected by a permanent state of mild activation and a decreased amplitude of the dynamic response when stimulated [1]. A key feature of this immunological remodeling process is a change in the composition of leukocyte subpopulations in the blood. [2]. The investigated severe changes of the immune response during the aging process are termed immunosenescence [3]. The stable cell cycle arrest in immune cells is defined as cellular senescence and stands in connection with phenotypic changes [4]. These phenotypic changes in the sense of differentiation and often associated functional impairment are the focus of this article. Among these changes are shifts in T-cell subsets, cytokine secretion pattern, and cell replication capacity, as well as reductions in antibody production. Altogether, this results in a pro-inflammatory state called ‘inflamm-aging’, which is characterized by a reduced capacity to respond to pathogens or antigens [3]. These changes induced by immunosenescence are associated with an increase in the incidence and severity of infectious diseases and thereby higher morbidity and mortality rates and poorer vaccine response in elderly humans [3,5,6].



Physical activity (PA) may be an intervention to slow down or reverse cellular senescence. Regular exercise affects the function of different leukocyte subpopulations, specifically the composition of T-cell subsets [7]. Additionally, PA has an effect on our genome and its proportion, which has evolved to optimize aerobic metabolism, especially in an environment of food scarcity [4]. In particular, exercise affected the proportion of T-cell subpopulations and T-cell proliferative capacity [5]. Lower levels of circulating inflammatory cytokines, and therefore a lower inflamm-aging state, increased neutrophil phagocytic activity, greater natural killer cell (NK cell) cytotoxic activity, and longer telomeres in leukocytes of aged humans indicate that regular PA seems capable to improve the immune response and delays cellular senescence. However, data collected from the literature regarding the effects of PA on age-related changes in the immune system are conflicting and limited, and existing research shows either a benefit or declares a lack of evidence [3]. The reported positive effects of PA on cellular senescence in cross-sectional studies are mostly not reported in longitudinal exercise training studies [5]. Consequently, the intensity of exercise-induced immune changes in elderly individuals is diverse, possibly due to differences in methodology [8]. A positive influence of PA on cellular senescence could potentially be a cost-effective therapy to improve human quality of life [3]. Therefore, exercise immunology is a current topic with much developmental potential for research.



The present systematic review addresses the effects of different types of PA on cellular senescence in immune cell subpopulations. The aim was to gather the current evidence for cellular senescence in relation to endurance and resistance exercise training. The comparison of active with sedentary subjects, baseline data, or another exercise intervention group at a different intensity, as well as the comparison of old and young subjects, is accepted as appropriate for inclusion. All subpopulations of leukocytes, despite the rare studied eosinophilic and basophilic granulocyte populations, are considered for a global view on immune system alterations induced by PA. The relationship of PA and the cellular senescence of leukocytes were systematically analyzed to develop a deeper understanding of immunosenescence and to resolve whether PA can improve immunological space in elderly individuals by inhibiting the reduction in the immune system defense.




2. Cellular Senescence


2.1. Classification and Mechanisms of Cellular Senescence


As humans age, their capability to respond to and eliminate pathogens decreases, leading to a greater incidence and severity of diseases. In addition, the response and efficacy of vaccines are frequently decreased in elderly individuals. Increased sensitivity to infections as well as reduced protection after vaccination mirror the impact of age-related changes to the immune system [9].



A decline in immune function is one of the most acknowledged the consequence of aging. Elderly individuals do not respond as efficiently as younger individuals to novel or previously exposed antigens. Aging affects the immune system globally, for example, the rate of naïve B- and T-cell production as well as the constitution and quality of the mature lymphocyte pool [2]. Senescence (Latin: senescere, to grow old) is a process leading to functional declines and simultaneously an increase in vulnerability to a wide range of diseases that can lead as far as the death of an organism [10]. Cellular senescence is a term involving irreversible replicative arrest, apoptosis resistance, frequently increased protein synthesis, metabolic shifts, and a greater reactive oxygen species (ROS) generation. It is a mechanism underlying aging and age-related conditions, where cells lose the ability to divide and damage close-by cells due to the factors they secrete, labeled as the senescence-associated secretory phenotype (SASP) [11,12]. In cell cultures, senescent cells can be recognized by phenotypic characteristics such as increased cell size, flattened and irregular shape, multi-nucleation, and cytoplasmic vacuolation [10]. This irreversible arrest of cell growth and affected function of mitochondria, endoplasmic reticulum, and lysosomes are underlying molecular mechanisms involving, among other things, tumor suppressor genes p16 and p53. Replicative senescence is associated with telomere dysfunction and cell arrest at the G1/S or G2/M boundary, hence permanent exit from the cell cycle [13,14].




2.2. The Effects Of aging on Leukocyte Subsets


The totality of changes in immune parameters with aging is termed immunosenescence [15]. Immunosenescence can be described as a remodeling of immune function during the aging process. It affects all components of the immune system; however, the decline in adaptive immunity (T- and B-lymphocytes and their subsets) is more clearly defined, unlike the effects of aging on innate immunity. Adaptive immunity seems to have the greatest modification and contribution in degrading the immune system in the elderly. The innate immune system, mainly represented by monocytes, NK cells, and dendritic cells (DCs), is partially preserved during aging [16,17]. An overview of the most prominent changes regarding innate and adaptive immunity is presented in Table 1.



Age-related cellular changes are additionally accompanied by modifications of the cytokine network. IL-2 shows a modest decrease, whereas there is a two- to four-fold increase in circulating cytokines, proteases, and chemokines, such as TNFα, IL-6, and C-reactive protein (CRP). This general activity of the inflammatory network associated with age is termed ‘inflamm-aging’ [18]. Inflamm-aging is characterized by pro-inflammatory biomarkers and associated with other immunological risks, like smoking, obesity, and multiple chronic diseases [18,19]. Stressor pathways in chronic inflammation such as ROS production and SASP are mostly mediated via the transcript factor NF-κB (nuclear factor kappa-light-chain-enhancer of activated B-cells). These stressors, like obesity, mitochondrial dysfunction, and genomic instability, cause a pro-inflammatory environment and therefore trigger cellular senescence and immune cell dysfunction. The mechanisms of aging and other stressors leading to a pro-inflammatory environment and, therefore, to inflamm-aging, are illustrated in Figure 1.




2.3. Physical Activity and Immune System


In the present systematic review, PA refers to all activities associated with movement, sports, or fitness, which includes a level of activity to remain healthy as recommended and published by the World Health Organization [21]. Aerobic, anaerobic, or resistance exercise training is included in this review.



There are several accepted findings regarding the immune system and exercise. The main finding of those studies is the increased infection risk after acute high-intensity exercise, the temporary reduction in salivary Immunoglobulin A (IgA) levels which leads to a higher risk of infection and a decrease in the numbers of immune cells in the peripheral blood resulting in a period of immune suppression [22]. These observations resulted in the ‘open-window theory’ and the associated connection of the incidence of infections of the upper respiratory tract (URTI) and PA in a ‘J’-shaped model. Moderate levels of PA are associated with a low risk of URTI, whereas highly active individuals such as elite endurance athletes have an increased frequency of URTI after single bouts of ultra-endurance exercise or during intensive training periods. Inactive individuals are at high risk of URTI as well [16,23,24,25].



It is well-established that acute and chronic (persistent) exercise changes the innate and the adaptive immune response by immune cell count and function [16,22,26]. In this connection, the mode and intensity of exercise or PA play an important role in the effect of the immune system [26]. The benefits of regular exercise are dose-dependent. Higher levels of moderate-to-vigorous exercise (≥450 min/week) are associated with longevity. However, elite athletes, who sustain the highest possible exercise levels, also usually live considerably longer than the general population [4]. In contrast, a sedentary, inactive lifestyle is associated with immune depression and can result in chronic inflammation [27]. Chronic inflammation is linked with insulin resistance, atherosclerosis, neurodegeneration, and tumor growth [16].



Regular PA has an impact on neutrophil function, NK cell cytotoxicity, naïve T-cells, regulatory T-cells (Treg cells), and TEMRA cells [7,16]. In this connection, it is important to differentiate between moderate training intensities and intense training intensities in regular exercise for athletes. During a moderate training cycle, there is apparently an increase in neutrophil function, naïve T-cells, and Treg cells, whereas TEMRA cells decrease [7]. Regarding NK cell cytotoxicity, studies show controversial results (increase or no change). Intense training cycles seem to lead to an increase in Treg and TEMRA cells and a decrease in naïve T-cells. The neutrophil function is also reduced. These results reveal that athletes seem to be at a greater risk of infection in response to strenuous training loads compared to moderate training loads (e.g., in pre-season), which appears to promote immune functionality [7].





3. Methods


3.1. Search Strategy


A search strategy was generated to undertake systematic literature research. The electronic databases PubMed, providing research from the Medline database, and Web of Science were considered as suitable regarding the topic of this review. In preparation, the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) [28] were screened and used as guidance. The systematic search took place between 26–30 July 2020. An overview of the used headings and search terms is shown in Table 2. Search terms were identified by using synonyms and umbrella terms for each heading. The headings were combined by the Boolean search operator ‘OR’, search terms were combined by the Boolean search operator ‘AND’. Additionally, diseases that have extensive effects on the immune system (HIV, cancer, and diabetes mellitus) and all topics related to vaccination were excluded in advance through the Boolean search operator ‘NOT’. The time span was set for articles published between 2000–2020, and article type was filtered for clinical trials and randomized controlled trials (RCTs) in PubMed. Reviews and Meeting Abstracts were excluded beforehand in Web of Science. Limitations were made on English and German language. After the first perusal of identified studies and, in addition, reviews and articles found during incorporating into the topic, a deeper understanding of the subject was gained. Thus, suitable eligibility criteria could be defined. Due to a lack of appropriate exercise-related studies examining eosinophils and basophils, these cell populations were excluded in advance.




3.2. Eligibilty Criteria


First, duplicates of the eligible studies were excluded. Articles had titles screened and were excluded if there was no exercise program included and focus set on ill subjects or nutritional strategies. Then, remaining articles were screened for title/abstract and excluded if there was no open access, other cell types than leukocytes analyzed, no acute or chronic physical activity performed in comparison to sedentary subjects, or focus set on the functional response of skeletal muscle on exercise. Only RCTs, non-RCTs (non-randomized or non-controlled trials), and observational studies were included. Meeting abstracts, case reports, conference papers, and study protocols were excluded. Full texts of the remaining articles were scanned for final inclusion or exclusion. Studies not matching all of the inclusion criteria were found unsuitable and were excluded, as well as by the exclusion criteria. Inclusion and exclusion criteria are shown in Table 3.



In general, the aim of the present review was to identify comparable high-quality studies to gain evidence-based results. For this reason, only human studies were included.



Furthermore, only older or elderly subjects (≥50–85 years) should be investigated because, at the beginning of the sixth decade of life, the human immune system starts to undergo crucial aging-related changes. These changes continue to the state of immunosenescence [29]. It needs to be clarified that the terms ‘older’, ‘aged’, and ‘elderly’ used in this review refer to named age range of ≥50–85 years and concern to the immunological age and not the general biological age of humans.



Studies investigating trained versus untrained subjects or elderly against young test persons were considered. PA was understood as either aerobic or anaerobic endurance, as well as resistance exercise or strength training. No mixed interventions analyzing endurance and resistance exercise simultaneously in the same group were investigated. The purpose was to compare the different types of exercise intervention and to identify a superior exercise mode to prevent or slow down immunosenescence. Thus, studies involving lifelong training, sex differences, and high-intensity exercise were accepted as eligible [5].



3.2.1. Inclusion of Studies


After defining the search strategy, including databases, headings, keywords selection, and inclusion plus exclusion criteria, systematic research was conducted. The identification and screening process was conducted as shown in the flow chart in Figure 2. Though, the research process showed that there is a lack of adequate and properly executed interventions regarding PA and senescence of leukocyte subpopulations, especially in RCTs. Identified articles were thoroughly screened, and in the end, a total of six (n = 6) articles were accepted as eligible to be assessed in this review. Following, the reference list from these six included articles was screened manually to identify additional records. Using this approach, three (n = 3) articles were determined as eligible to be included and assessed. A detailed summary of considered articles, including database and title/year can be seen in the Appendix A (Table A1).




3.2.2. Exclusion of Studies


The exclusion of full-text articles was performed after perusal and applying exclusion criteria to test the eligibility of found articles. In total, n = 13 studies were excluded in the last screening step due to the reasons named in Table 4. These studies were excluded due to methodological issues and not meeting the inclusion criteria. Furthermore, an adequate methodological description and a reproducible approach had to exist; otherwise, the study was excluded as well.



The study of Dinh et al. [32] had to be excluded because the same cohort was already analyzed in the included study of Dinh et al. [33] and published by the same author. Besides, the focus was set mainly on CMV infection and, thus, did not meet the inclusion criteria.





3.3. Study Quality Assessment


The study quality for each of the nine extracted articles was assessed depending on the design. For RCTs, the RoB2 Tool for randomized controlled trials, developed by Higgins et al. [44] for the Cochrane Collaboration, was used to analyze the risk of bias. For non-randomized clinical trials and observational studies, the risk of bias was assessed using the ROBINS-I, a tool developed by Sterne et al. [45]. Those risk of bias assessment tools are well established and have already been used in previous systematic reviews about physical activity and its effect on different kinds of leukocyte functions, for example, in Palmowski et al. [46]. The ROBINS-I tool offers a systematic way to organize, analyze and present potential bias domains and content for non-RCTs, non-controlled trials, or observational studies [45]. The tool comprises different categories of risk of bias. Content questions with potential biases and an overview of the different categories used for the ROBINS-I tool are shown in Table 5. The RoB2 Tool was developed for randomized parallel-group trials. It contains 5 different domains which have potential for biases: bias arising from the randomization process, bias due to deviations from intended interventions, bias due to missing outcome data, bias in the measurement of the outcome, and bias in the selection of the reported result [44]. Both assessments categorize the studies in different kinds of risk states. The RoB2 Tool subclassifies into the labels ‘high risk’, ‘moderate risk’, ‘low risk’, or ‘unclear risk’. The ROBINS-I Tool subclassifies into ‘low risk’, ‘moderate risk’, ‘serious risk’, ‘critical risk’, and ‘unclear risk’. The label ‘unclear risk’ is used in both tools if there is unclear or insufficient information to allow a judgment.





4. Results


The specified research process, perusal, as well as inclusion or exclusion of studies, resulted in a total of nine studies included in this review. Three of those studies were found in PubMed [33,47,48], three in Web of Science [49,50,51], and three of them were additionally found after perusal of those six studies and scanning the reference lists [52,53,54]. Three studies were RCTs, four studies were non-RCTs (not randomized or not controlled), and two were cohort studies. All of them investigated humans. All the discovered studies were written in English. They were published between 2007 and 2019. In two studies, there were partly the same authors involved (A.B. Bigley and R.J. Simpson) [49,52]. Moreover, in one study, two of the authors of this review were incorporated [50]. The characteristics of included studies are summarized in Table 6.



Adding the sample size for each study up, altogether, a total of 440 participants (male and female) were investigated. Eight studies comprise elderly participants, two of them compare those elderly subjects with young ones. The remaining one study investigates young adults [52]. Nearly all studies provided information about the sex of participants; only Abd El-Kader et al. [48] and Silva et al. [51] did not consider sex in their investigations. Three studies only incorporated female participants, two just included male subjects, and the remaining two investigated both sexes—one study investigated in particular sex influences on senescent T-cells [52].



In general, there were no significant differences regarding physical characteristics between the participants reported in all studies. Across all studies, the mean age ranged from 18 to over 75 years. The mean BMI of all participants ranged from 23.21 to 27.9 kg·m−2. Philippe et al. [50] did not provide information about the BMI of participants, but they included no participants with BMI > 30 kg·m−2. Serostatus of CMV was measured in more than half of the studies [33,49,52,53,54]. Training volume in hours per week retrospectively evaluated or training load measured in different kinds of ways during or before the intervention (e.g., watt or percentage of one-repetition maximum (1RM)) was quantified in all surveys. Heart rate was scaled either as maximal heart rate or as heart rate at rest in three of the studies. Lactate level was only considered in Brown et al. [52]. An overview of examined physical characteristics in each study is shown in the Appendix A (Table A2).



4.1. Exercise Interventions


The focus of this review is to examine the effect of PA on the cellular senescence of leukocyte subsets. Therefore, all the included studies investigated PA either via a single bout of exercise, repeated exercise interventions, or via analysis of conducted exercise over the lifespan. Overall, the variance of type of exercise interventions was high. Three of the interventions performed aerobic exercise [49,50,52], including cycling ergometer, treadmill running test, walking exercises, and swimming (see Table 6 and Table 7). For the characteristic of intervention performed in the survey of Philippe et al. [50], it is worth mentioning the authors compared concentric uphill walking with eccentric downhill walking. Furthermore, three of the interventions performed resistance exercises between 40% to 80% of 1RM. One study compared an aerobic versus a resistance exercise intervention. Two studies did not perform any acute intervention but examined trained subjects, which had different kinds of training levels, with untrained subjects.



Trained subjects performed soccer or other ball sports, rowing, running, or resistance training. Sedentary subjects did not perform exercise training, depending on the survey, over their lifetime, for the past 6 months, not more than 2–3 times per week, or not more than 150 min per week. The duration of the exercise performed during the survey varies between one single bout of exercise, some weeks, 6 months, or up to a whole year. The exercise interventions were mainly supervised or monitored by the authors or at least one of them since they took place in rehabilitation centers or in research facilities. The three studies which conducted acute exercise interventions assessed the exercise performance capacity of the participants with a treadmill running test to volitional exhaustion [52], a cycling ergometer test at 80–85% peak power [49], or sessions of resistance exercise at 50% or 80% 1RM [47].




4.2. Assessment of Leukocyte Subpopulations


Studies were assessed for the process of taking blood samples and analyzing these samples. The focus was set on leukocyte subtypes and their quantification. In all studies, blood samples were taken from the participants at different time intervals and stages. A detailed overview of the blood collection procedure in chronological order with the exercise intervention is depicted in Figure 3. Monoclonal antibodies for phenotypic markers were used to quantify different kinds of leukocyte subsets. Blood samples were mixed with ethylenediaminetetraacetic acid (EDTA) to prevent coagulation in four of the studies [33,47,53,54]. The other five studies did not provide any information about the usage of anticoagulants. Even though it was the aim to include all kinds of leukocytes in this review, mainly T-cells, especially CD4+ and CD8+, were investigated. Overall, monoclonal antibodies were conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE), phycoerythrin-cyanines (PE-Cy5 and PE-Cy7), allophycocyanins (APC and APC-Cy7), peridinin chlorophyll proteins (PerCP and PerCP Cy-5.5), Alexa flour (Alexa488), V500, or V450 to stain different leukocyte subsets. Stained cells were quantified in each analysis using flow cytometry.



Investigated leukocyte cell subsets and results of interventions are presented in Table 7 for each study. CD4+ and CD8+ T-cells were examined in all studies, except Dinh et al. [33], who only investigated CD8+ and CD8−, and Pistillo et al. [49], who focused on γδ T-cells. The authors of described surveys considered different subsets of naïve, senescent, and memory T-cells. In some studies, cytokines and inflammation markers were also measured. Mainly results were presented as a percentage of CD3+ or as total numbers (cell counts). Neves et al. [47] described total lymphocytes, CD4+, CD8+, plus IgA and cortisol levels. Abd El-Kader et al. [48] quantified CD3+, CD4+, and CD8+ T-cells as well as the CD4+/CD8+ ratio, IL-6, IL-10, and TNF-α. In Brown et al. [52], the percentage of total CD3+ and of senescent and naïve CD4+ and CD8+ T-cells were presented. T-cells expressing CD28−/CD57+ (senescent phenotype) and CD28+/CD57− (naïve phenotype) were quantified. Dinh et al. [33] proceeded similar and separated CD8+ and CD8− T-cells into four distinct subpopulations: CD28+/CD57− (naïve), CD28−/CD57− (memory) and CD28−/CD57+ or CD28+/CD57+ (senescence-prone). Pistillo et al. [49] classified the percentage of γδ T-cells in the CD3+ cell population. Then they determined KLRG1+ cells among those γδ T-cells, along with CD3+/γδ TCR+/CD4−/CD8-. Besides analysing the CD4+/CD8+ ratio, Philippe et al. [50] acknowledged the CD4+/CD3+ and CD8+/CD3+ ratio. Cell type was specified using the percentage of all lymphocytes. Comprised cell types were combinations of CD4+ or CD8+ with CCR7 and CD45RO. The authors differed between naïve T-cells (CD45RO−/CCR7+), CM (CD45RO+/CCR7+), EM (CD45RO+/CCR7−) and TEMRA (CD45RO−/CCR7−) cells. CD16+ (NK cells, γδ T-cells, and subsets of CD8+), CD19+ (B-lymphocytes), cell surface marker CD25+ for CD4+ and CD8+ plus TNF-α and IL-6 were also analysed. Raso et al. [53] specified NK cell activity (NKCA) and examined NK cell subsets (CD56 dim and CD56 bright). They included naïve (CD45RA+) and memory (CD45RO+) subsets of CD4+ and CD8+ T-cells as well. In addition, CD19+, CD25+ (activation marker), CD28+ (co-stimulatory molecule), CD69+ (activation marker) and CD95+ (apoptotic marker) were brought into focus. Moreover, Silva et al. [51] compared the frequency of different combinations of CD4+ and CD8+ with CD45RA/CCR7: naïve (CD45RA+/CCR7+), CM (CD45RA-/CCR7+), EM (CD45RA−/CCR7−) and TEMRA (CD45RA+/CCR7−) T-cells. Secondary, telomere length of CD4+ and CD8+ T-cell subsets expressing CD45RO and CD28 was analysed. In these subpopulations, the telomere peptide nucleic acid (PNA) was used to calculate telomere length [51].



Furthermore, the expression of caspase-3 and B-cell lymphoma 2 (Bcl-2) in T-cell subsets and cytokine frequency (e.g., TNFα and IFNγ and IL-6 and IL-10) were quantified [51]. In the survey of Moro-García et al. [54], the authors analyzed the T-cell receptor excision circle (TREC) for CD4+ and CD8+. Overall, the authors compared the percentage of CD4+, CD8+, CD16+, CD56+, and CD19+ between the intervention groups. For CD4+ and CD8+, they also investigated naïve, CM, EM, and TEMRA T-cell subsets via CD45RA and CCR7. Additionally, the composition of naïve, EM, and TEMRA cells was examined by determining the frequency of CD31 to monitor recent thymic emigration. Besides, the functional ability of NK cells by expression of CD69+ and CD107a and the proliferative capacity of CD4+ and CD8+ were evaluated.




4.3. Effects of Physical Activity on Cellular Senescence and Leukocyte Subpopulations


The main outcome measures and main results are shown in Table 7. Results were accepted as significant for p < 0.05 in all studies. Depending on study design, normal distribution was assessed using the Kolmogorov–Smirnov test. Nonparametric tests like the Mann–Whitney U-Test or Wilcoxon rank-sum test were used for non-normal distributed data. Associations were explored with Spearman’s rank correlation test, while t-tests and analysis of variance or covariance (ANOVA and ANCOVA) were also used as statistical tools depending on the data set. Following this, the results are sorted according to the conducted exercise intervention. First, the studies not including any acute intervention but comparing trained with untrained subjects are described. Secondly, studies investigating endurance exercises (aerobic and anaerobic) are presented. Then, studies examining resistance programs are shown. At last, one study comparing endurance and resistance training is specified.



4.3.1. Trained vs. Untrained Subjects without Exercise Intervention


Silva et al. [51] did not perform an acute exercise intervention; however, they investigated three different groups of elderly participants with either an intense training lifestyle (ITr), a moderate training lifestyle (MTr), or untrained subjects (UTr). The three groups showed a contraction of the CD4+/CD8+ ratio; the average was 2. There was a decrease in naïve T-cells and implicated an increase in memory T-cells. Concerning CD4+ T-cells, there was a twofold lower proportion of TEMRA cells in the training groups compared to UTr (UTr vs. MTr, p < 0.001; UTr vs. ITr, p < 0.01). The proportion of CD8+ TEMRA cells was also lower in training groups (significant for UTr vs. ITr, p < 0.01). Furthermore, there was a threefold higher amount of CD8+ TEMRA cells compared with CD4+ TEMRA cells. The ITr group had a higher amount of CD8+ EM cells than the other groups (p < 0.05), whereas the MTr group was associated with a higher proportion of CD4+ CM cells (p < 0.05) in comparison with ITr and UTr. Both training groups showed no significant modification of the amount of senescent CD8+/CD28− T-cells. However, telomeres of T-cells were significantly longer. In the ITr group, telomere length increased mainly in CD8+ T-cells (p < 0.05), whilst a moderate increase was observed for CD8+ and CD4+ T-cells in MTr. The determination of the expression of proapoptotic molecule caspase-3 on CD4+/CD45RO+ and CD4+/CD45RO− showed that almost no apoptosis occurred in the CD4+ T-cells for the ITr group compared to UTr (p < 0.001). Consistent with this result, anti-apoptotic Bcl-2 expression was higher in ITr than in the other groups (CD4+/CD45RO+, p < 0.01; CD4+/CD45RO−, p < 0.001).



Conversely, Moro-García et al. [54] found no differences in and differentiation state of CD8+ T-cells due to activity level; they only observed an influence of age in CMV+ subjects in naïve (p < 0.001) and TEMRA (p < 0.01) subsets. In young CMV− athletes, the authors found a decrease in naïve (p < 0.01) and CM cells (p < 0.05) regarding CD4+ T-cell differentiation, and an increase in CD4+ TEMRA cells (p < 0.01). In general, high volume exercise generated a decrease in percentage of CD4+ T-cells for CMV+ subjects (p < 0.05) and an increase in CD8+ T-cells (p < 0.05) and NK cells (p < 0.01) compared with non-athletes. There was no significant difference in PA level and proportion of CD19+. The TREC content was lower in CD8+ cells for young athletes in both CMV+ and CMV− individuals (p < 0.05), and they as well had lower frequencies of recent naïve CD8+ cells thymic emigration (CD31+, p < 0.05). Functional ability of CD4+ and CD8+ T-cells was impaired in young athletes. However, NK-cells showed a higher activation and degranulation.




4.3.2. Endurance Exercise Intervention


Unlike the above-described studies without acute PA, Brown et al. [52] examined the effect of a single bout of maximal endurance exercise on senescent T-cells. Senescent CD8+ T-cells increased immediately post-exercise, though decreased 1 h post-exercise (p < 0.05). For the senescent CD4+ T-cells, a similar pattern was observed; however, only the decrease from post-exercise to 1 h post-exercise was significant (p < 0.05). Percentage of naïve CD8+ T-cells decreased immediately post-exercise and increased 1 h post-exercise (p < 0.05). For naïve CD4+ T-cells a similar response was observed. Likewise, only the post-exercise to 1 h post-exercise period increase was significant (p < 0.05). Training status affected senescent CD4+ and CD8+ T-cells, whereby senescent cell subsets were higher in UTr vs. trained (Tr) (p < 0.05). Percentage of naïve CD8+ T-cells was lower in UTr vs. Tr subjects (p < 0.05). Regarding the effect of sex on senescent CD4+ and CD8+ T-cells, the proportion of senescent subsets was higher in males vs. females. For naïve CD4+ and CD8+ T-cells, the overall proportion was lower in males vs. females. Especially UTr males had a higher percentage of senescent and a lower percentage of naïve CD4+ T-cells (p < 0.01).



Philippe et al. [50] observed a significant increase in the CD4+/CD8+ and CD4+/CD3+ ratio after 3 weeks of eccentric or concentric walking exercise (p < 0.05), as well as a decline of the CD8+/CD3+ ratio (p < 0.05). Furthermore, there was a rise of proportion of CD4+ CM cells (p < 0.05) and a reduction in CD4+ TEMRA cells and CD16+ cells found after training (p < 0.05). An increase was discovered for CD8+ CM cells (p < 0.01) and naïve CD8+ T-cells (p < 0.05), while CD8+ TEMRA cells decreased (p < 0.05). ANCOVA showed no significant group effect between the eccentric and concentric walking group. There was neither a correlation between serostatus of CMV and any T-cell subpopulation before exercise nor after intervention-induced changes in subsets.



As described, Pistillo et al. [49] used a different approach to this topic by investigating γδ T-cells. Young and elderly males, matched for CMV, EBV, HSV-1, and parvovirus B19 (PVB19), conducted a single bout of cycling exercise. Generally, the percentage of γδ T-cells was significantly lower in older compared to younger subjects (p < 0.001). CMV serology did not affect γδ T-cells proportions in older subjects; however, there were greater numbers of γδ T-cells in young CMV+ subjects compared to non-infected young counterparts (p < 0.01). Immediately after exercise, total numbers of γδ T-cells, as well as KLRG1+ and KLRG1- subsets, were greater than pre and 1 h post-exercise (p < 0.01). Young athletes redeployed greater numbers of γδ T-cells and KLRG1+ γδ T-cells than the older athletes (p < 0.01). ANOVA showed that the interaction effect of age and exercise was due to a greater mobilization of absolute γδ T-cell numbers (p < 0.001). EBV, HSV-1, and PVB19 serology was not associated with γδ T-cell appearance.




4.3.3. Resistance Exercise Intervention


Neves et al. [47] examined the effects of either a resistance exercise session at 50% 1RM (S50%), 80% 1RM (S80%), or a control session (SC) without exercise on leukocyte counts and cortisol plus IgA levels of elderly women. All sessions resulted in a significant reduction in cortisol levels 3 h post-exercise (T3) compared to baseline (T1) (p < 0.05). IgA was elevated immediately after exercise sessions (T2) but not after SC (p < 0.05). For the session performed at an intensity of 80% of 1RM (S80%), this elevation remained until T3. Total leukocytes were only elevated at T2 in relation to T1 (p < 0.05). Three hours post-exercise (T3), total lymphocyte count was elevated significantly in all three groups. CD4+ T-cells were elevated at T3 for the S80% and SC session (p < 0.05), but not for the S50% session. For CD8+ T-cells, there was only a significant elevation after the SC session at T3 (p < 0.05).



Similar to these findings, Raso et al. [53] also could not provide explicit results. The authors investigated immunological parameters of sedentary elderly women before, after 6 months, and after 12 months of either resistance training or a control group. There were no significant exercise-induced changes in total lymphocyte count or subsets, as well as no significant differences between the two groups at any measuring point. In general, CD4+ and CD8+ T-cells comprised more memory than naïve cell subsets at baseline for both groups. There was a non-significant tendency in the intervention group for an increase in CD4+ and CD8+ naïve T-cells and a decrease in memory T-cells. The NK cell marker CD56dim was predominated in both groups, as expected for healthy subjects, but demonstrated no effect of the exercise intervention. The observation of CD19, CD25, CD28, CD69, CD95, and NKCA did not show any detectable effect for both groups, too.



On the other hand, Dinh et al. [33] showed clearer results after 6 weeks of strength-endurance training (40% 1RM, SET) compared with intensive strength training (80% 1RM, IST), and a control group (stretching, CON). There was a significant decrease in the proportion of senescent CD8+/CD57+ cells (p < 0.01), especially the CD8+/CD28-/CD57+ subset (p < 0.01) overall and within groups for the SET group (p < 0.01). Regarding the CD8- T-cell subset, there was a trend towards a decrease in senescent CD8-/CD57+ cells overall, but only significantly in the SET group (p < 0.05). This effect is mostly caused by the decrease in CD8−/CD28−/CD57+ in the SET group (p < 0.05). The percentage of memory subtype of CD8+ and CD8− showed an overall increase (p < 0.05). However, no statistically significant changes were observed within the different exercise groups. For naïve CD8+ and CD8− subpopulations, there was no difference observed after 6 weeks. Comparing absolute numbers of CD8 cells, within-group analysis disclosed an exercise-induced decrease in the count of all phenotypes for CD8+ subsets in the SET group (p < 0.05). There was a training-induced reduction in the CD8+/CD57+ peripheral cell count and CD8+/CD28−/CD57+ for the SET group compared to CON (p < 0.05). For absolute numbers in CD8− T-cell subsets, as well as for naïve and memory T-cells, there was no statistically significant difference found.




4.3.4. Aerobic Endurance vs. Resistance Exercise Intervention


The study of Abd El-Kader et al. [48] investigated aerobic endurance exercise and resistance exercise. Sedentary elderly subjects performed either aerobic training or a resistance training program for 6 months. Numbers of CD3+, CD4+, and CD8+ cells decreased significantly in the aerobic exercise (AE) group after 6 months (p < 0.05) and enhanced in the resistance exercise (RE) group (not significantly). The CD4+/CD8+ ratio also declined in the AE group (p < 0.05) and increased in the RE group. For inflammatory cytokines, TNF-α and IL-6 decreased, whereas IL-10 increased significantly in the AE group (p < 0.05). Additionally, there were significant differences between the mean levels of investigated cell counts overall in the AE and RE group after intervention (p < 0.05).





4.4. Risk of Bias


The risk of bias was assessed, as explained in the methods section, to obtain an overview of study quality (see 3.2 Study quality assessment). Only adequately randomized and controlled studies were accepted as RCTs. Three studies were identified as RCTs and were assessed with the RoB2 Tool [44]. The other studies did not fulfill the criteria for RCTs and had to be assessed using the ROBINS-I tool to evaluate non-randomized or non-controlled studies adequately for the effects of interventions [45]. Studies with two intervention groups and one control group were classified as non-RCTs. Studies comparing two intervention groups without a control group were categorized as non-controlled trials. Observational studies, such as retrospective cohort studies, were also included. Therefore, six studies were analyzed with the ROBINS-I Tool. The summary of the results for non-RCTs, non-controlled trials, and observational studies assessed with the ROBINS-I Tool is shown in Table 8. The studies are sorted alphabetically.



All studies assessed with the ROBINS-I tool showed some concerns regarding the risk of bias. Especially the domains ‘confounding’ and ‘outcome measurement’ were somehow risky for most of the studies. None of the studies blinded outcome assessors nor participants. So, this domain showed a moderate risk for all seven interventions. The domain ‘missing data’ was considered as at low or unclear risk in the analyzed studies since usually all participants could be investigated, or it was not approached that data was missing during the investigation. Therefore, it was supposed that no data was missing. Pistillo et al. [49] indicated an overall serious risk of bias. They described the two domains deviation to intended intervention and missing data not sufficiently. Hence, their study was considered as having a serious risk of bias. Abd El-Kader et al. [48] did not provide any information about the sex of the participants; however, they assigned them in a randomized manner to the intervention groups. Silva et al. [51] did not consider the sex of the subjects as a possible confounder.



The three analyzed studies using the RoB2 Tool (presented in Table 9) were all at low risk of bias for randomization and outcome measurements but showed some concerns regarding the assignment.



In all three studies, it was not sufficiently described how the authors assigned the participants into the intervention or control group. Although there were some concerns due to the domain ‘assignment’, the study from Raso et al. [53] was rated as low risk of bias because there were no other concerns than in this domain. Neves et al. [47] did not provide clear information on the data for most of the randomized participants. They did not adequately and unambiguously explain the process of data survey. Thus, it was unclear how they assigned the participants to the intervention groups. They also did not address missing data at all. Therefore, this investigation process and the study results were evaluated as at ‘high risk’.





5. Discussion


Physical activity (PA) has many positive health benefits, such as higher levels of cardiorespiratory and muscular fitness, lower body fat mass, enhanced bone health, higher levels of functional health, better cognitive function, lower rates of all-cause mortality, and prevention of various diseases [55]. However, there is still a lack of high-quality studies and systematic reviews examining the effects of different kinds of PA on the aging immune system, which can contribute to the understanding of cellular senescence and how to delay far-reaching impacts on the immune function. Hence, the aim of this systematic review was to precisely investigate the effects of PA on the aging immune system in general and the cellular senescence of leukocyte subsets. PA was defined as endurance or resistance exercise training. Thereby, it was possible to compare the effects of different types of exercise interventions to potentially determine which exercise protocol provides the most beneficial consequences in relation to cellular senescence.



Within this review, a total of nine studies were included after conducting systematic literature research using PubMed and Web of Science as databases. The included studies were analyzed regarding their cohorts, exercise interventions, examined leukocyte subsets and their results. The focus of this review was to select comparable studies and a similar approach to investigate this research field, which has been achieved partly because of heterogenic study designs. Exercise interventions differed regarding the duration, intensity, composition, and impact on metabolism. Examined cell subsets varied as well. However, mainly T-cells, especially the CD4+ and CD8+ subtypes, were considered. For CD4+ and CD8+, particularly the naïve, effector memory (EM), central memory (CM), and EM cells that re-express CD45RA (TEMRA) subsets were brought into focus. Active groups were compared to sedentary controls, to baseline values, or to active controls. Additionally, studies focused on either a single bout of exercise, an exercise program of some weeks or months, or retrospectively on impacts of long-term exercise and lifelong PA. However, there were also some studies conducting endurance exercise and resistance exercise. So, a comparison of these training protocols was possible.



Silva et al. [51] showed a shift from predominantly naïve T-cells to predominantly memory T-cell proportions in the elderly, which reflects the influence of exposure to antigens over the lifespan. Moderate and intense aerobic training seems to attenuate some of the effects of aging on memory and TEMRA T-cells. This may demonstrate a better immune response in trained elderly subjects. Moderate training lifestyle was associated with a decreased percentage of particularly CD4+ TEMRA cells, whereas an intense training lifestyle was associated with decreased percentage of CD4+ and CD8+ TEMRA cells [51]. On the contrary, Moro-García et al. [54] found opposite results referring to TEMRA subsets. Elderly athletes had significantly higher levels of CD4+ TEMRA cells, as well as slightly increased CD8+ TEMRA proportions, compared with non-athletes. Active individuals, in general, had a decrease in CD4+ and an increase in CD8+ and NK cells. Hence, athletes had an inverted CD4+/CD8+ ratio [54]. This matches with the general assumption that aging is associated with a reduction in the CD4+/CD8+ ratio [56]. A positive change in Th1 to Th2 helper cells ratio has also been suggested as an effective response to PA [57]. Though, Silva et al. [51] found only a few trained and untrained subjects with a decreased CD4+/CD8+ ratio. In conclusion, considering long-term exercise over the lifespan, there were inconsistent findings regarding the effect of PA on the CD4+/CD8+ ratio for the two studies included in this review. A possible explanation for this could be the differences in exercise interventions, since Moro-García et al. [54] examined athletes who participated in aerobic and anaerobic endurance, resistance exercise training, stretching, and body-core exercises, whereas Silva et al. [51] mainly investigated endurance-trained subjects, who were runners. This points to the assumption of Silva et al. [51] that an extensive mix of aerobic and anaerobic exercise has a different impact on the immune system than regular aerobic exercise. Supportive, Saygin et al. [58] found changes in immune parameters dependent on the type of PA by investigating sedentary, moderately active, and highly active athletes. Moderate, regular exercise can potentially affect the protective antibody response and leukocyte proportions more positively [58].



The reduced adaptive immune response in young athletes might be the result of increased cytotoxicity of NK cells, which may affect the efficacy of the immune response [54]. A possible explanation for this is that NK cell cytotoxicity could be a compensatory mechanism to maintain or even improve adequate immunity [54], which was also suggested in another study by McFarlin et al. [59], who examined NK cell activity before and after 10 weeks of regular resistance exercise.



Accordingly to the findings of Moro-García et al. [54] for athletes with higher impact exercise, resembling results were published by Krüger et al. [60], suggesting that high-intensity interval training (HIT) sessions are mainly followed by a higher rate of apoptotic highly differentiated T-cells (CD3+/CD28-/CD57+), which are known to affect immunity to control latent infections. In contrast, continuous exercise seems to induce an increase in apoptosis in low differentiated T-cells (CD3+/CD28+/CD57-) and regulatory T-cells (Tregs), which may affect defense against new infectious agents. However, progenitor cell mobilization did not differ between the two exercise groups [60].



After discussing the studies which comprise long-term exercise, the focus is set on acute endurance exercise. The reduction in γδ T-cells after a cycling exercise in elderly subjects, which was not confounded by the serologic status of CMV, HSV-1, EBV, and PVB19, suggests an age-related impairment of γδ T-cells mediating immunosurveillance as a response to acute PA [49]. Therefore, it seems unlikely that age-induced γδ T-cell decline is stimulated by these named latent viral infections [49]. It was already shown that these potent cytotoxic γδ T-cells are highly responsive to exercise and psychologically induced stress, as well as to β-agonist infusion [61]. The results suggest that γδ T-cell mobilization is a response to stressful situations, where antigen exposure is more likely [49]. Generally, acute stress and physical exercise have a notable effect on the reallocation of blood lymphocyte subsets, which is known to be largely mediated by β-adrenergic mechanisms, especially by β2-adrenoceptor positive cells from the marginal pool, and by a demargination of leukocyte reservoirs preserved within blood vessels, the lungs, spleen, and liver [16,62]. Epinephrine probably induces through CD11a and CX3CR1 an adrenergic leucocytosis due to a demargination and a release of these leukocyte subsets into the circulating blood. Because of the cytotoxic effector function of leukocytes expressing this phenotype, immediate protection from pathogens might be provided [62].



In heart failure, β-adrenergic receptor (β-AR) dysfunction plays an important role as well. It has been demonstrated that these molecular alterations and the associated dysregulation of β1-AR and β2-AR can be reversed through exercise [63]. Similar dysfunctions of the β-AR system have been described in the senescent heart. The blood pressure-lowering effect of aerobic endurance exercise in hypertensive subjects, which is provoked by a reduction in β-AR dysfunction due to a diminution of sympathetic neural activity, has been reported as one of the main mechanisms explaining the favorable effects of PA [63]. Furthermore, it is suggested that a reduced sensitivity of β2-ARs and a decreased thymic output during aging are attributed to fewer mobilized naïve CD8+ T-cells in elderly subjects, which negatively affects catecholamine-induced cell restructuring [64].



This effect might be influenceable with PA, as Brown et al. [52] showed for trained subjects higher proportions of naïve CD8+ cells after a single bout of treadmill exercise. Additionally, senescent T-cell subsets were decreased, supporting the theory that exercise frees up immune space for naïve T-cells [65]. Secondary, the authors highlighted important sex and training status differences in senescent and naïve T-cells. A potential explanation for sex differences could be body composition (e.g., the in average higher body fat percentage in females) or hormone appearance, namely estrogen concentrations. The authors also suggested a sex-specific effect of training status on senescent T-cells, but the sex differences could not be fully explained by the data set [52].



Philippe et al.’s [50] data supports the theory of PA-induced free immune space and shift to lower differentiated cell types by upregulation of naïve and CM CD8+ T-cells through concentric and eccentric walking exercise. The increased CD4+/CD8+ ratio, mainly caused by higher levels of CD4+ T-cells, indicates that the commonly reduced CD4+/CD8+ ratio in the aging process could be affected by exercise training [50]. This rise in CD4+ T-cells may be caused by the mobilization of hematopoietic stem cells into peripheral blood due to acute or chronic exercise. Hematopoietic stem and progenitor cells (HSPC) are responsible for sustaining all mature blood cells, and their activity is directed by the bone marrow niche. It is suggested that an acute bout of exercise is a potent physiological stressor inducing the mobilization and proliferation of HSPC populations [66]. It is validated that, e.g., increasing levels of Granulocyte colony-stimulating factor (G-CSF), IL-6, and Monocyte Chemoattractant Protein-1 (MCP-1) triggers the mobilization of HSPCs into the blood plasma [67]. Furthermore, the α-chemokine stromal-derived factor 1 (SDF-1), bioactive Phosphosphingolipids (S1P and C1P), and Adenosine triphosphate (ATP) seam to play a major role in the migration of HSPCs [68].



Those changes may take 24–48 h to be detected in HSPC proportions. There seems to be a relationship between HSPCs and exercise-induced norepinephrine increase. Possibly, during or after acute exercise, more differentiated HSPCs migrate to peripheral tissues, e.g., to muscle tissue, to promote tissue repair [66]. HSPCs may migrate to the thymus for differentiation to naïve CD4+ cells, or more differentiated T-cells are mobilized from the marginal pool and the spleen, which might both contribute to modified CD4+ cell proportion [64,69]. Interestingly, there were no remarkable differences found between the concentric and eccentric exercise groups for T-cell subsets. Thus, uphill or downhill walking may be equally regarding positive alterations of immunosenescence, and therefore both exercise regimens can be recommended for elderly persons, especially for pre-diabetic subjects. Additionally, CMV serostatus was analyzed in this study but could be excluded as a confounder [50]. Results revealed that exercise had a positive effect on immune health irrespective of viral serostatus in this survey.



The impact of PA on cellular senescence and the immune system, in general, is best investigated for endurance exercise. Nevertheless, some data exist about immunological changes with resistance exercise training. In this review, three studies were included examining resistance exercise interventions exclusively. Neves et al. [47] concluded that acute effects of resistance exercise conducted at 50% and 80% of 1RM, compared to no exercise, did not have suppressive effects on immune parameters. Though, the authors found an increase in IgA levels after resistance exercise sessions, which suggests more efficient protection against respiratory infections in elderly women [47]. Dinh et al. [33] found similar results for strength endurance training (2 sets of 30 repetitions at 40% of 1RM) compared with intensive strength training as for moderate vs. intense aerobic exercise training. Strength endurance training significantly reduced senescence-prone T-cells, whereas a control group and the intensive strength training groups showed no differences. This could also be explained by the exercise intensity-dependent mobilization of T-cells into the bloodstream, which is induced by the lymphocyte mobilization through β2-AR by hormones released during exercise as described previously [64]. It can be assumed that high-intensity resistance exercise causes a greater mobilization of senescence-prone T-cells into the blood than moderate-intensity exercise [11]. Therefore, training protocols comprising many repetitions with sufficient external resistance may be more appropriate to reduce senescent cells in elderly women [33]. Conversely, Raso et al. [53] found no significant differences in any phenotypic or functional immune parameters after a 12-month moderate resistance exercise intervention in elderly women but an increase in muscle strength. Similar outcomes were published by Flynn et al. [70], who as well did not find an immune suppression after a single bout of resistance exercise or a change in immunological parameters after 10 weeks of resistance training in elderly women. Overall, the current state of research is controversial regarding the effects of resistance exercise on immune function. This may be related to the selection of participants, training strategies, and ethnic or geographical differences [53]. Furthermore, it can be hypothesized that there could be differences in total workload conducted from individuals performing resistance training [47]. Dohi et al. [71] demonstrated that female subjects performing the same relative exercise intensity might have distinct immune responses due to differences in absolute total work performance. It is conspicuous that apparently, mainly female individuals were examined for resistance exercise surveys, which could have an impact on immune system parameters, due to described hormonal and body composition differences. In the studies included in this systematic analysis, only elderly, supposable postmenopausal women were investigated. Therefore, the suggested effects of the menstrual cycle on response to resistance exercise [72] likely did not play any role in named studies. However, it is known that loss of sex hormones due to aging results in an unclear mechanism of reduced immune function. The supposed sex-specific failing of the immune system needs to be determined in further studies [73].



Indirect comparison of aerobic versus resistance exercise, the considered study of Abd El-Kader et al. [48] also provides evidence that aerobic exercise seems to be more appropriate for modulation of the immune system and inflammatory markers in elderly individuals. In both exercise groups, lymphocyte numbers increased, and the CD4+/CD8+ ratio decreased, but only in the aerobic group, these changes were significant after 6 months of regular training [48]. There are also data on other forms of physical activity and immune aging, such as the increased activity of daily living or a lifelong active lifestyle [74,75]. However, these were not included in the review due to a lack of comparability.



For the additional outcome measure ‘telomere length’, Silva et al. [51] found greater telomere lengths in trained groups. In blood leukocytes of young and middle-aged endurance athletes, the authors found an increase in telomerase activity and expression of telomere stabilizing proteins, as well as downregulation of cell-cycle inhibitors compared to untrained subjects. Long-term continuous exercising attenuated telomere erosion in the leukocytes of examined middle-aged athletes. In conclusion, PA is suggested to be a powerful intervention to upregulate telomere-stabilizing proteins in mice and in humans and protects from stress-induced vascular apoptosis [76]. In contrast to these results, Puterman et al. [77] could not find a direct effect of PA on telomere length in elderly female caregivers experiencing chronic stress, but they did show that PA buffers telomere erosion caused by stress in investigated subjects [77]. Recent studies, such as Najarro et al. [78], approached the issue of the importance of telomere length for the quality of the immune response. They found a positive association of robust antibody response to telomere length of lymphocytes and no association between telomere length and monocyte antigen-presenting cell function. The results suggest that the adaptive immune response is more affected by age-associated effects, and consequently, is an adequate indicator for the state of immunosenescence [78]. The findings regarding a more important role of adaptive immunity in cellular senescence coincide with the results of previous investigations [16,17]. In a direct comparison of aerobic endurance training, HIT, and resistance training, it has been shown that each training protocol seems to induce specific cellular pathways in circulating leukocytes and likely leads to a differential impact on cellular aging [79]. Endurance training and HIT may increase telomerase activity and telomere length, which is important for cellular senescence, regenerative capacity, and, therefore, healthy aging. Resistance exercise showed no effect on these parameters. These findings identify telomerase activity and telomere length as potential and sensitive cellular parameters to quantify the preventive effects of exercise interventions. Generally, individual training recommendations guided by measurement of these and other potential parameters associated with cellular senescence and training response may lead to improvement of adherence and efficacy of PA and training programs in cardiovascular disease prevention [79].



Finally, some limitations of this review need to be pointed out. Overall, only two databases were screened, so studies published elsewhere may have been missed. Only studies that were accessible via the institution and open access were included to guarantee the reproducibility of the search, even if this could have excluded relevant results. Furthermore, the small sample size in most of the studies limits the generalizability and evidence of described outcomes. Further limitations are revealed by the tools applied for assessing the risk of bias. Only three studies were RCTs, which limits the generalizability of the results. The RoB2 Tool [44] applied for the analyzed RCTs showed that mostly the assignment to the groups was not clearly described, as well as missing data. Therefore, only the study of Raso et al. [53] had a low risk of bias. Regarding the non-RCTs, the appropriate ROBINS-I Tool [45] was used to analyze them. It must be stated that all studies showed some concerns. Pistillo et al. [49] even showed a serious risk due to unclear risk of bias for some domains. This is probably caused by study design because Pistillo et al. [49] investigated retrospectively. The concerns regarding studies analyzed by the ROBINS-I tool are mainly caused by the study designs, which are not randomized or controlled and therefore have a lower evidence grade and validity. Moreover, most studies failed to blind subjects or investigators.



Besides, not all studies were supervised, so it is unclear if the participants conducted their exercise program as instructed by the authors. Some of the studies did not monitor diet or additional PA during the study phase. Even though it is known that diet and regular PA may have an impact on immunological parameters and the effectiveness of the immune system [80]. Additionally, the two included retrospective studies are based on self-reporting and questionnaires and therefore are limited in their validity. As already mentioned, in the resistance exercise studies, only women were investigated, which can be a potential bias. It is noticeable that mainly adaptive immune responses and especially T-cell subsets were analyzed in all the described studies. This supports the theory that the effects of PA on cells belonging to the adaptive immune response were analyzed more frequently.



Regardless, there is a need for more studies investigating innate immunity and its cellular subsets. The dimensions of exercise-induced immune changes could be different between studies due to different training protocols, methodologies, ages, sex, and the testing procedures themselves [8].



In terms of the testing procedures, the heterogenic staining methods and investigated clusters of differentiation to detect similar cells also can be identified as a general confounding factor. Various approaches to identify possibly important subpopulations in included studies, and in general, in immune system studies, were used to measure the same cells. For example, NK cells were analyzed only via CD16+ [50] or additionally subdivided into CD56dim and CD56bright NK cell subsets [53]. Senescent and differentiated cells were measured differently in examined studies as well. Dinh et al. [33] distinguished naïve, memory, and senescent T-cells via CD28 and CD57. However, Philippe et al. [50] differed between naïve, CM, and TEMRA T-cells via CCR7 and CD45RO. Consequently, it is unclear to what extent the methodological differences affect the results of this work. So far, there are no standardized procedures regarding the collection of leukocyte subpopulations. Therefore, there is a need to standardize methodologies and nomenclatures, which would enable merging results from studies conducted by different research groups and comparing various populations. The inconsistency reporting results in absolute or relative numbers, such as total counts of leukocyte subsets or percentage, may contribute to existent inconsistencies in literature [81]. A standardized way of expressing data might be conductive to gain manifest data and a more definite view on relationships and processes of cellular senescence and its interaction with PA.



Whether or not temporary changes in the percentage of leukocyte subpopulations, especially in T-cells, can be a prognostic biomarker is not completely established yet [31]. The number of leukocytes and their subtypes in the peripheral blood is influenced by cell traffic to and from different tissues. Therefore, the composition of, for example, T-cells in peripheral blood may not be representative of subsets and functionality of T-cells present in other tissues in the body [31]. Furthermore, circulating leukocytes are a major source of cytokines and can, for example, infiltrate adipose tissue in response to obesity. Therefore, it may be a possibility that leukocytes function in addition as biomarkers for identifying morbid forms of obesity [81]. In conclusion, it seems like leukocyte subsets percentage in peripheral blood may not always be a valid measuring object.



Altogether, there is evidence-based research results on PA and cellular senescence of leukocyte subpopulations. PA has the potential to improve immune function as well as health outcomes and therefore is a behavioral intervention that could be applied in prevention and therapy in subjects of all ages [7]. Thereby, exercise may delay or prevent the transition from the non-IRP into the IRP group. Furthermore, exercise is apparently able to revert a sedentary individual from the IRP to the non-IRP status, called immune restoration [27]. However, future research is required to support the theory of PA for the prevention of cellular senescence or restoration of an intact immune system. There is a need for RCT studies and studies with more adequately control groups. Additionally, prospective longitudinal studies could help to examine the long-term effects of PA over the lifespan. Though, it is ethically questionable to design a long-term RCT with a sedentary control group.



An innovative, fast-growing research field describes these degenerative or adaptive changes in the immune system due to extrinsic or intrinsic stressors during the aging process from a genetic perspective to gain a better understanding of the complexity of the inter-relatedness of immunosenescence, inflammation, and aging [82]. This means the current research regarding immune aging is more and more integrating omics-based research and system biology approaches. Age-related changes were increasingly examined via genomics, metagenomics, transcriptomics, and metabolomics using molecular profiling methods. These technologies have been used to analyze the role of T-cells in aging and used outcomes such as mitochondrial DNA heteroplasmy, DNA methylation, miRNA expression, serum metabolite levels, and metagenomic diversity, as well as the composition of the gut microbiome. These molecular factors were applied to aging-focused research in combination with the environment, like diet or lifestyle, in various study designs [82].



A more global sight on exercise and PA reveals that physical inactivity is becoming a major public health problem worldwide [55]. In the face of the current and possible future global spread of different kinds of infectious diseases, like the coronavirus disease 2019 (COVID-19), it is even more important to promote an active lifestyle in young and elderly individuals to probably prevent infectious and chronic diseases associated with aging and cellular senescence [83]. PA cannot entirely reverse aging processes, but it can attenuate damaging cellular and systemic mechanisms and, therefore, improve health substantially [55].




6. Conclusions


Overall, the systematic analysis of current evidence showed mixed results regarding cellular senescence and the impact of PA on different leukocyte subpopulations. Though, the studies showed that PA does have an influence on cellular senescence. Results revealed that the type of exercise, as well as the duration and persistence of exercising differentially modulate immunosenescence. Exercise interventions in studies were heterogenic. Hence, there is no explicit evidence to enunciate recommendations for PA, which particularly delays, prevents, or slows down cellular senescence. However, high-intensity endurance exercise may affect immunosenescence in a negative way by leading to the accumulation of senescent cells. Therefore, it is suggested that moderate-intensity endurance exercise is more suitable to influence cellular senescence in a positive way by mobilizing higher proportions of T-helper cells, inducing beneficial modifications in proportions of naïve and memory T-cell subsets, as well as decreasing proportions of senescent cells. In particular, the TEMRA subsets decrease for both T-helper and cytotoxic T-cells. On the contrary, resistance exercise is suggested to be less effective and not as extensively modulating the immune system as aerobic endurance exercise. In the strength-focused studies, no significant effects on immune parameters could be detected. Yet, moderate strength endurance training seems to be more suitable than intensive strength training to promote a shift in immune parameters. Further human-based RCTs and longitudinal research is required to clarify presented results. The impact of sex on the immune system still needs to be investigated, and there is a necessity to develop standardized measurement methods for immune cells, as well as homogeneous exercise interventions in relation to cellular senescence.
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Table A1. Database research of included studies.
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Date: 26.07.2020; Database: Pubmed




	
No.

	
Title

	
Authors

	
Year






	
1

	
Inflammatory cytokines and immune system modulation by aerobic versus resisted exercise training for elderly

	
Abd El-Kader, Shehab M.& Al-Shreef, Fadwa M.

	
2018




	
2

	
Strength Endurance Training but Not Intensive Strength Training Reduces Senescence-Prone T Cells in Peripheral Blood in Community-Dwelling Elderly Women

	
Cao Dinh, Hung; Njemini, Rose; Onyema, Oscar Okwudiri; Beyer, Ingo; Liberman, Keliane; Dobbeleer, Liza de; Renmans, Wim; Vander Meeren, Sam; Jochmans, Kristin; Delaere, Andreas; Knoop, Veerle; Bautmans, Ivan

	
2019




	
3

	
Resistance exercise sessions do not provoke acute immunosuppression in older women

	
Neves, Sergio da Cunha Jr; Lima, Ricardo Moreno; Simões, Herbert Gustavo; Marques, Mario C.; Reis, Victor Machado; Oliveira, Ricardo Jacó de

	
2009




	
Date: 27–29.07.2020; Database: Web of Science




	
4

	
Concentric and Eccentric Endurance Exercise Reverse Hallmarks of T-Cell Senescence in Pre-diabetic Subjects

	
Philippe, Marc; Gatterer, Hannes; Burtscher, Martin; Weinberger, Birgit; Keller, Michael; Grubeck-Loebenstein, Beatrix; Fleckenstein, Johannes; Alack, Katharina; Krüger, Karsten

	
2019




	
5

	
Moderate and intense exercise lifestyles attenuate the effects of aging on telomere length and the survival and composition of T cell subpopulations

	
Rodrigues Silva, Leia Cristina; Araujo, Adriana Ladeira de; Fernandes, Juliana Ruiz; Toledo Matias, Manuella de Sousa; Silva, Paulo Roberto; Duarte, Alberto J. S.; Garcez Leme, Luiz Eugenio; Benard, Gil

	
2016




	
6

	
The effects of age and viral serology on gamma delta T-cell numbers and exercise responsiveness in humans

	
Pistillo, Mira; Bigley, Austin B.; Spielmann, Guillaume; LaVoy, Emily C.; Morrison, Mark R.; Kunz, Hawley; Simpson, Richard J.

	
2013




	
7

	
Training status and sex influence on senescent T-lymphocyte redistribution in response to acute maximal exercise

	
Brown, Frankie F.; Bigley, Austin B.; Sherry, Chris; Neal, Craig M.; Witard, Oliver C.; Simpson, Richard J.; Galloway, Stuart D. R.

	
2014




	
8

	
Frequent participation in high volume exercise throughout life is associated with a more differentiated adaptive immune response

	
Moro-García, Marco Antonio; Fernández-García, Benjamín; Echeverría, Ainara; Rodríguez-Alonso, Manuel; Suárez-García, Francisco Manuel; Solano-Jaurrieta, Juan José; López-Larrea, Carlos; Alonso-Arias, Rebeca
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Table A2. Summary of selected investigated physical characteristics in each study.
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	Author
	Age
	Sex
	CMV Serostatus
	BMI
	VO2max
	HR
	Training Volume
	Lactate





	[48] Abd El-Kader et al.
	✓
	x
	x
	✓
	x
	✓
	✓
	x



	[52] Brown et al.
	✓
	✓
	✓
	x
	x
	✓
	✓
	✓



	[33] Dinh et al.
	✓
	✓
	✓
	✓
	x
	x
	✓
	x



	[54] Moro-García et al.
	✓
	✓
	✓
	✓
	✓
	x
	✓
	x



	[47] Neves et al.
	✓
	✓
	x
	✓
	x
	x
	✓
	x



	[50] Philippe et al.
	✓
	✓
	x
	x
	x
	x
	✓
	x



	[49] Pistillo et al.
	✓
	✓
	✓
	✓
	✓
	✓
	✓
	x



	[53] Raso et al.
	✓
	✓
	✓
	✓
	x
	x
	✓
	x



	[51] Silva et al.
	✓
	x
	x
	✓
	x
	x
	✓
	x







BMI: body mass index; CMV: cytomegalovirus; HR: heart rate; VO2max: maximal oxygen uptake.
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Figure 1. Mechanisms leading to a pro-inflammatory state with aging and a vicious cycle of inflamm-aging. Age-induced stressors that can potentially trigger inflammation, as well as unbalanced stress like cell senescence, are normally downregulated by buffering mechanisms. If these mechanisms fail, the existing stress leads to the production of pro-inflammatory mediators and disruption of immune cells, which is conducive to a chronic inflammation status and age-related inflammatory diseases. This then again deteriorates the inflamm-aging process in a positive feedback loop through an increase in circulating inflammatory mediators. CMV: Cytomegalovirus; COX: Cyclooxygenase; IgA: Immunoglobulin A; iNOS: inducible nitric oxide synthase; MAPK: Mitogen-activated protein kinase; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B-cells. Modified according to Bektas et al. [1] and Macaulay et al. [20]. 
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Figure 2. Flow chart of the inclusion process of studies used in this review. A total of n = 9 studies were finally included and considered for this review. Modified according to Moher et al. [28]. 
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Figure 3. Scheme of time when blood samples were taken in connection with the time exercise intervention took place. Blood samples were taken pre-intervention and post-intervention, highlighted in grey. Moro-García et al. [54] and Silva et al. [51] investigated retrospectively and therefore only took one blood sample. In the other studies, there was at least one examination pre-exercise and post-exercise. Training periods are marked in red and highlighted in white. d: day(s); h: hour(s); m: months; PA: physical activity; w: week(s). 
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Table 1. Summary of selected age-related immunological changes in innate and adaptive immunity.
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	Innate Immunity
	Changes
	Adaptive Immunity
	Changes





	Phagocytosis
	↓ ↔
	Naïve cell number
	↓



	Free radical production
	↑ ↓
	Memory cell number
	↑



	Chemotaxis
	↓
	T-regulatory cell number
	↑



	Cytokine production
	↑
	T-regulatory cell function
	↓



	Myeloid cell number
	↑
	Proliferation
	↓



	
	
	IL-2
	↓



	
	
	B-regulatory cell number/function
	↓



	
	
	B-cell immunoglobulin production
	↓



	
	
	B-cell autoantibody production
	↑







↓: decreased; ↑: increased; ↔: no change; IL-2: Interleukin 2. Modified according to Fulop et al. [15].
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Table 2. Overview of the search terms used for this systematic review.
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	Headings
	Search Terms





	Physical activity
	exercise, physical exercise, physical activity, physical fitness, training, exercise training, activity, aerobic training, aerobic fitness, strength training, resistance training, physical endurance, and strength endurance training



	Cellular senescence
	senescence, cellular senescence, cell aging, senescent cells, immunosenescence, and aging



	Leukocyte subpopulations
	leukocyte, leukocytes, leukocyte subpopulations, leukocyte populations, lymphocytes, T-cells, B-cells, monocytes, macrophages, dendritic cells, natural killer cells, neutrophils, and immune system







Headings were combined by the Boolean search operator ‘AND’. Search terms were combined by the Boolean search operator ‘OR’.
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Table 3. Eligibility criteria for inclusion and exclusion of studies.
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	Inclusion Criteria
	Exclusion Criteria





	healthy subjects (no manifested chronic illness, immune disease or no acute infection)
	ill subjects(especially HIV+, cancer, or diagnosed DM)



	human study
	animal study



	elderly subjects (≥50); elderly compared to young subjects (18–85 years)
	younger subjects (<50 years); except elderly (>85 years) compared to young subjects



	acute exercise, if not at least lifelong training and/or 2 cohorts (trained/sedentary or aerobic/resistance exercise or pre-/post-intervention)
	no exercise, no comparison of sedentary and active subjects, or no sufficient survey of physical activity



	some kind of control group or 2 intervention groups or longitudinal analysis
	no control group, only one intervention group, or cross-sectional analysis without controls



	aerobic, anaerobic, or resistance exercise
	exercise with a focus on coordination or flexibility (as intervention group)



	investigation of any kind of leukocyte subpopulations (except eosinophilic and basophilic granulocytes) or telomere length through blood samples
	eosinophilic and basophilic granulocytes, change in insulin sensitivity, ROS production, DNA damage, tissue biopsy, macrophages in skeletal muscle as an indicator for rehabilitation after exercise



	effect of acute or chronic physical activity on leukocyte subpopulations
	effects of vaccination or nutritional strategies (like CR or consumption of supplements/vitamins) on immune response







CR: calorie restriction; DM: diabetes mellitus; HIV+: human immunodeficiency virus positive; ROS: reactive oxygen species.
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Table 4. Excluded studies with named reasons (n = 13).
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	Author (Year)
	Reason for Exclusion





	[30] Chilton et al. (2014)
	outcome measures → focus on miRNA, SIRT, TERT, and TL



	[31] Cosgrove et al. (2012)
	cohort → age of subjects does not meet inclusion criteria (<50 years)



	[32] Dinh et al. (2019)
	cohort → same cohort as in Dinh et al. (2019) [33]; focus on CMV



	[34] Kapasi et al. (2003)
	cohort → frail subjects

outcome measure → cytokine activity

exercise program → wheelchair endurance



	[35] Karim et al. (2018)
	exercise program → focus on hypobaric exercise, not senescence

insufficient description of results



	[36] Kohut et al. (2004)
	outcome measure → focus on macrophage stimulation and infection with HSV-1



	[37] Mota et al. (2010)
	insufficient focus on senescence of cells

cohort → young subjects



	[38] Niu Ai-jun et al. (2010)
	insufficient and inconsistent information



	[39] Reidy et al. (2018)
	outcome measure → focus on macrophages and insulin sensitivity, not senescent cells



	[40] Soares et al. (2013
	outcome measure → correlation between age and DNA strand breaks/FPG in general, not cell-specific



	[41] Spielmann et al. (2011)
	outcome measure → no intervention, no cohorts, and wide age span



	[42] Wang et al. (2000)
	outcome measure → mainly cytosolic and membranous PKC activity



	[43] Wang et al. (2011)
	exercise program → hypoxic compared with not hypoxic; enhancing aerobic fitness







CMV: cytomegalovirus; FPG: formamidopyrimidine DNA glycosylase; HSV-1: herpes simplex virus 1; miRNA: microRNA; PKC: protein kinase C; SIRT: sirtuin; TERT: telomerase reverse transcriptase; TL: telomere length.
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Table 5. Domains and content questions used to analyze the quality of non-RCT studies with the ROBINS-I.
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Pre-Intervention Risk of Bias






	
Bias due to confounding

	
no supplementation before the intervention, immune function not affected, homogeneous groups, education about intervention, serostatus (CMV), physical status, time of blood sample, and training load




	
Bias in the selection of participants into the study

	
selection into the study based on participant

characteristics observed after the start of the intervention




	
At-intervention risk of bias




	
Bias in the classification of interventions

	
Clearly defined intervention groups, sedentary or active, what kind of exercise (aerobic or resistance)? Frequency? Intensity? Does classification infect outcome?




	
Bias due to deviations from intended interventions

	
Effect of assignment to intervention or effect of starting and adhering to intervention, co-intervention balanced? (Exercise additional to intervention?)




	
Post-intervention risk of bias




	
Bias due to missing data

	
outcome data available for all or nearly all participants? Participants excluded due to missing or incomplete data?




	
Bias in measurement of outcome

	
Outcome influenced by knowledge of intervention? Not possible to blind participants or outcome assessors due to the design of studies or systematic errors in measurement?




	
Bias in selection of the reported result

	
Only one or a subset of measurements reported? Pre-specification of methods used for analysis?








CMV: cytomegalovirus. Modified according to Sterne et al. [45].
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Table 6. Characteristics of included exercise training studies (n = 9).






Table 6. Characteristics of included exercise training studies (n = 9).





	Author (Year)
	Design
	Cohort
	Duration
	Exercise





	[48] Abd El-Kader et al. (2018)
	Non-RCT

(no CG, 2 IG)
	60 sedentary elderly subjects

61–67 yrs

aerobic group (n = 30)

resistance group (n = 30)
	6 months

3 days/week
	aerobic exercise

40 min treadmill

resistance exercise

40 min, 9 resistance machines

supervised, monitored



	[52] Brown et al. (2014)
	Non-RCT
	32 adults

trained soccer players (n = 16)

8 males, 8 females, 18.3 ± 1.7 yrs

untrained controls (n = 16)

8 males, 8 females, 19.3 ± 2.0 yrs
	acute exercise
	treadmill running test

(to volitional exhaustion)

starting at 10 km/h (males)/8 km/h (females)

1 km/h every 3 min



	[33] Dinh et al. (2019)
	RCT

(2 IG, 1 CG)
	100 women (≥ 65 yrs)

not performing for past 6 months

IST (n = 31, 69.18 ± 5.12 yrs)

SET (n = 33, 69.02 ± 6.05 yrs)

CON (n = 36, 70.31 ± 5.15 yrs)
	6 weeks

2–3 times/week
	IST

3 × 10 reps at 80% 1RM, 1 min rest

SET

2 × 30 reps at 40% 1RM, 1 min rest

CON (stretching)

3 × 10–12 stretching exercises, passive-static (30 s)



	[54] Moro-García et al. (2014)
	retrospective cohort study
	95 adults

32.6 ± 9.9–75.5 ± 4.2 yrs

young non-athletes (n = 30)

young athletes (n = 27)

elderly non-athletes (n = 26)

elderly athletes (n = 12)
	no acute exercise

subjects not performing 18 h before blood samples were taken
	young athletes

water rowing, running, resistance training

6.2 ± 1 days a week

125.3 ± 41.5 min a day

for 13 ± 4.2 yrs

elderly athletes

endurance, stretching, body core, resistance training



	[47] Neves et al. (2009)
	RCT

(2 IG, 1 CG)
	15 elderly women

67.5 ± 3.9 yrs

2 resistance exercise sessions

1 control session
	acute exercise

4 measurement moments

T1, T2, T3, and T4
	resistance exercise session

50% 1RM

80% 1RM

control session



	[50] Philippe et al. (2019)
	Non-RCT

(no CG, 2 IG)
	16 male older adults

56.9 ± 5.1 yrs

CE (n = 8); EE: (n = 8)

Pre-diabetic subjects (IGT)
	3 weeks

3 days/week (M, W, and F)
	walking exercise

CE (uphill)

EE (downhill)



	[49] Pistillo et al. (2013)
	Non-RCT
	34 physicaly active males

young males (n = 17, 23–35 yrs)

older males (n = 17, 50–64 yrs)
	acute exercise

pre and post blood samples
	cycling exercise

30 min cycle ergometer at 80–85% PP



	[53] Raso et al. (2007)
	RCT

(IG, CG)
	42 healthy sedentary females

60–77 yrs

IG, CG
	12 months

3×/week
	resistance training program

light to moderate intensity, supervised

3 × 12 reps at 54.9% ± 2.4% 1RM

control group

1RM at baseline, 6 months, and 12 months



	[51] Silva et al. (2016)
	retrospective cohort study
	46 elderly subjects

65–85 yrs

UTr (n = 15)

mTr (n = 16)

iTr (n = 15)
	no acute exercise

regular training for ≥5 yrsrunning or ball sports
	UTr

never trained

MTr

ball sports or running < 6 km, 2–3×/week

ITr

≥5 days/week (>50 km/week)







CE: concentric exercise; CG: control group; CON: control; EE: eccentric exercise; F: Friday; IG: intervention group; IGT: impaired glucose tolerance; IST: intensive strength training; ITr: intensely trained; M: Monday; MTr: moderately trained; reps: repetitions; PP: peak power; SET: strength endurance training; UTr: untrained; W: Wednesday; yrs: years; 1RM: one-repetition maximum.
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Table 7. Summary of studies outcome measures and main results.
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	Author (Year)
	Cohort
	Exercise Intervention
	Duration
	Main Outcome Measures
	Main Results





	[48] Abd El-Kader et al. (2018)
	sedentary elderly subjects (n = 60)
	aerobic endurance

Group A

resistance training

Group B
	6 months
	CD3+

CD4+, and CD8+

TNFα, IL-6, and IL-10
	↓ TNFα; IL-6 (AE) *

↑ IL-10 (AE) *

↓ CD3+ (AE) *

↓ CD4+; CD8+(AE) *

↓ CD4+/CD8+(AE) *



	[52] Brown et al. (2014)
	male/female subjects (n = 32)

Tr soccer players

UTr
	aerobic/anaerobic endurance

(treadmill running test to volitional exhaustion)
	single bout of exercise
	CD4+, CD8+,

CD57+, and CD28 (sen),

CD57, CD28+ (naïve)
	↓ CD4+ sen (Tr) *

↑ CD4+ naïve (Tr)

↓ CD8+ sen (Tr) *

↑ CD8+ naïve (Tr) *

↑ CD4+ sen, CD8+ sen (m) *

↓ CD4+ naïve, CD8+ naïve (m) *



	[33] Dinh et al. (2019)
	elderly women

(n = 100)
	resistance training

IST, SET

stretching

CON
	6 weeks
	CD8+

CD8−

CD28, and CD57
	↓ CD8+ and CD57+ (SET) **

↓ CD8+, CD28−, and CD57+ (SET) **

↓ CD8− and CD57+ (SET) *

↓ CD8−, CD28−, CD57+ (SET) *

↑ CD8+ memory *

↑ CD8− memory *



	[54] Moro-García et al. (2014)
	athletes/non-athletes (n = 95)
	no intervention

athletes performing aerobic/anaerobic endurance, resistance training
	-
	VO2max

physical activity score

TREC content

CD4+, CD8+, CD16+, and CD56+

CD19+ and CD69
	↓ CD4+ (A) *

↑ CD8+ (A) *

↑ NK cells (A) **

↓ TREC/CD8+ (YA) *

↓ Neutrophils, Lymphocytes (A) *



	[47] Neves et al. (2009)
	elderly women

(n = 15)
	resistance exercise

(S50%, S80%, SC)
	acute exercise
	LT

CT, IgA

Total Lymphocytes

CD4+, CD8+
	↓ CT (T3; S50%, S80%, SC) *

↑ LT (T2; SC) *

↑ IgA (T2 S50%; T2, T3 S80%) *

↑ Total Lymphocytes (T3) *

↑ CD4+ (T3, S80%, SC) *

↑ CD8+ (T3, SC) *



	[50] Philippe et al. (2019)
	older adults (n = 16)
	aerobic endurance

(walking exercise)
	3 weeks
	TNFα, IL-6

CD3+, CD4+, CD8+

CD45RO, CCR7

CD16+, CD19+

CD25+
	↑ CD4+/CD8+ *

↑ CD4+/CD3+ *

↓ CD8+/CD3+ *

↑ CD4+/CCR7+/CD45RO+ *

↓ CD4+/CCR7−/CD45RO− *

↓ CD16+*

↑ CD8+/CCR7+/CD45RO+ *

↑ CD8+/CCR7+/CD45RO− *

↓ CD8+/CCR7−/CD45RO− *



	[49] Pistillo et al. (2013)
	active males

(n = 34)
	aerobic endurance

(cycle ergometer)
	single bout of exercise
	viral serostatus

Total Lymphocytes

CD3+ and γδ T-cells

KLRG1
	↓ γδ T-cells (old)***

↑ γδ T-cells CMV+ (young) **

↑ γδ T-cells (post exercise) **

↑ KLRG1+ γδ T-cells (young) **



	[53] Raso et al. (2007)
	elderly sedentary women
	resistance exercise

(light to moderate, IG)

no exercise

CG
	12 months
	CD4+, CD8+

CD45RA+, and CD45RO+

NKCA

CD56dim and CD56bright

Total Lymphocytes
	↑ CD4+/CD45RA+ (IG)

↑ CD8+/CD45RA+ (IG)

↓ CD4+/CD45RO+ (IG)

↓ CD8+/CD45RO+ (IG)

↑ CD56dim/CD56bright

(no significant differences)



	[51] Silva et al. (2016)
	elderly subjects

(n = 46)

UTr, MTr, ITr
	no intervention

aerobic endurance

ball sports
	≥5 years
	Questionnaires

(e.g., SF-36)

CD3+, CD4+, and CD8+

CD45RO and CD28

TL (CD4+, CD8+)
	↓ CD8+ TEMRA (MTr, ITr) *

↓ CD4+ TEMRA (ITr) **

↑ CD4+ CM (MTr) *

↑ T-cell TL (MTr, ITr) *

↑ CD8+ EM (ITr) *

1/3 (CD4+ TEMRA/CD8+ TEMRA)







* p < 0.05; ** p < 0.01; *** p < 0.001; ↑: increase; ↓: decrease; 1/3: ratio; A: athletes; AE: aerobic endurance; CG: control group; CM: central memory T-cells; CMV+: cytomegalovirus positive; CON: control; CT: cortisol; EM: effector memory T-cells; IG: intervention group; IgA: immunoglobulin A; IST: intensive strength training; ITr: intensely trained; m: males; LT: total leukocytes; MTr: moderately trained; NK cells: natural killer cells; NKCA: natural killer cell activity; SC: no exercise control session; sen: senescent; SET: strength endurance training; SF-36: Short Form (36) Health Survey; S50%: Session 50% 1RM; S80%: Session 80% 1RM; TEMRA: T effector memory cells re-expressing CD45RA; Tr: trained; TREC content: T-cell receptor excision circle content; TL: telomere length; T2: directly after exercise; T3: 3 h post exercise; UTr: untrained; VO2max: maximal oxygen uptake; YA: young athletes; 1RM: one-repetition maximum.
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Table 8. Risk of bias assessment with the ROBINS-I tool for the included studies (n = 6).
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	Author
	Confounding
	Selection Participants
	Classification Intervention
	Deviation Intended Intervention
	Missing Data
	Outcome Measurement
	Selection Reported Results
	Ø





	[48] Abd El-Kader et al.
	+
	+
	+
	±
	+
	±
	+
	±



	[52] Brown et al.
	+
	+
	+
	+
	+
	±
	±
	±



	[54] Moro-García et al.
	±
	±
	+
	+
	+
	±
	+
	±



	[50] Philippe et al.
	+
	+
	+
	±
	?
	±
	+
	±



	[49] Pistillo et al.
	±
	+
	±
	?
	?
	±
	+
	×



	[51] Silva et al.
	±
	±
	+
	+
	+
	±
	+
	±







+: low risk of bias; ±: moderate risk; ×: serious risk; ?: unclear risk.
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Table 9. Studies assessed using the RoB2 Tool (n = 3).
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	Author
	Randomization
	Assignment
	Missing Data
	Outcome Measurment
	Selection Reported Results
	Ø





	[33] Dinh et al.
	+
	±
	+
	+
	±
	±



	[47] Neves et al.
	+
	±
	‒
	+
	±
	‒



	[53] Raso et al.
	+
	±
	+
	+
	+
	+







+: low risk of bias; ‒: high risk of bias; ±: some concerns.
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