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ABSTRACT 

Aging leads to significant changes in the immune system, known as immunosenescence, which 

increase vulnerability to infections, reduce vaccine effectiveness, and elevate the risk of 

malignancies. Interleukin-15 (IL-15) is a key cytokine that mediates antiviral and antibacterial 

immune responses through presentation by monocytes and dendritic cells and by regulating 

natural killer (NK) cells and T cells. With age, reduced IL-15 levels may contribute to the decline 

of NK and CD8+ T cell function. Exercise may help mitigate this decline. By exercising, exercise-

induced IL-15 is produced. This research investigates how exercise-induced IL-15 can improve 

immune aging in infectious environments. I hypothesize that IL-15 and its receptor, IL-15 

receptor α (IL-15Rα), will be upregulated in the T cells and that type II muscle fibers will express 

the most IL-15, following exercise in aged populations. To test this, IL-15 expression is measured 

in various muscle fiber types after exercise in young and old mice. Additionally, flow cytometry 

will compare IL-15 and IL-15Rα expression in different immune cell populations from both age 

groups after stimulation with viral and bacterial agents. These studies aim to uncover how IL-15 

can support healthy immune aging and the potential role exercise can play. The findings may 

contribute to strategies to alleviate the healthcare burden associated with age-related diseases. 

 

 

INTRODUCTION 

Our population has progressively aged 

over the last few decades. Each generation, 

more people live to be over 60 years old, and 

this life expectancy is expected to increase over 

the following years. The World Health 

Organization (WHO) predicts that by 2030, 1 in 

6 people, or 1.4 billion people worldwide, will 

be 60 or older. By 2050, this number will almost 

double to 2.1 billion. Moreover, the number of 

people aged 80 or older will triple between 2020 

and 2050, reaching 426 million worldwide (1). 

This shift will put tremendous stress and 

pressure on the healthcare industry and bring 

socio-economic challenges.  

Aging is a complex, multifactorial process 

that negatively impacts many systems and 

functions in the human body, like the nervous, 

endocrine, and immune systems. Because of 

this, diseases like Alzheimer’s disease, 

diabetes, cancer, and cardiovascular diseases 

are rising in occurrence (2). Furthermore, 

people of older age are more vulnerable to 

chronic and infectious diseases due to the 

weakening of the immune system (3). As the 

immune defense fails and the cells get exposed 

to more external stressors, the cells in our body 

can become senescent (4). Cellular senescence 

is a state where the cells become dysfunctional 

and go into cell cycle arrest, unable to 

proliferate (5). The immune system usually 

removes these senescent cells via Senescence-

Associated Secretory Phenotype (SASP) 

production, which signals the need for clearance 

to the immune system. But if our immune 

system is weakened or declines, these cells are 

not cleared and accumulate, hindering normal 

body functions. This weakening of the immune 

system is called immune aging or 

immunosenescence (5, 6). Immunosenescence 

is defined as the age-related decline in immune 

function and is marked by dysfunctions in the 

innate and adaptive immune responses (7). This 

phenomenon is characterized by infection 

susceptibility, decreased vaccination efficacy, 

and increased inflammatory markers called 
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inflammaging. Other features are thymic 

involution, hypoproliferation of the immune 

cells, a naïve/memory immune cell ratio 

imbalance, and an overall change in immune 

cell phenotypes (7, 8).  

 

Exercise is known to positively impact 

overall health to counter these age-related 

effects on the immune system. Key health 

markers influenced by regular physical activity 

include improved immune function and 

protection against cellular senescence (9). In 

particular, improving immune function and 

protecting against cellular senescence may help 

mitigate the effects of immune aging. Exercise 

exerts an anti-inflammatory effect by 

upregulating the production of anti-

inflammatory cytokines and downregulating 

Toll-like receptors on monocytes and 

macrophages (10). This modulation of the 

inflammatory response may help to prevent the 

chronic low-grade inflammation associated 

with aging. Furthermore, long-term endurance 

exercise promotes the expression of telomere-

stabilizing proteins and increases telomerase 

activity (11). This heightened expression is 

crucial in addressing cellular aging, as telomere 

shortening is a well-established hallmark of the 

aging process.  

Most of the positive effects of exercise are 

mitigated by cytokines produced by the 

contracting muscle, known as myokines (12). 

Since the discovery of myokines, the muscle is 

seen as an endocrine organ, producing many 

myokines and having effects on autocrine, 

paracrine, and endocrine levels. These 

myokines are now shown to have an impact on 

almost all organs, like the brain, adipose tissue, 

liver, bone, and the immune system (13). 

Interleukin-15 (IL-15) is one of them. 

 

IL-15 is an inflammatory cytokine that 

plays a key role in activating different immune 

cells (14). It regulates functions like activation, 

proliferation, and survival in immune cells, 

particularly T-cells and natural killer (NK) cells 

(14, 15). IL-15 is secreted by monocytes, 

macrophages, dendritic cells (DCs), 

keratinocytes, fibroblasts, and epithelial cells of 

various tissues (14, 15). It can activate multiple 

signaling pathways, with the JAK/STAT and 

mTOR pathways being the most important (14). 

IL-15 is not often secreted in its soluble form 

but is bound to the IL-15 receptor-α (IL-15Rα). 

The IL-15 receptor is a transmembrane 

heterotrimeric receptor with an α-, β-, and γc-

subunit (16). While IL-15 is bound to IL-15Rα 

with high affinity, the signal is only transduced 

via trans-presentation in the presence of IL-

2/IL-15β and γc-subunit on the accepting cells, 

like T cells, NK cells, and B cells (17, 18). 

Trans-presentation, the most common form of 

presentation in both humans and mice, occurs 

when IL-15 is presented by a cell to another cell. 

IL-15 and IL-15Rα are assembled in the 

presenting cell's endoplasmatic reticulum (ER). 

IL-15 binds to IL-15Rα and is transported to the 

cell surface, where it can bind to IL-15Rβ/γc of 

other cells and activate signaling (19, 20).  IL-

15 can also bind to a heterodimeric receptor 

comprised of only the IL-15β and γc-subunits 

with intermediate affinity (18).  

As aging progresses, dysregulation of IL-

15 signaling is observed. The protein levels of 

IL-15 in skeletal muscle decline with age in 

rodents (21, 22). Plasma protein levels also 

decrease, both in aging mice and humans, as 

well as in individuals suffering from sarcopenia 

(23, 24).  In contrast, splenic stromal cells 

upregulate IL-15 (25). Reduced IL-15 

availability may contribute to the age-related 

decline of NK and CD8+ T cell populations, 

comprising antiviral and antitumoral immunity. 

Conversely, excessive IL-15 expression has 

been linked to age-related inflammation, 

inflammaging, and autoimmune dysregulation. 

Thus, IL-15 plays a dual role in aging, both as a 

protective factor in immune maintenance and as 

a potential driver of pathological inflammation.  

 

T cells are among the most affected 

immune cells when it comes to aging. As we 

age, a process called thymic involution occurs. 

The epithelial space of the thymus decreases 

and atrophies, leading to a decrease in naive T 

cells as we grow older. Other age-related 

changes include an inverted CD4/CD8 ratio, 

mitochondrial dysfunction, and loss of 

proteostasis.  

IL-15 supports the survival and 

homeostatic proliferation of memory CD8+ T 

cells that express the IL-15Rβ/γc via trans-

presentation, which supports immune 

protection against recurrent viral infections (26, 

27). IL-15 makes them highly cytolytic by 

increasing the expression of perforin, granzyme 

B, and IFN-γ (27, 28). IL-15 initiates memory 

CD8+ T cell differentiation into CD8+ effector T 

cells without antigen recognition by T-cell 

receptor cross-linking (29).  
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In CD4+ T cells, IL-15 contributes to the 

differentiation to helper T cells, survival via 

anti-apoptotic pathways, and proliferation. IL-

15 is one of the cytokines with a γc-chain in 

their receptor capable of generating 

CD4+CD25+Foxp3+ Tregs (30). Besides 

promoting the formation and differentiation of 

Tregs, IL-15 can also promote their 

proliferation (31). IL-15 trans-presented by 

DCs is able to induce Treg proliferation in a 

dose-dependent manner in vitro (31). In the 

presence of IL-15, tissue-resident CD4+ effector 

T cells are directed to differentiate into a 

cytotoxic phenotype, specifically cytotoxic 

CD4+ T cell effectors (ThCTL) (32).  

Lastly, natural killer T cells (NKT cells) 

are T cells that share properties with both T-

cells and NK cells. They exert both innate and 

acquired immune responses and play a role in 

cancer immunity and autoimmunity (33). IL-15 

plays an important role in NKT cell survival, 

homeostasis, maturation, and function. IL-15 

promotes the survival of NKT cells via 

expression of Bcl-XL, in both thymic and 

splenic NKT cells (34). IL-15 also regulates the 

thymic and peripheral maturation of NKT cells 

in mice, as it plays a key role in acquiring the 

NK1.1 marker, a killer cell lectin-like receptor 

that regulates cell activation (34). IL-15 

regulates NKT cell function via T-bet and Gata-

3, two transcription factors that promote IFN-γ 

and IL-4 production (34). In addition, IL-15 

regulates the developmental stage 2 (ST2) to 

ST3 progression in NKT cell maturation and 

terminal NKT cell differentiation (34).  

 

This study will examine the impact of 

exercise-induced IL-15 on the aging immune 

system. To do so, IL-15 expression is 

investigated in muscle tissue. Furthermore, 

immune cells of different age groups will be 

exposed to various infectious agents and 

assessed for IL-15 and IL-15Rα expression. We 

tested the hypothesis that exercise-induced IL-

15 will be expressed the most in older 

individuals compared to their younger 

counterparts, after exercise, and that T cells will 

express more IL-15 and IL-15Rα in aging 

individuals, as IL-15 is an inflammatory 

cytokine and can exhibit a higher baseline due 

to age-related low-grade inflammation.  

 

EXPERIMENTAL PROCEDURES 

Animals and housing – C57BL/6 mice (2-, 

15-, and 24-month-old) were purchased from 

the Jackson Laboratory and housed in BIOMED 

UHasselt with an acclimatization period of 1 

week, whereafter they were randomly assigned 

to the experimental groups (Table 1). The 

animals were housed in a standard pathogen-

free environment under a 12h light/dark cycle, 

controlled temperatures (20-24°C), humidity 

(40-60%), fed standard chow and water ad 

libitum, with a maximum of 10 animals per 

cage. The cages are equipped with bedding 

material and cage enrichment. Mice aged 15 

months or older were housed individually. 

 

Mice exercise protocol – The mice were 

split into four groups. There are two exercise 

and two sedentary groups in each age group 

(Table 1). Each group (n=22) is a mix of male 

(n=11) and female (n=11) mice. The mice in the 

exercise groups have undergone an acute 

aerobic exercise regimen using a treadmill. The 

mice selected for the exercise regimen had an 

acclimatization period of three non-consecutive 

days to get used to the treadmill. In these three 

non-consecutive days, the mice run at 10m/min 

for 15 minutes. After the acclimatization period, 

the mice performed an incremental speed test 

until failure to establish their individual 

maximum workload. The exercise groups then 

performed the acute aerobic exercise regimen at 

80% of the maximum workload of each mouse 

for 30 minutes. The sedentary groups were 

placed in the same room to expose them to 

similar stress levels associated with the 

laboratory settings.  

 

Table 1: Mouse groups  

 Grouping of the mice 

2-month-old mice 

(Young) (n=22) 

15- and 24-month-old 

mice (Old) (n=22) 

Sedentary 

(n=12) 

Exercised 

(n=10) 

Sedentary 

(n=12) 

Exercised 

(n=10) 

 

Human exercise protocol – The 

participants (n=12, six male, six female), 

healthy people 65-85 years old, performed an 

exercise regimen at 80% workload. They also 

performed strength training at 80% of their one 

repetition maximum (RM). A biopsy of the 

vastus lateralis of the quadriceps muscle is 

extracted under local anesthetic before exercise 

and 4 hours after exercise via fine needle 

aspiration biopsy. The tissue is embedded in 

Tissue-Tek O.C.T. Compound, stored at -80°C, 

and cryosected via the cryostat in sections of 

10µm. 
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Immunohistochemistry stainings of the 

muscle fibers – Four hours after training, the 

mice receive a dolethal injection and are 

sacrificed via cardiac perfusion with 1x PBS 

and heparin. The m. gastrocnemius is isolated, 

embedded in Tissue-Tek O.C.T. Compound, 

and stored at -80°C. Later, the tissue is 

cryosected via the cryostat in sections of 10µm. 

The mouse muscle tissue is stained for IL-

15 and multiple muscle fiber types via 

immunohistochemistry (IHC). The muscle 

tissue is permeabilized by PBS + 0.5% Triton 

and washed with PBS + 0.05% Triton (PBST) 

only in the IL-15 staining. Then, the sections 

were blocked with 10% rabbit serum in PBST. 

The tissue is incubated in an antibody mix at 

4°C overnight, which is detected by a secondary 

antibody mix, incubated for 60 min at room 

temperature (RT) (Table S1). Later, the tissue is 

counterstained with 4',6-diamidino-2-

phenylindole (DAPI) for 10 minutes at RT and 

rewashed in PBST. Lastly, the muscle tissue is 

mounted with 5 µl Fluoromount-G per slide, 

air-dried, and stored at 4°C. The muscle fibers 

were imaged on a Leica microscope (Leica 

Microsystems, Belgium) and analyzed via 

Fiji/ImageJ (Version 1.5i, 03 March 2024).  

 The human muscle tissue was fixed with 

acetone for 10 min prior to the IL-15 staining, 

but not for the muscle fiber type staining. Then, 

they were stained the same way as the mouse 

muscle tissue and blocked with Dako protein 

block (Table S1).  

 

FACS staining – Peripheral Blood Mononuclear 

Cells (PBMCs) of young (20-40 years old) and 

old (60+ years old) males were thawed in a 

thawing medium containing RPMI 1640 and 

20% Fetal Calf Serum (FCS) and 100µl/ml 

DNase per 10 million cells. Then, the PBMCs 

were cultured in RPMI 1640 + 10% FCS + 0.5% 

Penicillin-Streptomycin (P/S), 1% non-

essential amino-acid (NEAA), and 1% Sodium 

pyruvate.   

The PBMCs were stimulated with 

Lipopolysaccharides (LPS, 1.0µg/ml) or Type I 

IFN (100ng/ml) for 24 hours to mimic different 

infectious environments.  

The PBMCs are resuspended in 100µl 

diluted ZOMBI NIR. The cells were incubated 

for 15 min in the dark. The cells were blocked 

with 5µl human Tristain FcX (Biolegend, cat. 

422302, lot. B432667)/100µl cell suspension. 

Cells were incubated for 15 minutes with the 

antibody mix for surface markers (Table S2). 

Then, the cells were fixed using FOXP3 

Fixation/Permeabilization and incubated for 30 

min in the dark at RT. Hereafter, the antibodies 

for intracellular markers were added in 100µl 

Permeabilization buffer and incubated for 30 

minutes at RT. The pellet is dissolved in 200µl 

FACS buffer for analysis.  

The samples were examined by the Cytek 

Aurora (Cytek Bioscience) and analyzed with 

Flowjo (v_10.10.0). Cell populations were 

gated based on forward scatter (FSC) and side 

scatter (SSC) parameters to exclude debris and 

doublets, followed by a Live/Dead gating using 

ZOMBI NIR (Table S1). Specific gating was 

applied to identify the different cell types using 

the antibodies found in Table S2. The specific 

gating strategy can be found in figures S1-S3. 

Compensation was performed using cells and 

compensation beads (BD Biosciences). Gating 

was optimized by using full-stained minus 

one’s (FMOs).  

 

Statistics - All statistical analyses and 

figures were made with GraphPad Prism 

version 10.2.0. Normality was checked via the 

Shapiro-Wilk test and QQ-plot. Normally 

distributed data was examined via t-test or Two-

way ANOVA with multiple comparisons. Not-

normally distributed data was examined via the 

Mann-Whitney test, or log-transformed and 

then analyzed with Two-way ANOVA with 

multiple comparisons. The tests performed on 

the data are shown in the subscripts of the 

figures. 

 

RESULTS 

Old sedentary mice have more IL-15 

positive fibers than their younger counterparts 

– To analyze the expression of IL-15 after an 

acute aerobic exercise bout, we stained for IL-

15 and examined the pictures in ImageJ/Fiji and 

statistically analyzed in GraphPad (Version 

10.4.1). Three different measurements were 

used: the amount of IL-15-positive fibers, the 

mean fluorescence, and the Corrected Total Cell 

Fluorescence (CTCF), where we corrected for 

the surface area of one fiber. A significant 

difference was observed in the amount of IL-15-

expressing fibers between the young and old 

sedentary groups. The old sedentary group has 

more IL-15-positive fibers than their younger 

counterparts. However, no differences were 

found in the amount of IL-15 produced per 
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muscle fiber, measured using CTCF and mean 

fluorescence.  

 

 

 

 

 
Figure 1 – Old sedentary mice have more IL-15-positive fibers than their younger counterparts.  

A. Representative IL-15 staining on mouse m. Gastrocnemius of an old sedentary female mouse. The tissue was stained for 

IL-15 (red) and DAPI (blue). B. Number of IL-15-positive fibers per area. C. Mean fluorescence of IL-15 staining. D. 

Corrected Total Cell Fluorescence (CTCF) of the IL-15 staining. The image was taken by the Leica microscope (10x 

magnification) and analyzed in ImageJ/Fiji. Data from figures B, C, and D were analyzed with Two-way ANOVA with 

Fischer’s LSD multiple comparison in GraphPad (Error bars represent Mean ± Standard Error Mean (SEM)). There is a 

significant difference between the amount of positive fibers of the sedentary old mice, compared to their younger sedentary 

counterparts. No other significant differences were observed.  

** p<0.01 

 

IL-15 positive muscle fibers are mostly 

type IIx – To analyze which muscle fiber 

expresses the most IL-15 after one acute aerobic 

exercise intervention, we stained adjacent 

muscle fibers to the IL-15 stained slices for the 

different types of muscle fiber (Type I, IIa, IIx) 

and compared them to the adjacent IL-15 

stained slices. The pictures were analyzed in 

Zeiss Zen Blue (version 3.11) and descriptively 

analyzed. Muscle fiber type IIx comprises the 

majority of IL-15-positive fibers, with 81.22% 

of the total IL-15-positive fibers in the young 

mice, and 80.19% in the old mice (Figure 2C, 

D).  Also, muscle fiber type IIbx has a higher 

share of the IL-15+ muscle fibers (10.97%) in 

the older mice than in the younger mice (2,72%) 

(Figure 2). This is also seen in the sedentary 

groups (17,64% vs 3,41%) and exercised 

groups (3,34% vs 0%). Moreover, type IIbx is 

more IL-15+ in the sedentary groups than in the 

exercised groups, for both age groups (Figure 

2E, F, G, H). The percentages can be found in 

Table S3. 

 

 

 

 

 

 

 

A B 

C 

D 
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Figure 2 – Muscle fiber type IIx expresses the most IL-15 in mouse muscle.  

A. Representative IL-15 staining on m. Gastrocnemius mouse tissue. The tissue was stained for IL-15 (red) and DAPI (blue). 

B. Representative muscle fiber type staining on m. gastrocnemius mouse tissue. The tissue was stained for type I (blue), 

type IIa (green), type IIb (red), and laminin (purple). Type IIx was not stained and presumed to be black. Descriptive 

percentages of different muscle fiber types positive for IL-15 in (C.) young mice, (D.) old mice, (E.) young sedentary mice, 

(F.) old sedentary mice, (G.) young exercised mice, (H.) old exercised mice. Type I (white), Type IIa (green), Type IIb 

(red), Type IIx (blue), Type IIa/x (yellow), Type IIb/x (purple). The images were taken by the Zeiss Axioscan 7 and analyzed 

by Zeiss Zen Blue (Version 3.11). SED; Sedentary, EX; Exercise 

A B 

D C 

E F 

G H 
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Human muscle fibers seem to express IL-

15 in a different pattern than mouse muscle 

fibers –  To validate the results of the mice data, 

a human IL-15 and muscle fiber staining was 

optimized. This staining observed the 

interspecies differences in IL-15 expression 

patterns inside the muscle tissue. IL-15 in 

mouse muscle tissue appears more diffuse 

throughout one singular muscle fiber, while IL-

15 in human muscle appears to be more 

fractured. IL-15 is also more present at the 

borders of the muscle fibers, where the 

interstitium is situated (Figure 3).  

 

Similarly, a muscle fiber type staining was 

performed. A staining protocol was optimized 

and compared descriptively to muscle fiber 

stainings of mouse muscle tissue. As in mice, 

the majority of fibers expressing IL-15 in 

humans is type IIx. (Figure 3).

 

  
Figure 3 – Representative IL-15 staining on human muscle fiber  

A. Representative IL-15 staining on human vastus lateralis of the m. quadriceps tissue. The tissue was stained for IL-15 

(red) and DAPI (blue). B. Representative muscle fiber type staining on human vastus lateralis of the m. quadriceps tissue. 

The tissue was stained for type I (blue), type IIa (green), type IIx (red), and laminin (purple). The image was taken by the 

Leica microscope (40x magnification) and analyzed in ImageJ/Fiji.  

Scale bar: 50 µm. 

Monocytes and dendritic cells of older 

individuals exhibit higher IL-15Rα+ and IL-

15/IL-15Rα+ cell percentages – To assess the 

impact of aging on the IL-15 and IL-15Rα 

expression on immune cells, samples of 

different age groups were analyzed (Table S4). 

The samples were examined by Cytek Aurora 

(Cytek Bioscience) and analyzed with Flowjo 

(v10.10.0) for differences in percentages of 

immune cells expressing IL-15 and IL-15Rα, 

and mean fluorescent index per cell (MFI) of 

IL-15, IL-15Rα, and IL-15/IL-15Rα double-

positive cells. First, differences in IL-15Rα-

positive and IL-15/IL-15Rα-positive cells were 

examined without infectious stimulation in 

young and old individuals.  

No significant differences were found in 

the percentage and MFI of IL-15 expression in 

monocytes and DCs (data not shown). 

However, a significant difference was observed 

in the IL-15Rα expression (Figure 4). Older 

individuals show a significantly higher 

percentage of IL-15Rα+ classical and 

intermediate monocytes than young individuals. 

This is not seen in non-classical monocytes 

(Figure 4A). Furthermore, DCs also show a 

significant increase in IL-15Rα+ cells in older 

individuals, compared to younger individuals 

(Figure 4B). These differences correspond to 

similar significant changes in IL-15/IL-15Rα+ 

monocytes and DCs (Figure 4C, D). The MFI of 

IL-15Rα showed no significant differences 

(data not shown).  

Subsequently, IL-15-responsive cells, like 

CD4+ T cells, CD8+ T cells, and NK cells, were 

analyzed. Once again, the IL-15, IL-15Rα, and 

IL-15/IL-15Rα were examined on both MFI and 

positive cell percentages. No significant 

difference was found in these cell populations 

(data not shown).  

 

 

 

 

 

A B 
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Figure 4: The effect of aging on IL-15 and IL-15Rα expression in IL-15 donor cells 

A. Percentage of IL-15Rα+ cells of different monocyte subsets, cultured for 24h. B. Percentage of IL-15Rα+ cells of 

dendritic cells (DCs) cultured for 24h. C. Percentage of IL-15/IL-15Rα+ cells of different monocyte subsets. D. Percentage 

of IL-15/IL-15Rα+ cells of DCs. Monocytes were gated by CD14 on CD16. DCs were gated by CD3-, followed by CD11c+. 

Data was analyzed by unpaired t-tests in GraphPad (Error bars represent Mean ± Standard Error Mean (SEM)) (n=4).  

**** p<0.0001, *** p<0.001, * p<0.05 

 

Inflammatory stimulation increases the IL-

15/IL-15Rα+ cell percentage of monocytes, 

CD8+ T cells, and NK cells – To analyze how 

IL-15 expression in older and younger donors 

changes in infectious environments, the cells 

were treated with LPS or IFN-α to mimic 

bacterial and viral infections, respectively. The 

differences in IL-15Rα-positive and IL-15/IL-

15Rα-positive cells were examined based on 

different infectious stimulation compared to 

unstimulated samples, and the age differences 

in response to the infectious stimulation.  

No differences were observed for the 

percentages or MFI of IL-15+ cells or IL-15Rα+ 

MFI. A significant difference was seen in the 

donor cells of IL-15, specifically the classical 

and intermediate monocytes (Figure 5). The 

percentage of IL-15Rα+ cells is higher for both 

LPS- and IFN-α-stimulated samples in younger 

individuals for classical and intermediate 

monocytes (Figure 5A). However, this was not 

present in aged individuals. The non-classical 

monocytes show a significant difference 

between the IFN-α-treated samples of both age 

A B 

C D 
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groups (Figure 5A). No significant difference 

was observed in the DC population (Figure 5B). 

However, an increasing trend is noted in young 

individuals.  

 

Next,  the IL-15/IL-15Rα+ percentages 

were assessed in the IL-15-responsive cell 

populations. Similar significant changes were 

observed in the classical monocyte subset 

(Figure 5C). Additionally, a significant 

difference in the intermediate monocyte subset 

was observed between the two age groups 

treated with LPS, where intermediate 

monocytes of aged individuals displayed a 

higher percentage of IL-15Rα-positive cells 

than their younger counterparts (Figure 5C).  

The non-classical monocyte subpopulation 

shows a significant difference between the IFN-

α-treated samples of the old and young 

individuals (Figure 5C). We also see a 

significant difference in the percentage of IL-

15/IL-15Rα cells in the DC population between 

the two infectious-stimulated samples and the 

unstimulated sample in the young age group 

(Figure 5D). No significant were observed in 

MFI for these cell populations.

 

 

 

 

 

Figure 5: The effect of infectious environment on IL-15 and IL-15Rα expression in IL-15 donor cells 

A. Percentage of IL-15Rα+ cells of unstimulated, LPS- and IFN-α-treated monocyte subsets, cultured for 24h. B. Percentage 

of IL-15Rα+ cells of unstimulated, LPS- and IFN-α-treated dendritic cells cultured for 24h. C. Percentage of IL-15/IL-

15Rα+ cells of unstimulated, LPS- and IFN-α-treated monocyte subsets. D. Percentage of IL-15/IL-15Rα+ cells of 

unstimulated, LPS- and IFN-α-treated dendritic cells. Monocytes were gated by CD14 on CD16. Dendritic cells were gated 

by CD3-, followed by CD11c+. Data was analyzed using Two-Way ANOVA with Sidak’s multiple comparison in GraphPad 

(Error bars represent Mean ± Standard Error Mean (SEM)) (n=4).  

** p<0.01, * p<0.05 

 

Subsequently, the IL-15-responsive cells, like T 

cells and NK cells, were analyzed for 

differences in IL-15 and IL-15Rα expression 

after infectious stimulation.  

A significant increase is observed in the 

percentage of IL-15/IL-15Rα+ cells after IFN-α 

stimulation in CD8+ T cells in aged individuals 

(Figure 6). However, this increase was not 

present when looking at the different CD8+ 

subsets (data not shown). IL-15 and IL-15Rα 

percentages and MFI do not exhibit differences 

after infectious stimulations (data not shown). 

CD4+ T cells do not show any significant 

increase in IL-15 and IL-15Rα expression.

 

A B 

C D 
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Figure 6: The effect of infectious environment on IL-15 and IL-15Rα expression in CD8+ T cells 

A. Percentage of IL-15Rα+ cells of unstimulated, LPS- and IFN-α-treated CD8+ T cells, cultured for 24h. Data was analyzed 

using Two-Way ANOVA with Sidak’s multiple comparison in GraphPad (Error bars represent Mean ± Standard Error Mean 

(SEM)) (n=4).  

* p<0.05 

 

Lastly, NK cells were assessed. In aged 

CD56bright NK cells, a significant increase was 

seen in double-positive IL-15/IL-15Rα cells 

after IFN-α stimulus. Furthermore, this increase 

was significantly higher than the IFN-α-

stimulated CD56bright cells of their younger 

counterparts. Additionally, a difference 

between the IFN-α-treated samples of both the 

young and old age groups is also seen (Figure 

7A). No differences in percentages or MFI IL-

15 or IL-15Rα separately were observed.  

The CD56dim NK cell subset does not exhibit 

any significant differences in IL-15 and IL-

15Rα expression, nor for the double-positive 

IL-15/IL-15Rα cells.  

 

 

 

 

 

Figure 7: A. Percentage of IL-15Rα+ cells of unstimulated, LPS- and IFN-α-treated CD56bright NK cells, cultured for 24h. 

B. Percentage of IL-15Rα+ cells of unstimulated, LPS- and IFN-α-treated CD56dim NK cells, cultured for 24h. NK cells 

were gated by CD56 on CD16. Data was analyzed using Two-Way ANOVA with Sidak’s multiple comparison in GraphPad 

(Error bars represent Mean ± Standard Error Mean (SEM)) (n=4).  

* p<0.05 

 

 

A 

A 
B 
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DISCUSSION 

With IL-15’s status as a Senescence-

Associated Secretory Phenotype (SASP) member, 

being linked to age-related inflammation, and the 

fact that it has the potential to be produced and 

secreted upon exercise, poses a potential for IL-15 

to boost our immune system.  

This study examined the hypothesis that 

exercise-induced IL-15 will be expressed the most 

in older individuals compared to their younger 

counterparts, and that T cells will express more IL-

15 and IL-15Rα in aging individuals. 

 

Old sedentary mice have more IL-15 positive 

fibers than their younger counterparts – Our study 

showed that IL-15-positive fibers are increased in a 

sedentary aged population of mice, compared to 

younger mice. While there is no effect of the 

aerobic exercise bout, aging seems to have an effect 

on the occurrence of IL-15-positive muscle fibers. 

A possible explanation for this could be that older 

populations experience a chronic, low-grade 

inflammation, earlier referred to as inflammaging. 

Due to IL-15 being an inflammatory cytokine, this 

could pose a possible cause for IL-15 higher 

prevalence. Other studies also found IL-15 to be 

increased in aged populations (35, 36). O’Leary 

MF, et al. showed increased levels of IL-15 and IL-

15Rα mRNA in the vastus lateralis of older 

individuals. The plasma level was also increased in 

this older population. They identified TNF-α to be 

the cause of this upregulation. TNF-α is linked to 

sarcopenia, the aging-related loss of muscle mass, 

and causes the inhibition of myogenesis (35, 37). 

O’Leary MF, et al. identify IL-15 as a 

compensatory protein, working against TNF-α, and 

facilitating muscle maintenance in the presence of 

inflammation. Pistilli EE, et al. found IL-15 mRNA 

to be 20% more expressed in the soleus muscle of 

aged rats than in young rats, also citing muscle 

atrophy as the cause. They found IL-15 mRNA to 

be increased in aged rats, and rats who underwent 

hindlimb suspension, a model for muscle atrophy 

(36). These results indicate that IL-15 is 

upregulated in elderly populations to protect the 

muscle against atrophy, which is in line with our 

results. 

However, we do not find any exercise effect on 

the IL-15 expression in the muscles. Evidence for 

IL-15 increase after exercise remains unsure. 

Nieman DC, et al. found no increase in IL-15 

mRNA after three hours of aerobic exercise. This 

could partially be because of the high expression 

measured before exercise (38). However, 

Reichman SE, et al. found IL-15 to be increased 

after 10 weeks of resistance exercise training (39).  

 

IL-15 positive muscle fibers are mostly type IIx 

– Muscle fiber type IIx represents the majority of 

IL-15 positive muscle fibers in mice. Type IIx 

muscle fibers are fast-twitch, glycolytic fibers that 

use anaerobic glycolysis for energy. They 

specialize in short power bursts and speed (40). So, 

the nature of the exercise also plays a role in muscle 

fiber activation. The aerobic exercise bout the mice 

performed would activate the oxidative muscle 

fiber types, such as type I, more than the glycolytic, 

like type IIb and IIx. Nielsen AR, et al. already 

established that IL-15 mRNA is increased in 

muscle fiber type II, but did not elaborate on its 

subtypes, nor found evidence for an increase in IL-

15 protein levels (41).  

Studies on muscle atrophy found that muscle 

fiber type IIx is heavily impacted. Balagopal P, et 

al. found that muscle fiber type IIx decreases by 

84% from young to middle-aged people and 48% 

from middle-aged to old age (42). Furthermore, 

exercise did not increase the MyHC-IIa nor MyHC-

IIx mRNA levels after the age-related decrease. 

When taken together with the notion that IL-15 is 

increased to protect the muscle fiber from age-

related atrophy, we can argue that this is why 

muscle fiber type IIx represents the majority of the 

IL-15+ fibers.  

 

IL-15 appears to have a different expression 

pattern in humans than in mice. In mice, IL-15 is 

diffusely expressed throughout the muscle fiber, 

while in human muscle, a more fragmented pattern 

can be observed. Also, IL-15 is more expressed at 

the edges of the muscle fiber, where the interstitial 

space is situated. Nadeau L, et al. showed that IL-

15 in human myotubes is expressed 10 times higher 

in the interstitium surrounding the muscle fibers 

than in the circulation (43). This is in line with our 

observations.  

 

Monocytes and dendritic cells of older 

individuals exhibit higher IL-15Rα+ and IL-15/IL-

15Rα+ cell percentages – Our results did not show 
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any upregulation of IL-15+ cell percentages or IL-

15 MFI in any cell types. Nor did it show an 

increase in MFI of IL-15Rα+ cells. However, we 

found that the percentage of IL-15Rα+ and IL-

15/IL-15Rα+ monocytes and DCs increases with 

age. Studies are inconclusive about the 

upregulation of inflammatory cytokine production 

in aged individuals. Alvarez-Rodríguez L, et al., 

and Hearps AC, et al. report age-related changes in 

cytokine production in monocytes (44, 45). But 

Puchta A, et al., Cao Y, et al., and Metcalf TU, et 

al. show no differences at baseline between the two 

age groups (46-48). These studies did not include 

IL-15, but looked at other inflammatory cytokines 

and could give an indication of IL-15. While we 

found no differences in IL-15 production, we 

detected differences in IL-15Rα+ and IL-15/IL-

15Rα+ cells.  

Our results also show an age-related increase 

of IL-15Rα+ and IL-15/IL-15Rα+ DCs. Literature 

shows that aged DCs have a higher basal level of 

NF-κβ-activation. This means that aged DCs will 

also produce more inflammatory cytokines than 

younger DCs (49). They also discovered that aged 

DCs have an increased reactivity to self-antigens, 

such as human DNA, which in turn causes 

increased inflammatory cytokine production (49). 

It could be the case that our DCs were subjected to 

the cell debris, which includes DNA, and could be 

an explanation for our findings. This is in line with 

the results of this study.  

So, this study could add to the discussion about 

increased cytokine production with age, while also 

hinting at the importance of the role of double-

positive ligand/receptor cells.  

 

Inflammatory stimulation increases the IL-

15/IL-15Rα+ cell percentage of monocytes, CD8+ T 

cells, and NK cells – Our results again show no 

significant differences in percentage or MFI of IL-

15+ cells, nor an increase in IL-15Rα+ MFI. We did 

find an increase of IL-15Rα+ and IL-15/IL-15Rα+ 

cell percentages after stimulation with LPS or IFN-

α. Thus, we can conclude that infectious stimulation 

does have an impact on IL-15Rα+ and IL-15/IL-

15Rα+ cell proportions in monocytes, CD8+ T 

cells, and CD56bright NK cells.  

Lee N, et al. also used inflammatory 

stimulation, namely IFN-γ, to assess IL-15 

production. They found IL-15 to be upregulated 

(ΔMFI) on the surfaces of the monocytes in older 

individuals as compared to younger individuals 

(50). Interestingly, they found no difference in IL-

15Rα expression (ΔMFI) between the two age 

groups. They also found an age-related increase in 

IRF-1 expression, a transcription factor expressed 

after the binding of LPS, IFN-γ, or IFN-α, which 

can upregulate IL-15 expression. This could be a 

possible cause for the IL-15 upregulation. Neely G, 

et al. also activated monocytes using LPS and found 

IL-15 mRNA to be upregulated (51). They also 

showed intracellular expression of IL-15 in CD3+ T 

cells and CD56+ NK cells. This observation is 

similar to our results, where we see upregulation of 

the IL-15/IL-15Rα+ double-positive cells in aged 

individuals after inflammatory stimulation. 

However, Neely G, et al. do not indicate the age of 

their PBMC donors. 

It has already been shown that IL-15 is 

essential for T cell differentiation (14). Pangrazzi L, 

et al. discovered that CD8+ T cells express more IL-

15 mRNA after cytomegalovirus (CMV). This 

aligns with the upregulation we see after IFN-α 

stimulation in the aged population (52). Literature 

also shows that IL-15 induces the differentiation of 

CD56+ NK cells to help defend against infections 

(14).  

 

Limitations – The exercise bout our mice performed 

was only a one-time endurance exercise, so the 

effects could be heightened by extending the 

exercise bout, increasing its intensity, or by 

performing resistance training to stimulate type IIx 

fibers specifically. Also, due to time limitations, 

only four donors per age group were examined. 

This study could be strengthened by additional 

donors and by expanding the sample size.  

 

CONCLUSION 

In conclusion, IL-15 has a lot of potential in 

boosting the immune system of older individuals. 

We see an upregulation of IL-15-expressing muscle 

fibers in the older age group. Type IIx muscle fibers 

are the majority of IL-15+ muscle fibers in mice. 

This might be due to muscle preservation against 

age-related atrophy. Also, IL-15Rα+ and double-

positive cells are more numerous in older people, 

and after infectious stimulation, hinting at a key 

role in boosting the immune system.  

 

Text was supported by Gen AI.
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SUPPLEMENTARY 

Table S1 - Antibodies IHC stainings 
Target Host Dilution Company (catalog#, lot#) 

Human IL-15 Goat 1:20 Bio-Techne R&D Systems (247-ILB) 
Anti-goat 555 Donkey 1:250 Invitrogen (A-21432) 
MyHC-I BA-F8 Mouse anti-mouse 1:50 DSHB (AB_2235587) 
MyHC-IIa SC-71 Mouse anti-mouse 1:100 DSHB (AB_2147165) 
MyHC-IIb BF-F3 Mouse anti-mouse 1:100 DSHB (AB_2266724)  
MyHC-IIx 6H1 Mouse anti-mouse 1:100 DSHB (AB_2314830) 

Laminin Mouse anti-rabbit 1:100 Invitrogen (Ref#: PA1-16730, lot#: ZF4374792) 
AF 350 IgG2b Goat anti-mouse 1:250 Life technologies (Ref.#: A21140, lot#: 1229702)  
AF 488 IgG1 Goat anti-mouse 1:250 Invitrogen (A21121) 
AF 555 IgM Goat anti-mouse 1:250 Invitrogen (A21426) 
AF 647 IgG Goat anti-rabbit 1:250 Invitrogen (lot#: 1922848) 
Anti-mouse IgG2b 350 Goat 1:250 Life technologies (Ref.#: A21140, lot#: 1229702)  
Anti-mouse IgG1 488 Goat 1:250 Invitrogen (A21121) 
Anti-mouse IgM 555 Goat 1:250 Invitrogen (A21426) 
Anti-rabbit IgG 647 Goat 1:250 Invitrogen (lot#: 1922848) 

 MyHC; Myosin heavy chain 

 

Table S2 - Antibodies FACS staining 
Target Working volume Host Channel Company (catalog-, lot 

number) 
CD11c  1µl Mouse anti-human 

IgG1, κ 
BV711 Biolegend (301629, 

B419974) 
CD28.2 1µl Mouse anti-human 

IgG1, κ 
BV605 Biolegend (302967, 

B381038) 
CD45RA  0.5µl Mouse anti-human 

IgG2b, κ 
BV785 Biolegend (304139, 

B409167) 
CD14  0.5µl Mouse anti-human 

IgG1, κ 
Spark Blue 574 Biolegend (325635, 

B430473) 
CD132  0.5µl Rat anti-human 

IgG2b, κ 
APC Biolegend (338607, 

B378284) 
CD4  0.5µl Mouse anti-human 

IgG1, κ 

BV510 Biolegend (344633, 

B426994) 

CD8  0.2µl Mouse anti-human 

IgG1, κ 

PerCP/Cyanine5.5 Biolegend (344709, 

B432709) 

CD3  0.2µl Mouse anti-human 

IgG1, κ 

APC/Fire 810 Biolegend (344857, 

B363364) 

CD197 / CCR7 2µl Mouse anti-human 

IgG2b, κ 

BV650 Biolegend (353233, 

B401754) 

CD27 (0.2µg) 0.2µl Mouse anti-human 

IgG1, κ 

PE/Cyanine 7 Biolegend (356411, 

B396580) 

CD215 1µl Mouse anti-human 

IgG1, κ 

BB515 BD Horizon (567747, 

4309923) 

CD122 / IL-2Rβ  0.2µl Mouse anti-human 

IgG1, κ 

PE/Dazzle 594 Biolegend (339018, 

B381816) 

CD16  0.5µl Mouse anti-human 

IgG1, κ 

PerCP/Fire 806 Biolegend (302093, 

B436196) 

CD25  2µl Mouse anti-human 

IgG1, κ 

PE/Cyanine 5 Biolegend (302607, 

B362723) 

CD56  0.5µl Mouse anti-human 

IgG1, κ 

Spark Red 718 Biolegend (362575, 

B411786) 

FOXP3  5µl Mouse anti-human 

IgG1, κ 

BV421 Biolegend (320123, 

B422899) 

IL-15  7µl IL-15 monoclonal 

antibody 

PE Invitrogen (MA5-23561, 

AA4620511) 

Live/Dead 1:4000 for cells  

1:1000 for beads 

/ ZOMBIE NIR Biolegend (423105) 
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Table S3 - Percentages IL-15+ muscle fiber types 
 Type I Type IIa Type IIb Type IIx Type IIa/x Type IIb/x 

Young 1.36% ± 100 3.13% ± 27.87 1.25% ± 42.07 81.22% ± 16.44 7.32% ± 26.67 2.72% ± 40.06 

Old 0.76% ± 79.80 1.18% ± 35.79 1.02% ± 50.78 80.19% ± 9.58 5.88% ± 16.58 10.97% ± 21.96 

Young SED 0% 4.91% ± 36.61 3.96% ± 70.90 80.08% ± 35.51 7.64% ± 45.50 3.41% ± 53.22 

Old SED 0.07% ± 100 1.21% ± 52.61 1.35% ± 67.20 73.68% ± 14.04 6.05% ± 23.48 17.64% ± 19.21 

Young EX 2.40% ± 100 1.77% ± 37.97 4.48% ± 54.04 82.08% ± 8.63 7.08% ± 32.76 2.19% ± 65.47 

Old EX 1.55% ± 82.97 1.14% ± 50.38 0.65% ± 68.75 87.63% ± 12.65 5.70% ± 24.69 3.34% ± 32.75 

 SED; sedentary, EX; Exercise 

 

Table S4 - Characteristics of the samples 

 Age group Gender Age 

Donor 1 Young Male 29 

Donor 2 Young Male 22 

Donor 3 Old Male 63 

Donor 4 Old Male 85 

Donor 5 Young Male 29 

Donor 6 Young Male 37 

Donor 7 Old Male 87 

Donor 8 Old Male 78 

  

 

 
Figure S1: Gating strategy main cell types:  

Representative figure outlining the gating strategy to define the main immune cell types. 
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Figure S2: Gating strategy Cell type subsets: 

Representative figure outlining the gating strategy to define the subsets of immune cell types. A. CD4+ T cell subtypes. B. 

CD8+ T cell subtypes. C. NK cell subtypes. D. Monocyte subsets.  

 

 
Figure S3: Gating strategy IL-15 and IL-15Rα: 

Representative figure outlining the gating strategy to define IL-15+, and IL-15Rα+, and IL-15/IL-15Rα+ cell populations. 

 

A B 

C D 


