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Abstract

Regular exercise reduces risk of various chronic diseases and can prevent the development and 

recurrence of cancer, making it a promising non-pharmacological modulator of disease. Yet the 

effect of regular exercise on solid organ transplant outcome remains uncertain. Using a model of 

voluntary wheel running exercise and skin transplantation in mice, we hypothesized that exercise 

strengthens the alloimmune response, leading to an increased rate of rejection. Instead, we found 

that regular exercise in mice resulted in prolonged graft survival, with mean allograft survival time 

increasing by almost 50%. We observed this graft survival extension in exercised mice despite 

evidence of a slightly enhanced alloimmune response, comprised of increased proliferation of 

alloreactive CD4+ T cells, as well as increased IFNγ production by these cells. Exercise was not 

associated with significant changes in numbers of conventional CD4+ or CD8+ T cells, NK cells, 

or Foxp3+ regulatory T cells. In conclusion, our study suggests that exercise increases skin graft 

resistance to a similar or slightly higher level of alloimmunity and supports regular exercise as an 

important beneficial pursuit for transplant recipients.

1. Introduction

Various epidemiological studies report that physical activity level is an important predictor 

of disease occurrence and progression. Lower physical activity level is associated with 

higher incidence of chronic diseases such as metabolic syndrome and cardiovascular disease 

(1), while regular exercise can protect against the development and recurrence of certain 

cancers (2, 3). Because physical inactivity is a predominant yet modifiable risk factor for 

disease (4), numerous studies have investigated exercise as a non-pharmacological 

intervention in disease, including in cancers and in autoimmune diseases (5, 6). However, 

whether exercise modulates transplant outcomes remains to be determined.

Recent work demonstrated that voluntary running in tumor-bearing mice resulted in an 

approximately 60% reduction in tumor growth and dramatically reduced frequency of 
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metastases, due to increased epinephrine- and IL-6-mediated NK cell mobilization and 

tumor infiltration in exercising mice (7). Regular stretching in mice also significantly 

reduced tumor volume, alongside modestly increased levels of inflammatory cytokines, 

including IL-6 and IFNγ (8). These works and others suggest that exercise augments 

immunity (9, 10). Conversely, voluntary wheel running in a mouse model of colitis resulted 

in a significant reduction in colitis symptoms and inflammation-associated gene expression 

(11). In addition, acute high-intensity swimming increased levels of circulating 

immunosuppressive Foxp3+ regulatory T cells (Tregs) in elite adolescent swimmers (12). 

Hence, exercise may also have immune-dampening effects, reducing inflammation and 

proving beneficial for autoimmune diseases (6).

Given the conflicting roles of exercise in immune-mediated conditions, we aimed to 

understand how exercise affects transplant rejection. Solid organ transplantation is a 

common treatment for end-stage organ failure. However, in the absence of sufficient 

immunosuppression, recognition of the transplanted donor tissue as foreign leads to T cell-

dependent graft rejection (13). The kinetics of acute rejection in the absence of 

immunosuppression depend mainly on the extent of genetic disparities between the donor 

and the recipient, although host environmental factors, such as high-fat (14) and high-salt 

diet (15), infection (16–19), and the microbiota (20, 21), have also been shown to impact 

graft survival. Using a murine model of voluntary wheel running and skin transplantation, 

we hypothesized that exercise strengthens the alloimmune response, ultimately leading to 

faster rejection. However, we instead provide evidence that voluntary wheel running 

prolongs skin graft survival, despite slight enhancement of the alloresponse.

2. Materials and Methods

2.1 Mice and Exercise Model

Eight-week-old female and male C57BL/6 mice (B6, purchased from Harlan–Envigo) were 

divided into control (non-exercising) and exercise enrichment cages. Control cages were 

equipped with unmodified igloos, while exercise cages contained both running wheels 

(diameter 11 cm) and igloos equipped with Fast-Trac (Bio-Serv) running tracks. Mice were 

housed in enrichment cages for four weeks prior to transplantation and until termination of 

the experiments after transplantation. Marilyn female mice on a CD45.1+ RAG-KO B6 

background expressing a transgenic TCR specific for an H-Y antigen presented by I-Ab (22) 

were obtained from Charles Mainhart via Taconic Biosciences and were bred in house. 

2W1S-Ova+ female B6 mice that express a ubiquitous transgene for the model antigen 

2W1S (23) were obtained from James J. Moon (MGH, Boston) and were bred in house.

2.2 Weight and Blood Glucose Assessment

Body weight and heart weight were measured using a laboratory scale. Hearts were bisected 

to remove blood clots prior to weighing. Blood glucose was measured after 13 hours of 

fasting, following 3.5 weeks of habitation in control or exercise cages.
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2.3 Skin Transplantation

Tail skin from control or exercised male B6 donor mice was transplanted onto the flank of 

control or exercised female B6 recipients, respectively. Bandages were removed after 7 days 

and graft survival was monitored every other day thereafter. The day at which less than 20% 

of viable skin tissue remained was reported as the day of rejection.

2.4 CFSE Labeling and Adoptive Transfer of Marilyn T Cells

Spleen and lymph nodes (inguinal, brachial, axillary, cervical, and mesenteric) were isolated 

from Marilyn mice. Spleens and lymph nodes were homogenized and splenic red blood cells 

were lysed using ACK lysis buffer. Spleen and lymph node homogenates were then 

combined and suspended (10×106 cells/ml) in sterile phosphate buffered saline (PBS) with 

5μM CellTrace CFSE (Invitrogen) for 20 minutes at 37°C, then quenched with an equal 

volume of fetal bovine serum (FBS). Cells were washed and resuspended in sterile PBS. 

CFSE-labeled Marilyn cells (2×105 or 6×105 cells) were transferred intravenously (I.V.) in 

200μL into female B6 mice (CD45.1−) 1 day before skin transplantation.

2.5 Leukocyte Isolation

Skin graft-draining lymph nodes (axillary, brachial, and inguinal) were isolated at the 

indicated times, resuspended in complete DMEM (Corning, containing 10% FBS, 1% 

penicillin/streptomycin, 1% L-glutamine, 1% non-essential amino acids, 1% HEPES and 

50μM β-mercaptoethanol), and counted using an Accuri C6 Plus Flow Cytometer (BD 

Biosciences). For skin leukocyte isolation, either skin graft or shaved flank was harvested. 

The skin was cut into small pieces, resuspended in 2.5mL RPMI medium (Gibco) 

supplemented with Liberase (0.4mg/mL, Roche) and DNAse I (0.01%, MP Biomedicals), 

and then incubated for 2 hours while shaking at 37°C. After incubation, the skin was 

homogenized using a 70μm cell strainer and syringe plunger. Single-cell suspensions were 

centrifuged, and pellets were resuspended in complete DMEM.

2.6 Flow Cytometry

Spleen and lymph node cells were stained with Fixable Aqua Dead Cell Stain (Invitrogen), 

then stained with fluorophore-labeled antibodies against CD4, CD8, TCRβ, CD44, CD45.1, 

NK1.1, or PD-1. Cells were then fixed and permeabilized using Foxp3/Transcription Factor 

Staining kit (eBioscience) and stained with fluorophore-conjugated antibodies against 

Foxp3, Ki67, or IFNγ. In some experiments, cells were stained using fluorophore-

conjugated 2W1S:I-Ab tetramers prior to surface antibody staining. Graft-infiltrating cells 

were stained with Fixable Aqua Dead Cell Stain prior to phenotypic staining, then with 

fluorophore-conjugated antibodies against CD4, CD8, CD44, CD45.1, and PD-1, and finally 

fixed, permeabilized, and stained with anti-Foxp3 antibody. All fluorophore-conjugated 

antibodies were from Invitrogen, eBioscience, or BD Pharmingen. Flow cytometry was 

performed on an LSR Fortessa (BD Biosciences) and analyzed using FCS Express 6 Flow 

software.
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2.7 Ex vivo stimulation of Marilyn T Cells

Single cell suspensions from skin-draining lymph nodes isolated 4 days post-transplantation 

were plated in 24-well tissue culture plates (2 or 5×106 cells/well). Anti-CD3 (2C11, 5μg/

mL), anti-CD28 (PV.1, 1μg/mL), and brefeldin A (BioLegend, 5μg/ml) were added into each 

well, and cells were incubated for 24 hours at 37°C in 5% CO2. Stimulated cells were then 

harvested and stained as described above.

2.8 Donor Splenocyte Transfusion (DST) Immunization

Following 4 weeks of habitation in control or exercise cages, female B6 mice were each 

immunized I.V. with one quarter of a homogenized spleen from a 2W1S-Ova+ female B6 

mouse. Spleens from recipients were harvested one week later, and leukocytes were isolated 

and stained as described above.

2.9 Statistical Analysis

Graft survival curves were compared using Kaplan-Meier plots and log-rank (Mantel-Cox) 

tests. Comparisons between control and exercised cohorts were analyzed with two-tailed 

unpaired t test. P values of less than 0.05 were considered to be statistically significant. 

Statistical analyses were performed using GraphPad Prism 7.

2.10 Study Approval

Mouse studies were approved by the Animal Resources Center of the University of Chicago 

under IACUC guidelines (protocol 71095) and according to the NIH guidelines for animal 

use.

3. Results

3.1 Model of voluntary exercise in female B6 mice

We began by establishing a model of voluntary wheel-running exercise in mice. 

Weightmatched male and female B6 mice were divided into control (non-exercising) or 

exercise enrichment cages where they were maintained for four weeks prior to skin 

transplantation of male skin to female recipients. The recipients remained in their assigned 

enrichment cages until termination of the experiments, which allowed them to continue 

exercising after transplantation (Figure 1A).

Average body weights of female control or exercised mice remained comparable through 12 

weeks of housing under experimental conditions (p=0.9705, NS), though exercised mice 

consistently consumed more food than control mice (p=0.0039, Figure 1B). Moreover, 

fasting blood glucose levels were significantly higher among control than exercised mice 

(p=0.0015), and heart weights upon sacrifice were significantly higher among exercised than 

control mice (p <0.0001) (Figures 1C and 1D). These results confirmed that exercised mice 

were more physically active and validated our model of voluntary wheel-running exercise.
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3.2 Exercise results in prolonged allograft survival but does not reduce allogeneic T cell 
priming

Using our model of voluntary exercise, we investigated the impact of exercise on transplant 

rejection and the alloimmune response. First, to examine the effect of exercise on the 

kinetics of graft rejection, control or exercised female B6 mice were transplanted with skin 

grafts from control or exercised male B6 mice, respectively, and were monitored until 

rejection. Surprisingly, exercised mice experienced prolonged graft survival (p=0.0386), 

with the mean allograft survival time increasing from 29.8±8.195 days in control mice to 

43.9±20.44 days in exercised mice (Figure 2A). Of note, two of the exercised mice failed to 

reject their allografts by the time of sacrifice on day >80 post-transplantation. Although 

these two mice had 2 of the largest hearts at sacrifice, suggesting they exercised more, other 

mice with similarly large hearts displayed shorter graft survival. Overall, there was no 

correlation between either heart size, or fasting glucose level, and skin graft survival 

duration (data not shown), suggesting that it is not the amount of exercise that matters, but 

rather the presence or absence of any exercise.

Prolonged survival of minor mismatched skin allografts may correlate with reduced 

alloreactivity, as measured by proliferation of alloreactive T cells in the skin graft-draining 

lymph nodes (dLNs), the site of initial T cell priming following skin transplantation (20). To 

determine if exercise resulted in diminished responses of donor-reactive T cells, H-Y–

specific, CD45.1+ RAG-KO Marilyn T cells were CFSE-labeled and adoptively transferred 

into CD45.1− control or exercised female B6 mice one day prior to male skin 

transplantation. In contrast to expectations, Marilyn T cells isolated four days post-

transplantation from the dLNs displayed slightly enhanced rather than reduced proliferation 

in transplanted exercised mice compared to transplanted control mice (p=0.0282, Figures 2C 

and 2D). In addition, Marilyn T cells isolated 4 days post-transplantation from the dLNs and 

restimulated with anti-CD3 and anti-CD28 displayed increased production of the 

inflammatory cytokine IFNγ in transplanted exercised mice compared to transplanted 

control mice (p=0.0364, Figure 2E). Thus, exercise did not result in reduced priming of, or 

IFNγ production by, graft-reactive T cells in the dLNs, and changes in the early priming 

phase of the alloimmune response in the dLNs failed to explain the observed prolongation of 

graft survival in exercised mice.

Moreover, exercise did not affect the percentages or total numbers of endogenous 

conventional CD4+ or CD8+ T cells or NK cells in the dLNs at 4 days post-transplantation 

(Supplementary Figure 1). An alternate model of alloimmunity using donor splenocyte 

transfusion (DST) from 2W1S-Ova+ B6 female mice to immunize control or exercised 

female B6 mice supported this observation. Leukocytes were isolated from the spleens of 

recipient mice one week after immunization and stained with fluorescent 2W1S:I-Ab 

tetramers to measure the expansion of endogenous, polyclonal donor-reactive T cells 

(Supplementary Figure 2A). Exercise did not reduce alloimmune T cell responses, neither 

changing the percentages and total counts of 2W1S tetramer-binding CD4+ T cells, nor their 

expression of the antigen-experience marker CD44 or of the proliferation marker Ki67 

following DST immunization (Supplementary Figure 2). Hence, exercise does not reduce 
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endogenous T or NK cell responses in either a solid organ transplantation or an 

immunization model of alloimmunity.

3.3 Exercise does not reduce the T cell effector response to the allograft

As priming of the alloimmune response appeared intact in exercised mice, we next asked if 

exercise inhibits the effector phase of the immune response to the allograft. To determine if 

exercise reduces T cell recruitment into the graft or prevents T cell proliferation in the graft, 

animals seeded with Marilyn T cells prior to male B6 skin transplantation were sacrificed 10 

days post-transplantation and cells were isolated from both the dLNs and the skin allograft 

(Figure 3A). Marilyn T cells were identified as CD44hi, CD45.1+ cells (Figure 3B).

Surprisingly, both the percentages and total numbers of Marilyn T cells were similar in the 

skin grafts of exercised and control animals (Figures 3C and 3D). Additionally, exercise did 

not alter the percentages or numbers of endogenous CD4+ or CD8+ T cells or NK cells in 

the skin-dLNs or skin graft at 10 days post-transplantation (Supplementary Figure 3), nor 

the expression levels of the inhibitory receptor program death-1 (PD-1) on either Marilyn T 

cells or endogenous CD4+ or CD8+ T cells (not shown). These data suggest that exercise-

mediated prolongation of graft survival was not due to reduced T cell recruitment into the 

graft.

To determine if exercise promoted graft survival by increasing regulatory T cell populations, 

we examined Foxp3+ Tregs in both the dLNs and the skin allograft ten days post-

transplantation. Among Marilyn T cells and endogenous CD4+ T cells, the percentages of 

Foxp3+ cells were similar in transplanted exercised mice compared to transplanted control 

mice in either the dLNs or skin allograft (Figure 3E–F). These results suggest that exercise 

does not lead to prolonged graft survival by promoting the induction, recruitment, or 

expansion of Tregs.

4. Discussion

Our results suggest that exercise may be beneficial for allograft outcomes. Using a murine 

model of voluntary exercise, our observations help elucidate the complex effect of exercise 

on alloimmunity and graft fitness. Our data show an extension in minor mismatched graft 

survival despite mildly enhanced alloimmune responses, suggesting increased resistance of 

the skin graft to a similar or slightly enhanced level of alloimmunity. Whether these results 

extend to major mismatched skin grafts remains to be determined.

Previous reports describing the effects of exercise on various aspects of immunity have been 

somewhat inconsistent. We observed increased production of IFNγ in the graft-reactive T 

cells of transplanted exercised over transplanted control mice, consistent with previous 

reports describing enhanced IFNγ expression in murine models of physical activity (7, 8). 

Research using a similar murine exercise model noted enhanced mobilization and infiltration 

of NK cells into tumors among exercised mice as a result of catecholamine-induced IL-6 

production (7), and some NK cells can be inhibitory in transplantation (24), but increased 

NK cell infiltration did not occur in the allografts. While the beneficial effect of exercise on 

allograft survival was unexpected given that exercise enhances anti-tumor immunity, it is 
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possible that exercise induces similar proximal signaling pathways in both models, which 

diverge depending on the target and context of the immune response. Whether 

catecholamines contribute to prolonged allograft survival in exercising mice remains to be 

determined.

Finally, Tregs were not strongly affected by our exercise regimen. In published literature, 

one study reported significantly increased levels of Tregs in adolescent humans following 

acute high-intensity exercise (12), while another study in mice reported finding increased 

levels of Tregs over control only following six weeks of high-intensity exercise but not 

following moderate-intensity or slow exercise (25).

The conflicting descriptions of the effects of exercise on the immune system, and on NK 

cells and Tregs in particular, suggest that the immune system is sensitive to the duration and 

intensity of training as well as the length of time elapsed post-exercise. Given that the 

exercise in our model was voluntary, we were unable to perform assays immediately 

following exercise among all mice, perhaps leading to loss of detection of such fluctuations 

in immune and other mediators. Thus, future studies of the impact of exercise on 

alloimmunity could focus on timed analyses during and post-forced rather than voluntary 

exercise, though studies suggest that the impact of forced exercise on the immune system 

differs from that of voluntary exercise (11).

We found no overall correlation between time of allograft survival and heart weight or 

fasting glucose levels as indicators of physical activity level. This suggests that prolonged 

graft survival does not require strenuous activity and supports some clinical data suggesting 

similar health benefits of shorter versus longer bouts of daily running (26), an important 

consideration for the clinical translation of our results, as patients may not tolerate high 

intensity exercise. Another important point is whether exercise must precede transplantation 

in order to provide clinical benefit. Physical activity may be challenging for many patients 

awaiting transplantation though clinical trials of pre-transplantation physical conditioning 

are underway https://clinicaltrials.gov/ct2/show/NCT02957955?term=exercise&cond=heart

+transplantation&rank=18.

Our work demonstrated specifically that voluntary wheel running mildly enhanced 

proliferation and IFNγ production by graft-reactive T cells without expanding Tregs, 

supporting the general conclusion that exercise strengthens immune responses. Yet this 

observation was at odds with the observed prolonged graft survival, a phenomenon usually 

correlated with reduced alloreactivity (20). This incongruity suggests that the effect of 

voluntary exercise to prolong graft survival is due to other effects of exercise on the graft 

recipient and/or donor. Exercise may prevent graft rejection by inducing acquisition by 

donor-reactive T cells of inhibitory mediators that were not measured in our study, or by 

promoting the differentiation of inhibitory cells such as regulatory macrophages and 

myeloid-derived suppressor cells. However, these cells suppress immune responses through 

mechanisms that commonly result in promotion of Treg differentiation and/or reduction in 

conventional T cell expansion (27, 28), which were not observed in our study. Alternatively, 

exercise may prevent graft rejection by promoting overall fitness of the graft and enhancing 

its resistance to rejection.
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Voluntary exercise resulted in greater proliferation and IFNγ production by donor-reactive T 

cells following skin transplantation, but not after injection of donor splenocytes. Although 

the reason behind these differences is not clear, one possibility is that proliferative 

differences may be magnified by the continuous exposure to donor antigen from a minor 

mismatched skin graft that persists for a few weeks but not when antigen is quickly 

eliminated following transfer of donor splenocytes.

Exercise is celebrated as having numerous health benefits, including reduced risk of chronic 

diseases such as cardiovascular disease, type 2 diabetes mellitus, and osteoporosis, as well as 

protection against cancer development and recurrence, retinal degeneration, and memory 

loss. Exercise is also beneficial to mental health, improving anxiety, and depression (29). 

These benefits of course carry over to transplant recipients, but our data suggest that exercise 

may not only improve the overall quality of life and health of transplant recipients, but also 

be beneficial for the transplant itself. Our studies suggest a beneficial effect of exercise on 

transplant outcome and support a clinical recommendation to exercise following 

transplantation.
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Figure 1. Model of voluntary exercise in female B6 mice.
(A) Experimental design. (B) Average body weight of female B6 control (n=11) or exercised 

(n=10) mice, and average food consumed per mouse per day for female B6 control (n=11) or 

exercised (n=10) mice, recorded over experimental time. (C) Fasting blood glucose levels of 

female B6 control (n=36) or exercised (n=37) mice, following 3.5 weeks of habitation in 

control or exercised cages. (D) Heart weight as percent of body weight upon sacrifice of 

female B6 control (n=40) or exercised (n=39) mice. (C-D) Each point represents a single 

mouse. Results are displayed as mean ± SEM. (B-D) Comparisons were performed using a 

two-tailed unpaired t test. **p<0.01, ****p<0.0001, NS = not significant. Results were 

combined from 4 independent experiments.
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Figure 2. Exercise results in prolonged allograft survival.
(A) Rejection kinetics of minormismatched skin allografts in control (n=11) or exercised 

(n=10) female B6 mice. Survival curve comparisons were performed using Mantel-Cox test. 

(B) Experimental design to examine priming in the dLNs using H-Y–specific, CD45.1+ 

congenic, CD4+ Marilyn T cells. Marilyn T cells were labeled with CFSE and transferred 

(2×105 or 6×105 cells/mouse) into control or exercised female B6 mice 1 day prior to 

transplantation with male B6 skin grafts. Mice were sacrificed 4 days after transplantation, 

and cells were isolated from the graft dLNs (axillary, brachial, and inguinal) for analysis of 

CFSE dilution. (C) Representative plots of CFSE dilution and divided Marilyn T cells. (D) 

Quantitation of divided Marilyn T cells in Marilyn-gated T cells on day 4 post-

transplantation. (E) Percentage of IFNγ+ cells among Marilyn T cells after restimulation 

with anti-CD3 and anti-CD28 for 24 hours. (B-E) CON = control, EX = exercise, No STx = 

no skin transplantation, STx = skin transplantation from male B6 mouse. (D-E) Each point 

represents a single mouse. Results are displayed as mean ± SEM. Comparisons were 

performed using a two-tailed unpaired t test. *p<0.05. Results were combined from 2 

independent experiments.
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Figure 3. Exercise does not reduce T cell infiltration into the graft.
(A) Experimental design to examine T cell recruitment into the allograft using H-Y–specific, 

CD45.1+ congenic, CD4+ Marilyn T cells. Marilyn T cells were transferred (2×105 cells/

mouse) into control or exercised female B6 mice 1 day prior to transplantation with male B6 

skin grafts. Mice were sacrificed 10 days after transplantation, and cells were isolated from 

both the dLNs and the skin graft. For mice that did not receive a skin graft, shaved flank skin 

was harvested. (B) Gating strategy for the identification of Marilyn T cells in the skin. 

Single cells were pre-gated on lymphocytes and Marilyn T cells identified as CD44hi, 

CD45.1+ cells. (C) Percentages and (D) total numbers of CD44hi, CD45.1+ cells (Marilyn T 

cells) in the skin allograft at 10 days post-transplantation, shown normalized per gram of 

skin graft. (E) Percentages of Foxp3+ cells among CD44hi, CD45.1+ cells (Marilyn T cells) 

in both the dLNs and skin allograft at 10 days post-transplantation. (F) Percentages of 

Foxp3+ cells among bulk CD4+ T cells in both the dLNs and skin allograft at 10 days post-

transplantation (p=0.0059). (C-F) LN = draining lymph nodes, SK = skin allograft. Each 

point represents a single mouse. Results are displayed as mean ± SEM. Comparisons were 

performed using a two-tailed unpaired t test. **p<0.01. Results were combined from 2 

independent experiments.
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