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One Sentence Summary: Exercise induces tumor protection and anti-tumor immunity in PDA.  17 

 18 

Abstract 19 

Tumor-infiltrating immune cells play a central role in controlling cancer development and 20 

progression, as well as in responses to therapeutic interventions. However, the mechanisms that 21 

control their mobilization, composition, and function are not completely understood. Here, we 22 

show that aerobic exercise is sufficient to induce an intra-tumoral expansion of activated CD8 T 23 

cells and a reduction in tumor growth in murine models of pancreatic cancer. Specifically, 24 

exercise-induced spikes in epinephrine promote a systemic immune mobilization and 25 

accumulation of tumor-infiltrating IL15Rα+ CD8 T cells. This sub-population of activated CD8 T 26 

cells is responsible for the tumor protective and immune activating benefits of aerobic exercise, as 27 

both are abrogated in the context of IL-15 antagonism. Notably, the anti-tumor effect of aerobic 28 

exercise is potentiated by PD-1 blockade, suggesting a therapeutically exploitable link between an 29 

exercise-oncology axis and immune intervention strategies in a largely intractable disease.  30 

 31 

 32 

  33 
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MAIN TEXT 34 

A growing body of evidence indicates that frequent structured exercise is associated with 35 

decreased incidence of cancer and cancer-associated mortalities1,2,3,4,5. Preclinical studies utilizing 36 

murine models of breast cancer, liver cancer, and melanoma have implicated modulation of tumor 37 

vascularity, sex/growth hormone signaling, metabolic alterations, and immune cell engagement as 38 

potential mechanisms underlying the tumor-protective effects of exercise6,7,8,9. Despite these 39 

advances, little is known about the anti-tumor effects of exercise in the context of pancreatic ductal 40 

adenocarcinoma (PDA), a deadly disease for which current therapeutic options are woefully 41 

limited. In the present study we sought to identify local and systemic factors that could precipitate  42 

exercise-dependent tumor protective effects in pancreatic cancer.  43 

 44 

Routine aerobic exercise restricts pancreatic tumor growth 45 

To assess the impact of aerobic exercise on pancreatic tumor growth, we subjected animals to a 46 

mild intensity forced treadmill-running exercise regimen [5x/week; 30 mins; 15 cm/sec]10,11, 47 

hereafter referred to as aerobic exercise (Schematic Figure 1a). In a slow-progressing 48 

autochthonous genetic model of PDA [p48-Cre;LSL-KRasG12D / KC mice], aerobic exercise led to 49 

a pronounced delay in disease development, as evidenced by preservation of the acinar 50 

compartment and an associated reduction in desmoplastic reaction and metaplastic conversion 51 

(Figure 1b, Extended Data 1a). We next examined the effect of aerobic exercise on tumor growth 52 

in an orthotopic model of PDA, wherein wild-type (WT) mice are subjected to intra-pancreatic 53 

injection of p53R172H/+-KRASG12D (KPC) mutant cells and are sacrificed 3–4 weeks post-operation 54 

(post-op)12. In this model, aerobic exercise resulted in a reduction in tumor weight when initiated 55 

on post-op Day 1 concurrent with tumor implantation (Figure 1c, Extended Data 1b), or on 56 

post-op Day 12, when mice bear already-established tumors (Figure 1d). Notably, prolonging the 57 

duration (time) or increasing the intensity (speed) of aerobic exercise did not result in an additional 58 

degree of tumor protection in the KPC orthotopic model (Extended Data 1c). In aggregate, these 59 

findings indicate that aerobic exercise provides tumor protective benefits in the setting of both 60 

pancreatic tumor initiation and disease progression. 61 

 62 
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Exercise-mediated tumor protection requires CD8 T cells 63 

Aerobic exercise has been known to modulate immune function and immune cell mobilization13, 64 

14. The potential relevance of these modulatory effects to exercise-induced tumor protection is 65 

suggested by the loss of protection in athymic nude (Figure 2a) or Rag1KO mice (Extended Data 66 

2a). As these results indicate an essential role for mature lymphocytes, we performed an unbiased 67 

analysis of the intra-tumoral immune milieu using single cell RNA sequencing (sc-RNA seq). 68 

Comparison of leukocytes isolated from exercise and control orthotopic KPC tumors revealed an 69 

approximate five-fold expansion of CD8 T cells (Cluster 1) in the tumors of exercised  mice 70 

(Figure 2b, 2g). This increase in the number of CD8 T cells was corroborated using multiplex 71 

immune-fluorescence microscopy (Figure 2c). Subsequent analysis of the gene expression profile 72 

of the expanded CD8 T cell (Cluster 1) population demonstrated a distinctively activated and 73 

cytotoxic phenotype, evidenced by high expression of Gzmk, Gzmb, Icos, CD28, and Ccl5 74 

(Extended Data 2b). Upstream canonical pathway analysis also showed a significant upregulation 75 

of a cytotoxic/anti-tumor program in this population (Figure 2d). Using flow cytometry, we 76 

confirmed that intra-tumoral CD8 T cells isolated from exercised animals bear a distinctive 77 

cytotoxic and activated phenotype as compared to control animals (Figure 2e, Gating Strategy 78 

Extended Data 2c). Based on these observations, we hypothesized that this population is essential 79 

for exercise-mediated reduction in tumor growth in PDA. To test this hypothesis, CD8 T cells were 80 

depleted in control and exercised mice by the serial administration of a targeted depleting antibody 81 

(Extended Data 2d). In the absence of CD8 T cells, no reduction in tumor growth was observed 82 

in exercised mice (Figure 2f), indicating the essentiality of CD8 T cell expansion and activation 83 

in exercise-induced tumor protection.  84 

 85 

In addition to activated CD8 T cells (Cluster 1), the most prevalent immune populations detected 86 

in both exercise and control tumors on sc-RNA seq included exhausted CD8 T cells (Cluster 2), 87 

myeloid suppressor cells (Cluster 3), CD4 T cells (Cluster 4), NK cells (Cluster 5), and B cells 88 

(Cluster 6) (Figure 2b). With the exception of a notable decrease in the fraction of myeloid 89 

suppressor cells (Cluster 3), no change in the relative fraction of intra-tumoral immune cells that 90 

comprise these clusters was observed between exercise and control tumors (Figure 2g). The 91 

mechanisms underlying the exercise-dependent decrease in the abundance of myeloid suppressor 92 

cells remains to be determined. However, the contribution of this change to the anti-tumor effect 93 
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of exercise likely reflects a decrease in myeloid-derived immune tolerant signals upstream of 94 

effector T cells. This immunologic hierarchy has been previously reported in PDA15,16,17 and is 95 

consistent with our data documenting the complete dependency of exercise-induced tumor 96 

protection on activated CD8 T cells (Figure 2f).  97 

 98 

Exercise-induced increase of intra-tumoral CD8 T cells is dependent on peripheral 99 

lymphocyte mobilization 100 

Aerobic exercise-induced leukocytosis (EIL) and subsequent redistribution is a phenomenon 101 

mediated, in part, through exercise-associated spikes in epinephrine (Epi) that mobilize various 102 

immune populations to peripheral blood18,19,20. The contribution of EIL to our observed exercise-103 

induced intra-tumoral immune alterations is suggested by the doubling of serum Epi levels 104 

detected at 30 minutes post-exercise with concomitant fractional increases in peripheral and intra-105 

tumoral T cells (Figure 3a-b). This conclusion is further supported by the finding that treatment 106 

of exercised mice with non-selective beta-adrenergic blocker propranolol showed a reversal of 107 

both tumor protection and CD8 T cell expansion and activation (Figure 3c-d). Based on these 108 

findings, we sought to determine whether the increase in peripheral blood lymphocytes is required 109 

for exercise-mediated intra-tumoral CD8 T cell expansion. To this end, we utilized Fingolimod 110 

(FTY720), a drug known to induce marked lymphopenia via inhibition of lymphocyte egress from 111 

thymus or secondary lymphoid organs (SLO)21,22,23. Consistent with its mode of action, FTY720 112 

abrogated the increase in total T cells and CD8 T cells in the blood of exercised mice (Extended 113 

Data 3a,c). Of note, FTY720 treatment also reversed exercise-induced increases in intra-tumoral 114 

CD8 T cells and abrogated exercise-mediated tumor protection (Figure 3e-f, Extended Data 3b). 115 

These findings implicate both adrenergic-mediated-EIL and peripheral migration of T cells as 116 

essential facilitators of the tumor protective and immune-modulatory effects of exercise in this 117 

disease model.  118 

 119 

IL15/IL15Rα axis is required for exercise-induced tumor protection 120 

The role of IL-6, IL-8, and IL-15, cytokines that are upregulated during strenuous exercise, in 121 

mediating the metabolic and immune responses to tissue damage has been well established24,25. Of 122 

the above, only free IL-15 and secreted IL-15/IL15rα complexes (IL-15 bound to the alpha subunit 123 

of IL-15 receptor) have been shown to promote CD8 T cell survival and induce a cytotoxic 124 
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phenotype through signal transduction in a cis or trans manner, respectively26,27,28. As we 125 

consistently observed a cytotoxic CD8 T cell phenotype in the tumors of exercised mice, we set 126 

out to test whether IL-15 responsive cells may contribute to exercise-induced anti-tumor immunity. 127 

Using flow cytometry and multiplex immune-fluorescence microscopy, we observed a significant 128 

increase in the fraction and number of IL15Rα+ CD8 T cells in the tumors of exercised mice, with 129 

no change in IL15Rα+ CD4 T cells (Figure 4a-b). Phenotypic analysis of the tumor-infiltrating 130 

IL15Rα+ subset of CD8 T cells in exercised mice showed a significant upregulation of 131 

proliferation and activation markers compared to their IL15Rα negative counterparts, consistent 132 

with engagement of IL-15R signaling (Figure 4c). The essentiality of this axis was further 133 

established by demonstrating that treatment of exercised mice with an IL-15 neutralizing antibody 134 

was sufficient to reverse both exercise-mediated tumor protection and intra-tumoral increase of 135 

activated IL15Rα+ CD8 T cells (Figure 4d-f, Extended Data Figure 3d). These data support a 136 

role for the IL-15/IL15Rα+ axis in exercise-mediated intra-tumoral immune activation.  137 

 138 

We next addressed the question of whether IL-15Rα+ CD8 T cells, akin to their parent population, 139 

may undergo beta-adrenergic-dependent peripheral mobilization via EIL. To this end, mice were 140 

sacrificed 30 minutes after completion of exercise and the levels of IL-15Rα+ CD8 T cells in the 141 

periphery were assayed. Consistent with an EIL-based mobilization mechanism observed for 142 

exercise-induced increase in intra-tumoral activated CD8 T cells (Fig 3d-e), exercise induced an 143 

increase in the number of IL-15Rα+ CD8 T cells in peripheral blood (Extended Data 3e), and this 144 

effect was mimicked by the administration of a physiological dose of epinephrine, albeit on a 145 

smaller scale (Figure 4g). In addition, treatment of mice with the beta-blocker propranolol 146 

inhibited the exercise-induced increase of IL-15Rα+ CD8 T cells in the tumor, indicating 147 

adrenergic-mediated mobilization of this cell population (Figure 4h). Furthermore, based on an 148 

earlier study reporting IL-15 production in tumors29, we performed an analysis of levels of IL-15 149 

in KPC orthotopic tumors and found it is produced by both immune and non-immune cellular 150 

compartments (Figure 4i), suggesting the possibility that IL15Rα+ CD8 T cells may be engaged 151 

by their cognate cytokine in the PDA microenvironment. Collectively, these observations support 152 

a role for both systemic and localized engagement of the IL-15/IL-15Rα+ signaling axis in 153 

mediating exercise-induced anti-tumor immunity and protection.  154 

 155 
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Aerobic exercise synergizes with α-PD-1 therapy 156 

 Given our observations that intra-tumoral CD8 T cells, including IL-15Rα+ CD8 T cells display 157 

selectively high expression of the exhaustion marker PD-1 in exercised animals (Figure 2e, 158 

Extended Data 4a), we tested whether the immune-modulatory effects of exercise could be 159 

enhanced when combined with α-PD-1. Treatment of mice with a PD-1 blocking antibody over 160 

the course of aerobic exercise was accompanied by a global enhancement of exercise-dependent 161 

anti-tumor modulatory effects, evidenced by increases in the total number of CD3+ T cells 162 

(Extended Data 4b), CD8 T cells (Figure 5a), and the proliferative, activated, and cytotoxic 163 

phenotype of this latter population (Figure 5b). In addition, we observed an increase in the number 164 

of tumor-infiltrating IL-15Rα+ CD8 T cells in exercised mice treated with α-PD-1, suggesting 165 

that these cells may be responsive to checkpoint blockade (Figure 5c, Extended Data 4c). 166 

Importantly, combination of exercise and α-PD-1 led to a significantly more effective reduction in 167 

tumor growth compared to exercise alone (Figure 5d), suggesting that PD-1 blockade could 168 

enhance the tumor-protective and immune-activating efficacy of aerobic exercise in pancreatic 169 

cancer. 170 

 171 

Discussion 172 

Our findings uncover a hitherto unknown link between exercise-induced immune cell mobilization 173 

and pancreatic tumor protection involving IL-15 signaling and cytotoxic T cell-mediated 174 

anti-tumor immunity (Figure 5e). The consistency of the tumor-protective effects observed across 175 

multiple experimental murine models of pancreatic tumorigenesis suggests a broadly applicable 176 

association between aerobic exercise and tumor control in pancreatic cancer. Furthermore, the 177 

finding that even mild exercise is sufficient to profoundly alter the intra-tumoral immune milieu 178 

points to the potential utility and accessibility of physical-activity-based interventions for 179 

pancreatic cancer patients, a population with significant morbidities30. 180 

 181 

To date, the impact of aerobic exercise on immune cell redistribution and activation has been 182 

shown to be principally mediated by circulating serum cytokines or altered systemic metabolites 183 

that directly promote immune cell activation in the perpihery6,9. Our findings add a new dimension 184 

to the immune-modulatory effects of aerobic exercise by implicating the pancreatic tumor itself as 185 

a site of immune cell activation through the production of IL-15 by tumor and stromal cells. 186 
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Furthermore,  the failure of exercise to induce protection in a syngeneic sub-Q model of PDA 187 

(Extended Figure 1d) suggests that a cross-talk between systemic EIL and an organ-specific 188 

tumor microenvironment may constitute an important determinant of the protective benefits of 189 

exercise.  190 

 191 

In conclusion, our work demonstrates that exercise alone can prime the pancreatic tumor 192 

microenvironment for improved responsiveness to immune-based therapeautics. This insight 193 

should provide the basis for future combinatorial approaches involving aerobic exercise and 194 

immune-modulatory agents in treatment-resistant and immune-supressed solid tumors like 195 

pancreatic cancer.  196 

 197 

STAR Methods: 198 

Murine exercise, disease models, and in-vivo treatment regimens 199 

C57BL/6, Rag1KO, and FoxNude athymic mice were purchased from Jackson Labs (Bar Harbor, 200 

ME) and bred in-house. LSL-KRASG12D/+; p48Cre/+ (KC) mice were bred in the Division of 201 

Comparative Medicine mouse facility at New York University Langone Medical Center. Both 202 

male and female mice were used, as indicated, and animals were age matched within each 203 

experiment. For orthotopic studies, 8-10 week old mice were administered intra-pancreatic 204 

injections of 4662, 1203, or FC1242 KPC cells derived from LSL-KRASG12D/+ p53R172H/+; p48Cre/+ 205 

(KPC) mice, as previously described31. Briefly, cells were suspended in PBS with 50% Matrigel 206 

(BD Biosciences, Franklin Lakes, NJ) and either 5x104 or 1x105 KPC cells were injected into the 207 

pancreas via laparotomy. Mice were sacrificed on Day 21 for analyses, unless otherwise indicated. 208 

For subcutaneous studies, 1x106 KPC cells were implanted into the flank of age-matched mice and 209 

mice were sacrificed at Day 33 or upon tumor ulceration. For all experiments, unless otherwise 210 

indicated, exercised mice were involuntarily placed on a Rodent 5-lane treadmill (Harvard 211 

Apparatus, Cat No: 76-0895), for 30 minutes per day at 15 cm/second, for a minimum of 5 212 

days/week. In the 3 days leading up to sacrifice, exercise mice were obligately exercised, 213 

regardless of previous number of consecutive days exercised. Mice that were unable to complete 214 

treadmill running routine exercise were removed from the experiment. For initial experiments, 215 

sham control mice in matched experiments were placed on a stationary (0 cm/sec) treadmill for 216 

the same duration of time as experimental mice. After ten independent experimental repeats using 217 
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sham controls, experiments were performed with control mice remaining in their cage when no 218 

difference in sham control and control mice in the cage were observed. Where indicated, 219 

neutralizing antibodies directed against CD8 (200 µg, clone 2.43), IL-15 (200 µg, clone AIO.3), 220 

or PD-1 (200 µg, clone RMP1-14) were utilized (all from BioXcell, West Lebanon, NH) 3x weekly 221 

using regimens previously described32,33,34. Where indicated, mice were treated every day 222 

intraperitoneally (i.p.) with 2mg/kg with FTY720 (Sigma Aldrich). Stocks of FTY720 were 223 

resuspended in DMSO (20 mg/mL) and stored at -80oC;. for injection, FTY720 was first 224 

resuspended in 2% βhydroxypropyl-cyclodextrin in PBS and diluted at 45% volume in PBS 225 

(Sigma Aldrich) based on previous protocols35. Where indicated, mice were provided either 226 

normal drinking water or .5g/L propranolol (Sigma Aldrich) drinking water and bifurcated into 227 

control and exercise cohorts36. All studies were approved by the Institutional Animal Care and Use 228 

Committee at NYU School of Medicine. Experiments were conducted in accordance with the NYU 229 

School of Medicine policies on the care, welfare, and treatment of laboratory animals. All 230 

experiments met or exceeded the standards of the Association for the Assessment and 231 

Accreditation of Laboratory Animal Care, International (AAALAC), the United States Department 232 

of Health and Human Services, and all local and federal animal welfare laws.  233 

 234 

Cellular Preparation, Flow Cytometry, and FACS 235 

Single cell suspensions of PDA tumors were prepared for flow cytometry as described previously 236 

with slight modifications17. Briefly, pancreata were placed in cold 2% FACS (cold PBS with 2% 237 

FBS) with Collagenase IV (1 mg/mL; Worthington Biochemical, Lakewood, NJ), Trypsin 238 

inhibitor (1mg/mL; EMD Millipore, Billerica, MA) and DNase I (2 U/mL; Promega, Madison, 239 

WI), and minced with scissors to sub-millimeter pieces. Tissues were then incubated at 37°C for 240 

20 minutes with gentle shaking every 5 minutes and then passed through a 70μm mesh and 241 

centrifuged at 350g for 5 minutes. Cell pellets were re-suspended in FACS. After blocking 242 

FcγRIII/II with an anti-CD16/CD32 mAb (eBiosciences, San Diego, CA), cells were labeled by 243 

incubating 1x106 cells with 1 µg of fluorescently conjugated mAbs directed against mouse CD44 244 

(IM7), PD-1 (29F.1A12), CD3 (17A2), CD4 (RM4-5), CD8 (53-6.7), CD45 (30-F11), CD11b 245 

(M1/70), Gr1 (RB6-8C5), MHC II (M5/114.15.2), IFNγ (XMG1.2), ICOS (15F9), CD69 246 

(H1.2F3), IL-15ralpha (6B4C88), Ki67 (16A8), CD140a (APA5), EPCAM (G8.8), CD34 247 

(MEC14.7), (all BioLegend, San Diego, CA), IL-15 (Thermo Fisher, clone 34559), T-bet 248 
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(eBio4B10), and Granzyme B (NGZB). For flow cytometry of whole blood, PBMC were isolated 249 

by overlaying whole blood diluted 1:1 in PBS over an equal amount of Ficoll (GE Healthcare, 250 

Princeton, NJ). Cells were then spun at 2100 RPM and the buffy coat harvested as described37. 251 

Dead cells were excluded from analysis using zombie yellow (BioLegend). Flow cytometry was 252 

performed on the Attune NxT Flow Cytometer (ThermoFisher, Waltham, MA). FACS-sorting was 253 

performed on the SY3200 (Sony, Tokyo, Japan). Data were analyzed using FlowJo Version 10.6.1 254 

(Treestar, Ashland, OR).  255 

 256 

Histology, Immunofluorescence, and Microscopy  257 

Tissues were fixed for 48 hours in 10% buffered formalin at 4oC and embedded into paraffin in a 258 

Leica Peloris automated processor. Five-micron sections of the paraffin-embedded tissues were 259 

stained with hematoxylin and eosin (H&E) or Gomori Trichrome, where appropriate. Histology 260 

was analyzed on a Zeiss LSM700 confocal microscope. The percentage of acinar area (fibrosis) in 261 

each slide was calculated on Adobe Photoshop software by dividing the number of pancreatic 262 

acinar pixels (or Trichrome Gomore blue stained pixels) over the total number of tissue pixels 263 

present in each field of view (FOV). Where appropriate, FFPE samples were stained with Akoya 264 

Biosciences® Opal™ multiplex automation kit (Akoya Biosciences, Menlo Park, CA). Automated 265 

staining was performed on Leica BondRX® autostainer (Leica Microsystems, Inc., Buffalo Grove, 266 

IL). The protocol was performed according to manufacturers’ instructions. Primary antibodies 267 

included CD3 (Biorad, cat # MCA1477T), CD8 (Cell Signaling Tech, cat # 98941), IL15ra 268 

(ThermoFisher, cat # PA5-79467) and CK8 (TROMA-I) [TROMA-I, deposited to the DSHB by 269 

Brulet, P. / Kemler, R. (DSHB Hybridoma Product TROMA-I)]. Briefly, all slides underwent 270 

sequential epitope retrieval, antibody incubation and tyramide signal amplification (TSA). Primary 271 

and secondary antibodies were removed during epitope retrieval steps while fluorophores remain 272 

covalently attached to the epitope. Multispectral Image Acquisition and Analysis was performed 273 

on a Vectra® Polaris multispectral imaging system (Akoya Biosciences, Menlo Park, CA) and the 274 

fluorophores spectrally unmixed using either Phenochart (for whole slide scans) or InForm (for 275 

selected MSI fields) software.  276 

Epinephrine dosing experiments and epinephrine ELISA 277 
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In indicated experiments, wild type mice were injected i.p. with 20 µg of Epinephrine dissolved in 278 

200 µl of PBS and sacrificed 30 minutes after injection. 100 µl of whole blood was collected, 279 

processed, and assessed by flow cytometry. In separate experiments, mice were subjected to 30 280 

minutes of exercise, then sacrificed 20 minutes after completion of exercise, and 200 µl of whole 281 

blood was collected. Sera was isolated from whole blood using a previously described 282 

centrifugation isolation38, and subjected to Epinephrine ELISA detection kit (Novus Biologicals, 283 

CO).  284 

 285 

Single Cell RNAseq Data Pre-Processing 286 

Sequencing results were demultiplexed and converted to FASTQ format using Illumina bcl2fastq 287 

software. The Cell Ranger Single-Cell Software Suite (https://support.10xgenomics.com/single-288 

cell-gene-expression/software/pipelines/latest/what-is-cell-ranger) was used to perform sample 289 

demultiplexing, barcode processing, and single-cell 3’ gene counting. The cDNA insert was 290 

aligned to the mm10/GRCm38 reference genome. Only confidently mapped non-PCR duplicates 291 

with valid barcodes and UMIs were used to generate the gene-barcode matrix. Further analysis 292 

including the identification of highly variable genes, dimensionality reduction, standard 293 

unsupervised clustering algorithms, and the discovery of differentially expressed genes was 294 

performed using the Seurat R package39,40. To exclude low quality cells, cells that were extreme 295 

outliers in terms of library complexity, or cells that may possibly be multiple cells or doublets, we 296 

calculated the distribution of genes detected per cell and removed any cells in the top and bottom 297 

2% quantiles. We additionally removed cells with more than 10% of the transcripts coming from 298 

mitochondrial genes. 299 

 300 

Integrated Analysis of Single Cell Datasets 301 

To account for technical batch differences between the three libraries, we utilized the Seurat 302 

alignment method for data integration, which specifically does not expect that confounding 303 

variables have uniform effects on all cells in a dataset and allows for global transcriptional shifts 304 

between datasets. Seurat uses a variant of canonical correlation analysis (CCA) to find linear 305 

combinations of features and identifies shared correlation structures across datasets. For each 306 

dataset, we identified variable genes, while controlling for the strong relationship between 307 

variability and average expression. We took the union of the top 2,000 genes with the highest 308 
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dispersion from both datasets and ran a CCA to determine the common sources of variation 309 

between datasets. We then aligned the subspaces based on the first 15 canonical correlation 310 

vectors, generating a new dimensionality reduction that was then used for further analysis. For 311 

single cell analysis of an unbiased pool of CD45+ tumor-infiltrating leukocytes, we refined our 312 

analysis to include CD45+ expressing cells that expressed >500 detected genes. We then 313 

normalized the data by the total expression, multiplied this by a scale factor of 10,000, and log-314 

transformed the result. The final dataset included 4,216 cells with a median of 1,103 detected 315 

genes. 316 

 317 

Visualization and Clustering of Single Cell RNAseq Data 318 

To visualize the data, we further reduced the dimensionality of the dataset to project the cells in 319 

two-dimensional space using PCA followed by t-distributed Stochastic Neighbor Embedding 320 

(tSNE) based on the aligned CCA. Aligned CCA was also used as a basis for partitioning the 321 

dataset into clusters using a smart local moving (SLM) community detection algorithm 322 

(https://arxiv.org/ftp/arxiv/papers/1308/1308.6604.pdf). To find markers that define individual 323 

clusters, we performed differential expression analysis using Wilcoxon rank sum test for each 324 

cluster compared to all other cells for genes detected in at least 20% of the cluster cells. The initial 325 

analysis of PDA-infiltrating leukocytes yielded 16 clusters. We assigned cell type identities based 326 

on the expression of known population markers as follows: Cluster 1: CD8+ T cells – CD8a hi 327 

CD3g hi Trbc2 hi Gzmb hi Gzmk hi CD28 hi CD74 lo ; Cluster 2: CD8+ T cells – CD8a hi CD3g hi 328 

Trbc1 h i Gzmb lo Gzmk lo Pdcd1 hi Lag3hi; Cluster 3: Myeloid Suppressor Cells– Hdc hi Mmp9 hi 329 

Csf3r hi S100ap hi Fcgr3 hi Ccrl2 hi Cxcl2 hi Itgam med Cd3gneg; Cluster 4: CD4+ T cells – CD4 hi 330 

Icos hi CD28 hi CD3g hi Trbc2 hi CD8alo ; Cluster 5: NK Cells – Klrb1c hi Klra8 hi Klra9 hi Gzma hi 331 

Klrc2 hi Trbc2 lo Eomes hi Ncr1 hi Trbc2 lo; Cluster 6: B Cells – CD79a hi Iglc2 hi CD79b hi Ebf1 hi 332 

CD19 hi Igkc hi Trbc2 lo Nkg7 lo CD22 hi ; Cluster 7: CD4- CD8- T cells – CD4 neg CD8a lo Lef1 hi 333 

Txk hi Trac med Trdc hi CD74 lo;  Cluster 8: M2 Macrophages – H2- Ab1hi H2-Eb1 hi C1qc hi C1qa/b 334 

hi  Arg1 hi Mmp12/13 hi Apoe hi CD68 hi CD74 hi Nkg7 lo CD8b1lo;  Cluster 9: Dendritic Cells (P1) – 335 

Clec9a hi Itgae hi Batf3 hi PPt1 hi Plet1 hi Ifi205 hi Flt3 hi Tlr3hi ; Cluster 10: Monocyte/Macrophages 336 

– Tgfbi hi Tlr2 hi Ifitm6 hi F13a1 hi CCl9hi CD14hi Chil3hi; Cluster 11: Ductal/Tumor cells –  Cdk1hi 337 

Mki67hi Cdkn3hi Cithi Cdca8hi CCnb2 hi ; Cluster 12: Dendritic Cells (L) – Ffar2hi Epcam med Siglece 338 

med Batf3 med Mgl2 hi Kmohi; Cluster 13: CD209 hi Myeloid Cells – CD209a hi CD209d hi Ddr1 hi 339 
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Flt3 hi Sgk3 hi Clec10a hi;  Cluster 14: Myeloid Suppressor –  Mmp9 hi CD33 hi Il1rn hi Itgam med  340 

Cxcr2 hi Trem1 hi CD14 hi Pilra hi Csf3r hi Cxcl2 hi Hdc hi ; Cluster 15: Dendritic Cells (L2) – Cacnb3 341 

hi Fscn1 hi Tmem123 hi Ccl22 hi Plek2 hi Il12b hi CD3g lo CD3d lo; Cluster 16: Dendritic Cells (P2) 342 

– Siglech hi Lair1 hi Upb1 hi Klk1 hi CD3d lo CD3g lo. The raw gene counts data were used for 343 

further differential expression analysis. To identify the differentially expressed genes, Seurat R 344 

package was used. The resulting genes with adjusted p<0.05 were considered significant. To 345 

identify the signaling pathways in which genes are enriched, Ingenuity Pathway Analysis was 346 

carried out for genes that were considered significant. The canonical pathways analyzed in IPA 347 

software (Ingenuity Pathway Analysis, Qiagen) are represented as bar-plots.  348 

 349 

Statistical Analysis  350 

Data is presented as mean +/- standard error. Statistical significance was determined by the 351 

Student’s t test using GraphPad Prism 7, where indicated (GraphPad Software, La Jolla, CA). p-352 

values <0.05 were considered statistically significant. 353 
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 403 

Figure 1: Aerobic exercise restricts pancreatic cancer growth and reduces tumor size 404 

a. The forced treadmill running model (aerobic exercise) is shown. The frequency, speed, and 405 

duration of aerobic exercise are indicated (left). Representative photograph of mice running on the 406 

treadmill is shown (right). b. 8-week old LSL-KRASG12D/WT; p48Cre/WT (KC) mice were exercised 407 

(Exercise) for 6 weeks. Control mice remained sedentary. Mice were sacrificed at 14 weeks old. 408 

Histologic staining of pancreata tissue sections with Hematoxylin and Eosin (H&E, left) and 409 

Trichrome and Gomori (Trichrome, right) are shown. Representative images and quantification of 410 

acinar (left) and fibrotic (right) areas are shown. Each dot represents quantification in one field of 411 

view (FOV; 5-9 FOV analyzed from 3 tissue sections separated by at least 100 µm; n = 5 mice). 412 

Scale bar represents 200 µm. c. 8-week old female C57BL/6J wild type mice (WT) were injected 413 

orthotopically with 1x10^5 LSL-KRASG12D/WT; LSL-Trp53R172H/WT; p48Cre/WT (KPC) 4662 cells 414 

into the pancreas at Day 0 and exercise was started at Day 1. Control mice remained sedentary. 415 

Mice were sacrificed at Day 21. Representative tumor images (left) and quantification of tumor 416 
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weights (right) are shown. Scale bar represents 1 cm. Each dot represents one tumor (n = 7). d. 8-417 

week old female WT mice were injected orthotopically with 5x10^4 KPC 4662 cells into the 418 

pancreas at Day 0. At Day 12 following implantation, mice were randomized into control and 419 

exercise cohorts. Mice were sacrificed at Day 28. Schematic of experimental design (top), tumor 420 

images (bottom) and quantification of tumor weights (right) are shown. Scale bar represents 1 cm. 421 

Each dot represents one tumor (n = 9-10). (p < 0.05 = *, p < 0.001 = **, p< 0.0001 = ****).  422 
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Figure 2: The tumor protective effects of aerobic exercise are dependent on CD8 T cells 449 

a. 8 week old female athymic nude NU/J mice were injected orthotopically with 1x10^5 KPC 4662 450 

cells at Day 0 and exercise was started at Day 1. Control mice remained sedentary. Mice were 451 

sacrificed at Day 21. Representative tumor images (top) and quantification of tumor weights 452 

(below) are shown. Scale bar represents 1 cm. Each dot represents one tumor (n =4-5). b-g. 8-453 

week old female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 KPC 454 

4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice remained 455 

sedentary. Mice were sacrificed at Day 21 and tumors analyzed as follows. b. Single cell RNASeq 456 

(scRNAseq) was performed on live leukocytes (PI-, CD45+) isolated by FACS. The distribution 457 

of cellular clusters was determined using the tSNE algorithm: control (blue) and exercise (red) 458 

leukocytes were identified (left), phenotypic clusters were identified by distinct colors (middle) 459 

and labeled (right) (n = 3 tumors pooled in each group). c. Tumor sections were stained by 460 

multiplex immunofluorescence for CD8 (red), CD3 (green), and DAPI (blue). The number of 461 

CD8+ CD3+ (yellow) cells were quantified in ImageJ. Each dot represents quantification in one 462 

field of view (13-16 FOV analyzed; n=4). Scale bar represents 75 µm. d. Upstream canonical 463 

pathway perturbations were derived using ingenuity pathway analysis. Pathways up-regulated 464 

(orange) or down-regulated (grey) in exercise were identified in the CD8+ T cell, Cluster 1. e. 465 

Single cell suspensions derived from tumors were stained with antibodies against CD45, CD3, 466 

CD4, CD8, Granzyme-B, T-bet, CD44, ICOS, and PD-1 and analyzed by flow cytometry. Each 467 

dot represents one tumor (n=6). f. Control and exercise mice were treated 3x/week with isotype or 468 

200 µg of α-CD8 blocking antibody starting on Day 1. Tumor images (left) and quantification of 469 

tumor weights (right) are shown. Scale bar represents 1 cm. Each dot represents one tumor (n=7). 470 

g. Quantification of the relative proportion of the six most prominent immune populations in 471 

control and exercise tumors from scRNAseq. (p > 0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 472 

= ***). 473 
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Figure 3: Exercise-induced increase in intra-tumoral CD8 T cells is β-adrenergic and S1P-484 

gradient dependent.  485 

a. 8 week-old female WT mice were exercised for 30 minutes at 15cm/sec and were sacrificed 20 486 

minutes after completion of exercise. 200 µl of whole blood was collected, sera were isolated using 487 

centrifugation, and samples were subjected to ELISA for detection of Epinephrine levels. Each dot 488 

represents one mouse (n = 5). b-f. 8-week old female C57BL/6J wild type mice (WT) were injected 489 

orthotopically with 1x10^5 KPC 4662 cells into the pancreas at Day 0 and exercise was started at 490 

Day 1. Control mice remained sedentary. b. Mice were sacrificed at Day 21, thirty minutes after 491 

completion of exercise, and tumors and whole blood were harvested, digested, and assessed for 492 

relative numbers of CD3+ T cells. Each dot represents one mouse (n =3-4 each for blood, n= 10 493 

for tumors). Representative contour plots are shown for CD3+ cells as a percentage of CD45+ 494 

cells in whole blood. c-d. Mice were provided with either normal drinking water or .5g/L 495 

propranolol drinking water ad libitum starting on Day 1. Mice were sacrificed on Day 21 and tumor 496 

weights were quantified (c), and single cell suspensions derived from tumors were stained with 497 

antibodies against CD45, CD3, CD8, IFNg, and CD44 and analyzed by flow cytometry (d). Each 498 

dot represents one tumor (n= 6-9). e-f. Mice were treated daily either with PBS or 200 µl of 499 

fingolimod (FTY720) starting on Day 1. Mice were sacrificed at Day 21. Single cell suspensions 500 

derived from tumors were stained with antibodies against CD45, TCRB, CD4, and CD8, and 501 

analyzed by flow cytometry. Each dot represents one tumor. Representative flow cytometry plots 502 

are shown for CD8+ cells as fraction of CD4– CD3+ cells (e). Tumor images (left) and 503 

quantification of tumor weights (right) are shown (f). Scale bar represents 1 cm. Each dot 504 

represents one tumor (n =7). (p > 0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***). 505 
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Figure 4: IL-15/IL15Rα axis is required for exercise-mediated tumor protection 516 

a-f. 8-week old female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 517 

KPC 4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice 518 

remained sedentary. Mice were sacrificed at Day 21 and tumors analyzed as follows. a. Single cell 519 

suspensions derived from tumors were stained with antibodies against CD45, CD3, CD4, CD8, 520 

and IL-15Rα and analyzed by flow cytometry. Each dot represents one tumor (n=4). b. Tumor 521 

sections were stained by multiplex immunofluorescence for CD8 (red), IL-15Rα  (yellow), and 522 

DAPI (blue). The number of CD8+ IL-15Rα+ (orange) cells were quantified in ImageJ. Each dot 523 

represents quantification per field of view (3-4 FOV analyzed; n=3). Scale bar represents 40 µm. 524 

c. Single cell suspensions derived from tumors were stained with antibodies against CD8, Ki67, 525 

IFNg, CD44 and IL-15Rα and analyzed by flow cytometry. Each dot represents one tumor (n=8). 526 

Representative flow cytometry plots are shown for CD44. d-f. Mice were treated 3x/week with 527 

isotype or 200 µg of α-IL15 neutralizing antibody starting on Day 1 post-op. Tumor images (left) 528 

and quantification of tumor weights (right) are shown. Scale bar represents 1 cm (d). Single cell 529 

suspensions derived from tumors were stained and analyzed by flow cytometry for number of IL-530 

15Rα+ CD8+ T cells (e) and CD44+ IL-15Rα+ CD8+ T cells (f). Each dot represents one tumor 531 

(n=8-9). g. 9-week-old female WT mice were injected i.p. with PBS or 20 µg of Epinephrine. 532 

Thirty minutes post-treatment 100 µl of whole blood was isolated and assessed by flow cytometry 533 

for number of IL-15Rα+ CD8+ T cells (left) or IL-15Rα+ CD4+ T cells (right). Each dot represents 534 

one mouse (n =9-10). h. 8-week old female C57BL/6J wild type mice (WT) were injected 535 

orthotopically with 1x10^5 KPC 4662 cells into the pancreas at Day 0 and exercise was started at 536 

Day 1. Control mice remained sedentary. Mice were provided either normal drinking water or 537 

.5g/L propranolol drinking water ad libitum starting on Day 1. Mice were sacrificed at Day 21. 538 

Single cell suspensions derived from tumors were assessed by flow cytometry for number of IL-539 

15Rα+ CD8+ T cells. Each dot represents one tumor (n= 6-9). i. 8-week old female C57BL/6J 540 

wild type mice (WT) were injected orthotopically with 1x10^5 KPC 4662 cells into the pancreas at 541 

Day 0. All mice remained sedentary. Single cell suspensions derived from tumors were stained 542 

with antibodies against CD45, CD3, CD8 T cells (CD8+ CD3+), CD4 T cells (CD4+ CD3+), 543 

CD11b, DCs (CD11c+ MHCII hi), EPCAM, CD34, Fibroblasts (CD140a+ CD34- EPCAM- 544 

CD45-) and analyzed by flow cytometry for the expression of IL-15. Each dot represents one tumor 545 

(n=5-9).  (p > 0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).  546 
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 547 

Figure 5: Aerobic Exercises Sensitizes Pancreatic Cancer to anti-PD1 Immunotherapy  548 

a-d. 8-week old female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 549 

KPC 4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice 550 
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remained sedentary. Mice were treated 3x/week with isotype or 200 µg of α-PD-1 blocking 551 

antibody starting on Day 3. Mice were sacrificed at Day 21. Single cell suspensions derived from 552 

tumors were assessed by flow cytometry for CD3, CD4, and CD8 (a), for Ki67, Granzyme-B, T-553 

bet, and IFNg expression on CD8 T cells (b) and number of IL-15Rα+ CD8+ T cells (c). Tumor 554 

images (left) and quantification of tumor weights (right) are shown (d). Scale bar represents 1 cm. 555 

Each dot represents one tumor (n=7-8). e. Schematic depicting proposed mechanism for the impact 556 

of aerobic exercise on CD8 T cell mobilization, pancreatic tumor growth and anti-tumor immunity. 557 

(p > 0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).  558 
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Extended Data Figure 1: Aerobic exercise restricts pancreatic cancer growth in a non-dose 582 

dependent manner  583 

a. 8-week old LSL-KRASG12D/WT; p48Cre/WT (KC) mice were exercised (Exercise) for 6 weeks. 584 

Control mice remained sedentary. Mice were sacrificed at 14 weeks old. Histologic staining of 585 

pancreata tissue sections with CK8 (red) and DAPI (blue) are shown. Quantification of the % 586 
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CK8+ of total DAPI positive cells per FOV was performed in ImageJ. Each dot represents 587 

quantification in one field of view (8 FOV, n = 3 mice). Scale bar represents 200 µm. b. 8-week 588 

old female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 cells of a 589 

second independent KPC cell line, KPC 1203, into the pancreas at Day 0 and exercise was started 590 

at Day 1. Control mice remained sedentary. Mice were sacrificed at Day 21 and tumors were 591 

harvested. Representative tumor images (left) and quantification of tumor weights (right) are 592 

shown. Scale bar represents 1 cm. Each dot represents one tumor (n =6-7). c. 8-week old female 593 

C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 KPC 4662 cells into the 594 

pancreas at Day 0 and specified exercise regimen was started at Day 1. Control mice remained 595 

sedentary. Mice were sacrificed at Day 21 and tumors were harvested. Representative tumor 596 

images (right) and quantification of tumor weights (left) are shown. Scale bar represents 1 cm. 597 

Each dot represents one tumor (n=5). d. 8 week old WT mice were injected subcutaneously with 598 

1x10^6 KPC FC1242 cells at Day 0 and exercise was started at Day 1. Control mice remained 599 

sedentary. Tumor volumes were measured using calipers at 3-7 day intervals. Each dot represents 600 

an average of five mice in each arm. (p > 0.05 = ns, p < 0.05 = *, p < 0.001 = ***).  601 
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 617 

Extended Data Figure 2: Exercise-mediated tumor protection is CD8 T cell dependent 618 

a. 8 week old male RAG1KO mice were injected orthotopically with 1x10^5 KPC 4662 cells at 619 

Day 0 and exercise was started at Day 1. Control mice remained sedentary. Mice were sacrificed 620 

at Day 21. Representative tumor images (left) and quantification of tumor weights (right) are 621 

shown. Scale bar represents 1 cm. Each dot represents one tumor (n =4-5). b. Gene expression 622 
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analysis of CD8+ T cells, Cluster 1 from scRNAseq of exercised tumors showing fold change of 623 

expression levels of Ccl5, Icos, Gzmk, Cd28, and Gzmb, relative to cells in other clusters. c. 624 

Representative contour plots indicating example gating strategy used for flow cytometry analysis, 625 

from top left: i) all cells in frame, ii) double-singlet discrimination, iii) live cells by zombie yellow 626 

(ZY) negative, iv) all immune cells (CD45+), v) T cells (CD3+), vi) CD8+ T cells (CD4 negative, 627 

CD8 positive, upper left quadrant), vii) expression level of CD44. d. Control and exercise mice 628 

were treated 3x/week with isotype or 200 µg of α-CD8 blocking antibody starting on Day 1. Mice 629 

were sacrificed at Day 21. Single cell suspension derived from tumors were assessed by flow 630 

cytometry for CD3, CD4, and CD8. Representative contour plots are shown for CD8+ CD4- cells 631 

as a fraction of total CD3 positive cells. (p > 0.05 = ns).  632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 



 28 

 654 

b

a

2.20% 17.0%

Bloode

85.7% 58.8%55.5%73.7%

Blood
FTY720

S
S

A

CD8

PBS

ExerciseExercise ControlControl

S
S

A

I 15 a

ExerciseControl

c

17.2% 2 .1% .5 % . %

Blood

S
S

A
TC B

PBS FTY720

ExerciseExercise ControlControl

5. 0% 5.81% 8.11%1 .2%

Tumor
S

S
A

TC B

PBS FTY720

ExerciseExercise ControlControl
Exercise
Control

Exten e Data Fi re 3

.33% 1 .2% 0.7 % 0. 7% 0.00%

Exercise
Control

PBS FTY720

PBS FTY720

Exercise
Control

PBS FTY720

Ctrl Exercise

anti I 15

S
S

A

I 15 a

I

Exercise Isot eExercise ControlControl



 29 

Extended Data Figure 3: Exercise-mediated increase in CD8 T cells is reversed with FTY720 / 655 

IL15Rα+ CD8 T cells are required for exercise-induced tumor protection 656 

a-c. 8-week old female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 657 

KPC 4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice 658 

remained sedentary. Mice were treated daily either with PBS or 200 µl of fingolimod (FTY720) 659 

starting on Day 1. Mice were sacrificed at Day 21. Single cell suspensions derived from whole 660 

blood or tumors were stained with antibodies against CD45, TCRB, CD4, and CD8, and analyzed 661 

by flow cytometry. Representative contour plots are shown for TCRB in blood (a), TCRB in tumor 662 

(b), and CD8 T cells in blood (c). Each dot represents one mouse (n=7) d. 8-week old female WT 663 

mice were injected orthotopically with 1x10^5 KPC 4662 cells into the pancreas at Day 0 and 664 

exercise was started at Day 1. Control mice remained sedentary. Mice were treated 3x/week with 665 

isotype or 200 µg of α-IL15 neutralizing antibody starting on Day 1 post-op. Single cell 666 

suspensions derived from tumors were stained with antibodies against CD8 and IL-15Rα and 667 

analyzed by flow cytometry. Representative contour plots for IL15Rα+ of total CD8+ cells, with 668 

staining isotype, are shown. e. 8-week old female WT mice were injected orthotopically with 669 

1x10^5 KPC 4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice 670 

remained sedentary. Mice were sacrificed at Day 21, thirty minutes after completion of exercise 671 

and whole blood was harvested, digested, and assessed for relative numbers of IL15Rα+ CD8+ 672 

cells. Each dot represents one mouse (n=7). Representative contour plots are shown. (p > 0.05 = 673 

ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****). 674 
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 685 

Extended Data Figure 4: Aerobic exercise and anti-PD-1 blockade exhibit intra-tumoral 686 

immunological synergy 687 

a. 8-week old female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 688 

KPC 4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice 689 

remained sedentary. Mice were sacrificed at Day 21 and tumors were harvested. Single cell 690 

suspensions derived from tumors were stained with antibodies against CD3, CD8, PD-1 and IL-691 

15Rα and analyzed by flow cytometry. Each dot represents one tumor (n=7). b-c. 8-week old 692 

female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 KPC 4662 cells 693 

into the pancreas at Day 0 and exercise was started at Day 1. Control mice remained sedentary. 694 
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Mice were treated 3x/week with isotype or 200 µg of α-PD-1 blocking antibody starting on Day 695 

3. Mice were sacrificed at Day 21. Single cell suspension derived from tumors were assessed by 696 

flow cytometry for CD3 (b), CD8, and IL15Rα+ (c). Each dot represents one tumor (n=7-8) 697 

Representative histogram plot is shown for IL15Rα+ in CD8 T cells. (p > 0.05 = ns, p < 0.01 = **, 698 

p < 0.001 = ***, p < 0.0001 = ****). 699 

 700 
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Figures

Figure 1

Aerobic exercise restricts pancreatic cancer growth and reduces tumor size a. The forced treadmill
running model (aerobic exercise) is shown. The frequency, speed, and duration of aerobic exercise are
indicated (left). Representative photograph of mice running on the treadmill is shown (right). b. 8-week
old LSL-KRASG12D/WT; p48Cre/WT (KC) mice were exercised (Exercise) for 6 weeks. Control mice
remained sedentary. Mice were sacri�ced at 14 weeks old. Histologic staining of pancreata tissue
sections with Hematoxylin and Eosin (H&E, left) and Trichrome and Gomori (Trichrome, right) are shown.
Representative images and quanti�cation of acinar (left) and �brotic (right) areas are shown. Each dot
represents quanti�cation in one �eld of view (FOV; 5-9 FOV analyzed from 3 tissue sections separated by
at least 100 μm; n = 5 mice). Scale bar represents 200 μm. c. 8-week old female C57BL/6J wild type mice
(WT) were injected orthotopically with 1x10^5 LSL-KRASG12D/WT; LSL-Trp53R172H/WT; p48Cre/WT
(KPC) 4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice remained
sedentary. Mice were sacri�ced at Day 21. Representative tumor images (left) and quanti�cation of tumor



weights (right) are shown. Scale bar represents 1 cm. Each dot represents one tumor (n = 7). d. 8- week
old female WT mice were injected orthotopically with 5x10^4 KPC 4662 cells into the pancreas at Day 0.
At Day 12 following implantation, mice were randomized into control and exercise cohorts. Mice were
sacri�ced at Day 28. Schematic of experimental design (top), tumor images (bottom) and quanti�cation
of tumor weights (right) are shown. Scale bar represents 1 cm. Each dot represents one tumor (n = 9-10).
(p < 0.05 = *, p < 0.001 = **, p< 0.0001 = ****).

Figure 2



The tumor protective effects of aerobic exercise are dependent on CD8 T cells a. 8 week old female
athymic nude NU/J mice were injected orthotopically with 1x10^5 KPC 4662 cells at Day 0 and exercise
was started at Day 1. Control mice remained sedentary. Mice were sacri�ced at Day 21. Representative
tumor images (top) and quanti�cation of tumor weights (below) are shown. Scale bar represents 1 cm.
Each dot represents one tumor (n =4-5). b-g. 8- week old female C57BL/6J wild type mice (WT) were
injected orthotopically with 1x10^5 KPC 4662 cells into the pancreas at Day 0 and exercise was started at
Day 1. Control mice remained sedentary. Mice were sacri�ced at Day 21 and tumors analyzed as follows.
b. Single cell RNASeq (scRNAseq) was performed on live leukocytes (PI-, CD45+) isolated by FACS. The
distribution of cellular clusters was determined using the tSNE algorithm: control (blue) and exercise (red)
leukocytes were identi�ed (left), phenotypic clusters were identi�ed by distinct colors (middle) and labeled
(right) (n = 3 tumors pooled in each group). c. Tumor sections were stained by multiplex
immuno�uorescence for CD8 (red), CD3 (green), and DAPI (blue). The number of CD8+ CD3+ (yellow)
cells were quanti�ed in ImageJ. Each dot represents quanti�cation in one �eld of view (13-16 FOV
analyzed; n=4). Scale bar represents 75 μm. d. Upstream canonical pathway perturbations were derived
using ingenuity pathway analysis. Pathways up-regulated (orange) or down-regulated (grey) in exercise
were identi�ed in the CD8+ T cell, Cluster 1. e. Single cell suspensions derived from tumors were stained
with antibodies against CD45, CD3, CD4, CD8, Granzyme-B, T-bet, CD44, ICOS, and PD-1 and analyzed by
�ow cytometry. Each dot represents one tumor (n=6). f. Control and exercise mice were treated 3x/week
with isotype or 200 μg of α-CD8 blocking antibody starting on Day 1. Tumor images (left) and
quanti�cation of tumor weights (right) are shown. Scale bar represents 1 cm. Each dot represents one
tumor (n=7). g. Quanti�cation of the relative proportion of the six most prominent immune populations in
control and exercise tumors from scRNAseq. (p > 0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***).



Figure 3

Exercise-induced increase in intra-tumoral CD8 T cells is β-adrenergic and S1P gradient dependent. a. 8
week-old female WT mice were exercised for 30 minutes at 15cm/sec and were sacri�ced 20 minutes
after completion of exercise. 200 μl of whole blood was collected, sera were isolated using centrifugation,
and samples were subjected to ELISA for detection of Epinephrine levels. Each dot represents one mouse
(n = 5). b-f. 8-week old female C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5



KPC 4662 cells into the pancreas at Day 0 and exercise was started at Day 1. Control mice remained
sedentary. b. Mice were sacri�ced at Day 21, thirty minutes after completion of exercise, and tumors and
whole blood were harvested, digested, and assessed for relative numbers of CD3+ T cells. Each dot
represents one mouse (n =3-4 each for blood, n= 10 for tumors). Representative contour plots are shown
for CD3+ cells as a percentage of CD45+ cells in whole blood. c-d. Mice were provided with either normal
drinking water or .5g/L propranolol drinking water ad libitum starting on Day 1. Mice were sacri�ced on
Day 21 and tumor weights were quanti�ed (c), and single cell suspensions derived from tumors were
stained with antibodies against CD45, CD3, CD8, IFNg, and CD44 and analyzed by �ow cytometry (d).
Each dot represents one tumor (n= 6-9). e-f. Mice were treated daily either with PBS or 200 μl of
�ngolimod (FTY720) starting on Day 1. Mice were sacri�ced at Day 21. Single cell suspensions derived
from tumors were stained with antibodies against CD45, TCRB, CD4, and CD8, and analyzed by �ow
cytometry. Each dot represents one tumor. Representative �ow cytometry plots are shown for CD8+ cells
as fraction of CD4– CD3+ cells (e). Tumor images (left) and quanti�cation of tumor weights (right) are
shown (f). Scale bar represents 1 cm. Each dot represents one tumor (n =7). (p > 0.05 = ns, p < 0.05 = *, p
< 0.01 = **, p < 0.001 = ***).



Figure 4

IL-15/IL15Rα axis is required for exercise-mediated tumor protection a-f. 8-week old female C57BL/6J
wild type mice (WT) were injected orthotopically with 1x10^5 KPC 4662 cells into the pancreas at Day 0
and exercise was started at Day 1. Control mice remained sedentary. Mice were sacri�ced at Day 21 and
tumors analyzed as follows. a. Single cell suspensions derived from tumors were stained with antibodies
against CD45, CD3, CD4, CD8, and IL-15Rα and analyzed by �ow cytometry. Each dot represents one



tumor (n=4). b. Tumor sections were stained by multiplex immuno�uorescence for CD8 (red), IL-15Rα
(yellow), and DAPI (blue). The number of CD8+ IL-15Rα+ (orange) cells were quanti�ed in ImageJ. Each
dot represents quanti�cation per �eld of view (3-4 FOV analyzed; n=3). Scale bar represents 40 μm. c.
Single cell suspensions derived from tumors were stained with antibodies against CD8, Ki67, IFNg, CD44
and IL-15Rα and analyzed by �ow cytometry. Each dot represents one tumor (n=8). Representative �ow
cytometry plots are shown for CD44. d-f. Mice were treated 3x/week with isotype or 200 μg of α-IL15
neutralizing antibody starting on Day 1 post-op. Tumor images (left) and quanti�cation of tumor weights
(right) are shown. Scale bar represents 1 cm (d). Single cell suspensions derived from tumors were
stained and analyzed by �ow cytometry for number of IL- 15Rα+ CD8+ T cells (e) and CD44+ IL-15Rα+
CD8+ T cells (f). Each dot represents one tumor (n=8-9). g. 9-week-old female WT mice were injected i.p.
with PBS or 20 μg of Epinephrine. Thirty minutes post-treatment 100 μl of whole blood was isolated and
assessed by �ow cytometry for number of IL-15Rα+ CD8+ T cells (left) or IL-15Rα+ CD4+ T cells (right).
Each dot represents one mouse (n =9-10). h. 8-week old female C57BL/6J wild type mice (WT) were
injected orthotopically with 1x10^5 KPC 4662 cells into the pancreas at Day 0 and exercise was started at
Day 1. Control mice remained sedentary. Mice were provided either normal drinking water or .5g/L
propranolol drinking water ad libitum starting on Day 1. Mice were sacri�ced at Day 21. Single cell
suspensions derived from tumors were assessed by �ow cytometry for number of IL- 15Rα+ CD8+ T cells.
Each dot represents one tumor (n= 6-9). i. 8-week old female C57BL/6J wild type mice (WT) were injected
orthotopically with 1x10^5 KPC 4662 cells into the pancreas at Day 0. All mice remained sedentary.
Single cell suspensions derived from tumors were stained with antibodies against CD45, CD3, CD8 T cells
(CD8+ CD3+), CD4 T cells (CD4+ CD3+), CD11b, DCs (CD11c+ MHCII hi), EPCAM, CD34, Fibroblasts
(CD140a+ CD34- EPCAM CD45-) and analyzed by �ow cytometry for the expression of IL-15. Each dot
represents one tumor (n=5-9). (p > 0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).



Figure 5

Aerobic Exercises Sensitizes Pancreatic Cancer to anti-PD1 Immunotherapy a-d. 8-week old female
C57BL/6J wild type mice (WT) were injected orthotopically with 1x10^5 KPC 4662 cells into the pancreas
at Day 0 and exercise was started at Day 1. Control mice remained sedentary. Mice were treated 3x/week
with isotype or 200 μg of α-PD-1 blocking antibody starting on Day 3. Mice were sacri�ced at Day 21.
Single cell suspensions derived from tumors were assessed by �ow cytometry for CD3, CD4, and CD8 (a),



for Ki67, Granzyme-B, T bet, and IFNg expression on CD8 T cells (b) and number of IL-15Rα+ CD8+ T cells
(c). Tumor images (left) and quanti�cation of tumor weights (right) are shown (d). Scale bar represents 1
cm. Each dot represents one tumor (n=7-8). e. Schematic depicting proposed mechanism for the impact
of aerobic exercise on CD8 T cell mobilization, pancreatic tumor growth and anti-tumor immunity. (p >
0.05 = ns, p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***, p < 0.0001 = ****).


