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Human lymphocytes mobilized
with exercise have an anti-tumor
transcriptomic profile and exert
enhanced graft-versus-leukemia
effects in xenogeneic mice
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Background: Every bout of exercise mobilizes and redistributes large numbers of

effector lymphocytes with a cytotoxic and tissue migration phenotype. The

frequent redistribution of these cells is purported to increase immune

surveillance and play a mechanistic role in reducing cancer risk and slowing

tumor progression in physically active cancer survivors. Our aim was to provide

the first detailed single cell transcriptomic analysis of exercise-mobilized

lymphocytes and test their effectiveness as a donor lymphocyte infusion (DLI)

in xenogeneic mice engrafted with human leukemia.

Methods: Peripheral blood mononuclear cells (PBMCs) were collected from

healthy volunteers at rest and at the end of an acute bout of cycling exercise.

Flow cytometry and single-cell RNA sequencing was performed to identify

phenotypic and transcriptomic differences between resting and exercise-

mobilized cells using a targeted gene expression panel curated for human

immunology. PBMCs were injected into the tail vein of xenogeneic NSG-IL-15

mice and subsequently challenged with a luciferase tagged chronic myelogenous

leukemia cell line (K562). Tumor growth (bioluminescence) and xenogeneic graft-

versus-host disease (GvHD) were monitored bi-weekly for 40-days.

Results: Exercise preferentially mobilized NK-cell, CD8+ T-cell and monocyte

subtypes with a differentiated and effector phenotype, without significantly

mobilizing CD4+ regulatory T-cells. Mobilized effector lymphocytes,

particularly effector-memory CD8+ T-cells and NK-cells, displayed

differentially expressed genes and enriched gene sets associated with anti-

tumor activity, including cytotoxicity, migration/chemotaxis, antigen binding,
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cytokine responsiveness and alloreactivity (e.g. graft-versus-host/leukemia).

Mice receiving exercise-mobilized PBMCs had lower tumor burden and higher

overall survival (4.14E+08 photons/s and 47%, respectively) at day 40 compared

to mice receiving resting PBMCs (12.1E+08 photons/s and 22%, respectively)

from the same donors (p<0.05). Human immune cell engraftment was similar for

resting and exercise-mobilized DLI. However, when compared to non-tumor

bearing mice, K562 increased the expansion of NK-cell and CD3+/CD4-/CD8-

T-cells in mice receiving exercise-mobilized but not resting lymphocytes, 1-2

weeks after DLI. No differences in GvHD or GvHD-free survival was observed

between groups either with or without K562 challenge.

Conclusion: Exercise in humans mobilizes effector lymphocytes with an anti-

tumor transcriptomic profile and their use as DLI extends survival and enhances

the graft-versus-leukemia (GvL) effect without exacerbating GvHD in human

leukemia bearing xenogeneic mice. Exercise may serve as an effective and

economical adjuvant to increase the GvL effects of allogeneic cell therapies

without intensifying GvHD.
KEYWORDS

exercise immunology, NSG mice, single cell transcriptomics, donor lymphocyte
infusions, adoptive cell therapy, cancer, immunotherapy, graft-versus-host disease
1 Introduction

Regular physical activity is widely regarded as contributing to

lower cancer risk, improving outcomes in cancer survivors, and

acting as an adjuvant for several types of cancer therapy (1–3). This

assertion has come from a plethora of epidemiological studies

linking physical activity to a reduction in cancer occurrence,

randomized controlled trials demonstrating beneficial effects of

exercise on treatment associated adverse effects, and preclinical

studies showing increased tumor suppression in rodents exposed to

exercise (4, 5).

Each bout of exercise evokes a catecholamine dependent

mobilization and redistribution of effector lymphocytes (e.g. Natural

Killer-cells, gd T-cells, CD8+ T-cells) that has been purported to

improve long-term immunosurveillance by increasing recognition

and destruction of premalignant cells in the initial stages of tumor

development, and contributing to the suppression of tumor growth (6,

7). Indeed, exercise has been shown to increase NK-cell and CD8+ T-

cell tumor infiltration and suppress tumor growth in several murine

cancer models (8, 9). These tumor infiltrating lymphocytes are similar

in phenotype to those mobilized to blood with each exercise bout,

indicating that exercise-mobilized lymphocytes could be harnessed for

adoptive cell therapies (1,4). Donor lymphocyte infusions (DLI) are

commonly delivered after allogeneic stem cell transplantation (allo-

HSCT) to prevent and/or treat leukemic relapse. Unfortunately, the

success rate of DLI to induce remission remains low (10) and the

procedure also increases the risk of graft-versus-host disease (GvHD) –

a potentially fatal condition whereby donor T-cells attack healthy

tissues in the host causing significant morbidity (11). As such, using

exercise mobilized DLI could have therapeutic ramifications if they are
02
found to exert enhanced graft versus leukemia (GvL) effects without

increased GvHD.

The characterization of exercise-mobilized lymphocytes has

hitherto been limited to just a few surface markers or simple

in vitro assays to determine function (e.g. cytotoxicity,

proliferation), with the latter oftentimes confounded by cell

composition shifts that have been evoked by exercise (3). No

study, to our knowledge, has transcriptionally profiled exercise-

mobilized lymphocytes in humans at single cell resolution or

assessed their ability to control human leukemic growth in a

whole organism.

The aim of this study, therefore, was to deeply interrogate the

transcriptional and phenotypic profiles of exercise mobilized

lymphocytes in humans and test their ability to reduce leukemic

burden and xenogeneic GvHD in immunodeficient (NSG) mice.

We hypothesized that (i) exercise would preferentially mobilize

effector lymphocytes to the blood compartment with an enrichment

of multiple transcriptional programs associated with anti-tumor

activity; and (ii) that exercise mobilized lymphocytes would extend

survival and reduce tumor burden without increasing GvHD after

adoptive transfer to human leukemia bearing NSG mice. We report

for the first time that exercise-mobilized peripheral blood

mononuclear cells have differential gene expression (DGEs) and

enriched gene sets associated with anti-tumor activity, particularly

within effector memory subsets of CD8+ T-cells and NK-cells.

Moreover, adoptively transferring these cells into human

leukemia-bearing NSG mice prolonged survival by augmenting

the GvL effect without exacerbating GvHD, underscoring the

potential for exercise-mobilized lymphocytes to enhance the

efficacy of allogeneic adoptive cell therapies.
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2 Materials and methods

2.1 Participants

Sixteen healthy adults, (6 females, 10 males) participated in this

study (Mean ± SD: age: 26.8 ± 5.2 yr; weight: 69.7 ± 13.6 kg; Height:

171.2 ± 15 cm; BMI: 23.2 ± 2 (kg/m2). Written informed consent

and medical history were obtained from each volunteer after proper

explanation of the procedures and risks. Only participants classified

as ‘low risk’ in accordance with the risk stratification guidelines

published by the American Heart Association and the American

College of Sports Medicine (AHA/ACSM criteria) were enrolled

(12). The study was approved by the Human Subjects Protection

Program at the University of Arizona (#1801161041).
2.2 Exercise trials and blood sampling

All participants were asked to visit the laboratory on two

separate occasions with one-two weeks separating each visit. Both

laboratory visits occurred between 08:00 and 10:00 local time.

Participants were instructed to arrive at the lab following an 8-

12h overnight fast (water could be consumed during the fasting

period). Additionally, participants were required to refrain from

engaging in vigorous physical activity/exercise for 24 hours prior to

each visit.

For Visit 1, subjects were asked to complete a maximal exercise

protocol on an indoor stationary bicycle (Velotron, Quarq

Technology, San Diego, CA). Heart rate, ECG activity and

respiratory gas exchange was recoded continuously throughout

the test (Cosmed CPET, Rome, Italy). Subjects began cycling at

50 Watts for females and 75 Watts for males, and the power was

increased by 15 Watts every minute until volitional exhaustion.

Ventilatory threshold, determined as the point corresponding to a

rise in the ventilatory equivalent of VO2 (VE/VO2) without a

concurrent rise in the ventilatory equivalent of VCO2 (VE/VCO2),

and the determined VO2max were used to assign workload for

Visit 2.

For Visit 2, an intravenous catheter was inserted and blood was

collected before exercise in vacutainer tubes treated with ethylene-

diamine-tetra-acetic acid (EDTA) or acid citrate dextrose (ACD)

(Becton-Dickinson, USA). Subjects were prepared for continuous

heart rate, ECG and respiratory gas exchange collections then asked

to cycle at either a power wattage corresponding to 15% above the

ventilatory threshold for 30-minutes, or to perform 20-minutes of

graded exercise, consisting of four incremental 5-minute stages at

power outputs corresponding to 50%, 60%, 70%, and 80% of the

individual VO2max. A final venous blood sample was collected during

the last 3-5 minutes of the exercise protocol (during-exercise).
2.3 Blood processing and analysis

Complete blood counts were performed on blood collected in

EDTA tubes using an automated hematology analyzer (Beckman

Coulter, Indianapolis, IN). Whole blood samples from EDTA tubes
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were labeled with monoclonal antibodies to detect and enumerate

leukocyte and progenitor cell subpopulations in blood by flow

cytometry (MACSQuant 10, Miltenyi Biotec, San Diego, CA). All

immune cell phenotypes were determined within the peripheral

blood mononuclear cell (PBMC) gate based on forward and side

scatter using FlowLogic (Inivai Technologies, Mentone Victoria,

Australia). Single color tubes on whole blood samples were used for

electronic color compensation and Fluorescence Minus One

(FMOs) were used to set proper gating. A minimum of 50,000

PBMCs were collected for analysis. The flow cytometry antibody

panels used are shown in Supplementary Table 1. Peripheral blood

mononuclear cells (PBMCs) were isolated from blood collected in

ACD tubes and cryopreserved in liquid nitrogen at a concentration

of 10x106 cells/mL freezing media (90% FBS, 10% DMSO) until

further use in animal experiments.
2.4 RNAseq

Isolated PBMCs were resuspended in a PBS/RNAlater solution

and delivered to the University of Arizona Genetics Core for single

cell RNA sequencing (scRNAseq) analysis using the 10x Genomics

platform. 5’ RNA whole transcriptome libraries were generated

using the “10xGenomics Chromium Next GEM Single Cell 5’

reagents kit v2”, following recommended guidelines. The gene

expression libraries were quantified, normalized, pooled, and

sequenced on an Illumina NextSeq500 sequencer. FastQ files were

converted into expression matrices using the “cellranger count”

function provided by Cell Ranger (10x Genomics Cell Ranger 6.0.1)

and unfiltered matrices were imported into R, version 4.1.0. Empty

droplets were identified and removed using the emptyDrops

function found in the DropletUtils package. Reads with a high

percentage of mitochondrial content were identified and removed

using the perCellQCMetrics function provided by scuttle. To

analyze and visualize gene expression on a per cell basis, principal

component analysis (PCA) and uniform manifold approximation

and projection (UMAP) clustering was performed using Seurat,

version 4.0.5. Differentially expressed genes were then detected

using the FindMarkers function, with a log2 fold cutoff of 0, in

Seurat. For each differential expression analysis comparison, gene

set enrichment analysis (GSEA), with a false discovery rate of (0.25),

was performed and annotated to both Kyoto Encyclopedia of Genes

and Genomes (KEGG) and Gene Ontology (GO) terms.
2.5 Animal experiments

The experiments detailed here were approved by the University of

Arizona IACUC (protocol 17-338). Eight-twelve (8-12) week old

NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(IL15)1Sz/SzJ (NSG-Tg(Hu-IL15))

(Jackson Labs, Stock No: 030890) were used for xenotransplantation

of K562-luc2 tumor cells (ATCC, Manassas, VA) and human PBMCs.

NSG-Tg(Hu-IL15) mice include the human IL-15 transgene allowing

endogenous expression of physiological levels of human IL-15 (7.1 ±

0.3 pg/mL). Additional GvHD and human immune cell engraftment

experiments were performed using standard NSG mice without
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human IL-15 knock-in (Jackson Labs, Stock No: 005557). On Day -2,

mice were irradiated with 100cGy (Bio5 Cesium 137 Irradiator,

Atomic Energy of Canada Ltd) to improve engraftment of human

cells. On Day -1, mice were injected intravenously through the lateral

tail vein with 1x107 PBMCs either from resting or during-exercise

samples. On day 0, mice were injected in the lateral tail vein with 1x106

K562-luc2 cells. Bioluminescent imaging (BLI) began on day +1 post-

tumor injection and repeated every 3-4 days to track tumor

progression using the LargoX bioluminescence imager (Spectral

Instruments Imaging, Tucson, AZ). Mice not receiving tumor or

PBMCs were instead injected with an equal amount of saline. All

animals were monitored daily until sacrifice. All PBMC samples were

injected in duplicate or triplicate (2-3 mice, per human

PBMC sample).

2.5.1 K562-luc2 and PBMC preparation
for injection

K562-luc2 cells were thawed from cryopreservation 48h before

tumor injections and maintained at 37°C, 5% CO2 in Iscove’s DMEM

supplemented with 10% FBS and 8µg/mL blasticidin for 2 days. On

the day of tumor injections, K562-luc2 cells were removed from

culture, washed three times with sterile PBS, and resuspended at a

concentration of 1x106 cells/200µL in sterile saline. Cryopreserved

PBMCs were thawed in a 37°C water bath for two minutes or until a

small ball of ice remained in solution. PBMCs were resuspended in

5mL RPMI + 10% FBS. A small aliquot (50 µL) was taken, and cells

were labeled with monoclonal antibodies (CD8-VioBlue, CD14-

VioGreen, CD3-FITC, CD4-PE, CD20-PerCP, CD45-APC, CD56-

APC-Vio770 (Miltenyi Biotec) for surface staining prior to injection.

The remaining cells were supplemented with IL-15 (0.1mg/mL) and

incubated for 1 hour at 37°C, 5% CO2 to improve activation and

recovery of NK cells functions. After incubation, PBMCs were

washed three times with PBS to remove all RPMI media and then

resuspended at a concentration of 10x106 PBMCs/200µL sterile

filtered saline for injections.

2.5.2 PBMC engraftment
Human immune cell engraftment was tracked weekly. A sample

of blood (50-100µL) was collected from each mouse using the

submental method. 25µL of whole blood samples were stained and

analyzed by flow cytometry using the following directly conjugated

antibodies: CD8-VioBlue, CD14-VioGreen, CD3-FITC, CD4-PE,

CD20-PerCP, CD45mouse-PE-Vio770, CD45human-APC, CD56-

APC-Vio770 (Miltenyi Biotec). All antibodies, except CD45mouse,

were reactive with human antigens. CD45mouse was used to

exclude mouse leukocytes from the analysis.

2.5.3 BLI and morbidity score
All mice were imaged every 3-4 days to monitor tumor

progression on the LargoX bioluminescent imager. Briefly, mice

were injected intraperitoneally with D-luciferin, potassium salt

reconstituted in Dulbecco’s phosphate-buffered saline (15mg/ml)

(Gold Biotechnologies, St. Louis, MO) at a concentration of 10µL/g

body weight (BW). Bioluminescent images were gathered by 5-

minute, 1 minute, 10 second, 5 second, or 1 second exposures.

Bioluminescent data is expressed as photons/s.
Frontiers in Immunology 04
On the same day of imaging, mice were weighed and scored for

symptoms of xenogeneic GvHD. Scores were assessed based on the

following symptoms of clinical GvHD: Skin Integrity (0-2): 0 =

normal, healthy skin; 1 = Scaling of paws/tail; 2 = dehydrated,

obvious areas of denuded skin; Fur Integrity (0-2): 0 = normal,

fluffy, and elastic fur; 1 = mild to moderate ruffling; 2 = soiled, stiff,

and rough fur; Posture (0-2): 0 = normal posture; 1 = hunching only

at rest; 2 = severe hunching, sunken or distended abdomen; Activity

(0-2): 0 = normal, responsive and vocal; 1 = mild to moderately

decreased; 2 = unresponsive, separates from group, circling, head

pressing; Weight Loss (0-2): 0 = <10%; 1 = 10% to 20%; 2 = >20%;

and Diarrhea (0-1): 0 = no; 1 = yes.

Any multiple combinations of the clinical signs are indicative of

a moribund condition and mice were euthanized accordingly.

Because actual tumor volume cannot be determined with

intravenous administration of K562, euthanasia occurred when

any of the following ocurred: GvHD ≥ 8, ≥20% BW loss, hind

limb paralysis and/or impaired ambulation.
2.6 Statistical analysis

Paired T-tests were used to detect significant differences in the total

numbers of immune cell subtypes measured in blood before and after

exercise. Linear mixed models with Bonferroni correction for multiple

comparisons were used to detect main effects of time, group and

interaction effects (time x group) for human leukocyte engraftment,

GvHD, and leukemic burden (BLI). Simple survival analysis (Kaplan-

Meier) was used to detect differences in overall survival, tumor-free

survival, and GvHD-free survival. The percentage of starting mice that

were alive and of low leukemic burden (defined as a BLI score below

the 95% confidence interval of the corresponding control mice

receiving only K562) were compared weekly between groups by chi-

square. Significance was accepted at p<0.05. For DGE analysis by

scRNAseq, fold changes in individual gene expression within each

cluster was considered significant after adjusting for multiple

hypothesis testing (Padj<0.05). For GSEA, the false discovery rate

(FDR) was used separately for each database (GO and KEGG) to

correct for multiple hypothesis testing. Given the exploratory nature of

our analysis, we selected an FDR threshold of <0.25, which denotes the

confidence of ‘possible’ or ‘hypothesis’, while an FDR < 0.05 denotes

‘high confidence’ or ‘statistical significance’ (13). We used the less

stringent FDR for our GSEA analysis to avoid overlooking potentially

meaningful changes in enriched gene sets in response to exercise.
3 Results

3.1 Exercise preferentially mobilizes
effector lymphocytes with phenotypic and
transcriptomic profiles associated with
cytotoxicity, differentiation, migration and
effector cytokine signaling

To enumerate circulating immune cells and determine their

magnitude of change in response to exercise, we used an extensive
frontiersin.org
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immunophenotyping panel (Table S1) with 8-color flow cytometry

on whole blood samples collected before and during exercise. Total

cell numbers are shown in Table 1, with fold changes in the absolute

cell number from rest to during exercise shown in Figure 1. We

observed the archetypal exercise-induced mobilization of

lymphocytes with a phenotypic profile consistent with cytotoxicity

and differentiation. Consistent with previous observations (6, 14),

NK-cells, gd T-cells and CD45RA+ effector memory (EMRA) CD4+

and CD8+ T-cells were among the most exercise responsive subsets

(Figure 1A). In contrast, suppressor cells such as CD4+ regulatory T-

cells (Treg) were not significantly mobilized with exercise. A novel

observation reported here is that T-cells expressing PD-1, particularly

within more differentiated subsets (e.g., EMRAs) were highly

responsive to the exercise stimulus. PD-1 plays an important

immunoregulatory role and its expression is upregulated in

activated T-cells (15), although it is associated with exhaustion and

decreased cytotoxicity in CD8+ T-cells (16). Within the NK-cell

population, there was a greater mobilization of CD56dim cells, which

are more cytotoxic, compared to the CD56bright subset, which has an

immunoregulatory role. We also observed a preferential mobilization
Frontiers in Immunology 05
of NK-cells expressing the activating receptor NKG2D relative to

NK-cells expressing the inhibitory receptor NKG2A. NKG2D is a

receptor that increases NK-cell expansion, cytotoxic activity, and

survival, contributing to a stronger antitumor response (17). NKG2A,

on the other hand, inhibits NK cell function and has become a target

for cancer immune checkpoint inhibition therapy (18). This indicates

that NK-cells mobilized to blood during exercise may have enhanced

cytotoxic properties. There was a trend for Vd1 T-cells to be

mobilized with exercise at a greater magnitude compared to the

Vd2 subset. Vd2 are the most prevalent subset in the circulation and

possess well-established anti-tumor effector function (19). Vd1 are a

minor subset of gd T-cells with evidence of cytotoxic,

immunosuppressive and regulatory roles (20).

To investigate the effects of exercise on the transcriptome within

PBMCs, we performed single-cell RNA sequencing (scRNAseq) and

identified 26 cell clusters in accordance with the Azimuth map for

human PBMCs (Figure 1B) following the methods described by

Hao and Hao et al. (21). DGE between rest and exercise-mobilized

PBMCs were observed in 7 cell types (Figure 1D). A description of

each DGE in accordance with GeneCards® is provided in Table S2.
TABLE 1 The total number (cells/mL) of Leukocyte subsets present in peripheral blood at rest and during exercise.

Leukocyte subsets Rest Exercise P Value

Granulocytes 2681.61 ± 1010.11 4264.69 ± 1462.87 4.28E-06

Monocytes 332.37 ± 68.90 623.55 ± 175.88 4.58E-07

CD14brightCD16dim 12.56 ± 8.34 18.32 ± 17.08 0.05

CD14brightCD16- 256.27 ± 104.02 445.38 ± 210.52 1.90E-05

CD14dimCD16bright 222.29 ± 85.85 501.67 ± 358.02 4.03E-03

Lymphocytes 1879.03 ± 282.27 3795.99 ± 1032.27 1.26E-06

B cells 146.24 ± 52.45 253.75 ± 90.62 4.93E-08

NK Cells 383.18 ± 156.75 1276.99 ± 475.70 3.26E-08

CD56dim NK cells 383.83 ± 163.21 1292.98 ± 493.63 7.34E-07

CD56bright NK cells 18.97 ± 10.31 38.55 ± 22.55 8.59E-04

NKG2D+NKG2A- 241.85 ± 124.25 866.22 ± 363.44 1.74E-06

NKG2C+2A-57+ 23.92 ± 53.55 73.58 ± 154.10 0.09

NKG2C+2A- 60.07 ± 78.58 181.46 ± 217.21 0.01

NKG2D+2C+2A- 55.20 ± 76.69 165.85 ± 215.04 0.01

NKG2D+NKG2A+ 127.46 ± 110.79 379.05 ± 350.37 1.54E-03

NKG2D+2A-57+ 54.22 ± 65.95 205.53 ± 221.10 3.83E-03

NKG2D+2C+ 68.82 ± 80.44 198.39 ± 224.69 4.35E-03

NKG2D-NKG2A+ 6.86 ± 6.45 15.02 ± 12.23 0.01

NKG2D+2C+2A-57+ 21.92 ± 52.39 66.14 ± 147.87 0.11

NKG2D-NKG2A- 26.36 ± 17.66 59.11 ± 35.63 1.55E-04

CD3 T Cells 1237.02 ± 247.17 2014.60 ± 712.14 8.93E-06

CD4+ T Cells 872.17 ± 736.74 939.69 ± 1044.46 1.48E-04

(Continued)
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We found a greater number of DGEs in response to exercise within

the CD8+ T-cell subset. Genes associated with increased

cytotoxicity (GZMB, GAMH, PRF1- (22)), IFN-g production

(ANXA1- (23)), cellular adhesion and migration (ITGB1- (24),

ITGB2, CCL5- (25)) and anti-tumor activity (HLA-DPA1, NKG7-

(26)) were enriched, while genes encoding proteins that suppress

immune function and differentiation (MALAT1- (27), TXNIP -

(28), FOXP1- (29)) were downregulated. The majority of these

DGEs occurred within the EM subset of CD8+ T-cells. These results

re-enforce the concept that exercise preferentially mobilizes effector

lymphocytes with phenotypic and transcriptomic profiles
Frontiers in Immunology 06
associated with cytotoxicity, differentiation, migration, and

effector cytokine signaling.
3.2 scRNAseq reveals enrichment of gene
sets associated with anti-tumor activity in
exercise mobilized lymphocytes

To identify biological processes associated with our DGE

data, we performed functional annotation and enrichment

analysis using both GO and KEGG terms (Figure 1E). The
TABLE 1 Continued

Leukocyte subsets Rest Exercise P Value

Naive CD4+ 399.45 ± 174.48 539.83 ± 284.52 2.03E-03

CM CD4+ 224.28 ± 118.18 305.62 ± 179.20 0.02

EM CD4+ 87.49 ± 62.46 123.45 ± 122.32 0.15

EMRA CD4+ 33.36 ± 26.80 75.54 ± 89.82 0.06

Naive T CD4+PD1+ 304.47 ± 156.05 412.60 ± 255.23 0.01

CM T CD4+PD1+ 167.76 ± 66.60 235.79 ± 145.97 0.02

EM T CD4+PD1+ 72.65 ± 49.18 109.68 ± 122.17 0.12

EMRA T CD4+PD1+ 22.24 ± 16.47 47.36 ± 43.81 0.02

CD8+ T Cells 393.07 ± 88.21 756.73 ± 331.33 2.05E-05

Naive CD8+ 82.41 ± 43.04 128.24 ± 86.64 0.02

CM CD8+ 47.99 ± 27.01 86.82 ± 96.71 0.06

EM CD8+ 137.64 ± 63.12 302.32 ± 246.15 4.96E-03

EMRA CD8+ 128.61 ± 91.00 259.46 ± 185.51 4.74E-04

Naive T CD8+PD1+ 47.29 ± 49.24 77.30 ± 88.14 0.07

CM T CD8+PD1+ 27.82 ± 16.14 47.88 ± 46.93 0.05

EM T CD8+PD1+ 75.95 ± 40.51 162.48 ± 124.07 3.35E-03

EMRA T CD8+PD1+ 61.93 ± 72.20 123.65 ± 159.67 0.03

CD4-CD8- T Cells 179.86 ± 94.54 440.26 ± 189.65 6.71E-06

Naive CD4-CD8- 11.92 ± 13.19 13.72 ± 18.59 0.70

CM CD4-CD8- 26.82 ± 27.78 55.63 ± 68.68 0.03

EM CD4-CD8- 38.23 ± 42.97 81.39 ± 95.66 0.01

EMRA CD4-CD8- 24.63 ± 32.57 54.57 ± 68.92 0.01

Naive CD4-CD8-PD1+ 9.82 ± 13.58 10.97 ± 19.21 0.79

CM CD4-CD8-PD1+ 17.48 ± 21.44 34.24 ± 48.21 0.04

EM CD4-CD8-PD1+ 15.02 ± 18.96 28.18 ± 36.32 0.02

EMRA CD4-CD8-PD1+ 9.52 ± 16.48 21.54 ± 41.90 0.10

Vd1+ gd T Cells 20.96 ± 20.38 52.99 ± 55.25 0.01

Vd2+ gd T Cells 91.74 ± 75.79 183.59 ± 157.15 1.03E-03

CD45+CD3+iNKT Cells 15.99 ± 14.21 120.99 ± 384.92 0.30

CD4+CD25hiCD127dim Treg 28.10 ± 23.53 33.72 ± 33.98 0.22
fron
P values are displayed in the right column. Significance P ≤ 0.05.
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greatest number of gene set enrichments were found in CD8+ T-

cells, with an upregulation of gene sets associated with

cytotoxicity, cellular adhesion and migration, cellular

proliferation, and anti-tumor activity. These were mostly driven

by the EM population, with a smaller contribution of central
Frontiers in Immunology 07
memory (CM) and naïve CD8+ T-cells. We observed an

upregulation of gene sets involved in GvHD and allograft

rejection within CD8+ T-cells, NK-cells, monocytes, and

dendritic cells. This was driven mostly by HLA and KIR genes

(Figures 2A, B), which are also involved in GvL effects (30). Gene
D

A
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C

FIGURE 1

Exercise preferentially mobilizes effector lymphocytes with phenotypic and gene expression profiles associated with anti-tumor immunity. (A) Fold
changes in absolute number of immune cell subsets in human whole blood from rest to during exercise, using the values presented in Table 1
(exercise/rest) (n=16). (B) Azimuth map for human PBMCs showing the 26 clusters identified by scRNAseq at rest and during exercise. (n=3) (C) Fold
changes in proportion of the single cells analyzed from rest to during exercise (exercise/rest)(n=3). (D) Heat map showing differentially expressed
genes (DEG) from rest to during exercise in 7 immune cell subsets (n=3). (E) Gene sets annotated to Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) terms that were enriched after exercise (n=3). Statistical significance: p ≤ 0.05 for DEG; and FDR ≤ 0.25 for the gene
set enrichment analysis.
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sets involved in MAPK signaling were enriched in total and naïve

CD8+ T-cells, as well as total, CM, and EM CD4+ T-cells. MAPK

pathways play an important role in the regulation of T-cell

proliferation and differentiation, although, the signaling cascade

might differ between naïve and antigen-experienced T-cells (31).

Gene sets involved in calcium and insulin signaling were enriched

in CD4+ T-cells and CD16+ monocytes, while the sphingolipid

metabolism gene set was enriched in most lymphocytes and

downregulated in plasmacytoid dendritic cells (pDCs).

Sphingolipids are a major component of cellular membranes,

and their metabolism is associated with T-cell viability and

function (32). Interestingly, gene sets involved in protein

synthesis (e.g., ‘ribosome’ and ‘translation’) were downregulated

in almost all cell types in response to exercise (Figure 2). Gene

sets included in the terms ‘defense response to virus’ and ‘antigen

processing and presentation’ were enriched in some lymphocytes

(CD8+, CD4+, and NK-Cells) and antigen presenting cells

(APCs; CD14+ monocytes, and cDC2s). Gene sets associated

with cellular respiration were enriched in EM CD4+ and CD8+

T-cells, and NK-cells, but downregulated in naïve and CM T-
Frontiers in Immunology 08
cells, which might be explained by the higher ATP demand of

effector and cytotoxic cells (33). Similarly, Gene sets associated

with tricarboxylic acid (TCA) cycle were enriched on CM CD4+

T-cells, proliferating NK-cells, MAIT, B-cells, and pDCs.

We selected five GO/KEGG terms associated with antitumor

immune activity to display the leading-edge genes driving the

enrichment within each major cell type (Figure 2). Interestingly,

we found variability in the leading-edge genes enriching the

selected terms across all cell types, with CD8+ T-cells

presenting a higher number of the KIR and HLA family genes

enriching NK-cell mediated cytotoxicity, when compared to NK-

cells. However, there is a high level of overlap in gene sets

enriching the selected terms within the same cell type. For

example, GvHD and NK-cell mediated cytotoxicity are mostly

driven by the same genes. Similarities can also be seen in the

leading-edge genes driving enrichment of the ‘response to IFN-g’
and ‘Toll-like receptor signaling’ terms. Overall, our results

indicate that PBMCs mobilized to blood during exercise are

more alloreactive and cytotoxic and should, therefore, have

greater potential to elicit GvL effects if used as a DLI.
D

A B

C

FIGURE 2

Leading-edge genes driving the enrichment of selected GO and KEGG terms in CD4+ T-cells, CD8+ T-cells, NK-cells and monocytes after exercise.
Chord diagram displaying the leading-edge genes driving the enrichment of terms associated with cytotoxicity and anti-tumor immune activity in
(A) CD8+ T cells, (B) NK cells, (C) CD4+ T cells, and (D) Monocytes. (n=3).
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3.3 Exercise-mobilized PBMCs extend
survival and reduce leukemic burden in
xenogeneic mice

We found that PBMCs mobilized to blood during exercise

have surface phenotypes and transcriptomes associated with anti-

tumor immunity, including cytotoxicity, migration/chemotaxis,

antigen binding, cytokine responsiveness and alloreactivity (e.g.

GvHD/GvL). Our next step was to determine if DLI comprised of

exercise-mobilized PBMCs would evoke greater GvL effects in vivo

without exacerbating xenogeneic GvHD. We used the highly
Frontiers in Immunology 09
immunodeficient NSG mouse strain coupled with a human IL-15

knock-in to support persistence of adoptively transferred NK-cells

as well as T-cells. Mice received resting (PBMC-R) or exercise-

mobilized (PBMC-E) PBMCs on day -1, while a set of mice were

injected with vehicle (saline). Mice were then injected with a

luciferase-tagged human chronic myeloid leukemia (CML) cell

line (K562-luc2) on day 1. To track GvHD in the absence of

tumor, sets of mice were injected with PBMC-R or PBMC-E only

(Figure 3A). All mice received an equal number of 1x107 PBMCs,

however, as expected, exercise altered the composition of cells in the

xenograft. Mice injected with exercise-mobilized PBMCs received
D
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FIGURE 3

Exercise-mobilized PBMCs extend survival and reduce leukemic burden in xenogeneic mice. To determine the GvL effect of the PBMCs mobilized
by exercise, NSG-IL15 mice were injected with PBMCs (10x106) collected either at rest (PBMC-R) or during (PBMC-E) exercise and challenged with
1x106 luciferase tagged human chronic myeloid leukemia cells (K562-luc). (A) Illustration of the experiment design. (B) composition of the PBMC-R
and PBMC-E xenografts. (C) body weight and (D) GvHD score measured twice weekly. (E) GvHD-free survival determined using a composite score
of ≥4. (F) tumor burden measured twice weekly via BLI quantification (photons/s). (G) low tumor burden was defined as a BLI score <95%
confidence interval of K562+vehicle at the corresponding time point. (H) Tumor-free survival. Mice were considered tumor-free until the BLI score
surpassed the individual value recorded on day 1. (I) Overall survival of leukemia-bearing mice that received vehicle (K562+vehicle, solid black line),
resting PBMCs (K562+PBMC-R, solid red line) or exercise PBMCs (K562+PBMC-E, solid blue line); and in non-tumor bearing mice that received
resting (PBMC-R, dashed red line) or exercise (PBMC-E, dashed blue line) PBMCs. (J) representative bioluminescence image of leukeamia-bearing
mice that received vehicle (top row), resting PBMCs (middle row), or exercise PBMC (bottom row), showking BLI intensity on a scale from low
(purple) to high (red). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, #Different from K562+Vehicle P ≤ 0.05. (n=20-23 mice/group).
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significantly less CD4+ T-cells and more NK-cells (Figure 3B). To

track human cell engraftment, murine blood was collected weekly

and assessed for the presence of major human lymphocyte

populations by flow cytometry (Table S1). No major difference in

human immune cell engraftment was found between the groups

(Figure 4). Mice achieved ~50% human PBMC engraftment by

week 2 with no differences between the groups (Figure 4A).

Similarly, engraftment of lymphocyte subtypes did not differ

significantly between mice that received resting or exercise-

mobilized PBMCs. However, at week 1, NK-cell frequencies

trended higher in the K562+PBMC-E group compared to mice

that received vehicle+PBMC-E. There was also significantly more

CD4+ T-cells at week 1, and CD3+/CD4-/CD8- ‘double-negative’

(DN) T-cells at week 2 when comparing these groups, indicating a

potential interaction between K562 stimulation and the expansion/

engraftment of exercise-mobilized PBMCs in vivo.

All mice that received PBMCs had a greater reduction in BW

compared to mice receiving K562+vehicle due to xenogeneic GvHD

(Figure 3C); however, no difference in GvHD score or GvHD-free

survival (using a composite score of ≥4) was observed between groups

(Figures 3D, E). As expected, mice that did not receive PBMCs and

were injected only with K562+vehicle had the highest tumor burden

(Figure 3F), demonstrating that the adoptively transferred PBMCs

helped limit leukemic progression in vivo. By week 3, mice injected

with exercise-mobilized PBMCs started to display lower leukemic

burden compared to the group injected with resting PBMCs, which

reached statistical significance at week 6 (Figures 3F, J). Also, 11 of 23

mice in the K562+PBMC-E group were alive and/or had low tumor

(defined as a BLI score <95% confidence interval of K562+vehicle at the

corresponding time point) at week 6, compared to only 3 of 22 mice in

the K562+PBMC-R group, (Figure 3G). which was reflected by
Frontiers in Immunology 10
improved, but not significant, tumor-free survival (Figure 3H) and

significantly higher overall survival (Figures 3I, J). Finally, we used the

standard NSG mouse model, which is known to have slower GvHD

manifestation kinetics, to see if there were differences in human cell

engraftment and xenogeneic GvHD between resting and exercise-

mobilized PBMCs in a less severe model. Similar to the NSG-Tg

(Hu-IL15) model, we found no differences in overall survival, GvHD

score, GvHD survival, body weight, or engraftment with human

immune cells (Supplemental Figure 1). Our results confirmed our

hypothesis that DLI collected during exercise would enhance the GvL

effect without intensifying GvHD as we observed a slower rate of

leukemic progression, improved overall survival, and a trend toward

improved GvHD-free survival in the mice that received exercise

mobilized PBMCs.
4 Discussion

Every bout of dynamic exercise evokes the mobilization and

redistribution of effector lymphocytes, which may play a role in

improving cancer immune surveillance in habitual exercisers. This

is the first study, to our knowledge, to provide a comprehensive

single cell transcriptomic analysis of human mononuclear cells

mobilized to blood with exercise, and the first to assess anti-

leukemic effects of these mobilized cells in a xenogeneic mouse

model of human leukemia. We found that effector lymphocytes

mobilized with exercise, particularly effector-memory CD8+ T-cells

and NK-cells, have differentially expressed genes and enriched gene

sets associated with anti-tumor activity such as cytotoxicity,

migration/chemotaxis, antigen binding, cytokine responsiveness

and alloreactivity (e.g. graft-versus-host/leukemia). Additionally,
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FIGURE 4

Human leukemia expands effector lymphocytes in xenogeneic mice receiving exercise-mobilized but not resting PBMCs. To track the human cells
engraftment, mice blood was collected weekly, being the first samples collected 7 days after the PBMC injections, and whole blood was labeled with
monoclonal antibodies for the analysis of the following cell types: (A) CD45h, (B) CD4+ T cells, (C) CD8+ T cells, (D) DN T cells (E) NK cells, and
(F) B cells in leukemia-bearing mice that received resting PBMCs (K562+PBMC-R, solid red dot) or exercise PBMCs (K562+PBMC-E, solid blue dot);
and in non-tumor bearing mice that received resting (PBMC-R, open red dot) or exercise (PBMC-E, open blue dot) PBMCs. *P ≤ 0.05, **P ≤ 0.01.
(n=11-23 mice/group).
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when used as a donor lymphocyte infusion (DLI), exercise-

mobilized cells extended survival and reduced K562 leukemic

burden in xenogeneic mice without exacerbating GvHD.

Single exercise bouts are known to preferentially mobilize

effector subsets of lymphocytes and monocytes to the blood

compartment. NK-cells, gd T-cells, and CD8+ T-cells are among

the most exercise-responsive lymphocytes, while CD16+ ‘non-

classical’ monocytes are mobilized in relatively greater numbers

than their ‘classical’ counterparts (14). We performed extended flow

cytometry to enumerate multiple subsets of human lymphocytes

and monocytes before and after exercise. Confirming previous

findings (1), we saw a step-wise preferential mobilization of CD8

+ T-cells in accordance with differentiation status and that EMRA

subsets of CD4+ T-cells were preferentially mobilized over their less

differentiated CD4+ counterparts. We also noted that subsets of

CD8+ T-cells expressing the immune checkpoint and marker of T-

cell exhaustion, PD-1 (34), are highly responsive to exercise. This

may have important implications for studies attempting to combine

exercise with immune checkpoint inhibitors to enhance the

therapeutic response (35). Suppressor cells such as CD4+ T-regs

are not significantly mobilized with exercise, thus increasing the

ratio of effector to suppressor cells among lymphocytes in response

to exercise, which is considered beneficial for adoptively transferred

cell therapies (3).

We have provided the most comprehensive single cell gene

expression profile of exercise-mobilized lymphocytes and

monocytes in humans to date. Clustering cells by their

transcriptomic signature in accordance with the Azimuth PBMC

reference atlas, and using a targeted gene expression panel curated

for human immunology, allowed us to identify over 9000 genes and

64 differentially expressed genes in 26 discrete subsets of

lymphocytes and monocytes (21). Consistent with the premise

that exercise preferentially mobilizes lymphocytes with enhanced

cytotoxic potential, we found an upregulation of genes coding for

cytolytic granules (e.g. granzyme A, B, H and M; perforin, NKG7)

within CD8+ T-cells, an effect that was largely driven by gene

expression changes within the CD8+ EM subset. Genes coding for

proteins involved in the regulation of T-cell and NK-cell

cytotoxicity (e.g. CST7, FCGR3A) (36) were also enriched within

CD8+ EM cells, as were genes coding for proteins involved in

chemotaxis and migration (e.g. CCL5, CD99) (25), as well as

activation and apoptosis (e.g. ANXA1, LGALS1) (23).

Interestingly, despite NK-cells being the most ‘exercise-

responsive’ lymphocyte subset, fewer gene expression changes

were seen in NK-cells compared to CD8+ T-cells. This could be

due to greater heterogeneity among the CD8+ T-cell compartment

and the propensity for exercise to mobilize only the most

differentiated and cytotoxic CD8+ subsets. We also found that

expression levels of certain genes changed divergently with

exercise dependent on cell type. For instance, NKG7 gene

expression was enriched with exercise in CD8+ T-cells but

downregulated in NK-cells. This could have implications for

cancer patients on immune checkpoint inhibitors, as low NKG7

expression in CD8+ T-cells has been shown to predict poor

responders to anti PD-1 therapy (37). Furthermore, NKG7

expression in CD8+ T-cells regulates the translocation of CD107a
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to the membrane enhancing their ability to kill malignant cells (26).

It is possible that exercise may increase the cytotoxic effects of CD8

+ T-cells directly through NKG7 transcription and the concomitant

upregulation of cytolytic granules and calcium release, but this

remains to be determined. Conversely, genes involved in the

development of suppressor functions (e.g. TCF1, LEF1) (38),

glucose metabolism, and inhibition and cell quiescence (e.g.

TXNIP, FOXP1) (32,43) were downregulated, indicating that

exercise-mobilized CD8+ T-cells have increased metabolic activity

and are more permissive upon activation.

Functional annotation and enrichment analyses revealed an

upregulation of gene sets associated with anti-tumor immunity,

especially within subsets of CD8+ T-cells and to a lesser extent CD4

+ T-cells. These included GO and KEGG terms related to antigen

binding and processing, cytotoxicity, alloreactivity (e.g. GvHD),

adhesion/migration, cytokine/chemokine responsiveness and toll-

like receptor signaling. Similar terms were enriched among the

APCs (e.g. monocyte and dendritic cell subsets). Interestingly,

alloreactivity/GvHD was enriched in multiple cell types after

exercise including total CD8+ T-cells, EM CD8+ T-cells, NK-

cells, classical monocytes and cDC2 cells. While these findings

indicate that exercise mobilized lymphocytes and APCs are more

alloreactive and could increase risk of GvHD in the allogeneic

adoptive cell therapy setting, it is important to note that the GvL

effects of these cells is also likely to be greater (39, 40). We also

found a large number of gene sets enriched within exercise

responsive monocytes. Antigen presentation/processing,

cytotoxicity, cytokine responsiveness, fatty acid metabolism,

vitamin transport and defense response to virus were enriched in

‘classical’ monocytes after exercise. The preferentially mobilized

‘non-classical’monocytes had an upregulation of gene sets involved

in T-cell activation and proliferation, migration/chemotaxis and

responsiveness to cytokines, carbohydrates, insulin and hormones.

Changes within pDCs were largely related to macronutrient

metabolism. Overall, this detailed single cell transcriptomic

analysis has revealed exercise mobilized monocytes and

lymphocytes (particularly CD8+ T-cells) to have increased gene

expression profiles associated with enhanced cytotoxic, migration,

activation, cytokine responsiveness, and alloreactive functions. This

indicates that exercise-mobilized lymphocytes would be highly

effective as an allogeneic cell therapeutic product (e.g. DLI) for

the treatment of hematologic malignancies, providing that

exacerbation of GvHD is not a limiting factor.

To test whether exercise mobilized lymphocytes have the potential

to improve DLI anti-leukemic effects, we engrafted xenogeneic mice

with PBMCs collected before and during exercise prior to challenging

the mice with K562 cells. By the end of the experiment, more mice that

received exercise-mobilized cells (~48%) were alive and had lower

tumor burden than mice that received resting cells (~14%) from the

same donors. Encouragingly, GvHD effects were not different between

NSG-Tg (Hu-IL15) or standard NSG mice receiving resting or

exercise-mobilized lymphocytes in the absence of tumor. It is

possible that the altered composition of the xenografts evoked by

exercise are responsible for the enhanced GvL effects without

concomitant increases in GvHD. As expected, exercise lowered the

total number of CD4+ T-cells and increased the number of NK-cells
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without affecting the total number of other cell types in the graft (1).

CD4+ T-cells are known to be highly alloreactive and can cause severe

GvHD (41), whereas NK-cells are minimally alloreactive and can exert

strong GvL effects (42), particularly against the K562 cell line which is

HLA-deficient and a knownNK-cell sensitive target (43). Furthermore,

increased NK-cell cytotoxicity after exercise is associated with an

elevated ratio of activating to inhibitory receptor expression

particularly if the target cells express ligands for NK-cell activating

receptors (44). The increased GvL effects seen in xenogeneic mice

receiving exercise-mobilized DLI is most likely driven by the greater

numbers of NK-cells in the graft, as we have shown previously that

exercise-mobilized lymphocytes have similar cytotoxic activity against

K562 cells in vitro after adjusting for NK-cell numbers (44). It is

possible, however, that some of our observed transcriptomic changes

could contribute to increased cytotoxicity of exercise-mobilized NK-

cells in vivo, but this requires further investigation.

The human IL-15 knock in strain of the highly immunodeficient

NSG mouse was used here to support persistence of the exercise-

mobilized NK-cells after adoptive transfer (45). This is particularly

important as NK-cell infiltration has been purported to play a

mechanistic role in reducing B16 melanoma burden in mice exposed

to voluntary wheel running (8), while IL-15 responsive CD8+ T-cells

were recently shown to suppress tumor growth in a mouse exercise

model of pancreatic ductal adenocarcinoma (46). Our data indicate

that NK-cells are also involved in the anti-leukemic effects of exercise,

as K562 challenge tended to increase the numbers of human NK-cells

and significantly increased ‘double negative’ (DN) T-cells (which

largely consist of gd T-cells and MAIT cells) in mouse peripheral

blood within the first 1-2 weeks, but only if they received exercise

mobilized lymphocytes. Although we did not observe differences in

IL15R gene expression between resting and exercise mobilized NK-

cells, the preferential mobilization of NKG2D+ NK-cells by exercise

may have provided a greater number of IL-15 responsive NK-cells in

the exercise mobilized grafts, as NK-cells bearing this receptor are more

responsive to IL-15 stimulation (47). We have previously shown that

exercise mobilized T-cells and gd T-cells proliferate better ex vivo in

response to tumor antigen (e.g. WT1, PRAME) peptide loaded

dendritic cells and phosphate antigens, respectively (48, 49).

Moreover, gd T-cells expanded after exercise have heightened

expression of several activating receptors involved in anti-tumor

immunity and are superior killers of multiple hematologic cancer cell

lines in vitro (49). This indicates that exercise mobilized NK-cells and

DN T-cells are proliferating/persisting more readily in response to

K562 challenge compared to their counterparts in resting blood,

although future studies are required to determine if they play a

mechanistic role in reducing leukemic burden after adoptive transfer.

It will also be important to determine if exercise-mobilized

lymphocytes can curtail growth of pre-established leukemias and to

evaluate the response across different hematologic malignancies.

Finally, future studies should determine if the gene expression

changes and/or graft composition shifts reported herein play a

mechanistic role in enhancing the GvL effects of exercise-

mobilized lymphocytes.

We conclude that exercise in humans mobilizes effector

lymphocytes with an anti-tumor transcriptomic profile and that

their use as a DLI extends survival and enhances the GvL effect
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without exacerbating GvHD in human leukemia bearing

xenogeneic mice. These findings provide mechanistic insight into

how human lymphocyte and monocyte redistribution with exercise

might contribute to the elimination of premalignant and malignant

cells in the host, whilst highlighting the potential for exercise-

mobilized lymphocytes to be used as an allogeneic cell therapy to

effectively and economically increase the GvL effects without

exacerbating GvHD.
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SUPPLEMENTARY FIGURE 1

Exercise-mobilized PBMCs have no effect on survival, GvHD or human
immune cell engraftment in non-tumor bearing standard NSG mice. To

determine the GvHD effect of the PBMCs mobilized by exercise in a less

severe model, standard NSG mice were injected with PBMCs (10x106)
collected either at rest (PBMC-R) or during (PBMC-E) exercise. (A)
Illustration of the experimental design. (B) Overall survival. (C) GvHD score
measured twice weekly. (D) GvHD-free survival determined using a

composite score of ≥4. (E) body weight. To track the human immune cell
engraftment, mouse blood was collected weekly starting at Day+7 and whole

blood was labeled with monoclonal antibodies to enumerate the following

human cell types: (F) CD45h, (G) CD4+ T cells, (H) CD8+ T cells, (I) DN T cells
(J) NK cells, and (K) B cells. There were no significant differences between

PBMC-R and PBMC-E (p>0.05). (n=11 mice/group).
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36. Perisǐć Nanut M, Sabotič J, Jewett A, Kos J. Cysteine cathepsins as regulators of the
cytotoxicity of NK and T cells. Front Immunol (2014) 5:616. doi: 10.3389/fimmu.2014.00616

37. Wen T, Barham W, Li Y, Zhang H, Gicobi JK, Hirdler JB, et al. NKG7 is a T-cell-
Intrinsic therapeutic target for improving antitumor cytotoxicity and cancer
immunotherapy. Cancer Immunol Res (2022) 10:162–81. doi: 10.1158/2326-6066.CIR-21-
0539

38. Yang B-H, Wang K, Wan S, Liang Y, Yuan X, Dong Y, et al. TCF1 and LEF1
control treg competitive survival and tfr development to prevent autoimmune diseases.
Cell Rep (2019) 27:3629–3645.e6. doi: 10.1016/j.celrep.2019.05.061

39. Mo X-D, Xu L-P, Zhang X-H, Liu D-H, Wang Y, Chen H, et al. Chronic GVHD
induced GVL effect after unmanipulated haploidentical hematopoietic SCT for AML
and myelodysplastic syndrome. Bone Marrow Transplant (2015) 50:127–33. doi:
10.1038/bmt.2014.223

40. Weisdorf D, Zhang M-J, Arora M, Horowitz MM, Rizzo JD, Eapen M. Graft-versus-
host disease induced graft-versus-leukemia effect: Greater impact on relapse and disease-free
survival after reduced intensity conditioning. Biol Blood Marrow Transplant J Am Soc Blood
Marrow Transplant (2012) 18:1727–33. doi: 10.1016/j.bbmt.2012.06.014

41. Song Y, Hu B, Liu Y, Jin Z, Zhang Y, Lin D, et al. IL-12/IL-18-preactivated donor
NK cells enhance GVL effects and mitigate GvHD after allogeneic hematopoietic stem
cell transplantation. Eur J Immunol (2018) 48:670–82. doi: 10.1002/eji.201747177

42. Jiang H, Fu D, Bidgoli A, Paczesny S. T Cell subsets in graft versus host disease and
graft versus tumor. Front Immunol (2021) 12:761448. doi: 10.3389/fimmu.2021.761448

43. Tremblay-McLean A, Coenraads S, Kiani Z, Dupuy FP, Bernard NF. Expression
of ligands for activating natural killer cell receptors on cell lines commonly used to
Frontiers in Immunology 14
assess natural killer cell function. BMC Immunol (2019) 20:8. doi: 10.1186/s12865-018-
0272-x

44. Bigley AB, Rezvani K, Chew C, Sekine T, Pistillo M, Crucian B, et al. Acute
exercise preferentially redeploys NK-cells with a highly-differentiated phenotype and
augments cytotoxicity against lymphoma and multiple myeloma target cells. Brain
Behav Immun (2014) 39:160–71. doi: 10.1016/j.bbi.2013.10.030

45. Matsuda M, Ono R, Iyoda T, Endo T, Iwasaki M, Tomizawa-Murasawa M, et al.
Human NK cell development in hIL-7 and hIL-15 knockin NOD/SCID/IL2rgKO mice.
Life Sci Alliance (2019) 2:e201800195. doi: 10.26508/lsa.201800195

46. Kurz E, Hirsch CA, Dalton T, Shadaloey SA, Khodadadi-Jamayran A, Miller G,
et al. Exercise-induced engagement of the IL-15/IL-15Ra axis promotes anti-tumor
immunity in pancreatic cancer. Cancer Cell (2022) 40(7):S1535–6108(22)00217-3. doi:
10.1016/j.ccell.2022.05.006

47. Chen Y, Chen B, Yang T, Xiao W, Qian L, Ding Y, et al. Human fused
NKG2D-IL-15 protein controls xenografted human gastric cancer through the
recruitment and activation of NK cells. Cell Mol Immunol (2017) 14:293–307. doi:
10.1038/cmi.2015.81

48. LaVoy ECP, Bollard CM, Hanley PJ, Blaney JW, O’Connor DP, Bosch JA, et al.
A single bout of dynamic exercise enhances the expansion of MAGE-A4 and PRAME-
specific cytotoxic T-cells from healthy adults. Exerc Immunol Rev (2015) 21:144–53.

49. Baker FL, Bigley AB, Agha NH, Pedlar CR, O’Connor DP, Bond RA, et al.
Systemic b-adrenergic receptor activation augments the ex vivo expansion and anti-
tumor activity of Vg9Vd2 T-cells. Front Immunol (2019) 10:3082. doi: 10.3389/
fimmu.2019.03082
frontiersin.org

https://doi.org/10.3389/fimmu.2014.00616
https://doi.org/10.1158/2326-6066.CIR-21-0539
https://doi.org/10.1158/2326-6066.CIR-21-0539
https://doi.org/10.1016/j.celrep.2019.05.061
https://doi.org/10.1038/bmt.2014.223
https://doi.org/10.1016/j.bbmt.2012.06.014
https://doi.org/10.1002/eji.201747177
https://doi.org/10.3389/fimmu.2021.761448
https://doi.org/10.1186/s12865-018-0272-x
https://doi.org/10.1186/s12865-018-0272-x
https://doi.org/10.1016/j.bbi.2013.10.030
https://doi.org/10.26508/lsa.201800195
https://doi.org/10.1016/j.ccell.2022.05.006
https://doi.org/10.1038/cmi.2015.81
https://doi.org/10.3389/fimmu.2019.03082
https://doi.org/10.3389/fimmu.2019.03082
https://doi.org/10.3389/fimmu.2023.1067369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Human lymphocytes mobilized with exercise have an anti-tumor transcriptomic profile and exert enhanced graft-versus-leukemia effects in xenogeneic mice
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Exercise trials and blood sampling
	2.3 Blood processing and analysis
	2.4 RNAseq
	2.5 Animal experiments
	2.5.1 K562-luc2 and PBMC preparation for injection
	2.5.2 PBMC engraftment
	2.5.3 BLI and morbidity score

	2.6 Statistical analysis

	3 Results
	3.1 Exercise preferentially mobilizes effector lymphocytes with phenotypic and transcriptomic profiles associated with cytotoxicity, differentiation, migration and effector cytokine signaling
	3.2 scRNAseq reveals enrichment of gene sets associated with anti-tumor activity in exercise mobilized lymphocytes
	3.3 Exercise-mobilized PBMCs extend survival and reduce leukemic burden in xenogeneic mice

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


