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Introduction: Despite advances in breast cancer diagnosis and treatment of the
primary tumor, metastatic breast cancer tumors remain largely incurable, and
their growth is responsible for the majority of breast cancer-related deaths.
There is therefore a critical need to identify ways to reduce metastatic tumor
burden and increase breast cancer patient survival. While surgery and
pharmacological treatments are the cornerstones of breast cancer
intervention, epidemiological data suggests that physical activity can lower the
risk of breast cancer development, improve adjuvant treatment tolerance, reduce
the risk of disease recurrence and lower breast cancer-related death.

Methods: In this preclinical study, we set out to examine the impact of exercise
on metastatic development in triple negative breast cancer (TNBC), using
different 4T1 metastasis models, voluntary wheel running and surgical
interventions. Tumors were analyzed for hypoxia and immune cell infiltration.

Results: Voluntary wheel running was observed to significantly increase
metastasis-free survival, doubling the median survival time. However, these
improvements were only observed when a boost in physical exercise occurred
following surgery. To investigate this, we performed mock surgeries and
confirmed surgical stress was needed to enable the positive effects of the
boost in exercise on reducing metastatic tumor burden in mice with either
spontaneous metastasis or experimentally-induced metastasis. These changes
occurred in the absence of alterations in tumor growth, hypoxia and immune
cell infiltration.

Discussion: Taken together, our results suggest that having a boost of physical
activity following surgery may be beneficial to delay breast cancer
metastatic development.
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Introduction

Breast cancer has for the last three consecutive years been the
most studied disease clinically (1), and it is also the most common
cancer worldwide, despite mainly affecting women (99% vs.0.5-1%
in men) (World health Organization (WHO), 2022). In fact, in
2022, 2.3 million women were diagnosed with breast cancer and
670.000 died due to the disease (2). Breast cancer is a heterogenous
disease with at least four main subtypes, known as luminal A,
luminal B, HER2-positive, and triple-negative breast cancer. The
subtypes have different genetic, epigenetic, and clinical features and
are classified according to their expression of certain receptors:
estrogen receptor positive (ER+), progesterone receptor positive
(PR+), human epidermal growth factor receptor positive (HER2+),
and triple-negative (TNBC) that lacks all of the above-mentioned
receptors (3).

The majority of breast cancer-related deaths can be ascribed to
the development of metastatic disease (4, 5), which is notoriously
difficult to treat due to the lack of effective treatment options (6).
While there have been clear clinical advancements (7), metastatic
breast cancer is generally considered incurable, and patients are
thus only treated with the goal of prolonging survival and
maintaining quality of life (8). Statistical analyses have revealed
that approximately 1 out of 8 women will develop breast cancer (9)
during their lifetime, and 20-30% of these patients will progress to
develop incurable metastatic disease (10). Accordingly, there is a
clinically urgent need to further the understanding of the
development of metastasis and drive the development of better
and more effective treatment options that can block or
reduce metastasis.

While surgery and pharmacological treatments are the
cornerstones of breast cancer intervention, physical activity also
appears to have positive effects according to epidemiological data.
In fact, the effect of exercise interventions has been examined in
more than 292 breast cancer studies and in more than 20,808
patients (mainly with early-stage breast cancer) (11). Physical
activity has been linked to lowering the risk of breast cancer
development (12-14), improving quality of life after diagnosis
(15, 16), mitigating fatigue and improving treatment tolerance
during adjuvant treatment (16-18) and lowering the relative risk
of overall death and breast cancer-related death (19-22). Despite a
very large number of studies, only a few of these have examined the
effect of exercise in patients with metastatic breast cancer (23), and
of these the focus has mainly been on the impact of physical activity
on quality of life and reduction of symptoms. However, promising
clinical and observational studies have suggested that exercise can
reduce the risk of disease recurrences for breast cancer (20) and
increase survival in metastatic breast cancer (23).

In this preclinical study, we set out to examine the impact of
exercise on metastatic development in triple negative breast cancer
(TNBC) using a clinically relevant metastatic model with orthotopic
tumor transplantation of breast cancer cells and subsequent surgical
resection of the primary tumor to study the spontaneous
development of advanced metastatic disease.
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Materials and methods
Cell lines

The 4T1 murine breast cancer cell line was kindly gifted by Fred
Miller (Wayne State University) and cultured at 37°C and 5% CO0, in
Dulbecco’s modified Eagle medium glutaMAX (DMEM
GlutaMAX; Gibco, Thermo Fisher Scientific, cat. no. 10566016,
Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco, Thermo Fisher Scientific) and 1% penicillin-
streptomycin (100 U/mL, Gibco, Thermo Fisher Scientific).

Animals

8-15 weeks-old female BALB/cAnNRj mice were purchased
from Janvier. All mouse experiments were conducted in compliance
with the ARRIVE guidelines and approved by the Danish Animal
Experiments Inspectorate (2015-15-0201-00656 and 2020-15-0201-
00596). Mice were housed 2 mice/cage in standard housing cages
with enrichment (nest materials, gnawing sticks, cardboard/plastic
tunnels) and ad libitum food and water in a temperature and
humidity-controlled room with a 12:12-h light-dark cycle. After
arrival, the mice were acclimatized for at least a week. For exercise
interventions, mice were giving access to running wheels (Starr Life
Science, diameter 12 cm or Mouse Mag Wheels, The Columbus
Instruments Starr Life Science, diameter 9.2 cm). The number of
wheel rotations was monitored, and the running distances (km/
mouse) calculated by converting wheel rotations to kilometers and
dividing the results by two, since each cage contained two mice to
prevent isolation-induced stress.

In vivo cancer studies

Prior to all mouse studies, the cells were tested negative
for mycoplasma.

For orthotopic tumor growth studies, mice were randomly
assigned to 3 groups (n=14, repeated twice) and either got access to
running wheels 5 weeks prior to a tumor induction (EX group), after
primary tumor removal (Post-sur EX group), or not at all (Control
group) (Figure 1A). Orthotopic tumors were induced by injecting
4x10° cells in volume of 50 pl phosphate buffer solution (PBS)/mouse
into the mammary fat pad and surgically resected once the primary
tumors reached a size of 8-10 mm. 2-2.5% isoflurane was used to
anesthetize the mice in both procedures, and prior to the tumor
resection the mice were administered 0.05-1 mg/kg Buprenorphine
subcutaneously and a mixture of lidocaine (5 mg/kg) and bupivacaine
(I mg/kg) around the tumor. Additionally, after the surgical
intervention mice receive analgesia via the drinking water (6 mg/L
Buprenorphine) for 48 hours. Tumor growth was determined by
measuring the length and width of tumor and calculating volume
using the following formula: volume (mm?) = (length (mm) * width
)2 *

(mm m)/6. An hour prior to resection, mice received an
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FIGURE 1

Exercise initiated after surgical tumor removal improves metastasis-free survival in an orthotopic model. (A) Visual representation of the experimental
design. (B) The survival of mice subjected to surgical removal of mammary fat pad tumors with or without access to running wheels were analyzed
with Kaplan-Meier analysis. The survival curves were compared using a Log-rank (Mantal-Cox) test. Pair-wise comparisons of the survival curves,
revealed that the survival of the mice in the Post-sur EX group was significant longer than the EX group (p=0.03), while the rest of the pair-wise
comparisons revealed no significant difference in survival between the groups (Control vs. Post-sur EX p= 019, Control vs. Ex p= 0.51). (C) The
median time it took for mice to develop clinical signs of metastatic disease that necessitated euthanasia was examined by performing a Kaplan-
Meier survival analysis combined with a Log-rank (Mantal-Cox) test on data from mice that developed metastatic disease. Pair-wise comparisons of
the survival curves revealed that the development of metastatic disease in the mice in the Post-sur EX group was significant delayed compared to

the Control group (p=0.02, dark blue *) and EX group (p=0.03, orange *).

intraperitoneal injection with pimonidazole (60 mg/kg dosage using
10 mg/ml dilution, HypoxyplrobeTM Kit, Hypoxyprobe, Inc., HPI
Catalog # HP1-XXX, Burlington, MA, USA).

The resected tumors were weighed, their volume determined and
divided into pieces for further examinations. In a blinded manner,
mice were assessed for clinical signs of metastasis and euthanized
once the humane endpoints were reached. The lungs of mice were
collected and weighed and processed for further examinations. Body
weight was measured at set-up, tumor inoculation, tumor resection,
2-3 times weekly while monitoring for metastatic disease, and when
euthanized. During the two studies, 20 mice had to be sacrificed due
to surgical complications, wounds, or regrowth of primary tumors
(n=6 (Control), n=10 (Post-sur EX group), and n=3 (EX group)).
These mice were as a result censored from the survival analysis.

For experimental lung metastasis studies mice were randomly
assigned to 4 groups (n=8, repeated twice) and either got access to
running wheels 5 weeks prior to metastasis induction (EX groups,
Pre EX group), after metastasis induction (Post EX group), or not at
all (Control group) (Figure 2A). Lung metastasis was induced by
injecting 3x10° cells in volume of 200 pl phosphate buffer solution
(PBS)/mouse into the tail vein. Mice were weighed and euthanized
after 12 days, where their lungs were collected and weighed.

For surgical stress studies, mice were randomly assigned to 3
groups (n=6, repeated three times). All groups were induced with
metastatic disease (3x10° cells in volume of 200 ul PBS/mouse
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injected into the tail vein), but while the Control and Post-sur EX
groups underwent surgical resection of the tissue around the 4™
mammary fat pad to mimic a tumor resection, the sham group was
only anaesthetized. The mice received the same anesthesia and
analgesia as previously described. A day after the surgery the EX
group got access to running wheels (Figure 2A). Mice were weighed
and euthanized 14 days after 4T1 inoculation, where their lungs
were also collected and weighed. All mice used for the manuscript
were euthanized by cervical dislocation or decapitation.

Histology and immunohistochemistry

Part of the tumor tissue and isolated lungs tissue were fixed in
10% neutral buffered formalin overnight at 4 °C and then processed
for standard paraffin embedment. Paraffin-embedded tissue was
sliced to 5 pM tissue slides and mounted on glass. All lung slides
were stained with hematoxylin and eosin, scanned on a Hamamatsu
NanoZoom slide scanner, and quantified for metastatic disease
using NDP.view2 software by determining the number and size of
the metastatic lung lesions.

Additionally, immunohistochemistry stainings were conducted
on tumor (n=12-13/group) and lung sections (n=6-7/group) from
the orthotopic tumor studies, where the tissue sections were de-
paraftinized, rehydrated, and heated with antigen retrieval buffer.
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FIGURE 2

Analysis of lung metastases reveals no significant differences between the groups in orthotopic model. (A) Visual representation of the experimental
design and highlighting the focus of the data — i.e. examinations of collected lungs. (B) Representative images of the degree of lung metastasis.

(C) Number of metastatic lung lesions (Control= 21, Post-sur EX= 17, EX= 22). (D) Total area of metastatic lung lesions. (E) Representative images of
Ki-67 positive stained tumor cells in the lungs of mice (F) Percentage of Ki-67 positive stained tumor cells per cells in the lungs (Control= 7, Post-sur
EX= 6, EX= 7). (G) Flow cytometry analysis of the immune landscape in the collected lungs (Control= 12, Post-sur EX= 10, EX= 11). NK = natural killer
cells, CD4 = CD4 positive T cells, CD8 = CD8 positive T cells, DC= dendritic cells, MP= Macrophages, NP=Neutrophils. Parametric data was
analyzed by a one-way ANOVA paired with Holm-Sidak’s multiple comparisons test (F, G: DC) and nonparametric data with a Kruskal-Wallis test with
Dunn’s multiple comparisons test (C, D, G: NK cells, CD4, CD8, MP, and NP). A two-way ANOVA was used to analyzed the difference in MP and NP
between mice with and without metastatic disease (G).
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After the antigen retrieval treatment, the tumor section was stained
to assess tumor hypoxia via the hypoxia marker pimonidazole
hydrochloride, which mice were injected with one hour prior to
having their tumor removed. The slides were washed in water,
incubated for 10 min with 3% H,0,, and washed in Tris-buffered
saline with tween (TBS-T). The tumor sections were encircled with a
waterproof pen, blocked for 60 min, and incubated overnight with the
primary antibody, ie. anti-pimonidazole mouse IgG1 monoclonal
antibody (H HypoxyprobeTM Kit, Hypoxyprobe Inc.) at 4°C. The
tissue sections were then washed in TBS-T buffer, and incubated for
45 min at RT with the DAKO HRP Mouse antibody (Agilent
Technologies), followed by a washing step with TBS-T buffer and the
addition of DAB Chromogen (Peroxidase) (Vector Laboratories) as per
kit instructions. Lastly, the tissue sections were counterstained with
Mayer’s hematoxylin (Sigma-Aldrich), dehydrated, mounted with DPX,
and scanned on the Hamamatsu NanoZoomer-XR (Hamamatsu) whole
slide scanner (x40 magnification). Tumor hypoxia was quantified via
Image] (24) by manually measuring the total area of both tumor and
hypoxia and calculating the fraction of the tumor affected by hypoxia.

The lung sections were stained for Ki-67, as Ki-67 is a prognostic
marker associated with breast cancer cells” proliferative potential and
an indicator of prognosis (25). Following antigen retrieval, the lung
sections were washed with PBS, encircled using a PAP pen (Dako,
Denmark), incubated with 5% donkey control serum (D9663, Sigma-
Aldrich, Merck Life Science A/S, Denmark) for 10 min at RT,
incubated with primary antibody against Ki-67 (1:1,000-1:2000,
ab15580; Abcam, San Diego, USA) at 4 °C overnight. The next day,
the sections were washed twice in PBS and incubated with secondary
antibody using fluorescence Donkey anti rabbit Alexa 546 for 1 hr at
RT (Invitrogen, Taastrup, Denmark, diluted in PBS 1:1000) and
counterstained with DAPI before being mounted. Images of the
slides was captured with a x40 magnification on a Zeiss Axiovert 220
Apotome system. The images were processed using the Axiovision
program (Carl Zeiss) and all images were imported, and the threshold
was set for all. The MetaMorph microscopy automation and the
Image] analysis software (24) were used for automatic nuclei
counting and for detection of Ki-67 stained tumor cells. The total
number of DAPI stained tumor cells was estimated by automatic nuclei
counting. The number of Ki-67 stained cells were counted manually
and the fraction of tumor cells expressing the Ki-67 antigen
was determined.

The quantifications (metastatic lesions, hypoxia, Ki-67
stainings) were performed while blinded.

Flow cytometry

Frozen and digested tumor and lung tissue were washed once in
FACS buffer (PBS + 2% FBS) and incubated with FC-block and live-
dead staining for 15 minutes at RT. Afterwards, cells were washed
once, followed by antibody staining (Supplementary Table 1) for 30
minutes at 4°C and followed by fixation in 2% paraformaldehyde
for 10 minutes at RT. Cells were stored in FACS buffer until
acquisition within the next 3 hours.

Receptor surface expression was acquired using an LSRFortessa
equipped with 3 lasers (488nm, 640nm, 405nm) maintained by the
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flow cytometry core facility at Copenhagen University using FACSDiva
software v.8.01 (BD Biosciences, USA). Analyses of blinded samples
(gating strategy in Supplementary Figure 1) and compensation were
performed in FlowJo v.10.6.1 (BD Biosciences, USA). Gating was based
on Fluorescence minus one (FMO) controls for each parameter. Cells
were defined as follows: all cells (DAPI', CD45"), T cells (CD3"), CD4
T cells (CD3* CD4"), CD8 T cells (CD3" CD8"), NK cells (CD3"
CD24" SSC'°% CD49%™M Nkp46?™™), Neutrophils (Ly6G*),
Macrophages (Ly6G™ SSC™ F4/80%) and Dendritic cells (Ly6G™ F4/
80" MHC-II* CD11¢" CD11b*").

Analysis and statistics

Statistical analyses were performed in Prism 10 (version 10.2.2).
Statistical significance was defined as a p-value < 0.05 throughout.
The survival of mice subjected to surgical removal of mammary fat
pad tumors with or without access to running wheels was analyzed
with Kaplan-Meier analysis. The survival curves were compared
using a Log-rank (Mantal-Cox) test. The median time it took for
mice to develop clinical signs of metastatic disease that necessitated
euthanasia was examined by performing a Kaplan-Meier survival
analysis combined with a Log-rank (Mantal-Cox) test on data from
mice that developed metastatic disease with “Pair-wise” comparisons
of the survival curves. To examine if the tumor growth of mice
without access to running wheels differed from mice with access, the
data was log transformed with a natural logarithm and analyzed by
fitting a nonlinear regression model using the exponential growth
with log(population) equation. The analysis revealed that one curve
fitted both data sets (i.e. sedentary and exercising mice). For analyses
of two groups, parametric data was analyzed with an unpaired t-test
or Welch's t test, while nonparametric data was analyzed with a Mann
Whitney test. When analyzing the difference between multiple
groups, parametric data was analyzed with an ordinary one-way
ANOVA paired with Holm-Sidak’s multiple comparisons test/Sidak’s
multiple comparisons test and nonparametric data with a Kruskal-
Wallis test with Dunn’s multiple comparisons test. Furthermore, a
two-way ANOVA was used to analyze the difference in macrophages
and neutrophils between mice with and without metastatic disease.

Results

Physical exercise did not affect food intake
or body weight in an orthotopic model
of TNBC

We investigated the effect of voluntary exercise on tumor
development and metastasis in a group of immunocompetent mice
with induced TNBC. We used 4T1 murine breast cancer cells due to
the high clinical relevance of the experimental model, which includes
easy orthotopic transplantation in the tissue of origin (mammary fat
pad) and spontaneous development of metastatic disease with tumor
cell dissemination patterns similar to that of human mammary cancer
(26). Specifically, we combined an orthotopic tumor transplantation
with a subsequent surgical removal of the primary tumor to mimic the
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clinical setting, where primary tumors are surgically removed, while
potential metastatic lesions remain, and to allow the development of
metastatic disease to become the experimental endpoint (27).

Mice were given access to running wheels either 5 weeks prior
to tumor induction with syngeneic 4T1 breast cancer cells (EX
group), or after primary tumor removal (Post-sur EX group), or not
at all (Control group) (Figure 1A). We observed no differences in
the running distance between the different exercise groups
(Supplementary Figures 2A, B), nor differences in the food intake
or body weights across all groups as recorded throughout the
experiment (Supplementary Figures 2C, D, respectively).

Exercise-increased survival occurs in the
absence of changes in hypoxia and the
immune landscape at the primary tumor

Exercise did not significantly affect the primary tumor growth rate
(Supplementary Figure 3B). Furthermore, there was no significant
difference in the time it took for the tumors to reach a size that required
their removal (Supplementary Figure 3C), nor in the weight of the
resected primary tumors (Supplementary Figure 3D).

In contrast, we observed a striking difference in survival,
whereby the introduction of voluntary wheel running after
surgical removal of the primary tumor led to increased median
survival of the mice (Figure 1B), which was significantly different
from the mice with continuous access to running wheels (p= 0.03).
Furthermore, the median time it took for mice to develop clinical
signs of metastatic disease that necessitated euthanasia was
significantly delayed in the Post-sur EX group compared to both
the Control group (p=0.02) and the EX group (p= 0.03) (Figure 1C).

It is known that hypoxia at the primary tumor can influence
metastasis and survival (28) and could likely be reduced by exercise
(29). We, therefore, analyzed the resected tumors for hypoxia, but
observed no significant differences (Supplementary Figures 3E, F).
Wennerberg et al. and Garritson et al. previously indicated that
voluntary wheel running could lead to a more favorable immune
landscape in mice with 4T1 breast cancer by reducing (30) or delaying
(31) immune suppression and increasing the activation of NK cells and
CD8" T cells (30). We therefore examined, if the differences in
metastasis-free survival could be explained by alterations in the
immune landscape of the primary tumors by flow cytometry
(Supplementary Figure 1A). However, we detected no significant
differences in immune cell infiltration between the EX group and the
Control/Post-sur EX group (Supplementary Figure 3G).

Exercise-increased survival occurs in the
absence of changes in metastatic tumor
burden and immune landscape at the time
of termination

Next, we examined the lungs of the mice at the time of
termination, as it is the first site of metastatic spread in both
human patients (22-77%) and mice transplanted with 4T1 cells
(95%) (26). We detected no differences between the groups
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with regards to the number (Figures 2B, C) or the total area of
metastatic lung lesions (Figure 2D). Therefore, once the mice
developed metastatic disease, the endpoint metastatic burden
appeared to be similar between the groups. Consistently, there was
no change in Ki-67 expression (Figures 2E, F), a proliferation marker
that is associated with worse disease-free survival and overall survival
in patients with resected TNBC (32, 33).

We performed flow cytometry analysis of the lungs (Supplementary
Figure 1B), and observed no significant differences in NK cells, CD4"
and CD8™ T cells, dendritic cells, macrophages, or neutrophils between
the groups (Figure 2G). However, when we compared the mice
with metastatic disease to mice without metastatic disease, we noted a
significant decrease in the frequency of lung macrophages and increase
in the frequency of lung neutrophils in the mice with metastatic
disease (Figure 2G).

Exercise alone does not affect metastatic
tumor burden in an experimental
metastasis model

We speculated that the lack of differences between the groups
could be explained by the fact that we only compared them at a
timepoint, where all the mice were deemed to have clinical signs of
metastatic disease that necessitated euthanasia. We, therefore,
performed a new experimental metastasis study with intravenous
(IV) injections of 4T1 cells, where mice either had access to a running
wheel throughout the experiment, prior to induction of metastasis,
after the induction of metastasis, or not at all (Figure 3A).
Furthermore, instead of having a continuous take down, the study
was concluded on day 14 and the degree of metastatic disease in the
lungs of all mice was evaluated by histological examinations of lungs
sections. We observed that mice who ran prior to metastasis
induction had a higher running distance (Supplementary
Figures 4A, B), that food intake was significantly increased in mice
that had access to running wheels compared to mice without
(Supplementary Figures 4C, D), and that body weights of the mice
increased throughout the experiment (Supplementary Figure 4E).
However, to our surprise, we again saw no differences in the number
of metastatic lung lesions between the groups (Figures 3B, C) or the
total area of metastatic lung lesions (Figure 3D). In this setup, exercise
alone did not abrogate metastatic development.

The antimetastatic effect of a boost in
exercise seems dependent on the presence
of surgical stress

Given that the orthotopic model also included a surgery, we
postulated that this could promote the exercise-mediated increase
in metastasis-free survival. Of note, surgical stress has been shown
to exacerbate metastatic disease in both animal models and cancer
patients (34, 35). We, therefore, performed another IV experimental
metastasis study, which included a mock-surgery to induce surgical
stress. Specifically, all mice were induced with metastatic disease,
and then either only anaesthetized or also subjected to a skin
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A boost of exercise alone does not affect the development of metastatic disease in an experimental metastasis model. (A) Visual representation of
the experimental design. (B) Representative images of the degree of lung metastasis. (C) Number of metastatic lung lesions. (D) Total area of
metastatic lung lesions. The data in C and D were analyzed by a one-way ANOVA paired with Sidak’s multiple comparisons test (Sedentary= 12, Pre-

EX=10, Post-sur EX= 15, EX= 14).

removal surgery similar to that of a primary breast tumor resection.
Half of the mice that underwent surgery were given access to
running wheels the day after surgery, while the rest were not.
After 14 days all mice were taken down and their lungs examined
for metastatic disease (Figure 4A). When we compared the number
of lung lesions in the group undergoing surgery to the group that
was only anaesthetized, we observed that the surgery alone group
had significantly more metastatic lung lesions (Figures 4B, C).
However, the number of metastatic lung lesions was significantly
reduced if the mice had access to a running wheel following
undergoing surgery (Figures 4B, C). A similar pattern was
observed when we assessed the total area of metastatic lung
lesions, such that surgery alone increased the affected lung area.
However, access to the running wheel after surgery significantly
reduced the total lung area affected by metastatic lesions
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(Figure 4D). These results suggest that the increase in metastasis-
free survival observed in the orthotopic model was due to a boost of
exercise occurring after but dependent on surgery.

Discussion

To our knowledge, our study is the first to preclinically examine
the effect of exercise on metastatic development in a clinically relevant
setting, where the primary tumor was surgically removed, while
potential metastatic lesions remained (26). This allowed us to
examine how continuous voluntary wheel running affected the
development of metastatic disease, as well as the effect of only
initiating exercise after primary tumor resection. Our primary
finding was that initiating voluntary wheel running after removal
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of the primary tumor significantly increased the metastasis-free
survival and doubled the median survival time. However,
interestingly, we found no beneficial effect of exercise (regardless of
when it was initiated) once mice exhibited clinical signs of
spontaneous metastatic disease. Specifically, once mice were
euthanized due to metastatic disease, we observed no difterences
between the groups regarding the number of lung lesions, the total

Frontiers in Immunology

lung area affected by metastasis or the presence of Ki-67 positive
tumor cells in the lungs. Furthermore, exercise alone was not detected
to have a beneficial effect on metastatic development in an
experimental model for metastasis, where metastasis was induced
with IV injections. However, exercise did reduce the number of
metastatic lung lesions in this model, if the mice also underwent
surgical stress the day after inducing metastasis. Taken together, our
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results indicate that initiating a boost of physical activity (as mice are
naturally quite active) is beneficial following surgery and can delay
metastatic development in mice with either spontaneous or
experimentally-induced metastasis.

Epidemiological studies have highly suggested that exercise has
a beneficial effect on breast cancer. However, most studies have not
examined whether the effect was dependent on the molecular
subtype of cancer. To understand the effect of exercise in a breast
cancer setting this should be considered, as breast cancer is not one
uniform disease, but rather a heterogeneous group of diseases that
differ from one another regarding histology, genomic alterations,
gene expression, hormone status, metastatic behavior, and
treatment responses (36-38). In our study, we examined how
exercise affected both TNBC development and metastasis. From a
clinical perspective, the effect of exercise in this population is still
not clear. For instance, while Delrieu et al. found a beneficial impact
of physical activity on the overall survival of patients with metastatic
breast cancer, a subgroup analysis revealed that physical activity was
only associated with a statistically significant improved overall
survival in the HER2 positive subgroup, but not in luminal
metastatic breast cancer or TNBC (23). Furthermore, a meta-
analysis by Ibrahim et al. reported that while post-diagnosis
physical activity was shown to reduce breast cancer deaths by
34% and disease recurrence by 24%, this beneficial effect only
seemed to involve women with estrogen receptor (ER) -positive
breast cancer (39). In contrast, the Shanghai Breast Cancer Survival
Study, a prospective cohort study, showed that regular
postdiagnosis exercise was associated with a lower risk of all-
cause mortality and recurrence/disease-specific mortality in
women with ER and progesterone receptor-negative breast cancer
(40). In addition, data from the NIBBLE study, the Women’s Health
Initiative, and the California Teachers Study indicated that physical
activity was associated with a reduced risk of developing TNBC
(41-43). Similarly, no clear consensus has been found regarding the
effect of exercise on metastatic disease in preclinical research,
potentially due to a wide methodological heterogeneity. In fact,
the published preclinical experimental data is conflicting (23, 24),
something we also observed, as we, despite using large group
numbers, still saw variation and even observed an opposite effect
in the pilot experiment for the mock surgery setup. This highlights
the need for further research to elucidate the underlying molecular
mechanisms for the potential positive effect of physical activity on
metastatic development and underlines the importance of
performing multiple repeats of experiments to elucidate the real
effect/trend. Especially, as experimental results are also
contradictory even when the same cancer model (4T1) and
exercise modality (voluntary running wheels) is used, as
subjecting 4T1 tumor-bearing mice to wheel running has been
found to both promote metastasis (44), not affect metastasis (45),
and non-significantly reduce metastasis (30, 31). However, no
studies as of yet included surgery as part of the setup.

Previous preclinical studies have suggested that exercise exerts
its beneficial anticancer effect by recruiting and activating different
immune cells (46). For instance, an exercise-mediated 4T1 tumor
growth suppression vanished when examined in T-cell deficient
mice (47), while NK-cells (but not T-cells) proved essential for the
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exercise-mediated tumor growth control in mice challenged with
B16F10 tumors (48). However, flow cytometry analysis in our study
presented here showed no difference in the immune landscape in
the lungs of mice with metastatic disease regardless of whether they
had access to running wheels or not. The lack of difference could
potentially be explained by the timing of the analysis. The lungs of
the mice were only examined once the mice had clinical signs of
metastatic disease and thus had reached the humane endpoint.
Perhaps a difference could have been seen, if lungs were collected at
an earlier timepoint of 1-2 weeks after the surgery and then assessed
for the composition of the immune cells.

Our results did not elucidate a clear mechanism of action that
could explain why initiating exercise after surgery limited metastatic
development or why the same effect was not seen in mice that had
continuous access to running wheels. The fact that the average
running distance of mice in the Post-sur EX group and the EX
group was similar, does however indicate that the groups had
similar exercise compliance, and thus that this did not contribute
significantly to the observed survival outcomes. However, because
of the lack of effect in mice that continuously exercise, we
hypothesize that the beneficial effect could be mediated by the
body’s adaptation to exercise during the critical perioperative
period. We expect this could be the case, because not only does
exercise have a multitude of effects on the body by initiating
interaction and crosstalk between multiple organs, tissues, and
regulatory systems, including the immune system and the
metabolism (49); the complex physiological response to exercise
also differs between untrained individuals adapting to exercise and
trained individuals (50, 51). It is therefore likely that the impact of
exercise adaptation in the critical postoperative period of a tumor
resection would differ between trained and untrained mice, and
thus that initiating voluntary wheel running in the two groups after
surgery could lead to different impacts on tissues, regulatory
systems, the immune system, and the metabolism. The immune
landscapes and systemic immune response could differ at an earlier
timepoint. Furthermore, if the adaptation to exercise in the
untrained mice post-surgery resulted in an altered metabolism,
that could also play a part, as it is well known that the metastatic
process and metabolic pathways a highly intertwined (52). For
instance, exercise has been suggested to reprogram the metabolic
needs of distant organs and thereby increase their resistance to
metastatic development (53).

Surgical resection of solid tumors is a necessary procedure for
most cancer patients and has undeniable prognostic benefits (54).
Still, the perioperative period is deemed critical, as a growing amount
of evidence suggest that surgeries elicit a surgical stress response and/
or surgical complications that promote postoperative metastatic
spread and/or disease recurrence by activating and increasing the
growth of pre-existing dormant micrometastases or residual cancer
cells at the surgical site (34, 55-60). This surgical stress response has
thus been linked to the development of metastatic disease in both
animal models and cancer patients and is believed to be caused by
postoperative dysfunction of NK cells, potential dissemination of
cancer cells from the primary tumor, induced local and/or systemic
inflammation, and immune suppression (34, 35, 58, 61-69). The
postoperative period is therefore an exceptionally vulnerable time for
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the development or growth of metastases (35). Therefore, it not only
represents an ideal moment to therapeutically target the metastatic
process, but also a window of opportunity, where exercise could have
an anti-metastatic effect, especially when considering that exercise
mobilizes key effector cells of the immune system and reduces
inflammation, including increasing the number of circulating NK
cells, their cytotoxicity, and activation (30, 46-48) (70). We therefore
believe that it is very plausible that the beneficial effect observed in the
Post-sur EX group, is mediated by an increased recruitment and
activation of NK cells compared to the EX group. Particularly when
considering that NK cells control micrometastatic disease (48, 71),
their cytotoxicity is an independent prognostic marker for overall
survival in patients with metastatic disease (72), and because an
association between low NK levels during the post-operative period
and a higher rate of cancer recurrence and mortality has been
observed (67, 68). Furthermore, the effect in the Post-sur EX
group could also perhaps be mediated by a dampening of the
local inflammatory wound response and systemic inflammation
caused by surgery, as exercise is known to have anti-inflammatory
effects (73, 74). This could be important, as several in vivo studies
have indicated that surgery induced inflammation and subsequent
increase in growth factors and proangiogenic compounds can
increase the risk of cancer recurrence by reactivating dormant
micrometastases (34). In fact, the degree of surgery-induced
inflammation seems to correlate with the number of lung
metastasis in a metastatic mouse model (75). Future studies will
examine the role of exercise in connection with surgical stress and
how exercise affects the postoperative NK cell dysfunction,
inflammation, the immune system, and metastasis.

In conclusion, we examined the effect of exercise on metastatic
development in different metastatic models for TNBC. Voluntary
wheel running was observed to reduce the number of metastatic
lung lesions or significantly increase the metastasis-free survival and
doubled the median survival time, but only in settings where the
mice underwent a surgery and initiated a boost of exercise after the
surgery. Taken together, our results therefore indicate that initiating
exercise and thus having a boost of physical activity is beneficial
following surgery and can delay metastatic development in mice
with either spontaneous or experimentally-induced metastasis.
Even though we only observed a beneficial anti-cancer effect of
exercise if it was initiated after a surgery, we are not advocating for
only initiating exercise there. Our wish is to focus attention to the
post-operative period and highlight it as a great window of
opportunity to counteract metastasis. Exercise could be one way
to do so, especially as exercise already has gained a prominent role
in clinical oncology due to its’ abundant supporting care and health
benefits, including improving quality of life, maintaining muscle
strength during therapy, reducing treatment-related complications
and improving survival outcomes of cancer patients (46, 76-79).
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NK cells (CD3- CD24- SSClow CD49dim/hi Nkp46dim/hi). (B) Gating strategy
for panel 2. Cells were defined as Neutrophils (Ly6G+), Macrophages (Ly6G-
SSChi F4/80+) and Dendritic cells (Ly6G- F4/80- MHC-II+ CD11c+ CD11b+/-).

SUPPLEMENTARY FIGURE 2
Health data from the orthotopic tumor growth studies reveals no significant
differences between the groups. (A) The collected running distance of the

References

1. PHESI Global Data Analysis Most Studied Disease Areas: January 2024 Gen Li,
President and Founder, Phesi. Phesi.com. Available online at: https://21622507.fs1.
hubspotusercontent-nal.net/hubfs/21622507/Phesi_GDA_Oncology_sites2024_
FINAL pdf.

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2021) 71:209-49. doi: 10.3322/
caac.21660

3. Dai X, Cheng H, Bai Z, Li J. Breast cancer cell line classification and its relevance
with breast tumor subtyping. J Cancer. (2017) 8:3131-41. doi: 10.7150/jca.18457

4. Chaffer CL. amp]Jamp; Weinberg, R. A. A perspective on cancer cell metastasis.
Sci (1979). (2011) 331:1559-64. doi: 10.1126/SCIENCE.1203543

5. Dillekas H, Rogers MS, Straume O. Are 90% of deaths from cancer caused by
metastases? Cancer Med. (2019) 8:5574-6. doi: 10.1002/cam4.2474

6. Pearson HB, Pouliot N. Modeling metastasis in vivo. In: Madame Curie Bioscience
Database. Landes Bioscience (2013).

7. Schlam I, Chavez-Macgregor M. (2024) 2023.

8. Wang ], Wu SG. Breast cancer: an overview of current therapeutic strategies,

challenge, and perspectives. Breast Cancer: Targets Ther. (2023) 15:721-30.
doi: 10.2147/BCTT.S432526

9. Yedjou CG, Sims JN, Miele L, Noubissi F, Lowe L, Fonseca DD, et al. Breast
Cancer Metastasis and Drug Resistance vol. 1152. New York City: Springer
International Publishing (2019).

10. Pan H, Gray R, Braybrooke J, Davies C, Taylor C, McGale P, et al. 20-Year Risks
of Breast-Cancer Recurrence after Stopping Endocrine Therapy at 5 Years. New Engl |
Med. (2017) 377:1836-46. doi: 10.1056/NEJMoal701830

11. Christensen JF, Simonsen C, Hojman P. Exercise training in cancer control and
treatment. Compr Physiol. (2019) 9:165-205. doi: 10.1002/cphy.c180016

Frontiers in Immunology

11

10.3389/fimmu.2025.1533798

exercising mice, shown as median of the groups (solid lines) with indication of
the SD (transparent areas) (orange = EX, light blue = Post-sur EX). (B) Average
running distance of the exercising mice (C) Average food intake. (D) Body
weight of the mice a study start, tumor inoculation (Tumor), tumor resection
(Resection), and at study end/humane endpoints (Study end).

SUPPLEMENTARY FIGURE 3

Analysis of primary tumors reveals no significant differences between the
groups in orthotopic model. (A) Visual representation of the experimental
design and highlighting the focus of the data — i.e. examinations of resected
tumors. (B) The tumor growth of mice with or without access to running
wheels (Control/Post-sur EX= 58, EX=26). The solid line represents mean
tumor growth, while the shaded area between the stippled lines constitutes
the SD. Tumor growth data was analyzed with a nonlinear regression model
using the exponential growth with log(population) equation, but not
significant difference was detected. (C) Time from tumor inoculation to
resection. (D) Weight of resected tumors. (E) Representative images of the
degree of tumor hypoxia determined. (F) Percentage of tumor tissue affected
by hypoxia (Control/Post-sur EX= 24, EX=13). (G) Flow cytometry analysis of
the immune landscape in the resected tumors (Control/Post-sur EX= 28,
EX=13). Parametric data was analyzed with an unpaired t-test (Figure C, G: T
cells, MP) or a Welch's t test (Figure G: DC) and nonparametric data with a
Mann Whitney test (Figure C, F, G: NK cells, CD8, NP). Tumor growth data was
analyzed with a nonlinear regression model using the exponential growth
with log(population) equation. (NK cells = natural killer cells, CD8 = CD8
positive T cells, DC= dendritic cells, MP= Macrophages, NP=Neutrophils).

SUPPLEMENTARY FIGURE 4

Collected health data from the experimental lung metastasis studies. (A) The
collected running distance of the exercising mice, shown as median of the
groups (solid lines) with indication of the SD (transparent areas). Orange= EX
group, light grey= Pre-EX group, light blue=Post-Ex group. (B) Average
running distance of the exercising mice (analyzed with a Kruskal-Wallis test
with Dunn’s multiple comparisons test). (C) Mean food intake prior to
metastasis induction. (D) Mean food intake after metastasis induction.
Parametric data was analyzed with a Welch's t test (Figure C, D). (E) Body
weight of the mice at study start, metastasis induction, and at study end
(Analyzed with a two-way ANOVA).

12. Moore SC, Lee I-M, Weiderpass E, Campbell PT, Sampson JN, Kitahara CM,
et al. Association of leisure-time physical activity with risk of 26 types of cancer in 1.44
million adults. JAMA Intern Med. (2016) 176:816. doi: 10.1001/jamainternmed.
2016.1548

13. Hildebrand JS, Gapstur SM, Campbell PT, Gaudet MM, Patel AV. Recreational
physical activity and leisure-time sitting in relation to postmenopausal breast cancer
risk. Cancer Epidemiol Biomarkers Prev. (2013) 22:1906-12. doi: 10.1158/1055-
9965.EPI-13-0407

14. Wu Y, Zhang D, Kang S. Physical activity and risk of breast cancer: A meta-
analysis of prospective studies. Breast Cancer Res Treat. (2013) 137:869-82.
doi: 10.1007/s10549-012-2396-7

15. Lahart IM, Metsios GS, Nevill AM, Carmichael AR. Physical activity for women
with breast cancer after adjuvant therapy. Cochrane Database Syst Rev. (2018) 2018.
doi: 10.1002/14651858.CD011292.pub2

16. Schmidt ME, Wiskemann J, Armbrust P, Schneeweiss A, Ulrich CM, Steindorf
K. Effects of resistance exercise on fatigue and quality of life in breast cancer patients
undergoing adjuvant chemotherapy: A randomized controlled trial. Int ] Cancer. (2015)
137:471-80. doi: 10.1002/ijc.v137.2

17. van Vulpen JK, Peeters PHM, Velthuis MJ, van der Wall E, May AM. Effects of
physical exercise during adjuvant breast cancer treatment on physical and psychosocial
dimensions of cancer-related fatigue: A meta-analysis. Maturitas. (2016) 85:104-11.
doi: 10.1016/j.maturitas.2015.12.007

18. Courneya KS, Segal R], McKenzie DC, Dong H, Gelmon K, Friedenreich CM,
et al. Effects of exercise during adjuvant chemotherapy on breast cancer outcomes. Med
Sci Sports Exerc. (2014) 46:1744-51. doi: 10.1249/MSS.0000000000000297

19. Irwin ML, Smith AW, Mctiernan A, Ballard-Barbash R, Cronin K, Gilliland FD,
et al. Influence of pre-and postdiagnosis physical activity on mortality in breast cancer
survivors: the health, eating, activity, and lifestyle study. J Clin Oncol. (2008) 26:3958-
64. doi: 10.1200/JC0O.2007.15.9822

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1533798/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1533798/full#supplementary-material
https://21622507.fs1.hubspotusercontent-na1.net/hubfs/21622507/Phesi_GDA_Oncology_sites2024_FINAL.pdf
https://21622507.fs1.hubspotusercontent-na1.net/hubfs/21622507/Phesi_GDA_Oncology_sites2024_FINAL.pdf
https://21622507.fs1.hubspotusercontent-na1.net/hubfs/21622507/Phesi_GDA_Oncology_sites2024_FINAL.pdf
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.7150/jca.18457
https://doi.org/10.1126/SCIENCE.1203543
https://doi.org/10.1002/cam4.2474
https://doi.org/10.2147/BCTT.S432526
https://doi.org/10.1056/NEJMoa1701830
https://doi.org/10.1002/cphy.c180016
https://doi.org/10.1001/jamainternmed.2016.1548
https://doi.org/10.1001/jamainternmed.2016.1548
https://doi.org/10.1158/1055-9965.EPI-13-0407
https://doi.org/10.1158/1055-9965.EPI-13-0407
https://doi.org/10.1007/s10549-012-2396-7
https://doi.org/10.1002/14651858.CD011292.pub2
https://doi.org/10.1002/ijc.v137.2
https://doi.org/10.1016/j.maturitas.2015.12.007
https://doi.org/10.1249/MSS.0000000000000297
https://doi.org/10.1200/JCO.2007.15.9822
https://doi.org/10.3389/fimmu.2025.1533798
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Stagaard et al.

20. Holmes MD. Physical activity and survival after breast cancer diagnosis. JAMA.
(2005) 293:2479. doi: 10.1001/jama.293.20.2479

21. Zhong S, Jiang T, Ma T, Zhang X, Tang J, Chen W, et al. Association between
physical activity and mortality in breast cancer: a meta-analysis of cohort studies. Eur J
Epidemiol. (2014) 29:391-404. doi: 10.1007/s10654-014-9916-1

22. Lahart IM, Metsios GS, Nevill AM, Carmichael AR. Physical activity, risk of
death and recurrence in breast cancer survivors: A systematic review and meta-analysis
of epidemiological studies. Acta Oncol (Madr). (2015) 54:635-54. doi: 10.3109/
0284186X.2014.998275

23. Delrieu L, Jacquet E, Segura-Ferlay C, Blanc E, Febvey-Combes O, Friedenreich
C, et al. Analysis of the StoRM cohort reveals physical activity to be associated with
survival in metastatic breast cancer. Sci Rep. (2020) 10:10757. doi: 10.1038/s41598-020-
67431-6

24. Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET, et al.
Image]2: Image] for the next generation of scientific image data. BMC Bioinf. (2017)
18:1-26. doi: 10.1186/s12859-017-1934-z

25. Davey MG, Hynes SO, Kerin MJ, Miller N, Lowery AJ. Ki-67 as a prognostic
biomarker in invasive breast cancer. Cancers. (2021) 13.17:4455. doi: 10.3390/
cancers13174455

26. Pulaski BA, Ostrand-Rosenberg S. Mouse 4T1 breast tumor model. Curr Protoc
Immunol. (2000) 39:1-16. doi: 10.1002/0471142735.2000.39.issue-1

27. Gengenbacher N, Singhal M, Augustin HG. Preclinical mouse solid tumour
models: Status quo, challenges and perspectives. Nat Rev Cancer. (2017) 17:751-65.
doi: 10.1038/nrc.2017.92

28. Laitala A, Erler JT. Hypoxic signalling in tumour stroma. Front Oncol. (2018) 8.
doi: 10.3389/fonc.2018.00189

29. Betof AS, Lascola CD, Weitzel D, Landon C, Scarbrough PM, Devi GR, et al.
Modulation of murine breast tumor vascularity, hypoxia, and chemotherapeutic
response by exercise. ] Natl Cancer Inst. (2015) 107. doi: 10.1093/jnci/djv040

30. Wennerberg E, Lhuillier C, Rybstein MD, Dannenberg K, Rudqvist N-P,
Koelwyn GJ, et al. Exercise reduces immune suppression and breast cancer
progression in a preclinical model. Oncotarget. (2020) 11:452-61. doi: 10.18632/
oncotarget.27464

31. Garritson J, Krynski L, Haverbeck L, Haughian JM, Pulleni N, Haywardid R. Physical
activity delays accumulation of immunosuppressive myeloid-derived suppressor cells. PloS
One. (2020) 15. doi: 10.1371/journal.pone.0234548

32. WuQ, Ma G, Deng Y, Luo W, Zhao Y, Li W, et al. Prognostic value of ki-67 in
patients with resected triple-negative breast cancer: A meta-analysis. Front Oncol.
(2019) 9. doi: 10.3389/fonc.2019.01068

33. ZhuX, Chen L, Huang B, Wang Y, Ji L, Wu J, et al. The prognostic and predictive
potential of Ki-67 in triple-negative breast cancer. Sci Rep. (2020) 10:225. doi: 10.1038/
541598-019-57094-3

34. Hiller JG, Perry NJ, Poulogiannis G, Riedel B, Sloan EK. Perioperative events
influence cancer recurrence risk after surgery. Nat Rev Clin Oncol. (2018) 15:205-18.
doi: 10.1038/nrclinonc.2017.194

35. Tai LH, de Souza CT, Sahi S, Zhang ], Alkayyal AA, Ananth AA, et al. A mouse
tumor model of surgical stress to explore the mechanisms of postoperative
immunosuppression and evaluate novel perioperative immunotherapies. J Visual
Exp: JoVE. (2014) 85:51253. doi: 10.3791/51253

36. Serlie T, et al. Gene expression patterns of breast carcinomas distinguish tumor
subclasses with clinical implications. Proc Nat Acad Sci.. (2001) 98.19:10869-74.
Available online at: www.winstat.com.

37. Bernard PS, Parker JS, Mullins M, Cheung MCU, Leung S, Voduc D, et al.
Supervised risk predictor of breast cancer based on intrinsic subtypes. J Clin Oncol.
(2009) 27:1160-7. doi: 10.1200/JC0.2008.18.1370

38. Dobrolecki LE, Airhart SD, Alferez DG, Aparicio S, Behbod F, Bentires-Alj M,
et al. Patient-derived xenograft (PDX) models in basic and translational breast cancer
research. Cancer Metastasis Rev. (2016) 35:547-73. doi: 10.1007/s10555-016-9653-x

39. Ibrahim EM, Al-Homaidh A. Physical activity and survival after breast cancer
diagnosis: meta-analysis of published studies. Medical Oncology (2011) 28.3:753-65.
doi: 10.1007/s12032-010-9536-x

40. Chen X, Lu W, Zheng W, Gu K, Matthews CE, Chen Z, et al. Exercise after

diagnosis of breast cancer in association with survival. Cancer Prev Res. (2011) 4:1409-
18. doi: 10.1158/1940-6207.CAPR-10-0355

41. Bigman G, Adebamowo SN, Yawe KDT, Yilkudi M, Olaomi O, Badejo O, et al.
Leisure-time physical activity is associated with reduced risks of breast cancer and triple
negative breast cancer in Nigerian women. Cancer Epidemiol. (2022) 79. doi: 10.1016/
j.canep.2022.102195

42. Phipps Al Chlebowski RT, Prentice R, Mctiernan A, Stefanick ML, Wactawski-
Wende J, et al. Body size, physical activity, and risk of triple-negative and estrogen
receptor-positive breast cancer. Cancer Epidemiology, Biomarkers & Prevention (2011)
20.3:454-63. doi: 10.1158/1055-9965.EPI-10-0974

43. Ma H, Xu X, Clague J, Lu Y, Togawa K, Wang SS, et al. Recreational physical
activity and risk of triple negative breast cancer in the California Teachers Study. Breast
Cancer Research. (2016) 18:1-16. doi: 10.1186/s13058-016-0723-3

44. Smeda M, Przyborowski K, Proniewski B, Zakrzewska A, Kaczor D, Stojak M,
et al. mice undertaking spontaneous physical training in the running wheel; a call for

Frontiers in Immunology

12

10.3389/fimmu.2025.1533798

revising beneficial effects of exercise on cancer progression. Am J Cancer Res. (2017)
7:1926-36.

45. Turbitt W], Xu Y, Sosnoski DM, Collins SD, Meng H, Mastro AM, et al. Physical
activity plus energy restriction prevents 4T1.2 mammary tumor progression, MDSC
accumulation, and an immunosuppressive tumor microenvironment. Cancer Prev Res.
(2019) 12:493-505. doi: 10.1158/1940-6207.CAPR-17-0233

46. Olofsson GH, Jensen AWP, Idorn M, Straten PT. Exercise oncology and
immuno-oncology; A (Future) dynamic duo. Int J Mol Sci. (2020) 21:3816.
doi: 10.3390/ijms21113816

47. Hagar A, Wang Z, Koyama S, Serrano JA, Melo L, Vargas S, et al. Endurance
training slows breast tumor growth in mice by suppressing Treg cells recruitment to
tumors. BMC Cancer. (2019) 19:536. doi: 10.1186/s12885-019-5745-7

48. Pedersen L, Idorn M, Olofsson GH, Lauenborg B, Nookaew I, Hansen RH, et al.
Voluntary running suppresses tumor growth through epinephrine- and IL-6-
dependent NK cell mobilization and redistribution. Cell Metab. (2016) 23:554-62.
doi: 10.1016/j.cmet.2016.01.011

49. Ashcroft SP, Stocks B, Egan B, Zierath JR. Exercise induces tissue-specific
adaptations to enhance cardiometabolic health. Cell Metab. (2024) 36:278-300.
doi: 10.1016/j.cmet.2023.12.008

50. Vikmoen O, Raastad T, Ellefsen S, Ronnestad BR. Adaptations to strength
training differ between endurance-trained and untrained women. Eur ] Appl Physiol.
(2020) 120:1541-9. doi: 10.1007/s00421-020-04381-x

51. Bloom SR, Johnson RH, Park DM, Rennie MJ, Sulaiman WR. Differences in the
metabolic and hormonal response to exercise between racing cyclists and untrained
individuals. J Physiol. (1976) 258:1-18. doi: 10.1113/jphysiol.1976.sp011403

52. Wei Q, Qian Y, Yu J, Wong CC. Metabolic rewiring in the promotion of cancer
metastasis: mechanisms and therapeutic implications. Oncogene. (2020) 39:6139-56.
doi: 10.1038/s41388-020-01432-7

53. Sheinboim D, Parikh S, Manich P, Markus I, Dahan S, Parikh R, et al. An
exercise-induced metabolic shield in distant organs blocks cancer progression and
metastatic dissemination. Cancer Res. (2022) 82:4164-78. doi: 10.1158/0008-
5472.CAN-22-0237

54. Sullivan R, Alatise I, Anderson BO, Audisio R, Autier P, Aggarwal A, et al. The
Lancet Oncology Commission Global cancer surgery: delivering safe, aff ordable, and
timely cancer surgery. The Lancet Oncol. (2015) 16:1193-224. doi: 10.1016/S1470-2045
(15)00223-5

55. Murthy BL, Thomson CS, Dodwell D, Shenoy H, Mikeljevic JS, Forman D, et al.
Postoperative wound complications and systemic recurrence in breast cancer. Br |
Cancer. (2007) 97:1211-7. doi: 10.1038/sj.bjc.6604004

56. Beecher SM, O’Leary DP, McLaughlin R, Sweeney KJ, Kerin MJ. Influence of
complications following immediate breast reconstruction on breast cancer recurrence
rates. Br J Surg. (2016) 103:391-8. doi: 10.1002/bjs.10068

57. Ben-Eliyahu S. The promotion of tumor metastasis by surgery and stress:
Immunological basis and implications for psychoneuroimmunology. Brain Behav
Immun. (2003) 17:27-36. doi: 10.1016/S0889-1591(02)00063-6

58. Ben-Eliyahu S. Tumor excision as a metastatic Russian roulette: perioperative
interventions to improve long-term survival of cancer patients. Trends Cancer. (2020)
6:951-9. doi: 10.1016/j.trecan.2020.06.004

59. Retsky M, Demicheli R, Hrushesky WJM, Forget P, De Kock M, Gukas I, et al.
Reduction of breast cancer relapses with perioperative non-steroidal anti-inflammatory
drugs: new findings and a review. Curr Med Chem. (2013) 20:4163. doi: 10.2174/
09298673113209990250

60. Demicheli R, Retsky MW, Hrushesky WJM, Baum M. Tumor dormancy and
surgery-driven interruption of dormancy in breast cancer: Learning from failures. Nat
Clin Pract Oncol. (2007) 4:699-710. doi: 10.1038/ncponc0999

61. Tai L-H, de Souza CT, Belanger S, Ly L, Alkayyal AA, Zhang J, et al. Preventing
postoperative metastatic disease by inhibiting surgery-induced dysfunction in natural
killer cells. Cancer Res. (2013) 73:97-107. doi: 10.1158/0008-5472.CAN-12-1993

62. Seth R, Tai LH, Falls T, De Souza CT, Bell JC, Carrier M, et al. Surgical stress
promotes the development of cancer metastases by a coagulation-dependent
mechanism involving natural killer cells in a murine model. Ann Surg. (2013)
258:158-68. doi: 10.1097/SLA.0b013e31826fcbdb

63. Market M, Tennakoon G, Auer RC. Postoperative natural killer cell dysfunction:
the prime suspect in the case of metastasis following curative cancer surgery. Int ] Mol
Sci. (2021) 22:11378. doi: 10.3390/ijms222111378

64. Goldfarb Y, Sorski L, Benish M, Levi B, Melamed R, Ben-Eliyahu S. Improving
postoperative immune status and resistance to cancer metastasis: A combined
perioperative approach of immunostimulation and prevention of excessive surgical
stress responses. Ann Surg. (2011) 253:798-810. doi: 10.1097/SLA.0b013e318211d7b5

65. Benish M, Bartal I, Goldfarb Y, Levi B, Avraham R, Raz A, et al. Perioperative use
of B-blockers and COX-2 inhibitors may improve immune competence and reduce the
risk of tumor metastasis. Ann Surg Oncol. (2008) 15:2042-52. doi: 10.1245/s10434-008-
9890-5

66. Glasner A, Avraham R, Rosenne E, Benish M, Zmora O, Shemer S, et al.
Improving survival rates in two models of spontaneous postoperative metastasis in
mice by combined administration of a B-adrenergic antagonist and a cyclooxygenase-2
inhibitor. J Immunol. (2010) 184:2449-57. doi: 10.4049/jimmunol.0903301

frontiersin.org


https://doi.org/10.1001/jama.293.20.2479
https://doi.org/10.1007/s10654-014-9916-1
https://doi.org/10.3109/0284186X.2014.998275
https://doi.org/10.3109/0284186X.2014.998275
https://doi.org/10.1038/s41598-020-67431-6
https://doi.org/10.1038/s41598-020-67431-6
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.3390/cancers13174455
https://doi.org/10.3390/cancers13174455
https://doi.org/10.1002/0471142735.2000.39.issue-1
https://doi.org/10.1038/nrc.2017.92
https://doi.org/10.3389/fonc.2018.00189
https://doi.org/10.1093/jnci/djv040
https://doi.org/10.18632/oncotarget.27464
https://doi.org/10.18632/oncotarget.27464
https://doi.org/10.1371/journal.pone.0234548
https://doi.org/10.3389/fonc.2019.01068
https://doi.org/10.1038/s41598-019-57094-3
https://doi.org/10.1038/s41598-019-57094-3
https://doi.org/10.1038/nrclinonc.2017.194
https://doi.org/10.3791/51253
http://www.winstat.com
https://doi.org/10.1200/JCO.2008.18.1370
https://doi.org/10.1007/s10555-016-9653-x
https://doi.org/10.1007/s12032-010-9536-x
https://doi.org/10.1158/1940-6207.CAPR-10-0355
https://doi.org/10.1016/j.canep.2022.102195
https://doi.org/10.1016/j.canep.2022.102195
https://doi.org/10.1158/1055-9965.EPI-10-0974
https://doi.org/10.1186/s13058-016-0723-3
https://doi.org/10.1158/1940-6207.CAPR-17-0233
https://doi.org/10.3390/ijms21113816
https://doi.org/10.1186/s12885-019-5745-7
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1016/j.cmet.2023.12.008
https://doi.org/10.1007/s00421-020-04381-x
https://doi.org/10.1113/jphysiol.1976.sp011403
https://doi.org/10.1038/s41388-020-01432-7
https://doi.org/10.1158/0008-5472.CAN-22-0237
https://doi.org/10.1158/0008-5472.CAN-22-0237
https://doi.org/10.1016/S1470-2045(15)00223-5
https://doi.org/10.1016/S1470-2045(15)00223-5
https://doi.org/10.1038/sj.bjc.6604004
https://doi.org/10.1002/bjs.10068
https://doi.org/10.1016/S0889-1591(02)00063-6
https://doi.org/10.1016/j.trecan.2020.06.004
https://doi.org/10.2174/09298673113209990250
https://doi.org/10.2174/09298673113209990250
https://doi.org/10.1038/ncponc0999
https://doi.org/10.1158/0008-5472.CAN-12-1993
https://doi.org/10.1097/SLA.0b013e31826fcbdb
https://doi.org/10.3390/ijms222111378
https://doi.org/10.1097/SLA.0b013e318211d7b5
https://doi.org/10.1245/s10434-008-9890-5
https://doi.org/10.1245/s10434-008-9890-5
https://doi.org/10.4049/jimmunol.0903301
https://doi.org/10.3389/fimmu.2025.1533798
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Stagaard et al.

67. Tartter PI, Steinberg B, Barron DM, Martinelli G. The prognostic significance of
natural killer cytotoxicity in patients with colorectal cancer. Arch Surg. (1987)
122:1264-8. doi: 10.1001/archsurg.1987.01400230050009

68. Fujisawa T, Yamaguchi Y. Autologous tumor killing activity as a prognostic
factor in primary resected nonsmall cell carcinoma of the lung. Cancer. (1997) 79:474-
81. doi: 10.1002/(SICI)1097-0142(19970201)79:3<474::AID-CNCR8>3.0.CO;2-1

69. Ben-Eliyahu S, Page GG, Yirmiya R, Shakhar G. Evidence that stress and surgical
interventions promote tumor development by suppressing natural killer cell activity. J
Cancer. (1999) 80:474-81. doi: 10.1002/(SICI)1097-0215(19990315)80:6<880::AID-
1JC14>3.0.CO;2-Y

70. Zheng A, Zhang L, Yang]J, Yin X, Zhang T, Wu X, et al. Physical activity prevents
tumor metastasis through modulation of immune function. Front Pharmacol. (2022)
13. doi: 10.3389/fphar.2022.1034129

71. Kim §, Tizuka K, Aguila HL, Weissman IL, Yokoyama WM. In vivo natural killer
cell activities revealed by natural killer cell-deficient mice. Proc Nat Acad Sci.. (1999)
97.6:2731-6. doi: 10.1073/pnas.050588297

72. Liljefors M, Nilsson B, Skog A-LH, Ragnhammar P, Mellstedt H, Frodin J-F.
Natural killer (NK) cell function is a strong prognostic factor in colorectal carcinoma
patients treated with the monoclonal antibody 17-1A. International ] Cancer. (2003)
105.5:717-23. doi: 10.1002/ijc.v105:5

Frontiers in Immunology

13

10.3389/fimmu.2025.1533798

73. Metsios GS, Moe RH, Kitas GD. Exercise and inflammation. Best Pract Res Clin
Rheumatol. (2020) 34:101504. doi: 10.1016/j.berh.2020.101504

74. Ballard-Barbash R, Friedenreich CM, Courneya KS, Siddiqi SM, McTiernan A,
Alfano CM. Physical activity, biomarkers, and disease outcomes in cancer survivors: A
systematic review. ] Natl Cancer Institute. (2012) 104:815-40. doi: 10.1093/jnci/djs207

75. Tsuchiya Y, Sawada S, Yoshioka I, Ohashi Y, Matsuo M, Harimaya Y, et al.
Increased surgical stress promotes tumor metastasis. Surgery. (2003) 133:547-55.
doi: 10.1067/msy.2003.141

76. Courneya KS, Booth CM. Exercise as cancer treatment: A clinical oncology
framework for exercise oncology research. Front Oncol. (2022) 12. doi: 10.3389/
fonc.2022.957135

77. Friedenreich CM, Stone CR, Cheung WY, Hayes SC. Physical activity and
mortality in cancer survivors: A systematic review and meta-analysis. Frontiers in
Oncology (2022) 12:957135. doi: 10.3389/fonc.2022.957135

78. Segal R, et al. Exercise for people with cancer: A systematic review. Curr Oncol.
(2017) 24:290-315. doi: 10.3747/c0.24.3619

79. Segal R, Zwaal C, Green E, Tomasone JR, Loblaw A, Petrella T. Exercise for
people with cancer: A clinical practice guideline. Curr Oncol. (2017) 24:40-6.
doi: 10.3747/c0.24.3376

frontiersin.org


https://doi.org/10.1001/archsurg.1987.01400230050009
https://doi.org/10.1002/(SICI)1097-0142(19970201)79:3%3C474::AID-CNCR8%3E3.0.CO;2-I
https://doi.org/10.1002/(SICI)1097-0215(19990315)80:6%3C880::AID-IJC14%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-0215(19990315)80:6%3C880::AID-IJC14%3E3.0.CO;2-Y
https://doi.org/10.3389/fphar.2022.1034129
https://doi.org/10.1073/pnas.050588297
https://doi.org/10.1002/ijc.v105:5
https://doi.org/10.1016/j.berh.2020.101504
https://doi.org/10.1093/jnci/djs207
https://doi.org/10.1067/msy.2003.141
https://doi.org/10.3389/fonc.2022.957135
https://doi.org/10.3389/fonc.2022.957135
https://doi.org/10.3389/fonc.2022.957135
https://doi.org/10.3747/co.24.3619
https://doi.org/10.3747/co.24.3376
https://doi.org/10.3389/fimmu.2025.1533798
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exercise boost after surgery improves survival in model of metastatic breast cancer
	Introduction
	Materials and methods
	Cell lines
	Animals
	In vivo cancer studies
	Histology and immunohistochemistry
	Flow cytometry
	Analysis and statistics

	Results
	Physical exercise did not affect food intake or body weight in an orthotopic model of TNBC
	Exercise-increased survival occurs in the absence of changes in hypoxia and the immune landscape at the primary tumor
	Exercise-increased survival occurs in the absence of changes in metastatic tumor burden and immune landscape at the time of termination
	Exercise alone does not affect metastatic tumor burden in an experimental metastasis model
	The antimetastatic effect of a boost in exercise seems dependent on the presence of surgical stress

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


