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SUMMARY

Physical exercise can lower lung cancer incidence. However, its effect on lung can-
cer progression is less understood. Studies on exercising mice have shown
decreased ectopic lung cancer growth through the secretion of interleukin-6 from
muscles and the recruitment of natural killer (NK) cells to tumors. We asked if exer-
cise suppresses lung cancer in an orthotopic model also. Single-housed C57Bl/6
male mice in cages with running wheels were tail vein-injected with LLC1.1 lung can-
cer cells, and lung tumor nodules were analyzed. Exercise did not affect lung cancer.
Therefore, we also tested the effect of exercise on a subcutaneous LLC1 tumor and
a tail vein-injected B16F10 melanoma model. Except for one case of excessive exer-
cise, tumor progression was not influenced. Moderately exercising mice did not in-
crease IL-6 or recruit NK cells to the tumor. Our data suggest that the exercise dose
may dictate how efficiently the immune system is stimulated and controls tumor
progression.

INTRODUCTION

Physical exercise protects against the development and progression of a broad spectrum of cancer types. It re-
duces the incidence of at least 13 types of cancer,' tumor growth, and metastasis.”* Exercise can enhance drug
tolerance and treatment efficacy” and inversely correlates with recurrence rates.” It can also prevent comorbid-
ities such as cancer cachexia,® anemia,” or psychological symptoms such as depression or anxiety.® Mechanisti-
cally, exercise alters the tumor microenvironment by targeting four physiological mechanisms: (1) tumor vascu-
larization and oxygenation, (2) anaerobic cancer metabolism, (3) myokine production in activated muscles, and
(4) activation of tumor-suppressing immune cells.**'° Two or more of these pathways are most likely activated
simultaneously during exercise and act in concert to suppress tumor development and growth. For example, the
release of lactate from exercising muscles or the release of the stress hormone epinephrine from adrenal glands
activates cytotoxic, tumor-suppressive CD8" cells,'’ or natural killer cells,'” respectively. Working skeletal
muscles release cytokines (myokines)'® that engage a muscle to cancer crosstalk or activate tumor-suppressive
immune cells. Many myokines, such as musclin, irisin, SPARC, interleukin 15, and fibroblast growth factor 21, can
directly suppress tumorigenesis, e.g., by targeting the cancer cell's metabolism, suppressing proliferation,
preventing metastasis, or inducing apoptosis (reviewed in'%). Additionally, myokines such as interleukin 15,
brain-derived neurotrophic factor, or irisin can indirectly affect tumorigenesis, e.g., by targeting the patient's
metabolism and preventing cancer cachexia, fat accumulation-dependent changes in the tumor microenviron-
ment, insulin resistance, or chronic inflammation (reviewed in'%). Low-intensity exercise slightly upregulates
cytokines such as fractalkine (CX3CL1)."> High-intensity exercise differentially regulates more than 900 genes
in muscles and other tissues.'® It stimulates the expression and release of chemotactic myokines such as
CX3CL1 and CCL1""8 or monocyte chemotactic protein, interleukin 8, vascular endothelial growth factor,
and interleukin 6 (IL-6), etc.'®

IL-6, the best-studied myokine, is acutely secreted from working muscles,’” depending on the type, inten-
sity, and duration of exercise,”® and directly or indirectly suppresses cancer.'” The IL-6 release peaks at the
end of an exercise bout and declines rapidly to pre-exercise levels when the muscles rest.”'~** Such rapid
changes in IL-6 levels are mirrored by rapid changes in immune cell counts in the blood. The number of
natural killer (NK) and T-cells in the blood increases within minutes during exercise’”?° due to the mobi-
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mobilized cells are redistributed into peripheral organs,”® resulting in a rapid post-exercise drop of circu-

lating NK or T-cells.?*?” NK and T-cells activated by exercise can suppress tumor growth and metastasis in

various myeloma, mammary carcinoma, melanoma, or lung cancer models." 1230

However, lung cancer, by far the leading cause of cancer death,®' is underrepresented in preclinical
studies,”” despite the promising effects of exercise in human lung cancer patients. Exercise lowers the
lung cancer risk, especially in smokers.?” In patients with lung cancer, exercise ameliorates fatigue and
improves pulmonary function, cardiorespiratory fitness, strength, and quality of life.> Whether exercise
impacts progression, metastasis, or treatment success in lung cancer patients is less clear. Human serum
isolated immediately after exercising reduced the growth of human A549 lung cancer cells by attenuating
the AKT/mTOR pathway,** suggesting that exercise indeed suppresses lung cancer growth. In mice, anaer-
obic but not aerobic exercise reduces the incidence of urethan-induced lung tumors.® Voluntary exercise
in running wheels reduced tumor growth in two lung cancer models using tail vein-injected human A549
cells®® and subcutaneously injected murine LLC1 cells,'**’ although another study on LLC1 lung tumors
did not report reduced tumor growth in voluntary exercise mice.”® However, the A549 and LLC1 tumor
models have intrinsic limitations. The tail vein injection of A549 cells targets the lung of immunodeficient
SCID mice. Still, it neglects the role of the adaptive immune system and, at least partially, the NK cell func-
tion in tumor development.”” The LLC1 mice were injected into immunocompetent mice, however, subcu-
taneously, without replicating the natural tumor microenvironment that may affect tumor progression and
therapeutic response.’” Therefore, we asked if exercise suppresses tumor growth in an orthotopic lung
cancer model. To answer our question, we used LLC1.1 lung cancer cells, which are prone to invade the
lung after tail vein injection,*’ and injected them into mice voluntarily exercising in running wheels or
not. To test if the results obtained with our orthotopic LLC1.1 model differ from those of previously used
ectopic models, we analyzed the effect of voluntary exercise on tumor progression also in a subcutaneously
injected LLC1 lung cancer and a tail-vein injected B16F10 melanoma model.

RESULTS

Voluntary exercise in running wheels does not suppress invasion and growth of LLC1.1 lung
cancer cells in the lungs of C57BI/6 mice

C57BI/6 mice were single-housed in cages with open or blocked running wheels, and the daily running dis-
tance was recorded. The daily running distance increased from an average of 2.5 + 0.7 km per day in the first
week (day 1-7) t0 5.2 + 0.6 km per day in the second week (day 8-14) and remained stable around 4.4 + 0.6 km
per day until LLC1.1 cancer cell injection (Figure 1A). After injecting LLC1.1 cells into the tail vein, the daily
running distance gradually declined to 1.5 + 0.9 km per day in the last week before euthanizing the mice.
Voluntary exercise in running wheels did not alter the number of tumor nodules visible on the lung surface
or the tumor area relative to the total lung area in histological sections (Figures 1B and 1C). Using a Pearson
correlation analysis, we observed that the number of metastatic colonies did not correlate with the daily
running distance before cancer cell injection (r = —0.6; p = 0.16) or after cancer cell injections (r = 0.019;
p = 0.97) (Figure 1D), suggesting that voluntary exercise did not affect lung infiltration and proliferation of
LLC1.1lung cancer cells. The IL-6 levels in plasma isolated during the active (dark phase) from LLC1.1 lung can-
cer mice were not elevated compared to tumor-free control mice and did not differ between non-running and
running mice (Figure 1E). The LLC1.1 lung cancer model develops anemia of cancer (Figure 1F). We observed
that voluntary exercise partially recovered anemia by increasing the hematocrit from 31.7 to 35.7% (p = 0.008)
and the hemoglobin levels from 10.4 to 11.3 g/dL (p = 0.07) in anemic LLC1.1 tumor mice. To test if partially
recovered hematocrit and hemoglobin levels impact tumor hypoxia, we analyzed HIF-2a in lung sections of
running and not-running mice with LLC1.1 lung cancer. Voluntary exercise lowered the expression of HIF-
2a. in lung cancer nodules by a factor of 6.8 (p = 0.004) as well as the HIF-2a expression in the entire lung
by a factor of 3.3 (p = 0.052) (Figure 1G) suggesting that voluntary exercise and the associated partial resto-
ration of red blood cells may improve tissue oxygenation in the lung. Despite better lung oxygenation, volun-
tary exercise did not affect the number of Ki67-positive proliferating cancer cells in tumor nodules of LLC1.1
tumor mice (Figure 1G), further suggesting that voluntary exercise during a 6-week training phase was not suf-
ficient to prevent invasion and proliferation of LLC1.1 cells in the lung.

Voluntary exercise in running wheels does not prevent invasion and growth of B16F10
melanoma cells in the lungs of C57BI/6 mice

To test if the lack of exercise-induced protection from LLC1.1 lung cancer was model-specific, we used a
B16F10 melanoma lung colonization mouse model, which showed tumor suppression after and during
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Figure 1. The effect of voluntary exercise in running wheels on LLC1.1 tumor growth in lungs of C57BI/6 mice

C57BI/6 male mice were single-housed in cages with an open (running) or blocked running wheel (non-running). After six weeks, LLC1.1 lung cancer cells
were tail vein injected (3.3 x 10° cells in 100 uL HBSS). Mice were placed back into their cages. Lungs were isolated 15-17 days after cancer cell injection when
body weight dropped by 6%.

(A and B) Shown is the average and standard deviation of the daily running distance of 8 mice kept in cages with an open running wheel before (day 0-44) and
after LLC1.1 tail vein injection. Panel B shows representative images of LLC1.1 tumor nodules (left panels) in the lungs of non-running and running mice 15—
17 days after the tail vein injection of LLC1.1 cells. The right panels show representative hematoxylin/eosin-stained lung sections of non-running and running
mice. Arrows indicate tumor nodules on isolated lungs (white arrows) and hematoxylin/eosin-stained lung sections (black arrows, right).

(C) Shown is the count of LLC1.1 tumor nodules per lung (left panel) and the ratio of tumor to total lung area estimated from hematoxylin/eosin-stained lung
section (right panel) of non-running (NR) and running (R) mice 15-17 days after the tail vein injection of LLC1.1 cells (n = 8).

(D-G) Shown is the Pearson correlation analysis of the tumor nodule count (y axis) vs. average daily running distance (x axis) of individual mice before (left
panel) and after tail vein injection of LLC1.1 lung cancer cells (right panel). The red data points were excluded as outliers from the analysis. Further shown are
E interleukin 6 (IL-6) levels in the blood and F hematocrit (upper panel) and hemoglobin (lower panel) of LLC1.1 tail vein-injected non-running (NR) and
running mice (R) 15-17 days after the tail vein injection of LLC1.1 cells (n = 5-6). The red dotted line indicates the average (&) value of four tumor-free (TF)
mice. Panel G shows representative images of immunohistochemically analyzed lung sections of LLC1.1 tail vein-injected non-running (images upper row)
and running (images lower row) mice 15-17 days after the tail vein injection of LLC1.1 cells. The sections were probed for HIF-2a (left panels) and Kié7 (right
panels). The black arrows indicate Ki67 and HIF-2a. positive cells. Further shown is the quantification of Ki67 and HIF-2a. positive lung sections (lower panels)
normalized to tumor area (left and middle panel) and normalized to total lung area (right panel) of LLC1.1 tail vein-injected non-running (NR) and running
mice (R) (n = 5-6). Data are shown as boxplots with min to max whiskers and were analyzed using a Student's t test.
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exercise in running wheels.'” C57BI/6 mice were single-housed in cages with open or blocked running
wheels, and the daily running distance was recorded. The daily running distance increased from an average
of 2.9 + 0.8 km per day in the first week (day 1-7) to 5.9 + 1.2 km per day in the second week (day 8-14) and
remained stable around 7.2 £ 0.4 km per day until B16F10 melanoma cell injection (Figure 2A). After the
injection of B16F10 cells, the daily running distance remained constant at 5.2 + 0.2 km per day. Unexpect-
edly, voluntary exercise with running wheels did not alter the number of tumor nodules visible on the lung
surface (Figure 2B) in two independent experiments (Figure 2C). Using a Pearson correlation analysis, we
observed that the daily running distance before cancer cell injection (r = —0.2; p = 0.35) or after cancer cell
injections (r = —0.55; p = 0.3) did not affect the number of metastatic colonies (Figure 2D). In contrast to a
previous study,'” our data suggest that voluntary exercise before and after B16F10 tail vein injection does
not reduce the lung infiltration of B16F10 melanoma cells in male C57BI/6 mice. The IL-6 levels in plasma
isolated during the active (dark phase) from B16F10 injected mice were more than 800 times higher than in
tumor-free mice (Figure 2E). We detected no statistically significant difference in IL-6 plasma levels be-
tween non-running and running mice (Figure 2E). However, some exercising tumor mice had even lower
levels than non-running controls reducing the average IL-6 plasma levels from 2139 in non-running to
1131 pg/mL in running mice (p = 0.22). In contrast to the LLC1.1 mouse model, non-running B16F10-in-
jected mice did not develop cancer anemia. We observed no difference in hematocrit between running
and non-running mice, but the hemoglobin levels dropped slightly from 12.23 g/dL in non-running mice
to 11.23 g/dL in running mice (p = 0.05) (Figure 2F). Next, we semi-quantified the immune cell infiltration
at the periphery (at the contact region of metastases and lung tissue). We scored immune cell infiltration
from 0 to 3" with scores 0 and 1 indicating a low-grade inflammation and scores 2 and 3 a high-grade
inflammation. We observed that voluntary exercise increased the overall score from 0.82 in non-running
to 1.5in running mice. Mice in cages with blocked running wheels displayed low-grade inflammation. Three
out of 8 running mice also showed no or low-grade inflammation. The remaining five displayed high-grade
inflammation (score 2), suggesting that immune cell infiltration into B16F10 tumor nodules in the lung is
increased by exercise. However, the daily running distance did not correlate with the inflammation grade
(r-0.26, p = 0.54 and r-0.17, p = 0.70 for inflammation grade vs. running distance before and after cancer cell
injection). Moreover, our data showed that voluntary exercise did not affect B16F10 lung invasion and pro-
liferation despite the increased immune cell infiltration.

Voluntary exercise in running wheels does not suppress tumor growth of subcutaneously
implanted LLC1 lung cancer cells in most C57BI/6 mice

Next, we tested in four independent experiments if the growth of subcutaneously implanted LLC1 lung
cancer cells can be suppressed, as reported before.'> C57BI/6 mice were single-housed in cages with
open or blocked running wheels, and the daily running distance was recorded. The daily running dis-
tance in experiment 1 increased from an average of 2.5 + 0.9 km per day in the first week (day 1-7)
to 6.5 + 1.4 km per day in the second week (day 8-14) and remained stable around 6.82 + 0.5 km
per day until the subcutaneous LLC1 lung cancer cell injection (Figure 3A). After the LLC1 implantation,
the daily running distance decreased to 3.8 + 0.5 km per day. Similar to tail vein injected LLC1.1 lung
cancer cells, the subcutaneous LLC1 model developed anemia of cancer. However, voluntary exercise
did not affect hematocrit and hemoglobin levels (Figure S1). Voluntary exercise in running wheels did
not alter the tumor weight in two independent experiments (experiments 1 and 3) (Figure 3B). However,
in experiment 2, voluntary exercise increased the LLC1 tumor weight from 0.8 g in non-running to 1.1 g in
running mice (p = 0.04). In experiment 4, voluntary exercise decreased the LLC1 tumor weight from 0.75
g in non-running to 0.42 g in running mice (p = 0.001) (Figure 3B). Next, we performed a correlation anal-
ysis of tumor weight vs. average daily running distance to analyze why some LLC1 implanted tumor mice
responded with a reduced tumor weight to exercise while the tumor weight in most mice was not
affected by voluntary exercise (Figure 3C). Tumor weight negatively correlated with the daily running dis-
tance before (r = —0.24, p = 0.06) and after (r = —0.29, p = 0.02) LLC1 implantation (Figure 3C, upper
panels) as well as with overall (i.e., before and after LLC1 injection) daily running distance (Figure S2A).
These data indicate that increased levels of exercise may reduce the progression of LLC1 tumors. How-
ever, this effect resulted mainly from data from experiment 4, where voluntary exercise reduced the tu-
mor weight. These mice showed a much higher daily running distance than mice of experiments 1-3
before (1.6 times) and after (7.3 times) the LLC1 cell injection and throughout the entire experiment (3
times), respectively. While the daily running distance decreased in experiments 1-3 after the LLC1 im-
plantation, the daily running distance of mice in experiment 4 increased after the LLC1 implantation (Fig-
ure S2B). When we performed correlation analyses without data from experiment 4, the daily running
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Figure 2. The effect of voluntary exercise in running wheels on B16F10 melanoma growth in lungs of C57BI/6 mice

C57BI/6 male mice were single-housed in cages with an open (running) or blocked running wheel (non-running) for four weeks. After four weeks, B16F10
melanoma cells were tail vein injected (2 x 10° cells in 100 pL HBSS). Mice were placed back into their cages with either open or blocked running wheels.
Lungs were isolated 16 days after injection. Two independent experiments were performed.

(A and B) Shown is a representative graph (experiment 1) of the average and standard deviation of the daily running distance of 8 mice kept in cages with an
open running wheel before (day 0-28) and after the tail vein injection of B16F10 melanoma cells. Panel B shows representative images of black B16F10 tumor
nodules in the lungs of non-running (left) and running (right) mice 16 days after the tail vein injection of B16F10 cells.

(C-G) Shown is the count of B16F10 tumor nodules in the lungs of non-running (NR) and running (R) mice from experiment 1 (left panel) and experiment 2
(right panel) 16 days after the tail vein injection of B16F10 cells. Data are shown as boxplots with min to max whiskers and were analyzed using a Student’s
test. (n = 8-11). Panel D shows the Pearson correlation analysis of tumor nodule count (y axis) vs. average daily running distance (x axis) of individual mice
before (left panel) and after (right panel) tail vein injection of B16F10 melanoma cells. The red data points were excluded from the Pearson correlation
analysis (outlier). Further shown are E Interleukin (IL-6) levels in the blood and F hematocrit (left panel) and hemoglobin (right panel) of B16F10 tail vein-
injected non-running (NR) and running mice (R) (n = 5-6). Data are shown as boxplots with min to max whiskers and were analyzed using a Student’s t test. The
red dotted line indicates the average (&) value of four tumor-free (TF) mice. Panel G shows immune cell infiltration into B16F10 tumor nodules in
representative hematoxylin/eosin-stained lung sections with score 0O (left panel, no immune cell infiltration), score 1 (middle panel, moderate immune cell
infiltration without tissue damage), and score 2 (right panel, immune cell infiltration with tissue damage). The score of immune cell infiltration at the
metastasis edges was assessed blinded, and data are shown in the table below (n = 8-11). The arrows indicate lymphocytes (arrow 1), neutrophilic
granulocytes (arrow 2), macrophages (arrow 3), and apoptotic cells (arrow 4).
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Figure 3. The effect of voluntary exercise in running wheels on subcutaneous LLC1 tumor growth in C57BI/6 mice

C57BI/6 male mice were single-housed in cages with an open (running) or blocked running wheel (non-running) for four weeks. After four weeks, LLC1 lung
cancer cells were subcutaneously injected (5 x 10° cells in 100 uL HBSS/Matrigel). Mice were placed back into their cages with either open or blocked running
wheels. Tumors were isolated and weighed 21 days after implantation. The experiment was repeated independently three times (experiments 1-4).

(A) Shown is a representative graph (experiment 1) of the average and standard deviation of the daily running distance of 8 mice kept in cages with an open
running wheel before (day 0-30) and after LLC1 implantation (day 31-48).

(B) Shown is the tumor weight of non-running (NR) and running (R) mice 21 days post LLC1 cancer cell implantation. Data are shown as a scatter dot blot and
median indicating the tumor weight of individual non-running mice (black circles in all panels) and running mice from the first (green circles, upper left panel),
second (purple circles, upper right panel), third (blue circles, lower left panel), and fourth (red circles, lower right panel) independent experiment (n = 7-10). A
Student'’s t test or a Mann-Whitney test (Experiment 2) was performed.

(C) Shown is the Spearman correlation analysis of tumor weight (y axis) vs. the average daily running distance (x axis) before (left panels) or after (right panels)
tumor cell injections of individual mice from the first (purple), second (green), and third (blue) experiment with (upper panels, n = 64) and without (lower
panels, n = 48) data of the 4™" experiment (red). The black data points indicate the tumor weight of individual non-running mice at x = 0.

(D) The left panel shows the overall tumor weight comparison of non-running (NR) and running (R) mice from the four independent experiments (first (green),
second (purple), third (blue), and fourth (red)) (n = 32-35). The right panel shows the tumor weight of non-running (NR), short-distance (average daily running
distance <15 km/day), and long-distance (average daily running distance >15 km/day) running mice (n = 7-35). A Student's t test or a one-way ANOVA with
Bonferroni post hoc test was performed.
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distance correlated with tumor weight, neither before nor after LLC1 cell implantation (Figure 3C lower
panels and Figure S2A). However, the largest tumors grew in mice with the lowest daily running distance
(purple data points). Finally, we compared the LLC1 tumor weight of non-running and running mice,
including data from all 4 experiments. The average tumor weight did not differ between non-running
and running mice, suggesting that exercise did not affect tumor progression (Figure 3D). However,
when we stratified mice with very long daily running distances (>15 km/day) from mice with moderate
running distances (<15 km/day), we observed the tumor weight in mice running long distances was
54.1% (p = 0.007) and 52.8% (p = 0.02) lower than in non-running and moderately running mice, respec-
tively. A difference between non-running and moderately running mice was not observed, suggesting
that high exercise levels may be required to suppress tumor growth.

Moderate voluntary exercise in running wheels does not increase muscle-derived interleukin
6 levels in C57BI/6 mice with subcutaneously implanted LLC1 lung cancer cells

Muscle-derived IL-6 has been reported to be involved in exercise-induced LLC1 tumor suppression.'? To
determine why moderate voluntary exercise (average daily running distance <15 km/day) did not sup-
press tumor progression in our models, we analyzed plasma IL-6 levels in moderately exercising LLC1
tumor mice (@ running distance 7.3 + 1.9 km/day). Blood was isolated during the night (dark phase)
when the running activity of mice was highest. The IL-6 plasma levels were 100 times higher in LLC1 tu-
mor mice than in tumor-free control mice, but we observed no difference between non-running and
running LLC1 tumor-bearing mice (Figure 4A). Next, we analyzed IL-6 mRNA expression in muscle, which
has been reported to be induced during exercise.'*?* We observed no difference in Il-6 mRNA expres-
sion in quadriceps and gastrocnemius of non-running and running LLC1 tumor mice, although IL-6 mRNA
levels in the gastrocnemius of running mice tended to be slightly higher than in non-running mice (p =
0.11). However, tumor-bearing non-running and running mice seemed to have somewhat lower IL-6
mRNA levels in muscles, especially gastrocnemius, than non-running tumor-free mice (Figure 4B). Corre-
lation analyses showed that neither plasma IL-6 levels nor IL-6 mRNA expression in muscles correlated
with average daily running distance (Figure 4C). Because mice ran less when tumor size increased
(Figures 3A and S2B), we tested if the average daily running distance at late tumor stages correlated bet-
ter with IL-6 plasma and muscle mRNA levels. However, we observed no correlation between the average
running distance 5 days before tissue isolation (i.e., days 17-21 after LLC1 implantation) and IL-6 plasma
or muscle mRNA levels (Figure S3A). The IL-6 mRNA levels in LLC1 tumors of running mice were 40%
lower than in non-running mice (p = 0.05) and did not correlate with the average daily running distance
(Figures 4D and S3B). IL-6 mRNA levels in the liver were 1.9 times higher in non-running LLC1 tumor mice
(p = 0.12) and 2.5 times higher in running LLC1 tumor mice (p = 0.03) than in non-running tumor-free
mice. We argue that the increased IL-6 plasma levels in non-running and running mice with LLC1 tumors
resulted most likely from tumor and liver IL-6 production, which may have had superimposed exercise-
induced IL-6 secretion from muscles in running mice.

Moderate voluntary exercise in running wheels does not recruit natural killer cells to
subcutaneously implanted LLC1 tumors in C57BI/6 mice

Next, we tested if IL-6 production in the liver and tumor in LLC1 tumor mice superimposed muscle-
derived IL-6 signaling and affected the previously reported NK cell recruitment into tumors. As previously
reported,’” tumors of running mice showed higher expression of inflammation markers than tumors of
non-running mice (Figure 5A). II-1b, IL-3, IL-17a, and Tgfb mRNA levels increased 1.8 times (p = 0.02),
4.1 times (p = 0.06), 2.8 times (p = 0.08), and 1.5 times (p = 0.06), respectively. In contrast, tumor
mRNA levels of Tnfa, Infg, and iNos did not differ between running and non-running mice. Genes expres-
sion of markers for NK cells, macrophages, and T-cells were not differentially regulated in tumors of
running mice (Figure 5A). Immunofluorescence and immunohistochemistry with two different antibodies
against NK1.1, which successfully detected NK cells in the spleen, confirmed the absence of NK cells in
LLC1 tumors on non-running and running mice (Figure 5B). Additionally, we analyzed circulating immune
cells in the blood of non-running and running LLC1 tumor mice by FACS. The proportion of B cells, NK
cells, and total CD3~ cells did not differ between non-running and running mice (Figure 5C). We further
analyzed subpopulations of CD11b/CD27 positive or negative NK cells, which indicate four different NK
cell maturation stages from immature (stage 1) to mature (stage 4) in mice®® and different functions in
human NK cells** (Figure 5D). The proportion of circulating immature CD11b~/CD27" and cytokine-pro-
ducing CD11b*/CD27" NK cells did not differ between non-running and running LLC1 tumor-bearing
mice. The ratio of cytokine-producing CD11b7/CD24" NK cells increased from 13.5% in non-running

¢? CellPress

OPEN ACCESS

iScience 26, 107298, August 18, 2023 7




¢? CellPress

OPEN ACCESS

A _ B
P =0.2230 P = 0.4097 P =0.1097
1000+ 34 1.5
= c
= S 5
) (- 28 29
£ 100 o g 21 ] 2 1.0 .. @TF
? g% 83
= s 52
g T . R I .g % 1_i & TF .g % 0.54
g 53 53
o & Quadriceps & Gastrocnemius
14— 0— 0.0 ——
& < & < & <
(o
400 31 -
= Plasma 5 . Quadriceps s 15 ., =036
& . ‘s 8 29 e P=043
2 300 ® g 28
=] R QS 24 r=-0.51 < 1.0-
@ g£e e P=026 g8
2 200q—— °% . o= .
£ °e * 22 1- 22 o5i°°
g 100+ * r=0025 32 S9
a P=0.96 4 * & Gastrocnemius
ot+——rr 71T 0+ 0. 0+——T7T 71—
0 5 10 0 5 10 0 5 10
Overall Daily Running Overall Daily Running Overall Daily Running
Distance [km/day] Distance [km/day] Distance [km/day]
P =0.0296
P E Liver
P>0.9999
2.09 P=00458 o 25 . Z
s 29 . umer 8- P=0.1167
o % 1.5 § E 2.0+ c
g% éai 1.5 =013 2a 6-
x4 1.0 o= - ” O
o= o P=0.76 83
o > 107 R 835
£ o5 58 | 53 4
% o E = 0.5-°¢ o @ 2
4 Tumor . 29 |
0.01t—— 0.0+ 55 ? é
& @ 0 5 10 &
é N . 0 T T T
Overall Daily Running < P Y
Distance [km/day] A B

Figure 4. The effect of voluntary exercise in running wheels on muscle-derived interleukin 6 in subcutaneous LLC1
tumor-bearing C57BI/6 mice

C57BI/6 male mice were single-housed in cages with an open (running) or blocked running wheel (non-running) for four
weeks. After four weeks, LLC1 lung cancer cells were subcutaneously injected (5 x 10° cells in 100 uL. HBSS/Matrigel). Mice
were placed back into their cages. 21 days after implantation, tumors, quadriceps, gastrocnemius, and blood plasma
were isolated during high exercise activity at night (dark phase).

(A) Shown are interleukin (IL-6) levels in the blood plasma of non-running (NR) and running mice (R) 21 days after the
subcutaneous LLC1 cell implantation (n = 7-8).

(B) Shown are mRNA levels of interleukin é (/1-6) in quadriceps (left panel) and gastrocnemius (right panel) of non-running
(NR) and running mice (R) 21 days after the subcutaneous LLC1 cell implantation quantified by gPCR and normalized to
B-actin (Actb) mRNA expression levels (n = 5-8).

(C) Shown are Pearson correlation analyses of IL-6 plasma levels (left panel) and II-6 mRNA expression levels in quadriceps
(middle panel) and gastrocnemius (right panel) vs. average daily running distance (x axis) of individual mice.

(D) The left panel shows mRNA levels of [I-6 in tumors of non-running (NR) and running mice (R) 21 days after the
subcutaneous LLC1 cell implantation quantified by gPCR and normalized to Actb mRNA expression levels (n = 6-8). The
right panel shows a Pearson correlation analysis of /-6 mMRNA expression levels in tumors (y axis) vs. average daily running
distance (x axis) of individual mice.

(E) Shown are I-6 mRNA levels in the liver of tumor-free (TF), non-running (NR), and running mice (R) 21 days after the
subcutaneous LLC1 cell implantation quantified by gPCR and normalized to Actb mRNA expression levels (n = 7-8). Data
are shown as boxplots with min to max whiskers and were analyzed using a Student’s t test, a Mann-Whitney test, or a
Kruskal Wallis test with Dunn’s multiple comparison tests (panel E). @ TF and the red dotted line indicate the average (&)
value of tumor-free (TF) mice (n = 5-8).
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Figure 5. The effect of voluntary exercise in running wheels on the immune cell response in subcutaneous LLC1 tumor-bearing C57BI/6 mice
C57BI/6 male mice were single-housed in cages with an open (running) or blocked running wheel (non-running) for four weeks. After four weeks, LLC1 lung
cancer cells were subcutaneously injected (5 x 10° cells in 100 uL PBS/Matrigel). Mice were placed back into their cages. 21 days after implantation, blood and
tumors were isolated. Immune cells in the blood were analyzed by flow cytometry and in the tumors by immunofluorescence and immunohistochemistry,
respectively. Tumor inflammation was analyzed by gPCR.

(A-D) Shown are interleukin 1b (/I-1b), interleukin 3 (/-3), interleukin 17a (Il-17a), transforming growth factor B (Tgfb), tumor necrosis factor alpha (Tnfa),
interferon-gamma (Infg), and inducible nitric oxide synthase (iNos) mRNA levels (upper panel) and natural cytotoxicity triggering receptor 1(Ncr1) NKp46,
killer cell lectin-like receptor subfamily K (Klrk7) NKG2-D, CDé8 antigen (Cdé8), CD209 antigen (Cd209%a), forkhead box P3 (Foxp3), CD74 antigen (Cd74), and
CD8 antigen, alpha chain (Cd8a) mRNA levels (lower panel) in LLC1 tumors of non-running (NR) and running mice (R) 21 days after the subcutaneous LLC1 cell
implantation quantified by gPCR and normalized to B-actin (Actb) mRNA expression levels (n = 6-8). Panel B shows representative images of tumor and
spleen paraffin sections of non-running (NR) and running (R) LLC1 tumor-bearing cells analyzed by immunofluorescence (upper panels) and
immunohistochemistry (lower panels) for the presence of NK cells. The upper panels show immunofluorescence signals specific for NK1.1 (red) in tumors of
non-running (left panel) and running (middle panel) LLC1 tumor-bearing mice as well as in the spleen (positive control) of tumor-free mice (right panel) using
the MA1-70100 NK1.1 antibody (Thermo Fisher, Switzerland). DAPI (blue) was used to counterstain the tissue sections. The lower panels show
immunohistochemical signals specific for NK1.1 using the BS-4682R NK1.1 antibody (BIOSS, US) in tumors of running LLC1 tumor-bearing mice with (left
panel) and without the primary NK1.1 antibody (middle panel, negative control) as well as in the spleen of tumor-free mice (right panel, positive control). The
brown signal (orange arrows) in the right panel indicates hemosiderin deposits. Panel C shows the proportion of CD3™ lymphocytes (left panel), B cells
(middle panel), and NK cells (right panel) in the blood of non-running (NR) and running (R) mice analyzed by flow cytometry 21 days after the subcutaneous
LLC1 cancer cell implantation (n = 4-5). Panel D shows the proportion of subpopulations of NK cells with differential CD27 and CD11b expression, indicating
the NK maturation stages*® and functions** in non-running (NR) and running (R) LLC1 tumor-bearing mice analyzed by flow cytometry. Shown are CD277/
CD11b~ cells (left upper panel), CD27*/CD11b~ cells (right upper panel), CD27/CD11b" cells (left lower panel3), and CD27/CD11b" cells (right lower
panel) in the blood of non-running (NR) and running (R) LLC1 tumor-bearing mice (n = 4-5).

(E) Shown is the proportion of CD3" cells (left panel), CD4" cells (middle panel), and CD8" cells (right panel) in the blood of non-running (NR) and running (R)
LLC1 tumor-bearing mice analyzed by FACS 21 days after the subcutaneous LLC1 injection (n = 4-5). Data are shown as boxplots with min to max whiskers
and were analyzed using a Student’s t test or a Mann-Whitney test.

to 30.6% in running LLC1 tumor mice (p = 0.074). Because the total circulating NK cell proportion did not
change (Figure 5C), the increase in CD11b™/CD24" NK cells may have been at the expense of cytotoxic
CD11b*/Cd27" NK cells, which tended to be lower in running than in non-running mice (Figure 5D). In
contrast to NK cells, we observed that the proportion of circulating CD8" cytotoxic T-cells cells increased
from 17.7% in non-running to 26.4% in running LLC1 tumor mice (p = 0.016), while CD4" and total CD3"
cells did not differ between non-running and running mice (Figure 5E).
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DISCUSSION

We investigated if voluntary exercise in running wheels suppresses the tumor progression in an orthotopic
LLC1.1 lung cancer mouse model.”’ Running improved oxygenation of lungs and tumor nodules, potentially
by reducing anemia of cancer, but did neither affect lung invasion nor proliferation of LLC1.1 cancer cells. Thus,
we tested if the lack of exercise-dependent tumor suppression was specific to our orthotopic LLC1.1 model. To
validate our data, we tested the effect of exercise in two tumor models in which voluntary running was shown to
suppress tumor progression, the B16F10 lung invasion and the subcutaneously injected LLC1 lung cancer
model.'”*” In contrast to these previous studies, we observed that lung invasion in the B16F10 model was
not suppressed in running mice in two independent experiments. However, the tumor nodules of running
mice showed more immune cell infiltration than those of non-running mice. Similarly, subcutaneous LLC1 tu-
mor growth was not suppressed by voluntary exercise in mice running less than 15 km per day. We found no
evidence of muscle-specific IL-6 production in all models tested at late tumor stages. However, high IL-6
plasma levels produced by the liver and tumor may have superimposed muscle-derived IL-6 levels. We
observed that voluntary running did not promote the recruitment of NK cells into subcutaneous LLC1 tumors.
In the blood, NK cells were not differentially regulated except for an NK subpopulation of cytokine-producing
CD11b™/CD27" cells, which were upregulated in running mice with LLC1 tumors. In contrast, running
increased the levels of cytotoxic CD8" cells in the blood without detectable consequences for tumor growth.
In three different models, voluntary exercise with running wheels did not suppress lung tumor growth and in-
vasion. However, excessive running (i.e., distances longer than 15 km) reduced the weight of subcutaneous
LLC1 tumors by 50%. Thus, a higher exercise load, which most mice did not reach, may be required to activate
tumor-suppressing mechanisms in the models used in this study.

Most mice, even in the wild, enthusiastically exercise in running wheels.”> However, the daily running dis-
tance and, thus, the performance differs between strains and gender® and in-between homogeneous
groups. For example, in our study, the most active C57BI/6 mouse ran 24.1 km/day before cancer cell in-
jection. In comparison, the least active mouse ran 2.6 km/day, confirming the high variability of the exercise
volume of voluntarily running mice. We observed that the size of subcutaneous LLC1 tumors in mice
running less than 15 km/day was not different from non-running mice. Mice running more than 15 km/
day developed smaller LLC1 tumors. Thus, higher exercise volumes, especially before tumor cell implan-
tation,”’"*® may be required to activate tumor suppressive mechanisms in a dose-dependent manner.*’
However, the group of mice running more than 15 km/day in our study exceeded the previously recorded
running distances of C57BI/6 mice. Most mice run between 1.6 and 12.7 km/day,”® and a few run up to
20 km/day.”” Some of our mice ran more than 60 km/day. Thus, our data need to be carefully interpreted.
Excessive running could result from non-drug addiction to exercise”'**? or a stress response, such as single-
housing, which can even impact tumor incidence and progression.”*** Therefore, it is unclear if the
reduced tumor size results from voluntary wheel running per se. Correlation analyses of mice running
less than 15 km/day showed no association between running distance and tumor size. The same was
true for the moderately exercising B16F10 and LLC1.1 lung invasion models, suggesting a dose-dependent
threshold for exercise to affect tumor progression. Moreover, varying running distances alone cannot
explain the discrepancy in subcutaneous LLC1 tumor growth and B16F10 lung invasion between our study

12,37 . . . . .
" where the average running distance of mice was similar to or even lower than in
12,37

and previous studies,
our study.® However, the authors tested female mice in groups with access to multiple running wheels.
Group housing prevents isolation stress but may not allow precise and individual recording of running dis-
tances. Furthermore, hierarchical structures, existing in groups of male mice and to a lesser extent in
groups of female mice, t0o,”>* may prevent the voluntary running of subordinate female mice. Neverthe-
less, group-housed, running female mice showed consistent tumor suppression,ms/
tary exercising was insufficient to protect male mice in our and previous studies®®” but sufficient to protect
female mice against subcutaneous LLC1 tumor growth and B16F10 lung invasion.

indicating that volun-

In these female mice, the exercise-induced release of IL-6 from muscles reduced tumor growth by recruiting NK
cells to the tumor.'* Muscle-specific IL-6 production increases acutely during exercise and quickly returns to

%761 anditmay be possible

normal levels after exercise.””*® However, gender caninfluence immune responses,
that exercise induces a sufficiently strongimmune response for tumor suppression in C57BI/6 females but notin
males. We isolated plasma and tissues during the dark phase when mice were most active to test this assump-
tion. However, exercise-induced IL-6 declines rapidly after exercise,”> and we could not control if mice were
voluntarily running before isolating the tissues. We observed neither altered IL-6 mRNA expression in muscle,

liver, and tumor nor IL-6 plasma levels between running and non-running male mice with LLC1 tumors or B16F10
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metastases. However, tumor-bearing mice already had 50-100 times higher IL-6 plasma levels than tumor-free
mice, suggesting that the tumor triggered a systemic inflammatory response,”® which may have masked ex-
ercise-induced spikes in IL-6 production. Additionally, regular exercise can lead to a training adaptation effect,
and plasma IL-6 levels may peak less strongly.* Nevertheless, a different IL-6 response between male mice in
our study and female mice'? can explain the absence of NK cells in the LLC1 tumor tissues of our study. Exer-
cising mice showed higher interleukin 1Tb and 3 mRNA levels in LLC1 tumors than non-running mice. However,
the mRNA levels for NK cell, macrophage, and T cell markers did not differ between LLC1 tumors of running and
non-running mice. We observed no exercise-induced accumulation of NK cells in tissue sections of subcutane-
ous LLC1 tumors. Furthermore, we observed only minor changes among the populations of different NK matu-
ration stages in the collected blood samples, although increases of, especially mature, NK cells have been re-
ported during exercise. % Other exercise-induced myokines, such as interleukin 15, or metabolites, such as
lactate, can mobilize T-cells.®*®” Indeed, we observed an increased proportion of CD8" cellsinthe blood, which
can be metabolically reprogrammed by exercise to reduce tumor growth.!' We also observed a higherimmune
cell infiltration into B16F10 lung colonies. However, neither increased CD8" cells in the blood nor higher im-
mune cell infiltration in B16F10 lung colonies influenced tumor progression.

Despite the lack of tumor suppression, exercise protected the orthotopic LLC1.1 lung cancer mouse model
against anemia of cancer, a frequent comorbidity in cancer patients,*® and reduced hypoxia in lung and tumor
tissue. Exercising mice with subcutaneous LLC1 tumors were also reported to be less anemic than their non-
exercising controls due to decreased interleukin 1b and lactate levels.*” However, in our study, exercise did not
prevent anemia in mice with subcutaneous LLC1 tumors. Mice with subcutaneous LLC1 tumors but not the or-
thotopic LLC1.1 model showed increased plasma levels of IL-6, which is also induced in many cancer patients.
Although exercise may reduce interleukin 1b and lactate levels to ameliorate anemia,*” high IL-6 plasma levels
can cause functional iron deficiency anemia’®’" or directly suppress erythropoiesis.”””* We assume that
strong cancer-associated inflammation and high IL-6 levels can overwrite the beneficial effect of exercise,
e.g., by sequestering iron and preventing erythropoiesis. However, in some cases (e.g., with minor inflamma-
tion and IL-6 induction), exercise may be beneficial to protect against anemia of cancer.’

Limitations of the study

1. Using running wheels for voluntary physical exercise in mice has advantages and disadvantages.
Voluntary wheel running is less stressful than forced exercise on a treadmill, does not interfere
with the circadian rhythm of mice, and resembles the natural activity pattern of mice.*® The limitation
is, however, the lacking control over exercise volume and intensity. Mice, even inbred siblings, can
substantially differ in their running preferences. The varying exercise performances and the resulting
heterogeneity in exercise volumes may impact, e.g., tumor progression per se or levels of exercise-
induced cytokines.

2. Our experimental setup did not allow the precise determination of the running speed, i.e., the exercise
intensity. We observed that the daily running distance dropped in most mice with increasing tumor
burden. Likewise, tumor burden may have affected exercise intensity which, in turn, may have affected
the cancer progression. For example, high-intensity interval training can increase the number of NK cells
in obese mammary carcinoma mice’> and reduce the growth of murine 471 mammary tumors.”® The
serum from high-intensity endurance cyclists reduces breast cancer proliferation.”” In contrast, moder-

ate-intensity endurance training lowered the incidence of liver cancer’®’? more efficiently than high-in-

78 In urethan-induced lung cancer mice, high-intensity interval training and con-

tensity interval training.
stant moderate-intensity training were reported to reduce tumor growth; however, moderate-intensity
training was more efficient than high-intensity training.2%®" In contrast, another study reported that
anaerobic, not aerobic, training prevented urethan-induced lung cancer,*® and high-intensity interval
training on treadmills reduced the growth of subcutaneous LLC1 tumors.”” Therefore, we cannot rule

out whether exercise intensity affected late-stage LLC1 tumor progression in our study.

3. Single housing, required to record individual running performance, is an animal welfare concern. So-
cial species, including mice, experience isolation stress. Because female mice are more prone to
isolation stress than male mice, we limited our study to single-housed male C57BI/6 mice. However,
comparing the results of our study to those of studies in female mice'**’ suggests a gender differ-

ence in exercise-dependent protection against cancer in murine LLC1 and B16F10 cancer models.

Other group-housing compatible exercise methods may be better suited to test the gender-specific

effects of exercise on cancer.
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Conclusion

Voluntary wheel running did not protect against cancer in our orthotopic LLC1.1 lung cancer mouse model.
Likewise, exercising mice with subcutaneously implanted LLC1 and intravenously injected B16F10 cells
were not protected against cancer by voluntary wheel running, despite previous studies (in female mice)
reporting up to 50% reduced tumor growth in both models. This inconsistency may be due to the insuffi-
cient release of exercise-induced cytokines, such as IL-6, from the muscles of exercising mice into the
bloodstream. However, stratifying the mice with subcutaneous LLC1 tumors by their daily running distance
revealed reduced LLC1 tumor growth in excessively running mice. This suggests that the exercise dose may
dictate if exercise protects against cancer, at least in the subcutaneous LLC1 cancer mouse model. To test
how exercise training with defined volume and intensity affects lung cancer, forced exercise training on
moto-controlled treadmills for mice using standardized training protocols may help to investigate the
dose-dependence of lung cancer suppression by exercise.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-mouse/human NK1.1

Rat polyclonal anti-mouse/human CD161¢/
NK1.1
Rabbit polyclonal anti-mouse/human HIF-2-
alpha

Rabbit monoclonal [SP6] anti-mouse/rat/
human Kié7

Rat monoclonal anti-mouse CD16/32 (Mouse
BD Fc Block™)

Rat monoclonal FITC anti-mouse CD3

Rat monoclonal APC anti-mouse CD8

Rat monoclonal Pacific Blue anti-mouse CD4
Rat monoclonal PE/Cy7 anti-mouse CD19

Mouse monoclonal APC/Cy7 anti-mouse
NK-1.1

Rat monoclonal Alexa Fluor700 anti-mouse/
huamn CD11b

Hamster monoclonal PE anti-mouse/rat/
huamn CD27

Goat polyclonal Alexa647 anti-mouse

Goat polyclonal Biotin-SP (long spacer)
AffiniPure anti-Rabbit

ThermoFisher, Switzerland

BIOSS; US

Abcam, US

Abcam, US

BD Biosciences, Germany

BioLegend, US
BioLegend, US
BioLegend, US
BioLegend, US
BioLegend, US

BioLegend, US

BioLegend, US

Invitrogen, Switzerland

Jackson ImmunoResearch, US

#MA1-70100 (RRID AB_2296673)
#BS-4682R

#ab199
#Ab16667
#553142 (RRID AB_394656)

#100203 (RRID AB_312660)
#100711 (RRID AB_312750)
#100427 (RRID AB_493646)
#115519 (RRID AB_313654)
#108723 (RRID AB_830870)

#101222 (RRID AB_493705)
#124209 (RRID AB_1236464 )

#A21240 (RRID AB_2535809)
#111-065-003 (RRID AB_2337959)

Critical commercial assays

Avidin-biotin blocking kit

Vectastain ABC Kit

DAB

U-PLEX Mouse IL-6 Assay

Zombie Yellow™ Fixable Viability Kit
ReliaPrep RNA Tissue Miniprep

RevertAid First Strand cDNA Synthesis Kit
SYBR Green

Corning® Matrigel® Growth Factor Reduced
(GFR) Basement Membrane Matrix

Vector Laboratories, US

Vector Laboratories, US

Agilent Dako, US

Meso Scale Discovery, US
BioLegend, US

Promega, Switzerland
ThermoFisher Scientific, Switzerland
ThermoFisher Scientific, Switzerland

Sigma Aldrich, Switzerland

#SP-2001
#PK-4000
#K346889-2
#K152TXK-1
#423103
#26110
#K1622
#A25741
CLS354230

Experimental models: Cell lines

Murine LLC1 Lewis lung carcinoma cells
Murine B16F10 melanoma cells

Murine LLC1.1 Lewis lung carcinoma cells

ATCC, US
ATCC, US
Dr. Lubor Borsig, University of Zurich

CRL-1642™ (RRID:CVCL_4358)
CRL-6475™ (RRID:CVCL_0159)
N/A

Experimental models: Organisms/strains

Male C57BL/6J mice Charles River, Germany N/A
Oligonucleotides
qPCR primers This paper Table S2
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

GraphPad Prism GraphPad Software , US N/A

BD FACSDiva™ BD Biosciences, US N/A
FlowJo V10.5 FlowJo, US N/A

FlJI National Institute of Health, US N/A

Other

Mouse running wheel Columbus Instruments International, US #0297-0521
Hall Effect Sensor with Mount Columbus Instruments International, US #0297-0501
Wheel Counter 8 Channel Interface with Columbus Instruments International, US #0297-0050
Software

Quad ClI-Bus [0272-4201] USB PC Interface Columbus Instruments International, US #0297-0051
with MDI Software

ABL 800 Flex Radiometer Medical ApS, Denmark N/A

BD LSR Il FortessaT M SORP BD Bioscience, Germany N/A
NanoZoomer 2.0-HT Hamamatsu, Japan N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Markus Thiersch (markus.thiersch@uzh.ch).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ Data reported in this paper will be shared by the lead upon request.
® This study does not report original codes.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Cancer cell lines and cell culture

Murine Lewis lung carcinoma cells LLC1 (RRID:CVCL_4358) from ATCC and LLC1.1 lung cancer cells (kindly
provided by Dr. Lubor Borsig, passaged once in vivo and isolated from an LLC1 lung metastasis®') were
cultured in 10 cm culture dishes (Corning, USA) in low glucose Dulbecco’s Modified Eagle Medium
(DMEM) (ThermoFisher, Switzerland). Murine B16F10 melanoma cells (RRID:CVCL_0159) from ATCC
were cultured in Roswell Park Memorial Institute Medium (RPMI, Gibco by Life Technologies). All media
were supplemented with 10 % New-Born Calf Serum (NBCS) (ThermoFisher, Switzerland), 2 mM
L-Glutamine (ThermoFisher, Switzerland), 20 mM HEPES buffer solution (ThermoFisher, Switzerland) and
1 % Penicillin/Streptomycin (ThermoFisher, Switzerland) at 37°C, room air with 5% CO, in Heracell 240 incu-
bator (Heraeus #H240-CO,). All cells were negative tested for mycoplasma infection.

Mice

Mouse experiments were performed following the ARRIVE guidelines, the Swiss animal law, and with the
approval of the ethical committee of the respective local authorities (Kanton Zurich, ZH214/2017). Healthy
male C57BL/6J mice (6-8 weeks old) were purchased from Charles River (Baden-Wurttemberg, Germany).
All mice were kept at a 12 h light/12 h dark cycle (7 a.m. =7 p.m. light phase) in a licensed animal facility of
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the University of Zurich. The mice had free access to food (Kliba Nafag, Switzerland) and water in their ca-
ges. Bodyweight and habitus were recorded every other day.

METHOD DETAILS
Experimental design

All mice were kept in groups for 2-3 weeks in the animal facility to recover from transport before the start
of the experiments. Then, 8-10 weeks-old mice were randomly allocated into a running and non-running
control group. The sample size of running mice was limited by our running wheel setup, which allowed
testing a maximum of 8 running mice in parallel. Therefore, we repeated most experiments multiple
times. The exact sample size is indicated in the figure legends. Running mice were single-housed in ca-
ges with a running wheel (Columbus Instruments International, US, #0297-0521). Exercise starting shortly
before or after tumor implantation may not be sufficient to suppress®>®*
growth.”® Therefore, our mice (voluntarily) trained for 4-6 weeks with running wheels before cancer
cell injection (Figure S4A). Non-running control mice were kept single-housed in cages with blocked
running wheels. After the training phase, we injected tumor cells into running and non-running mice.
Running and non-running mice were placed back into their cages with open or blocked running wheels
until the end of the experiment. Wheel revolutions were recorded by a magnetic hall effect sensor
(Columbus Instruments International, US, #0297-0501) connected to a Quad Cl-Bus USB PC Interface
(Columbus Instruments International, US, #0297-0051) and documented by MDI software in five-minute
intervals. The running distance was calculated from wheel revolutions and running wheel dimensions
(diameter 10.16 cm):

or can even increase tumor

revolution x wheel circumference (w X wheel diameter) = running distance (cm)

The average daily running distance (km/day) indicates a time interval of 24 h, with mice running mainly in
the dark phase. Running distances are shown in the result section and Table S1. To establish the ortho-
topic lung cancer and the B16F10 lung invasion model, mice were tail vein injected with 3.3 x 10° LLC1.1
lung cancer cells or 2 x 10° B16F10 melanoma cells in 100 ul Hanks' Balanced Salt Solution (HBSS)
(ThermoFisher, Switzerland). For the subcutaneous LLC1 tumor model, isoflurane-anesthetized, shaved
mice were injected with 5 x 10° LLC1 cells in 100 ul HBSS containing 20% matrigel (Corning, Sigma Al-
drich, Switzerland) into the right flank. Tumor size was measured with a caliper, and tumor volume was
calculated by the formula V=1/2 x Length x (Width)?, with the length being the largest tumor diameter
and the width the perpendicular tumor diameter.®® Mice were euthanized with an overdose of pentobar-
bital (Esconarkon, Streuli Pharma, Switzerland) 21 days after cancer cell implantation or when humane
endpoints (loss of body weight, tumor ulceration) were reached. Blood was retrieved from the right heart
ventricle for hemoglobin and hematocrit measurements (ABL 800 Flex, Radiometer) and plasma isolation.
Tissues were isolated and either snap-frozen and stored at -80°C, immediately used, or fixed in 4% para-
formaldehyde (PFA) for 24 h for subsequent histological, immunofluorescent, or immunohistochemical
analyses.

Histology and immunostainings

PFA-fixed tissues were paraffin-embedded, and 4 um thick longitudinal tissue sections were cut. Sections
were deparaffinated and either stained using hematoxylin-eosin or used for immunohistochemistry and
immunofluorescence. We performed antigen retrieval by cooking tissue sections in 10 mM sodium citrate
buffer with 0.05% Tween for 20 or 30 minutes for immunofluorescence staining of NK cells. After cooling
down, tissue sections were blocked using normal goat serum (#G6767, Sigma Aldrich, Switzerland) and
incubated overnight with an NK cell-specific antibody (1:100; #MA1-70100 NK1.1, ThermoFisher,
Switzerland) followed by an incubation with Alexa647 labeled goat-anti-mouse antibody (1:200,
#A21240, Invitrogen, Switzerland) for 60 min. DAPI was used to counterstain the tissue sections. For
immunohistochemistry staining of NK cells, tissue sections were blocked 60 minutes using normal goat
serum and an avidin-biotin blocking kit (#SP-2001, Vector Laboratories, US). Tissue sections were then
incubated overnight with a 1:50 dilution of an NK cell-specific antibody (#BS-4682R, BIOSS, US) followed
by incubation in a 1:500 dilution of a biotinylated goat-anti-rabbit antibody (#111-065-003, Jackson
ImmunoResearch, US) for 60 min. Tissue sections were incubated in an ABC complex solution (Vectastain
ABC Kit, #PK-4000, Vector Laboratories, US) followed by incubation in a Nickel-DAB staining solution
(0.04% NiClyx6H,0O and 0.08% CoClyx6H,0 in 50 mM Tris-HCI buffer; pH7.6) with one drop of DAB
(#K346889-2, Dako) per ml buffer. Immunohistochemistry of HIF-2a ( #Ab199, Abcam, US) and Kié7
(#Ab16667, Abcam, US) (both in 1:100 dilution) was done similarly, except that we performed an antigen
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retrieval before blocking as described above, and slides were stained without Nickel in a DAB-only solu-
tion. Slides were fully scanned (NanoZoomer 2.0-HT; Hamamatsu, Japan). To quantify the HIF-2a and Kié7
staining in lungs with tumor nodules, we used FIJI and the Immunohistochemistry (IHC) Image Analysis
Toolbox plugin to isolate the brown DAB signal.®” We determined the HIF-2a positive area and normal-
ized it to the total lung or tumor nodule area. Ki67 counts were normalized against the total tumor
nodule area.

Quantification of tumor nodules in lungs and immune cell infiltration scoring

Before paraffin embedding, the number of macroscopic tumor nodules on the dorsal and ventral sur-
face of PFA-fixed lungs was manually counted by three blinded persons using a dissecting micro-
scope, and the average count was calculated. Additionally, we analyzed the area of tumor nodules
in the lung over the total lung area on hematoxylin-eosin-stained lung sections using FlJI. Immune
cell infiltration at the edges of tumor nodules was analyzed by a four-degree scale.”” Scans of hema-
toxylin-eosin-stained lung sections were analyzed for the presence of lymphoid cells, macrophages,
and neutrophilic granulocytes using a scoring system from 0 to 3. A score of 0 indicated the absence
of inflammation and immune cells; a score of 1 indicated few inflammatory cells without destruction of
the tumor nodule tissue; a score of 2 indicated band-like infiltrate at the edges of tumor nodules with
some destruction of the tumor nodule tissue due to inflammation; and a score of 3 indicated a severe
inflammatory reaction, including cup-like zones at the edges of tumor nodules and noticeable tissue
destruction. Four invading edges of each tumor nodule were systemically evaluated, and the average
for each tissue section was calculated.

Plasma ll-6

Fresh whole blood containing heparin was centrifuged at 400 x g for 15 minutes to isolate plasma, which
was processed immediately or snap-frozen and stored at -80°C until analysis. Plasma interleukin 6 (IL-6)
was measured by ELISA using U-PLEX Mouse IL-6 Assay® (#K152TXK-1, Meso Scale Discovery, US).

Flow cytometry

Blood was centrifuged at 400 x g for 15 minutes. The blood pellet was repeatedly incubated in red blood
cell lysis buffer (4.15 g NH,Cl, 0.55 g KHCOs3, and 0.185 g EDTA disodium salt in 500 ml H,O) centrifuged
until a white pellet was obtained. After adjusting the samples to 1 million cells per 100 pl PBS, the Fc re-
ceptors of immune cells were blocked with 10 pg/ml unlabeled purified rat anti-mouse CD16/CD32 anti-
body (#553142, BD Biosciences, Germany). Dead cells were stained with the Zombie Yellow™ Fixable
Viability Kit (#423103, BioLegend, US). After centrifuging at 400 x g for 3 min, cells were incubated with
100 ul of an antibody mix containing FITC anti-mouse CD3 (#100203, BioLegend, US), APC anti-mouse
CD8a (#100711, BioLegend, US), Pacific Blue anti-mouse CD4 (#100427, BioLegend, US), PE/Cy7 anti-
mouse CD19 (#115519, BioLegend, US), APC/Cy7 anti-mouse NK-1.1 (#108723, BioLegend, US), Alexa
Fluor700 anti-mouse/human CD11b (#101222, BioLegend, US), and a PE anti-mouse/rat/human CD27
(#124209, BioLegend, US) antibody. Unstained samples were used to control for autofluorescence during
the flow cytometry measurements. Cells were measured by flow cytometry (BD LSR Il FortessaT M SORP,
BD Bioscience, Germany). The data were acquired with the BD FACSDiva™ Software and analyzed with
FlowJo V10.5. The gating strategy is described in Figure S4B.

RNA extraction and mRNA expression analyses

RNA was extracted from 10-20 mg of tissue using the ReliaPrep RNA Tissue Miniprep System (#26110,
Promega, Switzerland). Muscle RNA was isolated using a modified protocol for fibrous tissue. First-strand
cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (#K1622, ThermoFisher Scientific,
Switzerland). Samples (5 ng/pl cDNA) were analyzed by a SYBR Green (#A25741, ThermoFisher Scientific,
Switzerland) semi-quantitative real-time PCR (qRT-PCR) (7500 Fast Real-Time PCR System, ThermoFisher
Scientific, Switzerland). Primers for mRNA expression analyses were designed by primer 3%¢ (Table S2).
Before using primers for mRNA expression analyses, they were validated by gRT-PCR by i) melting curve
analyses (mode integrated into the 7500 Fast Real-Time PCR System) and ii) on acrylamide gels to
confirm the size and purity of PCR products. mRNA expression levels were calculated using the AACt
method.®”?°
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QUANTIFICATION AND STATISTICAL ANALYSIS

We used GraphPad Prism for generating graphs and statistical analyzes. We used the student’s t-test for
normally distributed data and the Mann-Whitney test for nonparametrically distributed data. Data distribu-
tion was estimated with Shapiro-Wilk and Kolmogorov Smirnov test. For multiple comparisons, we used
either the Kruskal Wallis test with Dunn’s multiple comparison test for nonparametrically distributed
data or a one-way ANOVA with the Bonferroni post hoc test. Correlations were tested by a Pearson or a
Spearman correlation analysis. A p-value of 0.05 was considered statistically significant. Statistical details,
including representation of data, dispersion, and precision measures, statistical analysis (including blind-
ing), and sample size (n, number of replicates), are described in the figure legends.
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