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CD - control diet; DIO — diet-induced obesity; ELISA — enzyme-linked immunosorbent assay;
GEMM - genetically engineered mouse model; HFD — high fat diet; IL — interleukin; LCN2 —
lipocalin-2; MDSC — myeloid derived stem cells; NK — natural killer; PA — physical activity;
PanIN — pancreatic intraepithelial neoplasia; PDAC — pancreatic ductal adenocarcinoma.
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ABSTRACT

BACKGROUND & AIMS: Obesity is a risk factor for pancreatic ductal adenocarcinoma
(PDAC), a deadly disease with limited preventive strategies. Lifestyle interventions to decrease
obesity might prevent obesity-associated PDAC. Here, we examined whether decreasing obesity
by increased physical activity (PA) and/or dietary changes would decrease inflammation in

humans and prevent PDAC in mice.

METHODS: Circulating inflammatory-associated cytokines of overweight and obese subjects
before and after a PA intervention were compared. PDAC pre-clinical models were exposed to
PA and/or dietary interventions after obesity-associated cancer initiation. Body composition,
tumor progression, growth, fibrosis, inflammation, and transcriptomic changes in the adipose

tissue were evaluated.

RESULTS: PA decreased the levels of systemic inflammatory cytokines in overweight and
obese subjects. PDAC mice on a diet-induced obesity (DIO) and PA intervention, had delayed
weight gain, decreased systemic inflammation, lower grade pancreatic intraepithelial neoplasia
lesions, reduced PDAC incidence, and increased anti-inflammatory signals in the adipose tissue
compared to controls. PA had additional cancer prevention benefits when combined with a non-
obesogenic diet after D1O. However, weight loss through PA alone or combined with a dietary
intervention did not prevent tumor growth in an orthotopic PDAC model. Adipose-specific
targeting of interleukin (IL)-15, an anti-inflammatory cytokine induced by PA in the adipose

tissue, slowed PDAC growth.

CONCLUSIONS: PA alone or combined with diet-induced weight loss delayed the progression

of PDAC and reduced systemic and adipose inflammatory signals. Therefore, obesity
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management via dietary interventions and/or PA, or modulating weight loss related pathways

could prevent obesity-associated PDAC in high-risk obese individuals.

KEYWORDS: Obesity, voluntary wheel running, weight loss, diet intervention, high-risk

PDAC
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease, with a 5-year survival rate
of 11%?*, mostly due to the lack of early detection, prevention, and treatment approaches>.
Consequently, PDAC patients are mainly diagnosed at advanced stages of disease when surgical

resection is often not possible® 2.

Epidemiological studies indicate that premorbid obesity adversely influences PDAC
mortality® and increases the risk of PDAC*". High body mass index (BMI) is associated with
early age of onset and decreased overall survival of PDACS. This is concerning since 30% of the
world’s population is overweight or obese and obesity rates are increasing due to western diets®.
Obesity is associated with increases in systemic levels of inflammatory mediators, like
interleukin 1 beta (IL-1R), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNFa), and
lipocalin-2 (LCN2), which can promote tumor growth®13, Since obesity is a modifiable risk
factor for PDAC* 15, identifying effective lifestyle changes that reduce obesity or obesity-related

inflammatory pathways could help minimize the incidence of obesity-associated PDAC?®,

Lifestyle interventions that reduce obesity through diet alterations and increases in energy
expenditure improve the outcomes of several diseases and overall health’. Studies have shown
that moderate-to-vigorous physical activity (PA) reduces the risk of some cancers and chronic
diseases'®?2. PA also affects obesity by decreasing systemic inflammation while stimulating the
release of beneficial cytokines, myokines, and/or adipokines?. PA can also reduce PDAC risk,
with a stronger effect among younger populations®*. Despite this, most PDAC clinical studies
involving PA focus on increasing treatment efficacy and quality of life and do not evaluate the

effects of increased PA or diet-related weight loss as a preventive strategy for obesity-associated
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PDAC?, We demonstrated that the diet-induced obesity (DI1O) in mice accelerated pancreatic
inflammation, fibrosis, pancreatic intraepithelial neoplasia (PanIN) lesions, and PDAC in a Kras-
dependent manner?. Therefore, we hypothesize that implementing lifestyle interventions to

decrease obesity through PA and/or diet modulation could prevent PDAC.

This study investigates the systemic levels of cytokines before and after a PA
intervention in overweight and obese subjects and compares them to the changes observed in
mice using similar interventions. We investigate whether increased PA, diet-induced weight loss,
or both, alone or combined with chemotherapy, could prevent tumor progression, tumor growth,
and inflammation in pre-clinical models of obesity-associated PDAC. We also explore whether
targeting the expression of PA-associated anti-inflammatory signaling in the adipose tissue of

mice delays tumor growth.

MATERIALS AND METHODS
Ethics Statement

All animal studies adhere to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines? and were compliant with the regulations and ethical guidelines for
experimental animal studies of the Institutional Animal Care and Use Committee at The Ohio
State University and the UTMD Anderson Cancer Center. The study on human subjects was
approved by the Institutional Review Board of UTMD Anderson Cancer Center.
PDAC Genetically Engineered and Orthotopic Mouse Models

All mice on PA were housed individually. LSL-Kras®?® mice?’ were bred with the Ela-
CreErT mice? to generate inducible Kras®'2°/CRE double transgenic mice (Kras®'?P) and
littermates (control) and given tamoxifen orally for 3 days as previously described®. Body
weight (BW) was measured weekly. Blood collection was performed via submandibular bleeding
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and glucose was measured with Contour Next glucometer 7308 (Ascensia Diabetes Care,
Parsippany, NJ).

Pancreatic tumor cells derived from a LSL-Kras®2P, LSL-Trp537, Pdx1-CRE (KPC)
genetically engineered mouse model (GEMM) transfected with enhanced firefly luciferase
(KPC-LUC) were utilized in the PDAC orthotopic mouse model*? 2°30, Cells were assessed for
viability, counted, and mixed in PBS and 20% Matrigel (BD Biosciences, San Jose, CA).
C57BL/6J mice (The Jackson Laboratories, Bar Harbor, ME) were orthotopically injected with
KPC-LUC cells (0.25x10° cells/mouse) as previously described'?*°, and given buprenorphine
(0.05mg/kg subcutaneously every 12 hours for 48 hours, (Covetrus, Columbus OH).
Subcutaneous injections of D-Luciferin (1.5mg/mouse; Caliper Life Sciences, Waltham, MA)
were given to visualized tumor growth weekly using the In Vivo Imaging System (IVIS) (Caliper
Life Sciences)!> %, Bioluminescence was measured with the Living Image® software. Body
composition (BW and fat mass) was measured with the EchoMRI™ system (echoMRI LLC,
Houston, TX).

Voluntary Running Wheels

PA mice were provided access to a low-profile wireless running wheel while the no-PA
control groups had access to a locked low-profile running wheel for mice (4 hours/day, 5
days/week) (Med Associates Inc, Fairfax, VT). The mice were placed in an altered light cycle
environment (12:01 pm-12:00 am, noon-midnight dark cycle), for which they adjusted a week
before starting interventions. Distance ran was tracked via a wireless USB hub (Med Associates
Inc) with the Wheel Manager 2.03.00 acquisition software (Med Associates Inc).

IL-15 Adipose-Specific AAV Targeting
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An adipose-specific recombinant adeno-associated vector (rAAV) was generated
containing dual expression cassettes that restrict off-target transduction in liver®X. The first
cassette consists of the CMV enhancer and chicken B-actin (CBA) promoter, woodchuck post-
transcriptional regulatory element (WPRE) and bovine growth hormone poly-A flanked by
AAV2 inverted terminal repeats as previously described®. The second cassette encodes a
microRNA driven by the albumin basic promoter to target WPRE 3. Mouse I1L-15 cDNA
(GenBank: NM_001254747.4) was subcloned into a multiple cloning site downstream of CBA
promoter as previously described®3. The sequence was confirmed, and an empty vector was used
as control. rAAV/empty and rAAV/IL-15 vectors were packaged into a Rec2 capsid. AAV
viruses were purified by iodixanol gradient centrifugation as previously described? **. Female
C57BL/6J mice received rAAV/empty or rAAV/IL-15 vectors (2x10° vg per mouse via
intraperitoneal injections of 100 uL in AAV dilution buffer). After 3 weeks of AAV injection,
KPC-LUC cells were orthotopically implanted.

Diet-Induced Obesity

Obesity (DIO) was induced using a high-fat diet (HFD), where 60% of the energy was
derived from fat (D10 58Y1 van Heek Series; Test Diet, St. Louis, MO ) as previously shown!?
2 A non-obesogenic, lower-fat control diet (CD), where around 10% of the energy was derived
from fat (DIO 58Y2; Test Diet), or (Pico Lab Rodent Diet 20 (5053); Lab Diet, St. Louis, MO)
was used?.

Histopathology and Pancreas Scoring

H&E sections were evaluated and scored by a board-certified veterinary pathologist

(S.E.K.) blinded to genotype and study group. PanIN lesions were classified and graded

according to standard criteria®®. Pancreas were also scored for the most severe and frequent
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lesions in each section using a scoring scheme adapted from an existing grading scheme used for
lesions in transgenic adenocarcinoma of the mouse prostate (TRAMP) mice *¢. (Supplementary
Table 1) Fibrosis and inflammation were assessed on a scale of 0 to 4. (Supplementary Table
2). The adjusted lesion scores and the fibrosis and inflammation scores generate the Total
Pathological Score.
Flow Cytometry Analyses of Immune Cell Populations

Mouse splenocytes were isolated and cryopreserved. Thawed splenocytes were re-
suspended in 5% Fetal Bovine Serum PBS and cells (5x 10%/mL-1x 10%/mL) washed and
incubated at 4°C with the fluorochrome-labeled antibodies and appropriate isotype controls.
(Supplementary Table 3) Cells were washed, fixed in 1% formalin, and ran on a Fortessa (BD
Biosciences) or Attune (Life Technologies, Carlsbad, CA) flow cytometers and analyzed with

FlowJo™ software (BD Biosciences).

Power In Motion Study

Obese/overweight subjects were recruited in the spring and fall of 2014 for a pilot study
in partnership with the Power in Motion couch-to-5-kilometer training program (Houston, TX).
Subjects participated in a 10-week training that included weekly talks and small group runs
individually adapted. Blood samples and body composition using anthropometric measures and
dual-energy x-ray absorptiometry (DXA) were compared before and after the program.
Statistics

Statistical analyses were performed using the Prism 9 program (GraphPad Software San
Diego, CA). A paired t-test was used for data of the same subjects before and after an
intervention or paired Wilcoxon tests if non-normally distributed. Unpaired t-tests were used for

comparing one variable between two groups or Mann-Whitney tests if non-normally distributed.
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Repeated measures two-way analysis of variance (ANOVA) with multiple comparisons using
Sidak’s correction was used to compare two or more groups over time, or more than two
variables. Log-transformation was performed for non-normally distributed data. One-way
ANOVA test was used for comparing more than two groups, with Dunnett’s correction, or
Kruskal Wallis test with Dunn’s correction for non-normally distributed data. Data are expressed
as the mean =* standard error of the mean (SEM). Significance is displayed as *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001.

RESULTS

PA decreases the expression of pro-inflammatory cytokines in overweight and obese

human subjects.

We assessed whether a PA intervention in overweight/obese subjects could reduce
inflammation by analyzing serum levels of pro-inflammatory cytokines of unfit individuals who
were overweight or obese before and after undergoing a 10-week running training program.
After the intervention, subjects exhibited significantly decreased serum levels of the pro-
inflammatory cytokines IL-8 (P = 0.002), LCN2 (P = 0.021), TNFa (P = 0.012), vascular
endothelial growth factor (VEGF) (P = 0.027), interferon gamma (IFNy) (P = 0.001), IL-17 (P =
0.005), macrophage inflammatory protein 1 alpha (MIP-1a) (P = 0.002), among others,
compared to before the intervention (Figure 1). Moreover, the waist-to-hip ratio (WHR, P =
0.032) and waist circumference (P = 0.005) were significantly reduced, and there was a
decreasing trend in % body fat (P = 0.060) but not BMI (P = 0.186) after the intervention (Table
1). These results confirm that a PA intervention can decrease systemic inflammation and

modulate body composition in these subjects.
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PA delays weight gain, inflammation, fibrosis, PanIN progression, and PDAC incidence in

an obesity-associated PDAC GEMM.

Since PA decreased inflammation in overweight and obese human subjects, we evaluated
whether PA could improve inflammation and delay PDAC in mice using a DIO model. Kras®'?P
and littermate control mice were placed on a DIO intervention using a HFD and were divided
into a PA (HFD + PA) or DIO control intervention group (HFD) for 1 month (Figure 2A). The
HFD + PA mice ran an average of 5 km/day, increasing the distance ran each week (P < 0.0001)
(Figure 2B). Kras®'?P mice in the HFD + PA group tended to run more per day than the HFD
control mice (P = 0.072) (Figure 2B). During the PA intervention, the HFD + PA mice from the
control and Kras®'?P groups displayed attenuated weight gain compared to the HFD only
intervention (Figure 2C). At the end of the study, mice that underwent the PA intervention
gained less weight (Kras®P 4.62 + 0.69 g, control 5.25 + 0.93 g) compared to the HFD controls
(Kras®?P 6.38 + 1.58 g, control 7.96 + 1.5 g), but these differences were not statistically
significant (Figure 2D). The pancreas weight and the non-fasting glucose levels remained

similar between the groups (Figure 2E and Supplementary Figure 1A).

The Kras®'?P mice in the HFD + PA group displayed significantly lower levels of
pancreatic inflammation (P = 0.001), fibrosis (P = 0.001), and total pathological score (P =
0.027) compared to the HFD control group (Figures 2F-1). Additionally, there was a significant
negative correlation between the total pathological score and the average distance ran (r = -
0.592; P = 0.033) indicating that increased running distance correlated with less advanced cancer
(Figure 2J). Within the Kras®'?P mice, the HFD + PA group had significantly fewer PanIN-1
lesions (P = 0.002) than the HFD control group (Figure 2K). Notably, 43% of the mice in the
HFD developed PDAC, while none of the mice in the HFD + PA developed PDAC (Figure 2L).
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Immunohistochemistry also showed that the pancreas of the HFD + PA mice had less fibrosis
(aSMA), cell proliferation (Ki67), and macrophage infiltration (F4/80) compared to the HFD
control group (Supplementary Figure 1B). We observed a trend for increased pro-inflammatory
cytokines IL-6, IL-3, IL-31, granulocyte colony stimulating factor (G-CSF), IL-1B, MIP-1,
leukemia inhibitory factor (LIF), MCP3, and LCN2 over time in the HFD control mice (Figure
2M). However, these trends were not statistically significant potentially due to large variability
in the cytokine concentrations between mice and multiple comparisons. However, there were
decreased levels of IL-12p70 (P = 0.019) and a decreasing trend in IL-22 (P = 0.08) (Figure
2M). Baseline levels of many pro-inflammatory cytokines were maintained in the PA
intervention with significantly decreased IFN-gamma (P = 0.014) and INF-gamma (P = 0.014)
and a trend towards decreased IL-31 (P=0.069); IL-18 (P = 0.065); and IL-22 (P = 0.06) (Figure
2M). When comparing the cytokines altered between the HFD and HFD + PA groups at week 4,
most of the cytokines had a decreasing trend in the PA group, but IL-6 (P < 0.001) and IL-31 (P
= 0.046) were significantly decreased (Figure 2N). These results demonstrate that PA delays the
development of PDAC in a DIO GEMM, which might be mediated through anti-inflammatory

effects, like how PA reduced inflammation in human subjects with obesity (Figure 1).

Weight modulation by diet and/or PA delays PDAC development in an obesity-associated

PDAC GEMM.

We explored additional methods to decrease obesity by evaluating whether a combination
of PA and diet modulation could further delay PDAC in DIO mice. Kras®*?P and littermate
control mice with DIO were assigned interventions for 7 weeks. One group continued on the
DIO (HFD), the second group was switched to a non-obesogenic CD, and the third group was
switched to a non-obesogenic CD with PA (CD + PA) (Figure 3A). All mice in the CD + PA
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group ran similar distances daily (~4.7 km/day) by the end of the intervention with an increase in
distance ran each week (P < 0.001) (Figure 3B). Mice switched to the CD or the combined CD +
PA interventions displayed significant weight loss during (Figure 3C) and at the end of the
intervention (Figure 3D) (P < 0.05). Pancreas weight was significantly reduced in the Kras®'?P
mice on the CD (0.33 £ 0.03g, P = 0.002) and the CD + PA (0.36 £ 0.03g, P = 0.013)
interventions compared to the HFD control (0.59 £ 0.08g). In contrast, pancreas weight remained
unchanged in the control mice after the interventions (Figure 3E). In the control mice both
interventions (CD and CD + PA) decreased non-fasting glucose levels compared to the HFD
group (P = 0.038 in CD, P = 0.003 in CD + PA) (Figure 3F). In the Kras®*?P mice non-fasting
glucose levels were decreased in the CD + PA group compared to the HFD group (P = 0.035)
(Figure 3F). These results suggest that reducing dietary fat intake drives weight loss, while PA

synergistically enhances the effects of diet modulation in a DIO GEMM of PDAC.

Kras®'?P mice showed a decreasing trend of inflammation (P = 0.059), fibrosis (P =
0.068), and total pathological score (P = 0.066) in the pancreas of the group that underwent the
CD + PA intervention compared to the HFD group (Figures 3G-1). The mice in the HFD group
had fewer PanIN-1 lesions than the CD (P = 0.090) or the combined CD + PA (P < 0.01)
intervention groups (Figure 3J); however, 100% of the mice in the HFD group developed PDAC
whereas only 67% in the CD and 40% in the CD + PA groups developed PDAC (Figure 3K).
These findings illustrate the advantages of weight loss from a combination of dietary and PA

interventions to delay tumor progression in an DIO PDAC GEMM.

Diet and PA interventions reduce body weight but do not delay tumor growth in an obese

orthotopic mouse model of PDAC
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To determine whether diet and PA interventions could be preventive strategies to delay
PDAC after obesity onset, C57BL/6J mice were exposed to DIO. Once obese, they were
randomized to either a PA (HFD + PA), CD, or combined CD and PA (CD + PA) intervention or
no intervention. After the interventions, KPC-LUC cells were implanted orthotopically while the
mice continued on the dietary interventions without PA (Figure 4A). Mice in the HFD + PA and
CD + PA interventions ran similar distances which increased over time (P < 0.0001) (Figure
4B). The HFD + PA had reduced weight (2.12 + 0.836g, P = 0.002) and fat gain (0.745 £ 0.669q,
P =0.0003) before PDAC cell implantation compared to the mice in the HFD control group
(6.88 £ 0.783¢g for weight; 5.609 + 0.728g for fat) (Figure 4C and Supplementary Figure 2A).
The mice in the CD and CD + PA interventions decreased weight (-4.4 £ 0.685g, P < 0.0001 for
CD; -6.64 = 0.7969g, P < 0.001 for CD + PA) and body fat (-5.038 £ 0.751g, P < 0.0001 for CD;
-7.977 £ 0.450q, P < 0.0001 for CD + PA) compared to the HFD control group before the PDAC
cells were implanted (Figure 4C and Supplementary Figure 2A). These results suggest that a
non-obesogenic diet intervention drives weight loss, but additional PA can still delay weight gain

in the context of obesity.

At study endpoint, BWs were significantly decreased in the CD (P = 0.0046) and CD +
PA (P =0.001) groups compared to the HFD control (Figure 4D), while the HFD + PA group
had similar body weight changes to the HFD control. Tumor weights, and weekly tumor growth
remained similar across all groups (Figure 4E-F). Interestingly, non-fasting glucose increased
significantly in all the groups that underwent either a CD or PA, with the HFD group displaying
the lowest levels of non-fasting glucose (Supplementary Figure 2B). These results show that

neither PA nor a CD delayed tumor growth in a DIO orthotopic mouse model of PDAC.
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We measured splenic immune cell populations to evaluate the effects of PA and diet on
the immune system of the DIO PDAC orthotopic model. There were no significant differences
between the percentages of MDSCs, F4807 cells, NK cells, CD8* and CD4" T cells between
treatment groups (Supplementary Figure 2C), which aligned with the lack of changes in tumor
growth. In contrast, when non-obese tumor-bearing mice were treated with gemcitabine in
combination with PA (Supplementary Figure 3A), splenic CD8" T cells were significantly
elevated compared to a saline group without PA (P = 0.002) and a saline group with PA (P =
0.001) (Supplementary Figure 3B). We did not observe any changes in body weight
(Supplementary Figure 3C) but did observe reduced body fat composition during the PA
intervention (Supplementary Figure 3D). Although we saw a delay in early tumor growth due
to PA compared to no PA in this model (P = 0.032) (Supplementary Figure 3F), we did not
observe any additional benefits of a combined gemcitabine and PA intervention on tumor growth

(Supplementary Figure 3G).

PA promotes adipose-derived anti-inflammatory signaling that delays PDAC growth

To further understand how PA impacts inflammatory signaling in the adipose tissue, we
performed a transcriptomic analysis of the adipose tissue from the Kras®*?® and control mice
given a HFD or a HFD + PA intervention (Figure 2A) to assess changes in gene expression from
the PA intervention (Figure 5A). PA increased the expression of genes involved in mMRNA
binding, amide and peptide biosynthesis, and mitochondria-related pathways, and decreased the
expression of genes involved in phagocytosis and several immune-related pathways (Figure 5A,
5B, and Supplementary Table 4). Within these pathways, we observed a significant increase in
the 1L-15/IL-15 receptor agonist (ra) anti-inflammatory axis due to PA which we verified by
quantitative RT-PCR (P = 0.003) (Figure 5C). Through viral targeting, we upregulated the
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expression of IL-15 in the adipose tissue of mice and then performed an orthotopic implantation
of PDAC cells to measure tumor growth (Figure 5D). Viral targeted overexpression of IL-15 in
the adipose tissue of the mice was verified by quantitative RT-PCR (P = 0.046) (Figure 5E).
Tumor growth was significantly delayed in the mice with the adipose tissue-specific IL-15
upregulation compared to control mice (P = 0.0322) (Figure 5F and G). These results suggest
that PA modulation of anti-inflammatory pathways in the adipose tissue significantly contributes

to the benefits of PA as a prevention or treatment strategy for PDAC.

DISCUSSION

Here, we report that a voluntary running-based PA intervention reduces systemic
inflammation in overweight and obese subjects and in an obesity-associated PDAC GEMM. We
also demonstrate that PA reduces pancreas fibrosis, macrophage infiltration, and delays PDAC in
an obesity-associated PDAC GEMM. When PA is combined with a dietary intervention for
weight loss, there is an additive beneficial effect to delay obesity-associated PDAC. However,
when a HFD is given for a longer period prior to a PA and diet intervention in an orthotopic
mouse model of PDAC, there are no changes in tumor growth. We also show that a PA
intervention increases the expression of anti-inflammatory associated genes in the adipose tissue,
like IL-15 and increasing IL-15 expression in the adipose tissue can be a strategy to delay PDAC
tumor growth in mice. These findings support a prominent role for adipose-derived inflammation
in the progression of obesity-associated PDAC and emphasize the potential of weight loss via PA

and dietary changes to delay obesity-associated PDAC in obese high-risk individuals.

Epidemiological and animal studies show the benefits of weight loss interventions
through PA in lowering the risk of several types of cancer and chronic diseases, including

PDAC! 243840 1n PDAC patients, PA improved tumor vascularity and enhanced chemotherapy
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outcomes in a patient-derived xenograft mouse model*!. Contrastingly, another study using a
subcutaneous PDAC mouse model found that “low volume” continuous exercise reduced tumor
growth, but this effect was not seen when the exercise was combined with chemotherapy*?. We
also demonstrated that PA had an initial delay in tumor growth but it did not enhance the effect
of gemcitabine in a non-obese orthotopic mouse model of PDAC.

PA also improves glycemic control in PDAC patients after tumor resection*®. Glucose
control has become increasingly important for patients at a high risk of developing PDAC, since
patients with new-onset diabetes have a ~8-fold higher risk of developing PDAC and can
develop hyperglycemia before the tumor is identified** *°. We demonstrated that the combination
of a PA and diet intervention in an obesity-associated PDAC GEMM was successful at lowering
blood glucose and could be a strategy to implement in at risk obese populations of PDAC to
control glucose levels. However, in the obese orthotopic PDAC mouse model, glucose levels
increased with the PA and diet interventions, which emphasizes the variations in outcomes based
on the type of intervention and preclinical model utilized.

The impact of weight loss interventions on cancer outcomes might depend on the degree
of chronic metabolic dysregulation that results from the amount of time consuming a HFD.
Preclinical studies in rats found that long-term obesogenic diets increased hepatic oxidative
stress and metabolic syndrome to a higher extent than short-term diets*® 47, In a mouse model of
breast cancer, caloric restriction was more efficient at reverting the carcinogenic effects of
obesity than a low fat diet consumption“®. Here consumption of a HFD for longer than one
month diminished the anti-tumorigenic effects of PA in PDAC and speculate that the extended
time on a HFD before the CD or PA interventions might generate more permanent epigenetic or

metabolic changes that hinders the benefits of PA seen in our one-month intervention. Further
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research is needed to investigate short- and long-term DIO with various modalities of weight loss
interventions in PDAC.

Like our outcomes in the obese orthotopic PDAC model, weight normalization with a
dietary intervention in an orthotopic breast cancer mouse model was insufficient to reverse
obesity-associated inflammation and did not have any effect on tumor growth'®. Likewise, a
study in a patient-derived subcutaneous mouse model of PDAC did not find any differences in
the tumor growth of mice after undergoing a treadmill running intervention post-tumor
implantation®!. Differences between the GEMMs, orthotopic and subcutaneous models
(xenograft or allograft), as well as variations in the length, timing (pre- or post-tumor), and type
of the intervention could contribute to the poor recapitulation between the different studies. The
lack of tumor initiation steps in the orthotopic and subcutaneous mouse model eliminates any
effect that the interventions have on the early stages of the disease. All of these variables need to
be considered to answer prevention or treatment questions in cancer pre-clinically.

Other preclinical studies have found an immune cell-dependent effect of exercise in
cancer®®. Exercise increases CD8* T cell infiltration and decreases the number of myeloid
derived suppressor cells (MDSCs) suggesting that exercise can shift the tumor microenvironment
from an immunosuppressive to an immunocompetent state, improving the effectiveness of
immunotherapy®®-2, Since PDAC is considered immunologically “cold” with low infiltration of
CD8* T cells, hindering cytotoxic effects in the tumor®® >4, increasing immune cell infiltration by
PA represents a possible neoadjuvant for chemotherapies. Here, we did not see any PA-related
changes in splenic immune cell populations in the context of obesity. We only saw an increase in
splenic CD8" T cells when PA was combined with gemcitabine treatments in non-obese mice.

Since the PA intervention did not reduce tumor growth in our obese orthotopic mouse model of
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PDAC, it is possible that the PA intervention did not stimulate the immune cells to the extent
needed to reduce tumor growth or that the effects of obesity are too strong to reverse in this
model. In contrast, a recently published study that evaluated PDAC orthotopic tumors in
combination with treadmill running, observed increased tumor infiltration of CD8" T cells,
decreased MDSCs, and a delay in tumor growth®. This same study found increased CD8" T cells
in the tumors of PDAC patients that underwent an exercise intervention before tumor resection®.
In contrast, another study in a non-obese subcutaneous PDAC mouse model with various
treadmill running regimes found that none of the interventions stimulated the immune system
and that only low volume continuous exercise reduced tumor growth*. These running
interventions were not in the context of obesity, which could explain the lack of tumor and
immune effects seen in our model. Many PA preclinical studies in cancer differ in methodology
utilized as we recently described?!, which hinders the translation of the results to the clinic.
Differences between forced treadmill running and voluntary wheel running are likely to have an
impact on stress and other factors that influence the immune response and treatment outcomes®.
Apart from the effects of obesity, adipose tissue inflammation and secreted factors can
worsen cancer outcomes®’. For example, adipose tissue contributes to tumorigenesis by
activating the CXCL12-CXCR4/CXCR?7 signaling axis in prostate cancer®®, increasing adipose
fatty acid release in PDAC®®, and increasing adipose-derived proinflammatory cytokines in
breast cancer®. Activation of the IL15-1L15Ra-axis may also drive PA-induced immune anti-
tumor effects®. Here, we show adipose-derived IL-15 is a prominent driver of anti-tumor effects,
suggesting a major beneficial role for the adipose tissue molecular remodeling during PA.
Nonetheless, more studies are needed to characterize the full extent of the adipose-tumor

interactions and how weight loss interventions modulate it.

20


https://doi.org/10.1101/2023.01.03.521203
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.03.521203; this version posted January 4, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The findings of this study revealed that a PA and dietary intervention that lowers fat
intake during cancer initiation and progression delay PDAC in DIO GEMMs, and these effects
are likely mediated by a PA-induced anti-inflammatory effect in the adipose tissue. While
additional studies are needed to better understand the mechanisms by which PA delays DIO
PDAC progression, this study provides compelling evidence for a beneficial adipose-related anti-
inflammatory function of weight loss through PA and lower fat dietary interventions in obesity-

associated PDAC.
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FIGURE LEGENDS

Figure 1. PA decreases the expression of pro-inflammatory cytokines in the serum of
overweight/obese subjects. Mean fold change of serum cytokines after the program to before
the program. Analyzed with a paired Wilcoxon test.

Figure 2. PA delays weight gain, inflammation, fibrosis, PanIN progression, and PDAC
incidence in an obesity-associated GEMM of PDAC. (A) 40-day old Kras®?P and control
mice induced with tamoxifen on either a DIO intervention with HFD or a DIO intervention with
HFD + PA for 31 days (n=7 control + HFD, n=5 Kras®*?® + HFD, n=6 control + HFD + PA, n=5
Kras®P + HFD+PA). (B) Average distance ran (km/day), analyzed via two-way ANOVA. (C)
Average BW change over the 31 days, analyzed via two-way ANOVA. Significance displayed
for the last day. (D) Average BW change and (E) pancreas weight after the intervention,
analyzed with two-way ANOVA. (F) Representative H&E-stained pancreas sections of Kras®!?P
mice (original magnification: x20, scale bar =50um). Pathology scores for (G) inflammation, (H)
fibrosis and (1) total pathology scores, based on the average of all H&E slides, analyzed with
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Mann-Whitney test. (J) Correlation between total pathological score and kilometers for the PA
group and Pearson correlation coefficient. (K) Average number of PanIN lesions analyzed with
two-way ANOVA (L) Percent of mice that developed PDAC. (M) Fold change serum cytokines
of Kras®?P mice at week 4 of intervention compared to baseline, analyzed with a paired
Wilcoxon test. (N) Comparison of fold change serum cytokines at 4 weeks between HFD and
HFD+PA groups, only displaying the cytokines with a trend or statistical significance in Figure
2M or had a P <0.999 at week 4, analyzed via two-way ANOVA.

Figure 3. Diet-induced weight modulation and/or increased PA intervention reduces body
weight, pancreas weight, non-fasting glucose levels and delays PDAC development in an
obesity-induced GEMM of PDAC. (A) 40-day old Kras®'?P mice were induced with tamoxifen
for Kras activation and placed on a DIO intervention with a HFD for 33-54 days followed by 50
days with either no intervention (HFD) (control n = 6; Kras®?® n = 5), CD (control n = 12;
Kras®?P n = 9), or CD+PA (control n = 7; Kras®'?P n = 5). (B) Distance ran by the PA mice,
analyzed by a repeated measures two-way ANOVA. (C) BW change over time, analyzed via
two-way ANOVA compared to HFD control. Significance displayed for the last day. (D) BW
change from day 0 and (E) average pancreas weight, analyzed via two-way ANOVA. (F)
Average non-fasting glucose at the end of the intervention, analyzed via two-way ANOVA after
log transformation. Pathology score for (G) fibrosis and (H) inflammation and (I) Total
pathology score, analyzed via Kruskal-Wallis test. (J) PanIN lesions analyzed via two-way
ANOVA compared to the respective PanIN on the HFD control group. (K) Percent of Kras®'?P
mice that developed PDAC at the end of each intervention.

Figure 4. A diet and PA interventions reduce body weight but do not delay tumor growth
in an obese orthotopic mouse model of PDAC (A) 42-day old male C57BL/6J mice (n=10 per
group) were placed on a DIO intervention with HFD for nine weeks before starting a 59-day CD
and/or PA intervention. Mice were implanted with tumors and resumed their diet intervention.
(B) Distance ran in kilometers analyzed via two-way ANOVA after log transformation. (C) BW
change over time, analyzed with mixed-effects analysis comparing to HFD control. (D) Average
change in BW from day 56 to the end of the intervention analyzed with two-way ANOVA. (E)
Average tumor weight, analyzed via two-way ANOVA after log-transformation. (F) Average
photon radiance signal from the tumor/week, analyzed after log-transformation via two-way
ANOVA.

Figure 5. PA modulation of the anti-inflammatory pathways in the adipose tissue
significantly delays PDAC tumor growth (A) Heat map showing hierarchical clustering of
genes from the adipose tissue of control and Kras®'?® mice after a DIO intervention of a HFD or
HFD+PA from Figure 2A. Blue = low expression, red = high expression. (B) Gene ontology
displaying top significant pathways modulated based on adipose tissue gene expression due to
PA from Figure 2A cohort (C) Fold change adipose tissue gene expression of 1L-15ra in control
and Kras®?® mice from Figure 2A, analyzed via Mann-Whitney test. (D) 9-week old Female
C57BL/6J mice (n=10/group, 5/cage) received an empty/control or IL-15 adipocyte-targeting
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rAAV vector and were implanted with tumors 3 weeks later. (E) Fold change adipose tissue IL-
15 gene expression at the end of the study, analyzed via Mann-Whitney test. (F) Representative

IVIS images and (G) quantified fold change average photon radiance signal of mice with and

without IL-15 adipose targeting, analyzed via two-way ANOVA after log transformation.

Before | After | Before | After Mean Standard T P-
(n) (n) Mean | Mean | Difference | Deviation of value
Difference

Weight (kg) 18 12 80.73 | 76.71 -0.53 1.07 -1.73 | 0.112
BMI (kg/m2) 18 12 31.37 | 29.38 -0.16 0.39 -1.41 | 0.187
Waist (cm) 18 12 90.28 | 85.45 -1.78 1.77 -3.5 | *0.005
WHR 18 12 0.80 0.78 -0.02 0.02 -2.45 ] *0.032
% Body Fat 18 12 4341 | 42.29 0.35 0.58 2.09 | 0.060
FMI 18 12 13.91 | 12.65 0.04 0.24 0.54 | 0.598
VAT Area (cm2) 18 12 98.96 | 83.66 -5.32 21.3 -0.86 | 0.406

Table 1. Anthropometric measurements from overweight and obese subjects before and after a
10-week training program. Analyzed via paired t-test. Abbreviations: BMI = Body Mass Index,
WHR = waist to hip ratio, FMI = Fat Mass Index, VAT = visceral adipose tissue.
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