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ABSTRACT
Pancreatic cancer is the fourth leading cause of cancer-related deaths (1),
and it is associated with a poor survival rate due to late detection. Pancreatic
cancer is characterized by immunosuppression. In late stage disease, the tumor
microenvironment shifts from one favoring tumor recognition and clearance to
one that promotes the recruitment of immunosuppressive cells such as
regulatory T cells (Tregs) and myeloid derived suppressor cells (MDSCs) which
can exacerbate tumor growth (2). Thus, a better understanding of the
immunosuppressive factors in pancreatic cancer and the development of novel
strategies to counteract them is critical in the treatment of pancreatic cancer.
The first aim of this project was to characterize tumor growth,
inflammatory milieu, MDSC subset-specific accumulation and the assessment of
MDSC subset functional differences in a murine model of pancreatic cancer.
Female C57BL/6 mice were placed on an AIN-76 diet and 1x106 Panc.02 tumor
cells were injected subcutaneously in the lumbar region of the back. Tumor
growth and survival were monitored for 30-60 days post tumor implantation.
Plasma levels of inflammatory mediators and growth factors known to drive
pancreatic carcinogenesis and MDSC were quantified in tumor free (TF) and
tumor bearing mice at 60 days post tumor implantation. Total MDSCs and MDSC
subset accumulation was also quantified in TF and Panc.02 tumor bearing mice
at days 30, 40, 50 and 60 post tumor implantation. The contribution of MDSCs to
pancreatic tumor development was assessed by treating mice with either anti-Gr1+ or anti-IgG isotype antibodies, or PBS vehicle. Lastly, the ability of MDSC

iv

subsets to inhibit T cell proliferation, and the gene expression profile of each
MDSC subset were quantified. We demonstrated increased plasma levels of
inflammatory mediators GM-CSF, IL-6, TNF-α, MCP-1, MIP-1α, VEGF and TGFβ in Panc.02 animals in comparison to TF controls. MDSCs accumulated over
time, with a preferential accumulation of the Gr-1HiCD11b+ subset, which is also
characterized as CD11b+ Ly6G+Ly6CLo. Antibody depletion of MDSCs reduced
Panc.02 tumor burden in comparison to both isotype and PBS treated controls.
Additionally, MDSCs subsets from tumor bearing animals inhibited T cell
proliferation and produced TGF-β, IL-6 and IL-10. These findings indicated that
MDSCs accumulate in pancreatic tumor bearing mice, and can inhibit T cell
proliferation and enhance pancreatic tumor growth.
The second aim of this project was to evaluate the effect of obesity on the
emergence of immunosuppressive factors at work in the Panc.02 model, in
particular MDSCs. We hypothesized that obesity contributed to tumor growth by
exacerbating the immunosuppressive environment, via the accumulation of
MDSCs. To generate lean, control and obese mice, C57BL/6 mice were placed
on a 30% kcal carbohydrate calorie restricted diet, a 10% kcal from fat diet, and a
60 kcal% from fat diet for 16 weeks, respectively prior to tumor implantation. Mice
on each dietary intervention were injected subcutaneously with 1x106 Panc.02
cells and continued on their respective diets for 60 days post tumor implantation.
At sacrifice, tumor weight, splenic immune function, and MDSC accumulation
and function were assessed. Obesity significantly enhanced pancreatic tumor
growth and reduced survival in Panc.02 tumor bearing mice in comparison to
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lean and control mice. Obese Panc.02 tumor bearing mice had a greater
accumulation of MDSCs in the spleen, tumor draining lymph node (TDLN), and
tumor in comparison to lean Panc.02 tumor bearing mice. Obesity in tumor
bearing mice increased both MDSC subsets in spleen, but only increased the
monocytic subset in the tumor in comparison to lean mice. We also
demonstrated that MDSCs subsets from lean, control, and obese Panc.02 tumor
bearing animals suppressed T cell proliferation to the same extent. These
findings demonstrate that obesity increases the accumulation of MDSCs in
pancreatic tumor bearing mice and may contribute to the immunosuppressive
environment, thereby enhancing tumor growth.
Results from the current study contribute to our understanding about the
role of MDSCs in pancreatic cancer and the role of obesity on MDSC
accumulation and function. Understanding the long-term health consequences of
obesity on tumor-associated immunosuppressive factors may provide critical
insight into the prevention and treatment of obesity-related cancers in the future.
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CHAPTER 1
INTRODUCTION
Pancreatic cancer is the fourth leading cause of cancer related deaths,
and has a five-year survival rate of 5% (1). Late diagnosis and lack of highly
sensitive screening contribute to poor survival rates of patients with pancreatic
cancer (3). The current treatments for pancreatic cancer include surgery,
chemotherapy, radiation, and targeted therapies depending on stage/grade of
cancer (1). The most effective chemotherapy includes gemcitabine, and more
recently (FOLFIRINOX) a combination of 5-fluorouracil, leucovorin, oxaliplatin,
and irinotecan (4). The poor survival rates and lethality of pancreatic cancer
convey the need for improved therapies for this disease.
The role of the immune system in regulating tumor growth is described
(5, 6) as the “immune surveillance hypothesis”. Due to the complexity of the
immune system in both controlling and promoting tumor growth, the “immune
surveillance hypothesis” was re-vamped and is now termed the “cancer
immunoediting hypothesis”. Cancer immunoediting can be described in three
phases: the elimination, equilibrium and escape phase. The first phase is
called the elimination phase in which a number of immune cells including
CD4 + T cells, CD8 + T cells and NK cells recognize and clear tumor cells.
When the elimination phase fails, tumor cells enter into the second phase
termed the equilibrium phase. In this phase, tumor cells undergo genetic
instability and/or immune selection, which allow them to become resistant to
recognition and clearance by the immune system. In the last phase, termed
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the escape phase, tumor cells escape and proliferate with acquired
immunosuppressive capabilities to avoid recognition and clearance by
antitumor mechanisms. The transformed cells migrate to distant sites
(metastasize) and proliferate undetected by antitumor immune mechanisms.
In pancreatic cancer, the adaptive immune system is active early with
anti-tumorigenic activity via cytotoxic T cell activity and lysis of tumor cells.
Yu, et al. shows a reduction in the number and function of CD8+ T cells in
pancreatic cancer patients compared to healthy controls (7). Previous studies
have shown that the infiltration of CD4+ and CD8+ T cells into the tumor was
positively correlated with survival after surgical treatment in patients with
pancreatic adenocarcinoma (8). These results suggest a role for immune
suppression in pancreatic cancer patients.
Conversely, the role of the immune system in promoting tumor growth
has also been studied. Tumor cells create an immunosuppressive
environment devoid of effector cells in order to avoid recognition and
clearance of the immune system (9). Tumor-induced production of TGF-β
and IL-10 can inhibit effector cells and induce the expansion of Tregs (9). The
expansion of Tregs also results in suppression of antitumor responses (10).
Tumors can also produce inflammatory mediators and growth factors,
including IL-10, VEGF, GM-CSF, and IL-6, which promote accumulation of
immunosuppressive MDSCs (11), which, in turn, alter anti-tumor immunity
(12).
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In mice, MDSCs are characterized by the expression of Gr-1 and
CD11b (13) and comprise only 2-5% of the normal splenocyte population
(12). In normal development, immature myeloid cells generated in the bone
marrow travel to peripheral organs and differentiate into mature granulocytes,
macrophages and dendritic cells (DCs) (14). However, in pathological conditions
such as cancer, immature myeloid cells are halted in their differentiation (12), do
not mature, and take on a suppressive phenotype. MDSC can suppress both the
innate and adaptive immune response including NK cell cytotoxicity (12, 15, 16)
and T cell effector functions (e.g. proliferation, IFN-γ production) (17). The
activation of MDSC results in the up-regulation of immunosuppressive factors
including arginase (ARG-1), inducible nitric oxide (iNOS) and reactive oxygen
species (ROS) (18) which can induce CD8+ T cell tolerance (17).
MDSCs expand significantly in tumor bearing animals and humans as
a result of numerous tumor-derived factors, many which are associated with
chronic inflammation. The pro-inflammatory cytokines IL-10, IL-1β, IL-6 (16,
19, 20), PGE2 (21) and growth factors, VEGF, GM-CSF, G-CSF all induce MDSC
accumulation (12, 16, 22, 23).
MDSCs have previously been identified in cancer patients, and the
accumulation of MDSCs correlates significantly with disease stage and severity
(24-26). Increases in MDSCs are observed in pancreatic cancer patients (27)
with a concurrent reduction in CD8+ T cells (28). The abnormal production of
immunosuppressive factors, TGF-β and IL-10, in pancreatic tumor patients
skews T cell cytokine production in favor of a TH2 phenotype (29). These studies
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demonstrate that MDSCs are elevated in pancreatic cancer patients in
comparison to healthy controls, and contribute to immune suppression observed
in late stage pancreatic carcinogenesis. These data suggest that pancreatic
cancer patients harbor an inflammatory environment that favors tumor growth
and MDSC expansion.
Pre-clinical studies have also assessed MDSC accumulation and function
in transgenic (30, 31), orthotopic (32) and subcutaneous models (33-38) of
pancreatic cancer. In murine models of pancreatic cancer, a general
consensus among studies is that MDSCs accumulate in the spleen, tumor,
and blood in comparison to non tumor bearing controls (30, 37-41). MDSC
that accumulate in preclinical models of pancreatic cancer have the capacity
to suppress T cell function (30, 38, 39, 41) and contribute to pancreatic tumor
growth (30, 38, 41). These data are in accordance with the clinical literature
that demonstrates a role for MDSCs in the growth and progression of
pancreatic cancer. Due to the immunosuppressive role of MDSCs in
pancreatic cancer, understanding the mechanisms underlying the expansion
and function of MDSCs is crucial for the success of future immunotherapies.
Current risk factors for pancreatic cancer include smoking, diabetes
and obesity (26). Modifiable risk factors such as obesity are potential targets
for reduction of the incidence of pancreatic cancer. Over 64% of the U.S. adult
population is either overweight or obese (42). Obesity increases the risk
pancreatic cancer (43, 44). However the mechanisms underlying the link
between obesity and pancreatic cancer are not fully understood. Previous
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studies demonstrate that obesity leads to a state of chronic inflammation (45).
Obesity also impairs immune function (46). Clinical studies have examined the
effect of obesity on immune function. Karlsson et al. reports that obese patients
have a decreased number and function of antigen specific memory T cells (46).
Obesity also reduces antigen specific CD8+ T cell responses to influenza virus
(47). Obesity similarly impairs the differentiation of monocytes into IL-4 induced
alternative macrophages (48) in comparison to control patients. Obesity likewise
reduces the number and function of NK cells (49) and gamma delta T cells (50)
in comparison to control patients. However, the impact of obesity on the
expansion and function of immunosuppressive MDSCs has not been
investigated. Thus, a goal of this project was to evaluate the effect of obesity on
pancreatic tumor growth and on the emergence of immunosuppressive MDSCs
in a murine model of pancreatic cancer. Specifically, we hypothesize that obesity
induces an increase in immunosuppressive factors, which enhances pancreatic
tumor growth.
Results from this project will contribute to our understanding of immune
regulation mediated by MDSCs in a subcutaneous murine model of pancreatic
cancer. Additionally, an understanding of the long-term health consequences of
obesity on tumor-associated immunosuppressive factors will provide critical
insight into the prevention and treatment of many obesity-related cancers in the
future.

6

CHAPTER 2
LITERATURE REVIEW
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2.1. Introduction
Obesity continues to be one of the leading health issues in the US and
abroad. The prevalence of obesity has risen significantly over the past several
decades, and there is no indication that this trend is declining (51). More than
one third of the US adult population is either overweight or obese (51). The most
common measure of adiposity is body mass index (BMI), calculated by dividing
body weight (kilograms, kg) by height (in meters squared, m2). Obesity is defined
by body mass index or BMI (BMI > 30.0 kg/m2) and is associated with poor
health outcomes including diabetes, heart disease and stroke (52).
2.3. Overview of Obesity and Inflammation
Inflammation is a physiological response to tissue injury, damage, and
infection. Increases in blood flow, vascular permeability, leukocytes, and
inflammatory mediators characterize this response. Inflammation is coordinated
by inflammatory mediators (e.g. TGF-β, platelet derived factors, TNF-α, IL-1,
nitric oxide, and prostaglandins), immune cells (e.g. neutrophils, monocytes,
eosinophils, and mast cells) and chemokines (e.g. MCP-1, and MIP-1-α).
Neutrophils play a role early in the inflammatory response. They are involved in
chemotaxis, phagocytosis, and the production of proteases, reactive oxygen
intermediates, and release inflammatory mediators. Monocytes/macrophages
arrive next are also important early mediators of the inflammatory response.
They also exhibit increased phagocytosis, increase the release of inflammatory
mediators IL-1, IL-6 and TNF-α, MIP, and MCP-1 to resolve the tissue injury.
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IL-1 is produced by a variety of cells including T cells and macrophages
and has many functions. IL-1 is important in fever, prostaglandin synthesis, T cell
activation, B-cell activation and function, the production of collagen and fibroblast
proliferation (53). IL-10 is produced by T cells and B cells and can inhibit antigen
specific T cell proliferation, NK function and TH1 cytokine production (54). TNF-α
is produced primarily by macrophages and is important in pro-inflammatory
responses as well. TNF promotes the inflammatory response by acting as a
chemoattractant; it stimulates phagocytosis of macrophages, and is important in
the inflammatory response for fever and release of acute phase proteins (55).
Many immune cells including T cells and macrophages produce IL-6 and activate
cells of adaptive immunity (56). IL-6 stimulates acute phase proteins including
CRP, induces maturation of B cells, and is involved in activation and
differentiation of T cells (56). MCP-1 and MIPs are chemokines produced by T
cells, monocytes, macrophages, fibroblasts, and keratinocytes. MCP-1 can
activate macrophages, and MCP-1 is important in basophil histamine release,
and promotes TH2 immunity. MCP-1 also is important in the migration of
monocytes from the blood stream into tissues where they become macrophages.
MIP promotes TH1 immunity and is important in antiviral defenses (56). TGF-β is
produced by T cells and monocytes and can inhibit the proliferation and
activation of NK cells and T cells (56).
The aforementioned inflammatory mediators including (IL-1β, IL-10, TNFα, L-6, MCP-1, and MIP-1α) are necessary for physiological response to injury or
insult; however, failure to resolve inflammation had been linked to chronic
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disease. Obesity also induces a state of low-grade chronic inflammation.
Obesity-associated inflammation is linked to macrophage infiltration into adipose
tissue. This infiltration of macrophages into the adipose tissue results in
increases of inflammatory factors including IL-1β, IL-10, TNF-α, L-6, MCP-1,
MIP-1α, and leptin (57) and a reduction in adiponectin (APN).
The adipokines, leptin and APN, can also modulate adaptive immunity and
contribute to inflammation. Leptin induces a switch towards TH1 cell mediated
response by increasing TNF secretion (57) and promoting proliferation of T cells.
APN can suppress production of IFN-γ in macrophages via IL-10 production.
APN stimulates the production of prostaglandin E2 (PGE2) in fibroblasts (58). The
aforementioned studies suggest a relationship between inflammatory mediators
and adipokines in regulating immune function. Therefore, it is possible that the
communication between adipocytes and macrophages via adipokines can
enhance and sustain inflammation.
Expansion of adipocytes and increased macrophage infiltration in adipose
tissues are responsible for increased production of cytokines and chemokines
observed in obesity (59). It has been reported from clinical studies that obesity
significantly elevates serum levels of lL-5, IL-10, IL-12, IL-13, IFN-γ, TNF-α,
MCP-1 (60), IL-6, CRP, and TNF-α (62). Consequently, chronic inflammation
may contribute to the pathology of obesity associated diseases, including cancer
(61). There is overwhelming evidence that inflammation can promote tumor
development and growth (63). Individuals with inflammatory bowel disease (IBD)
have a greater risk of developing colon cancer; Helicobacter pylori causes gastric
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ulcers and increases risk of gastric cancer (62); hepatitis C infection increases
risk of bladder and colon cancer; and chronic pancreatitis is a risk factor for the
development of pancreatic cancer (63, 64). IL-6 and TNF-α in addition to
coordinating the inflammatory response, can also promote tumor growth, and
induce angiogenesis (65).
Obesity-induced inflammatory mediators produced via macrophage and
the adipose tissue can also activate various transcription factors including STAT3
and nuclear factor κB (NFκB). Both transcription factors are important in
controlling cell survival, growth, proliferation, invasion, angiogenesis and
numerous other processes. Similarly, these inflammatory pathways can also
induce the production of chemokines and cytokines that attract immune cells and
sustain the inflammatory response. Using a colitis associated cancer model,
inactivation of NFκB in cells of the myeloid origin reduce tumor growth and inhibit
IL-6 secretion (66). Fujioka et al. show that inhibition of NFκB reduces tumor
growth, metastasis and angiogenesis of pancreatic cancer in orthotopic
pancreatic cancer model. The constitutive activation of NFκB contributes to tumor
cell proliferation, survival, and inflammation in pancreatic cancer (67). A human
pancreatic cancer cell line also constitutively expresses NFκB (68). These
studies demonstrate a role for NFκB in promoting pancreatic carcinogenesis.
To further provide a role for inflammation in cancer, studies have also
examined the long-term use of nonsteroidal inflammatory drugs (NSAIDs) in
relation to cancer. NSAIDs can reduce colon cancer risk by 40% (69) and aspirin
reduces incidence in breast cancer patients (70). The mechanism of action for
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NSAIDs is inhibition of cyclooxygenases (COXs) (71) and the ability to induce
apoptosis of cancer cells (72). The use of NSAIDs and aspirin reduce cancer
risk, and thus confirms the role for inflammation in the carcinogenesis process.
2.4. Overview of Obesity and the Immune System
Numerous studies have explored the effect of obesity on immune function
(73). Beck et al. show that obesity can alter the innate and adaptive immune
response in both animal models and human subjects (46). In clinical studies,
being overweight and obese impairs the immune response to influenza
vaccination, in comparison to normal weight controls (47). Obese participants
have lower antibody titers 12 months post vaccination (47) and greater
susceptibility to viral infection (74). Additionally, obesity increases risk of
infection, slows wound healing, and is responsible for decreases in T cell and NK
cell function (75, 76). Natural killer T cells from obese individuals show a
significant reduction in expression of TNF-related apoptosis inducing ligand
(TRAIL), and phosphorylation of janus kinase 2 (JAK2) in comparison to normal
weight controls (49). Obesity also reduces the number and function of gamma
delta T cells in humans (50). These studies demonstrate that obesity impairs
immune function in humans.
Additionally, numerous innate and adaptive immune impairments are also
observed in preclinical models of obesity. Winer et al. show a pathogenic role for
B cells from obese mice, via the promotion of insulin resistance and glucose
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Figure 2.4. Obesity and the Immune System. Obesity can alter the innate and

adaptive immune response in both pre-clinical and clinical models. Obesity
decreases the number of B cells, and promotes inflammation via the
production of pro-inflammatory cytokines (IFN-γ and IL-6). Obesity impairs
the proliferation of CD4+T and CD8+T cells. Obesity impairs the cytotoxicity
of CD8+T cells. Obesity impairs antigen presentation of B cells. Obesity also
impairs adaptive immunity. Obesity decreases the phagocytic activity of
macrophages and increases the production of pro-inflammatory mediators
(IL-6 and iNOS).
intolerance (77). DeFuria et al. also show that B cells produce pro-inflammatory
cytokines (e.g. IL-6 and IFN-γ) and promote inflammation in obese mice in
comparison to control animals (78). In addition to obesity-induced impairments in
B cells, obesity also affects the function of T cells. Obesity increases infiltration
and activation of CD8+ T cell into the adipose tissue in comparison to control
mice (79). A role for obesity in the accumulation of adipose tissue dendritic cells,
which produce IL-6, IL-23 and TGF-β and generate Th17 cells (80) (which can
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promote cancer) is also shown. In addition to its role on B cells and T cells,
obesity also impairs antigen presentation of DCs (81), decreases the phagocytic
activity of macrophages and increases the production of pro-inflammatory
mediators (IL-6 and iNOS) in comparison to control mice (82).
Obesity also increases disease severity, and mortality to secondary
influenza infection in mice, while impairing the generation and function of
memory T cells (46). Previous studies in our lab demonstrate that the ability of
antigen presenting cells (APCs) from obese C57BL/6 mice to induce T cell
proliferation in comparison to lean animals is impaired (Rogers, et al. manuscript
in preparation). Furthermore, antigen specific CD4+T cell proliferation and CD8+T
cell cytotoxicity were also significantly decreased in obese animals. Thus, roles
for obesity-induced impairments in immune function are well established.
The role of obesity on the emergence or function of immune suppressive
cells is understudied. In a previous study by Xia et al., immunosuppressive
MDSCs accumulate in the bone marrow, blood, spleen, adipose tissue, and liver
of obese (ob/ob) non-tumor bearing animals in comparison to wild type (WT)
controls. MDSCs found in peripheral tissues improve insulin sensitivity, reduce
serum IL-6 and TNF-α and skew macrophage polarization toward an M2 (proinflammatory) phenotype, suggesting that MDSCs may be negative regulators of
obesity-induced inflammation in the absence of tumor (83). Wagner et al.
reported that obesity deceases the number of circulating Tregs in comparison to
normal weight controls (84). Decreases in Tregs were found in visceral adipose
tissue from obese mice and obese patients (85). Zeyda et al. demonstrated

14

Tregs are more abundant in visceral adipose tissue in obese patients in
comparison to lean control groups (86). Increases in MDSCs are in found the
spleen and tumors of obese mice in an orthotopic renal cancer models in
comparison to normal weight mice (87). These data demonstrate that obesity
enhances immunosuppression via increasing the accumulation of
immunosuppressive cells populations (e.g. Tregs and MDSCs).
2.5. Obesity and Pancreatic Cancer
Chronic inflammation contributes to the pathology of obesity-associated
diseases including pancreatic carcinoma (63). Obesity is a modifiable risk factor
for the development of several different types of solid cancers, including colon,
breast and pancreatic cancer (88). Recent epidemiological studies suggest a
positive association between obesity and pancreatic cancer risk (46, 81). A
study by Arslan et al. used BMI as a measure of adiposity to determine the
association between obesity and pancreatic utilizing the National Cancer Institute
Pancreatic Cancer Cohort Consortium. In a pooled analysis of 14 cohort studies,
BMI is associated with increased risk of pancreatic cancer (odds ratio =1.33, 95%
CI, 1.12-1.58) when comparing BMI of <18.5 kg/m2 to BMI of ≥ 35 kg/m2. An
association between BMI and pancreatic cancer risk is consistent among men
and women (89). Jiao and colleagues also examined the association between
obesity and pancreatic cancer using data from seven prospective cohort studies
in collaboration with the National Cancer Institute including the National Institutes
of Health-AARP Diet and Health Study (AARP), Agricultural Health Study (AHS),
Breast Cancer Detection Demonstration Project (BCDDP), Prostate, Lung,
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Colorectal and Ovarian Cancer Screening Trial (PLCO), US Radiologic
Technologists Study (USRT); the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study (ATBC); and the Shanghai Women’s Health Study (SWHS).
The results from this pooled analysis demonstrate the relative risk for a 5-kg/m2
increment in BMI is in men is 1.06 (95% confidence interval (CI), 0.99–1.13) in
men and 1.12 (95% CI, 1.05–1.19) in women (90). Renehan and colleagues
utilized 221 data sets from Medline and Embase for all cancer sites, only using
16 specific data sets for pancreatic cancer. The populations were from North
America, Europe, Australia, and Asia-Pacific. The relative risks for a 5 kg/m2
increase in BMI for men and women in North America are RR=1.43 (95% CI,
1.19-1.72) and RR=1.16 (95% CI, 1.03-1.31). The relative risks for a 5 kg/m2
increase in BMI for men and women in Europe and Australia are RR=1.08 (95%
CI, 0.93-1.24) and RR=1.14 (1.05-1.23). The relative risks for a 5 kg/m2 increase
in BMI for men and women in Asia-Pacific are RR= 0.77 (0.54-1.11) and
RR=1.34 (0.98-1.83). Population and gender differences are observed in the
association between BMI and the incidence of pancreatic cancer, with the
greatest increase in risk for pancreatic cancer in North American men in
comparison to other populations (91). These data show gender differences
among men and women, which could be potentially explained by different fat
depots present in men in comparison to women. These results also suggest that
BMI alone may not adequately capture the association between obesity and
pancreatic cancer and other more sensitive measures of adiposity should be
used. Most recently, a meta-analysis by Aune et al. examines the relationship
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between obesity and pancreatic cancer risk utilizing BMI, waist to hip ratio and
waist circumference as measures of adiposity. This meta-analysis includes 23
prospective studies examining the relationship between BMI and pancreatic
cancer risk. The summary risk estimate (relative risk) for a 5-unit increase in BMI
is RR=1.10 (95% CI, 1.07-1.14); for a 10-cm increase on waist circumference
RR=1.11 (95% CI, 1.05-1.18) and for a 0.1 unit increase in waist to hip ratio was
RR=1.19 (95% CI, 1.09-1.31) (43). Results from these epidemiologic studies
support a positive association between obesity and pancreatic cancer.
Emerging evidence suggests that obesity may also influence pancreatic
cancer mortality. A pooled analysis of 20 prospective studies from the National
Cancer Institute BMI and Mortality Cohort Consortium demonstrates that a BMI
of over 30 kg/m2 increases mortality in pancreatic cancer patients (hazard
ratio=1.43 (95% CI, 1.11-1.85) in comparison to a BMI of 21.0 to 23 kg/m2.
Increases in waist to hip ratio (0.1 unit increase, hazard ratio=1.09 (95% CI, 1.021.17) and waist circumference (10 cm increase, hazard ratio=1.07 (95% CI, 1.001.14) are also associated with increased mortality in pancreatic cancer patients.
These results are similar for men and women. Another study also demonstrates
a similar linear association between obesity and pancreatic cancer mortality, with
a BMI >35 kg/m2 conferring greater risk of mortality than a BMI between 30-34.9
kg/m2 (92). Additionally, Kasenda et al. demonstrate that a 5 kg/m2 increase in
BMI is associated with increased mortality (hazard ratio =1.21 (95% CI, 1.061.41) in stage three and four pancreatic carcinoma patients. Lastly, Bethea et al.
demonstrate a similar relationship between obesity and pancreatic cancer in
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African Americans, using pooled data from seven prospective cohort studies
(hazard ratio = 1.25 (0.99-1.57) for BMI 30-34.9 kg/m2 and hazard ratio =1.35
(0.97-1.77) for BMI ≥35 kg/m2) (93). These results, in total, demonstrate that
obesity increases risk and reduces survival from pancreatic cancer patients.
2.6. Biological Mediators Underlying the Relationship between Energy
Balance and Cancer Risk
The biological mechanisms underlying the link between obesity and cancer
are not fully understood. Likely pathways linking obesity to pancreatic cancer
are adipokines, inflammatory mediators (94) growth factors, and metabolic
hormones (95).
Adipokines
In pathological states such as obesity, many metabolic mediators are
dysregulated. Leptin, an adipokine involved with satiety is correlated with adipose
tissue mass (73) and may play a role in obesity-related cancers. Increases in
serum leptin levels are present in obese patients (85). Similarly, in animal
studies, obesity also increases serum levels of leptin, while increasing tumor size
and cellular proliferation in mice deficient for both leptin and its receptor (96, 97).
Stolzenberg-Solomon et al. conducted a pooled analysis from three-cohort
studies and demonstrate that high pre-diagnostic levels of leptin are associated
with an increase in the risk of pancreatic cancer (odds ratio=2.55 (95% CI, 1.235.27). Furthermore, expression of leptin and its receptor (Ob-R) is related to
colorectal tumor stage, metastasis and the signaling pathways mammalian target
of rapamycin (m-TOR) phosphoinositide 3 kinase (PI3K), and serine/threonine

18

kinase (AKT) important in proliferation and apoptosis (98). Leptin also
orchestrates vascular development and angiogenesis via VEGF in pre-neoplastic
colon epithelial cells (99). Mendonsa et al. also demonstrate that leptin
contributes to pancreatic tumor growth via PI3K/AKT in vitro. The role of leptin in
pancreatic carcinogenesis is not fully understood; however, these data suggest
that leptin can directly influence tumor growth by modulating proliferation, and
vascularization of tumor cells in models of pancreatic cancer.
In addition to leptin, adiponectin (APN) may also play a role in the
pathogenesis of cancer. Plasma levels of APN are inversely correlated with body
mass index and visceral obesity (57). APN has potent anti-inflammatory effects in
in vitro studies. Short-term treatment with APN on RAW 264.7 murine
macrophage-like cells increases TNF-α and IL-10 production (100). Full length
APN promotes a shift in the phenotype of M1 and M2 macrophages towards a
more anti-inflammatory phenotype. In animal models of cancer, APN has an antiproliferative effect on colon cancer cell lines (HCT116) (101). APN also inhibits
NFκB activation in human aortic endothelial cells (102). NFκB is an important
pathway, regulating survival, proliferation, inflammation, and immune regulation.
Globular APN inhibits the proliferation of colon cancer cell through activation of
AMPK and reduction in the mTOR pathway (103). These results suggest an antiinflammatory role for APN on colon and pancreatic tumor cell lines. The
relationship between APN and pancreatic cancer is less studied. In murine
pancreatic cancer models, full-length APN inhibits proliferation of pancreatic
cancer cells, and increases apoptosis and caspase activity in vitro (104). The
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clinical data on examining the relationship between APN and pancreatic cancer
is not clear. Serum levels of APN in pancreatic cancer patients were increasing,
decreasing, or remain unchanged (105-107). The reduction of APNs antiinflammatory effect observed in obesity may be responsible for enhanced tumor
growth observed in obesity. Further research is warranted to understand the
relationship between APN and pancreatic carcinogenesis.
Insulin & IGF
Insulin and insulin-like growth factors (IGF) are important in the regulation
of glucose homeostasis and are often dysregulated in obesity. These factors are
suggested as likely mediators of tumorigenesis. In preclinical models it was
found that obesity increases tumor volume and levels of insulin in comparison to
lean mice (96, 108). These animal studies provide a role for insulin in the
pathology of pancreatic cancer. Hyperinsulinemia increases the risk for
pancreatic cancer patients (109) by increasing levels of free IGF-1, which can
enhance cell migration and pro-angiogenic factors potentiating tumor growth.
Ben et al. conducted a meta-analysis examining the association between
diabetes mellitus and risk of pancreatic cancer including 35 cohort studies. Ben
et al. show that diabetes is associated with risk of pancreatic cancer (relative risk
=1.94 (95% CI, 1.66-2.27). Previous studies show insulin resistance and IGF
levels in the blood are associated with increased risk of colon cancer (110, 111).
Insulin and IGF have previously been shown to activate signaling pathways AKT
and PI3K. Insulin may enhance pancreatic cancer growth by modulation of
signaling molecules AKT/PI3K, altering cell migration and enhancing tumor
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growth. These pathways have pleiotropic effects, including cell growth and
proliferation, which may be the mechanism by which they exert their effects in
obesity-related cancers (95).
Inflammatory Mediators
Obesity is characterized by a state of low-grade chronic inflammation
primarily driven by macrophage infiltration into the adipose tissue. Proinflammatory mediators thought play a role in obesity induced cancer risk
includes: IL-1β, IFN-γ, IL-6, and TNF-α. Obesity significantly elevates serum
levels of inflammatory mediators IL-10, IL-12, IL-13, IFN- γ, TNF-α and MCP-1
(60) in comparison to non-obese controls (112). Similarly, increases in serum
levels of IL-6, CRP, and TNF-α are present in obese patients, and weight loss
(via gastric surgery) significantly reduces serum levels of IL-6 and CRP (113).
Pendyala and colleagues report that weight loss (via diet modifications) results in
decreases in cytokines (e.g. TNF-α, and IL-8, IL-1β and MCP-1) and immune cell
counts (e.g. T cells and macrophages) in mucosal biopsies. This study
demonstrates that individuals who lost weight via diet manipulations had reduced
colorectal inflammation (114). In cancer patients, Sullivan et al. found increases
in levels of MCP-1 in obese pancreatic cancer patients in comparison to controls
(60). Obesity increases serum levels of insulin, leptin, RANTES IL-1ra, and IFN-γ
in a murine model of colon cancer (115). Park et al. demonstrate that obesity
promotes carcinogenesis in a murine model of liver cancer, via TNF and IL-6,
which induces chronic inflammation via STAT3 (116). The mechanisms linking
obesity and cancer include increases in pro-inflammatory mediators TNF-α,
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leptin, IL-1, IL-6, IL-8, resistin, MCP-1, and decreased anti-inflammatory, APN.
These results suggest that obesity-induced inflammation may contribute to
pancreatic carcinogenesis.
2.6. Overview of Pancreatic Cancer
Despite significant advances in research, cancer remains the second
leading cause of death in the U.S. (1). In 2015, it is estimated that there will be
over 1.6 million newly diagnosed cases of cancer and nearly 600,000 cancerrelated deaths. Pancreatic cancer is the fourth leading cause of cancer deaths in
the U.S. (1). Late diagnosis and lack of highly sensitive screening contribute to
poor survival rates observed in patients with pancreatic cancer (3). The current
five-year survival rate for pancreatic cancer patients is ~5% (1). At the time of
detection, the disease is generally in an advanced stage and 75% of these
patients die within one year of diagnosis (1). The current treatments for
pancreatic cancer include surgery, chemotherapy, radiation, and targeted
therapies depending on stage/grade of cancer (117). However, the side
effects of the treatments including (e.g. nausea, vomiting, poor appetite,
weight loss, diarrhea, hair loss, sores, increased chance of infection, and
fatigue) and lethality of pancreatic cancer highlight the need for improved
therapies for this disease. Thus, pancreatic cancer constitutes a significant
public health threat, and is a cancer prevention and therapeutic challenge.
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2.6.1. Pancreatic Ductal Adenocarcinoma (PDAC)
Pancreatic ductal adenocarcinoma (PDAC) is the predominant form of
pancreatic cancer. PDAC is a stepwise progression from low-grade pancreatic
intraepithelial neoplastic (PanIN) lesions to high-grade PanIN lesions, followed by
PDAC (2). Genetic alterations are important components in the pancreatic
carcinogenesis process. Kras, a GTPase responsible for cell cycling between the
GTP-bound active and GDP-bound inactive state is the one the most commonly
mutated genes in pancreatic cancer. 95% of pancreatic cancers have mutations
in KRAS (118). Mutations of this oncogene lead to constitutive activation of
KRAS, which leads to uncontrolled cell proliferation, anti-apoptosis, evasion of
the immune response, and cell migration (119).
Mutations in P16/CDKN2A are also common in pancreatic cancer. P16 is
an inhibitor of cyclin dependent kinase inhibitors (CDKIs), which inhibit CDK4/6
complexes causing them to become inactive resulting in cell-cycle arrest (118).
The tumor suppressor gene, SMAD4, is a part of the TGF-β signaling pathway
and is responsible for regulating the growth of epithelial cells. Inactivation in
SMAD4 is observed in 45% of pancreatic cancers (120). P53 is another tumor
suppressor gene frequently mutated in pancreatic cancer. P53 normally activates
target genes in response to cellular stress by blocking the cell cycle transition,
however in cancer mutations in this gene can lead to uncontrolled cell
proliferation. Inactivation mutations in p53 occur in over 70% of pancreatic
cancers (121). Pancreatic carcinogenesis is a multi-step process, with an
accumulation of activating mutations in KRAS, and inactivating mutations in
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p16/CDKN2A, p53, and SMAD4 genes, which are critical for the development of
PDAC.
2.6.2. Cytokines and Chronic Inflammation in Pancreatic Cancer
Inflammation is a physiological response to injury, and or infection. In
response to tissues injury, activation and migration of neutrophils and monocytes
to the site of injury occur. Once at the site, monocytes/macrophages produce

Table
2.1. Inflammatory
Table
1. Inflammatory
MediatorsMediators
Important inImportant
Human Pancreatic
Cancer
Human Pancreatic Cancer
Cytokine
IL-6

in

Function
Positively correlates with tumor stage, cachexia and
decreased survival

Associated with angiogenesis and metastasis
IL-8 (KC) negatively influences survival of tumor bearing (PC) mice
associated with aggressiveness and invasiveness
IL-1α correlated with poor disease prognosis
IL-1α
IL-1β
TNF-α

and chemokines
including IL-6, IL-1 β,
TNF- α, prostaglandins,
CXCL8, CCL2, and

IL-1β invasiveness, metastasis/migration

CCL4 which stimulates
Association with cachexia, promotion of migration and
metastasis and poor survival

MIF-1α
MIF

Enhancing proliferation, Induction of EMT, poor prognosis

MCP-1

Associated with pro-inflammatory macrophage infiltration

TGF-β

inflammatory mediators
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by macrophages also causes dilation of blood vessels, leading to movement of
monocytes and neutrophils and leukocytes into the infected tissue (56).
Collectively these changes cause the cardinal characteristic of inflammation
including heat, pain, swelling and redness. Consequently, chronic inflammation
contributes to the development of pancreatitis and pancreatic cancer (2) by
increasing levels of pro-inflammatory mediators TNF-α, IL-6, IL-8, and IL-1β .
Pancreatitis is a significant risk factor for the development of pancreatic cancer

24

(122, 123). Elevations in levels of the inflammatory mediators TNF-α, IL-6, IL-8,
and IL-1β play a role in pancreatic cancer. TNF-α is instrumental in invasion and
metastasis (124). IL-6 can both promote angiogenesis and increase cell
proliferation and is positively correlated with tumor stage and decreased survival
in humans (125). IL-8 also promotes angiogenesis (126), migration and
metastasis (127) in pancreatic cancer. Similarly, IL-1β increases migration,
metastasis (128) and invasiveness of pancreatic cancer cells (129). An elevation
in serum levels of TGF-β and IL-10 correlates with poor prognosis in cancer
patients. Additionally, IL-10 in humans also correlates with tumor stage and
promotes a pro-inflammatory shift in (29) patients with pancreatic cancer.
TGF-β is responsible for a variety of cellular processes including cell
proliferation, embryogenesis and differentiation, angiogenesis, apoptosis,
extracellular matrix remodeling and wound healing, and immunosuppression
(130). However, contradicting roles for TGF-β exist in pancreatic cancer. TGF-β
plays the roles of tumor suppressor and tumor promoter in pancreatic cancer.
Overexpression of TGF-β in pancreatic cancer, via tumor-stromal interactions
may lead to widespread immunosuppressive effects allowing tumor cells to
evade anti-tumor immune responses, and thus promote pancreatic tumor growth.
Serum levels of TGF-β rise in cervical cancer patients in comparison to control
patients (131). Previous studies also demonstrate increases in serum levels of
TGF-β in pancreatic cancer patients in comparison to healthy controls (132).
Jacobs and colleagues associate serum levels of TGF-β with a higher risk of
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pancreatic cancer (133). Future targeted therapies of TGF-β may provide
promising options for pancreatic cancer treatment.
2.6.3. Cytokines and the Tumor Microenvironment
The tumor microenvironment is comprised of stromal cells, tumor cells,
cancer-associated fibroblast, and immune cells. Numerous cells can secrete
cytokines and growth factors within the tumor microenvironment. Stromal cells
including cancer-associated fibroblasts (CAFs) produce TGF-β, IL-1, IL-6 and
COX-2 (134). Similarly, tumor infiltrating immune cells (e.g. T cells, neutrophils,
dendritic cells, macrophages, and mast cells) produce numerous growth factors
(e.g. VEGF, GM-CSF, G-CSF) and cytokines (e.g. IL-1, IL-10, IL-10, TGF- β) that
can also support tumor progression. Thus, the tumor microenvironment is
important in the potentiation and development of pancreatic cancer.
2.6.4. Immune Suppression and Pancreatic Cancer
The role of immune suppression in pancreatic cancer progression is
documented (2, 135, 136). Elevated levels of IL-10 and TGF-β are found in
serum of pancreatic cancer patients (137). These immunosuppressive factors are
also correlated with poor prognosis in cancer patients (138). Tumor cells utilize
many different mechanisms to evade or suppress the host immune response.
Antigen-specific T cell tolerance is one of the major mechanisms by which
tumors escape immune cell destruction (139-141). Two major
immunosuppressive cell populations that can promote tumor growth and
suppress the host immune response are Tregs and MDSCs.
Yamamoto et al. show a significant increase in circulating Tregs in
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pancreatic cancer patients in comparison to healthy controls (142). Similarly,
Tang and colleagues show an increase in the accumulation of Tregs in
pancreatic tumor tissue in comparison to normal pancreatic tumor tissues from
patients without cancer. Additionally, this increase in Tregs in tumor tissue is
related to a decrease in CD8+T cells in the tumor (124). In a murine model of
pancreatic cancer, the depletion of Tregs results in better survival of these
animals (143), suggesting a role for immunosuppression by Tregs in the
progression of disease. Increases in immunosuppressive Tregs are found in
ductal adenocarcinomas, with a concurrent reduction in infiltration of
intraepithelial CD8+T cells in pancreatic ducts (144). These results demonstrate
that Tregs contribute to immunosuppression in pancreatic cancer patients.
MDSCs suppress host immune responses (15). MDSCs also accumulate
in pancreatic cancer patients, and their accumulation correlates with disease
stage and severity (25, 26). Increases in MDSCs accumulation are present in
pancreatic cancer patients with a concurrent reduction in CD8+T cells (28). A
recent study by Ghansah and colleagues establish a role for immune
suppression in pancreatic cancer via MDSCs. They found that depletion of
MDSCs in combination with a dendritic cell vaccination significantly delays tumor
growth and improves survival in tumor bearing mice (145). Stromnes et al. show
that depletion of granulocytic MDSCs in mice with pancreatic ductal
adenocarcinoma increases CD8+/IFN-γ+ cells in the tumors of pancreatic tumor
bearing mice CD8+T cells and induces epithelial tumor cell apoptosis (30).
Previous studies show that the infiltration of CD4+ and CD8+ T cells into the
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tumor is positively correlated with survival after surgical treatment. These results
demonstrate that in addition to Tregs, MDSCs also contribute to immune
suppression in pancreatic cancer patients.
2.7.1 Phenotypic Characterization of Myeloid Derived Suppressor Cells
Murine MDSCs can be identified by expression of cell surface markers Gr1 and CD11b. MDSCs can further be divided into two subtypes, granulocytic and
monocytic MDSCs based on Gr-1 expression and/or additional markers Ly6G
and Ly6C. Gr-1HiCD11b+ (CD11b+Ly6G+Ly6CLo) cells are termed granulocytic
MDSCs due to their granulocytic/neutrophil-like morphology (polymorphonuclear
with dense granules). Gr-1LoCD11b+ (CD11b+Ly6CHiLy6G-) are termed monocytic
MDSCs due to their monocyte-like morphology (mononuclear).
The expansions of these two MDSC subsets occur in cancer including
colon, breast, and pancreatic cancer (146). MDSC subsets differ in their
suppressive function in various experimental tumor models (12, 146).
Inflammatory and tumor derived factors can activate MDSCs, which can result in
increased production of immune suppressive agents such as arginase (ARG1),
inducible nitric oxide (iNOS), and reactive oxygen species (ROS) (12). MDSC
subsets mediate their suppressive function through several different
mechanisms. Both MDSC subsets express immunosuppressive factors ARG-1
(12). Increased levels of ARG-1 in MDSCs can lead to the depletion of Larginine, which can inhibit T cell proliferation (147, 148). MDSCs are also known
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to produce TGF-β (149) and IL-10 (22) which both have the ability to suppress T
cells responses including proliferation, activation, and differentiation (150, 151).

Figure 2.7.1. MDSC subset specific suppressive mechanisms. MDSCs
subsets can inhibit T cell proliferation, and produce immunosuppressive
factors. Granulocytic MDSCs can inhibit the proliferation of T cells via the
production of ROS and ARG-1 through STAT3 mechanisms. Granulocytic
MDSCs are terminally differentiated MDSCs. Monocytic MDSCs inhibit T
cell proliferation of T cells via the production of iNOS and ARG-1 through
STAT1 dependent mechanisms. Monocytic MDSCs can differentiate into
macrophages (Macs) and dendritic cells (DCs). Both MDSC subsets
produce immunosuppressive factors ARG-1 and IL-10.
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2.7.2 Suppressive Capabilities of MDSCs
Adaptive Immunity
MDSCs are known to suppress immunity by altering both innate and
adaptive host immune responses (17). The activation of these immature myeloid
cells in disease states such as infection and cancer results in the upregulation of
numerous immunosuppressive factors, e.g. ARG-1, iNOS, peroxynitrite, and
ROS (12), which can result in the induction of antigen-specific CD8+ T cell
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Figure 2.7.2. MDSC suppressive mechanisms. MDSCs inhibit both
innate and adaptive immunity. MDSCs alter cytokine production of
macrophages, polarizing them toward a tumor-promoting phenotype via
the production of IL-10. MDSCs impair antigen presentation of DCs.
MDSCs impair the function NK cells via cell contact dependent
mechanisms including the production of PGE2 decreases the
expression of activating receptors (e.g. NKG2D, NKp46 and NKp44) on
NK cells. MDSCs also inhibit the cytotoxicity of NK by inhibiting
production of IFN-γ. MDSCs can drive the expansion of MDSC via the
production of TGF-β, and IL-10. MDSCs suppress adaptive immunity by
up-regulating ARG-1, iNOS, and ROS, which can result in the induction
of antigen-specific T cell tolerance.
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tolerance (17). Antigen-specific T cell tolerance is one of the major mechanisms
by which tumors escape immune cell destruction (139-141).
MDSCs suppressive mechanisms include L-arginine depletion in the tumor
microenvironment, depletion/deprivation of cysteine, and induction of Tregs.
MDSCs can disrupt or downregulate the T cell receptor (TCR) ζ -chain molecules
via peroxynitrite resulting in the inability of T cells to transmit signals for
activation. MDSCs inhibit NK cell cytotoxicity (152-154). In addition to
suppressing natural NK and T cell function, MDSCs prevent activation and
proliferation of CD4+ and CD8+ T cells. The suppressive activity of MDSCs on T
cells requires contact and can be antigen specific or nonspecific depending on
the tumor environment, inflammatory mediators, and the localization of MDSCs
and effector cells (155, 156). This interaction is dependent on MHC I expression.
Similarly, MDSCs inhibit antigen specific CD4+ T cell responses, and this was
dependent on MHC II expression (157). These results demonstrate that MDSCs
can inhibit adaptive immune responses in a non-specific and antigen specific
manner.
Innate Immunity
MDSCs can alter function of macrophages, dendritic cells and NK cells.
MDSCs can alter cytokine production of macrophages, polarizing them toward a
tumor-promoting phenotype via the production of IL-10 (16). Similarly, MDSCs
reduce the production of IL-12 from macrophages through IL-10 production
(153). MDSCs can also alter antigen presentation of DCs (15). Up-regulation of
calcium binding proteins (S100A8 and S100A9) in hematopoietic progenitor cells
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impairs DC differentiation, while driving the accumulation of MDSCs (158).
MDSCs can also impair the function NK cells via cell contact dependent
mechanisms. Production of PGE2 decreases the expression of activating
receptors (e.g. NKG2D, NKp46 and NKp44) on NK cells (159). MDSCs also
inhibit the cytotoxicity of NK cells by inhibiting perforin production (154) and by
inhibiting production of IFN-γ (160). These data demonstrate that MDSCs inhibit
innate immune responses.
MDSCs functional capacity is hypothesized to be subset specific.
Transcription factors STAT1 and STAT3 can regulate MDSC expansion and
contribute to the up-regulation of immunosuppressive factors. STAT1 is known
for its role in increasing transcription of molecules related to apoptosis,
angiogenesis and immune-surveillance while decreasing expression of
molecules for growth inhibition. STAT3 is important in triggering cell survival and
proliferation (161) and is documented as a major transcription factor regulating
expansion of MDSCs (12). In a murine lymphoma tumor model, granulocytic
MDSCs have higher levels of reactive oxygen species (ROS) (162) and lower
levels of NO mediated through STAT3-dependent mechanism (12). In contrast,
monocytic MDSCs have higher levels of iNOS (12) and lower levels of ROS
mediated through STAT1 in a murine thyoma tumor model (163).
MDSCs expand significantly in tumor bearing animals and humans as a
result of numerous tumor-derived factors, many of which are associated with
chronic inflammation including IL-1β, IL-6, IL-10, TGF-β and PGE2 (12, 15, 16,
19, 20). Additionally, two signaling molecules have been identified in the
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accumulation of MDSCs, PLC-γ and β-catenin (164). Tumor cells and stromal
cells can produce growth factors (e.g. GM-CSF, SCF, VEGF and MCF), which
can also cause the expansion of MDSCs (11, 12, 23, 165). Similarly, MDSCs
can also produce some of these factors that drive their expansion including
TGF-β, IL-6, IL-10, and VEGF (166), generating a positive feedback loop.
Growth factors VEGF and GM-CSF caused the expansion of MDSCs in
melanoma, lymphoma murine cancer models (167). IL-1β and IL-6 are important
in the accumulation of MDSCs in a murine mammary carcinoma model (16, 19).
IL-6 aids in the recruitment of MDSCs with metastatic capacity in a murine breast
cancer model (168). Lee and colleagues also demonstrate that levels of IL- 6 and
MDSCs correlate with disease prognosis in squamous cell carcinoma patients.
These studies reveal that MDSCs can expand in response to variety of growth
factors and inflammatory mediators; however, this expansion of MDSCs is
tumor model specific. In pancreatic cancer models little is known about factors
that drive the expansion of MDSCs.
2.7.3 MDSCs in Cancer
MDSCs are characterized in a variety of cancers including, breast, colon,
lung, renal, esophageal, gastric, melanoma, and prostate colon cancer (24).
Similarly, MDSCs accumulate in pancreatic cancer patients and their
accumulation correlates with disease stage (25, 26). Granulocytic MDSCs (LinHLA-DR-CD33+CD11b+CD15+) are significantly elevated in the blood of
pancreatic cancer patients in comparison to healthy donors (169). In summary,
MDSCs contribute to the immune suppression observed in pancreatic cancer
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patients and targeted depletion of MDSCs or of the functionality of MDSCs may
offer significant benefit to pancreatic cancer patients.
MDSCs also accumulate in preclinical models of pancreatic cancer
including transgenic (30, 39), orthotopic (41) and subcutaneous models of
pancreatic cancer (37, 38, 145). The suppressive capacity of MDSC in
pancreatic tumor models is also under investigation. Porembka et al. and
Ghanash et al. utilize a subcutaneous model (145, 170) and Stromnes et al.
utilize a genetically engineered mouse model of pancreatic ductal
adenocarcinoma (PDAC) (30). All of the aforementioned studies show that
MDSCs accumulate in the tumor, spleen and bone marrow of tumor bearing
mice. Additionally, MDSCs from tumor bearing mice suppress T cell
proliferation. Increases in levels of VEGF are present as pancreatic tumors
progress concurrently with the accumulation of MDSCs in the tumor, spleen,
lymph node, and bone marrow (41). MDSCs isolated from the tumor express
ARG-1 and iNOS and inhibit CD8+ T cell proliferation. Kidiyoor et al. utilize a
genetic model of PDA that also express the human MUC gene (KCM mice).
MDSCs from KCM mice express immunosuppressive factors Cox-2 and IL-10,
PGE2, iNOS, and ARG-1, indicating that MDSCs from KCM mice have
suppressive potential. Collectively, these data demonstrate that MDSCs
accumulate in preclinical models of pancreatic cancer, and have the ability to
suppress T cell function.
In addition to the characterization of MDSCs, and their suppressive
capacity, the contribution of MDSCs on tumor growth has been studied in tumor
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models. Stromnes et al. utilize a genetically engineered mouse model of PDAC
and demonstrate that targeted depletion of the granulocytic MDSC subsets
increases the accumulation of CD8+ T cells at the tumor site and induces of
apoptosis of tumor cells (171). Ghanash et al. also demonstrate that reduction of
MDSCs via gemcitabine in combination with a dendritic cell vaccination induce
immunity in the Panc.02 tumor model (145). Additionally, Vincent et al. show
tumor-bearing mice (lymphoma) treated with 5-Fluorouracil (5FU) have a
functional CD8+ T cell response (172). Suzuki et al. reports that gemcitabine
reduces the number of MDSCs in the spleen without altering the number of
effector cells (CD4+ and CD8+ T cells) in lung and mesothelioma tumor models
(153). 5FU reduces splenic and tumor MDSCs without altering the number of B
cells, T cells, and DCs. Sildenafil treatment reduces MDSC accumulation at the
tumor site and deceases serum levels of IL-6 and VEGF (41). IL-6 and VEGF are
known factors that drive the expansion of MDSCs (12, 19). This consequent
reduction of MDSCs in the tumor also restores activation of T cells in the tumor.
These data provide a direct link between MDSCs and enhanced tumor burden,
and contribute to the suppression of anti-tumor immune mechanisms in a murine
pancreatic tumor model.
2.8. Rationale for Current Research
To date, much of the work examining MDSCs in cancer models has
focused on identifying markers to define immunosuppressive cell populations and
to understand how MDSCs inhibit the generation of antitumor immune
responses. Additional studies are needed to better understand how obesity, an
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important physiological and environmental factor, influences the production of
immunosuppressive factors.
Obesity is associated with an increased risk and reduced survival from
many forms of cancer. In fact, estimates from a large, prospective analysis on the
obesity-cancer relationship suggest 14%-20% of all cancer deaths from a range
of cancer types are attributable to overweight and obesity (14). The mechanisms
underlying the link between obesity and cancer risk and/or progression are poorly
understood (88, 173). Several energy balance-related host factors are known to
influence tumor risk and progression, including adipokines, steroid hormones,
growth factors, inflammatory mediators, and immune alterations. However, little
is known about the effect of obesity on tumor-associated immune suppressive
mechanisms. Thus, the goal of the current study was to determine the role of
MDSCs in a murine model of pancreatic cancer.
The role of the immune system in pancreatic tumor growth and
progression is well established, however the contribution of MDSCs on immune
suppression observed in pancreatic cancer is not fully understood. Additionally, a
goal of the current study was to determine if obesity alters the phenotype and
function of MDSCs, and determine if an obesity-induced increase in MDSC is
one mechanism underlying the obesity-induced increase in pancreatic tumor
growth. Obesity is considered a pro-inflammatory state, with elevated cytokines
originating from macrophage-infiltrated adipose tissue (174). Therefore, we
hypothesize that the pro-inflammatory environment of obesity triggers the
accumulation of MDSC in obese mice. It is possible that an increase in
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immunosuppressive cells in obese animals may provide a robust inhibitory signal
to prevent immune recognition of tumor antigens; which may be an important
mechanism by which obesity enhances tumor development.
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CHAPTER 3
Gr-1+CD11b+ myeloid derived suppressor cells inhibit T
cell proliferation and augment pancreatic tumor growth
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3.1. Abstract
Pancreatic cancer is characterized by immune suppression and poor antitumor immunity. Immunosuppressive cells, including myeloid derived suppressor
cells (MDSCs) are elevated in pancreatic cancer patients, and their accumulation
correlates with disease progression and pancreatic cancer-related mortality.
MDSCs accumulate in subcutaneous, orthotopic and transgenic models of
pancreatic cancer. However, the role of MDSCs in pancreatic tumor progression,
the accumulation of MDSC subsets in different lymphoid compartments, and the
contribution of MDSCs to the immunosuppressive environment in pancreatic
cancer models are unknown and understudied. Therefore, the goal of the
current study was to evaluate the role of MDSCs in pancreatic tumor
progression, and to characterize their accumulation and determine the
functional characteristics of MDSC subsets in a subcutaneous (s.c.)
pancreatic cancer model. C57BL/6 mice were injected with 1x106 Panc.02 cells
s.c. in the left lumbar region. Tumor growth and survival were monitored three
times a week starting at day 13 post tumor implantation. Animals were followed
from 30-60 days post tumor implantation for endpoint analysis or until animal
reached ethical limit for tumor volume (1.5cm3). Gr-1+ MDSCs were depleted in a
subset of mice to determine if a reduction in MDSC accumulation altered tumor
progression. Increased plasma levels of inflammatory mediators GM-CSF, IL-6,
TNF-α, MCP-1, MIP-1α, VEGF, and TGF-β were observed in Panc.02 animals in
comparison to tumor free (TF) controls. MDSCs accumulated over time, with a
preferential accumulation of the Gr-1HiCD11b+ (CD11b+Ly6G+Ly6CLo) MDSC
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subset. Antibody depletion of MDSCs significantly reduced Panc.02 tumor growth
in comparison to PBS and isotype control antibody treated mice. Additionally,
both MDSCs subsets from tumor bearing animals significantly inhibited T cell
proliferation in vitro and produced TGF-β, IL-6 and IL-10. These data suggest
that MDSC contribute to Panc.02 tumor growth.
3.2. Introduction
Pancreatic cancer is the fourth leading cause of cancer mortalities (1).
Pancreatic cancer is also associated with immunosuppression, including
elevated levels of inflammatory mediators such as IL-6 and TGF-β; the
expansion of immunosuppressive cells including MDSCs; and an overall
reduction of anti-tumor immunity (2, 175). Immunosuppressive Tregs are
increased in ductal adenocarcinomas patients (31) with a concurrent reduction in
infiltration of intraepithelial CD8+ T cells in pancreatic ducts (144). Moreover,
MDSCs have also been shown to accumulate in pancreatic cancer patients, and
their accumulation correlates with disease severity (25).
MDSCs are known to alter both innate and adaptive immune responses by
inhibiting the activation and proliferation of CD4+ and CD8+ T cells (15). The
activation of MDSCs increases production of immune suppressive factors
including ARG-1, iNOS, and ROS. MDSCs are currently being examined in
several pre-clinical models in an attempt to better understand how to control
and/or reverse their immunosuppressive contribution to pancreatic cancer
progression. Current treatments for pancreatic cancer patients are ineffective and
limited, and due to the strong immunosuppression and late detection observed in
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pancreatic cancer patients, immunotherapeutic approaches targeting MDSCs
may be viable strategies to increase survival. Several studies have examined the
emergence of MDSCs using subcutaneous (37, 38), orthotopic (40, 41) and
transgenic (30, 39) models of pancreatic cancer, and demonstrate a role for
MDSC in pancreatic cancer progression. However, no studies to date have
characterized the emergence of MDSC subsets and their functional
characteristics.
The goal of the current study was to determine the role of MDSC in
pancreatic tumor progression in a widely used subcutaneous model of pancreatic
cancer; and to characterize MDSC subset accumulation and their functional
properties. A better understanding of the role of MDSCs in late stage pancreatic
carcinogenesis is important in understanding the biological mechanisms linking
immune suppression in poor prognosis in pancreatic cancer patients.
3.3. Materials and Methods
3.3.1. Animals
Female 6-week-old C57BL/6 and BALB/c mice were obtained from Jackson Labs
(Bar Harbor, MA). All mice were housed at the Pennsylvania State University in
the Chandlee Laboratory animal facility; and maintained on a 12-hour light/dark
cycle with free access to food and water. Animal care was provided in
accordance with the procedures outlined in the "Guide for the Care and Use of
Laboratory Animals." The Institutional Animal Care and Use Committee of the
Pennsylvania State University approved all animal experiments.
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3.3.2. Cell Culture
The murine ductal adenocarcinoma cell line Panc.02 were originally established
through the induction of pancreatic tumors with 3-methylcholanthrene and serial
s.c. transplantation in C57BL/6 mice (176). Panc.02 cells were obtained from Dr.
Jeffrey Schlom (National Cancer Institute, National Institute of Health) and
cultured in McCoy’s 5A without G418 (Thermo Scientific; Logan, UT), and
supplemented with 10% FBS (Gemini Bio Products; Sacramento, CA), 0.1mM
non-essential amino acids (Mediatech; Manassas, VA), 1mM sodium pyruvate
(Mediatech), 2mM glutamine (Mediatech), 10mM HEPES (Mediatech), 100U/mL
penicillin streptomycin (Mediatech). Panc.02 Cells were maintained at 37°C and
5% CO2 and passaged every 3-4 days using trypsin/EDTA (Mediatech).
3.3.3. Tumor Protocol
1x106 Panc.02 cells were injected in PBS subcutaneously (s.c.) into the lumbar
region of C57BL/6 mice. Tumor growth was monitored three times per week with
a digital caliper from day 13 post tumor implantation until endpoint analysis (day
30-60 post tumor implantation depending on the experiment) or until all mice
reached the ethical limit for tumor size (1.5 cm3). Tumor volume was calculated
by multiplying the short side x short side x long side /2 x0.001 to get tumor volume
in cm3. For survival studies, mice were sacrificed when tumor size reached the
ethical limit for tumor size of 1.5cm3, and were counted as death for time to event
analysis (survival analysis).
3.3.4. Immunological Assays
Isolation of immune cells
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Spleens were harvested via gross dissection, and single cell suspensions of
splenocytes were prepared from individual mice by mechanical dispersion, as
previously described (177). Briefly, harvested spleens were mechanically
disrupted with a syringe plunger and passed through a 70 μm nylon mesh
strainer (BD Biosciences; Bedford, MA), erythrocytes were lysed with ACK lysing
buffer (Lonza), washed twice in complete media RPMI 1640 (Mediatech), and
supplemented with 10% FBS (Gemini Bio Products), 0.1mM non-essential amino
acids (Mediatech), 1mM sodium pyruvate (Mediatech), 2mM glutamine
(Mediatech), 10mM HEPES (Mediatech), 100U/mL penicillin streptomycin
(Mediatech) and cell counts and viability were determined via trypan blue
exclusion.
MDSC Cell Isolation
MDSCs were isolated from a single cell suspension of splenocytes as per
manufacturer’s instructions (MSDC Isolation kit; Miltenyi Biotec; Gladbach,
Germany). Cell count was determined and up to 1x108 splenocytes were
centrifuged for 10 minutes at 300g at 4°C. Supernatants were aspirated and cells
were re-suspended in 350µL of isolation buffer (PBS, 0.5% BSA, and 2mM
EDTA). FcR blocking reagent (50µL) was added, vortexed, and incubated for 10
minutes in the refrigerator 4°C. After incubation 100µL of anti-Ly-6G-antibody
was added to the cells, mixed well, and incubated for 10 minutes at 4°C. Cells
were washed by adding 10mL of buffer and centrifuging at 300g for 10 minutes at
4°C. The cells were re-suspended in 800µL of buffer, then 200µL of anti-biotin
microbeads were added, mixed well, and incubated for 15 minutes at 4°C. Cells
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were washed by adding 10-20mL of buffer and centrifuging at 300xg for 10
minutes at 4°C. Aspirated supernatant off completely and the cell pellets were
then resuspended in 500µL of buffer.
For magnetic separation with columns, LS columns were rinsed with 3mL of
buffer and cell suspensions were added onto the column. Columns were washed
three times with 3mL of buffer and the unlabeled cells that pass through were
collected. The flow-through containing unlabeled cells was collected and placed
on ice and labeled as theGr-1 dim Ly-6G- cell fraction. The cells remaining on the
column were collected by removing the columns from the magnet and flushing
the columns with buffer. The collected cells were labeled as the Gr-1high Ly-6G+
Granulocytic MDSC cells.
For further Isolation of the Gr-1dim Ly-6G-cells, the remaining cell suspensions
were centrifuged at 300xg for 10 minutes at 4°C. The pellet was re-suspended in
400µL of buffer and 100µL of anti-Gr-1-antibody was added, mixed well, and
incubated for 10 minutes at 4°C. Cells were washed by adding 5-10mL of buffer
centrifuging at 300xg for 10 minutes at 4°C and the supernatant were aspirated.
The cells were re-suspended in 900µL of buffer and 100µL of streptavidin
microbeads were added, mixed well, and incubated for 15 minutes at 4°C. Cells
were washed by adding 10-20mL of buffer and centrifuging at 300xg for 10
minutes at 4°C and the supernatants were aspirated completely. The cells were
re-suspended in 500µL of buffer and magnetic separation was performed.
The MS column was placed in the magnetic field of a suitable MACS Separator
and the column was prepared by rinsing with 500µL of buffer. The cell
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suspension was applied onto the column. The unlabeled cells passed through
the column. The column was rinsed 3 times with 500µL of buffer. The columns
were removed from the magnet and flushed with buffer to collect the Gr-1 dimLy6G- Monocytic MDSC fraction. After isolation MDSC subsets were counted and
viability determined via trypan blue exclusion.
T cell and APC Isolation
T cells were isolated via negative selection using the Dynabeads®
UntouchedTMMouse T cells Kit (Life Technologies). APCs were isolated using the
Dynabeads® Mouse Pan T (Thy1.2) Kit (Life Technologies). After isolation, T
cells and APCs were counted and viability determined via trypan blue exclusion.
Flow cytometric analyses
Single cell suspensions of splenocytes were washed twice in PBS at 4°C. Cells
were incubated with Fc block (Biolegend) and 1x106 cells were stained with
saturating concentrations of conjugated antibodies including Gr-1 FITC (BD
Biosciences; Bedford, MA), CD11b PE (BD Biosciences), Ly-6G APC
(Biolegend) and Ly-6C APC-Cy7 (eBioscience; San Diego, CA) for 30 min at 4°
C, as previously described (177). Following incubation with the conjugated
antibodies, cells were washed twice in PBS and fixed in 1% paraformaldehyde.
Lymphoid and myeloid cells were gated on forward vs. side scatter for a total of
30,000 events. All flow cytometric analyses were performed on a Beckman
Coulter FC500 flow cytometer (Beckman Coulter; Indianapolis, IN). Flow
cytometric analyses were plotted and analyzed using Flow Jo software (Tree
Star; Ashland, OR).
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Mixed Lymphocyte Reaction (MLR)
Isolated splenic T cells (1x105) from BALB/c animals were co-cultured with
irradiated (2000 rads) APCs (5x105) isolated from Panc.02 tumor-bearing
C57BL/6 mice and either (Gr-1HiCD11b+ or Gr-1LoCD11b+ MDSCs (5x104). Cells
were incubated in flat-bottomed, 96-well plates and were pulsed with 1Ci per
well of tritiated thymidine (H3) at 72 hours. Proliferation was assessed by tritiated
thymidine incorporation at 96 hours (Perkin Elmer; Waltham, MA) on a microbeta
plate reader (Perkin Elmer; Waltham, MA). Each assay was performed in
triplicate.
Cytokine Measurements
Plasma G-CSF, GM-CSF, IL-6, TNF-α, MCP-1, MIP-1α, and VEGF, and TGF-β,
IL-6 and IL-10 from MLR culture supernatants were measured using the
MILLIPLEX MAP Cytokine kit (Millipore; Billerica, MA). Mean fluorescence
intensity was calculated from duplicate samples using the luminex-200 system
and quantified on the Bio-PlexTM 200 System (Bio-Rad; Hercules, and CA). TGFβ was assessed in plasma and cell culture supernatants via ELISA (Biolegend)
and quantified on an Epoch Microplate Spectrophotometer (Biotek; Winooski,
VT). Each assay was performed in duplicate.
Gene Expression
Gene expression of iNOS, ARG-1, TGF-β, STAT1, STAT3, Cox-2, CD3, IL-10,
and IL-6 was assessed in MDSC subsets from TF (n=4-6) and Panc.02-tumor
bearing mice (n=3-5), and in cultured Panc.02 cells and ex vivo tumors from
Panc.02 tumor bearing mice. Total RNA was extracted and genomic DNA
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contamination was removed by using RNeasy Mini Kit (Qiagen, Valencia, CA).
Total RNA was quantified by using a Nanodrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE), and reverse-transcribed to cDNA using the High
Capacity cDNA Reverse Transcription kit (Life Technologies). Real-time qPCR
was performed by using TaqMan real time PCR reagents (Life Technologies and
an Applied Biosystems StepOnePlus Real-Time PCR System (Life
Technologies). Primer sequences were based on published studies and actual
primer sequences were listed in Supporting Information Table 1. Real-time qPCR
data were calculated using the standard curve method and normalized to 18S
RNA. Relative quantification or fold change in gene expression was determined
using the 2ΔΔCt method using data from TF mice as reference control (178).
MDSC Depletion
MDSCs were depleted using an anti-Gr-1 mAb (clone RB6-8C5) (179). A rat
IgG2b (clone LTF-2) mAb was used as isotype control to the Gr-1 mAb. Panc.02
tumor-bearing mice were injected with 100 mg of anti-Gr-1 mAb, isotype control
mAb or PBS intraperitoneally (i.p.) starting at day 16 post tumor implantation, and
every three days thereafter until day 40 post tumor implantation.
3.3.5. Statistical Analyses
All data are presented as the mean plus or minus the standard error
mean. Differences in cytokine production were determined using two-tailed,
unpaired t-tests assuming unequal variances. All cytokine data was skewed, thus
the data were transformed (log transformation) prior to statistical analysis.
Differences in cytokine production were assessed between groups via a Student
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t-test or the Mann-Whitney test, depending on normality and variance. MDSC
accumulation, MDSC-induced T cell suppression, and IL-10 production from
MDSC subsets were assessed using one-way ANOVA, followed by Dunn’s or
Bonferroni correction for multiple comparisons where appropriate. Tumor growth
following MDSC depletion and the number of MDSC subsets in TF and tumorbearing mice were assessed using two-way ANOVA. For the gene expression
data a fold change of greater than three was considered statistically significant.
All analyses were conducted using GraphPad Prism 5 software (GraphPad
Software; La Jolla, CA) and statistical significance was accepted at the p≤0.05
level.
3.4. Results
3.4.1. Tumor growth and survival characteristics.
Panc.02 tumor bearing mice (n=17) had palpable tumors by 19-day post
implantation (Fig. 3.1a). By day 60-post tumor implantation, the mean tumor
volume in Panc.02 tumor-bearing mice was 0.87 ± 0.31 cm3 (Fig. 3.1a). Median
survival for Panc.02 tumor-bearing animals (n=8) was 63 days post tumor
implantation (Fig. 3.1b).
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Fig. 3.1. Tumor growth and survival of Panc.02 tumor bearing animals.
C57BL/6 animals were implanted s.c. with (1x106) pancreatic tumor cells
(Panc.02) on day 0. Tumor growth was monitored three times per week with a
digital caliper until 60 days or until all mice reached the ethical limit for tumor size
(1.5 cm3). Tumor growth over time in individual Panc.02 tumor-bearing animals
(a, n=17). Median survival of Panc.02 tumor-bearing animals was 63 days (b,
n=8)
3.4.2. Panc.02 tumor bearing animals have higher plasma levels of
inflammatory mediators.
Cytokines were quantified in the plasma of TF and Panc.02 tumor (n=412/group) bearing mice at day 60-post tumor implantation. Panc.02 tumorbearing mice had elevated levels of G-CSF (Fig. 3.2a, p=0.185), and significantly
higher levels of GM-CSF (Fig. 3.2b, p=0.007), IL-6 (Fig. 3.2c, p=0.001), TNF- α
(Fig. 3.2d, p<0.001) MCP-1 (Fig. 3.2e, p=0.001), MIP-1α (Fig. 3.2f, p=0.001),
VEGF (Fig. 3.2g, p=0.042), and TGF-β (Fig. 3.2h, p=0.004) than TF animals.
Additionally, plasma levels of TGF-β were significantly correlated with tumor
weight in Panc.02 animals (data not shown; Pearson correlation r=0.699, p
≤0.050; and plasma levels of MCP-1 were significantly correlated with and tumor
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volume in Panc.02 tumor bearing animals (data not shown; Pearson correlation
r=0.617, p≤0.050).
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Fig. 3.2. Inflammatory mediators and growth factors in the plasma of TF
and Panc.02 tumor bearing mice. Plasma levels of G-CSF (a), GM-CSF (b), IL6 (c), TNF- α (d), MCP-1 (e), MIP-1α (f), and VEGF (g) were measured in TF
(n=4/group) and Panc.02 (n=10/group) animals using the MILLIPLEX MAP
Cytokine array at day 60 post tumor implantation. Plasma levels of TGF- β (h)
were measured in TF (n=12/group) and Panc.02 (n=5-9/group) animals via
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ELISA at day 60-post tumor implantation. A trend towards higher levels of G-CSF
was observed in Panc.02 tumor-bearing animals in comparison to TF controls,
however this did not reach statistical significance (a, t-test, p=0.185). Panc.02
tumor bearing animals had significantly higher levels of GM-CSF (b, t-test, p=
0.007), IL-6 (c, t-test, p=0.001), TNF- α (d, t-test, p< 0.001), MCP-1 (e, t-test, p=
0.001), MIP-1α (f, t-test, p=0.001), VEGF (g, Mann-Whitney, p=0.042), and TGFβ (h, t-test; p=0.004) in comparison to TF animals. Asterisk indicates a significant
difference from TF animals.

3.4.3. Accumulation of Gr-1+CD11b+ cells in tumor bearing animals.
Splenocytes were isolated from TF (n=8/group) and Panc.02 tumor bearing
animals at 30 (n=2/group), 40 (n=7/group), 50 (n=9/group) and 60 (n=5/group)
days post tumor implantation to characterize the time course and magnitude of
the tumor-associated increase in the Gr-1+CD11b+ population. The percentage of
Gr-1+CD11b+ MDSCs was significantly greater at day 50 and 60 post tumor
implantation as compared to TF mice (Fig. 3.3b, к=14.90, day 50 p≤0.050 and
day 60 p≤0.001). A similar trend was observed in the number of Gr-1+CD11b+
MDSCs that accumulated at day 50 and 60 post tumor implantation (Fig. 3.3b,
к=15.73, Dunn’s multiple comparison test: day 50 p≤0.010 and day 60 p≤ 0.010).
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Fig. 3.3. Accumulation of Gr-1+CD11b+ cells in Panc.02 tumor bearing mice.
Flow cytometric analysis was performed on splenocytes at day 60-post tumor
implantation. (a) Representative bivariate plot of the percentage of Gr-1+ vs.
CD11b+ cells in TF (9.04%) and Panc.02 tumor bearing (24.6%) animals. (b) The
number and percentage of MDSCs in the spleen of TF (n=8/group) and Panc.02
tumor-bearing animals at day 30 (n=2/group), 40 (n=7/group), 50 (n=9/group)
and 60 (n=5/group) days post tumor implantation. The number of MDSCs was
significantly higher than TF animals at day 50 and 60 post tumor implantation (b;
Kruskal-Wallis test; к=15.73, Dunn’s Multiple Comparison Test: day 50 p≤0.010;
day 60 p≤0.010). Number sign indicates a significant difference in number of
MDSCs in Panc.02 animals in comparison to TF controls. The percentage of
MDSCs was significantly higher than TF animals at days 50 and 60 post tumor
implantation (b; Kruskal-Wallis test; к=14.90, Dunn’s Multiple Comparison Test:
day 50 p≤0.050; day 60 p≤0.001). Asterisk indicates a significant difference in
percentage of MDSCs in Panc.02 animals in comparison to TF controls.

3.3.4. Gr-1HiCD11b+ cells accumulate in Panc.02 tumor bearing animals.
A representative bivariate plot of Gr-1 vs. CD11b expression (Fig. 3.4a)
and Ly6C vs. Ly6G expression (Fig. 3.4b) in the same TF or Panc.02 tumorbearing animal is shown. Roman numerals indicate different subpopulations of
MDSCs using both the Gr-1/CD11b and CD11b/Ly6G/Ly6C phenotypic marker
designation. The MDSC subpopulation that is Gr-1HiCD11b+ (Fig. 3.4a) or
CD11b+Ly6G+Ly6CLo (Fig. 3.4b) in TF and Panc.02 TB mice is denoted with (i).
The MDSC subpopulation that is Gr-1LoCD11b+ (Fig. 3.4a) or CD11b+Ly6GLy6CHi (Fig. 3.4b) in TF and Panc.02 TB mice is denoted with (ii). There is a
similar trend in the accumulation of both MDSC subsets in tumor bearing animals
regardless of whether the Gr-1/CD11b or the CD11b/Ly6G/Ly6C markers are
used (Fig. 3.4c and 3.4d, respectively). However, in this pancreatic tumor model,
mice accumulated more Gr-1HiCD11b+ (Fig. 3.4c, p<0.001) or
CD11b+Ly6G+Ly6CLo MDSCs (Fig. 3.4d, p=0.001).
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Fig. 3.4. Accumulation of MDSCs subsets in Panc.02 tumor bearing animals. Flow cytometric analysis was
performed on splenocytes at day 60-post tumor implantation. Representative bivariate plots of Gr-1 vs. CD11b
expression and Ly6C vs. Ly6G expression are shown in Figure 4a & 4b respectively. Roman numerals indicate
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different subpopulations of MDSCs in TF and Panc.02 tumor-bearing animals. (i.) Indicates subpopulations that are
Gr-1HiCD11b+ or CD11b+Ly6G+Ly6CLo in TF and Panc.02 TB mice (a & b). (ii.) Denotes subpopulations that are Gr1LoCD11b+ or CD11b+Ly6G- Ly6CHi in TF and Panc.02 TB mice (a & b). (c) Number of Gr-1HiCD11b+ and Gr1LoCD11b+ cells in TF (n=8/group) and Panc.02 (n=8/group) tumor bearing animals. A significant main effect of the
tumor was observed (c; two-way ANOVA; F(1, 28)=22.37, p<0.001). Bonferroni post hoc test showed a significant
difference between Gr-1HiCD11b+ and Gr-1LoCD11b+ cells (c; two-way ANOVA; p<0.050) in Panc.02 animals. (d)
Number of CD11b+Ly6G+Ly6CLo and CD11b+Ly6G- Ly6CHi cells in TF (n=8/group) and Panc.02 tumor bearing
(n=8/group) animals. A significant main effect of tumor was observed (d; two-way ANOVA; F(1, 28)= 13.10, p=0.001).
Bonferroni post hoc test showed a significant difference between CD11b+Ly6G+Ly6CLo and CD11b+Ly6G-Ly6CHi
MDSCs (d; two-way ANOVA; p<0.050) in Panc.02 animals. Asterisk indicates a significant difference in number of
MDSCs in Panc.02 animals in comparison to TF controls. Number sign indicates a significant difference in number
of MDSCs subsets in Panc.02 animals.
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3.3.5. MDSCs from Panc.02 tumor bearing mice produce
immunosuppressive factors TGF-β, IL-6 and IL-10.
TGF-β (Fig. 3.5a), IL-6 (Fig. 3.5b) and IL-10 (Fig. 3.5c) secretion from
MDSC subsets alone, and in in the presence of T cells and APCs were
quantified. The presence of either MDSC subset in the culture resulted in
elevated TGF-β, IL-6, and IL-10; however, this was not significantly different than
cultures containing T cells and APC alone.
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Fig. 3.5. Production of immunosuppressive mediators from Panc.02 MDSC subsets. MDSC subsets were
isolated from Panc.02 tumor bearing animal’s day 60-post tumor implantation and mixed with T cells isolated from
non-tumor bearing BALB/c mice. Cells were incubated for 5 days and proliferation was measured via thymidine
incorporation. (a) TGF-β, (b) IL-6, and (c) IL-10 secretion was measured in supernatants from MLR in Panc.02
tumor bearing animals (Fig. 5, n=5).
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3.3.6. MDSCs from Panc.02 tumor bearing mice suppress T cell
proliferation.
To test the ability of MDSC subsets to inhibit T cell proliferation, T cells
from BALB/c mice were cultured with APCs from Panc.02 tumor bearing mice in
a mixed lymphocyte reaction (MLR) with and without MDSC subsets from
Panc.02 tumor bearing mice. Both MDSC subsets significantly suppressed the
proliferative capacity of T cells (Fig. 3.6a). Gr-1HiCD11b+ (CD11b+Ly6G+Ly6CLo)
MDSCs inhibited T cell proliferation by 33.4± 10.2% (Fig. 3.6a, p≤0.050) and Gr1LoCD11b+ (CD11b+Ly6G- Ly6CHi) MDSCs inhibit T cell proliferation by
29.1±11.0% (Fig. 3.6a, p≤0.050). To further characterize MDSC subsets from TF
and Panc.02 tumor-bearing animals we measured gene expression of the
immunosuppressive factors iNOS, ARG-1, TGF-β, IL-10, and IL-6 and the
transcription factors STAT1 and STAT3 in MDSC subsets isolated from TF and
Panc.02 tumor bearing animals by RT-PCR (Fig. 3.6a). Expression levels of
NOS, STAT1, and STAT3 were significantly elevated in both MDSC subsets from
Panc.02 tumor bearing animals in comparison to TF controls. Levels of TGF-β
were significantly elevated in the granulocytic subset, and levels of ARG-1 and
IL-10 were significantly elevated in monocytic subsets in comparison to TF
animals. Gr-1HiCD11b+ MDSCs expressed higher levels of iNOS and TGF-β in
comparison to Gr-1LoCD11b+ MDSCs. In contrast Gr-1LoCD11b+ MDSCs had
elevated expression of ARG-1, STAT1, STAT3, and IL-10 in comparison to Gr1HiCD11b+ MDSCs.
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Fig. 3.6. Suppression of T cell proliferation and gene expression of immunosuppressive mediators and
transcription factors in MDSCs from Panc.02 tumor bearing animals. (a) Irradiated APCs (2000 Rads) and
MDSC subsets were isolated from Panc.02 tumor bearing animal’s day 60-post tumor implantation and mixed with
T cells isolated from non-tumor bearing BALB/c mice. Cells were incubated for 5 days and proliferation was
measured via thymidine incorporation. Percent of maximal proliferation (i.e. proliferation of T cell plus APCs alone)
is reported for animals with tumor volumes larger than 1cm3. Asterisk indicates a significant difference from T cells
plus APCs (a; one-way ANOVA, F(2, 18)=4.40). A significant difference was observed between T Cells + APCs
alone and Gr-1HiCD11b+ (CD11b+Ly6G+Ly6CLo) and Gr-1LoCD11b+ (CD11b+Ly6G-Ly6CHi) MDSC subsets
Bonferroni multiple comparison p≤0.050. MDSCs subsets alone did not proliferate (data not shown). (b) Gene
expression of the immunosuppressive factors iNOS, ARG-1, TGF-β, IL-10, IL-6 and the transcription factors,
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STAT1 and STAT3 were measured in MDSC subsets isolated from TF and Panc.02 tumor bearing animals by RTPCR. Expression levels were normalized to 18s RNA and Fold change was determined using the 2ΔΔCT method.
Fold change greater than 3 was considered significant. Expression levels of iNOS, STAT1, and STAT3 were
significantly elevated in both MDSC subsets from Panc.02 tumor bearing animals in comparison to TF controls.
Levels of TGF-β were significantly elevated in the Gr-1HiCD11b+ (granulocytic) subset, and levels of ARG-1 and IL10 were significantly elevated in the Gr-1LoCD11b+ (monocytic) subset in comparison to TF animals. Gr-1HiCD11b+
MDSCs expressed higher levels of iNOS and TGF-β in comparison to Gr-1LoCD11b+ MDSCs. In contrast Gr1LoCD11b+ MDSCs had elevated expression of ARG-1, STAT1, STAT3, and IL-10 in comparison to Gr-1HiCD11b+
MDSCs. MDSCs were isolated with greater than 90% purity (data not shown). a indicates a difference from TF
animals, b indicates a difference from Gr-1LoCD11b+ MDSCs, and c indicates a difference from Gr-1HiCD11b+
MDSCs.

59

3.3.7. Contribution of MDSCs to Panc.02 tumor growth.
The number of splenic Gr-1+CD11b+ cells in Panc.02 tumor-bearing
animals was significantly correlated with tumor volume at sacrifice (Fig. 3.7a;
Spearman correlation ρ=0.409, p=0.014). In addition, total splenocyte number
was significantly correlated with tumor volume at sacrifice (data not shown;
ρ=0.5440, p<0.001). To determine the contribution of MDSC accumulation to
Panc.02 tumor progression, we examined whether depletion of this myeloid
population would reduce tumor growth. Depletion of Gr-1+ cells significantly
retarded Panc.02 tumor progression compared to PBS and isotype mAb treated
mice (Fig. 3.7b, p=0.002).
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Fig. 3.7. Contribution of MDSCs to Panc.02 tumor growth. (a) Spearman
correlation was used to determine if there was a positive relationship between
MDSC accumulation and Panc.02 tumor growth. The correlation between the
number of Gr-1+CD11b+ cells in spleen and tumor volume at sacrifice (a;
ρ=0.409, p≤0.010, n=33). (b) Antibody depletion of Gr-1+ cells was used to
determine the impact of MDSCs to Panc.02 tumor burden. A significant treatment
X time interaction (b; two-way ANOVA, F(16,264)=2.47, p=0.002) was observed in
Panc.02 mice receiving PBS (n=10/group), isotype (n=10/group) and Ly6G
(n=13/group) treatments. Bonferroni multiple comparison test showed a
significant reduction in tumor volume in Ly6G treated mice in comparison to PBS
and isotype control animals at day 37 and 41 post tumor implantation (b;
Bonferroni multiple comparison test: Ly6G vs. PBS at day 37 and 41, p<0.050:
Ly6G vs. isotype day 37, p<0.001 and day 41, p≤0.001).

3.3.8. Tumors from Panc.02 tumor bearing mice express
immunosuppressive mediators and transcription factors that drive MDSC
accumulation and suppressive function.
Gene expression of immunosuppressive factors (ARG-1, iNOS, Cox-2,
TGF-β, IL-6, and IL-10), CD3 and the transcription factors, STAT1 and STAT3,
were quantified in cultured Panc.02 cells, and in tumors from Panc.02 mice
(n=13). The immunosuppressive factors ARG-1, iNOS, Cox-2, IL-6, and IL-10
and were significantly elevated in the explanted tumor in comparison to cultured
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pancreatic tumor cells. The transcription factors, STAT1 and STAT3, and T cells
were also significantly elevated in the tumors of mice in comparison to cells
alone.
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Table 3.1. Characterization of immunosuppressive factors, immune cells,
and transcription factors in tumors from Panc.02 mice.
Table 3.1. Tumor fold change in comparison to Panc.02 cells
Experiment 1
Experiment 2
ARG-1
21.41
41.52
iNOS
9.73
8.45
Cox-2
-8.09
-20.20
TGF-β
-1.33
-2.01
IL-6
6.69
8.13
IL-10
6.40
24.17
STAT1
47373.26
59599.42
STAT3
1.32
1.36
CD3
1389.85
2335.27
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3.5. Discussion
We demonstrated that a reduction in tumor-induced MDSC accumulation
via antibody depletion of Gr-1+ MDSCs significantly retarded Panc.02 tumor
growth. These data suggest an important role for MDSC-induced immune
suppression in pancreatic tumor progression. Furthermore, we have shown that
MDSCs accumulate over time, with a preferential accumulation of the Gr1HiCD11b+ (CD11b+Ly6G+Ly6CLo) MDSC subset in tumor bearing mice. This
accumulation of MDSCs was correlated with tumor volume, and occurred
concomitantly with increased plasma levels of GM-CSF, IL-6, TNF-α, MCP-1,
MIP-1α, VEGF, and TGF-β in Panc.02 tumor bearing mice. Both MDSCs subsets
from tumor bearing mice inhibited T cell proliferation and produced
immunosuppressive factors TGF-β, IL-6, and IL-10 in culture. Thus, the Panc.02
tumor model is an appropriate system to evaluate the role of MDSC-induced
immune suppression in pancreatic tumor progression.
The role of the immune system in pancreatic cancer progression is well
documented (2, 135, 136). Tumors exploit a variety of mechanisms to suppress
host immune responses. Antigen-specific T cell tolerance is one of the major
mechanisms by which tumors escape immune cell destruction (139-141). Several
populations of cells have been identified with immune-suppressive function,
including MDSCs (14). MDSCs are a potent immunosuppressive cell population
with the ability to suppress both innate and adaptive immune responses (180).
Thus they contribute to disease progression by impairing host antitumor
immunity. Suppressive mechanisms utilized by MDSCs include L-arginine
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depletion in the tumor microenvironment, depletion/deprivation of cysteine, and
induction of Tregs (15). MDSCs can also disrupt/down regulate CD3ζ signaling
and produce peroxynitrite leading to nitration of the T cell receptor which results
in reduced signaling from T cells (17). MDSCs produce TGF-β (181) and IL-10
(21) which both have the ability to suppress anti-tumor T cell responses. The
suppressive activity of MDSCs on T cells requires contact and can be antigen
specific or nonspecific (12). Thus, multiple lines of evidence indicate that MDSC
are robust inhibitors of anti-tumor immune mechanisms (15).
MDSCs are elevated, and correlated with cancer stage in breast, colon,
lung, renal, esophageal, gastric, melanoma, prostate colon and pancreatic
cancer patients in comparison to normal volunteers (24). Gabitass and
colleagues show elevated circulating MDSCs in pancreatic, esophageal, gastric
and upper GI cancer patients in comparison to controls. Increases in MDSCs are
associated with 22% increased risk of death (hazard ratio= 1.22: 95% CI, 1.061.41) in cancer patients in comparison to healthy controls (25). Similarly, MDSCs
accumulate in pancreatic cancer patients, and their accumulation correlates with
disease progression (27, 28) and a concurrent reduction in CD8+T cells (28).
Granulocytic MDSCs (Lin-HLA-DR-CD33+CD11b+CD15+) are significantly
elevated in the blood of pancreatic cancer patients in comparison to healthy
donors (169). These results demonstrate that MDSCs are important mediations
of immune suppression in pancreatic cancer patients.
MDSCs have also been documented in murine models of pancreatic
cancer including transgenic (30, 31), orthotopic (32) and subcutaneous models
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(38) of pancreatic cancer. We observed that MDSC accumulation in Panc.02
tumor bearing mice is time dependent; and correlates with tumor volume. These
data suggests that factors coming from the tumor are supporting the
growth/expansion of MDSCs in this tumor model. This is relevant because the
Panc.02 tumor model is characterized by elevated inflammatory factors thus,
MDSCs may not accumulate to the same extent in tumor models with less of an
inflammatory profile. Murine MDSCs are comprised of two subsets, Gr1HiCD11b+ (CD11b+Ly6G+Ly6CLo) cells or granulocytic MDSCs and Gr1LoCD11b+ (CD11b+Ly6CHiLy6G-) or monocytic MDSCs. A tumor-induced
accumulation of MDSCs was evident and comparable using either the Gr1/CD11b or the CD11b/ Ly6C/Ly6G nomenclature. Specifically, we demonstrated
that MDSCs comprise 30% of the spleen by day 60 post tumor implantation, and
that this is due to a preferential accumulation of the granulocytic subset of
MDSCs. Previous studies have examined MDSC subsets expansion in
lymphoma, lung, melanoma, colon, and breast tumor models where 70-80% of
the MDSC expansion was attributed to accumulation of the granulocytic subset
and 20-30% of the expansion was due to the monocytic subset (12). Khaled et al.
show a greater expansion of granulocytic MDSCs in comparison to monocytic
MDSCs in pancreatic cancer patients. Thus our results with respect to MDSC
accumulation in the Panc.02 tumor model are similar to previous reported studies
(12, 182, 183).
MDSCs expand in response to various growth factors, and inflammatory
mediators (12). Levels of VEGF, GM-CSF, IL-1β, IL-6, and TGF- β are implicated
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in the expansion and activation of MDSCs in animal models in and cancer
patients. Tumor derived VEGF and GM-CSF cause the expansion of MDSCs in
melanoma, and lymphoma murine cancer models (184). IL-1β and IL-6 are also
implicated in the accumulation of MDSCs in a murine mammary carcinoma
model (16, 19). IL-6 causes recruitment of MDSCs with metastatic capacity in a
murine breast cancer model (168). TGF- β is similarly implicated in the expansion
of MDSCs in murine mammary carcinoma models (185). Treatment of PBMCs
with various cytokine (e.g. TNF-α, VEGF, IL-6 and GM-CSF) generated MDSCs
with the capacity to inhibit T-cell proliferation and IFN-γ production in vitro from
the PBMCs of healthy donors (186). However, the combination of IL-6 and GMCSF generated MDSCs with the greatest suppressive capacity (186). We
observed a significant increase in plasma levels of inflammatory mediators and
growth factors GM-CSF, IL-6, MCP-1, MIP-1α, TNF-α, VEGF and TGF-β, in our
Panc.02 tumor bearing animals in comparison to TF controls. It is plausible that
the MDSC accumulation we observed in the current study is a direct result of
increased plasma levels of these inflammatory mediators and growth factors.
The contribution of MDSCs on tumor growth has been studied in
numerous tumor models. Suzuki et al. reports that gemcitabine reduces the
number of MDSCs in the spleen without altering the number of effector cells
(CD4+ and CD8+ T cells) in lung and mesothelioma tumor models (153). 5FU
reduces splenic and tumor MDSCs without altering the number of B cells, T cells
and DCs. In addition, tumor-bearing mice (lymphoma) treated with 5FU have
restored CD8+ T cell function (172). A previous study also demonstrated that
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MDSC reduction via gemcitabine in combination with a dendritic cell vaccination
induced immunity in the Panc.02 tumor model (145). Another study utilizing a
genetically engineered mouse model of PDAC demonstrated that targeted
depletion of the granulocytic MDSC subset increases the accumulation of CD8 + T
cells at the tumor site and induces of apoptosis of tumor cells (171). Sildenafil
treatment reduces MDSC accumulation at the tumor site, and deceases serum
levels of IL-6 and VEGF (41). IL-6 and VEGF are known factors that drive the
expansion of MDSCs (12, 19). This consequent reduction of MDSCs in the tumor
also restored activation of T cells in the tumor. We have shown antibody
depletion of MDSCs reduced tumor burden in Pan.02 mice (Figure 3.7b). These
data provide a direct link for MDSCs in enhancing tumor burden, and contributing
to the suppression of anti-tumor immune mechanisms in a murine pancreatic
tumor model.
The inhibition of T cell function is one mechanism by which MDSCs can
inhibit anti-tumor immunity (15). In our study, both MDSC subsets inhibited T cell
proliferation by nearly 30%. The activation of these immature myeloid cells in
disease states such as infection and cancer results in the up regulation of
numerous immunosuppressive factors, e.g. ARG-1, iNOS, and ROS (12). To
further characterize MDSC subsets from TF and Panc.02 tumor-bearing animals
we measured gene expression of the immunosuppressive factors iNOS, ARG-1,
TGF-β, IL-10, and IL-6. MDSC functional capacity is hypothesized to be subset
specific and mediated through STAT1 and STAT3 differentially. Thus we
measured gene expression of transcription factors, STAT1 and STAT3 in MDSC
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subsets isolated from TF and Panc.02 tumor bearing animals. We demonstrated
that gene expression of iNOS, STAT1, and STAT3 were significantly elevated in
both MDSC subsets from Panc.02 tumor bearing animals in comparison to TF
controls. Levels of TGF-β were significantly elevated in the granulocytic subset,
and levels of ARG-1 and IL-10 were significantly elevated in monocytic subsets
in comparison to TF animals. Gr-1HiCD11b+ MDSCs expressed higher levels of
iNOS and TGF-β in comparison to Gr-1LoCD11b+ MDSCs. In contrast Gr1LoCD11b+ MDSCs had elevated expression of ARG-1, STAT1, STAT3, and IL10 in comparison to Gr-1HiCD11b+ MDSCs. In a murine lymphoma tumor model,
granulocytic MDSCs have higher levels of ROS (162) and lower levels of NO
mediated through STAT3-dependent mechanism (12). In contrast, the monocytic
MDSCs have higher levels of iNOS (12) and lower levels of ROS mediated
through STAT1 in a murine lymohoma tumor model (163). Gabrilovich et al.
reports the monocytic MDSCs express ARG-1, and iNOS, via a STAT1
dependent mechanism; whereas granulocytic MDSCs express ARG-1 and ROS
via STAT3 mechanisms. We observed similar expression of iNOS between both
MDSC subsets. We also showed that ARG-1 was down regulated in granulocytic
MDSCs and up regulated in monocytic MDSCs. Additionally, both MDSC subsets
express STAT1 and STAT3. Overall these data demonstrate that both MDSCs
subsets express immunosuppressive factors, which may aid the immune
suppression observed in pancreatic cancer patients and potentiate pancreatic
cancer growth.
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In conclusion, we characterized the dynamics of MDSC subset
accumulation during tumor development, and the functional properties of MDSC
subsets in the Panc.02 model. We also demonstrated that MDSCs directly
contribute to pancreatic tumor growth. Results from the current study provide
insight into potential mechanism by which MDSCs are enhancing tumor growth in
this murine tumor model.
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Supplementary Table 1. Taqman gene expression Assay ID for
primer/probe sets
Supplementary Table 1. Taqman gene
expression Assay ID for primer/probe sets
Primer/probe set
Assay ID
IL-6
Mm00446190_m1
IL-10
Mm00439614_m1
STAT 1
Mm00439531_m1
STAT 3
Mm01219775_m1
ARG-1
Mm00475988_m1
iNOS
Mm00440502_m1
18S RNA
Mm03928990_g1
TGF-β
Mm01178820_m1
CD3
Mm00599684_g1
Cox-2
Mm00478374_m1
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CHAPTER 4
Obesity accelerates pancreatic tumor growth and
increases the accumulation of Gr-1+CD11b+ myeloid
derived suppressor cells
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4.1. Abstract
Obesity is associated with an increased risk and reduced survival from
many cancer types, including pancreatic cancer. Obesity-induced changes in
metabolic and inflammatory mediators are proposed as biological mediators
underlying this relationship. However, an obesity-induced change in immunity
and the emergence of immunosuppressive cells has not been examined. The
goal of the current study was to determine if obesity altered the accumulation and
function of MDSCs in a murine model of pancreatic cancer. C57BL/6 mice were
placed on a 30% kcal carbohydrate calorie restricted diet, a 10% kcal from fat
diet, and a 60 kcal% from fat diet fed ad libitum for 16 weeks prior to generate
lean, control and obese mice, respectively. After 16 weeks on the respective
diets, mice were injected with 1x106 Panc.02 cells s.c. and monitored starting at
day 13 post-tumor implantation until 60 days post tumor implantation, or until
tumor reached the ethical limit. Obesity significantly enhanced tumor growth
and reduced survival in comparison to lean and control mice. Obesity
increased accumulation of total (Gr-1+CD11b+), granulocytic (Gr-1HiCD11b+) and
monocytic (Gr-1LoCD11b+) MDSCs in lymphoid organs of Panc.02 tumor bearing
animals. MDSC subsets from all dietary groups suppressed T cell proliferation.
Obesity enhanced gene expression of Gr-1 and immunosuppressive factors IL10 and IL-6 in the adipose tissue in comparison to lean mice. These data suggest
that obesity-induced MDSC accumulation enhances tumor growth and reduces
survival in Panc.02 tumor-bearing mice.
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4.2. Introduction
Pancreatic cancer is the fourth leading cause of cancer related deaths in
the U.S. (1, 29). The current 5-year survival rate for pancreatic cancer patients is
~5% (1). Current risk factors for pancreatic cancer include smoking, diabetes,
and obesity. Modifiable risk factors, such as obesity, are potential targets for a
reduction in the incidence of pancreatic cancer. Obesity can increase risk and
(43, 44) reduce survival (187) from pancreatic cancer. The mechanisms
underlying the link between obesity and pancreatic cancer are not fully
understood.
Obesity is characterized as a state of low-grade chronic inflammation.
Obesity-associated inflammation is the result of macrophage infiltration in the
adipose tissue. Expansion of the adipose tissue upon weight gain leads to the
infiltration of macrophages through chemokines such as CCL2 (57). Various
inflammatory mediators (e.g. IL-6, TNF-α, IL-1β), and adipokines (e.g. resistin,
leptin and adiponectin) are secreted by adipocytes and macrophages and
contribute to inflammation (57). This prolonged immune activation (chronic
inflammation) contributes to the pathology of obesity associated diseases,
including chronic pancreatitis and pancreatic carcinoma (188).
Numerous studies demonstrate that obesity can alter the innate and
adaptive immune responses (46). Serrano et al. found that obesity increases risk
of infection (e.g. pneumonia and wound infections) after trauma in comparison to
normal weight individuals. Similarly, in clinical studies, obesity reduces the
number of CD4+ and CD8+ T cells and impairs T cell proliferation in comparison
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to normal weight patients (189). Obesity also decreases NK cell number,
increases activating receptor NKG2D (190) and impairs function (e.g.
cytotoxicity) of NK cells in comparison to normal weight individuals (191). These
data demonstrate that obese individuals have increased risk of infection, slower
wound healing, and decreased T cell and natural killer (NK) cell function (49, 75).
Since the most potent anti-tumor responses originate from effector T cells (CD8+
T cells) and NK cells (192, 193), these data suggest that obesity leads to
impairment in anti-tumor immunity.
In addition to obesity-induced impairments in anti-tumor immunity, obesity
may also increase the immunosuppressive environment associated with
pancreatic cancer. In particular, the obesity-induced changes in inflammatory
mediator may contribute to the emergence of MDSCs. MDSCs are a diverse
population of immature macrophages, granulocytes, and dendritic cells (15). In
pathological conditions, MDSCs expand in response to inflammatory mediators
and tumor derived factors including PGE2, IL-6, VEGF and GM-CSF (16, 23).
MDSCs can suppress cells of both the innate and adaptive immune system
including NK cell, macrophages, DCs, and T cells (12). In addition to altering
innate and adaptive immunity, MDSCs alter anti-tumor immunity (12). However, it
is not known if obesity alters the accumulation and function of MDSCs.
The goal of the current study was to determine if obesity altered tumor
growth, survival, and MDCS accumulation and function in a murine model of
pancreatic cancer. A better understanding of the effects of obesity on tumor-

75

derived immune suppressive mechanisms is critical to elucidate the
mechanism underlying mechanisms linking obesity and pancreatic cancer.
4.3. Materials and Methods
4.3.1. Animals
Female 6-week-old C57BL/6 and BALB/c mice were obtained from Jackson
Laboratory (Bar Harbor, MA). All mice were housed at the Pennsylvania State
University and maintained on a 12-hour light/dark cycle with free access to food
and water. C57BL/6 mice were fed a 30% carbohydrate calorie restricted diet, a
10% kcal from fat diet, and 60% kcal from fat diet for 16 weeks to induce a lean,
control, and obese phenotype, respectively. Mice continued on their respective
diets following tumor implantation. All diets were purchased from Research Diets
(New Brunswick, New Jersey). Food intake and body weight, were monitored as
previously reported (173), and mice were observed daily for signs of ill health.
Animal care was provided in accordance with the procedures outlined in the
"Guide for the Care and Use of Laboratory Animals." The Institutional Animal
Care and Use Committee of the Pennsylvania State University approved all
animal experiments.
4.3.2. Tumor Cell Line and Cell Culture
The murine ductal adenocarcinoma cell line Panc.02 were originally established
through the induction of pancreatic tumors with 3-methylcholanthrene and serial
s.c. transplantation in C57BL/6 mice (176). Panc.02 cells were obtained from Dr.
Jeffrey Schlom (National Cancer Institute, National Institute of Health) and
cultured in McCoy’s 5A without G418 (Thermo Scientific; Logan, UT), and
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supplemented with 10% FBS (Gemini Bio Products; Sacramento, CA), 0.1mM
non-essential amino acids (Mediatech; Manassas, VA), 1mM sodium pyruvate
(Mediatech), 2mM glutamine (Mediatech), 10mM HEPES (Mediatech), 100U/mL
penicillin streptomycin (Mediatech). Panc.02 Cells were maintained at 37°C and
5% CO2 and passaged every 3-4 days using trypsin/EDTA (Mediatech).
4.3.3. Tumor Protocol
Panc.02 cells (1x106) were suspended in PBS and injected subcutaneously (s.c.)
into the lumbar region of lean, control and obese C57BL/6 mice. Tumor growth
was monitored three times per week with a digital caliper from day 13 post tumor
implantation until all mice reached the ethical limit for tumor size (1.5 cm 3) or day
60 post tumor implantation. Tumor volume was calculated by multiplying the
short side x short side x long side /2 x0.001 to get tumor volume in cm3. For
survival studies, mice were sacrificed when tumor size reached the ethical limit
for tumor size of 1.5cm3, and were counted as death for time to event analysis
(survival analysis).
4.3.4. Immunological assays
Isolation of immune cells
Spleens were harvested via gross dissection and splenocytes were prepared
from individual mice by mechanical dispersion, as previously described (177).
Briefly, harvested spleens were mechanically disrupted with a syringe plunger
and passed through a 70 μm nylon mesh strainer (BD Biosciences; Bedford,
MA), erythrocytes were lysed with ACK lysing buffer (Lonza), washed twice in
complete medium (RPMI 1640 Mediatech), and supplemented with 10% FBS

77

(Gemini Bio Products), 0.1mM non-essential amino acids (Mediatech), 1mM
sodium pyruvate (Mediatech), 2mM glutamine (Mediatech), 10mM HEPES
(Mediatech), 100U/mL penicillin streptomycin (Mediatech). Cell counts and
viability were determined via trypan blue exclusion.
MDSC Cell Isolation
MDSCs were isolated from a single cell suspension of splenocytes as per
manufacturer’s instructions (MSDC Isolation kit; Miltenyi Biotec; Gladbach,
Germany). Cell count was determined and up to 1x108 splenocytes were
centrifuged for 10 minutes at 300g at 4°C. Supernatants were aspirated and cells
were re-suspended in 350µL of isolation buffer (PBS, 0.5% BSA, and 2mM
EDTA). FcR blocking reagent (50µL) was added, vortexed, and incubated for 10
minutes in the refrigerator 4°C. After incubation 100µL of anti-Ly-6G-antibody
was added to the cells, mixed well, and incubated for 10 minutes at 4°C. Cells
were washed by adding 10mL of buffer and centrifuging at 300g for 10 minutes at
4°C. The cells were re-suspended in 800µL of buffer, then 200µL of anti-biotin
microbeads were added, mixed well, and incubated for 15 minutes at 4°C. Cells
were washed by adding 10-20mL of buffer and centrifuging at 300xg for 10
minutes at 4°C. Aspirated supernatant off completely and the cell pellets were
then resuspended in 500µL of buffer.
For magnetic separation with columns, LS columns were rinsed with 3mL of
buffer and cell suspensions were added onto the column. Columns were washed
three times with 3mL of buffer and the unlabeled cells that pass through were
collected. The flow-through containing unlabeled cells was collected and placed
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on ice and labeled as theGr-1 dim Ly-6G- cell fraction. The cells remaining on the
column were collected by removing the columns from the magnet and flushing
the columns with buffer. The collected cells were labeled as the Gr-1high Ly-6G+
Granulocytic MDSC cells.
For further Isolation of the Gr-1dim Ly-6G-cells, the remaining cell suspensions
were centrifuged at 300xg for 10 minutes at 4°C. The pellet was re-suspended in
400µL of buffer and 100µL of anti-Gr-1-antibody was added, mixed well, and
incubated for 10 minutes at 4°C. Cells were washed by adding 5-10mL of buffer
centrifuging at 300xg for 10 minutes at 4°C and the supernatant were aspirated.
The cells were re-suspended in 900µL of buffer and 100µL of streptavidin
microbeads were added, mixed well, and incubated for 15 minutes at 4°C. Cells
were washed by adding 10-20mL of buffer and centrifuging at 300xg for 10
minutes at 4°C and the supernatants were aspirated completely. The cells were
re-suspended in 500µL of buffer and magnetic separation was performed.
The MS column was placed in the magnetic field of a suitable MACS Separator
and the column was prepared by rinsing with 500µL of buffer. The cell
suspension was applied onto the column. The unlabeled cells passed through
the column. The column was rinsed 3 times with 500µL of buffer. The columns
were removed from the magnet and flushed with buffer to collect the Gr-1 dimLy6G- Monocytic MDSC fraction. After isolation MDSC subsets were counted and
viability determined via trypan blue exclusion.
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T cell and APC Isolation
T cells were isolated via negative selection using the Dynabeads®
UntouchedTMMouse T cells Kit (Life Technologies). APCs were isolated using the
Dynabeads® Mouse Pan T (Thy1.2) Kit (Life Technologies). After isolation, T
cells and APCs were counted and viability determined via trypan blue exclusion.
Flow cytometric analyses
Single cell suspensions of splenocytes were washed twice in PBS at 4°C. Cells
were incubated with Fc block (Biolegend) and 1x106 cells were stained with
saturating concentrations of conjugated antibodies including CD19 FITC (BD
Biosciences), CD4 PE (BD Biosciences), CD8 APC (BD Biosciences), CD3 APCCy7 (BD Biosciences), F4/80 APC (BD Biosciences), Gr-1 FITC (BD
Biosciences), and CD11b PE (BD Biosciences) for 30 min at 4°C, as previously
described (177). Following incubation with the conjugated antibodies, cells were
washed twice in PBS and fixed in 1% paraformaldehyde. Lymphoid and myeloid
cells were gated on forward vs. side scatter and a total of 30,000 events. All flow
cytometric analyses were performed on a Beckman Coulter FC500 flow
cytometer (Beckman Coulter; Indianapolis, IN). Flow cytometric analyses were
plotted and analyzed using Flow Jo software (Tree Star; Ashland, OR).
Mixed Lymphocyte Reaction (MLR)
Isolated splenic T cells (1x105) from BALB/c animals were co-cultured with
irradiated (2000 rads) APCs (5x105) isolated from lean, control, and obese
Panc.02 tumor-bearing C57BL/6 mice and either granulocytic (Gr-1highLy6G+) or
monocytic (Gr-1dimLy6G-) MDSCs (5x104). Cells were incubated in flat-bottomed,
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96-well plates and were pulsed with 1μCi per well of tritiated thymidine at 72
hours. Proliferation was assessed by tritiated thymidine (H3) incorporation at 96
hours (Perkin Elmer; Waltham, MA) on a microbeta plate reader (Perkin Elmer;
Waltham, MA). Each assay was performed in triplicate.
Cytokine Measurements
Cytokines, including G-CSF, GM-CSF, IL-1β, IL-6, KC, MCP-1, MIP-1α, and
TNF-α, were measured in mouse plasma of tumor free (TF) and Panc.02 tumor
bearing lean, control, and obese mice using the MILLIPLEX MAP Cytokine kit
(Millipore; Billerica, MA). Mean fluorescence intensity was calculated from
duplicate samples using the luminex-200 software and quantified on the BioPlexTM 200 System (Bio-Rad; Hercules, CA). TGF-β was assessed in plasma of
TF and Panc.02 tumor-bearing mice among all dietary groups via ELISA
(Biolegend) per manufacturer’s instructions. Cytokines were quantified on an
Epoch Micro-plate Spectrophotometer (Biotek; Winooski, VT). Each assay was
performed in duplicate.
Gene Expression
Gene expression of ARG-1, iNOS, Cox-2, TGF-β, IL-6, IL-10, CD3, STAT1,
STAT3 and Gr-1 was assessed in the adipose tissue and tumor tissue of lean,
control, and obese Panc.02-tumor bearing mice. Total RNA was extracted and
genomic DNA contamination was removed by using RNeasy Mini Kit (Qiagen,
Valencia, CA). Total RNA was quantified by using a Nanodrop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE), and reverse-transcribed
to cDNA using the High Capacity cDNA Reverse Transcription kit (Life
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Technologies). Real-time qPCR was performed by using TaqMan real time PCR
reagents (Life Technologies and an Applied Biosystems StepOnePlus Real-Time
PCR System (Life Technologies). Primer sequences were based on published
studies and actual primer sequences were listed in Supporting Information Table
1. Real-time qPCR data were calculated using the standard curve method and
normalized to 18s RNA. Relative quantification or fold change in gene expression
was determined using the 2ΔΔCt method using data from lean mice as reference
control (178).
Immunofluorescence
Adipose tissue was harvested from lean, control, and obese Panc.02 tumorbearing mice, placed on O.C.T. compound (Sakura; Torrance, CA), and flash
frozen in liquid nitrogen. O.C.T. (Sakura; Torrance, CA) sections (10μm) were
mounted on super frost plus glass slides (Thermofisher Sci, Grand Island, NY)
and fixed with 4% paraformaldehyde for 10 minutes at room temperature.
Sections were blocked with antibody diluent (BD Biosciences) for one hour at
room temperature and washed 3X with 0.1% Tween-PBS wash buffer for 5
minutes. Primary antibodies Gr-1 (Alexa-647), and CD11b (FITC) from (BD) were
diluted in antibody diluent and incubated in a humidified container overnight at
4°C. Sections were washed 3X with Tween-PBS wash buffer. DAPI (SigmaAldrich) in PBS was added to slides (1gμ/mL) for 5 minutes at room temperature.
Sections were washed 3X in wash buffer and mounted with Fluormount-G
(eBioscience) and stored at 4°C. Hematoxylin and eosin (H&E) staining of
adipose tissue sections from lean, control, and obese mice were prepared with
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the Gemini automated staining system. All slides were imaged on the Keyence
BZ-9000E fluorescence microscope (Itasca, IL).
4.3.5. Statistics
All data are presented as the mean plus or minus the standard error mean.
Differences in food intake, body weight, and tumor growth in lean, control and
obese tumor-bearing mice were assessed using a two-way ANOVA. Survival of
lean, control, and obese mice tumor-bearing mice were analyzed with KaplanMeier curves with subsequent log rank test. Immune cell accumulation and
MDSC accumulation were assessed using a one-way ANOVA, followed by
Dunn’s or Bonferroni correction for multiple comparisons where appropriate. For
gene expression a fold change of greater than three was considered significant.
All analyses were conducted using GraphPad Prism 5 software (GraphPad
Software; La Jolla, CA) and statistical significance was accepted at the p≤0.05
level.
4.4. Results
4.4.1. Obesity augmented tumor growth and reduced survival in Panc.02
tumor bearing mice
Body weight (Figure 4.1a; n=8/group, two-way ANOVA, F(2, 336)=372.71,
p≤0.001) were significantly increased in obese Panc.02 tumor-bearing mice in
comparison to lean and control mice. Food intake in kcal/day (Figure 4.1b;
n=8/group, two-way ANOVA, F(2, 320)=425.26, p≤0.001) were significantly
increased in obese Panc.02 tumor-bearing mice in comparison to lean and
control mice at all days expect at weeks 4,5, and 6, where the food intake for
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obese mice was only significantly different than lean animals. Body weights and
food intake were also significantly different among all dietary groups (Figure
4.1a&b; n=8/group, Bonferroni multiple comparison, p<0.050). Obesity increased
tumor growth (Figure 4.1c; n=8/group, two-way ANOVA, F(2,336)=86.43, p≤0.001)
in comparison to lean and control mice. Control mice had greater tumor growth
than lean mice (Figure 4.1c; n=8/group, Bonferroni multiple comparison,
p<0.050). Obesity significantly reduced survival in comparison to lean and control
animals, and control mice had reduced survival in comparison to lean mice
(Figure 4.1d; n=12/group, Log rank test, p<0.010).
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Fig. 4.1. Obesity significantly enhances body weight, food intake and tumor
growth while decreasing survival in mice with Panc.02 tumors. C57BL/6
animals (n=8/group) were maintained on a 30% kcal carbohydrate calorie
restricted diet, a 10% kcal diet, or 60% kcal high fat diet fed ad libitum to
generate lean, control and obese phenotypes. After 16 weeks on the diets,
Panc.02 pancreatic tumor cells (1x106) were implanted s.c. on day 0. (a) Body
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weights were significantly elevated in obese tumor bearing mice in comparison to
lean and control groups (a; n=8/group, two-way ANOVA, F(2, 336)=372.71,
p≤0.001). (b) Food intake (kcal/day) were significantly elevated in obese tumor
bearing mice in comparison to lean and control groups at all weeks except
4,5,and 6 where the food intake for obese mice was only significantly different
than lean mice (b; n=8/group, two-way ANOVA, F(2, 320)=425.26, p≤0.001). (c)
Tumor volume was significantly elevated in obese tumor bearing in mice in
comparison to lean and control animals (c; n=8/group, two-way ANOVA,
F(2,336)=86.43, p≤0.001) (D). Survival curves are significantly different among
lean, control and obese mice (d, n=12/group, Log rank test, p<0.010). a indicates
a significant difference from lean animals. b indicates a significant difference from
control animals.
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Fig. 4.2. Immune cell distribution in the spleens of lean, control and obese
Panc.02 tumor bearing animals. Flow cytometric analysis was performed on
splenocytes in lean, control, and obese mice (n=7-8/group) at day 60-post tumor
implantation. The percentage of immune cells in the spleen, including B-cells, T
cells, helper T cells, cytotoxic T cells and macrophages were quantified via flow
cytomery. The percentage of total B cells (Kruskal-Wallis test; к=6.31, p=0.043),
total T cells (one-way ANOVA; p=0.016), helper T cells (Kruskal-Wallis test;
к=7.13, p=0.028) cytotoxic T cells (one-way ANOVA; p=0.008) were significantly
lower in obese animals than lean animals. Macrophages were (one-way ANOVA;
p=0.080, Bonferroni multiple comparison test, p<0.050) were significantly higher
in obese animals than lean animals. a indicates a significant difference from lean
animals.
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4.4.2. Obesity altered the distribution of immune cells in the spleen of
Panc.02 tumor bearing animals
Obesity significantly decreased the percentage of total B cells (Figure 4.2;
n=7-8/group, Kruskal-Wallis test, к=6.31, p=0.043), total T cells (Figure 4.2; n=78/group, 1-way ANOVA, p=0.016), helper T cells (Figure 4.2; n=7-8/group,
Kruskal-Wallis test, к=7.13, p=0.028) cytotoxic T cells (Figure 4.2; n=7-8/group,
one-way ANOVA; p=0.008) and increased the percentage macrophages in the
spleen (Figure 4.2; n=7-8/group, 1-way ANOVA, p=0.080). Bonferroni post hoc
test revealed a significant increase in macrophages between obese and lean
mice (Kruskal-Wallis; p<0.050). Significant differences in the percentage of
immune cells in the spleen among lean and control mice, or control and obese
mice were observed.
4.4.3. Obesity increased the accumulation of total (Gr-1+CD11b+),
granulocytic (Gr-1HiCD11b+) and monocytic (Gr-1LoCD11b+) MDSCs in
lymphoid organs of Panc.02 tumor bearing animals
A representative bivariate plot of MDSC subsets using Gr-1hi/Gr-1low vs.
CD11b expression (Figure 4.3) is shown in the spleen of a lean, control, and
obese Panc.02 tumor-bearing mouse. Distribution of MDSC subsets Gr1hiCD11b+ and Gr-1loCD11b+ among our dietary groups respectively, lean
animals (2.73% and 1.90%), control animals (7.15% and 5.73%) and obese
animals (13.0%, 9.14%) in a representative plot. The percentage of total MDSCs
was significantly greater in the spleen (Figure 4.3b; n=7-8/group, one-way
ANOVA, F=4.44, p=0.026) in comparison to lean mice. Obesity also increased
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the accumulation of Gr-1HiCD11b+ (Figure 4.3b; 7-8/group, Kruskal-Wallis test,
к=6.43, p=0.040) and Gr-1LoCD11b+ (Figure 4.3b; 7-8/group, one-way ANOVA,
p=0.020) MDSC subsets in the spleen in comparison to lean mice. Obese and
control mice accumulated significantly more total MDSCs in the TDLN (Figure
4.3c; n=8/group, one-way ANOVA, p<0.050) in comparison to lean Panc.02
tumor bearing mice. Also in the TDLN, we observed a trend towards more MDSC
subsets in obese mice; however this did not reach statistical significance. Obese
mice accumulated more total MDSCs in the tumor (Figure 4.3d; n=2-5/group,
Kruskal-Wallis test, к=5.15, p=0.060). Dunn’s post hoc test showed a significant
difference between MDSCs in the tumor of obese and lean mice (d, KruskalWallis; p<0.050). Gr-1LoCD11b+ (Figure 4.3d; 2-5/group, Kruskal-Wallis test,
к=5.51, p=0.043) MDSCs were significantly elevated in the tumors of obese mice
in comparison to lean mice. No differences were observed between the
percentage of total, Gr-1HiCD11b+, and Gr-1LoCD11b+ MDSC subsets from lean
and control mice and control and obese mice.
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Fig. 4.3. Accumulation of Gr-1+CD11b+ cells in lean, control, and obese
Panc.02 tumor bearing animals. Flow cytometric analysis was performed on
spleen, TDLN and tumors at day 60 post-tumor implantation. (a) Representative
bivariate plot using Gr-1hi /Gr-1low vs. CD11b expression is shown in the spleen of
a lean, control, and obese Panc.02 tumor-bearing mouse day 60 post-tumor
implantation. Arrows indicate different subpopulations of MDSCs subsets (Gr1HiCD11b+ and Gr-1LoCD11b+) in lean (2.71%, 1.90%), control (7.15% and
5.73%) and obese (13.0% and 9.14%) Panc.02 tumor-bearing animals,
respectively. The percentage of total, Gr-1HiCD11b+, and Gr-1LoCD11b+ MDSCs
is displayed in the (b) spleen, (c) TDLN, and (d) tumor of lean, control, and obese
Panc.02 tumor-bearing animals at day 60-post tumor implantation. (b) The
percentage of MDSCs was significantly higher in obese animals than lean
animals at day 60 post tumor implantation in the spleen (b, n=7-8/group, one-way
ANOVA; F=4.44, p=0.026). The percentage of Gr-1HiCD11b+ (b, n=7-8/group,
Kruskal-Wallis test; к=6.43, p=0.040) and Gr-1LoCD11b+ (b, n=7-8/group, oneway ANOVA, p=0.020) MDSCs in the spleen were significantly elevated in obese
mice in comparison to lean mice. No differences were observed in the spleen
between total, Gr-1HiCD11b+, and Gr-1LoCD11b+ MDSC subsets from lean and
control mice and control and obese mice. (c) Obese and control mice
accumulated significantly more total MDSCs in the TDLN (c, n=8/group, one-way
ANOVA; p<0.050) in comparison to lean mice. No significant differences were
observed among MDSC subsets in TDLN among dietary groups. (d) Obese mice
accumulated more total MDSCs in the tumor in comparison to lean mice (d; n=25/group, Kruskal-Wallis test; к=5.15, p=0.060). Dunns post hoc test showed a
significant difference between total MDSCs in the tumor of obese mice in
comparison to lean mice (d, Kruskal-Wallis, p<0.050). Obese mice accumulated
more Gr-1LoCD11b+MDSC in the tumor (d; n=2-5/group, Kruskal-Wallis test;
к=5.51, p=0.043) in comparison to lean mice. No differences were observed in
the tumor between total, Gr-1HiCD11b+, and Gr-1LoCD11b+ MDSC subsets from
lean and control mice and control and obese mice. a indicates a significant
difference from lean animals.

4.4.4. Obesity altered adipocyte size in Panc.02 tumor-bearing mice
Adipose tissues from a lean, control and obese Panc.02 tumor-bearing
animal were stained with H & E for histological examination (Figure 4.4a). Obese
mice had larger adipocytes in comparison to lean and control mice. Adipocytes
from lean and control mice were similar in size. Immunofluorescence of a
representative lean, control and obese mouse is shown (Figure 4.4b). Adipose
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tissue was stained with antibodies to Gr-1 (red) and CD11b (green). Lean,
control, and obese tumor-bearing mice accumulated MDSCs in adipose tissue.
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Fig. 4.4. Increased expression of Gr-1 and CD11b in the adipose of obese
Panc.02 tumor-bearing mice. Photomicrographs are representative of fields. (a)
H&E stained tissue sections of adipose tissue from lean, control and obese mice.
Magnification 20X. (b) Adipose tissue from lean, control and obese mice was
stained with antibodies to Gr-1 (red) and CD11b (green) and DAPI (blue) was
used for the nuclear stain. Magnification 80X.
4.5.5. Obesity increased gene expression of Gr-1 and inflammatory
mediators in adipose tissue
Gene expression of Gr-1, ARG-1, iNOS, TGF-β, CD3, IL-6, IL-10, and
Cox-2 were measured in adipose tissue isolated from lean, control and obese
Panc.02 tumor bearing animals (Figure 4.5; n=3-5/group) by RT-PCR. Obesity
increased gene expression of Gr-1 in comparison to lean and control mice
(Figure 4.5a). Gene expression of IL-6, IL-10, and Cox-2 were elevated in obese
mice in comparison to lean mice (Figure 4.5b). Cox-2 was also elevated in
control mice in comparison to lean and obese mice. We did not observe any
differences between lean and control mice for the adipose tissue gene
expression of CD3, IL-6, IL-10, Gr-1, ARG-1, iNOS, and TGF-β. Also, we did not
observe any differences between control and obese mice for the adipose tissue
gene expression of CD3, ARG-1, iNOS, and TGF-β.
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Fig. 4.5. Accumulation of MDSCs subsets lean, control, and obese Panc.02 tumor bearing animals. Gene
expression of (a) Gr-1, ARG-1, iNOS, TGF-β and (b) CD3, IL-6, IL-10, Cox-2 and were measured in adipose tissue
isolated from lean (n=6), control (n=5) and obese (n=3) Panc.02 tumor bearing animals by RT-PCR. Expression
levels were normalized to 18s RNA and fold change was determined using the 2ΔΔCT method. Fold change greater
than 3 was considered significant. Expression levels of IL-6, IL-10, Cox-2, Gr-1, and TGF-β were significantly
elevated in obese mice in comparison to lean mice. Cox-2 was elevated in control mice in comparison to lean and
obese mice. No differences were observed between lean and control mice and control and obese mice for the
adipose tissue gene expression of CD3, ARG-1, iNOS, and TGF-β. a indicates a difference from lean animals. b
indicates a difference from control animals. c indicates a difference from obese animals.

94

4.6.6. Splenic MDSCs from lean, control, and obese Panc.02 tumor bearing
mice suppressed T cell proliferation
To test the ability of MDSC subsets from lean, control, and obese tumorbearing mice to inhibit T cell proliferation, T cells from BALB/c mice were cultured
with APCs from Panc.02 tumor bearing mice in a mixed lymphocyte reaction
(MLR) with and without MDSC subsets from Panc.02 tumor bearing mice in all
dietary groups. No differences were observed in the suppressive capacity of
MDSC subsets from lean, control, and obese mice (Figure 4.6).
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Fig. 4.6. Suppression of T cell proliferation by MDSCs from lean, control,
and obese Panc.02 tumor bearing animals. Irradiated APCs (2000 Rads) and
MDSC subsets were isolated from lean, control, and obese Panc.02 tumor
bearing animals (n=4-8/group) day 60 post-tumor implantation and mixed with T
cells isolated from non-tumor bearing BALB/c mice. Cells were incubated for 5
days and proliferation was measured via thymidine incorporation. Percent of
maximal proliferation (i.e. proliferation of T cell plus APCs alone) is reported for
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animals with tumor volumes larger than 1cm3. MDSCs subsets alone did not
proliferate (data not shown). MDSC subsets from mice among all dietary groups
suppressed T cell proliferation to the same extent.

4.7.7. Obesity drives the accumulation of Gr-1+CD11b+ cells in the spleen of
non-tumor bearing animals
Lean, control, and obese non-tumor bearing mice accumulate MDSCs in
the spleen in the absence of Panc.02 tumor and tumor-derived factors. A trend
towards more MDSCs in obese mice was observed, however this did not reach
statistical significance (Figure 4.7; n=3/group, Kruskal-Wallis test, к=2.75,

# of MDSC subsets
in the spleen of NTB mice (x106)

p=0.252).
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Fig. 4.7. Accumulation of Gr-1+CD11b+ cells in the spleen of non-tumor
bearing lean, control, and obese animals. Flow cytometric analysis was
performed on splenocytes in non-tumor-bearing lean, control, and obese mice.
The number of Gr-1+ vs. CD11b+ cells in the spleen of non-tumor-bearing lean,
control, and obese mice. A trend towards more MDSCs in obese mice was
observed, however it did not reach statistical significance (n=3/group, KruskalWallis test, к=2.75, p=0.252). Test for trend p=0.059.
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4.8. Inflammatory mediators in serum lean, control, and obese TF mice.
Inflammatory mediators were quantified in the plasma of lean, control, and
obese TF (n=3-5/group) mice before tumor injection. The percentage on animals
above the detection limit is shown. No significant differences were observed
between levels of inflammatory mediators and growth factors among dietary
groups. A trend toward more IL-6, and TNF-α is observed in obese TF animals in
comparison to lean and control animals.
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Fig. 4.8. Percentage of lean, control, and obese TF animals above the
detection limit for plasma levels of IL-1β, IL-6, TNF-α and TGF-β. Plasma
levels of G-CSF, GM-CSF, IL-1β, IL-6, KC, MCP-1, MIP-1α, and TNF- α were
measured in lean, control and obese TF animals (n=3-5/group using the
MILLIPLEX MAP Cytokine array. Plasma levels of TGF-β were measured in lean,
control and obese TF animals (n=3-5/group) via ELISA.
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4.5. Discussion
We demonstrated that obesity increased tumor growth and decreased
survival in Panc.02 tumor bearing mice. Obesity also increased the accumulation
of total MDSCs in all tissue compartments, but the tissue distribution of
granulocytic and monocytic MDSC subsets varied by tissue compartment.
Obesity augmented gene expression of Gr-1 and IL-6, IL-10, and Cox-2 in
adipose of Panc.02 tumor-bearing mice. MDSC subsets from all dietary groups
were equally suppressive, regardless of the dietary intervention. This is the first
study to date to demonstrate that obesity can enhance tumor growth, decrease
survival, and increase the accumulation of MDSCs in the spleen, TDLN, tumor,
and adipose of Panc.02 tumor bearing mice
Obesity can increase the incidence of pancreatic cancer (43, 44, 90, 194197). Recent epidemiology studies show obesity is associated with a reduction in
survival from pancreatic cancer (92, 101, 187). Similar studies have been
performed in pre-clinical models of obesity and pancreatic cancer. Diet induced
obesity (DIO) increases tumor volume, blood glucose, insulin, leptin, IGF-1, and
reduces levels of adiponectin when compared to calorie-restricted mice (96,
108). The progression from intraepithelial lesions to pancreatic ductal
adenocarcinoma (PDAC) is delayed in calorie-restricted mice (198) in both
orthotopic (NB508 cancer cells derived Kras/Ink4a genetic model of pancreatic
ductal adenocarcinoma) and genetic models (Kras/Ink4a+/-) of pancreatic cancer.
Obesity enhances pancreatic tumor growth, increases metastasis, and alters
serum levels of leptin, insulin and glucose (96) in a subcutaneous model of
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pancreatic cancer in mice deficient for both leptin and its receptor. Larger tumors
and less tumor cell apoptosis are present in overweight mice in comparison to
lean mice, in a subcutaneous model of pancreatic cancer in DIO model (108).
These studies utilizing murine models of pancreatic cancer in both genetic and
diet-induced models of obesity demonstrate that obesity enhances pancreatic
tumor growth, increases metastasis, and alters serum levels of adipokines. Our
data demonstrate that obese mice had a larger tumors and a significant reduction
in survival in comparison to lean and control mice; thus our results are consistent
with the previous literature assessing the link between obesity and pancreatic
(108). These data suggest that lean, calorie restricted mice have reduced tumor
growth, and better survival outcomes, while obese mice have enhanced tumor
growth and poorer survival outcomes independent of the paradigm used to
generate obesity or the model of pancreatic cancer. These data in murine models
of pancreatic cancer are consistent with the epidemiological data assessing the
link between obesity and pancreatic risk and mortality (101, 194).
Previous studies have shown that obesity can modulate immune function
(46). Our data demonstrate that obesity decreased the percentage of B cells and
CD4+ and CD8+ T cells, while obesity increased the percentage of macrophages
in the spleen. This data demonstrates that obesity can alter the percentage of
immune cells in lymphoid organs. Clinical studies have also shown that obesity
can alter the number of immune cells in peripheral blood, including T cells, NK
cells, and B cells (46).
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In addition to obesity-induced impairments in anti-tumor immunity, obesity
may be increasing tumor-derived immunosuppressive factors including MDSCs.
MDSCs are hematopoietic progenitor cells and precursors of macrophages,
dendritic cells (DCs) and granulocytes. MDSCs are a potent immunosuppressive
cell population with the ability to suppress both innate and adaptive immune
response (171). Thus they contribute to disease progression by impairing host
antitumor immunity. MDSCs accumulate in pancreatic cancer patients, and their
accumulation correlates with disease progression (27, 182). The accumulation of
MDSCs in cancer patients is also associated with a concurrent reduction in
CD8+T cells (28). These results demonstrate that MDSCs mediate immune
suppression in pancreatic cancer patients.
Similarly, MDSCs are documented in murine models of pancreatic cancer
including transgenic, orthotopic (199), and subcutaneous (38) models; and the
accumulation of MDSCs is organ dependent (183). We demonstrated that
obesity increased the accumulation of total MDSCs in all tissue compartments. In
the current study, obesity significantly increased the accumulation of MDSCs in
the spleen, TDLN, tumor, and adipose in comparison to lean mice. Control mice
also accumulated more MDSCs in the TDLN in comparison to lean mice. No
significant differences in MDSC accumulation in the spleen, TDLN, tumor and
were observed between lean and control mice or between obese mice and
control mice. These data suggests that the maintenance of body weight over
time, as observed in the lean mice, may have a protective effect. This data also
imply that obesity contributes to immune suppression in pancreatic cancer by
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altering the accumulation of MDSCs. An increased number of MDSCs in obese
animals may provide a robust inhibitory signal to prevent immune recognition of
tumor antigens; thus, the obesity-induced accumulation of MDSCs may
contribute significantly to the obesity-induced exacerbation of tumor
development.
Murine MDSCs are comprised of two subsets, including a Gr-1HiCD11b+
(granulocytic) and a Gr-1LoCD11b+ (monocytic) subset. In this study, we
demonstrate that obesity significantly increased the expansion of both the
granulocytic and monocytic MDSC subsets in the spleen. A similar trend was
also observed in the TDLN, but it did not reach statistical significance. We also
demonstrate that obesity significantly increased the monocytic MDSC subset in
the tumor of Panc.02 tumor-bearing mice in comparison to lean mice. We did not
observe any significant differences in MDSC subset accumulation between lean
and control animals or control and obese animals. However, a trend towards a
stepwise effect on MDSC accumulation in the spleen and TDLN among our
dietary groups was noticed, however it did not reach statistical significance. We
also noted a preferential expansion of the granulocytic MDSCs in the spleen and
in the TDLN, in contrast to an accumulation of the monocytic MDSCs in the
tumor. This suggests that obesity can alter MDSC subset distribution, in a tissue
specific manner. MDSC subsets expand in lung, melanoma, colon, and breast
tumor models (146). 70-80% of the MDSC expansion in lymphoid organs and
tumor is attributed to accumulation of the granulocytic subset and 20-30% is due
to the monocytic subset (146) in the aforementioned tumor models. In the
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peripheral blood of pancreatic cancer patients granulocytic MDSCs are more
prevalent in comparison to monocytic MDSC subset (182). The accumulation of
MDSCs observed in this study is consistent with other studies that document
MDSCs accumulation in murine models of pancreatic cancer (171, 199, 200).
The data presented is the first to demonstrate an obesity-driven expansion of two
distinct MDSC subsets in a murine model of pancreatic cancer. These data
suggest that obesity contributes to immune suppression in pancreatic cancer by
altering the expansion of MDSC subsets.
Due to the immunosuppressive nature of MDSCs in pancreatic cancer,
preclinical studies are currently exploring ways to exploit their accumulation and
function. Gemcitabine in combination with a dendritic cell vaccination induces
immunity in the mice with pancreatic cancer (145). Stromnes et al. utilized a
genetically engineered mouse model of PDAC that progress with disease similar
to humans. The authors found that antibody depletion of the granulocytic MDSC
subset reduces the accumulation of MDSCs in the peripheral blood; spleen and
tumor. More importantly this study found that depletion of the granulocytic MDSC
subset increases the accumulation of CD8+ T cells in the tumor and induces
apoptosis of tumor cells (171). Collectively these data demonstrate that MDSCs
suppress anti-tumor immunity and depletion of MDSCs in pancreatic tumor
models can enhance antitumor immunity. These studies also provide a direct link
for MDSCs in increasing tumor burden, via the expansion of MDSCs in models of
pancreatic cancer.
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MDSCs are known to suppress innate and adaptive immunity through a
variety of mechanisms (12, 201). MDSCs can also regulate innate immune
responses by modulating the cytokine production of macrophages, by skewing
macrophages toward a tumor-promoting phenotype via the production of IL-10
(21). We observed increased gene expression of IL-6, IL-10, and Cox-2 in the
adipose of obese mice in comparison to lean mice. Cox-2 expression was
greater in the adipose of control mice in comparison to lean mice. No differences
in gene expression of CD3, ARG-1, iNOS and TGF-β were observed between
lean and control mice or control and obese. These data suggest that obesityinduced expansion of MDSCs may be altering macrophages towards a M2 tumor
promoting phenotype, which may potentiate pancreatic cancer growth.
Macrophages are important in regulating immunity, and can be classified as M1
classically activated and M2 alternatively activated, however these are not
exclusive (202). M2 macrophages are activated on a continuum in response to
various agents. M2a (alternative) macrophages are polarized by IL-4 and IL-13,
they are important in Th2 responses and inflammatory responses. Immune
complexes and toll like receptor (TLR) triggering polarize M2b (type II)
macrophages, and they are important for immune-regulation. Lastly, M2c
(deactivated) macrophages are polarized by IL-10, TGF-β and are important in
immune-regulation and matrix and tissue remodeling (203). For the purpose of
this discussion, we refer to M2 macrophages, which functions include matrix
remodeling, tissue repair, and angiogenesis; all of which favor tumor promotion
(202). Xia and colleagues show Gr-1+CD11b+ cells accumulate in the adipose of
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obese (ob/ob) non-tumor bearing animals in comparison to WT controls and
improved insulin sensitivity, reduced serum IL-6 and TNF-α and skewed
macrophage polarization towards an M2 phenotype; suggesting that MDSCs may
be negative regulators of obesity-induced inflammation in the absence of tumor
(83). Our data demonstrate that in pancreatic tumor-bearing animals, obesity
results in the accumulation MDSC and immunosuppressive factors in adipose
tissue. It is not known if the accumulation of MDSCs observed in obese adipose
tissue is to dampen the inflammatory response as observed as a result of
obesity.
To separate the effects of obesity-induced inflammation from tumorderived factors, which stimulate MDSC expansion, we examined the effect of
obesity in non-tumor bearing animals on MDSC formation. We observed an
increase in the number of Gr-1+CD11b+ cells in the spleen of non-tumor bearing
obese animals. These data suggest that MDSCs accumulate independent of the
tumor microenvironment likely due to the pro-inflammatory state observed with
obesity; suggesting a role for the adipose in driving MDSCS accumulation.
Various inflammatory and tumor derived factors can activate MDSCs,
which increases the production of immune suppressive factors, including ARG-1,
iNOS, ROS (12), TGF-β and IL-10 (21, 204). MDSC subsets are hypothesized to
mediate their suppressive function through different mechanisms via transcription
factors STAT1 and STAT3. In the current study, we demonstrate that
granulocytic and monocytic MDSCs suppressed T cell proliferation regardless of
the dietary intervention. We also measured gene expression of
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immunosuppressive factors (IL-6, IL-10, ARG-1, iNOS, Cox-2, and TGF-β) and
transcription factors (STAT1 and STAT3) in MDSC subsets from lean, control,
and obese Panc.02 tumor bearing mice.
We observed a down-regulation in gene expression of IL-6, IL-10, ARG-1,
iNOS, Cox-2, TGF- β, STAT1 and STAT3 measured in control and obese mice in
comparison to lean mice. iNOS was down regulated in granulocytic MDSCs from
obese mice to a greater extent than control mice. ARG-1 was down regulated in
monocytic MDSCs from obese mice to a greater extent than control mice. These
data suggest that obesity is not altering the suppressive capacity of MDSCs;
however, obesity increased the number of MDSCs on a per cell basis.
Obesity is characterized as low-grade chronic inflammation, with
increased inflammatory mediators including IL-1α, IL-1β, IL-6, TNF-α, and MCP-1
(57). The tumor microenvironment is also comprised of numerous cytokines (IL6, IL-1 β, TGF-β, IL-10) (134) and growth factors (VEGF, GM-CSF, G-CSF) that
can also support tumor progression (205). IL-1β, IL-6 (16, 19, 20), TGF-β (185)
and the prostaglandin, PGE2 (21) are mediators of carcinogenesis; however they
can also induce MDSC accumulation. In this study we noted increased levels of
IL-6, IL-1β, TNF-α, and TGF-β in obese mice in comparison to lean controls,
however these relationships did not reach statistical significance. Inflammatory
mediators IL-6, IL-8, and MIP-1α play a role in pancreatic carcinogenesis. IL-6
positively correlates with tumor stage as is associated with poor outcome in
pancreatic cancer patients. Similarly, IL-8 is associated with angiogenesis,
metastasis, and negatively influences the survival of tumor bearing mice. MIP-1α
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enhanced proliferation, induced epithelial to mesenchymal transition, and is
associated with overall poor prognosis. These data suggest that increased
inflammatory mediators (i.e. IL-6) may contribute to the expansion of MDSCs.
In conclusion, obesity enhanced tumor growth and decreased survival
concurrently with the expansion of MDSCs in lymphoid organs. These data
suggest that obesity increases pancreatic carcinogenesis via the accumulation of
MDSCs. Results from the current study provide critical insight into additional
mechanisms linking obesity and pancreatic cancer via immunosuppression by
MDSCs. These results contribute to our understanding of obesity on
inflammatory and tumor-associated immunosuppressive factors.
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Supplementary Table 2. Fold change in gene expression of and
transcription factors immunosuppressive factors, immune cells in tumors
from lean, control and obese Panc.02 tumor-bearing mice.

Supplementary Table 2. Fold
change in gene expression of
transcription factors, and
immunosuppressive factors in
tumor of Panc.02 mice
Control
Obese
-1.07
-1.29
ARG-1
-1.14
1.05
iNOS
1.1
-1.49
Cox-2
1.58
-1.13
TGF-β
-1.7
-3.98
IL-6
-1.17
-1.16
IL-10
-1.1
-1.1
STAT1
2.09
1.39
STAT3
-1.49
-1.52
CD3
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Supplementary Table 3. Fold change in gene expression of transcription
factors immunosuppressive factors in MDSC subsets from lean, control
and obese Panc.02 tumor-bearing mice.
Supplementary Table 3. Fold change in gene expression of
transcription factors, and immunosuppressive factors in MDSC
subsets

Granulocytic
ARG-1
iNOS
Cox-2
TGF-B
IL-6
IL-10
STAT1
STAT3

Control
-1.43
-2.01
-3.79
-3.31
-17.41
-2.62
-3.1
-1.5

Obese
-1.96
-5.48
-3.06
-3.75
-1.75
-2.22
-2.87
-1.99

Monocytic
Control
-1.42
-5.77
-3.32
-1.62
-1.16
-1.53
-2.3
-1.36

Obese
-18.63
-5.62
-1.34
-2.4
-1.56
-4.51
-0.33
-1.86
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS
The studies reported in this dissertation were designed to explore MDSC
and MDSC subset accumulation and function, and their contribution to tumor
growth in a murine model of pancreatic cancer. These studies also were
designed to investigate the inflammatory milieu in this model. Additionally, the
effect of obesity on pancreatic tumor growth, survival, and MDSC an MDSC
subset accumulation and function were explored. This chapter briefly
summarizes the main findings and identifies future directions for research.
Study 1 characterized the inflammatory milieu, tumor microenvironment,
MDSC accumulation, an MDSC subset accumulation and function in TF and
Panc.02 tumor bearing animals at days 30-60 post tumor implantation. The
characterization of MDSCs is an important contribution to the field because they
are potent inhibitors of anti-tumor immune mechanisms, and they are correlated
with disease stage and severity in pancreatic cancer patients. Understanding the
biology of MDSCs in pre-clinical models of pancreatic cancer is critical to
understanding how these contribute to anti-tumor immunity in this Pan.02 tumor
model. Pancreatic cancer is one of the most deadly cancers, and is associated
with a very poor survival rate. The five-year survival rates for pancreatic cancer in
1975 were three percent and the current survival rate is approximately five
percent (206). Unfortunately clinically relevant advances in treatment for
pancreatic cancer are lacking. Pancreatic carcinogenesis is a complex stepwise
disease progression comprised of genetic alterations (e.g. activating mutations in
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KRAS, and inactivating mutations in p53, and SMAD4), inflammatory
modulations (e.g. increases in pro-inflammatory mediators IL-6, IL-8, TNF-α, IL-β
and TGF-β), and shifts in immune cell populations (e.g. reduction in CD8+ T cells,
increases in Tregs and MDSCs). Increases in levels of Tregs and MDSCs in
pancreatic cancer patients, which correlate with overall poor prognosis, suggest
a role for these immunosuppressive cells in the potentiation of tumor growth.
It is also known that MDSC accumulation is tumor model dependent. The
accumulation of MDSCs can be driven by various growth factors and
inflammatory mediators (e.g. IL-6, GM-CSF, VEGF and PGE2); and since the
inflammatory milieu varies by tumor model, it likely effects/influences MDSC
accumulation differentially. Thus, a greater understanding the biology of MDSCs
in pre-clinical models of pancreatic cancer is critical for development future
immunotherapies. In this study we demonstrated that Panc.02 tumor bearing
mice have higher levels of the growth factors GM-CSF and VEGF, and
inflammatory mediators IL-6, TNF-α, MCP-1, MIP-1α, and TGF-β in comparison
to TF mice. These results confirm that the Panc.02 model is conducive for the
expansion of MDSCs.
We also found that MDSCs accumulated overtime, with a greater
expansion of the granulocytic MDSC subset. MDSCs are comprised of a mixed
population of immature granulocytes, macrophages and dendritic cells, thus the
characterization of MDSCs includes cell surface markers for immature myeloid
cells. Due to the heterogeneous nature of MDSCs, inconsistencies exist in the
literature with regards to the terminology of MDSCs. We show for the first time
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that accumulation of MDSCs was evident and comparable using either the Gr1/CD11b or the CD11b/ Ly6C/Ly6G nomenclature. This data are important as it
confirms we are adequately capturing the MDSCs cell population.
MDSCs can inhibit the function of immune cells including T cells, DCs and
NK cells. We also found that MDSC subsets from Panc.02 tumor bearing mice
suppressed T cell function to a similar extent. Upon further examination of the
suppressive capacity of MDSC subsets, we found that both MDSCs subsets
expressed immunosuppressive factors iNOS, and IL-6 and transcription factors
STAT1 and STAT3, however only the monocytic subset expressed IL-10 and
ARG-1 and only the granulocytic subset expressed TGF-β. It is suggested that
MDSC subsets mediate their suppressive effects through STAT1 and STAT3
differentially (12). However, we noted similarities in the amount of STAT1 and
STAT3 in both MDSC subsets. To further examine the production of
immunosuppressive factors TGF-β, IL-6 and IL-10, we measured protein
expression. TGF-β, IL-6 and IL-10 were produced in both MDSCs subsets, but
levels were not significantly different among MDSC subsets. These results
demonstrate that MDSC subsets are functional and have the capacity to
suppress T cell function, likely through production of TGF-β and IL-10.
Next we wanted to determine the overall contribution of MDSCs to
Panc.02 tumor growth in this murine pancreatic tumor model. We found that
depletion of MDSCs reduced tumor growth. These results suggest that in this
Panc.02 tumor model, tumor growth is driven and exacerbated by MDSCs. Our
results also suggest that elevated inflammatory mediators are responsible for the
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greater accumulation of MDSCs in Panc.02 tumor bearing mice. Production of
TGF-β and IL-10 in both MDSC subsets may independently or collectively be
responsive for the reduction in T cell proliferation we observed. TGF-β (207) and
IL-10 (208) can inhibit the function of immune cells including T cells, NK cells,
neutrophils and macrophages. It is likely that both TGF-β and IL-10 work
collectively to reduce the T cell proliferation that we observed in our study. This
study has enabled us to better understand the inflammatory environment, the
role of MDSCs, and MDSC subset accumulation and function, and their overall
contribution to tumor growth in Panc.02 tumor model.
Future studies should determine if the reduction in T cell function we
observed in MDSC subsets in directly attributed to the production of
immunosuppressive cytokines TGF-β and IL-10. Inhibitors to TGF-β and IL-10
can be added to MLR cultures including T cells, APCs and MDSCs subsets to
determine the contribution of TGF-β and IL-10 to T cell proliferation.
Also, we observed increased levels of IL-6 and GM-CSF in plasma of
Panc.02 tumor-bearing mice, which are known to drive the expansion of MDSCs
(12, 19). Future studies could determine if IL-6 and GM-CSF drive accumulation
of MDSCs in the Pacn.02 tumor model. Bone marrow cells from Panc.02 tumor
bearing mice and from control mice, can be treated with IL-6 and GM-CSF in
vitro to see if IL-6 and GM-CSF drive expansion of MDSCs. Similarly, IL-6 and
GM-CSF knock out (KO) mice and wild type (WT) controls can be used to
determine MDSCs accumulation in murine model of pancreatic cancer. Panc.02
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cells could be injected s.c. into KO mice and WT controls and the accumulation
of MDSCs in lymphoid organs and tumors could be determined.
It is not known if combination of Gr-1 depletion antibody and neutralizing
antibody to GM-CSF would offer greater effects on reduction of tumor growth
than just depletion antibody alone. Panc.02 tumor bearing mice could be treated
with both Gr-1 depletion antibody and neutralizing antibody to GM-CSF. End
point analysis could determine if the combination of Gr-1 and GM-CSF depletion
antibodies alters tumor growth and survival characteristics. The clinical impact of
combined chemotherapy and immunotherapy in pancreatic cancer patients is
currently under investigation. As MDSCs are such potent inhibitors of anti-tumor
immunity, combination treatment might offer promising avenues in pancreatic
cancer patients.
Study 2 tested the hypothesis that obesity induces an increase in
immunosuppressive factors, which enhances pancreatic tumor growth. It is
known that obesity increases risk (43) and reduces survival (187) in pancreatic
cancer; however the mechanisms are not fully understood. These results support
our hypothesis, we found that obesity increases MDSCs in pancreatic tumor
bearing mice and likely contributes to the immunosuppressive environment,
which can enhance tumor growth. We found that obesity significantly enhanced
tumor growth and reduced survival in Panc.02 tumor-bearing mice. Obesity also
reduced the percentage of B cells, CD4+ T cells, CD8+T cells and increased
macrophages in comparison to lean mice. Likewise, we found that obese mice
had a greater expansion of MDSCs in the spleen, tumor and adipose in
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comparison to lean mice and a greater expansion of MDSCs in the TDLN in
comparison to lean and control mice. These findings are the first to demonstrate
an obesity-induced expansion of MDSCs in lymphoid organs in a murine model
of pancreatic cancer. In addition to the spleen, TDLN, and tumor, we also looked
in the adipose tissue for MDSC accumulation. We found that obese mice
accumulated more MDSCs in comparison to lean and control mice. We also
found that adipose tissue from obese mice had increased gene expression of
inflammatory mediators IL-6 and IL-10 which suggests the adipose tissue in
obese mice may favor MDSC accumulation and tumor progression. This is the
first study to demonstrate that immunosuppressive MDSCs accumulate in the
adipose of obese Panc.02 tumor bearing mice.
The adipose tissue is known to be the site of obesity-induced inflammation
via macrophage and adipose tissue production of pro-inflammatory mediators
(e.g. IL-1β, TNF-α, IL-6) adipokines (e.g adipoenctin, leptin), and chemokines
(MIP-1α and MCP-1) and other inflammatory mediators (NO and PGE2) (57).
MDSCs are also known to polarize macrophages toward a tumor-promoting
phenotype via the production of IL-10 (16). These results suggest MDSCs are
important in obesity-induced inflammation and tumor growth. We further
characterized MDSCs subsets in lean, control, and obese mice. We found that
obesity-induced a greater expansion of both MDSCs subsets in the spleen and a
greater expansion of the monocytic subset in the tumor; however we observed
that MDSC subset specific expansion varies by organ.
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We also wanted to determine if MDSC subsets from lean, control and
obese mice differed in their capacity to inhibit T cell function. MDSC subsets from
lean, control, and obese mice suppressed T cell proliferation to the same degree.
Obesity is known to induce a state of chronic inflammation, and although not
statistically significant, we did observe a trend towards increased plasma levels
of IL-6, and TNF-α in obese animals in comparison to lean and control mice.
Overall these results show that obesity is altering immune cell distribution in
lymphoid organs, and that the obesity-induced increase in MDSCs contributes to
enhanced pancreatic tumor growth. Though not statistically significant, elevated
levels of IL-6 and IL-1β in obese mice may be responsible for the greater
accumulation of MDSCs observed in obese animals. The lack of statistical
significance could be due to confounding by the tumor, masking the true
response of the aforementioned cytokines and growth factors. This data suggest
that obesity is not altering the suppressive capacity of MDSCs. However, due to
the multiple mechanisms of suppression utilized by MDSCs to inhibit immunity,
having more MDSCs in the context of obesity and cancer may be associated with
poor outcomes.
Future studies should focus on examining if depletion of MDSCs in obese
mice reduces tumor growth, and restores or enhances survival, and reduces
adipose driven inflammation. Utilizing the diet induced obesity model and the
KRAS/IN4A transgenic murine models of PDAC; which mimics human disease
(with the stepwise progression from intraepithelial neoplasia to PDAC) we can
determine the contribution of MDSCs tumor growth, survival, and adipose driven
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inflammation. We could determine if Gr-1 antibody depletion of MDSCs reduces
tumor volume and extends survival in comparison to control animals. Also we
could measure cytokines (IL-6, IL-10, IL-8, and TNF-α) in adipose tissue via gene
expression to see if depletion of MDSCs alters adipose driven inflammation.
Additional clinical studies are also needed to determine the effect of
obesity on MDSC accumulation in obese cancer patients in comparison to
healthy controls. Future studies can isolate PMBCs from obese pancreatic
cancer patients and healthy controls and characterize MDSC accumulation via
flow cytometry. We can also measure serum levels of inflammatory mediators, to
determine if pro-inflammatory mediators correlate with MDSC accumulation.
Lastly, MDSCs subsets can be isolated from obese pancreatic cancer patients
and healthy controls and the suppressive capacity of MDSCs can be determined.
The suppressive capacity of MDSCs can also be determined by measuring gene
expression of (ARG-1, iNOS, Cox-2, and IL-6,) and by measuring TGF-β and IL10 from MDSCs in vitro and by measuring the ability of MDSCs from obese
patients and healthy controls to inhibit T cell function be determined via an MLR.
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Figure 5.1. Mechanism of MDSC accumulation and function in the Panc.02
tumor model.
Pancreatic carcinogenesis is driven by tumor-induced immune suppression. (1)
The interactions between tumor cells, immune cells and stromal cell can lead to a
pro-inflammatory state via IL-6 and KC. (2) IL-6 and KC can further enhance
pancreatic growth and progression. (3) Similarity, IL-6 and VEGF can also drive
the expansion of MDSCs. A tumor-induced accumulation of MDSCs was evident
and comparable using either the Gr-1/CD11b or the CD11b/Ly6C/Ly6G
nomenclature. (4) The granulocytic Gr-1HiCD11b+ (CD11b+Ly6G+Ly6CLo) and
monocytic Gr-1LoCD11b+ (CD11b+ Ly6CHiLy6G-) MDSCs both suppressed the
function of T cells. Granulocytic Gr-1HiCD11b+ (CD11b+Ly6G+Ly6CLo) MDSCs
expressed immunosuppressive factors iNOS, TGF-β, STAT1, and STAT3. (5)
Monocytic Gr-1LoCD11b+ (CD11b+ Ly6CHiLy6G-) MDSCs expresses iNOS, ARG1, IL-10, STAT1, and STAT3. (6) These immunosuppressive factors can
potentiate pancreatic tumor growth. (7) Pancreatic cancer increases levels GMCSF and VEGF, and inflammatory mediators IL-6, TNF-α, MCP-1, MIP-1α, and
TGF-β, which can also enhance pancreatic tumor growth.

Results from study 1 demonstrate that pancreatic cancer can drive the
accumulation of MDSCs (Figure 5.1). IL-6 and IL-8 drive pancreatic
carcinogenesis. IL-6 and VEGF promote the accumulation of MDSCs from the
bone marrow. MDSCs travel from bone marrow lymphoid organs, as a result of
inflammatory signals. Splenic MDSC accumulation is a direct result of the
elevated cytokines (TGF-β, IL-1β, IL-6, and TNF-α) chemokines (MCP-1, and
MIP-1α) and growth factors (GM-CSF and VEGF) in the plasma of Panc.02
tumor bearing mice. Inflammatory mediators can be from immune cells, adipose
tissue, tumor cells and stromal cells. Both MDSC subsets expand in this tumor
model, with a preferential expansion of the granulocytic MDSC subset in
comparison to the monocytic MDSC subset. The granulocytic and monocytic
subsets inhibited the proliferation of T cells possibly though the production of IL-
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10 and TGF-β. Granulocytic MDSCs express iNOS, TGF-β, STAT1, and STAT3.
Monocytic MDSCs express ARG-1, iNOS, IL-10, STAT1, and STAT3. The
production of the aforementioned factors from MDSCs can exacerbate pancreatic
tumor growth.
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Figure 5.2. Mechanisms underlying obesity induced expansion of MDSCs in
the Panc.02 model.
(1) Infiltration of immune cell into the adipose leads to production of proinflammatory mediators and adipokines, which creates a state of low-grade
chronic inflammation. (2) This low-grade chronic inflammation can drive
pancreatic carcinogenesis via the production of pro-inflammatory mediators IL-6
and IL-1β. (3) Increased serum levels of VEGF, GM-CSF, and IL-6 in Panc.02
tumor bearing mice can also drive the expansion of MDSCs. Similarly IL-6 and
PGE2 from the low grade chronic inflammation observed in obesity may also
drive the expansion of MDSCs. (4) Obesity-induced MDSC accumulation in the
spleen, TDLN, tumor and adipose. In the spleen and the TDLN we observed a
preferential expansion of the Granulocytic MDSCs (Gr-1HiCD11b+). (5) In the
tumor we noted a preferential expansion of the monocytic subset (Gr1LoCD11b+). MDSCs subsets from the spleen inhibited T cell proliferation. (6)
MDSCS were expanded in the adipose tissue, accompanied by the production of
immunosuppressive factors IL-10, IL-6, Cox-2, and TGF-β. (7) The production of
these immunosuppressive factors from MDSCs can potentiate pancreatic cancer
growth.
Results from study 2 demonstrate an obesity-induced expansion of
MDSCs in lymphoid organs, adipose and tumors of Panc.02 tumor bearing mice
(Figure 5.2). Obesity induced inflammation occurs via cross talk between
macrophages and adipokines in adipose tissue. Obesity-associated inflammation
leads to production of pro-inflammatory mediators TNF-α, IL-1β, IL-6, PGE2 and
production of adipokines leptin, resistin and adiponectin, which can leads to
pancreatic cancer. Obesity induced inflammation and tumor induced
inflammation can both drive the expansion of MDSCs from the bone marrow
through production of IL-6 and PGE2. Obesity induced MDSC accumulation in
the spleen, TDLN, tumor and adipose tissue. A preferential expansion of
granulocytic MDSCs in spleen and TDLN in comparison to monocytic MDSCs. In
the tumor, a preferential expansion of monocytic MDSCs is shown in comparison
to granulocytic MDSCs. MDSCs accumulated in adipose tissue of obese
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animals, and increased the production of IL-10, IL-6, and Cox-2 in the adipose
tissue. Creating a niche for tumor promotion and immune suppression. Obesity
induced MDSCs subsets in spleen that inhibited T cell proliferation. Obesityinduced MDSCs contribute to tumor growth in pancreatic cancer.
Targeting MDSCs for immunotherapy may offer promising results in
extending survival and enhancing antitumor responses in cancer patients. In
preclinical models, a variety of strategies have been used to either deplete
MDSCs, block the development of MDSCs, differentiate MDSCs, and deactivate
MDSCs (209). Administration of all trans retinoic acid (ATRA), a metabolite of
vitamin A was shown to decrease numbers of MDSCs in both animals and
humans tumor models. ATRA also enhances CD8+ T cell responses in several
preclinical models of cancer. In murine models of colon cancer, and in renal cell
carcinoma patients’ administration of ATRA showed a therapeutic effect by
causing the differentiation of MDSCs in mature myeloid cells. It was reported that
the neutralization of ROS by glutathione, one of the major antioxidants in the
body was the mechanisms underlying the aforementioned effect (210).
Other studies have used targeted depletion of MDSCs as a therapeutic
approach. 5-Fluorouracil and gemcitabine, both chemotherapeutic agents
selectively deplete MDSCs in lymphoid organs and tumors of mice with
mammary cancer (146, 172). In addition to therapeutic approaches aimed to
differentiate or delete MDSCs studies have also tried to inhibit signaling
molecules associated with MDSC accumulation and function. Sildenafil a
phosphodieterase type 5 inhibitor was shown to down regulate MDSCs via an IL-
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4Rα mechanism in lung, prostate, and melanoma tumor models. Whereas
sunitinib a tyrosine kinase inhibitor decreased MDSC accumulation and function
in renal cell carcinoma patients (105). Sunitinib also decreases MDSC
accumulation and improves cancer vaccine efficacy in melanoma model of
cancer (211). Thus the elimination, deactivation, and differentiation of MDSCs
immunotherapy seem to offer promising results in the aforementioned studies.
Cancer therapy should include elimination tumor cells, and blunt the effects of
immune suppressive cells i.e. MDSCs, in addition to cancer therapy should
activate antigen specific anti-tumor immune mechanisms. Optimal therapy for
cancer patients should be a combination of therapies including, chemotherapy,
radiotherapy, and immunotherapy.
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APPENDIX
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Adiponectin reduces proliferation of Panc.02 cells and
augments TGF-β cytokine production
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Abstract
Obesity is associated with an increased risk and reduced survival from many
cancer types, including pancreatic cancer. There are many potential biological
pathways linking obesity to pancreatic cancer including changes in growth
factors, metabolic mediators, inflammatory mediators, immune mediators and
adipokines. However the mechanisms are not fully understood. Adiponectin
(APN), an adipokine secreted from adipose tissue exerts anti-inflammatory
properties. Therefore, the goal of the current study was to evaluate the effect of
APN on pancreatic cancer cells. We utilized a pancreatic cancer cell line
(Panc.02) to determine the direct effects of APN on tumor growth. Panc.02 cells
were treated with full-length and globular APN at a high (10μg/mL) and low
(1μg/mL) concentration to mimic concentrations observed in normal weight
and obese individuals, respectively. C57/BL6 mice were injected with 1x106
Panc.02 cells s.c. in the left lumbar region. Tumor growth and survival were
monitored three times a week starting at day 13 post tumor implantation. Animals
were followed until 60 days post tumor implantation for endpoint analysis or until
animal reached ethical limit for tumor volume (1.5cm3). In vitro, both full-length
and globular APN (10μg/mL) significantly reduced proliferation of Panc.02 cells.
Full-length APN significantly reduced TGF-β secretion from Panc.02 cells.
Plasma levels of APN were significantly reduced and TGF-β levels were
significantly increased in Panc.02 animals in comparison to tumor free (TF) mice.
These data suggest that APN is augmenting function of Panc.02 cells, and
exerting anti-tumorigenic effects.
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Introduction
Obesity is a risk factor for many cancers, including pancreatic cancer (43,
44, 90, 194-197). Recent epidemiology studies show obesity is associated with a
reduction in survival from pancreatic cancer (92, 101, 187). Similar studies have
been performed in pre-clinical models of obesity and pancreatic cancer (96, 198)
and obesity increases tumor growth and reduces survival in all models studied.
There are several potential pathways linking obesity and pancreatic cancer
including hypoxia, insulin resistance, reactive oxygen species, chronic
inflammation, and adipokines (212).
Obesity is characterized by low-grade chronic inflammation with increased
inflammatory mediators (e.g. IL-1α, IL-1β, IL-6, TNF-α) and decreased levels of
APN (57). APN is secreted from adipose tissue and exists as a full-length protein
(full-length/recombinant), and as a proteolytic fragment (globular form). Full
length APN can exist as a low molecular weight trimer, a middle molecular weight
hexamer, and a high molecular weight trimer (213). Plasma levels of APN are
inversely correlated with body mass index/visceral obesity (57). Normal
circulating levels of APN range from 3-30µg/mL (214) in the human and 315µg/mL in the mouse.
The relationship between APN and pancreatic cancer progression remains
unclear. Studies in the literature yield conflicting results clinical. In some studies
serum levels of APN increase (105-107) and (215-217) in other studies levels of
APN decrease in pancreatic cancer patients. In preclinical studies, APN can
inhibit apoptosis of human and murine pancreatic cancer cell lines through the
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APN receptor 1. APN can exert its biological effects through two different
receptors, APN receptor 1 and APN receptor 2. The globular form of APN binds
with a higher affinity to APN receptor 1 and the full-length form of APN binds with
a greater affinity to APN receptor 2 (218). Activation of APN receptors can
activate downstream signaling of AMPK and PPAR respectively (57). Huang et
al. show that pancreatic tumor growth is reduced in APN KO mice in comparison
to WT (wild type) controls in a orthotopic model of pancreatic cancer (219).
These results suggest that APN deficiency can improve tumor growth.
Contrasting the previous results, Kato et al. show that APN KO mice have larger
tumors in comparison to WT controls in an orthotopic model of pancreatic cancer
(104). Kato et al. also show that full-length APN inhibits proliferation of pancreatic
cancer cells, and increases apoptosis and caspase activity in vitro (104).
Discrepancies in the aforementioned studies could be due that Huang et al.
measured tumor volume at 2 weeks, whereas Kato et al. measure tumor volume
at 6 weeks. Due to the conflicting results in clinical and pre-clinical studies, the
role of APN on pancreatic tumor growth is unclear.
The goal of the current study was to determine the direct effects of APN
on pancreatic cancer growth. A better understanding of the relationship between
APN and pancreatic cancer is important in understanding the biological
mechanisms underlying obesity-induced tumor growth and progression.
Materials and Methods
Cell Culture
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The murine ductal adenocarcinoma cell line Panc.02 was obtained from Dr.
Jeffrey Schlom, (National Cancer Institute, National Institute of Health) and
cultured in McCoy’s 5A without G418 (Thermo Scientific; Logan, UT), and
supplemented with 5% FBS (Gemini Bio Products; Sacramento, CA), 0.1mM
non-essential amino acids (Mediatech; Manassas, VA), 1mM sodium pyruvate
(Mediatech), 2mM glutamine (Mediatech), 10mM HEPES (Mediatech), 100U/mL
penicillin streptomycin (Mediatech). Panc.02 Cells were maintained at 37°C and
5% CO2 and passaged every 3-4 days using trypsin/EDTA (Mediatech). Fulllength and globular (AVISCERA BIOSCIENCE; Santa Clara, CA) APN were pretreated with proteinase K (100ug/mL) for 1 hour at 37°C prior to usage (Ambion;
Applied Biosystems, Waltham, MA).
Flow cytometric analyses
Panc.02 cells were harvested using trypsin/EDTA and washed twice in PBS at
4°C. Cells were incubated with Fc block (Biolegend) and 1x106 cells were stained
with saturating concentrations of conjugated antibodies for 30 min at 4° C, as
previously described (177). Following incubation with the conjugated antibodies,
cells were washed twice in PBS and fixed in 1% paraformaldehyde for 15 mins at
4° C. Cells were washed twice with 1X wash perm buffer (BD). Cells were then
incubated in 1X wash perm buffer (BD) for 15 mins and antibodies to adiponectin
receptors 1 (Biorbyt; Cambridgeshire, United Kingdom) and 2 (Biorbyt) were
added for 30 min at 4° C. Cells were washed with 1X wash perm buffer (BD).
Cells were gated on forward vs. side scatter for a total of 20,000 events. All flow
cytometric analyses were performed on a Beckman Coulter FC500 flow
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cytometer (Beckman Coulter; Indianapolis, IN). Flow cytometric analyses were
plotted and analyzed using Flow Jo software (Tree Star; Ashland, OR).
Cytokine Measurements
Panc.02 cells (1x106) were treated with vehicle control (VC), or both forms of
APN (0, 1ug/mL, 10ug/mL) for 24 hrs. TGF-β (Biolegend) and APN (Abcam) was
assessed cell culture supernatants via ELISA according to manufactures
instructions and quantified on an Epoch Microplate Spectrophotometer (Biotek;
Winooski, VT). Each assay was performed in duplicate.
Cell Proliferation
Panc.02 cells (1x105) were treated with VC or both forms of APN (0,1ug/mL,
10ug/mL) and incubated in flat-bottomed, 96-well plates and were pulsed with
1µCi per well of tritiated thymidine at 48 hours. Proliferation was assessed by
tritiated thymidine (H3) incorporation at 72 hours (Perkin Elmer; Waltham, MA)
on a microbeta plate reader (Perkin Elmer; Waltham, MA). Each assay was
performed in triplicate.
Statistics
All data are presented as the mean plus or minus the standard error mean.
Differences in APN receptor expression and plasma cytokine production were
assessed between groups via a Student t-test or the Mann-Whitney test,
depending on normality and variance. Differences in cytokine data from cell
culture supernatants were determined using one-way ANOVA, followed by
Dunn’s or Bonferroni correction for multiple comparisons where appropriate. All
analyses were conducted using GraphPad Prism 5 software (GraphPad
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Software; La Jolla, CA) and statistical significance was accepted at the p≤0.05
level.
Results
APN reduces the proliferation of Panc.02 cells
Both full-length and globular APN significantly reduced the proliferation of
Panc.02 cells (Figure 1a; 2-ANOVA, F(2, 192)= 21.19, p≤0.001). Full-length APN
(10μg/mL and 20μg/mL) significantly reduced proliferation of Panc.02 cells in
comparison to VC (Bonferroni multiple comparison, p<0.001). Globular APN
(10μg/mL) significantly reduced proliferation of Panc.02 cells in comparison to
VC (Bonferroni multiple comparison, p<0.001). Globular APN (20μg/mL)
significantly reduced proliferation of Panc.02 cells (Bonferroni multiple
comparison, p<0.010) in comparison to VC.

CPM
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Vehicle Control

200000

100000
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a,b
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Fig. 1. APN reduces the proliferation of Panc.02 cells. Panc.02 cells were treated
with VC, or both forms of APN (0, 1ug/mL, 10 μg/mL). Proliferation was assessed after
72 hours in culture using a thymidine incorporation assay. Both forms of APN (10 and
20μg/mL) significantly reduced proliferation of Panc.02 cells (Figure 1, 2-Way ANOVA
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shows a significant interaction of treatment x concentration of APN F(2,192)=21.19,
p≤0.001). Results are from 3 independent experiments. a indicates a significant
difference in full-length APN in comparison to. VC. b indicates a significant difference in
globular APN in comparison to VC.

Panc.02 cells deferentially express APN receptors
Representative histogram overlay of APN receptor expression of Panc.02
cells (Figure 2a). Panc.02 cells expressed both APN receptors, however they
expressed significantly more of APN receptor 1 (Figure 2b; unpaired t test,
p=0.066). A similar trend was observed for the mean fluorescence intensity (MFI)
of APN receptor expression on Panc.02 cells. MFI of APN receptor 1 was higher
in Panc.02 cells in comparison to APN receptor 2 (Figure 2c; unpaired t test,
p=0.031).

Fig. 2. Panc.02 cells deferentially express APN receptors. Panc.02 cells treated with
VC, or both forms of APN (0, 1ug/mL, 10ug/mL) for 24 hrs. and analyzed via flow
cytometry for expression of APN receptors. (A) Representative histogram of Panc.02
cells treated with VC, or both forms of APN (0, 1ug/mL, 10ug/mL) for 24 hrs. (b) Panc.02
cells express significantly more APN receptor and 1 in comparison to APN receptor 2
(Figure 2b; unpaired t test, p=0.066). (c) APN receptor 1 expressed a significantly higher
MFI in comparison to APN receptor 2 (Figure 2c; unpaired t test, p=0.031). Results are
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from 3 independent experiments. Asterisk indicates a significant difference between
groups.

APN reduces TGF-β secretion from Panc. 02 cells
10μg/mL of full-length APN significantly reduced the secretion of TGF-β
from Panc.02 cells in comparison to VC (Figure 3b; Kruskal Wallis, к =11.15,
p=0.011). Dunn’s multiple comparison test: 0μg vs. 10μg full-length APN
(p<0.050) and VC vs. 10μg full-length APN (p≤0.010).

Fig. 3. APN augments TGF-β secretion from Panc.02 cells. Culture supernatants
were harvested from Panc.02 cells treated with VC, or both forms of APN (0, 1μg/mL,
10μg/mL) for 24 hrs. ELISA was used to measure TGF-β production. 10μg/mL of fulllength APN significantly reduced the secretion of TGF-β from Panc.02 cells (Figure 3b;
Kruskal Wallis, к =11.15, p=0.011). Dunn’s multiple comparison test: 0μg vs. 10μg fulllength APN (p<0.050) and VC vs. 10μg full-length APN (p≤0.010). a indicates a
significant difference from 0ug/mL APN, c indicates a significant difference from vehicle
control. Results are from 3 independent experiments. a indicates a significant difference
from 0ug/mL APN, c indicates a significant difference from vehicle control. Results are
from 3 independent experiments.
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Plasma levels of APN and TGF-β levels are altered in Panc.02 tumorbearing mice
Panc.02 tumor-bearing mice had significantly lower levels of APN (Figure.
4a, Mann Whitney test, p=0.045) and significantly higher levels of TGF-β (Figure.
4b, Mann Whitney test, p=0.012) in plasma in comparison TF animals.

Fig. 4. Plasma levels of APN and TGF-β levels are augmented in Panc.02 tumorbearing mice. Plasma levels of APN (Figure. 2a) and TGF- β (Figure.2b) were
measured in TF (n=4/group) and Panc.02 tumor bearing (n=10/group) animals using an
ELISA at day 60-post tumor implantation. Panc.02 tumor bearing animals had
significantly higher levels of APN (Figure. 4a, Mann Whitney test, p=0.045) and
significantly higher levels of TGF-β (Figure. 4b, Mann Whitney test, p=0.012) in plasma
in comparison TF animals. Asterisk indicates a significant difference between groups.

Discussion
In this study we demonstrated that both the full-length and globular APN
inhibited the proliferation of Panc.02 cells. We also showed Panc.02 cells have a
preferential expression of APN receptor 1. Additionally full-length APN reduced
TGF-β secretion from Panc.02 cells. Lastly we observed a reduction in plasma
levels of APN and increased plasma level of TGF-β in Panc.02 tumor bearing
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mice in comparison to TF controls. Thus, APN alters the proliferation and
production of immunosuppressive factor TGF-β in pancreatic cancer cells, which
may play a role in the association between obesity and pancreatic cancer.
Over 64% of the U.S. adult population is either overweight or obese (51).
Obesity increases the risk pancreatic cancer (1) however the mechanisms
underlying the link between obesity and pancreatic cancer are not fully
understood. APN is one of the most abundant adipocytokine found in circulation
(220). Plasma levels of APN are inversely correlated with body mass
index/visceral obesity. Previous studies have established that APN has antiatherogenic (102) insulin sensitizing (221) and immunomodulatory effects (221).
The role of APN in pancreatic cancer growth is not fully understood.
Our interpretation of the results addressing the biological role of APN has
become complicated due to the different activity of full length APN in comparison
to globular APN. APN mediates its effects via two receptors, APN receptor 1 and
APN receptor 2. Globular APN preferentially binds to the APN receptor 1
receptor resulting in AMPK (5’ AMP-activated protein kinase) activation, whereas
full length APN binds to APN receptor 2 and is associated with activation of
PPAR-α (peroxisome proliferator- activated receptor alpha) pathway(57). APN
receptors are expressed in breast (222), colon (103) and pancreatic (219) cancer
cell lines. In our study we also observed expression of both receptors, with a
preferential expression of APN receptor 1 in Panc.02 cells, which is consistent
with the literature (219).
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APN has potent anti-inflammatory effects. Short-term treatment with APN on
Raw 264.7 macrophages increases TNF-α and IL-10 production (100). APN also
inhibited NF-kB activation in human aortic endothelial cells (102). NF-kB is an
important pathway, regulating survival, proliferation, inflammation, and immune
regulation. Full length APN promoted a shift in the phenotype of M1 and M2
macrophages towards a more anti-inflammatory phenotype (223). APN also
induced the production of anti-inflammatory cytokines IL-10 and IL-1RA in human
monocytes, macrophages, and DCs (224). Kusunoki and colleagues
demonstrate that APN stimulates the production of prostaglandin E2 (PGE2) in
synovial fibroblasts (58). Lee and colleagues demonstrate a synergistic effect
between APN and pro-inflammatory mediators IL-1β, IL-6, IL-8 and COX-2 in
mesenchymal cells from patients with rheumatoid arthritis (RA) (225). These
studies suggest a relationship between inflammatory mediators, and adipokines
using a model of chronic inflammation. Collectively, these studies demonstrate
APNs anti-inflammatory effects on macrophages, endothelial cells and
mesenchymal cells. The later studies suggest that APN may be involved in the
pathogenesis of RA (225).
In murine tumor models, APN has an anti- proliferative effect on colon cancer
cell lines (101). Lang and colleagues demonstrate that APN promotes the
migration of colon cancer cells. Globular APN inhibits the proliferation of colon
cancer cell through activation of AMPK and reduction in the mTOR (mechanistic
target of rapamycin) pathway (103). Globular APN also inhibited proliferation of
breast cancer cell line via JNK2 (protein kinase) signaling (222). In murine
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pancreatic cancer models, full-length APN inhibited proliferation on pancreatic
cancer cells, and increased apoptosis and caspase activity in vitro (104). Similar
to the aforementioned study, we observed both full-length and globular APN
inhibited proliferation of Panc.02 cells. Our results are similar to Kato et al.
however interpretations of results must be carefully considered, as the
relationship between APN and cancer is very complex, and tumor model
dependent.
The inflammatory mediator TGF-β is also implicated in pancreatic
carcinogenesis. Plasma levels of TGF-β1 in pancreatic cancer patients are
associated with advanced disease and reductions in survival (226). Pancreatic
cancer patients also have increases in expression of TGF-β receptors 1 and 2 in
comparison to normal controls (227). This is the first report to demonstrate that
APN reduced TGF-β production from Panc.02 cells at levels, which would be
observed in normal weight individuals. These studies suggest an anti-tumorigenic
effect of APN on pancreatic cancer. The reduction in TGF-β production suggests
that APN may offer protective effects in normal weight pancreatic cancer patients
by reduction production of the immunosuppressive factors.
The relationship between APN and pancreatic cancer progression remains
unclear. Studies in the literature yield conflicting results for plasma levels of APN
in pancreatic cancer patients (105-107). We demonstrated that plasma levels of
APN are significantly reduced in Panc.02 tumor bearing animals in comparison to
TF controls. However additional clinical studies are needed to confirm if levels of
APN are increased or decreased in pancreatic cancer patients.
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APN has potent anti-inflammatory effects. We demonstrate here an antitumorigenic effect of APN on Panc.02 cells. APN reduced proliferation and TGFβ cytokine production in/from Panc.02 cells. These results suggest that the
absence/reduction of APNs anti-inflammatory effect observed in obese
individuals may be responsible for some effects of chronic inflammation as seen
with obesity-related cancers. These results shed light into the complex interface
between obesity, and pancreatic cancer. Future studies are warranted to
understand the complex relationship between APN and pancreatic
carcinogenesis.
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