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Abstract

Pancreatic ductal adenocarcinoma is a devastating disease, and patient outcomes have not
improved in decades. Treatments that target tumor cells have largely failed. This could be because
research has focused on cancer cells and the influence of the stroma on tumor progression has
been largely ignored. The focus of pancreatic cancer research began to change with the
identification of pancreatic stellate cells, which produce the pancreatic tumor stroma. There is
compelling in vitro and in vivo evidence for the influence of pancreatic stellate cells on pancreatic
cancer development; several recent preclinical studies have reported encouraging results with
approaches designed to target pancreatic stellate cells and the stroma. We review the background
and recent advances in these areas, along with important areas of future research that could
improve therapy.
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The cellular and molecular features of pancreatic cancer cells have been studied for more
than 3 decades. Unfortunately, despite development of therapies to target specific pathways
in cancer cells (in addition to surgical and radiotherapy approaches), there has been little
improvement in the outcomes of patients with pancreatic ductal adenocarcinoma (PDAC),
possibly because an important element of the tumor, the abundant desmoplasia, had been
largely ignored, and most studies have focused on cancer cells themselves. Most
experimental models used to develop therapeutics for pancreatic cancer do not accurately
replicate the dense stroma that is part of human tumors. In recent years, with the
identification of the cells that produce the stroma, researchers have been able to turn their
attention to the role of desmoplasia in pancreatic cancer pathobiology.!

In 2004, pancreatic stellate cells (PaSCs), which contribute to fibrosis during development
of chronic pancreatitis, were found to produce the extracellular matrix (ECM) proteins that
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comprise the pancreatic tumor stroma.2 Using immunohistochemical analyses of human
PDAC sections for stellate cell-selective markers (ie, desmin, glial fibrillary acidic protein,
nestin, and neural cell adhesion molecule), as well as a—smooth muscle actin as a marker of
activation, Apte et al? demonstrated the presence of activated PaSCs in the tumor stroma.
They found that activated PaSCs were the specific cellular source of ECM proteins, and that
a—smooth muscle actin messenger RNA and collagen messenger RNA were restricted to the
tumor stroma. They also showed that activated PaSCs were the predominant source of
collagen in the tumor stroma (Figure 1).

More recently, activated PaSCs were found to surround human pancreatic intraepithelial
neoplastic lesions (Pan-INs) (Figure 1; unpublished observations, AL, SJP, and David
Dawson, UCLA), indicating that they might function during early stages of cancer
development. Activated stellate cells also surround PanINs that develop in genetically
engineered mice (KrastSL-G12D%: pgxere/) 3 and are likely to be of pancreatic origin.
However, bone marrow—derived cells have also been reported to localize to the injured
pancreas in response to chemotactic signals (albeit in relatively small numbers) in rodent
models of pancreatitis,> as well as in mice after induction of pan-creatic cancer with a
combination of the carcinogen dim-ethylbenzanthracene and pancreatitis-inducer cerulein.®

Because of the close proximity of PaSCs and cancer cells within the tumor, there have been
many studies to investigate how they might interact.

Interactions Between PaSC and Cancer Cells in Culture

Coculture experiments with PaSCs and pancreatic cancer cell lines, or in which one cell type
is exposed to conditioned medium from the other, support the concept that pancreatic cancer
cells recruit PaSCs, which promote tumor growth and local invasion (Figure 2). Although it
has been proposed that under conditions of chronic inflammation, fibroblasts can induce
transformation of epithelial cells, this concept has not been tested with PaSCs and pancreatic
epithelial cells.

Pancreatic cancer cells stimulate proliferation and migration of PaSCs in culture, as well as
their production of ECM components.? The cancer cell—induced increase in ECM synthesis
by PaSCs is likely to be mediated by transforming growth factor (TGF)—B1 and fibroblast
growth factor, whereas proliferation of PaSC is promoted by platelet-derived growth factor.’
Other studies have reported that cyclo-oxygenase—28 and trefoil factor 1° (a secretory
protein that is up-regulated by pancreatic cancer cells, but not expressed by normal pancreas
cells) promote proliferation of PaSC in response to factors secreted by cancer cells. Cyclo-
oxygenase-2 is up-regulated in PaSCs exposed to the pancreatic cancer cell line PANC-1,
and inhibition of cyclo-oxygenase—2 prevents PANC-1-induced proliferation of PaSC.
Extracellular signal-regulated kinases 1 and 2 regulate cancer cell-induced proliferation of
PaSC.10-12 pandol et al3 reported that PanIN cells isolated from genetically engineered
Krast-SL-G12D4 - pgxcre’ mice that develop pancreatic cancer induced proliferation and
fibrogenic responses in mouse PaSC, indicating that preneoplastic lesions are able to
activate PaSCs early during tumor development.

PaSCs, in turn, stimulate cancer cell proliferation and inhibit cancer cell apoptosis, to
increase the population of cancer cells.13 PaSCs also promote migration and the epithelial—
mesenchymal transition in cancer cells, indicated by their reduced expression of epithelial
markers, such as E-cadherin and increased expression of mesenchymal markers, such as
vimentin and snail.14 The ability of PaSC to induce the epithelial-mesenchymal transition in
cancer cells might account for the increase in cancer cell migration observed after their
exposure to PaSCs. The factors that mediate the effects of PaSCs on cancer cells remain to
be characterized. However, PaSC-induced proliferation of cancer cells is thought to be
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mediated, at least in part, by platelet-derived growth factor.15 Other factors secreted by
PaSC that require further study include insulin-like growth factor, epidermal growth factor,
hepato-cyte growth factor, TGFB1, and other inflammatory cytokines.

Ikenaga et all6 observed functional heterogeneity among human PaSCs that can determine
their effects on cancer cells. They identified a subset of PaSCs, isolated from resected
human pancreatic tissue, that express increased levels of CD10 (a cell membrane-associated
matrix metalloproteinase). CD10-expressing PaSCs had a greater inductive effect on cancer
cell invasion and proliferation than CD10-negative PaSCs.

Hypoxia might also affect PaSC function in pancreatic tumors. Pancreatic tumors are
hypovascular, and cancer cells are thought to thrive under hypoxic conditions. In an in vitro
study, Eguchi et al'’ showed that the effect of PaSCs on cancer cell invasion is significantly
greater under hypoxic (1% oxygen) than normoxic (21% oxygen) conditions. Hypoxia was
shown to increase secretion of connective tissue growth factor (CTGF) by PaSCs, and
knockdown of CTGF in PaSCs reduced cancer cell invasion under hypoxic conditions.
These findings indicate that PaSC-induced cancer cell invasion in the hypoxic environment
of the tumor might be mediated by CTGF produced by PaSCs.

PaSCs might also be involved in the resistance of pancreatic cancer to chemo- and
radiotherapy and recurrence after treatment. Using a coculture system, Mantoni et al18
demonstrated that PaSCs protect cancer cells from radiation and increase their clonogenic
survival via a pathway that requires p1-integrin. Reducing B1-integrin and focal adhesion
kinase activity in cancer cells using small interfering RNAs blocked the radioprotective
effects of PaSCs on cancer cells.

Recurrence of pancreatic cancer has been attributed to a cancer stem cell niche that remains
unaffected by therapy. Hamada et al'® found that PaSCs increase the stem cell phenotype of
cancer cells based on increased expression of markers, such as nestin, ABCG2, and LIN28.
It is possible that PaSC-induced stemness of a pool of cancer cells facilitates recurrence of
the disease.

Most of the described studies were performed in 2-di-mensional cultures of PaSCs and
cancer cells. In 3-dimensional culture systems,20-21 PaSCs and cancer cells are embedded in
collagen and Matrigel to better simulate the tumor microenvironment. PaSCs induce
changes in cell adhesion molecules in cancer cells, such as decreasing expression of E-
cadherin, increasing levels of B-catenin, and translocating Ezrin to basal surface of the cells,
which was associated with increased invasive activity.?!

In Vivo Studies

Although there is strong evidence from in vitro studies that cancer cell interact with PaSCs,
it is important that these observations are validated in animal models, such as mice with
tumor xenografts or genetic-engineered mouse (GEM) models. Bachem et al”
subcutaneously injected human pancreatic cancer cells, alone or in combination with human
PaSCs, into the flanks of immunocompromised mice. They found that cancer cells
coinjected with PaSCs proliferated and formed tumors more rapidly than cancer cells
injected alone. In histologic analysis, the tumors formed from the cancer cells were found to
have a prominent stromal reaction, supporting the in vitro observations of PaSC-induced
cancer cell proliferation. However, subcutaneous models do not have physiologically
relevant tumor microenvironment, and are not useful for studies of metastasis—one of the
prominent features of pancreatic cancer. To overcome these drawbacks, researchers
developed orthotopic and GEM models of pancreatic cancer in which tumors develop in an

Gastroenterology. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Apte et al.

Page 4

anatomically relevant location (within an appropriate microenvironment) and metastasize to
locoregional and distant sites.

In one of the earliest studies to identify a stromal reaction in orthotopic pancreatic tumors,
Lohr et al?2 injected PANC-1 cells transfected with TGFB1 complementary DNA into the
pancreas of nude mice. They found that that increased TGFp1 expression by the cells
induced formation of extensive desmoplasia around the tumor. Although the role of PaSCs
was not assessed in this study, it is likely that TGFp1, a fibrogenic cytokine, increased the
activation of PaSCs, which increased deposition of ECM proteins around the tumor.

Some years later, Apte et al'3 developed an orthotopic model by injecting a suspension of
human pancreatic cancer cells (MiaPaCa-2, AsPC-1), alone or in combination with primary
human PaSCs, directly into mouse pancreas. Hwang et al23 developed a similar model using
the pancreatic cancer cell line BXPC-3 and immortalized PaSCs.

Both studies showed that human PaSCs within the tumor stimulated fibrosis, local tumor
growth, and importantly, increased regional and distant metastasis. This model was a
significant improvement over previous orthotopic models because the tumors formed stroma
and became metastatic.

In vitro studies have shown that PaSCs can migrate through an endothelial cell monolayer
and that this trans-endothelial migration is increased significantly in the presence of cancer
cells—an effect likely mediated by plate-let-derived growth factor secreted by cancer
cells.1® These results indicated that PaSCs had the capacity to intrava-sate and extravasate
through blood vessels and metastasize. Xu et all® injected a mixture of female pancreatic
cancer cells and male PaSCs into the pancreas of female nude mice. Using fluorescent in
situ hybridization, the authors detected Y-chromosome—positive PaSCs in metastatic
nodules at distant sites, including the liver, diaphragm, and mediastinum. PaSCs from the
primary tumor are therefore able to travel to metastases (possibly with cancer cells), where
they likely facilitate the seeding, survival, and proliferation of cancer cells. Notably, similar
observations have been reported in a model of lung cancer.2* These results challenge the
concept that metastasis is mediated by only cancer cells, and indicate a need for new
therapeutic approaches to target not only cancer cells, but also stromal cells.

GEM models of pancreatic cancer have been created in which tumors have a prominent
stromal reaction, similar to human disease. These include:

1. KrastSL-GL2Di, Trp53LSL-RIZ2HMA phxere (KPC) mice
2 KrasLSL-GlZDH; Trp53LSL-R172H/+ : R26|s|-gfp/+; Pdxcre+ (KPGC) mice

3. Pancreas-specific type Il receptor for TGFp (Tgfbr2) knockout mice that express
activating Kras mutation (Krast-SL-G12D/+: Tgfprafloxflox -pif1acre/+) The tumors in
these models, which develop spontaneously, progress from preinvasive ductal
lesions to overt invasive carcinomas and metastases.11:25.26 They also have a
progressive increase in desmoplasia that contains activated PaSCs.11

PaSCs are believed to be involved in resistance of tumors to chemo- and radiotherapy. In
KPC mice, gemcit-abine (a first-line chemotherapeutic for pancreatic cancer) was found to
be sequestered in the stroma of the pancreatic tumors, and was not able to reach all cancer
cells.2” In addition, subcutaneous tumors that form from a mixture of cancer cells and PaSCs
are more resistant to single doses or fractionated radiation than tumors produced by cancer
cells alone.18

Gastroenterology. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

Roles for PaSCs and Leukocytes

Clinical and experimental evidence indicates that inflammation is a significant risk factor for
PDAC. Patients with chronic pancreatitis have an increased risk of developing PDAC,28-30
and 40% of patients with hereditary pancreatitis develop pancreatic cancer.31-33 Consistent
with these clinical observations, induction of chronic pancreatitis with cerulein in different
Kras overexpressing GEM models of PDAC speed the development of the primary cancer
and formation of metastases.34-38 Given the role of activated PaSCs in development of
chronic pancreatitis, it is likely that these cells promote PDAC not only via direct
interactions with cancer cells, but also by influencing the inflammatory process.

Activated PaSCs produce multiple ligands that regulate the inflammatory response,
including TGFp, tumor necrosis factor (TNF) — a, CTGF, monocyte chemoattractant
factor-1, interleukin (IL)-1pB, IL-6, IL-8, IL-15, and regulated and normal T-cell regulated
and secreted (RANTES).3%-4 |n addition, several of these mediators further activate PaSCs
through autocrine mechanisms, to amplify the inflammatory effect.3942

Serum levels of IL-6 are increased in patients with PDAC and tumor-associated
macrophages are the main source of IL-6 in human PDAC tissues and GEM models.3:44
Secreted IL-6 promotes formation of PanIN lesions and PDAC in a Kras®12D mice by IL-6
—dependent activation of signal transducer and activator of transcription 3 in the
pancreas**45 (Figure 3).

Most patients with PDAC have no history of pancreatitis, even though there is evidence for
inflammation in tumor samples. It will be important to determine how other risk factors for
PDAC, such as smoking, diabetes, and obesity, might activate inflammatory signaling
systems to promote carcinogenesis. Activation of Kras in pancreatic cells promotes
inflammatory signaling and development of precancerous lesions in the pancreas of mice.*6
Subclinical and local inflammatory processes might therefore promote carcinogenesis in
tissues that have activated oncogenes or inactivated tumor suppressors.

Development of PDAC also requires evasion from immune surveillance.? In brief, mast
cells and tumor-associated macrophages localize to the edge of the tumor, where they
accelerate invasion and metastasis. Myeloid-derived suppressor cells are also located at the
tumor’s edge, where they inhibit the anti-tumor CD8* cytotoxic T cells. Immunosuppressive
regulatory T cells were also found in high abundance in PDAC.

How might PaSCs contribute to immune evasion by PDAC? Production of galectin-1 (a p-
galactoside—binding protein) has been specifically localized to activated PaSCs in PanINs
and PDAC.#849 Galectin-1 appears to regulate the immune-suppressed environment of the
tumor,®? inducing apoptosis in effector T cells by binding to N-acetyllactosamine on
membrane glycoproteins.>1 Knockdown or overexpression of galectin-1 in PaSCs induced
apoptosis of T cells involved in tumor surveillance.

Fibroblast activation protein-a has also been reported to disrupt anti-tumor immunity.>2
Studies in a GEM model showed that expression of tumor-derived granulocyte-macrophage
colony-stimulating factor by PDAC cells recruited myeloid-derived suppressor cells, which
suppressed tumor immune surveillance.>3 Interactions between PaSCs and cancer cells were
shown to reduce the anti-tumor immune response in patients with PDAC.

Interactions Between PaSCs and Endothelial Cells

Clinical and experimental studies have shown that that pancreatic cancer cells produce the
angiogenic factors vascular endothelial growth factor (VEGF) and fibroblast growth
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factor.>* Overexpression of VEGF in tumor tissues has been linked to poor prognosis of
patients with PDAC.5° However, despite evidence of increased angiogenic signaling,
PDACs also have vascular abnormalities that contribute to poor perfusion and hypoxia.27:%6
Pancreatic cancer cells appear to thrive under hypoxic conditions, which activate genetic and
metabolic changes that support their survival in low-oxygen microenvironments. Histologic
analysis of human PDAC samples showed low vascularity in areas with a dense
desmoplastic reaction, and higher levels of vascularity at the periphery of tumors and areas
adjacent to neoplastic tissues. Within the tumor stroma, direct contact between cancer cells
and blood vessels was rare or absent.19-27 Similar hypovascularity has been observed in
GEM models that develop pancreatic tumors with extensive desmoplasia.10-27

Although the mechanisms that underlie these histo-pathologic features are not well
understood, the spatial differences in vascularity might be related to dynamic changes during
tumor progression. Solid pressure, generated by proliferating cancer cells and other cell
types in the stroma, as well as progressive deposition of ECM proteins, could reduce the
diameter of blood vessels and vascular flow to ultimately reduce delivery of nutrients and
oxygen and cause hypoxia.>” In support of this concept, in mice, pancreatic xenograft or
autograft tumors that have little stroma (ie, low content of PaSC and ECM deposition) have
a high density of blood vessels, with neoplastic cells in direct contact with endothelial cells,
and vascular hyperpermeability in response to VEGF.27:28 This hypervascular phenotype
could account for the efficacy of anti-tumor agents against xenograft tumors in mice, but not
against human PDAC. Human PDAC:s are also refractory to many chemotherapies and
reagents that block VEGF signaling.>?

PaSCs affect the vascular features of pancreatic tumors via different mechanisms. PaSCs
express angiogenic factors, including VEGF, angiopoietin-1, and periostin.6%:61 |n addition,
hypoxia stimulates the production of hypoxia-inducible factor-1 and profibrotic and
proangiogenic responses in cultured PaSC.89:61 |njection of PaSCs into pancreas of nude
mice promoted the ability of coinjected AsPC-1 cells to form metastatic tumors.1® This
study also found that PaSCs stimulated angiogenesis in primary tumors and in coculture
with endothelial cells. Other studies have shown that PaSCs produce angiostatic factors,
such as endostatin, especially when cultured along with cancer cells.69.62 paSCs might
therefore alter the balance between pro- and anti-angiogenic signals in the tumor
microenvironment.

Hedgehog (Hh) signaling is another important regulator of stellate cells and
desmoplasia.2327:63 In the KPC model of pancreatic cancer, which has a stromal reaction
similar to that of human PDAC, systemic administration of the Hh inhibitor IP1926
significantly reduced tumor levels of a—smooth muscle actin—positive PaSCs and
collagen deposition, which increased intratumoral vascularity and delivery of gemcitabine.54
These findings support a model in which the stroma impedes drug delivery and mediates
chemoresistance of pancreatic cancer.

ECM proteins secreted by PaSCs and other cells can directly affect angiogenesis. Activation
of VEGF ligands, sequestered in the matrix, requires matrix-degrading enzymes, such as
matrix metalloproteinase-9.6% Matrix proteins can also affect tumor vascularity and the
hemodynamic properties of blood vessels within the tumor. It has been proposed that the
extensive deposition of collagens and glycosaminoglycans, such as hyaluronan, which is
found in the stroma of PDAC,%6:67 |eads to high interstitial fluid pressure and changes the
diameter and structure of vessels and microcapillaries. These changes increases endothelial
barrier integrity and alter vascular permeability to nutrients and therapeutic drugs.10:27:57
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Two recent studies examined the effect of enzymatic degradation of intrapancreatic
hyaluronan (alone and in combination with gemcitabine) in a GEM model of pancreatic
cancer by systemic administration of a PEGylated human recombinant PH20
hyaluronidase.1%:11 The results were remarkably similar in that PH20 reduced tumor volume
by increasing delivery of gemcitabine. Provenzano et al'! reported that PH20 increased the
diameter of tumor vessels (without associated endothelial proliferation), while Jacobetz et
all0 demonstrated that PH20 increased tumor vascularity, led to changes in interendothelial
junctional gaps, and increased endothelial permeability to macromolecules. These studies
indicate the potential for combined chemotherapeutic strategies designed to target cancer
cells, PaSCs, and ECM proteins in the tumor microenvironment.

Roles for Neural Components

The pancreas is a highly innervated organ that receives neural inputs from preganglionic
fibers of the sympathetic and parasympathetic systems and from postganglionic fibers that
emanate from intrapancreatic ganglia. Terminal axons surround almost all acini, in close
proximity with periacinar PaSC, pancreatic ducts, blood vessels, and islets.%®
Histopathologic analysis of pancreatic tissue samples from patients with PDAC frequently
reveals extensive neural remodeling within the tumor stroma, such as increased neural
density, intrapancreatic neural hypertrophy, and neuritis.%:7% Similar neuroplasticity has
been found in neurons cocultured with pancreatic tumor tissue extracts and in specimens
from patients with chronic pancreatitis.’* One feature of PDAC is the invasion of pancreatic
nerves by cancer cells. The degree of perineural invasion varies among patients, but it is
generally associated with poor prognosis and disease recurrence after surgical resection.”273

The few studies of the interactions between neural components and neoplastic cells or
PaSCs in PDAC support the concept of a close relationship between neural components and
cancer cells that promotes tumor growth and invasion. Nerve-derived trophic factors,
including nerve growth factor, and glial cell line—derived neurotrophic factor are
overexpressed in human PDAC—in cancer cells and nerves within the stroma, and in nerve
fibers in the periphery of the tumor.”%74 Nerve growth factor or glial cell line—derived
neurotrophic factor stimulate mitogenic signaling by cultured pancreatic cancer cells and
promote cell invasion.”>76 Cholinergic and sympathetic inputs also affect growth signaling
by pancreatic cancer cells, via nicotinic and muscarinic acetylcholine and p-adrenergic
receptors.’”-"8 Finally, the neurokinin-1 receptor and its ligand, substance P, promote
inflammation and growth in several tumor types, including PDAC.”®

PaSCs express the neural markers glial fibrillary acidic protein and nestin, and the
neurotrophic factors nerve growth factor, brain-derived neutrophic factor, and neu-rotrophin
45.66,80,81 PaSC might therefore act as neural elements in the tumor stroma, affecting the
growth of nerves and survival of cancer cells that express receptors for these factors. In
support of this concept, Ceyhan et al reported a positive correlation between the extent of
desmoplasia and the degree of neural invasion in human PDAC, although there was no clear
relationship between desmoplasia and nerve remodeling.5® Other studies showed that neuron
growth and elongation was influenced by ECM components, such as collagen, fibronectin,
and hyaluronic acid, which are all present in large amounts in pancreatic desmoplasia.82:83
PaSC might therefore affect remodeling of nerves in PDAC by regulating changes in the
composition of the ECM.

Interestingly, cultured human and rat PaSC produce acetylcholine (ACh) in response to
cholecystokinin and, in turn, ACh stimulates enzyme secretion in pancreatic acinar cells
cocultured with PaSCs.84 Although the functional significance of ACh production by PaSCs
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is unclear, these findings support the interaction among cancer cells, neurons, and PaSC, via
ACh receptors.

Potential for PaSCs to Mediate the Effects of Risk Factors

Risk factors for PDAC include age, chronic pancreatitis, smoking, obesity, diabetes, and, to
a lesser extent, heavy alcohol intake without pancreatitis.3-8° Alcohol abuse and smoking are
associated with development of chronic inflammatory and fibrosing pancreatitis, which
involves activation of PaSCs. Activation of PaSCs by alcohol abuse or smoking might
therefore be involved in pancreatic carcinogenesis.13% However, most patients with PDAC
with one or more risk factors do not have clinical evidence of pancreatitis. It will be
interesting to investigate whether PaSCs still promote carcinogenesis in the presence of
environmental risks factors not associated with pancreatitis. In mice with activated Kras, we
observed that either a high-fat and high-calorie diet or administration of smoking
compounds promoted formation of advanced PanIN lesions with activated PaSCs and
development of PDAC.3:88 Importantly, activated PaSCs were observed in human low-grade
PanIN lesions (see Figure 1), indicating the cells function during early stages of tumor
formation.

There are reasons to propose roles for PaSCs in mediating the effects of risk factors for
PDAC. For example, alcohol abuse induces the metabolite acetaldehyde and increases
circulating levels of lipopolysaccharide (LPS), a metabolite of the intestinal microflora—
both activate PaSCs in vitro and in vivo.87:88 This activation could promote development of
PDAC directly, through chronic pancreatitis, or through a clinically silent inflammatory
process. Alcohol abuse is also associated with increased circulating levels of oxidized low-
density lipoprotein (oxLDL)89 and TNFa,%® which each have potential effects on stellate cell
activation. Most importantly, obesity, diabetes, metabolic syndrome, and high-fat diet are
associated with increased circulating levels of LPS, oxLDL, TNFa, leptin, IL-6, and insulin-
like growth factor—1. 91-95 There have been no studies to investigate the effect of smoking
compounds, alone or in combination with alcohol metabolites, on PaSC activation.

Although some studies have addressed the effects of LPS, TNFa, and IL-6 on PaSC
responses, most of the information related with the risk factors for PDAC come from studies
in hepatic stellate cells (HSCs), which share many characteristics with PaSCs.%6 Both HSC
and PaSC have Toll-like receptors, such as Toll-like receptor—4, that interact with LPS, and
receptors that mediate TNFa signaling, leading to activation responses.% Leptins have
profibrogenic effects in the liver. %2 Insulin-like growth factor—1 has been shown to
promote proliferation of HSC.9% HSCs express oxLDL receptors, and respond to oxLDL by
increasing production of ECM proteins. 949798 Figure 4 depicts a model of how PaSCs
might affect risk for pancreatic cancer.

Targeting PaSCs in the Microenvironment

It is clear that the pancreatic tumor stroma promotes pancreatic cancer development and is
an important target for new therapeutics. Recent preclinical studies of reagents that target
PaSCs have reported some encouraging results. Von Hoff et al% reported significant
depletion of the stromal reaction after nanoparticle albumin-bound paclitaxel (nab-
paclitaxel) was administered to subcutaneous, patient-derived xenograft tumors in mice. The
stromal depletion was accompanied by the presence of dilated blood vessels within the
tumor, increased expression of the endothelial cell marker mNestin, and a 2.8-fold increase
in intratumoral concentrations of gemcitabine, compared with mice given only gemcitabine.
These findings support the concept that the stromal compartment hinders drug delivery to
tumor cells. However, these studies must be repeated in appropriate orthotopic models of
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pancreatic cancer, which would also allow assessment of the effects of nab-paclitaxel on
regional and distant metastasis.

All-trans retinoic acid, an inducer of quiescence in PaSCs, significantly decreased tumor
growth in the KPC transgenic model of pancreatic cancer.190 The reduction was associated
with decreased cancer cell proliferation, increased cancer cell apoptosis, and reduced Wnt
signaling to B-catenin, resulting in decreased cancer cell invasion (although the effect of all-
trans retinoic acid on metastasis was not assessed in this study).

The Hh pathway has been also targeted to disrupt the effects of PaSCs on cancer cells. In the
KPC model,2” oral administration of IP-926, an inhibitor of Smoothened (one of the 2
transmembrane receptors in the Hh pathway), reduced PaSC activation, leading to stromal
depletion, increased tumor vasculature, and improved delivery of gemcitabine to cancer
cells. However, this was a transient effect; tumor size was reduced for 1 to 2 weeks, but
tumors began growing again in subsequent weeks. In an orthotopic model of pancreatic
cancer produced by injection of mice with BXPC3 cells alone or a mixture of BXPC3 and
PaSCs, AZD8542 (another Smoothened inhibitor) significantly reduced tumor size,
increased tumor vascularity, and reduced metastasis to liver, but only in tumors formed by a
3:1 ratio of PaSCs to cancer cells. The specific mechanisms of the observed effect are
unclear because the compound did not have a direct inhibitory effect on PaSC activation in
vivo.

Enzymatic targeting of the stromal component hyaluronan (in combination with
gemcitabine) in KPC mice was recently reported to decrease tumor volumes and increase
overall survival time. This was associated with a significant reduction in the amount of
fibrillar collagen and number of activated PaSCs in tumor stroma,10:11

Based on all studies of the pancreatic tumor stroma (notwithstanding the design limitations
in each), it is clear that combined targeting of the stroma and cancer cells should be a goal
for therapies. As more-specific mediators of the interactions between PaSC and cancer cells
are identified and characterized, new approaches will be designed to inhibit the effects of
PaSCs on cancer cells, along with disease progression. Figure 5 illustrates the components
of PDAC and potential interactions between these that might be targeted in therapeutic
approaches.

Biographies

Minoti V. Apte
(,._ =W
< Sl

A

Jeremy S. Wilson

Gastroenterology. Author manuscript; available in PMC 2014 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Apte et al.

Page 10

Stephen J. Pandol

Abbreviations used in this paper
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Figure 1.
Identification of activated PaSCs in the stroma of PDAC and PanIN. (A) Immuno-

histochemistry for a—smooth muscle actin (aSMA) (brown) and procollagen a1(l) (b/ue) on
human PDAC tissues indicates that active PaSCs are the main source of collagens in the
tumor stroma. Low- (A) and high- (B) power views of a representative section of human
pancreatic cancer tissue. (C,0) Immunohis-tochemical staining for a SMA (brown) reveals
abundant activated PaSCs surrounding Pan-INs in human pancreas. (£, F) Sirius red (red; E)
and aSMA (brown, F) staining on pancreatic tissue from a GEM model (Krast-SL-G12D/ -
Paxee*) illus- trates the abundance of collagens and activated PaSCs surrounding PanINs.
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Figure 2.

Close relationship between pancreatic cancer cells and PaSCs pancreatic cancer cells recruit
PaSCs to their immediate vicinity and promote fibrogenic responses in PaSCs. PaSCs
reciprocate by facilitating cancer cell growth as well as local invasion.
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Role of inflammation in progression of PDAC. An inflammatory stimulus activates PaSCs
in the periacinar area, leading to recruitment of inflammatory cells (monocytes, T cells,
neutrophils, macrophage, and mast cells). These cells produce IL-6, which activate signal
transducer and activator of transcription 3 (STAT3) to promote development of PanIN and
PDAC in susceptible tissue (such as with activating mutations in Kras). The activated PaSCs
also produce galectin-1, which causes apoptosis of T cells to prevent anti-tumor immunity.
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Figure4.

Role of PaSCs in mediating the effects of environmental risk factors for pancreatic cancer.
Potential relationships between environmental risk factors and the activation state of PaSCs
that could promote tumor progression.
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Components of the tumor. The components of PDAC and potential interactions between the
stroma and cancer cells should be considered in developing therapeutic approaches for

pancreatic cancer.

Gastroenterology. Author manuscript; available in PMC 2014 June 01.



