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Abstract

The tumor-associated stroma has been described in recent years as being complicit in tumor
growth in pancreatic cancer. The stroma hosts a variety of components of both cellular and
molecular makeup. In normal tissues, the stroma provides nutrients and regulatory signals for
proper cellular polarity and function. However, following oncogenic transformation, the stromal
compartment is conscripted to provide stimulatory signals and protection to tumor cells. It is these
tumor-stromal interactions that are currently of great therapeutic interest. Several key reports have
suggested that therapeutic targeting of the tumor—stromal interactions in pancreatic cancer has the
potential to offer survival benefit. In this review, we will discuss the tumor—stromal interactions
that contribute to tumor growth and progression, and ways in which we might counter these
interactions.
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l. INTRODUCTION

Stephen Paget put forth his ‘seed” and “soil” hypothesis in 1889, suggesting for the first time
that the incidence of cancer metastasis to a specific organ site did not occur in a stochastic
fashion but rather with remarkable prejudice.! Studies of the interaction of the tumor cell, or
‘seed,” with the adjacent and distal tissues, or “soil,” he suggested, would provide a better
understanding of tumor cell growth. Historically, in the context of the tissue, the tumor-
associated ‘soil” or stroma (cellular and extracellular tissue component not necessary to the
primary tissue function) has been described relative to the parenchyma (primary cell type
recognized as vital to proper tissue function, e.g., epithelial cell) and has been ignored in its
possible complicit relationship to tumor growth. In more recent years, we have come to a
greater understanding of the composition and nature of the stroma, that it includes
fibroblasts, stellate cell derived myofibroblast-like cells, and, to varying degrees, an
assortment of immune cell types, each of which contributes to the growth and survival of
tumor cells. Moreover, we know now that each of these cell types plays important roles in
supporting and even enhancing tumor growth and survival (Fig. 1). This is particularly true
in pancreatic cancer.

Pancreatic ductal adenocarcinoma (PDAC) currently has the lowest five-year relative
survival rate of all cancer types.2 As symptoms can be vague, and as the pancreas is
inaccessible to routine examination, many patients present with advanced, metastatic disease
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at diagnosis. Many factors combine in PDAC to make it refractory to common therapies,
and inoperable in all but a small fraction of those diagnosed. PDAC has a high propensity
for metastasis, even more significantly limiting the outlook of patients often diagnosed at a
late stage of disease. PDAC is characterized by extensive fibrosis in what is termed the
desmoplastic reaction (Fig. 2).3 This desmoplastic reaction arises primarily from activated
myofibroblast-like cells that secrete large quantities of extracellular matrix proteins,
including collagen types 1, 111, and IV, into the tumor microenvironment.# The secretion of
extracellular matrix proteins contributes to the disease phenotype seen in PDAC, especially
as collagens have been shown to be important in enhancing tumor growth by sequestering
multiple growth factors and decreasing anti-cancer drug penetration (see Table 1 for a
description of components). The highly fibrotic stromal component of PDAC, including
abundant collagen and hyaluronan, also likely contributes to diminished clinical efficacy of
anti-cancer agents.>~’ Pancreatic cancer, therefore, presents several unique challenges,
including poor vascularity resulting in poor perfusion of the tumor mass, despite the
increased expression of proangiogenic factors.8:9

With these and other observations, it has become clear that targeting the tumor-stromal
interaction may be an important therapeutic component in enhancing current and future
therapies that target tumor cell-specific functions or pathways. While a few approaches have
been used to target the tumor microenvironment, as will be seen below, these studies have
been met with failure in a few initial studies. In this review, we will discuss a few key
tumor-stromal interactions that function in enhancing tumor growth and progression of
disease. In addition, we will outline some specific findings, including discussion of unique
pathways and targets in the literature that may guide future endeavors in the treatment of
patients with pancreatic cancer.

IIl. TUMOR-ECM INTERACTIONS

Normal cellular interactions with the extracellular matrix (ECM) play an important role in
the control of multiple cellular processes, including cell polarity, proliferation, and
migration. Tight control over polarity and cellular proliferation of the epithelial
compartment is important to normal glandular function in the pancreas, and in preventing
dysplastic growth. Where this interaction is severed; an anchorage-dependent cell death
program (or ‘anoikis’) is initiated to prevent metastatic displacement and growth.10.11
Normal cellular interactions with the ECM are maintained through the ligand binding of the
various ECM proteins with the extracellular domain of the integrin family of receptors. On
the other hand, interactions between cells and certain ECM glycosaminoglycans, namely
hyaluronan, are maintained by ligand binding with the CD44 or hyaluronan-mediated
motility (RHAMM) receptors. Frequently in cancer, however, ECM receptor expression is
dysregulated. While expression of the various receptors is largely tissue and cell-type
specific, integrin expression in cancer, for example, generally favors greater expression of
those integrin receptor subtypes that allow for anchorage-independent growth and migration,
while disfavoring expression of the receptor subtypes that would promote adhesion or cell
death. By means of receptor subtype expression switching, cells are able to exert greater
control over their survival pathways.

A. Integrin Signaling

Integrin signaling in pancreatic cancer promotes survival via multiple mechanisms. In
human cells, integrin signaling is mediated by the expression of eighteen a and eight p
subunits, which can interact in a variety of combinations to form as many as twenty four
unique receptors with differing affinities for the ECM proteins.12 In pancreatic cancer,
multiple integrin subunits have been shown to be dysregulated. With as many as six a and
one P subunit showing increased expression, and one a and two B showing decreased
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expression, the expression trends are not altogether clear.1314 However, some of the integrin
receptor combinations reported to promote cell survival generally in cancer include: a3,
aPBs, and agPs.10 Indeed, a4 ligation has been shown to promote tumorigenesis,
including enhancing the expression of the extracellular glycoprotein, secreted protein acidic
and rich in cysteine (SPARC), by suppressing the expression of miR-29a and enhancing cell
invasion.15 Stromal SPARC expression correlates with poor prognosis in pancreatic cancer
and may serve as a suitable prognostic marker for both survival and treatment
outcomes.16:17

Normal integrin signaling functions directly via focal adhesion kinase (FAK) and either
GRB2/SOS/Ras, or via the PI3K-AKT signaling axis (Fig. 3). The integrin family of
receptors promotes cell survival in cancer by, among others, increasing the Bcl-2/Bax ratio,
inactivating p53, or by activation of the NF-xB or PI3K-AKT pathways.18-23 |t has been
shown that asp; integrin expression, for example, induces increased expression of Bcl-2 in
a fibronectin-dependent manner, without increased expression of Bax.24 Here, it appears that
the a5 subunit is required for survival as isogenic cells expressing a1 do not survive
serum withdrawal unless exogenous Bcl-2 is provided. Also, B1 integrin binding and the
consequent increases in Bcl-2 expression function to increase proteasomal degradation of
the pro-apoptotic Bim protein, thus increasing cellular resistance to anoikis.2>:26 These
mechanisms ultimately set the stage to allow for metastatic growth where cell anchorage
does not inhibit the proliferation of the epithelial cell. Integrin signaling, however, is not the
only means of cellular communication with the ECM.

B. CD44 Signaling

The deposition of hyaluronan (HA), an extracellular matrix glycosaminoglycan, is also
increased in pancreatic tumor tissues.2” The binding of HA to CD44 has been shown to
increase cell survival. CD44 is the transmembrane receptor for hyaluronan and is encoded
by a single gene. Multiple forms of the receptor, however, are expressed by alternative
splicing mechanisms, and by post-translational modifications, including A~ and C-linked
glycosylation.28 Cancer cells often express one of the variant CD44v isoforms (v1-v10).
Similar to the integrins, CD44 functions to control the positional localization of receptor
tyrosine kinases by managing their temporal clustering. It has been reported that subsequent
to CD44-induced clustering, matrix metalloproteinase 9 (MMP9) trapping and TGFp
activation can occur, leading to ECM remodeling and greater oncogenic potential 28:29
Furthermore, it has been suggested that HA:CD44v6 interaction mediates a positive
feedback loop wherein PI3K signaling is maintained resulting in greater tumor cell
invasiveness.28:30 These results are supported by additional observations showing that CD44
may enhance survival and proliferation signals in a HA-dependent manner via a TGFBR/
EGFR-mediated signaling mechanism.3! These examples suggest that, like the integrin
signaling, CD44 is capable of signaling through pathways commonly exploited in cancer
cells to circumvent anti-proliferative restraint. In pancreatic cancer, where hyaluronan can
be found in markedly increased concentrations, the HA:CDA44 interaction may employ these
pathways to enhance cell survival and growth. Indeed, recent reports have shown that a
pegylated form of a humanized HA degrading enzyme, hyaluronidase, was effective at
significantly enhancing gemcitabine activity and overall survival in a transgenic mouse
model for PDAC.32:33

Integrin and CD44 interaction with their respective extracellular matrix counterpart function
to enhance survival and proliferation of cancer cells. Deregulation of normal integrin and
CD44 signaling is vital to tumor formation. Indeed, abrogation of dysregulated ;-
integrin:ECM signaling can induce tumor reversion to a near-normal phenotype in some
cancer models, including HMT-3522 breast cancer cells, even in the presence of oncogenic
genetic alteration.34 While deregulation of tumor cell-ECM signaling pathways are
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necessary for resistance to anoikis, it is important to note that the tumor epithelial cell is not
the primary source of ECM components in pancreatic cancer. The pancreatic cancer
associated fibroblast is the primary source of tumor-associated collagen and hyaluronan
synthesis.32:35 While integrin and CD44 signaling mediate the tumor cell-ECM interaction,
tumor cells and CAFs interact in a paracrine fashion via several important pathways to
further enhance their survival and proliferative potential.

lll. TUMOR-CAF INTERACTIONS

Desmoplasia is characterized by significant production of extracellular matrix proteins and
extensive proliferation of myofibroblast-like cells.* These myofibroblast-like cells, also
known as activated pancreatic stellate cell or simply cancer-associated fibroblasts (CAF),
have been identified as the primary synthetic source of many of the extracellular matrix
components, both in hepatocellular and pancreatic carcinoma.#3¢ Under normal conditions,
the quiescent stellate cell interacts with the epithelial cell compartment by serving as a tissue
reservoir for vitamin A. Activation of the stellate cell, however, results in changes to stellate
cell morphology, proliferation rate, and sensitivity to mitogenic factors. The activated CAF
is known to be a primary source of many mitogenic factors in tumors, including insulin
growth factor (IGF), epithelial growth factor (EGF), and transforming growth factor
(TGFB).37:38 Increased expression of TGFP has been observed in breast, hepatocellular,
lung, and in pancreatic cancer. Furthermore, this increased expression correlates with tumor
progression and metastasis as well as poor clinical outcome.3 The role and magnitude of
the pleiotropic effect of these growth factors in pancreatic cancer is not fully understood,
especially as TGFp can have both tumor promoting and suppressing effects in some
models.*0 However, recent research has pointed out that the net effect of TGFB, for
example, in pancreatic cancer is initially tumor suppressive, but becomes tumor promoting
as disease progresses.3? Thus, the tumor cell-CAF interaction ultimately supports tumor
progression by providing these necessary and important growth factors, including TGFp.

A. TGFB Signaling

Members of the TGFP family of cytokines have been implicated in the invasiveness of
tumor cells, as well as in the activation of the CAF that leads to pancreatic fibrosis. Member
proteins are multifunctional cytokines known to be involved in a host of cellular functions,
including immune cell regulation, growth and differentiation, and in cell migration.38
Currently, three different TGFp ligands (TGFB1-3) have been described. TGFp signaling is
mediated following TGFp ligand binding to one of three types of TGFp receptors (TGFBR),
and activation of downstream Smad signaling. In many cells, this is achieved via TGFBRI
(also known as ALKS5) signaling in concert with a type Il TGFBR. Smad4/DPC4 is
reportedly deleted or inactivated in approximately 55% of pancreatic tumors; it may be that
the TGFp-associated correlations between increased tumorigenesis and poor outcome may
be the result of Smad-independent pathways that play a critical role in the TGFp-dependent
tumor cell invasiveness in some tumors.*! Indeed, wild-type Smad4/DPC4 corresponds to
decreased invasive potential and better prognosis in pancreatic cancer patients.*243 The
Smad-independent pathways include, among many others, RHOA, Ras, PI3K, and
MAP3K1.44-47 Some of the early studies that established a role for TGFB in tumor
development employed a tetracycline-inducible MMTV-TGF transgenic mouse. Using the
oncogenic capability of constitutive MMTV-PyVmT expression, the authors noted as much
as a ten-fold greater incidence of metastases to the lung following TGF induction 3948
Despite the complexity and multifunctional nature of the signaling pathways, recent studies
have indicated that intervention with TGF inhibitors can have therapeutic benefit, without
the danger of many of the expected side-effects including enhancement of cell growth.49-51
Interestingly, it was observed that TGFBR1 haploinsufficiency can itself significantly inhibit
the development of fibrosis and progression of precancerous lesions in mice, leading to
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further studies looking closely at the effects of TGFp inhibition in fibroblast cells.52
Furthermore, due to the important nature of TGFp in the perpetuation of CAF activation,
studies have focused on employing TGF antagonists in therapeutic intervention of fibrosis
in chronic pancreatitis.>3 One report has demonstrated that fibrosis can confer drug
resistance in in vitro pancreatic tumor models.>* How exactly this is accomplished has yet to
be determined. However, it seems clear that extracellular matrix components can confer
resistance in vivo at least in part by decreasing interstitial drug penetration and
transport.5:32:33 Some research suggests that resistance may also come about following an
epithelial-to-mesenchymal transition (EMT) in the tumor cells that is induced by TGFp and
MMP expression, resulting in the altered expression of multiple genes thought to be
involved in decreased drug sensitivity.>® This is true of erlotinib resistance in head and neck
squamous cell carcinoma (HNSCC) cells wherein greater resistance to erlotinib corresponds
to increased Zeb-1 (also known as deltaEF1) expression, resulting in decreased E-cadherin
expression and EMT, which is a direct result of TGFp ligand binding and Smad nuclear
translocation.56:57 Targeting of EMT may show some promise in pancreatic cancer as it
appears, for example, that targeting tumor EMT and invasion with the mucin-reactive PAM4
antibody may improve treatment efficacy.8-60 Other approaches to targeting EMT include
the Secreted clusterin (SCLU)-reactive monoclonal antibody AB-16B5.51

Tumor—CAF interaction is multifaceted. It involves many growth factors signaling in
reciprocal fashion to effect increased cell proliferation. These growth factors also contribute
to tumor progression by enhancing the CAF-dependent deposition of ECM proteins or
fibrosis. Fibrosis can then mediate tumor progression at both the molecular and tumor tissue
level. Each of these features of the tumor microenvironment enhances epithelial cell
proliferation and capacity for escaping the epithelial cell compartment. The endothelial cell
compartment, however, also contributes to tumor growth.

IV. TUMOR-ENDOTHELIAL CELL INTERACTIONS

Angiogenesis, or the formation of new blood vessels, is a complex process requiring the
coordination of multiple cell types and multiple mitogenic factors. Angiogenesis has been
recognized for some time to be vital to the growth and progression of primary tumors and
metastases.%2:63 Following the work of the late Dr. Judah Folkman, intense effort has been
put into developing drugs targeting angiogenesis in tumors. With the 2007 approval of the
anti-vascular endothelial growth factor-A (VEGF-A) monoclonal antibody therapeutic,
bevacizumab (Avastin®), many have touted anti-angiogenic approaches in a variety of
cancers.54 Indeed, bevacizumab shows synergistic efficacy in multiple tumor types,
including metastatic colorectal cancer, recurrent or metastatic non-squamous non-small cell
lung cancer (NSCLC), and in the treatment of metastatic renal cell carcinoma. Certainly, the
success of such an approach has validated the notion that targeting some of the stromal
components of a tumor can offer clinical benefit. Unfortunately, however, bevacizumab
failed to show any significant clinical beneft in treating patients with PDAC.%566 While
terribly disappointing, the failure of bevacizumab in PDAC can offer some insight into
additional considerations of pancreatic biology that must also be made in the development
and design of drugs for PDAC. First, while pancreatic tumor cells do show increased
expression of multiple mitogenic factors, including VEGF-A, the lack of studies validating
the role of angiogenesis in PDAC underscores the necessity for further studies in PDAC to
understand its role in PDAC.57 One recent study indicated that, in fact, human pancreatic
tumors, as well as mouse pancreatic tumors from genetically engineered mice, show
significantly reduced vascularity relative to normal pancreatic tissue.58 While, on the
surface, this study appears to refute some of the generally accepted notions of angiogenesis
in cancer biology, it has uncovered unique characteristics of the PDAC microenvironment
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and highlights our lack of understanding of tumor vasculature in the specific context of
pancreatic cancer.

In their seminal paper on the potential efficacy of hedgehog inhibitors in pancreatic cancer,
Olive et al outlined several impressive experiments demonstrating that in fact mouse
pancreatic tumors are poorly vascularized, and show decreased drug perfusion relative to
transplanted xenograft tumors or normal pancreatic tissue.58 Hedgehog pathway inhibitors
as a class, including the inhibitor IP1-926 (Infinity Pharmaceuticals) used by Olive and
colleagues, potentially target multiple points in the hedgehog pathway. Sonic hedgehog,
Patched, and Smoothened are also known to play important roles in angiogenesis. The
angiogenic effects of these pathways have also been observed in ischemic limbs and in the
cornea of adult mice, or in rat models.5970 However, Olive and others have shown that the
efficacy of the hedgehog inhibitors in treating PDAC in their model (with an increase in
overall survival) occurs through a mechanism that potentiates perfusion.’? Indeed, their
results demonstrated one curious aspect of their hedgehog inhibition in that it increased
endothelial cell proliferation and decreased CAF proliferation. Unfortunately, however, in
January, 2012, a randomized phase Il study employing gemcitabine plus IP1-926 versus
gemcitabine plus placebo (clinicaltrials.gov, NCT01130142) in pancreatic cancer was halted
following an interim review that disclosed that the study would fail to meet its overall
survival endpoint in extending survival beyond historical controls.’2

Provenzano and colleagues have added another approach to improve perfusion of pancreatic
cancer in their genetically engineered mouse model. They noted that dysregulated vascular
diffusion and convection could be surmounted via hyaluronidase treatment of tumors,
resulting in decreased interstitial pressures (Pi), from around 75-150mm Hg in untreated
tumors to 20-30mm Hg in hyaluronidase treated tissues, and that the reduction corresponded
to improved survival outcomes.32 With the failure of IP1-926, however, additional studies
characterizing the role of hedgehog signaling, hyaluronan, and the ultimately the tumor—
endothelial cell interaction in tumor progression will be necessary.

It is clear that angiogenesis plays a unique role in PDAC. The significant desmoplasia and
poor vasculature that are so characteristic to PDAC could conspire against most regimens to
prevent adequate clinical efficacy. Certainly, regimens including therapeutics designed to
increase drug perfusion or improve tumor vasculature, however this is accomplished, should
be considered.

V. TUMOR-IMMUNE CELL INTERACTIONS

In 1863, Rudolf Virchow observed that leukocytes could infiltrate into tumors, suggesting a
potential association between inflammation and cancer.”3 From his observations, he
suggested that chronic inflammation may play a role in contributing to the development of
cancer. As the presence of leukocytes in tumor infiltrates alone could not enable one to
discern the immune system’s role in cancer, whether in perpetuating or destroying a tumor,
significant effort has been made in characterizing the immune response to tumor cells, or
other conditions that may initiate tumorigenesis. It is clear from modern studies that many
infectious agents are associated with the development of malignancies, such as is the case
with schistosomiasis and bladder cancer, Helicobacter pylori and stomach cancer, or human
papillomavirus and cervical cancer.”4~78 However, chronic and unregulated inflammation is
also thought to play a causative role as well. Indeed, hereditary pancreatitis is a known
etiologic factor for PDAC, resulting in a lifelong cumulative rate of pancreatic cancer risk as
high as 40% in those untreated.’’ Unfortunately, as is the case in many cancers, the
inflammatory response can lead to a state that may promote tumors by increasing genomic
instability and secretion of growth factors.”® For example, while neutrophil-mediated
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superoxide respiratory burst is necessary for destroying pathogenic organisms, the resulting
reactive oxygen species (ROS) are thought to contribute significantly in increasing genomic
instability at sites of chronic inflammation.”® The ROS generated by neutrophils and
macrophages can contribute to genotoxicity, including DNA strand breaks or base
modifications. The ROS generated by neutrophils and macrophages can also result in the
activation of potent carcinogens.”?:80 However, strong evidence demonstrating a link
between immune system response and pancreatic cancer has come in a report demonstrating
that conditional mutant KRAS expression and p16Ink4a/p19Arf or p53 loss was insufficient
for oncogenic transformation in pancreatic acinar cells in mice.81 Rather, it was following
cerulein-induced pancreatic inflammation and pancreatitis, which involves inflammatory
cell infiltration, that transformation occurred. This and other studies demonstrate a direct
link between immune system responses and progression in cancer. So, it is no surprise that
immune cells also probably play a central role in the development of pancreatic cancer. As
the immune system’s inflammatory response is a coordinated effort requiring participation
among many different components, multiple cell types are known to take part in this
complex process in the human disease. Indeed, the tumor-associated macrophages (TAM),
neutrophils, and regulatory T cells (Tyeg) are among the many inflammatory cell types that
infiltrate tumors and play an important role in the tumor stroma.82:83

A. Tumor-Associated Macrophages

TAMs are among the most abundant immune cell type to extravasate into the tumor
microenvironment. TAMSs are recruited to tumor tissues by the CC chemokines CCL2, 3, 4,
5, and 8. TAMs can also be recruited via stromal-derived factor 1 (SDF-1), VEGF, colony
stimulating factor 1 (CSF-1), and thrombospondin-1 (TSP-1).84-86 Once activated,
macrophages secrete various growth factors and cytokines into the surrounding tumor tissue,
contributing greatly to an altered stromal environment supportive of tumor growth. TAMs
themselves are known to express a variety of pro-angiogenic factors, including VEGF-A,
urokinase plasminogen activator (uPA), and thymidine phosphorylase (TP), which can each
contribute to enhanced tumor growth.87: 8 |n addition to proangiogenic factors, TAMs are
also known to secrete lymphangiogenic factors, including VEGF-C and VEGF-D. The
functional development of the lymph system in neoplastic tissues creates avenues by which
tumors can more readily metastasize.8> TAMs also function within the tumor
microenvironment in an immunosuppressive capacity. TAMs are known to express and
secrete 1L-10. IL-10 has been shown to inhibit the differentiation of monocytes to dendritic
cells (DC), and thus prevent the DC-mediated anti-tumor response.?0 Finally, macrophages
have been shown to stimulate collagen type | and C-fibronectin synthesis via a TGFp-
dependent mechanism mediated by the CAF.21 This finding, in particular, demonstrates that
the infiltration of leukocytes to the stromal compartment can vastly alter its properties and
hijack it to support tumor growth.

B. Neutrophils

Neutrophils also play an important role within the tumor stroma. They function in the acute
inflammatory response, releasing toxic granules that are a significant source of ROS.
Neutrophils are also a source of additional tumor-supporting molecules. One report by
Nozawa et al. suggests that neutrophils mediate the angiogenic switch via MMP-9
expression.92 In their report, they demonstrated that neutrophil depletion resulted in
significantly decreased VEGF-VEGF receptor association further demonstrating a
significant role in angiogenic development. Other studies have shown that neutrophils can
also enhance the propensity for metastases in certain models. In their report, Tazawa et al.
demonstrated that neutrophil infiltration correlated with an increase in metastatic events.%
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C. Regulatory T Cells

Finally, it is also clear that regulatory T cells play an important role in the immune response
to cancer. While their role in the immune response may not induce carcinogenesis or
mutagenesis, the regulatory T cell functions to suppress the response of the immune system
toward the cancer cells. Indeed, reports have demonstrated that the prevalence of Tyeq cells
is increased in those with either PDAC or breast adenocarcinoma, suggesting that the Tyeq
cell may play a significant role in suppressing an immune response in PDAC.94% The Ty¢q
cell coexpresses CD4 and CD25, as well as the transcription factor FOXP3.% It functions
within the tumor microenvironment by expressing IL-10, TGFp, and cytotoxic T-
lymphocyte antigen 4 (CTLAA4), all of which have been shown to exhibit anti-inflammatory
effects and to participate in suppressing auto-immunity.27-100 potentiating the immune
system response to pancreatic cancer has been investigated with the anti-CTLA4
therapeutic, ipilimumab (Yervoy®). While it was reported to be ineffective as a single agent
in a phase 11 study (clinicaltrials.gov, NCT00112580), some have suggested that immune
cell modulation may yet be an effective strategy.101

Several additional approaches targeting the deleterious effects of the immune system in
cancer are currently being tested in clinical trials, including the immune cell targeting
biological denileukin diftitox (ONTAK®) and anti-Tac (Fv)-PE38 (LMB-2)
(clinicaltrials.gov, NCT00726037 and NCT00924170, respectively). Denileukin diftitox is a
recombinant fusion protein that combines the binding portion of IL-2 with the catalytic
portion of diphtheria toxin (DT). The receptors for IL-2 include CD25, CD122, and CD132,
and are known to be highly expressed on Tyeq cells. The catalytic portion of the DT
catalyzes the transfer of the ADP-ribose moiety of nictotinamide adenine dinucleotide
(NAD) to the host cells’ elongation factor 2 (EF-2), and functions by inhibiting protein
synthesis which results in apoptosis.102 This therapeutic approach has enabled clinicians to
selectively deplete tissues of the regulatory T cells, and has been shown to increase the anti-
tumor immune response of effector T cells in multiple models.103.104 While denileukin
diftitox’s poor efficacy in metastatic melanomas may in part be due to an inability to
completely deplete tumors of Teq cells, validation of a Treq cell depletion approach has been
demonstrated in several studies.185'106 The anti-Tac(Fv)-PE38 immunotoxin utilizes a
similar approach to denileukin diftitox. The anti-Tac (Fv)-PE38 immunotoxin is a
recombinant fusion protein which fuses the Fv portion of a monoclonal antibody specific to
the IL-2 receptor (CD25) to a Pseudomonas exotoxin.107 In addition to these immunotoxin
approaches, others have suggested that blockade of the naive T cell-to-T,eq conversion,
rather than outright depletion of Tyeq cells, would be a more effective approach especially in
light of the finding that tumors depleted of regulatory T cells are subsequently replenished
following conversion of naive T cells found in the tumor periphery.198 This approach is still
under investigation.

Immune cell interactions between the microenvironment and tumor cells in general appear
to be strongly tumor supportive. While approaches are being investigated therapeutically to
target these interactions, we have yet to see if these will prove effective in improving patient
outcome in PDAC.

VI. CONCLUSIONS

Based on current and past clinical trials and studies, future therapeutic regimens for
pancreatic cancer should consider agents targeting critical pathways in the development,
progression, and perpetuation of the tumor stroma. Difficulties we have encountered in drug
development thus far have been truly instructive. Preclinical work with hyaluronidase
suggests that stromal targeting may, in principle, be an effective treatment strategy.
Hedgehog signaling inhibition had offered some hope that stromal inhibition can mediate a
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more effective treatment regimen, yet in a small, randomized phase Il trial of one hedgehog-
signaling inhibitor, it ultimately proved ineffective at prolonging patient survival.

Moving forward, we must seek a better understanding of the tumor stroma in the specific
context of PDAC if we are to develop more effective regimens. The unfortunate failure of
bevacizumab in PDAC also highlights this point. Tumor—stromal interactions are many.
With a better understanding of the signaling mechanisms most vital in the development of
PDAC stroma, we should be better able to design drug development programs more
rationally that include stromal-targeting components that will achieve better outcomes for
our patients.
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ABBREVIATIONS
CAF cancer-associated fibroblast
CSF-1 colony stimulating factor 1
CTLAA4 cytotoxic T-lymphocyte antigen 4
DC dendritic cell
DT diphtheria toxin
ECM extracellular matrix
EF-2 elongation factor 2
EGF epidermal growth factor
EMT epithelial-to-mesenchymal transition
FAK focal adhesion kinase
HA hyaluronic acid
HNSCC head and neck squamous cell carcinoma
IGF insulin-like growth factor
MMP matrix metalloproteinase
NAD nictotinamide adenine dinucleotide
NSCLC non-squamous non-small cell lung cancer
PDAC pancreatic ductal adenocarcinoma
RHAMM hyaluronan-mediated motility receptor
ROS reactive oxygen species
sCLU secreted clusterin
SDF-1 stromal-derived factor 1
SPARC secreted protein acidic and rich in cysteine
TAM tumor-associated macrophage
TGFB transforming growth factor
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FIGURE 1.

Tumor-stroma interactions in pancreatic cancer. PDAC is characterized by the development
of the desmoplastic reaction, which features growth of the CAF cell compartment, and
deposition of ECM components. Reciprocal growth factor signaling results in increased
expression of growth factors such as IGF, EGF, and TGF. In addition, interactions with the
immune cell and endothelial cell compartment contribute to tumorigenesis through the
release of ROS and additional growth factors. Interactions with each of these compartments
contribute to the enhanced growth of tumors in PDAC. Each quadrant heading corresponds

to a section title and topic to be covered in the following review.
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FIGURE 2.

Histochemical analysis of human pancreatic tissue samples. Both normal and tumor
pancreatic tissues were subjected to hematoxylin/eosin (H&E) and pentachrome (Russell-
Movat’s) staining analysis. H&E analysis reveals increased proliferation of the pancreatic
stellate cell population in the tumor tissues relative to normal tissues. Pentachrome analysis
also demonstrates increased collagen expression in the stromal compartment in tumor tissue
relative to normal tissue. Pentachrome staining: Green/blue=mucins, Yellow=collagen,
Red=muscle/fibrinoid. Scale bar=100 m
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FIGURE 3.

Primary signaling pathways mediated by the integrin receptors and CD44. Integrin signaling
functions directly via FAK and either GRB2/SOS/Ras, or via the PI3BK-AKT signaling axis.
The integrin family of receptors promotes cell survival, proliferation, migration, and
invasion. CD44 also mediates PI3K-AKT signaling via RhoA/ROCK, which promotes cell
survival, proliferation, and migration.
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TABLE 1

Components of the stromal compartment. The stromal compartment is comprised of many components, both
cellular and molecular in makeup. Each of these components is thought to contribute to cancer tumorigenesis
through multiple mechanisms.5: 4 109-116 Targeting the stromal compartment in pancreatic cancer may offer
therapeutic benefit by enhancing the efficacy of current treatment regimens.

Type Component Rolein tumorigenesis Reference
Cellular
Cancer-associated fibroblast ~ Provide survival signals and secrete ECM 115
Endothelial cell Recruit inflammatory immune cells 116
Infiltrating immune cell Provide survival signals, promote instability 79
Proteinaceous
Collagen I, 111, IV Promotes proliferation and inhibits perfusion 54
Decorin Harbors TGF ligand 5
Versican Promotes proliferation, and apoptotic resistance 114
Fibronectin Promotes apoptotic resistance 112
Laminin Promotes apoptotic resistance 113
Osteonectin/SPARC Promotes proliferation 16
Heparin sulfates Promotes tumor progression 109
Keratin sulfates Poor survival if expressed in stroma 110
Non-proteinaceous
Hyaluronan Promotes proliferation, survival, and invasion 111
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