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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is the most common form of pancreatic cancer and is
characterized by remarkable desmoplasia. The desmoplasia is composed of extracellular matrix
(ECM) proteins, myofibroblastic pancreatic stellate cells, and immune cells associated with a
multitude of cytokines, growth factors, and ECM metabolizing enzymes. The mechanisms of
participation of this complex matrix process in carcinogenesis are only starting to be appreciated.
Recent studies showed key roles for stellate cells in the production of ECM proteins as well as
cytokines and growth factors that promote the growth of the cancer cells all present in the
desmoplastic parts of PDAC. In addition, interactions of ECM proteins and desmoplastic secreted
growth factors with the cancer cells of PDAC activate intracellular signals including reactive
oxygen species that act to make the cancer cells resistant to dying. These findings suggest that the
desmoplasia of PDAC is a key factor in regulating carcinogenesis of PDAC as well as responses
to therapies. A better understanding of the biology of desmoplasia in the mechanism of PDAC will
likely provide significant opportunities for better treatments for this devastating cancer.

Pancreatic ductal adenocarcinoma (PDAC) is the most common form of pancreatic cancer
and the fourth leading cause of cancer-related death in the United States, with a 5-year
survival of less than 5%.1 The poor prognosis of this cancer is due largely to its propensity
for early local invasion and metastasis. Only aggressive therapy with surgical approaches,
sometimes combined with chemotherapy, results in any 5-year survival for patients with this
cancer.2

This cancer is also unique among solid tumors because of the extremely dense desmoplastic
reaction that surrounds the cancer cell glands of this tumor. One report showed that more
extensive fibroblastic cell proliferation in PDAC correlates with poorer disease outcome.3
Desmoplasia containing extracellular matrix (ECM) proteins, myofibroblastic pancreatic
stellate cells (PaSCs), and immune cells could modulate the growth of PDAC by providing a
scaffold for the cancer cells to grow as well as growth factors and immune modulators
(Figure 1). For these reasons, there has been increasing interest in the role of desmoplasia in
the biologic characteristics of pancreatic cancer, as discussed in this review. Although there
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are potentially many factors that make this cancer biologically aggressive and resistant to
treatment, the prominence of the desmoplastic reaction has attracted attention of
investigators in recent years as a potential source of factors responsible for the severe and
malignant biologic behavior of this cancer. Importantly in this regard, there is increasing
recognition that the local environment plays an active role in cancer initiation, progression,
and metastasis,*® and that in many tumors desmoplasia plays an important role in these
processes as well as in chemoresistance.>~” However, despite this increased interest there is
lack of critical understanding of the specific roles and effects of desmoplasia in pancreatic
cancer. In this article, we summarize what is known about PDAC desmoplasia along with a
discussion of issues that should be addressed to advance our knowledge to provide
opportunities for therapeutic solutions for this cancer.

Composition of Pancreatic Cancer Desmoplasia

In PDAC there is a remarkable increase in ECM proteins including types | and V collagen
and fibronectin.8 Lymph node and liver metastases have a similar increase in ECM proteins.
The amount and type of collagens in PDAC desmoplasia are similar to those found in
alcoholic chronic pancreatitis and tumor-associated chronic pancreatitis tissue.® Of note, a
comparative analysis of gene expression in human pancreatic adenocarcinoma, chronic
pancreatitis, normal pancreas, and pancreatic cancer cell lines demonstrated that gene
expression profile of PDAC desmoplasia and chronic pancreatitis is similar.10-11

A major participant in the desmoplasia of PDAC is the PaSC. Although the cancer cells of
PDAC are able to produce ECM proteins, recent evidence demonstrates that the PaSC is the
main producer of ECM proteins as well as cytokines, chemokines, and growth factors during
the development and progression of PDAC. The PaSC and its role in PDAC are discussed in
more detail in the next section.

The role of inflammatory/immune cells contained in the desmoplasia of pancreatic cancer is
poorly understood. A morphologic analysis of the PDAC specimens!? found that there is a
sparse mononuclear cell infiltrate present around cancer glands, with a tendency to cluster at
the peripheral invasive edge of the tumor. These cells consist mainly of mast cells,
macrophages, and some lymphocytes and plasma cells. Importantly, there was a tendency
for poorer survival in patients with tumors with greater numbers of mast cells. The biologic
roles that these inflammatory/immune cells play in PDAC are not established but likely
include regulation of angiogenesis (mast cells contain angiogenic factors such as vascular
endothelial growth factor [VEGF])12 and immune surveillance. Of importance is the finding
that a large number of patients with pancreatic cancer have tumor antigen—specific and
functionally competent T cells in both peripheral blood and bone marrow that have cytotoxic
effects on cultured pancreatic cancer cells.13 These findings suggest that the complex cancer
microenvironment prevents the potential beneficial effects of these cytotoxic T cells and
thus protects the cancer cells from tumor surveillance probably by elaborating cytokines
such as VEGF, interleukin-10, and transforming growth factor- among other factors.14 A
more thorough understanding of the genesis and regulation of factors that undermine
immune surveillance is necessary.
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Pancreatic Stellate Cell and Cancer Desmoplasia

A topic that has been receiving increased attention in recent years is the presence of PaSCs
in the desmoplasia of PDAC and the role of these cells in the biology of this cancer.”1°
PaSCs are one of several cell types normally present in the exocrine pancreas. They are
normally located in the periacinar space in a quiescent state, having long cytoplasmic
processes that encircle the base of the pancreatic acinus. They can also be found in
perivascular and periductal regions of the pancreas.16 In the quiescent state the PaSC has a
low rate of proliferation and a low rate of production of ECM proteins, growth factors, and
cytokines. PaSCs participate in disease pathogenesis after transforming from their normal
quiescent state into an activated state (also known as a myofibroblastic state).1” Activated
PaSCs proliferate, migrate, and produce ECM proteins, cytokines, chemokines, and growth
factors.18 During disease pathogenesis, the PaSCs maintain the activated state through
exposure to cytokines and growth factors likely produced by acinar cells, inflammatory
cells, platelets, endothelial cells, cancer cells, and PaSCs themselves.18 Thus, the activated
state is initiated and maintained by both paracrine and autocrine mechanisms.18 Of note,
isolation and characterization of stromal cells from human pancreatic adenocarcinoma and
alcohol-induced chronic pancreatitis samples demonstrated that cells from both sources had
the same characteristic morphology, cytofilament expression, and capacity to synthesize
ECM proteins.1® Further evidence that the stromal cells in the desmoplasia of PDAC are
activated PaSCs comes from findings that cells expressing a-smooth muscle actin, a specific
marker of the activated state of the PaSC, co-localize with mRNA encoding procollagen
a1119 in the stromal component of PDAC. These findings have contributed to the general
consensus that PaSCs in their activated state are the major contributors to the production of
ECM proteins that constitute the desmoplasia.1015.20-23

Evidence is developing that there is a symbiotic relationship between pancreatic
adenocarcinoma cells and PaSCs of PDAC that results in an overall increase in the rate of
growth of the tumor and possibly metastasis. For example, culture supernatants from human
pancreatic tumor cell lines stimulate PaSC proliferation and production of ECM proteins via
the ability of the cancer cells to produce and secrete platelet-derived growth factor, which
promotes the activated state and proliferation of PaSCs; and transforming growth factor-;
and fibroblast growth factor-2, which promote ECM protein production in PaSCs.1519 In
addition, the growth rate of tumor cells injected subcutaneously into nude mice (mice that
lack T cells and are severely immunocompromised) is markedly increased when PaSCs are
included in the inoculum.1® In contrast to the tumors that form when only cancer cells are
injected, the tumors that form when both cancer cells and PaSCs are used have a
desmoplasia similar to that observed in human PDAC adenocarcinoma.1®

In a “converse” approach to determine the effects of interactions between stromal and cancer
cells of PDAC, conditioned media taken from PaSC cultures promoted pancreatic cancer
cell proliferation, migration, invasion, and anchorage independent growth.2! Furthermore,
the PaSC conditioned media decreased the effectiveness of radiation and chemotherapy
(gemcitabine). These findings indicate that PaSCs produce and secrete soluble factors that
promote the cancer phenotype of pancreatic cancer cells. These early findings point out
important roles for the desmoplasia of PDAC in the mechanism of carcinogenesis.
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Of note, in addition to soluble cytokines and growth factors secreted by PaSCs and cancer
cells that promote each others’ growth, another possible mechanism by which tumor
desmoplasia might promote pancreatic adenocarcinoma cell growth is that PaSCs and tumor
cells produce matrix metalloproteinases and tissue serine proteases, such as members of the
plasminogen activator system. These mediators can degrade ECM proteins and might
promote tumor cell invasion and metastases, as has been postulated for other tumors.24:25

Reactive Oxygen Species Mediate the Effects of Desmoplasia in Cancer

Cells

The complete network of mechanisms by which PaSCs and the components of desmoplasia
enhance the growth of tumor cells in the PDAC is complex and only partly understood. A
potential mechanism by which desmoplasia promotes PDAC is through direct action of
ECM proteins and growth factors coming from the stroma on the cancer cells. For example,
we have found that both ECM proteins (such as laminin and fibronectin) and growth factors
(such as insulin-like growth factor-1) promote survival and prevent death of pancreatic
cancer cells.26-28 The effects of laminin and fibronectin come from their interaction with
cancer cell integrin receptors. When bound to ECM proteins, the integrin receptors
transactivate a key growth factor receptor (for insulin-like growth factor receptor-1) that
mediates the intracellular events that promote cancer cell survival and growth.2

Importantly, our studies revealed that both ECM proteins and growth factors promote
survival of the cancer cells through activation of intracellular reactive oxygen species (ROS)
generating systems in the pancreatic cancer cells.26-28.30 Key generators of ROS are the
non-phagocytic nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzymes
that are regulated by the ECM proteins and growth factors. An important and novel
mechanism of ROS action is their effect on an oxidant sensitive group of phosphatases, the
protein tyrosine phosphates (PTPs).30 By inhibiting PTP activity, ROS promote and sustain
phosphorylation and activity of key cancer-associated kinases such as JAK2 and Akt.30
These activated kinases then mediate the effects of ROS on cancer cell survival and
proliferation. These findings show how components of the desmoplasia of PDAC can
engage prosurvival and proliferative signals in pancreatic cancer cells by using the
generation of ROS to regulate cancer signaling pathways known to have procarcinogenic
properties in this and other cancers (Figure 2). Activation of NADPH oxidase by growth
factors occurs in both cancer and stellate cells.31 Of note, it has recently been demonstrated
that activation of NADPH oxidase in stellate cells mediates liver fibrosis.32 Because stellate
cells from both liver and pancreas are likely identical, such results point to a key role for
ROS in the actions of PaSCs in the desmoplasia of PDAC.17

Conclusions and Further Directions

This brief review presents observations suggesting key roles for desmoplasia in the
pathogenesis and severity of this highly malignant cancer. Desmoplasia appears to provide
survival benefits for the cancer cells, resistance of the cancer to treatment, and probably
immune surveillance dysfunction. Our understandings of the mechanisms that mediate these
effects of desmoplasia are only partially understood. However, because it is likely that
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desmoplasia plays a key role in promoting the resistance of this cancer to treatment, progress
in this disease will require much better knowledge about how desmoplasia mediates its
effects. If sufficiently understood, it is conceivable that adjunctive therapies targeted to
arresting the functions of desmoplasia will improve outcomes.
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Figure 1.

Components of desmoplasia in PDAC. Pancreatic cancer cells and pancreatic duct cells
promote each others’ growth and proliferation and together regulate processes of ECM

deposition, angiogenesis, and disordered immune surveillance.
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Figure 2.

ROS promote the pancreatic cancer cell phenotype. ROS from both desmoplasia and
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through desmoplasia stimulation of cancer cells through cytokines, growth factors, and ECM

proteins mediate the pancreatic cancer cell phenotype.
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