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Abstract
Recent studies have demonstrated that the interaction between the cancer and the stroma, play a
key role in the development of pancreatic cancer. The desmoplasia, which consists of fibroblasts,
pancreatic stellate cells, lymphatic and vascular endothelial cells, immune cells, pathologic
increased nerves, and the extracellular matrix (ECM), creates a complex tumor microenvironment
that promotes pancreatic cancer development, invasion, metastasis, and resistance to
chemotherapy. Thus, the potential approach for targeting the components of this desmoplastic
reaction or the pancreatic tumor microenvironment might represent a novel therapeutic approach
to advanced pancreatic carcinoma. Novel therapies that target on the pancreatic tumor
microenvironment should become one of the more effective treatments for pancreatic cancer.
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INTRODUCTION
Pancreatic cancer is the most lethal human malignancy and has a ratio of death to incidence
up to 96% [1]. Pancreatic adenocarcinoma is locally invasive and is surrounded by a dense
desmoplastic reaction, which can involve adjacent vital structures. The desmoplasia, which
consists of fibroblasts, pancreatic stellate cells, lymphatic and vascular endothelial cells,
immune cells, pathologic increased nerves and the ECM, creates a complex tumor
microenvironment that promotes pancreatic cancer development, invasion, metastasis and
resistance to chemotherapy (Fig. (1)). The molecular mechanisms of the tumor-stroma
interaction are very complex. This review focuses on the mechanisms by which the
interaction between the cancer cell and the stroma influence pancreatic cancer progression.
Studies on the pancreatic tumor microenvironment will bring new concepts that will
ultimately contribute to new diagnoses and treatments for this disease.
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PANCREATIC STELLATE CELLS
From a histological point of view, pancreatic cancers may have the most prominent stromal
reaction of all of the epithelial tumors; there is a remarkable increase in the connective tissue
that infiltrates and envelopes the neoplasm [2]. Studies of human pancreatic cancer have
shown that the mesenchymal cells secrete many of cytokines such as insulin-like growth
factor-I (IGF-I) and fibroblast growth factor (FGF), which have an impact on disease
prognosis (Fig. (2)). Because it is possible to isolate and culture pancreatic stellate cells
(PSC) in vitro [3, 4] and these cells are responsible for producing the stromal reaction in
pancreatic cancer [5], determining which mechanisms mediate the epithelial-stromal
interactions in pancreatic cancer is important.

In healthy tissue, PSCs are quiescent; in diseased states, under the influence of growth
factors, cytokines, and oxidative stress, PSCs are activated and adopt a myofibroblast-like
phenotype and then secret excess amounts of extracellular matrix (ECM) and matrix
degrading enzymes [3]. Growth factors that are known to induce PSC activation such as
transforming growth factor-h1 (TGF-h1), platelet-derived growth factor (PDGF) and
vascular endothelial growth factor (VEGF) are secreted by pancreatic cancer cells [5, 6].
Additionally, it has been shown that cancer cells can also secrete the ECM metalloproteinase
inducer (EMMPRIN) [4]. This secretion leads to increased matrix metalloproteinase 2
secretions by PSCs; matrix metalloproteinase 2 has been associated with the invasive
phenotype of pancreatic cancer cell lines [7].

PSCs can also act on pancreatic cancer cells, which affect their biological behavior. How
PSCs and the desmoplasia promote the growth of tumor cells in adenocarcinomas is only
partially understood [8].

Proliferation and Apoptosis
The growth rate of a tumor that forms when both cancer cells and PSCs are injected
subcutaneously into the flanks of nude mice is significantly increased compared to the
tumors that form when only the cancer cells are injected [6]. As opposed to the tumors that
are initiated by injection of only the cancer cells, the tumors initiated with the co-injection of
cancer cells and PSCs have a desmoplasia similar to that observed in human pancreatic
adenocarcinoma [6]. The growth advantage of pancreatic cancer cells in the presence of
PSCs may be mediated by two mechanisms: increased mitosis and decreased programmed
cell death (apoptosis). As observed in the co-injection model [9], PSC secretions displayed a
marked influence on the promotion of cancer cell proliferation, and this effect was partially
abolished by neutralizing antibodies against the mitogenic factor PDGF. Other factors
secreted by PSCs such as stromal-derived factor-1, EGF, IGF-1, or FGF are also likely to
exert mitogenic effects on cancer cells, and studies examining the role of these and other
factors are currently underway [2].

Resistance to apoptosis is a common trait of many tumors. It has been shown that PSCs
reduce basal level of apoptosis in various pancreatic cancer cell lines in vitro [10, 11].
Importantly, when mice were injected with PSCs and cancer cells, this led to reduced
apoptosis in vivo; this result is in contrast to animals that were only injected with cancer
cells. The resistance to apoptosis could be related to an increased expression of anti-
apoptotic proteins such as Bcl-2 and Bcl-xL. Additionally, growth factors such as IGF-1 and
basic fibroblast growth factor (bFGF) may mediate the anti-apoptotic effects of pancreatic
cancer cells. PSCs are myofibroblast-like cells that are found in the areas of the pancreas
with an exocrine function [8], and abundant producers of ECM components, such as various
types of collagen. A conceptually novel study proved the importance of ECM stiffening,
which is an abundance of collagen cross-linking, in the process of tumor growth and
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invasion [12]. During the malignant progression of the oncogene-expressing breast
epithelium in transgenic mice, an increase in ECM stiffening and activation of the
prototypical PI3 kinase and Akt survival signaling pathway synergestically caused the
downstream ligation of integrin by collagen fibers [13].

Invasion and Metastasis
As cancers progress into the malignant state, they acquire the characteristic of invading the
surrounding tissue and seeding metastases in the lymphatic system or blood vessels. For
invasion to occur, tumor cells need to attain a migratory phenotype, which leads to extensive
remodeling of the surrounding ECM. Compared with mice injected with pancreatic cancer
cells alone, mice co-injected with human PSCs and cancer cells showed regional and distant
metastasis and fibrotic bands (desmoplasia) containing activated PSCs within the tumors [9,
14]. PSCs contribute to the invasive and metastatic process by inducing the epithelial to
mesenchymal transition of pancreatic cancer cells [15]. Pancreatic cancer cells co-cultured
with PSCs exhibited loose cell contacts and a scattered, fibroblast-like appearance. The
expression of E-cadherin, cytokeratin 19, and membrane-associated β-catenin decreased in
cancer cells co-cultured with PSCs relative to cells cultured without PSCs whereas vimentin
and Snail (Snail-1) expression increased. The migration of pancreatic cancer cells was
increased when they were co-cultured with PSCs. The decrease of E-cadherin expression
induced by PSCs was not altered by treatment with an anti-TGF-β-neutralizing antibody,
which excludes a central role for TGF-β in this process [15]. Moreover, tumor-derived
pancreatic stellate cells stimulate pancreatic cancer cell invasion possibly through release of
thrombospondin-2 [16]. Additionally, β1 integrins play an essential role in the adhesion and
invasion of pancreatic carcinoma cells [11].

Chemotherapy Resistance
The stromal compartment not only provides an abundance of stroma-derived factors that
facilitate cancer initiation, growth and progression but also has an effect on the therapeutic
outcome and provides ample opportunities for drug targeting. Pancreatic stellate cells could
inhibit the effects of chemotherapy and radiation on tumor cells [14]. Indeed, a stroma-
derived gene expression pattern can predict the clinical outcome in breast cancer [17].
Further evidence supporting the theory that cancer associated fibroblasts (CAFs) can
determine therapeutic outcome in breast cancer patients came from the demonstration that a
CAF gene signature is predictive of the response to neoadjuvant chemotherapy [18].
Moreover, preclinical studies suggest that CAFs may also regulate the resistance to
antiangiogenic therapy and targeted therapy that uses epidermal growth factor receptor
tyrosine kinase inhibitors [19, 20]. In addition to directly modulating the sensitivity of tumor
cells to anticancer agents, PDGF receptors of CAFs increase interstitial hypertension and
reduce transcapillary transport in tumors to influence the transcapillary transport of drugs
[21, 22].

Targeting Therapy
The cell surface serine protease fibroblast activation protein (FAP) is selectively expressed
on tumor-associated fibroblasts and pericytes in epithelial tumors; a study showed that
genetic deletion and pharmacologic inhibition of FAP inhibited tumor growth in mouse
models of epithelial-derived solid tumors. The results indicated that FAP depletion inhibits
the tumor cell proliferation indirectly, increases the accumulation of collagen, decreases the
myofibroblast content, and decreases the blood vessel density in tumors [23]. The inhibition
of the stromal PDGF receptors reduced the proliferation and angiogenesis in cervical lesions
by suppressing the expression of the angiogenic factor FGF-2 and the epithelial cell growth
factor FGF-7, which are secreted by CAFs. These effects were recapitulated using
neutralizing antibodies against the PDGF receptors. When treated with a ligand trap for the
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FGFs, the angiogenic phenotype was impaired, and this effect was similar to treatment with
imatinib [24]. A study showed that the ligand-dependent activation of the hedgehog (Hh)
pathway in the stromal microenvironment is a paracrine requirement for Hh signaling in
cancer. Specific inhibition of Hh signaling using small molecule inhibitors, a neutralizing
anti-Hh antibody or genetic deletion of smoothened (Smo) in the mouse stroma leads to
growth inhibition in xenograft tumor models [25]. Moreover, in a mouse model of
pancreatic cancer, a co-administration of gemcitabine and IPI-926, a drug that depletes
tumor-associated stromal tissue via inhibition of Hedgehog signaling pathway, transiently
increase the intratumoral vascular density and intratumoral concentration of gemcitabine and
thus lead to a transient stabilization of the disease [26].

VASCULAR MICROENVIRONMENT
The tumor microenvironment is extremely complex and depends on the interaction between
the tumor cells and responding host cells. Angiogenesis, new blood vessel growth from the
preexisting vasculature, is a preeminent feature of the successful growth of all solid tumors.
As one of the hallmarks of cancer of the exocrine pancreas, angiogenesis is an essential
event that is involved in pancreatic cancer progression and metastasis.

The proliferative index of tumors decreases as the distance from the nearest capillary blood
vessel increases, and the rapid exponential growth of tumors is dependent on the
vascularization of the tumor mass. Without angiogenesis, pancreatic tumors are limited in
size by the distance that oxygen can diffuse, namely, 1–2 mm. Hypoxia results when the rate
of new blood vessel growth is exceeded by the growth of the tumor. Hypoxia in pancreatic
cancer results in changes at a transcriptional level, which alter cellular metabolism and
stimulates angiogenesis [27].

Angiogenesis is not necessarily linked to invasive pancreatic cancer, but it is an early event
in pancreatic cancer genesis; the process of angiogenesis consists of multiple, sequential,
and interdependent steps with the involvement of myriad positive and negative regulators of
angiogenesis. The survival of pancreatic cancers and their metastases are dependent on the
balance of endogenous angiogenic and anti-angiogenic factors such that the outcome favors
increased angiogenesis.

Multiple molecules such as VEGF, angiopoietins, FGF, PDGF, and TGF-β regulate
angiogenesis. Angiogenesis plays an important role in the growth, progression and
metastasis of a tumor. Inhibiting the angiogenic process or targeting existing tumor vessels
can be used to treat tumors either as an alternative to or in parallel with conventional
chemotherapy. Many anti-angiogenic factors are under investigation, and some are already
being used in clinical practice with varying results.

Vascular Endothelial Growth Factor (VEGF)
The VEGF family of growth factors, including the VEGF-A, VEGF-B, VEGF-C, VEGF-D,
and VEGF-E factors as well as the placenta growth factor (PIGF), play a critical role in the
process of tumor angiogenesis.

VEGF factors regulate endothelial cell proliferation, migration, and vascular permeability by
binding to their receptor tyrosine kinases such as VEGFR1, R2, and R3 [28]. However,
accumulating evidence shows that VEGFR2 is the crucial and main receptor mediating the
angiogenic and vascular permeability activity whereas VEGFR3 is mainly involved in the
lymph angiogenic activity [29]. In angiogenesis during pancreatic cancer, VEGFR2
activation leads to the activation of diverse intracellular signaling in endothelial cells and
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regulates multiple critical steps by phosphorylating different downstream substrates, which
results in pancreatic cancer metabolism, growth, proliferation, and survival [30].

The principle form of VEGF is the homodimeric glycoprotein VEGF-A. VEGF-A consists
of five major isoforms, all of which act as anti-apoptotic agents, possess vasodilatory
abilities, and promote endothelial cell migration and proliferation via binding with to their
tyrosine kinase receptors, VEGFR-1 (flt-1) and VEGFR-2. The biological effect of VEGF-A
is exerted through its interaction with the cell surface receptors that include VEGFR-1 and
VEGFR-2, which are selectively located on vascular endothelium and are upregulated
during angiogenesis. The VEGF-A–VEGFR-2 interaction also plays a critical role in
pancreatic cancer angiogenesis through the coordinate signaling of endothelial cell
proliferation, migration and the recruitment of endothelial cell progenitor cells.

A number of studies [31] have shown that the increased expression of VEGF, a potent
mitogen for endothelial cells at the primary site, is correlated with a poor prognosis for
pancreatic cancer. Conversely, VEGFR1 contains a classical tyrosine kinase domain;
however, the primary function of VEGFR1 may be as a negative regulator in vascular
development [32].

Recently, an anti-VEGF antibody (bevacizumab), when used in combination with
chemotherapy, was shown to significantly improve the survival and response rates in
patients with metastatic colorectal cancer; this finding validates the importance of VEGF
pathway inhibitors as a new treatment in cancer therapy [33].

Fibroblast Growth Factor (FGFs)
Fibroblast growth factors (FGFs) comprise a family of 22 members that play important roles
during embryogenesis and adulthood, and FGFs regulate many cellular behaviors including
proliferation, migration, survival, and differentiation.

The FGF family includes factors such as FGF-1, FGF-2, FGF-5, FGF-7, and FGF receptors
are regulated in pancreatic cancer tissue samples and cell lines [34]. These findings suggest
that FGF-dependent downstream biologic events are likely to play an important role in the
pathobiology of pancreatic cancer.

FGFs stimulate endothelial cell proliferation and migration and the production of
collagenase and plasminogen activator. FGFs induce development of blood vessels in vivo
in the chick chorioallantoic membrane and cornea, thus supporting their role in
angiogenesis.

FGFs are mitogenic, promote angiogenesis and chemotaxis, and participate in the regulation
of cellular differentiation and tissue repair. Acidic and basic fibroblast growth factors (aFGF
or FGF1 and bFGF or FGF2, respectively) are described as inducers of angiogenesis [35].

PATHOLOGICAL ALTERATIVE NERVES
Perineural invasion (PNI) is the process of the cancer cell invasion of nerves and is a special
metastatic route in pancreatic cancer. Pancreatic cancer is characterized by a high frequency
of PNI. It is estimated that more than 90% of patients have intra-pancreatic nerves that have
been infiltrated by tumor cells, and 69% of these infiltrations involve the extra-pancreatic
nerve terminations. Previous articles have reported that 100% of pancreatic tumors would
reveal PNI if enough sections were evaluated [36]. PNI is a common but not specific feature
of pancreatic carcinoma. Tumor cells in the peripheral space grow in a continuous fashion
and may be responsible for some cases of lymphatic spread [37,38].
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Kayahara et al. used histopathology to investigate many consecutive sections (almost 5000)
of tumor specimens; the study revealed that tumor cells grew mainly in a continuous fashion
along the branches of the nerves [38]. Continuity was found between cancer cells within the
perineural space and the cancer cells inside some lymph nodes. This finding suggests that
neural invasion might also be a pathway that could eventually lead to lymphatic spread.
Thus, PNI can be viewed as an important pathway to metastasis. In pancreatic tumors, nerve
plexus invasion is regarded as one of the most important prognostic factors for pancreatic
cancer [39].

The mechanism of PNI in pancreatic cancer is not clear. It can be partly explained by the
anatomical proximity of the pancreatic and celiac artery neural plexus. The human pancreas
has plenty of neural tissue including ganglia; the pancreas is innervated by the autonomic
nervous system through the plexi from the celiac and superior mesenteric artery ganglia
[40]. The perineurium is considered to be deficient at three sites: near the nerve ending, at
the site invaded by the blood vessels present in nerves, and at the site invaded by reticular
fibers [39, 41]. PNI has long been presumed to simply be the growth of the tumor cells along
a “path of low resistance”. The predominant theory behind the pathogenesis of PNI has been
that the tumor cells spreading along neural sheaths are privileged to a low-resistance plane,
which serves as a route for their migration. Once the tumor cells get into the nerve sheath,
they may be in a privileged growth environment that facilitates metastasis, but the multiple
layers of collagen and basement membrane that compose the nerve sheath make access to
this path anything but low-resistance. The reason that some carcinomas exhibit a
predilection for PNI and that others do not remains unknown [42].

Another possible explanation of PNI in pancreatic cancer is neurotropism. Advanced
pancreatic cancer with PNI expresses many types of neuroendocrine markers including
S-100, synaptophysin, substance-P, enkephalin, and neural cell adhesion molecules
(NCAM) [43]. Recently, studies have demonstrated that PNI may involve reciprocal
signaling interactions between the tumor cells and the nerves, and these invading tumor cells
may have acquired the ability to respond to proinvasive signals within the peripheral nerve
milieu [42]. In an in vitro model of PNI, directional outgrowth of mouse dorsal root ganglia
(DRG) was seen growing toward prostate tumor cells and migrated along the neurites thus
establishing PNI [44]. Similarly, in pancreatic cancer, tumor cells experienced early
morphologic changes at the migration front, and neural cells that elongated neurites
targeting tumor cells eventually leading to malignant cells around the neuritis [45, 46].
These findings reveal a mutual tropism and paracrine interaction between neurons and
cancer cells. Nerves provide a prosperous environment for tumor growth, and the interaction
provides a positive influence on the growth of both the nerves and the tumor.

Some neurotrophic factors secreted by the nerves enhanced the cancer–nerve interaction,
which provides the biological and physical parameters that would explain their frequent and
intimate relationship [47, 48]. Several neurotrophins including nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) have been implicated
in promoting tumor cell invasion and may be key mediators in the pathogenesis of PNI [49–
51] (Fig. (3)).

Neurotrophin
The neurotrophin (NT) growth factor family, which includes NGF, BDNF, NT-3, NT-4/5,
and their cognate receptors (Trks A, Trks B, Trks C, and the low-affinity NGF receptor,
p75NGFR), has been implicated in the paracrine growth regulation of a number of neuronal
and non-neuronal tumor types. NTs have also been shown to increase tumor invasiveness,
enhance clonal growth, and cause changes in the cell morphology in some kinds of non-
neuronal cancer types including melanoma, prostatic, and pancreatic carcinoma [50–52].
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NGF that is released from the neural tissue may stimulate epithelial cancer cell growth and
may mediate nerve invasion through its interaction with TrkA, an NGF-specific receptor;
binding of NGF to TrkA leads to the activation of the p44/42 MAPK signaling pathway and
the upregulation of MMP-2, a proinvasive mediator. NGF and its receptor TrkA are
overexpressed in pancreas cancer cell lines and the perineurium of peripheral nerves [53].

Glial Cell-Derived Neurotrophic Factor
In pancreatic cancer, members of the glial cell-derived neurotrophic factor (GDNF) family
promote both pancreatic cancer invasion of peripheral nerves and the growth and survival of
cancer cells [54–56]. In a recent study, it was reported that GDNF is over-expressed in
specimens of human neural plexi, and multiple pancreatic cancer cell lines express the RET
protein tyrosine kinase receptor for GDNF [56]. GDNF-secreting glioma cells have been
reported to increase the migration of pancreatic cancer cells in a dose-dependent fashion,
suggesting both a chemotactic effect and a chemokinetic effect of GDNF on tumor cells
[56]. Furthermore, GDNF can increase the expression and activity of MMP-9 [57].

Neural Cell Adhesion Molecules
Neural cell adhesion molecules (NCAMs), homophilic adhesion molecules expressed on the
nerve cells, have been examined in 15 pancreatic cancer resection specimens, including in
neural invasive lesions [58]. NCAMs play critical navigation and docking roles by binding
to the target cells during the growth and development of the nervous system. NCAM is
highly expressed in the peripheral nerve tissue. Evidence suggests that PNI is correlated
with NCAM expression, indicating that NCAM molecules on the surface of cancer cells
might induce the cancer cells to migrate and adhere to nerve cells after the tumors breach
their capsules [59]. Recent evidence demonstrates that the activation of the proto-oncogene
K-Ras in pancreatic cancer cells could induce the upregulation of polysialic acid neural cell
adhesion molecule (PSA-NCAM) on tumor cell surfaces. PSA-NCAM could bind to N-
cadherin and block N-cadherin mediated cell adhesion, which could increase the ability of
the pancreatic cancer cell to migrate and could facilitate tumor cell metastasis to nerve tissue
[60].

G-CSF and GM-CSF
Recently, high levels of the hematopoietic colony stimulating factors G-CSF and GM-CSF
have been found in pancreatic biopsy specimens, and the expression of their receptors (G-
CSFR and GM-CSFRa) on pancreatic nerve cells indicates that these cytokines may play a
role in tumor–nerve interactions and, importantly, in tumor-induced pain [61]. The presence
of hematopoietic factors in the tumor microenvironment is a very common finding, and
hematopoietic factors are known to act on both myeloid and tumor cells, which stimulates
the proliferation of the cells [62].

Myelin-Associated Glycoprotein
Myelin-associated glycoprotein (MAG) is a membrane-bound protein expressed by
myelinating Schwann cells in the periaxonal membrane. On Schwann cells, MAG binds
both to gangliosides on the axons and to the mucin, MUC1, expressed by pancreatic tumor
cells [63]. Laminin-5 released from the cancer cells has been reported to correlate with PNI
in head and neck squamous carcinomas, which supports the hypothesis that the deposition of
basement membrane components may be required in the process of nerve invasion [64].

Chemokines
A recent study indicated that tumor cells from human pancreatic cancers strongly upregulate
the chemokine receptor CX3CR1, which is not expressed in the normal pancreatic
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epithelium, and that the CX3CL1/CX3CR1 axis mediates PNI in pancreatic cancer [65].
CX3CR1 exclusively binds the transmembrane chemokine CX3CL1 (also known as
fractalkine or neurotactin) expressed by neurons, nerve fibers and activated endothelial cells
[66–69]. CX3CR1+ pancreatic ductal adenocarcinoma (PDAC) tumor cells migrate in
response to the ligand CX3CL1 and specifically adhere to neural cells. To determine the
relationship between the high CX3CR1 expression by tumor cells and neural tropism, a
systematic evaluation of perineural invasion was performed. High expression of the receptor
was significantly associated with pathologically detected prominent PNI. The biological
significance of PNI and the expression of CX3CR1 in pancreatic cancer were investigated in
the clinical outcome of the patients. Higher CX3CR1 expression and perineural invasion
were strongly associated with local and earlier tumor recurrence. Thus, CX3CR1 expression
by cancer cells is an independent factor predicting local tumor recurrence in resected
pancreatic carcinoma patients [65].

ECM
One of the most important features of PDAC is the development of the desmoplastic
reaction around tumor cells; this phenomenon is mainly due to excess ECM production,
which is mainly produced by the activated pancreatic stellate cells [70–72]. The ECM,
which is composed of collagens, noncollagenous glycoproteins, glycosaminoglycans,
proteoglycans, proteinases, growth factors, and matricellular proteins, is an important
component of the tumor microenvironment. Koninger et al. has described that malignant
cells can alter the composition of the ECM and transform their microenvironment in a
tumor-favorable way. Although some studies focus on the tumor's impact on its
microenvironment [73], much research focuses on the reverse effect: the ability of the
surrounding microenvironment to influence the tumor. The ECM is one of the main
constituents of the tumor microenvironment; however, it has been thought that the dense
ECM around pancreatic cancer cells may represent a host barrier against malignant invasion
[74]. Accumulating evidence shows that the ECM is an important component that regulates
the biological behaviors of pancreatic cancer such as tumor growth, differentiation, survival
and motility [75, 76] (Fig. (4)).

Collagens
Collagens are the main ingredients of the ECM. Abnormal expression of type I collagen, the
predominant component of the desmoplastic reaction on pancreatic cancer cells, facilitates
the malignant phenotype of pancreatic cancer cells and promotes gemcitabine resistance [77,
78]. The activation of α2β1 integrin, which is mediated by type I collagen, can promote
pancreatic cancer cell proliferation and migration and contributes to the generation of the
malignant phenotype [79]. Work done by Yasushi S and his colleagues revealed that type I
collagen can activate the c-Jun-NH-2–terminal-kinase-1 and upregulate N-cadherin
expression to promote pancreatic cancer metastasis [80]. Studies also show that type I
collagen can modulate the expression of Snail and E-cadherin; both of these proteins are
important transcription factors of the epithelial-mesenchymal transition (EMT) process,
which results in the increased invasion of pancreatic cancer cells [81,82]. Type IV collagen
may be a useful biomarker to evaluate pancreatic cancer prognosis and to predict the effect
of pancreatic cancer treatments [83].

Glycoproteins
Pancreatic cancer cells with high levels of laminin γ2 expression that are associated with
long nerve invasion reveal an important role for laminin γ2 in nerve invasion[84].
Laminin-1 adheres to α6β1 integrin, and it can induce CXCR4 and IL-8 expression, which
may play a mechanistic role in pancreatic cancer metastasis [85, 86].
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Proteoglycans
Proteoglycans, which are abundantly present in normal and neoplastic tissues, can modulate
paracrine growth factor signaling events both directly and indirectly [87]. Versican, a
member of the proteoglycan family, can regulate the cell adhesion, survival, proliferation,
and migration of cancer cells in pancreatic carcinoma [88, 89].

Proteinases
Before the invasion and distant metastasis can occur, cancer cells must degrade the
surrounding basement membrane; this process largely relies on the role of proteinases,
especially the matrix metalloproteinases (MMPs). MMPs are zinc-dependent proteinases
that are frequently expressed in cancer; MMPs play important roles in tumor growth and
invasion, and they are positively correlated with a poorer prognosis and shorter patient
survival time in pancreatic ductal adenocarcinoma.

Some data suggest that the activation of MMP-2 and MMP-9 plays an key role in cancer
invasion and metastasis by digesting the ECM and potentially aiding in the development of
the desmoplastic reaction in pancreatic cancer [90–93]. RNA interference targeting MMP-2
may be an effective therapeutic strategy for cancer [94]. MMP-7 is a member of the MMP
family, and overexpression of MMP-7 may be involved in oncogenesis and degradation of
extracellular matrix and is thought to promote the subsequent invasion of pancreatic cancer
cells [95, 96]. MMP-21, which may be upregulated by EGF, is a marker of differentiation,
and MMP-26 expression is associated with metastases in pancreatic cancer [97]. Johnson et
al. demonstrated the role of human kallikrein 7 (hK7), a serine protease with aberrant
expression in pancreatic cancer, in cell invasion by showing hK7’s ability to cleave E-
cadherin [98].

Matricellular Proteins
Thrombospondin-1 (TSP-1) and TGF-β1 can upregulate the urokinase plasminogen
activator (uPA) and its receptor (uPAR) and promote pancreatic tumor cell invasion [99]. In
a study by Tobita et al., TSP-1 was found to play an important role in cancer cell growth and
metastasis, and its immunoreactivity was found to act as a good prognostic predictor of
human pancreatic cancer [100]. Thrombospondin-2 (TSP-2), a secreted extracellular matrix
glycoprotein released by tumor-derived pancreatic stellate cells, stimulated the spread of
pancreatic cancer [101]. Increased levels of MMP-2 found in TSP-2-null fibroblasts
revealed a different role for TSP-2 in cancer; this conflicting result may be due to the
different sources of cancer cells [102].

Tenascin-C (TNC), synthesized by pancreatic stellate cells, is upregulated in pancreatic
cancer and potentially promotes pancreatic cancer progression [103, 104]. It has also been
reported that TNC expression correlates with cell differentiation [105]. Fibronectin and
laminin can stimulate reactive oxygen species (ROS) production and thus increase
pancreatic cancer cell survival [106]. Recent data by Wu have demonstrated that laminin-
induced FAK phosphorylation led to the increased chemoresistance to gemcitabine in
pancreatic cancer cell lines [107]. The overexpression of fibrinogen (FBG), a central protein
in the hemostasis pathway, induced cytokine and collagen production, which contributed to
the desmoplastic reaction in pancreatic cancer [108–110].

Clearly, the articles mentioned above do not cover all the details of the ECM; these papers
studied the extensively researched components of the ECM that are altered in pancreatic
carcinoma microenvironments and produce various effects on tumor biological behaviors
during cancer development. Hence, the ECM components may be effective targets for
pancreatic cancer therapeutic strategies.
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INFLAMMATORY CELLS
The relationship between inflammatory cells and tumors has been highlighted in recent
years. Recent data have shown that inflammation is a critical constituent of the tumor
microenvironment and that it plays an important role in carcinogenesis, tumor proliferation,
angiogenesis, metastasis and resistance to chemotherapy [111, 112]. Evidence suggests that
pancreatic inflammation may be involved in the progression of pancreatic malignancy [113,
114]. Inflammation is mainly mediated by cytokines, most of which are produced by the
cancer cells and inflammatory cells. Here, we will review the cytokines involved in
pancreatic cancer that may play key roles in the progression of the tumor.

Tumor Necrosis Factor (TNF)
Tumor necrosis factor, a cytokine involved in systemic inflammation, possesses a wide
range of proinflammatory actions. Although its anticancer and cancer-promoting effects
have be studied in the past [115], it is still used as anticancer agent. Here, we discuss its
effects on pancreatic cancer. Human pancreatic tumor cells are highly resistant to TNF;
however, the delivery of TNF to HER-2/neu expressing pancreatic tumor cells may be an
effective therapy for pancreatic cancer especially when utilized in combination with 5-
fluorouracil (5-FU) [116]. Tumor necrosis factor-alpha (TNF-α) is the most frequently
mentioned member of TNF family; its anti-tumor activity is undermined by the activation of
I-kappa-B-alpha kinase (IKK), which in turn activates nuclear factor-κB (NF-κB) to help
cancer cells survive; a specific inhibitor or small interfering RNA against IKK improves the
anticancer efficacy of TNF-α [117].

Another report showed that TNF-α induces claudin-1 expression and is thus responsible for
the proliferation of pancreatic cancer cells [118]. The combination of human TNF-alpha and
gemcitabine may be a potentially useful therapeutic approach for the improved treatment of
pancreatic cancer [119]. Preoperative chemoradiation using TNFerade, a replication
deficient adenovirus vector carrying the human TNF-α gene, may be a promising
therapeutic strategy for advanced pancreatic cancer surgical resection [120].

Interleukins
The interleukins (ILs) are a class of cytokines that act to stimulate, regulate, or modulate
lymphocytes such as T cells. Recent investigations have demonstrated that ILs, which can be
produced by inflammatory cells, can also modulate the behavior of cancer cells. Although
some interleukins, such as IL2, exert antitumor effects [121, 122], most members of this
family have tumor-promoting effects; here, we review the complex roles of this family.

IL-1α plays an important role in metastasis through the constitutive activation of NF-κB.
Thus, blocking IL-1α is a potential novel therapeutic strategy for treating pancreatic
adenocarcinoma [123, 124]. Mononuclear cell-derived IL-1β stimulates the expression of
cyclooxygenase-2, which contributes to chemoresistance in pancreatic cancer cells [125,
126]. IL-4 may enhance the growth of several pancreatic cancer cell lines in a dose-
dependent manner, and this effect can be inhibited by neutralizing IL-4 antibodies [127].
The use of the IL-4-Pseudomonas exotoxin targeting IL-4 receptors is an effective therapy
for pancreatic cancer [128]. IL-8, which was originally discovered as a chemotactic factor
for leukocytes, plays an important role in tumor angiogenesis and contributes to the
aggressive biology of human pancreatic cancer through its autocrine growth effects [129–
133]. Targeting IL-8 activity in combination with chemotherapeutics may be an effective
pancreatic cancer therapy [134, 135]. IL-13, an autocrine growth factor expressed in human
pancreatic cancer, may cause immunosuppression in the host, and its expression correlates
with lymph node metastases. Both neutralizing IL-13 antibodies and IL-13-Pseudomonas
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exotoxin can be useful agents for PDA therapy [136–139]. It has been shown that 5-
fluorouracil can induce tumor cells to secrete biologically active IL-18, which has anti-
tumor effects [140]. IL-32, a recently described proinflammatory cytokine that is
upregulated in pancreatic cancer cells, may play an important role in pancreatic cancer
growth. The knockdown of IL-32 led to the decrease of the antiapoptotic proteins Bcl-2,
Bcl-xL, and Mcl-1 [141].

There are many other interleukins whose roles in CP remains unknown; more research is
needed to elucidate the mechanisms of interleukins during the development and progression
of pancreatic cancer.

Other Chemokines
Chemokines are a group of cytokines produced and released by a wide variety of cell types;
they play a crucial role in acute and chronic inflammation. The chemokine family is divided
into four groups: CXC, CC, C, and CX3C molecules. Their receptors are named CXCR,
CCR, XCR, CX3CR, respectively [142, 143]. Recent discoveries have also highlighted the
pivotal role of chemokines in the growth and progression of different cancers [144–147],
including pancreatic cancer. Definitive roles of the chemokines in the pathogenesis of
pancreatic cancer will provide a firm foundation for future therapies of pancreatic cancer.

CXCL12, the ligand for CXCR4, can induce the proliferation of pancreatic cancer cells; this
proliferation is mediated by both AKT and ERK signaling [148]. CXCL17 and intercellular
adhesion molecule 2 (ICAM2) are involved in immune surveillance by inducing infiltration
and accumulation in the tumor epithelial layer by immature myeloid dendritic cells during
pancreatic cancer development [149].

A study conducted by Matsuo Y and his colleagues demonstrates that the CXC/CXCR2 axis
promotes pancreatic cancer tumor-associated angiogenesis both in vitro and in vivo and that
this effect can be inhibited by targeted treatment against CXCR2 [150, 151]. CXCL8 and
CXCL12, produced by tumor cells and fibroblast cells, respectively, can synergistically
induce angiogenesis in vitro in pancreatic cancer [152].

Stromal cell-derived factor-1, a secretory product of pancreatic stellate cells, has been
suggested to cause the invasion of human pancreatic cancer cells by activating the SDF-1/
CXCR4 axis [153–155]. Therapeutic strategies targeting the SDF-1/CXCR4 or SDF-1/
CXCR7 pathways may represent a potential therapeutic intervention for PDA [156].
Zerumbone, a component of subtropical ginger that can inhibit CXCR4 expression, can
inhibit the CXCL12-induced invasion of pancreatic tumor cells [157]. CXCL14, a member
of the CXC chemokine family, is upregulated in pancreatic cancer tissues and is associated
with increased invasiveness of pancreatic cancer cells [158]. CXCL16 and its receptor
CXCR6 are both upregulated in pancreatic ductal adenocarcinoma (PDAC); CXCL16 and
CXCR6 have a major influence on the invasiveness of PDAC cells [159].

A previous study has demonstrated that the CXCL12–CXCR4 signaling pathway contributes
to drug resistance in pancreatic cancer cells; thus, the CXCL12–CXCR4 axis represents a
novel therapeutic target for pancreatic cancer therapy either in monotherapy or in
combination with other cytotoxic drugs [160]. Intratumoral injection of the CCL2
chemokine (C-C motif) promotes the infiltration of immune cells in cancers and may
become a tool for immunotherapy in pancreatic cancer [161]. Another study has shown that
CCL21, which also belongs to C-C motif chemokines, has a similar function as CCL2 [162].

Although it is now becoming clear that various cytokines are indispensable participants in
the neoplastic process and that they foster the proliferation, survival and migration of cancer

Li et al. Page 11

Curr Pharm Des. Author manuscript; available in PMC 2012 August 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells, the detailed mechanisms remain to be elucidated; the search for drugs that act on these
targets is still a challenge for cancer prevention.

CONCLUSION
In conclusion, the dense desmoplastic reaction is an important character of pancreatic
adenocarcinomas. The role of the stroma tissue in the initiation, maintenance and
aggravation of pancreatic cancer suggests that cancer-stroma interaction may be a promising
target for new therapeutic approaches for the treatment of pancreatic carcinoma.
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ABBREVIATIONS

PSC Pancreatic stellate cells

IGF-I Insulin-like growth factor-I

FGF Fibroblast growth factor

TGF-h1 Transforming growth factor-h1

PDGF Platelet-derived growth factor

VEGF Vascular endothelial growth factor

EMMPRIN ECM metalloproteinase inducer

bFGF Basic fibroblast growth factor

CAFs Cancer associated fibroblasts

FAP Fibroblast activation protein

Hh Hedgehog

Smo Smoothened

VEGF Vascular endothelial growth factor

PIGF Placenta growth factor

PNI Perineural invasion

NCAM Neural cell adhesion molecules

DRG Dorsal root ganglia

NGF Nerve growth factor

BDNF Brain-derived neurotrophic factor

NT Neurotrophin

GDNF Glial cell-derived neurotrophic factor

PSA Polysialic acid

MAG Myelin-associated glycoprotein

ECM Eextracellular matrix

EMT Epithelial-mesenchymal transition
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MMPs Matrix metalloproteinases

hK7 Human kallikrein 7

TSP Thrombospondin

uPA Urokinase plasminogen activator

TNC Tenascin-C

ROS reactive oxygen species

FBG fibrinogen

TNF Tumor necrosis factor

5-FU 5-fluorouracil

TNF-α Tumor necrosis factor-alpha

NF-κB Nuclear factor-κB

IKK I-kappa-B-alpha kinase

ILs Interleukins

ICAM2 Intercellular adhesion molecule 2

PDAC Pancreatic ductal adenocarcinoma
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Fig. (1). Desmoplasia
The desmoplasia consisting of fibroblasts, pancreatic stellate cells, lymphatic and vascular
endothelial cells, immune cells, pathologic increased nerves, and ECM creates a complex
tumor microenvironment that promotes pancreatic cancer development, invasion, metastasis
and resistance to chemotherapy. Targeting the interaction between cancer and stroma in the
pancreatic tumor microenvironment may contribute to the design of new diagnosis
techniques and treatments for this disease.
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Fig. (2). The interaction between pancreatic cancer cells and PSC
Selected mediators and their effects on biological behavior changes are depicted.
Transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), and VEGF,
which are secreted by pancreatic cancer cells, are known to induce PSC activation. Under
the influence of these growth factors, PSCs are activated and transformed into a
myofibroblast-like phenotype; the PSCs then secret excess amounts of extracellular matrix
(ECM) and matrix degrading enzymes to remodel the cancer microenvironment.
Simultaneously, the transformation promotes their proliferation and migration capacity.
PSCs can also act on pancreatic cancer cells, which can affect their biological behavior.
PSCs have a marked influence on promoting cancer cell proliferation through PDGF.
Stromal-derived factor-1(SDF-1), EGF, IGF-1, or FGF, when secreted by PSCs, are also
likely to display mitogenic effects on cancer cells. EMMPRIN, which is secreted by cancer
cells, can increase the MMP-2 secretion by PSCs; MMP-2 has been associated with the
invasive phenotype of pancreatic cancer cell lines. Resistance to apoptosis might be related
to the increased expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL and of the
growth factors IGF-1 and FGF. Tumor-derived pancreatic stellate cells stimulate pancreatic
cancer cell invasion likely through the release of thrombospondin-2 and β1 integrins. PDGF
receptors of PSCs increase interstitial hypertension and reduce transcapillary transport in
tumors and thus influence the transcapillary transport of drugs. SDF-1 can also influence the
therapeutic outcome.
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Fig. (3). Paracrine regulation of pancreatic cancer cell invasion by peripheral nerves via NGF,
GDNF, and neurotransmitter
Peripheral nerves in a tumor’s microenvironment may influence the biological behavior of
cancer cells, which can contribute to tumor progression. Paracrine regulation of the
pancreatic cancer invasion by nerves may have important implications for potential therapy
directed against nerve invasion by cancer.
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Fig. (4). Excess extracellular matrix (ECM) production in pancreatic tumor microenvironment
From a histologic standpoint, the prominent stromal reaction in the pancreatic tumor local
microenvironment is one of the most remarkable characteristics of pancreatic cancers, and
the stroma is thought to be an active participant in the process of pancreatic cancer initiation,
progression, metastasis and chemoresistance. Increased deposition of the ECM, which is
mainly composed of collagens, glycoproteins, proteoglycans, proteinases, and growth
factors, is the culprit of this desmoplastic reaction. Most members of the ECM, including
collagens, fibronectins, and laminins, can bind to integrins, a large family of type I
transmembrane heterodimeric receptors that play key roles in downstream cell processes.
When several members of the ECM bind to integrins, they then cause the activation of
multiple downstream signaling cascades, which include the Src–FAK, Ras–MEK–MAPK,
and PI3K signaling pathways that control biological and cellular functions such as cell
adhesion, migration, proliferation, cell differentiation, and apoptosis. A more complete
understanding of the interactions between the altered ECM surrounding tumor cells and
pancreatic ductal adenocarcinoma will help to elucidate the mechanisms of tumor biological
behaviors and to develop new targets for pancreatic cancer prevention.
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