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Abstract
Pancreatic ductal adenocarcinoma (PDAC) has justifiably gained 

its notoriety. It is the fourth cause of cancer-related death in U.S.A, its 
incidence is constantly increasing whereas the prognosis is dismal 
with five year survival rates lower than 5%. These rates are interpreted 
by the rapid spreading of PDAC and absence of symptoms early in 
disease. Although surgery can be the only hope for cure, actually, only 
10-15% of patients are candidates for potentially curative surgical 
resection at presentation. Gemcitabine monotherapy has been the 
gold standard for locally invasive or metastatic disease while albumin-
bound paclitaxel (nab paclitaxel) in combination with gemcitabine and 
the multi-agent FOLFIRINOX (5-fluorouracil, oxaliplatin, irinotecan, 
leucovorin) are promising novel treatment options.  However, 
the limited clinical response of patients in the above regimens 
necessitates the discovery of new therapeutic perspectives. Recent 
studies emphasize the importance of tumor stroma in pancreatic 
adenocarcinoma.Pancreatic stellate cells (PSCs) are starring in this 
stroma and, through poorly defined mechanisms, orchestrate a fibro-
inflammatory reaction which contributes significantly to tumor 
formation, progression and chemoresistance.This review summarizes 
current knowledge about the complex interactions between PSCs and 
other components of tumor and how these affect the clinical course of 
disease. We also focus on novel therapeutic approaches which result 
from the increasing understanding of PSCs biology.
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Introduction
Despite unceasing research therapeutic efforts, mortality 

rates of pancreatic cancer remain unchanged over 30 years. 
Difficulty in early imaging detection, lack of specific biomarkers 
and prominent chemoresistance, all contribute to the devastative 
nature of PDAC [1]. Failure of existing treatments has shifted 
research on PDAC pathobiology. Interactions between stromal 
elements and cancer cells have been proven to be an essential 
part of cancer inception, growth, progression and immune 
surveillance.In pancreatic adenocarcinoma, the characteristic 
histological finding is the dense desmoplastic/fibro-inflammatory 
reaction surrounding the cancer cells. Pancreatic stellate cells are 
the prominent cell type in tumor microenvironment and seem to 
play a crucial role in the formation of this fibrotic stroma [2, 3].

Pancreatic stellate cells: the silent force
In healthy pancreatic tissue, PSCs are quiescent and are found 

in minimal numbers, mainly in interlobular and in interacinar 
regions. Their shape is usually triangular, they have cytoplasmic 
lipid droplets containing auto-fluorescent vitamin A stored 
as retinyl palmitate and long cytoplasmic extensions. Their 
differentiation from fibroblasts results from the expression of 
vimentin, nestin, desmin, glial fibrillary acid protein (GFAP) as 
well as neural cell adhesion molecule (NCAM) and nerve growth 
factor (NGF) [3, 4]. Normally, they are characterized by a low 
mitotic index and low synthesis capacity of extracellular matrix. 
However, in the setting of tissue injury, PSCs are activated, 
lose their vitamin A droplets and adopt a myofibroblast-like 
phenotype. Growth factors, cytokines and oxidative stress are 
known to activate  PSCs. Among these stimuli, PDGF, ethanol, 
TGF-a, TGF-b1, hypoxia, sonic hedgehog signaling pathway, 
activin A, b-FGF, TNF-a, IL-1, IL-6, IL-10, fibrinogen, EMMPRIN, 
endothelin-1 and angiotensin II are of utmost importance [4, 
5, 6].The major stimuli which activate PSCs are summarized 
in Figure 1.The activated PSCs, which are indentified by the 
expression of α-smooth muscle actin (α-SMA), demonstrate 
a high mitotic index, increased migratory properties and 
an ability to produce large amounts of extracellular matrix 
proteins. Once activated, they express PDGF receptors, TGF-b 
receptors and ICAM-1 [4]. The synthesis of collagen types I, 
III, IV(angiogenesis, invasion, metastasis, chemoresistance), 
FAP-a(ECM remodelling), TIMP-1/2(matrix degradation, cell 
survival), fibronectin(cell survival, chemoresistance), decorin 
(antiproliferative effect toward pancreatic cancer cells), MMP-
2 & MMP-9 (ECM degradation, invasion), periostin (cancer 
cell survival, invasion, chemoresistance), SPARC (invasion, 
metastasis), tenascin C(invasion, metastasis), thrombospondin-2 
(invasion) is increased[7].Growth factors (PDGF, FGF, CTGF, 
TGF-b1), cytokines (TNF-a, IL-1b, IL-6, IL-8, RANTES, MCP-1) and 
endothelin-1 are also secreted [4,7].

Interactions with pancreatic cancer cells: an 
insidious alliance

The interaction between PSCs and neoplastic cells 
is undoubtedly a complex one involving many different 
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interconnecting pathways, while the degree of clinical importance 
of each pathway is yet to be fully revealed. In vivo and in vitro 
studies have demonstrated that when pancreatic cancer cells are 
combined with PSCs, the neoplasia evolves more aggressively 
concerning the size of the tumor, the degree of stromal reaction, the 
invasive and metastatic potential [6].The TGF-β family, strongly 
related to the PSCs, has been found to be consistently mutated 
in at least one locus in PDAC patients. PDAC cells stimulate PSCs 
via secretion of various growth factors, including TGF-β, HGF, 
FGF, and EGF, with TGF-β being predominant. Another recent 
study showed that upregulation of COX-2, HAS2, and MMP-1 was 
found to be associated with increased PDAC invasiveness in a 
cancer cell-fibroblast co-culture. Additionally, Sonic Hedgehog 
(SHH) also found to be linked to the desmoplastic reaction 
around PDAC, stimulating PSCs via a paracrine mechanism, 
which promotes epithelial-to-mesenchymal transition (EMT), 
proliferation, and invasive potential. PSCs are known to play a 
key role in induction of epithelial to mesenchymal transition 
(EMT). EMT results in cancer cell dissociation from their origin, 
increased migration and a more malignant phenotype. The 
expression of membrane-associated β-catenin, cytokeratin-19 
and E-cadherin is shown to be decreased whereas Snail-1 and 
vimentin expression is increased [8].Other studies revealed that 
PDGF secretion from the PDAC cells yield a chemotactic effect 
on PSCs and that PSCs also inhibit hydrogen peroxide-induced 
apoptosis, prolonging the PDAC cells survival [9].  Very recently, 
the relationship of Wnt2 protein that is secreted by the activated 
PSCs has come to light, showing that increased levels of Wnt2 
correlate with enhanced migration, invasion, and metastasis of 
PDAC cells via activation of the classic Wnt/β-catenin pathway 
[10]. PSCs also promote neoplastic cell invasion via the complex 
role of FGF family and its receptors. Overexpression of FGF/
FGFR in neoplastic cells has been associated with poor prognosis 
in PDAC, but the relationship of PSCs and FGF/FGFR has not 
been thoroughly investigated, although one recent study has 
enlightened their interplay, suggesting that prevention of FGF/
FGFR mediated proliferation and invasion in PSCs can lead to 
disruption of the PDAC microenvironment, thus preventing to 

some degree the invasion of neoplastic cells [11]. Furthermore, 
the role of micro-RNAs regarding PDAC microenvironment and 
desmoplasia has also been studied. Upregulation of miR21/
miR221 was found in PSCs of patients with PDAC, compared 
to PSCs derived from normal pancreas. Moreover, in vitro 
therapeutic targeting of these miRNAs seemed to be of clinical 
importance, reducing the likelihood of PDAC progression [12].
The relationship of fibroblast activating protein (FAP) with 
PDAC stroma and especially PSCs has recently been found to be 
of considerable prognostic significance, with higher expression 
of FAP in stage IIB than in stage IIA patients [13]. Additionally, 
the role of periostin, also known as osteoblast-specific factor 2, 
a protein expressed exclusively by the activated PSCs, has been 
recently suggested to correlate with PDAC increased proliferation 
and enhanced resistance to starvation and hypoxia, therefore 
contributing to the PDAC further development [14].Recently, in 
vivo and in vitro studies tried to evaluate the role of sphingosine-
1-phosphate (S1P) which is often implicated in tumor growth via 
yet incompletely understood mechanisms. The studies showed 
that the enzyme that produces S1P, namely sphingosine kinase 
1, was overexpressed in PDAC cells, leading subsequently to 
activation of PSCs. The activated PSCs released paracrine factors, 
including matrix-metalloproteinase-9, which further promoted 
PDAC cell migration and invasion [15].

Interactions with other stromal components
Besides the prominent role of PSCs-PDAC interaction in PDAC 

progression, the complicated cross-talk between PSCs and the 
other stromal components seems to crucially affect the course of 
PDAC. The physiologic antitumorigenic immunological response 
is hindered by the immunosuppressive nature of PSCs. A recent 
study investigated this immunosuppressive activity, finding 
increased expression of IP-10/CXCL10 chemokine, induced by 
the PDAC cells in the PSCs. This overexpression subsequently led 
to enhanced intratumoral activity of T regulatory cells, with their 
known immunosuppressive role [16]. In addition, galectin-1 
derived from PSCs, was found to enhance apoptosis and anergy 
of T cells in PDAC patients, further contributing to the escape 

Figure 1: Major stimuli that activate pancreatic stellate cells. Based on the information provided by references.
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of immune surveillance [17].The association of extracellular 
matrix (ECM) with the actions of PSCs has also been investigated. 
Transgelin expression was significantly increased in activated 
PSCs vs. quiescent PSCs, and silencing of transgelin was linked 
to decreased PSCs proliferation and migration [18]. Furthermore, 
the characteristic perineural invasion in PDAC patients, seems 
to be strongly influenced by the PSCs. Overexpression of Sonic 
Hedgehog (SHH) in neoplastic cells is an important marker of 
PDAC biological activity, including perineural invasion. This 
overexpression stimulates via a paracrine route the hedgehog 
pathway in PSCs, promoting the migration of the neoplastic cells 
along nerve axons, therefore contributing to their perineural 
invasion [19]. 

Role of PSCs in early carcinogenesis
Tumor progression into malignant state is characterized 

by the ability of tumor to invade the surrounding tissue and 
disseminate via lymphatic and blood vessels. At the earliest 
stages of carcinogenesis, a distinct stromal reaction around PanIN 
(pancreatic intraepithelial neoplasia) lesions has been described. 
This reaction, which comprises extensive collagen deposition 
and abundant a-SMA positive activated PSCs, led finally to 
pancreatic cancer development in a mouse model overexpressing 
Kras [3].Further data, supporting the idea that PSCs are activated 
early in carcinogenesis process, emanate from the observation 
of periostin (solely expressed by PSCs) in intraductal papillary 
mucinous neoplasms of pancreas [3].As mentioned above, PSCs 
are the main source of MMPs, TIMPs and other proteins that 

promote metastasis. In particular, expression of the stromal 
marker SPARC and surface marker CD10 by pancreatic stellate 
cells stimulates tumor progression and migration [7]. Moreover, 
there is evidence proposing that PSCs are capable of migrating 
to the metastasis site early and carrying out an important action, 
which is to facilitate implantation, survival and proliferation 
of the metastatic cancer cells [20].In Figure 2, the associations 
between PSCs, cancer cells and stromal components, all of which 
contribute to cancer progression, are illustrated.

Chemoresistance and radioresistance in PDAC is 
mediated by PSCs

One of the well-documented features of pancreatic 
cancer is its resistance to chemotherapeutic regimens and to 
radiotherapy. The dense stromal environment around cancer 
cells is strongly involved in this resistance. The desmoplasia 
provides a mechanical protective barrier to the cancer cells as 
high expression of collagen types I, III, IV, fibronectin, laminin 
and hyaluronic acid in PDAC stroma correlates with decreased 
cytotoxicity of anticancer drugs. Activated stellate cells can 
also express ligands for β1-integrins which have been shown to 
mediate radioresistance in tumor models. Lunardi et al. suggest 
that inhibition of the β1-integrins/FAK signaling pathway is a 
potential therapeutic strategy to ameliorate the radiosensitivity 
of PDAC [7]. In addition to this, PSCs appear to contribute 
to the hypovascular and hypoxic microenvironment found 
characteristically in pancreatic cancer. The fibrotic reaction 
facilitates the so-called growth-induced solid stress (GISS) 

Figure 1: Major stimuli that activate pancreatic stellate cells. Based on the information provided by references.
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resulting in distortion of intratumoral vasculature, which in 
turn causes hypoxia and increased interstitial pressure; both 
intensify chemoresistance. Fibrosis is in turn stimulated by 
hypoxia establishing a self-perpetuating hypoxia-fibrosis cycle. 
This promotes EMT and genetic instability of cancer cells while 
at the same time drug delivery is impaired [5]. Importantly, 
recent publications have demonstrated that PSCs may enhance 
the stem-like phenotype of cancer stem cells and, through this 
mechanism, can drive self-renewal and chemoresistance of 
cancer cell population [21].Finally, Cabrera et al.showed that PSCs 
survived in vivo in patients treated with full-dose gemcitabine 
plus concurrent hypo-fractionated stereo-tactic radiosurgery 
[22]. Indeed, they displayed a more activated phenotype post-
therapy. All the above data underlie the significant role of PSCs 
in rendering the pancreatic cancer refractory in standard non-
surgical therapies. 

Targeting PSCs- current and future treatment 
strategies

The recently emerging information about the crucial role of 
PSCs in PDAC pathobiology has offered new potential therapeutic 
targets. The role of vitamin D receptor ligand calcipotriol 
has been investigated, through its action as a transcriptional 
modulator in activated PSCs, reprising their quiescent state, and 
thus leading to stromal remodelling, more effective gemcitabine 
chemotherapy, and a 57% survival prolongation compared to 
chemotherapy alone [23]. Besides that, retinoic acid has also been 
utilized, targeting cancer-associated fibroblasts (CAFs), leading 
to inhibition of PDAC cell migration and EMT via downregulation 
of IL-6 [24]. Cyclopamide also showed promising results, through 
its potent inhibitory role in the SHH pathway in PSCs and PDAC 
cells, resulting in disruption of the stroma and simultaneous 
enhancement of radiation therapy [25]. Additionally, another 
publication relying upon the shared characteristics of PSCs with 
monocyte-macrophage lineage cells, tested nitrogen-containing 
bisphosphonates as a potential PSCs inhibitory treatment, 
which were also found to enhance nanoparticle nab-paclitaxel, 
when combined [26]. Most recently, Kozono et al. showed that 
administration of pirfenidone, an anti-fibrotic agent, in models 
of PDAC decreased the growth of tumors through reduction of 
PSCs activity and through interruption of PCCs and PSCs cross-
talk [27]. Angiotensin inhibition has also been proposed as 
an attractive therapeutic target. Masamune et al. report that 
olmesartan, an angiotensin IItype 1 receptor blocker, restricted 
PSCs stimulation and, consequently, tumor progression [28]. 
Last but not least, nab-paclitaxel or Abraxane has generated 
great interest. It is postulated that albumin-bound nab-paclitaxel 
selectively accumulates in pancreatic stroma via its binding to 
SPARC, acts to deplete PSCs and desmoplastic stroma, enhances 
intratumoral perfusion and improves drug delivery to tumor 
tissue [29].

Conclusion
In conclusion, the complex interactions among PSCs, 

stromal components, and PDAC cells results in a wide variety of 

modulatory actions that lead to different pathological outcomes. 
The prominent role of PSCs in almost all the components of PDAC 
progression is currently being established by an augmenting 
number of studies. Further research of the exact interconnecting 
pathways that clarify the correlation between PSCs and PDAC, 
will shed light to the obscure nature of this malignancy, providing 
simultaneously novel therapeutic targets for evaluation.
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