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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) constitutes one of the most challenging lethal tumors and has 
a very poor prognosis. In addition to cancer cells, the tumor microenvironment created by a repertoire 
of resident and recruited cells and the extracellular matrix also contribute to the acquisition of hallmarks 
of cancer. Among these factors, cancer-associated fibroblasts (CAFs) are critical components of the 
tumor microenvironment. CAFs originate from the activation of resident fibroblasts and pancreatic 
stellate cells, the differentiation of bone marrow-derived mesenchymal stem cells and 
epithelial-to-mesenchymal transition. CAFs acquire an activated phenotype via various cytokines and 
promote tumor proliferation and growth, accelerate invasion and metastasis, induce angiogenesis, 
promote inflammation and immune destruction, regulate tumor metabolism, and induce 
chemoresistance; these factors contribute to the acquisition of major hallmarks of PDAC. Therefore, an 
improved understanding of the impact of CAFs on the major hallmarks of PDAC will highlight the 
diagnostic and therapeutic values of these targeted cells. 
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Introduction 
Pancreatic ductal adenocarcinoma (PDAC), 

which is among the most lethal tumors and has a very 
poor prognosis, constitutes the fourth most common 
cause of cancer-related death in the United States. The 
American Cancer Society estimates that there will be 
approximately 55,440 new cases of pancreatic cancer 
and approximately 44, 330 new deaths in 2018 [1]. 
Patients with precancerous lesions and early PDAC 
typically exhibit no obvious symptoms [2]. 
Accordingly, owing to a lack of appropriate methods 
of early diagnosis, only 20% of patients are diagnosed 
at an operative stage, contributing to the poor survival 
rate of only 8% over five years, as reported by the 

most recent SEER database from 2007-2013 [3]. 
The tumor microenvironment (TME) is 

considered to play a crucial role in tumor 
proliferation, progression, invasion, metastasis, 
angiogenesis, metabolism, immunosuppression and 
chemoresistance. The TME comprises the extracellular 
matrix (ECM) as well as cellular components, 
including cancer-associated fibroblasts (CAFs), 
cancer-associated macrophages, immune 
inflammatory cells, and local or bone marrow-derived 
mesenchymal stem cells (MSCs), all of which 
communicate with cancer cells at different levels, 
affecting tumor prognosis and offering novel 
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therapeutic targets (Figure 1A). PDAC is 
characterized by the existence of an ample 
desmoplastic stroma, which constitutes up to 90% of 
the tumor volume [2, 4, 5]. It is generally accepted that 
CAFs are crucial for the formation of the desmoplastic 
stroma; these cells promote tumor progression and 
metastasis, and might also be implicated in 
chemoresistance and immunosuppression [4, 6]. In 
this review, we discuss some novel discoveries related 
to CAFs in PDAC to illustrate the impact of CAFs on 
the major hallmarks of PDAC (Table 1), and highlight 
promising directions for future research. 

Sources of CAFs  
CAFs are characterized by their diverse origins, 

including the activation of resident fibroblasts and 
pancreatic stellate cells (PSCs), the recruitment and 
differentiation of bone marrow-derived MSCs and 
epithelial-to-mesenchymal transition (EMT) (Figure 
1B). In particular, EMT involves processes related to 
cellular plasticity, including the loss of epithelial traits 
and the acquisition of mesenchymal characteristics 
and cancer stem cell traits [7]. Primary and metastatic 
tumors actively attract MSCs from the bone marrow 
and other sites where they become CAFs and 
contribute to the TME [8]. The most prominent source 
of CAFs in PDAC is PSCs, the resident mesenchymal 
cells of the pancreas, which were found to be the main 
source of collagen in the tumor stroma [9]. In the 

quiescent state of PSCs, they display ample cellular 
vitamin A-containing lipid droplets. Once activated, 
the cells exhibit a loss of vitamin A reserves, switch to 
a contractile and secretory phenotype, and secrete 
large amounts of structural matrix components, such 
as collagens, fibronectin and tenascin C [10]. 

According to their different functions, fibroblasts 
can be divided into two stages—the quiescent state 
and the activated state. Quiescent fibroblasts express 
vimentin, whereas activated CAFs exhibit 
myofibroblast-like characteristics and stain for 
alpha-smooth muscle actin (α-SMA), also known as α 
actin 2 (ACTA2), a cytoskeletal protein that identifies 
smooth muscle cells [11]. In addition to α-SMA, CAFs 
express a variety of proteins, including 
fibroblast-specific protein 1 (FSP1), platelet-derived 
growth factor (PDGF) receptor-α (PDGFRα), 
PDGFRβ, tenascin C, fibroblast activation protein 
(FAP), kindlin-2, palladin, fibronectin, integrin-α11, 
and podoplanin [4, 12-15]. These proteins are 
considered markers of activated fibroblasts; however, 
the expression levels of these proteins vary in 
different CAF populations, and none are unique to 
activated fibroblasts. A recent study identified two 
CAF subpopulations, inflammatory fibroblasts 
(iCAFs) and myofibroblasts (myCAFs), based on 
different levels of α-SMA [16]. Characterized by 
significantly higher α-SMA expression levels, 
myCAFs are located immediately adjacent to 

 
Figure 1. Heterogeneous origins and activation of cancer-associated fibroblasts. (A) The tumor microenvironment is composed of heterogeneous 
cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), immune inflammatory cells, cancer cells, various progenitor cells, blood vessels and 
extracellular matrix. (B) The sources of CAFs include recruited bone marrow-derived mesenchymal stem cells (MSCs), resident fibroblasts, quiescent pancreatic stellate cells 
(PSCs) and epithelial-to-mesenchymal transition (EMT). Growth factors stimulate CAF activation. The inflammatory environment facilitates acquisition of contractile and 
secretory phenotypes. Stromal modification contributes to phenotype maintenance. Activated CAFs express several marker proteins, such as alpha-smooth muscle actin 
(α-SMA), fibroblast-specific protein 1 (FSP1) and fibroblast activation protein (FAP), indicating a switch from the quiescent state to the activated state. α-SMA: alpha-smooth 
muscle actin; DNA: deoxyribonucleic acid; PDGF: platelet-derived growth factor; PDGFR: platelet-derived growth factor receptor; TGF-β: transforming growth factor beta; 
TIMP: tissue inhibitor of metalloproteinases. 
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neoplastic cells. Located more distantly from 
neoplastic cells in the tumor stroma, iCAFs are 
identified by their high expression of 
tumor-promoting cytokines and chemokines [16]. The 
strategy to distinguish different CAF subpopulations 
based on diverse expression levels of biomarkers may 
assist in identifying the multiple functions of CAFs. 

Activation of CAFs 
To acquire activated phenotypes, quiescent 

fibroblasts undergo activation via diverse 
mechanisms (Figure 1B). Growth factors, such as 
transforming growth factor beta (TGF-β), PDGF and 
fibroblast growth factor (FGF), could stimulate the 
recruitment and activation of CAFs [2, 17-19]. TGF-β, 
which can be secreted by both cancer cells and stromal 
cells [19], can activate fibroblasts into myofibroblasts 
(increased α-SMA expression), as shown in TGF-β 
treatment in vitro [20]. TGF-β treatment can also 
modulate the cell shape, stiffness and invasion of 
pancreatic CAFs; however, TGF-β alone is not 
sufficient to endow fibroblasts with all the features of 
activated CAFs in vitro [20]. PDGF constitutes another 
important growth factor that is enriched in the TME 
and can be secreted by both cancer cells and stromal 
cells [21, 22]. In contrast to TGF-β, the primary 
functions of PDGF are recruiting fibroblasts and 
enhancing their growth and proliferation [23, 24]. 
Upon activation, the expression profile of microRNAs 
(miRNAs) in CAFs changes substantially, which 
suggests that miRNAs are involved in the process of 
activation [25]. DNA methylation has also been found 
to be involved in the activation process, as the DNA 
methylation of SOCS1 in CAF activated the 
phosphorylation of STAT3 and increased the 
expression of insulin-like growth factor 1 (IGF-1) to 
promote pancreatic cancer cell (PCC) proliferation 
[26].  

Altered ECM composition constitutes another 
stimulus for the process of activation. PCCs could 
produce different inflammatory cytokines, such as 
tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), 
interleukin 8 (IL-8), microphage inhibitory factor 
(MIF) and interleukin 1β (IL-1β), to interact with other 
cell types, participating in forming an inflammatory 
microenvironment [27]. Inflammation plays a crucial 
role in expediting the development of the TME and 
accelerates the CAF tumor-promoting phenotypic 
switch. For example, leukemia inhibitory factor (LIF), 
an IL-6 class proinflammatory cytokine, has recently 
been considered a desmoplasia promoter that 
mediates the proinvasive activation of fibroblasts 
independent of α-SMA expression [28]. LIF 
production stimulated by a TGF-β pulse mediates 
STAT3 phosphorylation, which induces the 

emergence of proinvasive characteristics of fibroblasts 
via the actomyosin contractility of CAFs and ECM 
remodeling in vitro and in vivo. The underlying 
mechanism is dependent on crosstalk between the 
JAK1/STAT3 and RhoA/ROCK/MLC2 signaling 
pathways and remains to be fully clarified [28]. 
Galectin 3 (GAL3), a member of the lectin family in 
the cytoplasm that can be secreted by cancer cells, has 
been found to trigger the proliferation and invasion of 
CAFs when cocultured with PCCs [29]. Enhanced 
expression of proinflammatory cytokines such as 
interleukin 8 (IL-8) and chemokine (C-C motif) ligand 
2 (CCL-2) in CAFs is observed with GAL3 treatment. 
Mechanistically, the production of IL-8 is induced by 
GAL3 at the transcriptional level via 
ITGB1/ILK/NF-κB signaling in CAFs [29]. Zhang et 
al. [30] found that PCC-secreted IL-1β could activate 
interleukin-1 receptor-associated kinase 4 (IRAK4) in 
CAFs, which drives NF-κB activity in CAFs in vitro. 
Furthermore, it has been discovered that PCCs can 
promote CAF phenotype switching via activation of 
signaling downstream of sonic hedgehog (SHH), 
which is overexpressed in PCCs [31]. As a member of 
a family of nonreceptor serine/threonine kinases 
expressed in CAFs, p21-activated kinase 1 (PAK1) has 
also been identified as a regulator of CAF activation 
[32]. 

Following activation, CAFs can secrete abundant 
structural components of ECM, such as collagens, 
fibronectin, tenascin C, metalloproteinases (MMPs) 
and their inhibitors, which contribute to dynamic 
matrix remodeling in PDAC [5, 6]. Matrix remodeling 
is essential for maintenance of the activated 
phenotype in CAFs and thus for sustained function. 
MMPs and their inhibitors, the tissue inhibitor of 
metalloproteinase (TIMP) family, participate in 
stromal homeostasis under physiological conditions, 
and matrix remodeling is to some extent regulated by 
the levels of both MMPs and TIMPs [33]. Timp loss has 
been considered sufficient for the acquisition of the 
CAF phenotype because disintegrin and 
metalloproteinase domain-containing protein 10 
(ADAM10)-rich exosomes secreted by TIMP knockout 
fibroblasts facilitate tumor proliferation and 
metastasis [34]. Activated CAFs can promote matrix 
remodeling via a ROCK-dependent pathway and 
actomyosin function. A study showed that CAFs 
could promote ECM remodeling and stiffness through 
the activation of the Yes-associated protein (YAP) 
transcription factor, which could regulate the 
expression of actomyosin [35]. In turn, ECM stiffness 
may further reinforce YAP activation, thus 
developing a self-reinforcing loop that stabilizes the 
activated phenotype of CAFs [35]. 
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Table 1. Strengths and weakness of preclinical models of pancreatic cancer-associated fibroblasts/tumor interaction. 

Model Application Strengths Weaknesses References 
In vitro     
2D cell line  
culture 

Analysis of signaling pathways, e.g., 
cytokines, exosomes and autophagy 
Drug development  

Low cost and time effort 
Rapid biomarker and drug screening 

Lack of heterogeneity 
Lack of tumor microenvironment 
Aggressive clone selection 
Genetic drift 

Takikawa et al. [51] 
Endo et al. [53] 
Wang et al. [60] 
Doi et al. [135] 

2D cell  
coculture  

Bidirectional interaction between 
cancer-associated fibroblasts and 
pancreatic cancer cells 
Analysis of signaling pathways  

Low cost and time effort 
Flexible culture conditions  
(e.g., hypoxia) 

Lack of heterogeneity 
Lack of tumor microenvironment 
Aggressive clone selection 
Genetic drift 

Yoshida et al. [14]  
Tjomsland et al. [42] 
Kikuta et al. [58] 

3D organoids 
 

Bidirectional interaction between 
cancer-associated fibroblasts and other 
cells 
Early events in tumor  
progression, cell invasion and  
migration  

A perfect intermediate between 2D  
cultures and genetically engineered  
mouse models  
Optional and quantitative model  
components 
 

Insufficient primary stellate cells 
for replicates 
Lack of models of terminated 
stages 
Technical difficulty 

Kadaba et al. [54] 
Erdogan et al. [62] 
Koikawa et al. [63] 
Kuen et al. [84] 

In vivo      
Cell line- 
derived coinjection 
xenografts 

Fibrosis, tumor growth, metastasis and 
angiogenesis 
Drug development 

Moderate cost and time effort Immunodeficiency 
Lack of other stroma components 
Lack of tumor heterogeneity 

Xu et al. [38] 
Hwang et al. [45] 
Endo et al. [53] 

Patient-derived 
xenografts 

Drug screening Tumor heterogeneity 
Consistent biological properties 
Personalized therapy predictions 

Aggressive cancer clone selection 
Selected patients 
Low engraftment rate 

Ernsting et al. [127] 

Genetically 
engineered 
mouse models 

Genetic analyses of cancer-associated 
fibroblasts on tumor progression 
Tumor microenvironment and  
immune surveillance 
Drug screening 

Intact immune system  
Close imitation of the human cancer  

Lack of genetic complexity 
High cost and time effort 
Dependent on limited 
cancer-related genes 

Lo et al. [48] 
Rhim et al. [76] 
Özdemir et al. [77] 
Ene-Obong et al. [89] 
Mace et al. [136] 

 

 
Figure 2. Impact of cancer-associated fibroblasts on major hallmarks of pancreatic cancer. Through crosstalk with the tumor microenvironment, cancer-associated 
fibroblasts (CAFs) acquire physiological functions that ultimately regulate major hallmarks of pancreatic cancer. 
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Hallmarks of pancreatic cancer 
The hallmarks of cancer constitute six biological 

characteristics that are acquired during the different 
stages of tumor evolution, including sustaining 
proliferative signaling, evading growth suppressors, 
resisting cell death, enabling replicative immortality, 
inducing angiogenesis, and activating invasion and 
metastasis. Genome instability and mutation, along 
with tumor-promoting inflammation are two 
underlying hallmarks that precede the emergence of 
the mentioned tumor biological capabilities. 
Subsequent to these changes, the reprogramming of 
energy metabolism and the evasion of immune 
destruction are also included in cancer hallmarks. 
Additionally, generation of the TME by a repertoire of 
recruited and resident cells and extracellular matrix 
also contributes to the acquisition of hallmarks of 
cancer [36]. As critical players in the TME, CAFs in 
PDAC have been demonstrated by previous studies to 
promote tumor proliferation and growth, accelerate 
invasion and metastasis, induce angiogenesis, 
promote inflammation and immune destruction, 
regulate tumor metabolism, and induce 
chemoresistance, and these effects contribute to the 
acquisition of the major hallmarks of pancreatic 
cancer (Figure 2) [37-44]. 

CAFs affect the proliferation and growth 
of PDAC 

Studies have demonstrated that CAFs facilitate 
the proliferation and growth of cancer cells [6, 45]. 
The primary tumor size was greater after the injection 
of CAFs in an orthotopic model of PDAC, which 
indicates that CAFs promote local tumor growth [45, 
46]. Activated CAFs produce high levels of growth 
factors and inflammatory factors that maintain their 
activated phenotype, with inflammation functioning 
as a promoter of tumorigenesis [6]. Tjomsland et al. 
[42] showed that the coculture of PDAC and CAF cell 
lines increased the production of inflammatory factors 
including IL-1α, IL-6, chemokine (C-X-C motif) ligand 
8 (CXCL8), vascular endothelial growth factor-A 
(VEGF-A), cyclooxygenase 2 (COX-2), and CCL20, 
among which, IL-1α was considered the initiator of 
the enhanced inflammatory response through binding 
to interleukin-1 receptor 1 (IL-1R1) expressed 
predominantly by CAFs. Thus, CAFs contribute to the 
establishment and sustenance of the inflammatory 
environment, which benefits tumor survival through 
the IL-1α signaling cascade [42].  

Several proteins expressed in CAFs are involved 
in the promotion of tumor growth. In particular, 
kindlin-2, a focal adhesion protein that regulates the 
activation of β-integrins, plays a role in the growth 

and progression of PDAC [13]. In addition, in a 
subcutaneous tumor model in nude mice, the 
coinjection of PSCs and PCCs enhanced tumor size, 
and this effect was abolished by kindlin-2 knockdown 
in PSCs [13]. FAP is another key protein involved in 
tumor-stroma crosstalk: overexpression of FAP in the 
stroma is associated with tumor progression and poor 
prognosis [47-49]. Kawase et al. [48] demonstrated 
that the cell cycle shift of PCCs is dramatically 
activated during coculture with FAP+ fibroblasts 
compared to coculture with FAP- fibroblasts. Lo et al. 
[49] reported that genetic depletion of FAP in a mouse 
model promoted tumor progression and decreased 
murine survival. However, apart from stromal cells, 
FAP was also detected in CD90+ mesenchymal-like 
PCCs (accounting for 20% of total intratumoral FAP+ 
cells), which indicated that FAP may also regulate 
tumor progression in a cell-autonomous manner [49].  

In addition to classical autocrine and paracrine 
interactions between CAFs and PCCs, 
exosome-mediated CAF-PCC cross talk has recently 
been considered to play a crucial role in intercellular 
communication by regulating gene expression and 
cell functions in receiving cells [50]. Takikawa et al. 
[51] demonstrated that human PSCs release exosomes 
containing a variety of microRNAs including 
miR-21-5p, which stimulate PCC proliferation and 
migration along with chemokine mRNA expression in 
PCCs. In turn, PCC-derived exosomes could help 
maintain the activated CAF phenotype. For example, 
Masamune et al. [52] demonstrated that PCC-derived 
exosomes stimulated PSC proliferation and migration, 
along with Erk and Akt activation, α-SMA and 
fibrosis-related gene mRNA expression, and 
procollagen type I C-peptide production in PSCs. 
Autophagy is also involved in the interaction between 
CAFs and PCCs. Endo et al. [53] found that 
autophagic PSCs produce ECM molecules and IL-6 
and are associated with poorer survival and disease 
recurrence in patients with PDAC.  

CAFs regulate the invasion and 
metastasis of PDAC 

In an orthotopic model of PDAC, coinjection of 
PSCs increased the proportion of mice with distant 
metastasis [45, 46]. CAFs regulate PDAC invasion and 
metastasis by mediating multiple pathways, and 
modulate a range of cellular processes in tumor cells 
in a dose-dependent manner [54]. Recently, several 
unique features have emerged to describe tumor 
invasion and metastasis. Whatcott et al. [55] provided 
clinical evidence that both primary and metastatic 
lesions of PDAC exhibit high levels of desmoplasia. 
Some metastasis models have suggested that the 
CAFs in distant metastases originate from the primary 
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site, while desmoplasia in liver metastatic tumors is 
additionally considered to be a local physiological 
response [38, 55, 56]. Endo et al. [53] found that 
inhibitors of PSC autophagy decreased the tumor size 
in nude mice, as well as distant metastasis. In 
addition, although autophagy inhibition caused by 
Atg7 knockdown in PSCs did not affect PCC 
proliferation, it decreased cancer cell invasion, 
suggesting that the decreased metastasis was not only 
due to the reduced number of primary PCCs, but also 
due to the inhibition of PCC invasiveness [53].  

EMT has been demonstrated to play a vital role 
in PCC invasiveness under the regulation of several 
matrix proteins, such as N-cadherin and E-cadherin 
[57]. PSCs have been demonstrated to promote EMT 
in PCCs in vitro, with decreased expression of the 
epithelial markers E-cadherin and cytokeratin, and 
increased expression of mesenchymal markers such as 
vimentin [58]. The underlying mechanisms of 
CAF-induced EMT in PCCs need to be clarified, but 
some groundwork has provided potential directions. 
Wu et al. [59] provided in vitro evidence that 
PSC-secreted IL-6 enhanced EMT in PCCs. The IL-6 
secreted by PSCs could stimulate the activation of 
STAT3 in PCCs, which leads to the induction of Nrf2 
activities, thus enhancing EMT in PCCs with altered 
EMT-related gene expression [59]. High expression of 
asporin, an EMT protein, has been found in CAFs, and 
high expression of this protein is associated with poor 
prognosis in patients with PDAC [60]. Wang et al. [60] 
showed that exogenous asporin activated NF-κB/p65 
in PCCs to induce EMT through interaction with 
CD44 expressed on cancer cells. In addition, miRNAs 
may also be involved in PSC-induced EMT in PCCs, 
and upregulated miR-210 expression in PCCs was 
noted when PCCs were cocultured with CAFs [61]. 
Inhibition of miR-210 reduced cell migration and 
CAF-induced EMT in PCCs, which suggests that 
miR-210 may play a role in CAF-induced EMT [61]. 

CAFs have been considered to have the ability to 
physically modify the tumor stroma in PDAC, with 
the modified stroma subsequently facilitating PCC 
invasion. Erdogan et al. [62] showed that CAFs could 
produce and organize fibronectin-rich ECM with an 
anisotropic fiber orientation, guiding directional 
cancer cell migration in a 3D cell-derived matrices 
(CDMs) model. Koikawa et al. [63] found that CAFs 
invaded together with PCCs and assisted in PCC 
invasion by remodeling the ECM by changing the 
alignment of collagen fibers in a 3D matrix 
remodeling assay. This assistance could be attenuated 
by knockdown of Endo180 (urokinase-type 
plasminogen activator receptor-associated protein) in 
CAFs, as shown by decreased invasiveness of both 
cocultured CAFs and PCCs and altered orientation of 

collagen fibers in coinjection mouse models; this 
finding suggests that CAFs could remodel the stroma 
to support tumor invasion, possibly through 
interaction with Endo180 to rebuild the actin 
cytoskeleton [63]. CAFs can also create tunnels 
through the matrix using invadopodia to degrade the 
matrix [12, 64]. Palladin, an actin-binding protein that 
is highly expressed in cancer cells and CAFs, has been 
found to enhance PDAC invasion both in vitro and in 
vivo [64]. Upon stimulation with phorbol 12-myristate 
13-acetate (PMA), palladin could accumulate in 
invadopodia in CAFs to increase the assembly of 
matrix-degrading invodapodia by regulating the 
activity of the small GTPase Cdc42 in vitro [64]. 
Proteolytic enzymes in invadopodia, such as MMPs 
and cathepsin, can degrade the ECM to form tunnels, 
thus assisting in tumor cell invasion [12]. 

Moreover, it has recently been reported that 
hepatocyte growth factor (HGF) is involved in 
tumor-CAF crosstalk. HGF is secreted mainly by 
stromal cells and promotes cell mitosis and motility 
by binding to the specific receptor, c-Met, which is 
expressed on the surface of PCCs [65]. Yang et al. [66] 
recently demonstrated that PSCs could promote PCC 
migration via the HGF/c-Met pathway, mediating 
increased survivin expression, the level of which is 
closely correlated with metastasis. Rucki et al. [67] 
discovered that both the IGF1 and HGF pathways 
independently upregulate AnxA2 phosphorylation, 
that the expression level of IGF-1 is regulated by SHH 
signaling, and only inhibition of all these pathways 
could effectively suppress phosphorylation of the 
downstream molecule AnxA2, along with PCC 
development and metastasis. Thus, this discovery 
may to some extent explain the ineffectiveness of 
single inhibition of the SHH or Met pathways, and 
provided a strategy of dual inhibition of these stromal 
signaling pathways [68, 69]. 

CAFs and angiogenesis in PDAC 
Evidence has suggested that CAFs serve the 

function of regulating tumor angiogenesis. It has been 
reported that CAFs constitutively produce VEGF, the 
production of which is increased by hypoxia [39, 70]. 
In addition to VEGF, CAFs also express several 
regulatory molecules of angiogenesis such as VEGF 
receptors (VEGFR), angiopoietin-1 and its receptor 
Tie-2, and vasohibin-1. There is also histological 
evidence that CAF-conditioned media induces tumor 
angiogenesis, as shown by increased tube formation 
on Matrigel in vitro and by directed vessel formation 
in nude mice in vivo [39]. Xu et al. [38] observed 
induced angiogenesis when PCCs were injected 
together with PSCs in an orthotopic model of PDAC. 
Additionally, PSCs have been revealed to be able to 
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intravasate/extravasate through blood vessels and 
assist in PCC metastasis [38]. Mechanically, it has 
been proposed that the HGF/c-MET pathway plays a 
main role in PSC-induced tube formation in the 
human microvasculature in vitro [71]. The 
CXCL12/CXCR4 axis, which plays a pivotal role in 
embryonic hematopoiesis and angiogenesis [72, 73], 
has also been demonstrated to promote tumor 
neovascularization in a VEGF-dependent manner in 
PDAC [40]. Matsuo et al. [74] found that CAF-derived 
CXCL12 increased the growth and invasiveness of 
human umbilical vein endothelial cells (HUVECs) in 
vitro. In addition, CAF-derived CXCL12 could greatly 
enhance PCC-derived CXCL8 production, which 
indirectly facilitated HUVEC tube formation [74]. 

Notably, although CAFs have been considered to 
facilitate tumor angiogenesis, depletion of the 
tumor-promoting function of CAFs may evoke a 
strong angiogenic response instead of an attenuated 
one. Mathew et al. [75] discovered that despite initial 
expectations that inhibition of the SHH pathway 
would result in an impaired ability of CAFs to 
promote tumor growth, these cells instead exhibited 
significantly greater potential to support tumor 
growth compared to that of wild-type fibroblasts, as 
the reduced levels of SHH signaling increased 
angiogenesis mediated by the tumor stroma. In 
addition, Rhim et al. [76] demonstrated that genetic 
depletion of SHH resulted in increased vascularity in 
a mouse model of PDAC. Conversely, Özdemir et al. 
[77] showed that, in contrast to the inhibition of 
certain signaling pathway, the depletion of 
myofibroblasts resulted in suppressed 
neovascularization in a transgenic mouse model of 
PDAC. These results indicate the existence of multiple 
functions of CAFs in angiogenesis, which requires 
further research for full clarification. 

CAFs regulate tumor immunity in PDAC 
The extremely strong immunosuppression in the 

TME is a hallmark of PDAC, with ineffective T 
lymphocyte infiltration, immunosuppressive cytokine 
production, and increased immunosuppressor cells, 
such as regulatory T cells (Treg), tumor-associated 
macrophages (TAMs), and myeloid-derived 
suppressor cells (MDSCs) [78]. The dense 
desmoplastic stroma of PDAC may correlate with 
tumor immune evasion. A recent study identified 
focal adhesion kinase (FAK) signaling as a central 
driver of desmoplasia and immunosuppression, with 
FAK inhibition reversing unresponsiveness to 
immunotherapy in a KPC mouse model [79]. This 
study has led to a phase I trial of defactinib, a FAK 
inhibitor combined with checkpoint immunotherapy 
in patients with advanced PDAC (NCT02546531). 

CAFs interact closely with tumor immunity 
because they produce large amounts of cytokines and 
chemokines, such as IL-6, IL-1β, CXCL1, CXCL2, 
CXCL12, CXCL13, CCL-5 and M-CSF [43, 80, 81]. 
TGF-β secreted by CAFs suppresses the activation of 
natural killer (NK) cells and cytotoxic T lymphocytes 
(CTLs) and triggers the differentiation of Treg cells 
[82]. FAP+ CAFs are the main tumoral source of 
CXCL12, which was involved in disadvantageous T 
cell formation in the TME of a mouse model of PDAC 
[83]. 3D coculture of monocytes with PCCs and 
fibroblasts was shown to increase the production of 
immunosuppressive cytokines, such as IL-6, IL-8, 
IL-10, GM-CSF and M-CSF, which are known to 
promote the polarization of M2-like macrophages and 
MDSCs [84]. Another study found that activated 
CAFs could induce peripheral blood mononuclear 
cells to differentiate into MDSCs via a 
STAT3-dependent mechanism [43]. Zhang et al. [85] 
revealed that pancreatic CAFs were able to induce the 
M2 polarization of macrophages, the phenotype of 
which could promote EMT and PCC invasiveness 
[86], partly through enhanced cellular reactive oxygen 
species (ROS) production in monocytes triggered by 
CAF-secreted M-CSF. In addition, immune cells can 
also facilitate CAF activation and tumor-promoting 
functions; for example, quiescent PSCs could be 
activated and exhibited increased cytokine 
production when cocultured with macrophage cell 
lines [81]. TAMs could promote the activation of 
resident hepatic stellate cells (hStCs) into 
myofibroblasts and stimulate their production of 
periostin via granulin secretion, thus inducing liver 
fibrosis to support PDAC liver metastasis [87]. 

It has been demonstrated that more than 90% of 
tumor-infiltrating T cells are either disadvantaged or 
do not reach the tumor cells because they were 
trapped in peritumoral tissue [88]. Ene-Obong et al. 
[89] showed that activated CAFs produce immune 
inflammatory factor cytokines, as well as adhesion 
molecules that influence the migration of T 
lymphocytes to reach effector sites. In particular, they 
found that CD8+ CTLs separated from human 
pancreatic cancer tumor tissues exhibited increased 
tropism toward activated PSCs through the 
CXCL12/CXCR4 axis, in comparison to quiescent 
PSCs or PCCs, leading to the reduced CD8+ CTL 
migration to juxtatumoral stromal compartments, 
where T cells could interact with PCCs [89].  

CAFs might play a role in promoting 
immunosuppression via increasing T helper type 2 
(Th2)-mediated inflammation [90, 91]. De Monte et al. 
[90] found that thymic stromal lymphopoietin (TSLP) 
secreted by activated CAFs in PDAC could induce the 
activation and maturation of tumor antigen-loaded 
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resident dendritic cells (DCs), which could then 
migrate to the draining lymph nodes, where they 
activated tumor antigen-specific CD4+ Th2 cells and 
induced tumor Th2 immune deviation. Therefore, the 
balance between Th2 and Th1 lymphocytes is broken, 
resulting in altered immune cytokines in the TME, 
which may in turn enhance fibrotic desmoplasia [90]. 
Galectin 1 secreted by PSCs impaired the viability of 
both CD4+ and CD8+ T cells, and overexpression of 
galectin 1 in PSCs induced a drastic increase of Th2 
cytokine secretion and decreased Th1 cytokines, 
which indicate that galectin 1 might regulate the 
PSC-dependent immune privilege in PDAC [91]. 
These data suggest that CAFs can not only directly 
regulate the biological behavior of cancer cells, but 
also contribute to the formation of an 
immunosuppressive TME in PDAC to assist in tumor 
evasion. 

CAFs and tumor metabolism in PDAC 
PDAC exhibits a disorganized, hypovascular, 

and dense stroma, with mechanically poor perfusion 
that creates the highly hypoxic, nutrient-poor 
microenvironment within PDAC, which may further 
influence tumor metabolic reprogramming, another 
emerging hallmark of cancer [80, 92, 93]. Emerging 
evidence indicates that pancreatic CAFs could 
promote tumor progression in a nonvascular manner 
by regulating cancer cell metabolic reprogramming, 
although the detailed mechanism remains to be 
investigated [94]. A recent study reported that 
cytokines derived from Kras mutations in PDAC 
mediate reciprocal CAF-PCC metabolic interactions, 
which induce the reprogramming of energy 
metabolism [95]. Notably, tumor cells could highjack 
CAFs to provide them with energy and nutrients. 
CAFs surrounding PCCs undergo metabolic 
transition, similar to the phenotype correlated with 
the Warburg effect, and activated CAFs take up more 
glucose and produce more lactate than quiescent 
fibroblasts, which could be actively taken up by PCCs 
to support their growth [96]. Meanwhile, tumor cells 
stabilize HIF-1α in CAFs by increasing ROS 
production to increase glycolysis, leading to the 
formation of a “pseudohypoxic” environment for 
CAFs [97]. In addition, Hirakawa et al. [98] 
demonstrated that the motility of PCCs cocultured 
with CAFs was greater under hypoxic conditions than 
under normoxic conditions, partly via paracrine 
IGF1/IGF1R signaling.  

Furthermore, CAFs have recently been 
considered to regulate tumor cell metabolic activities 
through autophagic alanine secretion [99]. Previous 
studies found that alanine, which is secreted by CAFs 
through CAF autophagy stimulated by cancer cells, 

could outcompete glucose and glutamine to support 
the tricarboxylic acid (TCA) cycle, and thus 
nonessential amino acid (NEAA) and lipid 
biosynthesis in PDAC. Therefore, CAF-derived 
alanine serves as an alternative carbon source, 
suggesting a novel metabolic interaction between 
CAFs and PCCs [99]. Furthermore, CAF-derived 
exosomes (CDEs) provide another source of 
CAF-derived alanine to fuel cancer cells. Notably, in 
contrast to the macropinosome, during the medium of 
macrocinobytosis, which has been exclusively 
reported in PCCs with mutant Kras, CDE-mediated 
metabolic remodeling was described to be 
independent of Kras mutation [100]. Collectively, 
these CAF-PCC metabolic crosstalk pathways further 
illustrate the impact of CAFs in providing heterodox 
methods to help PCCs thrive in a hostile environment. 

CAFs and chemoresistance in PDAC 
CAFs have been shown to promote 

chemoresistance via physical barrier methods, 
biophysical drug scavenging and CAF-PCC cross talk. 
The PDAC stroma exhibits several characteristics that 
can be considered physical barriers to effective drug 
delivery, including a disorganized, hypovascular, and 
dense stroma and decreased cellular transporters [5, 
101-103]. A three-dimensional organ culture model of 
angiogenesis showed that a dense stroma is correlated 
with decreased neovascularization and network 
formation [104]. Similar to other drugs, 
chemotherapeutic agents must cross the vessel wall, 
traversing the extracellular compartment and entering 
the cytoplasm of PCCs to ultimately reach their target 
sites [105]. However, the dense stroma of PDAC was 
shown to form a high interstitial fluid pressure (IFP) 
that prevented movement of the chemotherapeutic 
agent gemcitabine from the vasculature to the 
extracellular compartment [106]. In comparison, Rice 
et al. [107] reported that matrix stiffness induced 
chemoresistance to paclitaxel, but not to gemcitabine 
in vitro, suggesting that environmental rigidity 
underlies an aspect of chemoresistance. CAFs could 
also interact with PCCs to hinder cellular uptake of 
gemcitabine. A recent study showed that CAFs could 
serve as a major source of cysteine-rich angiogenic 
inducer 61 (CYR61) when activated by 
TGF-β-ALK5-Smad2/3 signaling, and thus induce 
chemoresistance by downregulating the nucleoside 
transporters hENT1 and hCNT3 that mediate cellular 
uptake of gemcitabine in coculture models [103]. 

CAFs can also act as a biophysical barrier to drug 
delivery. A recent study showed that fibroblast drug 
scavenging accumulated intratumoral gemcitabine 
and made it unavailable to PCCs through entrapping 
active gemcitabine within CAFs [108]. Both in vitro 
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and in vivo, in comparison to tumor cells, CAFs exhibit 
lower expression levels of key gemcitabine- 
inactivating enzymes, thus increasing the intracellular 
concentration of gemcitabine [108].  

Apart from tumor-promoting effects, various 
tumor-CAF crosstalk networks are also involved in 
mediating chemoresistance. Ireland et al. [109] found 
that CAFs support PCC chemoresistance by secreting 
insulin-like growth factors (IGF) 1 and 2, which bind 
to the IGF receptors on the surface of PCCs, whereas 
pharmacologic inhibition of IGF resensitized PDAC to 
gemcitabine in vivo. Long et al. [110] showed that 
STAT3 activation in PCCs induced by CAF-derived 
IL-6 could mediate chemoresistance in PDAC; thus, 
disrupting IL-6 signaling using anti-IL6R antibodies 
holds promise for improving chemotherapeutic 
efficacy in PDAC. Additionally, Duluc et al. [111] 
demonstrated the role of the mTOR/4E-BP1 pathway 
in promoting chemoresistance via the autocrine and 
paracrine IL-6 loop. Moreover, exosomes have 
recently been found to participate in the tumor-CAF 
crosstalk associated with chemoresistance. A recent 
study found that CDEs could increase the 
chemoresistance-inducing factor Snail in recipient 
tumor cells and promote tumor proliferation and 
drug resistance [112]. Treatment of gemcitabine- 
exposed CAFs with an inhibitor of exosome release, 
GW4869, significantly increased cancer cell apoptosis 
in coculture models [112]. Together, these results 
suggest that further original research is required to 
elucidate the role of CAFs in the chemoresistance of 
pancreatic cancer and determine whether to deplete 
or utilize this important interstitial component. 

Stromal CAFs: friend or foe? 
It has been over five decades since the 

pioneering study of stroma-tumor interactions 
revealed that normal fibroblasts from Syrian hamsters 
suppress the survival of transformed kidney cells 
[113]. The desmoplastic response is considered to be a 
defense mechanism resembling the wound healing 
process; thus, cancer is considered the ‘wound that 
never heals’ [114]. However, many experimental 
studies have reported that CAFs promote tumor 
growth and progression and thus invasion and 
metastasis. Notably, however, the majority of 
preclinical studies have failed in clinical trials, which 
raises doubts about the efficacy of stroma-targeting 
therapy. Several recent experimental results have 
provided possible explanations for the inefficacy of 
these stroma-targeting therapies. Özdemir et al. [77] 
showed that the depletion of myofibroblasts in a 
mouse model of PDAC correlated with poor survival 
with increased cell aggressiveness, undifferentiated 
histology and suppressed immune response. In 

addition, Rhim et al. [76] demonstrated that PDAC 
tumors exhibited enhanced malignant biological 
behaviors and increased vascularity through genetic 
abortion of SHH in mouse models, indicating that 
stromal components may to some extent restrain the 
development of PDAC. In accordance with these 
experimental results, a recent study conducted on 155 
surgically resected PDACs and 48 normal/benign 
pancreas samples, showed that the presence of more 
FAP+ CAFs (>100/high-power field) in the TME 
correlated with prolonged survival, rather than being 
a marker of poor prognosis as indicated in most 
previous studies [115]. Discussion has thus been 
initiated regarding whether the PDAC stroma 
represents a ‘friend or foe’. 

One reason for this phenomenon may be the 
heterogeneous characteristics of CAFs, which are 
based on their diverse sources, as well as their 
multiple functions owing to different expressed 
markers and secreted proteins. Fujiwara et al. [116] 
found that stromal CD271 expression is significantly 
associated with prolonged survival in patients with 
PDAC, with CD271+ PSCs located on the edge of solid 
tumors [116]. In contrast, Ikenaga et al. [117] defined 
another group of CAFs based on CD10 and showed 
that CD10+ PSCs enhance the progression of PCCs. In 
addition, periostin, which is secreted by CAFs, has 
been found to have a biphasic effect on PDAC 
development that correlates with EMT in human 
PCCs. While slight overexpression of periostin leads 
to reduced EMT and metastasis, high levels of 
periostin lead to the opposite effect [118].  

As observed for the differentiation of T 
lymphocytes, CAFs may possess the ability to 
differentiate into diverse subpopulations with 
exclusive functions. As discussed in the context of the 
sources of CAFs, Öhlund et al. [16] identified two 
CAF subpopulations based on different levels of 
αSMA. Notably, defined by high αSMA expression, 
myCAFs lack expression of tumor-promoting 
inflammatory cytokines [16]. These findings may 
partly explain the decreased survival in mouse 
models that result from depleting CAFs based on their 
αSMA expression [77]; this strategy might eliminate 
myCAFs while preserving other subpopulations of 
CAFs. The stroma types of PDAC may also differ 
among different patients, resulting in distinct 
prognose. Moffitt et al. [119] identified two distinct 
stroma types based on gene expression levels, 
“normal” and “activated”, with patients with an 
activated stroma exhibiting a poorer prognosis than 
those with a normal stroma (median survival, 15 
months vs. 25 months; 1-year survival, 60% vs. 82%). 
Additionally, the investigators found that “normal” 
stroma expressed relatively high levels of CAF 
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markers, such as α-SMA, vimentin, and desmin, while 
“activated” stroma tended to express more genes 
related to macrophages [119]. This difference may 
lead to a hypothesis that different stroma types may 
play opposing roles; the “normal” stroma may 
function as a “good” stroma, while the “activated” 
stroma may be accountable for the inflammatory 
stromal response that promotes cancer progression as 
illustrated in some previous studies [9, 119]. 
Therefore, the traditional view of the tumor stroma as 
a foe must be reconsidered, as certain CAF subtypes 
might have pro-tumorigenic properties, whereas 
others might exhibit antitumorigenic features. 

In addition, the function of CAFs is likely 
dynamic during cancer progression, and the role of 
CAFs may depend on the stroma-tumor balance in the 
TME. Possible modifications of the stroma during 
tumor development or anticancer treatments could 
induce changes in CAF function [120]. Fujiwara et al. 
[116] showed that although the mRNA expression of 
CD271 in PSCs increased during coculture with PCCs, 
the expression level decreased after a transient 
increase when PSCs moved toward PCCs through 
Matrigel, which indicates a defensive effect of stromal 
cells in tumorigenesis that might change dynamically 
with tumor evolution. Leca et al. [121] revealed that in 
a hostile environment in vitro, CAFs increased PCC 
invasiveness via a CAF-specific complex composed of 
ANXA6, LRP1, and TSP1, with extracellular vesicle 
(EV)-mediated support, highlighting the phenomenon 
that a hostile environment may evoke significant 
modifications of CAF activity. This observation 
suggests that in the stage of hyperplasia, similar to the 
classic wound healing response, CAFs may play a role 
as inhibitors. With tumor progression, CAFs thus 
promote the proliferation and migration of tumor 
cells and induce angiogenesis through various 
mechanisms [4, 9, 11]. 

Antistroma therapies 
Many of the studies in this review concerning 

tumor progression also illustrate potential targets for 
PDAC, some of which have already been tested both 
preclinically and clinically (Table 2). One of the most 
encouraging stroma-targeting treatments in PDAC 
has been the degradation of hyaluronan (HA). It has 
been demonstrated that HA contributes to the 
increased IFP in the TME, giving rise to compressed 
vascularization and hypoperfusion [101, 122]. The 
depletion of HA is considered to correlate with 
elevated drug delivery to the tumor compartment, 
according to preclinical results [101, 122]. A Phase Ib 
study reported that when PEGylated recombinant 
hyaluronidase (PEGPH20) was applied in 
combination with gemcitabine, the median 

progression-free survival and overall survival rates 
were 7.2 and 13.0 months, respectively, in patients 
with high tissue HA levels, whereas these values were 
3.5 and 5.7 months in patients with low tissue HA 
levels [123]. In a recent Phase II study comparing 
PEGPH20 plus nab-paclitaxel/gemcitabine (PAG) 
and nab-paclitaxel/gemcitabine (AG) in patients with 
metastatic PDAC. Progression-free survival 
significantly increased (PAG v AG, hazard ratio [HR], 
P = .049) and in patients with high tissue HA (HR, 
0.51; P = .048) [124]. Thus, these studies may indicate 
that gemcitabine plus PEGPH20 exhibits promising 
therapeutic benefits in patients with advanced PDAC, 
especially in the subgroup with high HA content. In 
addition, PAG versus AG in HA-high PDAC patients 
is currently being studied in a Phase III clinical trial 
(NCT02715804). 

Several novel experimental results also appear 
promising. It has been reported that compared to 
gemcitabine alone, nab-paclitaxel plus gemcitabine 
significantly improves the prognosis of metastatic 
PDAC [125]. Nab-paclitaxel is considered to deplete 
the dense stroma and accumulate chemotherapy 
drugs in the tumor compartment [126]. A recent study 
targeted CAFs with a carboxymethylcellulose- 
docetaxel nanoparticle (CellaxTM-DTX), 
demonstrating that over 90% of CellaxTM-DTX 
particles concentrate in SMA+ CAFs and result in 
long-term degradation of this stromal component, an 
effect that was not observed with nab-paclitaxel [127]. 
In addition, compared with the current therapy of 
gemcitabine or nab-paclitaxel, CellaxTM-DTX 
treatment increased tumor perfusion and prolonged 
murine survival in a metastatic model of PDAC [127]. 
Thus, CellaxTM-DTX may provide a novel strategy in 
therapeutic reduction of desmoplasia to possibly 
confine the primary tumor, but whether it will benefit 
human PDAC therapy remains to be clarified. 

As CAFs interact closely with cancer cells to 
promote tumor progression upon activation, one 
therapeutic strategy would be to inactivate CAFs. 
Minnelide, the water-soluble prodrug of triptolide, a 
diterpene triepoxide from the Chinese plant 
Tripterygium wilfordii, has been found to effectively 
revert activated CAFs to an inactive state via 
downregulation of the TGF-β signaling pathway in 
vitro, as shown by increased vitamin A-containing 
lipid droplets, decreased expression of α-SMA, and 
reduced ECM secretion [128]. Therefore, treatments 
that inactivate CAF may provide a novel strategy for 
the treatment of this lethal disease, and a Phase II trial 
of Minnelide in patients with refractory pancreatic 
cancer is underway (NCT03117920). Another 
experimental attempt to support the strategy to 
induce CAF quiescence is all-trans retinoic acid 
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(ATRA) [129], and ATRA plus gemcitabine and 
nab-Paclitaxel is currently under a phase Ib clinical 
trial in patients with pancreatic cancer 
(NCT03307148). 

Some promising results, such as those obtained 
with PEGPH20 [124], affirm the feasibility of the 
strategy of depleting stromal components. However, 
although IPI-926, an SHH pathway inhibitor, 
achieved promising results in a preclinical study 

[130], it showed no clinical benefit in clinical trials 
(NCT01130142 and NCT01383538). Another inhibitor 
of the SHH pathway, vismodegib, also exhibited no 
significant effect as part of a combination therapy 
with gemcitabine in metastatic PDAC in a Phase Ib/II 
clinical trial [69]. One explanation for these results 
may be the heterogeneity between human disease and 
mouse models (Table 1). There is also the possibility 
that simple depletion of the tumor stroma may result 

Table 2. Clinical trials targeting stroma/cancer-associated fibroblasts in pancreatic ductal adenocarcinoma. 

NCT number Targeted group Regiments Treatment arms Phase Primary objectives Accrual status Clinical results 
NCT00844649 Metastatic 

adenocarcinoma 
of the pancreas 

Albumin-bound 
paclitaxel 

Experimental:  
Albumin-bound paclitaxel  
+Gemcitabine (AG) 
Active Comparator:  
Gemcitabine 

III Overall survival (OS) Completed OS was 8.5 and 6.7  
months AG vs. Gem  
(hazard ratio [HR],  
0.72, p <0.0001) 

NCT01839487 Stage IV  
untreated 
pancreatic cancer 

PEGylated 
recombinant 
human 
hyaluronidase 
(PEGPH20) 

Experimental:  
PEGPH20 + Nab-paclitaxel + 
Gemcitabine (PAG) 
Active Comparator:  
Placebo + Nab-paclitaxel +  
Gemcitabine (AG) 

II Progression-free 
survival (PFS) &  
thromboembolic 
events in PAG 

Completed PFS HR 0.73  
PAG vs. AG, P = .049; 
for patients with 
hyaluronan-high  
tumors HR, 0.51; P = 
.048 

NCT02715804 Hyaluronan-high 
stage IV  
previously 
untreated 
pancreatic ductal  
adenocarcinoma 

PEGylated 
recombinant 
human 
hyaluronidase 
(PEGPH20) 

Experimental:  
PEGPH20 + nab-paclitaxel  
+ Gemcitabine 
Active Comparator:  
Nab-paclitaxel + 
Gemcitabine 
 

III PFS & OS  
comparison  

Recruiting NA 

NCT01130142 Metastatic 
pancreatic cancer 

IPI 926  
(an inhibitor of  
the Hedgehog  
pathway) 

Experimental (Phase 2):  
IPI-926 + Gemcitabine 
Active Comparator  
(Phase 2): 
Placebo + Gemcitabine 

Ib/II Evaluation of safety 
profile &  
OS comparison 

Completed  NA 

NCT01064622   Recurrent or  
metastatic 
pancreatic cancer 

Vismodegib  
(an inhibitor of  
the Hedgehog  
pathway) 

Active Comparator:  
Gemcitabine + Placebo (GP) 
Experimental:   
Gemcitabine + Vismodegib 
(GV) 

Ib/II PFS comparison Completed Median PFS was 2.5  
and 4.0 months  
GP vs. GV (adjusted 
hazard ratio, 0.81; P= 
.30) 

NCT02119663& 
NCT02117479 

Advanced or  
metastatic 
pancreatic ductal 
adenocarcinoma 
who have failed or 
were intolerant to 
first-line 
chemotherapy 

Ruxolitinib  
(a JAK2  
inhibitor) 

Experimental:  
Ruxolitinib + Capecitabine 
Active Comparator: 
Placebo + Capecitabine 

III OS Terminated  OS HR 0.969,     
ruxolitinib vs. placebo 

NCT00892242 Resectable 
pancreatic cancer 

Zoledronic acid Experimental: Neoadjuvant 
Zoledronic Acid 
 

I Safety and  
feasibility &  
OS or PFS 

Terminated NA 

NCT03117920 Refractory 
pancreatic cancer  
(MinPAC) 

Minnelide Experimental:  
Minnelide 

II disease control  
rate 

Recruiting NA 

NCT02546531 Advanced cancer Defactinib  
(a FAK  
inhibitor) 

Experimental:  
Dose escalation  
Experimental:  
Dose expansion 

I Recommended 
phase II dose 

Recruiting NA 

NCT03307148   Pancreatic cancer All-trans retinoic 
acid  
(ATRA) 

Experimental:  
ATRA + Gemcitabine + 
Nab-Paclitaxel 

Ib Dose-limiting  
toxicities &  
optimum 
biological dose  

Recruiting NA 

NCT03331562   Stage IV  
pancreatic cancer  
who have been  
placed in best  
possible response 

Paricalcitol  
(a vitamin D  
receptor agonist) 

Experimental: 
pembrolizumab &    
paricalcitol 
Placebo Comparator:  
pembrolizumab &  
placebo 

II Percent of  
progression (by  
RECIST 1.1) at 6  
months 

Recruiting NA 

AG: albumin-bound paclitaxel +gemcitabine; ATRA: all-trans retinoic acid; FAK: focal adhesion kinase; Gem: gemcitabine; GP: gemcitabine + placebo; GV: gemcitabine + 
vismodegib; HR: hazard ratio; JAK: Janus kinase; PAG: PEGPH20 + nab-paclitaxel + gemcitabine; PEGPH20: PEGylated recombinant human hyaluronidase; PFS: 
progression-free survival; OS: overall survival. 
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in increased cancer cell spreading. Mathew et al. [75] 
showed that SHH dosage is a key consideration in 
antitumor therapy, as reduced levels of SHH 
signaling evoked a potent angiogenic response. Thus, 
an angiogenic response owing to a dosage-specific 
SHH response might partly contribute to the failure of 
clinical trials (NCT01130142 and NCT01383538) [69, 
75]. In addition, simple depletion of the stroma may 
block the beneficial effects of stromal compartments. 
Djurec et al. [131] have shown that although high 
expression of serum amyloid A 1 (SAA1) in the 
stroma is associated with poorer survival, the ablation 
of germline Saa3 in PCCs did not inhibit tumor 
progression of PDAC in mice. They observed that 
Saa3-competent CAFs stimulated the growth of tumor 
cells, whereas Saa3-null CAFs inhibited tumor growth 
in an orthotopic mode. Although depletion of Saa3 in 
PCCs avoids the tumor-promoting effects of 
Saa3-competent CAFs, it also blocks the inhibitory 
impact of Saa3-null CAFs [131]. These findings 
support the selective blocking concept concerning the 
heterogeneous functions of CAFs mentioned above. 

Under the assumption that some stromal 
constituents may play a role in restraining tumor 
progression, stroma remodeling might be a strategy to 
improve the efficiency of anticancer agents without 
causing the adverse impacts of stroma depletion. 
Activation of vitamin D receptors, which are 
expressed in PSCs, has been revealed as a critical 
transcriptional regulator of stroma modification, and 
vitamin D ligand (calcipotriol) plus gemcitabine 
analog increased intratumoral drug concentration, 
which resulted in prolonged survival of KPC mice 
compared to mice treated with gemcitabine alone 
[132]. Paricalcitol, a vitamin D receptor agonist, has 
recently been applied along with pembrolizumab, an 
immune checkpoint inhibitor, to patients with 
terminal stage PDAC in a phase II clinical trial 
(NCT03331562). Another study showed that blockage 
of the STAT3 pathway, in combination with 
gemcitabine, could enhance the efficacy of drug 
delivery in a mouse model of pancreatic cancer, thus 
improving the treatment effect in human patients 
with pancreatic cancer through stroma modification 
and downregulation of cytidine deaminase instead of 
depletion of the tumor stromal compartment [133]. In 
a Phase II study, ruxolitinib, a JAK2 inhibitor, 
combined with capecitabine in metastatic pancreatic 
patients exhibited no overall survival benefit (HR, 
0.79; P = .025) but demonstrated improved overall 
survival (HR, 0.47; P .011) in a subgroup of patients 
with inflammation (serum C-reactive protein levels 
higher than the study population median, i.e., 13 
mg/L) [134]. However, the subsequent Phase III trial 
was terminated due to a lack of therapeutic benefit 

(NCT02119663 and NCT02117479). One reason for the 
failure of the trial might be the inappropriate 
therapeutic combination. Altered immune cell 
infiltration correlated with STAT3 activation in both 
murine and human PDAC was observed in a recent 
study [135], and another study reported that a JAK2 
inhibitor could decrease the expression of 
programmed death-ligand 1 (PD-L1) on cancer cells in 
vitro, which is enhanced by anticancer agents in a 
dose-dependent manner [136]. A very recent study in 
murine models confirmed this possible strategy, as 
preclinical results demonstrated that the inhibition of 
the JAK activator IL-6 might increase the therapeutic 
response to anti-PD-L1 treatment in PDAC [137]. 
Thus, the possible role of these stroma modification 
effects in immune escape might lead to a potential 
combination therapy strategy to address the dilemma 
of immune checkpoint inhibitors [138]. These findings 
may suggest that further research regarding the 
design of antistroma treatments in combination with 
chemotherapy and immunotherapy may be 
worthwhile.  

Conclusions  
Research into CAFs in PDAC has the potential to 

improve the prognosis of patients with this lethal 
tumor. CAFs have a considerable impact on the 
acquisition of major hallmarks of pancreatic cancer by 
regulating tumorigenesis, progression, invasion, 
metastasis, angiogenesis, immunosuppression and 
chemoresistance (Figure 3). CAFs exhibit several 
features in tumor-stroma interactions, including 
creation of an inflammatory environment, 
modification of the TME and reprogramming of 
tumor cell metabolism, which further regulate the 
PCC phenotype and biological behavior. CAFs 
interact at different levels with PCCs and other TME 
components via different signaling pathways, 
paracrine and autocrine mechanisms, direct contact, 
exosome secretion and autophagy; these processes 
form a molecular network, making it difficult to 
elucidate certain biological functions (Figure 3). With 
recent discussion about whether the stroma is a friend 
or foe, a reasonable classification strategy for CAF 
subsets based on distinct biomarkers and functions is 
needed. A recent study in breast cancer identified four 
CAF subsets with distinct functions and levels of 
activation and defined the CAF-S1 fibroblast subset as 
a pivotal regulator of tumor immunosuppression 
[139]. This result highlights the selective inhibition 
concept and the strategy of modifying rather than 
simply depleting the tumor stroma, which provides a 
novel direction for studies of pancreatic cancer. 
Another recent study on breast cancer indicated that 
the TME is capable of regulating breast cancer 
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subtypes via a PDGF-CC-dependent pathway, which 
provides promising target ideas for PDAC to 
reexamine the role of the microenvironment [140]. 
Although there have been numerous studies on CAFs, 
the absence of large-scale randomized clinical trials to 
support these experimental data is apparent. The 
nonspecific targets of anti-CAF treatments may partly 
explain the inefficacy of stroma-targeting therapies 
when applied to routine clinical application. Further 
original research is needed to elucidate the 
therapeutic values of these targeted cells and their 
effects on this lethal disease. 
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