
REVIEW

Molecular mechanisms of pancreatic myofibroblast activation
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Abstract Pancreatic fibrosis (PF) is an essential compo-

nent of the pathobiology of chronic pancreatitis (CP) and

pancreatic ductal adenocarcinoma (PDAC). Activated

pancreatic myofibroblasts (PMFs) are crucial for the

deposition of the extracellular matrix, and fibrotic reaction

in response to sustained signaling. Consequently, under-

standing of the molecular mechanisms of PMF activation is

not only critical for understanding CP and PDAC biology

but is also a fertile area of research for the development of

novel therapeutic strategies for pancreatic pathologies. This

review analyzes the key signaling events that drive PMF

activation including, initiating signals from transforming

growth factor-b1, platelet derived growth factor, as well as

other microenvironmental cues, like hypoxia and extra-

cellular matrix rigidity. Further, we discussed the intra-

cellular signal events contributing to PMF activation, and

crosstalk with different components of tumor microenvi-

ronment. Additionally, association of epidemiologically

established risk factors for CP and PDAC, like alcohol

intake, tobacco exposure, and metabolic factors with PMF

activation, is discussed to comprehend the role of lifestyle

factors on pancreatic pathologies. Overall, this analysis

provides insight into the biology of PMF activation and

highlights salient features of this process, which offer

promising therapeutic targets.
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Introduction

Chronic pancreatitis (CP) is a condition characterized by

recurrent episodes of pancreatic inflammation leading to

the development of fibroinflammatory histology. While

episodes of acute pancreatitis are a frequent element of CP

patient histories, the development of CP itself is multi-

factorial with numerous risk factors playing significant

contributory roles [1]. In western countries, the incidence

and prevalence of clinical CP range from 4.03 to 14 per

100,000 person-years [2–5] and from 13.5 to 143 per

100,000 at risk [2, 4, 6–8], respectively. Recently, the

incidence of CP has increased, indicating a growing burden

of this disease [3]. Beyond the clinical presentation,

26–29% of patients without lifestyle risk factors for CP and

42–47% of smokers and alcoholics have pancreatic fibrosis

(PF) on autopsy [9–11]. Compared to the general popula-

tion, CP patients have a 35.8% increase in death rate over a

20-year observation period [12]. Moreover, CP patients are

predisposed to pain [13], bile duct strictures, pseudocysts,

pancreatic ascites, pancreatic- exocrine- [14], and endo-

crine insufficiencies leading to type 3C diabetes mellitus

[15, 16]. Importantly, CP is a risk factor for pancreatic

ductal adenocarcinoma (PDAC) with a relative risk of
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PDAC of 13.3 compared to the general population [17].

Like CP, the incidence of PDAC has increased in the U.S.

from 11 to 13.1 per 100,000 person-years between 2002

and 2017 [18]. Despite modest incidence, PDAC is the

third leading cause of cancer-related mortality, accounting

for * 47,050 cancer-related deaths in 2020 in the U.S.

[19]. Due to increasing incidence and dismal prognosis,

PDAC is projected to be the second leading cause of

cancer-related mortality by 2030 [20, 21]. Overall, CP and

PDAC represent significant burdens in modern healthcare

systems and are growing causes of morbidity and mortality.

PF is a histological change accompanying chronic or

recurring acute episodes of pancreatic injury and inflam-

mation. Notably, PF is a pathological hallmark of CP and

PDAC. Regarding CP, the presence of PF is arguably

necessary for the diagnosis of CP, especially in late-stage

disease, and replacement of normal pancreatic parenchyma

with fibrosis is a critical component of endocrine and

exocrine pancreatic insufficiency, suggesting that PF is a

critical contributor to the pathobiology of CP. Similarly,

the roles of PF, especially activated pancreatic myofi-

broblast (PMF) in PDAC biology (desmoplasia) have

begun to be appreciated, and the data from early studies

elucidated the ability of desmoplasia to drive pancreatic

cancer cell proliferation, promote their metastatic potential

through induction of stem cell and EMT phenotypes, and

dampen anti-tumor immune responses (see reference 22 by

Apte et al.) [22]. Moreover, pharmacologic suppression or

depletion of desmoplasia inhibited PDAC progression in

animals, indicating the potential of desmoplasia-targeted

therapies [23–25]. However, spontaneous PDAC models

that lack crucial elements of the desmoplastic reaction had

accelerated PDAC progression [26]. The interaction of

PMFs with PDAC cells is complex, and our understanding

of the subject continues to evolve. Recent work has high-

lighted the contributions of several potential subset of

PMFs. Irrespective of this ongoing controversy, it is clear

that desmoplasia is a key factor in PDAC biology. Because

of the critical role of activated PMFs in PF, the mecha-

nisms governing their activation are fundamental to CP and

PDAC biology and represent potential therapeutic targets.

This review summarizes the current understanding of the

molecular mechanisms of PMF activation as it pertains to

CP and PDAC.

Characterization of pancreatic fibroblast
populations

Early studies of the distinct cell populations in the pancreas

revealed a pancreas-resident, quiescent fibroblast popula-

tion interspersed between interacinar and interlobular

spaces, stored retinoid-rich cytoplasmic lipid droplets, and

expressed desmin similar to hepatic stellate cells (HSCs);

thus, they were dubbed pancreatic stellate cells (PSCs)

[27, 28]. Upon culture, PSCs lost their cytoplasmic lipids

and began expressing a-smooth muscle actin (SMA) along

with extracellular matrix (ECM) proteins (including col-

lagen I and III, fibronectin and laminin), which mirrors

HSC activation during hepatic fibrosis [27–29]. Because of

this similarity and the contributions of HSCs to cirrhosis,

PSCs were hypothesized to drive PF. Supporting this

hypothesis, SMA-positive cells expressing pro-collagens

show marked proliferation in fibrotic regions of inflamed

pancreas, surrounding pancreatic intraepithelial neoplasm

(PanIN) lesions, and adjacent to PDAC glands in human

and murine PDAC, suggesting that PSC-like cells are

responsible for the ECM deposition and fibrosis in CP and

PDAC [30–32]. While it is widely believed that PSCs are

the primary contributor to PF, recent studies demonstrate

that bone marrow-derived cells and monocytes are recrui-

ted to chronically inflamed pancreas [33–36] and PDAC

tumors [37] and differentiate into fibroblasts that express

PSC markers. Because the origin of the fibroblasts present

in pathological conditions is uncertain, we utilize the term

PMF to refer to cells expressing PSC markers to describe

this population accurately irrespective of their origin.

Extracellular signals regulating PMF activation

At the outset of a pancreatic fibrotic pathology, activation

of PMFs is an essential part of the fibrotic process, as

quiescent PSCs are neither proliferative nor secretory. The

molecular processes underlying the activation of PSCs/

PMFs/cancer-associated fibroblasts (CAFs) are highly

diverse. Broadly, these mechanisms can be categorized as

those involved in initial activation of PSCs and those that

contribute specifically to the perpetual activation of

fibroblasts, as observed in CP and PDAC.

Extracellular signals involved in early activation

of PMFs

Regarding the initial activation of PMFs, critical roles for

transforming growth factor-b1 (TGF-b1), platelet-derived
growth factor (PDGF), sonic hedgehog (SHH), and con-

nective tissue growth factor (CTGF) have been character-

ized. TGF-b1 is a crucial cytokine for damaged tissue

repair and is abundantly expressed in CP and PDAC.

Transgenic mice expressing TGF-b1 under an insulin

promoter demonstrate spontaneous PF, suggesting that

TGF-b1 initiates de novo PMF activation [38]. PMFs

express both TGF-b receptor1 (TGF-bR1) and receptor2

(TGF-bR2) at significant levels [39]. TGF-b1 treatment

augmented a-SMA, procollagens I and III, laminin, and
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fibronectin expression in PMF both under in vitro and

in vivo conditions [29, 38, 40, 41]. Moreover, transfection

of a dominant-negative TGF-bR2 diminished ECM protein

synthesis in cultured PMFs, further implicating TGF-bR2
in PF [42]. Interestingly, TGF-b1 did not increase the

proliferation of PMFs, which is another hallmark of acti-

vated PMFs. A separate study showed that neutralization of

TGF-b1 increased PMF proliferation [39], suggesting that

PMF proliferation in CP and PDAC is not directly pro-

moted by TGF-b1. Indirectly, TGF-b1 increased expres-

sion of PDGF receptors on PMFs [29] as well as additional

pro-fibrotic cytokines, including CTGF and fibroblast

growth factors 1/2 (FGF1/2) [38].

In rodent CP models, overexpression of TGF-bR2
extracellular domain suppressed PF and the number of

activated PMFs following cerulein injection [43]. In the

setting of PDAC, neutralization of TGF-b1 abrogated the

production of fibronectin induced by PDAC cell line-con-

ditioned media [44]. Neutralization of FGF2 also sup-

pressed the production of fibronectin in pancreatic

fibroblasts stimulated with PDAC cell-conditioned media.

Importantly, neutralization of either TGF-b1 or FGF2

caused nearly complete abrogation of fibronectin produc-

tion, except in the PANC1-based pancreatic cancer cell

model in which only FGF2 neutralization was effective. A

possible explanation for the latter finding is that PANC-1

lacks appreciable TGF-b1 expression [44, 45]. These

observations indicate that TGF-b1 and FGF2 are required

for stimulation of ECM synthesis in CAFs, depending on

the unique secretome of the underlying cancer cells. Fur-

thermore, ectopic overexpression of TGF-b1 in PANC-1

augmented the fibrosis in orthotopic tumors compared to

tumors derived from mock-transfected PANC-1 [45].

Cumulatively, these findings suggest that TGF-b1 is a

master regulator of desmoplasia and PF in general; and

drives PMF ECM synthesis, and indirectly promotes

fibroblast proliferation through increasing sensitivity of

PMFs to PDGF (Fig. 1).

While TGF-b1 is critical for promoting ECM deposition

by PMFs, it fails to induce PMF proliferation, a vital

component of PMF activation and a prominent feature of

fibrosis in CP and PDAC. Unlike TGF-b1, PDGF treatment

drove proliferation in PMFs isolated from CP patients

[29, 40] (Fig. 2). PDGF also stimulated the production of

ECM by PMFs; however, comparison of TGF-b1 and

PDGF concerning fibronectin synthesis demonstrated

decreased potency of PDGF [41]. Consistently, conditioned

media of PDAC cell lines MiaPaCa-2, PANC-1, and

SW850 stimulated the proliferation and synthesis of col-

lagen I and fibronectin in cultured PMFs from PDAC and

CP patients [44]. Subsequent studies showed that neutral-

ization of PDGF-A and -B abrogated the ability of condi-

tioned media to induce PMF proliferation, further

demonstrating the prominence of PDGF in tumor-stroma

crosstalk [44]. Notably, PDGF neutralization resulted in

variable inhibition of fibronectin synthesis across cell line

models and was insignificant in two out of three models

[44]. In addition to its effects on proliferation, PDGF also

induced the migration of PMFs in culture largely through

the PI3K/AKT pathway [46, 47]. More interestingly, PDGF

treatment of quiescent and activated PMFs demonstrated

that quiescent cells had a 48-h delay in their response to

PDGF, indicating that activation of PMF is a prerequisite to

respond to PDGF and that PDGF itself is not capable of

initial activation [46]. Based on these findings, animal

models with forced pancreatic overexpression of PDGF,

with and without experimental pancreatic injury, may yield

important insights into the temporal regulation of PF by

PDGF.

SHH, a molecule essential to the embryonic develop-

ment of the pancreas, is also involved in PMF activation. In

PDAC, SHH is derived from neoplastic epithelium and acts

on activated PMFs, which express the necessary compo-

nents for SHH signaling [48, 49]. In murine PDAC models,

pancreas-specific knockout of SHH sharply reduced the

ECM deposition and activated PMFs in the tumor

microenvironment (TME) [50, 51]. Using Capan-2-

derived, orthotopic PDAC tumors, Bailey et al. demon-

strated that SHH neutralization profoundly suppressed the

appearance of desmoplasia, as measured by Hematoxylin

and Eosin, a-SMA, collagen I and fibronectin staining [49].

Further, in transformed human pancreatic normal epithe-

lium (T-HPNE) -derived tumors, which lack natural SHH

expression, ectopic SHH expression profoundly augmented

the desmoplasia induced by T-HPNE cells, as assessed by

the similar criteria as were used for the Capan-2 model

[49]. In vitro, SHH augmented CAF proliferation, a-SMA

expression, and migration of CAFs toward SHH-secreting

cancer cells [49]. Despite these data that demonstrate a

clear role of SHH in PF, the detailed mechanism still

remains elusive.

CTGF is yet another factor in PMF activation and PF.

Notably, CTGF expression in the pancreas is regulated by

TGF-b1, Activin-A, PDGF, and tumor necrosis factor-a
(TNF-a) [52, 53], and in CP specimens, CTGF and TGF-b1
were upregulated by greater than 20-fold [54]. Further-

more, in vitro studies revealed that CTGF stimulates pro-

liferation, migration, matrix adhesion, and collagen I

synthesis in rat PSCs [52, 53]. Additional analyses revealed

that CTGF interacts with integrin a5b1 through a novel

motif in the fourth module of CTGF [55]. Moreover,

inhibition of integrin a5b1 suppressed the ability of CTGF

to enhance the activated phenotype in PMFs [52, 55].

Downstream, CTGF activates extracellular signal related

kinase 1/2 (ERK1/2), signal transducer and activator of

transcription 3 (STAT3), and nuclear factor kappa beta
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(NFjB) pathways, resulting in increased expression of

matrix metalloproteinase 9 (MMP-9), tissue inhibitor of

metalloproteinases -1 (TIMP-1), TGF-b1, Interleukin-1b
(IL-1b), and Interleukin-6 (IL-6) [53]. The profibrogenic

role of CTGF is also implicated in the PDAC desmoplasia,

and CTGF is upregulated in PDAC-associated CAFs.

Moreover, the murine homologue of CTGF (Fisp12) was

induced upon orthotopic implantation of human PDAC cell

lines in mice [56]. While these data suggest a role in the

desmoplastic response, additional neutralization or genetic

ablation studies of CTGF in CP and PDAC will be useful to

differentiate the contributions of this axis to PMFs and

epithelial cells’ biology.

Given the inflammatory nature of CP and PDAC, the

impact of cellular and molecular mediators of inflammation

on PMF activation is paramount to the PF that occurs in

these two conditions. As demonstrated by co-cultures,

activated macrophages secrete several PMF-activating

factors, including TGF-b1, thereby augmenting the acti-

vation and subsequent PF [57, 58]. Similarly, co-culture of

PMFs with lymphocytes increased PMF proliferation and

collagen expression [59]. Finally, depletion of neutrophils
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representation of the regulation

and function of TGF-b1 and

SMAD2/3 signaling in the
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from murine models of PDAC in obese mice decreased the

number of activated PMFs as well as the expression of

genes associated with PF [60].

At a molecular level, significant roles for TNF-a, IL-1b,
and Cyclooxygenase-2 (COX2, the rate-limiting enzyme in

prostaglandin biosynthesis) in PMF activation have been

described. Treatment of PMFs with TNF-a increased a-
SMA expression [41, 61, 62], collagen synthesis [61], and

PMF proliferation [61, 62]. Along with TNF-a, IL-1b may

also activate PMFs; as murine PDAC models lacking IL-1b
showed drastic reductions in the number of a-SMA-posi-

tive PMFs in tumors [63]. Under in vitro conditions, Mews

and colleagues demonstrated that IL-1 increased a-SMA

expression in PMF without altering collagen synthesis or

cell proliferation [61]. Moreover, the treatment of PSCs

with IL-1b increased the expression of TGF-b1 in PMFs

[64]. These multiple studies suggests that IL-1b has both

direct and indirect effects on PMF activation; however, the

contributions of these roles remain to be parsed fully.

The role of prostaglandins in pancreatic fibroblast acti-

vation was initially proposed from the studies showing that

PANC-1-conditioned media and culture-mediated PMF

activation upregulate cyclooxygenase-2 (COX-2) expres-

sion in PMFs [65], and inhibition of COX2 suppressed

PMF proliferation and a-SMA expression upregulated by

PANC-1-conditioned media and culture conditions

[65, 66]. A subsequent investigation supported these results

by demonstrating that prostaglandin E2, a product down-

stream of COX-2, stimulated PMF proliferation, migration,

and expression of ECM proteins and matrix metallopro-

teinases in a prostaglandin EP4 receptor-dependent manner

[67]. Though, it should be noted that these effects may be
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dependent on the specific prostaglandin receptor involved,

activation of the EP2 receptor inhibits PMF activation [68].

In addition to the direct impact on activation of PMFs,

COX-2 potentiated the effects of other factors on PMF

biology. Here, COX-2 inhibition with NS-398 suppressed

the activation of quiescent PSCs by prolonged culture,

TGF-b1, and IL-1b [64]. Further supporting the profibro-

genic role of COX-2, knockout of Cox-2 from the exocrine

pancreas delayed progression to PDAC and completely

abrogated associated desmoplasia in K-ras-driven PDAC

models [69]. Similarly, ectopic expression of COX-2 in the

acinar compartment of mouse pancreas resulted in a

spontaneous phenotype resembling CP, including the

presence of inflammatory cells, acinar-to-ductal meta-

plasia, and progressive deposition of ECM proteins [70].

However, it must be noted that the effects of COX-2

knockout and overexpression in these models on desmo-

plasia may be indirect due to reduced neoplastic insult and

modulation of immune infiltrate.

Finally, PMFs are sensitive to damage-associated

molecular patterns (DAMPs). Masamune et al. demon-

strated that rat PMFs express toll-like receptors (TLRs) 2,

3, 4, and 5 along with co-receptors, CD14 and MD2 [71].

Of these, TLR2 and 4 are known receptors of high mobility

group box 1 (HMGB1), heat shock protein 70 (HSP70),

and fibrinogen. Moreover, treatment of PMFs with

microbe-derived ligands of these TLRs promoted the

expression of pro-inflammatory cytokines monocyte

chemoattractant protein 1 (MCP-1) and the rat homologue

of CXCL8 [71]. While these ligands failed to induce pro-

liferation or collagen synthesis in response to bacterial

ligands [71], treatment with fibrinogen, a mammalian

ligand of TLR4, increased expression of the inflammatory

cytokines along with collagen 1, suggesting that fibrinogen,

as a DAMP, can activate PMFs [72]. Furthermore, sig-

naling downstream of fibrinogen activates central signaling

cascades in PMF activation, including ERK1/2, c-Jun

N-terminal Kinase, and p38 MAPK. Similarly, PMFs

express high levels of P2 purinergic receptors, allowing

them to respond to nucleotides released as a result of tissue

damage [73]. Additionally, mice null for CD39 (an enzyme

involved in maintaining the sensitivity of P2 receptors)

have diminished fibrosis compared to wild-type (WT)

counterparts when treated with cerulein. In vitro, loss of

CD39 expression from PMFs results in severe deficits in

PMF proliferation in response to PDGF and collagen syn-

thesis in response to TGF-b1 [73]. Finally, PMFs treated

with DNA derived from neutrophil extracellular traps

showed increased a-SMA expression and proliferation,

suggesting that mammalian DNA is another vital cue for

PMF activation [74]. Cumulatively, these findings

demonstrate that PMFs are activated by products of

inflammation in CP and PDAC and are sensitive to signals

that initiate inflammatory responses.

Signals involved in the propagation of PMF

activation

Initial activation of PMFs is crucial for the formation of

PF; however, it is insufficient as sustained PMF activation

is also required for proliferation and ECM protein syn-

thesis. While the molecules discussed in the previous

section likely contribute to initial and sustained activation

of PMFs, additional environmental cues associated with CP

and PDAC have salient effects on prolonged PMF activa-

tion; including hypoxia and ECM stiffness. Notably, both

of these environmental features are products of PF. In

cultured PMFs, hypoxia induced a migratory phenotype

and increased expression of collagen I by augmenting

vascular endothelial growth factor (VEGF) expression

[75, 76]. In addition to VEGF, hypoxia augments CTGF

expression in PMFs, thereby indirectly contributing to

sustaining PMF activation [77]. These changes are further

associated with decreased microvessel density in PDAC

and CP [76]. Interestingly, another study found that

hypoxia not only regulates the amount of collagen pro-

duced but also the orientation of the collagen that is

deposited, which has implications for the migration and

invasion of cancer cells [78], suggesting that hypoxia may

contribute to multiple aspects of PMF biology, and tumor

microenvironment.

Interactions of PSCs with a rigid growth substrate is

another classic means of PMF activation. To support these

findings from the initial characterization of PSCs/PMFs,

PMFs from CP patients grown on Matrigel showed early

morphological changes indicative of quiescence and, over

time, showed increased cytoplasmic lipid accumulation

compared to cells cultured on plastic [79]. While culture of

pancreatic fibroblasts in Matrigel resulted in decreased

expression of a-SMA, Collagen I, TGF-b1, and CTGF, it

did not reduce the proliferation of PMFs nor the expression

of fibronectin [79]. Another study utilizing polyacrylamide

gels to modulate growth surface rigidity (thereby avoiding

confounding influences of the biological activity of

Matrigel) found that PMFs cultured on less rigid gels had

decreased a-SMA and vimentin expression as well as

increased cytoplasmic lipid content [80].

There are three possible mechanisms proposed by which

the rigidity of the attachment substrate might regulate PMF

activation in vivo: The first is that mature TGF-b is

secreted bound to both latency-associated peptide (LAP)

and latent TGF-b binding protein (LTBP), which cumula-

tively is known as the large latency complex. This complex

interacts with fibrillin in the ECM and is not available for

signaling activity. To produce active TGF-b, a cell must
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apply tension to fibronectin fibrils, dissociating TGF-b
from LTBP-1 and LAP [81]. In this process, both cellular

contractility and the ECM are critical for the release of

TGF-b [82, 83]. Inhibition of PMF activation [by use of

all-trans retinoic acid (ATRA)], as well as inhibition of

activated fibroblast contraction (by blebbistatin), impaired

the release of TGF-b1 from LTBP-1, thereby demonstrat-

ing that this mechanism of TGF-b1 release may be nec-

essary for TGF-b1 signaling in PMFs, specifically when the

cells are attached to ECM-based scaffolds [84].

While the second potential mechanism has not explicitly

been investigated in PMFs associated with CP or PDAC,

Calvo and colleagues showed that inhibition of ECM

remodeling by CAFs blocked the activation of yes-asso-

ciated protein-1 (YAP1), which was, in turn, required for

vimentin expression, collagen production, and collagen

disc contraction [85]. The observation that, in different

mouse models of PDAC, the level of Yap1 activation

parallels the degree of matricellular tension present within

the TME [86] supports these findings. It is consistent with a

mechanical mechanism of YAP1 activation [87]. Further-

more, YAP1 expression is induced by PDAC and CP in

PMFs, and knockdown or inhibition of YAP1 in PMFs

suppresses the activated phenotype [88–90]. Based on

these studies, it is likely that YAP1 plays a critical role in

PMF activation in PF, and that YAP1 activation is, at least

in part, mediated by substrate rigidity.

Finally, recent evidence indicates that ion channels may

also be critical for the response of PMFs to a rigid growth

substrate through TRPC1 and 3, KCa3.1, and Piezo-1

mediated mechanisms [91–93]. Activation of these ion

channels either with mechanical stress or a small molecule

activator enhanced PMF migration in vitro. Mechanisti-

cally, each ion channel augmented calcium influx in PMFs

upon activation, suggesting that intracellular Ca2? is cen-

tral to the response of PMFs to mechanical stress [91–93].

Despite the associations between Ca2? signaling, activation

of mechanosensitive ion channels, and PMF activation,

additional studies inhibiting calcium signaling are required

to concretely demonstrate the role of Ca2? in the response

of PMFs to mechanical stress.

Negative regulators of PMF activation

ATRA, vitamin D, and interferons have prominent anti-

fibrotic roles in CP and PDAC. Initial characterization of

PSCs demonstrated that quiescent PSCs store retinoids in

cytoplasmic lipid droplets, which are lost upon activation

[27, 28]. Retinol (vitamin A) is acquired through the diet

and enters cells through interaction with retinol-binding

protein [94]. Inside the cell, retinol is either metabolized to

the biologically active retinoic acid by two enzymes, reti-

nol dehydrogenase (RolDH) and retinaldehyde

dehydrogenase (RALDH), or converted to retinol esters for

storage [95]. Retinoic acids serve as ligands for the retinoic

acid receptors (RARs) and retinoid X receptors (RXRs)

[96]. Importantly, PSCs express RolDHII as well as

members of both retinoic acid receptor families, suggesting

that PSCs express the necessary components for active

retinoic acid signaling [97]. Under in vivo conditions,

ATRA treatment reduced the amount of PF and a-SMA-

positive PMFs induced by cerulein treatment [98]. Mech-

anistically, cultured rat PSCs treated with exogenous

ATRA had reduced proliferation, collagen synthesis, and

MMP2 expression [99]. However, a-SMA, PDGF-induced

phosphorylated ERK 1/2, and MMP9 were not reduced by

ATRA treatment [99]. ATRA functions as a transrepressor

of the AP-1 complex without affecting upstream activating

signals or AP-1 complex binding to DNA [99]. Additional

studies demonstrated that retinol, 9-Cis RA, and ATRA

suppressed PMF proliferation as well as collagen and

fibronectin expression [97, 98]. Further, a-SMA expres-

sion, phospho-ERK1/2, phospho-p38, and phospho-JNK-2

[97] were abrogated by retinoid after prolonged treatment

[97]. This delay in the observed changes likely reflects

indirect effects of retinoid signaling, including the sup-

pression of TGF-bR2 and PDGF-Rb expression in PMFs

[98]. To further support the role of ATRA as a suppressor

of PMF activation, forced expression of albumin (which is

critical for the storage of retinol and is downregulated upon

PMF activation) suppresses the activated PMF phenotype

[100]. Finally, treatment of PMFs with ATRA inhibited

activation mediated by the stiffness of the growth substrate;

ATRA-treated PMFs lost the ability to sense strain, and

apply force to, their attachment surface. The inability to

sense substrate stiffness resulted in decreased polyacry-

lamide gel contraction and a-SMA and vimentin expres-

sion [101].

Like ATRA, vitamin D and its analogs suppress the

activity of PMFs. Sherman et al. identified vitamin D

receptor (VDR) expression in mouse PMFs and human

CAFs. Activation of VDR using calcipotriol (a vitamin D

derivative) in isolated PMFs suppressed the activation-as-

sociated gene signature and phenotype of the fibroblasts,

including downregulation of collagen I, MMP2 and IL6,

and increased accumulation of cytoplasmic lipids [23].

Transient knockdown of VDR abrogated calcipotriol-in-

duced quiescence, indicating that VDR was required for the

inactivation of fibroblasts and that the mechanism likely

involves competition of VDR for mothers against

decapentaplegic homolog 3 (SMAD3) binding at the pro-

moters of profibrotic genes. Moreover, in mice, calcipotriol

abrogated PF in response to cerulein-induced pancreatitis

and vdr-/- mice showed spontaneous fibrosis in the pan-

creas [23]. While these studies demonstrate the ability of

VDR to reprogram already activated pancreatic fibroblasts
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and suggests that loss of VDR activity, in the form of

receptor knockdown, leads to PF, it remains unclear if and

how this fibrosis-suppressing pathway is altered during

pancreatic pathologies and how these underlying alter-

ations lead to PF.

Surprisingly, interferons also have a prominent role in

the suppression of PMF activation. In rat PSCs, IFN-b and

IFN-c treatment reduced proliferation and collagen syn-

thesis compared to control, whereas IFN-c also reduced a-
SMA expression. Consistent with the known signaling

mechanisms of interferons, treatment with IFN-b and -c
induce STAT1 and 3 phosphorylation, and the inhibition of

STAT1 expressly abrogated the effects of IFNs on PSC

proliferation [102]. Further investigation of the inhibitory

effects of IFN-mediated STAT1 signaling revealed that

STAT1 overexpression suppresses TGF-b1-mediated

upregulation of CTGF and endothelin-1, which promote

PMF proliferation [103]. Mathematical models of PMF

response to IFN-c treatment concerning STAT1 activation,

STAT1 expression, and inhibitory suppressor of cytokine

signaling (SOCS-1) expression demonstrate that high

concentrations of IFN-c robustly activate STAT1 expres-

sion and signaling, which is significant and long-lived

compared to competing SOCS-1 upregulation [104].

Finally, IFN-c, specifically, may suppress PF through its

regulation of CXCR3 ligands. A study demonstrated that

administration of CXCL9 to mice with pancreatitis atten-

uated fibrosis, whereas neutralization of CXCL9 worsened

the PF [105]. While the relevance of these inhibitory sig-

nals to PF in CP and PDAC remains to be thoroughly

described, these findings suggest that lymphoid subsets in

the pancreas may have more balanced effects on PMFs

than myeloid subset mediated mechanisms.

Signaling cascades central to PMF activation

Despite the presence of numerous extracellular factors that

regulate the activation of PSCs/PMFs, the list of intracel-

lular signaling mechanisms leading to PMF activation is

surprisingly succinct. The essential roles of ERK-, Rho

kinase-, YAP1-, and SMAD-mediated signaling mecha-

nisms have been described in Table 1. The initial obser-

vation implicating MAPK signaling in PSC activation was

derived from the spontaneous increase in ERK phospho-

rylation with progressive, culture-mediated PMF activation

[106]. This study also demonstrated that PDGF induced

ERK phosphorylation in PSCs and that inhibition of ERK

signaling with trapidil or PD98059 suppressed basal and

PDGF-stimulated PMF proliferation (Fig. 2) [106, 107].

Furthermore, ERK signaling was shown to mediate the

effect of TGF-b1 on PSC expression of TGF-b1 and a-
SMA [108, 109]. Similarly, inhibition of ERK signaling in

PMFs treated with PANC1-conditioned media abrogated

the expression of TIMP-1, thereby supporting the role of

ERK signaling in both the proliferative and fibrotic phe-

notype of pancreatic fibroblasts [110]. Interestingly, using

lovastatin (a hydroxymethylglutaryl coenzyme A reductase

inhibitor), Jaster and colleagues inhibited ERK activation

in PMF, resulting in loss of proliferation and increased

apoptosis [111]. Likewise, inhibition of 3-hydroxy-3-

methylglutaryl-CoA (HMGCoA) reductase was shown to

interfere with isoprenylation of Rho and Ras family

members, causing reduced membrane localization and

suppression of ERK signaling [111]. Finally, ERK signal-

ing is implicated in angiotensin II-mediated activation of

PSCs. Here Angiotensin II treatment activates epidermal

growth factor receptor (EGFR) through non-canonical

heterotrimeric G-protein-mediated transactivation of

EGFR, resulting in ERK phosphorylation [112]. Impor-

tantly, inhibition of EGFR and ERK signaling in this set-

ting abrogated the proliferation of pancreatic fibroblasts in

response to angiotensin II [112].

The role of MAPK signaling in PMF activation extends

beyond the functions of ERK1/2 to include p38 and c-Jun

N-terminal kinase (JNK). The inhibition of p38 suppressed

PMF proliferation in response to PDGF, as well as collagen

and a-SMA expression under basal conditions [113]. Still,

it failed to alter a-SMA and fibronectin expression in the

presence of TGF-b1 [109]. Critically, loss of p38 signaling

blocked the conversion of quiescent PSCs to the activated

form after prolonged culture. Together, these findings

indicate that p38 is not universally involved in PMF acti-

vation but may mediate specific effects downstream of

PDGF and signaling involved in substrate-mediated PMF

activation. Like p38, JNK inhibition abrogated PDGF-

mediated proliferation, as well as collagen expression,

upon serum exposure [114]. In contrast to p38, inhibition

of JNK also suppressed TGF-b1-stimulated expression of

a-SMA and fibronectin, which is similar to the effect of

ERK inhibition in PMFs [109]. As a final note, these three

signaling axes are essential components downstream of

several PMF-activating stimuli, including protease acti-

vated receptor 2 (PAR-2) [115] and reactive oxygen spe-

cies (ROS) [116–118]. The sheer diversity of the signals

that proceed through MAPK pathways in route to PMF

activation is a testament to the central roles of these

pathways in PMF biology.

Along similar lines, Rho kinases have also been impli-

cated in pancreatic fibroblast activation. Pancreatic

fibroblasts isolated from male Wistar rats demonstrated

expression of RhoA as well as ROCK-1 and -2 [119].

Furthermore, the inhibition of ROCK using Y-27632 and

HA-1077 suppressed stress fiber formation (characteristic

of PSC activation), a-SMA and collagen expression, and

PMF proliferation and migration in response to serum or
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PDGF [119]. Importantly, these changes in pancreatic

fibroblast activation occurred independently of ERK acti-

vation, suggesting independent functions of RhoA and

ROCK in PMF activation [119]. Furthermore, inhibition of

ROCK kinases in PDAC mouse models decreased collagen

density within tumors, providing further evidence that this

pathway is important in vivo [120].

The parallel changes in stress fiber formation and the

activation state of PMFs are indicative that mechanical

factors may be important for PMF activation. As previ-

ously discussed, YAP1 signaling can be stimulated by

mechanically transduced signals. In cultured mouse and

human PMFs, knockdown of YAP1 inhibited the activation

of PMFs induced by both PDGF and TGF-b1 treatment.

Interestingly, mechanical activation of YAP1 is indepen-

dent of phosphorylation of serine127, a known negative

regulatory marker [87]. These results indicate the possi-

bility that specifically mechanotransduction dependent on

RhoA/ROCK signaling results in the non-canonical acti-

vation of YAP1, which in turn cooperates with PDGF and

TGF-b1 signaling to promote PMF activation.

ROS appears to play an important intracellular role in

PMF activation. Early studies by Kikuta et al. demon-

strated that treatment of PMFs with 4-hydroxy-2, 3 nonenol

and hydrogen peroxide both resulted in the activation of

AP-1 and MAPK protein [116, 117]. Subsequently, this

group demonstrated that PMFs express functional compo-

nents of NADPH oxidase [121]. Moreover, PDGF-BB, IL-

1b, and angiotensin II stimulated ROS production in vitro.

Importantly, inhibition of NADPH oxidase with diphylene

iodonium (DPI) and ROS scavenging with N-acetyl-cys-

teine, suppressed PDGF-mediated fibroblast proliferation,

IL-1b-mediated cytokine production,a-SMA, collagen, and

TGF-b1 expression in vitro [116, 117, 122]. In Wistar rat

and dibutyltin dichloride-induced models of CP, treatment

with DPI inhibited the development of PF [121]. Subse-

quent studies using NADPH oxidase deficient mice showed

decreased histologic evidence of CP following repeated

cerulein injection [123]. Finally, in the setting of hyper-

glycemia-mediated PMF activation, treatment with

antioxidants suppressed transition to the activated PMF

phenotype [124].

Given the prominent role of TGF-b1 in PSC activation,

it is not surprising that SMADs play a prominent role in the

intracellular signaling leading to PMF activation. However,

the role of SMADs in PMF activation extends beyond

TGF-b1 signaling, as Activin-A also activates SMAD2/3

resulting in PMF activation [125]. Using a dominant-neg-

ative form of Smad3, which inhibits Smad2 and 3 signal-

ing, along with co-expression of either Smad2 or Smad3,

Ohnishi and colleagues studied the differential effects of

these Smads in response to TGF-b1 treatment in PMFs

[108]. Upon TGF-b1 treatment, Smad2 and 3 translocated

to the nucleus of PMFs. Further, expression of the domi-

nant-negative form of Smad3 suppressed the expression of

a-SMA and augmented PMF proliferation [108]. Co-ex-

pression of Smad2 with the dominant-negative Smad3 did

not suppress the increased proliferation of fibroblasts that

was stimulated by the dominant-negative Smad. In con-

trast, co-expression of Smad3 suppressed the increased

proliferation, indicating that Smad3 signaling may be

responsible for the decreased proliferation observed with

TGF-b1 treatment. Later, dominant-negative Smad2/3 was

used to show that Smad3 also promoted the expression of

IL-1b and IL-6 [126, 127]. To extend the role of SMADs to

PF, He et al. used cerulein to induce CP in mice with

pancreas-specific, transgenic Smad7 expression, an inhi-

bitor of receptor/co-SMAD signaling. In this model, the

expression of Smad7 reduced cerulein-induced PF along

with the number of a-SMA-positive stromal cells [128].

Table 1 Summary of key intracellular signaling pathways in PMF activation

Signaling

pathway

Positive regulationa Negative regulationa Primary cellular effectsb Secondary cellular

effectsb

ERK 1/2 PDGF, CTGF, PAR-2, ROS,

Angiotensin II

ATRA PMF proliferation Collagen expression

JNK PDGF, PAR-2, ROS ATRA PMF proliferation Collagen expression

p38 PDGF, PAR-2, ROS ATRA PMF proliferation Collagen expression

RhoA/

ROCK1

PDGF NA Potentiate PDGF-induced proliferation

and migration

Collagen and SMA

expression

YAP1 Matricellular stress ATRA Potentiate TGF-b1 and PDGF signaling NA

SMAD2/3 TGF-b1, Activin A, matricellular

stress

BMP2, SMAD1/5/8,

STAT1

ECM deposition Expression of PDGFR,

and CTGF

aPositive and negative regulators refer to factors that activate and suppress a given signaling pathway
bPrimary and secondary cellular effects refer to the results of the activation of that pathway in PMFs
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However, it must be noted that expression of Smad7 in this

model is under control of the elastase promoter, and thus

expression of Smad7 in PSCs/PMFs and subsequent mod-

ulation of TGF-b1 signaling in this population by Smad7 is

questionable [128, 129]. Another cerulein-induced model

of CP comparing wild type and haploinsufficient BMP2

mice, showed that loss of BMP2 exacerbated fibrotic

response to recurrent cerulein treatment. Interestingly, the

loss of Smad1/5/8 signaling in BMP2 haploinsufficient

mice increased Smad2/3 signaling and worsened the PF

[130]. These findings were confirmed in vitro by demon-

strating that BMP2 treatment suppressed TGF-b1-mediated

PMF activation in a SMAD1-dependent manner [131].

Gremlin acts as an additional regulator of SMAD-mediated

signaling in PMFs. Here Gremlin suppresses BMP2-me-

diated activation of SMAD1/5, thereby allowing aug-

mented SMAD2/3 signaling (Figs. 1 and 2) [132].

Cumulatively, the diverse mechanism of activation and

multiple layers of regulation of SMAD signaling point

towards this pathway being central to PMF activation.

Molecular correlates of clinical CP and PDAC risk
factors

Alcohol consumption, tobacco use, diabetes, and obesity

are risk factors for the development of CP and PDAC. This

section explores the underlying molecular mechanisms of

PMF activation in light of these risk factors (Table 2).

Ethanol and its metabolite acetaldehyde augment a-SMA

and collagen 1 expression in cultured PMFs and accelerate

the conversion of quiescent PSCs to activated PMFs [133].

Importantly, this effect of ethanol was dependent on the

activity of alcohol dehydrogenase, indicating that the

metabolites of ethanol rather than ethanol itself are

important for PMF activation. Mechanistically, ethanol and

acetaldehyde activated ERK1/2, p38, and JNK in PMFs

[134]. Subsequent studies demonstrated that N-acetyl cys-

teine blocked both MAPK signaling and PMF activation

downstream of ethanol and acetaldehyde, suggesting that

ROS, potentially produced by NADPH oxidase, is an

important intermediate in ethanol-mediated PMF activation

[134, 135]. Interestingly, analysis of ERK, p38, and JNK

independently revealed that p38 inhibition suppressed the

activity of ethanol and acetaldehyde in PMFs, whereas

ERK and JNK were dispensable for the ethanol-related

PMF activation [134, 136]. Under in vivo conditions, the

effects of alcohol on pancreatic biology are more compli-

cated. Alcohol mediates rapid acinar cell injury and both

direct and indirect mechanisms of PMF activation [137].

Moreover, in murine models of CP, the persistence of

ethanol exposure prolongs the duration of active fibrotic

response by suppressing PMF apoptosis [138]. In sum,

these data suggest that alcohol and its metabolites con-

tribute directly and indirectly to the activation of PMFs,

thereby contributing to the PF observed in CP and PDAC.

Several compounds in tobacco products or generated by

tobacco use also play roles in PMF activation. Nicotine

treatment induces PMF proliferation, induces a-SMA and

collagen expression, and suppresses apoptosis in cultured

PMFs. The a-Bungarotoxin inhibited nicotine-mediated

PMF proliferation and a-SMA expression, suggesting the

involvement of a7n-acetylcholine receptor (AChR). This

study further implicated the involvement of JAK2/STAT3

signaling in nicotine-mediated activation, though further

studies are required to validate the involvement of this

signaling axis [139]. In addition to nicotine, aryl hydro-

carbons derived from cigarette smoke play indirect roles in

Table 2 Summary of the molecular correlates of CP and PDAC risk factors and their effects on PMF activation

Risk

factor

Component, metabolite, or

feature

Signaling effects Cellular effect

Alcohol Ethanol/ acetaldehyde ERK, JNK, and p38 Increased rate of PMF activation and a-SMA and Collagen

expression

Tobacco Nicotine a7nAChR, JAK 2 STAT3 activation Increased PMF proliferation and a-SMA and Collagen

expression

Aryl hydrocarbons Increased IL-22 expression Collagen 1 and Fibronectin expression

Obesity Obesity (obese vs. non-

obese mice)

IL-1b, AT2R1, MAPK, decreased

vitamin A content

Augmented PMF proliferation and activation

VLDL Not studied Increased Collagen and Fibronectin expression; Augmented

PMF proliferation

Oleic acid Not studied Increased PMF proliferation, TNF-a expression and

Fibronectin synthesis

Diabetes High glucose Angiotensin II, ERK, p38 Increased PMF proliferation and expression of TGF-b1,
CTGF, and a-SMA
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PMF activation. Concomitant administration of aryl

hydrocarbon receptor ligands (AhR) and cerulein in mice

caused increased PF and IL-22 expression in T-cells.

Importantly, IL-22 treatment with cerulein phenocopied the

effects of AhR activation. Finally, in vitro, IL-22 treatment

caused increased expression of collagen 1 and fibronectin

in PMFs [140]. Overall, components of tobacco may

exacerbate pancreatitis and promote a transition towards

CP and PF.

Finally, metabolic conditions, including obesity and

diabetes, are important risk factors for CP and PDAC and

contribute biochemically to PMF activation. Obesity is

associated with increased pancreatic inflammation, and, in

murine PDAC models, is associated with increased IL1b-
mediated PMF activation [60]. Importantly, inhibition of

local renin-angiotensin signaling suppressed the effects of

obesity on PMF activation in vivo. These findings are

supported by two observations. First, ACE inhibitors,

angiotensin receptor blockers, and knockout of angio-

tensin-II receptor I (AT2R1) each suppressed the formation

of PF and overexpression of TGF-b1 resulting from

spontaneous CP in Wistar rats and cerulein-treatment in

mice [141–143]. Second, PMFs express significant levels

of AT2R1 [112, 144]. In this context, AT2R1 transactivates

receptor tyrosine kinases through non-canonical G-protein-

coupled receptor signaling, resulting in activation of

MAPK signaling downstream [112, 145]. Despite these

findings, it remains unclear if obesity specifically acts to

promote PMF activation through angiotensin as it was not

directly assessed. Alternatively, one study demonstrated

that obese mice have deficient vitamin A content in the

pancreas. While not directly addressed, this finding would

suggest that obesity promotes PMF activation through

decreased retinol-mediated, suppressive signaling [146].

More directly, treatment of PMFs with VLDL increased

their collagen synthesis, fibronectin expression, and pro-

liferation [137]. Similarly, oleic acid augmented PMF

proliferation and expression of TNF-a and fibronectin

[147]. Further investigation is needed to understand the

mechanism by which VLDL and fatty acids activate PMFs

and the extent to which this mechanism plays a role

in vivo.

Finally, high glucose and insulin exposure activates

PMFs. Culture in high glucose concentrations drastically

increased PMF proliferation and expression of TGF-b1,
CTGF, and a-SMA [148–150]. Importantly suppression of

angiotensin signaling abrogated the effects of glucose on

PMF activation [148]. Consistent with the known mecha-

nism of angiotensin signaling in PMFs, high glucose

induced ERK and p38 activation [149, 150]. Inhibition of

p38 and ERK signaling also suppressed the effects on the

PMF activation. Finally, it should be noted that insulin also

activates ERK signaling in PMFs, but the concomitant

treatment of high glucose concentrations with insulin has

an additive effect, suggesting that insulin resistance may be

a key to the promotion of PF [149].

Conclusions

In conclusion, PMFs are activated by a diverse array of

signals that encompass both specific signaling molecules as

well as features of the CP and PDAC microenvironment.

Despite the diversity in the molecules that can promote

PMF activation, the downstream signaling of these factors

converges on a small number of central intracellular sig-

naling pathways crucial to promoting the activated PMF

phenotype. The convergence of these diverse signals on a

discrete number of signaling pathways provides an excel-

lent opportunity for therapeutic targeting. However, the

efficacy of such therapeutic mechanisms remains contro-

versial in PDAC and mostly untested in CP. Finally,

analysis of the risk factors for CP and PDAC in relation to

PMF activation demonstrates a strong correlation between

clinical features and molecular mechanisms, indicating that

the highlighted pathways play critical roles in the devel-

opment of PF.
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