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Fibrogenesis in the pancreas
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Abstract

In recent years, numerous studies have provided novel
insights into the pathomechanisms of pancreatic fibrogen-
esis. This includes in particular the identification and char-
acterization of the pancreatic stellate cells (PSCs) and their
role in the synthesis of extracellular matrix (ECM) proteins.
It has become clear that pancreatic stellate cell activation is
regulated by a complex network of growth factors and cyto-
kines and results in increased expression and release of col-
lagens I and II, fibronectin and other components of ECM.
Among the cytokines involved in PSC activation and other
fundamental mechanisms of pancreatic fibrosis, transform-
ing growth factor beta (TGF ) is of particular relevance.
TGF B stimulates PSC activation and induces transcription
of ECM proteins mainly via activation of the Smad proteins
which regulate gene expression through functional interac-
tion with co-operating partner proteins such as the zinc
finger transcription factor Spl. Recent progress in under-
standing of the biochemical and molecular mechanisms of
pancreatic fibrosis, is reviewed here.
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Introduction

Pancreatic cancer, chronic pancreatitis and acute pancreatitis
are characterized by profound alterations of extracellular matrix
(ECM) formation and composition [1-3]. In these pancreatic
diseases the appearance of fibrotic tissue is a result of increased
deposition and reduced degradation of extracellular matrix.

The extracellular matrix (ECM) is comprised of four major
classes of macromolecules — the collagens, proteoglycans,
structural glycoproteins, and elastin [4-6]. Individual members
of each class and family of ECM molecules were found to exhibit
a degree of tissue-specific distribution implicating the matrix in
development and tissue function [7,8]. Cell surface receptors for
individual ECM components were identified, which provided a
rational basis for linking the ECM with the cell [9-11]. From
these discoveries it is now evident that the extracellular matrix
is composed of a number of different macromolecules whose
structural integrity and functional composition are important
in maintaining normal tissue architecture, in development
and in tissue-specific function [4,6,8]. On the other hand, it
has been recognized that dysfunctional matrix components
and abnormalities in ECM biosynthesis and catabolism are
of importance in both inherited and acquired diseases and in
normal wound healing [4-6].

Years ago, we and others identified “fibroblast-like” cells
in the pancreas that show characteristics of myofibroblasts, e.g.
expression of a-smooth muscle actin, synthesis of collagens and
fibronectin, and the formation of dense bodies [12,13]. Only
recently, these cells were identified as pancreatic stellate cells,
formerly named fat-storing cells, which show similarities in their
retinoic metabolism and morphology to hepatic stellate cells
and are considered as key players in the fibrogenesis in different
pancreatic diseases [14-16]. Activation of pancreatic stellate
cells is orchestrated by cytokines and components of the ECM
as well [21,22]. Among the cytokines involved in this process,
transforming growth factor beta (TGFp) is of particular
relevance [17].
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Figure 1. Transformation of pancreatic stellate cells is characterized by cellular enlargement, loss of retinoid droplets and the expression
of smooth-muscle alpha actin. Initiating stimuli include TGF g and TNF o from platelets, macrophages or acinar cells. The activated
pancreatic stellate cell is sensitive to proliferative and fibrogenic cytokines leading to enhanced proliferation and extracellular matrix
synthesis. Modulation of extracellular matrix degradation through MMP and TIMP secretion is also a feature of the active pancreatic stel-
late cell. TGF B, transforming growth factor beta; PDGF, platelet derived growth factor; TNF o, tumor necrosis factor alpha; MMP, matrix
metalloproteinase; TIMP, tissue inhibitor of metalloproteinases; ECM, extracellular matrix
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Pancreatic stellate cells in fibrogenesis
of the pancreas

Cells producing extracellular matrix in the pancreas were
described as “fibroblast-like” cells showing characteristics
of myofibroblasts, e.g. expression of a-smooth muscle actin,
synthesis of collagens and fibronectin, and the formation
of dense bodies (microfilaments) [16,18]. The presence of
retinoid containing fat-storing cells in the pancreas of mice,
rats, and humans was already demonstrated in 1982 [19].
While a potential role of these cells in pancreas remodelling
and fibrosis was already discussed by Ikejiri et al. [20], it took
another 8 years until Bachem and coworkers were able to isolate
and characterize these cells [14]. Their data on description of
this cell type have been supported in the same year by Apte
and coworkers [15]. Because of their similarity in morphology
and retinoid metabolism to hepatic stellate cells, Bachem et al.,
named these cells pancreatic stellate cells (PSC). PSC’s are
located in the interlobular and interacinar region of the human
pancreas with characteristics of myofibroblasts, e.g. expression
of o-smooth muscle actin (a-sm-actin), the formation of
dense bodies (microfilaments) and the presence of retinoid-
containing fat droplets [14,16] (Fig. 1). During primary culture
of PSC, however, the number and size of retinoid fat droplets
decrease in parallel to the increase in o-sm-actin expression
and extracellular matrix synthesis. This switch from a quiescent
“fat-storing”

to a highly proliferative “myofibroblast-like”

phenotype is associated with loss of cellular retinol content,
the development of a prominent endoplasmatic reticulum, and
increased synthesis of extracellular matrix proteins. In contrast
to the “fat-storing” cell-type, the “synthetic” phenotype of PSC
synthesizes and secretes high amounts of collagen type I and
fibronectin [14]. By quantitative measurement of the procollagen
peptides, we have demonstrated that the “synthetic” phenotype
of human PSC synthesizes 25-40 fold more collagen type I than
collagen type III esters [14]. Together, these studies identified
the pancreatic stellate cells as a major source of extracellular
matrix proteins.

Fibrogenesis in acute pancreatitis

In acute pancreatitis significant amounts of extracellular
matrix are deposited in interlobular and interacinar regions of
the pancreas. This has been extensively studied in the model
of cerulein pancreatitis [23-25]. Pancreatic regeneration from
acute cerulein-induced pancreatitis in rats is characterized by
proliferation of acinar and centroacinar cells, an increase in
mitotic activity of fibroblasts and by stimulation of transcription,
synthesis and deposition of extracellular matrix components,
in particular collagens I/III and fibronectin [23-25]. However,
approximately two weeks after induction of pancreatitis the
histology, organ weight and collagen content of the pancreas
returned to control values indicating complete regeneration
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[23]. Interestingly, even repetitive induction of cerulein
pancreatitis failed to induce fibrosis in the rat pancreas [24].
Thus, the cerulein pancreatitis as a model of acute pancreatitis
is characterized by a dynamic process of ECM-formation and
removal, making it ideally suited for functional studies of the
ECM in the pancreas.

Fibrogenesis in chronic pancreatitis

In chronic pancreatitis fibrosis is the most impressive
morphological finding. The current model of molecular
pathogenesis of fibrosis demonstrates the central role of
activated pancreatic stellate cells. Chronic pancreatitis is
characterized by destruction of acinar cells and islet cells,
activation of pancreatic stellate cells and replacement by
connective tissue. This connective tissue results from an
increased deposition and disorganization of extracellular matrix
proteins including fibronectin, laminin, and collagens type I, I11
and IV [26]. We and others could show that these alterations of
ECM-proteins are accompanied by an increase of the transcript
levels of genes coding for collagens I/III and IV, fibronectin and
laminin in human chronic pancreatitis [27]. Ongoing studies are
focusing on the identification and characterization of signaling
regulated transcription factors, such as the Smads and Sp1 that
might play important roles in pancreatic stellate cell activation
and expression of other extracellular matrix components [29].

Fibrogenesis in pancreatic cancer

Pancreatic cancer tissues shows a strong desmoplastic
reaction, characterized by a remarkable increase of interstitial
connective tissue [28,29]. This desmoplastic reaction in
pancreatic cancer tissue is accompanied by increased steady state
levels of the mRNA's for collagens type I, III and IV, fibronectin
and laminin [28] and of collagen protein. Connective tissue
cells in the stroma of pancreatic carcinomas were shown to be
the main site of collagen type I and III mRNA transcription by
in-situ hybridization. Interestingly it appeared that connective
tissue cells neighbouring the tumor cells contained larger
amounts of collagen transcripts than stromal cells distant from
the tumor, suggesting that stromal cells appear to be the main
site of ECM production in pancreatic cancer [30].

The role of TGFp and other growth factors
in the regulation of pancreatic fibrogenesis

TGF B has been shown to be of particular importance
in biosynthesis and turnover of extracellular matrix [31,32].
TGF 1 stimulates transcription and biosynthesis of different
extracellular matrix proteins and in addition functions as an
inhibitor of epithelial cell proliferation [33-35]. We could show
that during regeneration from cerulein-induced pancreatitis in
rats, alterations of collagen gene expression were accompanied
by parallel alterations of TGFf1 gene expression [36].
A maximal increase of TGF B-mRNA (3-fold over controls) was

found two days after the end of maximal cerulein infusion, and
in-situ hybridization showed that these transcripts were mainly
produced by both, stromal cells and acinar cells. TGF p1 protein
content in total pancreas reached peak values after one day and
protein levels remained high throughout the second day.

Additonal experiments using neutralizing antibodies
against TGF Bl demonstrated that inhibition of TGF B during
regeneration from cerulein-induced pancreatitis is associated
with decreased levels of both collagen type I and TGF B,
suggesting that TGF f plays an important role in the regulation
of extracellular matrix proteins during regeneration from acute
pancreatitis. The latter effect has been attributed to an autocrine
loop in which TGF induces its own synthesis (35,36).

Further evidence for the role of TGF in pancreatic
fibrogenesis was provided by two studies using transgenic
mice models overexpressing TGFp. TGFB was expressed
in pancreatic cells under the control of the insulin promoter
to study the effect of this growth factor on the pancreas in
an in-vivo situation [35,37]. Both studies reported cellular
infiltration comprising macrophages and neutrophils, fibroblast
proliferation and abnormal deposition of extracellular matrix
in the pancreas. Bottinger and collaborators [38] have used
an elegant approach based on the expression of a dominant-
negative mutant TGF B type II receptor in transgenic mice
to functionally inactivate TGF B signalling in epithelial cells.
The dominant-negative mutant type II TGFpB receptor
blocked signaling by all three TGFp isoforms in primary
hepatocyte and pancreatic acinar cell cultures generated from
the transgenic mice. Acinar cells in the pancreas of these
transgenic mice showed increased proliferation and severely
perturbed acinar differentiation. Additional abnormalities
in the pancreas included fibrosis, neoangiogenesis and mild
macrophage infiltration. Data obtained in the experimental
models described above clearly identify TGFB as one of
the central regulators of ECM-formation in the pancreas.
Moreover it becames clear, that TGF p which is released from
various cell types including activated macrophages and platelets
induces pancreatic fibrogenesis mainly through its effects on
pancreatic stellate cells. It has been shown, for instance, that
TGF B promotes PSC activation and increases expression of
collagen and other ECM components through induction of an
autocrine feedback mechanism [39]. The autocrine feedback
loop is initiated through binding of TGFp to a heteromeric
complexe of specific type II (TBR-1I) and type I (TBR-I) kinase
receptors. Receptor activation leads to phosphorylation of
the Smad transcription factors, which then translocate to the
nucleus and regulate the transcription of various target genes
including TGF B itself, and genes involved in PSC activation and
ECM synthesis. Interestingly, however, TGF B not only has the
capacity to activate transcription of extracellular matrix forming
proteins such as collagen I, collagen III and fibronectin but also
induces the expression of matrix degrading proteinases such as
MMP-2, MMP-9, and MMP-13 [40]. Although abundant data
clearly demonstrate the critical role of the Smads in TGF B
signaling and transcription, growing evidence suggest that
TGF B can also induce the expression or activation of other
transcription factors that do not belong to the Smad family but
yet might play significant roles in TGFpB-induced stellate cell
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Early stages

Figure 2. The dual role of TGF B in pancreatic cancer. In early tumor stages, TGF f acts as a tumor suppressor through transcriptional
regulation of genes involved in cell cycle control or induction of apoptosis. In later stages of the disease, however, the tumor cells escape
from TGF B-growth inhibition and respond to TGF B with increased invasion and metastasis

Late stages

TGF B-induced
growth inhibition

Apoptosis \
(oofefo] ——
G1

G2

Cell cycle arrest

Loss of TGF B-induced
growth inhibition

of TGF f signaling

/unctional inactivation

Hyperactive oncogenic
Ras/Raf/MAPK-pathway

Mutational inactivation
of TGF  signaling

TGF B-induced

EMT
Invasion
Oncogenic ras /
B —
+ TGF B signaling
Metastasis
Mesenchymal phenotype

Loss of cell-cell contacts
switch from cytokeratin to
vimentin cytoskeleton
Upregulation of matrix
degrading proteases

activation. Though most of the data on the regulation of Smad
signaling were obtained from studies on hepatic stellate cells,
it appears most likely that Smad signaling activity in pancreatic
stellate cells is also tightly controlled temporally and spatially
through multiple mechanisms at the extracellular, membrane,
cytoplasmic and nuclear levels. For example, Smad2 was found
to be phosphorylated and activated in PSC’s depending on the
transdifferentiation grade and is negatively regulated through
the inhibitory feedback loop imposed by Smad7. On the other
hand, positive regulation of the Smads in PSC’s occurs through
activation of ERK MAP kinase signaling which appears to play
a crucial role in Smad-mediated induction of the autocrine
TGF B loop [41].

Taken together, the discovery of PSC’s and its regulation
through TGF B-induced signaling and transcription revealed
new insights into the pathogenesis of pancreatic fibrosis and
identified these highly active cells as the main cellular source
of extracellular matrix in chronic pancreatitis. Thus, recent
data propose a new model of the molecular pathogenesis of
pancreatic fibrosis which suggests that acinar cell injury is
followed by monocyte/macrophage invasion and activation,
as well as platelet aggregation in areas of inflammation. This
causes release of several polypeptide growth factors and in
particular TGF B, which, in turn, stimulate PSC to synthesize
extracellular matrix proteins in the pancreas.

This is also true for pancreatic cancer, in which TGF B has
been demonstrated to play a key role in tumor cell invasion
and in the development of the desmoplastic reaction. Based on

studies using cultured cells, transgenic mice, and human tumors,
an emerging model suggests a dual role for TGF f-signaling
in tumorigenesis [42,43]. In early tumor stages, TGF f inhibits
cell proliferation, at least in part, through transcriptional
regulation of target genes involved in cell cycle control. During
tumorigenesis, however, many tumor cells lose their ability to
respond to TGF B with growth inhibition, and instead, respond
with increased invasion and metastasis. Thus, loss of sensitivity
to inhibition of growth by TGF B by most tumor cells is not
synonymous with complete loss of TGF p signaling, but rather
suggests that tumor cells gain advantage by selective inactivation
of the tumor suppressor activities of TGF  while retaining its
tumor promoting activities. We and others have shown that
TGF B promotes tumor progression via stimulation of tumor
cell invasion and metastasis, increased angiogenesis, and
depression of local immune responses [44-46]. A hallmark of
TGF B mediated tumor progression is the transdifferentiation
of epithelial tumor cells into a fibroblast-like phenotype. We
have shown that this so-called EMT (epithelial-mesenchymal
transition) is strongly induced by TGF f, and is accompanied
by upregulation of mesenchymal markers (e.g. collagen I and
vimentin) and down-regulation of cytokeratins [46]. TGFp
mediated EMT is further characterized by strong induction
of uPA and MMP-2 expression and activation and results
in increased motility, matrix degradation and tumor cell
invasion [45]. Together, TGF B plays a multifunctional role in
various pancreatic diseases ranging from modulator of tissue
regeneration to stimulator of tumor cell progression.
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The role of matrix metalloproteinases and
their inhibitors in fibrogenesis

Matrix metalloproteinases (MMP) comprise a growing
family of proteolytic enzymes that contain tightly bound zinc
[45,46]. According to their substrate specificity MMP’s can
broadly be classified as collagenases, gelatinases, stromelysins
MMP’s are
secreted as proenzymes which are activated by proteolytic

and the membrane-type metalloproteinases.

cleavage of an aminoterminal propeptide e.g. by plasmin,
cathepsin G, trypsin, a-chymotrypsin and MMP-3 [47,49].
Activity is further controlled by various proteinase inhibitors
such as o2-microglobulin and more importantly the family
of tissue inhibitors of metalloproteinases, TIMP-1-4. Active
MMP’s display proteolytic activity for at least one component
of the ECM. There is considerable evidence that MMP’s have
a major role in physiological ECM resorption as in development
or postnatal remodeling and in pathological ECM-resorption
e.g. associated with local invasiveness or metastasis of malignant
tumors and the destruction of joints in rheumatoid arthritis
[45-49].

Alterations of the balance of expression between MMPs and
TIMPs has been described in several inflammatory diseases. In
chronic pancreatitis, increased levels of MMP-2 (72 kDa
collagenase 1V), TIMP-1 and TIMP-2 have been detected,
although the magnitude of MMP/TIMP transcript levels do not
correlate to the degree of fibrosis and inflammation [50,51].
Interestingly, transcripts of genes encoding extracellular matrix
degrading proteinases with a substrate specificity for interstitial
extracellular matrix components such as MMP-1 and MMP-3
are not elevated in chronic pancreatitis. Possibly, the lack of
MMP-1 and MMP-3 expression contributes to the deposition of
ECM components in the interstitial space.

For a more functional approach to the role of MMP’s and
their inhibitors in the development of pancreatic fibrosis we
used the model of cerulein-induced pancreatitis in rats [52].
Surprisingly increased expression during days 2-4 after induction
of pancreatitis could only be demonstrated for MMP-2 and
MMP-3, whereas transcript levels of MMP-1 and MMP-9 did
not change throughout the regeneration period.

The role of MMPs and TIMPs has been extensively studied
in tumorous diseases. Mostly, expression of MMPs and TIMPs
was shown to correlate with an increased metastatic and
invasive potential of tumor cells [53-55]. High expression and
activation levels of MMP-2 have been found in various human
cancer tissues, including breast and pancreatic cancer and
correlated with tumor stage and grade in several cases [56,57].
We have recently demonstrated that increased expression and
activation levels of MMP-2 are strongly associated with elevated
expression levels of its activators MT1-MMP and MT2-MMP
and that it plays a significant role in TGF p-mediated pancreatic
tumor cell invasion [51]. A good correlation was also seen
between MMP-2 expression and levels of transcripts coding
for extracellular matrix proteins, the amount of collagen
protein and the severity of the desmoplastic reaction. In-situ
hybridization studies localized transcripts coding for MMP-2 in
both, stromal and tumor cells, although it appeared to be more
abundant in stromal cells.

Besides the family of metalloproteinases the plasminogen
activator/plasmin system is considered as a key player in
tumor invasion/metastasis. Tissue-type plasminogen activator
(tPA) [58], (uPA) and
the uPA-receptor (uPAR) [59] were found to be overexpressed

urokinase-plasminogen activator

in a variety of epithelial tumor tissues including pancreatic

cancer in correlation with decreased postoperative
survival [59]. Recently we identified a novel, membrane bound
Kunitz-type serine proteinase inhibitor highly overexpressed in
pancreatic cancer, which was named “kop” (for Kunitz-type
proteinase inhibitor overexpressed in pancreatic cancer) [60].
The same proteinase inhibitor was cloned in human placenta
and was called “bikunin”. Placenta as pancreatic cancer
is a tissue characterized by extensive ECM remodelling
requiring the balanced activity of proteinases and proteinase
inhibitors [61]. Recently published data suggest that kop/
/bikunin is a strong inhibitor of human plasmin, human tissue
kallikrein and human plasma kallikrein [62] and might therefore
be involved in the regulation of MMP-activation or directly

counteract uPA.

Conclusions

Deposition of extracellular matrix in inflammatory and
tumorous diseases of the pancreas is the result of a dynamic
process of mechanisms like acinar cell injury and necrosis,
inflammation, activation of macrophages, aggregation of
platelets, release of growth factors, activation of pancreatic
stellate cells, and stimulated synthesis of extracellular matrix
and reduced matrix degradation. Pancreatic stellate cells
represent the main cellular source of extracellular matrix
in chronic pancreatitis and pancreatic cancer. Pancreatic
stellate cells share homologies with hepatic stellate cells
including storage of retinyl palmitate, retinal esterification,
expression of the cytofilaments vimentin and desmin
and phenotypic transition to an active matrix producing
myofibroblast-like cell.

Among other growth factors, TGF B has been shown to be
of paramount importance for the regulation of the dynamic
process of extracellular matrix turnover in the pancreas.
Proteinases as e.g. metalloproteinases or serine proteinases are
TGF B-regulated effector proteins that are responsible for the
coordinated removal of ECM components. Imbalances of the
ratio between proteinases and their natural inhibitors may be

one the major pathogenetic factors leading to fibrosis.
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