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Pancreatic stellate cells mediate fibrosis in chronic
pancreatitis. Matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases (TIMPs)-1 and
-2 are crucial modulators of fibrosis. Transforming
growth factor-B (TGF-f) is a key regulator of extracel-
lular matrix production and myofibroblast prolifera-
tion. We have examined MMP and TIMP synthesis by
transformed cultured pancreatic stellate cells and
their regulation by TGF-£31. By Northern analysis they
expressed mRNAs for procollagen 1, TIMP-1, TIMP-2,
and MMP-2. Expression of membrane type-1 MMP was
confirmed by Western blotting. By immunohisto-
chemistry these enzymes localized to fibrotic areas in
human chronic pancreatitis. Active TGF-$1 consti-
tutes 2 to 5% of total TGF-f31 secreted by pancreatic
stellate cells; they express TGF-f receptors I and II.
Exogenous TGF-£31 (10 ng/ml) significantly increased
procollagen-1 mRNA by 69% and collagen protein
synthesis by 34%. Similarly TGF-$1 at 0.1, 1, and 10
ng/ml significantly reduced cellular proliferation rate
by 37%, 44%, and 44%, respectively, whereas pan-
TGF-f-neutralizing antibody increased proliferation
by 40%. TGF-$1 (10 ng/ml) down-regulated MMP-9 by
54% and MMP-3 by 34% whereas TGF-f1-neutralizing
antibody increased MMP-9 expression by 39%. Pan-
creatic stellate cells express both mediators of matrix
remodeling and the regulatory cytokine TGF-£1 that,
by autocrine inhibition of MMP-3 and MMP-9, may
enhance fibrogenesis by reducing collagen degrada-
tion. (Am_J Pathol 2002, 160:1787-1798)

Increasing evidence suggests that pancreatic stellate
cells (PSCs) are the major mediators of fibrosis in chronic
pancreatic injury and inflammation.’ PSCs demonstrate
many similar features to hepatic stellate cells and glomer-
ular mesangial cells.>~* These features include the ac-
quisition of a myofibroblast-like phenotype after injury, a
process termed activation. In the activated state, PSCs
express a-smooth muscle actin (e-SMA), proliferate, and
secrete fibrillar collagens, including collagen |, that char-
acterize chronic pancreatic fibrosis. As such the PSCs
probably represent the wound-healing myofibroblasts of
the pancreas.’

The matrix metalloproteinases (MMPs) are a family of
calcium-dependent proteinases, which have an impor-
tant role in extracellular matrix degradation.®>€ The accu-
mulation of extracellular matrix may result not only from
increased synthesis but also from changes in the pattern
of repair and degradation. MMP-2 and MMP-9 (gelati-
nase A and B, respectively) may be particularly important
in regulating fibrogenesis and scar degradation. They
degrade partially degraded collagens | and Il (gelatins)
and basement membrane collagen (collagen V). Al-
though these gelatinases require the initial activity of
interstitial collagenases such as MMP-1 or MMP-13, re-
cent studies suggest that a wider range of MMPs includ-
ing the gelatinases and membrane type-1 (MT1)-MMP
have interstitial collagenolytic activity.” MMP-3 (stromely-
sin 1) also exhibits the ability to degrade a broad range of
substrates such as collagen Ill, IV, gelatins, laminin, and
MMP-3 itself may activate MMP-1, which plays an impor-
tant role in the cleavage of native interstitial collagens.®
The activity of MMPs is regulated at the levels of tran-
scription, proenzyme activation, or inhibition of activated
enzyme by tissue inhibitors of metalloproteinases
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(TIMPs).2'° PSCs may play a central regulatory role in
pancreatic fibrosis by controlling matrix degradation in
chronic pancreatitis through the expression of MMPs and
TIMPs. Transcriptional regulation of MMPs and TIMPs is
mediated by cytokines and growth factors.

Transforming growth factor-g (TGF-B) plays a pivotal
role in the development of fibrosis in the liver and other
organs."™'* TGF-B is a member of a family of dimeric
polypeptide growth factors and three isoforms have been
described in mammals: TGF-B1, TGF-B2, and TGF-B3.
As a family TGF-Bs have a wider role in regulation for cell
growth and differentiation.'® TGF-B regulates these cel-
lular processes by binding to three high-affinity cell-sur-
face receptors types |, I, and . The receptors type | and
Il are linked to serine-threonine protein kinases and after
ligand stimulation, '® intracellular signaling is initiated via
transcription factors known as SMADs."” TGF-B1 up-reg-
ulates collagens, TIMP-1, and MMP-2 while down-regu-
lating TIMP-2, interstitial collagenases, and stromelysins
in fibroblasts."®2° Increasing evidence suggests that
PSCs also can be activated by paracrine profibrogenic
cytokines such as platelet-derived growth factor and
TGF-B derived from migrating macrophages.?’ More-
over, PSCs produce ECM components in response to
TGF-B suggesting that this cytokine has an important role
in pancreatic fibrogenesis."22

In both human and experimental pancreatic fibrosis,
TGF-B has been observed in the atrophic acinar cells
adjacent to areas of fibrosis suggesting a paracrine se-
cretion of TGF-B.2° Although PSCs produce TGF-1 au-
tonomously, whether it has an autocrine effect in the
regulation of matrix homeostasis is a crucial unanswered
question.?* If autocrine expression occurs, it is likely to
be important to TGF-B-regulated gene expression be-
cause of the high local concentration of the cytokine in
the extracellular milieu adjacent to secreting cells.

In this study, we have analyzed the expression of
MMP-2, MT1-MMP, TIMP-1, and TIMP-2 in vivo during
chronic pancreatitis in archival human pancreatic resec-
tions. We demonstrate production of TGF-B by PSCs and
show that TGF-B1 influences PSC proliferation, collagen
1 expression, MMP-2, MMP-3, and MMP-9 in an autocrine
manner.

Materials and Methods

Materials

Chemicals were obtained from the following sources:
Hanks’ balanced salt solution (HBSS), Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal calf serum (FCS),
penicillin, and streptomycin were from Gibco Life Tech-
nologies (Paisley, UK); and pronase, collagenase P, and
deoxyribonuclease were from Roche Diagnostics (Mann-
heim, Germany).

Monoclonal antibodies for immunostaining of the pan-
creatic tissue were provided for MMP-2 by Calbiochem
CN Biosciences (Nottingham, UK), for TIMP-1 by Chemi-
con International Ltd. (Harrow, UK), and for TIMP-2 by
Santa Cruz Biotechnology. Antibodies to a-SMA for West-

ern blotting were provided by Sigma (Poole UK) for
MMP-3 and MT1-MMP and by Chemicon International
Ltd. TGF-B1, neutralizing antibody to pan-TGF-B, and
neutralizing antibody to TGF-B1 were provided by R&D
Systems (Abingdon, Oxon, UK); CLPS collagenase was
from Worthington Biochemical Corporation (Lakewood,
NJ); Picogreen dsDNA quantification reagent was from
Molecular Probes, Eugene, OR); and 3H-thymidine, 3H-
proline, and «®?P-ATP were from Amersham International
(Amersham, UK). All other immunochemicals were from
Sigma, and molecular biology grade reagents were from
Promega (Southampton, UK).

Pancreatic Stellate Cell Extraction and Culture

Rat PSCs were extracted by a modification of the method
described.? Briefly, the dissected pancreas was finely
minced and placed in a solution of HBSS with pronase
(0.05%) and collagenase P (0.03%). The pancreas in the
digest solution was shaken for 30 minutes at 37°C. The
digested tissue was then filtered through nylon mesh and
deoxyribonuclease (0.1%) was added. The cell suspen-
sion was centrifuged to obtain a pellet that was then
resuspended with Optiprep 12% v/v (Sigma) and placed
into centrifuge tube with a layer of HBSS placed on top.
This was centrifuged for 20 minutes at 2000 rpm at 4°C.
The stellate cells were collected from the band between
the Optiprep/HBSS interface. After washing with HBSS
once, the isolated cells were counted using a hemocy-
tometer and the viability was assessed by trypan blue.
Cells were plated onto plastic culture flasks and onto
Nunc-chamber slides and maintained in 16% fetal calf
serum in DMEM and antibiotics at 37°C in a humidifying
incubator with 5% CO..

RNA Extraction

RNA from cultured rat PSCs was extracted with a propri-
etary kit (RNAeasy, Qiagen, Crawley, UK) according to
the manufacturer’s instruction. Extracted RNA was quan-
tified by absorbance spectrometry at 260 nm and the
integrity of the preparation was confirmed by the demon-
stration of undegraded 28S and 18S ribosomal bands
after electrophoresis on a 1% agarose gel and ethidium
bromide staining.

Northern Analysis

Ten ug of total RNA from passaged rat PSCs was sepa-
rated by electrophoresis on a 1% agarose denaturing gel
and transferred to Hybond N-nylon membranes with
vacugene pump (Amersham International). The PSC-
RNA bound to the nylon membranes were hybridized with
the «®?P-ATP labeled cDNA probe overnight before be-
ing subjected to stringency washes and autoradiography
exactly as previously described. ™



Collection of Conditioned Medlia

Passaged PSCs cultured in serum-containing media
were washed three times in serum-free DMEM and left in
this media for an hour after the final wash. The cells were
incubated in fresh serum-free media containing antibiot-
ics and 0.01% bovine serum albumin for 24 hours or 48
hours. In experiments to examine the effects of exoge-
nous agents either TGF-B1 (0.1, 1, 10 ng/ml) or neutral-
izing antibody to pan-TGF-B (20 ng/ml), were included to
the conditioned media. The media were then collected at
the specified time points and frozen at —20°C until used
for subsequent analysis.

Zymography for MMP-2 and MMP-9

PSC-conditioned media were subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis on gelatin-
containing acrylamide gels (8% acrylamide and 0.1%
gelatin) under nonreducing conditions. After electro-
phoresis, gels were washed three times in 2.5% Triton
X-100 for 10 minutes to remove the sodium dodecyl
sulfate. After rinsing the gels in water, they were incu-
bated overnight in 37°C in proteolysis buffer (50 mmol/L
Tris/HCI, pH 7.8, 50 mmol/L CaCl,, 0.5 mol/L NaCl). The
gels were stained with Coomassie brilliant blue (0.5%
Coomassie blue, 50% methanol, 10% acetic acid) for 30
minutes. The gels were destained with 10% acetic acid/
10% methanol until zones of proteolysis had cleared.
Gelatinolytic activity appeared as colorless zones against
a blue background.

Western Analysis for a-SMA, MT1-MMP, and
MMP-3

a-SMA and MT1-MMP Western analysis used PSCs (pas-
sages 2 to 3) protein lysates whereas conditioned media
were used in the MMP-3 Western analysis. Protein con-
tent of lysates or conditioned media was determined by a
commercially available kit bicinchoninic acid protein as-
say (Sigma). Equivalent protein quantities were then size-
fractionated on 10% sodium dodecy! sulfate-polyacryl-
amide gel. The separated samples were transferred to
polyvinylidene difluoride membranes that were blocked
with 500 mmol/L NaCl, 100 mmol/L Tris (pH 7.5), 0.1%
Tween-20 (TTBS) containing 5% low-fat milk for 1 hour.
The membrane was washed twice in TTBS and the mem-
branes incubated overnight with monoclonal anti-mouse
a-SMA antibodies (1:500 dilution) (Sigma), polyclonal
anti-rabbit MT1-MMP antibodies (1:2000 dilution) and
polyclonal anti-rabbit MMP-3 antibodies (1:2500). After a
TTBS wash, the membranes were incubated for 1 hour in
1:2000 dilution of horseradish peroxidase-conjugated an-
ti-mouse antibody for «-SMA and 1:3000 dilution of
horseradish peroxidase-conjugated goat anti-rabbit anti-
body for MT1-MMP and MMP-3 (Dako, Cambridgeshire,
UK). The membranes were developed using a commer-
cial ECL detection system (Promega).
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Immunolocalization of MMP-2, MT1 MMP,
TIMP-1, and TIMP-2 in Samples of Normal and
Chronic Pancreatitis

Six samples of normal pancreas were obtained either
from the pancreatic resection margin at pancreatectomy
for small pancreatic neoplasms or from pancreas
resected as a result of extensive resection for nonpan-
creatic disease. In each case, routine histology had con-
firmed the absence of inflammation, pancreatic duct
dilatation, or abnormal fibrosis in these tissues. In addi-
tion, six samples of pancreas from patients with chronic
pancreatitis were obtained at pancreatic resection. Se-
quential sections from each sample were deparaffinized
and subjected to pronase digestion for antigen retrieval
before being immunostained. Sections were then washed
in Tris-buffered saline (TBS), pH 7.6, before the addition
of the primary antibodies at optimal dilutions as follows:
a-SMA (1:40,000), MMP-2 (1:100), MT-MMP (1:400),
TIMP-1 (1:200), and TIMP-2 (1:400). For negative con-
trols, the primary antibody was replaced with nonimmune
IgG and TBS alone. After incubation with the primary
antibodies, sections were washed in TBS (3 X 5 minutes)
and incubated with biotinylated anti-mouse antiserum
(Roche Diagnostics) for 30 minutes. Sections were
washed as before, then incubated with streptavidin com-
plexed with biotinylated horseradish peroxidase (DAKO,
Abingdon, Oxon, UK) for 30 minutes. After washing with
TBS as described above, sections were exposed to 3',3’-
diaminobenzidine (Sigma) for 8 minutes, followed by TBS
rinse. Finally the sections were counter-stained in Harris’
hematoxylin, dehydrated through graded alcohol, and
mounted.

Determination of Cell Proliferation in Response
to TGF-B1 and Neutralizing Antibody to TGF-_3

Cultured rat PSCs (passages 2 to 4) were passaged onto
24-well plates. Cultured PSCs were incubated in DMEM
with 0.5% FCS for 24 hours then exposed to the following
treatments: TGF-B1 (0.1, 1, 10 ng/ml) and neutralizing
antibody to pan-TGFp (4, 20 ug/ml) with a positive control
(5% FCS and DMEM) and negative control (0.5% FCS
and DMEM) for 24 hours. A positive control of 5% FCS
was included in all of the experiments to ensure that the
cells had a normal proliferative response (data not
shown). PSCs were pulsed with *H-thymidine for 16 hours
(1 nCi/well). At harvest, the cells were washed with cold
HBSS and fixed with ice-cold absolute methanol and
incubated at —20°C overnight. After three washes with
HBSS (15 minutes each) on ice, 500 ul of cell dissolution
solution (0.25 mol/L NaOH and 0.2% sodium dodecyl
sulfate) was added into each well followed by 30 ul of 5
N HCI after 15 minutes. The mixture was transferred to the
scintillation vials with 3 ml of scintillant. The radioactivity
of the samples was measured using a Wallac 1217 Rack-
beta liquid scintillation counter.
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Determination of Collagen Synthesis in
Response to TGF-B1 and TGF-B-Neutralizing
Antibodies

PSCs cultured on 12-well plates were washed three times
with HBSS and treated with TGF-81 (1, 10 ng/ml), neu-
tralizing antibody to pan-TGF-B (20 ng/ml), neutralizing
antibody to TGF-B1 (10 ng/ml) in media containing ascor-
bic acid (25 ug/ml), bovine serum albumin (0.01%), and
DMEM for 24 hours. Nonimmune 1gG (20 ng/ml) or con-
ditioned media minus treatment were used are negative
controls. After 24 hours of treatment, *H proline at a
concentration of 1 uCi per well was added for a further 24
hours. At the end of the incubation period, all superna-
tants were collected into centrifuge tubes. The plates of
cells were kept at —20°C for DNA analysis using Pico-
green. Aliquots of supernatants were plated as 100-ul
quadruplicates per condition onto 96-well plate. Two ali-
quots per condition were incubated with collagenase
solution (containing 50 mmol/L N-ethylmaleimide and 0.2
mol/L Tris/0.3 mol/L CaCl,) and the other two aliquots
were incubated with the same solution in the absence of
collagenase for 90 minutes at 37°C. After the incubation,
each aliquot was washed with ice-cold 50% TCA to pre-
cipitate the protein and then the plate was then left on ice
for 1 hour. The plate was washed with 10% TCA and then
left to dry at room temperature. Once dried, 50 ul of
scintillant was added to each well and the radioactivity
was counted by B-scintillation counting (Wallac 1450 Mi-
crobeta). The incorporation of °H proline into collagen syn-
thesized by PSCs was calculated by comparing the de-
graded (collagenase-containing) with the nondegraded
(collagenase-free) values expressed per ug of DNA deter-
mined according to the manufacturer’s instruction. (Pi-
cogreen dsDNA quantification reagent, Molecular Probes).

Reverse-Transcriptase-Polymerase Chain
Reaction (RT-PCR)

One g of total RNA was reverse-transcribed using ran-
dom hexamer primers. The integrity of the resultant cDNA
was confirmed by PCR using primers for the housekeep-
ing gene B-actin. The primers used to amplify B-actin
were: 5'-TGT ACG TAG CCA TCC AGG CT and 5'-TTC
TTC AGG GAG GAA GAG GA in the presence of 1
mmol/L MgCl,. PCR was performed for 35 cycles in the
following temperature profile: 94°C, 20 seconds; 54°C,
30 seconds; 72°C, 1 minute, final extension at 72°C for 10
minutes. Rat TGF-BRI (680 bp) was amplified and de-
tected using primers: 5’-CGT CTG CAT TGC ACT TAT
GC and 5'-CTG TGG CAG AAT CAT GTC TC. PCR was
performed in the following conditions: 95°C, 30 seconds;
60°C, 15 seconds; 72°C, 10 seconds; final extension at
72°C for 10 minutes. Rat TGF-BRII (650 bp) primers were:
5'-CAC TGT CCA CTT GTG ACA AC and 5'-GGT CTC
AAA CTG CTC TGA AG; PCR was performed using the
following conditions: 95°C, 30 seconds; 50°C, 15 sec-
onds; 72°C, 10 seconds; final extension at 72°C for 10
minutes. The products of amplification reactions were
separated by agarose gel electrophoresis and visualized

by ethidium bromide staining. For each of the RT-PCR
procedure negative controls were included.

Detection of Latent and Active TGF-B1 Using
Enzyme-Linked Immunosorbent Assay (ELISA)

Latent and activated TGF-B1 was detected in PSC-con-
ditioned media using a commercially available ELISA kit
entirely according to the manufacturer’'s instruction.
(R&D, Abingdon, Oxon, UK)

Statistical Analysis

Student’s paired t-tests were used to compare the signif-
icance of differences between data. Values of P < 0.05
were considered statistically significant.

Results

Characterization of PSCs

One to two million PSCs were isolated per pancreas (n =
5). Viability of PSCs, assessed by trypan blue exclusion,
was >80%. Activated PSCs were found to express the
myofibroblastic marker a-SMA by Western analysis and
immunocytochemistry (Figure 1, A and B). a-SMA was
observed in all cells, suggesting that nonmyofibroblastic
pancreatic cells were not present as contaminants.

Activated PSCs Express mRNA for a-SMA,
Procollagen Type 1, MMP-2, TIMP-1, and
TIMP-2

By Northern analysis, the mRNA for a-SMA, procollagen
type 1, MMP-2, TIMP-1, and TIMP-2 were readily detect-
able in total RNA extracted from two independent cul-
tures of passaged PSCs. In each case a single hybrid-
ization signal was obtained of the reported molecular
size. TIMP-2 mRNA was detected at 1 kb and 3.4 kb
which is in accord with previous reports of splice variants
for this transcript®® (Figure 2). a-SMA mRNA was de-
tected at 1.8 kb in both PSC samples.

Activated PSCs Express MT1-MMP

To examine PSC expression of MT1-MMP, protein lysates
from passages 2 to 4 rat PSCs (PSC1 and PSC2) (n = 4)
and one population of passage 3 human PSCs (PSC3)
were subjected to Western analysis as described (Figure
3). A single signal of the reported molecular weight of 45
kd for MT1-MMP was observed. This confirms the pres-
ence of activated MT1-MMP as previously described in
hepatic stellate cells.?®

Activated PSCs in Vivo Express MMP-2, MT1
MMP, TIMP-1, and TIMP-2

To confirm that the pattern of MMP and TIMP expression
observed in activated PSCs reflected expression by



A.

PSC1___ PSC2

Figure 1. A: a-SMA was detected by Western analysis of 2 ug of protein
extracts of two separate preparations (PSC1, PSC2) of activated PSCs. After
autoradiography, a single signal of appropriate molecular weight (45 kd) was
observed. Data are representative of three further PSC preparations. B:
Activated PSCs (passage 2) express a-SMA. Cell cultures were fixed and
immunostained for a-SMA using a monoclonal antibody. Data are represen-
tative of three separate preparations.

these cells in injured and fibrotic pancreas, six cases of
chronic pancreatitis and six normal controls underwent
immunohistochemical staining for MMP-2, MT1-MMP,
TIMP-1, TIMP-2, and «a-SMA. All of the normal controls
showed expression of MMP-2, MT1-MMP, TIMP-1, and
TIMP-2 within the periductal and perivascular connective
tissue. In contrast, all of the chronic pancreatitis cases
exhibited intense MMP-2, MT1-MMP, TIMP-1, and TIMP-2
expression within the areas of abnormal peri- and intra-
acinar fibrosis. These areas of abnormal fibrosis also
showed clear localization of a-SMA consistent with acti-
vated PSCs being the source of these proteins. (Figure 4).

TGF-B1 Increases the Expression of
Procollagen Type | mRNA by PSCs

Northern analysis showed procollagen type | mRNA was
detected in activated PSCs. However, addition of TGF-B1
(10 ng/ml) to PSCs for 24 hours up-regulated collagen |
expression by 69 = 9% relative to untreated cells (con-
trol) (P < 0.05; n = 3). Representative data from one of
these PSC preparation are shown (Figure 5A). As net
production of collagen protein by PSCs might be influ-
enced by concurrent expression of MMPs and TIMPs
(Figure 2), the mRNA studies were complemented by
studies of collagen protein production, using *H-proline
incorporation assay. These studies showed that TGF-B1
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TIMP-1
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TIMP-2
= 34kb

= 1.0kb

PSC1

Figure 2. Total cellular RNA was examined by Northern blotting for the
expression of a-SMA, collagen-I, MMP 2, TIMP-1, and TIMP-2. A single signal
of appropriate size was observed for each of the mRNAs for a-SMA, procol-
lagen-1, MMP 2, and TIMP-1 whereas TIMP-2 mRNA was expressed as two
splice variants of 1.0 and 3.4 kb from activated PSCs passaged two to four
times. Similar results were observed in four separate preparations of PSCs.

PSC2

(10 ng/ml) significantly increased the amount of collagen
protein production by 34 + 7% above the control (Figure
5B). The addition of neutralizing antibody to pan-TGF-B1,
-B2, and -B3 isoforms and neutralizing antibody to
TGF-B1 to passaged PSCs resulted in significantly re-
duced collagen synthesis, by 56 = 12% and 40 = 5%,
respectively, relative to cells treated with nonimmune IgG
(control) (n = 6).

TGF-B1 has been shown to increase TIMP-1 in a vari-
ety of cells.’® However, Northern analysis showed that

PSC1_PSC2 PSC3

= 45kDa

Figure 3. Protein extracts (15 pg) from two separate preparations of pas-
sages 2 to 4 rat PSCs (PSC1, PSC2) and one preparation of passage 3 human
PSCs (PSC3) were subjected to Western analysis for MT1-MMP. After auto-
radiography a single signal consistent with presence of active MT1-MMP of
45 kd was observed.
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Chronic Pancreatitis

Figure 4. Representative sections of normal pancreas from one patient were immunostained for a-SMA, MMP-2, MT1-MMP, TIMP-1, and TIMP-2 as described in
Materials and Methods. Positive staining for a-SMA (a), MMP-2 (b), and MT1-MMP (c) was observed in the vascular and perivascular stroma. In addition, islets
also stained strongly for TIMP-1 (d) and TIMP-2 (e). Representative sections of resected samples from a chronic pancreatitis patient were immunostained for
a-SMA (f), MMP-2 (g), MT1-MMP (h), TIMP-1 (i), and TIMP-2 (j). The vascular and perivascular stroma was positive for all of the proteins. In addition, each of
the fibrosis mediators displayed a similar distribution pattern to a-SMA in the fibrosis area. (f). Original magnifications, X25.
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Figure 5. Effect of TGF-B1 on the PSC collagen synthesis. A: Northern
analysis compared procollagen type 1 mRNA in cells treated for 24 hours
with TGF-B1 (10 ng/ml) and untreated control. The ribosomal bands con-
firmed equal loading of total mRNA in the experiments. Results were repre-
sentative of three independent experiments. B: Effects of TGF-B1 10 ng/ml
(T10), neutralizing antibody to pan-TGF-$ 20 ug/ml (Pan20), and neutraliz-
ing antibody to TGF-B1 10 pg/ml (A10) on collagen protein synthesis.
Results are expressed as a percentage (mean = SE) of control values pooled

the expression of mRNA for TIMP-1 was unaltered by
exogenous TGF-B1 (data not shown).

TGF-B1 Reduces PSC Proliferation

By H-thymidine incorporation, the rate of proliferation of
passaged PSCs was significantly reduced by 36 + 9%,
44 = 10%, and 44 *= 7%, respectively, relative to control
after the addition of exogenous TGF-B1 (0.1, 1, 10 ng/ml)
to PSCs for 24 hours (n = 10) (Figure 6). Addition of
pan-neutralizing antibody to TGF-B, -p2, and -B3 (20
ng/ml) increased the rate of proliferation by 40 + 8%
(P < 0.005).

TGF-B Regulates PSCs 1793
AJP May 2002, Vol. 160, No. 5

160

Fkk

,_
N
<

Ja—
[\
=]

o
(=
o

*kk

hdkk Y

b [+ ®
< [= (=3

3H Thymidine incorporation (% of control)

o3
<

Control T0.1 T1 T10 Pan20 I1eG

Treatment

Figure 6. Effect of TGF-B1 at concentrations of 0.1 (T0.1), 1 (T1), and 10
(T10) ng/ml and neutralizing antibody to pan-TGF-B at 20 ug/ml (Pan20)
and nonimmune IgG at 20 pg/ml (IgG) on proliferation rate of activated PSCs
passaged two to four times. Results were expressed as a percentage of
control values and were representative of 10 separate PSC preparations. ***,
P < 0.005.

PSCs Express Both Latent and Active TGF-B1
and TGF-B Receptors

We investigated the expression of both the latent and
active form of TGF-B1 by PSCs using ELISA. Latent
TGF-B1 production by PSCs was 1076 *+ 225 pg/ml/24
hours and the amount of active TGF-B1 was 42 * 8
pg/ml. The percentage of TGF-B1 present in the active
form consistently represented a small proportion of the
total ranging between 2 to 5% (n = 6). After 48 hours of
incubation in serum-free media there was no significant
increase in the amount of latent or active TGF-B81 present
in the PSC culture (Figure 7, A and B).

Using RT-PCR, we demonstrated that activated PSCs
and hepatic stellate cells express TGF-B receptor types |
and Il as shown by the detection of the expected amplifi-
cation products of 680 and 650 bp, respectively (Figure 8).

PSCs Down-Regulate MMP-3 and MMP-9 in
Response to TGF-B1

Western blotting showed that TGF-B1 (1, 10 ng/ml) sig-
nificantly down-regulated MMP-3 concentration in condi-
tioned media by 23 = 4% and 34 = 5% (Figure 9, A and
B). Gelatin zymography demonstrated that TGF-B1 sig-
nificantly down-regulated MMP-9 by 54 *= 2% whereas;
neutralizing antibodies to TGF-B1 significantly increased
MMP-9 expression. Gelatin zymography also showed the
expression of MMP-2 by PSCs, but exogenous TGF-1
did not alter its expression (Figure 10, A and B).
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Figure 7. A: Quantification of latent TGF-B1 in supernatant of PSCs cultured
for 24 hours and 48 hours in serum-free conditioned media. Using commer-
cial ELISA, latent TGF-B1 was determined after hydrochloric acid activation.
Data were representative of six separate PSC preparations. B: Quantification
of active TGF-B1 in supernatant of PSCs cultured for 24 and 48 hours in
serum-free conditioned media. Active TGF-B1 was measured directly by
ELISA. Data were representative of six separate PSC preparations. The
amount of active TGF-B1 ranged from 2 to 5% of the total TGF-B1 expressed
by PSCs.

Discussion

Previous studies by our group on collagen homeostasis
in liver fibrosis suggest fibrosis results from an imbalance
of collagen synthesis versus degradation.>?” We and
others have demonstrated that matrix-regulating mole-
cules such as MMPs and TIMPs deriving from hepatic
stellate cells are likely to be critical in dictating whether

TGF-3 receptor 1
RT -ve PSC  HSC

TGF-p receptor 2
RT-ve  PSC HSC

I I_ .

Figure 8. Expression of TGF-f receptors I and II by PSCs. RT-PCR showed
that mRNA of TGF-B receptors I and II were detectable in activated PSCs and
mRNA from activated hepatic stellate cells were used as a positive control.
Data were representative of four separate PSC preparations.

fibrosis proceeds or recedes.?®2° Using tissue culture
and in vivo models, we have demonstrated that myofibro-
blastic cells may play a generic role in fibrogenesis in
both liver and pancreas. Our studies show that PSCs
express not only collagen-1 but also MMP-2, MT1-MMP,
TIMP-1, and TIMP-2. This is the first description of this
facet of the activated PSC phenotype and demonstrates
that these cells may play an important and hitherto un-
appreciated role in regulating matrix homeostasis in the
pancreas.

We examined MMP-2 and MMP-9 expression by zy-
mography and demonstrated that PSCs secrete MMP-2
exclusively as its inactive proform of 72 kd. Like all met-
alloproteinases MMP-2 requires activation by removal of
its N-terminal.® The major mechanism mediating the first
stage of this activation has recently been defined and
demonstrated to require proteolytic cleavage of MMP-2
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Figure 9. A: A representative Western blot demonstrating the regulation of
MMP3 by TGF-B1 at 10 ng/ml and 1 ng/ml. Equal quantity of serum-free
conditioned media protein were used in all of the experiments. Similar results
were observed in three separate PSC preparations. B: Densitometric analysis
of the Western blots demonstrating the effect of TGF-B1 at concentrations of
1 ng/ml (T1) and 10 ng/ml (T10) on the regulation of MMP3. The results
were expressed as a percentage (mean * SE) of the control values with data
pooled from three separate PSC preparations. Results were corrected for the
small variation in DNA in the culture of each condition. ** P < 0.05.

by MT1-MMP. The cleavage of the propiece is achieved
via a trimolecular complex in which TIMP-2, bound to
pro-MMP-2, facilitates the interaction with MT1-MMP on
the cell surface.?®3°%3" We have further demonstrated
that activated PSCs express MT1-MMP and TIMP-2 and
therefore should have the capacity to activate MMP-2,
and the lack of detectable activated MMP-2 was unex-
pected, especially as we have shown that both 66-kd-
and 62-kd-activated forms are readily detectable in
cultures of transformed hepatic stellate cells.?® Nonethe-
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Figure 10. A: A representative gelatin zymography demonstrating the ex-
pression of MMP9 and MMP2 at 92 kd and 72 kd, respectively, by PSCs. This
also illustrates the effect of TGF-B1 in the regulation of MMP9 at the con-
centration shown. Eight ul was used in each lane. Similar results were
observed in three separate PSC preparations. B: Densitometric analysis of the
gelatin zymography demonstrating the effects of TGF-B1 at 10 ng/ml (T10)
and 1 ng/ml (T1) and neutralizing antibody to TGF-B1 at 10 ug/ml (A10) and
1 pug/ml (A1) on the regulation of MMP9. A nonimmune IgG at 10 ug/ml
(IgG10) and 1 pg/ml (IgG1) were included as a control. The results were
expressed as percentage (mean & SE) of the control (nontreatment) values.
Results were corrected for the small variations in DNA in the culture of each
condition. Data were pooled from three separate PSC preparations. **, P <
0.005; **, P < 0.05; *, P < 0.1).

less, the observation of MMP-2 secretion by PSCs is
important as fibrotic disorders in other organs are also
characterized by increased expression of MMP 2 32737
thus MMP-2 may be a common marker of myofibroblast
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activation in fibrotic tissues. It has further been sug-
gested that MMP-2 might contribute to fibrosis because it
is a mitogen for mesangial cells and hepatic stellate
cells®®38 and that the persistent remodeling of pericellu-
lar matrix by MMP-2 may be profibrotic by disrupting
cell/matrix interactions that is normally keeping a check
on proliferation.262°

We have demonstrated that PSCs in both tissue culture
models and in vivo during fibrosis are sources of TIMP-1
and TIMP-2. As described above, TIMP-2 is required for
the activation of pro-MMP-2 by MT1-MMP. However in the
presence of excess TIMP-2, MT1-MMP becomes inhib-
ited and MMP-2 is not activated. Both TIMP-1 and TIMP-2
have potent inhibitory effects on all activated MMPs in-
cluding those with interstitial collagenase activity (MMP-1
and MMP-13). TIMP production by PSCs might therefore
promote fibrogenesis by preventing collagen degrada-
tion, which would contribute to fibrosis in chronic pancre-
atitis. With regards to collagen degradation, it is impor-
tant to recognize that both MT1-MMP and MMP-2 have
been reported to have collagenase activity,®® although
they are also subjected to TIMP inhibition. The clear
localization of TIMP-1 and TIMP-2 to the areas of fibrosis
in each example of chronic pancreatitis suggests that
these proteins are being expressed by activated PSCs.
Further support for this was derived from our studies on
serial sections of each example, demonstrating that
these areas were populated by a-SMA-positive cells.
These data therefore reinforce and give biological rele-
vance to the observations that we have made in tissue
culture. TIMP expression in vivo appears to be localized
to the area in which matrix is being laid down.

TGF-B1 has been shown to have a profibrotic role in a
variety of organs including liver, skin, and kidneys.''~'*
Our studies indicate that to this list we can now add a role
for TGF-B1 in the fibrosis of chronic pancreatitis. Previous
studies have emphasized the role of TGF-B1 in pancreas
injury and fibrosis.*® There is an increase of TGF-B within
24 hours of pancreatic injury and during recovery from
pancreatitis. The expression of TGF-B is enhanced in the
acinar and stromal cells of rat pancreas, highlighting the
role of TGF-B1 in the extracellular matrix remodeling after
pancreatic injury.“© Moreover, in human chronic pancre-
atitis tissue, expression of TGF-B1 and TGF-B receptor |
and Il have been demonstrated.*' Previous studies have
emphasized the role of TGF-B1 as a paracrine media-
tor?340:42 byt our work demonstrates that the autocrine
effect of TGF-B1 may regulate PSC response to pancre-
atic injury. We have demonstrated that PSCs produce
latent and active TGF-B1 and, by demonstrating that
these cells possess TGF-B receptors, we suggest that
TGF-B1 has an autocrine effect on PSCs. This is con-
firmed by the observation that inhibition of TGF-B1 in PSC
cultures, using neutralizing antibodies, results in a de-
crease in collagen secretion and an increase in PSC
proliferation. Exogenous TGF-B1 also increased the ex-
pression of procollagen type 1 at the mRNA level and
production of collagen protein assessed using *H-proline
incorporation assay. It was noted that the increase in
collagen protein was less than that of the mRNA levels.

COLLAGEN
TGF-p1 ——’ DEPOSITION

MMP-3 MMP-9
J ~~
Pro-MMP-1
\ /V v
Active MMP-1 COLLAGEN
DEGRADATION

Figure 11. A schematic diagram proposing how TGF-B1 supports a net
accumulation of collagen in pancreatic fibrosis through inhibition of MMPs
and stimulation of collagen synthesis.

However collagen | is subjected to extensive posttran-
scriptional regulation,*® which might lead to a poor cor-
relation between mRNA and protein expression. It was
important to show that net collagen protein deposition
was increased as PSCs also concurrently produce
MMP-2, MMP-3, MMP-9, and MT1-MMP, which enhance
collagen degradation. Our studies suggest that TGF-g1
promotes fibrogenesis not only by increasing collagen
production but also by inhibiting MMPs in the pathway of
collagen degradation.

TGF-B1 reduces the expression of MMP-3 as well as
MMP-9 although has little effect on MMP-2. Initial cleav-
age of mature collagen requires interstitial collagenase
activity. A number of MMPs are known to have such
activity including more recently MT1-MMP and MMP-2,
both expressed by PSCs. MMP-3 activates the interstitial
collagenase MMP-1, and MMP-9 is a gelatinase that me-
diates the breakdown of partly degraded collagen.”®
Therefore, concurrent inhibition of MMP-3 and MMP-9 by
TGF-B1 would be expected to promote collagen accu-
mulation (Figure 11). As previously reported for hepatic
stellate cells, TGF-B1 plays a role in repressing prolifer-
ation of PSCs. At face value this observation seems at
odds with the known proliferation of the PSCs after pan-
creatic injury. However, within the pancreas in vivo, PSCs
will be influenced by many cytokines and growth factors
deriving from inflammatory and resident cells. These
complex interactions are still poorly understood.

In conclusion, we have demonstrated that activated
PSCs express mediators of matrix turnover. These data
reinforce the central role of PSCs in the fibrotic process
within the injured pancreas. Activated PSCs also express
activated TGF-B1, which up-regulates collagen-1 expres-
sion while reducing the expression of MMP-3 and MMP-9,
but did not have a significant effect on TIMP-1 expres-
sion. The pattern of expression of the mediators studied
is similar to that described in parallel cell types in fibro-



sis of the liver and kidney and reinforces the hypothesis
that there may be generic aspects to wound healing in
organs.
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