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Background: Stroma formation in pancreatic cancer is controlled via the activation of pancreatic stellate cells.
Results: Pancreatic stellate cells demonstrate different proteomic and functional attributes following specific stimuli.
Conclusion: The proteomic feature of pancreatic stellate cells shows TNF-� as a main contributor to activation.
Significance:The shift of proteomes in activated cellsmay help in understanding the processes of stromal formation and finding
new drug targets.

Pancreatic stellate cells are key mediators in chronic pancre-
atitis and play a central role in the development of pancreatic
fibrosis, stromal formation, and progression of pancreatic can-
cer. This study was aimed at investigating molecular changes at
the level of the proteome that are associated with the activation
of pancreatic stellate cells by proinflammatory factors, namely
TNF-�, FGF2, IL6, and chemokine (C-Cmotif) ligand 4 (CCL4).
They were added individually to cells growing in serum-free
medium next to controls in medium supplemented with serum,
thus containing a mixture of them all, or in serum-free medium
alone. Variations were detected bymeans of amicroarray of 810
antibodies targeting relevant proteins. All tested factors trig-
gered increased proliferation and migration. Further analysis
showed that TNF-� is the prime factor responsible for the acti-
vation of pancreatic stellate cells. CCL4 is associated with cellu-
lar neovascularization, whereas FGF2 and IL6 induction led to
better cellular survival and decreased apoptotic activity of the
stellate cells. The identified direct effects of individual cytokines
on human pancreatic stellate cells provide new insights about
their contribution to pancreatic cancer promotion.

Every year, approximately 265,000 people die from pancre-
atic cancer worldwide. In theWesternworld, pancreatic cancer
is ranked fourth in the list of cancer-related mortalities,
although it is relatively rare in comparison with other tumor
entities. However, mortality is close to incidence, and most
patients die within a year after diagnosis (1). The disease devel-
ops without early symptoms and is usually diagnosed at very
late stages. In addition, most patients have invasive and metas-
tasized tumors at the time of diagnosis. This makes surgical
intervention feasible only for about 20% of the patients (2).

Although considerable advances have been made about under-
standing the molecular aspects of pancreatic cancer, there are
still very few therapeutic modalities available (3, 4), and they
usually have only a limited effect because the tumors develop
resistance shortly after initiation of chemotherapy.
In pancreatic cancer, the desmoplastic microenvironment

(stroma) surrounding tumor cells can contribute to as much as
90% of tumor mass (5). The stroma consists of pancreatic stel-
late cells (PSCs)3, endothelial, inflammatory, and dendritic cells
and also a dense proteinaceous matter composed mainly of
extracellular matrix proteins such as collagen, fibronectin, and
proteoglycans (6). Although stromal cells lack the genetic alter-
ations observed in malignant pancreatic cells, they communi-
catewith inflamed and tumor cells, driven by cytokines, chemo-
kines, growth factors, and other inflammatory mediators, and
contribute to tumor invasiveness and aggressiveness, resistance
to chemotherapy, andmetastasis formation (7–11). The stellate
cells are a prime contributor to stromal fibrosis formation in
pancreatic cancer (12, 13) and key regulators in fibrogenesis
during necroinflammation in chronic pancreatitis (14–16).
The exocrine pancreas normally harbors PSCs in the preacinar
and interlobular space as quiescent cells, containing vitamin
A-rich lipid droplets in their cytoplasm. In the quiescent state,
PSCs can hardly synthesize extracellular matrix (17). During
inflammation, they are activated and mediate repair in pancre-
atic tissue as they migrate to the site of injury, contributing to
cell proliferation andmigration (18). The process of stellate cell
activation involves loss of retinyl droplets, enlargement and
proliferation, expression of a myofibroblast-like phenotype,
and increased synthesis of extracellular matrix proteins (19,
20). During chronic inflammation, cytokines and growth fac-
tors are constantly released and, thus, activate PSCs continu-
ously (21), which, in turn, act as an important factor to the
course of pancreatic fibrogenesis and cancer (17, 23, 24).
Although several growth factors, cytokines, and chemokines
have been implicated in the process of activating PSCs and the
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transformation of cells to proliferative and fibrogenic myofi-
broblast, the contribution of each factor individually and the
combination of the molecular events toward an activation have
not been addressed in detail.
This study aims to define molecular events at the level of the

proteome that occur as a consequence of PSC activation with
individual proinflammatory mediators. Only few proteomic
studies of PSCs have been conducted to date. They focus on the
proteome variations between quiescent and activated PSCs in
the presence of serum (25–27). However, serum does contain
all kinds of growth factors, cytokines, and chemokines. There-
fore, although these studies provide an overall picture, they
obscure the individual effects. We performed analyses in the
absence of serum, thus examining the direct effect of individual
cytokines in vitro for a definition of the biological functions of
each of them. For comparison, a serum-positive control was
also investigated. The results provide new insights into the pro-
cesses of pancreatic fibrogenesis during the course of inflam-
mation and the contribution of PSCs to stroma formation in
pancreatic cancer.

EXPERIMENTAL PROCEDURES

Materials—All materials used in this study were purchased
from Sigma-Aldrich (Taufkirchen, Germany) unless stated other-
wise and were of highest purity or protein grade. In the analysis, a
set of 810antibodieswasused, as reportedearlier (28).Their target
proteins and origin are listed in supplemental Table S1.
Antibody Microarray Production—The microarrays were

produced as described previously in detail (29, 30). In short,
antibodies were spotted from 384-well plates on epoxysilane-
coated slides (Nexterion-E, Schott, Jena, Germany) using con-
tact printing (MicroGrid-2, BioRobotics, Cambridge, UK) with
SMP3B pins (Telechem) at a humidity of 50–60%. The 15 �l of
spotting buffer were made of Bicine buffer (50 mM, pH 8.5)
containing 1.0 mMMgCl2, 5% trehalose, 0.005% Tween 20, and
about 5 �g of the respective antibody. On each slide, the anti-
bodies were printed in quadruplicates. After printing, the slides
were equilibrated at a humidity of 50–60% overnight and sub-
sequently stored under dry and dark conditions at 4 °C until
use.
Cell Culture—Human immortalized PSCs were a gift from

Ralf Jesnowski (MannheimUniversityHospital, Germany) (31).
Cells weremaintained in Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 10% heat-inactivated fetal bovine
serum, 50 units/ml penicillin, and 50 �g/ml streptomycin at
37 °C and 5% CO2. The PSCs were cultured until 90% conflu-
ence and then washed twice with serum-free medium and once
with Dulbecco’s PBS. Before testing the effect of a supple-
mented factor, cells were incubated with serum-free IMDM for
24 h to synchronize cell growth. Themediumwas removed, and
the cells were incubated with serum-free and phenol red-free
IMDM under any of the six following conditions: 0% serum
(negative control), 10% serum (positive control) and 10 ng/ml
TNF-�, 10 ng/ml FGF2, 10 ng/ml IL6, or 5 ng/ml CCL4. After
an incubation of 48 h, the cells were washed three times with
ice-cold Dulbecco’s PBS and subjected to protein extraction.
Each treatment was performed independently in quintuplicate.
To make sure that incubation for 48 h in serum-free medium

was not affecting cell viability, cell growth wasmonitored at 24,
48, and 72 h for PSCs grown in serum-free medium. Cell viabil-
ity was always 95% or higher.
Protein Extraction and Labeling—Protein extraction was

performed as described previously (32). In brief, after washing
with ice-cold Dulbecco’s PBS, the cells were layered with
extraction solution composed of 50 mM Bicine buffer (pH 8.5)
containing 20% glycerol, 1.0 mMMgCl2, 5.0 mM EDTA, 1.0 mM

phenylmethanesulfonyl fluoride, 1.0 IU/ml benzonase (Merck
Biosciences, Schwalbach, Germany), Halt protease and phos-
phatase inhibitormixture (ThermoScientific, Bonn,Germany),
0.5% Nonidet P-40 substitute, 1.0% cholic acid, 0.25% n-dode-
cyl-�-maltoside (GenaXXon Bioscience, Ulm, Germany), and
0.5% amidosulfobetaine-14. Flasks were kept on ice for 30 min
with occasional mixing. The cells were scraped off and pipetted
several times through a fine needle syringe, followed by centrif-
ugation at 20,000 � g at 4 °C for 20 min. The supernatant was
carefully collected not disturb the upper layer or the pellet. The
protein concentration was determined with the bicinchoninic
acid protein assay reagent kit (Thermo Scientific). The protein
concentration was adjusted to 1.0 mg/ml using the lysis buffer
as diluent. Samples were labeled with the DY-649 NHS-ester
and DY-549 NHS-ester dyes (Dyomics, Jena, Germany) at a
molar ratio of dye/protein of 7.5 as described earlier (29, 30).
Microarray Incubation, Scanning, and Image Processing—All

steps were performed in the dark. Initially, the microarrays
were washed twice for 10 and 5 min, respectively, with PBS
containing 0.05%Tween 20 (PBST). Then the array surface was
blocked with 10% nonfat dry milk (Bio-Rad) in PBST at room
temperature for 3 h using Quadriperm chambers (Greiner Bio-
One, Frickenhausen, Germany) on an orbital shaker. The incu-
bation was done with 35 �g of dye-labeled sample in 5 ml of
PBST supplemented with 10% milk at 4 °C overnight. Also, 35
�g of a common reference sample was added to all incubations
and labeled with the second dye (33). The reference sample was
made by pooling protein extracts prepared from 24 pancreatic
cancer cell lines (28). Aliquots were stored frozen until use. In
all experiments, the very same reference pool was used. After
the incubation, the slides were washed four times (5 min each)
with PBST, rinsed with deionized water, and dried in a venti-
lated oven at 37 °C. Scanning of the slides was performedwith a
Tecan Power Scanner (Tecan Austria GmbH, Grödig, Austria)
at constant laser power and photomultiplier tube setting. Image
analysis was performed with GenePix Pro 6.0 software (Molec-
ular Devices).
Cell Proliferation Assay—For induction of cell proliferation,

PSCs were seeded at 3000 cells/well in 96-well plates and cul-
tured in IMDM supplemented with 10% heat-inactivated fetal
bovine serum. Cells were allowed to adhere to the surface for
4 h and thenwashed twicewithDulbecco’s PBS.Cell incubation
with serum-free medium was performed for 24 h to synchro-
nize cell growth. The serum-freemediumwas removed, and the
cells were incubated for 48 h in serum-free and phenol red-free
IMDM containing one of the following: 0% serum (negative
control), 10% serum (positive control), 10 ng/ml TNF-�, 10
ng/ml FGF2, 10 ng/ml IL6, or 5 ng/ml CCL4. Subsequently, the
medium was removed, and cell proliferation was determined
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using theCyQUANTNFcell proliferation assay kit (Invitrogen)
according to the instructions of the manufacturer.
CellMigrationAssay—Cellmigrationwas assayed using an in

vitro wound healing assay. For this assay, cells were plated in
6-well plates. When the cells grew into full confluence, the
medium was changed to serum-free IMEM, and the cells were
incubated for another 24 h. A wound was created on the cell
monolayer by scraping a gap using a sterile yellowmicropipette
tip and washing with PBS three times. Images of cells were
taken using phase-contrast microscopy. The cells were incu-
bated for 48 h with serum-free IMDM containing one of the
following: 0% serum (negative control), 10% serum (positive
control) and 10 ng/ml TNF-�, 10 ng/ml FGF2, 10 ng/ml IL6, or
5 ng/ml CCL4. At the end of the incubation time, images of the
cells were taken.
Apoptosis Assay—The effect of the cytokines on PSC apopto-

sis was determined bymeasuring themitochondrial membrane
potential. To this end, the Mito-ID membrane potential kit
from Enzo Life Sciences (Lörrach, Germany) was used accord-
ing to the instructions of themanufacturer. A decrease inmito-
chondrial membrane potential is a function of accelerated apo-
ptotic activity.
Assay of Cellular Reactive Oxygen Species—Cellular reactive

oxygen species were measured using 2�,7�-dichlorofluorescein
diacetate as described previously (34). 2�,7�-Dichlorofluores-
cein diacetate is a fluorescent dye that readily diffuses into cells
and is hydrolyzed by esterases to the polar and non-fluorescent
derivative 2�,7�-dichlorofluorescein that is trapped within cells.
When present, the reactive oxygen species oxidize this com-
pound to fluorescent 2�,7�-dichlorofluorescein. Briefly, PSCs
were cultured in 96-well plates at 75% density and treated with
various factors as detailed above. After a 48-h treatment, cells
were loaded with 50 �M of 2�,7�-dichlorofluorescein diacetate
for 30 min, and fluorescence intensities were measured at exci-
tation/emission wavelengths of 485/530 nm, respectively.
Flow Cytometry—PSCs were cultured in 6-well plates at 75%

density. After 48 h of incubation, cells were harvested and
resuspended in Nicoletti buffer composed of 0.1% tri-sodium
citrate, 0.1% Triton X-100, 50 �g/ml propidium iodide, and 50
�g/ml RNase A. Cells were mixed for a short time and incu-
bated at 4 °C in the dark for 1.5 h. The cell cycle status was
detected with a BD FACSCanto II flow cytometer (BD Biosci-
ences) as recommended.
Immunohistochemistry Analysis—Immunohistochemistry analy-

sis was performed as described previously (35). PDAC tissues
were obtained from the Department of General, Visceral, and
Transplantation Surgery at the University of Heidelberg.
Informed written consent was obtained from patients, and the
studywas approved by the ethics committee of theUniversity of
Heidelberg. Samples were directly fixed with 5% paraformalde-
hyde solution and embedded in paraffin for immunohisto-
chemistry analysis. Anti-filamin A (FLNA) (GeneTex, Irvine,
CA), anti-matrix metalloproteinase 3 (MMP3) (BioCat GmbH,
Heidelberg, Germany), anti-cytokeratin 19 (CK19) (Santa Cruz
Biotechnology, Heidelberg, Germany), and anti-cortactin (Bio-
Cat GmbH), and anti-�-smooth muscle actin (�-SMA) anti-
bodies were used at 1:100 dilution. Isotype-negative controls
were used to correct for nonspecific binding. The imaging of

section was performed using a Zeiss Axiocam 3.1 system (Jena,
Germany).
Immunoblotting Analysis—To test for the expression of

�-SMA in stimulated cells, PSCswere cultured and treated, and
the cellular protein was extracted as above. Protein was loaded
in Laemmli buffer, run on SDS-PAGE, and transferred onto a
nitrocellulose membrane. �-SMA bands were probed with
anti-�-SMA antibodies diluted to 1:1000.
Data Analysis—The microarray data were analyzed with the

Chipster software package (v1.4.6, CSC, Finland). The median
of the signal intensities in the red (DY-649) and green (DY-549)
channels, respectively, was used. The data were normalized
using the Loess method with background correction offset (0,
50) of the normexpmethod (36). A test for significance between
the control and treatment groups was performed using the
empirical Bayes test with a Bonferroni-Hochberg adjustment
(37). The empirical Bayes test makes use of a moderated t sta-
tistics in which posterior residual standard deviations are
applied rather than normal standard deviations. This results in
a far more stable inference when the number of arrays is small
(37). A p value of 0.05 or less was considered significant. Mul-
tiple-set Venn diagrams were generated using the open source
software VENNTURE (38). The biofunctional annotation of
the differentially expressed proteins was performed with Inge-
nuity Pathways Analysis software (version 6.3, Ingenuity Sys-
tems, Redwood City, CA). The prediction of variations in bio-
logical functions was performed using a z-score of �2 or �2,
respectively, as threshold for significance. Protein functional
interaction networks were evaluated using the open source
software STRING 9.0 (39). Unpaired Student’s t test (two-
tailed) was used to compare the control, serum-free incuba-
tions with each of the other treatments in the proliferation and
reactive oxygen species production assays. The inter- and intra-
assay coefficient of variance was less than 20%.

RESULTS

For the analysis of the effects of particular cytokines, human
immortalized PSCs (31) were grown in serum-free medium to
avoid the effects of the various growth factors contained in
serum. TNF-�, CCL4, IL6, or FGF2 were added to the medium

FIGURE 1. Venn diagram showing the number of proteins that were found
regulated upon growth of PSCs in the presence of TNF-�, CCL-4, IL-6, and
FGF-2. A yellow background indicates the number of proteins uniquely reg-
ulated at one condition only. Light gray and medium gray stand for molecules
that were regulated at two or three growth conditions, respectively. The
number of proteins that were differentially expressed under all four condi-
tions is shown in the area with the darkest background.
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separately. Also, control experiments were conducted in the
absence of any supplement or in the presence of serum. Two of
the four studied growth factors were selected on the basis of the
results fromanalyzing protein expression variations in 650 pan-

creatic cancer tissue samples.4 In pancreatic ductal adenocar-
cinoma, the amount of TNF-� was found to be directly corre-

4 A. J. Marzoq, N. Giese, J. D. Hoheisel, and M. S. S. Alhamdani, unpublished results.

FIGURE 2. Expression level variations of the 45 commonly regulated proteins, presented as the logarithm of fold change (Log-FC).
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lated with the percentage of tumor cells. Conversely, the same
was true for CCL4 and the percentage of stroma cells. The third
factor, IL6, was present at substantial concentrations in the
secretome of 16 pancreatic cancer cell lines (data not shown).
FGF2, finally, was included because it has frequently been
reported as a PSC activator (20, 24).
After cell growth, the cellular proteins were isolated and ana-

lyzed on a complex microarray of 810 antibodies that permit
the detection of 741 proteins (supplemental Table S1) that are
closely associated with cancer, and particularly pancreatic
tumors (33). The same format was used for a recent compara-
tive analysis of 24 pancreatic cancer cell lines (28). All measure-
ments were done on five biological replicates for each condi-
tion. In comparison to cells grown in serum-free medium, a
substantial number of proteins, ranging from 174 to 283, were
regulated in the presence of the four cytokines (supplemental
Tables S2–S5). Fig. 1 shows the number of proteins that were
uniquely or commonly regulated under each of the four growth
conditions. Only the expression of 42 proteins was similarly
changed under all four conditions, although differences in the
degree of variation were observed (Fig. 2). Another three pro-
teins also always showed a change of expression, but of oppos-
ing directions. Examples of proteins that were similarly regu-
lated under all treatment conditions are FLNA and MMP3.
Identical to the cell culture experiments, the expression of
FLNA andMMP3 was also found up-regulated in stromal cells
of PDAC tissue sections (Fig. 3).
A functional annotation of the proteins was performed that

exhibited expression level variations, yielding results that were
common to all four or some of the conditions or unique for only
one of them (supplemental Tables S6–S9). The common func-
tions were related to cancer, cell death, cell growth, and prolif-
eration. Under each condition, at least 30% of the proteins with
different expression levels belonged to these functional classes.
Another feature common to all four factors was the develop-
ment of blood vessels and vasculogenesis.
TNF-� treatment resulted in a significant regulation of 174

proteins, of which 56 were unique to TNF-� (supplemental
Table S2). The expression pattern for some of these unique
proteins, like cortactin (up-regulated), was found to have a sim-
ilar regulation in PDAC tissue sections (Fig. 3). Many of the
unique proteins belong to the hepatic fibrosis and hepatic stel-
late cell activation signaling pathway, underlined by an overex-
pression of IGF1 and IL4. Also, an activation of cell-to-cell sig-
naling and interaction, fibrosis, proliferation of fibroblasts, and
differentiation of progenitor cells could be seen (supplemental
Table S6). Other functions were chemotaxis and homing of
monocytes and development of T cells and lymphocytes. The
data also predicted an increased synthesis of reactive oxygen
species upon TNF-� treatment and changes at the level of the
cell cycle with a significantly increased S phase activity. All of
these results indicate a direct implication of TNF-� in the acti-
vation of PSCs, their differentiation to myofibroblast-like cells,
and their regulatory interaction with immune cells. Addition-
ally, the contribution of TNF-� to PSC activation was further
confirmed by the finding of increased �-SMA expression in
these cells (Fig. 4).

Treatment of PSCs with FGF2 resulted in changes of 283
proteins. Similar to TNF-�, most of these proteins were related
to hepatic fibrosis and hepatic stellate cell activation signaling.
Also, functions related to gene expression were substantially
triggered by FGF2 (supplemental Table S7). The elevated
expression of endogenous TGFb1 and IL4 suggest a potential
mechanism toward an acceleration of gene expression in PSCs.

FIGURE 3. Immunohistochemical analysis of normal and PDAC tissues.
Tissue sections were analyzed with antibodies binding FLNA, MMP3, and cor-
tactin (CTTN) in normal versus PDAC tissue sections. Cytokeratin 19 (CK19) and
SMA were used to stain ductal and stellate cells, respectively. Original magni-
fication was 100- and 663-fold for the insets.

FIGURE 4. Immunoblot analysis showing the expression of �-SMA in PSCs
under various treatment conditions. Ctrl, control.

Proteomics of Pancreatic Stellate Cells

NOVEMBER 8, 2013 • VOLUME 288 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 32521



Upon IL6 treatment, 247 regulated proteins were detected.
Further analysis of these proteins showed that 33 were signifi-
cantly expressed proteins only in IL6 (supplemental Table S4).
Generally, a decrease in several functions was observed with
significant prediction from the expression pattern of the regu-
lated proteins upon IL6 treatment of PSCs (supplemental Table
S8). Therewere decreases in activation of neutrophils, adhesion
ofmonocytes, apoptosis of epithelial cells, cell death, a quantity
of calcium ions, and binding of vascular endothelial cells.
In the CCL4-treated cells (supplemental Table S5), the

expression of 174 proteins was changed significantly. A unique
set of 14 proteins was differentially expressed only with CCL4,
whose functions indicated increased neovascularization (sup-
plemental Table S9).
We performed several functional analyses to confirm the

predictions that were made on the basis of the proteome data.
The cellular response to TNF-� treatment indicated an
increase in S phase activity. This was confirmed by FACS anal-
ysis (Fig. 5). Also, the study of the proliferation of PSCs treated
with the four cytokines led to results that are in agreement with
the proteome data. A growth of stellate cells in the presence of
TNF-�, FGF2, and CCL4 resulted in a significant increase in
proliferation (Fig. 6). The same trendwas seen for IL6, although
to a lesser extent. Further, a wound healing scratch assay was
applied to investigate the influence of the proinflammatory fac-
tors on themigration ability of PSCs comparedwith cells grown
in serum-free medium. Exposure to TNF-�, FGF2, and CCL4
caused a strong increase in the number of PSCs that migrated
into the empty space created by scratching (Fig. 7). Migration
was also observed in an experiment with IL6, but the migration
effect was delayed compared with the other proinflammatory

cytokines (data not shown). All this is in agreement with the
proteome analysis. Even the smaller effect observed for incuba-
tions with IL6 concurs directly with the degree of proteome
variations detected under this growth condition.
A result common to all four conditions was the effect of

TNF-�, FGF2, IL6, and CCL4 on apoptosis of PSCs. As com-
paredwith serum-freemedium, PSCs treatedwith either one of
the factors and also cells growing in 10% serum showed
decreased apoptotic activity, as determined by the enhanced
mitochondrial membrane potential (Fig. 8), which was mea-
sured as described under “Experimental Procedures.” The find-
ings are comparable with the functional annotation results that
are on the basis of the observed variations in the protein con-
tent of the cells. TNF-� showed the most anti-apoptosis effect
in PSCs, followed by CCL4.
The proteome data also indicated a strongly increased reac-

tive oxygen species synthesis upon incubation with TNF-�.
Therefore, the level of cellular reactive oxygen species was
determined under the four conditions. As expected, the level of
reactive oxygen species increased more than 5-fold when the
cells were incubated with TNF-�, whereas no change could be
observed in presence of the other cytokines (Fig. 9). Only cells
grown in 10% serumexhibited an increased level as well, but the
effect was much less pronounced.

DISCUSSION

PSCs play a central role in pancreatic fibrogenesis during
inflammation and cancer. Several mediators are involved in the
communication process between inflammatory cells, tumor
cells, and PSCs. This study evaluates the contribution of
TNF-�, FGF2, IL6, andCCL4 to the activation andproliferation

FIGURE 5. FACS sorting analysis revealed the percentage of PSCs (% of events) in S phase. For each condition, three independent measurements were
performed.
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of PSCs fromaproteomics point of view.Analysis of the expres-
sion patterns indicates distinct functional characteristics in
response to each of the cytokines under investigation.
Of all four factors, TNF-� exhibited changes at the proteome

level that are associated with the most distinct functional vari-
ations. Most noticeable, cell activation was observed only with

TNF-� but with none of the other three factors. The overex-
pression of �-SMA is described as a hallmark of PSC activation
(40). Our data showed that TNF-� caused the highest �-SMA
level among all treatment conditions, even that of 10% serum.
This finding suggests a potentially strong link between the
TNF-� level in PDAC and stromal cell activation. Besides cel-
lular activation, there was a strong increase in proteins that are
relevant for the synthesis of reactive oxygen species. TNF-� is a
well known stimulant of reactive oxygen species synthesis and
oxidative stress (41), and reactive oxygen species have been
reported to induce PSC activation (42). Upon TNF-� treat-
ment, an overexpression of principal proliferation and profi-
brogenic cytokines was observed, such as IGFBP2, TGFB1,
IL15, SERPIN1, TNF-�SF10, CFLAR (CASP8- and FADD-like
apoptosis regulator), and MMP11. It has been shown earlier
that IGFBP2 participates in regulating cell proliferation, differ-
entiation, and apoptosis (43). Increased levels of TNF-� are
well documented in pancreatic cancer patients (44–46) and
have been implicated in playing an important role in tumor
microenvironment remodeling (47). The high level of
TNF-� in pancreatic cancer could be the reason of the con-
stant priming of PSCs and their sustained proliferation and
fibrogenesis.
CCL4 is a strong stimulant to fibrosis in vitro and in vivo

(48) and has been shown to exert angiogenic effects in animal
models (49). High levels of CCL4 have been reported in
chronic pancreatitis (50). In this study, CCL4 stimulated a
similar but less intensive effect than TNF-�. The effect of
CCL4 on PSCs could be due to an induction of the endoge-
nous levels of TNF-� in the cells, as observed in this study.
There is also a potential synergistic effect between TNF-�
and CCL4, affecting the cellular proteome of PSCs toward
monitoring the endothelial system. Although TNF-� gave
rise to changes in the levels of PSC proteins that increase
cellular development and movement of endothelial cells,

FIGURE 6. Proliferation of PSCs under various incubation conditions. The assay measured the incorporation of a fluorescent dye to the DNA that was
proportional to the number of cells in the system. The fluorescence intensities are shown in arbitrary units (AU). The p values were calculated in comparison
with the control cells grown in serum-free medium.

FIGURE 7. Migration assay. PSCs were grown to confluence. A gap was gen-
erated by physically scraping off cells. The number of cells was determined
before and after 48 h of growth under the indicated incubation conditions.
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CCL4 seems to increase neovascularization. The expression
of proteins that regulate neovascularization, such as IL2 (51),
IL1B (52), TGFB1 (53), and matrix metalloproteinases (54),
was found significantly altered by treatment of PSCs with
CCL4. In addition to endothelial promoting effects, CCL4-
treated PSCs, along with cells grown with FGF2, also exhib-
ited functions that are related to tumor development.
Pancreatic tumor cells have been shown to express and

secrete FGF2, which contributes to enhancing the malignant
phenotype of pancreatic cancer (55). The most prominent
effect of FGF2observed in this studywas a change in the cellular
proteome toward a decreased level of cell death and simultane-
ously improved cellular survival, the latter associated with a

higher overall degree of gene expression. In total, 45DNAbind-
ing proteins were regulated by FGF2, including the molecules
TP53, CDKN1A, MYCN, (N-Myc proto-oncogene protein)
IL1A, IGF1, IL4 and TGFB1, which are known for their regula-
tory effect on gene expression and cell survival. Similarly to
TNF-� and CCL4, FGF2 influences gene expression also
through binding of protein binding sites. FGF2 regulated the
expression of 30 proteins, which are involved in modulating
human gene expression via binding to the promoter E-box
motif of many genes. However, network analyses indicate that
FGF2 actually triggers an alternative regulative pathway via an
endogenous rise of IGF1 and INS expression levels (data not
shown).

FIGURE 8. Apoptosis assay. The fluorescence signal is representative for the mitochondrial membrane potential, which, in turn, is a function of reduced
apoptotic activity. The higher the signal, the smaller the apoptosis activity. The measurements were done relative to analyses in serum-free medium. AU,
arbitrary units.

FIGURE 9. Analysis of the level of reactive oxygen species. The cellular level of reactive oxygen species was determined as a function of the conversion of
2�,7�-dichlorofluorescein to its oxidized and then fluorescent version. AU, arbitrary units; Ctrl, growth in serum-free medium.
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As compared with measurements with TNF-� and CCL4,
PSCgrowth in presence of IL6 exhibited reduced cellularmove-
ment, required for migration and invasion, but still higher val-
ues than those measured in serum-free medium. Significantly
elevated levels of IL6 have been reported in pancreatic cancer
cell lines (28) andmedium of these cells (56) as well as in sera of
pancreatic cancer patients (57). The anti-apoptotic effect of IL6
iswell documented (58, 59). From the expression variation of 23
proteins, it can be concluded that in IL6-treated cells there is a
decrease in the level of ionized cellular calcium. Some cytokines
are known to increase the cellular calcium level, as reported for
IL1B (60), INFG (61) and IL8 (62). The protein levels of these
three cytokines were actually found repressed by IL6. This
result fits well to the fact that IL6 causes a reduction in the
cytosolic level of calcium (63). Under certain pathological stim-
uli, calcium can play a detrimental role in cell death and apo-
ptosis (64). The anti-apoptotic effect triggered by IL6 is pre-
sumably attributable to its effect on calcium modulatory
proteins. It is of interest that a treatment of PSCs with FGF2
caused an increase in endogenous levels of IL6, which may
explain the similar effect of the two on cell survival. Expression
of several proteins was reduced that control cell death, such as
BCL2, TP53, AIFM1 and MYCN, when PSCs were grown with
FGF2 or IL6. However, the anti-apoptotic effect was more

prominent with IL6, probably as a result of down-regulation of
CASP3 (22), which was not observed with FGF2.
From the above, an overview of the influence and combina-

torial effect of the four pro-inflammatory factors on PSCs can
be generated that is on the basis of an analysis at the protein
level and the functional characteristics that are associated to
them (Fig. 10). TNF-� seems to be the prime activator of these
cells. Along with CCL4, it also contributes to changing the PSC
proteome toward an endothelial system. FGF2 and IL6 increase
cellular survival, presumably via an accelerated cellular gene
expression mechanism by the former and a decreasing apopto-
tic activity throughmodulation of ionized calcium by the latter.
However, in vivo, PSCs are not only influenced by these four
factors. Indeed, we found that cell growth with 10% serum
caused a significant change in the expression level of 230 pro-
teins. 47 of them were not observed with the four cytokines
alone and have unique functional characteristics (supplemental
Table S10). This indicates that the presence of other effectors is
very likely to have a pathophysiological influence on PSCs in
health and disease.
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FIGURE 10. Schematic summary of the different effects of TNF-�, FGF2, IL6, and CCL4 on PSCs.
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