
Fibrogenesis in pancreatic cancer is a dynamic process
regulated by macrophage–stellate cell interaction
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Pancreatic cancer occurs in the setting of a profound fibrotic microenvironment that often dwarfs the actual tumor.
Although pancreatic fibrosis has been well studied in chronic pancreatitis, its development in pancreatic cancer is much
less well understood. This article describes the dynamic remodeling that occurs from pancreatic precursors (pancreatic
intraepithelial neoplasias (PanINs)) to pancreatic ductal adenocarcinoma, highlighting similarities and differences be-
tween benign and malignant disease. Although collagen matrix is a commonality throughout this process, early stage
PanINs are virtually free of periostin while late stage PanIN and pancreatic cancer are surrounded by an increasing
abundance of this extracellular matrix protein. Myofibroblasts also become increasingly abundant during progression
from PanIN to cancer. From the earliest stages of fibrogenesis, macrophages are associated with this ongoing process.
In vitro co-culture indicates there is cross-regulation between macrophages and pancreatic stellate cells (PaSCs), pre-
cursors to at least some of the fibrotic cell populations. When quiescent PaSCs were co-cultured with macrophage cell
lines, the stellate cells became activated and the macrophages increased cytokine production. In summary, fibrosis in
pancreatic cancer involves a complex interplay of cells and matrices that regulate not only the tumor epithelium but the
composition of the microenvironment itself.
Laboratory Investigation (2014) 94, 409–421; doi:10.1038/labinvest.2014.10; published online 17 February 2014

KEYWORDS: chronic pancreatitis; collagen; fibrosis; myofibroblasts; pancreatic cancer; pancreatic stellate cells; periostin

Pancreatic ductal adenocarcinoma (PDAC), the most com-
mon pancreatic cancer, varies from many epithelial malig-
nancies in that it is surrounded by an extensive stromal
microenvironment, often much more extensive than the
tumor itself.1,2 Multiple functions have been proposed for
this expansive stromal microenvironment including paracrine
signaling that regulates tumor growth and dissemination,
restriction of blood flow, and selective restriction of
inflammatory infiltration.3 This microenvironment has a
large fibrotic component, in some respects similar to that
seen in benign pancreatic disease such as chronic pancreatitis;
however, the morphological appearance has also been
reported to vary from that of chronic pancreatitis and the
term ‘desmoplasia’ has been used to distinguish tumor-
associated fibrosis from benign fibrosis.

PDAC is thought to arise from benign precursors called
pancreatic intraepithelial neoplasias or PanINs.4 Although
patients are rarely diagnosed before full-blown pancreatic
cancer, PanIN lesions occur in conjunction with PDAC and
exhibit an array of increasing atypia and architectural
changes suggesting that they are indeed precursors to
cancer. PanIN1 is characterized by mucinous columnar cells
that have little to no nuclear atypia. Although these lesions
are seen in PDAC patients, similar lesions are also seen in
normal pancreas and in chronic pancreatitis patients and so
are sometimes called ‘PanIN1-like’ lesions. In progression to
cancer, PanIN2 lesions acquire nuclear atypia such as nuclear
enlargement. In further progression to PanIN3, equivalent to
carcinoma in situ, further nuclear atypia, cribriforming and
luminal budding are also observed. Although an extensive
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fibrotic microenvironment surrounds PDAC lesions, little is
known about its progression during tumorigenesis or how it
may vary from benign fibrotic diseases such as chronic
pancreatitis.

Most of our knowledge of fibrogenesis comes from studies
of benign disease in which a significant portion of pancreatic
fibrosis arises from activation of pancreatic stellate cells
(PaSCs). PaSCs are mesenchymal cells that are found in a
quiescent state scattered through the healthy pancreas. Nor-
mally, these cells function in maintenance of basement
membrane integrity.5 However, upon activation by damage
or by growth factor signaling, PaSCs become highly
proliferative and differentiate into myofibroblasts expressing
a smooth muscle actin (aSMA) and producing abundant
fibrotic extracellular matrix (ECM) proteins such as collagen
I.6 When activated by culturing ex vivo, PaSCs from normal
pancreas tend to be homogenous cells producing both ECM
proteins such as collagen I and expressing aSMA.1 In vivo,
fibrosis tends to be more heterogeneous, suggesting that
activated PaSCs are not uniform or that cells other than
PaSCs also give rise to pancreatic fibrosis.

In this article, we determine the patterns of activation of
fibrotic cells in both benign and malignant disease and de-
monstrate differences not only with etiology but also with
disease progression. Furthermore, we show that fibrogenesis
occurs simultaneously with macrophage infiltration and that
macrophages can regulate key features of fibrogenesis.

MATERIALS AND METHODS
Tissues, Antibodies and Reagents
Human tissues were obtained with approval from the
Vanderbilt Institutional Review Board. Paraffin blocks from
11 PDAC patients and 46 chronic pancreatitis patients were
analyzed. In addition, we analyzed 4 tissue microarrays
consisting of 64 PDACs, 27 PanIN1, 25 PanIN2 and 19
PanIN3 lesions.

Mice were maintained with approval from the Vanderbilt
or St Jude Institutional Animal Care and Use Committee.
Ptf1aCre,7 LSL-KrasG12D,8 and Cdkn2aþ /� 9 mice have all
been described. Tissues were fixed with 4% paraforma-
ldehyde, paraffin embedded and processed as described.10

Antibodies and Reagents
Human tissues were labeled with the following antibodies:
mouse anti-aSMA (clone 1A4; Dako, Carpineria, CA, USA),
rabbit anti-periostin (Abcam, Cambridge, England), mouse
anti-CK19 (Dako; clone RCK-108), mouse anti-CD68 (Dako;
clone KP1) and mouse anti-CD163 (Novocastra/Leica, New
Castle Upon Tyne, England). Mouse tissues were labeled with
the same aSMA and periostin antibodies and with F4/80
(clone A3-1; AbD Serotec, Raleigh, NC, USA). Fibrillar col-
lagen I was detected by Gomori trichrome (Newcomer Sup-
ply, Middleton, WI, USA). Double immunofluorescence was
performed using TSA-Plus kits (Perkin Elmer LAS, Boston,
MA, USA) and counterstained with Toto3 (Molecular Probes,

Eugene, OR, USA). For double immunofluorescence with
same species antibodies, slides were boiled after the first
antibody’s TSA reaction, then labeling was repeated with the
second primary antibody. Controls always included slides,
which lacked either the first or second primary antibody, to
validate that boiling removed all of the first antibody.

IPS-1 cells were labeled with CellTracker Green CMFDA
(Molecular Probes) and RAW264.7 and BMDM-WT cells
were labeled with CellTracker Red CMTPX (Molecular
Probes) as per the manufacturer’s instructions.

Images
Brightfield microscopic tissue images were captured on an
Axioskop 40 microscope (Carl Zeiss Microimaging, Thorn-
wood, NY, USA). Fluorescent images were captured on a
Confocal LSM510 microscope (Carl Zeiss Microimaging).

Cell Culture
IPS-1,11 RAW264.712 and immortalized BMDM-WT cells13

were all previously described. Immortalized mouse
pericryptal fibroblast-1 (IMPF-1) cells were isolated
similarly to the IPS-1 cells.11 Conditionally immortalized
pericryptal fibroblasts were isolated from the colon of
Immortomice14 by the Novel Cell Line Core Facility of the
Vanderbilt University DDRC. These mice harbor a
temperature-sensitive mutation in a transgene encoding the
SV40 large T antigen so that this protein is in its active
conformation only at the permissive temperature of 33 1C.
Colons were removed from young adult ‘Immortomice’ and
colonic crypts were removed by incubation in 0.3% EDTA,
0.05% DTT in PBS as previously described.15 The remaining
colon tissues were then incubated in 0.3% Pancreatin and
cells liberated from the empty crypt pockets were collected,
centrifuged and cultured in RPMI-1640 plus 5% FCS, ITS
and 5U/ml IFNg (Roche, Indianapolis, IN, USA) at 33 1C as
described for other conditionally immortalized cells.15 All
cells were maintained in RPMI-1640 (Gibco, Grand Island,
NY, USA), 10% fetal bovine serum (Atlantic Biological,
Lawrenceville, GA, USA) and 50U/ml penicillin, 50 mg/ml
streptomycin (Gibco). In addition, IPS-1 and IMPF-1 cells
were maintained in 5U/ml IFNg and kept at 33 1C unless
indicated.

For IPS-1 activation assays and for cytokine analysis, IPS-1
cells were first cultured for 3 days on a thick layer of ma-
trigel.16 They were released from the matrigel with dispase,
washed several times in PBS, mixed with RAW264.7 cells,
BMDM cells or media, then mixed with an equal volume
neutralized rat tail collagen (BD Biosciences) and plated in
24-well dishes. Media minus IFNg with or without
recombinant heparin-binding epidermal growth factor-like
growth factor (R&D Systems, Minneapolis, MN, USA) was
added and cells were cultured for 3 days at 37 1C. Cells were
fixed in 4% paraformaldehyde for fluorescent imaging of vital
dyes or for immunofluorescence. Immunofluorescence was
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performed in the absence of vital dyes. Media was collected
for cytokine analysis.

For macrophage polarity studies, RAW264.7 cells were
incubated alone or with an equal numbers of IPS-1 or IMPF-
1 cells on plastic tissue culture dishes at 37 1C in the absence
of IFNg. Cells were harvested for RNA after 3 days. To test
effects of IPS-1-conditioned media, RAW264.7 cells were
plated alone in three-dimensional collagen matrix as
described above. One day after plating, media was removed
and replaced with 50% fresh mediaþ 50% media from
activated IPS-1 cells. Two days later, cells were harvested for
RNA analysis.

For oil red O staining, cells were removed from collagen
matrix with collagenase P (Roche), washed in PBS and
stained in freshly prepared 0.3% oil red O for 15min, then
washed extensively before photographing.

Cytokine Analysis
Quiescent IPS-1 cells and RAW264.7 cells were cultured alone
or together in a collagen matrix and the media was collected
after 3 days. In all, 4–6 samples were collected from each
culture condition. Multiple cytokines were quantified in the
cell culture supernatant using the MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel (Millipore)
according to the manufacturer’s instructions, using a Luminex
FLEXMAP 3D instrument.

qRT-PCR
mRNA was isolated using the RNeasy Mini Kit (Qiagen,
Germantown, MD, USA). Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) was performed using
the Roche Transcriptor Universal Kit and analyzed on the
Lightcycler 480 II (Roche). Primers used were: 50-TGGCCAC
CAAGCTGAACT-30 and 50-TTCATGATAACGTTTCTGGCT
CT-30 (iNOS), 50-GAATCTGCATGGGCAACC-30 and 50-GA
ATCCTGGTACATCTGGGAAC-30 (Arg1), 50-TGCCCTTGCT
GTTCTTCTCT-30 and 50-GTGGAATCTTCCGGCTGTAG-30

(CCL3), 50-GTGCTGCTGGAGCAGTTGT-30 and 50-TCGGG
ATCCCCAGAGAGT-30 (CSF3), and 50-GGGTGGCTCTGA
CTACTCTAAGAT-30 and 50-ACACGTAGTCAAACTTCTCA
ATGACT-30 (PMM1, normalization control).

All primers were synthesized by Integrated DNA Tech-
nologies (Coralville, IA, USA).

RESULTS
Dynamic Remodeling of the Stromal Microenvironment
Accompanies PanIN to PDAC Progression
To understand key features of the tumor microenvironment
that are specific to pancreatic cancer and not benign disease,
we first compared fibrotic components associated with PDAC
and with its benign precursor lesions, PanINs, and with
normal pancreatic ducts. We examined both individual tissue
blocks as well as tissue microarrays. Four tissue microarrays
contained 64 PDACs, 27 PanIN1, 25 PanIN2 and 19 PanIN3
lesions. We focused on four major components of the tumor

microenvironment: two matrix proteins, collagen I17 and
periostin,18 and two cellular components, macrophages19,20

and myofibroblasts,21,22 contractile cells that may function in
the tensile strength of the matrix.

Normal main duct or interlobular ducts (Figures 1a–c) are
encased in a cuff of collagen-I-enriched matrix stained with
aniline blue via Gomori’s trichrome. Within this matrix,
most aSMA is specific to the smooth muscle surrounding
blood vessels; similarly, the small amount of periostin ob-
served surrounds blood vessels. Around PanIN1 lesions
(Figures 1d–f), the earliest neoplastic precursor to PDAC, the
collagen-I-enriched matrix becomes expanded in thick, well-
organized parallel bundles of fibers. A thin, well-defined layer
of aSMAþ myofibroblasts surrounds the epithelium with
small numbers also scattered through the surrounding col-
lagen matrix. There remains little or no periostin surrounding
PanIN1 lesions unless they are in close proximity to invasive
PDAC regions. As lesions progress to PanIN2 (Figures 1g–i),
there is little apparent change in the collagen matrix com-
pared with PanIN1, but myofibroblasts begin to expand in
number. There is considerable variation in the extent of this
expansion with some PanIN2 lesions showing matrix similar
to that of PanIN1 lesions and others having discrete regions
of abundant myofibroblasts clustered close to the epithelium.
Regardless of the abundance of aSMAþ myofibroblasts, they
appear to have parallel elongated orientations, reflecting the
orientation of fibers in the collagen matrix. In PanIN2
lesions, there are also variable and discrete regions of peri-
ostin immediately adjacent to the epithelium. In PanIN3
lesions (Figures 1j–l), the parallel orientation of the collagen
matrix becomes regionally disrupted, with some loss of
the well-organized parallel arrangement of fiber bundles.
aSMAþ myofibroblasts become uniformly abundant near
the epithelium as does periostin production. Surrounding
PDAC lesions (Figures 1m–o), the disorganization of the
collagen matrix is more severe and staining with aniline blue
is often weaker. Myofibroblasts and periostin production are
abundant and overlapping throughout the entire matrix, not
just juxtaposed to epithelium as in PanIN3 lesions. The
seemingly random orientation of the myofibroblasts reflects
the disorganization of the collagen matrix. When PanIN
lesions are in close proximity to regions of tumor invasion,
they too are sometimes engulfed in this dense aSMAþ ,
periostinþ microenvironment (data not shown). Although
the structure of the collagen matrix appears disrupted im-
mediately surrounding PDAC lesions, there are frequent
bands of well-organized collagen bundles that form dense
myofibroblast- and periostin-rich structures that tend to
encapsulate the tumor with little invasion occurring through
this scar-like tissue (Supplementary Figure S1).

Along with others, we previously reported that macro-
phages were abundant around PDAC lesions.19,20,23 Here, we
show that macrophages have non-uniform patterns of locali-
zation in PDAC tissues. CD68þ macrophage abundance was
fairly uniform at all PanIN stages (Supplementary Figures
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S2A–C). However, within the broader tumor microenviron-
ment, macrophages were not uniformly distributed. Regions
of dense well-organized collagen bundles contained far fewer
macrophages than immediately juxtaposed areas, suggest-
ing that these structures excluded most macrophages
(Supplementary Figures S2D–F). Regions of dense, parallel
myofibroblasts also had lower numbers of macrophages
even when close to sites of tumor invasion (Supplementary
Figures S2G–I and S3). In regions of disrupted collagen
where tumor invasion occurred principally as single cells,
macrophages were highly concentrated around the leading
edge of the invading cells (Supplementary Figures S2E and
F). Where tumor cells were invading as small clusters of cells,
macrophages were abundant but more randomly scattered
than at sites of single cell invasion (Supplementary Figures
S2H and I). Note that in areas immediately surrounding
tumor epithelium, macrophages had a more flattened, elon-
gated morphology and did not label as brightly with CD68
antibodies as compared with infiltrating macrophages
(compare Supplementary Figures S2H, S2I to S2G). As CD68
may label other myeloid cells in addition to macrophages, we
co-labeled three PDAC and three chronic pancreatitis sam-
ples with CD68 and CD163, another macrophage marker24

(Supplementary Figure S4 and data not shown). The ma-
jority of CD68þ cells in all pancreatic tissues were also
CD163þ , with only rare CD68þ , CD163– cells present.
However, the relative abundance of CD68 to CD163 varied
considerably cell-to-cell. This may reflect different expression
levels in different populations of macrophages within
these tissues.25 This is in contrast to cells in other locations,
such as in a large blood vessel in the duodenal muscularis
that was present in one of the PDAC blocks (Supplementary
Figure S4, inset). In this blood vessel, the majority of
CD68þ cells were CD163–.

Fibrosis in Chronic Pancreatitis Progresses Differently
than in PanINs
We next compared the dynamic modulation of the fibrotic
microenvironment in PanIN/PDAC progression with the
progression of fibrosis in chronic pancreatitis, a benign dis-
ease. We examined tissue from 46 patients, 22 with alcoholic,
7 with hereditary, 7 with autoimmune, 4 with pancreatic
divisum and 6 with tumor-associated chronic pancreatitis.
We found little difference in the composition of the fibrosis,

only a difference in the extent of fibrosis and the extent of
inflammatory infiltrate, which both varied patient to patient
without apparent correlation with etiology.

Although PanIN progression showed first a large increase
in collagen matrix without periostin and with small numbers
of myofibroblasts, chronic pancreatitis did not show this
sequence. In regions of pancreas that still maintained acinar
parenchyma surrounded by more limited fibrosis, both myo-
fibroblasts and periostin were observed within acinar lobules
while well-organized collagen bundles were confined princi-
pally to the septa between lobules (Figures 2a–c). Within
acinar lobules, periostin was more widespread than myofi-
broblast cells between individual acini, whereas myofibroblasts
were more abundant in septal regions separating lobules. In
regions where fibrosis was well established with few if any acini
remaining, collagen matrix, myofibroblasts and periostin were
all uniformly present (Figures 2d–f). To better understand how
the pattern of collagen matrix arises, we examined chronic
pancreatic tissues at low magnification (Figures 2g and h). In
areas peripheral to densely fibrotic regions where acinar
architecture was largely or partially intact, thick collagen
bundles could be seen surrounding acinar lobules as well as
bridging them in somewhat linear structures. These bridging
structures could often be seen to follow ducts or blood vessels
through the lobule. In these regions peripheral to the bulk of
fibrosis, myofibroblasts were sparse in the collagen bridges
although they were frequently localized immediately adjacent
to and within acinar lobules (Figure 2i).

Macrophages were abundant in chronic pancreatitis tis-
sues, regardless of the degree of fibrosis (Figures 2j–l).
Macrophages were concentrated around early ADM lesions
as they are in PDAC tissues23 as well as throughout
fibrotic tissue. To determine if macrophages were actively
infiltrating along blood vessels, we co-labeled for collagen I
and CD68 (Figure 2k). Only 2 of 10 tissues examined
had enrichment along these structures while most had
macrophages more concentrated outside of these areas
(shown in Figure 2l without collagen staining for better
visualization).

Acinar-to-Ductal Metaplasia (ADM) Occurs
Concomitantly with Fibrogenesis
ADM, the replacement of acinar mass with ductal structures,
is a common feature of both chronic pancreatitis and PDAC

Figure 1 The microenvironment undergoes dynamic changes from pancreatic precursor lesions to cancer. (a–c) normal duct. (d–f) PanIN1. (g–i)

PanIN2. (j–l) PanIN3. (m–o) PDAC. Tissues were labeled with trichrome for collagen I (blue in a, d, g, j, m with cells counterstained in red), aSMA

(brown in b, e, h, k, n with nuclei dark blue and cell cytoplasm light blue) or periostin (brown in c, f, i, l, o). Note that in normal pancreas, most

fibrillar collagen is found in stromal cuffs (marked by parenthesis) around larger ducts and blood vessels, becomes more extensive as organized parallel

bundles around PanIN lesions, but becomes disrupted in structure around PanIN3 and most particularly around PDAC lesions. Myofibroblasts (aSMAþ
cells not associated with blood vessels) form narrow cuffs around normal ducts and PanIN1, but begin to expand focally around PanIN2, more

extensively around PanIN3, and are dense and disorganized around PDAC. Periostin in the normal pancreas is restricted primarily to blood vessels

(arrows in c, f), is occasionally detected in PanIN1 epithelium and more often in epithelium of advanced PanINs and PDAC. In the stroma, periostin

becomes detectable focally adjacent to PanIN2, more widespread around PanIN3s, and extensively around PDAC. Parentheses mark areas of organized

collagen surrounding normal ducts, PanIN1 and PanIN2 (a–i) and areas where this collagen organization is lost in PanIN3 (j–l). Size bars, 50 mm. All

images presented at the same magnification.
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Figure 2 Chronic pancreatitis comprises a microenvironment that is continuously rich in collagen, myofibroblasts, periostin and macrophages.

(a–c) collagen (a, blue color) forms dense bundles surrounding the acinar lobules and sometimes bridging through them, whereas myofibroblasts

(b, aSMAþ brown color) and periostin (c, brown) are found both within and surrounding the lobule. Within the lobule, periostin is consistently more

abundant and deeper within the lobule than are the myofibroblasts. In areas of ADM (d–f), collagen fibers, myofibroblasts and periostin are all

abundant. At lower magnification (g–i), the pattern of collagen fibers (g, h) can be seen to surround remaining acinar lobules, bridging through them

along tracts that frequently can be seen to contain small ducts or blood vessels (arrows). When acinar lobules are still relatively intact, myofibroblasts

are found primarily at the edges of and within lobules rather than within the matrix separating lobules (i). (j) Macrophages, labeled by CD68 antibodies

(brown), are present at the earliest morphological stages of ADM where both acinar-like and duct-like cells line small irregular lumina. (k, l) Where

collagen bundles form bridge structures around and through acinar lobules, only rarely are macrophages concentrated in these structures (k) but are

more commonly enriched at the edges and within lobules (l). Insets in (k, l) show magnified views with collagen bridges (marked by parentheses) and

acini to the right of each. Size bars, 50 mm.
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tissue. In mouse, ADM has been shown to arise from
transdifferentiation of acinar cells into ductal cells and to be a
precursor of PanIN-like lesions.26–29 Therefore, we
investigated whether ADM was associated with a common
microenvironment in chronic pancreatitis and in PDAC.

When ADM occurred in acinar-rich regions of either PDAC
or chronic pancreatitis, it was associated with collagen I,
periostin and myofibroblasts. Even from the earliest stages of
transition from acinar cells to ductal cells (Figures 3a–c), thin
collagen strands, many myofibroblasts and periostin were

Figure 3 Fibrogenesis initiates in conjunction with ADM. (a–c) At the earliest stages of ADM, evidenced by small, irregular lumina lined by cells of both

acinar and ductal morphologies (arrows), collagen fibers are found amongst the acini (a), myofibroblasts are uniformly abundant (b) and periostin is

present in the surrounding matrix (c). (d, e) In chronic pancreatitis, periostin continues to be present surrounding even established ADM lesions

(defined as lacking any acinar characteristics), including ones with PanIN1-like morphology (e). (f) In PDAC tissues, most ADM lesions found within the

tumor microenvironment are lacking periostin in their surrounding stroma although the epithelium may be positive. Note the periostin-rich stroma

near but not abutting the ADM lesions in the upper right and lower left corners of (f). Labeling colors are as in Figure 1. Size bars, 50 mm.
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present. In chronic pancreatitis, ADM lesions continued to be
surrounded by all three markers of fibrosis (Figures 3d and e
and data not shown). Notably, even mucinous ADM
lesions with PanIN1-like morphology were surrounded by a
periostin-rich microenvironment in chronic pancreatitis
(Figure 3e) unlike PanIN1 lesions seen in PDAC tissues. In
PDAC tissues, most of the established ADM lesions (defined
here as no longer bearing any acinar characteristics) were
devoid of periostin in their immediate microenvironment
although the epithelium was sometimes positive by im-
munolabeling (Figure 3f).

Mouse Models of PanIN and PDAC Recapitulate Key
Features of Human Disease
Mouse models that express a Kras oncogene in the pancreas
recapitulate many of the epithelial phenotypes associated
with human PDAC development.30 We found that key
characteristics of the tumor microenvironment were also
similar in comparisons of mouse and human pancreatic
lesions. In young Ptf1aCre; LSL-KrasG12D (KC) mice, ADM
lesions were surrounded by myofibroblasts and periostin as
well as thin collagen fibers (Supplementary Figures S5A–C).
In six older KC mice, most of the pancreas was replaced by
fibrosis, ADM and PanIN1-like lesions (Supplementary
Figures S5D–F). The microenvironment of ADM lesions
were similar to that seen in younger mice. However, PanIN1
lesions could be divided into two categories based on their
microenvironment. Many PanIN1-like lesions were devoid of
surrounding periostin as in human PanIN1 while other Pa-
nIN1-like lesions were surrounded by a cuff of periostin-rich
matrix more similar to ADM lesions seen in chronic pan-
creatitis. In PDAC occurring in Ptf1aCre; LSL-KrasG12D;
Cdkn2aþ /� mice lacking the tumor-suppressor p16/
p19Ink4A/Arf, myofibroblasts and periostin immunoreactivity
patterns were similar to those seen in human PDAC
(Supplementary Figures S5G and H). Macrophages, which we
showed previously were abundant around ADM in mice,23

were also abundant at the PDAC invasive front as in human
disease (Supplementary Figure S5I). The major difference
between human and this model of mouse PDAC was a higher
density of epithelium in the mouse model concomitant with
less stroma, although the stroma present was similar in
composition. The other key difference was the presence of a
periostin-rich cuff surrounding some PanIN1-like lesions.

Crosstalk Between Macrophages and Stellate Cells
Regulates Fibrogenesis
In both chronic pancreatitis and PDAC tissues, the most
localized and therefore possibly the earliest induction of
fibrosis was seen around forming ADM lesions where both
macrophages and myofibroblasts were present. Therefore, we
designed experiments to determine if interaction between
these cells regulated fibrogenesis. We focused on conversion
of quiescent PaSCs to aSMAþ myofibroblasts and on pro-
duction of cytokines by macrophages. In a three-dimensional

collagen matrix, we co-cultured quiescent IPS-1 cells, an
immortalized PaSC cell line, with two different macrophage
cell lines, RAW264.7 and BMDM-WT. To distinguish each
cell type, we fluorescently labeled IPS-1 cells with a green vital
dye and the macrophage lines with a red vital dye. When IPS-
1 cells were maintained on plastic, these cells exist in an
activated state as myofibroblasts11 as do primary PaSCs.31,32

However, when cultured on top of matrigel for three days,
IPS-1 cells reverted to a quiescent state as has been reported
for both hepatic stellate cells and PaSCs.16,33 On matrigel,
IPS-1 cells formed clusters of cells that downregulated aSMA
expression and contain cytoplasmic lipid droplets that can be
detected by oil red O (Supplementary Figure S6 and data not
shown). When removed from matrigel and suspended in
collagen matrix, the IPS-1 cells maintained this quiescence in
the presence or absence of the growth factor HB-EGF
(Figure 4a and Supplementary Figure S7A). Addition of
TGFb to these quiescent cells was similarly insufficient to
induce any phenotypic change in these cells (data not
shown). However, when these quiescent IPS-1 cells were co-
cultured with the RAW264.7 macrophage-derived cell line,
the cells underwent morphological changes consistent with
PaSC activation (Figure 4b). IPS-1 cells formed lamellopodia
and filopodia extending from clusters and some cells
appeared to migrate from these clusters. Without macro-
phage cell co-culture, IPS-1 cell clusters had no or one
filopodial protrusion each. When the growth factor HB-EGF
was added to IPS-1/RAW264/7 co-culture, few intact clusters
remained, with most IPS-1 cells appearing as single cells with
elongated, fibroblastoid morphology. In cultures that were
not labeled with vital dye fluorophores, these single cells were
positive for aSMA immunolabeling, indicative of PaSC
activation (Figure 4c). Immortalized BMDM cells gave a
similar extent of IPS-1 activation (Supplementary Figure S7).

To understand how macrophages could be triggering
stellate cell activation, we analyzed cytokines produced by
cells cultured alone or together (Figure 5). Surprisingly,
quiescent IPS-1 cells produced high levels of two chemokines
known to act on macrophages, IL-6 and MCP-1,34 as well as
KC/CXCL1. RAW264.7 cells alone produced a low level of a
number of cytokines. However, co-culture with IPS-1 cells
markedly increased the amount of many of these cytokines,
notably G-CSF/CSF3, MCP-1, MIP-1a/CCL3, MIP-1b/CCL4,
MIP-2/CXCL2 and TNF. As these cells were cultured together,
we could not know which cell type was expressing which
cytokine, but CCL3, CXCL2 and TNF are commonly
associated with production by macrophages.

Macrophages can have a range of function including pro-
inflammatory and immunosuppressive functions, sometimes
characterized as M1 and M2 types, respectively, although
increasing evidence points to a range of different macrophage
subtypes.35 The cytokines produced by co-culture of IPS-1
with RAW264.7 cells did not give a clear indication of either
an M1 or M2 polarity. For example, high production of
TNF and MCP-1 would suggest an M1 polarity but the lack
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Figure 4 Macrophage cells activate IPS-1 cells. Quiescent IPS-1 cells, labeled with a green fluorophore, were placed in three-dimensional collagen

matrix with or without RAW264.7 cells labeled with a red fluorophore, and with or without addition of growth factor HB-EGF. (a) Without addition of

either RAW264.7 or immortalized BMDM cells, IPS-1 cells maintained a quiescent morphology and rarely formed protrusions or migrated from cell

clusters even when cultured with HB-EGF. (b) When co-cultured with RAW264.7 cells, IPS-1 cells adopted an elongated morphology consistent with an

activated phenotype with some cells extending away from cell clusters. (c) When the IPS-1/Raw264.7 co-cultures were treated with HB-EGF, the

majority of cells were present as single cells (arrowheads) rather than clusters. Many of these single cells were aSMA-positive (inset in c). Insets in (a, b),

higher magnification of fluorophore-labeled IPS-1 cells. Inset in (c), immunofluorescence for aSMA in cells that were not fluorophore labeled during

culture. (a’–c’) IPS-1 fluorescence alone from panels a–c. Size bars, 50 mm, except as indicated in panel c inset.

Figure 5 IPS-1 co-culture with RAW264.7 cells alters cytokine production. RAW264.7 cells (white bars) and quiescent IPS-1 cells (dashed bars) were

cultured alone or together (black bars) as described in Figure 4. Media was collected after 3 days and analyzed for selected cytokines. *Po0.01.
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of IL-1b and IL-12 do not.36 There is some induction of
IL-10 but it is low and lack of IL-13 suggests that M2 polarity
was also not induced.36 Therefore, we also analyzed genetic
markers of macrophage activation. iNOS, encoding inducible
nitric oxide synthase, is a key marker of M1-type
macrophages while Arg1, encoding the Arginase I enzyme,
is a common marker of M2-type macrophages in mice. We
compared expression of iNOS and Arg1 in RAW264.7 cells
alone or co-cultured with either IPS-1 cells or IMPF-1 cells.
IMPF-1 cells are immortalized pericryptal fibroblasts isolated
from mouse colon, which likely contains a different stromal
microenvironment. Co-culture of RAW264.7 cells with IPS-1
cells induced a 7-fold elevation in iNOS mRNAwhile IMPF-1
cells induced a greater than 100-fold increase in iNOS
compared with that in RAW264.7 cells cultured alone
(Figure 6a). Arg1 mRNA was induced similarly (17-fold) by
both IPS-1 and IMPF-1 cells (Figure 6b) relative to Arg1 in
RAW264.7 cells cultured alone. From these results, we con-
clude that IPS-1 cells alter cytokine production without
inducing a clear M1 or M2 phenotype.

To determine whether changes in gene expression and
cytokine production were occurring in macrophages rather
than IPS-1 cells in co-culture, we plate RAW264.7 cells alone
in collagen matrix. Conditioned medium from activated IPS-
1 cells was then added to the top of this collagen-cell matrix
with an equal amount of fresh medium to avoid nutrient
depletion effects. Following 2 days of IPS-1-conditioned
medium but not control medium, expression of CCL3, CSF3
and iNOS all increased in expression (Figure 6c). TNF mRNA
level did not increase with IPS-1-conditioned media (data
not shown). No increase in cytokine expression was observed
when RAW264.7 cells were cultured on plastic. The increase
in CCL3 and CSF3 mRNA when cultured in collagen was
much less than the increase in protein detected in the media
of co-cultured cells. This may be due to the dilution of
paracrine factors, the need for juxtacrine activity, post-
translational regulation or to partial expression by IPS-1 cells
in the co-culture experiments. However, these results do
clearly indicate that secreted factors from IPS-1 cells can alter
gene expression in a macrophage cell line.

DISCUSSION
The Patterns of Fibrosis Vary Between PDAC and
Chronic Pancreatitis
Our results show a dynamic rearrangement of the dense
fibrotic microenvironment that occurs in progression from
PanIN to PDAC. Fibrosis is observed at the earliest stages of
ADM, and remains a prominent feature surrounding all
stages of PanIN and PDAC lesions. However, the composition
of this fibrotic response changes as PanINs progress to PDAC.
Early PanINs have a collagen-I-rich cuff similar to but more
extensive than that seen around normal large ducts of the
pancreas. As PanINs progress to late stage PanIN and to
PDAC, there is a gradual increase in myofibroblasts and a
more marked acquisition of periostin in the surrounding

Figure 6 IPS-1 cells alter gene expression but do not polarize RAW264.7

cells to either M1 or M2 type. (a, b) IPS-1 cells, IMPF-1 and RAW264.7

cells were cultured alone or together as indicated on plastic tissue

culture dishes for 3 days. mRNA was then analyzed for iNOS and Arg1

relative to the PMM1 mRNA control. IPS-1/RAW264.7 co-culture increased

iNOS 7-fold while IMPF-1/RAW264.7 co-culture increased iNOS 41000-

fold over RAW264.7 alone. Co-culture of RAW264.7 with either IPS-1 or

IMPF-1 increased Arg1 mRNA 17-fold over the level in RAW264.7 cultured

alone. (c) RAW264.7 cells were cultured alone in collagen matrix with

conditioned media from IPS-1 cells (black bars) or control media (white

bars) for 2 days before harvest. mRNA was then analyzed for the genes

indicated, normalized to the PMM1 housekeeping gene and then

normalized to level in control media. N¼ 4 for each group. *Po0.05;

**Po0.01; ***Po0.001.
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matrix. Periostin is a matricellular protein that can interact
both with integrins and with collagen I (reviewed in
Hamilton37). Periostin is commonly expressed during deve-
lopment and then is downregulated in most adult tissues but
is often upregulated by wounding or disease. We found that
periostin is a ubiquitous component of chronic pancreatitis,
but it is more dynamically regulated during cancer progres-
sion. Although PDAC lesions are surrounded by dense
periostin accumulation, early PanIN lesions are largely
devoid of periostin in their surrounding matrix unless they
occur in close proximity to an invasive PDAC front. Late
stage PanINs gradually acquire periostin pools in close
apposition to their epithelium, perhaps indicating a change
in epithelial–matrix interaction as cells lose polarity and
become less dependent on basement membrane attachment.

The presence and arrangement of myofibroblasts also
varies as PanINs progress to PDAC. Myofibroblasts are in low
abundance around early PanINs and increase in density
around late PanINs and even more so around PDAC. Within
all these tissues, myofibroblasts reflect the orientation of
collagen bundles. Surrounding PanINs, collagen is well-
organized into parallel bundles and myofibroblasts are
elongated in parallel to these bundles. As collagen becomes
disrupted around PDAC lesions, myofibroblasts similarly lose
their parallel orientations. The fibrotic tissue surrounding
PDAC has been postulated to restrict blood flow and this has
been convincingly demonstrated in a mouse model.38 Our
results suggest that tumor-associated fibrosis may restrict
blood flow via myofibroblasts contracting along collagen
bundles and thus constricting the tissue. Although thick
collagen bundles are disrupted immediately around invasive
PDAC lesions, there are always regions of these well-
organized collagen/myofibroblast structures in the surround-
ing microenvironment.

Microenvironment Distinguishes Benign Lesions in
Cancer from those in Chronic Pancreatitis
A quandary in the field of pancreatic disease is the distinction
of early PanIN lesions from ductal lesions that are seen in
benign disease. In chronic pancreatitis, mucinous ductal
lesions are observed that are morphologically similar to
PanIN1. We found that a collagen-rich matrix is common
both to cancer-associated PanIN1 and to chronic pancreati-
tis-associated PanIN-like lesions. However, PanIN1 in cancer
patients are devoid of periostin and low in myofibroblasts
while PanIN1-like lesions in chronic pancreatitis are sur-
rounded by abundant periostin and myofibroblasts. Early
ADMs, with mixed acinar and ductal characteristics, have a
microenvironment that is similar in both PDAC and chronic
pancreatitis tissues. However, established ADMs, which no
longer bear any acinar characteristics, are often different in
PDAC tissue as compared with chronic pancreatitis, with
microenvironments that reflect the differences between
PanIN1 in cancer and PanIN1-like in chronic pancreatitis.
In mice that express the KrasG12D oncogene in the pancreas,

many PanIN1-like lesions arise with two distinct micro-
environments. Some are similar to human PanIN1 with no
periostin and few myofibroblasts but others are similar to
PanIN1-like lesions in chronic pancreatitis with abundant
periostin and myofibroblasts surrounding them.

Both ducts and acinar cells have been proposed as pre-
cursors to PDAC.39 PanINs are ductal in structure and
markers, suggesting they arise from ductal transformation.
However, acinar cells have been demonstrated to transdiffer-
entiate directly and rapidly to ductal cells in vivo26,29 and
in vitro28 and are now widely believed to be the precursors of
ADM lesions. In mice, introduction of Kras mutation into
either adult ducts40 or acinar cells27 leads to PanIN1-like
lesions, but neither model showed progression to PDAC,
leaving open the possibility that either cell type may give rise
to pancreatic cancer. Other models have shown PDAC
derived from acinar-driven KrasG12V expression but because
expression was not completely specific to acinar cells and the
number of cancers that arose was small, it is again not clear
which cell gave rise to the cancer.41 As the microenvironment
around PanIN1 lesions is similar to that of larger normal
pancreatic ducts, it is tempting to speculate that ducts are
the cells of origin for PDAC. However, ADM in PDAC
tissue can acquire a similar microenvironment with loss of
periostin and reduction of myofibroblasts, a loss that is not
observed in chronic pancreatitis. Thus, ADM may progress
differently in the presence of oncogenes such mutant
Kras as compared with benign disease. In summary, our
data are consistent with normal ducts giving rise to PanIN1
and thence to PDAC or with acinar cells undergoing
ADM and subsequently altering their microenviron-
ment before giving rise to PanIN and then PDAC. This
issue of cell of origin will likely not be resolved until mouse
models that efficiently develop PDAC (not just PanINs) are
compared, side by side, using acinar-specific and duct-
specific targeting.

Multiple Signals are Required to Activate PaSCs in a
Three-Dimensional Collagen Matrix
Many growth factors have been implicated in activation of
PaSCs42 and thus may regulate pancreatic fibrogenesis in
chronic pancreatitis and/or PDAC. However, most of the
work done in vitro has cultured these cells on plastic, which
alone is sufficient to induce the activation process. As
reported for both hepatic stellate cells and for PaSCs,16,33

IPS-1 cells revert to a quiescent state on matrigel. They
maintained this quiescence when moved to collagen matrix
for analyses. In this collagen matrix, quiescent IPS-1 cells
were resistant to the effects of HB-EGF or TGFb, both of
which induce fibrosis in vivo10,43 and the latter of which
enhances PaSC activation on plastic.31,32 Co-culture with
macrophage cell lines, however, activated quiescent IPS-1
cells, inducing morphological changes consistent with
myofibroblast morphology, and in the presence of HB-EGF
many of these cells were positive for aSMA expression.
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Macrophages produce an abundance of cytokines and growth
factors including TGFb34 and HB-EGF.44 In the context of
past work in the field, our studies suggest that a combination
of signaling pathways is necessary for PaSC activation.
Interestingly, we found that PaSCs have the potential to
regulate macrophage function, inducing the production of
multiple cytokines, perhaps partially through PaSC produc-
tion of IL-6. As our studies used cell lines rather than cells
freshly isolated from animals, it is possible that the precise
nature of these interactions could be different in vivo. The
coordinated response of macrophage infiltration with the
initiation of fibrogenesis in vivo in both mouse and human
pancreatic tissue suggests that the cross-regulation observed
in vitro may also occur in vivo. The co-culture model that we
have established will allow the determination of the critical
pathways regulating this interaction.

The function of macrophages in pancreatic cancer is as yet
poorly understood. In a mouse model of PDAC, macro-
phages were found to produce IL6, IL10 and TNF with re-
duced expression of MHC class II molecules suggesting an
immune tolerant microenvironment.45 However, the large
macrophage infiltration in PDAC lacks a concomitant
increase in any type of T cells within the tumor tissue45

suggesting that macrophage function in this cancer may
differ from that of many other epithelial cancers. Recently,
macrophage-derived CCL5/RANTES and TNF were found
to induce ADM of pancreatic acinar cells,46 consistent with
our report of macrophage influx associated with ADM.23

Clearly, further analysis is necessary to understand how
macrophages regulate both fibrogenesis and epithelial
transformation.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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