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Experimental models of pancreatic cancer desmoplasia
Sujit Suklabaidya1,2,4, Pujarini Dash1,4, Biswajit Das1,2, Voddu Suresh1, Prakash K Sasmal3 and Shantibhusan Senapati1

Desmoplasia is a fibro-inflammatory process and a well-established feature of pancreatic cancer. A key contributor to
pancreatic cancer desmoplasia is the pancreatic stellate cell. Various in vitro and in vivo methods have emerged for the
isolation, characterization, and use of pancreatic stellate cells in models of cancer-associated fibrosis. In addition to cell
culture models, genetically engineered animal models have been established that spontaneously develop pancreatic
cancer with desmoplasia. These animal models are currently being used for the study of pancreatic cancer pathogenesis
and for evaluating therapeutics against pancreatic cancer. Here, we review various in vitro and in vivo models that are
being used or have the potential to be used to study desmoplasia in pancreatic cancer.
Laboratory Investigation (2018) 98, 27–40; doi:10.1038/labinvest.2017.127; published online 20 November 2017

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal malignancies, with a median survival of ~ 6 months and
a 5-year survival rate of o8%.1 Worldwide, PDAC causes
more than 331 000 deaths per year, making it the seventh
leading cause of cancer-related deaths.2 Many factors
contribute to the poor prognosis of PDAC, including both
intrinsic and acquired chemoresistance and extensive desmo-
plasia. The fibro-inflammatory or desmoplastic reaction in
PDAC is unique among solid tumors. Broadly, desmoplasia
consists of cellular and non-cellular components. The cellular
components include cancer-associated pancreatic stellate cells
(PSCs) or myofibroblast-like cells and immune cells.3,4 In the
normal pancreas, stellate cells are in a quiescent state (non-
activated) and are characterized by the presence of vitamin
A-containing lipid droplets in their cytoplasm. Upon
pancreatic inflammation and injury, quiescent PSCs become
activated, lose vitamin A-containing lipid droplets and
undergo various molecular and functional changes, which
are reviewed elsewhere.5 A study by Apte et al showed that
PDAC stroma consists of activated PSCs positive for desmin,
glial fibrillary acidic protein (GFAP), and α-smooth muscle
actin (α-SMA). Further, morphometric analysis showed a
progressive correlation between the amount of collagen
deposition and the extent of PSC activation.6 Multiple studies
have established that PSCs are the principal regulator of
pancreatic cancer-associated desmoplasia, promoting cancer

cell growth, metastases and chemoresistance.4,7 The terms
‘PSC’ and ‘cancer-associated fibroblast’ (CAF) have been used
alternatively; however, several studies have shown that CAFs
comprise a heterogeneous population of cells with potentially
different origins, possibly including PSCs from the pancreas
itself.8–10 It has also been shown that the majority of CAFs
express fibroblast-activated protein (FAP), whereas α-SMA is
co-expressed by only a subset of these cells.11,12 Recently,
Ohlund et al10 clearly demonstrated the existence of two
mutually exclusive and reversible sub-types of CAFs in PDAC
tissues. In addition to CAFs or myofibroblast-like cells, PDAC
stroma contains large numbers of immunosuppressive
immune cells such as tumor-associated macrophages,
myeloid-derived suppressor cells, and regulatory T cells.13

The non-cellular component of pancreatic tumors consists
largely of various extracellular matrix (ECM) proteins,
proteoglycans, and glycoaminoglycans. In PDAC, the ECM
is composed of the basement membrane or basal lamina and
interstitial matrix. The basal lamina is prominent around
duct-like structures of the cancer cells in well-differentiated
PDAC. In poorly differentiated cancer or invasive forms of
cancer, basal lamina structures are lost or disrupted.14

Collagen type IV and laminin are two major components of
the basal lamina.15 Laminins are major ECM components
required for basal lamina formation in vitro.16 PDAC is
characterized by excessive deposition of ECM proteoglycans
and glycoaminoglycans in the interstitial space of the tumor
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(interstitial matrix). The composition and organization of the
tumor matrix changes dynamically during tumor progression.
Collagen and fibronectin comprise the major proteins of the
interstitial matrix, which also contains anti-adhesive proteins
such as tenascin and vitronectin.17,18 In addition to ECM
proteins, the tumor interstitial matrix includes non-protein
molecules such as hyaluronic acid (HA) or hyaluronan, a
large linear glycosaminoglycan that is reportedly overex-
pressed in PDAC.19 Pancreatic cancer stroma also contains
growth factors, enzymes, and cytokines, which directly or
indirectly contribute to fibro-inflammatory reactions in
PDAC.20

In pancreatic cancer research, the roles of cancer-associated
fibroblasts and the extracellular matrix are complex and
remain somewhat controversial. Studies have shown that
deposition of excessive ECM creates a physical barrier
between cancer cells and blood vessels, thus reducing effective
drug delivery to the tumors. Moreover, molecular cross-talks
between PSCs and pancreatic cancer cells regulate each cell
type’s survival, proliferation, migration, and other protumori-
genic properties.21–23 However, in recent years, experimental
evidence has suggested that depletion of cancer-associated
stroma aggravates PDAC.24–26 These discrepancies might be
due to differences in experimental models or approaches
adopted by different investigators. Importantly, growing
evidence for the heterogeneity of CAFs has raised concerns
about the type of stromal cells that have been targeted in
different studies and their overall effect on cancer
progression.9,11 Many reviews have examined the various
experimental models available to study pancreatic cancer;27

however, detailed information specifically on various models
for studying pancreatic cancer-associated fibrosis is not yet
available. Here, we review various in vitro and in vivo models
that have been used to investigate pancreatic cancer-
associated fibrosis and discuss their strengths and limitations.

IN VITRO MODELS USED TO STUDY DESMOPLASIA IN
PANCREATIC CANCER
In vitro models offer the advantage of directly observing and
manipulating experimental conditions. Pancreatic stellate
cells or myofibroblast-like cells isolated from non-malignant

or malignant pancreatic tissues have been extensively used in
various in vitro studies (Figure 1; Table 1). According to the
literature, PSCs isolated from multiple animal species have
been used to address questions associated with pancreatic
cancer desmoplasia. In certain instances, the isolated cells
have been successfully immortalized to generate pancreatic
stellate cell lines.

Isolation, Characterization and Immortalization of
Primary PSCs
In most published studies, PSCs were isolated from normal
pancreas, pancreatitis tissues or pancreatic cancer tissues
either by density gradient centrifugation or the outgrowth
method. The method for isolation of quiescent PSCs from rat
pancreas using Nycodenz-based density gradient centrifuga-
tion was first developed by Apte et al.28 Vitamin A
autofluorescence determination and immunocytochemical
staining for desmin and GFAP were performed to assess
purity of these cells. To date, density gradient centrifugation is
the most commonly used method to harvest PSCs from
experimental animals. Prior to centrifugation, the tissues are
first treated with an enzyme cocktail for better separation of
cells from the pancreatic tissues (Figure 1). PSCs isolated by
this method are usually free of acinar cell, macrophage, and
endothelial cell contamination. Using a similar approach,
Vonlaufen et al29 isolated quiescent normal human PSCs
(NhPSCs) from pancreatic tissues and verified the expression
of PSC markers such as α-SMA, GFAP, desmin, TLR4, and
CD14 by immunoblotting and immunocytochemistry. Iso-
lated NhPSCs express the same markers as rat PSCs and
human cancer-associated PSCs, whereas their response to
PDGF and TGFβ was more similar to that of rat PSCs. In a
recent study, Zhao et al reported a modified method for
enzymatic digestion of pancreatic tissue prior to the density
gradient centrifugation step. In this method, the investigators
injected an enzyme solution into the pancreatic duct of an
anesthetized rat before removing the pancreas and observed a
better yield of PSCs.30 This study suggested that any method
avoiding over-digestion or incomplete digestion of the
pancreas before gradient centrifugation enhances PSC yield
and viability.

Figure 1 Isolation and use of PSCs/CAFs for pancreatic cancer desmoplasia studies. (a) Pancreatic stellate cells (PSCs) from wild type (wt), genetically
engineered mice (GEM), and human pancreatic tissues are isolated either by density gradient centrifugation or outgrowth method. Before gradient
centrifugation method, the isolated tissues are mechanically and/or enzymatically dissociated into single cell suspension. The suspension is mixed with a
combination of two solutions with different viscosity (BSA and histodenz/nycodenz) and subjected to gradient centrifugation. After gradient
centrifugation, PSCs appear in a fuzzy layer at the interface of these two different solutions. The cells present in the fuzzy layer (mostly quiescent PSCs/
qPSCs) are further cultured and used. However, in outgrowth method, the isolated tissues (mostly pancreatic tumor tissues) are cut into small pieces
and directly cultured. After few days of culture, the cancer-associated fibroblast cells (CAFs) outgrow from the tissues and spread on to the culture dish.
(b) The PSCs/CAFs were then immortalized with ectopic expression of SV40 large T antigen and/or hTERT. The activated pancreatic stellate cells (aPSCs)
or CAFs can further be genetically or chemically modified to identify candidates that could suppress the activation and/or growth and/or fibrogenic
property of these cells. (c) To understand the interaction of PSCs/CAFs and pancreatic cancer cells (PCCs), direct and indirect co-culture methods can be
performed. In the direct co-culture method both cell types are cultured in the same plate/dish. Thus both the cell types are in physical contact. In the
indirect co-culture method, one cell type is cultured with the conditioned medium (CM) obtained from the other cell type or the cell types are
separated by a porous physical barrier (transwell co-culture).
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Table 1 Immortalized pancreatic stellate cell lines

Response to exogenous
stimuli

Name of the
stellate cell line

Origin Mode of immortalization Biochemical
characteristics

Factor Response

NPSC36 Human non-

malignant pancreatic

tissue

Temperature-sensitive

SV40 large T antigen and

human telomerase

(hTERT)

Vimentin+

Desmin+

GFAP+

α-SMA+

IGF-I Motility ↑

Invasion ↑

TPSC36 Human neoplastic

pancreatic

specimens

Temperature-sensitive

SV40 large T antigen and

hTERT construct

Vimentin +

α-SMA +

IGF-I Motility ↑

Invasion ↑

SAM-K80 Male Wistar rat

pancreas

SV40T by retrovirus-

mediated gene transfer

GFAP +

α-SMA +

Collagen-I +

Fibronectin +

Prolyl hydroxylase +

p53 +

Serum,

PDGF-

BB

Proliferation

↑

IL-1β NFKB ↑

AP I ↑

MAPK ↑

IAM 1 ↑

MCP 1 ↑

RP-281 Rat pancreas RSV promoter/enhancer

driven SV40 large T

antigen

Desmin +

Collagen-I +

MMPs +

CD41 +

LPS IL-1 ↑

IL-6 ↑

RLT-PSC33 Human chronic

pancreatitis patients

SV40 large T antigen/

hTERT

GFAP +

Desmin +

Vimentin +

α-SMA +

TGFβ1 α-SMA ↑

Col-I ↑

fibronectin ↑

TGFβ1 ↑

Matrigel

+NAC

α-SMA ↓

CTGF ↓

Col-I ↓

Vitamin A ↑

ihPSCs82 Human pancreas α-SMA +

Vimentin +

Desmin +

GFAP +

TGF-β α-SMA ↑

Col-I ↑

Fibronectin

↑

NGF ↑

Trk-A ↑

p75NTR↑

NGF Id-1 ↑

PS-183 Human pancreas Retrovirus-containing

hTERT

GFAP +

Desmin +

NA NA
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Bachem and colleagues were the first to establish the
outgrowth method of PSC isolation,31 a commonly used
approach to isolate cancer-associated fibroblast and/or stellate
cells from surgically removed tissues (Figure 1). In this
method, fibroblast-like cells migrate/outgrow from small
fragments of tissue placed in the culture medium. Using this
protocol, different investigators have isolated PSCs from both
cancerous and non-cancerous tissues.7,32 The typical mor-
phological features and expression of various PSC markers (α-
SMA and/or GFAP) were assessed to check the purity of
isolated cells.7,32 Occasionally, cytokeratin expression was also
checked to rule out contamination of epithelial cells.7

Compared to the density gradient centrifugation method,
the outgrowth technique takes more time to obtain the
desired number of cells. In the outgrowth method, firm
attachment of tissue blocks to culture dishes is one of the
most important steps to facilitate good outgrowth of cells. To
achieve this, different investigators have adapted techniques
such as initial seeding of tissue blocks in low volume culture
medium to help tissues attach to the surface.33 As reported by
Han et al,34 better results are obtained by seeding tissue blocks

on 10 mM CaCl2/FBS pre-coated culture plates. Zhao et al30

have adopted an innovative way to accelerate the outgrowth
of cancer-associated PSCs. They showed that when cancer
tissue pieces were covered with plasma coagulant obtained
from the same patient, the tissue blocks firmly adhered to
culture plates and cells grew faster compared to controls.

Primary PSCs have a finite lifespan, and frequent isolation
of primary PSCs from tissue is a time-consuming and
expensive procedure. Moreover, multiple passages of cultured
PSCs result in alteration of their phenotype. Therefore, efforts
have been made to generate immortalized PSC cell lines
(Table 1). Jesnowski et al33 immortalized human PSCs by
transfection with SV40 large T antigen and human telomerase
reverse transcriptase (hTERT). The immortalized PSC line
RLT-PSC retains expression of α-SMA, vimentin, desmin,
and GFAP. Interestingly, culture of RLT-PSC cells on matrigel
followed by treatment with N-acetyl cysteine (NAC) results in
deactivation of these cells.33 Similarly, Hwang et al35 have also
immortalized human PSCs (hPSCs) with telomerase and
SV40 large T antigen. To avoid difficulty in maintaining
primary PSCs in culture, Rosendahl et al36 have generated the

Table 1 Continued

Response to exogenous
stimuli

Name of the
stellate cell line

Origin Mode of immortalization Biochemical
characteristics

Factor Response

Vimentin +

α-SMA +

irPSC84 Rat pancreas Retrovirus-containing

SV40 large T antigen.

Desmin +

GFAP +

α-SMA +

Collagen +

Vimentin +

Laminin +

Nestin +

NA NA

imPSC84 Mouse pancreas Retrovirus-containing

SV40 large T antigen.

Desmin +

GFAP +

α-SMA +

Collagens 1a1 and 2a1

+

Vimentin +

Laminin +

Nestin +

TGF-β ECM and

adhesive ↑

genes

hPSC21-S/T85 Human patient

pancreas

Retrovirus-mediated gene

transfer of SV40T and

hTERT

GFAP +

α-SMA +

Collagen-I +

Vimentin +

NA NA
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first conditionally immortalized human tumor-derived
(TPSC) and non-tumor (NPSC) PSCs. Spontaneous immor-
talization of rat PSCs in vitro has also been instrumental in
generating continuous PSC cell lines, which retain both
morphological and molecular characteristics of primary in-
culture-activated PSCs.37 An immortalized cell line has the
advantage of a faster rate of division, does not undergo
senescence and can be genetically manipulated for prolonged
studies; however, its continuous proliferation and high
growth rate do not mimic the actual phenotype of PSCs
in situ. Moreover, studies carried out with a single cell line do
not reproduce the variations observed in primary cells
obtained from different individuals.

Utilization of PSCs in Cell Culture-Based Studies
Isolation of PSCs from rodent and human pancreas and their
activation in culture have been extensively studied to
understand the pathophysiological properties of these cells.
Gene and protein expression analysis of activated and
quiescent PSCs has led to a better understanding of the
molecules involved in PSC activation and identification of
molecular mediators of desmoplastic reactions in PDAC.
Importantly, experimental manipulation of culture conditions
and selective genetic alteration of PSCs in vitro have further
improved our understanding of the mechanisms and func-
tional involvement of these cells in PDAC. Cell culture of
PSCs has also been helpful to understand their role in ECM
deposition and remodeling.38 Though PSCs isolated from
different sources express common molecular markers such as
α-SMA, their normal culture properties and response to
exogenous factors may vary. In one of our recent studies, we
reported that PSCs of hamster origin express multiple
proteins similar to human PSCs; however, these cells are
more susceptible to disulfiram-mediated cell death than are
human PSCs.39 In another study, a cross-species analysis of
nicotine-induced proteomic alterations in PSCs from human,
rat and mouse revealed that among all proteins identified
(nicotine-induced and un-induced), 50% of proteins were
common to all three species, whereas 75% of proteins were
common to at least two of the three species.40 However, even
within the same species, the composition and biological
properties of secretory factors produced by PSCs of normal
and malignant pancreas were different from each other.41

These experimental studies clearly suggest that PSCs of
different origins might not always be functionally similar due
to their intrinsic genetic differences and/or different culture
methods.

To replicate the in vivo conditions, cancer cells and PSCs
have been co-cultured in several studies. These in vitro studies
have improved our understanding of the molecular crosstalk
between pancreatic cancer cells and PSCs. Co-culture
experiments were carried out using direct or indirect culture
methods (Figure 1). In cases with direct co-culturing, cancer
cells and PSCs remain in physical contact with each other,
whereas for indirect co-culturing, conditioned medium

obtained from one cell type was added to the other cell type
or both cell types cultured using transwell inserts, where cell
types remain physically separated (Figure 1).

Direct co-culture methods have been helpful in identifying
mediators of molecular crosstalk between PSCs and pancrea-
tic cancer cells and in studying their effects on activation,
survival and/or proliferation of these cells.23,42 Under a bright
field microscope, the co-cultured cancer cells and PSCs can be
visually distinguished based on their morphology; however, to
accurately quantify the number of viable cancer cells or PSCs,
cells should be labeled with a reporter system such as
luciferase.39 Similarly, the use of differentially labeled
pancreatic cancer cells and/or PSCs also aids in distinguishing
or quantifying both cell types separately.23 To quantify the
overall growth of cancer cells, investigators cultured small
numbers of cancer cells (un-labeled) on a monolayer of PSCs,
and the numbers of cancer cell colonies were counted.43

However, due to the presence of both cancer cells and PSCs
on the same culture plate surface, direct co-culture methods
are not suitable for investigating the migratory properties of
individual cells. In contrast, indirect co-culturing has been
frequently utilized to study the effect of secretory factors
produced by both PSCs and pancreatic cancer cells on each
other’s migration.44,45

In an indirect co-culture method, cell labeling is not
required to identify the individual cell types. Wu et al21

cultured AsPC-1 and BxPC-3 cells in the presence of PSC-
conditioned medium and observed induction of cancer cell
proliferation. Using transwell inserts, Lohr et al22 demon-
strated that co-culture of fibroblasts with pancreatic cancer
cells overexpressing TGF-β-induced proliferation of both
cancer and fibroblast cells. As discussed above, the major
drawback of the indirect co-culture method is the lack of
direct physical contact between PSCs and cancer cells, which
hinders multiple juxtacrine signaling that actually exists in the
pancreatic tumor microenvironment. The effect of cancer
cells and PSCs upon each other depends on the type of co-
culture method. For example, Fujita et al23 observed increased
numbers of pancreatic cancer cells with enhanced prolifera-
tion in the direct co-culture method compared to indirect co-
culture. Hence, incorporation of both direct and indirect co-
culture methods enables investigators to obtain a more
comprehensive model of PSCs and pancreatic cancer cells
effects upon each other.

Use of Non-PSCs to Delineate Crosstalk Between Stromal
Cells and Cancer Cells In Vitro
In addition to PSCs, fibroblast cells of non-pancreatic origin
have also been used to investigate the crosstalk between
pancreatic cancer cells and fibroblasts. Using the NIH-3T3
cell line (mouse embryonic fibroblasts) stably transfected with
a GLI-responsive firefly luciferase reporter (NIH-3T3/GLI-
luc), Spivak-Kroizman et al46 demonstrated that activation of
HIF-1α in pancreatic cancer cells strongly induces secretion of
sonic hedgehog ligand (SHH) in cancer cells, which in turn
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stimulates stromal fibroblast cells to express more ECM
proteins. Similarly, Lohr et al22 used skin fibroblast cell lines
to investigate the effect of pancreatic cancer cell-derived
secretory factors on fibroblast proliferation. When fibroblasts
were incubated with conditioned medium derived from
PANC-1/TGF-β1 cells, they showed increased expression of
collagen type I protein and tyrosine phosphorylation.22 In
another study, Damhofer et al47 co-cultured human pancrea-
tic cancer cells and mouse fibroblasts (C3H10T1/2) under
non-adherent low serum conditions. The tumor cells and
fibroblasts (with and without HH-pathway reporter) formed
mixed aggregates, mimicking in vivo findings. These aggre-
gates were subsequently cultured for 5 days prior to further
analysis. Authors selected C3H10T1/2 fibroblasts because they
are highly responsive to HH ligands. Using this model, they
identified multiple SHH-dependent stromal factors that
contribute to pancreatic cancer pathogenesis.47 To under-
stand the crosstalk between stromal and cancer cells, Majety
et al48 co-cultured pancreatic cancer cells with MRC5
fibroblasts originating from human lung tissue. The study
reported improved survival of cancer cells in the presence of
these fibroblasts. Moreover, Ohuchida et al49 showed that
soluble factors produced by irradiated MRC5 and pancreatic
fibroblasts increased the invasiveness of pancreatic cancer
cells, which was completely blocked by addition of NK4, a
specific antagonist of HGF. Although fibroblasts from non-
pancreatic origins have been useful for understanding the
crosstalk between stromal and cancer cells, the intrinsic gene
expression difference between these cells and PSCs cannot be
overlooked. For instance, genome-wide assessment of gene
expression analysis has shown differences between PSCs and
skin fibroblasts.50 Hence, further global proteomic compar-
isons should be undertaken to understand the relative
similarities between pancreas-associated fibroblasts or PSCs
and fibroblasts from other organs.

Three-Dimensional Culture Models of Pancreatic Cancer-
Associated Desmoplasia
Three-dimensional (3D) culture models are becoming
increasingly popular over conventional two-dimensional
(2D) cell culture due to improved tissue organization, cell–
cell interactions and cell–ECM interactions that resemble
in vivo architecture.51 Early 3D cultures using only pancreatic
cancer cells in an ECM scaffold (cancer cell spheroids) have
progressively evolved into an organotypic culture comprising
multiple cell types. Three-dimensional cell culture models
mimic PDAC features both at the cellular and extracellular
levels. Various 3D cell culture models have been instrumental
in understanding signaling between stromal and cancer cells,
which can be further used to evaluate new therapeutic
strategies against PDAC. Coleman et al51 have extensively
discussed the evolution of 3D organotypic models of PDAC.
In this review, we highlighted recent advances in the field of
PDAC 3D culture models that have not been previously
discussed.

Using an efficient 3D microfluidic device, Drifka et al52

developed an in vitro model of PDAC, consisting of stromal
cells and cancer cells in a spatially defined 3D configuration
that closely mimics the in vivo tumor microenvironment of
human PDAC. The human pancreatic cancer cell line PANC-1
and PSCs obtained from pancreatic cancer patient tumor tissue
were used in this study. In this model, the 3D ECM network
was formulated using a hybrid of Col-I and HA.52 The authors
believe that this model will be critical in elucidating the
mechanisms behind cell–ECM interaction and evaluating
therapeutics designed to target cellular and/or ECM compo-
nents of PDAC. Recently, several investigators modified the 3D
organotypic assay by culturing pancreatic cancer cells, PSCs
and additional cell types together. Karnevi et al53 and Di
Maggio et al54 recently cultured M2-like macrophages and
HUVECs with cancer cells and PSCs in 3D organotypic culture,
respectively. The presence of multicellular components in these
models offers added advantages by mimicking the heterotypic
composition of PDAC tissues. The ability to culture different
combinations of cells (such as pancreatic cancer cells with
HUVECs or PSCs with HUVECs) has enabled us to under-
stand the contribution of individual cell types to a particular
event, which would have been otherwise difficult to address
in vivo. Ohlund et al studied the interaction between pancreatic
cancer cells and PSCs and established a novel 3D culture model
using GFP-labeled tumor-derived murine pancreatic organoids
and mCherry-labeled murine PSCs. This model reproduces the
desmoplastic reaction of PDAC in vitro, demonstrating the
cooperative interactions between PSCs and cancer cells.10 In
various 3D culture models, the use of exogenous ECM has
always been a limitation in quantifying the level of ECM
production by PSCs or pancreatic cancer cells. Moreover, the
contribution of endogenously produced ECM by each cell type
cannot be addressed in these models. To avoid the use of
exogenous ECM, Ware et al55 have adopted a modified hanging
drop technique to form PDAC stroma-rich spheroids (PDAC-
SS) by culturing PSCs and pancreatic cancer cells in a mixture
of methyl-cellulose (0.24%) and cell-specific culture medium.
In another approach, Brancato et al generated PDAC
microtissue by co-culturing pancreatic cancer cells (PT45)
and normal fibroblast or CAFs within biodegradable micro-
carriers (gelatin microspheres). In this model, the gelatin
scaffold degrades after a few days in culture, and all cells are
surrounded by endogenous ECM produced by CAFs and/or
cancer cells.56 Hence, this model appears to be a suitable tool to
investigate the actual crosstalk between cancer cells and stroma.

To investigate PDAC pathogenesis, Boj et al57 recently
characterized a neoplastic pancreatic 3D organoid model. The
authors initially generated murine primary tumors (mT) and
metastatic (mM) organoids by harvesting tissues from
genetically engineered mouse models (GEMMs) of pancreatic
cancer, followed by enzymatic digestion and seeding in
growth factor-reduced matrigel. Adopting similar methods,
tumor organoids were also established from freshly resected
human PDAC tissues (hT organoids).57 The authors reported
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that hT organoids can be cryopreserved and passaged
indefinitely. These organoids (both mouse and human origin)
were further orthotopically implanted in Nu/Nu mice, and
organoid-derived tumors showed deposition of collagen-rich
stroma and recruitment of αSMA-positive cells.

IN VIVO MODELS
Co-implantation of pancreatic cancer cells and PSCs or
implantation of only cancer cells in heterologous or
homologous hosts has been instrumental in understanding
pancreatic cancer desmoplasia and evaluating novel

Table 2 Strength and limitation of animal models used in pancreatic cancer desmoplasia studies

Animal models Strength Limitations

Xenograft (injection of only cancer

cells)

Short tumor latency

Uniformity in initial tumor burden

Ease in tumor response assessment

Some cancer cells produce desmoplastic

tumors

Absence of functional immune system

Cancer cells and stromal cells belongs to different species

Have different levels of desmoplasia

Xenograft (co-injection of cancer and

PSCs)

Short tumor latency

Uniformity of initial tumor burden

Produce desmoplastic tumors

Ease in tumor response assessment

Does not have all the components of TME (absence of functional

immune system)

Cancer cells and stromal cells belongs to different species

Extent of desmoplasia is cancer cells and co-injected PSCs’ dependent

Different proportion of injected PSCs and cancer cells will have different

outcome

Allograft/syngeneic (injection of only

cancer cells)

Short tumor latency

Uniformity in initial tumor burden

Presence of heterogeneous stromal

components

Produce desmoplastic tumors

Ease in tumor response assessment

Presence of functional immune system

Cancer cells and stromal cells belongs to the

same species

Extent of desmoplasia is cancer cell line dependent

All the components of the tumor are non-human origin

Allograft/syngeneic (co-injection of

cancer and PSCs)

Short latency

Uniformity of initial tumor burden

Presence of heterogeneous stromal

components

Produce desmoplastic tumors

Ease in tumor response assessment

Presence of functional immune system

Cancer cells and stromal cells belongs to the

same species

Extent of desmoplasia is dependent on the type of cancer cells and co-

injected PSCs

All the components of the tumor are of non-human origin

Different proportion of injected PSCs and cancer cells will have different

outcome

Patient-derived xenografts (PDX) Short tumor latency

Produce desmoplastic tumors

Some part of the stroma belongs to human

Ease in tumor response assessment

Does not have all the components of tumor microenvironment

(absence of functional immune system)

Some part of the stroma belongs to the host (non-human origin)

Extent of desmoplasia depends on the nature of the parental tumor

GEMMs Have all the components of TME

Produce desmoplastic tumors

Presence of heterogeneous stromal

components

Long tumor latency

Variability of tumor penetrance

Difficult in tumor response assessment

Extent of desmoplasia depends on genetic modifications

Abbreviation: TME, Tumor microenvironment.

Models of pancreatic cancer desmoplasia
S Suklabaidya et al

34 Laboratory Investigation | Volume 98 January 2018 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


therapeutics against it. Nevertheless, pancreas-specific genetic
modifications in mice were critical experimental tools for
understanding molecular mechanisms associated with des-
moplastic reactions in PDAC. These animal models have also
been useful in evaluating target-specific therapeutic interven-
tions against PDAC.

Implantation of Pancreatic Cancer Cells and/or PSCs
Experimental pancreatic tumors are established by implanting
human or murine cancer cells in immunodeficient (xenograft
models) or immunocompetent (syngeneic models) animals.
The cells can be injected at ectopic or orthotopic sites, and
injection may consist of only cancer cells or a combination of
cancer cells and PSCs. To generate desmoplastic tumors,
cancer cells that are capable of attracting host fibrogenic cells
are injected alone, and cancer cells that are either not capable
or less capable of attracting host fibrogenic cells are co-
injected with isolated PSCs. For efficient tumor uptake, in
certain cases, the cells are mixed with extracellular matrix
proteins (matrigel) and injected into animals. To reproduce
the actual tumor microenvironment, patient-derived cancer
tissue can be directly used in xenograft models (patient-
derived xenograft or PDX models). All these models have
inherent strengths and limitations (Table 2), and the selection
of a model depends primarily on the question being addressed
and the nature of the cancer cells being injected.

Subcutaneous Implantation
To generate desmoplastic pancreatic tumors, Kozono et al
subcutaneously co-injected pancreatic cancer cells (SUIT-2)
and human PSCs. Resulting tumors showed marked desmo-
plasia with larger Sirius red-positive areas and more α-SMA-
positive cells than tumors consisting of SUIT-2 cells alone.7

Using this model, the authors demonstrated that pirfenidone
suppresses growth of PSCs, inhibiting tumor formation by
SUIT-2 cancer cells.7 In another study, co-injection of serine
protease inhibitor Nexin 2 (SERPINE2)-expressing SUIT-2
cells with PSCs in a xenograft model established the role of
PSCs in potentiating the pro-invasive effects of SERPINE2
expression in pancreatic cancer cells.58 Similarly, co-injection
of AsPC-1 cells with PSCs in athymic nude mice resulted in
the formation of larger subcutaneous tumors than those
obtained from injection of AsPC-1 cells alone, as reported
with other pancreatic cancer cell lines.59 Further, the AsPC-1
and PSC co-injection model has been used to demonstrate the
effect of olmesartan, an angiotensin II type I receptor blocker,
in inhibiting tumor growth by targeting stellate cell
activities.59

Orthotopic Implantation
Crosstalk between pancreatic cancer cells and PSCs has been
further characterized in vivo by injecting cancer cells, with or
without PSCs, directly into the pancreas of animals. Co-
injection of hPSCs and human pancreatic cancer cells
(MiaPaCa-2 and PANC-1) in orthotopic nude mice resulted

in increased tumor size with regional and distant metastasis
compared to cancer cells alone, while no tumors were
observed in the mice injected with hPSCs alone.45 Tumors
generated through hPSC and cancer cell co-injection
exhibited increased desmoplastic lesions.45 Likewise, Hwang
et al35 studied the role of cancer-associated stromal fibroblasts
in pancreatic cancer progression by orthotopic co-injection of
immortalized hPSCs and BxPC-3 cancer cells, resulting in
increased primary tumor incidence, size and metastasis.
Notably, the ratio of PSCs to cancer cells injected into the
pancreas influenced the level of desmoplasia, tumor growth
and incidence of metastasis.35 To understand the role of PSCs
in pancreatic cancer cell metastasis, Xu et al60 co-injected
cancer cells (AsPC-1) with PSCs isolated from two different
sources: cancer-associated PSCs (CAhPSCs) and normal PSCs
(NhPSCs). They observed that mice injected with AsPC-1 and
CAhPSCs/NhPSCs showed early tumor incidence and
increased tumor size. Notably, mice injected with CAhPSCs/
NhPSCs alone did not develop tumors, suggesting that PSCs
themselves are not tumorigenic. H&E stained tumor sections
showed visible bands of fibrosis in primary tumors of mice
injected with AsPC-1 plus CAhPSCs/NhPSCs, which
resembled the desmoplasia observed in human pancreatic
cancer. To detect the presence of migratory hPSCs at sites of
metastasis, a sex mismatch study was carried out using female
mice implanted with female cancer cells with/without male
hPSCs in their pancreas. The presence of the Y chromosome
in the metastatic nodules of mice injected with AsPC-1 and
CAhPSCs/NhPSCs cells confirmed the presence of exogen-
ously introduced male hPSCs.60

Certain human pancreatic cancer cell lines are known to
generate fibrotic pancreatic tumors by themselves (without
co-injection of PSCs). These cancer cells secrete factors that
induce recruitment of host fibrogenic cells to the tumor site.
Lohr et al22 reported induction of stroma in nude mice
following orthotopic injection of PANC-1 cells overexpressing
TGF-β1. Similarly, injection of Capan-2 cancer cell lines by
themselves in athymic mice generated desmoplastic tumors.61

When these mice were treated with 5E1, a blocking antibody
for SHH, there was a significant decrease in the degree of
desmoplasia.61 Primary xenografts established through ortho-
topic implantation of tumor tissue also generated fibrotic
tumors by recruiting host stromal cells. Chang et al62

investigated the effect of hedgehog pathway inhibition on
tumor-stroma crosstalk using two mouse models designated
Ontario Cancer Institute Pancreas 19 (OCIP19), constituting
dense fibrotic stroma with infiltration of α-SMA-positive
cells, and OCIP23, containing less stroma and fewer α-SMA-
positive cells. Analysis of 5E1 treatment showed no significant
decrease in collagen or α-SMA expression in both the models,
whereas a reduction in tumor growth was evident and was
even more pronounced in OCIP19 mice.62

Non-human pancreatic cancer cell lines have also been very
useful in generating pancreatic orthotopic tumors with
desmoplasia. To understand the effect of metformin on the
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desmoplastic reactions observed in obese/diabetic individuals
with pancreatic cancer, Incio et al63 used two immunocom-
petent syngeneic mouse models. To induce pancreatic tumors
in diabetic mice, wild type C57BL/6 and FVB male mice were
fed with a high fat diet and injected with PAN02 and AK4.4
cells, respectively. Orthotopic pancreatic tumors were gener-
ated by implanting a small piece of viable tumor tissue
obtained from a separate donor into FVB (AK4.4 model) and
C57BL/6 (PAN02 model) recipient mice. Reduced M2
polarization and tumor-associated macrophage infiltration
were evident in both models. In the AK4.4 model, metformin
reduced hyaluronan and collagen-I expression by directly
suppressing TGF-β signaling in PSCs. In the PAN02 model
(less desmoplastic), though the reduction in hyaluronan and
collagen level was not very significant, metformin treatment
was still able to decrease the density of activated PSCs.63

Sherman et al used p53 2.1.1 mouse pancreatic cancer cell
lines derived from P48-Cre;LSL-KrasG12D/+;p53lox/+ mice to

generate an orthotopic allograft model. The authors observed
measurable PSC activation accompanied by fibrosis in
allograft recipients. Further, calcipotriol treatment decreased
stromal activation and enhanced gemcitabine efficacy
in vivo.64 In another study, Sousa et al established a syngeneic
orthotopic tumor by co-injecting mouse PSCs and cancer
cells obtained from KrasG12D, p53 L/+ mice. In this model,
murine PSCs enhanced tumor engraftment in an autophagy-
dependent manner.65 Recently, we characterized a hamster
pancreatic cancer cell line (HapT1)-based syngeneic ortho-
topic tumor model (Figure 2). Our detailed analysis indicated
that HapT1 orthotopic tumors harbor myofibroblast-like cells
and show extensive deposition of ECM proteins such as
collagen and fibronectin.39

Genetically Engineered Mouse Models
GEMMs have been very useful in understanding the
pathophysiology of PDAC. With different combinations of

Figure 2 HapT1-derived homologous tumors as a model of pancreatic cancer desmoplasia. Injection of hamster pancreatic cancer cells, HapT1 into the
pancreas of Syrian golden hamster (Mesocricetus auratus; homologous host) generates predictable tumors in a short period of time (a and b). Further,
trichome staining and immunohistochemistry for α-SMA in HapT1 tumor sections shows deposition of collagen (c; blue) and presence of myofibroblast-
like cells in the tumor matrix (d; brown), respectively. A full color version of this figure is available at the Laboratory Investigation journal online.
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genetic manipulations, investigators have studied the role of
genetic factors in the manifestation of particular PDAC
phenotypes. Different GEMMs of pancreatic cancer have been
used to examine the crosstalk between cancer cells and its
stroma and evaluate therapeutic strategies against cancer-
associated stroma. To assess the role of mutated Kras in
pancreatic tumorigenesis, Hingorani et al directed endogen-
ous KrasG12D expression to the progenitor cells of mouse
pancreas by interbreeding LSL-KrasG12D mice with mice
expressing Cre recombinase specific to the pancreatic
promoter (PDX-1 or P48). The compound strains carrying
either LSL-KrasG12D;PDX-1-Cre; or LSL-KrasG12D;P48-Cre
develop a full spectrum of PanIN lesions that were
histologically similar to those seen in human patients with
highly invasive and metastatic phenotypes.66 In the presence
of various exogenous factors, these compound strains showed
more robust fibro-inflammatory reactions. When 10-week-
old LSL-KrasG12D;PDX-1-Cre offspring were exposed to
cigarette smoke for 20 weeks, formation of PanIN lesions
accelerated and PSC activation was stimulated, correlating
with pancreatic fibrosis.67 In another study, when 6-week-old
LSL-KrasG12D; P48-Cre mice were treated with cerulein or the
TLR7 ligand ssRNA40, animals showed more extensive fibro-
inflammatory stromal growth.68 Addition of further genetic
modifications along with mutated Kras (LSL-KrasG12D/+;LSL-
Trp53R172H/+;Pdx-1-Cre) has also resulted in the formation of
fibrotic pancreatic tumors in mice.69 Likewise, in the KPGC
model (KrasLSL-G12D/+;Trp53LSL-R172H/+;R26LSL-GFP/+;Cre), the
level of collagen and glycosaminoglycan (GAG) deposition
increased during progression of pancreatic cancer.70 Particu-
larly, HA was excessively deposited from early precursor
lesions.

TGF-α overexpression in mouse pancreas (TGF-α trans-
genic mice) is known to induce extensive intra-pancreatic
fibrosis and matrix accumulation.71 Moreover, various
pancreas-specific genetic alterations that activate TGF-β
signaling also produce pancreatic tumors with desmoplastic
lesion. Expression of Snail in EL-KrasG12D/El-tTA+/TRE-
Snail+ transgenic mice increased collagen production in PSCs
via increased TGF-β signaling.72 Similarly, Krantz et al73

established another model, EL-KrasGD12+/El-tTA+/TRE-
MT1-MMP+ mice, in which both activated KrasG12D and
MT1-MMP (membrane type-1 matrix metalloproteinase)
were expressed in the pancreas. These mice developed
dysplastic, intra-ductal papillary mucinous neoplasms
(IPMNs) with increased fibrosis (increased collagen produc-
tion by PSCs) associated with increased Smad2 phosphoryla-
tion, as evidenced by increased TGF-β signaling.73 Ijichi et al74

used pancreas epithelium-specific TGF-β receptor type II
(Tgfbr2) knockout mice in the context of Kras activation
(Kras+Tgfbr2KO) as a model of PDAC to study tumor-stromal
interaction. PDAC tissues in these mice revealed abundant
stromal components and strong expression of connective
tissue growth factor (Ctgf) in the tumor-stromal border,
suggesting an active tumor-stromal interaction.74 In another

study, Ozdemir et al24 crossed Ptf1acre/+;LSL-KrasG12D/+;
Tgfbr2flox/flox (PKT) mice with α-SMA-tk transgenic mice
(α-SMA-tk) to selectively target proliferating α-SMA+
myofibroblasts following treatment with systemic ganciclovir.
This study demonstrated that depletion of α-SMA+ myofi-
broblasts results in multiple adverse events, ultimately leading
to accelerated disease progression and decreased survival.

Some GEMMs have been used to evaluate the therapeutic
potential of drugs targeting tumor stroma in combination
with chemotherapeutics. In the KPC model, IPI-926, a drug
that depletes tumor stroma by inhibiting the Hh signaling
pathway, also enhances intra-tumor delivery of gemcitabine.75

These experimental data suggest that depletion of pancreatic
cancer stroma augments tumor angiogenesis, enhancing drug
delivery. The KPC model has also been instrumental in
evaluating the efficacy of calcipotriol and gemcitabine
combination therapy, which significantly reduced tumor
volume and the number of tumor-associated fibroblasts.64

Using KPC mice, a recent study has shown the role of CAFs in
scavenging gemcitabine and their contribution to chemore-
sistance in PDAC.76 Provenzano et al70 investigated the
therapeutic efficacy of PEGPH20, which ablates HA in PDA
tissue and normalizes IFP (interstitial fluid pressure) in the
KPGC model. In this study, PEGPH20 and gemcitabine co-
administration permanently altered the stroma and increased
the overall survival of mice.70 As fibrosis contributes to
chemoresistance in PDAC, Masso-Valles et al77 conducted a
study to investigate the anti-fibrotic effect of ibrutinib in
PDAC treatment. Experiments carried out in p53ER/ER;LSL-
KRasG12D;Pdx-1-Cre mice demonstrated that ibrutinib pre-
vents mast cell degranulation and collagen deposition.
Notably, the combined therapy with ibrutinib and gemcita-
bine conferred a better survival advantage to the treated mice
compared to gemcitabine alone.77 Ijichi et al74 showed that
treatment of Kras+Tgfbr2KO mice with a CXCR2 inhibitor
suppressed tumor progression. Thus, targeting the tumor-
stroma interaction is a promising therapeutic strategy
against PDAC.

CONCLUSIONS
The use of various in vitro and in vivo experimental models
for pancreatic cancer-associated fibrosis studies are rapidly
evolving. The development and refinement of PSC isolation
methods and culture techniques are considered major
technical achievements in this field. Recent advancements in
3D culture models have added a new dimension and
significance to the field. GEMMs have provided the most
clinically relevant tool to understand pancreatic cancer-
associated desmoplasia. In the aforementioned experimental
models, most of the in vitro and in vivo models used PSCs/
CAFs isolated from rodent or human patients. Despite their
utility, certain important factors should be considered when
using these models: (1) In-culture activation of PSCs is
believed to be a consequence of culture stress; hence, the
molecular and/or cellular properties of these cells may not
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exactly mimic activated PSCs/CAFs present in PDAC tissues.
(2) In-culture-activated PSCs of different passage numbers
have different growth rates and express variable levels of ECM
proteins; therefore, in pancreatic cancer cell and PSC co-
injection experiments, PSCs of the same passage number
should be used in all groups of animals (better if isolated from
the same animal or human patient). (3) Some cancer cell lines
need to be injected with ECM proteins/matrigel to generate
experimental tumors; as a result, quantification of ECM
proteins in these tumors may not reflect ECM produced by
stromal cells and/or cancer cells. (4) Many orthotopically
grown pancreatic tumors exhibit a dense fibrotic reaction at
the periphery of the tumor mass or at the border region of
normal and cancer tissues (capsule-like structure); however,
there might be little or no desmoplastic reaction in the actual
tumor parenchyma. A few other limitations associated with
different types of animals models used in pancreatic cancer
desmoplasia studies are mentioned in Table 2.

Myofibroblast-like cells present in pancreatic cancer tissue
might originate from various other sources, including (i)
recruitment of pre-existing stromal/fibroblast cells, (ii)
transdifferentiation of mesenchymal stem cells, and (iii)
epithelial-to-mesenchymal transition of cancer cells.78,79

Unfortunately, over the last few years, emphasis on PSCs
has overshadowed the significance of myofibroblast-like cells
having potentially different origins. Recent experimental
evidence from animal models has suggested that tumor-
associated fibroblasts might suppress rather than promote
tumor growth.24 Therefore, it is critical to investigate the
complexity of the tumor-stroma relationship and to under-
stand the role of myofibroblast-like cells that arise from
divergent sources. Efforts should be made to develop specific
markers to identify different sub-types of myofibroblast-like
cells to aid in quantifying the proportion of different subsets
of these cells in different animal models of pancreatic cancer.
Essentially, this knowledge will also help in correlating the
outcome of therapeutic agents with the type of myofibroblast-
like cells present in a tumor.
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