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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is characterised by a pro-inflammatory stroma and multi-faceted microenvironment that
promotes and maintains tumorigenesis. However, the models used to test new and emerging therapies for PDAC have not increased
in complexity to keep pace with our understanding of the human disease. Promising therapies that pass pre-clinical testing often fail
in pancreatic cancer clinical trials. The objective of this study was to investigate whether changes in the drug-dosing regimen or the
addition of cancer-associated fibroblasts (CAFs) to current existing models can impact the efficacy of chemotherapy drugs used in
the clinic. Here, we reveal that gemcitabine and paclitaxel markedly reduce the viability of pancreatic cell lines, but not CAFs, when
cultured in 2D. Following the use of an in vitro drug pulsing experiment, PDAC cell lines showed sensitivity to gemcitabine and
paclitaxel. However, CAFs were less sensitive to pulsing with gemcitabine compared to their response to paclitaxel. We also iden-
tify that a 3D co-culture model of MIA PaCa-2 or PANC-1 with CAFs showed an increased chemoresistance to gemcitabine when
compared to standard 2D mono-cultures a difference to paclitaxel which showed no measurable difference between the 2D and 3D
models, suggesting a complex interaction between the drug in study and the cell type used. Changes to standard 2D mono-culture-
based assays and implementation of 3D co-culture assays lend complexity to established models and could provide tools for identify-
ing therapies that will match clinically the success observed with in vitro models, thereby aiding in the discovery of novel therapies.
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Introduction with many clinical trials of potential PDAC treatments fail-

ing [6]. A feature of PDAC, which presents a significant bar-

Pancreatic cancer is the 4™ leading cause of cancer deaths
[52] and has an overall 5-year survival of 7-9% [13, 48].
Poor survival is due in part to a lack of effective therapies

Key Points

o For PDAC, the failure rate of drugs tested in phase III clinical
trials is high.

e One feature of this cancer is its dense stroma, characterised by a
high level of CAFs.

o Addition of CAFs to drug screening models had a marked effect
on drug resistance.

o Use of 3D co-culture assays offers tools for ascertaining the
efficacy of new drugs.
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rier to therapeutic intervention, is its dense tumour micro-
environment [56].

PDAC-associated fibroinflammatory stroma harbours
a complex array of activated cancer-associated fibroblasts
(CAFs), immune cells, endothelial cells and extracellular
matrix proteins such as collagen and fibronectin [42, 44,
59]. The most abundant cell type in PDAC stroma is CAFs,
which were first described in 1998 [2, 4]. These cells drive
the fibroinflammatory reaction through the deposition of
extracellular matrix [20] and the secretion of growth fac-
tors and cytokines [19, 51]. CAFs also play a significant
role in chemoresistance through a variety of mechanisms.
For example, the extracellular matrix deposited by CAFs
forms a physical barrier to chemotherapy and mediates
increased interstitial fluid pressure within the tumour caus-
ing impaired vascular function [25]. Additionally, CAFs
have been reported to scavenge gemcitabine, a nucleoside
analogue, used to treat PDAC, thus reducing the availability
of the drug to cancer cells [23]. They therefore should be
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considered early in the drug development process in order
to maximise the probability of clinical success.

Gemcitabine was approved for use in metastatic PDAC
in 1996 [10, 41] and is still used today for the treatment
of patients with resectable or advanced PDAC, either as a
single agent or in combination with other agents [30, 50].
One such other agent is paclitaxel, a microtubule stabilising
molecule which has been used to treat many solid tumours.
The combination of gemcitabine and nanoparticle albu-
min-bound paclitaxel (nab-paclitaxel) is a standard of care
option for patients with advanced disease [38, 57].

The failure rate of drugs tested in phase III clinical tri-
als for PDAC is high, with a large discrepancy between
the behaviour of drugs or drug combinations pre-clinically
and their performance in randomised control clinical trials
[55]. Traditional 2D monolayer-based assays have played a
key role in the drug discovery process for decades and are
still in use as they provide a cost-effective tool that is fast
and easily adapted for high-throughput screening strate-
gies [24, 36]. Novel organotypic cell culture models and
3D spheroid cultures containing pancreas-derived CAFs
have been developed in order to investigate the complex
interactions between CAFs and PDAC tumour cells [17,
43]. Such models, however, have not been incorporated
routinely into drug testing programmes. Here, we sought
to determine whether the inclusion of CAFs to cell-based
assays or whether altering the dosing schedule or the for-
mat of the cell culture would affect the ability of gem-
citabine paclitaxel to kill PDAC cells in vitro and better
reflect clinical efficacy.

Materials and methods
Specimen collection

Patients with PDAC were selected for this project. Fibrous
appearing tissue was selected by the pathologist after a gross
analysis of the specimen.

Isolation of CAFs

CAFs were isolated previously [7] using the outgrowth
method [2, 4]. This method involves the explantation of
pieces of fibrotic tissue removed from the pancreas. Briefly,
small pieces of tissue 1 mm are arranged in uncoated 6-well
tissue culture plates (57 pieces/well), and S00pL of Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with
20% fetal bovine serum (FBS), 2% L-glutamine and 1% pen-
icillin—streptomycin was added carefully to ensure that the
tissue pieces were not disturbed. Plates were incubated over-
night at 37 °C in a 5% CO, air humidified atmosphere. The
tissue pieces were removed when fibroblasts reached about
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30% confluence. The medium was changed twice weekly
using the same medium formulation described above, and
cells were grown to 80% confluence, harvested and stored
in liquid nitrogen.

Cell culture

Cell lines were purchased from the American Type Culture
Collection ATCC (MIAPaCa-2, PANC-1, Suit-2, BxPC-3
and AsPC-1). Pancreatic cancer cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM GlutaMAX)
supplemented with 10% FBS. Primary CAFs were recov-
ered from liquid nitrogen simultaneously and placed in a
T75 flask with IMDM supplemented with 10% FBS, 2%
L-glutamine and 1% penicillin—streptomycin. Both primary
and established cells were incubated at 37 °C in a 5% CO,
air humidified atmosphere. Cells were validated by STR
profiling and tested for mycoplasma using e-Myco plus
mycoplasma PCR detection kit (iNTRON Biotechnology)
following the manufacturer’s instructions.

Immunofluorescence

Immunofiuorescence (IF) staining was used to stain 2D co-
cultures of CAFs and epithelial cancer cell lines. 2D co-
cultures CAFs and PANC-1 cells were seeded using IMDM
supplemented with 10% FBS, 1% L-glutamine and 1% peni-
cillin—streptomycin in 96-well, black, clear bottom, cell car-
rier plates (PerkinElmer, UK) and left for 24 h to adhere;
mono-cultures were also seeded for comparison. The cells
were dosed with gemcitabine using a D300 digital liquid dis-
penser (Tecan). After 72 h, the media was removed from the
plates, and the cells were washed twice with PBS ensuring
the complete removal of liquid from the wells each time. The
cells were fixed with 100puL of 4% PFA per well, for 10 min
at room temperature before progressing onto the staining
protocol. The samples were permeabilised with 0.1% (v/v)
Triton X-100 in PBS and incubated for 30 min at room tem-
perature. The plates were then washed twice for 5 min in
PBS and blocked with 5% (v/v) goat serum in PBS for 1 h at
room temperature before the addition of primary antibodies
diluted in blocking solution.

Cells were incubated with primary antibodies (Mouse
monoclonal (1A4) to aSMA, Rabbit polyclonal to wide
spectrum cytokeratin) or isotype controls overnight at 4 °C.
The following day, the antibodies were removed, and the
plates were washed three times with PBS for 5 min each.
Secondary antibodies (Goat Anti-Mouse IgG H&L (Alexa
Fluor® 488, Goat Anti-Rabbit [gG H&L (Alexa Fluor®
594))) were diluted at 1:500 and incubated for 1 h at room
temperature. The secondary antibodies were removed, and
the nuclei were stained with 4°, 6-diamidino-2-phenylin-
dole (DAPI) at a 1:10,000 dilution for 10 min at room
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temperature. The plates were then washed 3 times for 5 min
in PBS. The staining was visualised using an Operetta High-
Content Imaging system (PerkinElmer).

Using dual staining within the direct co-cultures, it
was possible to differentiate cancer cells (CTK stained)
from CAFs (aSMA stained). Using the isotype controls to
remove background fluorescence, it was possible to distin-
guish aSMA-positive cells from CTK-positive cells. aSMA
staining was used to determine CAFs which were then sub-
tracted from the total nuclei count. Five regions were imaged
in each well at 10 X magnification, with each condition run
in duplicate. The data was presented as a percentage of the
DMSO control.

Collagen 1a1 ELISA

CAFs and PDAC cells were seeded in triplicate at a den-
sity of 10,000 cells/well in a 12-well plate and after 72 h
supernatant was harvested and centrifuged at 400 g for 5 min
to remove cell debris. In order to quantify the collagenlal
present in the supernatant a Human Pro-Collagen 1 alpha 1
DuoSet ELISA (R&D Systems) was used following the man-
ufacturer’s instructions. Absorbance was measured using an
EnVision multilabel plate reader (PerkinElmer) at 450 nm.

2D proliferation assay

Cells were seeded on 96-well flat, white, clear bottom plates
(Greiner Bio-One) at 1000 cells/well in 100uL. of DMEM-
GlutaMAX supplemented with 10% FBS and left for 24 h
to adhere. The following day, cells were treated with either
gemcitabine or paclitaxel using a D300 digital liquid dis-
penser (Tecan). The plates were placed in an incubator
(37 °C, 5% CO,) for 72 h. CellTitre-Glo was prepared using
the manufacturer’s instructions. At the appropriate time
point, plates were removed from the incubator and allowed
to equilibrate to room temperature for 30 min. Ten microli-
tres of CellTitre-Glo reagent was added to each well, and the
plates were sealed with a black plate seal and placed on an
orbital shaker for 10 min. Luminescence was read using an
EnVision plate reader (PerkinElmer). The luminescent sig-
nal generated is in direct proportion to the amount of ATP in
the well, which is required for the conversion of luciferin to
oxyluciferin in the presence of assay reagents. Cell viability
was determined and compared to a DMSO control (0.1%)
which was set at 100%.

Chemotherapy pulsing

Chemotherapy pulsing was used to determine the effect of
mimicking clinical dosing of chemotherapeutic agents in
an in vitro assay on the viability of pancreatic cancer cell
lines. The cMAX (maximum serum concentration of drug

in humans) of gemcitabine (74.4 + 11.3 pM) and paclitaxel
(4.5+0.4 pM) [16] was used to calculate an approximate
exposure time, such that it matched the total exposure deter-
mined by the area under the curve AUC. Once cells had been
incubated overnight in order to adhere, the drug was pulsed
onto the cells for the length of time each drug is present in
serum at a given concentration (Table 1). Once the pulse was
completed, media was replaced with fresh vehicle (DMSO)
containing media.

Transwell co-culture model

CAFs and PANC-1 cells (1:1 ratio) were seeded onto a
96-well 0.4 um transwell plate with 500 CAFs in the lower
chamber and 500 PANC-1 in the upper chamber in IMDM
supplemented with 10% FBS, 2% L-glutamine, and 1% peni-
cillin—streptomycin. To control for cell number, transwell
plates containing PANC-1 cells alone were seeded in both
chambers. Cells were incubated for 24 h to adhere. The fol-
lowing day, they were treated with gemcitabine using a digi-
tal liquid dispenser D300 (Tecan). After 72 h, cell viability
of PANC-1 cells was measured using the CellTiter-Glo.

3D cell culture model

Cells were seeded, either as a mono-culture or co-culture
using a 1:1 ratio (500 CAFs: 500 cancer) in Ultra-Low
Attachment (ULA) plates at 1000 cells/well and incubated
for 24 h to form spheroids. The cell number and drug incu-
bation were determined in PANC-1 cells using a cell den-
sity gradient assay over a number of time-points (48, 72
and 96 h) to determine the most optimal assay conditions.
The cells were treated with gemcitabine or paclitaxel and
incubated for 72 h. The cell viability of 3D spheroids of
pancreatic cancer cell lines and/or co-cultures was deter-
mined using the Promega 3D CellTiter-Glo assay. Briefly,
the CellTiter-Glo 3D reagent was thawed at 4 °C overnight
and then placed in a 22 °C water bath for 30 min before
use. The plate containing the spheroids was equilibrated for
30 min at room temperature. Fifty microlitres of CellTiter-
Glo 3D was added to each well and placed on an orbital plate
shaker for 5 min. The cell lysate and CellTiter-Glo reagent

Table 1 Experimental conditions of chemotherapy pulsing experi-
ment

Chemotherapeutic 0.5 cMAX 0.1 cMAX
Concen- Time (min) Concen- Time (min)
tration tration
(M) (M)
Gemcitabine 37.21 50 7.44 250
Paclitaxel 2.25 420 0.45 2100
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were moved to a flat, clear bottom 96-well plate, incubated
for a further 25 min (room temperature), and then the lumi-
nescent signal was measured using an EnVision multilabel
plate reader (Perkin Elmer).

Statistical analysis

Statistical tests were performed using GraphPad software
V.6.01. Results were considered significant at P <0.05.

Results

Gemcitabine and paclitaxel markedly reduce
the viability of pancreatic cell lines, but not CAFs,
when cultured in 2D

CAFs were isolated from PDAC patients using the out-
growth method [2, 4] and were shown previously to express
the CAF markers, aSMA, desmin and vimentin, and to
harbour wild-type KRAS [7]. In addition, to establish their
functionality, we investigated their ability to secrete colla-
gen, a major component of the PDAC microenvironment,
which CAFs are responsible for depositing [20]. Condi-
tioned media from three independent CAF isolates (R3088,
R3072 and R3134) were evaluated for collagen lal levels
by ELISA (Fig. 1A). All three isolates secreted considerably
more collagen than three established PDAC cell lines tested
for comparison (Fig. 1A).

We next sought to establish the effects of gemcitabine
and paclitaxel on the viability of PDAC cell lines and CAFs
in a traditional 2D screening model. Five PDAC cell lines,
PANC-1, MIA PaCa-2, Suit-2, AsPC-1 and BxPC-3, showed
sub-micromolar sensitivity, in a concentration-dependent
manner, to 72 h treatment with gemcitabine (Fig. 1B). By
contrast, CAFs (R3072) were considerably less sensitive to
gemcitabine with over 50% of cells remaining viable fol-
lowing exposure to the highest concentration (10 uM) of
gemcitabine (Fig. 1C). Four of the five PDAC cell lines
tested (PANC-1, MIA PaCa-2, BXxPC3-3 and Suit-2) were
more sensitive to paclitaxel treatment (Fig. 1D) than CAFs
(R3088; Fig. 1E). More than 50% (R3088) remained via-
ble following 72 h exposure to the highest concentration
(10 uM) of paclitaxel (Fig. 1E). The viability of PDAC cells
following 96 h exposure to both drugs was determined, with
sensitivities to both gemcitabine (Supplementary Fig. 1A)
and paclitaxel (Supplementary Fig. 1B) recorded. Across
all of the experimental conditions, the observed potencies
to both drugs were in the nanomolar range (Fig. 1F, G and
Supplementary Fig. 1C,D), with the exception of AsPC-1
cells which showed low sensitivity to paclitaxel after 72 h
(Fig. 1D). Taken together, our data indicate that isolated pri-
mary PDAC-associated CAFs retain physiological function,
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as attested by secretion of collagen, and are resistant to gem-
citabine and paclitaxel in a standard 2D mono-culture-based
assay.

Chemotherapeutic pulsing as an alternative method
for dosing cells in vitro

Drug screening assays in the pharmaceutical industry are
designed with a variety of factors in consideration such
as pharmacological relevance, reproducibility, quality and
importantly costs [27]. In PDAC research, the standard
2D mono cell-based assay is still the most commonly used
method to investigate the effect of chemotherapeutic agents
on cancer cells in culture [3, 32]. In a 2D mono-culture-
based assay, chemotherapeutic agents are ranked based on
their potency following continuous exposure of cells to a
compound. In vivo however, the length of time cancer cells
are exposed to the drug varies based on a variety of factors,
one of which is the rate at which the drug is cleared by the
host. In order to investigate whether an in vitro dosing sched-
ule which mimics the clinical exposure of cancer cells to
the drug would better reflect the in vivo performance of the
drug, a pulse experiment was designed. This involved adding
the drug for a defined time (pulse) and then removing it for
the remaining duration of the experiment. The cMAX val-
ues (maximum serum concentration of drug in humans) of
gemcitabine (74.4 +11.3 pM) and paclitaxel (4.5 +0.4 pM)
respectively [16] were used to calculate the durations of the
pulses such that they matched the total exposure time and
concentration determined by the area under the plasma drug
concentration curve (AUC) for these agents [16]. The abun-
dant stroma, hypo-vascularity, vascular collapse and high
interstitial fluid pressure associated with pancreatic tumours
impair drug delivery [45-47]. Dosing using the cMAX
would therefore likely overestimate the drug exposure of
a pancreatic tumour, and consequently 0.5 cMAX and 0.1
cMAX were chosen as a high and low dose respectively of
gemcitabine or paclitaxel.

Following gemcitabine treatment (Fig. 2A), all of the
PDAC cell lines examined showed decreased viability when
treated with either 0.1 cMAX (7.44 pM; 250 min pulse) or
0.5 cMAX (37.21 pM; 50 min pulse). MIA PaCa-2 showed
the greatest sensitivity when pulsed with gemcitabine in this
way, with a statistically significant reduced viability after 72
and 96 h compared to the 24 h timepoint (P <0.05). Panc-1
and BxPC-3 also showed a statistically significant reduced
viability, whilst Suit-2 and AsPC-1 showed a similar trend of
just under 40% following both 0.1 and 0.5 cMAX at 96 h. By
contrast, three independent CAFs analysed (R3088, R3072,
R3134) retained resistance to gemcitabine with average cell
viability in excess of 60% of the DMSO control at 96 h post
dosing (Fig. 2B).
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Fig. 1 Isolated CAFs secrete collagen and are insensitive to gemcit-
abine and paclitaxel treatments compared to pancreatic cancer cell
lines in standard 2D culture conditions. (A) Collal secretion from
three established pancreatic cancer cell lines and CAFs isolated from
three different patients (R3072, R3088 and R3134) was determined
by ELISA. The level of Collal secreted by the cancer cell lines was
below the acceptable limit of detection for the assay, precluding sta-
tistical analysis. (B—E) Dose-response curves following gemcitabine
treatment of pancreatic cancer cell lines (B) and CAFs (R3072) (C)
or paclitaxel treatment of pancreatic cancer cell lines (D) and CAFs
(R3088) (E). Cells were exposed to increasing concentrations of gem-

PDAC cell lines showed sensitivity to paclitaxel in
pulsing experiments (Fig. 2C), when treated with 0.1
cMAX (0.45 pM for 2100 min) and 0.5 cMAX (2.25 pM
for 420 min) with Panc-1 reaching significance, although
with the exception of Suit-2 cells, a recovery in cell via-
bility was observed for all PDAC cells at 96 h following
treatment with 0.1 cMAX. Compared to their response to
gemcitabine, CAFs (R3088, R3072) were more sensitive to

citabine or paclitaxel and cell viability measured at 72 h using CellTi-
ter-Glo. Data were fitted to a sigmoidal dose-response curve, and
IC50 was determined using GraphPad prism. For PDAC cell lines,
the data are representative of three independent experiments+SD
performed in triplicate and normalised to a DMSO control set to
100%. For CAFs, the data are representative of three independent
experiments using three biological replicates (R3088, R3072 and
R3134)+SD performed each in triplicate and normalised to a DMSO
control set to 100%. (F-G) Graphs depicting the mean pICsy, in molar
(M) £ SEM for multiple assays of gemcitabine and paclitaxel in pan-
creatic cancer cell lines

pulsing with paclitaxel with cell viability of 35% after 96 h
pulsing with both 0.1 cMAX and 0.5 cMAX (Fig. 2D).
In summary, under the conditions of in vitro drug puls-
ing, all of the PDAC cell lines showed sensitivity to gemcit-
abine and paclitaxel. In particular, PDAC cells treated with
gemcitabine showed limited signs of recovery within the
96 h experimental timeframe. Given that the partial response
rate to gemcitabine of patients with advanced PDAC is 5
to 12% [40, 54], we concluded that the use of the in vitro
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Fig.2 Chemotherapeutic pulsing with gemcitabine and paclitaxel to
mimic clinical dosing in vitro. (A and C) The graphs show the cell
viability of pancreatic cancer cell lines after a pulse with gemcitabine
(A) or paclitaxel (C) representing 0.5 cMAX or 0.1 cMAX, data
was analysed using DMSO as a control set to 100%. (B and D) The
graphs show the cell viability of CAFs after a pulse with gemcitabine
(B) or paclitaxel (D) representing 0.5 cMAX or 0.1 cMAX. At 24, 48,

drug pulsing protocol on its own is unlikely to minimise the
discrepancy between observed effective toxicity in vitro and
the poor clinical efficacy in patients. This prompted us to
investigate alternative in vitro models, including the incor-
poration of CAFs into drug screening assays.

CAFs reduce the anti-proliferative effect
of gemcitabine in 2D co-culture models

In order to examine whether co-culturing cancer cells
with CAFs could influence the sensitivity of the cancer
cells to chemotherapeutic agents, we first used a transwell
co-culture model, which avoids direct cell-to-cell con-
tact between the two distinct cell types (Fig. 3A). Two
independent CAF isolates, R3088 and R3072, were evalu-
ated for their effect on the sensitivity of PANC-1 cells to
gemcitabine. The presence of R3088 CAFs in the lower
chamber of the transwell plate led to a 12.5-fold increase
in the IC;, (PANC-1 (N=1) IC50 from 14.2 to 177.5 nM)
(Fig. 3B). Similarly, culturing PANC-1 with R3072 CAFs
led to a 22.5-fold increase in the ICs, (PANC-1 (N=2)
IC50 from 19.1 to 430.8 nM) (Fig. 3B). This suggests that
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72 and 96 h cell viability was determined using CellTiter-Glo. The
data are shown as+SEM of at least 2 independent experiments per-
formed in triplicate and normalised to a DMSO control set to 100%.
P value determined by one-way ANOVA with post hoc Dunnett’s
test. The * symbol refers to the 0.5 cMAX condition with *P <0.05
and **0.01. The @ symbol refers to the 0.1 cMAX condition with @
P<0.05

the presence of CAFs reduces the ability of gemcitabine
to kill cancer cells and that this effect can occur in the
absence of physical contact between CAFs and cancer
cells.

We next investigated whether the loss of potency of gem-
citabine for PDAC cells would endure if CAFs and cancer
cells were grown in a direct co-culture model in the absence
of a physical barrier (Fig. 3C). Mixed cultures of PANC-1
cells and CAFs (R3088) (Fig. 3C), in varying ratios, were
treated with gemcitabine for 72 h. PANC-1 cells and CAFs
were then differentiated by fixing and staining with a pan-
cytokeratin antibody (pCTK) and an alpha-smooth muscle
actin antibody (¢SMA). The viability of each cell population
was determined by counting nuclei associated with distinct
areas of positive staining. When compared with a mono-
culture of PANC-1 cells, the addition of CAFs reduced
the ability of gemcitabine to kill PANC-1 cells (Fig. 3D).
This occurred regardless of the ratio of PANC-1 cells to
CAFs. The exposure of PANC-1 cells alone to gemcitabine
resulted in an IC50 of 58 nM, whereas the addition of CAFs
caused a decrease in the sensitivity of PANC-1 to an IC50
of 331 nM (PANC-1 to CAF ratio of 9:1), 294 nM (PANC-1
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Fig.3 The addition of CAFs to 2D screening models reduces the
anti-proliferative effect of gemcitabine on PANC-1 cells. (A) Sche-
matic representation of a transwell co-culture model in which the two
cell populations are separated by a physical barrier. In this model,
CAFs were placed in the bottom chamber and PANC-1 cells were on
the transwell insert (1:1 ratio). (B) Dose-response curve showing the
efficacy of gemcitabine in killing PANC-1 cells in a transwell co-cul-
ture model of CAFs and PANC-1 cells. Cells were cultured for 72 h
in the presence of gemcitabine. The cell viability of PANC-1 cells
was measured using CellTiter-Glo. The data are shown as mean=+SD
of one assay for two CAFs (R3088 and R3072) and normalised to
a DMSO control set to 100%. (C) Schematic representation of the

to CAF ratio of 1:1) or 437 nM (PANC-1 to CAF ratio of
1:9) (Fig. 3D).

CAFs reduce the anti-proliferative effect
of gemcitabine in 2D co-culture models

Next, we sought to evaluate the efficacy of gemcitabine in
a 3D co-culture model, which allows for a higher degree
of structural complexity in the physical interaction between
tumour cells and CAFs, and thus more closely mimics the
PDAC tumour microenvironment. 3D models were estab-
lished by plating cells, either as mono- or co-cultures in
Ultra-Low Attachment plates where they formed spheroids

Log [Gemcitabine] (M)

direct 2D co-culture model with an image depicting anti-aSMA-488
labelled CAFs (Green), anti-CTK-594-labelled PANC-1 cells (Yel-
low) and nuclei (Blue). The average nuclei count was measured using
an Operetta (PerkinElmer), counting 4 randomly assigned areas of
interest/well. (D) Dose-response curve showing the direct 2D cell
viability assay using three different ratios of CAF to PANC-1 cells
compared to PANC-1 cells alone. Cells were exposed to gemcitabine
and DMSO as control. At 72 h, cell viability was determined by
counting nuclei which were associated with positive pCTK staining
(considered PANCI1 cells) and which were not associated with areas
of positive aSMA staining (considered CAFs). The data are shown as
mean + SD of one assay performed in triplicate

(Fig. 4A). Responses to gemcitabine under these conditions
were compared to a 2D mono-culture model (Fig. 4A). To
determine optimal assay conditions, PANC-1 cells were cul-
tured in 3D using 1000, 5000, 10,000, 15,000 and 20,000
cells per well and exposed to a range of concentrations
of gemcitabine for 48 h, 72 h, and 96 h (Supplementary
Fig. 2A). The cell density which gave the optimal assay
window using PANC-1 was 1000 cells/well (Supplemen-
tary Fig. 2A). However, CAFs (R3088) were found to be
minimally sensitive to gemcitabine using the 3D mono-cul-
ture model (Supplementary Fig. 2B). Following the addi-
tion of up to 30 uM of this chemotherapeutic agent, CAF
cell viability did not fall below 69.5% of the DMSO control
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Fig.4 The addition of CAFs to a 3D co-culture model of pancreatic
cancer cell lines confers resistance to gemcitabine. (A) Schematic
representation of the assay formats utilised: a 2D standard mono-cul-
ture cell viability assay, a 3D mono-culture assay of pancreatic can-
cer cell lines and a 3D co-culture assay of pancreatic cancer cell lines

at the lowest cell density (1000 cells/well) (Supplemen-
tary Fig. 2B). The sensitivity of PANC-1 and MIA PaCa-2
cells to gemcitabine decreased when they were cultured in
a 3D mono-culture model compared to 2D mono-culture
(Fig. 4B). No difference in the sensitivity of BxPC-3 cells
to gemcitabine was observed between these two models
(Fig. 4B). However curiously, when 2D and 3D mono-cul-
tures of Suit-2 cells were challenged with gemcitabine, the
3D cultures proved to be more sensitive than the 2D cultures.

For 3D co-culture experiments, a ratio of 1:1 PDAC cells
to CAFs (R3088) was used as this had been effective in the
in-direct and direct 2D co-culture models tested (Fig. 3B, D).
The addition of CAFs to 3D models of PANCI1, Suit-2 and
BxPC3 was accompanied by greater cell viability, despite
the use of concentrations of gemcitabine up to 50 uM. Using
50 uM gemcitabine, the total cell viability of 3D co-cultured
CAFs and PANC-1 cells was 90.3% (compared to vehicle-
treated controls) versus 33.5% for the PANC1 3D mono-
culture (compared to vehicle controls). Similarly, Suit-2
cells in the 3D co-culture model showed a cell viability of
65% when treated with 50 uM of gemcitabine (compared to
vehicle controls) versus 39% at 30 uM gemcitabine in the 3D
mono-culture, and BxPC3 cells in the 3D co-culture showed
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combined with CAFs (R3008). (B) Dose-response curves of the dif-
ferent assay formats described above which were treated with various
concentrations of gemcitabine. At 72 h cell viability was determined
using CellTiter-Glo. The data are shown as+SD of one assay per-
formed in triplicate and normalised to a DMSO control set to 100%

a cell viability of 66.6% compared to 33.5% in the 3D mono-
culture at a concentration of 30 uM gemcitabine. Although
using MIA PaCa-2 cells in the 3D co-culture model resulted
in variable cell viability, a loss of potency of gemcitabine
was nonetheless observed (Fig. 4B).

The potency of paclitaxel was also compared in 2D and
3D mono-culture in addition to 3D co-culture assays (Sup-
plementary Fig. 3). For MIA PaCa-2 cells, there was no
measurable difference in the potency of paclitaxel between
cells cultured in any of the models tested. Similarly, PANC-1
cells showed little change in the ICs, values when compar-
ing the three assays. In the case of Suit-2 cells, both the
3D and 2D mono-culture assays gave similar ICy, values
(7.8 and 3.1 nM respectively). In the Suit-2 3D co-culture
assay, it was not possible to determine an ICs, value due
to the shape of the curve; however, the cell viability at
100 uM paclitaxel was approximately 45% (compared to
vehicle control treated cells) versus 32% in the Suit-2 3D
mono-culture assay at 30 uM paclitaxel. It was not possible
to determine an IC, value for BXPC3 cells cultured with
CAFs in the 3D co-culture model as inhibition of cell viabil-
ity reached only approximately 70%. Taken together, these
data provide further evidence that CAFs provide a margin
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of chemoresistance that is not observed in PDAC cell line
mono-cultures and that their incorporation into models in
drug discovery deserves further consideration.

Discussion

The marked discrepancy between in vitro cytotoxicity
studies showing effectiveness of gemcitabine or paclitaxel
against pancreatic cancer cells [1, 8] and in vivo or clini-
cal trial studies which show only small survival gains from
these chemotherapies [3, 11] raises important questions
about the reliability of cell based pre-clinical testing. Pro-
filing the anti-proliferative potencies of new therapies using
ICs, values obtained from 2D monolayer assays [9, 37] is
well established, inexpensive and reproducible [29, 32].
However, limitations include the lack of consideration of
dosing schedule and the potential contribution of non-cancer
cells of the tumour microenvironment to treatment response.
In relation to dosing schedule, we observed that pancreatic
cancer cells demonstrated sensitivity to both gemcitabine
and paclitaxel in an in vitro drug pulsing assay, suggesting
that this protocol was unlikely to minimise the discrepancy
between observed effective toxicity in vitro and poor clinical
efficacy. We therefore turned our attention to the incorpora-
tion of CAFs into drug screening assays.

We firstly ascertained that CAFs, isolated from three
surgically resected PDAC tissue samples, were function-
ally active as demonstrated by their secretion of collagen
1A1, in agreement with their myofibroblast role in regu-
lating collagen fibres in the tumour microenvironment [5,
22]. Unlike PDAC cell lines, our isolated CAFs displayed
intrinsic resistance to gemcitabine and paclitaxel, consistent
with previous studies in PDAC [49] and in breast and lung
cancers [53].

Diminished gemcitabine potency for PDAC cells was
observed under all conditions where PDAC and CAFs were
co-cultured. Our transwell co-culture model highlighted
that physical contact between CAFs and PDAC cells was
not a prerequisite for the reduced gemcitabine cytotoxic-
ity. Hessmann et al. similarly observed that conditioned
media of murine CAFs pre-incubated with gemcitabine
led to a 40-80% increment in the cell viability of KPC
cell lines in comparison to fresh addition of gemcitabine
to CAF-conditioned media, attributing this effect to gem-
citabine scavenging properties of CAFs in vitro [23]. Such
a fibroblast-dependent protective effect is consistent with
the observation that addition of NIH-3T3 fibroblasts to a
transwell co-culture with BXPC3 cells reduced the effect
of doxorubicin on BxPC3 cells, which could be rescued by
the addition of smoothened inhibitor vismodegib indicat-
ing that paracrine Hh signalling was active in the co-cul-
ture [61]. Taken together, this indicates that CAFs provide

a chemotherapeutic-resistance mechanism to PDAC cells
which is not dependent upon physical contact between CAFs
and PDAC cells, suggesting that scavenging of gemcitabine
and/or a paracrine signalling pathway are significant contrib-
uting factors. This is supported by the observation that par-
acrine signalling is activated by the CAF secretome which
has a role in chemoresistance such as mTOR/4E-BP1 [14]
and SDF-1a [60].

Using direct co-culture models, we observed a similar
loss of gemcitabine potency when the cells were allowed
to form physical connections. Such reduction in potency
has also been observed in SW480 colon cancer cells in
co-culture with WI-38 fibroblasts in the presence of the
WNT/B-catenin signalling inhibitor XAV939 [31]. Cell—cell
contact between CAFs and squamous cell carcinoma cells
has been found to play a role in the invasion and migration
of the tumour cells, through ECM remodelling [18]. This
indicates that both paracrine and physical communication
between CAFs and tumour cells are important in the tumour
microenvironment.

Utilising a 3D co-culture model, we found that culturing
tumour cells in the presence of CAFs reduced the potency of
gemcitabine more than in a 2D or 3D mono-culture model.
These results are in agreement with Lee et al. who used a
microfluidic channel plate to embed co-culture spheroids
of pancreatic tumour cell lines and CAFs into a collagen
matrix and found that co-cultures resulted in increased drug
resistance [34]. In head and neck cancers (HNC), 3D sphe-
roids containing co-cultures of HNC cell lines with CAFs
showed greater invasiveness than 3D mono-cultures of HNC
cell lines into the fibrin matrix of a 3D cell sheet containing
oral keratinocytes, fibroblasts and plasma fibrin. In addition,
enhanced resistance to cisplatin and sorafenib was more eas-
ily observed in 3D spheroids and CAFs than in 2D models
[33].

The loss of potency of paclitaxel was observed in 50%
only of the cell lines tested in our 3D co-culture model
implying that different mechanisms of CAF-mediated resist-
ance are in place depending on the cancer cell line employed.
In support of this notion, Marusyk et al. (2016) identified
variable levels of resistance to paclitaxel and doxorubicin
amongst different breast cancer cell lines co-cultured with
CAFs. However, the protection of carcinoma cells by fibro-
blasts against a different chemotherapeutic drug, lapatinib,
was observed more consistently in all the cell lines studied
[39]. With respect to mechanism, PDAC cell lines [15] and
ovarian tumour cells [58] treated with conditioned medium
from CAFs were shown to have increased resistance to pacli-
taxel, attributed to the presence of IL-6 secreted by the CAFs
which has been found to promote survival in tumour cells.
Triple-negative breast cancer cells grown in a 3D co-culture
with CAFs showed increased resistance to treatment with
paclitaxel. This was found to be due to CXCL12-CXCR4
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paracrine signalling between the CAFs and tumour cells
resulting in activation of the MAPK/PI3K pathways [21].

Culture conditions impart significant functional char-
acteristics on cells. 3D models have been suggested as the
future of pharmacological drug screening assays [28] as they
recapitulate some aspects of a tumour such as allowing cells
to retain a 3D structure [12], the presence of a nutrient gra-
dient, cell junctions [32] and polarity [35]. In a 3D model,
the cells have less access to the drugs and undergo changes
in cell cycle as well as increased hypoxic conditions. All
of these factors have been reported to reduce sensitivity to
chemotherapies [29]. In addition, it has been found that 3D
cell models which have a density comparable to that of tissue
will more accurately predict the response to drugs [26]. The
data discussed herein adds further evidence to the impor-
tance of culture conditions when testing chemotherapeutic
agents.

Collectively, this study provides evidence that the PDAC
tumour microenvironment is dynamic in its response to
chemotherapeutic agents, and CAFs play a much more
elaborate role in chemotherapeutic resistance than just pro-
viding a physical barrier. Models such as the 3D and CAF/
PDAC co-culture methods used in this study offer an avenue
to bridge that gap between in vitro and in vivo testing, espe-
cially in the case of PDAC in which the interactions between
CAFs and tumour cells significantly impact responses to
therapy. Future studies should investigate other drugs rel-
evant to pancreatic cancer, such as 5-FU and SN38.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13105-021-00857-2.
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