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Abstract

In pancreatic ductal adenocarcinoma (PDAC), the abundant stromal cells which comprise the tumor
microenvironment constitute more than 90% of the primary tumor bulk. Moreover, this desmoplastic envi-
ronment has been found to be three times stiffer than normal pancreas tissue. Despite the importance of
studying the desmoplastic environment of PDAC, there is still a lack of models designed to adequately
recapitulate this complex stiff microenvironment, a critical hallmark of the disease that has been shown
to induce chemoresistance. Here, we present a bio-mimetic, 3-dimensional co-culture system that inte-
grates tumor organoids and host-matching stromal cancer associated-fibroblasts (CAFs) that recapitu-
lates the complex, fibrotic matrix of PDAC using advanced biomaterials. With this model, we show that
matrix-activated CAFs are able to “re-engineer” the fibrotic environment into a significantly stiffer environ-
ment through lysyl-oxidase dependent crosslinking. Moreover, we show that culture of CAFs in this model
leads to an increase of exosomes; extracellular vesicles known to promote chemoresistance. Finally,
using previously identified exosome inhibitors, climbazole and imipramine, we demonstrate how abroga-
tion of exosome hypersecretion can reduce matrix stiffness-induced chemoresistance. These data high-
light the importance of the development of new models that recapitulate not only the cellular composition
found in PDAC tumors, but also the biophysical stresses, like stiffness, that the cells are exposed to in
order to identify therapies that can overcome this critical feature which can contribute to the chemoresis-
tance observed in patients. We believe that the 3D bio-mimetic model we have developed will be a valu-
able tool for the development, testing, and optimization of “mechano-medicines” designed to target the

biophysical forces that lead to tumor growth and chemoresistance.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction the five year survival rate for PDAC patients is still
only 11% [1], and most patients succumb to their

Pancreatic ductal adenocarcinoma (PDAC) is  disease within the first year [2]. While late-stage
one of the most lethal cancers. Despite recent  diagnosis, metastasis, and irresectability are con-
therapeutic advances in other types of cancers, tributing factors in PDAC lethality [3], a common
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thread in all cases is the development of therapeutic
resistance, resulting in poor survival outcomes fol-
lowing treatment [4].

For the majority of patients diagnosed with
advanced PDAC, chemotherapy such as
gemcitabine is considered the standard of care
[5]. Though prior research has shown that gemc-
itabine is more effective against PDAC than alterna-
tive anticancer agents, development of gemcitabine
resistance was observed in most patients within the
first few weeks of treatment [4,6]. Most research
has focused on the roles of aberrant signaling path-
ways that are found in the epithelial cancer cells in
order to elucidate molecular mechanisms which
may lead to chemoresistance [6]. However, this
research has largely ignored the potential influ-
ences of the tumor stromal microenvironment on
acquired resistance to treatment.

Unlike other cancer types, PDAC is characterized
by a desmoplastic stroma that accounts for up to
90% of the bulk tumor volume [7]. The highly cross-
linked extracellular matrix (ECM) contains hyaluro-
nic acid and fibrotic proteins such as collagen-I,
laminin and fibronectin [8], which contribute to a sig-
nificant increase in tumor tissue stiffness compared
to a healthy pancreas [9]. Researchers previously
hypothesized that the dense and stiff ECM acted
as a barrier to block the delivery of therapeutic
agents [10], and thus, the predictions were that stro-
mal cells should be ablated in order to improve
treatment response. However, when these studies
were carried out, it was observed that strategies
designed to simply ablate stromal cells actually led
to more aggressive tumors [11] and failed to
improve survival rate and clinical outcomes in
patients [12]. These results suggested that the
desmoplastic ECM plays a far more complex role
in therapeutic resistance. Some stromal elements
can restrain the tumor cells while other elements
can promote growth and spread. Thus, models that
can recapitulate this complex environment are
needed to develop more effective treatment
strategies.

Previous studies using traditional 2D models
failed to recapitulate a physiologically relevant
microenvironment, where the desmoplastic matrix
environment acts as “soil” for both the stroma
cells and the tumor cells [13]. Our past studies using
novel, genetically engineered mouse models
(GEMM) of PDAC have shown the ability of the
desmoplastic environment to drive molecular mech-
anisms linked to chemoresistance [14,15]. How-
ever, such in vivo models present an experimental
challenge as it is not possible to easily investigate
the role that individual cell types, ECM components,
or physical properties may play in the system.

In PDAC, cancer associated fibroblasts (CAFs)
are known to be important mediators of
chemoresistance [16]. They are the cell type most
responsible for “engineering” the desmoplastic
matrix [16,17]. While most past studies have identi-

fied conventional secreted factors from CAFs which
promote tumor growth in PDAC cells [18], our previ-
ous data showed how exosomes from CAFs
exposed to chemotherapy could transfer chemore-
sistance to recipient PDAC cells in 2D systems
and GEMMs [19]. However, the role of ECM stiff-
ness on the activation of these CAFs, and the roles
this plays in exosome hypersecretion, remains
unclear.

To address this gap in knowledge, we have
developed a Matrigel-based, orthogonally tunable
3-dimensional (3D) culture system to co-culture
mouse derived PDAC organoids and host-
matching CAFs. This model gives us the ability to
grow tumor-derived organoids in an environment
that recapitulates the key features of the human
disease (e.g. high CAF-to-organoid ratio, high
Collagen-I, increased stiffness). Using this system,
we found that stiff matrix-activated CAFs readily
remodel the desmoplastic matrix through lysyl-
oxidase dependent crosslinking. Moreover, our
novel system demonstrates how collagen-l and
matrix stiffness induce hypersecretion of CAF-
derived exosomes and demonstrate how the use
of compounds which inhibit exosome secretion
can reduce matrix stiffness-induced
chemoresistance in this system.

Materials and methods

Mouse colony generation

The methodology utiized to generate a
KRAS®12D;  pTENP¥°x:  COX2-overexpression
(COE) mouse line was described previously (Hill
et. al.) [14]. Briefly, Pdx1-Cre™ mice were crossed
with floxed Cox-2 over-expressing (COE) trans-
genic mice. The Pdx1-Cre*; COE line was further
crossed with Pdx1-Cre*; K-RAS®'2D; pPTEN'"*lox
to produce the target mouse line. Genotyping of
the mouse was confirmed through PCR. Animal
housing and procedures adhered strictly to Insti-
tutional Animal Care and Use Committee
(IACUC) standard and were monitored by the
USC Department of Animal Resources (USC
DAR).

PDAC tumor and host-matching CAF isolation

The cell isolation protocol in the manuscript was
adapted from LA Baker et al [20]. In brief, mice were
euthanized in a CO, chamber and subjected to cer-
vical dislocation as secondary confirmation. The
mouse was dissected, with the pancreas and asso-
ciated tumor resected and harvested. The pre-
served tissue was rinsed with PBS for 3 times and
minced. The minced tissue was washed with regu-
lar DMEM and digested in 0.125 mg/ml Collage-
nase Xl and Dispase Il (MilliporeSigma) at 37 °C
for 2 h. The digested tumor was strained through
to a 100 um strainer and further digested by TrypLE
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for 10 mins after washing with DMEM. The resulting
digested sample was cultured either in Matrigel with
organoid complete feeding media (CFM) [20] or on
regular culture dishes with DMEM + GlutaMax, 5%
fetal bovine serum (FBS) plus 100units/mL peni-
cillin, and 100 pg/mL streptomycin (Life Technolo-
gies). After 72 h, PDAC tumor organoids formed
in the Matrigel cultures, and fibroblasts were able
to grow in regular culture dishes. Finally, the 2D cul-
ture of fibroblasts was completed using
Fluorescence-activated Cell Sorting (FACS) for
EpCAM™ cells by USC Flow Cytometry Facility.

PDAC organoid culture

When organoids reached confluency, the culture
was digested by Gentle Cell Dissociation buffer
(STEMCELL Technologies) on ice for 30 mins
followed by 5 mins centrifugation. The pellet was
resuspended with freshly thawed Matrigel and
plated on regular tissue culture plates. After 37 °C
incubation for 15 mins, prewarmed CFM media
was added to the culture, and the media was
replaced every 2—-3 days based on growth.

3D gel encapsulation

PDAC organoids were subjected to routine
dissociation as described above. The dissociated
cell pellet was subjected to 5 mins TrypLE
(Thermofisher Scientific LLC) plus 10 pg/mL
DNAse treatment. The resulting dissociated pellet
was further subjected to 70 um cell strainer for
single cell counting. For co-culture, 2000 organoid
cells and 20,000 CAFs were resuspended in 60ul
hydrogel mixture. Collagen-l from rat (tail
(A1048301 from ThermoFisher Scientific, LLC)
was obtained in native form. For high collagen-I
(1 mg/mL Col-I-MAT) gel, each gel contained
40 pL Matrigel and 20 pL Collagen-1 (3 mg/mL
stock). For low collagen-1 (0.1 mg/mL Col-I-MAT),
each gel contained 41.8 uL Matrigel, 2 pL
Collagen-1 (3 mg/mL stock) and 16.2 uL PBS.
Gels were allowed to solidify in non-tissue culture
treated cell culture plate in 37 °C incubator for
15mins. After addition of 1 mL co-culture medium
(CFM  with 5%FBS to ensure survival of
fibroblast), a blunt end aspirating pipet tip was
used to gently lift the gel from the bottom of the
well plate.

Drug treatment for 3D cultures

48 h after the establishment of co-culture, fresh
co-culture medium was used to replace the old
medium. Another 48 h later, fresh co-culture
media containing 500 nM gemcitabine or an
equivalent amount of DMSO (vehicle) was added
to cell culture. If combination treatment was
involved during the experiment, the additional
supporting agents (B-Aminopropionitrile
(MilliporeSigma) 10 mM, GFOGER (customized

peptide from GenScript Inc.) 100 uM, TCI-15
(Tokyo Chemical Industry Co., Ltd) 1 uM,
Climbazole (MilliporeSigma) 10 pM, Imipramine
(MilliporeSigma) 10 pM) were added at the
beginning of the co-culture establishment.

Measurement of organoid size

48 h after vehicle (equivalent amount solvent, no
drug), gemcitabine, or any combination therapy
treatment, 3D culture samples were visualized
under a light microscope (Echo Revolve). A
minimum of 3 random bright field images were
taken from each gel. Each condition had at least 3
individually cultured gel samples. Diameters of in-
focus organoids were measured using Imaged
software. Relative size of organoid was derived by
taking the square of the measured diameter from
the organoids.

Gel contraction measurement

To measure gel contraction by cultured cells,
hydrogel cultures were maintained in
corresponding growth medium for 48 or 72 h
before the measurement. Concurrently, an empty
hydrogel (control, no cells encapsulated) with
identical gel components were soaked in the
same medium for the same amount of time. At the
time of measurement, the culture medium was
removed completely, and hydrogels were gently
moved to the center of the wells in the culture well
plates. Photographs were taken from the top of
the well plate. Diameters of hydrogels and
corresponding wells were measured by Imaged
software. The size of the hydrogel was derived by
taking the ratio of measured gel diameter over the
measured well diameter. Relative contraction
percentage was calculated based on calculating
the area difference with respect to the control gel
size. At least 4 individual samples from the same
condition were measured.

Cell viability assay

Hydrogel cultures were washed with PBS once.
500 pL of Live/Dead solution containing ethidium
homodimer and calcien AM (Life Technologies) in
PBS was added to the cell culture and incubated
in 37 °C; 5% CO, for 30 mins. At least 3
independent fluorescence images for each
experimental condition were taken using an Echo
Revolve microscope through the RFP and GFP
channels. Representative overlay images are
shown in the figures.

Preservation of hydrogel cultures

The gels were first washed with PBS at the time
of preservation. Next, the PBS was replaced with
2% PFA in PBS and incubated in 37 °C incubator
for 15 mins. Subsequently, the gel was transferred
to a cassette and soaked in 70% ethanol. To
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complete the preservation process, the samples
were submitted to the USC Laboratory Service
Core for paraffin embedding and sectioning at

5 um.

Host-matching Cancer

Immunofluorescence staining and imaging

Slides were deparaffinized in an alcohol gradient
and underwent citrate buffer (ABCAM, 20 mM
citrate acid in water) mediated antigen retrieval at
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97 °C for 15 mins. A blocking buffer containing 5%
normal goat serum and 1% BSA was applied to
the slides for 1 h before overnight primary
antibody incubation at 4 °C. The following day, the
slides were washed in tris buffered saline (TBS)
and goat anti rabbit secondary antibody
(Thermofisher Scientific, Alexa Fluor 647) was
applied to the slides for 1hr. At last, the slides
were washed, and mounting solution containing
DAPI was applied with coverglass (0.1 mm). In
the same set of comparisons, all fluorescence
images were taken with Echo Revolve using
identical exposure times. All images used to
prepare figures were processed under same cutoff
parameters to ensure fair comparison. For
fluorescence  signal quantification, Imaged
software was used to derive average intensity
using raw images.

Assessment of YAP1 nuclear expression

5 um-sectioned gel samples were co-stained with
Alpha smooth cell actin (aSMA) antibody (Cell
Signaling Technology #48938), YAP1 antibody
(Novus Biological #NB110-58358), and DAPI.
Immunostaining and IF images were taken as
described above. Raw fluorescence intensity
values of YAP1 at DAPI location of aSMA positive
cells were measured by Imaged (Fig. S1A).
Several random images from at least 3
independent gel samples were used in the analysis.

Organoid cyclin D1 quantification

At the end of the hydrogel culture cycle, samples
were preserved, 5 pm-sectioned,
immunofluorescence labeled, and imaged.
Because the cultured organoids processed gland-
like morphologies, outer rim cells of each organoid
were assessed. Total cyclinD1 (Cell Signaling
Technology #55506) positive cell number was
divided by total DAPI positive number for each
organoid. At least 20 organoids from 3 individually

cultured gels for each experimental conditions
were analyzed for statistical results.

Lentiviral transduction

CAFs and organoids were dissociated and
counted for passaging. For 2D CAF culture,
lentivirus encoding an overexpression of mouse
shRAB27A was added to the culture medium at
multiplicity of infection (MOI) of 20 along with 5 pg/
ml polybrene. For organoid cultures, the lentivirus
was mixed with the cells and Matrigel during cell
passaging at MOI of 20 along with 5 pg/mi
polybrene. The next day, fresh medium was
added to cell culture. Another 72 h later,
puromycin was added to select the successfully
transfected cell. ShBRNA knockdown experiments
were reproduced at least 3 times individually.

Exosome isolation

To isolate exosomes, exosome-free FBS was
used to culture the fibroblasts for 48 to 72 h to
collect the supernatant. The supernatant was
spun for 15 mins at 3000xg to remove the cellular
debris. ExoQuick TC (System Bioscience) was
added to the supernatant and incubated at 4 °C
overnight. Next day, the solution was spun at
1500xg for 30 mins, and the resulting pellet was
resuspended in 100 uL PBS and stored at —20 °C
for subsequent analysis.

Western blotting

To assess protein expression of RAB27A(Cell
Signaling Technologies), equal amount of
denatured cell lysate was loaded onto Bolt Bis-
Tris plus gel (Thermofisher Scientific) and
transferred to 0.2 um PVDF membrane (BioRad
Laboratories). To quantify exosome CD63
(antibody obtained from SystemBiology) in the
purified exosomes, loaded volumes of denatured
exosomes were adjusted based on counted cell
numbers to ensure exosome quantities from equal

<

Fig. 1. Novel 3D co-culture system preserves physiologically relevant state and recapitulates chemoresistance in
PDAC. A) Schematic description of the 3D model system. Briefly, both tumor and fibroblast cell were derived from
same mouse host. Both cell types were brought to single cell level before being encapsulated into Matrigel and type-|
collagen mixture to ensure accurate seeding ratio. B) Co-cultured cells maintain physiologically relevant morphologies
and molecular markers. Left panel: representative H&E staining of 4-day co-culture. Right panel: representative
epithelial tumor marker cytokeratin 19(green), fibroblast marker alpha smooth cell actin (red) and nuclear (DAPI, blue)
staining of a 4-day co-culture sample. C, D) 3D co-culture model boosts tumor organoid growth and chemoresistance.
C) Left panel: representative phase contrast images of 4-day organoid cultures in different culture conditions. Right
panel: quantitative analysis of relative organoid size in each corresponding culture conditions. D) Left panel:
representative phase contrast images of 4-day plus 2-day gemcitabine (500 nM) treated organoid cultures in different
culture conditions. Right panel: quantitative analysis of relative organoid size in each corresponding culture
conditions. For B&C, One-Way ANOVA with Dunnett’s multiple comparison test was performed. *p < 0.05, **p < 0.01,
****p < 0.0001. Error bars represent standard deviation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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number of cells were assessed. The blot membrane
was blocked with 5% milk in Tris Buffered Saline
with 0.1% Tween-20 (TBST) solution and
incubated with anti-RAB27A antibody (Cell
Signaling Technology #69295) or anti-CD63
antibody (System Biosciences #EXOAB-CD63A-1)
overnight at 4 °C. Next day, the membrane was
washed and incubated with goat anti rabbit-HRP
antibody. To complete the blotting, the membrane
was incubated with West Pico Signal
(Thermofisher Scientific) and imaged using
BioRad Imager system. ImageJ was used to
quantify the raw chemiluminescence images.

Rheology

Hydrogel storage moduli (G') were measured
using a discovery hybrid rheometer-2 (DHR-2, TA
Instruments) at 37 °C. Rheology frequency sweep
experiments were performed under 1% constant
strain in the range of 0.1 to 1.0 Hz. Storage
modulus of each sample was calculated as an
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average value of the linear region of the storage
curve from the frequency sweep plot. For
statistical analysis 3 separate measurements were
taken in which 5 samples from each condition
were measured. All data were normalized to
empty gel condition to ensure consistent
comparisons.

Results

Novel 3D co-culture system preserves
physiologically relevant state and
recapitulates chemoresistance in PDAC

In order to construct a physiologically relevant
desmoplastic  microenvironment for PDAC
organoids, we added a high amount of fibrotic
collagen-l into the Matrigel solution, and also
utilized a 10-to-1 host-matching CAFs to PDAC
organoids ratio to mimic the stromal cell
imbalance observed in the human disease [7]
(Fig. 1A). After 4 days of co-culture, dissociated
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PDAC cells readily grew into organoids among the
CAFs. More importantly, both cell types expressed
corresponding molecular markers (a-Smooth Cell
Actin («SMA) [21] for CAFs and cytokeratin-19
[22] for PDAC cells) specific to their cell types
(Fig. 1B). Moreover, we were able to see increased
tumor organoid size when comparing organoids co-
cultured with CAFs compared to organoid alone cul-
tures in the same gel formulation or with organoid
alone cultures in the pure Matrigel (Fig. 1C). As
introduced previously, an ideal model to study
PDAC should recapitulate resistance to treatment,
a hallmark of the disease. 72 h following gemc-
itabine treatment, PDAC organoids in our co-
culture system displayed a significant increase in
resistance against gemcitabine as indicated by the
resulting organoid sizes (Fig. 1D). A more detailed
comparison between vehicle and gemcitabine treat-
ment groups showed that gemcitabine could effec-
tively reduce organoid size and cyclin D1 positivity
rate in both culture conditions, but co-cultured orga-
noids were far more resistant (Fig. S1B and C).
Because our co-culture system significantly
boosted growth and chemoresistance in PDAC
organoids in the presence of CAFs, it was specu-
lated that CAFs could be the main reason for the
observed phenotype. CAFs’ activation status can
be reflected by their ability to contract the
collagen-I based hydrogels [23]. Here, we observed
that CAFs were able to induce gel contraction in the
presence of high amount of Collagen-I (Fig. S1.D),
and CAFs had a much stronger ability to modify

the surrounding matrix compared to normal fibrob-
lasts (Fig. S1.E). To investigate the role that cell
intrinsic factors may play in our model, repeated
the aforementioned experiments with normal fibrob-
lasts and normal pancreatic organoids. We found
that co-culture with both normal and cancer associ-
ated fibroblasts could increase normal pancreas
(non-cancer) organoid growth, but we did not
observe any chemoresistance in normal organoid
co-cultures (Fig. S1.F&G). These data show that
the observed chemoresistance in our model was
still organoid-intrinsic mutation-dependent instead
of being solely caused by the co-culture with CAFs.
Using rheology measurements, we confirmed that
gel contraction is correlated to stiffness of the result-
ing hydrogels, and CAFs alone were sufficient to
modify the hydrogel stiffness (Fig. S2.A). The above
result show that CAFs are highly active in the
desmoplastic environment. Therefore, we next
investigated whether the fibrotic collagen-I influ-
enced chemoresistance and CAF activation.

Desmoplastic collagen-l influences CAF
mediated-matrix stiffening and chemo-
response in the co-culture system

To investigate how collagen-I affects PDAC cells
in co-culture, we meticulously tuned collagen-I
concentration from 1 mg/mL to 0.1 mg/mL while
maintaining a constant total polymer concentration
and initial stiffness. Interestingly, only CAFs in the
high collagen-I condition were able to contract and

<

Fig. 2. Desmoplastic collagen-I influences CAF mediated-matrix stiffening and chemo-response in the co-culture
system. A) Left panel, representative microscope image of 4-day organoid-CAF co-culture in high or low collagen-I
concentration with constant total polymer content. Right panel, quantitative analysis of relative organoid size in each
corresponding culture conditions. B) Left panel: representative microscope images of 4-day plus 2-day gemcitabine
(500 nM) treated organoid cultures in different culture conditions. Right panel: quantitative analysis of relative
organoid size in each corresponding culture conditions. C) Left panel, representative immuno-fluorescent staining of
proliferation marker Cyclin D1 (red) and nuclear staining DAPI (blue) from a total of 6-day co-culture in corresponding
conditions. Right panel, quantification of cyclin D1 positive ratio in organoids from corresponding co-culture conditions
after gemcitabine treatment. D) Type | collagen directly influences expression of activation marker in CAF. Left panel,
representative YAP1 (red) and DAPI (blue) staining images of co-cultured CAFs 48hrs after gemcitabine treatment in
corresponding gel conditions. Right panel, quantitative analysis of nuclear YAP1 intensity in corresponding
conditions. Two-tail student’s tests were performed. ***p < 0.001, ****p < 0.0001. Error bars represent standard
deviation. E) BAPN prevents CAF-mediated gel contraction and stiffening. Left panel, representative photos showing
72 h CAF hydrogel cultures with equal starting size and seeding density. Right panel, quantitative analysis of resulting
gel sizes relative to an empty gel soaked in media. F) BAPN and gemcitabine co-treatment reduces resulting organoid
in co-culture. Left panel, representative images of 48hr gemcitabine treated co-cultures with or without presence of
BAPN. Right panel, quantitative analysis of relative organoid sizes after corresponding treatments. G) Left panel,
representative immuno-fluorescent staining of proliferation marker Cyclin D1 (red) and nuclear staining DAPI (blue)
from a total of 4-day plus 2-day treated co-culture in corresponding conditions. Right panel, quantification of cyclin D1
positive ratio in organoids from corresponding co-culture conditions after gemcitabine treatment. H) Left panel,
representative YAP1 (red) and DAPI (blue) staining images of co-cultured CAFs 48hrs after gemcitabine treatment in
corresponding gel conditions. Right panel, quantitative analysis of nuclear YAP1 intensity in corresponding conditions
after 48hr gemcitabine treatment. Two-tail student’s tests were performed. **p < 0.01, ***p < 0.001, ****p < 0.0001.
Error bars represent standard deviation. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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stiffen the hydrogel to achieve a stiff matrix while
CAFs in all conditions maintained high viability
(Fig. S2.A-C). Although Ilower collagen-l1 gel
yielded larger organoid size in the co-culture

experiment, possibly due to less restriction from
gel contraction (Fig. 2A), gemcitabine treatment
could yield much smaller and collapsed organoids
compared to those in a stiff gel (high collagen-I)
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condition (Fig. 2B). To further validate our
observation in chemoresistance, we analyzed the
cyclinD1 ratio in co-cultured organoids to assess
relative  proliferation rate. As  expected,
gemcitabine treated organoids cultured in the stiff
gels displayed a higher proliferation rate
compared to those in soft gels (Fig. 2C). Previous
research has shown that stiffened substrates
could increase CAF activation through the YAP/
TAZ signaling pathway, which can be visualized
through nuclear localization of YAP1 [23,24]. Here,
after assessing the nuclear YAP1 intensity, we were
able to show that CAFs were more activated in the
stiffened high collagen-I matrix compared to those
in the soft, low-collagen-I gels (Fig. 2D).

Lysyl-oxidase dependent crosslinking in our
co-culture system

At this point, we had shown CAFs were more
activated in a stiffened high collagen-I matrix,
contributing to significantly increased
chemoresistance in the co-cultured PDAC
organoids. Next, we aimed to further investigate
the role of matrix stiffness in the observed
phenotypes. Past research has indicated that
lysyl-oxidase is mainly responsible for crosslinking
the collagen matrix in the desmoplastic
environment [25]. To further elucidate the molecular
mechanism responsible for the matrix stiffening in
our co-culture model, we utilized lysyl oxidase inhi-
bitor B-aminopropionitrile (BAPN) [26]to specifically
target the gel stiffening in our co-culture system and
assessed how this affected our experimental read-
outs. Initially, we found that 10 mM BAPN could
effectively reduce gel contraction and stiffening by
CAFs (Fig. 2E, Fig. S3A), while not affecting their
viability (Fig. S3B). As expected, the softened
matrix environment restored chemoresistance in

<

co-cultured organoids in terms of organoid size
and relative proliferation rate after gemcitabine
treatment (Fig. 2 F&G, Fig. S3C). Finally, we were
able to show decreased YAP1 nuclear staining
intensity after treatment with BAPN (Fig. 2H). The
above results established a potentially complicated
connection between matrix stiffness, fibroblast acti-
vation and chemoresistance. We speculated that
the observed chemoresistance was a result of
CAF activation from the stiffened matrix. Next,
investigated how the activated CAFs influenced
chemoresistance in our system.

Exosome secretion mediates chemoresistance
in the biomimetic co-culture system

Our previous study showed CAFs under stressful
conditions hyper-secrete chemoresistance-
promoting exosomes [19]. Surprisingly, we also
found our CAFs increased CD63-positive exosome
secretion when cultured in 3D hydrogels compared
to CAFs cultured on traditional 2D petri dish
(Fig. S4A). Therefore, we hypothesized that exo-
somes played a critical role in the chemoresistance
phenotype we observed in our co-culture system.
To test our hypothesis, we treated our co-cultured
organoids with previously identified exosome inhibi-
tors, climbazole (Fig. S4B) and imipramine [27,28].
As speculated, treatment with climbazole or imipra-
mine alone could slow the growth of co-cultured
organoids (Fig. 3A). Moreover, co-treatment of clim-
bazole or imipramine with gemcitabine effectively
eliminated more organoids than gemcitabine alone
(Fig. 3A). To further elucidate the role of exosomes
from each cell type in our system, we aimed to
intrinsically knockdown the exosome biosynthesis
in our cultured cells. Previous research indicated
that RAB27A serves as an essential factor for exo-
some biogenesis [29]. With this information, we

Fig. 3. Exosome secretion mediates chemoresistance in the biomimetic co-culture system. A) Exosome inhibitor
drugs slowed organoid growth and abolished chemoresistance in the co-culture model. Upper panel, representative
microscope image of 4-day organoid-CAF co-culture treated with vehicle (DMSO), climbazole (20 uM) or Imipramine
(10 uM) and corresponding quantitative analysis of resulting organoid sizes. Lower panel, representative microscope
image of organoid-CAF 48hr-gemcitabine treated co-culture along with or without climbazole (20 pM) or Imipramine
(10 uM) and corresponding quantitative analysis of resulting organoid sizes. B) Representative Western blot image
showing RAB27A knockdown in CAFs 1 week after lentiviral infection. C) RAB27A knockdown in both CAF and tumor
organoids are required to decrease chemoresistance in the co-culture system. Quantitative analysis of organoid size
in co-cultures in corresponding knockdown conditions. D) Conditioned media from non-transfected co-culture cells
rescued chemosensitivity by RAB27A knockdown. Quantitative analysis of organoid sizes in co-cultures after
gemcitabine treatment with or without an addition of conditioned media from a regular 4-day co-culture. E) Left panel,
representative immuno-fluorescent staining of proliferation marker Cyclin D1 (red) and nuclear staining DAPI (blue)
from a total of 4-day plus 2-day gemcitabine or gemcitabine plus conditioned media treated co-culture in
corresponding conditions. Right panel, quantification of cyclin D1 positive ratio in organoids from corresponding co-
culture conditions after gemcitabine treatment. For A, C and E, One-Way ANOVA with Dunnett’s multiple comparison
test was performed. For D, two-tailed student’s test was performed. ***p < 0.001, ***p < 0.0001.Error bars represent
standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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used lentivirus expressing shRAB27A RNA to
knockdown RAB27A in each or both types of co-
cultured cells to observe the resulting effect on
chemoresistance. After validating the knockdown
efficiency of the shRNA expression system
(Fig. 3B), we found that despite the previously iden-
tified increase in CAF-derived exosomes, knock-
down of RAB27A in both organoids and CAFs
was required for gemcitabine sensitization
(Fig. 3C, Fig. S4C)), and transfer of conditioned
media from co-culture of intact cells could mitigate
the effect of RAB27A knockdown (Fig. 3D,
Fig. S4D). At last, we validated the effect of
RAB27A knockdown and conditioned media rescue
through cyclinD1 analysis (Fig. 3E).

Discussion

Lack of an appropriate, tunable in vitro model has
been a major obstacle which has impeded the
development of therapies that can target matrix-
mediated chemoresistance in PDAC. This model
provides an opportunity to elucidate how key
components of desmoplastic tumor
microenvironment (TME) form a complex
interactive network with cancer cells to promote
growth and chemoresistance in PDAC through
exosome release.

Throughout this brief report, we showed how our
3D culture system recapitulated multiple
physiologically relevant factors of PDAC. While it
is clear all cell components in the TME play an
important role in chemoresistance [30], our model's
utility comes from its ability to further elucidate the
role of CAF activation in matrix-mediated
chemoresistance.

CAF-mediated matrix remodeling is an intricate
process that is still poorly understood in regards to
its exact mechanism of action and impacts on
tumor progression [31]. In breast cancer, research-
ers found that fibroblasts near tumor cells could rea-
lign fibers surrounding the tumor, increasing
fibroblast activation [32]. It has been hypothesized
that covalent crosslinking of collagen fibers partici-
pates in CAF-mediated matrix remodeling in PDAC
[33]. However, due to the complicated stromal envi-
ronment, the mechanism by which matrix remodel-
ing influences chemoresistance had yet to be fully
investigated in the past studies.

In this brief report, we showed that desmoplastic
collagen-| provided adhesion sites for the cultured
fibroblasts, allowing a transduction of the elastic
force from the matrix through integrins. We
believe the sensing of the stiffness through the
matrix was the critical step to further activate the
CAFs. Moreover, the amount of existing collagen-I
seemed to be critical for CAF sensing and
activation. Interestingly, the CAFs did not show a
significant difference in cell spreading morphology
when cultured with matrices of varying collagen
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concentration, over a five-fold range (between a
0.1 to 0.5 mg/mL collagen-l level (Fig. S2B)).
Precise and uniform sensing of stiffness was
achieved by another tweak of the system: allowing
the gels to float in the media (see Materials and
Methods). As a result, it appears that the
encapsulated cells sense relatively uniform
stiffness throughout the gels. We believe that
allowing the gels to stick to the bottom would
generate an unrealistic stiffness gradient in which
the gel part closer to the bottom would be much
stiffer, and the material stiffness of the hydrogels
would become partially irrelevant to cultured cells
[34].

While most studies suggest that CAF activation
relies mostly on paracrine secretion from tumor
cells [35], we believe there are other important
mechanisms underlying this transformation. Here
we identified a key role of the desmoplastic matrix
in CAF hyperactivation. We postulate that this pro-
cess uniquely relies on both biochemical and
biomechanical interactions in a sequential manner.
First, in a relatively soft matrix, the presence of a
high amount of fibrotic collagen-I was required to
‘awaken’ the CAFs. After sensing the presence of
the proteins, CAFs were able to quickly modify the
matrix environment (Fig. 2) by covalently crosslink-
ing the collagen-I fibers (Fig. S2A & Fig. 3). The
crosslinking caused stiffening of the matrix, which
consequently further activated CAFs through
mechano-sensing, resulting in a ‘hyper-activated’
state indicated by both matrix contraction (Fig. S2)
and elevated presence of nuclear YAP1 (Fig. 2D).

These findings support studies that found that
type | collagen plays a critical role in the stiffening
and mechanosensing of pancreatic tumors [36].
Likewise, in other cancer types, researchers have
found that high collagen-I deposition increased can-
cer risk [37]. It's important to note that simply erad-
icating these CAFs loses some of the growth
restraining aspects of CAFs [11,36]. Thus, using
models to elucidate ways to block the
mechanosensing, could yield better effects com-
pared to attempting to ablate these cells.

After confirming that CAF-mediated matrix
stiffening influenced chemoresistance in our co-
cultures, we successfully identified that the
process was LOX dependent (Fig. 3). Past studies
have largely focused on the effect of LOX
inhibition on FAK/Src signaling within tumor cells
[38]. However, data also show that increased LOX
family activity correlated with increased collagen
deposition and increased chemoresistance in pan-
creatic mouse models [39]. Furthermore, targeting
LOX in Pdx1-Cre KrasG12D/+ Trp53R172H/+
(KPC) mice suppressed tumor progression, and
interestingly, this was associated with decreased
collagen deposition [40]. While these studies did
not specifically focus on CAFs as ours did, they lend
support to the notion that the mechanism through
which LOX inhibition reduces chemoresistance is
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fundamentally CAF-mediated. When strategies that
target the LOX axis have failed to show improve-
ment in PDAC mouse models [40] or patients [41],
it has been suspected to be because these com-
pounds were not capable of reversing type | colla-
gen crosslinking [40]. Our model provides data to
support this hypothesis. Furthermore, it highlights
the potential of our model to identify potential thera-
peutic compounds that target matrix re-
arrangement to overcome microenvironment-
mediated chemoresistance since we can utilize
CAF activation and collagen crosslinking among
our many experimental readouts.

Tumor and CAF-derived exosomes are critical
mediators of factors that can drive all stages of
tumorigenesis [42-44]. In our previous work, we dis-
covered that CAFs exposed to chemotherapy
hypersecrete exosomes which promote tumor
growth and chemoresistance in recipient cancer
cells [19]. Here, we advance this research and show
that culturing CAFs in a desmoplastic environment
that recapitulates the human disease also causes
them to hypersecrete exosomes compared to 2D
culture (Fig. S4A). Consistent with our previous
findings, systematic inhibition of exosome release
achieved chemo-sensitization [19]. Imipramine
and climbazole inhibited matrix-mediated organoid
growth and chemoresistance by reducing exosome
secretion (Fig. S4C-E). Our data support the inves-
tigation of novel compounds that inhibit exosome
release to potentially overcome matrix-mediated
chemoresistance.

The results generated by our novel 3D model
point to several future directions for elucidating the
molecular mechanisms underlying pancreatic
tumor aggressiveness in stiff environments. First,
it would be important to investigate how matrix
stiffness affects mechano-sensing in CAFs
through integrins, well characterized cell-ECM
mechanoreceptors known to play a role in CAF
activation [45]. Our biomimetic model gives us an
opportunity to investigate how various integrins
may be differentially regulated on organoids com-
pared to CAFs in response to external forces. This
could lead to targeted therapies designed to target
a specific set of integrins. Furthermore, the inhibition
of certain integrins may have an effect on YAP acti-
vation and subsequent CAF-activation based exo-
some secretion. Although this CAF-specific
mechanism has not been fully elucidated, ECM stiff-
ness was found to induce exosome secretion in
breast cancer cells through a YAP pathway depen-
dent mechanism in breast cancer [46]. Evidence to
confirm that a similar mechanism may be at play in
the pancreas has not been uncovered, but recent
work showing how extracellular vesicles from pan-
creatic cancer stem cells modulate YAP activity in
PDAC cells hints that exosomes may modulate cells
in the TME through the same mechanism [47].

Finally, we believe our model provides the
opportunity to develop potential prognostic
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biomarkers identified from CAF-derived
exosomes. We are still in the early stages of
elucidating the role that CAF-derived exosomes
play in PDAC progression. Moreover, the role that
the composition of the ECM itself has on the
contents of exosomes remains to be fully
investigated. A recent study shows that stroma
density constitutes an independent prognostic
marker in PDAC patients treated with adjuvant
chemotherapy [48]. It is possible that the rate of
CAF-exosome secretion may also change based
on ECM density/stiffness and could serve as an
independent prognostic factor. The literature show-
ing the growing number of exosomal molecules
which could serve as potential biomarkers supports
this hypothesis [49].

Conclusion

Our novel biomimetic model illustrates how a
stiffened desmoplastic matrix hyperactivates CAFs
leading to the hypersecretion of chemoresistance-
promoting exosomes in PDAC. This tunable
model will allow us to study several potential
mechanisms to overcome matrix-mediated
chemoresistance. Future studies will focus on
validation of these mechanisms in vivo and a
deeper deciphering of the role of exosome
crosstalk in the tumor stroma.
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