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Chemotherapy Assessment in Advanced Multicellular 3D
Models of Pancreatic Cancer: Unravelling the Importance of
Spatiotemporal Mimicry of the Tumor Microenvironment

Priyanka Gupta,* Camino Bermejo-Rodriguez, Hemant Kocher, Pedro A. Pérez-Mancera,

and Eirini G. Velliou*

Pancreatic ductal adenocarcinoma (PDAC) is a challenge for global health
with very low survival rate and high therapeutic resistance. Hence, advanced
preclinical models for treatment screening are of paramount importance.
Herein, chemotherapeutic (gemcitabine) assessment on novel (polyurethane)
scaffold-based spatially advanced 3D multicellular PDAC models is carried
out. Through comprehensive image-based analysis at the protein level, and
expression analysis at the mRNA level, the importance of stromal cells is
confirmed, primarily activated stellate cells in the chemoresistance of PDAC
cells within the models. Furthermore, it is demonstrated that, in addition to
the presence of activated stellate cells, the spatial architecture of the
scaffolds, i.e., segregation/compartmentalization of the cancer and stromal
zones, affect the cellular evolution and is necessary for the development of
chemoresistance. These results highlight that, further to multicellularity,
mapping the tumor structure/architecture and zonal complexity in 3D cancer
models is important for better mimicry of the in vivo therapeutic response.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), a cancer affecting the
pancreas, is often referred to as the “silent killer,” due to its
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asymptotic nature, which usually re-
sults in late-stage diagnosis and high
mortality rate. It ranks as the fourth
leading cause of cancer-related deaths
worldwide.l'! The survival rate for PDAC
over a span of five years is approximately
9%, a statistic that has shown minimal
improvement over the past decades.’!
One of the primary reasons behind the
poor outcomes associated with PDAC is
its notable resistance to current treat-
ment options, such as chemotherapy and
radiotherapy.’] The complex tumor mi-
croenvironment (TME) of PDAC plays
a significant role in its progression
and resistance to treatment. The TME
comprises diverse cellular, biochemical,
biophysical, biomechanical, and struc-
tural components that interact in intri-
cate ways, affecting the disease evolu-
tion. For example, during the disease
development, stellate cells of the pancreas get activated and they
become a crucial TME element producing excessive amounts of
extracellular matrix (ECM) proteins, leading to the formation of
desmoplasia/fibrosis around the tumor, which is widely recog-
nized as a significant contributor to the high treatment resistance
observed in PDAC.[*7]

PDAC research has been traditionally conducted using: i) 2D
in vitro systems!®-!!] or ii) in vivo animal models.[*>"7] Although,
2D in vitro systems are easy to use, reproducible and have very
low cost, they lack the ability to accurately mimic the in vivo tu-
mor tissue characteristics, such as the structure and stiffness of
the TME, the cellular spatial orientation, the cell—cell and cell-
extracellular matrix (ECM) interactions, as well as environmen-
tal gradients.[*18-20] In contrast, animal models provide a more
realistic representation of the in vivo tissue conditions, 2124 but
come with drawbacks such as complexity, limited reproducibility,
ethical issues as well as high costs.[1824-20] Therefore, the research
community is continuously exploring and developing alternative
models, such as 3D cell cultures and organoids, to bridge the gap
between 2D and in vivo models and to achieve an accurate repre-
sentation of PDAC tissue microenvironment. Depending on the
methods and the (bio-)materials used, 3D models can capture as-
pects of tissue topography, structure, and ECM composition.

Spheroids and hydrogels are the most common types of 3D
cultures that have been used for chemotherapeutic assessment
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of PDAC to date,['7?7-3] while studies on polymer-based scaf-
folds are more limited.[**] Spheroid models are the oldest and
most common 3D platform used for the development of PDAC
models. They have consistently demonstrated an increased
chemoresistance for multiple pancreatic cancer cell lines in com-
parison to 2D systems.[17:28:2%]

Hydrogel-based 3D models provide structural and archi-
tectural complexity enabling more advanced mimicry of the
biomechanical/biochemical tissue environment as well as longer
culturing timeframes.[?73033351 Similar to spheroids models,
hydrogel-based 3D models of pancreatic cancer also demon-
strated higher resistance to various chemotherapeutic reagents
(Gemcitabine, Paclitaxel) in vitro.3%33] Interestingly, Xie et al.,
compared a biomaterial free (spheroids) and hydrogel-based
(alginate hydrogels) 3D cultures of BxPC-3 cells and reported
that although both models showed chemoresistance on appli-
cation of Gemcitabine (GEM) as compared to a 2D system, the
hydrogel-based models showed higher resistance in comparison
to spheroids and hence reflected better the in vivo drug efficacy.
This highlighted the importance of a controlled structure and
ECM composition in 3D models when conducting therapeutic
assessment in vitro.!?’]

Polymeric scaffold-based 3D models allow for extensive archi-
tectural and spatial tuning in combination with long-term culture
(>4 weeks).[3*36-401 We have previously developed a polyurethane
(PU) based polymeric scaffold PDAC model. The scaffold was
generated via the thermal induced phase separation method and
has high porosity (average pore size was 100-150 pm, poros-
ity 85-90%).101 Furthermore, we have carried out systematic
chemotherapy (GEM), radiotherapy, and chemoradiotherapy as-
sessment on this PU scaffold-based PDAC model. We observed
a dose-dependent impact of both chemotherapy and radiother-
apy on the viability and apoptosis of PDAC cells. We have also
reported the feasibility of using the model for systematic treat-
ment assessment both short, i.e., 24 h and long term, i.e., 17 d.
Such time-frame enables long-term observations of the evolution
of PDAC post-treatment as well as the possibility of fractionated
treatment in vitro.[3*!

The above studies present substantial progress towards bet-
ter mimicry of the TME in vitro. However, as previously men-
tioned, the in vivo PDAC tumor niche is not monocellular; rather
it is a complex, dynamic, inter-dependent niche of various cell
types, e.g., cancer cells, stellate cells, cancer associated fibroblasts
(CAFs), endothelial cells, immune cells, all contributing into the
disease progression and treatment resistance.>*'=*] Therefore,
studies on the development and treatment screening on multi-
cellular 3D models of PDAC have recently emerged.?1#6-55] Most
multicellular PDAC 3D models are either spheroids or hydrogel-
based systems containing pancreatic cancer cells and fibroblas-
tic cells (CAFs or activated pancreatic stellate cells). For example,
Ware et al. observed a reduced GEM diffusion in PDAC spheroids
of various pancreatic cancer cell lines (PANC-1, AsPC-1, BxPC-3,
Capan-1 and MIA PaCa-2) in the presence of primary stellate cells
as compared to monocellular cancer cell spheroids.>>! Similarly,
Broekgaarden et al. reported increased resistance to oxaliplatin
within multicellular spheroid models of patient derived CAFs
and pancreatic cancer cell lines (MIA PaCa-2 and AsPC-1).51]

Osuna de la Pefia et al. designed biomimetic peptide am-
phiphile (PA-ECM) hydrogels containing collagen I (COL I), fi-
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bronectin (FN), laminin (LAM) and hyaluronan and cultured
within them patient derived PDAC cells, stellate cells and
macrophages for up to 14 d.’2l A comparison of the cell evolu-
tion post-treatment with GEM, triptolide and their combination,
took place between simple spheroids, Matrigel assisted organoids
and 2D cultures. Only the PA-ECM cultures were able to con-
sistently reproduce the in vivo patient derived xenograft (PDX)
response, while spheroids and 2D monolayers showed the oppo-
site response pattern. In addition, the PA-ECM models were able
to support the stromal cells better than the other models, collec-
tively suggesting the importance of structural, biochemical and
cellular control in 3D models. Similar observations supporting
the importance of stromal cells in chemoresistance within hy-
drogels were also reported by Curvello et al.l>*] Monteiro et al. de-
veloped a novel, tunable, compartmentalized “cancer on a bead”
model of PDAC using PANC-1 cancer cells and CAFs on Gelatin
methacrylate (GelMA) and hyaluronic acid (HA) beads and com-
pared it to simple monocellular and multicellular spheroids.>!
The “cancer on a bead” model showed 1.8- and 1.16-times higher
resistance to GEM when compared to the monocellular and mul-
ticellular spheroids, respectively. These data further highlight
the importance of mimicking the spatial architecture/separation
of the cancer and stromal compartments within an in vitro 3D
model. We have previously developed a novel, multicellular, hy-
brid, polyurethane scaffold-based model. The model consisted
of a FN coated PU cylinder/core where pancreatic cancer cells
were seeded (PANC-1 cells) surrounded by an external COL I-
coated cuboid where activated stellate cells (PS-1) and endothe-
lial cell (HMECs) were seeded. We have shown the feasibil-
ity of long-term culture (up to 5 weeks) in this complex zonal
model, which recapitulates the desmoplastic/fibrotic reaction
of PDAC.3)

In our current work, we investigate the importance of multicel-
lularity as well as spatiotemporal cellular and matrix modeling on
the evolution and treatment response of PDAC in 3D PU highly
porous scaffolds (Figure 1). More specifically, we performed a
systematic comparative study of the PDAC cellular evolution
and chemotherapy (GEM) response in: i) a single ECM coated
PU monocellular (cancer cells only) scaffold model, ii) a single
ECM coated PU multicellular (triculture) scaffold model, iii) a
PU zonal/dual monocellular (cancer cells only) scaffold model
consisting of a central cancer mass, surrounded by an external
cell-free, ECM (COL I) periphery and iv) our novel zonal/dual
multicellular (tri-culture) PU scaffold model.’”] To the best of
our knowledge there is no such study to date and our findings
highlight the importance of spatiotemporal design of cellular and
matrix components in 3D cancer models.

2. Experimental Section

2.1. Polymer Scaffold Preparation and Surface Modification

Poly urethane (PU) scaffolds were fabricated via the ther-
mal induced phase separation (TIPS) method as reported
previously.[3+3%4056] The scaffolds were then cut at appropriate
sizes (see Sections 2.3.1 and 2.3.2) and sterilized by exposing
them to 70% ethanol (3 h) and UV ray (1 h). Thereafter, the gener-
ated scaffolds were surface modified with fibronectin (FN) and/or
collagen I (COL I) depending on the scaffold configuration, for
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Figure 1. Schematic representation for the experimental outline of the chemotherapeutic assessment (GEM) on polyurethane (PU) scaffold based

multicellular models of PDAC (Created with BioRender.com).

ECM mimicry®”} (Figure 1). More specifically, it was previously
shown that stromal cells, i.e., endothelial and stellate cells show
a preference to COL I for optimal growth and spatial density in
the scaffolds while PDAC cells show a preference to FN. There-
fore, for the multicellular zonal scaffold configuration, the cancer
polymeric scaffold (PU) core was FN coated and surrounded by
a COL I external PU scaffold ring, where the stroma cells were
seeded (dual scaffold multicellular, Figure 1). To assess the im-
pact of the presence of the stroma cells on the cancer growth
and treatment response, a comparative analysis with scaffolds
was run composed by a cell free COL I coated external PU ring,
and cancer cells in the FN coated center PU core (dual scaffold
monocellular, Figure 1). To assess the importance of spatial seg-
regation of different types of the tumor microenvironment in the
scaffolds, a comparative study with single scaffolds (coated with
both COL I and FN on a 1:1 ratio to ensure optimal growth of
all cell types) was also run. More specifically, multicellular single
scaffolds consisting of cancer and stroma (stellate and endothe-
lial) cells (single scaffold multicellular, Figure 1) were developed.
Monocellular single scaffolds were also developed, consisting of
cancer cells only (single scaffold monocellular, Figure 1), coated
with COL I and FN on a 1:1 ratio.

Adv. Biology 2024, 2300580

2.2. 2D Cell Culture

The human pancreatic adenocarcinoma cell line PANC-1 (ATCC,
UK) was expanded in Dulbecco’s modified Eagle’s medium
(DMEM) with high glucose (SIGMA-Aldrich, Merck, UK) sup-
plemented with 10% fetal bovine serum (FBS, Fisher Scientific,
UK), 1% penicillin/streptomycin (Fisher Scientific, UK) and 2 x
1073 M L-glutamine (Sigma-Aldrich, Merck, UK) in a humidified
incubator at 37 °C with 5% CO,.

The human microvascular endothelial cell (HMEC) line CRL-
3243 (ATCC, UK) was expanded in MCDB 131 medium (GIBCO,
Thermo Fisher, UK) supplemented with 10% FBS, 1% peni-
cillin/streptomycin, 2 x 10~3 M L-glutamine, 10 ng mL~! epider-
mal growth factor (SIGMA- Aldrich, Merck, UK) and 1 pg mL~!
hydrocortisone (SIGMA- Aldrich, Merck, UK) in a humidified in-
cubator at 37 °C with 5% CO,,

The immortalized human pancreatic stellate cell line PS
was expanded in DMEM (SIGMA-Aldrich, Merck, UK) supple-
mented with 10% fetal bovine serum (FBS, Fisher Scientific, UK),
1% penicillin/streptomycin (Fisher Scientific, UK) and 2 x 1073
M L-glutamine (Sigma-Aldrich, Merck, UK) in a humidified in-
cubator at 37 °C with 5% CO,.

~115758]
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All cells were passaged regularly on reaching 80-90% conflu-
ency with TrypLE (GIBCO, Thermo Fisher, UK) till the required
cell densities were obtained.

2.3. 3D Models
2.3.1. Single Scaffold Based 3D Models

For the development of the single scaffold models (multicellular
and monocellular—see also Section 2.1), PU scaffolds (5 X 5 x 5
mm’*) coated with both collagen I (COL I) and fibronectin (FN)
(1:1 ratio) were seeded with 0.5 x 10° cells/scaffold/cell type as
previously described.3*3%401 More specifically, for the multicel-
lular models PANC-1, PS-1 and HMEC cells were seeded while
for the monocellular cancer model (control) PANC-1 cells were
seeded. Thereafter, the scaffolds were placed in 24-well plates and
cultured for 28 d (4 weeks) in a humidified incubator at 37 °C with
5% CO,.

2.3.2. Dual Scaffold Based (Zonal) 3D Models

For the development of the dual (zonal) scaffold based models
(multicellular and monocellular—see also section 2.1) we used
as a basis our previously developed zonal PDAC model, which
we have shown that recapitulates the spatial architecture of the
PDAC tumour microenvironment.l?”>°1 More specifically, two
separate PU zones (a hollow cuboid/external ring with dimen-
sions of 7 X 7 x 5 mm? and a solid inner cylinder/core of di-
ameter 3 mm and height of 5 mm) were fabricated. The outer
cuboid/external ring was coated with COL I while the inner cylin-
der was coated with FN.

For the development of the multicellular dual scaffold model
(Figure 1), 0.25 X 106 PANC-1 cancer cells were seeded on to the
inner cancer compartment (resuspended in 10 uL of media) and
cultured for 7 d. This cell number was selected to ensure the same
cell spatial density as the single scaffold configuration. After 7 d,
PS-1 stellate cells and HMEC cells were added to the outer stro-
mal compartment at a seeding density of 0.5 X 10° cells/cell type
and then plugged together with the inner cylinder to assemble
the complete hybrid zonal model. Thereafter, the triculture was
monitored for an additional 21 d (total 4 weeks). The difference
in seeding times between the cancer core and the stroma external
ring was decided, to ensure optimal growth of cell types by week
4 of culture as well as to avoid in vitro ageing of the stroma.*’]
The cell ratio was PANC-1:PS-1: HMEC = 1:2:2 at the time of
seeding.’”] For the development of the monocellular dual scaf-
fold model (control) a dual scaffold with an inner compartment
(FN coated) seeded with PANC-1 cells surrounded by an acellular
(cell free) outer stromal compartment (COL I coated) was fabri-
cated and monitored for 4 weeks.

2.4. Treatment Protocol in 3D scaffolds
At week 4 of culture, all models were exposed to chemotherapy

with 50 x 107® M of Gemcitabine (GEM), a well-known DNA
binding drug. The drug concentration was chosen based on the
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previous comparative assessment wherein it was observed that
50 x 10~° M GEM was nearest to the drug’s 1C;, within our 3D
PU PDAC model.**) GEM was added to the culture for 1 feeding
cycle/media change (48 h) and removed thereafter.?* The scaf-
folds were characterized 24 h post-treatment (24 h after the re-
moval of GEM) with sectioning, staining, advanced imaging and
qPCR analysis.

2.5. Spatial Evaluation of Live and Dead Cells in the Scaffolds

To visualize the spatial distribution of live and dead cells post-
treatment, scaffolds were collected (see also Section 2.4), snap
frozen in liquid nitrogen for 15 min and then preserved at
—80 °C.[3373940] For live/dead cell analysis, Live/Dead Viabil-
ity/Cytotoxicity kit was used (Molecular Probes, Thermo Scien-
tific, UK). Prior to analysis scaffolds were sectioned, stained with
2 X 107° M of calcein-AM (4 x 1073 ™ stock) and 4 x 10¢ m
of ethidium homodimer (2 X 10~ M stock) and incubated at 37
°C for 1 h. The solution was then removed, and samples were
washed twice in PBS followed by imaging using a Zeiss 880 in-
verted confocal microscope (Zeiss, UK) or Nikon inverted confo-
cal microscope (Nikon, UK).

2.6. Spatial Evaluation of Apoptotic Cells (Caspase 3/7) in the
Scaffolds

The caspase 3/7 activity was visualized and quantified in situ
to assess the induction of cellular apoptosis. Scaffolds were col-
lected and processed as described above (Section 2.5). Thereafter,
the scaffolds were incubated in culture medium containing i) the
Cell Event Caspase-3/7 green detection reagent (Fisher Scientific,
UK) and (ii) DAPI (Fisher Scientific, UK) for 1 hour at 37 °C. The
presence of caspase 3/7 positive cells (green) was immediately
evaluated with a Zeiss 880 inverted confocal microscope (Zeiss
UK) or Nikon inverted confocal microscope (Nikon, UK).

2.7. Immunofluorescence Assay

In situ immunofluorescence (IF) staining of the scaffolds was
carried out for spatial determination of (i) the different cell types
with von Willebrand factor (yWFR, HMEC), aSMA (PS-1), and
pan-Cytokeratin (PANC-1) and (ii) ECM production (Collagen I).
As per Sections 2.5 and 2.6, scaffolds were snap frozen at spe-
cific time points and further processed. More specifically, scaf-
folds were sectioned and fixed for 2—4 h in 4% w/v paraformalde-
hyde (SIGMA- Aldrich, Merck, UK). Sections were then perme-
abilized for 2 h with 0.1% Triton -X solution (SIGMA-Aldrich,
Merck, UK). This was followed by a series of sequential blocking
with either 10% donkey serum or 10% rabbit serum solution,
overnight staining with primary antibodies (Table S1, Support-
ing Information) and secondary antibodies was carried out. All
samples were costained with DAPI. Each step employed a sol-
vent containing 1% w/v bovine serum albumin (Sigma-Aldrich,
Merck, UK) and 0.5% v/v Tween-20 (Promega, UK).
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2.8. Confocal Laser Scanning Microscopy (CLSM) Imaging

Immunofluorescent samples were imaged with a Zeiss 880 in-
verted confocal microscope (Zeiss, UK) and processed with the
Zen Black software using the following lasers and filters: i) 405
nm (for DAPI), ii) 488 nm (for Alexa Fluor 488, Dylight 488),
iii) 561 nm (for Alexa Fluor 555, Dylight 550) and iv) 643 nm
(for Alexa Fluor 647, Dylight 650) for 2 sequential scans. Confo-
cal images were captured using a 10x dry objective, with a 512
X 512-pixel resolution and 15-25 um Z-stack distance, as previ-
ously described.[3*374% Multiple scaffolds and multiple sections
per scaffold were imaged to ensure reproducibility. Representa-
tive images are presented in this original article.

2.9. Image Analysis

For the quantitative evaluation of i) live (green) and dead (red)
population and ii) the caspase positive/apoptotic (green) and non-
apoptotic (blue) population of each image, the percentage of
green versus red (live/dead) or green versus blue (caspase posi-
tive /caspase negative) areas of each image were calculated using
Image ] software (Wayne Rasband, NIH, Bethesda, MD, USA) as
previously described.3*37:394% The particle analyzer macro (Im-
age |, Wayne Rasband, NIH, Bethesda, MD, USA) was used in
each individual channel (green or read for live/dead and green or
blue for the caspase 3/7 respectively).

For the quantitative evaluation of Collagen I intensity, the
mean gray value of COL I was measured using the particle An-
alyzer macro (Image J, Wayne Rasband, NIH, Bethesda, MD,
USA), which was used only on the channel of interest.

As described above, multiple scaffold sections (at least 3) from
at least 3 replicate scaffolds were analyzed for each condition to
ensure reproducibility of the results.

2.10. mRNA Extraction, cDNA Synthesis and qPCR (Quantitative
Polymerase Chain Reaction) Analysis

Total RNA from all the 3D models under study (both before treat-
ment, i.e., at week 4 of culture, and 24 h post-treatment) was ex-
tracted using the RNeasy mini kit (Qiagen, UK) as per manufac-
turer’s instructions and stored at —80 °C. The total RNA obtained
was quantified and assessed for integrity using the NanoDrop.
cDNA synthesis was carried out using RevertAid H Minus 1%
strand cDNA synthesis kit (Thermo Scientifics, UK) on the T100
Thermal Cycler (Bio-Rad, Watford, UK). cDNA was stored at —20
°C. Minimum information for publication of quantitative real-
time PCR experiments (MIQE) guidelines was followed during
designing of primer pairs!®! (Table S2, Supporting Information).
The annealing temperature was set to 60 °C and the primer pairs
were obtained from Eurofins Genomics (Ebersberg, Germany).
iTaq Universal SYBR Green Supermix was used to amplify the
target gene in 10 uL reactions composed of 20 ng sample and 0.2
x 107 M primer concentration. The reaction ran for 40 cycles on
the CFX96 Touch System (both from Bio-Rad, Watford, UK). Each
sample was tested in triplicates. The ACT and 272¢T method!®!]
were used to analyze the relative gene expression normalized to
the reference gene glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH).The following markers were assessed at selected time
points for all scaffold configurations under study (Figure 1): i)
Epithelial marker E-Cadherin (CDH1), ii) mesenchymal marker
N-Cadherin (CDH2), iii) COL I, iv) matrix metalloproteinases
(MMP2 and MMPY), v) hypoxia inducible factor 1-alpha (HIF 1-
«) and vi) vascular endothelial growth factor A (VEGF-A)

2.11. Statistical Analysis

Statistical analysis was performed for at least three independent
experiments with at least three replicates per time-point (N> 3, n
> 3). Analysis of variance (two-way ANOVA) followed by the Bon-
ferroni's multiple comparison test using the Graph Pad Prism
software (version 9.4 for Windows) was carried out to find statis-
tically significant differences between data (p < 0.05). Untreated
samples were considered as control in all cases. The error bars in
the graphs represent standard error of mean.

3. Results

As described in Sections 2.1, 2.3, and 2.4, to assess the impact of
multicellularity and cell compartmentalization in the 3D PDAC
scaffolds, on cellular behavior, characteristics as well as on the
response to chemotherapy, 50 X 107 M of the chemotherapeutic
reagent GEM was administered to all 3D scaffold configurations,
i.e., single and dual multicellular as well as single and dual mono-
cellular scaffolds, after 4 weeks in culture for one feeding/media
change cycle, i.e., 48 h (see also Figure 1). Thereafter, 24 h post-
treatment, both treated and untreated scaffolds were analyzed for
viability and apoptosis (Section 3.1), for distribution of the vari-
ous cell types (Section 3.2), for COL I presence (Section 3.3) and
for mRNA expression of markers related to cellular phenotype
(epithelial, mesenchymal), ECM presence and remodeling (COL
I, MMP2, MMPY), hypoxia (HIF 1-a) and VEGF-A (Section 3.4).

3.1. Assessment of Postchemotherapy Cellular Viability and
Apoptosis within Single and Dual Scaffolds

Viability and apoptosis postchemotherapy treatment were as-
sessed via scaffold sectioning, in situ staining and CLSM imag-
ing. For the dual scaffold monocellular and multicellular models,
prior to imaging, the inner compartment (cancer cells) was sep-
arated from outer compartment (stellate and endothelial cells),
enabling a more accurate observation of the effect of GEM on
the different compartments (cancer and stroma). Quantification
of cell viability and apoptosis in single PDAC scaffolds are shown
in Figures 2 and 3, respectively. The increased complexity in vi-
ability and apoptosis response to chemotherapy in dual PDAC
scaffolds is displayed in Figures 4 and 5, respectively.

As observed in Figure 2, both monocellular and multicellular
single scaffold models, showed significant and similar reduction
in cellular viability post-GEM treatment, indicating that the pres-
ence of the stromal cells did not affect the overall cell viability,
at least in these scaffold configurations. Furthermore, a signifi-
cantly upregulated expression of Caspase 3/7 was observed post-
GEM treatment for both single monocellular and multicellular
scaffolds (Figure 3), further supporting the effectiveness of the
drug in these models, irrespective of the cellular composition.
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Figure 2. Effect of the chemotherapeutic agent GEM within single scaffold monocellular and single scaffold multicellular models, 24 h post-treatment. A)
Representative images of sections of the scaffolds following live-dead staining. Green and red areas signify live cell and dead cell populations respectively.
B) Image based analysis-quantification of live (green) image areas. Scale bar = 200 um.
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Figure 3. Effect of the chemotherapeutic agent GEM within single scaffold monocellular and single scaffold multicellular models 24 h post- treatment.
A) Representative images of sections of the scaffolds for apoptosis (caspase 3/7 (green) staining). Nuclei are stained with DAPI (blue). B) Image based
analysis-quantification of apoptotic (green) image areas. Scale bar = 200 um.
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Figure 4. Effect of the chemotherapeutic agent GEM within the dual scaffold monocellular and dual scaffold multicellular models, 24 h post-treatment. A)
Representative images of sections of the scaffolds following live-dead staining. Green and red areas signify live cell and dead cell populations respectively.
B) Image analysis-based quantification of live (green) image areas. Scale bar = 200 um.

Interestingly, the analysis of the dual scaffold models showed
that stromal cells enhanced resistance to GEM. While mono-
cultures exhibited a significant decrease in cellular viability in
response to GEM, the presence of stroma cells drastically en-
hanced cell viability both in the inner and the outer compart-
ments (Figure 4). With respect to apoptosis, a significant increase
in Caspase 3/7 positive cells was observed post GEM treatment
on both monocellular and multicellular dual scaffolds (Figure 5).
However much higher apoptosis level was observed in the mono-
cellular dual scaffold as compared to the multicellular scaffold
(Figure 5). For the dual multicellular scaffold, when comparing
the inner (cancer) with the outer (stroma: stellate and endothe-
lial) compartments, higher apoptosis was observed in the latter.

Collectively, our data indicate that the presence of the
stromal cells in a separate scaffold compartment plays a
role in maintaining cellular viability and decreasing apop-

Adv. Biology 2024, 2300580

tosis specifically for the cancer cells, post-treatment with
GEM. This is an indication that the dual scaffold multicellu-
lar model can promote GEM resistance of pancreatic cancer
cells.

3.2. Assessment of Cellular Distribution within Single and Dual
Multicellular Scaffolds

As described in Sections 2.7 and 2.8, IF staining and CLSM imag-
ing was carried out to assess the cellular distribution, as well as
the impact of GEM on different cell types, i.e., cancer cells, stel-
late cells and endothelial cells for all scaffold configurations un-
der study.

Generally, we observed a heterogenous cell distribution within
the single scaffold multicellular model, for both treated and
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Figure 5. Effect of the chemotherapeutic agent GEM within the dual scaffold monocellular and dual scaffold multicellular models. A) Representative im-
ages of sections of the scaffolds for apoptosis (caspase 3/7 (green) staining). Nuclei are stained with DAPI (blue). B) Image based analysis-quantification

of apoptotic (green) image areas. Scale bar = 200 um.

untreated scaffolds. More specifically, we detected areas of the
single scaffold richer in stellate cells wherein they formed their
own niche (Figure 6A,B,D,E), as well as areas which were less
populated with stellate cells (Figure 6C,F). In areas rich/dense
with stellate cells we observed less growth of cancer cells and
lowered presence of endothelial cells, while in areas less dense
with stellate cells we observed a substantial growth of endothelial
cells along with the cancer cells, forming a cancer-endothelial cell
niche (Figure 6C). Interestingly, in post-GEM treatment cultures,
an increased number of endothelial cells was observed within
the single scaffold model. This can be attributed to the decrease
in the number of stellate cells post-treatment, allowing the en-

Adv. Biology 2024, 2300580

dothelial cells to proliferate within 24 h after removal of the drug
(Figure 6D,E).

Within the dual scaffold multicellular model (Figure 7), the
inner cancer compartment showed a mixed population of cancer
cells (pan-cytokeratin positive and negative). We also detected
endothelial cells within the inner compartment localized with
the cancer cells (Figure 7A,B,E,F), a similar pattern to the
one observed in the single scaffold model. This observation
is of particular interest as it highlights the model’s ability to
support and replicate cellular migration from the outer stromal
compartment to the inner cancer compartment. The outer
stromal compartment primarily consisted of dense pancreatic

2300580 (9 OfZO) © 2024 The Authors. Advanced Biology published by Wiley-VCH GmbH

85UB017 SUOWWIOD 9AIE81D) |qeal|dde sy A peusenob ae sejoile O ‘8N JO SajnJ 1o AkelqiT 8UlUQ AB[IA UO (SUOIPUOI-PU-SWLBI/L0D A8 1M Alelgjeuluo//sdny) SuonipuoD pue swiie | 8y 88S *[¢Z0z/20/6T] o Akeiqiqauliuo Ao|iM S8 1 Ag 085006202 1APe/Z00T OT/10p/wWod Ao 1M Arelq 1 jpuljuoy//:Sdny Wwoi) papeojumod ‘0 ‘86T0T0LZ


http://www.advancedsciencenews.com
http://www.advanced-bio.com

ADVANCED
sé%‘lﬂégﬁgvl\?s BIOLOGY

www.advancedsciencenews.com www.advanced-bio.com

SINGLE SCAFFOLD
(Multicellular)

-
®)
o
=
4
O
(&

TREATED

Figure 6. Representative immunofluorescence images of sections of the single multicellular scaffolds showing cellular distribution A-C) pre- and D-F)
post-GEM treatment. PANC-1 PDAC cells are imaged in yellow (pan-Cytokeratin), PS-1 stellate cells are in green (¢SMA), and HMEC endothelial cells
are in red (VWFR). All cells were counter-stained with DAPI (blue). Scale bar = 200 pm.
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Figure 7. Representative immunofluorescence images of sections of the dual multicellular scaffolds showing the cellular distribution A-D) pre- and
E-H) post-GEM treatment. A,B, E,F: inner cancer compartment; C,D, G,H: outer stroma compartment. PANC-1 PDAC cells are imaged in yellow (pan-
cytokeratin staining), PS-1 stellate cells are in green (¢SMA staining), and HMEC endothelial cells are in red (VWFR staining). White arrows indicate
PANC-1 cancer cells within the stroma. All cells were counter-stained with DAPI (blue). Scale bar = 200 um.
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Figure 8. Representative immunofluorescence of sections of the single and dual multicellular scaffolds showing the distribution of Collagen I (COL I)
pre- and post-24 h from GEM treatment. A,B) Single Scaffold Control; C,D) Dual scaffold Control; EF) Single scaffold GEM treated; G,H) Dual scaffold
GEM treated. Cell nuclei were stained with DAPI (blue). I: Image based analysis-quantification of COL | positive (yellow) image areas. Scale bar =200 um.

stellate cells, with the endothelial cells mainly found to grow
more at the periphery/edge of the scaffolds (Figure 7C,D).
We also observed some degree of phenotypic changes (loss of
spindle structure) for the stellate cells post-treatment with GEM
(Figure 7G,H).

3.3. Assessment of Collagen | ECM Protein Presence within
Single and Dual Scaffolds

We have previously reported that PS-1 stellate cells in our dual
scaffold multicellular model showed the presence of excessive
amount of COL I. Herein, we have verified the effect of GEM
on the COL I protein presence within the single and dual mul-

Adv. Biology 2024, 2300580

ticellular scaffolds. Figure 8 shows representative images of im-
munofluorescence staining for human specific COL I for both
single and dual multicellular scaffold models.

Prior to GEM treatment, we observed the presence of substan-
tial amounts of COL I both in the single scaffold model and the
stromal compartment of the dual scaffold model, deposited pri-
marily by the stellate cells (Figure 8A,D). Similarly, to the pattern
of the cell distribution in the single scaffold (Figure 6), we observe
heterogeneity in COL I secretion in the single scaffold, depend-
ing on the stellate cell density (Figure 8A,B), while we observe
consistently excessive amounts of COL I secretion in the outer
compartment of the dual multicellular scaffold (Figure 8D,I).
PANC-1 cancer cells within the dual scaffold model also showed
some amount of COL I secretion as we have previously reported
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Figure 9. Quantitative analysis of mRNA expression via gPCR for A) E-Cadherin (CDH1) and (B) N-Cadherin (CDH2), in single monocellular, single
multicellular, dual monocellular and dual multicellular 3D scaffolds. Data normalized with respect to (w.r.t) GAPDH as housekeeping gene.

(Figure 8C).13”#01 Following post-GEM analysis (24 h after treat-
ment), we consistently observed a substantial decrease in the
amount of COL I protein present within the single scaffold a mul-
ticellular model (Figure 8E,F,I) with minimal to no effect on COL
Ilevels in the both the inner (Figure 8G,I) and outer (Figure 8H,1)
compartments of the dual multicellular scaffold. This can be at-
tributed to cellular death of all three cell types including PS-1 stel-
late cells within the monocellular model as observed previously
in Figures 2 and 6. As COL I is interstitial, death and consequent
removal (wash-out) of the stellate cells in the single scaffold can
also lead to the wash-out of the interstitial collagen produced in
the single scaffold.

3.4. mRNA Expression Analysis within Single and Dual Scaffolds

As described in Section 2.10, an array of qPCR based mRNA ex-
pression analysis was carried out to assess the expression levels
of the following: i) the epithelial marker E-Cadherin (CDH1), ii)
the mesenchymal marker N-Cadherin (CDH2), iii) the ECM pro-
tein COL I, iv) the ECM degrading metalloproteinases (MMPs),
MMP2 and MMP9, v) the hypoxia inducible factor, HIF1-a
and vi) the angiogenic factor VEGF-A. Analysis took place for
all scaffold conditions under study both pre- and post-GEM
treatment.

As expected, pre-GEM treatment, the epithelial marker E-
Cadherin (CDH1), was downregulated in the presence of stro-
mal cells irrespective of the scaffold configuration (both single
and dual) (Figure 9). Interestingly, the dual scaffold multicellu-
lar model showed a significant decrease in the expression lev-
els of CDH1 in comparison to the single scaffold multicellular
model; these trends were observed both pre- and post-GEM treat-
ment. Furthermore, in contrast to CDH1 expression, only the
dual scaffold multicellular model showed a significant increase
in the expression levels of the mesenchymal marker N-Cadherin
(CDH2) when compared to its monocellular counterpart (dual
scaffold monocellular). These data highlight the importance of
spatial separation of the stromal and cancer cells. CDH2 was also

Adv. Biology 2024, 2300580

upregulated post-GEM treatment in all scaffold configurations
under study.

Next, we analyzed the expression of the ECM protein Colla-
gen I (COLI) and the ECM degrading matrix metalloproteinases
MMP2 and MMP?9. All three markers consistently showed signif-
icantly higher expression in the presence of stromal cells when
compared to monocellular models, for both single and dual scaf-
folds (Figure 10) pre- and post-GEM treatment. Interestingly, for
the multicellular models, we observed significantly higher ex-
pression of all three (COL I, MMP2, MMP9) markers in the dual
multicellular scaffold, as compared to the single multicellular
scaffold (Figure 10), highlighting the impact of spatial segrega-
tion on the upregulation of those markers. Post-GEM treatment,
only an increase on the expression of MMP9 was observed, as
compared to the untreated samples, suggesting a role in GEM
resistance within our models.

Then, we evaluated the levels of hypoxia inducing factor 1
a (HIF1-a), which has been linked previously to PDAC’s resis-
tance to GEM.[%2%*] Pre-GEM treatment we observed a signifi-
cant increase in HIF1-a expression within our dual multicellular
scaffold model as compared to the single multicellular scaffold
(Figure 11). In addition, we detected an increase in HIF1-a ex-
pression post-GEM treatment for all scaffold configurations un-
der study (Figure 11).

Finally, we assessed vascular endothelial growth factor A
(VEGF-A), which is a known hypoxia response protein,[®>%! as
well as a marker for GEM chemoresistance.*”] As shown in
Figure 11, an increase in the expression levels of VEGF-A was
observed within our model in the presence of stromal cells, irre-
spective of the cellular spatial arrangement (for both single and
dual scaffolds). Furthermore, an increased VEGF-A expression
was also observed post-GEM treatment for all scaffold configura-
tions under study (Figure 11).

4, Discussion

Overall, we have performed a systematic study of the changes
in cellular characteristics and chemotherapy (GEM) response in
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Figure 10. Quantitative analysis of mRNA expressions via qPCR for A) Collagen1 (COL1)), B) matrix metalloproteinases (MMPs) 2 (MMP2) and C)
9 (MMP9), in single monocellular, single multicellular, dual monocellular and dual multicellular 3D scaffolds. Data normalized with respect to (w.r.t)
GAPDH as housekeeping gene.
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single and dual polymeric scaffold monocellular and multicellu-
lar PDAC models (Figure 1). Comparative analysis, for all scaffold
configurations pre- and post-GEM treatment, was carried out i)
at the protein level via Live-Dead assay (Figures 2 and 4), Caspase
3/7 activity (Figures 3 and 5), cell specific marker spatial analysis
(Figures 6 and 7) and COL I spatial protein secretion (Figure 8),
and ii) at mRNA level via qPCR based mRNA expression analysis
of markers related to GEM resistance (Figures 9-11).

Our findings highlight the importance of i) stromal cells (acti-
vated stellate cells and endothelial cells) as well as ii) cell segrega-
tion (spatial compartmentalization of different cell types in sep-
arate scaffold compartments, to better mimic the in vivo spatial
architecture of the PDAC niche) in promoting resistance against
GEM.

4.1. Single Scaffold Monocellular and Multicellular Models: The
Importance of the Incorporation of Stromal Cells

In the current work, first, single PU scaffold models were de-
veloped, both multicellular and monocellular (Figure 1 and Sec-
tion 2.3.1). As evident from the decreased post-GEM treatment
cellular viability (Figure 2) and increased apoptotic cell num-
bers in the single monocellular scaffolds (Figure 3), as com-
pared to single multicellular scaffolds, the presence of stromal
cells did not lead to chemoresistance against GEM, at least
24 h post-GEM treatment. There are no other studies in lit-
erature on polymeric based macroporous scaffolds, however,
there are reports on chemotherapy treatment in multicellular
spheroid or hydrogel based PDAC models. For example it has
been shown that the presence of stellate cells or CAFs, resulted
in reduced diffusion of drugs (gemcitabine and paclitaxel) within
PDAC (PANC-1) spheroids.! Furthermore, higher chemore-
sistance to chemotherapeutic reagents like gemcitabine, oxali-
platin and paclitaxel was also observed in multicellular PDAC

Adv. Biology 2024, 2300580

and hydrogel models in the presence of CAFs.’2>%IThe differ-
ences in the trends observed in our single multicellular and
monocellular scaffolds, as compared to currently published hy-
drogel or spheroid based models, can be attributed to the pres-
ence of less diffusional limitations of GEM as well as inherent
differences within the cellular population due to specific scaffold
characteristics.[6:697]

To assess the evolution of different cell types (PANC-1,
PS-1 and HMEC) within the single multicellular scaffold, IF
imaging with cell specific markers took place via CLSM. As,
observed in Figure 6A—C after 4 weeks in culture (and pre-GEM
treatment), repetitive patterns of heterogenous cell specific
“micro-niches” were observed within the model, similar to in
vivo PDAC tumors, wherein neoplastic cancer cell masses are
embedded within the stromal cell niche but form their own
microenvironment.”'73] The most important observation was
the overall decrease in stellate cell population and an increased
presence of HMEC post-chemotherapy, especially in stellate cell
rich areas (Figure 6D,E), which suggests that: i) PS-1 stellate cells
were affected by chemotherapy and ii) endothelial cells present in
densely populated by stellate cells microniches within our single
scaffold model showed reduced proliferation pre-chemotherapy,
a trend that was reversed post-chemotherapy treatment (most
likely as a result of the removal of the stellate cells) (Figure 6D,E).
There are very few studies that have investigated the effect of
stellate cells on endothelial cells and their function within the
PDAC TME. Some groups have reported that activated pancreatic
stellate cells secrete both pro- and anti-angiogenic factors like
VEGF, angiopoietin-1, endostatin and vasohibin-1 and have a
complex role in promoting and suppressing the endothelial cells
within the TME.7#7¢] However, to the best of our knowledge, we
are the first to report such a direct relation between endothelial
cell growth suppression/promotion in presence of stellate cells
as well as the role of chemotherapy on this balance within a
3D in vitro PDAC model. Further studies to better understand
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this interesting phenomenon could shed light on the effects of
therapeutic methods on PDAC’s stromal components.

Analysis of human specific Collagen I (COL I) protein
secretion within our single scaffold multicellular model
(Figure 8A,B,E,F) was carried out to assess the presence of
fibrosis/desmoplasia in this model, pre- and post-GEM treat-
ment. After 4 weeks of culture (and pre-GEM treatment), we
observed some heterogeneity in COL I presence within our
models, likely because of the heterogenous distribution of the
stellate cells. However, generally we observe substantial amounts
of COL I present within the single scaffold, primarily secreted by
the stellate cells (Figure 8A). However, post-GEM treatment, de-
creased amount of COL I protein on the scaffolds was observed
(Figure 8E,F). Alvarez et al., reported similar observations in vivo
in a clinical study, i.e., a decreased collagen content along with
reduced CAFs in a combined treatment involving nab-paclitaxel
and gemcitabine, but attributed it as a result of the presence of
nab-paclitaxel rather than GEM.I””] A similar observation was
also made by Heger et al., in PDAC patient samples.l”®] More
specifically, the authors performed image-based analysis and
quantification of aSMA positive cells and COL I quantity within
patient samples post-treatment with a combination of GEM and
nab-paclitaxel and calculated the Activated Stroma Index (ASI,
ratio of aSMA positive CAFs and volume of COL I deposited).
They observed a higher ASI for patients, post-treatment with
GEM and nab-paclitaxel when compared to FOLFIRINOX, indi-
cating decreased COL deposition by the fibroblasts in the first
treatment combination. To the best of our knowledge, there has
been no study to date directly correlating GEM treatment with
decreased COL I presence in PDAC in vitro models. However,
the role of COL I ECM protein itself to GEM resistance in PDAC
has been reported previously by Dangi-Garimella et al. The
authors showed that PANC-1 and AsPC-1 pancreatic cancer cells
grown in 3D collagen gels exhibited enhanced resistance to GEM
treatment in comparison to 2D culture.[8% Generally, targeting
activated pancreatic stellate cells to reduce their ECM secretion
and invasive nature has been reported to be an effective method
to increase the efficacy of chemotherapeutic agents including
GEM previously.®1#2] Therefore, the heterogeneity in PS-1
distribution along with reduced COL I in stellate cell poor areas
of the single scaffold could be a contributing factor towards our
observed lack of chemoresistance. Post-GEM treatment, as COL
I is an interstitial protein primarily secreted by PS-1 cells which
are impacted and likely washed out from the scaffold (dead
cells), it is likely that the COL-I is being also removed/washed
out along them.

Further elucidation of the PDAC cancer cells’ interaction with
stromal cells in our single scaffolds was carried out through
mRNA expression analysis of various markers via q-PCR. As ev-
ident in Figure 9, the presence of stromal cells (specifically the
stellate cells), significantly decreased the expressions of epithe-
lial markers E-Cadherin (CDH1) within our model, as reported
previously by other groups for other in vitro models of co-culture
of cancer cells and stellate cells/CAFs.’®%-%7] Surprisingly, we
did not observe any corresponding increase in the expression of
mesenchymal marker N-Cadherin (CDH2) pre-treatment within
our single multicellular scaffold model, which contradicts sev-
eral published findings in other in vitro models.!®#8] However, a
similar observation of decreased expression of E-Cadherin with-
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out any subsequent increase in N-Cadherin was observed by Joost
et al.® Post-GEM treatment, we observed an increase in mRNA
expression of N-Cadherin in both monocellular and multicellular
single scaffold models, in accordance with literature.**-%2]

Analysis of the collagen I (COL I) mRNA expression levels
4 weeks in culture (pre-GEM treatment), showed a significant
increase in COL I in the multicellular single scaffold as com-
pared to the monocellular single scaffold (Figure 10) in accor-
dance with our CLSM imaging (Figure 8), re-confirming the role
of the stellate cells in ECM secretion and promotion of desmo-
plasia within the PDAC TME.[>*/l However, no change was
observed in COL I quantity post-GEM treatment at the mRNA
level (Figure 10), strengthening our hypothesis that COL I was
not found in the single scaffolds post-treatment likely because
of washing-out/removal along with dead stellate cells. Addition-
ally, significant upregulation of the mRNA expression of MMP2
and MMP9 after 4 weeks in culture (and pre-GEM treatment)
was observed in the single multicellular scaffolds as compared
to the single monocellular scaffolds (Figure 10). Matrix metallo-
proteinases are known to have significant role in ECM remod-
eling, cancer metastasis and even resistance to chemotherapy in
pancreatic cancer.’®-19] OQur results are in accordance with other
published studies, with a general consensus in literature that,
in addition to the cancer cells, stellate cells contribute heavily
to the secretion of both MMP2 and MMP9 within in vivo and
in vitro multicellular PDAC models.[389%:194-106] Post-GEM treat-
ment, a significant increase in the expression of MMP9 was ob-
served for both the monocellular and the multicellular single
scaffold models. Our observations are in alignment with pre-
viously published work by Wang et al., wherein increased ex-
pression of MMP9 was reported for GEM resistant cell lines in
2D without any increase in MMP2 expression.['””] In addition,
Ju et al., (2016), also demonstrated an increase in only MMP9
and not MMP2 in spheroid-based 3D models of PDAC (PANC-
1, AsPC-1 an MiaPACa-2) post-GEM treatment.[!%] Collectively,
both the available literature and our data suggest that MMP9 and
not MMP?2 plays a role in GEM resistance in PDAC.

The presence of the stromal cells also significantly increased
the expression of VEGF-A within our single scaffold model af-
ter 4 weeks in culture (Figure 11). Both cancer cells and stro-
mal cells are known to secrete VEGF-A, and several studies have
shown an increase in VEGF-A expression in multicellular PDAC
models.[¥%>191 Furthermore, VEGF-A expression levels were
significantly upregulated post-GEM treatment, in both the mono-
cellular and the multicellular single scaffold models (Figure 11).
Such a direct effect of VEGF-A in promoting gemcitabine resis-
tance was also observed by Zhang et al., for MiaPaCa-2 cell line
in a 2D culture.l®”] We also observed an increased expression of
HIF1-a post GEM treatment (Figure 11). The formation of a hy-
poxic environment has been linked to increased expression of
VEGF-A, i.e., a direct link between an increased expression of
HIF1-a and the upregulation of the expression of VEGF-A has
been reported previously.[®>:110111]

To summarize, we observed significant increase in expression
levels of key markers related to cellular phenotype, ECM pres-
ence and matrix remodeling, hypoxia and angiogenesis within
our single scaffold assisted multicellular model at the protein and
mRNA level, highlighting the importance of incorporation of the
stromal component. However, these effects were not translated

2300580 (15 0f20) © 2024 The Authors. Advanced Biology published by Wiley-VCH GmbH

85UB017 SUOWWIOD 9AIE81D) |qeal|dde sy A peusenob ae sejoile O ‘8N JO SajnJ 1o AkelqiT 8UlUQ AB[IA UO (SUOIPUOI-PU-SWLBI/L0D A8 1M Alelgjeuluo//sdny) SuonipuoD pue swiie | 8y 88S *[¢Z0z/20/6T] o Akeiqiqauliuo Ao|iM S8 1 Ag 085006202 1APe/Z00T OT/10p/wWod Ao 1M Arelq 1 jpuljuoy//:Sdny Wwoi) papeojumod ‘0 ‘86T0T0LZ


http://www.advancedsciencenews.com
http://www.advanced-bio.com

ADVANCED
SCIENCE NEWS

ADVANCED
BIOLOGY

www.advancedsciencenews.com

to increased cancer cell viability post-GEM treatment suggesting
that the presence of stromal cells alone was not enough to provide
GEM resistance within our scaffold-based system.

4.2. Dual Scaffold Monocellular and Multicellular Models: The
Importance of Segregation/Compartmentalization and Mimicry
of the Spatial Architecture of the Pancreatic Tumor
Microenvironment

To assess the impact of cell spatial separation/segregation (in a
manner that mimics the in vivo PDAC microenvironment from
an architectural point of view) on the cellular phenotype and post-
GEM treatment response, we compared our previously developed
dual multicellular scaffold a model®”] to: i) a dual monocellular
(cancer only) scaffold model and ii) a single multicellular scaf-
fold model (the latter discussed in Section 4.1, see also Figure 1).
As observed in Figure 4, the cell viability in both the cancer
(PANC-1) and stromal (PS-1, HMEC) compartment was not af-
fected post-GEM treatment in the dual multicellular scaffold, in
contrast to the monocellular dual scaffold model (Figure 4) and
the single multicellular scaffold (Figure 2). Measurement of Cas-
pase 3/7 positive apoptotic cells showed significant increase post-
GEM treatment for the dual monocellular scaffold as well as for
both the cancer and stromal compartments within the dual mul-
ticellular scaffold (Figure 5). However, interestingly the apop-
totic cell number was significantly lower within the inner (can-
cer) compartment of the dual multicellular scaffold as compared
to the outer (stroma) compartment and the dual monocellular
scaffold (Figure 5). Collectively, our data suggest that both the
mimicry of the spatial arrangement as well as the presence of
the stromal cells (primarily the stellate cells) were important for
the development of GEM resistance (resulting in delayed cell
death) in our scaffolds. Hessmann et al., in their landmark pa-
per have demonstrated that CAFs and pancreatic stellate cells
showed significantly higher intracellular concentrations of gem-
citabine metabolites, in comparison to tumor cell lines derived
from primary murine PDAC and metastases.['!?] Their hypoth-
esis that the tumor fibroblasts scavenge GEM within them and
reduce its delivery to tumor cells supports our observation of
chemotherapeutic resistance within the cancer compartment of
our dual multicellular scaffold. In addition, as discussed in Sec-
tion 1, the importance of cell (stroma) compartmentalization on
increasing the chemotherapy resistance of PANC-1, has been re-
cently demonstrated by Monteiro et al., in their novel “cancer on
bead” hydrogel-based 3D model.>]

As previously discussed, cell specific markers spatial analysis
of the dual multicellular scaffold was carried out at week 4 of
culture as well as 24 hours post-GEM treatment (Section 2.7).
As observed in Figure 7, PANC-1 and PS-1 cells mostly resided
within their specific compartments after 4 weeks in culture.
Within the stromal compartment, excessive number of stellate
cells seemed to have pushed the endothelial cells to the periph-
ery of the model (Figure 7D). Interestingly, a significant presence
of endothelial cells was observed within the cancer compartment
(Figure 7B,E,F), and presence of cancer cells was observed in the
stroma compartment (Figure 7C,D,G,H) demonstrating cellular
movement within our dual multicellular scaffold model. Post-
GEM treatment, we did not observe any discernible changes in
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the cell density and distribution within the cancer compartment
of the dual multicellular scaffold (Figure 7E,F). However, within
the stromal compartment, loss of SMA and fibroblastic spindle
shape of the stellate cells was observed, further supporting our
hypothesis that the stellate cells are entrapping the GEM within
the stromal compartment (Figure 7G,H).

Analysis of cellular spatial deposition of COL I at the pro-
tein level, highlighted that i) there was excessive COL I in the
outer compartment of the dual multicellular scaffold at 4 weeks
of culture (pre-GEM treatment) and that (ii) there was no dis-
cernible change in the COL I quantity/density post-GEM treat-
ment within the two compartments of the dual multicellular scaf-
fold (Figure 8C,D,G,H). This contradicts the trend we observed
in the single multicellular scaffold wherein COL I was depleted
post-GEM treatment (Figure 7D). The role of excessive stromal
COL I (desmoplasia) in the PDAC’s treatment resistance is well
documented.'13-116] For example, Khan et al. reported that com-
bining GEM treatment with Ormeloxifene (known to deplete tu-
mor associated desmoplasia through inhibition of Sonic Hedge-
hog pathway) potentiated the antitumorigenic effect of gemc-
itabine by 75% in PDAC xenograft mice.['' These observations
suggested that the chemoresistance to GEM within our dual scaf-
fold multicellular model could be attributed to the dense desmo-
plastic/fibrotic reaction surrounding the cancer mass. Further to
better retention of COL I post-treatment, the stellate cells are less
affected by GEM as compared to the single multicellular scaffold
(Figures 6 and 7) collectively indicating a denser fibrotic forma-
tion in the dual multicellular scaffold, as compared to the single
monocellular scaffold.

Similar to the single scaffold models, g-PCR based analysis of
mRNA expression of different biomarkers was carried out. As
demonstrated in Figure 9, following 4 weeks in culture, a sig-
nificant decrease in expression levels of the epithelial marker E-
Cadherin (CDH1) along with an increase in the expression of the
mesenchymal marker N-Cadherin (CDH2) were observed within
the dual multicellular model as compared to the dual monocel-
lular scaffold. This was in contrast to our single scaffold model,
wherein the presence of stromal cells significantly lowered the
expression level of CDH1 only with no concomitant increase in
CDH2 (Figure 9). A similar depletion of CDH1 expression for
PANC-1 cells when co-cultured with stellate cells was also re-
ported by Norberg et al., within their heterotypic spheroid mode
of PDAC.[¥] Interestingly, they did not see a similar complete
depletion of CDH1 with the HPAFII PDAC cell line, suggest-
ing these changes can be cell specific. Collectively, these data,
suggest that the compartmentalization/segregation of the stroma
and cancer cells have significant impact in the response of can-
cer cells to chemotherapy within our scaffolds. Further studies
are required to elucidate the mechanism behind these observa-
tions. Post-GEM treatment, similar to our observations for the
single monocellular and multicellular scaffolds, we observed in-
creased expressions of N-Cadherin in both our monocellular and
multicellular scaffolds (Figure 9), suggesting that the surviving
population has higher numbers of mesenchymal cell-like prop-
erties (see also discussion in Section 4.1).

In alignment with our observations for the single scaffolds
and with published literature (see Section 4.1), increased ex-
pression levels of COL I, MMP2 and MMP9 were observed
within the dual multicellular scaffolds as compared to the dual
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monocellular scaffolds, after 4 weeks in culture (and pre-GEM
treatment) (Figure 10). Interestingly, we observed significantly
higher expressions for COL I, MMP2 and MMP9 within our
dual multicellular scaffold, as compared to the single multicel-
lular scaffold (Figure 10). The importance of COL I, MMP2
and MMP9 in modulating chemoresistance to PDAC is well
documented!1%®116-1211 and their upregulation within our dual
scaffold model further supports our observed resistance to GEM
and the importance of cell spatial arrangement to better map it
(Figures 4 and 5).

We observed a significant upregulation of the mRNA ex-
pression of VEGF-A within the dual multicellular scaffold, as
compared to the dual monocellular scaffold after 4 weeks in
culture (Figure 11). Also, after 4 weeks in culture (and pre-
GEM treatment), a significantly higher expression of HIF1l-a
was seen within the dual multicellular scaffold, as compared to
the single multicellular scaffold (Figure 11), highlighting once
again the importance of cellular spatial segregation. Further-
more, we observed upregulation of VEGF-A and HIF1-a post
treatment in both the monocellular and multicellular dual scaf-
folds (Figure 11). Considering the importance of hypoxia and
HIF1-a in promoting chemoresistance,[62-64122] the difference in
its expression between the two scaffold configurations, i.e., dual
versus single, further highlights the importance of spatial sepa-
ration/segregation between the cancer and stromal compartment
for better mimicry of chemoresistance.

To summarize, the dual multicellular scaffold showed exten-
sive chemoresistance to GEM in comparison to all other models
assessed, i.e., dual and single monocellular as well as single mul-
ticellular scaffolds. Additionally, the spatial separation of stromal
cells from the PANC-1 cancer cells in the dual multicellular scaf-
fold, resulted in i) significantly higher expression levels of COL1,
MMP2, MMP9 and HIF1-« at the mRNA level as compared to
the single multicellular scaffold and ii) in no discernible changes
in the COL I presence pre and post-GEM treatment (within the
dual scaffold multicellular model).

Our data highlight the importance of mimicking the cellular
composition as well as the spatial architecture and position of
the stromal cells within a 3D in vitro model for better modeling
of the PDAC chemoresistance.

5. Conclusion

In this study, we investigated the importance of multicellular-
ity as well as spatiotemporal cellular and matrix modeling on
the evolution and treatment response of PDAC in 3D PU scaf-
folds. More specifically, we performed a systematic comparative
study of the PDAC evolution and chemotherapy (GEM) response
in: i) our novel zonal/dual multicellular (tri-culture) PU scaffold
model®’! i) a PU zonal/dual monocellular (cancer only) scaffold
model consisting of a central cancer mass, surrounded by an ex-
ternal cell-free but ECM rich (COL I) periphery iii) a single PU
monocellular scaffold model and iv) a single PU multicellular (tri-
culture) scaffold model.

We have demonstrated that our PU scaffold based multicel-
lular PDAC models are capable of mimicking key characteristics
associated with the effects of chemotherapy on pancreatic cancer.
We have highlighted that, post-treatment with gemcitabine, the
surviving cell population reflects an upregulation of mesenchy-
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mal, hypoxic and matrix remodeling markers, suggesting a clear
pattern towards cellular survival post-treatment for all the scaf-
fold configurations under study. Furthermore, we have also con-
clusively shown that within our polymeric scaffolds, both multi-
cellularity and appropriate architectural mimicry (through com-
partmentalization/separation of the cancer and stromal cellular
components) are required for demonstrating effective chemore-
sistance.

Overall, our findings highlight the importance of spatiotem-
poral design of cellular and matrix components in 3D cancer
models. Future work is needed to elucidate the molecular mech-
anisms of cell-cell interactions behind these interesting observa-
tions.
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