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Background & Aims: Cholangiocarcinoma (CCA) is a primary liver tumour characterised by a poor prognosis and limited
therapeutic options. Available 3D human CCA models fail to faithfully recapitulate the tumour niche. We aimed to develop an
innovative patient-specific CCA-on-chip platform.

Methods: A CCA tumour microenvironment was recapitulated on a microfluidic three-channel chip using primary CCA cells,
cancer-associated fibroblasts (CAFs), endothelial cells, and T cells isolated from CCA specimens (n = 6). CAF and CCA cells were
co-cultured in the central channel, flanked by endothelial cells in one lateral channel, recreating a tubular structure. An
extensive characterisation of this platform was carried out to investigate its diffusion ability, hydrogel properties, and changes
in matrix composition. Cell phenotype and functional properties were assessed.

Results: Primary cells seeded on the microfluidic device were shown to reproduce the architectural structure and maintain
the original phenotype and functional properties. The tumour niche underwent a deep remodelling in the 3D device, with an
increase in hydrogel stiffness and extracellular matrix deposition, mimicking in vivo CCA characteristics. T cells were incor-
porated into the device to assess its reliability for immune cell interaction studies. Higher T cell migration was observed using
cells from patients with highly infiltrated tumours. Finally, the drug trial showed the ability of the device to recapitulate
different drug responses based on patient characteristics.

Conclusions: We presented a 3D CCA platform that integrates the major non-immune components of the tumour micro-
environment and the T cell infiltrate, reflecting the CCA niche. This CCA-on-chip represents a reliable patient-specific 3D
platform that will be of help to further elucidate the biological mechanisms involved in CCA and provide an efficient tool for
personalised drug testing.

Impact and implications: An innovative patient-specific cholangiocarcinoma (CCA)-on-chip platform was successfully
developed, integrating the major components of the tumour microenvironment (tumour cells, cancer-associated fibroblasts,
endothelial cells, and immune infiltrate) and faithfully mimicking the CCA niche. This CCA-on-chip represents a powerful tool
for unravelling disease-associated cellular mechanisms in CCA and provides an efficient tool for personalised drug testing.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Cholangiocarcinoma (CCA) is the second most common primary
liver tumour, arising from the malignant transformation of
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cholangiocytes that line the biliary tree.! CCA diagnosis usually
occurs at advanced stages owing to the absence of noticeable
symptoms.? Furthermore, the lack of successful CCA treatments
correlates to poor prognosis.> Currently, surgical resection repre-
sents the only potentially curative treatment. However, only
10-30% of patients present resectable tumours at the time of
diagnosis, with a median survival lower than 1 year for unre-
sectable patients.”* This highlights the importance of establishing
reliable human CCA models to investigate the pathophysiological
mechanisms underlying its progression, along with the develop-
ment of new efficient therapeutic strategies.” These models
should be able to faithfully recapitulate the desmoplastic CCA
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tumour microenvironment (TME), whereby intense crosstalk is
established between cancer-associated fibroblasts (CAFs) and
tumour cells, leading to the release of several signalling molecules
and extracellular matrix (ECM) proteins, fostering CCA prolifera-
tion, invasiveness, and drug resistance.®’

In recent years, the organs-on-chip (OoC) model has strongly
emerged as a powerful disease model for patient-specific studies,
allowing to overcome the limitations of the existing in vitro and
in vivo tumour models through the combination of microfluidics,
microfabrication techniques, and tissue engineering.® Indeed,
00Cs can replicate an in vivo-like microenvironment, mimicking
cell-cell and cell-ECM interactions, and providing spatiotem-
porally controlled stimuli. Contrariwise, the routinely used 2D
models are not able to recapitulate the TME complexity, whereas
in the available 3D in vitro models (e.g. spheroids, organoids),
although cells show an improved architecture and functionality,
they grow in a non-dynamic environment.>'° Additionally, OoCs
can include patient-derived cells, thus allowing the development
of patient-specific platforms.'"2

Intensive research supports OoCs suitability to investigate
human biological mechanisms and to constitute a reliable tool for
drug-screening applications. Over time, several healthy and
pathological liver-on-chip (LoC) models have been developed,
showing to reliably emulate an in vivo-like liver architecture with
improved cell metabolic functions.’>'* To the best of our knowl-
edge, CCA-on-chip models have not been developed yet. We
herein propose an innovative and functional CCA-on-chip model
that faithfully recapitulates the complexity of the CCA microen-
vironment and provides a reliable platform for personalised drug-
screening and mechanistic study of CCA pathogenesis.

Materials and methods

Device design and fabrication

The microfluidic chip, created with AutoCAD (Autodesk, Inc.),
comprised three adjacent channels separated by two rows of
trapezoidal posts. The central channel was intended for a gel-
embedded co-culture of CCA cells and CAFs, while the lateral
channels supplied the medium for the cells. After design opti-
misation, the first mould was obtained by photolithography,
performed in PoliFab facilities (Polytechnic of Milan, Milan, Italy)
in a class 1,000 cleanroom. A negative photoresist (SU-8,
MicroChem corporation) was spin-coated on a silicon wafer and
exposed to a collimated UV laser beam, to transfer the desired
pattern via the maskless technique. Subsequently, poly-
dimethylsiloxane (PDMS) chips were produced by soft lithog-
raphy. A curing agent and a base pre-polymer (Sylgard® 184,
Dow Corning) were mixed in a 1:10 ratio, poured on the mould
and cured for 2 h at 65 °C. Biopsy punchers (Harris Uni-Core,
Sigma-Aldrich) were used to create 1-mm diameter access
ports at the gel channel inlet and outlet and 8-mm diameter
holes at the extremes of the lateral channels, as medium reser-
voirs. Thereafter, chips were bonded either on a glass coverslip or
a PDMS membrane through oxygen plasma treatment (Harrick
Plasma Cleaners). The microfluidic devices were autoclaved at
120 °C for 30 min.

Chip seeding protocol

Central channel: hydrogel, and co-culture parameters

Fibrin gel (Tisseel, Baxter) was tested at 5 mg/ml, 10 mg/ml, and
25 mg/ml with thrombin (Tisseel, Baxter) at 2.5 U/ml. Briefly,
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fibrinogen 100 mg/ml and thrombin 500 U/ml were diluted at
the desired working concentration, according to the manufac-
turer’s protocol. Primary cell isolation and cell culture methods
are described in the supplementary material and Fig. S1. Tumour
cells were mixed with the solution at 4 x 107 cells/ml, injected in
the chip central channel and allowed to polymerise at 37 °C for 5
min. Rat tail collagen type I (Corning) hydrogel was tested at 2.5
mg/ml and 5 mg/ml. According to the manufacturer’s protocol,
collagen hydrogel was prepared by neutralising a 9.1 mg/ml
collagen stock solution with 0.22% NaOH, 10% PBS 10x and 5% 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).
Tumour cells were resuspended in the collagen solution and
incubated at 37 °C for 20 min to promote gel polymerisation.
Moreover, a mixed collagen-fibrin hydrogel (2.5-10 mg/ml) was
tested on-chip. Briefly, fibrin and collagen pre-polymeric solu-
tions were prepared according to the desired final concentration,
mixed in a 1:1 ratio before injection in the channel and allowed
to polymerise at 37 °C for 5 min. A Live/Dead Cell Double
Staining Kit (Sigma-Aldrich) was used to analyse cell viability in
the central channel, according to the manufacturer’s in-
structions. Gene expression analysis was assessed using Real-
time PCR; all primer pair sequences can be found in Table S1.

Lateral channel: endothelial cell seeding protocol
To recreate a tubular structure with the endothelial cells (ECs) in
the right lateral channel, after hydrogel polymerisation, the
channel was coated with 10 pg/ml fibronectin from human
plasma (Sigma-Aldrich) and incubated for 20 min at 37 °C. Then,
ECs were injected at 5 x 10° cells/ml into the channel and
incubated for 20 min at 37 °C. Subsequently, the chip was rotated
180° and a second ECs inject was performed. This procedure was
repeated twice, to promote ECs adhesion to the top and bottom
surface of the channel. The device was maintained at 37 °C with
95% humidity and 5% CO,. The medium was refreshed once daily
with the addition of aminocaproic acid (ACA) to prevent hydro-
gel fibrinolysis (Sigma-Aldrich). The ACA concentrations were as
follows: 2 mg/ml on Day 0 and Day 1, 1.6 mg/ml on Day 2, 1.4 mg/
ml on Day 3, and 1.2 mg/ml on Day 4.

The schematic protocol of the chip seeding is summarised in
Fig. S2.

Drug treatment

Gemcitabine (GEM, solution 100 mg/ml) was purchased from
Accord Healthcare. Cisplatin (CDDP, solution 1 mg/ml) was pro-
vided by Teva Italia. Drug sensitivity experiments were per-
formed with CCA primary cells (n=5) cultured in the 2D
monolayer and in the 3D microfluidic platform, with and
without CAFs. Subsequently, based on time to relapse, patients
were divided into early (<12 months; n = 2) and late (>12
months; n = 3) recurrence. For the 2D system, CCA primary cells
were seeded in 96-well plates (1 x 10% cells/well) and, after 3
days, the cells were incubated with a combination of GEM and
CDDP in a ratio 1:5 at different concentrations (0 pM; 50-10 uM;
10-2 uM) for 48 h. Similarly, CCA primary cells were cultured
with or without CAFs within the chip for 3 days and subse-
quently exposed to GEM-CDDP for 48 h. Neither the control
medium nor the medium containing GEM/CDDP was supple-
mented with ACA. The viability of the cells in the 2D system was
evaluated using RealTime-Glo® MT cell viability assay (Promega),
according to the manufacturer’s protocol. Instead, to evaluate cell
viability on-chip, CCA cells and CAFs were stained with the
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Fig. 1. CCA-on-CHIP. (A) AutoCAD chip design with pillar detail. At the bottom, the resin used for chip serial production with the schematic representation of the
CCA-on-CHIP. (B) 3D reconstruction of the chip central channel. Left, the orthogonal view of CCA cells (green) and CAFs (red). Right, volume rendering of z-stack
using IMARIS https://imaris.oxinst.com. Scale bar = 80 um. (C) 3D reconstructions of the endothelial channel. Volume rendering of z-stack using IMARIS. Scale
bar = 80 pm. CD31: magenta; nuclei: cyan; CCA cells: green; CAFs: red. (D) Gene expression analysis of CCA cells and CAFs in 2D monolayer and 3D platform. One-
way ANOVA (mean = SEM; n = 5 biological replicates). *p <0.05; **p <0.01; ****p <0.0001. CAFs, cancer-associated fibroblasts; CCA, cholangiocarcinoma.

CellTracker™ Green and Red (Invitrogen). Cell survival was T cells migration assay on-chip
assessed by calculating the percentage of cell viability compared CCA cells and CAFs were stained with CellTracker™ Red (Invi-
with the control medium (0 pM) at the 48-h time point. trogen), seeded and cultured on-chip for 4 days. Stimulated or
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Fig. 2. Cell-laden hydrogel characterisation. (A) Pressure difference drop. Two-way ANOVA (mean + SEM; n = 5 biological replicates). (B) Young's modulus
distribution. Two representative Young’s modulus force maps related to the local measurements. Mann-Whitney U test (median with IQR; n = five biological
replicates). (C) Left, representative SEM images of the cell-laden hydrogel. Right, the hydrogel fibre images with the pore size distribution. Mann-Whitney U test
(medians with interquartile range; n = 5 biological replicates). Scale bar = 1 um *p <0.0001. CAFs, cancer-associated fibroblasts; CCA, cholangiocarcinoma.

unstimulated T cells were stained with CellTracker™ Green
(Invitrogen) and injected in the chip endothelial channel at
15 x 10° cells/ml. To promote T cell adhesion to ECs in static
conditions, 150 pl of medium were removed from the left lateral

reservoirs, creating a hydrostatic pressure gradient, as reported
in the literature.!® Primary CCA cells and CAFs from 6 patients
were used, divided into low-infiltrating (COLD; n = 3) and
high-infiltrating patients (HOT; n = 3) according to the
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Fig. 3. Collagen deposition analysis on-chip. (A) Gene expression of extracellular matrix (ECM) proteins in the co-culture of CCA primary cells and CAFs. Two-
way ANOVA (mean * SEM; n = 5 biological replicates). (B) Representative confocal images for collagen IV (green), phalloidin (red), and nuclei (cyan) for CCA
primary cells and CAFs co-culture. Scale bar = 50 pm. (C) Left, representative confocal images for collagen IV (green), phalloidin (red) and nuclei (cyan) on Day 4
for CCA primary cells and CAFs-on-chip. Scale bar = 50 pum. MFI of collagen IV staining. One-way ANOVA (medians with IQR; n = 5 biological replicates). (D)
Representative SEM images of the device on Day 4. Scale bar = 2 pm *p <0.05; **p <0.01; ***p <0.0005; ****p <0.0001. CAFs, cancer-associated fibroblasts; CCA,

cholangiocarcinoma; MFI, mean fluorescence intensity.

immunohistochemistry (IHC) analysis for CD3+ cells. The pa-
tient’s characteristics are summarised in Tables S2, S3 and S4.

For further details regarding the materials and methods
used, please refer to the CTAT table and supplementary informa
tion; including, MATLAB code used to calculate the dextran
diffusion coefficient (Fig S3), Hydraulic permeability setup (Fig
S4), Medium identification for cell co-culture on-chip (Fig S5),
Hydrogel composition analysis and cell co-culture optimization
(Fig S6), Dextran diffusion assay (Fig S7), and Bare Hydrogel
Characterisations (Fig S8).

Results

The 3D model of CCA on a microfluidic device reproduces the
architectural structure and maintains primary cells
phenotype

A three-channel microfluidic device was designed to mimic the
structure of this liver cancer and promote 3D cellular organisation
and interactions. The CCA niche was recreated by co-culturing CCA
cells and CAFs, flanked by ECs recreating a tubular structure. This
design was prompted as a result of the well-recognised role of
tumour cells and CAFs crosstalk in CCA.>”
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Fig. 4. GEM/CDPP exposure analysis. (A) At the top, representative confocal images of CCA cells in 3D mono-culture and in 3D co-culture on chip after drug
treatment (48 h). Scale bar = 100 um. At the bottom, dose-response curves for CCA primary cells (n = 5 patients) in 2D culture, 3D mono-culture and 3D co-
culture. Two-way ANOVA (mean + SEM; n = 5 biological replicates). Gene expression analysis for YAP and TAZ in 3D mono-culture and 3D co-culture. Mann-
Whitney U test (mean + SEM; n = 5 biological replicates). (B) Dose-response curves for 3D mono-culture and 3D co-culture on chip in early (ER; n = 3 patients)
and late (LR; n = 2 patients) recurrence patients. Two-way ANOVA (mean = SEM; n = 5 biological replicates). (C) Percentage of cell viability for the 3D mono-
culture and the 3D co-culture in ER and LR patients. Two-way ANOVA (mean + SEM; n = 5 biological replicates). (D) Percentage of cell viability in the 3D co-
culture for CAFs and CCA cells singularly in ER and LR patients. Two-way ANOVA (mean + SEM; n = 3 biological replicates). *p <0.05; **p <0.01; ***p <0.0005;
****p <0.0001. CAFs, cancer-associated fibroblasts; CCA, cholangiocarcinoma; CDDP, cisplatin; ER, early recurrence; GEM, gemcitabine; LR, late recurrence; TAZ,
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The three compartments were fluidically interconnected but
separated by rows of pillars and featured independent inlet and
outlet ports for individual injection of cells or medium. The
central compartment was conceived to host the co-culture of
CCA cells and CAFs with a width of 400 um, intended as the
distance between the minor bases of the trapezoidal pillars. The
cell-laden hydrogel was injected into the central channel
through the 1-mm diameter port. The optimised pillar distance
(90 um) ensured gel confinement, whereas their trapezoidal
shape prevented bubble formation between the gel and the
medium. The lateral channel is 1 mm wide, and the reservoir
diameter is 8 mm, providing sufficient nutrient supply with one
medium change per day. The right-side channel hosted ECs in a
tubular structure (Fig. 1A). All three channels were 180 um high.

Confocal microscopy analysis revealed the cellular spatial
architecture on-chip. CCA cells organised into 3D spherical ag-
gregates, surrounded by CAFs, showing an elongated bidimen-
sional morphology (Fig. 1B). The ECs established a compact
monolayer uniformly adhered to the side channel walls, recre-
ating a complete tubular structure, emulating an endothelial
vessel within the chip (Fig. 1C). Furthermore, the cells were able
to well-retain their phenotype in this complex co-culture system,
without undergoing dedifferentiation. On the 3D co-culture,
cytokeratin (CK) 19 and epithelial cell adhesion molecule
(EpCAM) expression significantly increased from Day 1 to Day 4
in CCA primary cells (Fig. 1D). Comparable results were observed
when CCA cell lines (HuCCT1 and HuH28) were co-cultured with
CAFs within the platform (Fig. S10E). In the 3D co-culture, a
notable increase in the expression levels of alpha-smooth muscle
actin («SMA) and platelet-derived growth factor receptor beta
(PDGFRpB) was observed even for CAFs (Fig. 1D). Moreover, CCA
cells significantly enhanced the E-cadherin (ECAD) expression in
a time-dependent manner within the device (Fig. 1D; Fig. S10E).
Our results suggest that CCA cells begin to display a 3D
morphology suddenly after 1 day in culture.'>"”

The tumour niche undergoes a deep remodelling in the 3D
device, with an increase in hydrogel stiffness and
extracellular matrix deposition

To deeply characterise the tumour niche in the central channel, the
changes in the mechanical and morphological matrix proprieties
were assessed on Day 1 and Day 4. A significant reduction of the
hydraulic permeability was observed (Fig. 2A), along with a
noteworthy increase in the hydrogel stiffness on Day 4 compared
with Day 1 (Fig. 2B). Interestingly, scanning electron microscopy
analysis enabled precise evaluation of both the fibre morphology
and hydrogel porosity, unveiling a considerable reduction in the
median pore size of the hydrogel matrix on Day 4 (Fig. 2C). These
results might reflect the established crosstalk between CCA cells
and CAFs, eventually stimulating ECM protein deposition. There-
fore, we evaluated the expression of collagen type I (COL1A1), IV
(COL4A1) and XIV (COL14A1), overexpressed in CCA.'®'° Over time
in culture within the device, a notable upregulation in the
expression of all collagen types analysed was observed (Fig. 3A).
This upregulation was found to be correlated with a significant
release of collagen IV in the chip microenvironment, surrounding
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the cell co-culture (Fig. 3B). The mean fluorescence intensity (MFI)
of collagen IV increased by 30% (data not shown; p <0.0075) on Day
4. Interestingly, the collagen IV deposition was noticeable only in
the 3D co-culture condition (Fig. 3C). Moreover, a significant
upregulation in the expression of all three collagen types was
observed in CCA cell lines (HuCCT1 and HuH28) when co-cultured
within the device (Fig. S10F).

Our results highlighted that the hydrogel matrix microstruc-
ture undergoes important changes in our microfluidic device,
leading to a consistent release of ECM proteins over time. These
findings suggest that CCA cells and CAFs developed a deep and
intricate interconnection with the matrix, which in turn sustains
their growth and crosstalk (Fig. 3D).

Drug analysis on the CCA-on-chip: a reliable platform for drug
exposure analysis and patient-specific drug testing
We evaluated the potential use of this microfluidic platform in
drug-screening applications, using a combination of gemcitabine
and cisplatin (GEM-CDDP),2%?! on five CCA patient-derived cells.
Tumour cells cultured in the 2D configuration showed a higher
sensitivity to GEM-CDDP compared with the 3D monoculture
(Fig. 4A), in agreement with known data.?>*> Nevertheless, the
response to GEM-CDPP treatment was significantly reduced when
CCA cells were co-cultured with CAFs on-chip, compared with the
2D system and 3D monoculture (Fig. 4A). Among the mechanisms
reported to potentially contribute to CCA drug resistance, the
intracellular activation of the transcriptional co-activator yes-
associated protein (YAP)/transcriptional co-activator with PDZ-
binding motif (TAZ) pathway has been described.”*?* In the 3D
co-culture, a significant increase in YAP and TAZ expression was
observed compared with both 2D and 3D monocultures (Fig. 4A).

Moreover, to assess the ability of the CCA-on-chip as a
patient-specific platform, the drug response was evaluated by
dividing CCA patients according to time to relapse after adjuvant
therapy, namely as early (ER; <12 months) and late (LR; >12
months) recurrence groups. The patient’s characteristics are
summarised in Table S3. No statistically significant differences
resulted among the two groups in terms of age, sex, tumour
grading, staging, microvascular invasion, number and size of
tumours, serum Ca-19.9, and the quality of the underlying liver.

The ER patients showed higher resistance to GEM-CDPP
treatment compared with the LR patients, both in 3D mono-
culture and 3D co-culture with CAFs (Fig. 4B). Furthermore, the
presence of CAFs in the cell culture conferred a greater resistance
to drug exposure in both groups (Fig. 4C). Notably, analysing the
viability of each cell population in the 3D co-culture, CCA cells
and CAFs exhibited a comparable response to GEM-CDPP treat-
ment in LR patients. However, in the ER patients, CAFs displayed
significantly higher viability compared with CCA cells, suggesting
that CAFs could play a role in the increased resistance observed
with the GEM-CDPP treatment, with differences among the ER
and LR patients (Fig. 4D).

These results corroborate that the 3D microenvironment,
characterised by deep cell-cell and cell-ECM interactions,
hampers the sensitivity to drug treatment, highlighting the

molecules. Mann-Whitney U test (mean + SEM; n = 5 biological replicates). (D) Left, representative confocal images of low- (COLD; n = 3 patients) and high-
infiltrating (HOT; n = 3 patients) CCA patients. Scale bar = 50 um. Right, representative IHC images (CD3+ cells) of HOT and COLD patients. Scale bar =
100 pum. (E) Gene expression analyses of T cell attractive and immunosuppressive molecules in patients designated HOT and COLD. Two-way ANOVA (mean *
SEM; n = 5 biological replicates). *p <0.05; **p <0.01; ***p <0.0005; ****p <0.0001. CAFs, cancer-associated fibroblasts; CCA, cholangiocarcinoma; IHC, immu-
nohistochemistry; MFI, mean fluorescence intensity; TME, tumour microenvironment.
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relevance of this CCA-on-chip as a platform for patient-specific
drug testing.

Integration of the immune cells on the CCA-on-chip results in
a reliable 3D platform for interaction study of the tumour
niche and immune system in CCA

T cells were integrated into the device to assess its reliability for
immune-cell interaction studies. The workflow is resumed in
Fig. 5A. Firstly, we examined the ability of stimulated T cells to
migrate from the endothelial channel to the tumour niche
compared with unstimulated T cells. A significantly higher
migration was observed for stimulated T cells, increasing in a time-
dependent manner (Fig. S9A; Fig 5B), confirming known data.'>?¢

The 3D reconstruction of the device allowed to appreciate the
interactions between ECs and T cells during their extravasation
into the tumour niche (Fig. 5C). The adhesion and elongation of T
cells on the ECs provide further evidence of the functional
integrity of the mimicked endothelial vessel. Moreover, despite
the static condition of the device, T cells demonstrated the ability
to migrate within the tumour niche, spreading throughout the
central channel for its entire height (Fig. 5D).

Subsequently, the chemoattractant potential of the chip-
conditioned medium (48 h) was assessed and compared to the
medium supplemented with three C-X-C motif chemokine li-
gands (CXCL9, -10, -11), well-known for their pivotal role in T cell
migration.?” The presence of the chip-conditioned medium led
to a significantly greater T cell trafficking, indicating that the
biochemical environment of the device, comprising various cy-
tokines, chemokines, and growth factors, could more accurately
mimic the in vivo TME, thereby allowing T cell trafficking studies
in a more reliable milieu (Fig. 5E).

T cell trafficking analysis on-chip

As our results showed that the crosstalk between tumour cells
and CAFs is involved in the tumour niche remodelling and
increased drug resistance, we investigated whether this crosstalk
was also crucial for T cell migration in the TME.

In the 3D CCA monoculture, T cells exhibited higher spreading
compared to the 3D co-culture with CAFs (Fig. 6A). The 3D
reconstruction showed a different T cells arrangement: in the 3D
monoculture, T cells organised themselves in aggregates within
the tumour niche, surrounding tumour spheroids, whereas they
appeared more dispersed in the 3D co-culture (Fig. 6B).

Furthermore, we evaluated the expression of several mole-
cules involved in T cell recruitment or in driving the establish-
ment of an immunosuppressive milieu (Fig. S9B; Fig. 6C), known
to be released by tumour cells and CAFs.”® Noteworthy, the
immunosuppressive molecules were found to be higher in the
3D co-culture (Fig. 6C), suggesting that the crosstalk between
tumour cells and CAFs has a key role in fostering an immuno-
suppressive microenvironment.

Besides, by stratifying CCA patient-derived cells into low-
infiltrating (COLD, n = 3) and high-infiltrating (HOT, n = 3) ac-
cording to THC analysis for CD3+ cells (Fig. 6D), a higher T cell
migration was observed in HOT patients. Furthermore, in patients
who were designated as both HOT and COLD, T cells exhibited
higher migration in the 3D monoculture compared to the 3D co-
culture (Fig. S9C), suggesting the CAFs might have a role in
modulating the levels ofimmune-cell chemoattractant molecules,
as well as immunosuppressive ones (Fig. S9C). Notably, a
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significant decrease in the expression of CXCL9 and CXCL10 was
observed in the 3D co-culture of COLD patients. Additionally, the
expression of IL6 was significantly lower in HOT patients in both
culture conditions. Similar trends were observed for IL10 expres-
sion (Fig. 6E). qRT-PCR data from different culture conditions and
patients, indicate that CAFs are the primary source of CXCL12 in the
TME. Indeed, its expression is significantly higher in co-culture
with CAFs compared with tumour cells alone. Furthermore, CAFs
are the major source of IL10, as its expression increases sixfold in
co-culture, whereas tumour cells release only a small amount of
this molecule (Fig. 6C-E). These findings suggest that CXCL9 and
CXCL10 could play a crucial role in the recruitment of immune cells
in highly infiltrated patients. Conversely, IL6 and IL10 could
potentially influence the immunosuppressive milieu in patients
with low tumoral infiltrate.

Discussion

The past decade has seen significant advances in understanding
the molecular pathogenesis of CCA, yet it remains a tumour with
limited therapeutic options and high mortality. Although pre-
clinical models of CCA are essential to accelerate the develop-
ment of novel therapeutic strategies, current 2D and 3D in vitro
models of CCA fail to recapitulate its highly desmoplastic TME, in
which tumour cells and CAFs support each other in bidirectional
crosstalk that promotes CCA proliferation, invasiveness, and drug
resistance.>?° Further, none of the available in vitro models in-
cludes the immune infiltrate and, although CCA is mainly
considered a cold tumour with little infiltrate, we and others
have demonstrated the key role of the immune infiltrate in CCA
pathogenesis.?*"

0oC technology is emerging as a powerful tool in cancer
research, because of its ability to better mirror the complexity of
the tumour niche compared with standard culture methods.

The tumour-on-chip recreates essential elements of an in vivo
TME, such as cell-cell and cell-ECM interactions in a fine-
controlled dynamic environment. This innovative system holds
great promise as a valuable tool for high-throughput screening of
anticancer drugs.’>** Despite the great success of microfluidic
platforms for different types of cancers, few liver cancer-on-chip
models have been established, but none aimed to recapitulate
the CCA TME."***

The CCA-on-chip herein described aims to reconstruct the
CCA niche with a co-culture of patient-derived tumour cells and
CAFs, embedded in a stiff microenvironment that (i) provides
cells with mechanical stimuli similar to those perceived in their
in vivo milieu, (ii) allows their 3D spatial organisation, and (iii)
promotes cell-cell interactions in a more physiological-like
environment.

The tumour niche was flanked by an endothelial structure,
conceived to simulate the intravenous administration of thera-
peutic molecules during drug testing. The device architectural
reconstruction enabled the visualisation of the cell ability to self-
organised into spherical aggregates surrounded by elongated
CAFs. Moreover, the cells exhibited a better retaining of their key
phenotypic markers within our model compared to 2D culture
systems and 3D CCA monoculture. These findings suggest that
our platform faithfully simulates the 3D topology of the in vivo
CCA niche, thereby representing a powerful in vitro tumour
model.
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The biological functionality of the endothelial tubule
was validated through diffusion analysis, enabling an accurate
simulation of drug delivery. The device exhibited excellent
biocompatibility, ensuring the free exchange of growth factors
and signalling molecules across the three compartments, thereby
fostering cell growth and cell-cell communication. Furthermore,
the substantial deposition of ECM proteins pointed out the sig-
nificant changes in matrix mechanical properties of the central
channel, ascribed to the crosstalk established within the CCA-on-
chip platform, thus functionally mimicking the extensive matrix
remodelling observed in the in vivo TME."”

Drug exposure analysis revealed an increased drug resistance
in the platform when patient-derived tumour cells were co-
cultured with CAFs, compared with the conventional culture
methods. Therefore, the intensive bidirectional crosstalk estab-
lished between CCA cells, CAFs, and ECM proteins within our
CCA-on-chip model could play a crucial role in the increased
resistance to pharmacological treatments. Indeed, the stiffer
hydrogel, attributable to ECM protein deposition, suggests that
tumour niche-on-chip undergoes mechanical stresses similar to
those in their in vivo milieu, which could activate the YAP/TAZ
pathway and promote chemoresistance.

Notably, our model can recapitulate different drug responses
based on patient characteristics (early recurrence vs. late recur-
rence groups).

Finally, T cells were integrated into the device to assess its
reliability for immune cell interaction studies. The platform
demonstrated higher T cell migration in patients with highly
infiltrated tumours, confirming its ability to mimic the in vivo
CCA niche and represent a reliable 3D platform for patient-
specific immunological studies.

Notwithstanding these advantages and encouraging results,
our study has some limitations. Firstly, our current system lacks
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a microfluidic pump, which could better mimic blood flow
dynamics. The static condition for this CCA-on-chip was driven
by the purpose to develop a device with a straightforward set-
up, allowing experiments with multiple replicates. This
approach was further achievable through the use of PDMS, a
highly biocompatible material that allows an efficient oxygen
exchange between the cells and the surrounding environ-
ment.>®> Secondly, although this CCA-on-chip demonstrated its
ability to accurately recapitulate the in vivo CCA physiology,
further clinical validation involving a larger patient cohort is
required. Third, although the chip well integrates CAFs, CCA
cells, and endothelial cells, the immune TME of the model is
limited to T cells and excludes the innate immune system and
other players of the adaptive immune system. Finally, despite
the advantages of the CCA-on-chip, such as reduced biological
material and reagent cost, its use currently required techno-
logical skill from the operator, hindering its systematic exploi-
tation in clinical settings.

In conclusion, we herein present a reliable biomimetic
in vitro model of CCA that accurately mirrors the in vivo
CCA microenvironment. This model holds significant potential
as a valuable tool for investigating patient-specific therapeutic
strategies. Future advancements of the device might
involve exploring the contributions of different subtypes of
CAFs or T cells, sorted before their injection into the chip, to
elucidate their crosstalk with tumour cells. These studies could
provide insights into the heterogeneity of the CCA TME and the
molecular mechanisms underlying its development, progres-
sion, and drug resistance. Moreover, based on the results ob-
tained from drug treatments, further investigations can be
conducted to unravel the pathways associated with different
drug responses in patients with early and late disease
recurrence.
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