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Exploring the function of
stromal cells in
cholangiocarcinoma by three-
dimensional bioprinting immune
microenvironment model

Changcan Li, Bao Jin, Hang Sun, Yunchao Wang,
Haitao Zhao, Xinting Sang, Huayu Yang* and Yilei Mao*

Department of Liver Surgery, Peking Union Medical College (PUMC) Hospital, PUMC & Chinese
Academy of Medical Sciences (CAMS), Beijing, China

The tumor immune microenvironment significantly affects tumor progression,
metastasis, and clinical therapy. Its basic cell components include tumor-
associated endothelial cells, fibroblasts, and macrophages, all of which
constitute the tumor stroma and microvascular network. However, the
functions of tumor stromal cells have not yet been fully elucidated. The
three-dimensional (3D) model created by 3D bioprinting is an efficient way
to illustrate cellular interactions in vitro. However, 3D bioprinted model has not
been used to explore the effects of stromal cells on cholangiocarcinoma cells.
In this study, we fabricated 3D bioprinted models with tumor cells and stromal
cells. Compared with cells cultured in two-dimensional (2D) environment, cells
in 3D bioprinted models exhibited better proliferation, higher expression of
tumor-related genes, and drug resistance. The existence of stromal cells
promoted tumor cell activity in 3D models. Our study shows that 3D
bioprinting of an immune microenvironment is an effective way to study the
effects of stromal cells on cholangiocarcinoma cells.

KEYWORDS

3D bioprinting, immune microenvironment, cholangiocarcinoma (CCA), tumor-associated
fibroblasts, tumor-associated endothelial cells, tumor-associated macrophages

Introduction

Cholangiocarcinoma (CCA) is the most common biliary malignancy and the second
most common primary liver malignant tumor, only after hepatocellular carcinoma (1, 2).
CCA accounts for 10-20% of deaths due to hepatobiliary malignancies (3, 4). Usually,
early diagnosis of CCA is challenging, as it has no specific symptoms; thus, it is mostly
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diagnosed at an advanced stage. Even if patients undergo
standard surgical interventions, they may face a high rate of
recurrence and distant metastasis. This leads to poor prognosis,
high mortality rates, and limited treatment options; less than
40% of patients survive for more than five years (5, 6). Patients
with unresectable CCA generally have a survival rate shorter
than 12 months after diagnosis, and neither radiation nor
standard-of-care chemotherapy regimens (gemcitabine, 5-
fluorouracil, and cisplatin) exhibit significantly improved
survival rates (7-10).

A typical histological feature of CCA is desmoplasia, which
is the presence of abundant fibrotic stroma that surrounds and
infiltrates the tumor structures and a rich tumor immune
microenvironment (11). The tumor stroma is so prominent
that it outweighs the tumoral component (12). Stroma
contains both non-immune and immune cell types, as well as
capillary networks, including tumor-associated fibroblasts
(TAF), tumor-associated endothelial cells (TEC), and
lymphatic cells, such as tumor-associated macrophages
(TAM), tumor-associated neutrophils, and regulatory T
lymphocytes (Tregs). These cells affect CCA progression
through various mechanisms, such as migration, invasion,
metastasis, immune responses, angiogenesis, and
lymphangiogenesis (11).

A traditional two-dimensional (2D) cell culture model
enables adequate nutrient exchange and cell growth, but the
cells also lose many inherent characteristics that they possess in
three-dimensional (3D) environment in vivo, such as a 3D
growth environment, intercellular junctions, and cell-matrix
interactions (13, 14). Cells have shown non-negligible
differences between 2D and 3D models in terms of gene and
protein expression, signal transduction, cell migration, cell
morphology, proliferation characteristics, and viability (15-17).
Hence, 2D models fails to recapitulate the natural
microenvironment in tissues or organs and may provide
misleading results, especially during the investigation of the
pathological mechanism of cancer and anti-cancer drug
testing/development (18, 19).

Many 3D cancer models have been designed to overcome the
limitations of the current cancer models and reduce the costs of
studies and preclinical drug evaluation. Patient-derived
xenografts (PDXs) and organoids are the most commonly
used 3D cancer models, which have contributed significantly
to cancer research (20). These models can better mimic original
tissue features in terms of structural organization, cell-cell
interactions, and cell-extracellular matrix (ECM) interactions.
However, there are also some problems with PDXs, such as
ethical disputes, more time consumption, high cost, and
complicated operation (21-24). In addition, PDXs models
require the use of immunocompromised animals, which lack a
fully functional immune system; therefore, they cannot be used
to test immunotherapy. In addition, xenograft tumors grow
faster than human tumors because of the lack of an immune

Frontiers in Immunology

02

10.3389/fimmu.2022.941289

system. Hence, immature blood vessels inside xenograft tumors
do not correspond to tumorigenic blood vessels inside human
tumors, and the therapeutic efficacy of compounds exhibited in
animal experiments is different from that in humans (25).
Organoids can better maintain the characteristics of primary
and tumor cells than PDXs in long-term cultures (26). Although
organoids have many advantages over traditional models and in
vitro models of tumors, they are unable to completely replicate
the complexity and diversity of primary cells and lack elements
of the immune system and vascular factors, especially key
stromal cells (27). Therefore, the development of novel 3D
tumor tissues that can be used as tumor models for pre-
clinical studies is highly desirable (28, 29).

To overcome these limitations, in recent years, advancement
of 3D bioprinting technology inspired bioengineers and
scientists to develop approaches to “print” in vitro tumor-
mimicking models to investigate the biological mechanism of
tumor development (30). 3D bioprinted model can achieve an
accurate and controllable distribution of cells, active molecules,
and biomaterials with a complex structure of multi-cell and
multi-material arrangements. This technology allows for precise
3D construction of complex tissues and organs (31, 32).
Research has shown that co-culture of tumor cells with tumor
immune microenvironment-associated cells is a novel approach
for which has aided in discovering various novel aspects of the
tumor immune microenvironment (33). The biomimetic
environment of the 3D bioprinted model recapitulates
numerous features of the natural ECM, such as biophysical
and biochemical cues, which are essential for cell behavior and
growth (34-36). Compared to traditional cell cultures, 3D
bioprinted models can provide intercellular junctions and
immune microenvironments that closely resemble in the
tumor. 3D bioprinting has been considered a suitable
technology and applied for the construction of in vitro tumor
tissue models with a biomimetic tumor microenvironment for
pathological studies and drug evaluation (37).

In the present study, we established a CCA model using 3D
bioprinting technology. Direct mixing of tumor and stromal cells
in a 3D environment will cause contact inhibition of both types
of cells during growth (38). Therefore, we used a bioprinter
platform to print structures composed of cancer cells
surrounded by stromal cells (Figure 1). First, we confirmed
that cells in the 3D bioprinting system had better viability and
metabolic activity than those in 2D culture. We then observed
the effects of stromal cells on the proliferation, invasion,
metastasis, stemness, and drug resistance of CCA cells using a
3D bioprinted model. The 3D bioprinted tumor model displayed
a physiological state similar to that found in vivo and was
compatible with the continuous monitoring and functional
evaluation of long-term culture. However, Sun et al. reported
that they used isolated primary CCA cells to fabricate a 3D
bioprinted model in vitro (39). Active proliferation and
biological functions of the cells were observed, as well as
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3D bioprinted models of cholangiocarcinoma (CCA) immune microenvironment. (A) The schematic of 3D bioprinted model of CCA with RBE
alone. (B) The schematic of 3D bioprinted model with CCA cells RBE and stromal cells. The middle square structure in blue represents hydrogel
containing RBE cells, while the peripheral structure in grey represents hydrogel containing TEC, TAF, or TAM cells according to different models.

higher drug resistance was verified successfully. The study
focused on the role of CCA cells, as the isolated cells were
mainly CCA cells, and the primary medium had screening effects
on tumor cells; hence, the stromal cells were absent in the model,
which had a non-negligible impact on tumor cells. Therefore, the
response of stromal cells to CCA cells could not be assessed in
this model, and the model cannot be used for the exploration of
the tumor immune microenvironment. In general, our 3D
bioprinted tumor model can be exploited to better emulate the
clinical and laboratory scenarios of various cancer types,
potentially serve as a powerful clinically accurate platform for
preclinical research and drug testing and provide a suitable
alternative to animal models.

Materials and methods
Cell culture

CCA cell line RBE, human umbilical vein endothelial cells
(HUVEC), fibroblasts (CCC-HPF-1) and human monocyte
leukemia THP-1 cells were obtained from the Cell Bank of the
Type Culture Collection of the Chinese Academy of Sciences
(Beijing, China). All cells were cultured in high-glucose
Dulbecco’s modified minimum essential medium (H-DMEM;
Gibco, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco), 1% penicillin, and streptomycin
(Gibco). The cells were cultured in an incubator at 37°C with
5% CO,.

THP-1 cells were differentiated to macrophages using 150
nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St.
Louis, MO, USA) for 24 h. Then M2 macrophages were obtained
by removing the medium and incubating the cells in the medium
with 20 ng/mL interleukin-4 (IL-4, R&D Systems, Minneapolis,
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MN, USA) and 20 ng/mL interleukin-13 (IL-13, R&D Systems)
for 72 h. M2 macrophages were then used for 3D bioprinting.

Cell activation

The cells were activated as per a previously established
protocol (40). HUVEC, fibroblasts and M2 stromal cells were
activated and transformed into TEC, TAF, and TAM,
respectively. Briefly, when RBE were 70% confluent, they were
incubated in fresh medium for 24 h. The supernatant was
collected and filtered through a 0.22um filter (Merck
Millipore, Billerica, MA, USA) and designated as the RBE-
conditional medium. After washing with phosphate-buffered
saline (PBS, Solarbio, Beijing, China) gently, HUVEC,
fibroblasts and M2 were incubated with RBE-conditioned
medium for 72 h and then activated to the TEC, TAF and TAM.

Construction of the 3D bioprinted model

3D cell bioprinter BIOMARKER (SUNP Biotech, Beijing,
China) was used to fabricate the in vitro cell model following a
previously reported protocol (41, 42). Briefly, RBE and/or other
stromal cells (TEC, TAF, and TAM) cultured in 2D environment
were harvested and prepared as a suspension in culture medium.
The cell suspension, 12.5% gelatin methacryloyl (GelMA)
hydrogels (SUNP Biotech), and photoinitiator, 2.5% lithium
phenyl-2,4,6 trimethylbenzoylphosphinate (LAP, SUNP
Biotech) were mixed at a volume ratio of 1:8:1. The final cell
density was 5 x 10°/mL. The cell/hydrogel mixture was drawn
into a sterilized syringe with a 23G needle and placed in the 3D
bioprinter at a controlled temperature. The temperature of the
nozzle and forming chamber was 23°C and 8°C, respectively.
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The models were then fabricated by forced extrusion at a speed
of 1.5 mm’/s (Figure 1), followed by exposure to a blue laser
(wavelength is 405 nm) for 20 s to solidify the GelMA, and 3 mL
of fully supplemented H-DMEM was added to the dish. The
medium was changed every 2 days. The RBE printed alone was
named RBE(3D), RBE printed with TEC was named RBE(TEC),
RBE printed with TAF was named RBE(TAF), and RBE printed
with TAM was named RBE(TAM).

Cell survival

Cell survival in the 3D bioprinted models was evaluated on
days 1, 3, 6, 10, and 15 after bioprinting to assess the viability of
cells in GelMA hydrogels. A fluorescent live/dead assay was
performed to determine cell survival. Briefly, a mixture of
calcein-AM (C-AM, 1 umol/L; Sigma-Aldrich) and propidium
iodide (PI, 2 wmol/L; Sigma-Aldrich) was prepared. The 3D
bioprinted models were washed with PBS and incubated in C-
AM/PI mixture for 20 min at room temperature in the dark.
After incubation, the 3D bioprinted models were washed three
times with PBS and observed under a laser scanning confocal
microscope (C2/C2si; Nikon, Tokyo, Japan). Five random fields
were captured for each sample, and the cells in the fields were
counted using Image] (V 1.8.0). Cell viability was calculated by
counting the number of cells as follows: Cell viability (%) = (live
cells/total cells) x 100%.

Cell proliferation assay

The 3D bioprinted cells and 2D cells were incubated in a
mixture of culture medium and Cell Counting Kit 8 (CCKS;
Dojindo, Kumamoto, Japan) at a volume ratio of 9:1. After 2 h of
incubation at 37°C, the absorbance of the culture medium at
450/620 nm was measured (AMR-100; ALLSHENG, Hangzhou,
Zhejiang, China). The relative rate of cell proliferation was
calculated using a standard protocol.

MRNA expression

The expression of related genes was evaluated using
quantitative real-time polymerase chain reaction (qQRT-PCR).
Total RNA was isolated from 2D RBE, RBE(3D), RBE(TEC),
RBE(TAF), and RBE(TAM) using an RNA-quick purification kit
(YISHAN Bio Co., LTD, Shanghai, China), according to the
manufacturer’s instructions. RNA was reverse transcribed into
cDNA using ¢cDNA Synthesis SuperMix (YEASEN Bio Co.,
LTD, Shanghai, China). Ki-67, OCT-4, EPCAM, MRP2,
BCRP, [-catenin, cyclin D1, ¢-Myc, N-cadherin, and MMP9
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mRNA levels were determined by performing qRT-PCR using
BlasTaqTM 2X qPCR MasterMix (abm, San Diego, CA, USA) ina
real-time PCR system (Applied Biosystems, Foster City, CA,
USA). The amplification conditions were as follows: initial
denaturation for 30 s at 95°C; 40 cycles of denaturation for 5 s
at 95°C, annealing for 30 s at 60°C, and elongation for 30 s at 72°
C; and a final extension step for 30 s at 72°C. qRT-PCR was
“AACH in the

expression of each gene was calculated for each group. Primer

performed in triplicate and the fold change (2

sequences are listed in Supplementary Table 1.

Immunofluorescence assay

After washing with PBS, 2D cells and 3D bioprinted cells were
fixed in 4% paraformaldehyde (Solarbio) for 20 min. The cells were
incubated with 0.1% Triton X-100 (Sigma-Aldrich) for 30 min and
3% bovine serum albumin (BSA; Thermo Fisher Scientific,
Waltham, MA, USA) for 45 min. All the aforementioned steps
were conducted at room temperature. Then the cells were
incubated with primary antibodies for Ki-67 (1:250, Abcam,
Cambridge, MA, USA), MRP2 (1:250, Abcam), (3-catenin (Cell
Signaling Technology, CST, Danvers, MA, USA), and E-cadherin
(1:250, Abcam), vimentin (1:250, Abcam) overnight at 4°C,
separately. After that, the cells were incubated with
fluorochrome-conjugated secondary antibody (1:500, Abcam)
and 4’,6-diamidino-2-phenylindole (DAPI, 1:1000, Abcam).
Images were obtained using a fluorescence microscope (Nikon).

Pharmacodynamic evaluation of
antitumor drugs

After 7 days of culture, 3D bioprinted cells were treated with
different concentrations of gemcitabine (Sigma-Aldrich) (0.01,
0.08, 0.4, 2, 10, and 50 uM), cis-platinum (Sigma-Aldrich) (0.01,
0.08, 0.8, 4, 20, and 100 uM), or 5-fluorouracil (Sigma-Aldrich)
(0.01, 0.08, 0.8, 8, 40, and 200 uM) for 72 h. When 2D RBE were
70% confluent, generally 2~3 days after passage, the cells were
treated under the same conditions as described above. Cell
growth was measured using the CCK8 assay, and dose-
response curves were drawn using GraphPad Prism (Version
9.0.0, San Diego, CA, USA).

Statistical analysis

Data are expressed as the mean * standard deviation.
Statistically significant differences between the groups were
determined using Student’s t-test. A significance level of 5%
(p < 0.05) was used for all tests.
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Results

Construction of 3D bioprinted model
to simulate tumor immune
microenvironment

To simulate and recapitulate the in vivo growth status of CCA
in an in vitro environment, we applied 3D bioprinting technology
to establish a 3D printed microtissue model (Figure 1B) and the
model RBE cell printed alone as control (Figure 1A). Figure 1B
shows a schematic of the construction of the 3D CCA immune
microenvironment. Hydrogel GelMA was assembled into a grid-
like stereo structure with defined pores, which encapsulated the
RBE or TEC/TAF/TAM. The single-cell length, width, and height
of the model were measured to be approximately 5, 5, and 1 mm,
respectively. The outside diameter, inner diameter, and height of
the model were 16, 8, and 1 mm, respectively. The ratio of cell
number was 1:1.5 (RBE: stromal cells), calculated by hydrogel
volume with the same density of cells.

C-AM/PI staining was used to determine the cell viability. In
the present study, the viability of the 3D bioprinted RBE and
stromal cells was stable above 90% during the entire growth cycle
(Figures 2A, B, S1, S2). These results indicated that the cells were
well grown in the 3D bioprinting environment and did not need
to be passaged during the 15-day study period, which better
mimics the tumor microenvironment in vivo. These findings will
help in understanding the real role of stromal cells in tumor cells.

10.3389/fimmu.2022.941289

3D bioprinted cells have better and
stable proliferation capacity

To track the growth of tumor cells over time, we compared
the proliferation of 3D bioprinted and 2D cultured RBE using the
CCKS8 assay. The results were shown as multiples of day 3, 6, 10,
and 15 after 3D bioprinting, compared to the data on day 1
(Figure 2C). Compared to that of the cells cultured in 2D
environment, the growth rate of 3D bioprinted cells was slower
after 1 ~ 3 days. However, after 3 days, proliferation rates were
similar in all types of environments. In addition, after 6 days, as
the 2D cells did not have enough space to grow, the rate of
apoptosis began to increase gradually, and the proliferation rate
of 3D bioprinted cells was higher than that of the 2D models. In
addition, we cannot neglect that RBE co-cultured with TAF or
TAM had higher proliferation than those cultured alone or with
TEC after 10 days. These results showed that 3D bioprinted cells
have improved and more stable proliferation than 2D cells, and
the existence of TAF or TAM can promote the proliferation of
tumor cells, while TEC did not exhibit this function.

Therefore, we selected 7 days after bioprinting as the time
point for functional examination, including gene expression and
drug testing, as this time point was considered suitable for
comparison of 3D bioprinted cells with planar cultured cells.
While 2D cells with 70% confluent and good viability were
selected for the above functional examination, normally 2~3
days after passage.
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FIGURE 2

Statistical results of cell viability, proliferation and genes expression in different models. (A) The cells viability of RBE was stable above 90% in
different 3D bioprinted models throughout the growth cycle. (B) Statistical result of stromal cells viability in 3D bioprinting hydrogel, which was
all more than 90% in the total growth cycle. (C) Statistical result of cell proliferation with CCK8 assay. The result was shown as fold change
compared to day 1, respectively. *, 2D vs. RBE(3D), p < 0.05. **, RBE(3D) vs. RBE(TAF), p < 0.05. ***, RBE(3D) vs. RBE(TAM), p < 0.05. (D)
Statistical result of gene expression by gRT-PCR assay. The result was shown as fold change compared to 2D-RBE, separately. The experiments

were replicated at least three times.
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3D bioprinted microenvironment
promotes tumor-related mRNA and
protein expression

To detect the gene expression levels of cells under different
growth conditions, we used quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) and immunofluorescence
(IF) to measure the relative levels of gene expression after 7 days
of culture. The results are shown in Figures 2D, 3. The qRT-PCR
results were consistent with those of the IF assays. The gene
expression levels of cells cultured in 3D bioprinted models in
proliferation, cancer stem cell heterogeneity, and drug resistance
were at least 2-fold higher than those of cells cultured in 2D
environment (Figure 2D). 3D bioprinting conditions can
facilitate cell multiplication. In addition, 3D bioprinted cells
showed higher resistance to antitumor drugs. Moreover, the
presence of stromal cells TAF, and TAM can boost the
malignancy of RBE, whereas TEC does not have an effect on RBE.

>

Ki67/DAP|

T
<
a
=
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o
o
=

FIGURE 3

10.3389/fimmu.2022.941289

Effects of antitumor drugs on the 3D
bioprinted models

To assess the response of cells to antitumor drugs in different
models, 3D bioprinted cells and 2D RBE were treated with different
concentrations of gemcitabine (0.01, 0.08, 0.4, 2, 10, 50uM), cis-
platinum (0.01, 0.08, 0.8, 4, 20, 100uM), and 5-fluorouracil (0.01,
0.08, 0.8, 8, 40, 200uM) for 72 h, separately. The half-maximal
inhibitory concentrations (IC50) of gemcitabine in the five groups
(2D, RBE(3D), RBE(TEC), RBE(TAF), RBE(TAM)) were 0.8217,
2.714, 2.788, 3.488, and 3.675 UM, respectively. The IC50 values of
cis-platinum in the above five groups were 11.33, 37.15, 37.63,
46.66, and 52.19 UM, respectively. The IC50 values of gemcitabine
and cis-platinum in the 3D bioprinted models were significantly
higher than those in the 2D cells (Figures 4A-E) (p < 0.05). It was
worth noting that in the drug inhibition experiment, the different
concentrations of 5- fluorouracil had better inhibitory effects on 2D
RBE, RBE (3D), and RBE(TEC) group, while in the 3D bioprinting

RBE(TAF) RBE(TAM)

Correlative protein expression by immunofluorescence (IF) in different models. (A—E) The expression of Ki67, MRP2 at 7 days after 3D
bioprinting and 2D cells with appropriate density. Compared with 2D environment, 3D bioprinted environment promoted genes expression.
While RBE(TAF) and RBE(TAM) had higher expression than that in RBE(3D) and RBE(TEC). Scale bars: 40 um. The experiments were replicated at

least three times
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FIGURE 4

Characterization of drug metabolism and genes expression in different models. Dose-response curves and half maximal inhibitory concentration
(IC50) of gemcitabine, cis-platinum and 5-fluorouracil in 2D cell model(A), the RBE(3D) (B), RBE(TEC) (C), RBE(TAF) (D) and RBE(TAM) (E) after
72 h of incubation. Compared with 2D RBE cells, cells in 3D bioprinted models had higher IC50 values, especially in RBE(TAF) and RBE(TAM). (F)
gRT-PCR assays showed that 3D bioprinting upregulated the expression of Wnt/B-catenin pathway-related genes (3-Catenin, Cyclin D1 and c-
Myc) and epithelial-mesenchymal transition (EMT) markers (N-Cadherin and MMP9), compared with 2D RBE cells. The experiments were

replicated at least three times.

model containing TAF or TAM cells, high concentrations of 5-
fluorouracil were still challenging to show cell inhibition. Overall,
the stromal cells TAF and TAM accelerated the resistance against
the drugs mentioned above (p < 0.05).

3D bioprinting drives the process of
epithelial-mesenchymal transition may by
activating Wnt/B-catenin signaling in CCA

To investigate changes in epithelial-mesenchymal transition
(EMT) in CCA, qRT-PCR and IF assays were conducted. The
results showed that 3D bioprinting significantly promoted the
migration and invasion of RBE, increased the expression of
vimentin, N-cadherin, and MMP9Y, and decreased the expression
of E-cadherin (Figures 4F, 5). These results suggested that 3D
bioprinting is involved in the EMT of CCA cells. To reveal the
molecular mechanism of 3D bioprinting in promoting the EMT
process, we subsequently performed qRT-PCR and IF to identify
the target genes differentially expressed between 3D bioprinted
cells and 2D cells. The 3D bioprinted cells showed increased
expression of the Wnt/B-catenin pathway genes (B-catenin,
cyclin D1, and c-Myc). These results suggest that 3D
bioprinting may facilitate the mesenchymal phenotype of
tumor cells in a Wnt/B-catenin signaling-dependent manner.
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Discussion

The lack of tumor-related stromal cells in traditional 2D cell
cultures is not suitable for studying the function of cells in the
tumor environment, which makes it difficult to simulate the real
tumor immune environment. Accurate models of tumors are
needed to understand how complex stromal cells contribute to
tumor growth, progression, and drug response. Associated
mouse models and xenografts of cancer cells into
immunocompromised mice have benefited the research of
tumors, such as the presence of a tumor immune
microenvironment. However, these models have shortcomings,
such as high costs, time consumption, lack of human stroma,
and difficulty in manipulation (21, 43). Hence, the results
obtained in animals are not always confirmed in humans (44).

Therefore, establishing an in vitro biomimetic tumor model
can overcome some of the aforementioned shortcomings. 3D
bioprinting technology offers the unique ability to create
architecturally and compositionally complex biomimetic
microenvironments with high reproducibility. A 3D bioprinted
tissue model recapitulates cell-matrix interactions and tumor
cell-stromal cell communications, with tissue heterogeneity
incorporated into the model (29, 45). Here, an extrusion-based
bioprinting strategy was used to fabricate a 3D tumor model to
analyze and compare the biological behavior and different roles
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FIGURE 5

RBE(TEC)

10.3389/fimmu.2022.941289

RBE(TAF

RBE

TAM

3D bioprinting promotes EMT may via the Wnt/B-catenin pathway in CCA. (A—E) The results of IF staining, including B-Catenin, Vimentin and E-
Cadherin in the 2D at appropriate density and 3D bioprinted models at 7 days after 3D bioprinting. Scale bars: 40 um. The experiments were

replicated at least three times

of stromal cells in the tumor immune microenvironment (46—
48). Hydrogels such as GeIMA have been widely used for 3D
bioprinting many types of models because of their hydrophilic
polymeric networks and ECM-like properties (49). Studies have
shown that hydrogel-based tumor models with 3D
microenvironments and physicochemical properties are critical
for studying the interactions between cells and the tumor

Frontiers in Immunology

08

microenvironment (50). In this study, GelMA was bioprinted
because of its shear-thinning property, and after crosslinking,
the printed scaffold provided a good mechanical strength (30).
Owing to this physicochemical property, the printed linear
hydrogel presented a well-defined interconnected channels
between two adjacent hydrogels, which ensures a timely and
adequate exchange of gases and nutrients between the
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environment and hydrogel. Many reports have already revealed
the advantages of 3D bioprinting in tumor biology (51).
However, only few studies have examined the biological
functions of tumor-related stromal cells using 3D bioprinting
technology. In particular, for CCA, a malignant tumor with
abundant stroma, the effects of stromal cells on 3D bioprinted
tumor cells have not been reported.

Here, an extrusion-based 3D bioprinting strategy was used
to fabricate 3D tumor models to analyze and compare the
biological behavior of TEC, TAF, and TAM in 3D immune
microenvironments, particularly their different roles in tumor
progression. The viability of RBE and stromal cells in different
models at different days after bioprinting was always greater
than 90%. This suggests that regardless of the cell type, the 3D
bioprinting system had good printability and biocompatibility.
In addition, the 2D cells have to be passed every few days,
whereas the cells in a 3D bioprinted system can be cultured for
more than 15 days continuously, which can be used for long-
term experiments. In the present study, the CCK8 assay, Ki-67
testing with qQRT-PCR, and IF assays were conducted to detect
the proliferation of cells in different models. Although 2D cells
may have higher proliferation than those of 3D bioprinted
models in 1 ~ 6 days, 2D cells began to die after 6 days
because of waste accumulation and lack of growth space.
Throughout the course of the study, the proliferation and
growth of RBE in the 3D bioprinted models were higher than
those in the 2D environment.

Studies have indicated that cancer stem cells (CSCs), a small
subpopulation of cancer cells with tumor-initiating capabilities,
are responsible for tumorigenesis (52). It is widely believed that
CSCs are closely related to pathological features, such as worse
clinical prognosis. The presence of CSCs in a tumor is closely
related to enhanced invasiveness and metastatic capability (53,
54). Resistance to conventional anti-cancer drugs is a
characteristic of CSCs (55, 56). In addition, CSCs can
differentiate into phenotypically varied subclones, thereby
increasing their resistance to anti-cancer drugs (57). Earlier
studies have demonstrated that microenvironments include
hypoxic environment, which promotes the generation and
maintenance of CSCs (58). However, the grid-like structure of
3D bioprinted model and good permeability of GelMA allows
cells in model had adequate and timely oxygen and nutrient
exchanges. Therefore, the high proliferative state of CSCs cannot
be attributed to hypoxia but to the 3D structure provided by the
3D bioprinting technology. The expression of stem cell markers,
OCT-4, and EPCAM in the 3D bioprinting environment was
shown to be stronger than that in the 2D environment. The
expression of the drug-resistance-related genes, MRP2 and
BCRP, was consistent with that of stem cell markers. We
found that the IC50 values of the three tested drugs were
much higher in the 3D bioprinted models than in the 2D models.
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The enhancement of cell malignancy in a 3D bioprinted
environment also reflects changes in the expression of proteins
related to the EMT process. We investigated the expression of N-
cadherin, E-cadherin, vimentin, and MMP9, and found that the
epithelial characteristics of tumor cells in the 3D bioprinted
environment were decreased, whereas the mesenchymal
characteristics increased. This indicates that the 3D bioprinted
environment promotes cell malignancy and is conducive to the
expression of the tumorigenic phenotype of tumor cells.

The classical Wnt/B-catenin pathway is a complex,
evolutionarily conserved signaling mechanism that regulates
fundamental physiological and pathological processes (59). It
tightly controls embryogenesis, including hepatobiliary
development, maturation, and zonation (60). In the mature
healthy liver, the Wnt/B-catenin pathway is usually inactive
and can be re-activated during cell renewal and regenerative
processes, and in certain pathological conditions, diseases, and
cancer (61). Normal activation of Wnt/B-catenin signaling is
highly prevalent in CCA tumors and can promote tumor cell
proliferation and survival (62, 63). Our study showed that 3D
bioprinting models exhibited higher expression of genes related
to the Wnt/B-catenin pathway, including B-catenin, cyclin D1,
and c-Myc, as well as the downstream genes, such as those
encoding for N-cadherin, vimentin, and MMP9. 3D bioprinting
promotes the EMT of RBE via the Wnt/B-catenin pathway by
changing the microenvironment. These results provide reliable
evidence to reveal the mechanism by which 3D bioprinting
models promote tumor cell invasion and metastasis.

Stromal cells in the tumor immune microenvironment are
important for disease progression and drug responses. We
fabricated in vitro 3D 3Dellular CCA models with activated
stromal cells to provide a microenvironment that simulates the
metabolism and physiological characteristics of in vivo
tumor tissues to study the function of stromal cells. As the
tumor immune microenvironment plays a vital role in tumor
progression, we incorporated TEC, TAM, and TAF separately
into our experiments, which have been shown to play important
roles in tumor progression in other tumors or models (64).
Considering that traditional research models may lead to a bias
in the results, for the first time, we used 3D bioprinting
technology to study the roles of various stromal cells in CCA.
The results showed that compared to that in case of 3D
bioprinted RBE alone and 3D bioprinted RBE with TEC, TAM
and TAF promoted RBE viability. This is embodied in the
following aspects. First, TAM and TAF accelerated cell
proliferation. Second, TAM and TAF facilitated CSC
expression. Third, TAM and TAF enhanced the expression of
drug-resistance genes as well as IC50 values. Fourth, the Wnt/f3-
catenin pathway was extensively activated in 3D bioprinted
models of RBE using TAM or TAF. These results align with
findings from previous studies.
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A previous study shown that TEC induces tumor
progression and invasion by activating a series of pathways
(65). In addition, TEC can release inflammatory chemokines
to attract leukocytes to establish a pro-fibrotic and pro-
angiogenic microenvironment and promote migration,
invasion, and EMT in CCA (66). Besides, CCA-associated
endothelial cells highly express the erythropoietin receptor,
which binds to cell-released erythropoietin in the tumor
immune microenvironment, thus promoting proliferation,
survival, and invasion of CCA cells (67). However, reports
have claimed that endostatin precursors secreted by CCA
stromal endothelial cells suppress tumor angiogenesis, growth,
and development. Weakening of the adhesion between CCA
cells and vascular endothelial cells results in the suppression of
CCA cell metastasis.

Functional TEC affects the physiological characteristics and
progression of CCA cells. However, our results showed that the
function of RBE in the RBE(TEC) was not affected, and the
results were the same as those in case of RBE(3D), but
significantly different from those in case of RBE(TAF) and
RBE(TAM). Our analysis suggests that the functional
expression of TEC was established based on the premise that it
was a part of the tumor vessels. However, TEC distribution in
the hydrogel was uniform and did not form a capillary network;
thus, it could not exhibit the macro-function of vessels,
nutrition/waste products, and gas exchange. In addition, the
diameter of our hydrogel was 0.25 mm and the TEC were
cultured separately. Therefore, TEC do not play a significant
role in this model.

We developed in vitro 3D bioprinted tumor model to
explore the role of stromal cells in CCA. The results showed
that cells in our models can survive for an extended period post-
printing, wherein they can be continuously monitored over two
weeks without passaging. Also, that the 3D bioprinted model
significantly promoted the proliferation and gene expression of
tumor cells compared to the 2D and RBE(3D) models.
Tumorigenic phenotypes, including the degree of malignancy,
stemness, invasiveness, and metastatic ability, were observed to
be highly upregulated in RBE(TAF) and RBE(TAM) compared
to those in 2D cultures and other 3D models. 3D bioprinting
models simulate the tumor microenvironment so that the
heterogeneity of the tumor cells and the characteristics of
CSCs can be mimicked. Anti-cancer drug resistance of RBE in
the abovementioned models further demonstrated their
stemness-like properties. In addition, the 3D bioprinted model
acts on the tumor cell microenvironment and promotes RBE
cells may through the Wnt/B-catenin pathway. Cells in a 3D
bioprinted model have a greater ability to invade and
metastasize. In conclusion, these 3D bioprinted models exhibit
promising potential in the research on tumor progression with a
focus on the immune microenvironment and personalized
therapy. The established 3D bioprinting route is also
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applicable and is expected to be used for engineering other
tumor tissue models in vitro.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Author contributions

Conceived and designed the experiments: HY, YM, XS, and
CL. Performed the experiments: CL, BJ, and HS. Analyzed the
data: CL, YW, HZ, XS, and HY. Contributed reagents/materials/
analysis tools: HY, YM, BJ, and HS. Wrote the manuscript: CL,
BJ, and HS. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by grants from Beijing Natural
Science Foundation (7212077), CAMS Innovation Fund for
Medical Sciences (CIFMS) (No.2021-12M-1-058) and Tsinghua
University-Peking Union Medical College Hospital Cooperation
Project (PTQH201904552).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.941289/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.941289/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.941289/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.941289
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

References

1. Rizvi S, Khan SA, Hallemeier CL, Kelley RK, Gores GJ. Cholangiocarcinoma -
evolving concepts and therapeutic strategies. Nat Rev Clin Oncol (2018) 15(2):95—
111. doi: 10.1038/nrclinonc.2017.157

2. Munugala N, Maithel SK, Shroff RT. Novel biomarkers and the future of
targeted therapies in cholangiocarcinoma: a narrative review. Hepatobiliary Surg
Nutr (2022) 11(2):253-66. doi: 10.21037/hbsn-20-475

3. Alsaleh M, Leftley Z, Barbera TA, Sithithaworn P, Khuntikeo N, Loilome W,
et al. Cholangiocarcinoma: a guide for the nonspecialist. Int | Gen Med (2019)
12:13-23. doi: 10.2147/TJGM.S186854

4. Franken LC, Olthof PB, Erdmann JI, van Delden OM, Verheij J, Besselink
MG, et al. Short- and long-term outcomes after hemihepatectomy for perihilar
cholangiocarcinoma: does left or right side matter? Hepatobiliary Surg Nutr (2021)
10(2):154-62. doi: 10.21037/hbsn-19-948

5. Jeong S, Luo G, Gao Q, Chen J, Liu X, Dong L, et al. A combined cox and
logistic model provides accurate predictive performance in estimation of time-
dependent probabilities for recurrence of intrahepatic cholangiocarcinoma after
resection. Hepatobiliary Surg Nutr (2021) 10(4):464-75. doi: 10.21037/
hbsn.2020.01.07

6. Ramirez-Merino N, Aix SP, Cortés-Funes H. Chemotherapy for
cholangiocarcinoma: An update. World ] Gastrointest Oncol (2013) 5(7):171-6.
doi: 10.4251/wjgo.v5.i7.171

7. Yothagaree T, Sa-Ngiamwibool P, Koonmee S, Pairojkul C. AB038. p-06.
tumor-infiltrating CD8+ lymphocytes of as a prognostic factor of intrahepatic
cholangiocarcinoma. Hepatobiliary Surgery and Nutrition (2019) 8(S1):AB038-AB.
doi: 10.21037/hbsn.2019.AB038

8. Choodetwattana P, Proungvitaya S, Jearanaikoon P, Limpaiboon T. The
upregulation of OCT4 in acidic extracellular pH is associated with gemcitabine
resistance in cholangiocarcinoma cell lines. Asian Pac ] Cancer Prev (2019) 20
(9):2745-8. doi: 10.31557/APJCP.2019.20.9.2745

9. Shen X, Zhao H, Jin X, Chen J, Yu Z, Ramen K, et al. Development and
validation of a machine learning-based nomogram for prediction of intrahepatic
cholangiocarcinoma in patients with intrahepatic lithiasis. Hepatobiliary Surg Nutr
(2021) 10(6):749-65. doi: 10.21037/hbsn-20-332

10. Qu WF, Liu WR, Shi YH. Adjuvant chemotherapy for intrahepatic
cholangiocarcinoma: far from a clinical consensus. Hepatobiliary Surg Nutr
(2021) 10(6):887-9. doi: 10.21037/hbsn-21-362

11. Fabris L, Perugorria MJ, Mertens J, Bjorkstrom NK, Cramer T, Lleo A, et al.
The tumour microenvironment and immune milieu of cholangiocarcinoma. Liver
Int (2019) 39 Suppl 1:63-78. doi: 10.1111/1iv.14098

12. Rizvi S, Gores GJ. Pathogenesis, diagnosis, and management of
cholangiocarcinoma. Gastroenterology (2013) 145(6):1215-29. doi: 10.1053/
j.gastro.2013.10.013

13. Abhinand CS, Raju R, Soumya SJ, Arya PS, Sudhakaran PR. VEGF-A/
VEGFR2 signaling network in endothelial cells relevant to angiogenesis. J Cell
Commun Signal (2016) 10(4):347-54. doi: 10.1007/s12079-016-0352-8

14. Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser W, Kunz-
Schughart LA. Multicellular tumor spheroids: an underestimated tool is catching
up again. ] Biotechnol (2010) 148(1):3-15. doi: 10.1016/j.jbiotec.2010.01.012

15. Knowlton S, Onal S, Yu CH, Zhao JJ, Tasoglu S. Bioprinting for cancer
research. Trends Biotechnol (2015) 33(9):504-13. doi: 10.1016/j.tibtech.2015.06.007

16. Charbe N, McCarron PA, Tambuwala MM. Three-dimensional bio-
printing: A new frontier in oncology research. World ] Clin Oncol (2017) 8
(1):21-36. doi: 10.5306/wjco.v8.i1.21

17. Bhadriraju K, Chen CS. Engineering cellular microenvironments to improve
cell-based drug testing. Drug Discovery Today (2002) 7(11):612-20. doi: 10.1016/
$1359-6446(02)02273-0

18. Kapalczynska M, Kolenda T, Przybyta W, Zajgczkowska M, Teresiak A,
Filas V, et al. 2D and 3D cell cultures - a comparison of different types of cancer cell
cultures. Arch Med Sci (2018) 14(4):910-9. doi: 10.5114/a0oms.2016.63743

19. Peng W, Datta P, Ayan B, Ozbolat V, Sosnoski D, Ozbolat IT. 3D
bioprinting for drug discovery and development in pharmaceutics. Acta
Biomater (2017) 57:26-46. doi: 10.1016/j.actbio.2017.05.025

20. Merino D, Weber TS, Serrano A, Vaillant F, Liu K, Pal B, et al. Barcoding reveals
complex clonal behavior in patient-derived xenografts of metastatic triple negative
breast cancer. Nat Commun (2019) 10(1):766. doi: 10.1038/s41467-019-08595-2

21. Hubert CG, Rivera M, Spangler LC, Wu Q, Mack SC, Prager BC, et al. A three-
dimensional organoid culture system derived from human glioblastomas recapitulates

the hypoxic gradients and cancer stem cell heterogeneity of tumors found in vivo.
Cancer Res (2016) 76(8):2465-77. doi: 10.1158/0008-5472.CAN-15-2402

Frontiers in Immunology

10.3389/fimmu.2022.941289

22. Wang S, Gao D, Chen Y. The potential of organoids in urological cancer
research. Nat Rev Urol (2017) 14(7):401-14. doi: 10.1038/nrurol.2017.65

23. Mak IW, Evaniew N, Ghert M. Lost in translation: animal models and
clinical trials in cancer treatment. Am J Transl Res (2014) 6(2):114-8.

24. McGonigle P, Ruggeri B. Animal models of human disease: challenges in
enabling translation. Biochem Pharmacol (2014) 87(1):162-71. doi: 10.1016/
j.bcp.2013.08.006

25. Bray LJ, Werner C. Evaluation of three-dimensional in vitro models to study
tumor angiogenesis. ACS Biomater Sci Eng (2018) 4(2):337-46. doi: 10.1021/
acsbiomaterials.7b00139

26. Choi YJ, Yi HG, Kim SW, Cho DW. 3D cell printed tissue analogues: A new
platform for theranostics. Theranostics (2017) 7(12):3118-37. doi: 10.7150/
thno.19396

27. Yang L, Yang S, Li X, Li B, Li Y, Zhang X, et al. Tumor organoids: From
inception to future in cancer research. Cancer Lett (2019) 454:120-33. doi: 10.1016/
j.canlet.2019.04.005

28. Albritton JL, Miller JS. 3D bioprinting: improving in vitro models of
metastasis with heterogeneous tumor microenvironments. Dis Models
mechanisms (2017) 10(1):3-14. doi: 10.1242/dmm.025049

29. Satyavrata S, Nikhita J. 3D printing for the development of in vitro cancer
models. Curr Opin Biomed Eng (2017) 2:35-42. doi: 10.1016/j.cobme.
2017.06.003

30. Wang X, Dai X, Zhang X, Ma C, Li X, Xu T, et al. 3D bioprinted glioma cell-
laden scaffolds enriching glioma stem cells via epithelial-mesenchymal transition. J
Biomed materials Res Part A. (2019) 107(2):383-91. doi: 10.1002/jbm.a.36549

31. Ouyang L, Yao R, Mao S, Chen X, Na J, Sun W. Three-dimensional
bioprinting of embryonic stem cells directs highly uniform embryoid body
formation. Biofabrication (2015) 7(4):044101. doi: 10.1088/1758-5090/7/4/044101

32. Wiist S, Miiller R, Hofmann S. Controlled positioning of cells in
biomaterials-approaches towards 3D tissue printing. J Funct biomater (2011) 2
(3):119-54. doi: 10.3390/jfb2030119

33. Biffi G, Oni TE, Spielman B, Hao Y, Elyada E, Park Y, et al. IL1-induced
JAK/STAT signaling is antagonized by TGFpB to shape CAF heterogeneity in
pancreatic ductal adenocarcinoma. Cancer discovery (2019) 9(2):282-301. doi:
10.1158/2159-8290.CD-18-0710

34. Mann BK, West JL. Cell adhesion peptides alter smooth muscle cell
adhesion, proliferation, migration, and matrix protein synthesis on modified
surfaces and in polymer scaffolds. J Biomed materials Res (2002) 60(1):86-93.
doi: 10.1002/jbm.10042

35. Han IK, Chung T, Han J, Kim YS. Nanocomposite hydrogel actuators
hybridized with various dimensional nanomaterials for stimuli responsiveness
enhancement. Nano Converg (2019) 6(1):18. doi: 10.1186/s40580-019-0188-z

36. Nemati S, Kim SJ, Shin YM, Shin H. Current progress in application of
polymeric nanofibers to tissue engineering. Nano Converg (2019) 6(1):36. doi:
10.1186/540580-019-0209-y

37. Ozbolat IT, Peng W, Ozbolat V. Application areas of 3D bioprinting. Drug
Discovery Today (2016) 21(8):1257-71. doi: 10.1016/j.drudis.2016.04.006

38. Lazzari G, Nicolas V, Matsusaki M, Akashi M, Couvreur P, Mura S.
Multicellular spheroid based on a triple co-culture: A novel 3D model to mimic
pancreatic tumor complexity. Acta biomater (2018) 78:296-307. doi: 10.1016/
j.actbio.2018.08.008

39. Mao S, He J, Zhao Y, Liu T, Xie F, Yang H, et al. Bioprinting of patient-
derived in vitro intrahepatic cholangiocarcinoma tumor model: establishment,
evaluation and anti-cancer drug testing. Biofabrication (2020) 12(4):045014. doi:
10.1088/1758-5090/aba0c3

40. Chen H, Cheng Y, Wang X, Wang J, Shi X, Li X, et al. 3D printed in vitro
tumor tissue model of colorectal cancer. Theranostics (2020) 10(26):12127-43. doi:
10.7150/thno.52450

41. Yang H, Sun L, Pang Y, Hu D, Xu H, Mao §, et al. Three-dimensional
bioprinted hepatorganoids prolong survival of mice with liver failure. Gut (2021)
70(3):567-74. doi: 10.1136/gutjnl-2019-319960

42. Adib AA, Sheikhi A, Shahhosseini M, Simeunovic A, Wu S, Castro CE, et al.
Direct-write 3D printing and characterization of a GelMA-based biomaterial for
intracorporeal tissue. Biofabrication (2020) 12(4):045006. doi: 10.1088/1758-5090/
ab97al

43. Landerer S, Kalthoff S, Strassburg CP. UDP-Glucuronosyltransferases
mediate coffee-associated reduction of liver fibrosis in bile duct ligated
humanized transgenic UGT1A mice. Hepatobiliary Surg Nutr (2021) 10(6):766—
81. doi: 10.21037/hbsn-20-9

frontiersin.org


https://doi.org/10.1038/nrclinonc.2017.157
https://doi.org/10.21037/hbsn-20-475
https://doi.org/10.2147/IJGM.S186854
https://doi.org/10.21037/hbsn-19-948
https://doi.org/10.21037/hbsn.2020.01.07
https://doi.org/10.21037/hbsn.2020.01.07
https://doi.org/10.4251/wjgo.v5.i7.171
https://doi.org/10.21037/hbsn.2019.AB038
https://doi.org/10.31557/APJCP.2019.20.9.2745
https://doi.org/10.21037/hbsn-20-332
https://doi.org/10.21037/hbsn-21-362
https://doi.org/10.1111/liv.14098
https://doi.org/10.1053/j.gastro.2013.10.013
https://doi.org/10.1053/j.gastro.2013.10.013
https://doi.org/10.1007/s12079-016-0352-8
https://doi.org/10.1016/j.jbiotec.2010.01.012
https://doi.org/10.1016/j.tibtech.2015.06.007
https://doi.org/10.5306/wjco.v8.i1.21
https://doi.org/10.1016/S1359-6446(02)02273-0
https://doi.org/10.1016/S1359-6446(02)02273-0
https://doi.org/10.5114/aoms.2016.63743
https://doi.org/10.1016/j.actbio.2017.05.025
https://doi.org/10.1038/s41467-019-08595-2
https://doi.org/10.1158/0008-5472.CAN-15-2402
https://doi.org/10.1038/nrurol.2017.65
https://doi.org/10.1016/j.bcp.2013.08.006
https://doi.org/10.1016/j.bcp.2013.08.006
https://doi.org/10.1021/acsbiomaterials.7b00139
https://doi.org/10.1021/acsbiomaterials.7b00139
https://doi.org/10.7150/thno.19396
https://doi.org/10.7150/thno.19396
https://doi.org/10.1016/j.canlet.2019.04.005
https://doi.org/10.1016/j.canlet.2019.04.005
https://doi.org/10.1242/dmm.025049
https://doi.org/10.1016/j.cobme.2017.06.003
https://doi.org/10.1016/j.cobme.2017.06.003
https://doi.org/10.1002/jbm.a.36549
https://doi.org/10.1088/1758-5090/7/4/044101
https://doi.org/10.3390/jfb2030119
https://doi.org/10.1158/2159-8290.CD-18-0710
https://doi.org/10.1002/jbm.10042
https://doi.org/10.1186/s40580-019-0188-z
https://doi.org/10.1186/s40580-019-0209-y
https://doi.org/10.1016/j.drudis.2016.04.006
https://doi.org/10.1016/j.actbio.2018.08.008
https://doi.org/10.1016/j.actbio.2018.08.008
https://doi.org/10.1088/1758-5090/aba0c3
https://doi.org/10.7150/thno.52450
https://doi.org/10.1136/gutjnl-2019-319960
https://doi.org/10.1088/1758-5090/ab97a1
https://doi.org/10.1088/1758-5090/ab97a1
https://doi.org/10.21037/hbsn-20-9
https://doi.org/10.3389/fimmu.2022.941289
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

44. Barré-Sinoussi F, Montagutelli X. Animal models are essential to biological
research: issues and perspectives. Future Sci OA. (2015) 1(4):Fs063. doi: 10.4155/{s0.15.63

45. Zhao H, Chen Y, Shao L, Xie M, Nie ], Qiu J, et al. Airflow-assisted 3D
bioprinting of human heterogeneous microspheroidal organoids with microfluidic
nozzle. Small (2018) 14(39):e1802630. doi: 10.1002/sml1.201802630

46. Grolman D, Bandyopadhyay D, Al-Enizi A, Elzatahry A, Karim A. Dual
imprinted polymer thin films via pattern directed self-organization. ACS Appl
Mater Interfaces (2017) 9(24):20928-37. doi: 10.1021/acsami.7b00779

47. Zhang YS, Duchamp M, Oklu R, Ellisen LW, Langer R, Khademhosseini A.
Bioprinting the cancer microenvironment. ACS biomaterials Sci engineering (2016)
2(10):1710-21. doi: 10.1021/acsbiomaterials.6b00246

48. Zhao Y, Yao R, Ouyang L, Ding H, Zhang T, Zhang K, et al. Three-
dimensional printing of hela cells for cervical tumor model in vitro. Biofabrication
(2014) 6(3):035001. doi: 10.1088/1758-5082/6/3/035001

49. Liu C, Lewin Mejia D, Chiang B, Luker KE, Luker GD. Hybrid collagen
alginate hydrogel as a platform for 3D tumor spheroid invasion. Acta biomater
(2018) 75:213-25. doi: 10.1016/j.actbio.2018.06.003

50. Ananthanarayanan B, Kim Y, Kumar S. Elucidating the mechanobiology of
malignant brain tumors using a brain matrix-mimetic hyaluronic acid hydrogel
platform. Biomaterials (2011) 32(31):7913-23. doi: 10.1016/
j.biomaterials.2011.07.005

51. Hong S, Song JM. A 3D cell printing-fabricated HepG2 liver spheroid model
for high-content in situ quantification of drug-induced liver toxicity. Biomater Sci
(2021) 9(17):5939-50. doi: 10.1039/D1BM00749A

52. Eun K, Ham SW, Kim H. Cancer stem cell heterogeneity: origin and new
perspectives on CSC targeting. BMB Rep (2017) 50(3):117-25. doi: 10.5483/
BMBRep.2017.50.3.222

53. Charafe-Jauftret E, Ginestier C, Iovino F, Wicinski J, Cervera N, Finetti P,
et al. Breast cancer cell lines contain functional cancer stem cells with metastatic
capacity and a distinct molecular signature. Cancer Res (2009) 69(4):1302-13. doi:
10.1158/0008-5472.CAN-08-2741

54. Xin YH, Bian BS, Yang XJ, Cui W, Cui HJ, Cui YH, et al. POU5F1 enhances the
invasiveness of cancer stem-like cells in lung adenocarcinoma by upregulation of MMP-
2 expression. PloS One (2013) 8(12):e83373. doi: 10.1371/journal.pone.0083373

55. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma
stem cells promote radioresistance by preferential activation of the DNA damage
response. Nature (2006) 444(7120):756-60. doi: 10.1038/nature05236

56. Jeon HM, Sohn YW, Oh SY, Kim SH, Beck S, Kim §, et al. ID4 imparts
chemoresistance and cancer stemness to glioma cells by derepressing miR-9*-

Frontiers in Immunology

12

10.3389/fimmu.2022.941289

mediated suppression of SOX2. Cancer Res (2011) 71(9):3410-21. doi: 10.1158/
0008-5472.CAN-10-3340

57. Brooks MD, Burness ML, Wicha MS. Therapeutic implications of cellular
heterogeneity and plasticity in breast cancer. Cell Stem Cell (2015) 17(3):260-71.
doi: 10.1016/j.stem.2015.08.014

58. Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the
niche in regulating stemness of tumor cells? Cell Stem Cell (2015) 16(3):225-38.
doi: 10.1016/j.stem.2015.02.015

59. Clevers H, Nusse R. Wnt/B-catenin signaling and disease. Cell (2012) 149
(6):1192-205. doi: 10.1016/j.cell.2012.05.012

60. Logan CY, Nusse R. The wnt signaling pathway in development and disease.
Annu Rev Cell Dev Biol (2004) 20:781-810. doi: 10.1146/
annurev.cellbio.20.010403.113126

61. Perugorria MJ, Olaizola P, Labiano I, Esparza-Baquer A, Marzioni M, Marin
JIG, et al. Wnt-B-catenin signalling in liver development, health and disease. Nat
Rev Gastroenterol Hepatol (2019) 16(2):121-36. doi: 10.1038/s41575-018-0075-9

62. Tokumoto N, Ikeda S, Ishizaki Y, Kurihara T, Ozaki S, Iseki M, et al.
Immunohistochemical and mutational analyses of wnt signaling components and
target genes in intrahepatic cholangiocarcinomas. Int ] Oncol (2005) 27(4):973-80.
doi: 10.3892/ij0.27.4.973

63. Yothaisong S, Thanee M, Namwat N, Yongvanit P, Boonmars T, Puapairoj
A, et al. Opisthorchis viverrini infection activates the PI3K/ AKT/PTEN and wnt/
B-catenin signaling pathways in a cholangiocarcinogenesis model. Asian Pac ]
Cancer Prev (2014) 15(23):10463-8. doi: 10.7314/apjcp.2014.15.23.10463

64. Yeini E, Ofek P, Albeck N, Ajamil DR, Therapeutics RS. Targeting
glioblastoma: Advances in drug delivery and novel therapeutic approaches.
Advanced Therapeutics (2020) 2000124:. doi: 10.1002/adtp.202000124

65. Cao Z, Scandura JM, Inghirami GG, Shido K, Ding BS, Rafii S. Molecular
checkpoint decisions made by subverted vascular niche transform indolent tumor
cells into chemoresistant cancer stem cells. Cancer Cell (2017) 31(1):110-26. doi:
10.1016/j.ccell.2016.11.010

66. Xiao K, Ouyang Z, Tang HH. Inhibiting the proliferation and metastasis of
hilar cholangiocarcinoma cells by blocking the expression of vascular endothelial
growth factor with small interfering RNA. Oncol Lett (2018) 16(2):1841-8. doi:
10.3892/01.2018.8840

67. Moriconi F, Ramadori P, Schultze FC, Blaschke M, Amanzada A, Khan S,
et al. Characterization of the erythropoietin/erythropoietin receptor axis in a rat
model of liver damage and cholangiocarcinoma development. Histochem Cell Biol
(2013) 139(3):473-85. doi: 10.1007/s00418-012-1037-x

frontiersin.org


https://doi.org/10.4155/fso.15.63
https://doi.org/10.1002/smll.201802630
https://doi.org/10.1021/acsami.7b00779
https://doi.org/10.1021/acsbiomaterials.6b00246
https://doi.org/10.1088/1758-5082/6/3/035001
https://doi.org/10.1016/j.actbio.2018.06.003
https://doi.org/10.1016/j.biomaterials.2011.07.005
https://doi.org/10.1016/j.biomaterials.2011.07.005
https://doi.org/10.1039/D1BM00749A
https://doi.org/10.5483/BMBRep.2017.50.3.222
https://doi.org/10.5483/BMBRep.2017.50.3.222
https://doi.org/10.1158/0008-5472.CAN-08-2741
https://doi.org/10.1371/journal.pone.0083373
https://doi.org/10.1038/nature05236
https://doi.org/10.1158/0008-5472.CAN-10-3340
https://doi.org/10.1158/0008-5472.CAN-10-3340
https://doi.org/10.1016/j.stem.2015.08.014
https://doi.org/10.1016/j.stem.2015.02.015
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1038/s41575-018-0075-9
https://doi.org/10.3892/ijo.27.4.973
https://doi.org/10.7314/apjcp.2014.15.23.10463
https://doi.org/10.1002/adtp.202000124
https://doi.org/10.1016/j.ccell.2016.11.010
https://doi.org/10.3892/ol.2018.8840
https://doi.org/10.1007/s00418-012-1037-x
https://doi.org/10.3389/fimmu.2022.941289
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exploring the function of stromal cells in cholangiocarcinoma by three-dimensional bioprinting immune microenvironment model
	Introduction
	Materials and methods
	Cell culture
	Cell activation
	Construction of the 3D bioprinted model
	Cell survival
	Cell proliferation assay
	mRNA expression
	Immunofluorescence assay
	Pharmacodynamic evaluation of antitumor drugs
	Statistical analysis

	Results
	Construction of 3D bioprinted model to simulate tumor immune microenvironment
	3D bioprinted cells have better and stable proliferation capacity
	3D bioprinted microenvironment promotes tumor-related mRNA and protein expression
	Effects of antitumor drugs on the 3D bioprinted models
	3D bioprinting drives the process of epithelial-mesenchymal transition may by activating Wnt/β-catenin signaling in CCA

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


