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ABSTRACT

Patient-derived tumor organoids have considerable potential as an in vitro diagnostic tool for drug
susceptibility testing. In the present study, we investigated whether bile collected for diagnostic
purposes could be a potential source for the establishment of biliary cancer organoids. Among 68
cases of biliary cancer, we successfully generated 60 bile-derived organoids (BDOs) from individual
patients. Consistent with previous reports that described biliary cancer organoids from surgical
tissues, the BDOs showed diverse morphologies such as simple cysts, multiloculated cysts, thick
capsulated cysts, and solid masses. They also harbored mutations in KRAS and TP53 at frequencies
of 15% and 55%, respectively. To enrich the cancer organoids by removing contaminated
noncancerous components of BDOs, we attempted to verify the effectiveness of 3 different pro-
cedures, including repeat passage, xenografting, and selection with an MDM2 inhibitor for TP53
mutation—harboring BDOs. By monitoring the sequence and expression of mutated TP53, we found
that all these procedures successfully enriched the cancer organoids. Our data suggest that BDOs
can be established with minimal invasiveness from almost all patients with biliary cancers,
including inoperable cases. Thus, despite some limitations with respect to the characterization of
BDOs and methods for the enrichment of cancer cell-derived organoids, our data suggest that
BDOs have potential applications in personalized medicine.

© 2023 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian
Academy of Pathology. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

o . . . . . . Introduction
Abbreviations: BDOs, bile-derived organoids; PDOs, patient-derived organoids;
ERCP, endoscopic retrograde cholangiopancreatography; XDOs, xenograft tumor-
—derived organoids; TDOs, tissue-derived organoids. Advances in cancer genomics and drug development have
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accelerated the development of molecularly targeted therapies for
certain types of tumors, including melanoma, lung cancer, and a
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subset of lymphomas. On the other hand, any clinical benefit from
molecularly targeted therapy is still limited to tumors such as
esophageal, gastric, and biliary cancers despite extensive data on
their molecular profiles. For these cancers, chemotherapy with
cytotoxic drugs remains the main treatment option. Still, the
therapeutic effect is unsatisfactory, mostly because of a lack of
methods for the prediction of the effects of cytotoxic drugs based
on genomic or transcriptomic information. Therefore, novel pre-
dictive methods are needed for more effective use of cytotoxic
drugs.

Biliary cancer has a poor prognosis, with an estimated annual
mortality of 174,000 worldwide.! Although surgical resection is
the only treatment that can offer any survival benefit, biliary
cancer is initially asymptomatic and can become highly invasive
and metastatic at advanced stages, making curative resection
difficult. Consequently, the majority of biliary cancers become
inoperable, and these patients require chemotherapy, leading to a
higher demand for more effective individualized treatment.
Recently, clinical trials of IDH1 and FGFR inhibitors for intra-
hepatic cholangiocarcinoma have shown that patients with an
IDH1 mutation and the FGFR2 fusion gene have better prognoses,
respectively.>* However, such patients represent only a fraction of
patients with biliary cancer, and most of the frequent driver mu-
tations in biliary cancer, such as KRAS and TP53 mutations, are
untargetable.””’ Furthermore, driver mutations are detected in a
site-specific manner in biliary cancers that arise from the biliary
tract epithelium. Therefore, in parallel with the development of
molecularly targeted therapy, novel diagnostic methods and drugs
would be highly desirable.

The development of 3-dimensional culture systems has
enabled us to culture patient-derived tumor cells as organoids
(patient-derived organoids [PDOs]) under physiologically and
pathologically more relevant conditions than would be the case
for conventional cancer cell lines.® Many efforts have been made
to apply PDOs for individualized diagnosis in various types of solid
tumors, including esophageal, gastric, colorectal, liver, pancreatic,
and biliary cancers.!%'® Saito et al'®!° reported the establishment
of PDOs using surgically resected biliary cancer tissues. However,
the establishment of PDOs without surgically resected tissues
would be more beneficial for most patients with biliary cancer
because most of such cancers are inoperable. In this study, we
reasoned that bile, which is routinely collected for cytology using
endoscopic retrograde cholangiopancreatography (ERCP), could
be used as a material for the establishment of PDOs from indi-
vidual patients with biliary cancers. For this purpose, we
attempted to establish and characterize bile-derived organoids
(BDOs) from 68 patients, including 28 inoperable cases. Further-
more, we proposed methods for obtaining BDOs with a high
proportion of cancer cells.

Materials and Methods

Establishment of Bile-Derived Organoids From Patients With
Biliary Cancer

This study was approved by the Ethics Committee of Oita
University Hospital (approval number: 1808). All patients pro-
vided written informed consent. In this study, all patients were
diagnosed as having biliary cancer using computed tomography
imaging and underwent ERCP for therapeutic and/or diagnostic
purposes, with biliary cytology. We obtained bile samples using
ERCP from patients with biliary cancer at Oita University Hospital

and its associated hospitals. For the establishment of organoids, 5
to 20 mL of bile samples was stored at 4 °C and processed for
organoid culture within 1 hour after collection. They were washed
with a cold wash medium (Dulbecco modified Eagle medium
[Thermo Fisher Scientific] supplemented with 1% fetal bovine
serum and 1% penicillin/streptomycin), filtered through a 70-um
EASYstrainer (Greiner Bio-One), and centrifuged at 300 g for 5
minutes. The cell pellets were then washed twice by resuspending
in a wash medium and centrifuged at 300 g for 5 minutes. The
thoroughly washed cell pellets were suspended in Matrigel
(#356231; Corning) and seeded in 12-well suspension plates
(Greiner Bio-One). Once the Matrigel had solidified, the mixtures
of cells and Matrigel was overlaid with an organoid culture me-
dium composed of advanced Dulbecco modified Eagle medium/
F12 (Thermo Fisher Scientific) supplemented with 1% penicillin/
streptomycin, 1% glutamax, 10mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 1% N2 supplement, 2% B27 sup-
plement (all from Thermo Fisher Scientific), 1.25mM N-ace-
tylcysteine, 10nM gastrin, 10mM nicotinamide (all from Sigma-
Aldrich), 0.2% primocin (InvivoGen), 50-ng/mL EGF (PeproTech),
10% Rspo-1—conditioned medium (Trevigen), 5uM A83-01 (Tocris
Bioscience), 10uM forskolin (Tocris Bioscience), and 10uM Y-27632
(Sigma-Aldrich). The components of the organoid culture medium
were chosen by referring to a previous study by Saito et al.'” The
medium was changed every 3 to 4 days. For passages, organoids
were collected in new 15-mL tubes and digested with 2 mL of
TrypLE (Thermo Fisher Scientific) at 37 °C for up to 5 minutes.
They were then suspended in 10 mL of the wash medium and
centrifuged at 300 g for 5 minutes at 4 °C. After removal of the
supernatant, the pellet was reseeded as described above at a
passaging ratio of 1:2 to 1:3, depending on the respective growth
rates. Successful establishment of BDOs was defined as those
cultured for >1 month and passaged twice or more. Information
about the patients and the resulting organoids is summarized in
Supplementary Table S1. After completing all experiments in this
study, the BDOs were stocked at passages 2 to 9.

Xenograft Model Using Bile-Derived Organoids From Patients With
Biliary Cancer

Experiments that used animals were approved by the animal
ethics committee at Oita University (approval number: 220802).
For xenograft models, a total of 5 x 10° to 10 x 10°> BDOs were
suspended in a mixture of 200 pL of an organoid medium and 50
uL of Matrigel and injected subcutaneously into the flank of male
NOD scid gamma mice aged 6 to 8 weeks old (Charles River
Laboratories Japan Inc). After 3 to 6 months, the mice were
sacrificed, and the tumors were excised and used for further
establishment of xenograft tumor—derived organoids (XDOs)
and for immunohistochemistry.

Establishment of Xenograft Tumor—Derived Organoids

XDOs were established as described previously by our group,
with some modifications.'>'* Xenograft tumors were minced into
0.5-mm? fragments using scalpels and washed 3 times with a cold
wash medium. The tumor pieces were then incubated in a
digestive solution containing 0.125-mg/mL collagenase XI (Sigma-
Aldrich) and 0.125-mg/mL dispase II (Thermo Fisher Scientific) in
the wash medium at 37 °C for 30 minutes with shaking. After the
remaining tumor fragments had settled under gravity, the
resulting supernatant was transferred to a new 15-mL tube and



Keisuke Kinoshita et al. / Lab Invest 103 (2023) 100105

centrifuged at 300 g for 5 minutes at 4 °C. The collected tumor
cells were embedded in a 1:2 mixture of the wash medium and
Matrigel and placed as approximately 20-uL droplets in multiwell
plates. An organoid culture medium consisting of the above-
mentioned components was then added. The medium was
changed every 3 to 4 days, and the culture was passaged as
described above.

Preparation of Formalin-Fixed, Paraffin-Embedded Blocks

For the preparation of formalin-fixed, paraffin-embedded
(FFPE) blocks from mouse xenografts, tissues were fixed overnight
with 10% formalin (Wako FUJIFILM, Osaka, Japan) and embedded
in paraffin (Pathoprep 580, Wako FUJIFILM) according to standard
histologic procedures. For FFPE blocks from BDOs or XDOs, orga-
noids were embedded in paraffin as described previously.?’
Briefly, organoids were fixed in 4% paraformaldehyde (Wako
FUJIFILM) for 1 hour and embedded in gels composed of 2%
Agar (INA AGAR BA-30, INA Food Industry, Ina, Japan) and 2.5%
gelatin (Merck, Darmstadt, Germany). The organoid-embedded
gels were then embedded in paraffin according to standard his-
tologic procedures.

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously.'® Briefly, paraffin sections were cut from the FFPE blocks at
a thickness of 2 pm, deparaffinized with xylene, and rehydrated
with ethanol according to standard protocols. For antigen
retrieval, the sections were immersed in 10mM sodium citrate
buffer (pH 6.0) (latron), autoclaved at 120 °C for 10 minutes, and
cooled to room temperature (RT). Then, the sections were treated
with 3% (vol/vol) hydrogen peroxide (H>0,) for 5 minutes at RT
to inactivate endogenous peroxidase, blocked with 10% (vol/vol)
rabbit serum (Nichirei) for 30 minutes at RT, and incubated
overnight at 4 °C with antibodies against CK7 (Clone OV-TL 12/
30, 1:100, M7018; DAKO), Hep Par 1 (Clone OCH1ES5, 1:200, sc-
58693; Santa Cruz Biotechnology), Ki67 (Clone MIB-1, 1:200,
M7240; DAKO), and p53 (DO-7, 1:800; Leica Biosystems) diluted
with DAKO Antibody Diluent (DAKO). The sections were then
washed 3 times for 5 minutes with 1x phosphate-buffered saline
(PBS) and incubated with biotinylated rabbit antimouse immu-
noglobulin (Ig)G, IgA, and IgM antibodies (Nichirei) for 30 mi-
nutes. After washing 3 times for 5 minutes with 1x PBS, the
sections were incubated with a solution of avidin-conjugated
Western horseradish peroxidase (Vectastain Elite ABC kit; Vec-
tor Laboratories Inc) for 20 minutes and again washed 3 times
with 1x PBS for 5 minutes. Peroxidase activity was detected
using an H;0,/diaminobenzidine substrate solution, and the
sections were counterstained with hematoxylin before dehy-
dration and mounting.

Genomic DNA Extraction and Mutation Analysis of KRAS and TP53
Genes

Genomic DNA was extracted from BDOs and XDOs using the
High Pure PCR Template Preparation Kit (Roche) in accordance
with the manufacturer’s instructions. TaKaRa Ex Tag (Takara Bio)
and the BigDye Terminator, version 3.1, cycle sequencing kit
(Applied Biosystem) were used for PCR and sequencing, respec-
tively, in accordance with the manufacturers’ instructions.

Organoid Viability Assay Employing Nutlin-3a Treatment

The organoid viability assay was performed as described pre-
viously, with slight modifications.!®'# Before the drug sensitivity
assay, organoids were collected, counted, centrifuged, and resus-
pended in an organoid medium containing 10% Matrigel and
Nutlin-3a (Med Chem Express) at concentrations of 0, 0.1, 1, and 10
uM. Small organoids at a density of 1000 organoids per 100 pL of
the medium were then plated in each well of a 96-well repellent
plate (Greiner Bio-One) and cultured at 37 °C for 6 days. After
treatment, the Cell Titer-Glo 3D Cell Viability Assay Kit (Promega)
was used to determine the viability of the organoids in accordance
with the manufacturer’s instructions.

Statistical Analysis

The 2-sided Student t test was used to analyze the differences
in experiments using Nutlin-3a and immunohistochemistry. Data
were reported as mean values + SD of triplicate determinations.
Differences at P <.05 were considered to be statistically significant.

Results

Establishment of Bile-Derived Organoids From Patients With
Biliary Cancer

We attempted to establish BDOs from 2 patients without caner
and 68 patients with biliary cancer who underwent ERCP (Fig. 1A).
According to our definition of the success of the establishment of
BDOs (see Materials and Methods), 2 of the 2 (100%) and 60 of the
68 (88.2%) BDOs from patients without cancer and those with
biliary cancer, respectively, were generated successfully. All 8 fail-
ures were due to bacterial contamination associated with concur-
rent cholangitis. Of the 60 BDOs successfully established from
patients with biliary cancer, 5 were from intrahepatic chol-
angiocarcinoma, 19 were from hilar cholangiocarcinoma, 30 were
from extrahepatic cholangiocarcinoma, 1 was from gallbladder
cancer, and 5 were from carcinoma of the papilla of Vater
(Supplementary Table S1).

To confirm whether the BDOs established from the patients with
biliary cancer indeed contained cancer cells, they were subjected to
downstream investigations, including examination of organoid
morphology, sequencing of KRAS and TP53, and the use of a xeno-
graft model (Fig. 1A). First, we observed the morphologic charac-
teristics of each BDO using stereomicroscopy. Both of the 2 BDOs
from the patients without biliary cancer showed a regular cystic
shape with a thin cyst wall (Supplementary Fig. S1). In contrast, the
BDOs from the patients with biliary cancer exhibited a diverse
range of morphology, such as a regular cystic shape (Fig. 1Bi), a solid
mass (Fig. 1Bii), a multicystic form (Fig. 1Biii), and an irregular cyst
with a markedly thick cyst wall (Fig. 1Biv). Subsequent histologic
analysis revealed that the BDOs from the patients without biliary
cancer formed a cyst composed of a single layer of biliary duct
epithelium, without nuclear atypia (Fig. 1Ci). On the other hand, the
BDOs from the patients with biliary cancer presented not only
histologic features similar to those of BDOs from the patients
without cancer but also a solid growth pattern (Fig. 1Cii), cribriform
pattern (Fig. 1Ciii), and cystic structure with multilayered cells
(Fig. 1Civ). Interestingly, these latter organoids harbored both
structural and cellular atypia, such as loss of cell polarity as well as
nonuniform nuclear size and shape. The BDOs were positive for the
cholangiocyte marker CK7 and negative for the hepatocyte marker
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Figure 1.

Establishment of bile-derived organoids (BDOs) from patients with biliary cancer. (A) Study overview. The success rate for the establishment of BDOs from patients with biliary cancer
was 88.2% (60 of 68 bile samples). Every BDO was analyzed using morphologic examination and sequencing of the cancer-related genes KRAS and TP53. In addition, in vivo
tumorigenicity was investigated using 40 BDOs derived from biliary cancers diagnosed as positive using bile cytologic examination. (B) Microscopic images of BDOs from patients
with biliary cancer exhibited diverse morphologic features such as (i) a regular cystic shape, (ii) a solid mass, (iii) a multicystic form, and (iv) an irregular cyst with a markedly thick
cyst wall. (Bi-iv) Representative images of C (cystic), S (Solid), MC (multicystic form) and TC (irregular cyst with marked thick cyst wall), respectively, in Supplementary Table S1. (C)
Histologic analysis of hematoxylin and eosin—stained slice sections of BDOs. The BDOs from patients without biliary cancer formed (i) a cyst composed of a single layer of biliary duct
epithelium, without displaying nuclear atypia. The BDOs from patients with biliary cancer showed (ii) a solid growth pattern, (iii) a cribriform pattern, and (iv) a cystic structure with
multilayered cells composed of both structural and cellular atypia. The BDOs were positive for the cholangiocyte marker CK7 and negative for the hepatocyte marker Hep Par 1. (B, C)
Scale bar = 100 um. HE, hematoxylin and eosin.

4
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Hep Par 1, confirming that they were derived from cholangiocytes
(Fig. 1C). These findings strongly suggested that the BDOs from the
patients with biliary cancer contained organoids derived from both
normal bile duct epithelium and bile duct cancer cells with het-
erogeneous states of differentiation.

Second, we investigated the mutation status of the cancer-
related genes KRAS and TP53. Among the 40 BDOs derived from
bile cytology—positive patients (Fig. 1A), KRAS and TP53 mutations
were detected in 6 (15%) and 22 (55%) patients, respectively,
consistent with data from previous studies in which these muta-
tions were detected in 10% to 20% and 40% to 60% of patients with
biliary cancer, respectively.’*? In contrast, in 20 BDOs from bile
cytology—negative patients, these mutations were detected in
0(0%) and 2 (10.0%) patients, respectively. As expected, both of the
2 BDOs from the patients without cancer harbored no mutations
in these genes.

Third, to investigate their tumorigenicity, 40 BDOs from bile
cytology—positive patients were xenografted subcutaneously
into immunodeficient mice. Sixteen (40%) of them formed
obvious subcutaneous tumors 2 to 6 months after xeno-
transplantation. Macroscopically, these tumors appeared as a
solid mass with a granular surface and bleeding (Fig. 2A),
multicystic form filled with serous fluid (Fig. 2B), or white solid
mass with a smooth surface (Fig. 2C, D). Microscopic observa-
tion revealed that xenografted tumors from BDOs consisted of
papillary (Fig. 2E) and tubular (Fig. 2F) structured epithelia with
abundant stroma. These epithelial cells had a hyperchromatic
nucleus, with a high nucleus-to-cytoplasm ratio, and exhibited
atypical mitosis, indicating oncogenic transformation. Interest-
ingly, the histologic features of the xenograft tumors derived
from BDOs were quite similar to those of corresponding surgi-
cally resected tumors in each case (Fig. 2E, F). Together with the
data on the frequencies of mutations in KRAS and TP53, these
results suggested that a substantial proportion of BDOs from the
patients with biliary cancer in this study indeed contained tu-
mor cells and that some of the BDOs retained tumorigenicity
in vivo.

Enrichment of Cancer Cell-Derived Organoids in Bile-Derived
Organoids

Although our results suggested the presence of cancer cells in
our BDOs, we were unable to exclude the possibility of contami-
nation with normal biliary epithelial cells. Because such contam-
ination hampers the application of BDOs as preclinical tumor
models, enrichment of cancer cells in each BDO is required. Pre-
vious reports have also pointed out contamination with normal
cells during the establishment of tumor organoids from various
types of solid cancers, including biliary cancer.'”?>?’ In these
previous studies, normal cell-derived organoids were distin-
guished from cancer cell-derived organoids based on their
morphologic features such as cystic balloon-like morphology for
normal organoids and solid morphology for cancer organoids.
Indeed, the BDOs derived from the patients without cancer in our
present study had a regular cystic shape with a thin cyst wall
(Supplementary Fig. S1). However, we also found that some cystic-
dominant BDOs harbored cancer-related mutations in TP53 and/or
KRAS genes (B5 and B23 in Supplementary Table S1 and
Supplementary Fig. S2), suggesting the presence of cancer cells.
Furthermore, even cystic BDOs without mutations in either TP53
or KRAS (B22 and B41 in Supplementary Table S1 and
Supplementary Fig. S2) exhibited in vivo tumorigenicity. These
results suggested that a cystic structure is not definitive evidence

of normal biliary epithelial cell-derived origin in our BDOs.
Therefore, we attempted strategies other than morphology-based
selection to enrich cancer cell-derived organoids.

First, we found that a mutant allele in TP53 was accumulated in
some BDOs during serial passage (Fig. 3). For example, B25
showed the oncogenic CGG>TGG mutation of TP53 (R248W) at a
negligible level in the culture obtained after the first passage but
at significant and dominant levels after the second and third
passages, respectively (Fig. 3A). Similarly, B32 also showed
increased levels of the oncogenic TP53 mutation in the first
passaged culture compared with the primary culture (Fig. 3B).
These results suggest that a subset of BDOs derived from patients
with biliary cancer is contaminated at outset by normal biliary
epithelial cell—derived organoids but that the proportion of biliary
cancer cell—derived organoids increases with passaging, whereas
that of normal biliary epithelial cell-derived organoids decreases.
In fact, under our culture conditions, we found that the growth
rate of noncancerous BDOs decreased at approximately third to
fifth passages (data not shown). These observations support the
idea that cancer cell—derived organoids can be enriched by serial
passages in a subset of BDOs.

Second, we hypothesized that tumors formed by trans-
plantation of BDOs are composed primarily of cancer cells even
though their matched BDOs are contaminated with organoids
derived from normal cells, ie, transplantation of BDOs into mice
makes it possible to enrich cancer cell-derived organoids in BDOs.
To test this hypothesis, we re-established organoids from xeno-
grafts (XDOs) and compared their morphologic and pathologic
features with those of corresponding BDOs. Most of the XDOs
showed more solid and compact morphology than the corre-
sponding BDOs (Fig. 4A and Supplementary Fig. S3). Furthermore,
the percentages of both Ki67- and TP53-positive cells increased
XDOs from B35 and B41 (Fig. 4B, C and Supplementary Fig. S4).
These results suggested that transplantation enriched the pro-
portion of cancer organoids with solid morphology and
tumorigenicity.

Finally, we focused on the TP53 mutation, which is detected
most frequently in biliary cancers, and determined whether
Nutlin-3a, an inhibitor of MDMZ2, could enrich only cancer orga-
noids harboring this TP53 mutation. As shown in Figure 5A,
treatment with Nutlin-3a at a concentration of 1 pM had no
suppressive effects on cell proliferation in B41 XDOs harboring the
TP53 mutation (R273H). On the other hand, the treatment mark-
edly reduced the viability of normal cell-derived organoids con-
taining wild-type TP53 (Fig. 5A). Based on this finding, we
addressed whether TP53-mutated cancer cells could be enriched
by Nutlin-3a treatment in BDOs contaminated with normal
epithelial cells. After treatment with Nutlin-3a, guanine at posi-
tion 818 of the wild-type TP53 sequence in B41 BDOs was replaced
by adenine, resulting in R273H-mutant TP53 (Fig. 5B). This
enrichment of TP53-mutated cells by Nutlin-3a treatment was
further confirmed using immunohistochemistry, which showed
accumulation of TP53 in almost all cells (Fig. 5C, D). As another
example of this enrichment, a minor fraction of TP53-mutant
cancer cells (R273C) in B35 BDOs was successfully enriched by
Nutlin-3a treatment, as demonstrated using sequencing and
immunohistochemical analyses (Supplementary Fig. S5). These
results suggested that the addition of Nutlin-3a can efficiently
enrich cancer cell organoids derived from patients with TP53
mutation—positive biliary cancer. Interestingly, in both the B41
and B35 BDOs, the patterns of nucleotide replacement in the TP53
sequence were consistent between the 2 enrichment procedures,
ie, the xenograft model and Nutlin-3a treatment (Fig. 5B and
Supplementary Fig. S5, left panel), suggesting that the TP53
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A B14

B B19

Figure 2.

Xenograft model of biliary cancer involving bile-derived organoids. (A-D) Macroscopic images of xenograft tumors showed (A) a solid mass with a granular surface and bleeding,
(B) the formation of multicysts filled with serous fluid, and (C, D) a white solid mass with a smooth surface. Yellow arrowheads indicate subcutaneous tumors. Scale bar = 1 cm.
(E, F) Pathologic features of xenografted tumors (E) B14 and (F) B35, similar to those of the corresponding surgically resected tumors. Scale bar = 100 pum.

mutation had not been artificially introduced during our enrich-
ment methods but derived from minor fractions of cancer cells in
these BDOs.

Together, these results suggest that cancer cell—derived orga-
noids in BDOs can be enriched using the following 3 methods:
repeat passages, re-establishment of organoids from xenografts,
and addition of Nutlin-3a (Fig. 6).

Discussion

In this study, we successfully established BDOs from patients
with biliary cancer. Tissue-derived organoids (TDOs) from a sur-
gically resected specimen of biliary cancer have already been re-
ported.'” In comparison with conventional TDOs, these BDOs have
several advantages. First, the success rate of BDO establishment is
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Figure 3.

Sequence analysis of TP53 gene mutations at each passage. (A) The level of the onco-
genic CGG>TGG mutation of TP53 (R248W) increased during passage. Microscopic
images of B25 in the third passaged culture (lower right panel) showed fewer cystic
organoids and more solid and compact organoids compared with those in the first
passaged culture (upper right panel). Scale bar = 100 um. (B) B32 also showed increased
levels of the oncogenic TGG>GGG mutation of TP53 (W146G) in the first passaged
culture compared with those in the primary culture. Red arrows and red underbars
indicate the mutation sites and the associated changes in codons, respectively.

higher than that of TDO establishment (88% vs 33%, respec-
tively)."” This difference can be explained in terms of the quality
and purity of resected tissues. Resected tissues may be damaged
by long-term ischemic stress during surgical operations, and such
specimens contain abundant stromal components that disturb the
proliferation of cancer cells in 3-dimensional cultures.”® As a
source of BDOs, we used fresh bile in sufficient volumes imme-
diately after collection. This predominantly contains epithelial
cells and few nonepithelial components other than blood cells.
Second, BDOs can be established from almost all patients with
biliary cancers. In contrast to TDOs, which can be established only
from patients undergoing surgery, BDOs can be established from
any patients who undergo ERCP. Currently, bile is routinely
collected from patients in whom biliary cancers are clinically
suspected because bile cytology is essential for definitive diag-
nosis of biliary cancers. In addition, personalized medicine based
on genetic analysis of individual cancer tissues is currently being
promoted. In this context, the possibility of establishing cancer
organoids from patients with inoperable cancers, for whom

therapeutic options other than surgery are limited, would be
significantly beneficial. Third, the procedures for the establish-
ment of BDOs have extremely low invasiveness for patients
because they involve the use of bile remaining after sampling for
cytological examination or drainage. Fourth, it would be possible
to establish a series of BDOs that represents the whole course of
tumor progression from individual patients. For example, by col-
lecting bile and establishing BDOs before and after treatment, it
would be possible to compare the characteristics of BDOs before
treatment with those of BDOs that acquire resistance to treatment.
This would be useful for devising therapeutic strategies appro-
priate to the disease stage in individual patients and for helping to
clarify the molecular mechanisms that underlie resistance to
therapy, assisting the development of novel therapeutic strategies
for targeting cancer resistance.

Furthermore, we proposed methods for avoiding contamina-
tion with noncancerous organoids, which has been a major issue
while establishing PDOs from various solid cancers.!*?>?” The
fundamental reason for such contamination is that the cancer
tissues used for the establishment of PDOs usually contain normal
epithelial cells and cancer cells. Moreover, efficient expansion of
normal epithelium—derived cells is unavoidable during the
establishment of organoids because the main components of the
organoid medium are optimized to maintain adult stem cells®?®
by supplying their niche factors such as Wnt, R-spondin, and
EGF. To minimize such contamination and establish PDOs with
high tumor cell purity, previous studies employed approaches
suited to specific cancer types.'>!®2%=3 For the establishment of
PDOs from gastric cancer, noncancer and cancer organoids have
been morphologically characterized and sorted based on manual
selection.”> To establish PDOs from colorectal and pancreatic
cancers, culture media lacking a single niche factor or a combi-
nation of factors have been used to enrich organoids with niche-
independent growth facilitated by cancer type-specific muta-
tions, such as APC and KRAS mutations in colorectal and pancreatic
cancers, respectively.>*-3 Initially, we attempted to sort cancer
organoids from BDOs based on morphologic features because
possible contamination with normal epithelium—derived orga-
noids was observed in BDOs. However, even among BDOs domi-
nated by cystic organoids, which were typically derived from
normal epithelium,'?#3® some harbored TP53 and/or KRAS
oncogenic mutations, and others showed in vivo tumorigenicity,
suggesting that cystic morphology cannot be regarded as a
definitive feature of organoids derived from normal cells. As an
alternative to morphology-based sorting, we proposed the
following 3 methods for enriching cancer organoids in BDOs by
monitoring the proportion of oncogenic mutations in TP53 as an
indicator of enrichment: repeat passages, re-establishment of
XDOs, and modification of culture conditions (Fig. 6). Among these
3 methods, the most reliable method for enrichment might be the
establishment of XDOs. The XDOs established in this study, a total
of 9 lines, could be potentially useful and valuable models of high-
grade biliary cancers because some of them were derived from
highly malignant and inoperable cancers. However, this method is
time consuming and not practicable for individualized diagnosis
through BDO drug response feedback. Furthermore, this method
cannot be used for BDOs that are not transplantable into immu-
nodeficient mice. The enrichment method involving repeated
passages might also have only limited application because it is not
possible to grasp accurately the degree to which cancer organoids
are enriched by each passage. Compared with the 2 above-
mentioned methods, modification of the organoid medium ac-
cording to the oncogenic mutation status of individual BDOs
would be effective for the enrichment of cancer organoids and
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Establishment of xenograft-derived organoids (XDOs). (A) Microscopic images of bile-derived organoids (BDOs) and XDOs for B35 (left) and B41 (right). XDOs showed a more
solid and compact morphology than the corresponding pretransplant BDOs. Scale bar = 100 pm. (B, C) Immunohistochemistry of BDOs and XDOs for B41. XDOs show increased
(B) Ki67-positive and (C) TP53-positive cells as compared with BDOs. The percentages of (B) Ki67-positive and (C) TP53-positive cells are shown as mean values + SD of
triplicates. The differences were analyzed statistically using the Student ¢ test (n = 3). *P < .01 and **P < .001. Scale bar = 50 pum. As another example, the immunohistochemical
analysis of BDOs and XDOs for B35 is shown in Supplementary Fig. S4. BDOs, bile-derived organoid; XDOs, xenograft-derived organoid.

feasible for personalized medicine because the method actively
eliminates organoids derived from normal cells. Although we
focused only on the most frequent oncogenic mutation in biliary
cancer, TP53, and added Nutlin-3a to the organoid medium to
eliminate normal cell-derived organoids, we could expand our
medium-based enrichment methods to other BDOs by identifying
other oncogenic mutations or signaling pathways that render
cancer cells independent of niche factors.

Despite potential contamination by normal organoids, BDOs
are valuable as materials for individualized diagnosis involving
gene panel testing, for which cancer tissues admixed with normal
cells are generally used. Recently, Kamp et al®’ reported that
biliary brush cytology samples could be used for gene panel
testing. However, in terms of the following 2 points, BDOs may be
more useful for predicting drug efficacy in comparison with the
direct use of bile for gene panel testing. First, the amount of cancer
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Figure 5.

Enrichment of TP53-mutated cancer cells in bile-derived organoids (BDOs) using Nutlin-3a treatment. (A) Effects of Nutlin-3a on cell viability in organoids with mutant TP53 (B41
xenograft-derived organoid [XDO]) or without mutant TP53 (normal). The cell viabilities at each point are shown as mean values + SD of triplicates. The differences were
analyzed statistically using the Student ¢ test (n = 3). (B) Genomic sequences around R273 in B41 BDOs before and after Nutlin-3a treatment and B41 XDOs. The frequency of the
oncogenic CGT>CAT mutation in TP53 (R273H) is clearly shown to be increased in B41 BDOs after Nutlin-3a treatment, similarly to that in B41 XDOs. Red arrows and red
underbars indicate the mutation sites and the associated changes in codons, respectively. (C) Immunohistochemistry of TP53 in B41 BDOs before and after Nutlin-3a treatment.
Scale bar = 50 um. (D) The percentages of TP53-positive cells are shown as mean values + SD of triplicates. The differences were analyzed statistically using the Student ¢ test
(n = 3). *P < .01, **P < .001, and ***P < .0001. XDO, xenograft-derived organoid.
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The future outlook for personalized medicine using bile-derived organoids (BDOs). For increasing the content of cancer cells in BDOs derived from patients with biliary cancer, it
would seem feasible to increase the number of passages, production of xenografts, and addition of Nutlin-3a to enrich cancer cell organoids while eliminating contamination
with normal biliary epithelial cells as much as possible. Furthermore, BDOs could be used as a material for genetic panel testing and drug sensitivity testing, allowing
personalized feedback to individual patients as well as contributing to drug discovery as a biobank for biliary cancers, including many inoperable cases. ERCP, endoscopic

retrograde cholangiopancreatography; NSG, NOD scid gamma.
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cells in bile varies from patient to patient, and fewer tumor cells in
bile could potentially make gene panel testing less accurate. In
such a situation, the amplification of cancer cells by organoid
culture could increase the accuracy of diagnosis. Second, BDOs
could be used as functional materials to predict the efficacy of
drugs by increasing the proportion of cancer cells in BDO cultures
during gene panel testing, for which a period of 3 to 5 weeks is
usually necessary to establish a diagnosis. For patients without
any drug recommendations from gene panel testing, ie, without
any targetable oncogenic mutations, BDOs could be used to pre-
dict the efficacy of cytotoxic drugs because gene panel testing is
usually employed to suggest molecular targeting drugs based on
oncogenic mutations. Furthermore, if patients are able to receive
multiple drug recommendations from such testing, BDOs could
also be used to select the most promising drug among those
indicated by the drug sensitivity assay. Further studies are needed
to verify the feasibility of this approach.

In the present study, we established 5 BDOs from bile obtained
using ERCP for intrahepatic cholangiocarcinoma. The guidelines
recommend diagnosis using liver biopsy for intrahepatic chol-
angiocarcinoma.>® However, although liver biopsy has the advan-
tage of diagnostic accuracy, it carries a risk of such serious
complications. Therefore, ERCP could be an alternative option for
intrahepatic cholangiocarcinoma when a patient is suspected of
having a risk of biopsy-related complications; has obstructive
jaundice, without evidence of a solid mass on imaging; has in-
dications for surgery; or does not consent to liver biopsy diagnosis.
In such cases, BDOs could be advantageous because bile is the only
diagnostic material with a low risk. Furthermore, bile is also
available in cases of intrahepatic cholangiocarcinoma with
obstructive jaundice because therapeutic ERCP is frequently per-
formed in such cases. All 5 patients with intrahepatic chol-
angiocarcinoma had obstructive jaundice and received ERCP
treatment with their consent. From 1 of them with cytology-
positive intrahepatic cholangiocarcinoma (B34), we successfully
established a BDO, in which we detected the TP53 mutation as a
characteristic of cancer. BDOs were also established from the other
4 patients with cytology-negative intrahepatic cholangiocarcinoma
(B1, B12, B17, and B55); however, neither TP53 nor KRAS mutations
were detected. Therefore, it remains unknown whether these BDOs
contained cancer cells. In this study, because the number of intra-
hepatic cholangiocarcinoma—derived BDOs was small, further
studies will be needed to validate the advantage of BDOs for pa-
tients with ERCP-treated intrahepatic cholangiocarcinoma. It might
also be interesting to establish organoids from liver biopsies of
intrahepatic cholangiocarcinoma to test their feasibility for clinical
diagnosis and translational research.

It is unclear whether all the BDOs examined in this study had at
least 1 organoid derived from bile duct cancer cells. In order to
define cancer cells as those with genomic aberrations, whole-
genome sequencing and array comparative genomic hybridization
analysis using matched normal genomic DNA from the same pa-
tient are required. However, this was beyond the scope of the
present study and was not performed. Of the 40 BDOs with positive
bile cytology, 29 (72.5%; B2, B5, B11, B14, B16, B19, B20, B22, B23,
B25, B28, B33, B34, B35, B36, B38, B39, B41, B49, B50, B51, B52, B54,
B56, B58, B60, B61, and B62) had typical cancer characteristics, such
as TP53 mutations, KRAS mutations, or in vivo tumorigenicity,
strongly suggesting that these organoids contained cancer cells.
Among the other 11 BDOs, 6 had typical morphologic features of
cancer (multicystic organoids in B27 and B59 and irregular cysts
with markedly thick walls in B40, B42, B43, and B63). However,
these characteristics were less suggestive than genetic mutations or
in vivo tumorigenicity. The other 5 patients (B6, B9, B24, B31, and

1

B46) showed no TP53 mutation, KRAS mutation, or in vivo tumor-
igenicity. Still, they had cystic morphology similar to organoids
derived from normal bile duct epithelium, suggesting that they did
not contain cancer cells. However, we cannot rule out the possibility
that these organoids contained cancer cells. On the other hand, the
proportion of BDOs with mutations in either or both TP53 and KRAS
was significantly lower in the 20 BDOs from cytology-negative
cases than that in the 40 BDOs from cytology-positive cases (2/20
vs 23/40, Fisher exact test; P = .00063). Therefore, it is highly
possible that some of the BDOs derived from cytology-negative
cases might have had only organoids composed of normal epithe-
lial cells, especially cytology-negative BDOs with cystic
morphology, such as B8, B12, B13, B15, B17, B21, and B47. Overall,
further studies using whole-genome sequencing and array
comparative genomic hybridization analysis will be needed to
clarify whether cystic organoids without either TP53 mutations or
KRAS mutations, including B6, B9, B24, B31, B46, B8, B12, B13, B15,
B17, B21, and B47, harbor any cancer cells.

In conclusion, we established, for the first time, BDOs, with a
high success rate and reduced invasiveness, from patients with
biliary cancers, including inoperable cases. BDOs could be a prom-
ising tool for translational application as a biliary cancer biobank
that would include not only operable but also inoperable cases.
Further characterization, such as the capability for immortalization
and improvement of enrichment methods, would facilitate the
application of BDOs to personalized medicine as a useful and safe
model for individual patients based on their in vitro drug response.
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