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ARTICLE INFO ABSTRACT
Keywords: Organoid technology, a novel 3D cell culture system, can reproduce a patient’s cancer and may be
Organoids a novel immunotherapy experimental model. However, currently no gastric cancer organoid
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(GCO) models in which the organoid and immune cells are in free contact and sufficiently react
with each other exist. In this study, we aimed to create a coculture model in which immune cells
can move freely and stay in contact with GCOs. We coated the bottom surface of the plate with
Matrigel and adhered stem cells to the Matrigel surface, instead of completely embedding them in
Matrigel to culture organoids. This method allowed GCOs to grow on the Matrigel surface while
maintaining a three-dimensional structure and reproducing the characteristics of the patient’s
cancer. We cocultured GCOs and immune cells. Using this model, immune cells could freely move
and were in sufficient contact with the cultured GCOs. Our model allowed real-time observation
of the immune response and tumor destruction with time. In addition, the GCO killing assay was
assessed with natural Killer cells from the same patient. This organoid culture model enabled
repeated evaluation of the GCO killing assay with various immune cells in vitro. We established a
new experimental model that allowed free movement of immune cells and sufficient contact with
GCOs. Using this model, it may be possible to predict the effects of immune checkpoint inhibitors
in vitro (using GCOs) before administering them to patients.

1. Introduction

Gastric cancer (GC) is the fourth leading cause of cancer-related deaths, accounting for approximately 780,000 deaths each year
worldwide [1]. Although survival has gradually improved with the development of chemotherapy and immune checkpoint inhibitors
such as the anti-programmed cell death-1 (PD-1) antibody [2], the overall survival is still 13.8 months even with chemotherapy and
nivolumab administration [3]. Therefore, further research is required to identify better treatment options for advanced GC. As a
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project of The Cancer Genome Atlas (TCGA), a comprehensive analysis of molecular abnormalities in GC was conducted and four new
molecular subtypes (1, Epstein-Barr virus; 2, microsatellite instability; 3, genomically stable, and 4, chromosomal instability) were
proposed [4]. These molecular subtypes are expected to serve as a roadmap for patient stratification and clinical trials using
molecular-targeted therapies. Furthermore, clinical trials using immune checkpoint inhibitors are underway [3,5]. These studies have
analyzed the expression rate of programmed cell death 1- ligand 1 (PDL-1), PDL-1 combined positive score, and microsatellite
instability (MSI) to predict the effect of immune checkpoint inhibitors [2,3,5-7]. Such studies are often conducted using histopath-
ological examination on surgical specimens. Although cancer cell lines are used in in vitro experiments, they do not completely
reproduce the properties of the cancer environment in patients. Thus, organoids, with an ability to three-dimensionally reproduce
cancers derived from patients, are attracting attention as a novel cancer model. The model has currently been applied to several types
of cancer tissues including GC [8-17], and it has been confirmed that cancer organoids reproduce most genetic and histological
features of the parental tumor from which they are derived [15].

We have reported the establishment of anticancer drug-resistant GC organoids (GCOs) and the identification of molecules that
acquire 5-fluorouracil (5-FU) and oxaliplatin resistance [18,19]. In addition, the model is expected to be useful to investigate the
reaction between cancer and immune cells in vitro through coculturing cancer organoids and immune cells. In the conventional method
of organoid culture, organoids are embedded in an extracellular matrix such as Matrigel until they grow, and then, immune cells are
added to the outside of the extracellular matrix to react with the organoid, which does not sufficiently invade the Matrigel. Cancer
organoids derived from patients are repeatedly separated into single cells and cocultured with T cells to create strong chimeric antigen
receptor-T-cell (CAR-T), which damages cancer organoids [20]. However, the killing assay reported in this study involves the
coculture of organoids and immune cells without the extracellular matrix, which is conventionally required to culture organoids.
Therefore, the survival environment in this model is different from that in the conventional method in which organoids are embedded
in the extracellular matrix. It is possible that the length of survival of the organoids cultured without the extracellular matrix may be
different from that of organoids in the normal culture at the time of coculture, and the immune response may also change.

Currently, there are no GCO models in which the organoid and immune cells are in free contact and react sufficiently with each
other. Therefore, the aim of this study was to create a coculture model in which immune cells can move freely and have sufficient
contact with GCOs.

2. Material and methods
2.1. Human tissues

Human GC and normal gastric tissues were obtained from patients who underwent surgery at the Department of Gastroentero-
logical and Transplant Surgery at Hiroshima University Hospital. Clinical data of the patient-derived organoids are summarized in
Supplementary Table 1. Tumor staging was determined according to the TNM classification system. The histological classifications
were determined based on the guidelines of the Japanese Research Society for Gastric Cancer [21]. Written informed consent for the
establishment of the organoids was obtained from the patients. This study was approved by the Ethics Committee for Human Genome
Research of Hiroshima University, Hiroshima (E-597-01 and E-1789-1) and was conducted in accordance with the Ethical Guidance for
Human Genome/Gene Research of the Japanese Government.

2.2. Establishment and culture of human GC organoids

Human GCOs were established and cultured in organoid media containing the niche factors described previously [18] and were
passaged twice a week with a split ratio of 1:3/1:6. The culture method used under these conditions is referred to as the conventional
culture method (CCM).

2.3. Establishment and culture of human GCOs using the overlay culture method

The bottom of a 48-well plate was coated with 100 pL Matrigel per well. Human GCOs were separated into single cells using
TrypLE™ express (Thermo Fisher, Waltham, MA, USA) and 1 x 10 [4] cells per well were seeded; then, 200 pL Matrigel per well was
added to the bottom of the well. The human GCOs were maintained as described previously [18] in a humidified atmosphere of 5% CO4
and 95% air at 37 °C. The culture method under these conditions is referred to as the overlay culture method (OCM).

2.4. Immunohistochemistry and scoring

Immunohistochemical analysis was performed with a Dako Envision + Mouse/Rabbit Peroxidase Detection System (Dako Cyto-
mation, Carpinteria, CA, USA). Antigen retrieval was performed using a pressure cooker heated to 100 °C in citrate buffer (pH 6.0) for
5 min. Peroxidase activity was blocked with 3% H02-methanol for 10 min.

Sections were incubated with anti-MUC5AC (anti-MRQ-19, 760-4389, V0001348, Roche; 1:2 dilution for IHC), anti-MUC6 (NCL-
MUC-6, 6014968, Leica Biosystems; 1:100 dilution for IHC), anti-MUC2 (anti-MRQ-18, 760-4388, V0001436, Roche; 1:2 dilution for
IHC), anti-CD10 (56C6, CD10-270, 602420, Leica Biosystems; 1:100 dilution for IHC), or anti-Ki67 (NCL-L-Ki67-MM1, Leica Bio-
systems; 1:100 dilution for IHC) antibodies for 1 h at 25 °C, followed by incubation with Envision and the anti-mouse peroxidase for 1 h
at room temperature. For color reactions, sections were incubated with DAB substrate-chromogen solution (Dako Cytomation) for 5
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min. Sections were counterstained with 0.1% hematoxylin & eosin. Reactions lacking a primary antibody were used as negative
controls.

2.5. Microarray

Total RNA was isolated from human GCOs with the RNeasy mini kit (Qiagen, Hilden, German). RNA integrity was assessed with an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The total RNA extracted (100 ng, RIN > 6) was converted to
single-strand cDNA using a GeneChip™ WT PLUS Reagent Kit (Thermo Fisher, Waltham, MA, USA). Hybridization was performed
using the Clariom S Array, human (Thermo Fisher) in an Affymetrix GeneChip Hybridization Oven 645 (Affymetrix, USA). After
washing and staining, the probe arrays were scanned using an Affymetrix GeneChip Scanner 3000 7G. GCO RNAs were analyzed in
both cultures using a microarray. After averaging the RNAs of both groups, we searched for genes with a >2-fold difference in the
expression level and an unpaired t-test p value of <0.05.

2.6. Human peripheral blood cells isolation

Blood was collected from all participants, and the peripheral blood mononuclear cells (PBMCs) were isolated using gradient
centrifugation with Lympholyte-H (Cedarlane, Canada). For the immune cell infiltration assay, PBMCs were labeled with 5 pM 5-(and
6)-carboxyfluorescein succinimidyl ester (CFSE) (Thermo Fisher Scientific). Written informed consent for collecting the patients’ blood
was obtained from all patients. This study was approved by the Ethics Committee for Human Genome Research of Hiroshima Uni-
versity, Hiroshima (E-597-01 and E-1789-1) and was conducted in accordance with the Ethical Guidance for Human Genome/Gene
Research of the Japanese Government.

x100
A

before before

G\ ke, ¥ @
BF it B ] ‘Q« ) (.é&) @°

o

¥ "&G}" @ e

FL

MERGE

Fig. 1. Coculture of immune cells and gastric cancer organoid (GCOs) using the conventional culture method. (A) Images of coculture of
immune cells stained with CFSE and conventional GCOs (original magnification 20x, left and 100 x, center and right, scale bar: 500 pm, left and 100
pm, center and right). Upper: bright field. Central: fluorescence. Lower: merge. (B) Images of coculture of immune cells and conventional GCOs
(original magnification 100x, scale bar: 100 pm). The dotted line is the boundary of the Matrigel.
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2.7. Human natural killer cell isolation

Human PBMCs were separated into natural killer (NK) and non-NK cell fractions using the Human NK Cell Isolation kit II (Miltenyi
Biotec). Extracted cells were analyzed through flow cytometry (BD FACSCanto II), and only samples with more than 90% purity of
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Fig. 2. GCOs grown three-dimensionally using the overlay culture method. (A) Representative images of GCOs from the overlay culture
method (original magnification 100x, scale bar: 100 pm). Upper: conventional culture method (CCM), lower: overlay culture method (OCM). (B) A
representative photograph of GCOs grown three-dimensionally using the overlay culture method. (C) Representative images of immunohisto-
chemical staining and H&E staining of GCO1 (original magnification 400x, scale bar: 100 pm) Left: primary tissue, center: GCOs by CCM, right:
GCOs using the OCM).
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isolated fractions were used for cytotoxicity tests.

2.8. GCO killing assay

The GCO killing assay was assessed with a standard methyl thiazolyl tetrazolium (MTT) assay, which detects dehydrogenase ac-
tivity in viable cells. In brief, 5 x 10° PBMCs or NK cells were seeded in each well of 48-well culture plates with human GCOs and
cocultured. After 24 h, the culture medium was removed, and 50 pL of a 0.5 mg/mL solution of MTT (Sigma-Aldrich) was added to each
well. The plates were then incubated for 1 h at 37 °C. The MTT solution was then removed and replaced with 50 pL dimethyl sulfoxide
(DMSO; Wako, Osaka, Japan) per well, and the absorbance at 570 nm was measured using an MTP-310 microplate reader (CORONA
electric, Ibaraki, JAPAN). Before adding DMSO, the Matrigel was dissolved in 100 pL of 2% SDS (Wako, Osaka, Japan). Coculture
experiments were conducted with NK cells using concanamycin A (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan), which
specifically inhibits the perforin-dependent pathway.

2.9. Statistical analysis

Statistical differences were evaluated using the Student’s t-test for 2 groups, or Tukey HSD test for 3 groups. The results are
expressed as the mean =+ standard deviation of triplicate measurements. We considered p < 0.05 to be statistically significant.

3. Results
3.1. Establishment of GCOs using the OCM

In the CCM, immune cells stained with CFSE invaded the vicinity of the Matrigel boundary but did not invade the center of the
Matrigel (Fig. 1a). Although GCO tissue destruction was observed near the boundary of the Matrigel invaded by immune cells, it was
not observed for tissues located deep inside the Matrigel (Fig. 1b). Therefore, we coated the bottom surface of the plate to be cultured
with Matrigel and adhered stem cells to its surface (Supplementary Fig. 1). After two weeks, the GCOs grown using this method
presented the same morphology as those in the CCM (Fig. 2a) and irregularities were observed on the surface of Matrigel, which
implies that the three-dimensional structure was reconstructed even in the unembedded part (Fig. 2b). In addition, hematoxylin and
eosin (H&E) staining revealed that the GCOs in this culture method showed the same tissue type as the tumor tissue and the GCOs in
the CCM. Immunostaining revealed that same properties were also maintained (Fig. 2c, Supplementary Fig. 2).

3.2. Microarray analysis of the OCM GCOs

We performed a microarray analysis to examine whether the GCOs from the OCM and those from the CCM maintained the same
properties. GCO RNAs (17,834) were analyzed in both cultures using a microarray. After averaging the RNAs of both groups, we
searched for genes with a difference in the expression level of >2 and unpaired t-test p < 0.05. Only 16 RNAs met this criteria, and
99.91% (17,818/17,834) of RNA expression levels were similar in both groups (Fig. 3).

A B
Hierarchial Clustering Correlation Analysis
2 1 | ccm-1 | cem-2 | ccm-3 | ocm-1 | ocm-2 | ocm-3
ccMm-1 | 1 0.9981 | 0.9979 | 0.9890 | 0.9880 | 0.9839

CCM-2 | 0.9981 1 0.9980 | 0.9892 | 0.9900 | 0.9857
CCM-3 | 0.9979 | 0.9980 1 0.9869 | 0.9866 | 0.9823
OCM-1 | 0.9890 | 0.9892 | 0.9869 1 0.9953 | 0.9939

OCM-2 | 0.9880 | 0.9900 | 0.9866 | 0.9953 1 0.9964
OCM-3 | 0.9839 | 0.9857 | 0.9823 | 0.9939 | 0.9964 1
C Scatter plot

1 y=-0.83x-0.00
. R"2=0.573

00.5
: [®]
f 2
H 0
>
i3 ‘L“;
CCM-1 CCM-2 CCM-3 OCM-1 OCM-2 OCM-3  5°°
B ccm B ocm 1 05 : 05

CCM Avg(log2)

Fig. 3. ray analysis of GCOs through CCM or OCM. (A) Hierarchical clustering of microarray analysis of GCOs with CCM or OCM. (B) Correlation
analysis between GCOs and CCM or OCM. (C) The red dots are genes with a fold change difference of >2 (expression level difference was more than
double) and unpaired Students t-test p < 0.05.
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3.3. Immune cell infiltration assay using the overlay GCO culture model

To confirm that immune cells can freely contact GCOs in this OCM, we cocultured GCOs with CFSE-stained healthy donor PBMCs.
Four hours after coculture, PBMCs aggregated around almost all GCOs, and confirmed that immune cells could freely move and contact
with GCOs (Fig. 4).

3.4. Overlay GCO killing assay with PBMCs from healthy donors

To determine whether this culture method causes tissue destruction by immune cells and to evaluate the degree of destruction,
GCOs grown using the OCM and PBMCs obtained from healthy donors were cocultured for 20 h. Microscopic images showed GCO
tissue destruction in the coculture group. The MTT assay showed that PBMC destroyed 66.1% of GCO tissue in case 2 and 53.6% of
GCOs in case 3 (Fig. 5a and b). Furthermore, we could capture the movement of PBMCs moving freely and destroying GCOs in real time
(Supplementary Fig. 3).

3.5. Overlay GCO killing assay with NK cells from healthy donors

To simplify the experimental model and selectively analyze the response of NK cells alone (and not that of all immune cells), the
OCM GCO tissue destruction assay was performed in coculture with NK cells. NK cells were isolated from PBMCs from healthy subjects,
and GCO and NK cells were cocultured using the same protocol as the one previously described. In addition, to confirm that tissue
destruction was caused by NK cells, concanamycin A(Fujifilm Wako Pure Chemical Corporation, Osaka, Japan), which specifically
inhibits the perforin-dependent pathway, which is one of the cytotoxic pathways of NK cells, was used. Experiments were conducted in
three groups: non-coculture (control group), NK cell and GCO coculture group, and NK cell and GCO coculture group with the addition
of concanamycin A. Microscopic images showed GCO tissue destruction in the NK cell coculture group compared with that in the
control group. Tissue destruction was suppressed in the concanamycin A group (Fig. 6a). In addition, the MTT assay showed 77.1%
tissue destruction in the NK cell coculture group but only 55.1% in the concanamycin A group; therefore, tissue destruction was
significantly suppressed (p < 0.01) (Fig. 6b). We revealed the movement of NK cells that destroy GCO in time lapse (Supplementary
Fig. 4). From these results, we confirm GCO tissue destruction by NK cells using the OCM GCOs and NK cell coculture.
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Fig. 4. Coculture of immune cells and GCOs using the overlay culture method. Representative images of GCOs obtained using the overlay
culture method (original magnification 100x, scale bar: 500 pm). Upper: bright field. Central: fluorescence. Lower: merge. Lower numbers represent
elapsed time.
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Fig. 5. Overlay GCO killing assay using PBMCs from a healthy donor. (A) Representative images of GCOs using the overlay culture method
(original magnification 100x, scale bar: 100 pm). Upper: GCOs only. Lower: coculture of GCOs and PBMCs from a healthy donor. Left: before
coculture. Right: after coculture. Lower numbers indicate elapsed time. (B) Overlay GCO killing assay using PBMCs from a healthy donor.

3.6. Overlay GCO killing assay with patient-derived NK cells

Patient-derived GCOs and NK cells extracted from the same patient-derived PBMCs were cocultured, and the same assay was
conducted (Fig. 7a). Microscopic images showed GCO tissue destruction in the NK cell coculture group compared with that in the
control group, and tissue destruction was suppressed in the concanamycin A group (Fig. 7b). In addition, the MTT assay also showed
that 91.6% of the tissues were destroyed in case 2 and 56.3% in case 3. Tissue destruction was significantly suppressed in the con-
canamycin A group (p < 0.05) (Fig. 7c). We demonstrated the movement of patient-derived NK cells that destroyed GCO in time lapse
(Supplementary Fig. 5). This experiment demonstrated that patient-derived NK cells can be used to assess the degree of tissue
destruction against patient GCOs.

4. Discussion

We established an experimental model in which almost all organoids in the observation range are in contact with immune cells
using an overlay culture. In the conventional organoid culture method, the Matrigel interferes with experimental models such as the
anticancer drug susceptibility test and tailor-made treatment using immune cells.

Nakano et al. grew optic cup organoids without complete embedding by adding 1% Matrigel to the medium [22]. We used an
approach similar to that of Nakano et al. and instead of completely embedding organoids in Matrigel, which is necessary for culturing
organoids, we coated the bottom surface of the plate in which organoids were to be cultured with Matrigel, and adhered stem cells to its
surface. This method allowed organoids to grow on the surface of the Matrigel while maintaining a three-dimensional structure and
allowing immune cells to freely contact the organoids. In addition, our experimental model allows real-time observation of the immune
response and tumor destruction.

To reveal that this model can be used to evaluate tumor damage, we cocultured patient-derived GCOs and healthy donor-derived
PBMCs. We demonstrated the destruction of organoids by PBMC through imaging, time lapse, and the MTT assay. Next, to simplify the
experimental model, NK cells were purified from PBMCs, and similar experiments were performed; we demonstrated the destruction of
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Fig. 6. Overlay GCO killing assay using NK cells of a healthy donor. (A) Representative images of GCOs using the overlay culture method
(original magnification 100 x, scale bar: 100 pm). Upper: GCOs only. Central: coculture of GCOs and NK cells from a healthy donor. Lower: coculture
of GCOs and NK cells from a healthy donor with the addition of concanamycin A. Left: before coculture. Right: after coculture. Lower numbers
represent elapsed time. (B) Overlay GCO killing assay using NK cells of a healthy donor.

GCOs with NK cells as well. Furthermore, we obtained similar results for coculture patient-derived NK cells and same-patient-derived
GCOs. These results showed that our culture method allows the organoids to come into free contact with immune cells and generate an
immune response and is useful to evaluate tumor destruction.

Krijn et al. reported the establishment of tumor-specific T cells through coculturing immune cells with single-celled cancer
organoids. Furthermore, they demonstrated that T cells show tumor-specific injury by coculturing the T cells with cancer organoids
[20]. The major difference between their and our study is that they digested the extracellular matrix around organoids when cocul-
turing immune cells and organoids and we did not. By culturing the organoids on the surface of the extracellular matrix, we ensured
sufficient contact of the organoids with immune cells while the organoids were still alive. As a result, organoids that normally die when
the extracellular matrix is digested, were found to be alive, which may enable their observation for a longer period of time. In addition,
we confirmed that GCOs grown using this method maintained not only the properties of GCOs from the normal culture method but also
the same morphology and properties as the cancer tissue of the patient. Thus, by extracting immune cells from the blood of the patient
who established GCOs and ensuring contact with GCOs, the reaction between cancer and immune cells in vivo was observed and
analyzed in vitro. In addition, we demonstrated that GCOs and patient-derived NK cells can be cocultured to perform the GCO killing
assay. Using this experimental model and adding an immune checkpoint inhibitor to the coculture of GCOs and patient’s immune cells
in the OCM, it will be possible in the future to evaluate the predictive effect on the patient before administration of the immune
checkpoint inhibitor in vitro.

In various types of cancers, immunotherapy and immunochemotherapy are gaining attention because of recent advances in
immunotherapy. However, since this study only examined gastric cancer, it is necessary to perform studies on other cancers in the
future. In addition, the model analyzed in this study used only co-culture with NK cells, but coculture must be performed with other
lymphocytes including T cells.
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