Journal Pre-proof GIE

Gastrointestinal Endoscopy

Establishment of a patient-specific avatar organoid model derived from endoscopic
ultrasonography-guided fine needle biopsy for timely clinical application in pancreatic
ductal adenocarcinoma

Hyemin Kim, Ph.D, Jinho Jang, Ph.D, Jin Ho Choi, MD, Ph.D, Joo Hye Song, MD,
Ph.D, Su Hyun Lee, BS, Jiho Park, Ph.D, Si Kyong Ryoo, MD, Eun Mi Lee, MS,
Hyoung-oh Jeong, Ph.D, Seunghoon Kim, BS, Se-Hoon Lee, MD, Ph.D, Kwang
Hyuck Lee, MD, Ph.D, Kyu Taek Lee, MD, Ph.D, Kyoung Mee Kim, MD, Ph.D, Kee-
Taek Jang, MD, Ph.D, Hyunsook Lee, Ph.D, Semin Lee, Ph.D, Jong Kyun Lee, MD,
Ph.D, Joo Kyung Park, MD, Ph.D

PII: S0016-5107(24)00132-9
DOI: https://doi.org/10.1016/j.gie.2024.02.021
Reference: YMGE 14169

To appearin:  Gastrointestinal Endoscopy

Received Date: 29 October 2023
Revised Date: 16 February 2024
Accepted Date: 19 February 2024

Please cite this article as: Kim H, Jang J, Choi JH, Song JH, Lee SH, Park J, Ryoo SK, Lee EM,
Jeong H-0, Kim S, Lee S-H, Lee KH, Lee KT, Kim KM, Jang K-T, Lee H, Lee S, Lee JK, Park JK,
Establishment of a patient-specific avatar organoid model derived from endoscopic ultrasonography-
guided fine needle biopsy for timely clinical application in pancreatic ductal adenocarcinoma,
Gastrointestinal Endoscopy (2024), doi: https://doi.org/10.1016/j.gie.2024.02.021.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

Copyright © 2024 by the American Society for Gastrointestinal Endoscopy


https://doi.org/10.1016/j.gie.2024.02.021
https://doi.org/10.1016/j.gie.2024.02.021

Establishment of a patient-specific avatar organoid model derived
from endoscopic ultrasonography-guided fine needle biopsy for

timely clinical application in pancreatic ductal adenocarcinoma

Hyemin Kim, Ph.D"", Jinho Jang, Ph.D%, Jin Ho Choi, MD, Ph.D", Joo Hye Song,
MD, Ph.D", Su Hyun Lee, BS?, Jiho Park, Ph.D3, Si Kyong Ryoo, MD', Eun Mi Lee,
MS', Hyoung-oh Jeong, Ph.D?, Seunghoon Kim, BS?, Se-Hoon Lee, MD, Ph.D"#,
Kwang Hyuck Lee, MD, Ph.D', Kyu Taek Lee, MD, Ph.D', Kyoung Mee Kim, MD, Ph.D?,
Kee-Taek Jang, MD, Ph.D% Hyunsook Lee, Ph.D3t, Semin Lee, Ph.D?t, Jong Kyun

Lee, MD, Ph.D't, and Joo Kyung Park ,MD, Ph.D'4t

'Department of Medicine, Samsung Medical Center, Sungkyunkwan University School
of Medicine, Seoul, Korea.

2Department of Biomedical Engineering, School of Life Sciences, Ulsan National
Institute of Science and Technology, Ulsan, Korea.

3Department of Biological Sciences, Institute of Molecular Biology and Genetics, Seoul
National University, Seoul, Korea.

4Department of Health Sciences and Technology, SAIHST, Sungkyunkwan University,
Seoul, Republic of Korea

SDepartment of Pathology, Samsung Medical Center, Sungkyunkwan University

School of Medicine, Seoul, Korea.

*These authors contributed equally to this study.



Correspondence

Joo Kyung Park, M.D., Ph.D.

Department of Medicine, Samsung Medical Center, Sungkyunkwan University School
of Medicine, 81 Irwon-ro, Gangnam-gu, Seoul, 06351, Republic of Korea.

Tel: +82-2-3410-3409, Fax: +82-2-3410-6983, E-mail: jksophie.park@samsung.com
Semin Lee, Ph.D.

Department of Biomedical Engineering, Ulsan National Institute of Science and
Technology (UNIST), 50 UNIST-gil, Ulsan, 44919, Republic of Korea.

Tel: +82-52-217-2663, Fax: +82-52-217-3582, E-mail: seminlee@unist.ac.kr
Hyunsook Lee, Ph.D.

Department of Biological Sciences, Institute of Molecular Biology and Genetics, Seoul
National University, 1 Gwanak-Ro, Gwanak-Gu, Seoul, 08826, Republic of Korea.
Tel: +82-2-886-4339, Fax: +82-2-886-4335, E-mail: hI212@snu.ac.kr

Jong Kyun Lee, M.D., Ph.D.

Department of Medicine, Samsung Medical Center, Sungkyunkwan University School
of Medicine, 81 Irwon-ro, Gangnam-gu, Seoul, 06351, Republic of Korea.

Tel: +82-2-3410-3409, Fax: +82-2-3410-6983, E-mail: jongk.lee@samsung.com



Author contributions

HK - analysis and interpretation of the data, drafting of the article, critical revision of
the article for important intellectual content; JJ - analysis and interpretation of the data,
drafting of the article; JHC - drafting of the article, critical revision of the article for
important intellectual content; JHS- analysis and interpretation of the data, drafting of
the article; SHL, JP, SKR, EML, H-OJ and SK - analysis and interpretation of the data;
S-HL, KHL, KTL, KMK, and K-TJ - conception and design; HL, SL, JKL, and JKP -
conception and design, final approval of the article. All authors read and approved the

final manuscript.



3
3

3 weeks 1 weeks

Resistant

Cell Viablity (%)
a
g

Sensitive |

' h
-3 -2 A o 1 2 3

4 Drug dose (log pM)
ﬁ Pancreatic Ductal - ] ) .
Adenocarcinoma 3D PDAC Organoid High Throughput Drug Screening

Histology Genomic Biobanking
/Patholog sequencing
TR
[
AGTCCCTGAATCGA ‘“‘wﬂ




10

11

12

13

14

15

16

17

18

19

20

21

22

23

Establishment of a patient-specific avatar organoid model derived
from endoscopic ultrasonography-guided fine needle biopsy for

timely clinical application in pancreatic ductal adenocarcinoma

Hyemin Kim, Ph.D"", Jinho Jang, Ph.D%, Jin Ho Choi, MD, Ph.D", Joo Hye Song,
MD, Ph.D", Su Hyun Lee, BS?, Jiho Park, Ph.D3, Si Kyong Ryoo, MD', Eun Mi Lee,
MS', Hyoung-oh Jeong, Ph.D?, Seunghoon Kim, BS?, Se-Hoon Lee, MD, Ph.D"#,
Kwang Hyuck Lee, MD, Ph.D', Kyu Taek Lee, MD, Ph.D', Kyoung Mee Kim, MD, Ph.D?,
Kee-Taek Jang, MD, Ph.D% Hyunsook Lee, Ph.D3t, Semin Lee, Ph.D?t, Jong Kyun

Lee, MD, Ph.D't, and Joo Kyung Park ,MD, Ph.D'4t

'Department of Medicine, Samsung Medical Center, Sungkyunkwan University School
of Medicine, Seoul, Korea.

2Department of Biomedical Engineering, School of Life Sciences, Ulsan National
Institute of Science and Technology, Ulsan, Korea.

3Department of Biological Sciences, Institute of Molecular Biology and Genetics, Seoul
National University, Seoul, Korea.

4Department of Health Sciences and Technology, SAIHST, Sungkyunkwan University,
Seoul, Republic of Korea

SDepartment of Pathology, Samsung Medical Center, Sungkyunkwan University

School of Medicine, Seoul, Korea.

*These authors contributed equally to this study.

1



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Correspondence

Joo Kyung Park, M.D., Ph.D.

Department of Medicine, Samsung Medical Center, Sungkyunkwan University School
of Medicine, 81 Irwon-ro, Gangnam-gu, Seoul, 06351, Republic of Korea.

Tel: +82-2-3410-3409, Fax: +82-2-3410-6983, E-mail: jksophie.park@samsung.com
Semin Lee, Ph.D.

Department of Biomedical Engineering, Ulsan National Institute of Science and
Technology (UNIST), 50 UNIST-gil, Ulsan, 44919, Republic of Korea.

Tel: +82-52-217-2663, Fax: +82-52-217-3582, E-mail: seminlee@unist.ac.kr
Hyunsook Lee, Ph.D.

Department of Biological Sciences, Institute of Molecular Biology and Genetics, Seoul
National University, 1 Gwanak-Ro, Gwanak-Gu, Seoul, 08826, Republic of Korea.
Tel: +82-2-886-4339, Fax: +82-2-886-4335, E-mail: hI212@snu.ac.kr

Jong Kyun Lee, M.D., Ph.D.

Department of Medicine, Samsung Medical Center, Sungkyunkwan University School
of Medicine, 81 Irwon-ro, Gangnam-gu, Seoul, 06351, Republic of Korea.

Tel: +82-2-3410-3409, Fax: +82-2-3410-6983, E-mail: jongk.lee@samsung.com



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Abstract

Background and aims: Pancreatic ductal adenocarcinoma (PDAC) has the worst
survival rate among tumors. At the time of diagnosis, over 80 percent of PDACs are
considered surgically unresectable, and there is an unmet need for treatment options
in these inoperable PDACs. The study aimed to establish a patient-derived organoid
(PDO) platform from endoscopic ultrasound-guided fine needle biopsy (EUS-FNB)
collected at diagnosis and to determine its clinical applicability for the timely treatment
of unresectable PDAC.

Methods: Patients with suspected PDAC were prospectively enrolled at the Samsung
Medical Center from 2015 to 2019. PDAC tissues were acquired by EUS-FNB to
establish PDAC PDOs, which were comprehensively analyzed for histology, genomic
sequencing, and high-throughput screening (HTS) drug sensitivity test.

Results: PDAC PDOs were established with a success rate of 83.2% (94/113). It took
approximately 3 weeks from acquiring minimal EUS-FNB specimens to generating
sufficient PDAC PDOs for the simultaneous analysis of HTS drug sensitivity test and
genomic analysis. The high concordance between PDAC tissues and matched PDOs
was confirmed, and whole-exome sequencing revealed the increased detection of
genetic alterations in PDOs, compared with in EUS-FNB tissues. The HTS drug
sensitivity test showed the clinical correlation between the ex vivo PDO response and
the actual chemotherapeutic response of the study patients in the real world (13 out
of 15 cases). In addition, whole-transcriptome sequencing identified candidate genes

associated with nab-paclitaxel resistance, such as ITGB7, ANPEP, and ST3GALT.
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Conclusions: This PDAC PDO platform allows several therapeutic drugs to be tested
within a short time window and opens the possibility for timely personalized medicine
as a “Patient Avatar Model” in clinical practice.

Keywords: pancreatic ductal adenocarcinoma (PDAC), endoscopic ultrasound-
guided fine needle biopsy (EUS-FNB), patient-derived organoid (PDO), high-

throughput screening (HTS) drug sensitivity test, personalized medicine.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal solid
malignancies; the 5-year relative survival rate is the lowest (9%) among cancers, and
while the death rate has risen over the past decade (1, 2). PDAC is mainly treated with
a combination of cytotoxic chemotherapeutic agents, gemcitabine and nab-paclitaxel
(GnP) or FOLFIRINOX (5-fluorouracil, leucovorin, irinotecan, and oxaliplatin)
combined with surgery, but at the time of diagnosis, less than 20 % of PDACs are
resectable (3-5).

Recently, a patient-derived organoid (PDO) was developed, and upon
embedding in a three-dimensional (3D) matrix, could be grown with high efficiency into
a self-organizing organotypic structure. Tumor organoids can remain genetically and
phenotypically stable with long-term expansion, leading to a wide range of applications
in cancer research for drug development and personalized medicine (6, 7). However,
the role that PDO models play in clinical practice as avatars for PDAC patients has
never been fully proven; they have not been applied in actual practice due to certain
general barriers related to cancer organoids, which include lack of a consistent
standard protocol, excessively long time for establishment, and difficulty in obtaining
pure cancer organoids (8).

Even though most PDACs are inoperable at the time of diagnosis, most PDO
models use surgical specimens from resectable tumors, while some PDO models use
endoscopic ultrasound-guided fine needle biopsy (EUS-FNB) specimens of
unresectable PDACs (9-12). Since biopsy is the current gold standard for diagnosing
PDACs, biopsy acquisition from patients with unresectable PDACs can be a useful

technique. Furthermore, surgical specimens are usually acquired after portal vein
5
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dissection and vascular clamping, which automatically cause ischemic damage and
the autolysis of pancreatic cells. However, the EUS-FNB technique enables relatively
undamaged and fresh tissue to be acquired under the normal physiologic state of the
patient, leading to a higher rate of successful establishment of PDAC PDOs (13).
Therefore, the aims of this study were 1) to establish a PDAC PDO platform
using minimal EUS-FNB specimens from unresectable PDAC patients for timely
clinical assessment with high efficacy, 2) to investigate clinicopathologic and genomic
characteristics, and 3) to determine the clinical applicability of the PDAC PDO model

as a patient avatar for predicting treatment response and prognosis.

Methods

Study Patients

Patients with suspected unresectable PDAC were prospectively enrolled in the
Samsung Medical Center (SMC) between June 2015 and October 2019. All patients
provided written informed consent, and all specimens were collected according to
Institutional Review Board (IRB) regulations and approval (IRB No. 2014-04-061,
2016-05-011). The clinical features and laboratory data were collected using electronic
medical records. In addition, tumor size, metastatic site, treatment course, and
response to treatment followed the RECIST guideline (RECIST v1.1). In examining
the concordance between palliative chemotherapy outcomes and drug responses in
PDAC PDOs, we focused on analyzing the best responses as defined by RECIST v1.1,
coupled with a review of survival durations.
Endoscopic ultrasound-guided fine needle biopsy (EUS-FNB)

All EUS-FNB was performed under conscious sedation by the same
6
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experienced endosonographer (JKP) wusing a standard curvilinear array
echoendoscope (GF-UE160-AL linear EUS apparatus, Olympus) equipped with an
Aloka ProSound SSD 5000 processor (Wallingford) and 22-gauge Acquire® FNB
needle (Boston Scientific). Each needle throw was fanned about the entire mass area
to obtain the best representative sample. The obtained EUS-FNB specimens were
placed into MACS® Tissue storage solution (Miltenyi Biotec.) and immediately further
processed.

Patient-Derived Organoids (PDOs)

We cultivated organoids using patient-derived PDAC tissue acquired from the
EUS-FNB. Tumors were homogenized with GentleMACS™ tissue dissociator and
human tumor dissociation kit (Miltenyi Biotec.). Isolated cells were plated with Matrigel
(Corning) and complete media (Supplementary Table 1). Generated PDOs were
further applied for banking, immunostaining, genomic analysis, and drug screening for
clinical response evaluation (Supplementary Fig. 1). For histological validation,
formalin-fixed PDOs were incubated with antibodies (Supplementary Table 2) at 4°C
overnight. After counterstaining with DAPI, immunofluorescent images were observed
and captured by an LSM780 confocal microscope system (ZEISS).
High-Throughput Screening (HTS) Drug sensitivity test

Using an HTS platform first reported in October 2018 (14), we were able to test
twenty PDOs in a non-stop workflow from EUS-FNB to HTS drug sensitivity test
without biobanking. PDOs were dissociated into single cells and seeded on 384-well
plates (500 cells/well) with technical duplicates. Cells were treated with 71 kinds of
drugs targeting major oncogenic pathways in 4-fold and 7-point serial dilutions. After

7-day treatment, cell viability was assessed using an adenosine triphosphate (ATP)
7



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

monitoring system based on firefly luciferase (ATPlite 1step) and estimated by
EnVision Multilabel Reader (PerkinElmer). The relative viability for each dose was
obtained by normalization with dimethyl sulfoxide per plate. Dose—response curves
(DRCs) were fitted using GraphPad Prism 8.0 (GraphPad Software Inc.). The area
under the curve (AUC) for each DRC was calculated, and the value of the normalized
AUC was obtained by dividing the AUC value by the maximum area for the
concentration range measured.
Whole-Exome Sequencing (WES) and Whole-Transcriptome Sequencing (WTS)

We performed WES and WTS for PDAC PDOs that also subjected to HTS drug
sensitivity test. For WES, genomic DNA was subjected to Agilent Sure-Select Human
All Exon v6 and sequenced by the lllumina HiSeq4000 platform. Burrows—Wheeler
aligner (15) for read alignment to the human reference genome (GRch37), MuTect2
(16) for the detection of somatic single nucleotide variations (SNVs) and short
insertions and deletions (indels), control-FREEC (17) for the identification of somatic
copy number alterations (SCNAs) and Sequenza (18) for the estimation of the ploidy
and cellularity of EUS-FNB tissues and PDOs were used. For WTS, Mapsplice for read
alignment to the human reference genome and transcriptome (build GRCh37),
DESeq2 (19) for the identification of differentially expressed genes (DEGs), and
Enrichr R package (20, 21) for the gene set enrichment test (GSEA) with the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway database were used.
Statistical analysis

Differences between continuous variables were analyzed using unpaired
Student’s t test, while differences between categorical variables were analyzed using

the x? test and Fisher's exact test as appropriate. Logistic regression analysis
8
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identified independent factors associated with the success of PDO establishment. The
gene expression data and clinical information for the PDAC cohort from The Cancer
Genome Atlas (TCGA) were downloaded from GDAC (https://gdac.broadinstitute.org/).
The upper and lower 33 % percentiles of expression were used to determine the high
and low groups, and the survival curve was analyzed by the Kaplan—Meier method. A
P value <0.05 was considered to indicate statistical significance. All statistical
analyses were performed using SPSS software version 27.0 for Windows (SPSS) or

GraphPad Prism 8.0 (GraphPad Software).

Results

Establishment of PDAC PDOs from minimal EUS-FNB specimens with high
success rate

A total of 113 newly diagnosed PDAC patients were finally enrolled, and Table
1 summarizes the baseline characteristics. The median age was 65 years, and males
were 57.5%. The distribution of stage (8" AJCC) was as follows: stage IA/IB 14
(12.4%); stage IIA/IIB 7 (6.2%); stage 11l 33 (29.2%); and stage IV 59 (52.2%). A total
of 90 patients (79.6%) were treated with palliative chemotherapy. Finally, ninety-four
PDAC PDOs were established from 113 EUS-FNB specimens with a success rate of
83.2% (Supplementary Fig. 2). We also analyzed clinical factors associated with the
success of PDO establishment (Table 1). Determination of whether PDO generation
was successful or not found no significant difference. Multivariable analysis found that
specimens with high cellularity (>10 clusters) generated PDAC PDOs with higher
efficiency (P=0.044) than those with mild cellularity (<3 clusters). PDAC patients with

successful organoid growth did not show a significant difference in overall survival
9



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

(OS), compared to patients with failed organoid growth (Supplementary Fig. 3,
P=0.636), despite suspicious aggressive tumor biology in PDAC patients with shorter
OS.
Histological and genomic validation of the PDAC PDOs

The PDAC PDOs exhibited various morphologies, such as hollow structures,
densely packed spheres, and irregular architecture (Supplementary Video and
Supplementary Fig. 4). Hematoxylin & Eosin staining showed that PDOs had
morphological features similar to those of patient tissues (Fig.1A). PDAC PDOs were
also verified by immunofluorescence staining for epithelial tumor markers cytokeratin
(CK) and EpCAM (22, 23), ductal cell markers DBA-lectin and SOX9 (24, 25), PDAC
marker Plectin-1 (26), and PDAC stem cell marker CD133 (27). Phalloidin and DAPI
were used to confirm the cytoskeleton (F-actin) and nucleus, respectively (Fig. 1B).

To confirm whether PDAC PDOs can well represent the genomic
characteristics of the original PDACs, whole-exome sequencing (WES) was
performed to identify SCNAs with EUS-FNB specimens, matched PDOs, and matched
blood. In Fig. 1C, the cellularity of each sample showed the clonal homogeneity of
PDOs derived from the heterogeneous FNBs. Nine (Pt.2, Pt.4, Pt.5, Pt.8, Pt.9, Pt.11,
Pt.13, Pt.14, and Pt.15) out of 13 cases (69 %) showed higher cellularity in PDOs than
in matched FNBs, suggesting the development of unique clones. Additionally, we
found positively correlated SCNA profiles between FNBs and PDOs (average
Pearson’s correlation coefficient: 0.75), confirming their genomic concordance. WES
analysis identified several recurrently mutated genes in FNBs and PDOs by somatic
SNVs and indels. Protein sequence-altering somatic point mutation profiles were

similar between FNBs and matched PDOs, suggesting the concordance of genomic
10
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profiles (Fig. 1D). Importantly, several key mutations, such as KRAS, TP53, KMT2D,
and RNF43, were more frequently detected in PDAC PDOs than FNBs, which
indicates the high quality of genomic analysis in PDOs. The frequency of mutations in
KRAS, the most frequently mutated oncogene in PDAC (28-30), was higher in PDOs
(92 %) than in FNBs (67 %). These results represent that PDAC PDOs have
concordance with the matched EUS-FNB samples and show higher purity of tumor
cells for genomic characterization and subsequent analyses, such as drug screening.
Landscape of the Drug Sensitivity in PDAC PDOs

Next, high-throughput screening (HTS) drug sensitivity test was performed for
twenty well-established PDAC PDOs. It took about 21 days (median, ranging 13-43
days) from taking minimal EUS-FNBs to generating enough PDOs for the
simultaneous analysis of HTS test, histological staining, genomic sequencing and
biobanking. At that time, PDOs were 3 passages of cultures (median, ranging 2-6
passages). PDAC PDOs were treated with 71 kinds of drugs for 7 days and the drug
panel included 1) standard cytotoxic chemotherapeutic agents for PDAC, such as
gemcitabine, nab-paclitaxel, 5-fluorouracil (5-FU), oxaliplatin, and irinotecan; 2) a poly
(ADP-ribose) polymerase inhibitor, Olaparib; 3) a cyclin-dependent kinase 4/6 inhibitor,
palbociclib; 4) receptor tyrosine kinase inhibitors, including epidermal growth factor
receptor (EGFR), platelet-derived growth factor receptor /vascular endothelial growth
factor receptor, and phosphoinositide 3-kinase/protein kinase B/mammalian target of
rapamycin concordant inhibitors, and 5) multitarget drugs and inhibitors of the
proteasome and histone deacetylase (HDAC) (14) (Supplementary Table 3). Live
images were obtained using a high-content screening system (Fig. 2A) and cell

viability was determined with an ATP monitoring system. The sensitivity to each drug
11
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was represented as a clustered heatmap based on the calculated AUC value for each
DRC curve (Fig. 2B). The test revealed marked interpatient variability in the PDO
response to a single chemotherapy agent (Fig. 2B). Most drugs were not very effective
at inducing cell death in PDAC PDOs. One of the preferred chemotherapy regimens
for metastatic and locally-advanced PDAC, gemcitabine and nab-paclitaxel,
significantly decreased the viability in a dose-dependent manner. In addition,
Trametinib (Mitogen-activated protein kinase inhibitor), Triptolide (NRF2 and NF-kB
inhibitor), Panobinostat (HDAC inhibitor) and some EGFR inhibitors including
AZD9291, Afatinib, Dacomitinib and Neratinib showed some anti-cancer effect against
PDAC PDOs even though these drugs have not shown clinical benefit in PDACs.
PDO sensitivity correlates with therapeutic response in patients with PDAC
The drug sensitivity for each drug differed among the twenty PDAC PDOs.
Only 15 of 20 patients received chemotherapy in consideration of their performance
status; of these, twelve patients were treated with GnP, and three patients were treated
with FOLFIRINOX. Sensitive or resistant PDOs were divided by the median value of
normalized AUC for each drug. Because we tested each single drug only, not in
combination, PDOs were considered sensitive to GnP if they were sensitive to either
gemcitabine or nab-paclitaxel. Likewise, PDO was regarded as sensitive to
FOLFIRINOX if it was sensitive to any of oxaliplatin, 5-FU and irinotecan. The
concordance between the response to chemotherapy according to RECIST v1.1 in
patients and the sensitivity of matched PDAC PDOs was estimated to be 86.7 % (13
of 15) (Fig. 2C). Fig. 3A shows the different responses to gemcitabine and nab-
paclitaxel among PDAC PDOs. The PDO from Patient 15 who were diagnosed with

stage IV disease was sensitive to both gemcitabine and nab-paclitaxel (a red spot in
12
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Fig. 3A), and showed good prognosis with OS of 31.07 months, showing the best
response as partial response (PR) until 15 cycles with the 15t line GnP treatment, and
the progression-free survival (PFS) of 20.87 months (Fig. 3B). The PDO from Patient
20 diagnosed with stage lll disease was resistant to both gemcitabine and nab-
paclitaxel (a green spot in Fig. 3A) and the patient showed a poor prognosis with OS
of 10.1 months, showing the best response as stable disease (SD) at the third cycle
with the 1%t line GnP treatment, and PFS of 7.93 months (Fig. 3C). Also, Fig. 3D shows
the different responses to FOLFIRINOX among PDAC PDOs. The PDO from Patient
11 diagnosed with stage IV disease with liver metastasis showed sensitivity to 5-FU,
irinotecan, and oxaliplatin (a blue spot in Fig. 3D). After treatment with the 10" cycle
of FOLFIRINOX, the primary pancreatic mass showed a marked decrease in size, and
the hepatic metastases nearly disappeared; however, during subsequent
chemotherapy, the patient died from neutropenic septic shock with PFS of 7.3 months
(Fig. 3E). The PDO from Patient 1 diagnosed with stage IV disease with peritoneal
seeding showed resistance to 5-FU, irinotecan, and oxaliplatin (a yellow spot in Fig.
3D). After treatment with FOLFIRINOX, rapid and extensive disease progression was
observed in the primary mass, hepatic metastases, and newly appeared brain
metastases with PFS of 1.4 months (Fig. 3F). Therefore, this indicates a high
concordance between the PDO response and the clinical response of the patient with
PDAC to the chemotherapeutic drugs.
Expression Profiling of Genes Related to the Response to Chemotherapeutics
To identify genes whose expression levels are associated with the response to
nab-paclitaxel, we performed whole-transcriptome sequencing (WTS) analysis of the

PDAC PDOs. Differential gene expression analysis identified 127 upregulated and 113
13
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downregulated genes in the nab-paclitaxel-resistant PDOs (Supplementary Fig. 5).
Hierarchical clustering analysis of the PDAC PDOs based on the DEGs revealed two
distinct response groups, which is concordant with our HTS results (Fig. 4A). Gene
set enrichment tests of the DEGs revealed that resistant PDOs were significantly
enriched in the hematopoietic cell lineage, sphingolipid metabolism, protein digestion
and  absorption, renin-angiotensin  system, ECM-receptor interaction,
glycosaminoglycan biosynthesis and riboflavin metabolism (Fig. 4B and
Supplementary Table 4). Additionally, the downregulated DEGs were mainly
associated with alanine, aspartate, and glutamate metabolism; phenylalanine, tyrosine,
and tryptophan biosynthesis; pyrimidine metabolism; and signaling pathways
regulating pluripotent stem cells in the KEGG pathway analysis (Fig. 4B and
Supplementary Table 5). To further identify whether the upregulated DEGs affect the
prognosis of PDAC patients, we conducted a survival analysis in a large cohort (N=178)
from TCGA for some genes related to epithelial-mesenchymal transition and
metastasis. The high expression levels of ITGB7 (P=0.038), ANPEP (P=0.017), and
ST3GAL1 (P=0.0056) were significantly associated with poor survival in PDAC
patients (Fig. 4C). A high expression level of CSF2 was also marginally related to the
prognosis of PDAC patients (P=0.068; Fig. 4C). Although there was no significance in
our small cohort, the expression of ST3GAL1, ANPEP, ITGB7, and CSF2 genes

similarly tended to show differences in OS (Supplementary Fig. 6).

Discussion

Here, we successfully established PDAC PDOs from minimal EUS-FNB

tissues of unresectable PDAC patients, which PDOs were subjected to the HTS drug
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sensitivity test in a short period, within one month after diagnosis using our platform.
The PDOs were strictly verified through histologic investigation and integrated analysis
of genomic profiling. The drug response of the PDAC PDOs was compatible with the
patient response to treatment in the real-world. Additionally, it was possible to explore
candidate novel biomarkers associated with the prognosis of PDAC patients according
to the drug response.

PDAC PDO platforms with EUS-FNB specimens are essential to predict
treatment response in a timely manner. Most genomic studies of PDACs are based on
surgical specimens representing an early-stage disease (Stage I/ll), a minority of the
patient population. Recently, Tiriac et al. introduced PDAC PDOs from surgical
resection specimens and FNBs (10, 11). This platform helps to overcome the long-
standing debates on the known weaknesses of cancer organoids. Tissue acquisition
through EUS-FNB has been mostly well standardized, and relatively easy to make
standard protocol in detail. It guarantees to yield high-purity cancer cells containing no
other normal epithelial cells, stromal cells, or blood cells, especially with the Franseen
needle used in our center (31, 32). Technically, it is also possible to obtain tissues that
are representative of the entire tumor by puncturing the tumor from multiple directions
or utilizing fanning techniques with stylet-retraction maneuvers (33). In addition, it is
possible to create PDOs by serially obtaining tissues by EUS-FNB at clinically critical
points such as before and after chemotherapy or surgery, identifying their changes in
characteristics and changes in drug sensitivity according to the disease course, so
they can be used as an evolving avatar for personalized treatment (34-36).

Recent studies sought to predict clinical treatment responses and to choose

the best treatments for precision medicine based on PDOs (34, 37). The clinical
15
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significance of the PDAC PDO model is its role as a predictive avatar model for the
actual patient response to treatment. Our HTS platform using PDAC PDOs provides
drug response data that considerably reflect the true clinical response to
chemotherapy in the real-world. These results were in line with previous studies
suggesting the necessity of a personalized approach using tailored medicine in PDAC
(10, 12, 38). Remarkabily, this platform for generating PDAC PDOs and selecting drugs
approximately one month after diagnosis is very promising and powerful because it is
compatible with real clinical practice. Although the pathologic diagnosis after EUS-
FNB was confirmed within 1-2 weeks, treatment delays may occur for a variety of
reasons, including patient-induced causes and the utilization of medical resources. In
addition, there has been no concrete evidence of benefits for the survival outcome of
a shorter time delay of palliative systemic therapy in advanced PDACs, which indicates
that the focus of research attention should be on treatment with more appropriate
drugs, rather than on when to start treatment (39, 40). The PDO and HTS platform can
be helpful in guiding clinicians in making personalized diagnosis and therapeutic
decisions for precision medicine and it might be used as a universal tool that does not
hinder the usual practice of diagnosis for most PDAC patients. In the future, this
platform will become one of the most pivotal standard techniques for precision
medicine. In unresectable cases, this platform can be utilized to recommend the
optimal systemic chemotherapy regimen, and for resectable cases, it also provides
crucial insights for choosing optimal neoadjuvant or adjuvant therapy in a tailored way.
Additionally, for patients who have undergone surgical treatment, this platform can
facilitate preparation for appropriate treatment in the event of post-surgical recurrence.

Furthermore, if the platform is standardized, it may become feasible to assess the
16
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response to drugs already utilized in treating other types of cancer, or the response to
novel drugs, and subsequently apply these results to patients.

However, we did not find a reliable association between the response of PDAC
PDOs and the survival outcomes according to the choice of treatment drugs. Although
this prospective observational study was conducted in a high-volume tertiary center,
the analysis was limited to only a small number of patients having both available HTS
and comparable clinical follow-up data. During the chemotherapeutic treatment of
unresectable PDAC in South Korea, the 1st line chemotherapy regimens, GnP or
FOLFIRINOX, can be determined by age, ECOG performance, comorbidities,
physician’s preference, and other socioeconomic background of the patient. It
happened that few patients treated with FOLFIRINOX were included in the analysis.
To compensate for these limitations, we are currently conducting an extended version
of this prospective cohort study with a larger number of patients to evaluate whether
the HTS results of the PDAC PDO platform can be used to select an optimal therapy
in terms of individualized medicine in real practice [ClinicalTrials.gov Identifier:
NCT04736043].

Improved drug screening methods are needed to identify the most effective
treatments. In this study, we aimed to construct a PDAC PDO platform that could be
used to predict treatment response with superior efficiency over simple cell models;
the model showed a proper establishment timeline, a timely drug response evaluation
window and high concordance with the features of matched original PDAC tissue. This
thoroughness guarantees the clinical applicability of the PDAC PDO model as an in
vitro screening platform to choose the optimal treatment for individual patients. The

findings of our study may be relevant to both patients with unresectable cases and to
17
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those with resectable cases requiring systemic therapy.
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572 Table 1. Baseline characteristics of study patients and analysis of the factors

573 associated with PDAC PDO success

Univariate Analysis

Multivariate Analysis

Characteristics Baseline
OR p value OR p value

Age (years) median (range) 65 (37-84) 1.00 (0.95-1.05) 0.891

Male (%) 65 (57.5) 1
Gender 0.141

Female (%) 48 (42.5) 0.47 (0.17-1.28)
BMI (kg/m?) median (range) 22.3(20.3-25.3) 0.95 (0.88-1.04) 0.287

No (%) 77 (68.1) 1
Smoking 0.274

Yes (%) 36 (31.9) 1.94 (0.59-6.32)

0: Fully active 101 (89.4) 1 0.88
Performance L
status (ECOG) 1: Light housework 9 (8.0) 1.74 (0.20-14.75) 0.614

2: Ambulatory 3(2.7) 1.00 (1.00-1.00) 0.999

No (%) 58 (51.3) 1
Comorbidity 0.531

Yes (%) 55 (48.7) 0.73 (0.27-1.97)
CEA (ng/mL) < 5-7 (hormal range) 3.1(1.8-7.4) 1.00 (0.99-1.01) 0.76 1.00 (0.99-1.00) 0.9
CA 19-9 (U/mL) < 5-7 (normal range) 195.9 (31.2-1722.6) 1.00 (1.00 -1.00) 0.42

I (1A, 1B) (%) 14 (12.4) 1 0.478 1 0.479
AJCC 8th stage I (A, 11B) (%) 7 (6.2) 0.46 (0.03-8.69) 0.606 0.84 (0.04-17.46) 0.908
of cancer 1l (%) 33(29.2) 0.56 (0.06-5.49) 0.617 0.41 (0.04-4.73)  0.8476

IV (%) 59 (52.2) 0.27 (0.03-2.28) 0.23 0.23 (0.02-2.33) 0.211

No metastasis (%) 54 (47.8) 1 0.109
Metastasis Liver metastasis (%) 28 (24.8) 0.75 (0.19-2.91) 0.678

Other site metastasis, not

liver (%) 31 (27.4) 0.31 (0.10-0.96) 0.043

Uncinate or head (%) 57 (50.4) 1 0.181
Location
(proximal) Body (%) 31(27.4) 0.34 (0.11-1.09) 0.069

Tail (%) 25 (22.1) 0.47 (0.13-1.72) 0.254
Tumor Size (mm)  median (range) 31.0 (25.0-45.0) 0.99 (0.96-1.02) 0.434 0.99 (0.96-1.02) 0.638

Mild (<3 clusters) (%) 44 (38.9) 1 0.314 1 0.097
Cellularity of Moderate (3-10 clusters) | 5, 5 1) 0.99 (0.33-3.00)  0.988 | 1.91(0.41-8.95)  0.413
specimen (%)

High (> 10 clusters) (%) 35 (31.0) 2.74 (0.68-11.03) 0.155 5.60 (1.05-29.93) 0.044
?nl’g:]?:]':)””""a' median (range) 15.6 (0.3-69.7) 1.01(0.97-1.05)  0.629 | 1.01(0.96-1.05)  0.775

574 PDAC, pancreatic ductal adenocarcinoma; PDO, patient-derived organoid; OR, odds ratio; BMI, Body Mass Index;

575 ECOG, Eastern Cooperative Oncology Group; AJCC, the American Joint Committee on Cancer
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Figure legends

Figure 1. Histological and Genomic Concordance between PDAC PDOs and
primary tumors

A. PDOs from PDAC or acute pancreatitis patients and their primary endoscopic
ultrasound-guided fine needle biopsy (EUS-FNB) tissues after hematoxylin and eosin
(H&E) staining. B. Immunofluorescence staining for cytokeratin (CK), EpCAM, DBA-
lectin, SOX9, Plectin-1, CD133, and phalloidin to verify PDAC PDOs. C. Heatmap
displaying the predicted cellularity of each sample and Pearson’s correlation
coefficient based on the somatic copy number alteration (CAN) profiles between PDO
and FNB samples. D. Landscape of somatic point mutation profiles in the PDAC PDOs
and FNB samples. The number of protein sequence-altering somatic point mutations
(single nucleotide variants, SNVs; short insertions and deletions, Indels) are displayed
at the top. Frequently mutated genes are listed in decreasing order of their mutation
frequency. The percentages of samples with a mutated gene are displayed at the right.
Figure 2. A Platform of High-Throughput Drug Screening using PDAC PDOs

A. Pancreatic ductal adenocarcinoma (PDAC) patient-derived organoids (PDOs) were
treated with 71 kinds of drugs with 7-point serial dilutions. After 7 days, cell viability
was assessed, and images were obtained with a high-content screening (HCS) system.
DMSO and PBS were used as negative control, and Bortezomib (1 mM) was used as
positive control for drug sensitivity test. B. Heatmap of the chemotherapeutic drug
response profile of PDAC PDOs based on the AUC value calculated from the high-
throughput screening (HTS) drug sensitivity test. Higher AUC (red) means more
resistance to drugs, while lower AUC (blue) indicates more sensitivity to drugs. C.

Heatmap displaying the chemotherapeutic response of PDAC patients and their PDOs.
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Red and blue colors denote resistance and sensitivity, respectively, of PDOs from the
HTS drug sensitivity test. White and grey colors indicate responsive and non-
responsive patients, respectively, to chemotherapy in the real-world.

Figure 3. Clinical Correlation of Chemotherapeutic Sensitivity between PDAC
PDOs and Patients.

A. Normalized AUC distribution for gemcitabine and nab-paclitaxel. B. Computerized
tomography (CT) scan images before and after treatment of a gemcitabine combined
with nab-paclitaxel (GnP)-sensitive patient indicated as a red dot in (A). C. CT scan
image before and after treatment of a GnP-resistant patient indicated as a green dot
in (A). D. Normalized AUC distribution for 5-fluorouracil (5-FU), irinotecan, and
oxaliplatin. E. CT scan image before and after treatment of a FOLFIRINOX (5-
fluorouracil, leucovorin, irinotecan, and oxaliplatin)-sensitive patient indicated, as a
blue dot in (D). F. CT scan image before and after treatment of a FOLFIRINOX-
resistant patient indicated as a yellow dot in (D).

Figure 4. Transcriptomic/Genomic Profiling of Factors Related to
Chemotherapeutic Agent Response.

A. Heatmap displaying the expression profiles of significant differentially expressed
genes (DEGs) between the nab-paclitaxel-resistant and nab-paclitaxel-sensitive
PDAC PDOs. Red and blue colors denote z score-normalized high and low expression,
respectively, of each gene. Heatmap rows and columns are ordered according to
hierarchical clustering. B. Bar plots for the results from gene set enrichment analyses
of the upregulated (left) and downregulated (right) DEGs between the nab-paclitaxel-
resistant and nab-paclitaxel-sensitive PDAC PDO groups using KEGG pathway

information. The thresholds for identifying significant DEGs were 1) [log2(Fold
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Change)| = 1 and 2) P value < 0.05. Statistical significance is indicated by the -log (P
value) on the X-axis, and the enriched pathways are displayed on the Y-axis in
decreasing order of -log (P value). C. Kaplan—Meier (KM) plots displaying the results
from survival analysis of TCGA PDAC patients (N=178) according to the expression
of ST3GAL1, ANPEP, ITGB7 and CSF2. Log rank P values were calculated and are

shown in the KM plots.
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Supplementary Legends

Supplementary Figure 1. Workflow of the Study

PDAC tissue specimens obtained by EUS-guided FNB were dissociated mechanically
and enzymatically. Dissociated cells were seeded with Matrigel and incubated for the
generation of 3-dimensional (3D) PDAC PDOs. PDAC PDOs were stored as stocks
(Biobanking), examined by histopathological methods, and treated with
chemotherapeutic drugs for viability analysis. DNA/RNA sequencing was performed
with primary tumors and their organoids, and clinical information was collected for
further integrated analysis.

Supplementary Figure 2. Enroliment of Study Patients

Atotal of 201 patients with suspected pancreatic ductal adenocarcinoma (PDAC) were
enrolled in the study. Among them, 113 patients were diagnosed with PDAC through
endoscopic ultrasound-guided fine needle biopsy (EUS-FNB), and 94 PDAC patient-
derived organoid (PDO)s were successfully generated. High-throughput screening
(HTS) drug sensitivity test was selectively performed with 20 PDAC PDOs.
Supplementary Figure 3. Kaplan—Meier plot of the overall survival of study patients
according to the success rate of PDAC PDO culture.

Supplementary Figure 4. Representative images of PDAC PDOs. Scale bar, 650 um.
Supplementary Figure 5. VVolcano plot for the DEGs between nab-paclitaxel-resistant
and nab-paclitaxel-sensitive PDAC PDOs. Red and blue dots denote upregulated and
downregulated DEGs, respectively, with a P value < 0.05 and a [log2(Fold Change)| =
1. Red and blue colors denote upregulated and downregulated genes, respectively.
Supplementary Figure 6. Kaplan—Meier plots displaying the results from the survival

analysis of PDAC patients (N=17) according to the expression of ST3GAL1, ANPEP,
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ITGB7 and CSF2. Log rank P values were calculated and are shown in the plots.
Supplementary Video. Image stacking of a growing 3D PDAC PDO culture from the
bottom to the top of Matrigel.

Supplementary Table 1. Composition of Complete medium for patient-derived
organoid culture

Supplementary Table 2. Antibodies for Immunostaining

Supplementary Table 3. Drug list and classification

Supplementary Table 4. Upregulated DEGs in the KEGG pathway analysis

Supplementary Table 5. Downregulated DEGs in the KEGG pathway analysis
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List of abbreviations

PDAC: pancreatic ductal adenocarcinoma

PDO: patient-derived organoid

EUS-FNB: endoscopic ultrasonography-guided fine needle biopsy

HTS: high-throughput screening

FOLFIRINOX: 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin

GnP: gemcitabine and nab-paclitaxel

BMI: body mass index

ECOG: Eastern Cooperative Oncology Group

CEA: serum carcinoembryonic antigen

CA19-9: carbohydrate antigen 19-9

OS: overall survival

DFS: disease-free survival

PR: partial response

SD: stable disease

PD: progressive disease

AJCC: American Joint Committee on Cancer

CK: Cytokeratin

DRC: dose—response curve



AUC: area under the curve

WES: whole-exome sequencing

WTS: whole-transcriptome sequencing

SCNA: somatic copy number alteration

SNV: single nucleotide variation

Indels: insertions and deletions

DEG: differentially expressed gene

TCGA: The Cancer Genome Atlas

KEGG: Kyoto Encyclopedia of Genes and Genomes

GSEA: gene set enrichment test



