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ABSTRACT Pancreatic cancer is the most lethal common solid malignancy. Systemic therapies
are often ineffective, and predictive biomarkers to guide treatment are urgently
needed. We generated a pancreatic cancer patient-derived organoid (PDO) library that recapitulates
the mutational spectrum and transcriptional subtypes of primary pancreatic cancer. New driver onco-
genes were nominated and transcriptomic analyses revealed unique clusters. PDOs exhibited hetero-
geneous responses to standard-of-care chemotherapeutics and investigational agents. In a case study
manner, we found that PDO therapeutic profiles paralleled patient outcomes and that PDOs enabled
longitudinal assessment of chemosensitivity and evaluation of synchronous metastases. We derived
organoid-based gene expression signatures of chemosensitivity that predicted improved responses
for many patients to chemotherapy in both the adjuvant and advanced disease settings. Finally, we
nominated alternative treatment strategies for chemorefractory PDOs using targeted agent thera-
peutic profiling. We propose that combined molecular and therapeutic profiling of PDOs may predict
clinical response and enable prospective therapeutic selection.

SIGNIFICANCE: New approaches to prioritize treatment strategies are urgently needed to improve
survival and quality of life for patients with pancreatic cancer. Combined genomic, transcriptomic, and
therapeutic profiling of PDOs can identify molecular and functional subtypes of pancreatic cancer,
predict therapeutic responses, and facilitate precision medicine for patients with pancreatic cancer.
Cancer Discov; 8(9); 1112-29. ©2018 AACR.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a deadly
malignancy often diagnosed at advanced stages. Fifteen to
thirty percent of patients with PDAC are diagnosed with
clinically localized disease that is amenable to potentially
curative surgical resection (1, 2). Following surgical resec-
tion, the majority of patients will have local or distant recur-
rence (3) and succumb to the disease. Systemic treatment, in
the form of neoadjuvant or adjuvant cytotoxic chemotherapy,
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is used in conjunction with oncologic resection but adds
only a modest benefit in survival (4, 5). Most patients are not
surgical candidates and are diagnosed with locally advanced
or metastatic disease. Therapeutic options for these patients
include the combination chemotherapy regimens gemcit-
abine/nab-paclitaxel (6) or FOLFIRINOX (5-fluorouracil,
leucovorin, irinotecan, and oxaliplatin; ref. 7). Despite thera-
peutic intervention, the median overall survival (OS) is 6.7
to 11.1 months [progression-free survival (PFS) = 3.3-6.4]
for advanced disease (6, 7), compared with 25 to 28 months
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(PFS = 13.1-13.9) in surgically resected patients (4). Many
patients with PDAC have chemorefractory disease, but a
smaller subset exhibits significant response to chemotherapy.
Current therapeutic selection for patients with both local
and metastatic pancreatic cancer is often based on patient
performance status and comorbidities. Altogether, this high-
lights the unmet clinical need to define responsive subgroups
to inform treatment selection and to nominate alternative
treatment options for patients who are resistant to currently
approved treatment regimens. Therefore, approaches that
predict the most effective chemotherapeutic regimen should
improve patient care. To date, PDAC driver mutations have
been hard to target in the clinical setting, with the exception
of microsatellite instability (8), BRCA2 mutations (9), and
potentially targetable, uncommon KRASS!?¢ mutations (10).
Furthermore, there are a considerable number of patients
without these particular genetic alterations who would still
benefit from alternative treatment strategies.

PDAC molecular subtypes have been described and vali-
dated in several independent patient cohorts (11-13). By
growing consensus, two major subtypes of PDAC exist. The
basal-like, squamous or quasimesenchymal subtype identifies
patients with PDAC with poor prognosis and is characterized
by basal markers such as cytokeratins. The classic or pan-
creatic progenitor subtype is characterized by differentiated
ductal markers and identifies patients with a better progno-
sis. Moffitt and colleagues (13) found that the classic subtype
of PDAC is significantly underrepresented in current PDAC
cell culture models. Additional subtypes including aberrantly
differentiated endocrine, exocrine, and immunogenic sub-
types have been reported (11), but The Cancer Genome
Atlas pancreas cancer project recently demonstrated their
association with tumors exhibiting low neoplastic cellular-
ity, suggesting that stroma and normal pancreas contribute
markedly to these subtype signatures (14). Regardless of the
subtype, the low neoplastic cellularity of primary tumors
makes it difficult to access molecular details regarding a
particular profile of genetic alterations and gene expression
changes in the neoplastic compartment.

Until recently, the phenotypic study of early and late PDAC
has been hampered by a lack of tractable patient-derived
models that encompass the full spectrum of disease, which
would enable rapid evaluation of predictive biomarkers of
treatment response. Using advances in organoid culture tech-
nology, we established the methodology to culture PDAC
patient-derived organoids (PDO) from both surgical resec-
tion specimens and fine-needle biopsies (FNB), with a high
success rate (15, 16). These cultures exhibit mutation allele
frequencies indicative of pure neoplastic cultures. Seino and
colleagues have generated and characterized a library of 39
PDO cultures (17), which recapitulate the expected DNA sig-
nature of PDAC and exhibit a differential WNT dependence
that was inversely correlated with the classic subtype. How-
ever, the utility of pancreatic cancer PDO cultures for defin-
ing predictive biomarkers of treatment response remains to
be explored.

Herein, we describe a library of 66 PDO cultures obtained
from FNB, surgical resection, and rapid autopsy PDAC speci-
mens collected from multiple clinical institutions. Using deep
molecular characterization of the PDO genome and transcrip-

tome, we identify the expected hallmarks of PDAC. In addi-
tion, we find high concordance between the primary tumor
and paired PDO samples when sufficient neoplastic cellularity
was observed in the patient specimen. We establish a PDAC-
specific PDO drug-testing pipeline, termed “pharmacotyp-
ing,” and demonstrate that drug-sensitivity profiles can be
generated for each PDO within a clinically meaningful time-
frame. In a retrospective analysis of a small subset of patients
with advanced PDAC from whom the PDOs were generated,
the PDO chemotherapy sensitivity profile reflected patient
response to therapy. These studies suggest that drug testing in
PDO cultures may be used to inform treatment selection. In
addition, longitudinal sampling in a single patient predicted
acquisition of resistance to chemotherapy that paralleled clin-
ical disease progression. Furthermore, several PDO cultures
resistant to all available chemotherapeutic options exhibited
exceptional sensitivity to targeted agents, providing alterna-
tive treatment options for chemorefractory disease. Finally, to
identify patients most likely to benefit from chemotherapy, we
generated PDO-derived gene signatures predictive of chemo-
therapy sensitivity. We demonstrate that these chemosensi-
tivity signatures can retrospectively identify large groups of
patients with PDAC who are more likely to respond to several
chemotherapeutics in either the adjuvant or advanced-disease
settings. These chemosensitivity signatures may enable more
rapid treatment stratification of patients with PDAC into
those who may benefit from currently available chemothera-
peutic interventions and those who should instead be consid-
ered for rationally targeted and investigational agents.

RESULTS
Assembling a Pancreatic Cancer PDO Library

Previously, tumor models of patients with metastatic
PDAC were often difficult to generate because of the limited
material available from diagnostic biopsies. To comprehen-
sively model the full clinical spectrum of PDAC, we obtained
159 human samples from primary tumors (hT) and metas-
tases (hM) in 138 patients for PDO generation (refs. 15, 17;
Supplementary Fig. S1). Seventy-eight specimens were iso-
lated from surgical resections, 60 from FNBs of primary or
metastatic lesions (hF), 20 from metastatic disease following
rapid autopsies, and 1 from a video-assisted thoracoscopic
surgical (VATS) resection of a lung metastasis. Organoid
culture conditions do not enable the survival or outgrowth
of nonepithelial cells (15). We successfully generated PDO
cultures that expanded for at least 5 passages. Using these
metrics, the PDO generation efficiency was 75% (72% for
FNBs, hF; 78% for tumor resections, hT), resulting in a total
of 114 PDO cultures from 101 patients (73% of patients;
Fig. 1A). As previously reported by Seino and colleagues,
addition of serum to the culture media was detrimental to
the isolation and propagation efficiency (17). The pancreatic
cancer PDOs exhibited mixed morphology consisting of hol-
low epithelial lined cystic structures with differing degrees of
filled lumens (Fig. 1B). In parallel, 11 human normal (hN)
pancreatic ductal organoids were established from healthy
normal pancreata obtained from islet transplant centers (refs.
15, 17; Supplementary Table S1A), all of which exhibited a
hollow epithelial cystic architecture.
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Pancreatic Cancer Organoids Parallel Patient Response

. A Total
Flgure 1. Genomic landscape of ota

pancreatic cancer PDO. A, Isolation
efficiency rate of PDOs from total
samples, biopsies (hF), and resected
surgical specimens (hT). B, PDO mor-
phology in brightfield microscopy.
Scale bars, 1,000 or 500 um as indi-
cated. C, Single-nucleotide variants in
the PDO library. Mutation frequency
indicated in both cancer and normal
organoids [cancer % (left)/normal %
(right)]. Only mutations reported in
the Catalogue of Somatic Mutations
in Cancer (COSMIC) were included.
Patient staging and type of mutation
are denoted by a color-coded key. FS,
frameshift; del,, deletion; ins., inser-
tion; IF, in frame; NA, not available.
D, Copy-number alterations (-2.0
through -0.235 and 0.235 through
2.0 log, copy-number ratio color key)
in the PDO library. The cancer stages
of the patients are indicated.
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PDOs Recapitulate Genetic Hallmarks of
Pancreatic Cancer and Reveal New Characteristics

We developed a precision medicine pipeline that first
focuses on molecular characterization of the PDO library
as the organoid cultures pass quality control criteria (Sup-

plementary Fig. S1). The criteria to be classified as a con-
firmed tumor PDO culture required the presence of known
pathogenic mutations. Eighty-eight PDO cultures have thus
far been subjected to Sanger sequencing (KRAS only) or
whole-exome sequencing (WES), and 69 (78%) of the PDO
cultures harbored genetic alterations consistent with PDAC
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(Fig. 1C and D; Supplementary Fig. S1; Supplementary Table
S1A-S1D). Nineteen (22%) PDOs exhibited diploid genomes
without discernable genetic hallmarks of pancreatic cancer,
suggesting the outgrowth of normal ductal epithelial cells
as previously reported (17), and were not further analyzed.
The 11 hN organoid cultures isolated from the exocrine com-
partment obtained from normal healthy donors for islet cell
transplantation were also subjected to WES and maintained
a diploid genome without bona fide pathogenic mutations
(Fig. 1C and D). Deidentified patient clinical data were avail-
able for the 69 confirmed PDAC PDO cultures. Twelve PDAC
PDO cultures were generated from S pretreated patients
with metastatic disease whereas the remaining 57 organoids
were isolated from 55 patients who were treatment-naive at
the time of PDO generation. Given that many patients who
present with resectable disease typically receive neoadjuvant
therapy prior to surgical resection, this PDO library is a unique
resource. For 66 of the patients with PDAC with clinical-stage
data, PDO cultures were generated from patients with stage
1(n=1),2(n=34),3 (n=7),and 4 (n = 24) disease (Supple-
mentary Table S1A).

KRAS was mutated in 66 of 69 PDOs (96%), whereas 3 of
69 organoids presented with wild-type KRAS. The expected
prevalence of KRAS mutations was observed in the PDO cul-
tures, with 31 (45%) cases exhibiting G12V, 29 (42%) G12D,
4 (6%) G12R, 2 (3%) QG61H, and 3 (4%) wild-type KRAS. In 2
(3%) cases, multiple KRAS mutations were detected within
a single PDO culture (Supplementary Table S1A), with one
case (hF50) exhibiting a biallelic KRASS!?Y and KRASG!ZR
mutation and the other (hF70) exhibiting an amplified KRAS
allele likely harboring a compound KRASS!2PS179S mutation.
Of the KRAS wild-type PDO cultures, hF43 harbored an
oncogenic PIK3CAF!10¢ alele (18), hF39 exhibited an activat-
ing MAP2K]Q58-E62d g]lele associated with MEK1 inhibitor
resistance (19, 20), and hT102 harbored a hyperactivating
mutation of ERBB2531% (21) concomitant with a copy-number
gain of the wild-type ERBB2 allele. TP53 mutations were
detected in 58 of 66 (88%) of the organoids subjected to WES
(excluding the KRAS-only Sanger-sequenced organoids) and
were concomitant with loss of heterozygosity (LOH) in 56
of 58 cases (97%; Supplementary Table S1B). In addition, we
observed a high rate of deep copy-number loss (log, < -3) or
homozygous, inactivating mutation of CDKN2A (n = 32%
and 24%, respectively) and SMAD4 (n = 8% and 20%, respec-
tively). Thirty-five percent of KRAS-mutant PDO cultures
exhibited inactivation of all three commonly altered PDAC
tumor suppressor genes (TP53, SMAD4, and CDKN2A), whereas
45% exhibited inactivation of two of these tumor suppres-
sors (Supplementary Table S1C). A small fraction (14%) of
the KRAS-mutant PDOs harbored inactivation of only one
tumor suppressor. Sixty-four of the 66 PDAC PDO cultures
subjected to WES were aneuploid, whereas two cultures, hT83
and hF43, maintained a largely diploid genome (Supplemen-

tary Fig. S2A). For these cultures, hT83 harbored a KRASS12R
and TPS53 mutation, but did not exhibit TP53 LOH or inacti-
vation of other canonical tumor suppressor genes, whereas
hF43 had features of mismatch repair deficiency, including
MSH6 mutation, complete loss of MLHI, and a frequency
of insertions and deletions (per megabase) more than 8-fold
higher than the cohort mean (11.54 vs. 1.303 indels/MB; Sup-
plementary Fig. S2B; ref. 22).

Whole-genome sequencing (WGS) was performed on a
subset of PDAC-confirmed PDOs derived from surgical resec-
tions and their matched primary tumor (bulk), and both
were germline corrected using normal tissue (n = 13; Fig. 2A;
Supplementary Fig. S2C). 82.49% to 99.96% (mean, 97.43%) of
the mutations detected in the primary tumor specimen were
also detected in the PDO culture. The four most commonly
altered genes in PDAC (KRAS, TP53, CDKN2A, and SMAD4)
were also examined for their overlap between matched pri-
mary and PDO specimens. In 11 of the 13 cases, the PDO
cultures completely recapitulated the PDAC core mutation
profile found in the patient, although in the primary tumor
specimens there were often low numbers of reads and the
mutation was not confidently called (Supplementary Table
S1D). The primary tumor specimens from the two sam-
ple pairs that did not exhibit overlap had extremely low
purity (<15%), and no alterations in PDAC core genes were
detected in the primary tumor specimens. High concordance
of somatic mutations was achieved between the primary
tumor and PDO in most cases (6 > 80%; 11 > 59%), with
more somatic mutations detected in the PDO cultures due
to the paucicellular nature of the primary tumors and high
neoplastic purity of the organoids. In 2 cases where there
was low tumor purity (<15%), low concordance (<10%) was
observed, likely due to the limited ability to detect somatic
mutations in the paucicellular primary tumors compared
with the increased ability to extract genetic alterations from
the purely neoplastic PDO cultures. Copy-number analyses
of the paired primary tumors and PDOs also showed con-
cordance in the primary specimen with high purity (purity
>40%, hT98; Fig. 2B); however, most primary tumor specimens
had insufficient purity to reveal copy-number alterations
(CNA), whereas CNA and gross chromosomal rearrange-
ments were readily discernable in the PDO cultures (Fig. 2C;
Supplementary Figs. S2D and S3). In addition to the hT PDO
and primary tumor pairings, WGS with germline correction
was also performed on 8 hF PDO cultures. Due to the small
amount of tissue obtained from these biopsies, the entire
specimen was directed toward PDO generation such that pri-
mary tumor tissue from the hF PDO cultures was unavailable
for comparison. Complex genomic rearrangements were also
observed in several of the PDO hF cultures (Supplementary
Fig. S3). Although genetic assessment of PDAC primary tis-
sue specimens is often challenging due to their low neoplastic
cellularity, these genomic analyses revealed the high depth

>

Figure 2. Deep molecular clarity obtained from PDO genetic analyses. A, Purity, ploidy, concordance, and percentage of the primary tumor mutations
found in the PDO cultures using whole genome SNVs of the PDO and matched primary tumor specimens following germline variant removal. Representa-
tive Venn diagrams are shown of PDO and primary tumor SNVs. B, CNA in representative matched primary tumor specimens and corresponding PDO. Two
representative cases with differing degrees of primary tumor purity are shown. C, Circos plots demonstrating CNA (red and blue CNA inner circles) and
gross chromosomal rearrangements (connecting lines) in representative, matched primary tumor, and PDOs following germline variant removal.
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and clarity in which PDAC genetics can be evaluated in PDO
cultures, providing alternative means of identifying action-
able genetic alterations in patients with PDAC.

Transcriptomic Profiling and Subtyping
of Pancreatic Cancer PDO Cultures

RNA sequencing (RNA-seq) was performed on 44 PDAC-
confirmed PDOs and 11 hN organoid cultures. The hN cul-
tures clustered separately from the PDAC PDOs in principal
component analysis (PCA; Fig. 3A). The hM19A-D series of
organoids were isolated from different metastatic sites of the
same patient following rapid autopsy and represent a distinct
cluster relative to the other stage 4 PDO cultures. Gene set
enrichment analysis (GSEA) of the differentially expressed
genes in PDAC relative to hN organoids indicated an enrich-
ment in MYC and E2F targets, the G,-M checkpoint, as well
as pathways involved in metabolism that include glutathione
metabolism, steroid biosynthesis, and biosynthesis of unsat-
urated fatty acids (Supplementary Table S2). These PDO
RNA-seq data were used to identify the classic and basal-
like subtype signatures previously derived from bulk tissues
following virtual microdissection (ref. 13; Fig. 3B). Seventy
percent of the PDO cultures are the classic subtype (31/44)
and 30% are basal-like (13/44)—a notable finding, as there are
very few available cell line models of the classic PDAC subtype
(ref. 13; Supplementary Table S3A). Therefore, in addition to
being able to efficiently culture organoids from every stage
of pancreatic cancer, including previously difficult-to-access
metastatic disease, this culture method enables the propaga-
tion and study of PDO cultures from both classic and basal-
like PDAC subtypes.

The PDO transcriptomes were also independently classi-
fied using nonnegative matrix factorization (NMF) cluster-
ing, revealing two stable clusters in PDAC PDO cultures
(Fig. 3C; Supplementary Fig. S4A and S4B; Supplementary
Table S3B). Cluster C1 was enriched for TGF signaling and
epithelial-mesenchymal transition by GSEA (Fig. 3D; Supple-
mentary Table S2). In contrast, cluster C2 exhibited enrich-
ment for xenobiotic metabolism, fatty-acid metabolism, and
oxidative phosphorylation by GSEA. Although the genes
comprising the C1/C2 signatures did not overlap with those
defining basal and classic subtypes (1 gene overlap is MYOIA),
the classifications were largely concordant with 83% of the
basal-like PDO cultures falling in the C1 classifier and 93% of
the classic PDO cultures falling in the C2 cluster. Therefore,
PDO cultures revealed unique gene expression programs that
divide PDAC into two distinct molecular classes.

PDO Pharmacotyping Corresponds with Individual
Patient Treatment Responses

Therapeutic profiling or “pharmacotyping” was performed
on 66 PDAC-confirmed PDOs using the 5 chemotherapeutic
agents most commonly used to treat patients with PDAC:
gemcitabine, nab-paclitaxel (paclitaxel used in PDOs), irinote-
can (SN-38; active metabolite used in PDOs), S-fluorouracil
(5-FU), and oxaliplatin. PDO pharmacotyping revealed
marked interpatient variability in the PDO response to sin-
gle chemotherapy agents as evaluated using dose-response
curves and the corresponding area under the curves (AUC;
Fig. 4A-E; Supplementary Table S4A). The PDO culture phar-

macotyping was stable over multiple passages, with minor
variation only occasionally observed (Supplementary Fig. S5).
For each chemotherapeutic agent, we divided the PDO library
into 3 subgroups: the least responsive (resistant; top 34%
AUC), the most responsive (sensitive; lowest 33% AUC), and
those exhibiting intermediate response (middle; 33% AUC).
To determine whether this subgrouping was informative for
individual patients, we obtained retrospective clinical follow-
up from 9 patients with advanced PDAC who were treated
with these S agents (Supplementary Fig. S6A). Of the 6
patients with a PFS longer than the published median PFS (6,
7), 5 were treated with at least one drug to which the matched
PDO culture was particularly sensitive and no drug to which
the matched PDO culture was resistant. These 6 patients had
a mean PFS of 332 days compared with the expected PFS of
180 days (6, 7). Two of the 3 patients who rapidly progressed
were treated with a chemotherapeutic agent to which their
PDO was markedly resistant. One of the 9 patients exhibited
an outcome inconsistent with the matched PDO (hF50)
pharmacotyping profile. Altogether, these data suggest the
potential relevance of this approach.

For 1 patient, corresponding with PDO hF2, extensive
retrospective data were available following the generation of
the PDO. The patient with PDAC from whom the hF2 PDO
was generated was first treated with a four-drug combination,
including two drugs with an intermediate PDO response pro-
file (oxaliplatin and 5-FU) and one drug with a resistant PDO
response (paclitaxel; Supplementary Fig. S6B and S6C). This
patient exhibited early progression in both the primary and
metastatic sites (Supplementary Fig. S6C) and was switched
to a second-line regimen that contained two drugs to which
the PDO was sensitive (gemcitabine and SN-38). Follow-
ing the change in regimen, the patient exhibited a partial
response for 388 days before adopting third- and fourth-line
therapeutic strategies until ultimately succumbing to disease
1,020 days following diagnosis (Supplementary Fig. S6C). For
this single-patient case study, the retrospective clinical data
paralleled the PDO chemosensitivity profile.

Temporal Evolution of PDO Chemosensitivity

In an analogous case-study manner, we found that longitu-
dinal PDO generation reflected the clinical course for an indi-
vidual patient (Fig. SA; ref. 23). In the hM1 series, the hM1A
PDO was isolated from a VATS resection of a lung metastasis,
and following resection the patient was found to respond well
to both the FOLFIRINOX and gemcitabine/nab-paclitaxel reg-
imens. Indeed, the hM1A PDO was sensitive to gemcitabine,
paclitaxel, 5-FU, and oxaliplatin and exhibited an intermediate
SN-38 response within our cohort. Approximately 2 years later,
the patient presented with progressive disease that histologi-
cally exhibited neuroendocrine/small cell-like characteristics.
A repeat organoid culture, hM1E, was established from a
percutaneous core biopsy of a lung metastasis. The patient suc-
cumbed to the disease shortly afterward, and a rapid autopsy
was performed, leading to the generation of the final hM1F
organoid. Intriguingly, the hM1E and hM1F PDO cultures
showed amplification of the KRAS allele (Fig. 1D) and were
resistant to gemcitabine, paclitaxel, and SN-38 while hM1F
gained additional resistance to oxaliplatin and switched to a
more basal-like subtype (Fig. 3B). This case suggests the utility
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Figure 3. Transcriptomic profiling of PDOs reveals distinct subtypes. A, PCA of organoids isolated from different cancer stages and normal healthy
controls. B, Clustering of PDO culture RNA-seq data reveals concordance with classic and basal-like subtypes. Patient staging and subtype are indicated.
C, Clustering using NMF defines two distinct clusters of PDO cultures, C1 and C2. Patient staging and subtype are indicated. D, GSEA of differentially
expressed genes between C1 and C2. Three hallmark pathways are shown to be enriched in C1 compared with C2 (top), and three are enriched in C2
(bottom; negative enrichment C1/C2).
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of longitudinal PDO sampling following repeat biopsies to
evaluate the acquisition of resistance mechanisms to first-line
chemotherapeutic regimens. At the same time, this longitudi-
nal case series revealed resistance to all commonly used chemo-
therapeutics for pancreatic cancer, a common issue observed in
several PDO cultures and encountered in the clinic.

Spatial Intrapatient Heterogeneity
of Chemosensitivity

We also examined the therapeutic sensitivity of four differ-
ent PDO cultures generated from two liver (hM19A, B) and
one diaphragmatic (hM19C) metastases, as well as ascites
(hM19D) from the same patient following a rapid autopsy
(Fig. 5B). We found that these four hM19 cultures exhib-
ited similar therapeutic profiles to three chemotherapeutic
agents, but different sensitivities to 5-FU. Alth