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Purpose: Pancreatic ductal adenocarcinoma (PDAC) arising in
patients with a germline BRCAI or BRCA2 (gBRCA) mutation may
be sensitive to platinum and PARP inhibitors (PARPi). However,
treatment stratification based on gBRCA mutational status alone is
associated with heterogeneous responses.

Experimental Design: We performed a seven-arm preclinical
trial consisting of 471 mice, representing 12 unique PDAC patient-
derived xenografts, of which nine were gBRCA mutated. From 179
patients whose PDAC was whole-genome and transcriptome
sequenced, we identified 21 cases with homologous recombination
deficiency (HRD), and investigated prognostic biomarkers.

Results: We found that biallelic inactivation of BRCA1/BRCA2 is
associated with genomic hallmarks of HRD and required for
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cisplatin and talazoparib (PARP1) sensitivity. However, HRD geno-
mic hallmarks persisted in xenografts despite the emergence of
therapy resistance, indicating the presence of a genomic scar. We
identified tumor polyploidy and a low Ki67 index as predictors of
poor cisplatin and talazoparib response. In patients with HRD
PDAGC, tumor polyploidy and a basal-like transcriptomic subtype
were independent predictors of shorter survival. To facilitate clinical
assignment of transcriptomic subtype, we developed a novel prag-
matic two-marker assay (GATA6:KRT17).

Conclusions: In summary, we propose a predictive and prog-
nostic model of gBRCA-mutated PDAC on the basis of HRD
genomic hallmarks, Ki67 index, tumor ploidy, and transcriptomic

subtype.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a difficult-to-treat
malignancy with a 9% 5-year overall survival (1, 2). The inefficacy
of unselected chemotherapy may reflect the molecular heterogeneity
of PDAC. Recently, distinct genomic and transcriptomic subtypes
of PDAC have been identified, and may inform treatment
stratification (3-6). Five percent to 10% of incident PDAC cases are
associated with germline loss-of-function mutations in BRCAI,
BRCA2, or PALB2 (7, 8). These genes are implicated in DNA damage
response through homologous recombination repair (HRR; ref. 9).

We have previously shown in vitro that BRCAI- and BRCA2-
mutated PDAC cell lines are sensitive to platinum and PARP inhibitors
(PARP;; ref. 10). Platinums induce DNA interstrand cross-links, which
leads to double-strand breaks (DSB) that cannot be effectively repaired
by homologous recombination-deficient (HRD) cells (11). PARPis
prevent the repair of single-strand breaks (SSB) through several
mechanisms, including PARP trapping. As SSBs progress to DSBs,
the accumulation of DNA damage is synthetic lethal in replicating
HRD cells (12, 13).

Retrospective clinical series have suggested that patients with late-
stage PDAC and a germline BRCA1 or BRCA2 (gBRCA) mutation may
have a survival benefit with platinum-based treatment (7, 14-16).
Recently, the POLO trial showed longer progression-free survival with
maintenance olaparib (PARPi) in patients with platinum-sensitive
gBRCA-mutated metastatic PDAC (17). However, 17% of gBRCA-
mutated patients in this trial progressed on first-line platinum therapy,
highlighting the heterogeneity in platinum responses. In gBRCA-
mutated breast and ovarian cancer, the absence of biallelic BRCAI or
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Translational Relevance

Pancreatic cancers associated with a germline BRCA1/BRCA2
(gBRCA) mutation may be targetable using DNA-damaging
agents, such as platinum and PARP inhibitors. However, treatment
stratification based on germline mutational status alone, and
assumed homologous recombination deficiency (HRD), is associ-
ated with heterogeneous outcomes. In this study, we combine a
multi-institutional patient cohort and a multiarm preclinical trial
to identify biomarkers to guide treatment decisions. We propose a
predictive and prognostic model of gBRCA-mutated pancreatic
cancer on the basis of genomic hallmarks of HRD, Ki67 index,
tumor ploidy, and transcriptomic subtype. Because the basal-like
transcriptomic subtype is associated with worse survival, we pro-
pose a novel and clinically pragmatic IHC assay (GATA6:KRT17)
to facilitate assignment of transcriptomic subtype.

BRCA?2 inactivation has been implicated in primary resistance to
platinum therapy (18). Reversion mutations that restore BRCAI or
BRCA2 function have been described as a mechanism of acquired
resistance (19, 20). However, the majority of gBRCA tumors do not
exhibit a reversion mutation at the time of disease relapse (21).
Together, these observations highlight the need to identify predictive
biomarkers, beyond germline mutational status, in gBRCA-mutated
PDAC.

Here, we performed a multiarm preclinical trial using mouse
xenograft models derived from patients with gBRCA-mutated PDAC
to evaluate their response to platinum and talazoparib, a second-
generation PARPi with speculated higher potency. We demonstrate
that HRD genomic hallmarks are required for sensitivity to platinum
and PARPi therapy, whereas tumor polyploidy predicts poor response
to these therapies. Furthermore, by integrating clinical and molecular
profiling data from 21 patients with HRD PDAC, we suggest that
tumor polyploidy and a basal-like transcriptomic subtype are poor
prognostic variables in HRD PDAC.

Materials and Methods

Patients

Patients with gBRCA-mutated PDAC were identified from three
institutions: McGill University Health Centre (Montreal, Quebec,
Canada), Princess Margaret Cancer Centre (Toronto, Ontario,
Canada), and Chaim Sheba Medical Centre (Tel-Hashomer, Ramat
Gan, Israel). Patients enrolled in the COMPASS molecular profiling
trial (NCT02750657) from December 2015 to April 2019 were also
included. Patient demographics, surgical procedure, chemotherapy
treatment, and survival data were abstracted from prospectively
maintained institutional research databases. Clinical staging was based
on the 8th edition of the American Joint Committee on Cancer for
PDAC. Survival was calculated from the initial date of pathologic
diagnosis until death or censor date.

Germline sequencing of homologous recombination-proficient
cases

Homologous recombination—proficient (HRP) cases included in the
preclinical trial were identified by sequencing for germline mutations
in HRD genes using a targeted panel of 710 cancer-related genes,
including full gene sequencing of BRCAI, BRCA2, PALB2, and ATM.
The targeted regions were captured using Agilent SureSelect Tech-
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nology (Agilent Technologies). Samples were sequenced on the Illu-
mina MiSeq Platform (Illumina Inc.) with 300-bp paired-end reads.

Whole-genome sequencing

Fresh frozen human and xenograft tumor tissues underwent laser
capture microdissection for tumor cell enrichment prior to DNA
extraction. Whole-genome sequencing (WGS) of tumor and matched
lymphocyte DNA was performed at the Ontario Institute for Cancer
Research (Toronto, Ontario, Canada) using established institutional
pipelines (22). Germline and somatic variant calling, ploidy determi-
nation, and neoantigen quantification protocols have been described
previously. HRDetect scores were calculated as described by Davies
and colleagues (23). Mutational signature proportions were derived by
applying a nonnegative least squares linear algorithm, as reported
previously (24). All germline mutations and somatic hits were con-
firmed in xenografts by Sanger sequencing.

RNA sequencing

Xenograft tumor tissues were preserved in RNAlater, and disrupted
and homogenized using the Qiagen TissueLyser II (Qiagen). RNA was
extracted using the Qiagen RNeasy Plus Universal Mini Kit (Qiagen).
Sequencing was performed by BGI Americas and the McGill Univer-
sity Genome Quebec Innovation Centre (Montreal, Quebec, Canada,
MUGAQIC). Libraries were sequenced on the Illumina HiSeq 2000 (BGI
Americas) or HiSeq 2500 (MUGQIC) platforms with TruSeq V3
reagents, to generate 100-bp paired-end reads at a sequencing depth
of 50 x 10° reads.

Adaptor sequences and low-quality score bases (Phred score < 30)
were trimmed using Trimmomatic (25). The resulting reads were
aligned to the human genome reference sequence (GRCh38/hg38),
using STAR (26). To remove possible contaminated reads originating
from mouse in xenograft samples, reads were also aligned to the
GRCm38/mm10 mouse, and the Disambiguate algorithm (version 1.0;
ref. 27) was used to assign reads to individual species based on the
highest quality alignment of the read pair (Supplementary Fig. S1).
Count data (originating from human reads) for each sample were
obtained using HTSeq (28). For downstream analyses, we excluded
lowly expressed genes with an average read count lower than 10 across
all of the samples. Raw counts were normalized using the TMM
algorithm (i.e., weighted trimmed mean of M-values), implemented
in edgeR R package (version 3.22.5; ref. 29). Using the voom function
in the limma R package (version 3.36.5; ref. 30), the data were
converted to log-counts per million. The removeBatchEffect function
from limma was used to correct for both batch effects. Heatmaps were
constructed using unsupervised hierarchical clustering (ward.D2
method). Transcriptomic classification into classical and basal-like
subtypes was performed as described by Moffitt and colleagues (3).

Establishment of patient-derived xenografts

Mice were housed in a pathogen-free facility, on a 12-hour light—
dark cycle, with ad lib access to water and sterile rodent chow. Fresh
PDAC tissue was obtained from the operating theater or interventional
radiology suite, minced into 1 mm? pieces, and subcutaneously
implanted into the flanks of 6- to 8-week-old female SCID beige mice
(Charles River Laboratories). Xenografts were grown to 1 cm®, har-
vested, and serially passaged into new SCID beige mice. Tumors were
cryopreserved in FBS with 10% dimethyl sulfoxide.

Multiarm preclinical trial design

Fourth-passage patient-derived tumors were implanted into the
right and left flanks of 6- to 8-week-old female SCID beige mice.
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When the tumor volume reached 120 mm?®, mice were randomized
to one of seven treatment arms with the goal of treating six to 10
mice per arm. The treatment arms were: (i) cisplatin (Enzo Life
Sciences) 4 mg/kg, once weekly, intraperitoneal; (ii) talazoparib
(AbMole Biosciences) 0.33 mg/kg, 5 days on/2 days off, oral
gavage; (iii) cisplatin-talazoparib combination; (iv) gemcitabine
(LC Laboratories) 100 mg/kg, twice weekly, intraperitoneal; (v)
gemcitabine—cisplatin combination; (vi) gemcitabine-talazoparib
combination; and (vii) vehicle (PBS) 5 days on/2 days off, oral
gavage, and once weekly intraperitoneal. Because pilot experiments
showed increased toxicity with talazoparib (Supplementary Fig. S2),
we randomized at least 10 mice into the talazoparib arms, in
anticipation that a greater fraction of mice in these arms may not
complete the treatment course. Treatment was administered for
28 days, with half-dosing or skipped dosing, if mice lost >10% or
>12.5% of their original weight, respectively. Mice were weighed,
and tumors were measured by caliper twice weekly. Three mice in
each treatment arm were sacrificed on day 29, and their tumors
were collected and subjected to formalin fixation and paraffin
embedding for histologic analyses. The survival of these mice was
censored at day 29. The remaining mice were euthanized when
the tumor volume exceeded 2 cm?, or if they lost >20% of their
original weight.

Tissue microarrays

Tissue microarrays were constructed using an automated Tissue
Microarrayer (TMA Grand Master, 3DHistech). Freshly harvested
patient-derived xenograft (PDX) tumors were fixed in 10% buffered
formalin for 24 hours, and paraffin embedded. Tumor cores (2 mm
diameter) were punched from each donor paraffin-embedded block on
the basis of previously demarcated areas on a corresponding hema-
toxylin and eosin (H&E)-stained slide. Each individual patient was
represented by two to three unique PDX cores originating from early-
passage mice. Overall, 33 cores representing 12 unique HRD PDAC
xenografts were prepared on a tissue microarray, which was sectioned
at 4-um thickness for subsequent IHC analyses.

Single-marker and multiplex immunostaining

Four-micrometer thick serial sections of tissue microarray
and patient tumor blocks were cut for H&E staining and IHC analyses.
IHC was performed using the Discovery Ultra Autostaining Platform
(Ventana Medical Systems). Slides were incubated with a primary
antibody, followed by the corresponding horseradish peroxidase-
conjugated secondary antibody (OmniMap anti-mouse No. 760-
4310 or OmniMap anti-rabbit No. 760-4311, Ventana Medical Sys-
tems), developed with 3,3'-diaminobenzidine (DAB), and counter-
stained with hematoxylin. Primary antibodies used were as follows:
anti-Ki67 (30-9, Ventana Medical Systems, undiluted), anti-cleaved
caspase-3 (Aspl75, Cell Signaling Technology, 1:100), anti-CD8
(SP57, Ventana Medical Systems, undiluted), anti-pancytokeratin
(AE1/AE3/PCK26, Ventana Medical Systems, undiluted), anti-
GATA6 (D61E4, Cell Signaling Technology, 1:500), anti-KRT17
(17516-1-AP, Proteintech, 1:100), and anti-KRT81 (11342-1-AP,
Proteintech, 1:50). Multiplex chromogenic IHC was also performed
on the Discovery Ultra platform, using Chromogenic Detection Kits
from Ventana Medical Systems (No. 750-124, DAB; No. 760-247, teal).

Image analyses

Immunostained slides were scanned using the Aperio ScanScope
(Aperio Technologies) at 20 x magnification. For Ki67 immunostain-
ing, five regions of interest were randomly selected for each tumor, and
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manually annotated to exclude stromal and necrotic areas by a
technician blinded to treatment assignment. Ki67 immunostaining
was quantified by digital analysis of positively stained nuclei using the
Aperio ImageScope Software (Aperio Technologies). Cleaved caspase-
3, GATA6,KRT17,and KRT81 immunostaining were quantified using
the Halo (Indica Labs) Cytonuclear Algorithm (single marker) or
multiplex IHC algorithm (multiplex IHC, mHIC). A tissue classifier
was developed to automatically segment tumor from stroma and
necrosis. Cell recognition and nuclear segmentation were optimized,
and quality control was performed for each case.

H&E-stained sections were reviewed by a board-certified gastroin-
testinal pathologist (S.E. Fischer). Mitotic figures were counted man-
ually, and expressed as the number of mitotic figures per 10 high-
power fields.

Generation of primary cell cultures from HRD xenografts
Harvested xenograft tumors were mechanically minced, and under-
went serial trypsin digestion at 37°C. Murine fibroblast contamination
was eliminated by magnetic-activated cell sorting using the Miltenyi
Mouse Cell Depletion Kit (ref. 31; Miltenyi Biotec). Cells were seeded
on collagen-coated plates and cultured in RPMI supplemented with
10% FBS and 1% antibiotic/antimycotic solution, at 37°C in a humid-
ified incubator with a 5% CO, atmosphere. Cell numbers were counted
by trypan blue exclusion assay with a hematocytometer at 24-hour
intervals for 7 days. Cell doubling times were calculated using a
nonlinear regression (exponential growth equation) analysis.

Tumor ploidy determination

Q70P, Q70LM, and Q70AM primary cell lines were generated as
described above. Cells were harvested by centrifugation, fixed with
ethanol, and incubated in 0.5 mL cell-cycle buffer containing 30 ug/mL
propidium iodide (PI, Sigma-Aldrich) and 50 ug/mL RNase A
(Thermo Fisher Scientific). PI fluorescence data were collected from
10,000 cells on a flow cytometer, after gating to exclude dead cells,
debris, and doublets (32). The Q70P cell line was used as a control to fix
the voltage for the diploid population. DNA histograms were plotted
using FlowJo (Tree Star Inc.).

To determine the ploidy of the HRP cases, genomic DNA was
extracted from early-passage xenografts and SNP array was performed
using the Illumina Infinium Omni2.5 Microarray. The allele-specific
copy number analysis of tumors (ASCAT, v2.4.3) algorithm was used
to infer tumor ploidy and tumor purity, as described previously (33).
Each sample was run independently in “tumor-only” mode, using the
“Illumina2.5M” profile within ASCAT. The ploidy estimates were
compared across passages for each tumor.

Statistical analysis

Statistical analyses were performed using R Software, version 3.5
(R Foundation for Statistical Computing) and GraphPad Prism,
version 6 (GraphPad). Differences between continuous variables were
compared using the Wilcoxon rank-sum test. For forward stepwise
multiple linear regression analysis, the criteria for entry into the model
was P < 0.1 and for removal was P > 0.15. Overall survival was
estimated using the Kaplan-Meier method and compared between
treatment groups using a log-rank test. Hazard ratios were calculated
using the Cox proportional hazards model. A P < 0.05 was considered
statistically significant.

Study approval

This study was conducted in accordance with the principles of the
Declaration of Helsinki. Use of human biospecimens and data were
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approved by the local institutional review boards of each participating
center. Patients provided written informed consent to participate.
Animal studies were approved by the McGill University Animal Care
Committee, and conducted in accordance with Animal Research:
Reporting of In Vivo Experiments guidelines.

Results

Biallelic, but not monoallelic, BRCAT or BRCA2 inactivation is
associated with genomic hallmarks of HRD

Because biallelic inactivation of BRCAI or BRCA2 has been asso-
ciated with treatment responses in other cancer types, we performed
WGS for seven unique gBRCA-mutated PDAC cases selected for the
preclinical trial (Supplementary Table S1). Six of the seven samples
showed biallelic loss of BRCA1 (n = 2) or BRCA2 (n = 4), due to LOH
of the wild-type allele or a second somatic mutation. In contrast, the
remaining sample (Q437) exhibited only a germline BRCA2 mutation
without a second somatic hit.

Tumors with biallelic BRCAI or BRCA2 inactivation had higher
HRDetect scores compared with the sample with monoallelic loss
(>0.999 vs. 0.042; Fig. 1A). Biallelic inactivation cases exhibited a
higher number of structural variants, driven by small deletions in the
100 bp-10 kbp range, consistent with rearrangement signature 5. They
also displayed a single-nucleotide variant (SNV) burden that was
dominated by COSMIC single-base substitution signature 3 (SBS3,
32.6% overall SNV), which is associated with defective HRR (34). In
contrast, the case with monoallelic BRCA2 inactivation had 0% SBS3
proportion. These findings suggest that biallelic, but not monoallelic,
HR inactivation is associated with distinct mutational signatures,
which are captured by a dominant SBS3 contribution and an elevated
HRDetect score.

HRD PDAC xenografts are preferentially sensitive to cisplatin
and talazoparib mono- and combination therapy

We evaluated 10 unique PDXs in a multiarm preclinical trial (387
mice in total) to evaluate their response to platinum, PARPi, and
gemcitabine-based therapy. Of these 10 PDXs, six had biallelic
BRCAI (n = 2) or BRCA2 (n = 4) inactivation and genomic
hallmarks of HRD as determined by WGS; these were considered
HRD. The remaining xenografts had only monoallelic germline
BRCA2loss (n = 1) or did not harbor a germline HR gene mutation
(n = 3), and were considered HRP (Supplementary Table S1;
Supplementary Fig. S3).

After 28 days of treatment, HRD xenografts showed a significantly
greater treatment response to cisplatin monotherapy (2.50- vs. 4.97-
fold change; P < 0.001), talazoparib monotherapy (2.35 vs. 5.73;
P = 0.003), and cisplatin-talazoparib combination therapy (1.46 vs.
4.19; P < 0.001) compared with HRP xenografts (Fig. 1B and C).
Gemcitabine monotherapy resulted in comparable tumor regression in
both HRD and HRP xenografts (0.75 vs. 0.60; P = 0.46). Similarly,
there was no difference in treatment response to combination gemci-
tabine-cisplatin or gemcitabine-talazoparib between HRD versus
HRP xenografts.

Cisplatin-talazoparib combination resulted in greater tumor inhi-
bition compared with talazoparib alone in both HRD (1.46 vs. 2.35; P =
0.040) and HRP xenografts (4.19 vs. 5.73; P = 0.036). In HRD
xenografts, there was a trend toward improved efficacy with cisplat-
in-talazoparib compared with cisplatin alone (1.46 vs. 2.50; P = 0.087);
however, no difference was seen for HRP xenografts (4.19 vs. 4.97;
P = 0.280).
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Gemcitabine-cisplatin is associated with prolonged survival in
HRD PDAC xenografts

Because HRD and HRP xenografts had similar tumor regression
following 28 days of gemcitabine mono- or combination therapy, we
assessed differences in treatment durability. We compared the median
overall survival (mOS) of mice in each treatment arm (gemcitabine vs.
gemcitabine—cisplatin vs. gemcitabine-talazoparib) for HRD and HRP
xenografts. Because mice were monitored until their tumor reached
endpoint size, we used mOS as a surrogate for treatment durability. In
mice bearing HRD tumors, gemcitabine-cisplatin was associated with
significantly longer mOS compared with gemcitabine alone (126 vs.
106.5 days; P = 0.048) and gemcitabine-talazoparib (126 vs. 98 days;
P < 0.001). There were no differences in mOS between gemcitabine
alone and gemcitabine-talazoparib (106.5 vs. 98 days; P = 0.14). mOS
was similar between all three treatment arms in HRP xenografts
(Fig. 1D and E; Supplementary Fig. S4A and S4B).

Gemcitabine-talazoparib was the most toxic regimen, with 31% of
mice euthanized prior to the end of treatment. This contrasts with the
9% and 0% on-treatment mortality in the gemcitabine—cisplatin and
gemcitabine monotherapy arms, respectively. To adjust for regimen-
related toxicity, we repeated the survival analyses including only those
mice that completed 28 days of treatment. In HRD tumors, gemci-
tabine-cisplatin was again associated with longer mOS compared with
gemcitabine alone (130 vs. 106.5 days; P = 0.002) and gemcitabine-
talazoparib (130 vs. 109 days; P = 0.020). mOS was comparable
between all three treatment arms for HRP tumors (Supplementary
Fig. S4C and S$4D).

Gemcitabine-cisplatin and gemcitabine-talazoparib suppress
tumor proliferation in HRD xenografts

To investigate the antiproliferative effect of gemcitabine-based
therapy, we evaluated the Ki67 index of PDXs at the end of treatment
(day 29). HRD PDXs treated with gemcitabine—cisplatin (0.34 vs. 0.57;
P =0.040) and gemcitabine-talazoparib (0.23 vs. 0.60; P <0.001) had a
significantly lower relative Ki67 index compared with HRP tumors
(Fig. 2A and B). With gemcitabine monotherapy also, HRD PDXs had
a lower relative Ki67 index (0.38 vs. 0.63; P = 0.161), although this
trend was not statistically significant. In addition, the Ki67 index
was significantly correlated with mitotic activity across all PDXs
(R = 0.692; P < 0.001; Fig. 2C). Furthermore, we evaluated cleaved
caspase-3 immunostaining as a marker of apoptotic cell death.
Gemcitabine-talazoparib was associated with significantly increased
relative cleaved caspase-3 positivity in HRD versus HRP PDX (4.94 vs.
1.79; P = 0.006; Supplementary Fig. S5). Four cases (three HRD and
one HRP) had minimal residual tumor at the end of treatment, and
were insufficient for Ki67 and cleaved caspase-3 immunostaining.

Longitudinally derived HRD xenografts recapitulate the
emergence of clinical chemoresistance

To study the evolution of treatment response to HRD-targeted
therapies, we longitudinally derived three xenografts from a patient
with biallelic BRCA2-mutated PDAC, over a 4.5-year disease course
(Fig. 3A and B). The patient presented with a pancreatic tail PDAC
and liver metastases. Following an exceptional response to FOLFIR-
INOX, a distal pancreatectomy (PDX No. 1, Q70P) and radiofre-
quency ablation of his liver metastases were performed. Two years
later, a second xenograft was established (PDX No. 2, Q70LM) from
new liver metastases. These liver metastases again responded to
FOLFIRINOX. Finally, a third xenograft (PDX No. 3, Q70AM) was
established from an abdominal wall metastasis at the time of disease
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Figure 1.

Genomic characteristics of PDXs and preclinical trial outcomes. A, Genomic characteristics of the seven gBRCA-mutated PDAC cases evaluated in the
preclinical trial. The first six cases have biallelic inactivation of BRCAT or BRCA2. They exhibit mutational patterns that are characteristic of HR deficiency, and
have an elevated HRDetect score. In contrast, the Q437 case with monoallelic BRCAZ2 inactivation lacks these genomic HRD hallmarks and has a low HRDetect
score. B and C, Seven-arm preclinical trial to evaluate response of PDAC xenografts to cisplatin, talazoparib, and gemcitabine (gem) mono- and combination
therapies. HRD (six unique cases, 228 mice; B) and HR-proficient (four unique cases, 159 mice; €) PDAC xenografts were treated for 28 days. For
each treatment arm, the relative tumor growth (at day 28) of HRD versus HR-proficient xenografts was compared using multiple linear regression models.
Gem, gemcitabine; Cis, cisplatin; Tal, talazoparib. **, P < 0.01; ***, P < 0.001. D and E, Kaplan-Meier survival curves of xenografts treated with gemcitabine
mono- and combination therapies. In HRD xenografts, gemcitabine-cisplatin was associated with longer survival than gemcitabine alone and gemcitabine-
talazoparib. There was no survival difference in HR-proficient xenografts. P values represent log-rank comparisons of Kaplan-Meier survival curves. *, P < 0.05;
**, P < 0.01; ***, P < 0.001. Abbreviations: CNVs, copy-number variations; SNVs, single-nucleotide variants; Indels, insertions and deletions; SVs, structural

variants.

progression. The patient died after two additional cycles of platinum-

based therapy (gemcitabine—cisplatin).

To represent each patient by a single PDX, only the Q70P
xenograft was included in the preclinical trial summarized
in Fig. 2. However, we also performed the seven-arm preclinical
trial for the two longitudinal PDXs (Q70LM and Q70AM) to
evaluate their treatment sensitivities (117 mice in total). The
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Q70P and Q70LM xenografts showed sensitivity to cisplatin
(Q70P, 4.19- vs. 11.25-fold change; P < 0.001 and Q70LM, 2.60 vs.
6.20; P < 0.001), talazoparib (Q70P, 2.26 vs. 11.25; P < 0.001 and
Q70LM, 1.52 vs. 6.20; P < 0.001), and cisplatin-talazoparib (Q70P,
1.56 vs. 11.25; P < 0.001 and Q70LM, 1.15 vs. 6.20; P < 0.001)
compared with vehicle, mirroring the clinically favorable response
to FOLFIRINOX (Fig. 3C). In contrast, the Q70AM xenograft
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showed resistance to cisplatin (4.00 vs. 4.92; P = 0.22) and
talazoparib (4.40 vs. 4.92; P = 0.69) monotherapy. However, this
xenograft remained sensitive to cisplatin-talazoparib combination
(2.29 vs. 4.92; P < 0.001).

To understand the mechanisms underlying this acquired resistance,
we whole-genome sequenced the patient's abdominal wall metastasis
(Q70AM). The germline- and somatic-inactivating BRCA2 mutations
found in the Q70P tumor were conserved in the Q70AM tumor. Both
tumors had elevated HRDetect scores (>0.99) and had SNV mutational
patterns dominated by SBS3 (Fig. 4A). However, while the Q70P
tumor was diploid, the Q70AM tumor was polyploid. The liver
metastasis (Q70LM) sample had insufficient cellularity for WGS, but
we determined that it had also become polyploid using SNP array
profiling and flow cytometric cell-cycle analysis (Supplementary
Fig. S6).

A genomic scar persists in HRD xenografts treated with
gemcitabine-cisplatin

To characterize changes in the genomic landscape of HRD xeno-
grafts following 28 days of treatment, we whole-genome sequenced
four BRCA2-mutated PDAC trios. These included (i) patient
primary, (ii) untreated parent PDX, and (iii) PDX treated with
gemcitabine—cisplatin for 28 days, and collected at humane endpoint.
We profiled xenografts from the gemcitabine—cisplatin arm, because
this regimen showed the strongest and most sustained treatment
response. We hypothesized that tumors that regrew following treat-
ment cessation would have an increase in non-HRD-associated
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mutational signatures related to expansion of resistant subclonal
populations under selective therapy pressure. In addition, to evaluate
the impact of prior chemotherapy exposure, we characterized PDXs
from patients that were both chemo naive (Q392 and 0232) and
chemo treated (Q70P and Q70AM).

Germline and somatic BRCA2 mutations were conserved in both
the untreated parent and gemcitabine-cisplatin-treated xenografts
across all trios, and there was no evidence of a reversion mutation
in trial endpoint PDXs (Fig. 4A). Similarly, HRDetect scores remained
high (>0.99) in both untreated parent and gemcitabine-cisplatin—
treated xenografts. There was no significant decrease in SBS3 propor-
tion in the gemcitabine-cisplatin-treated xenografts compared with
the untreated parent xenografts (26.3% vs. 29.3%; P = 0.89).

Next, we evaluated the SNV private to the gemcitabine-cisplatin—
treated xenografts, and which presumably accumulated on treatment.
Interestingly, these private SNVs continued to show SBS3 mutational
patterns (Supplementary Fig. S7). In three of four cases, we also
observed SBS3 variants private to the untreated parent xenograft,
suggesting that a fraction of HRD clones may have been eradicated
with gemcitabine-cisplatin. Another important observation was that
the Q70AM tumor, which was chemoresistant both clinically and in
the preclinical trial, retained an elevated SBS3 proportion and HRDe-
tect score. These data suggest that a genomic HRD scar persists despite
the emergence of resistance.

Gemcitabine-cisplatin-treated xenografts had a higher neoantigen
load compared with their matched untreated xenograft (161 vs. 134;
P = 0.02; Fig. 4B). Importantly, the Q70AM patient tumor, which

Clin Cancer Res; 26(20) October 15, 2020
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Longitudinally derived xenografts from a patient with HRD PDAC (Q70) recapitulate the emergence of clinical chemoresistance. A, Timeline showing the evolution of
serum Cal19-9 in relation to chemotherapy. Arrows indicate when the individual xenografts (Q70P, Q70LM, and Q70AM) were derived. Numbers correspond to cross-
sectional imaging detailed in B. B, Representative CT scans showing chemotherapy response at various timepoints. 1-2, partial response of the pancreatic tail primary

(Q70P) to FOLFIRINOX; 3-4, partial response of the liver metastases (Q70LM)

to FOLFIRINOX; and 5-6, worsening of peritoneal carcinomatosis (Q70AM) on

gemcitabine-cisplatin (gem-cis). C, Multiarm preclinical trial results for the Q70P, Q70LM, and Q70AM xenografts (n =117 mice). For a given xenograft, day 29 tumor
ratios were compared between each treatment arm [cisplatin, talazoparib, and cisplatin-talazoparib (cis-tal)] and vehicle. The Q70AM xenograft showed resistance
to cisplatin and talazoparib alone, but remained sensitivity to cisplatin-talazoparib combination. ***, P < 0.007; ns, not significant.

received several additional cycles of platinum-based chemotherapy
compared with the Q70P primary, exhibited a higher neoantigen load
(122 vs. 82). This observation was corroborated by a higher degree of
CD8* cytotoxic T-cell infiltration in the Q70AM tumor compared
with the Q70P primary, albeit not to levels typically seen in mismatch
repair-deficient PDAC (Fig. 4C).

Tumor polyploidy and low Ki67 are associated with poor
response to platinum and PARPi

Among xenografts exhibiting genomic HRD hallmarks, we
observed heterogeneity in individual tumor responses to cisplatin and
talazoparib therapy. We searched for additional biomarkers that may
be predictive of treatment response. All HRD and HRP xenografts
were whole-transcriptome sequenced, and their Moffitt transcrip-
tomic subtype was determined relative to 167 PDAC transcriptomes,
164 of which were sequenced in the COMPASS trial (ref. 35;
NCT02750657). Of the eight HRD xenografts, four were basal-like,
whereas the remaining four were classical. All HRP xenografts were
classical (Fig. 5A). In addition, all HRP xenografts were profiled using
an SNP array to determine their ploidy (Supplementary Fig. S6).
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We performed stepwise multivariate linear regression to identify
independent predictors of cisplatin (Fig. 5B) and talazoparib (Fig. 5C)
response. In the cisplatin model, genomic hallmarks of HRD
(B = -0.478; P < 0.001) and a higher Ki67 (B = -0.257; P = 0.005)
were independently associated with better response, whereas tumor
polyploidy (B = 0.600; P < 0.001) was associated with poor response.
In the talazoparib model, HRD genomic hallmarks (B = -0.299;
P = 0.002) and a basal-like transcriptomic subtype (B = -0.442;
P <0.001) were predictive of treatment response. A higher Ki67 index
(B = -0.192; P = 0.059) was also associated with better talazoparib
response, although this trend missed statistical significance. Tumor
polyploidy (B = 0.449; P < 0.001) was again associated with poor
response in the talazoparib model.

To illustrate the heterogeneity in treatment responses across indi-
vidual xenografts, we performed principal component analysis fol-
lowed by k-means clustering to group xenografts based on their
sensitivity to cisplatin, talazoparib, and cisplatin-talazoparib (Supple-
mentary Fig. S8). Cluster 1 identified the best responders, of which all
were HRD and diploid, except Q70LM which was a polyploid HRD
case with high Ki67. Cluster 2 represented the intermediate
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Neoantigen load

Figure 4.
WGS of four matched HRD PDAC trios to evaluate genomic changes on chemotherapy. A, For each case, WGS of the (i) patient primary, (ii) untreated parent PDX
(pre), and (iii) PDX treated with gemcitabine-cisplatin and collected at trial endpoint (post) are shown. Germline and somatic BRCA2 mutations were conserved in all
cases. The proportion of SBS3 remained stable in the gemcitabine-cisplatin-treated xenografts. B, Evolution of neoantigen load between the patient, untreated
parent PDX, and PDX treated with gemcitabine-cisplatin. C, mIHC stains showing spatial distribution of CD8" (brown) cytotoxic T cells and pan-cytokeratin™ (teal)
PDAC cells. Consistent with the increase in in silico-predicted neoantigens, there was an increase in CD8™ infiltration in the Q70AM tumor compared with the Q70P.
However, the CD8™ infiltration remained less extensive compared with an mismatch repair (MMR)-deficient PDAC (MMRd). CNV, copy-number variation.
Abbreviations: CNVs, copy-number variations; SNVs, single-nucleotide variants; Indels, insertions and deletions; SVs, structural variants.
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Figure 5.

Predictive biomarkers identified on the basis of preclinical trial treatment responses. A, Consensus clustered heatmap of PDAC transcriptomes split by Moffitt
classical and basal-like factor gene expression. The 12 xenografts evaluated in the preclinical trial were identified, and clustered relative to 167 patient PDAC
transcriptomes from the COMPASS trial (n = 164) and non-COMPASS patients (n = 3). The 21 patients with HRD PDAC are indicated in black boxes. B, Stepwise
multivariate linear regression model of predictors of cisplatin response. C, Stepwise multivariate linear regression model of predictors of talazoparib response.

responders, which included an HRP case (Q155), a case with mono-
allelic BRCA2 inactivation and low HRDetect score (Q437), and a
polyploid HRD case with high Ki67 (S145). Cluster 3 identified the
xenografts with the worst treatment response, of which two were HRP,
while the third was a polyploid, low Ki67, HRD case that had developed
chemoresistance (Q70AM).

Across the xenografts evaluated in the preclinical trial, we observed
sustained complete responses in two cases: 0217 and O28. Interest-
ingly, both were diploid, high Ki67, HRD cases from cluster 1. Both
xenografts showed sustained complete responses with gemcitabine—
cisplatin (median follow-up, 237 days) and cisplatin-talazoparib

5470 Clin Cancer Res; 26(20) October 15, 2020

(median follow-up, 248 days). The 0217 case also showed a sustained
complete response with gemcitabine-talazoparib (median follow-up,
252 days).

Tumor polyploidy and a basal-like transcriptomic subtype are
associated with worse prognosis in HRD PDAC

To evaluate the prognostic relevance of these biomarkers, we
identified 21 patients with PDAC exhibiting biallelic HR gene inac-
tivation and genomic HRD hallmarks based on WGS. In addition to
the six patients whose tumors were evaluated in the preclinical trial, we
also included 12 patients with HRD PDAC enrolled in the COMPASS
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Figure 6.

Clinical outcomes of 21 patients
with HRD PDAC with whole-genome
and whole-transcriptomic sequencing.
Kaplan-Meier survival curves are
shown, stratified by tumor ploidy (A)
and transcriptomic subtype (B).
P values represent log-rank compari-
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trial and three additional patients with HRD PDAC with whole-
genome and whole-transcriptome sequencing data (Supplementary
Table S2).

The mOS for all patients was 25.9 months (95% confidence interval,
0-51.9 months). Patients with polyploid tumors had shorter mOS
compared with those with diploid tumors (13.8 vs. 53.9 months; P =
0.008; Fig. 6A). In addition, patients with a basal-like PDAC had
shorter mOS compared with those of classical transcriptomic subtype
(25.9 vs. 38.5 months; P = 0.081; Fig. 6B). We performed a multi-
variate Cox regression analysis with stepwise forward selection,
including age, sex, stage, tumor ploidy, Mofitt transcriptomic subtype,
and receipt of platinum-based chemotherapy. Tumor polyploidy (HR,
8.6; P = 0.007) and a basal-like transcriptomic subtype (HR, 5.0; P =
0.033) were independently associated with mortality (Fig. 6C). After
adjusting for stage and sex, a basal-like subtype remained indepen-
dently predictive of poor survival, whereas tumor polyploidy trended
toward significance (Supplementary Fig. S9).

This clinical series included three patients who have been disease
free for more than 5 years, of which two initially presented with locally
advanced disease. Interestingly, all three long-term survivors had
classical, diploid HRD PDAC.

GATAG6:KRT17 ratio is an IHC discriminator of classical versus
basal-like transcriptomic subtype

Because basal-like HRD PDAC was associated with worse progno-
sis, we searched for clinically practical biomarkers that could robustly
predict transcriptomic subtype. Using the combined COMPASS and
PDX cohorts, we compared the normalized gene expression levels
(log,CPM) of GATA6, KRT17,and KRT81 between classical and basal-
like PDAC. GATAG6 expression was significantly higher in classical
tumors (P = 2.53e-17), whereas KRT17 and KRT81 expressions were
significantly higher in basal-like tumors (KRT17, P = 1.5%e-4 and
KRT81,P=5.12e-4; Fig. 7A). To validate these findings, we performed
IHC staining on tissue microarrays of HRD PDAC xenografts with
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known Moffitt subtype. High GATAG staining was predictive of the
classical subtype with an AUC of 0.902, whereas high KRT17 staining
was predictive of the basal-like subtype with an AUC of 0.828. The
combination of these two markers as a GATA6:KRT17 ratio had
higher predictive value than either marker alone, with an AUC 0f 0.971
(Fig. 7B-D). Using a clinically pragmatic cutoff of 1, the GATAG®:
KRT17 ratio had a sensitivity of 100% and a specificity of 83.3%.

We also performed mIHC to investigate the colocalization of these
seemingly complementary markers. Tumors stained predominantly
for one of the two markers, and only 14.9% of cells were dual positive
for GATA6 and KRT17. Interestingly, we observed discrete subpo-
pulations of GATA6"/KRT17~ and GATA6 /KRT17" cells within
the same xenograft (Fig. 7E). This intratumoral heterogeneity was also
found in the corresponding patient tumor (Supplementary Fig. S10).
Finally, we found KRT81 IHC to be a poor predictor of transcriptomic
subtype, with an AUC of 0.519.

Cell lines derived from polyploid HRD PDAC xenografts are
spontaneously immortal

We established primary cell cultures from eight gBRCA-mutated
PDXs (Supplementary Table S3). Of these, three cell lines were
spontaneously immortal, and could be propagated beyond 40 passages
without exogenous growth factor stimulation. Interestingly, these
immortal cell lines were all derived from polyploid tumors (Q70LM,
Q70AM, and S145). In contrast, the five remaining primary cell
cultures that were generated from diploid PDAC xenografts could
only be maintained in vitro for a finite period, becoming senescent
within two passages.

Discussion

The advent of next-generation sequencing (NGS) has accelerated
the identification of molecular subtypes of PDAC with targeted
therapy opportunities. However, comparing molecular-guided
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Figure 7.

IHC biomarkers of Moffitt transcriptomic subtype in HRD PDAC. A, TMM-normalized log,(CPM) gene expression values for GATA6, KRTI7, and KRT81 between
classical and basal-like subtypes in the cohort described in Fig. 7. GATA6 and KRTI7 were the most significantly correlated with transcriptomic subtype, and were
further evaluated with IHC. B, Classical HRD PDAC was associated with significantly higher GATAG positivity. GATA6 immunostaining was quantified by digital image
analysis using a tumor classifier and a nuclear scoring algorithm. C, Basal-like HRD PDAC was associated with significantly higher KRT17 positivity, as assessed using a
cytoplasmic scoring algorithm. D, Combining both GATA6 and KRT17 as a GATA6:KRT17 ratio had higher predictive value than either marker alone. E, Representative
mIHC stains showing GATAG (brown) and KRT17 (teal). Classical xenograft (028) with predominantly GATA6/KRT17~ cells (top). Basal-like xenograft (S145) with
predominantly GATA6 /KRT17" cells (middle). Basal-like xenograft (Q70P) with a mutually exclusive mixture of GATA6 /KRT17* cells and GATA6/KRT17 ™~ cells,
suggesting intratumoral heterogeneity (bottom).
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treatments head-to-head using conventional clinical trial designs is
impractical (36, 37). To overcome these challenges, we combined a
multi-institutional patient cohort and rare PDX models to identify
biomarkers underlying the therapeutic and prognostic heterogeneity
of gBRCA-mutated PDAC, which is the most prevalent druggable
PDAC subtype.

We found that biallelic inactivation of BRCAI/BRCA2 was associ-
ated with mutational signatures characteristic of HR deficiency,
including SBS3 and HRDetect. We showed that xenografts exhibiting
HRD genomic hallmarks were preferentially sensitive to cisplatin,
talazoparib, and the combination of these therapies. This has impor-
tant treatment and economic implications, considering that routine
germline testing is becoming standard of care in PDAC (38), and there
is indication to treat gBRCA-mutated platinum-sensitive PDAC with
PARPi based on the POLO trial (17). However, one case of monoallelic
BRCA1/BRCA2 inactivation did not exhibit HRD genomic hallmarks,
and did not respond to platinum and PARPi therapies. This obser-
vation is consistent with data from breast and ovarian cancers, where
monoallelically mutated tumors have been shown to exhibit low
HRDetect scores and signature 3 activity, as well as poor response to
platinum-based therapy (18, 34). Integration of tissue-based NGS
assays (Myriad myChoice HRD, FoundationFocus CDXgrcaLon) may
help improve selection of patients for therapies targeting HR defi-
ciency, and could be evaluated in a larger prospective cohort (39, 40).

Treatment responses to gemcitabine-cisplatin and gemcitabine—
talazoparib were comparable between HRD versus HRP xenografts,
and were driven by the high efficacy of gemcitabine. Considering the
low clinical response rates to gemcitabine monotherapy (41), these
preclinical observations highlight the limitations associated with using
subcutaneous PDX models. Indeed, PDX models lack a functional
immune system, do not recapitulate the tumor immune microenvi-
ronment, and present differences in intratumoral drug delivery. Thus,
although PDX models allow for controlled multiarm treatment com-
parisons that would be difficult to perform in clinical trial settings,
preclinical observations should be interpreted in the context of these
limitations. Nonetheless, the combination of gemcitabine-cisplatin
yielded the most durable treatment response in our preclinical trial, in
addition to a significant antiproliferative effect compared with gem-
citabine alone. The efficacy of gemcitabine-cisplatin was further
corroborated in a recent randomized controlled trial, which showed
a 65% response rate to gemcitabine—cisplatin in patients with PDAC
carrying a germline BRCA1, BRCA2, or PALB2 mutation (42).

Akin to clinical observations from the POLO trial and an ongoing
phase IT maintenance rucaparib trial (17, 43), we found heterogeneity
in treatment responses among the HRD PDAC xenografts. We
identified tumor polyploidy as an independent predictor of poor
platinum and PARPi response. This finding is consistent with previous
reports showing that polyploid cells are resistant to cytotoxic
drugs (44, 45). We also found that xenografts with a higher Ki67
index had a better response to cisplatin. We identified a similar trend
with talazoparib, although this did not achieve statistical signifi-
cance, possibly reflecting our sample size. These observations are in
concordance with studies in triple-negative breast cancer and
enteropancreatic neuroendocrine tumors, in which a high Ki67
index predicts better initial responses to chemotherapy, but do not
translate to improved survival. To this end, Ki67 index did not
correlate with survival in our study, and its prognostic value in HRD
PDAC remains unclear.

In addition, in our cohort of patients with HRD PDAC, tumor
polyploidy was independently predictive of shorter survival. Impor-
tantly, this biomarker can be readily integrated into routine testing of
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clinical specimens using SNP genotyping assays that capture genome-
wide copy-number aberrations.

Interestingly, we found that cell lines derived from polyploid
gBRCA-mutated tumors were spontaneously immortal, whereas those
generated from diploid tumors became senescent. Because spontane-
ous immortalization in vitro is not a hallmark of all cancer cells, those
that become immortal may harbor aggressive features, such as poly-
ploidy, that enable continued replication. These observations further
support our finding of polyploidy as a predictive marker of poor
treatment response and prognosis in gBRCA-mutated PDAC. Capan-
1, the only published BRCA2-mutated pancreatic cancer cell line, has a
hypotriploid genome (46). Moreover, we provide three additional
polyploid gBRCA-mutated cell lines for in vitro studies, including the
S145 cell line, which represents the first human BRCAI-mutated
PDAC cell line.

Although the Q70AM xenograft was resistant to cisplatin and
talazoparib monotherapies, combination of these therapies yielded
a treatment response. We also observed an additive treatment benefit
when combining cisplatin with talazoparib in the preclinical trial.
These findings suggest a synergistic effect of combining platinum and
PARPi in HRD PDAC. Importantly, talazoparib is a second-
generation PARPi with higher PARP1 trapping potency and relatively
high catalytic inhibition compared with earlier generation PARPis
(e.g., olaparib and veliparib), which have been previously studied in
PDAC. Our findings are the first to demonstrate the preclinical efficacy
of talazoparib in multiple patient-derived tumors, providing motiva-
tion to evaluate talazoparib alone or in combination with platinum in a
clinical trial setting.

This study is the first to investigate the implications of Moffitt
transcriptomic subtypes in HRD PDAC. We identified a similar
proportion of classical versus basal-like PDAC in our series compared
with published cohorts (3, 35). The basal-like subtype has been
associated with shorter survival and poor response to 5-fluoroura-
cil/leucovorin (adjuvant; ref. 47) and FOLFIRINOX (metastatic first-
line; ref. 35) in PDAC. In our HRD PDAC series, we found that a basal-
like transcriptomic subtype was independently predictive of worse
prognosis. Because there is growing evidence that discriminating
between basal-like and classical transcriptomic subtypes has clinical
implications not only for HRD PDAC but across PDAC, we developed
a novel, clinically pragmatic two-marker IHC assay (GATA6:KRT17).
We showed its ability to discriminate between the classical and
basal-like subtypes with 100% and 83.3% sensitivity and specificity,
respectively.

For advanced-stage gBRCA-mutated PDAC, retrospective series
have shown a survival benefit with platinum-based therapy (7, 14, 16).
In this preclinical trial, the Moffitt subtype was not predictive of
response to cisplatin after adjusting for HRD genomic hallmarks.
These findings suggest a hierarchy where HRD genomic features
dictate platinum sensitivity over transcriptomic subtype.

Interestingly, a basal-like transcriptomic subtype was independent-
ly predictive of talazoparib sensitivity, after adjusting for HRD status.
In breast cancer, “sporadic” basal-like tumors share morphologic and
gene expression patterns with BRCA I-mutated breast cancer, suggest-
ing that they may harbor a BRCAness phenotype (48). To this end,
basal-like breast cancers have been shown to be preferentially sensitive
to PARP inhibition compared with luminal cancers (49). One pro-
posed mechanism to explain their PARPi sensitivity is that basal-like
breast cancer cells may be defective in repairing oxidative DNA
damage by base excision repair (50). Considering these data, and the
observations from our preclinical trial, the treatment efficacy of
PARPis in PDAC may not be limited to HRD cases and may include
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the broader basal-like subtype. This is particularly interesting consid-
ering the chemoresistance of the basal-like subtype, and warrants
further investigation.

We found that xenografts treated with gemcitabine-cisplatin
retained genomic hallmarks of HRD and an elevated HRDetect score.
Similarly, we demonstrated in alongitudinal study that a patient tumor
that had acquired clinical chemoresistance retained a high HRDetect
score. These findings suggest that HRD tumors develop a genomic scar
that is the result of HRD-driven genomic mutations, and that these
genomic hallmarks may not be an accurate indicator of ongoing
sensitivity to HRD-targeting therapies. Thus, integrating functional
assays, such as the RAD5I1 assay, alongside mutational signature-
based biomarkers, may be a more precise strategy to select patients
likely to benefit from HRD-targeted therapy (51, 52). In addition,
epigenetic aberrations, such as abnormal DNA methylation, have been
associated with platinum resistance (53). In preclinical studies of breast
and ovarian cancer, histone deacetylase inhibitors (HDACi) have been
shown to sensitize HR-proficient cells to PARPi by inducing BRCA-
ness (54, 55). Thus, the efficacy of combination HDACi and PARPi or
platinum may warrant investigation in cases with acquired resistance
to HRD-targeted therapy.

Comparison of untreated versus gemcitabine-cisplatin—treated
PDXs revealed SBS3 variants private to the untreated xenografts,
suggesting that a fraction of HRD clones may have been eliminated
with treatment. This observation provides support that therapies
targeting HR deficiency can eradicate, rather than only suppress, HRD
PDAC cells.

We have previously shown that HRD PDAC typically exhibits a
higher mutational burden than “sporadic” PDAC, albeit lower than
mismatch repair-deficient PDAC (56). The inherent susceptibility of
HRD PDAC to platinum-induced DNA damage may accelerate the
production of tumor-specific neoantigens, and promote an antitumor
immune response. In this study, we found an increase in neoantigen
load in HRD PDAC xenografts following treatment with gemcitabine-
cisplatin. This observation was corroborated by a longitudinal patient
case treated with FOLFIRINOX, which revealed a parallel increase in
peritumoral cytotoxic T-cell infiltration that coincided with expo-
sure to platinum-based treatment. While this increase in immune
infiltration may be related to differences in immunogenicity
between tumor sites, metastatic sites tend to have lower immuno-
genicity compared with the corresponding primary tumor (57, 58).
Thus, HRD PDAC may be well-suited to treatment approaches that
strategically combine or sequence platinum-based therapies, or
even PARPi, with immunotherapy (59, 60).
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Figure 8.
Proposed schematic of predictors of chemosensitivity and prognosis in HRD
PDAC.
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In summary, we combined a multi-institutional patient cohort and
rare preclinical models to develop a treatment sensitivity and prog-
nostic model (Fig. 8) of gBRCA-mutated PDAC. Furthermore, we
introduce a novel, clinically pragmatic two-marker assay that is
predictive of transcriptomic subtype and suggest a potential role for
platinum-PARPi combinations as well as immunotherapy approaches
in HRD PDAC.
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