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Abstract: Pancreatic ductal adenocarcinoma (PDAC) remains a challenging disease to treat.
Despite advances in surgical techniques, radiation, and medical therapies, the 5-year survival
rate remains below 9%. Over the past decade, the genomic landscape of PDAC has been well
studied and BRCA mutations have emerged as a target for the development of more effective
therapies. Alterations in germline BRCA and PALB2 are detected in approximately 5-9% of
patients with PDAC and can lead to homologous repair deficiency (HRD). PDAC with HRD
is more susceptible to cytotoxic agents, such as platinum salts and topoisomerase inhibitors,
that cause DNA damage. Furthermore, PARP inhibitors have emerged as an effective non-
cytotoxic approach to treating HRD-PDAC. In addition to BRCA and PALB2, germline
mutations in other genes involved in the homologous DNA repair pathway — such as ATM
and RADS5] — are potential targets, as are patients with the “BRCAness” phenotype and
somatic mutations in the DNA repair pathway. Given the clinical implications of germline
mutation related HRD in PDAC, universal germline testing is now recommended. In this
review, we will discuss current and emerging biomarkers for HRD in PDAC, treatments, and
the challenges associated with them.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a dismal 5-year overall survival rate
0f 9%, and by 2030 it is projected to become the 2nd leading cause of cancer-related
death in the United States."? Currently, surgery is the only curative measure, but only
15-20% of patients are diagnosed with resectable disease.” Even if an RO resection is
achieved, 75% of patients will experience disease recurrence within 5 years.
Increasingly, we have begun to understand that pancreas cancer is fundamentally
a systemic disease at presentation. For patients who present with metastatic or
unresectable disease, FOLFIRINOX and gemcitabine with nab-paclitaxel form the
mainstay of treatment, but only improves survival by several months indicating
a need for novel therapies.”

Familial pancreas cancer (FPC) and genetic predisposition syndromes have
become an area of interest due to the potential clinical implications of targeted
therapies. It is estimated that approximately 10 to 15% of pancreas cancers are
attributed to a genetic cause.*® Of these hereditary predisposition syndromes,
Breast cancer type 1 susceptibility protein (BRCAI) and BRCA2 have been the
most clinically relevant in pancreas cancer to date. BRCA!/ and BRCA2 are tumor
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suppressor proteins involved in repairing double strand
DNA breaks via the homologous DNA repair mechanism.
Deleterious mutations within BRCA! and BRCA2 were
first implicated as a risk factor for the development of
breast and ovarian cancer in the mid-1990s through the
work of Miki et al (1994), and Wooster et al (1995),
respectively.”'? These deleterious mutations are now
known to be a risk factor for the development of PDAC.

Until recently, identifying patients with familial PDAC
has had little impact on clinical outcomes. However, this
changed with the development of treatments, such as the
poly-ADP ribose polymerase (PARP) inhibitors, which are
capable of exploiting homologous repair deficiency (HRD)
in BRCA-mutated tumor cells. The importance of deleter-
ious germline mutations in BRCAI/2 have led to further
evaluation of other germline mutations intimately involved
in the homologous repair process such as partner and
localizer of BRCA2 (PALB2) and ataxia telangiectasia
mutated (ATM). Furthermore, somatic mutations in the
homologous recombination pathway that mimic loss of
germline  BRCAI/2 are now collectively labeled as
“BRCAness” genes.'""'? Whether treatments that benefit
patients with germline BRCA1/2-mutated PDAC will also
be effective in patients with PDAC associated with other
forms of HRD or those with somatic mutations within the
homologous repair pathway remains to be determined.'* '
In this review, we will discuss the biology, current status,
and future prospect of BRCA1/2 mutations in the context
of PDAC and how it could influence current management
and treatment.

BRCA and Homologous Repair
Deficiency

DNA double strand breaks occur commonly in eukaryotic
cells as a result of endogenous and exogenous factors.
They are repaired by two major pathways: homologous
recombination and non-homologous end joining repair.
Homologous recombination repairs double strand breaks
that arise from single strand breaks typically caused by
DNA damaging agents such as ionizing radiation and
reactive oxygen species. This is a complex and tightly
regulated mechanism involving many proteins including
BRCA1/2, PALB2, ATM and RADS50. DNA double strand
breaks initiate recruitment of ATM by NBSI, a component
of the MRN complex, which also consists of Mrell and
Rad50, to the double strand break sites. The MRN com-
plex activates ATM kinase, which, along with A7R (ataxia

telangiectasia and rad3 related protein), recruits BRCAI to
displace the p53-binding protein 1 at the site of the DNA
double stand break. This in turn recruits Cz/P and the
MRN complex resulting in resection of the ends of the
DNA strands. This step is essential for RADS51 to bind to
the DNA strand, catalyzed by BRCA2, which is dependent
on PALB2. PALB?2 co-localizes with BRCA2 and allows for
intra-nuclear accumulation and stabilization of BRCA2.
RADS51 then forms the homo-polymers, which are required

for sister chromatid invasion and final recombination.'”'8

Epidemiology of Germline Mutations in
PDAC and Screening

The incidence of targetable deleterious germline mutations in
BRCA1/2 and PALB? in patients with PDAC is estimated to
be about 5-9%.'°?' Deleterious germline mutations in
BRCAI and BRCA2 have been described in patients with
both FPC and non-familial PDAC.'"?*>?7 In patients with
FPC, the frequency of these mutations, specifically BRCA2,
may be up to 17%.7*2%?° In fact, harboring a germline muta-
tion in BRCA?2 is associated with a relative risk of 3.5 to
10 for developing PDAC as compared to non-carriers and is
inherited in an autosomal dominant fashion with incomplete
penetrance.**>? The relative risk of developing PDAC in
patients with BRCA! as compared to non-carriers is reported
to be approximately 2.26 to 3 in one’s lifetime.2***-** Within
the Ashkenazi Jewish population, up to 21% of patients with
PDAC harbor a germline BRCAI or BRCA2 mutation.'**%’
Genome sequencing has identified other germline alterations
in the DNA repair pathway, such as ATM and PALB2, as
susceptibility genes for FPC.*>*° Germline ATM mutations
have been reported at a prevalence of approximately 2.4% in
FPC and have an estimated relative risk of 2.4 for the devel-
opment of pancreas cancer.”>>’ Germline PALB2 mutations
have a prevalence of 1 to 4.9% in FPC families and carriers
of the mutation are diagnosed with PDAC at a median age of
51 years old as compared to 63 years old for those who are
non-carriers.”® *? Table 1 summarizes these statistics.

Historically, screening for BRCA and other germline
mutations has been limited to those patients with PDAC
and a family history suggestive of FPC. However, this
strategy fails to capture a significant proportion of patients
with germline BRCA1/2 mutations and given the signifi-
cant treatment implications this may have, the National
Comprehensive Cancer Network (NCCN) guidelines now
recommends universal germline testing of all patients with
PDAC. 192427
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Table |1 DNA Repair Genes and PDAC

Germline Reported Cancer Reference
Mutation Frequencies in Risk

FPC
BRCAI 0-1.2% RR: 2.26 [20-22,33,34,38]
BRCA2 5-17% RR:3.5-10 | [21,23,28-32,38]
PALB2 1—4.9% Unknown [36,38—42]
ATM 2.4% RR: 2.4 [35,37]
RADS I Unknown Unknown Unknown

Abbreviations: FPC, Familial Pancreas Cancer; RR, Relative Risk.

In addition to screening for germline mutations, family
members of patients with PDAC should also be counseled
regarding screening as the risk of developing PDAC in
carriers is increased anywhere between 1.5 to 13% depend-
ing on the number of affected blood relatives.?*>*36434¢
There is growing consensus that patients, with relatives with
pancreas cancer, who are at high risk for developing pancreas
cancer should be evaluated for screening to identify early
stage disease amenable for curative surgery. Currently, there
is no clear consensus on the optimal screening modality
(magnetic resonance cholangiopancreatography (MRCP) or
endoscopic ultrasound (EUS)), age to initiate and terminate
screening, interval duration between screening, and ways to
manage patients with detected lesions. The International
Cancer of the Pancreas Screening (CAPS) Consortium con-
siders high-risk patients as those who meet one or more of the
following criteria: first-degree relatives of a patient with
FPC, as defined by kindreds with at least two first-degree

Table 2 Recommendations for Screening of High Risk Individuals

relatives with pancreas cancer; those with Peutz-Jeghers
syndrome; those with a p/6/CDKN2A mutation; and those
who harbor a BRCA2 mutation or are diagnosed with heredi-
tary non-polyposis colorectal cancer (HNPCC) and have one
or more first-degree relatives with pancreas cancer. These
patients should participate in screening with EUS or MRI
through clinical trials at high-volume pancreas cancer centers
and should have their case discussed at a multidisciplinary
conference.” The American College of Gastroenterology
(ACG) recommends screening of high-risk individuals with
EUS and/or MRI annually beginning at age 50 or 10 years
prior to the earliest age of pancreas cancer diagnosis within
the family. The ACG considers patients to be high-risk if
they: are first-degree relatives of a patient with FPC; have
Peutz-Jeghers syndrome; or harbor mutations in BRCA1/2,
ATM, PALB2, or Lynch syndrome genes and have a first
or second-degree relatives with pancreas cancer.’ See

Table 2 for summarized recommendations for screening.

Therapeutic Approaches
DNA Damaging Agents

Cancers harboring BRCA mutations and HRD are consid-
ered more vulnerable to DNA damage and are especially
susceptible to drugs that induce double strand breaks in
DNA. This serves as the rationale for use of platinum-
based chemotherapy. The efficacy of platinum therapy in
patients with germline BRCA mutations has been estab-
lished in clinical trials for breast and ovarian cancers and

Expert Group Patients

Age Screening Intervention Reference

The International Cancer -FDRs of patients with PC from a familial
PC kindred with at least two affected
FDRs

-Peutz-Jeghers syndrome

-p16/CDKN2A mutation

-BRCA2 and hereditary non-polyposis

of the Pancreas Screening
(CAPS) Consortium

colorectal cancer (HNPCC) mutation
carriers with = | affected FDR

No Consensus EUS or MRI, No consensus on

Bl

screening interval but 12

months is currently suggested

American College of -FDRs of patients with PC from a familial
PC kindred with at least two affected
FDRs

-Peutz-Jeghers syndrome

Gastroenterology

-Patients with a mutation in BRCAI/2,
ATM, PALB2, or Lynch syndrome genes
and a FDR or SDR with PC

Age 50 or 10 years Annual EUS and/or MRI [47]
before the earliest age

of pancreas cancer

Abbreviations: PC, Pancreas Cancer; FDR, First Degree Relative; SDR, Second degree relative; EUS, Endoscopic Ultrasound; MRI, Magnetic Resonance Imaging.
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there is a growing consensus and data that HRD-PDAC
also benefits.

Preclinical data in BRCA/2-mutant PDAC xenografts
demonstrated susceptibility to platinum-based therapy
when compared to that of BRCA1/2 wild type xenografts.
After treatment with cisplatin, mice with BRCA 1/2-mutant
PDAC xenografts demonstrated increased DNA damage,
tumor shrinkage, and improved overall survival as com-
pared to control mice bearing BRCAI/2 wild type
xenografts.*® Several case reports have also detailed robust
clinical responses of BRCA1/2-mutated PDAC to platinum-
based therapy. Shimmura et al (2019) reported a case of
a 47-year-old patient with germline BRCA2 mutation with
metastatic PDAC to the liver who experienced a near
to FOLFIRINOX
pancreaticoduodenectomy.*” On pathological review of

complete response allowing for
the resected specimen less than 2.5mm of tumor foci
remained. Similarly, Sonnenblick et al (2011) reported
a case of a 60-year-old patient with germline BRCA2 muta-
tion who experienced a complete radiographic and bio-
chemical response after addition of cisplatin to
gemcitabine therapy.”® The profound treatment effect of
BRCA-mutated PDAC is not limited to platinum therapy
as similar responses have been observed in patients receiv-
ing alternative DNA damaging agents such as irinotecan
(topoisomerase inhibitor) or mitomycin C (non-platinum
alkylators).>'>

Several retrospective series have described anti-tumor
activity of DNA damaging agents in patients with BRCA1/
2-mutated pancreas cancer. Lowery et al (2011) reported
impressive outcomes in which five of the six patients with
pancreas cancer and germline BRCA mutation treated with
platinum therapy experienced an objective response, one
of which was a complete response.”> Wattenberg et al
(2019) found a significantly greater objective response
rate (58% vs 21%, p=0.0022) and improved progression
free survival (10.1 months vs 6.9 months, p= 0.0068) in
26 patients with BRCA1/2 or PALB2-mutated PDAC trea-
ted with platinum-based therapy as compared to patients
with non-BRCA1/2 or PALB2-mutated PDAC.>* In addi-
tion to objective response, survival benefits have also been
reported in retrospective studies. Golan et al (2014)
reported a series of 71 patients with deleterious germline
BRCAI1/2 mutation and advanced pancreas cancer who,
when treated with platinum-based therapy, experienced
an improved overall survival (OS) as compared to those
who were treated with non-platinum based regimens (22

months vs 9 months p= 0.039).>> Similarly, a study by

Reiss et al (2018) also reported a survival benefit in
patients with germline BRCAI/2 or PALB2-mutated
PDAC when they were treated with platinum therapy in
comparison to patients without germline alterations (21.8
months vs 8.1 months, p<0.001).5 Finally, Yu et al (2018)
reported a trend towards improved median OS with neoad-
juvant platinum-based therapy in patients with resectable
PDAC and pathogenic germline mutations in BRCAI1/2 or
PALB2 as compared to patients without pathogenic germ-
line mutations (not met vs 23.1 months, p=0.07).%’

In a prospective Phase IB/II trial, Jameson et al (2019)
studied gemcitabine, nab-paclitaxel, and cisplatin in an
unselected cohort of 25 patients that included three patients
with BRCA2, two with ATM and one with RAD51.>® The
median OS of the three patients harboring BRCA2 ranged
from 39.8 to 45.3 months and all three patients experienced
a partial radiographic response. Furthermore, one patient
with germline ATM alteration and concomitant germline
MUTYH alteration experienced a complete response to the
triplet therapy. Recently, O’Reilly et al (2020) evaluated
combination gemcitabine and cisplatin with or without
veliparib in patients with germline BRCA1/2 or PALB2-
mutated PDAC via a prospective randomized Phase II clin-
ical trial. They reported an impressive response rate of
65.2% and a disease control rate of 78.3% with gemcitabine
and cisplatin indicating significant activity and effectively
establishing the combination, according to the authors, as
current standard of care in advanced PDAC with pathogenic
germline BRCA1/2 or PALB2 mutation.> It is unclear how-
ever, whether or not gemcitabine with cisplatin is superior
to FOLFOX or FOLFIRINOX in this patient population.
Pre-clinical data suggests that cisplatin may be more effec-
tive than oxaliplatin in BRCA-mutated and HRD PDAC.*°
Ultimately, additional prospective randomized control stu-
dies testing distinct platinum combinations are needed.

PARP Inhibition as Maintenance

In recent years, PARP inhibitors (PARPi) have emerged as
a novel class of targeted therapy with significant activity in
breast, ovarian, and HRD-PDAC.®'"** These agents inter-
fere with base excision repair by binding to the catalytic
domain of PARP, which prevents PARylation and thus
traps PARP to the single-strand DNA break. This prevents
repair and leads to an accumulation of single-strand DNA
lesions, which degenerate into DNA double strand
breaks.®>*® HRD tumor cells, including those with loss
of function BRCA mutations, therefore undergo cell cycle
arrest and apoptosis when exposed to these agents.
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Efficacy of PARPi was initially demonstrated in BRCA-
mutated breast and ovarian cancers and these agents have
since been applied to PDAC. An early retrospective series
by Lowery et al (2011) described three patients with
BRCA-mutated PDAC who achieved a partial radiographic
response to treatment with a PARPi, either alone or in
combination with gemcitabine.5 3 Olaparib, a PARPi, has
been studied in a phase II clinical trial in 23 patients with
germline BRCA-mutated advanced PDAC in the second
line setting after failure to gemcitabine. This treatment
resulted in a median progression free survival (PFS) and
OS of 4.6 and 9.8 months, respectively.” Another PARP1,
veliparib, was tested in the first-line setting in 16 patients
with germline BRCAI/2 or PALB2-mutated advanced
PDAC in a single arm phase II study. One patient experi-
enced a partial response (6%), four patients had stable
disease (25%), and the remainder experienced disease
progression. The overall median PFS for these patients
was 52 days.®® More recently, a phase II study of yet
another PARPI, rucaparib, in 16 patients with BRCA1/
2-mutated PDAC demonstrated a disease control rate of
31.6%. Two patient experienced a complete response
(12.5%), two patients achieved a partial response
(12.5%), and two experienced stable disease (12.5%).
Interestingly, three of these patients had BRCA2 somatic
mutations while the remainder had germline BRCAI/2
mutations.'* An additional phase II clinical trial is study-
ing rucaparib as maintenance monotherapy in patients with
advanced PDAC and pathogenic germline or somatic
mutations in BRCA1/2 or PALB2 who have not progressed
on first line platinum therapy. Preliminary data presented
at American Association for Cancer Research (2019)
showed an ORR of 36.8% (six partial response and one
complete response) and a disease control rate of 89.5% for
at least eight weeks. At the time of report, eight of 24
patients had been on treatment for six months and two
patients remained on treatment for greater than one year,
indicative of prolonged benefit.'®

In July of 2019, results of the POLO trial were reported.
In this study, patients with metastatic germline BRCA1/
2-mutated PDAC who had achieved at least stable disease
after four months of platinum-based chemotherapy were
randomized to receive either maintenance olaparib or pla-
cebo. Of the 3315 patients who were screened for the study,
154 patients underwent randomization and efficacy analy-
sis. This was a highly selected group of patients who were
thought to respond to PARPi based on a dual selection
criteria. Patients could not have had disease progression

for at least 16 weeks of platinum-based chemotherapy and
had to harbor a germline BRCA mutation. Maintenance
olaparib improved median PFS over placebo (7.4 vs 3.8
months, respectively), but it did not extend OS by the time
the data was reported (18.9 vs 19.1 months). Only 46% of
the participants had met the endpoint at the time of data
report.”” The reason for the lack of OS benefit was likely
due to resumption of platinum-based chemotherapy in the
placebo group as well as a subset of patients receiving off
label PARPi. A criticism of the study was the cessation of
chemotherapy in the control arm, which is generally not
standard practice. Despite the lack of an interim overall
survival benefit, this trial clearly demonstrates that PARPi
are effective agents in BRCA-mutated pancreas cancer,
which led to the FDA approval of olaparib on 12/27/2019
in PDAC with known BRCA germline mutation. This trial
highlights the potential of PARPi as a chemotherapy-
sparing agent. Refer to Table 3 for ongoing clinical trials
of other PARPi as monotherapy in PDAC with HRD.

PARP Inhibition in Combination Therapy
Given that PARPi and platinum agents act on distinct
DNA repair pathways, it has been hypothesized that the
combination therapy may represent a synthetically lethal
and synergistic therapeutic strategy in HRD-PDAC.
O’Reilly et al (2018) reported the results of a Phase
I trial testing the combination of veliparib, gemcitabine,
and cisplatin in patients with germline BRCA1/2 mutated
and wild-type (WT) PDAC. They reported an objective
response in seven out of nine patients with BRCAI/
2-mutated PDAC (77.8%) with a median OS of 23.3
months as compared to no objective responses and
a median OS of 11 months in patients with BRCA-WT
PDAC.” A follow-up randomized phase II trial by
O’Reilly et al (2020) studied gemcitabine and cisplatin
with or without veliparib in patients with advanced germ-
line BRCAI1/2 or PALB2-mutated PDAC. The authors
found a non-significant benefit in response rate between
the two arms (74.1% (with veliparib) vs 65.2% (without
veliparib), p=0.55). Additionally, no significant OS or PFS
benefit was seen with addition of veliparib to chemother-
apy. The results of this trial established gemcitabine and
cisplatin’s efficacy in patients with advanced PDAC har-
boring germline BRCA1/2 or PALB?2 alterations. However,
addition of PARPi concurrently with chemotherapy failed
to demonstrate clinical benefit in this study, possibly due
to increased hematologic toxicity leading to a greater num-
ber of dose reductions.”® At this time, a maintenance
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Table 3 Clinical Trials Utilizing PARPi Monotherapy

Treatment | Clinical Phase | Status Patient Eligibility and Primary Secondary Endpoints
Trials Population Exclusion Endpoints
Identifier
Olaparib NCT02677038 | Il Active, -PDAC patients with | -Stage IV Objective I. OS
Recruiting | HRD (BRCAness) -One line of prior response 2. PFS
-Germline BRCAI/2 | therapy for metastatic | rate 3. CAI9-9,
excluded disease 4. Toxicity
Rucaparib NCTO03140670 | I Active, PDAC with -Stage Ill or IV Number of | N/A
Recruiting | Germline or -Patients currently on adverse
Somatic BRCAI/2, platinum therapy for events
PALB2 mutations advanced PDAC and
not have progressed
Niraparib NCT03601923 | Il Active, PDAC with -Stage Il & IV PFS I. Overall response rate
Recruiting | Germline or -One line of prior 2. OS
Somatic BRCAI/2, therapy for metastatic 3. Safety and tolerability
PALB2, CHEK2, or disease
ATM mutations

Abbreviations: CA 19-9, Cancer antigen 19-9; PDAC, Pancreas Ductal Adenocarcinoma; PFS, Progression Free Survival; OS, Overall Survival.

strategy with single agent PARPi continues to be the
current standard given the lack of survival benefit demon-
strated by this trial.

Several clinical trials testing combination PARPi with
a DNA damaging agents have completed accrual, but
results are pending (Table 4). It is not yet clear what agent(s)
are ideal to combine with PARPi. Preclinical data suggests
that topoisomerase inhibitors may be more synergistic with
PARPi than platinum agents due to increased catalytic
PARP inhibition.”" This effect may lead to increased toxi-
city in the clinical setting and as a result, topoisomerase and

PARP inhibitors may have been more difficult to combine
though attempts are ongoing (Table 4). Neoadjuvant and
adjuvant studies evaluating DNA damaging agents with
PARPi are likely to follow based on efficacy established
in the metastatic setting. Since platinum-based therapy
likely affords an overall response, it is likely to remain the
backbone for neo-adjuvant and adjuvant therapies.

Finally, other combinations treatments utilizing PARPi
are currently being tested in other malignancies, including
lung, breast and prostate. Combining PARPi with other
DNA repair pathway inhibitors (ATR, WEEI), targeted

Table 4 Clinical Trials Utilizing Combination of DNA Damaging Agents with PARPi

Treatment | Clinical Phase | Status Patient Population Eligibility | Primary Secondary Endpoints
Trials and Endpoints
Identifier Exclusion
ABT-888 NCTO01489865 | I/l Active, Metastatic PDAC with BRCAI/ | No Dose Objective response rate
With Not 2, PALB2, FANC genes or strong | limitation Limiting
Modified Recruiting | family history suggestive of on Toxicities
FOLFOXé breast/ovarian cancer previous
syndrome lines of
therapy
FOLFIRI or | NCT02890355 | Il Active, Unselected cohort of patients | Only one (6N I. Toxicity
Modified Not with Metastatic PDAC previous 2. PFS
FOLFIRI Recruiting line of 3. Overall Response Rate
and therapy 4. Disease control rate
Veliparib prior 5. Duration of response

Abbreviations: PDAC, Pancreas Ductal Adenocarcinoma; PFS, Progression Free Survival; OS, Overall Survival.
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therapies aimed at oncogenes that directly or indirectly
influence the homologous recombination pathway (RAS,
PI3K), and PD-1/PD-L1 blockade all have clear rationale
and are being actively studied in the pre-clinical and
clinical setting.””> However, these combination treatments
have yet to be thoroughly tested in PDAC as of yet and
warrants further study.

Treatment Challenges
Toxicity
While effective, platinum-based chemotherapy regimens
are often limited by cumulative dose-limiting toxicities
such as sensory neuropathy, nephrotoxicity and bone mar-
row suppression. In advanced PDAC, FOLFIRINOX is
considered the regimen of choice for patients with good
performance status (ECOG 0-1) based on data published by
Conroy et al (2011).”* The authors observed a significantly
greater proportion of patients treated with FOLFIRINOX
experiencing grade 3 or 4 neutropenia (45.7% vs 21%),
febrile neutropenia (5.4% vs 1.2%), thrombocytopenia
(9.1% vs 3.6%), diarrhea (12.7 vs 1.8%), and sensory neu-
ropathy (9.0% vs 0%) in comparison to patients treated with
gemcitabine alone. Gemcitabine-based platinum regimens
appear more tolerable but afford a greater adverse event
profile compared to gemcitabine alone. Heineman et al
(2006) observed increased nausea and emesis with combi-
nation gemcitabine and cisplatin compared to gemcitabine
alone (22.2% vs 5.9%). However, they found that less than
15% of their overall patient cohort experienced a grade 3 to
4 hematologic toxicity suggesting tolerability.”* In a phase
I/IIb trial, Jameson et al (2019) tested the combination of
gemcitabine, nab-paclitaxel and cisplatin and observed that
12 (48%) and nine (36%) patients experienced a grade 3 or
4 toxicity, respectively.’ ® The majority of these grade 3 or 4
toxicities were hematologic with thrombocytopenia and
anemia being the most common. Two patients experienced
a grade 5 adverse event that was considered treatment
related. Despite the adverse events, of the 22 patients trea-
ted with the combination at the recommended phase II dose
(gemcitabine at 1000 mg/m?, nab-paclitaxel at 125mg/m*
and cisplatin at 25mg/m?), 14 (64%) patients completed
three or more cycles, eight (36%) completed six or more
cycles, and four (18%) completed nine or more cycles
suggesting durable tolerability of the regimen.

In comparison to combination cytotoxic therapy, single
agent PARPi’s appear to be generally better tolerated.
Anemia (11%), fatigue or asthenia (5%), and anorexia

(3%) were the most common grade 3 or greater side-
effects experienced by patients receiving olaparib in the
POLO trial. Only 5% of patients required permanent dis-
continuation of the drug as compared to 2% in the placebo
arm due to adverse event. Only 35% and 16% of patients
required dose interruptions and dose reductions of olaparib
due to adverse event, respectively.®’

Expected hematologic toxicity of combination PARPi
and platinum-based chemotherapy is likely to result in
dose-limiting toxicity. In a recent phase I trial where 17
patients with PDAC were treated with the combination of
gemcitabine, cisplatin and veliparib, two patients experi-
enced grade 4 neutropenia and three experienced grade 4
thrombocytopenia beyond the initial dose-limiting period.
Two grade 5 adverse events were also noted on study from
likely treatment related AML and non-treatment related
colonic perforation.”® The follow up Phase 2 trial studying
gemcitabine, cisplatin, with or without veliparib, in
patients with advanced PDAC demonstrated twice as
many grade 3 and 4 hematologic adverse events in the
combination arm as compared to the chemotherapy only
arm. They found that 14 (52%) and 15 (55%) of their
patients receiving combination therapy experienced grade
3 to 4 anemia and thrombocytopenia, respectively. Eight
(35%) and two (9%) patients in the chemotherapy only
arm experienced grade 3 anemia and thrombocytopenia,
respectively. No grade 4 hematologic toxicity was seen in
the chemotherapy only arm. Notably, 20 (74%) patients
receiving combination PARPi and chemotherapy required
dose reduction or discontinuation due to toxicity as com-
pared to six (26%) patients in the chemotherapy only
arm.>® This trial clearly highlights the poorer tolerability
and increased toxicity of combination therapy. Given the
potential superior efficacy of combination therapy, further
study design to identify better tolerated doses and sche-
dules, which remain efficacious, is warranted.

Resistance

Acquired resistance to both platinum-based chemotherapy
and PARPi is well described in patients with BRCA1/
2-related cancers. Several mechanisms have been proposed,
including epigenetic changes, accumulation of somatic
mutations that restore the homologous repair functions of
BRCA1/2, upregulation of drug efflux pumps, and down
regulation of drug influx pumps.”>””” Preclinical and clin-
ical studies have suggested that these acquired and intrinsic
mechanisms provide overlapping resistance to both PARPi
and platinum therapy.”®*° In addition, prolonged exposure
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to platinum salts and/or PARP1 are thought to exert selective
pressure on clones with secondary mutations. Clearly, stu-
dies to both detect the emergence of primary and secondary
resistance mechanisms and investigate options to circum-
vent them are needed.

Non-Germline BRCA Biomarkers
Non-BRCA Germline Mutations

As additional treatment options become available, there is
tremendous interest in identifying predictive biomarkers to
help guide therapy selection. Germline mutations that are
intimately involved with BRCAI/2 and the homologous
repair pathway such as ATM, PALB2, ATR, RAD 5I,
CHEK?2, FANCA, and BRIPI have also been implicated
as potential targets for both DNA damaging agents and
PARPi. Preclinical and clinical data have suggested that
both platinum and PARPi may have activity in a number
of germline mutations that confer HRD.*'** For example,
Villaroel et al (2011) reported a 61-year-old patient whose
patient derived xenograft failed to respond to single agent
gemcitabine but responded to mitomycin-c (MMC). The
patient was found to have a germline PALB?2 alteration and
complete sequencing of the patient’s tumor revealed
bi-allelic of PALB2. He
treatment with MMC for 22 months, which resulted in
a radiographic response and normalization of cancer anti-
gen 19-9 (CA19-9).** In another case, Chan et al (2015)
reported a patient with PDAC and coexisting low grade

inactivation underwent

neuroendocrine pancreas tumor with a PALB2 mutation
who experienced clinical improvement and normalization
of CA 19-9 levels after treatment with gemcitabine and
cisplatin.®® PALB2 is currently considered an equivalent
HRD biomarker to BRCA1/2 germline alterations.>*¢->"-3
Whether other germline mutations in the HRD pathway
are equivalent HRD biomarkers to BRCAI/2 remains
unknown. Germline mutations in PALB2, ATM, CHEK?
are currently being investigated in clinical studies testing
PARP inhibitors (Table 3).

Somatic Mutations

Somatic BRCA1/2 and other HRD gene mutations are
increasingly being detected with the use of widespread
genomic testing. Somatic mutations in BRCAI and
BRCA2 have been reported in up to 9% of unselected
patients with PDAC.'*'> There is growing evidence
demonstrating that ovarian and prostate tumors with
somatic BRCAI/2 mutations respond to treatment with

PARPi and DNA damaging agents.®***°! Furthermore,
outcomes for patients with somatic BRCA mutations trea-
ted with PARPi appear be similar to that of patients with
germline BRCA mutations.®**? Shroff et al (2018) tested
rucaparib in a phase II study in patients with PDAC
harboring germline or somatic BRCA1/2 mutations. Three
of 19 patients harboring a somatic BRCA2 mutations were
treated and two of these patients experience an objective
radiographic response, one of which was a complete
response.'* Lowery et al (2017) reported results from 50
patients with somatic mutation in one or more genes
associated with DNA damage response including
BRCA1/2, FANCA, ATM and ATR of whom 17 patients
(34%) experienced a partial response to platinum-based
therapy. However, the authors concluded that the presence
of these genes failed to enrich patient’s response to plati-
num-based chemotherapies.'> This is perhaps due to the
heterogeneity and mosaicism of tumor HRD that could be
present in the setting of these somatic mutations. Clearly,
further studies are necessary to elucidate the degree of
HRD these somatic mutations confer and who would ben-
efit from HRD direct treatments. Table 3 details studies
evaluating PARPI in patients with PDAC and HRD-related
somatic genes.

BRCAness

Recently, the term “BRCAness” has entered use in clinical
practice as biomarker for tumor HRD. It is used to
describe sporadic cancers that share molecular features
with germline BRCAI/2 mutated cancers and denotes
a set of characteristics that reflect distinct consequences
of mutations in the homologous repair pathway.'':'*%
Whole genome sequencing in PDAC has identified
a subset of tumors with the BRCAness phenotype suggest-
ing that these tumors may respond to DNA damaging
agents and PARPi. It is thought that a variety of somatic
mutations in several of the homologous repair genes, such
as BRCA1/2, ATM, PALB2, CHEKI, RAD51, and FANCA
can contribute to the BRCAness phenotype.'""'* The fre-
quency of each of these individual gene mutations within
the DNA repair gene family are thought to be less than
<5%, slightly greater in BRCA1/2, however, collectively
these genes affect approximately 14% of PDAC.'>>>%4
The key advantage of using BRCAness as a biomarker
over individual somatic mutations in the homologous
repair pathway is that it takes into account the degree to
which a tumor is HRD. PARPi have been studied in the

context of somatic mutations but why some patients

submit your manuscript

2738

Dove

Cancer Management and Research 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Wong et al

respond and others do not maybe due to the BRCAness of
the tumor. At this time, there is an ongoing phase II trial
studying the effectiveness of olaparib in PDAC demon-
strating the BRCAness phenotype in the absence of germ-
line HRD genes. Preliminary data from this trial reported
that of the 32 patients treated, 2 and 11 patients experi-
enced a partial response and stable disease for at least 16
weeks, respectively (NCT02677038)."

Conclusions

Recent advances in treatments have made identifying
patients with tumor HRD through mutations within the
homologous repair pathway, such as BRCAI/2, criti-
cally important. This underlies the current NCCN
recommendation that all patients with PDAC be tested
for germline mutations. Treatments aimed at targeting
HRD such as platinum agents and PARPi may greatly
improve survival. Furthermore, single agent PARPi as
maintenance therapy in patients with BRCA 1/2-mutated
PDAC has demonstrated benefit and affords a reduced
toxicity compared to standard combination cytotoxic
therapy. In patients with good functional status, com-
bination therapy with platinum and PARPi may repre-
sent a new treatment option though toxicity may be
a concern.

The frequency of germline mutations in the homolo-
gous repair pathway like BRCA1/2 represents a small pro-
portion of patients with PDAC. However, there is evidence
that germline BRCA1/2 mutations represent only a subset
of PDAC that harbor HRD and that several other distinct
biomarkers exist to elucidate these HRD tumors. Somatic
mutations within the HRD pathway and the BRCAness
characteristics of tumors are likely to further expand the
group of patients with PDAC who will potentially derive
benefit from HRD-directed therapies. Elucidating these
nuances will help to broaden the scope of these targeted
treatments and improve the outcomes of patients with
HRD-PDAC.
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