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a b s t r a c t

Familial breast and ovarian cancer are often caused by inherited mutations of BRCA1. While current
prognoses for such patients are rather poor, inhibition of poly-ADP ribose polymerase 1 (PARP1) induces
synthetic lethality in cells that are defective in homologous recombination. BMN 673 is a potent PARP1
inhibitor that is being clinically evaluated for treatment of BRCA-mutant cancers. Using the Brca1-defi-
cient murine epithelial ovarian cancer cell line BR5FVB1-Akt, we investigated whether the antitumor
effects of BMN 673 extend beyond its known pro-apoptotic function. Administration of modest amounts
of BMN 673 greatly improved the survival of mice bearing subcutaneous or intraperitoneal tumors. We
thus hypothesized that BMN 673 may influence the composition and function of immune cells in the
tumor microenvironment. Indeed, BMN 673 significantly increases the number of peritoneal CD8þ T cells
and NK cells as well as their production of IFN-g and TNF-a. These data suggest that the cell stress caused
by BMN 673 induces not only cancer cell-intrinsic apoptosis but also cancer cell-extrinsic antitumor
immune effects in a syngeneic murine model of ovarian cancer. BMN 673 may therefore serve as a
promising adjuvant therapy to immunotherapy to achieve durable responses among patients whose
tumors harbor defects in homologous recombination.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Ovarian cancer is the leading cause of death from gynaecological
malignancies, with an overall mortality of 60% [1]. Treatment of
epithelial ovarian cancer is based on the combination of cytore-
ductive surgery and platinum/taxane-based chemotherapy [2],
which are invasive and toxic, respectively. Molecular targeted
agents, such as Poly (ADP-ribose) polymerase (PARP) inhibitors,
represent an exciting new avenue of clinical investigation [3,4].
Inhibition of PARP1, which is involved in DNA base excision repair
selectively kills cancer cells harboring dysfunctional homologous
du (M.S. Goldberg).
recombination, which is a hallmark of BRCA1/2-deficient tumors
[5,6].

BMN 673, (8S,9R)-5-fluoro-8-(4-fluorophenyl)-9-(1-methyl-
1H-1,2,4-triazol-5- yl)-8,9-dihydro-2H-pyrido[4,3,2-de]-phthala-
zin-3(7H)-one, is a highly potent PARP1 inhibitor, with a reported
IC50 of 0.57 nM [7]. While other PARP inhibitors e such as ruca-
parib, veliparib and olaparib e similarly inhibit PARP catalytic ac-
tivity at nanomolar concentrations, BMN 673 confers a cytotoxic
potency that exceeds those of other PARP inhibitors by a factor of
10-fold or greater [8]. BMN 673 is thus the most potent PARP in-
hibitor in clinical development, and its enhanced efficacy may be
attributable to its capacity to trap PARP-DNA complexes [7,8]. Its
impressive antitumor activity is associated with limited toxicity in
BRCA-deficient breast and ovarian cancer patients [9] as well as a
subset of lung cancer patients [10].
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Ovarian cancer is characterized by a progressive peritoneal as-
cites and a highly immunosuppressive tumor microenvironment.
Despite modest improvements in progression-free and median
survival using combination chemotherapy, overall survival rates for
patients with advanced epithelial ovarian cancer remain disap-
pointingly low. Preclinical and clinical studies suggest that the
ovarian tumor microenvironment contributes to tumor progres-
sion, metastasis, and chemotherapy resistance [11,12]. Therefore,
therapies that not only kill cancer cells but also modify the local
microenvironment are worthy of investigation. Specifically, the
ability to recruit and activate cytotoxic lymphocytes can lead to
antitumor immunity.

In this study, we use the Brca1�/�murine ovarian cancer cell line
BR5FVB1-Akt, which has been shown to recapitulate critical char-
acteristics of human epithelial ovarian cancer. With this model, we
provide the first in vitro and in vivo analysis of BMN 673 function in
a murine ovarian cancer model and confirm its ability to induce
apoptosis specifically in the context of Brca1 deficiency. We inspect
its impact on the immune microenvironment, and our data suggest
that BMN 673 may thereby promote the development of antitumor
immunity.
2. Materials and methods

2.1. Drugs and tumor cell lines

BMN 673 was obtained from Selleckchem (Houston, TX).
BR5FVB1-Akt (Brca�/� murine ovarian carcinoma) cells were
generated as described previously [13]. ID8- Vegf (Brcaþ/þ murine
ovarian carcinoma) cells were provided by Dr. Jose Conejo-Garcia
(The Wistar Institute, Philadelphia, PA) and have been described
previously [14]. BR5FVB1-Akt and ID8-Vegf cells were maintained
in DMEM and RPMI-1640 media (Invitrogen, Carlsbad, CA),
respectively, supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine, and 100 U/ml penicillin/streptomycin (Roche,
Indianapolis, IN) in a 5% CO2 atmosphere at 37 �C. 0.5 mM sodium
pyruvate and 3.4 ml/L of b-mercaptoethanol were also added to the
ID8-Vegf media.
2.2. Flow cytometry analysis of cell apoptosis

BR5FVB1-Akt and ID8-Vegf cells were seeded into 12-well plates
at a density of 40,000 cells per well and incubated overnight in 1ml
of complete media. The media was replaced with 1 ml of fresh
media and supplemented with BMN 673 to concentrations of 0.1, 1,
10, and 100 nM for either 48 or 72 h. Cells were collected and
washed once with ice-cold phosphate-buffered saline (PBS). Cell
pellets were stained with APC-conjugated Annexin V and propi-
dium iodide according to the manufacturer's protocol (eBioscience,
San Diego, CA). Analyses were performed on a FACS-Caliber (BD
Biosciences) with CELLQuest software.
2.3. Cell viability assay

BR5FVB1-Akt and ID8-Vegf cells were plated at a density of
10,000 cells per well in 96-well plates in 100 ml complete media.
The cells were treated with BMN 673 at increasing concentrations
(0, 0.1, 1, 10, and 100 nM) for 0, 24, 48 and 72 h. After the appro-
priate incubation time, cell viability was evaluated using the CCK8
assay kit (Dojindo Laboratories, Tokyo, Japan) according to the
manufacturer's instructions, and absorbance was read at 450 nm
using a PerkinElmer 1420 VICTOR 3V multilabel counter (Perki-
nElmer, Waltham, MA, USA).
2.4. Animal model and drug treatment

All animal procedures were performed in compliance with
protocols approved by the Institutional Animal Care and Use
Committee of Dana-Farber Cancer Institute. Six-week-old female
FVB mice were obtained from Charles River Laboratory (Boston,
MA, USA) and kept in a dedicated animal facility with five mice per
cage.

For in vivo experiments, intraperitoneal (i.p.) and subcutaneous
(s.c.) murine tumors were established. To generate i.p. tumors, six-
week-old female FVB mice were injected i.p. with a total volume of
400 ml opti-MEM containing 4 � 106 BR5FVB1-Akt cells. Beginning
four days after i.p. inoculation of cancer cells, the mice (n¼ 5) were
administered BMN 673 (20 mMDMSO stock solution diluted in PBS
for a total volume of 100 ml per mice) or solvent control (DMSO/PBS
mix) via i.p. injection every other day for a total of five doses. The
mice were subsequently monitored for health deterioration and
sacrificed upon ascites development.

To generate murine s.c. tumors, 6 � 106 BR5FVB1-Akt cells in
500 ml opti-MEMmedia were injected s.c. into the back flank of six-
week-old female FVB mice. Beginning four days after s.c. inocula-
tion of cancer cells, the mice (n ¼ 5) were administered BMN 673
(1mg/kg) or solvent control (DMSO/PBSmix) via i.p. injection every
other day for a total of five doses. Established tumors were apparent
by day 22. Briefly, tumor volumes were determined by measuring
the major (L) and minor (W) diameters with an electronic caliper.
The tumor volume was calculated according to the following for-
mula: tumor volume ¼ 2/L � W2. *p < 0.05, versus DMSO control.

2.5. Flow cytometric analysis of tumor-associated leukocytes

BR5FVB1-Akt cells (4 � 106) were injected i.p. into mice (n ¼ 7),
and the animals were sacrificed on day 24 post-injection. Five ml of
PBS were injected into the peritoneal cavity, and the i.p. fluid was
collected. The cells in the i.p. fluid are defined as tumor-associated
leukocytes (TALs). For surface marker staining, the TALs were
stained with PE/Cy7-conjugated anti-mouse CD3, phycoerythrin
(PE)-conjugated anti-mouse CD4, Percp-Cy5.5-conjugated anti-
mouse CD8, APC-conjugated anti-mouse Nkp46, eFluor 450-
conjugated anti-mouse CD19, fluorescein isothiocyanate (FITC)-
conjugated anti-mouse Gr1, PE-conjugated anti-mouse Ly6G, APC-
conjugated anti-mouse F4/80, Percp-Cy5.5-conjugated anti-mouse
CD11c, or APC/Cy7-conjugated anti-mouse CD11b (Biolegend, San
Diego, CA).

For intracellular cytokine staining, the TALs were stimulated
with 20 ng/ml phorbol 12-myristate 13-acetate (PMA) and 1 mg/ml
ionomycin for 6 h, followed by addition of Brefeldin-A (eBioscience,
San Diego, CA) into the media for 2 h. Cells were scraped and
washed in FACS buffer (PBS supplemented with 2% FBS). Cells were
first stained with surface markers, fixed, and then permeabilized
with Cytofix/Cytoperm buffer. Next, a single-cell suspension was
passed through a 70 mm mesh to remove possible cellular aggre-
gates. Intracellular staining was performed using FITC-conjugated
anti-mouse Foxp3, FITC-conjugated anti-mouse IFN-g, and PE-
conjugated anti-mouse TNF-a (Biolegend, San Diego, CA).

A total of 50,000 events were recorded per sample with CELL-
Quest software on a BD FACSAria. Data were analyzed using FlowJo
software.

2.6. Quantitative real-time PCR analysis

qPCR was used to examine the impact of BMN 673 treatment on
the expression of immunoregulatory genes known to be important
in ovarian cancer. BR5FVB1-Akt cells were treated with BMN 673 or
DMSO for 72 h. Relative gene expression was measured using the
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Ambion® Cells-to-CT™ Kit 1-Step Power SYBR® Green Kit (Life
Technologies, Carlsbad, CA) on an Applied Biosystems 7500 real-
time PCR system. qPCR assays were performed in technical tripli-
cate with biological duplicate.

2.7. Statistical analysis

Statistical analysis was performed with GraphPad Prism 5 (La
Jolla, CA, USA). Statistical significance among groups was deter-
mined by a Student t test and one-way ANOVA. Survival groups
were compared using a ManteleCox test. Samples were considered
to be significantly different if p < 0.05.

3. Results

3.1. BMN 673 is cytotoxic to Brca�/� but not Brcaþ/þ ovarian cancer
cells

Consistent with the proposed mechanism of synthetic lethality,
we found that BMN 673 inhibited the proliferation of Brca1�/�

BR5FVB1-Akt cells in a dose-dependent manner but had no effect
on Brcaþ/þ ID8-Vegf cells (Fig. 1A). We showed that the growth
Fig. 1. BMN 673 inhibits cell proliferation and induces apoptosis specifically in the conte
designated concentrations and (A) cell proliferation and (B) cell apoptosis were analyzed. (C
cells. Data are means ± SD of triplicate independent treatment for each time point. *p < 0.
defect was attributable to induction of apoptosis, as evidenced by
flow cytometric analysis. After 72 h of treatment with BMN 673 (0.1,
1, 10, or 100 nM), the percentage of apoptotic cells increased 5e20%
over DMSO control in BR5FVB1-Akt cells, but no obvious changes
were observed in ID8-Vegf cells treated with BMN 673 (Fig. 1B,C).

We confirmed that the effects of BMN 673 results extend to
human ovarian cancer cells, observing similar anti-proliferative and
pro-apoptotic effects in BRCA1-promoter hypermethylated OVCAR8
cells but not in BRCA1-wild type SKOV3 cells (Supplemental Fig. 1).
We then compared the efficacy of BMN 673 with that of olaparib, a
PARP inhibitor that has previously been characterized in preclinical
models of ovarian cancer [15], and determined that BMN 673 in-
hibits cell proliferation to a greater extent than olaparib
(Supplemental Fig. 2), suggesting greater in vitro potency.
3.2. BMN 673 potently inhibits tumorigenicity

The therapeutic potential of BMN 673 was subsequently
examined in vivo, using subcutaneous and orthotopic syngeneic
tumor models. First, BR5FVB1-Akt cells were inoculated subcuta-
neously into FVB mice, and BMN 673 was administered at a dose of
1.0 mg/kg via intraperitoneal (i.p.) injection on days 4, 6, 8, 10, and
xt of Brca1 deficiency. BR5FVB1-Akt and ID8-Vegf cells were treated with BMN 673 at
) The precentage of apoptotic cells are shown for DMSO control- and BMN 673-treated
05, **p < 0.01 versus DMSO control (t-test).
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12 post tumor inoculation. Tumors in mice receiving BMN 673
exhibited a significant reduction in growth relative to control mice,
with 80% of mice achieving a complete response, as evidenced by a
lack of palpable tumor (Fig. 2A). Next, BR5FVB1-Akt cells were
inoculated i.p. into FVB mice, and BMN 673 was administered i.p. at
a dose of 0.1, 0.25, 0.5, 1.0 or 2.5 mg/kg on days 4, 6, 8, 10, and 12
post tumor inoculation. BMN 673 significantly improved mouse
survival relative to DMSO control, even at very low doses. A dose of
1.0 mg/kg was curative to all mice and was well tolerated, as evi-
denced by a lack of weight loss (Fig. 2B). In both settings, only five
doses were administered on alternating days, which is considerably
less than the twice daily oral gavage for 28 consecutive days pre-
viously reported in an immunodeficient model [7]. We thus sought
to determine whether the observed efficacy may have been
mediated in part by immune stimulation.
3.3. BMN 673 treatment alters the composition of tumor-associated
leukocytes

We were thus interested to assess whether BMN 673 treatment
yields immunomodulatory effects in vivo. Orthotopic tumors were
generated, and tumor-bearing mice were treated with DMSO con-
trol or BMN 673 as above. On day 24 post-inoculation, peritoneal
fluid was collected and TALs were analyzed. Representative figures
of flow cytometric analysis of CD4þT cells, CD8þ T cells, B cells, NK
cells, CD4þ regulatory T cells (Tregs), tumor-associated macro-
phages (TAMs) and myeloid-derived suppressor cells (MDSCs) are
shown in Fig. 3A. The percentages of CD8þ cytotoxic T lymphocytes
(BMN 673 23.37% vs. control 13.36%, p ¼ 0.017), B cells (BMN 673
77% vs. control 64.4%, p ¼ 0.004), and NK cells (BMN 673 1.824% vs.
control 0.671%, p ¼ 0.0002) significantly increased in BMN 673
treated-mice compared to those in control mice.

Recently, it has been shown that high expression of the
lymphocyte-recruiting chemokines CCL2 and CCL5 is associated
with the presence of TILs in ovarian cancer [16]. For this reason, we
hypothesized that BMN 673 may induce the expression of these
Fig. 2. BMN 673 inhibits tumor growth and extends survival among FVB mice bearing
6 � 106 BR5FVB1-Akt cells were subcutaneously injected into mice (n ¼ 5 per group), whic
were measured at the indicated time points (left). Mouse survival was monitored over tim
KaplaneMeier survival curve of mice (n ¼ 5 per group) following i.p. inoculation of 4 � 106

kg) on days 4, 6, 8, 10, and 12. Survival was monitored over time and analyzed using the Log
day 66, which represnts a doubling of the median survival for DMSO control-treated mice.
chemokines. Quantitative real-time PCR data confirm that this drug
upregulates these immunomodulatory genes in a dose-dependent
manner (Supplemental Fig. 3), providing insight into the mecha-
nism of lymphocyte homing following BMN 673 treatment.

Whereas the percentage of antitumor immune cells increased,
the percentage of immunosuppressive cells differed between the
lymphocyte and myeloid populations. The percentage of Tregs was
increased (BMN 673 5.096% vs. control 3.056%, p ¼ 0.0199), while
the percentage of MDSCs was decreased (BMN 673 0.1773% vs.
control 0.8611%, p ¼ 0.0169) in BMN 673-treated mice relative to
control mice (Fig. 3B). The percentages of macrophages and CD4þ T
helper cells did not differ significantly, nor did the, CD8þ/Treg ratio.

3.4. BMN 673 treatment enhances the function of tumor-associated
leukocytes

To elucidate the functional capacity of effector leukocytes in the
tumor environment, we evaluated the expression levels of IFN-g
and TNF-a among CD8þ cytotoxic T lymphocytes, NK cells, and
macrophages recovered from control- or BMN 673- treated mice.
Representative figures of flow cytometric analysis of these immune
effector molecules are shown in Fig. 4A. The expression of both IFN-
g and TNF-a was significantly upregulated in both lymphocyte
populations after BMN 673 treatment, though no obvious changes
were observed in macrophages (Fig. 4B). These data suggest that
BMN 673 treatment not only recruits antitumor immune cells but
also promotes their antitumor function in the tumor
microenvironment.

4. Discussion

In the study reported herein, we tested the antitumor activity of
the novel PARP inhibitor BMN 673 in ovarian cancer cell lines and
animal models. Our data indicate that BMN 673 has anti-
proliferative and pro-apoptotic effects on a Brca1-deficient mu-
rine ovarian cancer cell line. ID8-Vegf cells, which are Brca1 wild
syngeneic BR5FVB1-Akt ovarian tumors. (A) In vivo subcutaneous anti-tumor assay.
h were injected i.p. with 1 mg/kg BMN 673 on days 4, 6, 8, 10, and 12. Tumor volumes
e and analyzed using the Log-rank test (right). (B) In vivo orthotopic anti-tumor assay.
BR5FVB1-Akt cells and subsequent i.p. injection of BMN 673 (0.1, 0.25, 0.5, 1, or 2.5 mg/
-rank test; **p < 0.01, ***p < 0.001, versus DMSO control. The experiment was halted on



Fig. 3. BMN 673 treatment alters the balance of immune cells in the peritoneal ascites of tumor-bearing mice. FVB mice were inoculated i.p. with 4 � 106 BR5FVB1-Akt cells
and then treated i.p. with PBS or 1 mg/kg BMN 673 on days 4, 6, 8, 10, and 12. On day 24 post tumor inoculation, a peritoneal wash was performed, and single-cell suspensions were
analyzed by flow cytometry. (A) Representative figures of flow cytometric analyses of TALs from DMSO control- and BMN 673-treated mice. (B) Quantitation of results from A with
statistical results. ns: not significant.
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type, are unaffected by BMN 673 treatment, confirming that the
drug is an on-target PARP1 inhibitor. The synthetic lethal pheno-
type can be observed in any cell that exhibits defective homologous
recombination, whether it is caused by germline or somatic BRCA1
or BRCA2mutations, BRCA1 promoter methylation, or other genetic
and epigenetic abnormalities of genes involved in homologous
recombination [17]. We confirmed that BMN 673 is at least 10-fold
more potent than olaparib in BR5FVB1-Akt cells. While these
findings were consistent with previous studies, the effects of BMN
673 had not yet been reported in an immunocompetent cancer
model.
Fig. 4. BMN 673 treatment enhances the function of CD8þ T cells and NK cells. FVB mice
1 mg/kg BMN 673 on days 4, 6, 8, 10, and 12. On day 24 post tumor inoculation, a peritoneal w
suspensions from the peritoneal wash were stimulated with PMA and ionomycin for 6 h, and
NK cells, or macrophages. (A) Representative results are shown for DMSO control- (gray) and
Our data demonstrate that BMN 673 confers significant thera-
peutic efficacy in immunocompetent ovarian tumor-bearing mice.
We observed that BMN 673 influences the composition and func-
tion of tumor-associated leukocytes in the periotneal cavity. The
percentages of cytotoxic CD8þ T cells, B cells, and NK cells were
increased, while the percentage of immunosuppressive MDSCs
decreased. Many studies have shown that MDSCs promote tumor
progression via multiple suppressive mechanisms [18]. In contrast,
the presence of cytotoxic immune cells, such as cytotoxic CD8þ T
cells and NK cells, within the tumor microenvironment is associ-
ated with a good prognosis in ovarian cancer [19,20]. Moreover,
were inoculated i.p. with 4 � 106 BR5FVB1-Akt cells and then treated i.p. with PBS or
ash was performed, and single-cell suspensions were analyzed by flow cytometry. Cell
stimulated cells were then analyzed for expression of IFN-g and TNF-a in CD8þ T cells,
BMN 673-treated (black) cells. (B) Quantitation of results from Awith statistical results.
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BMN 673 treatment increased production of IFN-g and TNF-a by
these cytotoxic lymphocytes. These cytokines play a critical role in
surveillance against ovarian tumor development [21]. Indeed,
immunodeficient mice that lack these molecules develop tumors
spontaneously [22].

We also observed an increased percentage of tumor-associated
Foxp3þCD4þ Tregs following BMN 673 treatment. The role of
Tregs in ovarian cancer tissue remains unclear, as their presence
has been associated with both decreased survival [11] and
increased survival [23] among ovarian cancer patients. The impact
of these cells may be contingent on other factors in the tumor
microenvironment. Also, we evaluated the presence of Tregs in the
peritoneal cavity rather than in tumor nodules, so the findings from
the previous studies may not be directly comparable. Moreoever,
any potential negative influence by Tregs seems to have been
counterbalanced by the increased percentage of CD8þ T cells. The
ratio of CD8þ/Tregs is important to ovarian cancer patient survival
[19], and this ratio remained unchanged despite the increase in
Tregs.

BMN 673 is a potent member of an exciting new class of anti-
cancer agents that exploit the biologic phenomenon of synthetic
lethality as the basis for their antitumor selectivity. However, its
clinical use is still in its infancy. Data herein reveal an immuno-
regulatory role for BMN 673 that may be critical to shaping anti-
tumor immunity in the tumor-associated immunoenvironment.
Further studies are expected to confirm that BMN 673 can be
combined with existing and emerging immunotherapies to
enhance their efficacy. Indeed, the efficacy of PD-1 pathway
blockade correlates with DNA repair pathway mutations and neo-
antigen burden [24]. Thus, BRCA-deficient tumors are likely to be
sensitive to such a combination therapy, and the inclusion of a PARP
inhibitor is expected to produce even more neoantigens by further
compromising DNA repair.
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