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ABSTRACT

Background Poly (ADP-ribose) polymerase (PARP)
inhibition (PARPi) has demonstrated potent therapeutic
efficacy in patients with BRCA-mutant ovarian cancer.
However, acquired resistance to PARPi remains a major
challenge in the clinic.

Methods PARPi-resistant ovarian cancer mouse models
were generated by long-term treatment of olaparib

in syngeneic Brca1l-deficient ovarian tumors. Signal
transducer and activator of transcription 3 (STAT3)-
mediated immunosuppression was investigated in vitro
by co-culture experiments and in vivo by analysis of
immune cells in the tumor microenvironment (TME) of
human and mouse PARPi-resistant tumors. Whole genome
transcriptome analysis was performed to assess the
antitumor immunomodulatory effect of STING (stimulator
of interferon genes) agonists on myeloid cells in the TME
of PARPi-resistant ovarian tumors. A STING agonist was
used to overcome STAT3-mediated immunosuppression
and acquired PARPi resistance in syngeneic and patient-
derived xenografts models of ovarian cancer.

Results In this study, we uncover an adaptive resistance
mechanism to PARP inhibition mediated by tumor-
associated macrophages (TAMs) in the TME. Markedly
increased populations of protumor macrophages are
found in BRCA-deficient ovarian tumors that rendered
resistance to PARPi in both murine models and patients.
Mechanistically, PARP inhibition elevates the STAT3
signaling pathway in tumor cells, which in turn promotes
protumor polarization of TAMs. STAT3 ablation in tumor
cells mitigates polarization of protumor macrophages and
increases tumor-infiltrating T cells on PARP inhibition.
These findings are corroborated in patient-derived, PARPi-
resistant BRCA1-mutant ovarian tumors. Importantly,
STING agonists reshape the immunosuppressive TME

by reprogramming myeloid cells and overcome the
TME-dependent adaptive resistance to PARPi in ovarian
cancer. This effect is further enhanced by addition of the
programmed cell death protein-1 blockade.
Conclusions We elucidate an adaptive
immunosuppression mechanism rendering resistance to
PARPi in BRCA1-mutant ovarian tumors. This is mediated

1,2,4,9

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Tumor cell-intrinsic resistance mechanisms to poly
(ADP-ribose) polymerase (PARP) inhibitor (PARPi)
in BRCA-mutant cancer, that is, BRCA reversion
mutations.

WHAT THIS STUDY ADDS

= In this study, we elucidate an enrichment of pro-
tumor macrophages derived from enhanced signal
transducer and activator of transcription 3 signaling
in BRCA1-null tumor cells on PARPi that eventually
renders PARPi-resistance, providing a tumor cell-
extrinsic resistance mechanism in BRCA1-deficient
ovarian cancer. Moreover, we show for the first time
that stimulator of interferon genes (STING) agonism
reprograms myeloid cells in the tumor microenvi-
ronment (TME) of PARPi-resistant ovarian tumors
and overcomes the resistance.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= There are several folds: (1) An enrichment of tumor-
associated macrophages (TAM) score might be a
meaningful biomarker for the responsiveness of
tumors to PARPi in both preclinical and clinical re-
search; (2) Reprogram TAMs with STING agonism
reshapes the TME and TAM-induced therapeutic
resistance; (3) A combined STING agonist and pro-
grammed cell death protein-1 blockade might be an
effective approach to overcome PARPi-resistance in
the clinic.

by enrichment of protumor TAMs propelled by PARPi-
induced STAT3 activation in tumor cells. We also provide a
new strategy to reshape the immunosuppressive TME with
STING agonists and overcome PARPi resistance in ovarian
cancer.

BACKGROUND
Homologous recombination (HR) deficiency
is a common event in human malignancies.
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BRCAI and BRCAZ2, key players in HR-mediated DNA
repair, are frequently mutated in ovarian, breast, pancre-
atic and prostate cancers. Based on the concept of
synthetic lethality between poly (ADP-ribose) polymerase
(PARP) inhibition and BRCA deficiency, PARP inhibitors
(PARPi) have been developed for the treatment of BRCA-
deficient tumors.! * Growing numbers of PARPi have
received Food and Drug Administration approval owing
to their promising therapeutic efficacy in the clinic, espe-
cially in ovarian cancer.” Notably, recent studies showed
that maintenance treatment with a PARPi improved
progression-free survival in all subsets of patients with
platinum-sensitive, recurrent, high-grade ovarian cancer,
with the greatest benefit in the patients harboring
BRCA1/2 mutations.”® We and others recently reported
that, in addition to synthetic lethality, PARP1 elicits potent
antitumor immune responses, which can be further
enhanced by immune checkpoint blockade (ICB).'""
These preclinical findings are further supported by
recent results from clinical trials of PARPi in combination
with ICB.""°

While PARPi has changed the landscape of ovarian
cancer treatment, resistance to PARPi is emerging in
the clinic; and appropriate management of patients
with PARPi-resistant tumors is a pressing concern. A
number of mechanisms underlying resistance to PARPi
have been identified in both clinical and preclinical
studies, including restoration of HR, decreased PARP
trapping, dysregulation of the cell cycle and enhanced
drug efflux.'’ 1% 7 Reversion mutations in BRCA1/2 have
been discovered as a major molecular mechanism of HR
restoration and PARPi resistance in ovarian cancer. Of
note, recent studies report that approximately 20-40% of
recurrent ovarian cancers acquire reversion mutations in
BRCA1/2."% ' While most of these studies have focused
on tumor cell-intrinsic resistance to PARPi, recent find-
ings suggest that tumor microenvironment (TME) may
play a role in the PARPi resistance. For example, PARPi
are found to induce an immunosuppressive microenvi-
ronment in breast cancer.*”*! It remains unclear whether
the TME also plays a role in PARPi resistance in ovarian
cancer.

Here, using our recently developed syngeneic orthot-
opic mouse model of Brcal-deficient ovarian cancer, we
found that, while tumors responded to olaparib initially,
they eventually developed resistance over time, thus
modeling acquired secondary resistance to PARP inhi-
bition. Surprisingly we found that the majority of these
tumor cells retain sensitivity to PARPi in vitro. Further
analysis of these tumors revealed an increased signal trans-
ducer and activator of transcription 3 (STAT3) signaling
pathway induced by olaparib in the tumor cells, which in
turn induced polarization of protumor M2-like macro-
phages both in vitro and in vivo. We further demonstrated
that stimulator of interferon genes (STING) agonism
efficiently reprogrammed M2-like macrophages and acti-
vated other myeloid cells in TME, thereby overcoming the
TME-dependent secondary resistance to PARP inhibition

in both mouse and human ovarian cancer models. Thus,
our findings reveal a novel mechanism underlying
secondary resistance to PARPi in ovarian cancer and
provide a new rational treatment option to improve the
therapeutic outcomes of patients with ovarian cancer
with acquired resistance to PARP inhibition.

METHODS

Generation of PARPi-resistant ovarian cancer mouse models
The Brcal-deficient ovarian cancer mouse model-PBM
(Trp53_/_; Brcal™™; c-Myc) was previously developed
in FVB/NJ mice in our laboratory.”> PBM tumor cells
were orthotopically transplanted into 6-8 weeks old
female syngeneic FVB/N]J mice and treated with vehicle
control or olaparib (AZD2281) daily at a dose of 50 mg/
kg body weight. The PBM tumors initially responded
well to olaparib treatment but relapsed after long-term
treatment. The tumor cells derived from refractory
tumor-bearing mice (one cell line from each treated
mouse), terms PBM-R (PARPi-refractory/resistant PBM
tumors/cell lines), were cultured in MOT (mouse
ovarian tumor) media: Dulbecco's Modified Eagle
Medium (DMEM) /F12, 0.6% fetal bovine serum (FBS),
10ng/mL Epidermal Growth Factor (EGF), 10 pg/mL
insulin, hydrocortisone 1pg/mL, cholera toxin 1ng/
mL, 100 pg/mL penicillin-streptomycin, 5 pM Y27632)
for further evaluation.

Cell lines and patient-derived xenografts models

UWBI1.289 cells were purchased from American Type
Culture Collection (ATCC) and authenticated using
short tandem repeat analysis (Promega GenePrint V.10
system). UWBI.289 cells were cultured in epithelial
complete growth medium [50% ATCC-formulated RPMI
(Roswell Park Memorial Institute)-1640 medium, 50%
MEGM (Mammary Epithelial Cell Growth Medium) and
3% FBS]as described previously.'” Brcal-null ID8 cells
were previously generated in our laboratory by CRIS-
PR-Cas9 technology. The ovarian cancer patient-derived
xenografts (PDX) were established at Dana-Farber
Cancer Institute by intraperitoneally (i.p.) implanting
tumor cells that isolated from patients’ ascites into irra-
diated nude mice.” The established PDX models were
maintained in our laboratory by i.p. transplantation in
NOD/SCID IL2Rgnull mice (NSG, The Jackson Labo-
ratory). The ovarian PDX cells could be cultured in the
epithelial complete growth medium for about 3—4days
for in vitro experiments.

Tumor growth and treatment

The PBM and PBM-R tumor cells were transplanted
orthotopically into 6-8 weeks old female syngeneic
FVB/NJ mice to generated tumors for drug evaluation.
Tumor-bearing mice were randomized into control and
treatment groups according to the luminescent inten-
sity as previously described.'? Olaparib (AZD2281) was
administered daily by i.p. injection at a dose of 50 mg/kg
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body weight. MSA-2 was prepared by diluting 50 mg/mL
stock in DMSO (Dimethyl sulfoxide) with phosphate-
buffered saline (pH 8.0) and administered every other
day (three times a week, 2weeks on followed by 1week
off) by i.p. injection at a dose of 25 mg/kg body weight.
The endpoints were determined by tumor burden
and ascites. For the PDX in vivo experiments, about
3x10°PDX tumor cells were mixed with 8x10° human
bone marrow mononuclear cells in serum-free DMEM /
F12 medium containing 50% Matrigel (CAT# 70001,
STEMCELL Technology) and i.p. transplanted into
4-week-old female NOD/SCID IL2Rgnull mice (NSG,
The Jackson Laboratory). About 3weeks after injection,
PDX-bearing mice were randomized into four groups
according to the luminescent intensity and treated with
vehicle control, olaparib, MSA-2 and olaparib in combi-
nation with MSA-2 using the same dosing and schedule
that have been described above. Ascites was harvested
for analysis after 3weeks’ treatment.

Statistics

All experimental findings were replicated successfully.
Numbers of attempts of replication are described in
the Figure Legends. Statistical analysis was performed
using Prism V.9 (GraphPad Software). Unpaired two-
tailed Student’s t-test for normally distributed data and
Mann-Whitney non-parametric test for skewed data that
deviate from normality were used to compare two condi-
tions. Sample size was estimated by power analysis. One-
way analysis of variance with Bonferroni’s post hoc test
for normally distributed data and Kruskal-Wallis non-
parametric test for skewed data were used to compare
three or more means. Differences with p<0.05 were
considered statistically significant.

RESULTS

BRCA1-deficient ovarian tumors develop acquired resistance
to PARP inhibition

Previously, we generated a syngeneic, genetically engi-
neered mouse model of ovarian cancer driven by concur-
rent ablation of Brcal and Trp53 and overexpression of
¢-Myc, termed PBM, which recapitulates highly aggressive
serous carcinomas of human ovarian cancer.'* While PBM
tumors had an initial robust response to PARP inhibition,
most of the tumors eventually progressed on olaparib
treatment (termed PBM-R, figure 1A,B)."* To investigate
the mechanism(s) underlying this secondary resistance
to PARPi in our BRCAl-deficient ovarian tumor model,
we harvested 12 PBM-R tumors and established primary
cell lines from each of them (figure 1B). Strikingly, 11
out of 12 PBM-R tumor lines were sensitive to PARPi in
vitro with 1C,; values comparable to naive PBM tumor
cells (~0.5pM) (figure 1C). Only PBM-R3 tumor cells
were highly resistant to olaparib in vitro with an IC, of
4.19pM, about eight-fold higher than that of naive PBM
tumor cells.

The olaparib-sensitive PBM-R tumor cells had
apparent DNA damage signals at the baseline level,
which were significantly elevated on olaparib treat-
ment as measured by histone H2AX phosphorylation at
Seine 139 (YH2AX), similar to that of naive PBM cells
(figure 1D). In contrast, PBM-R3 cells had a low DNA
damage signal at both baseline and after olaparib treat-
ment (figure 1D). Whole exome sequencing analysis of
PBM-R lines revealed that only PBM-R3 tumor cells had
copy number gains in multiple genes involved in DNA
repair pathways (online supplemental figure S1). It has
been shown that compromised DNA damage signaling
and/or increased DNA repair, that is, BRCA rever-
sion mutations and copy number gains of DNA repair
genes, are associated with resistance to PARPi.'® **™
While the reversion mutations in Brcal were not seen
in the olaparib-resistant Brcal-null tumors, PBM-R3
has acquired reversion mutations to HR-deficiency that
abolished its DNA damage response.

Since the majority of the secondary resistant PBM-R
tumor cell lines were responsive to olaparib in vitro, we
further confirmed that these PBM-R tumors (PBM-R is
PBM-RI if not specified in the rest of the manuscript)
were indeed resistant to PARPi in vivo when orthotopi-
cally retransplanted to syngeneic host mice (figure 1E).
Together, these results suggest that a tumor extrinsic
mechanism and/or interactions of tumor-host factors
may play an important role in PARPi resistance in vivo.

Protumor macrophages are enriched in the TME of PARPi-
resistant ovarian tumors

To explore a putative tumor cell-non-autonomous mech-
anism underlying PARPi resistance in Brcal-deficient
ovarian tumors, we profiled immune cells in the TME of
PBM and PBM-R tumors as well as ascites of tumor-bearing
mice by flow cytometric analyses (figure 2A, online
supplemental figure S2A,B). While the populations of
total CD11b", tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells (MSDCs) were similar
in PBM and PBM-R tumors, the proportion of protumor
(M2-like, major histocompatibility complex (MHC)-
I1"°"CD206") macrophages was significantly increased in
PBM-R tumors as compared with PBM tumors (figure 2B,
online supplemental figure S2C,D and I). No significant
changes in tumor-infiltrating CD4%, CD8" and regula-
tory T cells (Treg) cells were observed comparing PBM
and PBM-R tumors (online supplemental figure S2E-G).
Analysis of immune cells in ascites found that both TAMs
and M2-like macrophages were significantly increased in
PBM-R tumor-bearing mice compared with PBM-tumor
bearing mice (figure 2C). These results indicate that
PBM-R tumors might have acquired protumor TAMs in
the TME.

To investigate this further, we isolated bone marrow
cells (BMCs) from naive FVB mice and cultured them
with ascites supernatant collected from PBM or PBM-R
tumor-bearing mice (figure 2A,D). In comparison to
PBM ascites, PBM-R ascites induced a much more robust
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differentiation of BMCs into myeloid cells (CD11b")
and macrophages, as well as polarization toward M2-like
macrophages (figure 2D,E, online supplemental figure
S2H). In parallel, we also assessed the effects of PBM
and PBM-R tumor cells on macrophages in vitro. We
prepared bone marrow-derived macrophages (BMDMs)
from naive FVB mice and cultured them with condi-
tioned medium (CM) collected from PBM tumor cell
culture supernatants (PBM-CM) or PBM-R tumor cell
culture supernatants (PBM-R-CM) (figure 2F). PBM-
R-CM promoted M2-like polarization of macrophages ex
vivo with a significantly higher M2/MI1 ratio compared
with PBM-CM (figure 2G). These data suggest that

PBM-R tumors and ascites strongly promote M2-like
macrophage formation in the TME.

PARP inhibition upregulates STAT3 signaling pathway in

tumor cells, which in turn promotes protumor macrophage
polarization

To investigate the mechanism underlying PBM-R cells’
ability to cause M2-like macrophage polarization, we
performed RNA sequencing transcriptome analysis of
PBM and PBM-R tumor cells. Gene Set Enrichment
Analysis (GSEA) revealed that the STAT3 signaling
pathway was significantly activated in PBM-R tumors
when compared with the PBM tumors (figure 3A). Flow
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cytometric analysis also showed that PBM-R tumor cells
had a higher level of phosphorylated STAT3 (p-STAT3)
at Y705 than PBM tumor cells (figure 3B). This obser-
vation was further confirmed by immunohistochem-
istry analysis of p-STAT3 in PBM and PBM-R tumors
(figure 3C). We next asked whether PARPi contributes
to the increased level of p-STAT3 in PBM and PBM-R
tumor cells. Following treatment of PBM and PBM-R
tumor cells with olaparib by flow cytometry and western
blotting analyses, we found that, while p-STAT3 levels
were increased in both cultured PBM and PBM-R
cells in a dose-dependent manner, PBM-R cells have
a markedly higher baseline pSTAT3 than that of PBM
cells (figure 3D,E online supplemental figure S3A).

Moreover, PBM-R cells had a greater increased p-STAT3
level than PBM cells on olaparib treatment (figure 3E).

We next carried out a co-culture experiment of BMDMs
cultured with CM collected from PBM or PBM-R cells
treated with or without olaparib (figure 3D). We first
determined that olaparib by itself had little effect on
macrophage polarization at the concentration of 0.5 and
1.0pM (online supplemental figure S3B). Notably, the
M2/MI ratio is much higher in BMCMs co-cultured with
CM from PBM-R cells compared with BMCMs co-cultured
with CM from PBM cells (figure 3F). However, the CM
collected from PBM cells treated with olaparib was able to
raise the M2/M1 ratio in BMDM:s to a comparable level to
that of CM from PBM-R cells (figure 3F).
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BMDMs cultured in CM from PBM-R with or without knockdown of STAT3. (J) Tumor burden of mice transplanted with PBM-R
tumor cells expressing control or STAT3 shRNAs and treated with olaparib or vehicle control. (K, L) Flow cytometric analysis of
total TAMs and the ratio of M1-like and M2-like macrophages (K), CD4* and CD8" effector T cells (L) in olaparib-treated PBM-R
tumors expressing control or STAT3 shRNAs in (J). CM, conditioned medium; BMDMs, bone marrow-derived macrophages;
PARP, PARP, poly (ADP-ribose) polymerase; PARPI, PARP inhibitors; p-STAT3, phosphorylated STAT3; STAT3, signal transducer
and activator of transcription 3; TAM, tumor-associated macrophages; PBM, Trp53'/'Brca1'/'Myc; PBM-R, PARPi-resistant PBM;
MFI, median fluorescence intensity; GSEA, Gene Set Enrichment Analysis.
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Cytokine array analyses indicated that several STAT3-
regulated chemokines (CCL2, CX3CLl, CCL20 and
CXCL1) were significantly increased in the CM of
olaparib-treated PBM cells on olaparib treatment and
PBM-R tumor cells treated with the same dose of olaparib
have higher levels of these cytokines in the culture media
than that of PBM tumor cells (figure 3G).*** Blockage
of these chemokines partially abrogated the effect of
olaparib-treated PBM cells on the promotion of protumor
macrophage polarization (figure 3H). These data suggest
that PARPi-induced STAT3 activation in tumor cells might
contribute to the M2-like polarization of macrophages.

To determine whether the activation of STAT3 in tumor
cells is responsible for M2-ike macrophage polariza-
tion in PARPi-resistant BRCA1l-deficient ovarian tumors,
we silenced Stat3 in PBM-R tumor cells with lentivirus-
mediated shRNAs targeting different regions of the
murine Stat3 gene and confirmed reduced expression
of both Stat3 and p-Tyr705-Stat3 in PBM-R tumor cells
(online supplemental figure S3C). PBM-R-shStat3 cells
had significantly reduced potential to induce M2-like
macrophage polarization as shown by the ratio of M2/M1
macrophages cultured with CM from PBM-R-shStat3 cells
(PBM-R-shStat3-CM) compared with CM from PBM-R
tumor cells (PBM-R-shCtl-CM) (figure 3I). Notably, while
STAT3 knockdown in PBM-R cells did not affect tumor
cell responses to olaparib treatment én vitro (online
supplemental figure S3D), PBM-R-shStat3 tumor cells
became sensitive to olaparib treatment in vivo (figure 3J).
Flow cytometric analyses of tumor-associated immune
cells in PBM-R-shCtl and PBM-R-shStat3 tumors revealed
that PBM-R-shStat3 tumors had markedly decreased
M2-like TAMs without significant alterations in Ml-like
macrophages as compared with PBM-R-shCtl tumors
(figure 3K). Moreover, CD4" and CD8" T cells were signifi-
cantly increased in PBM-R-shStat3 tumors compared with
PBM-R-shCtl tumors (figure 3L). These data suggest
that upregulation of the STAT3 pathway in tumor cells
induced by PARPi contributes to M2-like TAM formation
and resistance to PARPi in BRCA-deficient ovarian cancer
mouse models-

Increased p-STAT3 in tumors is tightly associated with
increased protumor macrophages in patient BRCA-mutant
ovarian tumors acquired resistance to PARPi

In line with our finding in mouse ovarian tumors, a
recent study reported that PARPi activates STAT3 in
both tumor and immune cells and promotes resistance
to PARPi in patients with ovarian cancer.”® Using these
same pairs of matched tumor samples before and after
PARPi treatment from BRCA mutation-carrier patients
who had developed resistance after PARPi treatment, we
focused our analysis on TAMs by immunofluorescence
(IF) staining with (CD68"), M1-like (CD86") and M2-like
(CD163") macrophages (figure 4A). Our results showed
that protumor macrophages significantly increase d in
tumor samples from a patient with ovarian cancer who
had developed resistance after PARPi therapy as reflected

by increased ratio of M2/MI (figure 4B). Further analysis
by IF showed elevated phosphorylation of STAT3 at Y705
in tumor cells closely correlated with increased ratio of
M2/M1 in the post-PARPi tumor samples when compared
with pre-PARPi counterparts (figure 4, C and D). In addi-
tion, analysis of tCyCIF and NanoString messenger RNA
expression data sets from patients with ovarian cancer in
the TAPOCIO clinical trial study also showed an enrich-
ment of STAT3 signaling in the tumors with a higher ratio
of M2/MI1 (online supplemental figure S3E). Together,
these data demonstrate an increased STAT3 signaling
with enrichment of protumor macrophage found in the
TME of PARPi-resistant BRCAl-mutant ovarian tumors in
patients after PARPi treatment, suggesting that immuno-
suppressive macrophages with enhanced STAT3 signaling
in tumors on PARPi treatment may contribute to thera-
peutic resistance to PARPi in BRCA-deficient ovarian
cancer patients.

STING agonists reprogram TAMs and activate dendritic cells in
the TME of PBM-R tumors

While targeting the STAT3 signaling pathway is emerging
as a promising strategy for cancer treatment, developing
STATS inhibitors for clinical use remains challenging.”
We and others have found that the STING pathway acti-
vation in immune cells can remodel an immunesuppres-
sive TME by antagonizing MDSC expansion and altering
immunosuppressive  TAMs into immune-activating
subtypes.”™ More recently, we found that STING
agonism can repolarize M2-like macrophages to M1-like
macrophages and overcome the resistance of BRCAI-
deficient breast tumor models to PARP inhibition.”® We
sought to test whether STING agonists can change the
immunosuppressive TME in PBM-R tumors to overcome
acquired TME-dependent resistance to PARPi. To test the
effect of STING agonist on macrophage polarization in
vitro, we derived BMDMs from naive FVB/NJ mice and
incubated them with PBM-R-CM, followed by treating the
BMDMs/PBM-R-CM co-culture with vehicle control or
STING agonists, MSA-2 or ADU-S100, both of which can
bind to human and mouse STING (figure 5A).37 ¥ Addi-
tion of either MSA-2 or ADU-S100 significantly increased
M1/M2 ratio (figure 5B) as analyzed by flow cytometry,
suggesting that STING agonists shifted macrophages
towards the M1-like subtype.

To investigate this further in vivo, PBM-R tumor cells
were intraperitoneally (i.p.) injected into FVB/N]J mice
to allow the expedited formation of ascites with immu-
nosuppressive TME. We then treated PBM-R tumor
ascites-bearing mice with olaparib and MSA-2 either as
single agents or in combination for 24 hours (figure 5C).
Myeloid cells (CD45°CD11b") were isolated from the
ascites of PBM-R tumor-bearing mice after treatment
using a CD11b" positive selection kit. Transcriptomic
analysis of these myeloid cells revealed that, while
olaparib had little effect on the myeloid cells in ascites,
MSA-2 alone increased the expression of genes associated
with antigen processing and presentation as well as type
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transducer and activator of transcription 3.

I interferon activation in these myeloid cells (eg, Flg2,
Tapl, PsmbS, Ctss, Psmb9, Tap2 and B2m) (figure 5D).
Specifically, MSA-2 strongly inhibited the expression of
genes associated with protumor MZ2-like macrophages
(Inl, Plxdc2, Tgfv2, Ltbpl, Alox15, etc), and concurrently
upregulated expression of genes associated with anti-
tumor property of M1-like macrophages (Ccl5, Ly6a, Ly6i,
1118bp, Ifi44, etc). Notably, the combination of olaparib
and MSA2 further reversed the expression of genes asso-
ciated with antitumor or protumor macrophages and
markedly upregulated the expression of genes associated
with type I interferon and MHC class I antigen presenta-
tion (figure 5D).

Gene ontology analysis revealed that, in addition to
macrophages, MSA-2 alone or in combination with
olaparib also greatly increased signals for myeloid leuko-
cyte mediated immunity, neutrophil activation, type I
interferon pathway signaling and T-cell activation signals
(figure 5E). Flow cytometric analyses showed that, in
addition to repolarizing M2-like macrophages to M1-like
status, MSA-2 treatment also significantly decrease total
number of TAMs in the ascites of MSA-2 treated mice
paralleled by increased populations of CD11b"'CD11c"
MHC-1" myeloid dendritic cells (DCs) and STING
pathway activation in this subset of DCs (figure 5F,G,
online supplemental figure S4A-C). These data suggest

that STING agonist treatment shifted the entire myeloid
cell population toward the antitumor status in the TME of
PBM-R ovarian tumor in vivo.

We have previously shown that an intact STING pathway
in DGCs is important for the therapeutic efficacy of PARPi
in vivo in Brcal-deficient ovarian tumors.'* We recently
found that intact STING in macrophages is also essential
for reprogramming TAMs associated with breast cancer.
To test if intact STING is also required for reprogram-
ming of TAMs in ovarian tumors, we derived BMDMs
from STING knockout mice (STING™") and wild-type
mice (C57BL/6). In this experiment, we chose Brcal-null
ID8 cells, generated via CRISPR-Cas9 technology from a
syngeneic murine ovarian tumor model in the C57BL/6
background.'”” When STING WT or KO BMDMs were
cultured with CM derived from ID8-sgBrcal cells that had
been treated with olaparib, they were polarized toward
an M2-like population with a dramatically reduced M1/
M2 ratio (figure 5A,H). Notably, MSA-2 robustly shifted
M2-like to Ml-like population of WI' BMDMs but not
STING-KO BMDMs (figure 5H). In parallel, we injected
Brcal-null ID8 cells into the peritoneal cavity of STING
WT and KO C57BL/6 females and treated these recip-
ients with MSA-2. Flow cytometric analysis of ascites
collected from these mice demonstrated that the STING
agonist reprogrammed M2-like WT but not KO STING
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of the ratio of M1/M2 (F) and major histocompatibility complex-I" myeloid DCs (CD11b* CD11c") (G) in the ascites of PBM-R
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TAMs into M1-like status (figure 51,]). Our data also indi-
cate that olaparib had little effect on the modulation of
TAMs directly. These data demonstrate that reprogram-
ming of protumor TAMs by a STING agonist depends on
an intact STING in the macrophages.

STING agonism overcomes immunosuppressive TME-
dependent adaptive resistance to PARPi in mouse models of
Brca1-deficient ovarian cancer

Since STING agonism can reshape the immunosuppres-
sive TME in the ascites of PBM-R as shown above, we next
investigated whether a STING agonist is able to over-
come the PARPi resistance driven by immunosuppres-
sive intratumoral TME of PBM-R tumors. PBM-R tumor
cells were injected into the ovarian bursa of FVB/N]J
mice and tumors formed around 10 days after injection
without overt ascites (figure 6A). These tumor-bearing
mice were randomized into four groups and subjected
to control, olaparib, MSA-2 or combination treatment as
indicated to evaluate the response of PBM-R tumors and
intratumoral immune cells without confounding effect
from ascites (figure 6A). While MSA-2 or olaparib alone
had little effect on tumor growth, combined MSA-2 and
olaparib treatment significantly suppressed PBM-R tumor
growth, with 60-70% inhibitory effect when compared
with the control group (figure 6B). Flow cytometric anal-
ysis of intratumoral immune cells revealed that combined
MSA-2 and olaparib treatment significantly increased
total numbers of tumor-infiltrating immune cells
(CD45"), with decreased number of TAMs (figure 6C and
online supplemental figure S5A). MSA-2 treatment alone
significantly increased the ratios of M1/M2 in the TME of
PBM-R tumors (figure 6C). MSA-2 in combination with
olaparib not only significantly increased CD11¢"MHC-II*
DCs (CD11¢"MHC-II'CD86" and CD11¢"MHC-II'CD80"),
but also increased MHC-I expression in CD11b"'CD11c”
myeloid DCs (figure 6D). Notably, combined MSA-2 and
olaparib treatment significantly increased total numbers
of tumor-infiltrating T cells (CD3"), both CD4" and CD8"
and their enhanced tumor necrosis factor-o. production
(figure 6E,F, online supplemental figure S5C). Further
analysis of immune cells in the peripheral blood revealed
that, while MSA2 alone was able to increase MHC-I
expression in CD11b"CD11c¢" myeloid DCs in the periph-
eral blood, combined MSA-2 and olaparib elevated both
CD11¢'MHCI" DCs and CD11b"CD11c¢" myeloid DCs in
the blood of PBM-R tumor-bearing mice (online supple-
mental figure S5D). We and others previously reported
that PARPi treatment upregulates programmed death
ligand-1 (PD-L1) expression in tumor cells and blockade
of PD-L1 enhances antitumor effect of PARPi in breastand
ovarian tumors.'**' Our in vivo experiment showed that
addition of anti-programmed cell death protein-1 (PD-1)
antibody significantly enhanced the therapeutic efficacy
of MSA-2 in combination with olaparib in PBM-R tumor-
bearing mice (figure 6G). Analysis of tumor-infiltrating
CD8" T cells revealed that PD-1 blockade markedly
increased total number and cytokine production of CD8"

T cells in PBM-R tumors treated with MSA-2 and olaparib
(figure 6H). The therapeutic efficacy of MSA-2 in combi-
nation with olaparib was further evaluated in PBM-R3
tumor-bearing mice. The result showed that olaparib did
not have a significant inhibitory effect on PBM-R3 tumor
growth, consistent with our in vitro data that PBM-R3
cells do not respond to olaparib due to its intrinsic resis-
tance mechanism. MSA-2 alone and its combination with
olaparib significantly reduced tumor burden in PBM-R3
tumor-bearing mice (figure 6I). Flow cytometric analysis
of tumor-infiltrating immune cells revealed that MSA-2 in
combination with olaparib significantly decreased total
and M2-like TAMs, increased MHC-I expressing myeloid
DCs and CD8" T cells (figure 6],K, online supplemental
figure SHE,F). Additionally, MSA-2 treatment did not
affect STAT3 signaling in both tumors and ascites of
PBM-R tumor-bearing mice (online supplemental figure
S5G,H). Taken together, these data demonstrated that
STING agonists can overcome the immunesuppressive
TME-induced resistance to PARPi in PARPi-resistant
BRCAIl-deficient ovarian tumors by reprogramming
immunosuppressive myeloid cells and PD-1 blockade
further enhances its therapeutic efficacy.

A STING agonist sensitizes PARPi-resistant PDXs to PARP
inhibition via modulation of immunosuppressive TME

To evaluate whether our findings from mouse models
recapitulate in patient samples, we obtained an isogenic
pair of PARPi-sensitive/resistant BRCAl-deficient human
ovarian cancer cell lines (UWB1.289 and UWB1.289/
BRCA1) and two PARPiresistant BRCAl-deficient
ovarian PDX models, DF86 and DF101 for this study® *
(figure 7A). The previous study has indicated that both
DF86 and DF101 had acquired some degree of HR resto-
ration.™ We tested their responsiveness to olaparib in vitro
and found that both PDX models have IC, values higher
than UWB1.289 and lower than UWB1.289 cells restored
with an intact BRCAI (online supplemental figure S6A),
consistent with their partial HR restoration.”™ Moreover,
both had higher p-STAT3 levels compared with UWB1.289
cells which might also contribute to PARPi resistance
(figure 7B). Consistent with our findings in mouse
models, STING agonist MSA-2 was able to reverse M2-like
macrophage polarization of human BMDMs induced
by CM collected from olaparib-treated UWB1.289 cells
(figure 7C). Moreover, M2-like macrophage polarization
of human BMDMs induced by CM from both DF86 and
DF101 cells could be reversed by addition of MSA-2 to the
co-culture system (figure 7D).

To assess whether STING agonism can overcome immu-
nosuppressive TME and resensitize response of resistance
PDX models to PARPi in vivo, we injected DF86 or DF101
cells mixed with primary human bone marrow monocytes
at the ratio of 1:1 into the peritoneal cavity of NSG mice.
These mice were treated with vehicle control, olaparib,
MSA-2 or their combination after 3weeks of injection
(figure 7E). MSA-2 in combination with olaparib signifi-
cantly decreased tumor burden of both PDX models when
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Figure 6 Treatment of PBM-R tumors with a stimulator of interferon genes agonist changes immune profile of TME and
improves tumor’s response to PARP inhibition. (A) Experiment design and treatment scheme of (B). (B) Tumor burden of PBM-R
tumor-bearing mice treated with control, olaparib, MSA-2 and olaparib in combination with MSA-2 for 14 days (n=7). (B-F) Flow
cytometric analysis of tumor-infiltrating immune cells in PBM-R tumor-bearing mice as described in (A) and (B): (C) TAMs*

(left), M1/M2 (right); (D) activated DCs (CD11c*MHC-II*CD86") (left) and MHC-I" myeloid DCs (CD11b* CD11c* MHC-I") (right),
(E) total and TNF-o" CD4* T cells and (F) total and TNF-o." CD8" T cells. (G) Tumor burden of PBM-R tumor-bearing mice treated
with indicated agents for 14 days (n=6~8). (H) Flow cytometric analysis of tumor-infiltrating total and TNF-o* CD8" T cells in
PBM-R tumor-bearing mice as described in (G). (I) Tumor burden of PBM-R3 tumor-bearing mice treated with control, olaparib,
MSA-2 and MSA-2 in combination with olaparib for 14 days (n=6or 7). (J and K) Flow cytometric analysis of tumor-infiltrating
immune cells in PBM-R3 tumor-bearing mice as described in (I): (J) MHC-I" myeloid DCs (CD11b* CD11c* MHC-I*); (K) total and
TNF-o-producing CD8" T cells. Data are presented as median with quartiles. One-way analysis of variance (ANOVA). ns, not
significant; *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. DCs, dendritic cells; i.p., intraperitoneally; PD-1, programmed cell death
protein-1; MHC, major histocompatibility complex; TAM, ; TAM, tumor-associated macrophage; TNF, tumor necrosis factor;
PBM-R, PARPi-resistant PBM.
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Figure 7 Overcoming PARPi-resistance in ovarian PDXs with a stimulator of interferon genes agonist treatment. (A) Diagram of
workflow for (B-D). (B) Detection of phosphorylation level of STAT3 (Y705) by flow cytometry in UWB1.289 cells with or without
olaparib treatment and PARPiI-resistant ovarian cancer patient-derived PDXs (DF86 and DF101) (n=3). (C) Flow cytometric
analysis of human BMDMs cultured in CM from olaparib-treated UWB1.289 cells with or without MSA-2 treatment as described
in (A) for 3days (n=3). (D) Analysis of human BMDMs cultured in CM from PDXs in the presence or absence of MSA-2 (n=3).

(E) Diagram of workflow for (F). (F) Tumor burden of DF86 and DF101 PDX-bearing mice treated with control, MSA-2, olaparib
and MSA-2 in combination with olaparib for 2 weeks (n=4or 5). (G) Analysis of the phenotypes of macrophages (M1/M2) in the
ascites of DF86 and DF101PDX-bearing mice as described in (F). (H) Analysis of the proportion and HLA expression in myeloid

DCs (CD14*HLA-DR") in DF101 PDX-bearing mice with indicated treatment. Data are presented as mean+SD, or median with
quartiles (violin plots). One-way analysis of variance (ANOVA) (C-H). *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. BMDM,
bone marrow-derived macrophage; BMM, bone marrow monocyte; DCs, dendritic cells; HLA, human leukocyte antigen; i.p.,
intraperitoneally; PARP, poly (ADP-ribose) polymerase; PARPi, PARP inhibitors; p-STAT3, phosphorylated STAT3; STAT3, signal

transducer and activator of transcription 3.

compared with control or single agent alone as assessed
by the fold change of intensity of the luciferase signal
(figure 7F). Analysis of tumor-bearing mice revealed
that human immune cells account for more than 20% of
total immune cells in the ascites of all these mice, indi-
cating that a humanized immune microenvironment for

the PDXs in these immunodeficient mice was generated
(online supplemental figure S6B,D). Flow cytometric
analysis of human immune cells in the ascites revealed
that MSA-2 treated groups of mice had an increased M1/
M2 ratio in both models (figure 7G). MSA-2 alone or in
combination with olaparib also significantly decreased
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both the total and M2-like macrophages in DF86 and
DF101 PDX-bearing mice (online supplemental figure
S6B,C). Notably, while the STING agonist alone increased
HLA class I expression in CD14" DCs, combining the
STING agonist with olaparib increased the population of
CD14'HLA-DR" DCs (figure 7H and online supplemental
figure S6D). These data indicated that, consistent with
the results observed in murine tumors, STING agonist
can also reprogram human myeloid cells in mouse model
and change the immunosuppressive TME to improve the
therapeutic efficacy of olaparib in PARPi-resistant PDX
models.

DISCUSSION

PARPi have been some of the most promising targeted
therapies, and most emphatically are the latest break-
through in the management of advanced ovarian cancer.
However, an increasing number of patients eventually
develop adaptive resistance to PARPi, and identifying and
overcoming such resistance remains a challenge in the
clinic." Analyzing tumors that relapsed during PARPi
treatment in our GEM model of Breal-deficient HGSOC
(high grade-serous ovarian cancer) (PBM),"? we found
mainly two types of resistance: (1) Tumor cells exhib-
ited intrinsic resistance to PARP inhibition with acquired
genetic copy number gains of multiple genes in major
DNA repair pathways, including the non-homologous
end joining and HR pathways (figure 1B,C, online supple-
mental figure S1), resembling reversion of DNA repair
deficiency as previously reported®* **; (2) In our Brcal-
null HGSOC model, the majority of relapsed tumors had
developed a non-cell-autonomous resistance mechanism
to PARPi, which is distinct from previously reported tumor
cell-intrinsic mechanisms, such as HR-restoration, drug
efflux pumps or alterations in PARP trapping.'® Indeed,
these relapsed tumors had an immune suppressive TME
featuring significantly increased M2-like TAMs compared
with their primary parental tumors.

STAT?3 signaling has been found to play an important
role in the development of an immunosuppressive TME
and therapeutic resistance.”’™ A recent study reported
STAT3 signaling is upregulated in ovarian tumors
progressed after PAPRi treatment.”” Another recent
report demonstrated that PARP1 poly(ADP-ribosyl)ates
(PARylates) STAT3 and subsequently promotes dephos-
phorylation of STAT3 in ovarian cancer cells, providing
an explanation for the increased phosphorylation level of
STATS3 in tumor cells on inhibition of PARP.** However, to
what extent is the altered STAT3 signaling implicated in
PARPi resistance, and the underlying mechanism remains
unclear. Against this backdrop, we found that olaparib
treatment induced elevated p-STAT3 and IL6-JAK-STAT3
signaling in BRCAl-deficient ovarian tumor cells of both
murine and human models. We further show tumor cells
with elevated STAT3 signaling pathway after PARPi treat-
ment produce higher levels of chemokines, that is, ccl2,
ccl20, cx3cll and cxcll, which in turn promoted M2-like

polarization of macrophages and resistance to olaparib in
a non-cell-autonomous manner.

Current strategies to overcome PARPi resistance are
focused on combining PARPi with inhibitors of the DNA
damage responses or other targeted therapies that can
impair HR in the tumor cells, such as EGFR, IGFIR, VEGF
or the PISK-AKT pathways.” These methods appear
to be inefficient in targeting immunosuppressive TME,
including protumor TAMs. CSFIR blockade has been
frequently employed to target TAMs, however, it can only
deplete TAMs that depend on CSF1/CSFIR signaling for
survival, and most advanced solid tumors do not signifi-
cantly benefit from anti-CSFIR therapy.*® *’ The limited
clinical benefits of anti-CSFIR therapy may also be attrib-
utable to the recruitment of myeloid-derived suppressor
cells, increases of Treg cells and depletion of antitumor
CSFIR" myeloid cells such as DCs and MI-like macro-
phages.”’In contrast, we found that a STING agonist
not only reversed the M2-like TAMs induced by PARPi-
treatment into M1-like antitumor macrophages, but also
increased the number and activation of myeloid DCs with
increased MHC-I expression in both mouse and human
ovarian cancer models. We further showed that a STING
agonist was able to reshape the immunosuppressive TME
by reprogramming the immunosuppressive myeloid cells
and enhance the therapeutic efficacy of PARPi in the
tumors that had acquired TME-dependent secondary
resistance to PARPi.

The effects of STING agonism on TME are multifac-
eted. Our previous study demonstrated that the ther-
apeutic efficacy of PARPi in Brcal-deficient murine
ovarian tumors is dependent on intact STING in the host
immune system, and other studies suggested that tumor
cell-intrinsic STING is important for the recruitment of
CDS8" T cells and antitumor efficacy of PARPi treatment
in lung and breast cancer models."” '**" STING agonism
was also reported to remodel the brain TME and induce
robust NK-mediated antitumor immunity in glioblas-
toma models.” Interestingly, a recent study showed a
negative role of tumor cell-intrinsic STING signaling via
VEGF-A-driven immune resistance in BRCAl-deficient
ovarian cancer.”® We recently reported that the role of
STING signaling in tumor cells and immune cells and
their relative contributions to antitumor immunity and
therapeutic efficacy of PARPi or DDR agents are depen-
dent on both tumor intrinsic features and host immune
status.”® In this current study, we show that functional
STING in myeloid cells is important for a STING agonist
to reprogram TAMs and activate myeloid DCs in the
immunosuppressive TME of PARPi-resistant tumors, thus
restoring the sensitivity to PARP inhibition. Addition of
PD-1 blockade further enhances its therapeutic efficacy
in PARPi-resistant ovarian tumors.

CONCLUSIONS
In summary, our finding demonstrates a new mecha-
nism underlying an adaptive PARPi-resistance in ovarian
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cancers mediated by protumor M2-like macrophages in
the TME induced by tumor cells with elevated p-STAT3
signaling on PARPi-treatment. Our study highlights that,
in addition to evaluating the genetic alternations of PARPi-
resistant tumor cells, a comprehensive analysis of the
TME and signaling pathways in the TME is also important
in the development of approaches to overcome acquired
resistance to PARP inhibition in the clinic. The effective
antitumor immunomodulation of STING agonists in
myeloid cells in both mouse and human PARPi-resistant
tumors provides a new therapeutic strategy to overcome
TME-mediated resistance to PARPi.

Author affiliations

'Cancer Biology, Dana-Farber Cancer Institute, Boston, Massachusetts, USA
“Biological Chemistry & Molecular Pharmacology, Harvard Medical School, Boston,
Massachusetts, USA

3Department of Medicine, Harvard Medical School, Boston, MA, USA

“Broad Institute of Harvard and MIT, Cambridge, MA, USA

SImmuno-Oncology, City of Hope Comprehensive Cancer Center; Duarte, California,
USA

SRespiratory and Critical Care Medicine, The First Affiliated Hospital of Sun Yat-sen
University, Guangzhou, Guangdong, People's Republic of China

"Obstetrics and Gynecology, University of Helsinki, Helsinki, Finland

®Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts, USA
®Harvard Program in Therapeutic Science, Harvard Medical School, Boston, MA,
USA

Contributors LD and JJZ designed and directed the project. LD, AM and QW
performed most of the experiments. LD, AM and JJZ analyzed most of the results.
JFL and GJF provided critical materials for this study. SX and ZL helped with
transcriptome analysis. CQ and XC provided assistance with flow cytometry
experiments. MJK and TJ helped with the mouse experiments. AM, HY, I-ML and AF
contributed to clinical data analysis. JFL, PAK, UM, TMR, GJF and HY contributed to
scientific discussions. LD and JJZ wrote the manuscript with input from H-JK, QW,
TMR, GJF, AM and HY. LD and JJZ are the guarantors of this work.

Funding This work was supported in part by the Early Career Investigator Grant of
Ovarian Cancer Research Alliance (to LD, 649295) Friends of Dana-Farber Cancer
Institute (to LD), Cancer Research Institute Irvington Postdoctoral Fellowship (to
QW, CRI2789), Breast Cancer Research Foundation (to JJZ, BCRF-21-179), NIH P50
CA168504 (to JJZ and GJF), and NIH R35 CA210057 (to JJZ). This work was also
partially supported by the City of Hope Markel-Friedman Accelerator Fund, and
Grants from Rivkin Center for Ovarian Cancer and the Mary Kay Foundation (HY).

Competing interests LD, QW and JJZ are co-inventors of the patent related to
this study (US application 63/148426). QW is a scientific consultant for Crimson
Biopharm. PAK is a scientific consultant for Alkermes, AstraZeneca, Bayer, GSK,
Merck, Pfizer, Tesaro, Mersana, Repare, Kadmon and served as the principal
investigator (PI) of institutional support clinical trial for AstraZeneca, Bayer,

GSK, Merck, Lilly, and BMS. TMR is cofounder of Crimson Biopharm and Geode
Therapeutics, and a SAB member for Shiftbio and K2B Therapeutics. GJF has
patents/pending royalties on the PD-L1/PD-1 pathway from Roche, Merck MSD,
Bristol Myers Squibb, Merck KGA, Boehringer Ingelheim, AstraZeneca, Dako, Leica,
Mayo Clinic, Eli Lilly, and Novartis. GJF has served on advisory boards for Roche,
Bristol Myers Squibb, Origimed, Triursus, iTeos, NextPoint, IgM, Jubilant, Trillium,
GV20, IOME, and Geode. GJF has equity in Nextpoint, Triursus, Xios, iTeos, IgM,
Trillium, Invaria, GV20, and Geode. JFL has served as a scientific consultant for
Genentech/Roche and Bristol Myers Squibb, and has been on advisory boards for
Clovis Oncology, Genentech/Roche, GlaxoSmithKline, Regeneron, AstraZeneca,
and Eisai. JFL has served as the institutional Pl (support to the institution) of
clinical trials by Genentech/Roche, AstraZeneca, Boston Biomedical, Acetylon
Pharmaceuticals, Bristol Myers Squibb, Agenus, CytomX Therapeutics, Regeneron,
Tesaro/GSK, Clovis Oncology, Surface Oncology, 2X Oncology, Vigeo Therapeutics,
Aravive, Arch Oncology and Zentalis Pharmaceuticals. UM has served on the
advisory boards of 2X Oncology, Fujifilm, Immunogen, Mersana, Geneos, and Merck.
JJZ is cofounder and director of Crimson Biopharm and Geode Therapeutics. The
remaining authors declare no competing interests.

Patient consent for publication Not applicable.

Ethics approval Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access repository.
Data are available upon reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Qiwei Wang http://orcid.org/0000-0003-3897-2529
Jean J Zhao http://orcid.org/0000-0002-8106-1918

REFERENCES

1 Farmer H, McCabe N, Lord CJ, et al. Targeting the DNA repair
defect in BRCA mutant cells as a therapeutic strategy. Nature
2005;434:917-21.

2 Chan CY, Tan KV, Cornelissen B. Parp inhibitors in cancer diagnosis
and therapy. Clin Cancer Res 2021;27:1585-94.

3 Mullard A. Parp inhibitors plough on. Nat Rev Drug Discov
2017;16:229.

4 Gonzélez-Martin A, Pothuri B, Vergote |, et al. Niraparib in patients
with newly diagnosed advanced ovarian cancer. N Engl J Med
2019;381:2391-402.

5 Robson M, Im S-A, Senkus E, et al. Olaparib for metastatic breast
cancer in patients with a germline BRCA mutation. N Engl J Med
2017;377:523-33.

6 de Bono J, Mateo J, Fizazi K, et al. Olaparib for metastatic
castration-resistant prostate cancer. N Engl J Med
2020;382:2091-102.

7 Ledermann J, Harter P, Gourley C, et al. Olaparib maintenance
therapy in platinum-sensitive relapsed ovarian cancer. N Engl J Med
2012;366:1382-92.

8 Lee CK, Friedlander ML, Tjokrowidjaja A, et al. Molecular and
clinical predictors of improvement in progression-free survival
with maintenance PARP inhibitor therapy in women with platinum-
sensitive, recurrent ovarian cancer: a meta-analysis. Cancer
2021;127:2432-41.

9 Mirza MR, Monk BJ, Herrstedt J, et al. Niraparib maintenance
therapy in platinum-sensitive, recurrent ovarian cancer. N Engl J Med
2016;375:2154-64.

10 Pantelidou C, Sonzogni O, De Oliveria Taveira M, et al. PARP Inhibitor
Efficacy Depends on CD8* T-cell Recruitment via Intratumoral STING
Pathway Activation in BRCA-Deficient Models of Triple-Negative
Breast Cancer. Cancer Discov 2019;9:722-37.

11 Sen T, Rodriguez BL, Chen L, et al. Targeting DNA damage response
promotes antitumor immunity through STING-mediated T-cell
activation in small cell lung cancer. Cancer Discov 2019;9:646-61.

12 Ding L, Kim H-J, Wang Q, et al. Parp inhibition elicits STING-
dependent antitumor immunity in BRCA1-deficient ovarian cancer.
Cell Rep 2018;25:2972-80.

13 Lee J-M, Annunziata CM, Houston N, et al. A phase Il study of
durvalumab, a PD-L1 inhibitor and olaparib in recurrent ovarian
cancer (OVCA). Annals of Oncology 2018;29viii334.

14 Konstantinopoulos PA, Waggoner S, Vidal GA, et al. Single-Arm
phases 1 and 2 trial of Niraparib in combination with pembrolizumab
in patients with recurrent platinum-resistant ovarian carcinoma.
JAMA Oncol 2019;5:1141-9.

15 Domchek SM, Postel-Vinay S, Im S-A, et al. Olaparib and
durvalumab in patients with germline BRCA-mutated metastatic
breast cancer (MEDIOLA): an open-label, multicentre, phase 1/2,
basket study. Lancet Oncol 2020;21:1155-64.

14

Ding L, et al. J Immunother Cancer 2023;11:005627. doi:10.1136/jitc-2022-005627


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-3897-2529
http://orcid.org/0000-0002-8106-1918
http://dx.doi.org/10.1038/nature03445
http://dx.doi.org/10.1158/1078-0432.CCR-20-2766
http://dx.doi.org/10.1038/nrd.2017.61
http://dx.doi.org/10.1056/NEJMoa1910962
http://dx.doi.org/10.1056/NEJMoa1706450
http://dx.doi.org/10.1056/NEJMoa1911440
http://dx.doi.org/10.1056/NEJMoa1105535
http://dx.doi.org/10.1002/cncr.33517
http://dx.doi.org/10.1056/NEJMoa1611310
http://dx.doi.org/10.1158/2159-8290.CD-18-1218
http://dx.doi.org/10.1158/2159-8290.CD-18-1020
http://dx.doi.org/10.1016/j.celrep.2018.11.054
http://dx.doi.org/10.1093/annonc/mdy285.145
http://dx.doi.org/10.1001/jamaoncol.2019.1048
http://dx.doi.org/10.1016/S1470-2045(20)30324-7

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

D'Andrea AD. Mechanisms of PARP inhibitor sensitivity and
resistance. DNA Repair 2018;71:172-6.

Pettitt SJ, Frankum JR, Punta M, et al. Clinical BRCA1/2

Reversion Analysis Identifies Hotspot Mutations and Predicted
Neoantigens Associated with Therapy Resistance. Cancer Discov
2020;10:1475-88.

Norquist B, Wurz KA, Pennil CC, et al. Secondary somatic mutations
restoring BRCA1/2 predict chemotherapy resistance in hereditary
ovarian carcinomas. J Clin Oncol 2011;29:3008-15.

Lin KK, Harrell MI, Oza AM. amp;lt;em>BRCA</em> Reversion
Mutations in Circulating Tumor DNA Predict Primary and Acquired
Resistance to the PARP Inhibitor Rucaparib in High-Grade Ovarian
Carcinoma. Cancer Discovery 2019;9:210.

Mehta AK, Cheney EM, Hartl CA, et al. Targeting immunosuppressive
macrophages overcomes PARP inhibitor resistance in BRCA1-
associated triple-negative breast cancer. Nat Cancer 2021;2:66-82.
Jiao S, Xia W, Yamaguchi H, et al. Parp inhibitor upregulates PD-L1
expression and enhances cancer-associated immunosuppression.
Clin Cancer Res 2017;23:3711.

Liu JF, Palakurthi S, Zeng Q, et al. Establishment of patient-derived
tumor xenograft models of epithelial ovarian cancer for preclinical
evaluation of novel therapeutics. Clin Cancer Res 2017;23:1263-73.
KimY, Kim A, Sharip A, et al. Reverse the resistance to PARP
inhibitors. Int J Biol Sci 2017;13:198-208.

Kondrashova O, Nguyen M, Shield-Artin K, et al. Secondary Somatic
Mutations Restoring RAD57C and RAD51D Associated with Acquired
Resistance to the PARP Inhibitor Rucaparib in High-Grade Ovarian
Carcinoma. Cancer Discov 2017;7:984-98.

Lin KK, Harrell MI, Oza AM, et al. BRCA Reversion Mutations in
Circulating Tumor DNA Predict Primary and Acquired Resistance

to the PARP Inhibitor Rucaparib in High-Grade Ovarian Carcinoma.
Cancer Discov 2019;9:210-9.

Yang X, Lin Y, Shi 'Y, et al. Fap promotes immunosuppression by
cancer-associated fibroblasts in the tumor microenvironment via
STAT3-CCL2 signaling. Cancer Res 2016;76:4124-35.

Shen Y, Li D, Li B, et al. Up-Regulation of CX3CL1 via STAT3
contributes to SMIR-Induced chronic postsurgical pain. Neurochem
Res 2018;43:556-65.

lkeda S, Kitadate A, Ito M, et al. Disruption of CCL20-CCR6
interaction inhibits metastasis of advanced cutaneous T-cell
lymphoma. Oncotarget 2016;7:13563-74.

Liu X, Tian Y, Lu N, et al. Stat3 inhibition attenuates mechanical
allodynia through transcriptional regulation of chemokine expression
in spinal astrocytes. PLoS One 2013;8:€75804.

Martincuks A, Song J, Kohut A, et al. Parp inhibition activates STAT3
in both tumor and immune cells underlying therapy resistance and
immunosuppression in ovarian cancer. Front Oncol 2021;11:724104.
Wong ALA, Hirpara JL, Pervaiz S, et al. Do STAT3 inhibitors have
potential in the future for cancer therapy? Expert Opin Investig Drugs
2017;26:883-7.

Zhang C-X, Ye S-B, Ni J-J, et al. Sting signaling remodels the tumor
microenvironment by antagonizing myeloid-derived suppressor cell
expansion. Cell Death Differ 2019;26:2314-28.

Jing W, McAllister D, Vonderhaar EP, et al. Sting agonist inflames the
pancreatic cancer immune microenvironment and reduces tumor
burden in mouse models. J Immunother Cancer 2019;7:115.
Downey CM, Aghaei M, Schwendener RA, et al. DMXAA causes
tumor site-specific vascular disruption in murine non-small cell lung
cancer, and like the endogenous non-canonical cyclic dinucleotide
STING agonist, 2'3'-cGAMP, induces M2 macrophage repolarization.
PL0oS One 2014;9:299988.

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Liang H, Deng L, Hou Y, et al. Host STING-dependent MDSC
mobilization drives extrinsic radiation resistance. Nat Commun
2017;8:1736.

Wang Q, Bergholz JS, Ding L, et al. Sting agonism reprograms
tumor-associated macrophages and overcomes resistance to PARP
inhibition in BRCA1-deficient models of breast cancer. Nat Commun
2022;13:3022.

Corrales L, Glickman LH, McWhirter SM, et al. Direct activation of
sting in the tumor microenvironment leads to potent and systemic
tumor regression and immunity. Cell Rep 2015;11:1018-30.

Pan B-S, Perera SA, Piesvaux JA, et al. An orally available
non-nucleotide sting agonist with antitumor activity. Science
2020;369:eaba6098.

Parmar K, Kochupurakkal BS, Lazaro J-B, et al. The Chk1 inhibitor
Prexasertib exhibits monotherapy activity in high-grade serous
ovarian cancer models and sensitizes to PARP inhibition. Clin Cancer
Res 2019;25:6127-40.

Dias MP, Moser SC, Ganesan S, et al. Understanding and
overcoming resistance to PARP inhibitors in cancer therapy. Nat Rev
Clin Oncol 2021;18:773-91.

Yu H, Pardoll D, Jove R. Stats in cancer inflammation and immunity:
a leading role for STAT3. Nat Rev Cancer 2009;9:798-809.

Yu H, Kortylewski M, Pardoll D. Crosstalk between cancer and
immune cells: role of STAT3 in the tumour microenvironment. Nat Rev
Immunol 2007;7:41-51.

Yu H, Lee H, Herrmann A, et al. Revisiting STAT3 signalling in
cancer: new and unexpected biological functions. Nat Rev Cancer
2014;14:736-46.

Ding L, Chen X, Xu X, et al. PARP1 Suppresses the Transcription

of PD-L1 by Poly(ADP-Ribosyl)ating STAT3. Cancer Immunol Res
2019;7:136-49.

Pilié PG, Tang C, Mills GB, et al. State-Of-The-Art strategies for
targeting the DNA damage response in cancer. Nat Rev Clin Oncol
2019;16:81-104.

Ries CH, Cannarile MA, Hoves S, et al. Targeting tumor-associated
macrophages with anti-CSF-1R antibody reveals a strategy for
cancer therapy. Cancer Cell 2014;25:846-59.

Papadopoulos KP, Gluck L, Martin LP, et al. First-In-Human study of
AMG 820, a monoclonal Anti-Colony-Stimulating factor 1 receptor
antibody, in patients with advanced solid tumors. Clin Cancer Res
2017;23:5703-10.

Lopez-Yrigoyen M, Cassetta L, Pollard JW. Macrophage targeting in
cancer. Ann N Y Acad Sci 2021;1499:18-41.

Cannarile MA, Weisser M, Jacob W, et al. Colony-Stimulating factor 1
receptor (CSF1R) inhibitors in cancer therapy. J Immunother Cancer
2017;5:53.

Percin Gl, Eitler J, Kranz A, et al. CSF1R regulates the dendritic

cell pool size in adult mice via embryo-derived tissue-resident
macrophages. Nat Commun 2018;9:5279.

Chabanon RM, Muirhead G, Krastev DB, et al. PARP inhibition
enhances tumor cell-intrinsic immunity in ERCC1-deficient non-small
cell lung cancer. J Clin Invest 2019;129:1211-28.

Berger G, Knelson EH, Jimenez-Macias JL, et al. STING activation
promotes robust immune response and NK cell-mediated tumor
regression in glioblastoma models. Proc Nat/ Acad Sci U S A
2022;119:e2111003119.

Bruand M, Barras D, Mina M, et al. Cell-autonomous inflammation
of BRCA1-deficient ovarian cancers drives both tumor-intrinsic
immunoreactivity and immune resistance via STING. Cell Rep
2021;36:109412.

Ding L, et al. J Immunother Cancer 2023;11:005627. doi:10.1136/jitc-2022-005627

15


http://dx.doi.org/10.1016/j.dnarep.2018.08.021
http://dx.doi.org/10.1158/2159-8290.CD-19-1485
http://dx.doi.org/10.1200/JCO.2010.34.2980
http://dx.doi.org/10.1038/s43018-020-00148-7
http://dx.doi.org/10.1158/1078-0432.CCR-16-3215
http://dx.doi.org/10.1158/1078-0432.CCR-16-1237
http://dx.doi.org/10.7150/ijbs.17240
http://dx.doi.org/10.1158/2159-8290.CD-17-0419
http://dx.doi.org/10.1158/2159-8290.CD-18-0715
http://dx.doi.org/10.1158/0008-5472.CAN-15-2973
http://dx.doi.org/10.1007/s11064-017-2449-8
http://dx.doi.org/10.1007/s11064-017-2449-8
http://dx.doi.org/10.18632/oncotarget.6916
http://dx.doi.org/10.1371/journal.pone.0075804
http://dx.doi.org/10.3389/fonc.2021.724104
http://dx.doi.org/10.1080/13543784.2017.1351941
http://dx.doi.org/10.1038/s41418-019-0302-0
http://dx.doi.org/10.1186/s40425-019-0573-5
http://dx.doi.org/10.1371/journal.pone.0099988
http://dx.doi.org/10.1038/s41467-017-01566-5
http://dx.doi.org/10.1038/s41467-022-30568-1
http://dx.doi.org/10.1016/j.celrep.2015.04.031
http://dx.doi.org/10.1126/science.aba6098
http://dx.doi.org/10.1158/1078-0432.CCR-19-0448
http://dx.doi.org/10.1158/1078-0432.CCR-19-0448
http://dx.doi.org/10.1038/s41571-021-00532-x
http://dx.doi.org/10.1038/s41571-021-00532-x
http://dx.doi.org/10.1038/nrc2734
http://dx.doi.org/10.1038/nri1995
http://dx.doi.org/10.1038/nri1995
http://dx.doi.org/10.1038/nrc3818
http://dx.doi.org/10.1158/2326-6066.CIR-18-0071
http://dx.doi.org/10.1038/s41571-018-0114-z
http://dx.doi.org/10.1016/j.ccr.2014.05.016
http://dx.doi.org/10.1158/1078-0432.CCR-16-3261
http://dx.doi.org/10.1111/nyas.14377
http://dx.doi.org/10.1186/s40425-017-0257-y
http://dx.doi.org/10.1038/s41467-018-07685-x
http://dx.doi.org/10.1172/JCI123319
http://dx.doi.org/10.1073/pnas.2111003119
http://dx.doi.org/10.1016/j.celrep.2021.109412

	STING agonism overcomes STAT3-­mediated immunosuppression and adaptive resistance to PARP inhibition in ovarian cancer
	Abstract
	Background﻿﻿
	Methods
	Generation of PARPi-resistant ovarian cancer mouse models
	Cell lines and patient-derived xenografts models
	Tumor growth and treatment
	Statistics

	Results
	BRCA1-deficient ovarian tumors develop acquired resistance to PARP inhibition
	Protumor macrophages are enriched in the TME of PARPi-resistant ovarian tumors
	PARP inhibition upregulates STAT3 signaling pathway in tumor cells, which in turn promotes protumor macrophage polarization
	Increased p-STAT3 in tumors is tightly associated with increased protumor macrophages in patient BRCA-mutant ovarian tumors acquired resistance to PARPi
	STING agonists reprogram TAMs and activate ﻿dendritic cells﻿ in the TME of PBM-R tumors
	STING agonism overcomes immunosuppressive TME-dependent adaptive resistance to PARPi in mouse models of Brca1-deficient ovarian cancer
	A STING agonist sensitizes PARPi-resistant PDXs to PARP inhibition ﻿via﻿ modulation of immunosuppressive TME

	Discussion
	Conclusions
	References


