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Despite the promising activity of poly(ADP-ribose) polymerase (PARP) inhibitors (PARPI) in
many cancer types with defects in the DNA damage response the majority of the treated
patients acquire PARPI resistance and succumb to their diseases. Consequently, there is an
urgent need to identify the mechanisms of PARPI resistance. Here, we show that PARPI
treatment promotes STAT3 activation in ovarian cancer cells, tumor-associated immune cells
and fibroblasts, resulting in PARPI resistance and immunosuppression. Comparison of
ovarian cancer patient-matched tumor biopsies before and after PARPI therapy revealed
that STAT3 activity was significantly higher in tumor cells and tumor-associated immune cells
and fibroblasts post PARPI treatment. Moreover, one-time PARPI treatment activated STAT3
bothintumor cells as well as diverse immune subsets and fibroblasts. PARPi-treated immune
cells exhibited decreased expression of immunostimulatory interferon (IFN)-y and Granzyme
B while increasing immunosuppressive cytokine IL-10. Finally, we demonstrate that the
acquisition of PARPiresistance in ovarian cancer cells was accompanied by increased STAT3
activity. Ablating STATS inhibited PARPiI-resistant ovarian tumor cell growth and/or restored
PARPI sensitivity. Therefore, our study has identified a critical mechanism intrinsic to PARPI
that promotes resistance to PARPi and induces immunosuppression during PARPi treatment
by activating STAT3 in tumor cells and tumor-associated immune cells/fibroblasts.

Keywords: PARP inhibition, STAT3, immunosuppression, ovarian cancer, therapy resistance

INTRODUCTION

In recent years, inhibitors of poly(ADP-ribose) polymerase (PARP) have emerged as a promising
new therapeutic approach for ovarian cancer treatment, especially for high-grade ovarian
carcinoma with mutations in the BRCA1 or BRCA2 tumor suppressor genes (1). PARP
inhibition leads to double-stranded DNA breaks during replication, and persistent DNA lesions
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normally repaired by homologous recombination (HR), causing
apoptosis of the BRCA-deficient cancer cells (2, 3). Four PARP
inhibitors (PARPi), Olaparib, Rucaparib, Niraparib, and
Talazoparib are now FDA-approved for ovarian and breast
cancer treatment, and their efficacy depends on BRCA and
homologous recombination deficiency (HRD) status, platinum
sensitivity, and prior lines of therapy (4). However, despite being
one of the most promising new classes of cancer therapeutics,
PARPi face enormous hurdles for ovarian cancer treatment. Not
all BRCA mutation carriers respond well to PARPi treatment,
and among those who achieve an initial response, many
eventually become resistant to the drug (5). Therefore, it is
necessary to understand the primary and secondary resistance
mechanisms to PARPi to improve patient treatment outcomes.

Signal transducer and activator of transcription 3 (STAT3) is a
transcription factor that plays a prominent role in promoting
tumor cell survival/proliferation and invasion, as well as drug
resistance (6, 7). We and others have also demonstrated the
importance of STAT3 in suppressing antitumor immune
responses in both animal tumor models and clinical studies (8,
9). Persistently activated STAT3 in tumor-associated B cells, CD4
+and CD8+ T cells upregulates expression of immunosuppressive
factors while inhibiting immuno-stimulating molecules (10, 11).
In ovarian cancer, persistent STAT3 signaling has also been
demonstrated to promote tumor survival, invasion, and
suppression of antitumor immunity (12, 13), as well as facilitate
resistance to several front-line therapeutics, such as cisplatin and
paclitaxel (14-16). Recently, it has been demonstrated that both
siRNA-mediated and pharmaceutical PARP inhibition leads to an
increase in phosphorylation of STAT3 in ovarian cancer cell lines
through dePARylation, a critical intrinsic property of PARP
blockade, which is responsible for PD-L1 upregulation (17).
However, it remains unknown whether PARPi treatment
activate STAT3 in ovarian cancer patient tumors to promote
therapy resistance, and whether PARPi impact STAT3 activity
in tumor-associated immune cells to suppress their ability to
mount antitumor immune responses.

In the current study, we investigated whether PARPi
treatments in ovarian cancer patients induce STAT3 activation
in tumor cells and the tumor immuno-microenvironment and
whether PARPi-mediated STAT3 activation underlies PARPi
resistance and immunosuppression in ovarian cancer. We
provide evidence that post PARPi treatment phosphorylation of
STAT3 in germline BRCA ovarian cancer patient biopsies is
significantly increased not only in tumor cells but also in tumor-
associated diverse immune cells, as well as cancer-associated
fibroblasts (CAFs). Furthermore, transient PARPi treatment
upregulates STAT3 activation in mouse and human immune
cells, leading to enhanced production of immunosuppressive
cytokines and reduced expression of immuno-stimulating factors
required for T cell-mediated killing of tumor cells. Notably, we
show that STAT3 activation is elevated in Olaparib-resistant
ovarian cancer cells, and genetic or pharmacological STAT3
inhibition can effectively reduce PARPi-resistant cell
proliferation. These results suggest that despite their ability to
induce lethality of tumor cells with BRCA mutations, the intrinsic

STATS3 activating effects of PARPi can reduce PARPI anti-tumor
activity and counteract the efficacies of immunotherapies.

MATERIAL AND METHODS

Patients and Tumor Samples

Female ovarian cancer patient specimens were obtained through a
City of Hope Institutional Review Board approved protocol. We
obtained paired tumor specimens (before and after PARPi therapy)
from 6 patients with germline BRCA mutations. Clinical and
disease progression data were retrieved from medical records
under the same institutionally approved protocol. Samples were
de-identified to protect patient confidentiality. Formalin-fixed and
paraffin-embedded 4 um tissue sections were obtained on glass
slides for subsequent analysis.

Antibodies and Reagents
Key reagents used in this work are listed in Supplementary Table 1.

Cell lines and Maintenance

of Cultured Cells

A2780, OVCARS, OVCAR3, SKOV3, and PEO4 human ovarian
cancer cells were a generous gift from Dr. Edward Wang, City of
Hope Comprehensive Cancer Center, Duarte, CA. PEO1 ovarian
cancer cells were purchased from Sigma (#10032308). Mouse
embryonic fibroblasts (MEFs) and a non-transformed fibroblast
cells (3T3) were a generous gift from Dr. Richard Jove. All cell
lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 mM Glutamine, 2 mM Sodium
Pyruvate, 10% fetal bovine serum (#FB-12, Omega Scientific),
0.2% MycoZap Plus-CL™ mycoplasma elimination reagent
(#VZA-2012, Lonza), and 1% penicillin/streptomycin (#15240-
062, Gibco). All cell lines were routinely tested for mycoplasma
contamination after every six passages using MycoAlertTM
Mycoplasma Detection Kit (#LT07-118, Lonza). Olaparib-
resistant A2780 (A2780 Resistant), OVCAR8 (OVCARS
Resistant) and PEO1 (PEO1 Resistant) cells were generated by
continuous incremental drug selection until cells became
resistant and were cultivated in 25-32 uM Olaparib.

In Vitro Proliferation Assay

Ovarian cancer cells were plated on a 96-well plate in
quadruplicate at 1x10* cells per well overnight. Afterward, cells
were treated with the compounds as indicated in figure legends,
and cell viability was analyzed using CellTiter-Glo® Luminescent
Cell Viability Assay (#G7570, Promega) following the
manufacturer’s instructions. Luminescence was recorded using
Cytation 5 Cell Imaging Multi-Mode Reader (BioTek).

Gene Knockdown

For short-term gene silencing, small-interfering RNA (siRNA)
targeting STAT3 (#sc-29493, Santa Cruz Biotechnology, Inc) was
transfected using RNAiMAX Reagent (#13778030, Thermo
Fischer Scientific) according to the manufacturer’s protocol.
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Unspecific scrambled siRNA (#sc-37007, Santa Cruz
Biotechnology, Inc) was used as a control.

Immunofluorescent Staining and

Confocal Microscopy

Formalin-fixed paraffin-embedded ovarian tumor sections were
de-paraffinized and dehydrated through xylene and ethanol
series, followed by antigen retrieval in high pH Tris-Based
Antigen Retrieval Solution (#H-3301, Vector Labs) as per the
manufacturer’s protocol and tissue staining using fluorophore-
conjugated secondary antibodies was performed as previously
described (18). Confocal imaging of immunofluorescence was
performed with a Zeiss LSM 880 confocal microscope (Zeiss,
Jena, Germany) using 20x and 40x objectives. Staining
quantification was performed by ZEN 2.3 lite software and
plotted in GraphPad Prism 8 software.

Real-Time PCR

RNA extraction, reverse transcription and real-time PCR were
performed as described previously (11). The relative expression
ratio was calculated by the AACt method and plotted using
GraphPad Prism 8 software.

Western Blot Analysis

Cultured cells were lysed and analyzed via immunoblotting as
described elsewhere (19). For signal quantification, the results of
three independent experiments were measured using Image]
(NIH) software and plotted using GraphPad Prism 8 software.

Isolation of Mouse Immune Cells

Freshly isolated total splenic immune cells were obtained as
described before (19). For CD19+ B cell culture, splenic cells
were enriched by magnetic beads using negative selection
EasySep' ' Mouse B Cell Isolation Kit (#19854, StemCell
Technologies). Mouse peritoneal macrophages were isolated as
described elsewhere (20). All mouse immune cells were cultured
in complete RPMI 1640 media containing 10% FBS, 0.2%
MycoZap, and 1% penicillin/streptomycin.

Human Peripheral Blood Mononuclear

Cell Preparation and culture

The use of healthy donor blood samples was approved by the
City of Hope Institutional Review Board under IRB# 21173 and
PBMCs were isolated as described previously (11) cultured in
complete RPMI 1640 media containing 10% FBS, 0.2%
MycoZap, and 1% penicillin/streptomycin. For tumor-
conditioned media (TCM) experiments PBMCs were washed
three times with HBSS and incubated with media derived from
48 h culture of indicated ovarian cancer cell lines in full-
serum media.

Cytokine Measurements Using ELISA

The amounts of secreted IL-10 cytokine in human PBMC
supernatants and IL-6 cytokine in TCM were measured by a
sandwich enzyme-linked immunosorbent assay (ELISA) using
human IL-10 (#430604, BioLegend) and human IL-6 (#430504,
BioLegend) ELISA kits according to manufacturer’s instructions.

Absorbance was read at 450 nm using Cytation 5 Cell Imaging
Multi-Mode Reader (BioTek).

Statistical Analysis

Each experiment was conducted at least three times, and p-values
are listed in figure legends. All statistical analyses were performed
in Microsoft Excel and GraphPad Prism 8 with data represented
as mean * SD. All statistical comparisons were performed using
unpaired two-tailed Student’s t-test, with a p-value of <0.05
considered statistically significant. Statistical significance was
ascribed as #p<0.05, #xp<0.01, #x%p<0.001 and ss#:#:p<0.0001.

RESULTS

STATS3 Activity Is Significantly Elevated in
Cancer Cells in Ovarian Cancer Patient
Tumors After PARPi Treatment

Pharmacologic inhibition of PARP1 with PARPi enhanced the
tyrosine 705 (Y705) phosphorylation of STAT3 (p-STAT3) in
ovarian cancer cell lines, which was mediated by dePARylation
(17). However, it is unknown whether PARPI treatments increase
STATS3 activation in ovarian cancer patient tumors. Therefore, we
compared p-STAT3 levels in six pairs of patient-matched ovarian
carcinoma samples before and after PARPI treatment (three of them
received Niraparib, two Rucaparib, and one Olaparib) from patients
carrying germline BRCA mutations. Complete treatment overview
and timelines for each patient are described in Supplementary
Figure S1. Immunofluorescence staining was used to assess the
levels of p-STAT3 in tumors. The pan-Cytokeratin immunostaining
was used to visualize ovarian tumor malignant cell clusters
(Figure 1A left and Supplementary Figure S2). The relative p-
STAT3 signal was quantified to assess the changes in STAT3
activation post PARPi treatment (Figure 1A right). We detected
significantly higher levels of p-STAT3 in ovarian tumors from five
out of six patients post PARPi therapy compared to the patient-
matched tumor sections prior to PARPi administration. Although
no statistically significant difference was observed in the tumor
sample of patient #6, the p-STAT3 level was already high before
PARPi treatment. These findings suggest that PARPi treatment
increases p-STAT3 levels in the tumor cells in BRCA mutated
ovarian patients.

Short-Term Olaparib Treatment Activates
STAT3 Signaling in Ovarian Cancer Cell
Lines Independent of HR Mutation Status
Although the patient tumors showed significantly elevated p-
STAT3 post PARPi treatments, these patients had undergone
other treatments before PARPI therapy. To validate a potentially
critical role of increasing STAT3 phosphorylation in limiting
PARPi therapy efficacy, we tested the effects of Olaparib in
multiple human ovarian cancer cell lines. We incubated A2780,
OVCARS8, OVCAR3, SKOV3, PEOI1, and PEO4 cells with
Olaparib and measured STAT3 Y705 phosphorylation changes
over vehicle (DMSO) treatment (Figure 1B). Our results showed
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FIGURE 1 | STAT3 phosphorylation is increased in PARPI-treated ovarian cancer patient tumors and cell lines. (A) Representative immunofluorescence images (left)
from ovarian cancer patients with germline BRCA mutations that were stained for p-STAT3 (green) and pan-Cytokeratin (Cyan), while nuclei were stained with
Hoechst (blue). Cytokeratin-stained cell clusters represent malignant tissue. Scale bars = 50 um. Quantification of p-STAT3 before and after PARPI therapy in BRCA-
mutant ovarian patients (right) was performed using ZEN Lite software, normalized to mean nuclear staining, and relative fold change for each patient was plotted
using GraphPad Prism 8. Unpaired two-tailed Student t-test was performed against before controls. Shown are means + SD (n = 9 per sample). *p<0.05, *p<0.01,
and **p<0.001. (B) Western blot measuring activated (P-Y705) and total STAT3 levels in A2780, OVCAR8, OVCARS, SKOV3, PEO1, and PEO4 ovarian cancer cell
lines after treatment with 0.1% DMSO or different concentrations of Olaparib (OVCARS3 and PEO1 were treated with 5 uM, A2780 and OVCARS8 with 10 uM, SKOV3

means + SD. *p<0.05, *p<0.01, and **p<0.001, n.s., not significant.

and PEO4 with 20 p) for 24 h (top). GAPDH immunostaining served as a loading control. Relative band intensities from three independent experiments were
quantified using Imaged software and means are shown + SD (bottom). Unpaired two-tailed Student t-test of Olaparib treated cells performed against vehicle
controls. *p<0.05, *p<0.01, and **p<0.001. (C) Real-time PCR measuring STAT3 target gene BIRC5, MMP9, CCND1, and BCL2L1T mRNA levels in A2780,
OVCARS8, OVCARS, SKOV3, PEO1, and PEO4 ovarian cancer cell lines treated either with DMSO or different concentrations of Olaparib (OVCARS and PEO1 were
treated with 5 pM, A2780 and OVCARS with 10 pM, SKOV3 and PEO4 with 20 uM) for 48 h. Gene expression was normalized to the housekeeper gene ACTB and
relative expressions against vehicle controls are shown. Unpaired two-tailed Student t-test of Olaparib treated cells performed against DMSO controls. Shown are

that Olaparib significantly increased STAT3 phosphorylation in all
six cell lines, irrespective of BRCA mutation status [BRCA2-
mutant PEO1 vs. BRCA2-reconstituted PEO4 (21)]. These
results demonstrate that Olaparib-mediated increase in STAT3
activation is not a cell-type-specific event and is not dependent
on HRD.

Because STAT3 regulates genes that promote cancer cell
survival, proliferation, and invasion (8), we next tested mRNA
expression changes of previously established STAT3 target genes,
BCL2L1, BIRC5, CCND1, and MMP?9 after short-term Olaparib
exposure (Figure 1C). Olaparib increased BIRC5, and MMP9
mRNA levels in all six cell lines, while CCNDI mRNA levels were
upregulated in A2780, OVCAR3 and PEO4 cells, and BCL2L1
expression levels were significantly elevated in OVCARS,
SKOV3, and PEOL1 cell lines. These results collectively show
that Olaparib-mediated STAT3 activation leads to upregulation
of STAT3-downstream tumorigenic gene expression in ovarian
cancer cells with and without HRD.

STATS Signaling Is Upregulated in
Olaparib-Resistant Ovarian Cancer Cells

The mechanisms of PARPI resistance remain poorly understood.
Because increased STAT3 signaling has previously been reported
in paclitaxel- and cisplatin-resistant ovarian cancer cells (14, 16),
we established Olaparib-resistant BRCA-wildtype A2780 (A2780
Resistant), OVCAR8 (OVCARS Resistant), and BRCA2-mutated
PEO1 (PEO1 Resistant) cell lines as described previously (22) to
investigate the potential role of STAT3 in PARPiI resistance.
A2780 cells share molecular features of BRCA-mutant tumors
that correlate with PARPi sensitivity (23), while OVCARS cells,
despite initial BRCA1 promoter methylation (24), are less
sensitive to PARPi due to additional mutations, such as loss of
tumor suppressor p53 (23, 25, 26). PEOL cell line carries a
nonsense mutation that generates a truncated BRCA2 form
incapable of HR (27), reflecting BRCA2-mutated ovarian
cancers. Dose-response curves to Olaparib demonstrated a 7-

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 724104


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Martincuks et al.

PARP Inhibitor-Mediated STAT3 Activation

fold increase in the ICs, of BRCA-wildtype Olaparib-resistant
A2780 Resistant cells (p<0.001, Figure 2A left) and an almost 2-
fold increase in OVCARS Resistant (p<0.05, Figure 2A center)
when compared to their parental cells. BRCA2-mutated PEO1
Resistant cells showed a more than 8-fold increase in Olaparib
ICsy relative to their parental counterparts (p<0.001, Figure 2A
right). We next tested the changes in phosphorylated and total
levels of STAT3 by western blotting of parental and Olaparib-
resistant cell lines (Figure 2B). Our results revealed that both
total and activated STAT3 levels were significantly higher in
Olaparib-resistant cells than their parental counterparts.
Importantly, similar to short-term Olaparib treatment
(Figure 1C), RT-PCR analysis of parental and Olaparib-
resistant A2780, OVCARS, and PEO1 cells showed mRNA
upregulation of several essential tumor-promoting genes, such
as MMP9, VEGFA, CCNDI1, and BCL2LI, which are known

STATS3 target genes (8) (Figure 2C). Consistent with mRNA
data, western blotting of STAT3 target gene protein expression
showed that cells with acquired resistance to Olaparib exhibited
higher basal levels of Mcll, Cyclin D1, VEGF, and Bcl-XL
proteins compared with parental lines (Figure 2D). These data
suggest that increased STAT3 signaling is critical for Olaparib
resistance in BRCA wild-type and BRCA2-mutated ovarian
cancer cells by promoting the expression of genes essential for
proliferation and anti-apoptosis.

Targeting STAT3 Genetically or
Pharmacologically Overcomes Ovarian
Cancer Cell Olaparib-Resistance

Since both siRNA-mediated and pharmacological STAT3
inhibition has been previously shown to reverse paclitaxel and
cisplatin resistance in ovarian cancer cells (14, 15), we tested the
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FIGURE 2 | STATS3 activation is elevated in Olaparib-resistant cell lines and genetic or pharmacological STAT3 targeting inhibits Olaparib-resistant tumor cell
proliferation (A) Drug-response curves of survival after Olaparib treatment of parental and acquired Olaparib-resistant A2780, OVCARS and PEO1 cells at 72 h. Shown
are representative graphs from three independent experiments as means + SD (n = 4). Unpaired two-tailed Student t-test of Olaparib-resistant cells performed against
parental controls at increasing drug concentrations. Shown are means + SD. *p<0.05, *p<0.01, **p<0.001, and ***p<0.0001. (B) Western blot showing activated (P-
Y705) and total STATS levels in parental and Olaparib-resistant A2780, OVCARS, and PEO1 cells. GAPDH staining served as a loading control. (C) Real-time PCR
measuring STAT3 target gene MMP9, CCND1, BCL2L1 and VEGFA mRNA levels in parental and Olaparib-resistant A2780, OVCAR8 and PEO1 cells. Gene
expression was normalized to the housekeeper gene ACTB and relative expressions are shown. Unpaired two-tailed Student t-test of Olaparib-resistant cells
performed against parental controls. Shown are means + SD (n = 3). *p<0.05, *p<0.001, and **p<0.0001. (D) Westemn blot analyzing STAT3 target gene levels in
parental and Olaparib-resistant A2780, OVCARS, and PEO1 cells. GAPDH staining served as a loading control. (E) Cell proliferation analysis of Olaparib-resistant
A2780, OVCARS, and PEO1 cells transfected with either control or STAT3 siRNA. Unpaired two-tailed Student t-test was performed against siRNA controls. Shown
are means + SD (n = 4). (F) Western blotting measuring STAT3 target gene levels in Olaparib-resistant A2780, OVCARS, and PEO1 cells incubated either with either
scramble or STAT3 siRNA for 72 h. GAPDH staining served as a loading control. (G) Western blotting showing STATS target gene levels in Olaparib-resistant A2780,
OVCARS, and PEO1 cells treated either with 0.1% DMSO or Napabucasin (0.5 pM for A2780 Resistant and OVCARS Resistant, 0.25 pM for PEO1 Resistant cells) for
72 h. GAPDH staining served as a loading control. (H) Cell proliferation assay showing the indicated Napabucasin concentrations kill and sensitize Olaparib-resistant
ovarian cancer cells to either 40 uM (for A2780 Resistant and OVCARS Resistant) or 10 uM (for PEO1 Resistant) Olaparib. Unpaired two-tailed Student t-test of
combinatorial Napabucasin and Olaparib treatment performed against single Napabucasin treatment. Shown are means + SD (n=3). *p<0.05, **p<0.001.
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reliance of Olaparib-resistant ovarian cancer cells on STAT3
signaling for survival. We first analyzed relative cell growth after
transient transfection of either control or STAT3 siRNA for 72h
(Figure 2E). STAT3 silencing diminished both BRCA-wildtype
and BRCA2-mutated Olaparib-resistant cell line proliferation
(p<0.001 for A2780 Resistant, p<0.01 for OVCARS8 Resistant
and PEO1 Resistant). Moreover, siRNA-mediated STAT3
inhibition reduced the total protein levels of tumor-promoting
genes Mcll, Cyclin D1, VEGF, and Bcl-XL, suggesting that STAT3
is required for proliferation and survival in Olaparib-resistant
cells (Figure 2F).

To further investigate whether STAT3 targeting could reverse
Olaparib resistance in ovarian cancer cells, we incubated
Olaparib-resistant ovarian cancer cells for 48 h with the
STAT3 inhibitor Napabucasin, which was shown to impair
tumor progression and cisplatin resistance (28). Similar to
genetic ablation, Napabucasin-mediated STAT3 inhibition led
to a significant downregulation of STAT?3 target genes, including
anti-apoptotic Bcl-XL and pro-angiogenic VEGF at protein level
(Figure 2G). In parallel, Napabucasin treatment resulted in cell
growth inhibition for all three Olaparib-resistant cell lines, and
Napabucasin at lower concentrations was able to re-sensitize
Olaparib-resistant BRCA-wildtype and BRCA2-mutated cells to
Olaparib as demonstrated by cell proliferation assay
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(Figure 2H). These findings indicate that STAT3 activity is
required for Olaparib-resistant cell growth and survival, and
STATS3 targeting can kill PARPi-resistant ovarian tumor cells
and/or restore PARPI sensitivity.

PARPi Treatment Elevates STAT3

Activity in Patient Ovarian
Tumor-Infiltrating Immune Cells

and Cancer-Associated Fibroblasts

Stromal cells, such as immune cells and CAFs, play an important
role in tumor progression and resistance to therapies. Although
STAT3 signaling in tumor-associated immune cells is known to
play a critical role in suppressing antitumor immune responses, few
studies have analyzed STAT3 activity in tumor-surrounding
lymphocytes in patient tumors before and after specific
treatments. To test whether PARPi administration could activate
STAT3 in tumor-associated immune cells and thereby limiting
PARP; efficacy by promoting immunosuppression directly through
immune cells, we performed immunofluorescence staining of
specific immune cell subsets from the same six ovarian cancer
patients analyzed in Figure 1A. Immunofluorescent staining and
confocal microscopic analysis of cell surface markers before and
after PARPi administration are shown in Figure 3. We detected
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FIGURE 3 | STATS activity in ovarian cancer patient tumor-associated immune cells and fibroblasts is elevated post PARPI treatment. Representative
immunofluorescence images of tumor sections from six gBRCA ovarian cancer patients before and after PARPI treatment showing p-STATS (green), pan-Cytokeratin
(cyan), and either CD19+ B cells (red) in (A), CD4+ T cells (yellow) in (B), CD8+ T cells (magenta) in (C) or aSMA+ cancer-associated fibroblasts (red) in (D).
Cytokeratin-stained cell clusters represent malignant tissue. Scale bars = 10 um. Histograms (right) showing p-STATS3 expressing cell percentage within indicated
populations. Unpaired two-tailed Student t-test performed against the before treatment group. Results represent means + SD, n = 9 (nine images acquired before
and nine images acquired after PARPI treatment from the same patient, six patients total). “*p<0.01, **p<0.001.
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strong p-STAT3 expression in tumor-infiltrating CD19+ B cells,
CD4+ T cells, and CD8+ T cells only in post PARPi therapy
samples but not in their counterparts before PARPi treatment
(Figures 3A-C). Moreover, strong p-STAT3 upregulation in
immune cells was consistently observed in all six patients
(Supplementary Figures S3-S5).

Similarly, STATS3 signaling in CAFs has been previously shown
to promote stemness, drug resistance, and immunosuppression in
several cancer types, including ovarian cancer (29, 30). Therefore,
we analyzed the same patient tumor samples for CAF marker
OoSMA (alpha-smooth muscle actin) expression and p-STAT3.
Our results showed that in all six patients, p-STAT3 in aSMA+
CAFs were only detectable in tumor sections post-PARPi
treatment, but not in patient-matched biopsies taken before
PARPi therapy (Figure 3D and Supplementary Figure S6). Our
findings collectively indicate that in germline BRCA ovarian
cancer patients, PARPi treatments significantly elevate STAT3
activity in tumor cells and tumor-associated immune cells,
including B cells, CD4+ and CD8+ T cells, and CAFs. Thus,
PARPi treatment may limit antitumor immune responses through
STATS3 activation in immune cells and CAFs.

Olaparib Treatment Promotes STAT3
Activation in Immune Cells and

Fibroblasts and Subsequent
Immunosuppressive Phenotype In Vitro

To confirm and support our findings in ovarian cancer patient
tumors, we investigated Olaparib’s effect on STAT3 activation in
immune cells and fibroblasts. First, we observed that Olaparib
induced STAT3 activation in murine splenocytes (Figure 4A).
Furthermore, treating CD19+ B cells and peritoneal macrophages
from tumor naive mice with Olaparib also activated STAT3
(Figures 4B, C). Additionally, treating mouse 3T3 and MEF
fibroblasts with Olaparib increased p-STAT3 (Figure 4D).

We next determined whether Olaparib could activate STAT3
in human immune cells. Western blotting to detect p-STAT3
showed that Olaparib treatment of human peripheral blood
mononuclear cells (PBMCs) from healthy donors showed
increased STAT3 phosphorylation in all six samples tested
(Figure 4E). These findings further indicate that PARPi-induced
STAT3 activation occurs both in tumor cells and tumor
microenvironment (TME) components. Furthermore, to explore
whether Olaparib-induced STAT3 activation is associated with
inhibition of immune responses, we measured total levels of
interferon (IFN)-y, Granzyme B, and IL-10 mRNA in healthy
donor PBMC samples upon Olaparib treatment. IFN-y and
Granzyme B are well-known immunostimulatory and antitumor
effector molecules produced by cytotoxic T cells (31, 32), both of
which are negatively regulated by STAT3. At the same time, IL-10
is an anti-inflammatory cytokine critical for dampening anti-
tumor immune responses (33) and upregulated by STAT3. We
found that Olaparib significantly lowered IFN-y (IFNG) and
Granzyme B (GZMB) mRNA levels while increasing immune-
suppressive IL10 expression in all three healthy donors’ PBMCs
(Figure 4F). Consistent with these results, ELISA analysis of
PBMC supernatants revealed a marked increase in IL-10 after

Olaparib treatment compared to DMSO-treated control in four
different donors (Figure 4G). These data indicate that Olaparib
treatment promotes immunosuppressive phenotype, as
demonstrated by decreased expression of IFN-y and Granzyme
B and increased levels of IL-10 by immune cells. Lastly, we
investigated whether increased STAT3 signaling observed in
Olaparib-resistant ovarian cancer cell lines can promote
paracrine STAT3 activation in tumor microenvironment. We
observed that PBMCs incubated with TCM from Olaparib-
resistant OVCARS cells showed an increase in STAT3
phosphorylation compared to treatment with either control
medium or TCM from parental OVCARS cells (Figure 4H).
Given that IL-6 cytokine has been reported as both activator
and a downstream target of STAT3 signaling (6), we analyzed the
expression of IL-6 as a secreted factor responsible for inducing
STATS3 activation within immune cells. Indeed, an IL-6 specific
ELISA confirmed that Olaparib-resistant OVCARS cells show a
significant increase in IL-6 production compared to their parental
counterparts (Figure 4I).

DISCUSSION

Although single-agent PARPi have demonstrated significant
clinical benefit in ovarian cancer, combination trials of PARPi
with other agents have been developed aiming at improving the
treatment efficacy. Adding a PARPi to chemotherapy may
achieve the efficacy goal, but this approach has been limited by
overlapping hematologic toxicity (34). In this context, combined
PARP and immune check point inhibition is an attractive
strategy. However, despite preclinical studies suggesting that
PARPi induce antitumor immune responses, clinical trials have
not demonstrated a synergistic effect (35). Therefore, there is an
urgent need to understand the molecular mechanisms
underlying PARPi resistance and potential immunosuppressive
effects that might be intrinsic to PARPi.

For the first time, our studies showed increased STAT3
activation in tumor cells, tumor-associated immune cells, and
CAFs in tumor biopsies from ovarian cancer patients that
progressed following PARPi treatment. Previously, high levels
of activated STAT3 have been found to correlate with advanced-
stage ovarian cancer and poor prognosis (36). Our prior work
demonstrated increased p-STAT3 positive B cell infiltration in
omental tissue (11), and it is associated with poor survival of
ovarian cancer patients (37). Furthermore, a recent publication
demonstrates that Olaparib-treated macrophages functionally
suppress T cell-driven antitumor immune responses (38), and
STATS3 activation has been reported to be essential for immune-
suppressive macrophage differentiation in advanced epithelial
ovarian cancer (39). Lastly, CAFs are known to induce
chemoresistance and promote ovarian cancer immune evasion
(40, 41), and CAF-intrinsic STAT3 signaling is essential for
normal fibroblast transition into CAFs and CAF-mediated
tumor progression (29, 30). Therefore, our findings indicate
that PARPi treatment-associated p-STAT3 upregulation in
ovarian cancer patient tumor-associated immune cells and
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FIGURE 4 | Olaparib activates STAT3 in fibroblasts and immune cells, suppressing immune responses (A-D) Western blot showing activated (P-Y705) and total
STATS levels after Olaparib in freshly isolated splenocytes, CD19+ B cells, and bone marrow-derived macrophages from naive mice, as well as in 3T3 and MEF
fibroblasts after treatment with DMSO or 10 uM Olaparib for 24 h. Numbers on the blot show relative activated (P-Y705) vs. total STAT3 ratios as determined by
Imaged. Shown are representative blots of three (A, D) or two (B, C) independent experiments. GAPDH and o-Tubulin staining served as a loading control.

(E) Western blotting showing activated (P-Y705) in freshly isolated human PBMCs from five healthy donors treated either with DMSO or 10 uM Olaparib for 48 h.
Relative p-STAT3/STAT3 ratios were determined by Imaged and are shown. a-Tubulin staining served as a loading control. (F) Real-time PCR measuring
immunostimulatory IFNG, GZMB and immune-suppressive /L70 mRNA levels in human PBMCs from three different donors treated either with DMSO or 10 uM
Olaparib for 48 h. Gene expression was normalized to the housekeeper gene ACTB and relative expressions against vehicle controls are shown. Unpaired two-tailed
Student t-test of Olaparib treatment performed against DMSO controls. Shown are means + SD (n = 3). *p<0.05, **p<0.01, and **p<0.001. (G) ELISA assessing IL-
10 production in the indicated donor PBMC cultures treated either with DMSO or 10 uM Olaparib for 48 h. Unpaired two-tailed Student t-test of Olaparib treatment
performed against DMSO controls, shown are means + SD (n = 3). *p<0.05, *p<0.01, and **p<0.001 (H). Diagram showing the tumor-conditioned medium (TCM)
transfer system (right). Parental or Olaparib-resistant OVCARS cells were plated in a 10-cm dish and incubated for 48 h. The supernatant was transferred to a 50-ml
centrifuge tube and centrifuged for 5 min. Fresh PBMCs were serum-starved for 24 h, incubated with TCM from parental (TCM Par) or Olaparib-resistant (TCM Res)
OVCARS cells for 2 h and whole cell lysates were analyzed by Western blotting showing activated (P-Y705) in human PBMCs following TCM incubation (left). For the
control, full-serum media was added to PBMCs for 2 h. Activated (P-Y705) vs. total STAT3 ratios were determined by Imaged. Data are representative of at least
three independent experiments. GAPDH served as a loading control. (I) ELISA assessing IL-6 production in TCM from parental or Olaparib-resistant OVCARS cells.
Unpaired two-tailed Student t-test of resistant TCM performed against parental controls, shown are means + SD (n = 3). “*p<0.001, n.s., not significant.

CAFs may contribute to disease progression by promoting  treatment has also been previously demonstrated to induce
therapy resistance and immunosuppression. cancer cell invasion and enrich PD-L1 and CD44+CD24-

Although our ovarian cancer patient tumor analyses show a  stemness marker levels in triple-negative breast cancer (TNBC)
statistically significant p-STAT3 upregulation after treatment  cell lines (43). Since CD44+CD24- stem cell-like TNBC
with PARPI, especially in tumor-infiltrating immune cells and ~ phenotype and PD-L1 upregulation require STAT3 signaling
CAFs, these subjects had undergone other treatments prior to (17, 44), these studies support our findings that the STAT3-
PARPi therapy, which could confound the interpretations, and  activating property of PARPi can promote cancer progression
the sample size of paired patient tumor biopsies before and after ~ and immunosuppression.

PARPi therapies is small. It is necessary to assess larger ovarian Recent publication have reported that Olaparib increased IFN
cancer patient cohorts to confirm the central role of STAT3 in  signaling and antitumor immune responses via innate immune
promoting ovarian cancer progression after PARPi treatment.  response cGAS/STING pathway activation and significantly

Nevertheless, we show that Olaparib, the most widely used  enhanced ICI therapy outcomes in preclinical models (45),
PARPi (42), induced STAT3 activation and expression of  which provided sound rationale for combining PARPi with ICI
several cancer-promoting STAT3 target genes, across several  in the clinic. However, in many clinical trials to date, PARPi/ICI
different ovarian cancer cell lines. Short-term Olaparib  combination has not demonstrated significantly beneficial

Frontiers in Oncology | www.frontiersin.org 8 December 2021 | Volume 11 | Article 724104


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Martincuks et al.

PARP Inhibitor-Mediated STAT3 Activation

antitumor effects than PARPi or ICI monotherapy (35),
suggesting that within patient tumors, additional molecular
mechanisms may hinder the synergistic therapeutic response.
Importantly, we show that short-term PARPi treatment also
decreases IFN-y and Granzyme B mRNA expression while
upregulating IL-10 production by human PBMCs. High IL-10
and low IFN-y concentrations in ascites from ovarian cancer
patients were correlated with poor prognosis and skewed
immune cell differentiation towards immune-suppressive and
tumor-promoting phenotypes (46, 47). Although there is much
to be further explored, our findings indicate that PARP inhibitors
possess undesirable properties that limit their antitumor effects,
in part by inducing immunosuppression through STAT3
signaling pathway even at the initial stages of PARPi
treatments. These findings may also explain the lack of
synergistic interaction of PARPi (at least Olaparib) and ICI in
cancer patients.

Our studies show that the acquisition of Olaparib resistance
in both BRCA-wildtype and BRCA2-mutated ovarian cancer
cells is accompanied by increased STAT3 activity and pro-
tumorigenic gene expression. Similarly, various receptor
tyrosine kinase inhibitors have been previously shown to
induce feedback activation of STAT3, which in turn promoted
cancer cell survival and targeted therapy resistance (48). Of note,
both Y705 phosphorylation and total STAT3 levels were
increased in Olaparib-resistant cells, which can be explained by
the intrinsic property of activated STAT3 to induce its own
expression under certain conditions (49, 50). Likewise, parallel p-
STAT3 and total STAT3 upregulation was observed in Paclitaxel
and Cisplatin-resistant ovarian cancer cell lines (14, 16),
suggesting that elevated and prolonged STAT3 activation
increases its own expression in drug-resistant cell lines.

Importantly, STAT3 blockade led to Olaparib-resistant cell
growth inhibition, and lower Napabucasin concentrations re-
sensitized resistant BRCA-wildtype and BRCA2-mutated
ovarian cancer cells to Olaparib in vitro, further supporting the
notion that STAT3 activity promotes PARPI resistance. In line
with our observations, Ruxolitinib, an FDA-approved inhibitor
of upstream STAT3 activating JAK1/2 kinases, enhanced
sensitivity of myeloproliferative neoplasms to PARPi treatment
(51). Similarly, PARPi-resistant TNBC cell lines were re-
sensitized to Olaparib with Metformin (43), an anti-diabetic
agent known to partially target STAT3, inhibiting TNBC cell
proliferation and survival (52).

Although our findings demonstrate an essential role of
STAT3 signaling for PARPi resistance acquisition, more
studies are required to determine the exact mechanisms by
which STAT3 activity facilitates Olaparib-resistant cell survival.
One potential STAT3-driven mechanism could be the
overexpression of a drug efflux pump MDRI (ABCBI, P-
glycoprotein), which is known to be upregulated upon
increased STAT3 activation and expression (53) and has been
previously shown to be involved in PARPI resistance in vitro and
in vivo (22, 54). Additionally, Olaparib-resistant cells showed
increased pro-angiogenic VEGF, which was reduced by STAT3-
siRNA or Napabucasin. Because PARPi combination with

VEGF-inhibiting antibody bevacizumab has been shown to
significantly improve progression-free survival in an ongoing
recurrent ovarian cancer clinical trial (55), STAT3 inhibition
may also improve PARPi effects through VEGF downregulation.

Finally, our results further show that STAT3 activation was
elevated in the immune cells exposed to PARP inhibitor-resistant
tumor cells, which was contributed by an increase in IL-6
expression by Olaparib-resistant OVCARS cells relative to their
parental counterparts. Our data are in agreement with previous
reports showing that p-STAT3-high cell lines from various
cancer models secrete higher levels of IL-6 while p-STAT3-low
cancer cell lines demonstrate low levels of IL-6 production (56—
58). Also, in line with our observations in human PBMCs,
tumor-derived factors in conditioned media from tumor cells
with elevated STAT3 activity have been shown to promote
cancer immunosuppression through dendritic cell maturation
and activation inhibition, as well as interfering with leukocyte
migration (59-61). Since IL-6 plays an essential role in OvCa
microenvironment and is among the most well-known
immunosuppressive factors regulated by STAT3 (6, 62), our
results show functional consequences of elevated STAT3
signaling in PARP inhibitor-resistant ovarian cancer cells in
promoting STAT3 activation within tumor microenvironment.
Nevertheless, further studies are needed because there are
multiple immunosuppressive factors involved in ovarian cancer
immune evasion.

Collectively, our observations suggest that STAT3 inhibition
in tumors and tumor-surrounding microenvironment may be a
promising strategy to overcome the resistance and improve
therapeutic responses of PARPI treatment.
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