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ABSTRACT

Background Increased infiltration of T cells into ovarian
tumors has been repeatedly shown to be predictive of
enhanced patient survival. However, despite the evidence
of an active immune response in ovarian cancer (0C), the
frequency of responses to immune checkpoint blockade
(ICB) therapy in OC is much lower than other cancer types.
Recent studies have highlighted that deficiencies in the
DNA damage response (DDR) can drive increased genomic
instability and tumor immunogenicity, which leads to
enhanced responses to ICB. Protein phosphatase 4 (PP4) is
a critical regulator of the DDR; however, its potential role in
antitumor immunity is currently unknown.

Results Our results show that the PP4 inhibitor, fostriecin,
combined with carboplatin leads to increased carboplatin
sensitivity, DNA damage, and micronuclei formation.

Using multiple OC cell lines, we show that PP4 inhibition

or PPP4C knockdown combined with carboplatin triggers
inflammatory signaling via Nuclear factor kappa B (NF-«B)
and signal transducer and activator of transcription 1 (STAT1)
activation. This resulted in increased expression of the pro-
inflammatory cytokines and chemokines: CCL5, CXCL10, and
IL-6. In addition, /FNB1 expression was increased suggesting
activation of the type | interferon response. Conditioned
media from OC cells treated with the combination of PP4
inhibitor and carboplatin significantly increased migration of
both CD8 T cell and natural killer (NK) cells over carboplatin
treatment alone. Knockdown of stimulator of interferon
genes (STING) in OC cells significantly abrogated the
increase in CD8 T-cell migration induced by PP4 inhibition.
Co-culture of NK-92 cells and OC cells with PPP4C or
PPP4R3B knockdown resulted in strong induction of NK cell
interferon-y, increased degranulation, and increased NK cell-
mediated cytotoxicity against OC cells. Stable knockdown

of PP4C in a syngeneic, immunocompetent mouse model

of OC resulted in significantly reduced tumor growth in vivo.
Tumors with PP4C knockdown had increased infiltration of
NK cells, NK T cells, and CD4™ T cells. Addition of low dose
carboplatin treatment led to increased CD8* T-cell infiltration
in PP4C knockdown tumors as compared with the untreated
PP4C knockdown tumors.

Conclusions Our work has identified a role for PP4
inhibition in promoting inflammatory signaling and
enhanced immune cell effector function. These findings
support the further investigation of PP4 inhibitors to
enhance chemo-immunotherapy for OC treatment.

1,3,4

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Deficiencies in the DNA damage response (DDR)
have been shown to promote an immune response
against multiple cancers, including ovarian cancer
(0C), and to synergize with immune checkpoint
blockade (ICB). Combining DDR inhibitors with ICB
represents an attractive therapeutic strategy.

WHAT THIS STUDY ADDS

= Using in vitro cell-based assays and in vivo mouse
models we identified a role for protein phosphatase
4 (PP4) in augmenting inflammatory signaling and
immune cell infiltration.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our work indicates that targeting PP4 in combi-
nation with platinum-based therapy represents a
promising strategy to improve the antitumor im-
mune response in 0C.

BACKGROUND

High-grade serous ovarian cancer (OC)
remains one of the most frequent causes
for cancerrelated death among women in
the USA.' Frontline treatment strategies
for patients with OC include cytoreductive
surgery combined with taxane or platinum-
based chemotherapy. However, the emer-
gence of platinum resistance is frequent, and
the overall 5-year survival rate remains near
30%.? Immune checkpoint blockade (ICB)
has been shown to induce durable responses
in multiple cancer types. However, the benefit
of ICB remains largely restricted to a minority
of patients.” Multiple reports have confirmed
that increased tumor-infiltrating T cells is
correlated with improved clinical outcomes
in OC.* ° Despite these findings, ICB has
produced minimal clinical benefitfor patients
with OC and as a result there are no Food and
Drug Administration approved immunother-
apies for OC.° These results underscore the
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need for the development of new rationally designed
therapeutic approaches to improve outcomes for patients
with OC.

Recent studies have shown that defects in DNA damage
response (DDR) pathways can lead to increased genomic
instability and tumor immunogenicity, which leads to
enhanced responses to checkpoint inhibitor thelrapy.7 8
Homologous recombination (HR) defects are prevalent
in OC. Poly (ADP-ribose) polymerase (PARP) inhibitors
are now approved for maintenance therapy in recurrent,
chemosensitive OC irrespective of BRCA1/2 mutation
status.” Several studies now indicate that PARP inhibitors
can increase the response rate to ICB.'"'" This suggests
that modulation of the DDR in OC may be one-way to
increase response to ICB and the identification of addi-
tional molecular targets is of translational interest.

Protein phosphatase 4 (PP4) is a multisubunit Ser/
Thr phosphatase complex that is involved in diverse
cellular pathways including DDR, cell cycle progression,
and apoptosis.'” PP4 plays a central role in the response
to DNA damage as it directly dephosphorylates many
proteins that play crucial roles in the DDR, including
YH2AX, Kap-1/TRIM28, RPA2, and 53BP1."*"'° Dephos-
phorylation of these critical substrates is necessary for
resolution of DDR. We previously discovered that the
cancer/testis antigen, CT45, directly binds to the PP4
complex and functions as an endogenous inhibitor of
PP4 activity leading to enhanced platinum sensitivity
and DNA damage.17 In addition, patients whose tumors
have increased levels of the catalytic subunit, PP4C,
were found to have reduced overall survival.'” However,
the role of PP4 in antitumor immunity is currently not
known. In this study, we used a combination of the PP4
inhibitor, fostriecin, and transient or stable PP4 knock-
down to interrogate the role of PP4 in chemosensitivity
and in immune effector function in OC.

METHODS

Cell lines

High-grade serous OC cell lines NIH-OVCAR3, OVCAR4
and OVCARS8 were obtained from the NCI-Frederick
Cancer DCTD Tumor/Cell Line repository and ID8
was purchased from Millipore. The OC cell lines, NIH-
OVCAR3, OVCAR4, and OVCARS were cultured in RPMI
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. The mouse OC cell line, ID8, was cultured
in Dulbecco’s modified eagle’s media (DMEM) with 4%
FBS, 1X Insulin-Transferrin-Selenite and 1% penicillin/
streptomycin. The natural killer (NK)-92 cell line was a
kind gift from Abhinav Acharya, Arizona State Univer-
sity, USA. The OVCARS8-DR-GFP cell line was a kind gift
from Dr Larry Karnitz, Mayo Clinic, Rochester, USA. The
cells were grown in complete RPMI media with 30 pg/mL
puromycin. All cell lines were tested for mycoplasma and
authenticated using a commercial service (CellCheck,
IDEXX Bioresearch).

ID8 p53 CRISPR/Cas9 knockout cell generation

A p53 knockout clone was generated from ID8 (ID8-
pb3KO) using CRISPR/Cas9. Three CRISPR RNA
(crRNA) targeting the DNA binding domain of p53 were
selected as described previously.'"® Predesigned guides
with the highest on-target and cutting efficiency scores
were purchased from Integrated DNA Technologies in
their proprietary Alt-R format (online supplemental
table 1). crRNA-trans-activating CRISPR RNA (tracrRNA)
duplexes were prepared by annealing equimolar concen-
trations of AltR crRNA with Alt-tracrRNA-ATTO 550 at
95°C for 5min in a thermocycler and allowing it to slowly
cool to room temperature. In a PCR strip, three crRNA-
tracrRNA duplexes were mixed with recombinant Cas9 V3
protein (#1081058, Integrated DNA Technologies) and
incubated for 20 min. ID8 cells were electroporated (BTX
ECM 830, Harvard Apparatus) with ribonucleoprotein
complex and electroporation enhancer (#1075915, IDT).
The gene edits in single clones were verified by Sanger
sequencing and pb3 protein knockout was confirmed
using western blot.

Transfection and stable cell line generation

Human and mouse siGENOME SMARTpool PPP4C
siRNA, human PPP4R3B, ON-TARGETplus SMARTpool
human STINGI siRNA, and non-targeting control pool
#2 were purchased from Horizon Discovery Biosciences.
Transfection with siRNAs were performed with Lipofect-
amine 3000 as per manufacturer’s protocol. For stable
knockdown of PP4C, ID8-p53KO cells were transfected
with either lentiviral pLKO.1 (Addgene) or mouse PPP4C
shRNA-pLKO.1 puro (Millipore, Sigma) followed by

puromycin selection.

Bioinformatics analysis

Genome profiling of PP4 complex members, namely
PPP4C, PPP4R3A, PPP4R3B and PPP4R2, across different
cancer types was performed using the pan-cancer The
Cancer Genome Atlas (TCGA) data available at cBioPortal
(https:/ /www.cbioportal.org/) . The OncoPrint for PP4
subunits in OC (TCGA, pan-cancer atlas) was also created
using the relevant module at cBioPortal. RNA sequencing
(RNA-seq) expression values (transcripts per million;
TPM) were obtained for PPP4C, PPP4R3A, PPP4R3B and
PPP4R2 from OC (TCGA) and normal ovaries/fallopian
tubes (GTEx) using the UCSC Cancer Browser (https://
xena.ucsc.edu/welcome-to-ucsc-xena/ ).20 From the
DepMap database (https://depmap.org/portal/), RNA
level expression values and proteomic scores for PP4C
were obtained for relevant OC cells and plotted.”’ The
Tumor IMmune Estimation Resource (TIMER) V.2.0
(https://timer.cistrome.org/) gene module was used to
analyze the correlation between the tumor-specific gene
expression of PP4 subunits and immune cell infiltration,
particularly for NK and NK T-cell populations. The purity
corrected OC data set (n=303) was analyzed using bench-
marked CIBERSORT and xCell deconvolution tools.****
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Incucyte live-cell imaging and cell viability analysis

For cell viability analysis with fostriecin, the ID8 p53-WT
cell line was seeded in a 96-well plate. At 24 hours, cells
were pretreated with fostriecin (1nM), the control cells
were left untreated. After 24 hours, control and fostriecin
pretreated cells were treated with varying concentra-
tions of carboplatin (1pM- 1mM). For live cell imaging
and cell proliferation, Incucyte images were taken every
4hours and cell confluence was recorded. For siRNA
experiments, both ID8-p53WT and p53KO cells were
transfected with PPP4C siRNA followed by carboplatin
treatment for 96hours. Cell viability was measured by
CellTitre 96 AQueous Non-Radioactive Cell Prolifera-
tion Assay (#Gb5421, Promega) as per manufacturer’s
instructions.

Clonogenic survival assay

Cells were treated with different carboplatin concentra-
tions (as indicated in the figure legends) for 96 hours. A
total of 2000 cells per 6-well were then plated for 7 days
in drug-free medium. Colonies were fixed with 1% form-
aldehyde for 10min at room temperature and stained
with 40% methanol and 0.05% crystal violet for 20 min.
The colonies were counted using the Colony Area Image]
plugin and plotted as percent survival of control.**

Immunoblotting

Western blot was performed as described previously.'” OC
cells were pretreated with fostriecin (1nM) on day 1, post
seeding. The cells were treated with carboplatin at indi-
cated dosestfostriecin (1nM) on day 2. On day 5, cells
were collected in radioimmunoprecipitation assay (RIPA)
buffer and lysates prepared for SDS-PAGE and immuno-
blot analysis. The list of antibodies used in the study is
listed in online supplemental table 2.

Phosphatase activity assay

Cellular PP4 activityin OC cellswas performed as described
previously with minor modifications.’ Immunoprecipita-
tion was carried out from lysates (1 mg) using anti-PPP4C
antibody or Control IgG, followed by incubation with
Protein-A Agarose beads (#22811, Thermo Scientific)
overnight at 4°C. The washed beads were resuspended in
100 pL assay buffer (30 mM of N-2-hydroxyethylpiperazine-
N-2-ethane sulfonic acid(HEPES), 0.1 mg/mL of bovine
serum albumin, 0.1 mM of MnCl2, 1 mM of sodium ascor-
bate, 1mM of DTT, 0.01% Triton X-100) + fostriecin
(I1nM) and incubated at room temperature for 30 min.
PP4 activity was assayed by incubating the washed beads
with 100 pM DiFMUP substrate (#D6567, Invitrogen) and
fluorescence measured at 450 nM after 60 min using Flex-
Station 3 (Molecular Devices). PP4 activity is shown as a
percentage of untreated control.

Immunofluorescence and micronuclei analysis

OVCAR3, OVCAR4, OVCARS and ID8-p53KO cells were
seeded in a 96-well plate and treated+fostriecin (1nM),
followed by carboplatin at indicated doses: OVCAR3 and
4 (1pM), OVCARS (2.5pM) and ID8-p53KO (10pM).

At 96 hours, cells were washed with 1x phosphate buft-
ered saline (PBS), followed by fixation for 10min at
room temperature with 4% paraformaldehyde. The cells
were stained with Hoechst 33342 (#H3570, Invitrogen)
for 10min and micronuclei were imaged using ImageX-
press (Molecular Devices). A minimum of 45-50 sites
were imaged per conditions and represented as violin
plots. Immunofluorescence analysis with +H2AX (S139),
(#MA1-2022, Thermo Fisher Scientific) and FANCD2
(#ab108928, Abcam) in OVCAR3 was performed as
described previously.'”

Cellular thermal shift assay

The assay was performed as described previously with
minor modifications.” ** Briefly, OVCAR4 and OVCARS3
cells were collected in PBS with 1 mM sodium ascorbate,
incubated+fostriecin (1nM) for 30 min and subjected to
increasing temperatures. Cells were lysed and immuno-
blotting was done for PP4C. The densitometry on immu-
noblots was performed with Image] (National Institutes
of Health), and relative band intensities were quantified
as percentage of non-denatured protein.

qRT-PCR

The OC cells were treated with fostriecin (1nM) on day 1,
followed by carboplatin treatment at indicated doses+fos-
triecin on day 2. The cells were harvested on day 5 post-
carboplatin treatment for quantitative PCR. For siRNA
experiments, cells were transfected with PPP4C or control
siRNA on day 1, followed by carboplatin treatment on day
2. The cells were harvested on day 5. The primers used
for quantitative reverse transcription PCRqRT-PCR are
listed in online supplemental table 3.

Cytokine array

OVCARS3 cells were transfected with control or PPP4C
siRNA, followed by carboplatin treatment (1pM). At
72hours, post-carboplatin treatment, culture media was
replaced with basal RPMI-1640 with 0.2% BSA. Condi-
tioned media was collected after 48 hours. The Human
Cytokine Array, C5 (Ray Bio; AAH-CYT-5-4) was used
to analyze 80 different cytokines. Expression levels were
analyzed using Protein Array Analyzer macro (http://rsb.
info.nih.gov/ij/macros/toolsets/Protein Array Analyzer.
txt with Image] software.”

DR-GFP HR assay

HR assays were performed using OVCARS8-DR-GFP cells.
The experiments were performed as described previ-
ously with minor modifications.”” For siRNA experi-
ments, the cells were transfected twice. On day 1, they
were transfected with PPP4C or control siRNA only. On
day 2, cells were transfected with 4pg pCBAScel plasmid
(encoding I-Scel), empty vector (pcDNA3.1) and
mCherry (pCDNA3.1). GFP and mCherry fluorescence
were assessed by flow cytometry on day 5. For inhibitor
experiments, OVCAR8-DR GFP cells were transfected
with pCBAScel, empty vector (pcDNA3.1) and mCherry
(pCDNAS3.1) plasmids on day 1, followed by B-02 (RAD51
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inhibitor) or fostriecin at indicated doses. HR efficiency
was calculated as GFP and mCherry positive cells/
mCherry positive cells.

CD8 T cell and NK cell migration

ID8-p53KO or OVCARS cells were treated with fostriecin
(I1nM) on day 1, followed by carboplatin (10pM) =+
fostriecin (1nM) on day 2. The media was changed to
basal RPMI-1640+0.5% BSA after 72hours of carboplatin
treatment. The conditioned media was collected after
48 hours. OT-I splenocytes were isolated and stimulated
with chicken ovalbumin (OVA) peptide (SIINFEKL) in
presence of interleukin (IL)-2. On day 3 following OVA
stimulation, CD8 T cells were enriched using mouse
CD8a T-cell positive selection kit (#18953, STEMCELL)
according to the manufacturer’s instructions. Mouse
CD8 T or NK-92 (leb) cells were placed in basal media
in the upper chamber of 5micron filters, conditioned
media corresponding to various treatments from ID8
and OVCARS3 were placed in the lower chamber, respec-
tively.”® * The migrated cells were collected at 4hours
and quantified with CellTitre-Glo 2.0 reagent (#G9241,
Promega). For inhibitor experiments, CD8 T cells or
NK-92 cells were incubated with either Stattic (2pM) or
trametinib (7.5pM) or NSC23766 (10pM) for 15min at
37°C, prior to adding to the upper chamber.

Intracellular cytokine staining

OTI splenocytes were stimulated with OVA (30ng/mL)
+ fostriecin at 1 and 10 nM. At 72 hours, cells were restim-
ulated with OVA peptide in presence of GolgiPlug and
incubated for 4hours at 37°C in a 5% CO2 incubator. The
cells were surface markers (anti- mouse-CD3, CD8, live/
dead stain). Cells were fixed, permeabilized and stained
for cytokines using an anti-interferon (IFN)-y and tumor
necrosis factor (TNF)-oo antibody. For cell co-culture
experiments, OVCARS cells were treated with fostriecin
or transfected with either PPP4C or control or PPP4R3B
siRNA, followed by carboplatin treatment (2.5pM). On
day 5, cells were trypsinized and seeded on to a flat bottom
12-well plate. After 6 hours, NK-92 cells were added ina 1:1
(tumor:NK cell) ratio. At the end of 14hours co-culture,
NK-92 cells were collected and restimulated with cell stim-
ulation cocktail (#¥TNB-4975-UL100, Tonbo Biosciences)
for 4hours and transferred to Laminar Wash 96-well plate
(Curiox Biosystems, Seoul, South Korea) for intracellular
staining. Cells were washed by laminar flow (8-10 cycles)
using the Curiox Laminar Wash System HT1000. All anti-
bodies used in flow cytometry are provided in online
supplemental table 4. Flow data analysis was performed
with FlowJo (V.10.8.0)

CD107a mobilization and NK cell cytotoxicity assay

OVCARS cells were transfected with respective siRNAs
and treated with carboplatin at 2.5puM. On day 5, cells
were washed, trypsinized and mixed with NK-92 in 1:1
ratio (target:effector) in a U-bottom 96-well plate. CD107a
antibody was added at the beginning of the experiment

and cells were co-cultured for 3hours in the presence
of GolgiPlug and Monensin. At the end of 3hours, cells
were stained with cell surface markers and analyzed by
flow cytometry. For cytotoxicity assays, OVCARS cells were
treated as described previously and on day 5, cells were
mixed with NK-92 cells in 1:1 ratio (target:effector) in a
U-bottom 96-well plate. At the end of 3hours incubation,
cells were stained with anti-annexin V and propidium
iodide.

In vivo experiments

Female C5H7BL/6 mice (8 weeks) were injected with
I million ID8-p53KO-control-Luc and ID8-p53KO-ppp4c
sh2-luc cells intraperitoneally. Mice were housed under
standard living conditions with routine light/dark cycle
and treatment was performed during the light cycle.
After 7days, carboplatin was administered intraperitone-
ally two times a week at 5mg/kg. The control group was
treated with sterile PBS. Tumor growth was monitored
weekly by luminescence imaging and the health status
of the mice was monitored daily. On days 28-30 post
implantation, tumors were harvested, and weights were
recorded. Ascites, peritoneal lymph nodes, and spleens
were also collected at the time of necropsy for immune
cell phenotyping.

Tissue processing and ex vivo immune cell analysis

The tumors and lymph nodes collected from mice were
mechanically dissociated. Lymph nodes were incubated in
2mL tissue dissociation media (RPMI-1640 media; Fisher
Healthcare; MT10040CV) supplemented with 0.5% BSA
(Sigma-Aldrich; A1470), 0.75mg/mL collagenase (Type
II; Thermo Scientific; 17,101-015), 30pg/mL DNase
I (Sigma-Aldrich; 10104159001) at 180rpm (shaking)
37°C for 20 min. Tumor tissue dissociation was done with
the gentleMACS Octo dissociator with heaters (Miltenyi
Biotec) using 2.5mL tissue dissociation media. Cell
suspensions were filtered through 70 micron nylon cell
strainer (Fisher Scientific; 22-363-548). For ex vivo restim-
ulation, cells were treated with Cell Stimulation Cock-
tail (Tonbo Biosciences, TNB-4975-UL400) for 4hours,
followed by cell surface and intracellular staining. Abso-
lute counting beads (Thermo Scientific, C36950) were
included to obtain total cell counts in the samples. All
antibodies used for flow cytometry are provided in online
supplemental table 4.

Statistical analysis

All statistical analyses were performed with GraphPad
Prism (GraphPad) software V.9. For experiments with
one comparison an un-paired, two-tailed t-test was
used. The mean and the SEM or SD are reported for all
graphs. For experiments with more than one compar-
ison, One-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons post-test was used. Before applying
ANOVA, we first tested whether the variation was similar
among the groups using the Bartlett’s test. Differences
were considered significant if p<0.05. No blinding or
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randomization was done during data acquisition or assess-
ment of outcome and sample sizes were determined based
on previous experience with the individual experiment.

RESULTS

Overexpression of PP4 subunits in 0C

The PP4 holoenzyme consists of the catalytic subunit
(PP4C) and multiple different regulatory subunits:
PP4R1, PP4R2, PPP4R3PB and PPP4R3c. The catalytic
subunit forms distinct complexes with different regu-
latory subunits that have been shown to influence
both PP4 enzyme activity and substrate selectivity.'* We
previously identified CT45 as an endogenous inhib-
itor of PP4 complex that physically interacts with the

A

N
o
]

PP4C-PPP4R2-PPP4R30/3 complex leading to enhanced
carboplatin sensitivity in OC." To better understand the
role of PP4 in cancer we investigated the genome level
alterations of PPP4C, PPP4R3A, PPP4R3B and PPP4R2
subunits using the pan-cancer TCGA data in cBioPortal
(n=10953). We found that the PP4 subunit genes are
predominantly amplified in roughly 6% of OC tumors
(figure 1A, online supplemental figure 1A). Similar to
OC, invasive breast carcinoma, bladder urothelial carci-
noma, and seminoma also showed significant amplifica-
tion of PP4 subunit genes (figure 1A). In addition, we
observed significant concordance between messenger
RNA (mRNA) levels and amplification of PPP4C in the
pan-cancer TCGA data (figure 1B) as well as for the
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regulatory subunits (online supplemental figure 1B). To
assess the utility of targeting the PP4 complex in OC we
next evaluated the expression levels of PP4 subunits in
the OC TCGA data set. Using RNA-seq data, we found
that PPP4C is significantly overexpressed in OC as
compared with normal ovary and fallopian tube tissues
(figure 1C), while the expression levels of the regulatory
subunits were found to be variable (figure 1C). Increased
mRNA expression was noted for PPP4R3B and PPP4R2.
In contrast, PPP4R3A was found to be higher in normal
tissue (figure 1C). At the protein level, PP4C was found
to be robustly expressed across a panel of representative
high grade serous ovarian cancer (HGSOC) cell lines
(figure 1D, panel i). We obtained PPP4C RNA expression
values and proteomic scores for relevant HGSOC cell
lines from the DepMap portal. Both RNA level expression
and proteome scores were consistent with the immuno-
blot data (online supplemental figure 1C). Interestingly,
we noted variable expression of the PPP4R3 regulatory
subunit across the OC cell lines, with TYK-nu and 59M
showing the lowest expression (figure 1D, panel i). A
similar trend was also observed with the other two regula-
tory subunits, PPP4R3o and PPP4R2 (figure 1D, panelii).
The major genetic mutations in the DDR and cell cycle
pathways are summarized in online supplemental table 5.
Overall, our data suggests that PP4C is frequently upreg-
ulated in OC.

Gene silencing or pharmacological inhibition of PP4C
enhances sensitivity to carboplatin in 0C

Given the known role of PP4 in the DDR, we next sought
to ascertain the effect of PP4 inhibition on sensitivity to
carboplatin, which is commonly used clinically in OC.
TP53 mutations are prevalent and are found in ~90%
of all OC. As ID8 is a pb53 wild-type cell line, we gener-
ated a p53 knockout ID8 cell line model using CRISPR.
The gene edits in the targeted region were verified by
Sanger sequencing and loss of pb3 expression in the
knockout clone was verified by western blot (online
supplemental figure 2A-C). PPP4C knockdown with
siRNA in ID8-p53WT and ID8-p53KO showed that loss
of PP4C expression led to increased sensitivity to carbo-
platin in both the cell lines (figure 2A). PP4C expres-
sion after siRNA transfection was verified by western
blot (figure 2A, inset). As an orthogonal approach, we
generated ID8-p53KO cells with PP4C stable knockdown.
In concordance to siRNA results, ID8-p53KO cells with
low PP4C expression were found to be increasingly sensi-
tive to carboplatin treatment when compared with vector
control or parental cells (figure 2B). A western blot
confirming PP4C expression after antibiotic selection is
shown (figure 2B, inset). Similarly, treatment with phar-
macological inhibitor of PP4, fostriecin, at nanomolar
levels also resulted in enhanced sensitivity to carboplatin
in ID8 mouse cell line (figure 2C). Decreased colony-
forming capacity was seen on treatment with fostriecin
and carboplatin in ID8-p53KO and the human OC cell
lines, OVCAR3 and OVCARS, compared with carboplatin

treatment alone (figure 2D,E). These findings demon-
strate that suppressing PP4 activity can lead to increased
carboplatin sensitivity in OC. Additionally, we confirmed
that PP4 phosphatase activity was inhibited by fostriecin
in OVCAR3 and OVCAR4 human OC cell lines (online
supplemental figure 3). Fostriecin is reported to inhibit
PP4 at nanomolar concentrations.* However, to confirm
that fostriecin is bound to PP4 at nanomolar levels
leading to its inhibition, we performed a cellular thermal
shift assay (CETSA). CETSA relies on the principle that
when a drug binds to its target, it results in thermody-
namic stabilization of the protein.”” Our results show
that fostriecin treatment increased the thermal stability
of PP4C protein, which confirmed that PP4C is a direct
target of fostriecin in OC cell lines (figure 2F).

Inhibition of PP4C enhances carboplatin induced DNA damage
Genomic instability is a hallmark of cancer. Deficien-
cies in the DDR can lead to genomic instability and can
make cancer cells more sensitive to chemotherapy. Repli-
cation stress caused by chemotherapeutics that induce
double-strand breaks, such as carboplatin, can lead to
micronuclei formation, a manifestation of genomic
instability. We found that PP4 inhibition with fostriecin
combined with carboplatin led to increased micronuclei
formation in multiple OC cell lines (figure 3A; online
supplemental figure 4A). As PP4 has a known role in
DDR, we sought to determine if fostriecin treatment
affected H2AX (S139) phosphorylation (y-H2AX), which
is a well-reported substrate for PP4 phosphatase."* Our
results show that fostriecin treatment in combination
with carboplatin increased the number of y+H2AX foci
(figure 3B), +H2AX foci intensity, and overall y-H2AX
levels in OC cells (online supplemental figure 4B).
However, we did not observe any significant changes in
v-H2AX with fostriecin treatment alone (online supple-
mental figure 4B). Since carboplatin is known to induce
interstrand crosslinks (ICLs), we next investigated
whether FANCD2 foci, a critical sensor of ICLs,31 were
altered by PP4 inhibition. Consistent with literature,
we found increased FANCDZ2 foci in response to carbo-
platin treatment. However, fostriecin treatment did not
increase the number of FANCDZ2 foci per cell (figure 3B)
and no difference was observed in FANCD2 foci inten-
sity with addition of fostriecin to carboplatin treated cells
(online supplemental figure 4C). Because PP4 is known
to play a role in HR,"” we next determined whether loss
of PP4 affects HR activity in OC cells. For this, we utilized
OVCARS-DR-GFP cells, which have a chromosomally inte-
grated DR-GFP construct. The DR-GFP construct has two
dysfunctional copies of the GFP gene, one copy is made
defective by the insertion of 18bp recognition sequence
for I-Scel endonuclease (SceGFP) while the other copy
is truncated at both ends (iGFP). When cells are trans-
fected with pCBAScel, a double stranded break is gener-
ated in this construct, which can then be repaired only by
HR. HR-mediated DNA repair gives rise to a functional
GFP gene resulting in GFP expression, which can then
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Figure 2 PP4 inhibition or knockdown sensitizes ovarian cancer cell lines to carboplatin. (A) The mouse ovarian cancer cell
line, ID8 (ID8-p53WT) and the isogenic p53 knockout cell line (ID8-p53K0) were transfected with control or PPP4C siRNA.
Cell viability was measured by MTS assay at 96 hours. Results represent three replicates per experiment group, mean+SEM,
*p<0.05, *p<0.01. PP4C knockdown following siRNA transfection was verified by western blot (inset). (B) ID8-p53KO cells
were stably transduced with two shRNA constructs targeting PPP4C or control plasmid using lentivirus. The stable cell lines
were treated with increasing doses of carboplatin and cell viability was determined at 96 hours by MTS assay. Western blot
confirming the reduction in PP4 expression in shRNA transfected cell lines compared with vector control is shown (inset)

(C) ID8-p53WT cells were pretreated+fostriecin (Fos) (1 nM) for 24 hours, followed by carboplatin treatment at the indicated
doses. Cell proliferation was monitored using Incucyte S3 and the difference in mean cell confluence across treatment groups
(n=6) is plotted, *p<0.0001. (D) Clonogenic survival assay of ID8-p53KO0 cells pretreated+Fos (1 nM), followed by carboplatin
(10uM) treatment, mean+SEM, ns, not significant, **p<0.01. Representative images are shown adjacent to the graph. (E) Human
ovarian cancer cell lines OVCAR8 and OVCARS cells were pretreated+Fos (1 nM), followed by carboplatin (1 uM) and colony
formation was determined. Mean values are shown from three independent experiments. Error bars show SEM for each group,
*p<0.05, *p<0.01. (F) Cellular thermal shift assay assay with OVCAR4 and OVCARS cells+Fos (10nM). The increase in protein
stability was determined by western blot. Relative band intensities were calculated from images and represented as percentage
relative to control. Data shown is an average of three biological replicates, *p<0.0001. MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; PP4, protein phosphatase 4.
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Figure 3 Pharmacological inhibition of PP4 augments carboplatin-induced DNA damage. (A) Ovarian cancer cell lines were
pretreated with Fos (1 nM) for 24 hours followed by carboplatin at indicated doses, ID8-p53KO (10 uM), OVCAR4 (1 uM),
OVCARS3 (1 uM), and OVCARS (2.5uM). At 96 hours, micronuclei formation was quantified. Representative micrographs from
ID8-p53KO0 cells depicting micronuclei are shown. The micronuclei count per 45-50 sites was averaged across conditions
and represented as violin plots,*p<0.05, **p<0.01, **p<0.001, ***p<0.0001. (B) OVCARS cells were pretreated+Fos (1 nM),
followed by carboplatin treatment at 2.5uM for 96 hours and co-immunostained with FANCD2 and y-H2AX. Representative
images of y-H2AX and FANCD?2 foci across treatment conditions are shown. Image-based quantitation of foci counts was done
across 70-90 sites and are shown in violin plots. ns, not significant, “**p<0.0001. (C) Left, schematic of DR-GFP assay. Right,
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be quantiﬁed.32 Cells treated with the RAD51 inhibitor,
B-02, were used as a positive control. PPP4C knockdown
via siRNA or fostriecin treatment inhibited HR as shown
using the DR-GFP cell line (figure 3C). These data
demonstrate that inhibition of PP4 leads to increased
DNA damage and markers of genomic instability in OC
cell lines following treatment with carboplatin.

PP4 inhibition promotes inflammatory signaling in 0C

The presence of cytosolic DNA such as micronuclei can
lead to activation of the cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) pathway, which
can trigger pro-inflammatory signaling and synergize with
immunotherapy to promote antitumor immunity.”” Due
to the increase in micronuclei observed with PP4 inhi-
bition (figure 3A), we hypothesized that inflammatory
signaling would be increased in OC cells on loss of PP4
activity. Signal transducer and activator of transcription
(STAT) 1 is a key mediator of IFN signaling and plays an
important role in both innate and adaptive immunity.**
STAT1 phosphorylation at Y701 is essential for its activa-
tion and nuclear translocation. Additional phosphoryla-
tion at S727 is required for full transcriptional activation
of STAT1. We found that treatment with the combina-
tion of fostriecin and carboplatin led to increased STAT1
(Y701) phosphorylation in OC cell lines as compared with
carboplatin treatment alone (figure 4A, online supple-
mental figure 5A). Similar to fostriecin treatment, knock-
down of PPP4C combined with carboplatin also resulted
in increased STAT1 activation in OC cell lines (figure 4B,
online supplemental figure 5B). The loss of perinu-
clear envelope surrounding the micronuclei, can trigger
pattern recognition receptor cGAS, which in turn elicits
STING-mediated type I IFN response resulting in STAT1
phosphorylation.” STING activates several transcription
factors including Interferon regulatory factor (IRF) 3
and NF-kB leading to the production of type I IFN and
pro-inflammatory cytokines.”® Consistent with literature,
we observed significant upregulation of phospho-p65 in
response to fostriecin and carboplatin in both OVCAR3
and OVCARS cells (figure 4C). Canonical NF-kB (p65)
was also found to be activated on knockdown of PPP4C
expression via siRNA combined with carboplatin treat-
ment (figure 4D). As we observed increased phospho-p65
in response to PP4C loss and carboplatin treatment, we
next determined the levels of IFNBI and selected pro-
inflammatory chemokines and cytokines in OC cells. At
the mRNA level, IFNBI, CCL5, CXCLI10, and IL-6 were
found to be increased with the combination treatment of
carboplatin with fostriecin (online supplemental figure
5C,D) or PPP4C siRNA (figure 4E, online supplemental
figure HE). In addition, we performed a cytokine array
with the conditioned media collected from carboplatin
treated OVCARS3 cells, which were transfected with either
control or PPP4C siRNA. We observed a clear induction
in protein level expression of IL-6 and CXCL10 on loss
of PP4C and carboplatin treatment, which was consistent
with the increase observed at the mRNA level. Moreover,

we also observed increased expression of additional
senescent-associated secretory phenotype (SASP)-related
cytokines including IL-8, CCL2, TNF-o, and CXCL9 with
PP4C knockdown (figure 4F). Collectively, these data
demonstrate that PP4 inhibition augments carboplatin-
induced inflammatory signaling in OC cell lines.

PP4 inhibition in OC cells boosts immune cell migration via
the STING pathway

Previous studies have shown that increased CD8 T-cell
infiltration correlated with improved prognosis in OC.*
CCL5, CXCL9, and CXCL10 have been shown to enhance
both T and NK cell infiltration into tumors.” * To deter-
mine whether pro-inflammatory cytokines and chemok-
ines produced on combination of carboplatin and PP4
inhibition influences immune cell migration, we collected
conditioned media from both mouse and human OC cell
lines following treatment with fostriecin and carboplatin.
Mouse OT-I CD8 T cells or NK-92 cells were placed in
a Boyden chamber with either the mouse or human OC
conditioned media, respectively, (figure 5A, schematic).
Both mouse CD8 T cells and NK-92 cells displayed
enhanced migration when exposed to conditioned media
from OC cells treated with the combination of fostriecin
and carboplatin (figure 5A). Additionally, we verified that
direct fostriecin treatment had no effect on T-cell viability
and did not negatively influence chicken ovalbumin
(OVA)-induced T-cell activation as shown by intracellular
cytokine staining for IFN-y and TNF-o. (online supple-
mental figure 6A).

We next sought to determine whether blocking
signaling downstream of chemokine and cytokine recep-
tors could blunt the immune cell migration induced by
the conditioned media from carboplatin and fostriecin
treated OC cells. Consistent with the well-documented
role of Rac signaling in chemokine-induced cell migra-
tion,” we observed a significant reduction of both CD38
T and NK cell migration in the presence of an Rac inhib-
itor (figure 5B). However, we observed cell-type specific
responses to MEK and STAT3 inhibitors. The STAT3
inhibitor, Stattic, suppressed CD8 T-cell migration but
increased NK-92 cell migration (figure 5B). These results
are consistent with previous reports as STAT3 signaling
is known to be activated in migrating CD8 T cells in
response to IL-6,"” whereas STATS is reported to have an
opposing effect on NK cell migration.41 Similar to STAT3
signaling, MEK inhibition also resulted in distinct cellular
responses from CD8 T and NK cells. Interestingly, the
MEK inhibitor suppressed NK cell migration, whereas
CD8 T-cell migration remained unaffected (figure 5B).
To determine if cGAS-STING signaling played a role in
the observed increase in T and NK cell migration, we
knocked down STINGI using siRNA in OVCARS cells
(online supplemental figure 6B). Conditioned media
from STINGI knockdown OVCARS cells failed to stimu-
late human CD8 T-cell migration following PP4 inhibition
(figure 5C). These data show that the pro-inflammatory
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Figure 4 Loss of PP4 activity potentiates DNA damage-induced inflammatory signaling. (A) Representative western blot
showing STAT1 phosphorylation at Y701 and S727 in OC cells pretreated+Fos (1 nM) for 24 hours followed by carboplatin
treatment at the indicated doses on day 5. (B) STAT1 signaling shown following PPP4C siRNA transfection and carboplatin
treatment on day 5. PP4C expression is also shown. (C) Representative western blot showing p65 phosphorylation at S536 in
OC cells pretreated+Fos (1 nM) for 24 hours followed by carboplatin treatment at indicated doses on day 5. (D) Immunoblots
of p-p65 following PPP4C siRNA transfection and carboplatin treatment on day 5. Actin is used as loading control. (E) RNA
transcript levels of CCL5, CXCL10, IL-6 and IFNB1 were measured in OVCARS (left) and OVCARS (right) cells£PPP4C siRNA
transfection and carboplatin treatment by quantitative, real-time PCR and relative fold change was calculated from three
replicates. Values are mean+SEM. *p<0.05, **p<0.01, ***p<0.001 and ***p<0.0001. (F) Cytokine array analysis with conditioned
media collected from OVCARS cells transfected with either control or PPP4C siRNA+carboplatin. Spot densities of select
cytokines are shown. Fos, fostriecin; OC, ovarian cancer; PP4, protein phosphatase 4; STAT, signal transducer and activator of
transcription.
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*p<0.05and ****p<0.0001. Fos, fostriecin; NK, natural killer; STAT, signal transducer and activator of transcription; STING,

stimulator of interferon genes.
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signaling stimulated by PP4 inhibition is mediated by
STING activation in OC cells.

PP4GC knockdown in tumor cells augmented NK cell activation

and cytotoxicity against 0C

Since inhibition of PP4 activity led to increased inflam-
matory signaling and immune cell migration, next
we examined whether PP4 subunit expression in OC
correlates with immune cell infiltration using the TIMER
V.2.0. Gene expression deconvolution algorithms CIBER-
SORT (cell type identification by estimating the relative
subset of known RNA transcripts) and xCell were used
to estimate the NK cell, CD8 T cell, and NK T-cell subsets
based on bulk RNA-seq gene expression data from OC
(TCGA). High transcriptlevel expression of PPP{R3A
(SMEK1) and PPP4R2 in OC correlated with a small but
significant decrease in activated NK cell (CIBERSORT)
and NK T (xCell) infiltration. We observed a similar nega-
tive correlation in NK (p value not significant) and NK
T-cell filtration (p value significant) with high tumoral
PPP4R3B expression. However, while we observed a nega-
tive trend with PPP4C expression, the adjusted p value
did not reach statistical significance using CIBERSORT
(online supplemental figure 7). There was no significant
correlation between expression of PP4 subunits and CD8
T-cell infiltration (data not shown).

Studies have shown that OC is susceptible to NK cell-
mediated killing and increased fractions of NK cells in
ascites of patients with OC correlate with improved
outcomes.* * However, as we observed a significant nega-
tive correlation between RNA level expression of PP4
subunits and NK cell infiltration in OC, we next wanted
to test our hypothesis that PPP4C or PPP4R3B knockdown
can positively influence NK cell function against OC.
We measured IFN-y" effector NK cells following co-cul-
ture with NK-92 cells and OVCAR3 and OVCARS cells
were transfected with either control, PPP4C or PPP4R3B
siRNA. We saw a significant increase in IFN-y" NK cells
in response to either PPP4C or PPP4R3B knockdown as
compared with the control that was further increased
by carboplatin (figure 6A,B). We next assessed NK cell
degranulation following a 3hours co-culture between
NK-92 cells and OVCARS cells transfected with control,
PPP4C, or PPP4R3B siRNA. We saw a significant increase
in CD107a" NK-92 cells in response to either PPP4C or
PPP4R3B knockdown. We also observed a significant
increase in CD107a" NK-92 cell population on co-culture
with carboplatin treated cells (figure 6C). To further deter-
mine if the increase in NK cell activation and degranula-
tion mediated by loss of PP4 contributed to an increase in
NK cell-mediated OC cell killing, we co-cultured OC cell
lines transfected with control, PPP4C, or PPP4R3B siRNA
with NK-92 cells. Our results show that loss of PPP4C or
PPP4R3B expression in OC enhances NK cell-directed OC
cell killing (figure 6D). Carboplatin treatment induced a
significant increase in killing with OVCARS cells, which
was further increased in both PP4C and PPP4R3p knock-
down cells (figure 6D). In OVCARS3, even though there

was increased killing in carboplatin treated cells over the
siRNA alone group, it did not achieve statistical signifi-
cance (online supplemental figure 8A). We additionally
confirmed that the killing observed was due to the addi-
tion of NK cells and not due to loss of PP4C or PPP4R3[3
expression. Our results show that knockdown of PPP4R3[3
did notsignificantly induce apoptosis in the absence of NK
cells in either the OVCAR3 or OVCARS cell lines (online
supplemental figure 8B). Silencing of PP4C resulted in a
small but significant increase (11%-17.9%) in apoptosis
in the OVCARS3 cell line, but not in the OVCARS cell line
(online supplemental figure 8B).

Knockdown of PP4C in a syngeneic, immunocompetent mouse
model of OC results in reduced tumor growth and increased
effector immune cell infiltration

Next, we sought to evaluate the effect of PP4C knock-
down on OC tumor growth. We developed ID8-p53KO
cells with reduced expression of PP4C (figure 2B). In vivo,
PP4C knockdown resulted in significantly reduced overall
tumor growth (figure 7A,B). In addition, there was signif-
icant reduction in ascites formation in PP4C knockdown
tumors compared with control (figure 7C). To mimic
our in vitro findings, we used a low dose of carboplatin
in vivo. This low dose of carboplatin (5mg/kg) did not
have any effect on either control or PP4C knockdown
tumor growth. Next, we determined the cellular changes
in tumor, spleen, peritoneal lymph nodes, and ascites
(figure 7D-I, online supplemental figures 9, 10). We
observed a significant increase in both NK cell (CD3"
CD161") and NKT cell (CD3'CD161") infiltration in PP4C
shRNA tumors compared with control while carboplatin
treatment showed no additional increase in either group
(figure 7D,E). Consistent with increased infiltration, we
also identified increased IFN-y" NK cells (CD3 CD161%)
in PP4C shRNA tumors (figure 7F). Furthermore, we saw
asignificant increase in CD4" T-cell numbers within PP4C
shRNA tumors, which again were unaffected with carbo-
platin treatment (figure 7G). Interestingly, carboplatin
treatment significantly increased intratumoral CD8" T-cell
numbers in PP4C shRNA tumors, which was not observed
with the control treated group (figure 7H). Additionally,
we found that the CD4°CD25" T-cell population, which is
representative of regulatory T cells, remained unchanged
across all groups (figure 7I). The changes in NK cell
composition were specific to tumors as we did not observe
any changes across groups in the spleen, lymph nodes,
or ascites (online supplemental figure 9A-C). For CD8"
and CD4' T cells, we observed a slight increase in overall
cell numbers in the spleen from mice with PP4C shRNA
tumors whereas the numbers remained unaffected within
both peritoneal lymph nodes and ascites (online supple-
mental figure 9D,E). An increase in CD4'CD25" T-cell
population was also noted in the spleen from mice with
PP4C shRNA tumors while there was no change observed
across groups in lymph nodes and ascites (online
supplemental figure 9F). These data demonstrate that
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Figure 6 Loss of PP4 promotes NK cell activation and NK cell-directed ovarian cancer killing. OVCARS3 and OVCARS cells
were transfected with either control or PPP4C or PPP4R3B siRNA, followed by carboplatin treatment at indicated doses:
OVCARS3 (0.5uM), OVCARS (2.5uM). On day 5, cells were co-cultured with NK-92 (1:1) and immunostained for IFN-y and TNF-o.
following PMA restimulation. (A) representative scatter plots of the cytokine production in OVCARS3 are shown. (B) relative

fold changes in IFN-y+ cells were calculated for OVCAR3 (n=3) and OVCARS8 (n=3), mean+SD is shown, *p<0.05, **p<0.01,
***p<0.001 and ***p<0.0001. (C) Left, representative flow scatter plots and, right, the percentage of CD45" CD107a" cells
following NK-92 and OVCARS co-culture are shown as bar graph, **p<0.001 and ***p<0.0001 (D) NK-92 mediated cytotoxicity
assays. OVCARS cells (n=3) were transfected with control or PPP4C or PPP4R3B siRNAxcarboplatin treatment (2.5 uM). NK-
92 cells were added in a 1:1 ratio. After 3hours, the cells were stained with annexin V and Pl and the CD45-negative cells

were analyzed. Representative flow plots and percentage of early and total apoptotic cells are shown for all treatment groups,
mean=SD, ***p<0.0001. IFN, interferon; NK, natural killer; Pl, propidium iodide; PMA, phorbol 12-myristate 13-acetate; PP4,
protein phosphatase 4; SSC-A, side scatter-area; TNF, tumor necrosis factor.
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Figure 7 PP4C knockdown augments immune cell infiltration. (A) Left, schematic. Immune proficient C57BL/6 mice were
injected with ID8-p53KO0O control and ID8-p53K0O-ppp4shRNA clone 2 cells (n=6-7 mice). (i) Representative images for mice
from respective groups showing relative tumor burden on day 26. (i) Tumor growth was monitored by weekly measurement
of luminescence (total flux) using IVIS, mean+SEM, *p<0.5, **p<0.01, **p<0.001. (jiii) Luminescence curves of individual mice
measured over time. (B) i-ii, Primary omental tumor along with metastatic nodules were collected at time of necropsy, weighed,
and shown as a bar graph, mean+SEM, *ns, not significant, p<0.05, **p<0.01. (C) Volume of ascites collected at necropsy is
shown, ns, not significant, *p<0.05, **p<0.01. Tumors were disassociated and immune cell populations were identified by flow
cytometry. (D, E) CD3°CD161* and CD3*CD161* per 10° live cells, mean+SEM, ns, not significant, *p<0.05. (F) Quantitation

of IFN-y in CD3-CD161+natural killer cells following ex vivo restimulation with PMA/ionomycin for 4 hours, mean+SEM, ns,
not significant, *p<0.05. (G, H) CD4* and CD8" T cells per 10 live cells, mean+SEM, **p<0.01, ***p<0.0001. () CD4*CD25*
Treg population per 10° live cells, mean+SEM, IFN, interferon; IVIS, in vivo imaging system; ns, not significant; PMA, phorbol
12-myristate 13-acetate; PP4, protein phosphatase; Treg, regulatory T cell; .
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Figure 8 Schematic diagram showing mechanism by which PP4C is involved in antitumor immunity. Loss of PP4 augments
chemotherapy-induced DNA damage triggering a type | interferon response mediated by STING and STAT1 signaling. Increased
chemokine production on inhibition or knockdown of PP4C led to improved immune cell migration both in vitro and in vivo and
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PP4C knockdown reduces tumor burden and enhances
immune effector cell tumor infiltration.

DISCUSSION

In this study, we provide direct evidence that loss of PP4
can augment inflammatory responses in OC caused by
chemotherapy (figure 8, summary figure). Our results
show that knockdown or pharmacological inhibition of
PP4C activates type I IFN signaling leading to increased
transcription of pro-inflammatory cytokines and STAT1
activation. Increased chemokines and cytokines from
carboplatin treated, PP4-silenced OC cells enhanced
immune cell migration in a STING-dependent manner.
In addition, knockdown of either the catalytic subunit
or regulatory subunit of PP4 in OC cells improved NK
cell activation and NK cell-mediated OC killing. In vivo,
loss of PP4C led to reduced tumor growth with increased
effector immune cell infiltration. These findings support
the further development of PP4 inhibitors to enhance the
antitumor immune response in OC.

Clinical trials have revealed thatsingle agentICB therapy
is not effective in patients with oc.H However, recent
studies have highlighted that inhibition of the DDR can
enhance immunogenicity and increase responses to ICB
therapy.® *° Recent results from a phase II clinical study
that combined pembrolizumab with the PARP inhibitor,
niraparib, demonstrated an overall response rate (ORR)
of 18% for all patients with OC,® which is higher than
the ORR of 8% with pembrolizumab alone. In this trial,
patients with BRCA1/2 mutated tumors had the same
response rate as those with wild-type tumors. This suggests
that there are additional factors influencing the response

to ICB beyond BRCA1/2 and that combining ICB with
modulators of DDR may be beneficial for those with OC.
Previous studies have established that the multisubunit
phosphatase complex, PP4, plays a significant role in the
DDR through the dephosphorylation of several proteins
that play integral roles in HR and/or NHEJ: yYH2AX,'*
Kap-1/TRIM28,'® RPA2," and 53BP1."* *” PP4C, PPP4R2,
and PPP4R30 (three components of PP4 complex) have
been found to be significantly overexpressed in lung and
breast cancers.® Our findings indicate that loss of PP4
activity in OC cells results in cancer cell-extrinsic immune
cell activation. However, further studies are needed
to determine whether PP4 inhibition influences ICB
response in cancers with PP4 overexpression.

We had previously discovered that CT45 binds to
and inhibits PP4, thereby enhancing carboplatin sensi-
tivity.'” Previous studies have also shown that when PP4
subunits were transiently silenced, resolution of the DNA
damage was delayed, causing enhanced sensitivity to DNA
damage-inducing agents. In this study we used a PP4
inhibitor, fostriecin. Fostriecin is a commercially available
phosphate ester produced by Streptomyces pulveraceous that
was originally identified as an antitumor antibiotic that
demonstrated antitumor function in xenograft mouse
models.* Subsequently it was discovered that fostriecin
was a potent, selective inhibitor of PP4 and PP2 phos-
phatases.”’ Notably, many of the effects of fostriecin have
more recently been attributed to its inhibition of PP4
rather than PP2A.%' In addition, many OC tumors express
high levels of the endogenous PP2A inhibitor, CIP2A,”
and therefore, PP2A activity is anticipated to be low in the
majority of OC tumors. In our study, fostriecin and PPP4C
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siRNA combined with carboplatin induced overlapping
phenotypes suggesting that fostriecin’s main effects in
OC are mediated by PP4 inhibition. Targeted inhibition
of PPP Ser/Thr phosphatases is still a challenge owing
to the high degree of active site conservation among this
protein superfamily. Fostriecin did enter a phase I clinical
trial in the early 2000s but the study was terminated due
to issues with purity and supply of the drug.””** Efforts
have been taken to combat these issues, including the
development of fostriecin analogs or fostriecin-like inhib-
itors.”” ® Future development of PP4-specific inhibitors
will be needed to define the clinical utility of these types
of inhibitors for OC.

Genomic instability can trigger antitumor immunity
through recognition of cytosolic DNA by cGAS and
subsequent activation of the STING pathway.”® Activa-
tion of the cGAS-STING pathway leads to inflammatory
signaling through activation of transcription factors IRF3
and NF-«B.”” Both host”® and tumor intrinsic™® STING
activation have been shown to be important for the anti-
tumor immune response and response to ICB. Here, our
results show increased canonical NF-xB activation and the
upregulation of multiple inflammatory genes including
CCL5, CXCLY, CXCL10, IL-6 as well as IFNBI, following
carboplatin treatment and PP4 inhibition in OC cells.
Increased production of CXCL9 and CXCL10 have been
shown to be associated with increased tumor immune infil-
trates in OC as well as with improved response to therapy
in melanoma, ovarian, and breast cancer.’>* Knockdown
of STING in PP4C siRNA transfected OC cells, led to
decreased immune cell migration in vitro, underscoring
the role of STING in promoting an inflammatory pheno-
type following DNA damage in PP4-inhibited OC cells. At
the protein level, we also found increased expression of
several other cytokines including IL-8, TNF-o,, CCL2, and
MIP30, that are correlated with the SASP phenotype.®® **
The cGAS-STING pathway is a critical regulator of senes-
cence and the SASP phenotype,” suggesting that PP4
inhibition may contribute to a pro-inflammatory, SASP
phenotype through the cGAS-STING pathway in OC cells.

One of the key findings in our study is the demonstra-
tion of the functional effect of PP4 knockdown on NK
cell activation, cytolytic activity, and tumor infiltration in
OC. Interestingly, we found differences in the effect of
PPP4C siRNA versus PPP4R3B siRNA on NK cell produc-
tion of TNF-0/IFN-y, which were not present with NK
cell-directed OC cytotoxicity. Since the catalytic func-
tion of PP4 phosphatase activity is tightly regulated by
its interaction with its regulatory subunits,”® we expect
that reduction of the catalytic subunit, PP4C, would have
a more pronounced effect than reduction of one of the
regulatory subunits, PPP4R3f. In addition, it is currently
understood that NK cells mediate their cytolytic activity,
through release of granzyme B and perforin, within
minutes of encountering target cells® while production
of TNF-0./IFN-y has been shown to have slower kinetics.®
Correlating with these results, we found increased tumor
infiltration of IFN-y-producing NK cells and NK T cells

(CD3'CD161") in PP4C shRNA tumors that was associated
with reduced tumor burden. NK cells have been shown
to be associated with improved overall survival in OC as
well as in breast cancer and melanoma.* " Increased
IFN-y production within the tumor microenvironment
is known to lead to upregulation of major histocompati-
bility (MHC) class I antigen processing and presentation,
which promotes the adaptive immune response. We also
observed increases in CD4" Tcell infiltration in PP4C
shRNA tumors and CD8" T-ell infiltration increased
with the addition of carboplatin in PP4C shRNA tumors.
Future studies are needed to elucidate which immune cell
types are needed for tumor control in the context of PP4
deficiency and on the role of PP4 in the response to ICB.

In conclusion, this study highlights the crucial role of
PP4 in antitumor immunity and the need for specific
inhibitors for effective clinical translation. To our knowl-
edge, this is the first report demonstrating that knock-
down or pharmacologic inhibition of PP4 in cancer cells
results in enhancement of immune effector cell migra-
tion, function, and tumor infiltration. In light of these
findings, we believe PP4 to be an attractive therapeutic
target in OC that warrants further investigation.
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