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ABSTRACT

Background Preclinical data suggest cell cycle
checkpoint blockade may induce an immunostimulatory
tumor microenvironment. However, it remains elusive
whether immunomodulation occurs in the clinical setting.
To test this, we used blood and fresh tissue samples
collected at baseline and post therapy from a phase |l trial
of the cell cycle checkpoint 1 inhibitor (CHK1i) prexasertib
in recurrent ovarian cancer.

Methods Paired blood samples and fresh core biopsies,
taken before treatment was started at baseline (cycle 1
day 1 (C1D1)) and post second dose on day 15 of cycle

1 (C1D15), were collected. To evaluate changes in the
immune responses after treatment, multiparametric flow
cytometry for DNA damage markers and immune cell
subsets was performed on paired blood samples. RNA
sequencing (RNAseq) of paired core biopsies was also
analyzed. Archival tissue immune microenvironment was
evaluated with immunohistochemistry. All correlative study
statistical analyses used two-sided significance with a
cut-off of p=0.05.

Results Flow cytometric analysis showed significantly
increased y-H2AX staining after CHK1i treatment,
accompanied by increased monocyte populations,
suggestive of an activated innate immune response
(median 31.6% vs 45.6%, p=0.005). Increased
expressions of immunocompetence marker HLA-DR
(Human Leukocyte Antigen DR antigen) on monocytes
and of TBK1, a marker of STING (stimulator of interferon
genes) pathway activation, in biopsies were associated
with improved progression-free survival (PFS) (9.25 vs 3.5
months, p=0.019; 9 vs 3 months, p=0.003, respectively).
Computational analysis of RNAseq data indicated
increased infiltration of tumor niches by naive B-cells and
resting memory T-cells, suggestive of a possibly activated
adaptive immune response, and greater T-reg infiltration
after treatment correlated with worse PFS (9.25 vs 3.5
months, p=0.007). An immunosuppressive adaptive
immune response, perhaps compensatory, was also
observed on flow cytometry, including lymphodepletion of
total peripheral CD4+ and CD8+T cells after CHK1i and
an increase in the proportion of T-regs among these T-

cells. Additionally, there was a trend of improved PFS with
greater tumor-infiltrating lymphocytes (TILs) in archival
tissues (13.7 months >30% TILs vs 5.5 months <30%
TILs, p=0.05).

Gonclusion Our study demonstrates that a favorable
clinical response in high-grade serous ovarian carcinoma
patients treated with CHK1i is possibly associated with
enhanced innate and adaptive immunity, requiring further
mechanistic studies. It is supportive of current efforts for a
clinical development strategy for therapeutic combinations
with immunotherapy in ovarian cancer.

BACKGROUND
Ovarian carcinoma accounts for the majority
of gynecologic cancer deaths in the USA.'
High-grade serous ovarian carcinoma
(HGSOC) is the most common subtype
of ovarian cancer and typically presents as
advanced disease with a high frequency of
recurrence, requiring new effective ther-
apeutic strategies. The molecular charac-
teristics of HGSOC include universal 7TP53
dysfunction that disrupts the G1-S cell cycle
checkpoint. This leaves the cells heavily
dependent on cell cycle checkpoint-mediated
G2-M arrest for DNA repair.” Cell cycle check-
point kinase 1 (CHKI), which regulates the
G2-M checkpoint, is overexpressed in nearly
all HGSOC,” making it a rational target to
induce DNA damage and tumor cell death.
CHKI1 is activated by the ataxia telangiec-
tasia and Rad3-related (ATR) and ataxia-
telangiectasia mutated (ATM) kinases in
response to DNA damage or replication
stress.* On activation, CHK1 phosphorylates
and inhibits its substrates, M-phase inducer
phosphatases 1 (CDC25A) and 3 (CDC25C),
which led to cell cycle arrest at the G2-M
checkpoint.”® This allows for DNA damage
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repair and stabilization of stalled replication forks, without
which double-stranded DNA breaks and consequent cell
death would occur.” Prexasertib, the second-generation
CHKI1 inhibitor (CHKIi), has been reported to induce
DNA damage and apoptosis in numerous preclinical
models including ovarian cancer.*

Preclinical data also suggest that the efficacy of CHKI
inhibition may be associated with innate and adap-
tive immunomodulation, although studies are limited,
particularly in ovarian cancer. It has been shown that
both CHKI and ATR activation after DNA damage leads
to upregulation of programmed death ligand-1 (PD-
L1)," " potentially via the STAT/IRF1 pathway."? In vitro
work in osteosarcoma, prostate and lung cancer models
demonstrated that PD-L1 expression induced by ionizing
radiation-related DNA damage was thereby downregu-
lated by CHK1i."* ATR inhibition also has been shown
to decrease PD-L1 expression, sensitizing tumor cells to
Tcell-mediated killing."' Recently, Sen et al'” reported that
DNA repair inhibition, such as with the CHKIi prexas-
ertib, causes increased DNA damage and accumulation of
broken DNA fragments in the cytoplasm. Cytosolic DNA
fragments can then bind to cyclic GMP-AMP synthase
(cGAS), leading to upregulation of the cGAS-stimulator
of interferon genes (STING) pathway.'” '* The STING
pathway is a potent activator of type I interferons (IFN)
and elicits both innate and adaptive anti-tumor immune
responses, including increased production of immuno-
stimulatory cytokines and recruitment of T-cells.'*"®

However, while CHKI1 inhibition enhanced anti-tumor
CD8+T cell infiltration, it was also reported to increase
endogenous immunosuppressive PD-L1 expression,
enabling synergy with anti-PD-L1 therapy."” These varying
results reflect a complex biology as well as different
experimental conditions and thus highlight the need
for further studies in the context of immunomodulation
in the clinical setting. We recently reported promising
clinical activity of the CHKIi prexasertib in heavily pre-
treated BRCA wild-type (BRCAwt) patients with recurrent
ovarian cancer.'” In the present study, we hypothesized
that CHK1i may have induced both innate and adap-
tive immune responses in addition to its effect on the
cell cycle regulation, thus contributing to the observed
clinical activity in ovarian cancer patients. To test this
hypothesis, we investigated changes in the peripheral
and tumoral innate and adaptive immune responses in
patients treated with CHKI1i monotherapy using paired
pre-treatment and post-therapy blood and tissue samples.
We now report the increases in cellular and molecular
markers of innate and adaptive immunity by CHKIi
monotherapy that correlated with a favorable clinical
response.

METHODS

Patients and study design

This single arm proof-of-concept phase II study was
approved by the Institutional Review Board of the Center
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Figure 1 Study schema and increased y-H2AX, possibly
caused by CHK1i. (A) Prexasertib was administered
intravenously at 105 mg/m? every 2 weeks in 28-day cycles
until disease progression or unacceptable toxicities. A
mandatory baseline tumor biopsy was performed before
C1D1 treatment, and an optional second biopsy was
performed 6 to 24 hours after treatment on C1D15. PBMCs
for flow cytometry were collected at C1D1 and 6 to 24 hours
after treatment on C1D15. (B) Flow cytometric analysis
showing increased MFI of YH2AX in PBMC isolated from
patients before (pre) and after a 2-week treatment with
prexasertib (post). Cells were first gated on CD3 (T-cells),
CD19 (B cells), or CD56 (NK cells) prior to plotting for yH2AX.
C1D1, cycle 1 day 1; C1D15, cycle 1 day 15; MFI, mean
fluorescence intensity; NK, natural killer; PBMCs, peripheral
blood mononuclear cells.

for Cancer Research (CCR), National Cancer Institute
(NCI), Bethesda, Maryland, USA, and written informed
consent was obtained from participating patients.
Comprehensive enrollment criteria have previously
been published." Briefly, eligible patients had recur-
rent HGSOC, an Eastern Cooperative Oncology Group
(ECOG) Performance Status of 0 to 2 and good end-
organ function. The BRCAwt HGSOC cohort completed
enrollment in November 2016 for which details were
published and data from that cohort are used for this
pilot project.'” The BRCA mutation HGSOC cohort is
currently enrolling the patients (NCT02203513). There
was no limit on number of prior therapies, however,
patients had to have at least 4 weeks wash-out period from
their last treatment. Clinical study details, including drug
administration, safety, adverse events, and tumor response
in the BRCAwt HGSOC cohort have been reported'” and
the schema for treatment is shown in figure 1A. Paired
blood samples, taken before treatment was started at
baseline (cycle 1 day 1 (C1D1)) and 6 to 24 hours post
second dose on day 15 of cycle 1 (C1D15), were collected
from all patients. Pre-treatment and C1D15 percutaneous
core biopsies were obtained by interventional radiologists
under CT or ultrasound guidance using local anesthesia.
All core biopsy samples were processed immediately in
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real time into optimal cutting temperature compound
and stored at —80°C prior to analysis. Paraffin-embedded
archival tissue samples from the time of original diagnosis
were obtained at trial enrollment for immunohistochem-
istry as fresh frozen biopsy samples did not yield evaluable
immunohistochemistry findings.

Flow cytometry

Cells were incubated with Fc receptor blocking agent
(Miltenyi Biotec, Bergisch Gladbach, Germany) and
stained with monoclonal antibodies for 20 min at 4°C. For
intracellular staining for Foxp3 and Ki67 expression, cells
were fixed and permeabilized using a Fix/Perm buffer
(eBioscience, San Diego, California, USA) according to
the manufacturer’s instructions, then stained with anti-
Foxp3 or anti-Ki67 antibody. Live cells were discriminated
by means of LIVE/DEAD Fixable Aqua Dead Cell Stain
(Life Technologies, New York, USA) and dead cells were
excluded from the analysis. All analyzes were performed
using multiparametric flow cytometry (MACSQuant;
Miltenyi Biotec, Bergisch Gladbach, Germany) and data
were analyzed using FlowJo software V.10.0.7 (FlowJo,
LLGC, Ashland, Oregon, USA). Gating was first performed
on peripheral blood mononuclear cells (PBMCs) with
doublet exclusion and then on viable cells. CD8+ or
CD4+T cells were further gated for functional markers
PD-1, glucocorticoid-induced TNFR-related protein
(GITR), Human Leukocyte Antigen DR antigen (HLA-
DR), inducible T-cell costimulatory (ICOS) or Ki-67.
Monocytic myeloid-derived suppressor cells (M-MDSCs)
were defined as CDI11b+CDI14+HLA-DR-CD15-, early-
stage MDSCs (E-MDSCs) as CD11b+CD3-CD14-CD15-
CD19-CD56-HLA-DR-CD33+ and polymorphonuclear
MSDCs (PMN-MDSCs) as CD11b+CD14 CD15+. For
monocytes, total monocytes were subdivided by CD14 and
CD16 expression: classical monocytes (CD14 ++CD16-);
non-classical monocytes (CD14 +CDI16++); and inter-
mediate monocytes (CDI14 ++CD16+). Representative
figures describing detailed flow cytometry gating strate-
gies can be found in online supplemental figure 1. The
monoclonal antibodies used (all from BioLegend, San
Diego, California, USA) are listed in online supplemental
table 1.

RNA sequencing

Total RNA was isolated from pre-treatment and avail-
able C1D15 fresh-frozen core biopsies using the RNeasy
microkit (Qiagen). RNA quality was evaluated using the
Agilent Bioanalyzer 2100 and RNA integrity number
(RIN) values were ensured to be >8.0. For total RNA
sequencing (RNAseq), each sample (20 to 100 ng) was
preprocessed with NEBnext rDNA depletion kit (New
England Biolabs, Ipswich, Massachusetts, USA) to remove
ribosomal RNA, then barcoded and pooled to ensure
at least 100 million reads per sample on a HiSeq3000
sequencing system (Illumina, San Diego, California,
USA). The human reference genome Hg38 was used to
align reads and gene expression data were generated as

counts per million mapped reads (CPM) values. Quality
check of sample and sequencing outputs were performed
by the CCR sequencing facility and CCR collaborative
bioinformatics resource at NCI, Bethesda, Maryland,
USA. As previously described," RNAseq data of normal
ovarian tissues were obtained from the Genotype-Tissue
Expression project (GTEx project, NIH; https://www.
gtexportal.org/home/, last accessed on January 13,
2019) as Reads Per Kilobase of transcript per Million
mapped reads (RPKM) values and then converted to
CPM values using the formula RPKM=CPM/L, where
L is the exonic length in kilobases. Log2 of CPM values
were used throughout. Biopsies determined to be derived
from normal tissue were excluded from analysis. HGSOC
subtype was determined using a validated single sample
Gene Set Enrichment Analysis (ssGSEA) signature as
has been previously described.” *! IFN=y and expanded
immune gene signature scores (online supplemental
table 2) were calculated by averaging the normalized log2
expression levels of the included genes, as described by
Ayers et al.”* CIBERSORT, a computational algorithm for
quantifying immune cell fractions using gene expression
profiles, was performed to determine tumorous immune
infiltration as previously described.”

Immunohistochemistry

Pre-treatment formalin-fixed paraffin-embedded (FFPE)
tissue samples from 24 patients were sent to Johns
Hopkins Hospital for pathologic correlative studies; the
tissue from one patient (Study ID 40) was inadequate
for correlative studies due to tissue preservation. H&E-
stained slides of the tissue samples from the remaining 23
patients were evaluated to confirm the pathologic diag-
nosis of high-grade ovarian carcinoma and to score the
presence of tumor-infiltrating lymphocytes (TILs) and
tumor-associated macrophages (TAMs). TIL were scored
as the percentage (0% to 100%) of tumor stroma area
occupied by mononuclear inflammatory cells, as previ-
ously described.** TILs were not scored in tumor speci-
mens lacking stroma, that is, those specimens consisting
entirely of detached fragments of carcinoma cells without
interface to adjacent stroma. The presence of TAM was
recorded as: score 0 (absent), score 1 (focal, largely
confined to papillary cores), score 2 (non-focal, involving
both papillary cores and tumorous stroma), and score
3 (diffuse, involving papillary cores, tumorous stroma,
and carcinoma cell nests). Immunohistochemistry for
CD68 (Clone KP1, Dako; Bond RX, Bond Polymer Refine
Detection) was performed on all cases to confirm the
histologic impression of TAM.*

Immunohistochemistry for PD-L1 was performed manu-
ally on unstained slides (PD-L1 clone SP142, 0.096 pg/mL
concentration; Spring Bioscience, Pleasanton, California,
USA), as described.” Specifically, the Spring Bioscience
PD-L1 clone SP142 was used with a laboratory-developed
assay validated against the labeling results of comparable
assays.” Briefly, slides were deparaffinized and rehydrated
using standard methods. Antigen retrieval was performed
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in pH 6.0 CB buffer in a decloaking chamber (Biocare
Medical, Pacheco, CA, USA), and slides were treated with
peroxidase, protein, avidin, and biotin blocking, and
incubated with the primary antibody overnight at 4°C.
Slides were then treated with a biotin-labeled anti-rabbit
secondary antibody (1 pg/pl concentration). The signal
was developed with horseradish peroxidase using the
VECTASTAIN Elite ABC Kit (Vector Laboratories, Burl-
ingame, California, USA), amplified using a Tyramide
Signal Amplification PLUS Biotin KIT (dilution 1:50;
Perkin Elmer, Waltham, Massachusetts, USA), and visual-
ized by 3,3'-Diaminobenzidine (DAB). PD-L1 labeling of
carcinoma cells was evaluated in all cases and was scored
as percentage (0% to 100%) of malignant cells with
membranous labeling, with a cut-off of >1% carcinoma
cell labeling considered positive.

Statistical analysis

Comparison of correlative markers were performed
using a non-parametric Mann-Whitney test (for unpaired
analyses) or a non-parametric Wilcoxon matched-pairs
signed-rank test (for paired analyses) using GraphPad
Prism, V.6. Immunohistochemistry data analyses were
performed using Microsoft Excel (t-test) or GraphPad
Online (Fisher’s exact test). The significance of differ-
ence between Kaplan-Meier survival curves was compared
with a Mantel-Cox log-rank test. All statistical tests used
two-sided significance with a cut-off of p=0.05 and are
reported without adjustment for multiple comparisons
due to the small study cohort and exploratory nature of
this analysis.

Study approval

The trial was approved by the Institutional Review Board
of the CCR, NCI, Bethesda, Maryland, USA. All patients
provided written informed consent before enrollment.

RESULTS

Patients

The treatment schema and correlative studies are shown
in figure 1A. Characteristics of the 24 evaluable BRCAwt
HGSOC patients enrolled in this phase II trial have previ-
ously been described in detail'” and are summarized in
table 1. Briefly, in this group of heavily pre-treated patients
(median 4.5 prior treatments (1 to 13)), there were eight
(33%) partial responses (PR) and six (25%) patients
with stable disease (SD) =6 months for a clinical benefit
rate (CBR; PR +SD 26 months) of 58%. For this post hoc
exploratory biomarker study, not all patients had avail-
able samples from each translational endpoint but 100%
of patients had paired pre-treatment and post-treatment
blood among which 96% (23/24) were evaluable for flow
cytometry, 88% (21/24) had evaluable archival tissue
from primary diagnosis, and 38% (9/24) had both paired
blood and fresh core biopsy samples from this trial;
table 1 also includes the number of patients within each
of the substudy elements.

Table 1 Clinical characteristics and numbers in correlative
study elements (n=24)

Age (years)

Median (IQR) 64.0 (58.0 to 69.5)
Number of previous treatments (n, %)

1 1 (4%)

2 8 (33%)

>3 15 (63%)
Median (range) 45(1to13)

Platinum sensitivity* (n, %)

Platinum-sensitive 5(21%)
Platinum-resistant 18 (75%)
Platinum-refractory 1 (4%)

Best RECIST response (n, %)
PR 8 ( )
SD >6 months 6 ( )
Total CBR (PR+SD >6 months) 14 (58%)
SD <6 months 3( )
PD 7 ( )

Correlative studies (n, %)

Tumor biopsies

Pre-treatment 18 (75%)t

Post-treatment 12 (50%)t

Paired 9 (38%)
Flow cytometry 23 (96%)t
Immunohistochemistry 21 (88%)§
CBC 24 (100%)

*Platinum-sensitive: recurs 6 or more months after cessation of last
platinum-based chemotherapy; platinum-resistant: progression
within 6 months of last platinum-based therapy; platinum-
refractory: progression while actively on platinum-based therapy.
TAIl 24 patients had baseline biopsies performed, however six
were determined to be non-tumor tissue by RNAseq analysis and
were excluded from analysis.Thirteen patients had an optional
second biopsy performed, and one was determined to be of non-
tumor origin and excluded.

$C1D15 PBMCs from one patient were missing.

§Archival tissue from one patient was exhausted prior to
enrollment in the trial and was unevaluable in two patients due
tissue fragmentation and lack of stroma.

CBC, complete blood count; CBR, clinical benefit rate; PBMC,
peripheral blood mononuclear cells; PD, progressive disease; PR,
partial response; RECIST, Response Evaluation Criteria in Solid
Tumors ; RNAseq, RNA sequencing; SD, stable disease.

DNA damage in peripheral immune cells

Our findings from paired pre-treatment and post-
treatment PBMCs showed an increase in the number of
lymphocytes with y-H2AX staining by flow cytometry, a
marker of doublestranded DNA breaks.*® Specifically,
we observed increases in median fluorescent intensities
(MFIs) of +H2AX among CD3" T (median 1.63 vs 1.74,
p=0.03), CD19" B (median 1.69 vs 1.76, p=0.04), and
CDb56+Natural Killer (NK) lymphocytes (median 1.82 vs
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Figure 2 Prexasertib-induced changes in innate immunity. (A) An increase from pre-treatment to post-treatment percent
monocytes per total viable cells observed with flow cytometric analysis of 23 paired PBMC samples using the Wilcoxon
matched-pairs signed-rank test. Lines denote median and 95% CI. (B) Survival curves were compared using the Mantel-Cox

log-rank test. An increase in HLA-DR on total monocytes, seen in

12 of 23 patients, is associated with improved PFS (9.25

vs 3.5 months, p=0.019). (C) An increase in HLA-DR on classical monocytes, seen in 9 of 23 patients, is associated with
improved PFS (9.5 vs 3.75 months, p=0.04). (D) An increase in HLA-DR on non-classical monocytes, seen in 10 of 23 patients,

is associated with improved PFS (11.5 vs 4 months, p=0.002). (E)

Increased expression of TBK1, a key protein in the STING

pathway, seen in six of nine patients with paired pre-treatment and post-treatment biopsies, is associated with improved PFS
(9 vs 3 months, p=0.003). HLA-DR, Human Leukocyte Antigen DR antigen; mono, monocytes, mo, months; PBMC, peripheral
blood mononuclear cells; PFS, progression-free survival; STING, stimulator of interferon genes; TBK1, TANK-binding kinase 1.

2.05, p=0.02), suggestive of increased DNA damage in
patients treated with CHKIi (figure 1B). Moreover, the
observed increase in y-H2AX corresponded to treatment-
induced lymphodepletion as nearly 80% of patients expe-
rienced grade 3 or 4 reduced white blood cell counts,19
consistent with previous studies correlating double-
stranded DNA damage with peripheral lymphocyte
apoptosis.27 28 Change in H2AX was not associated with
clinical response or progression-free survival (PFS).

Innate immune activation in recurrent ovarian cancer

To evaluate changes in the peripheral innate immune
response, immunostimulatory cell (ie, monocyte) and
immunosuppressive cell (ie, myeloid-derived suppressor
cell (MDSC)), subpopulations were compared in paired
PBMC samples (online supplemental table 3). There was
an increase in percent monocytes per total viable cells
(median 31.6% (pre) vs 45.6% (post), p=0.005, figure 2A)
after CHKIi treatment, although this did not correlate
with clinical response or PFS. However, an increase in the
immunocompetence functional marker HLA-DR on total
monocytes, seen in 12 of 23 patients (MFI fold-increase
1.15 (1.01 to 2.76)), was associated with improved PFS
(9.25 vs 3.5 months, p=0.019, figure 2B) suggesting innate
immune activation of monocytes may contribute to the clin-
ical efficacy of CHKIi. Similarly, an increase in HLA-DR on
classical and non-classical monocytes, seen in 9/23 (39%)
and 10/23 (43%) of patients, respectively, correlated

with improved PFS (9.5 vs 3.75 months, p=0.04; 11.5 vs 4
months, p=0.002, figure 2C and D). No differences were
seen after treatment in MDSC or other immunosuppres-
sive cell subtypes. We further performed differential gene
analysis of RNAseq data set from paired tissue samples to
identify prexasertib-induced tumorous innate immune
activation. We found no significant changes in the RNA
expression levels of several cytokines known to play a crit-
ical role in the innate immune response, including IL6,
IL8, IL12, TNFo, and IFNy.* We also investigated changes
in mRNA expression levels of key STING pathway genes,
including ¢GAS, STING, TANK-binding kinase 1 (7BKI)
and IFN regulatory factor 3 (IRF-3),"** %! and observed
increased expression of TBKI among six of nine evaluable
patients with paired biopsy samples (median fold-increase
1.14 (1.02 to 1.33)). No other genes were significantly
changed. TBKI leads to phosphorylation and dimeriza-
tion of IRF-3 and ultimately induces transcription of type
I IFN genes,” and increased expression was associated
with improved PFS (9 vs 3 months, p=0.003, figure 2E)
suggesting STING pathway activation may contribute
partly to response to treatment as demonstrated preclini-
cally."” Downstream expression of IFNB was undetectable
and expression of the chemokines CXCL10 and CCLS5,
which are direct targets of IRF-3 and have been shown to
increase after STING activation,®
different after CHKI1i treatment.

were not significantly
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Figure 3 Prexasertib-induced changes in adaptive immunity. Paired pre-treatment and post-treatment PBMCs assessed by
flow cytometry compared in 23 patients using a Wilcoxon matched-pairs signed-rank test. Lines in A and C-D show median and
95% CI. (A) CIBERSORT analysis to detect immune cell tumor infiltration among nine paired pre-treatment and post-treatment
biopsies show an increase in naive B-cells and resting memory CD4+T cells, and a decrease in the proportion of infiltrating
resting mass was observed. (B) Among 12 available post-treatment core biopsies, high (above median) T-reg tumor infiltration
was correlated with a significantly worse PFS (9.25 vs 3.5 months, p=0.007) using the Mantel-Cox log-rank test. (C) Decreased
proportion of CD4+ and CD8+T cells per total viable cells observed from pre-treatment to post-treatment. (D) An increase in the
proportion of regulatory T-cells and effector regulatory T-cells among total CD4+T-cells was observed post-treatment. eTreg,
effector regulatory T-cell; PBMCs, peripheral blood mononuclear cells; Post-tx, post-treatment; PFS, progression-free survival;

Treg, regulatory T-cell.

Immunostimulatory and immunosuppressive adaptive
immune responses

To characterize tumorous adaptive immune responses to
prexasertib treatment, CIBERSORT, an algorithmic tool
that estimates proportions of tumor-infiltrating immune
cells using RNAseq data, was utilized on paired tumor
biopsies. We found increased proportions of naive B-cells
(0.5% vs 14%, p=0.003) and resting CD4 memory T-cells
(19% vs 25%, p=0.03), as well as decreased resting mast
cells after CHKI1i (5% vs 0.8%, p=0.03) (figure 3A).
However, none of these changes were associated with clin-
ical response or PFS, and there was no significant change
in activated T-cells. We also noted greater tumorous infil-
tration by T-regs (median=2.9%, (range 0% to 6.3%))
was associated with a significantly worse PFS (9.25 vs
3.5 months for above versus below median, p=0.007;
figure 3B), suggesting cross-talk between cell cycle check-
point inhibition and the adaptive immune response influ-
ences clinical activity of prexasertib.

Changes in the peripheral adaptive immune response,
including regulatory T-cells (Tregs) and effector
T-cells, were compared between pre-treatment and post-
treatment PBMCs using flow cytometry (online supple-
mental table 3). Consistent with the decreased white
blood cell count observed in 82% of patients on this
trial,19 CHKI1i induced peripheral lymphodepletion,
including an overall decrease in both CD4+ and CD8+T
cells (25% vs 19.5%, p=0.008% and 9.5% vs 7.6%, p=0.005,
respectively; figure 3C). There was no significant change
in the overall proportion of immunosuppressive T-regs
or effector Tregs (eT-regs), defined as active FOXP3"8"
CD45RA™ cells,33 among total viable cells. However, a
slight increase in the proportion of T-regs and eT-regs was
observed among CD4+T cells (4.8% vs 6.8%, p=0.01; 1.5%
vs 2.5%, p=0.009, respectively; figure 3D), suggestive of an
immunosuppressive environment. No significant changes
in Ki67+CD4+ or CD8+effector T-cells were observed after
treatment.
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Next, using the paired tissue RNAseq data set, we eval-
uated changes in pre-treatment versus post-treatment
expression of an INF-yand expanded immune gene signa-
ture incorporating key genes involved in the adaptive
immune response™ (online supplemental table 2). No
significant changes were observed. Finally, as CHKIi has
been demonstrated to modify PD-L1 expression preclin-
ically,'™" changes in expression levels of genes involved
in immunosuppression, including PD-1, PD-L1, and cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4), were
evaluated using RNAseq from nine paired pre-treatment
and post-treatment biopsies. No significant changes were
observed.

Investigating tumor-infiltrating lymphocytes in archival tissue
samples of study patients

To evaluate whether the tumorous immune environment
is prognostic and potentially predictive of response to
CHKIi, archival tissue biopsies from the time of initial
diagnosis (n=21) or recurrence (n=2) available from 96%
(23/24) of patients were examined via H&E and immu-
nohistochemistry for the presence of TILs. TILs were
evaluable in 21 patients, with two excluded due to tissue
fragmentation and lack of stroma, and contained an
average of 20% TIL (range 1% to 90% stromal TIL; online
supplemental table 4). In line with reports demonstrating
an association between TILs and survival in ovarian cancer
patients,” PFS was significantly improved among patients
with >30% TIL (13.7 vs 5.5 months, p=0.05). Moreover,
the presence of >30% TIL was seen only in patients
who experienced a clinical benefit (25% vs 0%, p=0.22)
and the tumors of patients who experienced a clinical
benefit from therapy showed a trend towards greater TIL
compared with those who lacked clinical benefit (27% vs
11%, p=0.07), suggesting TIL levels may serve as both a

prognostic and possibly predictive biomarker, requiring
further validation (online supplemental figure 2). Addi-
tionally, no association was observed between archival
tissue TAMs or PD-L1 carcinoma labeling (positive versus
negative) and response to therapy (online supplemental
table 4).

Molecular subtypes and correlation with CHK1i response

As the archival tissue immune environment was associ-
ated with response to CHKIi, we next assessed whether
this was similarly true of pre-treatment tumor biopsies at
the time of enrollment. Eighteen available pre-treatment
biopsies were classified into four validated transcrip-
tomic molecular ovarian cancer subtypes, which have
been shown to carry prognostic and possible therapeutic
relevance® ' % (figure 4). As with previous studies, indi-
vidual tumor samples expressed multiple signatures at
different levels of activation.” Thirty-nine percent (7,/18)
expressed high levels of the immunoreactive subtype
gene signature, associated with immune response and
characterized by enhanced cytokine expression, T-cell
activation, and TILs.””* The immunoreactive subtype did
not correlate with PFS or response to CHKI1, possibly due
to small numbers.

In addition, the pre-treatment biopsies of the patients
with immunoreactive subtype signatures contained more
stromal TILs (mean 26% and median 25%) than those
with non-immunoreactive subtype signatures (mean 17%
and median 10%; p=0.37). Similarly, a higher proportion
of pre-treatment biopsies of the immunoreactive subtype
signature contained PD-L1" carcinoma cells (68%) than
those with non-immunoreactive subtype signatures
(38%; p=0.39). These features are indicative of an active
immune response.

Color Key

Figure 4 HGSOC molecular subtype. Expression profiles of the four HGSOC molecular subtypes in 18 available pre-treatment
biopsies. Thirty-nine percent (7/19) were categorized as highly immunoreactive (IMR; P4, P10, P33, P1, P36, P23, and P47).

DIF differentiated; HGSOC, high-grade serous ovarian cancer; IMR, immunoreactive; MES,mesenchymal; P, patient; PD,
progressive disease; PRO, proliferative; PR, partialresponse; SD, stable disease.
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DISCUSSION

Immune responses to the DNA-damaging drugs is a
complex process involving multiple elements within
the tumor microenvironment. Thus, it is necessary to
translate preclinical findings of immune modulation
with CHKIi into the clinical setting given the immune
microenvironment observed in preclinical models are
often not translatable to humans. We hypothesized
that CHKIi would induce DNA damage by impairing
the DNA damage repair response pathway, leading to
increased tumor immunogenicity in ovarian cancer. For
this, we used a variety of methods including flow cytom-
etry, immunohistochemistry, and RNAseq to assess the
immune landscape of paired clinical trial patient samples
before and after treatment. Our exploratory studies indi-
cate increased DNA damage in immune cells of patients
treated with prexasertib, enhanced innate and adaptive
immune activity, and a potentially compensatory immu-
nosuppressive response.

The role of the innate immune response in malignancy
and the tumor immune microenvironment has been
well characterized. MDSCs play an immunosuppressive
role and are associated with poor prognosis in ovarian
cancer.’® On the other hand, anti-tumor effects of acti-
vated monocytes have been reported. In the presence of a
tumor, monocytes differentiate into pro-inflammatory M1
macrophages which inhibit tumor proliferation, secrete
proinflammatory cytokines, and promote NK cell differen-
tiation for enhanced Cytotoxicity.37 % Here, we report that
CHKIi treatment led to an increase in the percentage of
monocytes among total PBMCs. Moreover, the association
between patients with increased HLA-DR positive mono-
cytes and improved PFS suggests that immunocompetent
monocytes may contribute to the anti-tumor activity of
prexasertib. The STING pathway has been implicated in
driving an innate immune response after CHKIi treat-
ment.” ** We therefore evaluated changes in mRNA
expression levels of key genes related to the STING
pathway and PFS. Patients with increased post-treatment
expression of TBKI, a downstream protein critical for
production of type I IFNs, had improved PFS, indicating
STING-pathway activation and innate immunity may be
associated with duration of response to CHKIi.

This highlights the question of whether CHKIi also
induces alterations in the adaptive immune response
leading to clinical benefit in patients. Several studies
have shown an association between the presence of TILs
and improved patient survival in ovarian cancer.”” ** In
the present study, although we observed increased naive
B-cell and resting memory T-cell infiltration after CHKI1i
treatment by CIBERSORT,” neither was associated with
PFS. However, a greater proportion of T-reg infiltration
after treatment correlated with worse PFS, consistent
with previous reports.** * These findings further indicate
cross-talk between cell cycle checkpoint inhibition and
the adaptive immune response and warrant additional
investigation.

Recently, Sen et al” reported that CHKIi treatment
enhanced anti-tumor adaptive immunity in a STING-
dependent manner but in turn led to upregulation of the
immunosuppressive cell surface marker PD-L1. We did
not observe increases in PD-L1 expression in our RNAseq
analysis. However, it is worth noting the possible immuno-
suppressive adaptive immune changes after CHKIi treat-
ment, requiring further mechanistic studies. Specifically,
flow cytometry analysis of PBMCs revealed peripheral
lymphodepletion of CD4+ and CD8+T cells, consistent
with the leukopenia observed in patients on treatment'”
as well as either selective repopulation with T-regs or
selective depletion of effector T-cells in patient samples.

To date, no validated biomarkers have been defined to
guide CHKIi therapy. The presence of TILs at diagnosis,
but not TAMs, has been associated with improved overall
survival in ovarian cancer.”® Our biomarker data also
suggest a prognostic association between greater archival
tissue TILs, but not TAMs, with longer PFS. This finding
should be prospectively tested in a randomized setting for
its predictive potential for CHKIi response. Limitations of
our study include its small size, the post hoc exploratory
nature of this analysis, and all tests reported are without
adjustment for multiple comparisons. Therefore, all find-
ings should be interpreted with caution and will need to
be validated in a larger, prospective setting. Additionally,
while flow cytometry-based detection of +H2AX is a vali-
dated tool to detect DNA damage and is supported by
the observed lymphodepletion after treatment with prex-
asertib,26 we were unable to confirm CHKIli-induced DNA
damage by tissue immunofluorescence due to limited
available tissue samples.

The CHKIi prexasertib has marked clinical activity in
women with recurrent BRCAwt HGSOC." Our explor-
atory translational studies are the first to report increased
DNA damage and depletion of peripheral lymphocytes
while apparently activating specific immune subsets that
contribute to innate and adaptive immunity in ovarian
cancer patients treated with prexasertib. These findings
provide insights into the biological effect of CHKIi and
present the opportunity to identify potential therapeutic
immunotherapy combinations. Further clinical explora-
tion of biomarkers is warranted.

CONCLUSION

Our findings suggest an immunomodulatory role
for CHKIi in BRCAwt HGSOC patients. Changes in
molecular and cellular markers after CHKIi treatment
suggest enhanced innate and adaptive peripheral and
tumorous immunity as well as a potential immuno-
suppressive compensatory response. This new clinical
insight, supported by preclinical evidence, may identify
novel predictive biomarkers for response to CHKIi and
supports a differentiated clinical development strategy
for therapeutic combinations in ovarian cancer. Further
investigation is warranted.
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