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Some patients with advanced clear-cell ovarian cancer (CCOC)
respond to immunotherapy; however, little is known about the
tumor microenvironment (TME) of this relatively rare disease.
Here, we describe a comprehensive quantitative and topographical
analysis of biopsies from 45 patients, 9 with Federation Interna-
tionale des Gynaecologistes et Obstetristes (FIGO) stage I/II (early
CCOC) and 36 with FIGO stage III/IV (advanced CCOC). We
investigated 14 immune cell phenotype markers, PD-1 and ligands,
and collagen structure and texture. We interrogated a microarray
data set from a second cohort of 29 patients and compared the
TMEs of ARIDIA-wildtype (ARID1A™") versus ARIDIA-mutant
(ARID1A™") disease. We found significant variations in immune
cell frequency and phenotype, checkpoint expression, and collagen
matrix between the malignant cell area (MCA), leading edge (LE),

Introduction

Advanced clear-cell ovarian cancer (CCOC) has low response rates
to current treatments, especially in the recurrent setting (1). Some
patients with recurrent, heavily pretreated CCOC may benefit from
treatment with programmed cell death protein 1 (PD-1) checkpoint
inhibition (2, 3), with a number of clinical trials currently evaluating
the response to this immunotherapy. Data on the tumor microenvi-
ronment (TME) of CCOC are limited, making it difficult to develop
hypotheses as to why some patients respond to checkpoint blockade
while others do not.

ARID1A (AT-rich interaction domain 1A, BAF250a) is mutated in
up to 67% of CCOC cases (4). In the preclinical setting, ARID1A has
been linked to effective functioning of the mismatch repair
protein MSH2 due to its role in facilitating the interaction with
chromatin during DNA replication and repair (5), high expression
of programmed death-ligand 1 (PD-L1; ref. 6), and increased IL6
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and stroma. The MCA had the largest population of CD138"
plasma cells, the LE had more CD20™ B cells and T cells, whereas
the stroma had more mast cells and aSMA™ fibroblasts. PD-12 was
expressed predominantly on malignant cells and was the dominant
PD-1 ligand. Compared with early CCOC, advanced-stage disease
had significantly more fibroblasts and a more complex collagen
matrix, with microarray analysis indicating “TGFf remodeling of
the extracellular matrix” as the most significantly enriched pathway.
Data showed significant differences in immune cell populations,
collagen matrix, and cytokine expression between ARID1A™" and
ARIDIA™" CCOC, which may reflect different paths of tumori-
genesis and the relationship to endometriosis. Increased infiltration
of CD8" T cells within the MCA and CD4" T cells at the LE and
stroma significantly associated with decreased overall survival.

production (7), suggesting a number of potential mechanisms by
which loss of ARID1A function can impact the TME.

In this study, we performed a quantitative, qualitative, and
topographical analysis of the TME of advanced CCOC. We then
compared the TME of advanced CCOC with that of early-stage
disease to understand the changes that occurred, which may
facilitate immune evasion and metastatic dissemination. Finally,
we explored the impact of ARIDIA mutation on the TME of
advanced CCOC.

Materials and Methods

Biobank samples

Formalin-fixed, paraffin-embedded (FFPE) samples, which were
surplus to diagnostic and therapeutic requirements, were collected
from 49 patients with CCOC under the Barts Gynae Tissue Bank
HTA license number 12199 (REC nos.: 10/H0304/14 and 15/EE/
0131). Studies were reviewed by Barts Gynae Tissue Bank Insti-
tutional Review Board and were conducted in accordance with
the Declaration of Helsinki and the International Ethical Guide-
lines for Biomedical Research Involving Human Subjects. Samples
were sourced from patients who had given written consent
from Barts Cancer Institute (n = 15), University College London
Hospital (n = 14), and the Northern Ireland Biobank (n = 20).
All specimens were reviewed locally by a pathologist to ensure
clear-cell morphology and tumor burden; four samples with
low tumor burden were excluded from subsequent analysis.
Federation Internationale des Gynaecologistes et Obstetristes
(FIGO) stages I-II were termed early-stage CCOC (n = 9), and
FIGO stages III-IV were advanced-stage CCOC (n = 36); clinical
information and overall survival (OS) data were available for 38
patients. Because of a limited number of FFPE slides available
per patient, we randomly allocated samples into cohorts
to allow immunohistological profiling of each immune marker
(Supplementary Table S1).
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IHC

THC was carried out on 4-um-thick FFPE tissue sections. Anti-
bodies and their respective concentrations, incubation times, antigen
retrievals, and control tissues are shown in Supplementary Table S2.
The ARIDIA antibody, ab182561, which has 100% concordance
between ARID1A mutational status and protein expression (8), was
used to identify tumors which were ARID1A-wildtype (ARID1A™) or
ARID1A-mutant (ARIDIA™"). Slides were deparaffinized in xylene
(Thermo Fisher Scientific, 10588070) and rehydrated with successive
mixtures of ethanol (Thermo Fisher Scientific, E/0650DF/17) of
decreasing concentration (100%, 95%, 90%, 70%, and 50%), each for
2 minutes, followed by a wash in water. Where antigen retrieval was
used, the slides were placed in an antigen retrieval solution in a water
bath at the target temperature for the specified duration. A pH9
antigen retrieval solution was created with 1 mL Antigen Retrieval
Buffer 100x Tris-EDTA buffer (Abcam, ab93684) mixed with 100 mL
distilled water. A pH6 antigen retrieval solution was achieved by
mixing 2.5 mL of citrate-based antigen unmasking solution (Vector
Labs, H-3300) with 246.5 mL of distilled water. When removed from
the water bath, the slides were placed under cold water for 5 minutes,
followed by three washes with PBS and then were placed in a hydrogen
peroxidase (Thermo Fisher Scientific, 10687022) block. The slides
were then washed once in PBST (PBS with Tween 20; Sigma-Aldrich,
P7949) and twice in PBS before both an avidin and biotin block (Vector
Labs, SP-2001) are applied, each for 10 minutes. After this, 200 uL/slide
of PBS + 2.5% BSA (Merck, A2058) + 2.5% goat serum (Gibco,
16210064) was applied for 45 minutes. Primary antibody was then
applied. After incubation, the slides were washed once with PBST and
twice more with PBS alone. The appropriate secondary antibody was
then applied for 45 minutes. All secondary antibodies were diluted to
1:200 concentration and matched to the appropriate primary host
species using either biotinylated rabbit anti-goat IgG (Vector; BA-
5000), Biotinylated Goat Anti-Rabbit IgG (Vector; BA-1000) or
Biotinylated Goat Anti-Mouse IgG (Vector; BA-900). Slides were
washed once with PBST and twice with PBS before 200 pL/slide of
ultrasensitive ABC staining kit solution (Thermo Fisher Scientific,
32050) was applied for 30 minutes. After three washes with PBS, 200
uL/slide of DAB+ substrate/chromagen (DAKO, K3468) was applied.
Counterstain was with 100% Gills I hematoxylin (GHS116-500ML)
before dehydration with successive mixtures of ethanol of increasing
concentration. All slides were scanned a Pannoramic 250 High
Throughput Scanner.

Hematoxylin and eosin staining

Hematoxylin and eosin (H&E) staining performed using the Lecia
Autostainer XL. FFPE sections were deparaffinized in xylene (Thermo
Fisher Scientific, X/0200/17) then rehydrated with successive mixtures
of ethanol (Thermo Fisher Scientific, M/455/17) of decreasing con-
centrations (100%, 90%, 70%) followed by wash in water. Slides were
submerged in 1% acid alcohol (Lecia, 3803651E was), followed by eosin
(Leica, 3801601E) and then hematoxylin (Leica, 3801542E) before
dehydration with successive mixtures of ethanol of increasing con-
centration (70%, 90%, and 100%) and finally xylene. All slides were
scanned a Pannoramic 250 High Throughput Scanner.

Regions of interest and immune marker detection

The baseline density, location, and proximity of tumor-infiltrating
lymphocytes all significantly associate with response to checkpoint
blockade across a number of tumor types (9); therefore, we wanted to
evaluate the spatial composition of the TME based on immune
markers. For IHC samples, the malignant cell area (MCA) was defined
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as the region that contained predominantly malignant cells, the
stromal area contained no malignant cells, and the leading edge (LE)
contained equal amounts of both malignant cells and stroma. Three
1x1 mm squares within each of these regions of interest (ROI) were
identified, and the median result selected as the value for that region.
To remove any potential selection bias, each ROI was selected from the
baseline H&E slide and translated onto consecutive slides using
QuPath V0.1.2, a software which has been shown to be functional
and reproducible when quantifying immune infiltrates (10). Cellular
stains were quantified using positive cell detection. For cytoplasmic
stains, which were irregular and made individual cells hard to distin-
guish, quantification was by positive area detection.

Masson’s trichrome staining

FFPE slides were deparaffinized in xylene (Thermo Fisher Scientific,
10588070) and rehydrated with successive mixtures of ethanol
(Thermo Fisher Scientific, E/0650DF/17) of decreasing concentration
(100%, 95%, 90%, 70%, and 50%, each for 2 minutes), followed by a
wash in water. Slides were then submerged in Bouin’s solution (Sigma-
Aldrich; HT10132) for 1 hour at 60°C. Working Weigert’s Iron
Hematoxylin Solution (Sigma-Aldrich, HT1079-1SET) was applied
for 5 minutes, and slides washed again in water. Slides were then
processed using a Trichrome Stain Masson’s Kit (Sigma-Aldrich
HT15-1KT) according to the manufacturer’s instructions. All slides
were scanned a Pannoramic 250 High Throughput Scanner.

Collagen quantification

Collagen structure and texture are altered in a number of malig-
nancies, with features such as collagen thickness being associated with
survival (11). Textural analysis of the stained collagen (via Masson’s
trichrome) was carried out using Haralick features (12) on QuPath
V0.1.2, and structure was analyzed using TWOMBLI (13), a plugin for
FIJT (www.imagej.net). Images of Masson’s trichrome within each ROI
were either directly input into QuPath or underwent a deconvolution
step before analysis by TWOMBLI. Deconvolution allowed the iso-
lation of blue collagen from the image and was performed using the H
PAS setting on Image J. Branch points and endpoints were standard-
ized by dividing by total length; the average fiber thickness was found
by dividing the high-density matrix by the total fiber length.

Microarrays, data sets, and bioinformatic analysis

A microarray data set of ovarian cancer patient samples, referred to
as “the AOCS data set,” was obtained from a previous study (14), and
contained 29 samples of CCOC paired with clinical data and the
expression matrix of 19,701 microarray probes. This data set was
generated using the Affymetrix U133 Plus 2.0 array. It was supple-
mented in parts with the GSE44104 (15) and GSE7305 (16) data sets.

CIBERSORT (17) analysis was run on the AOCS and GSE44104
data sets, using the L22 signature matrix and P < 0.05 as a goodness-of-
fit cutoff, to assess significantly enriched immune cell subsets for 4
patients with early-stage and 9 patients with advanced-stage CCOC;
from the ACOS data set, 3 were early-stage and 4 advanced-stage; from
the GSE44104 data set, 1 was early-stage and 5 were advanced-stage.
Differential gene expression analysis (DGEA) for late (stage III) versus
early (stage I/II) CCOC, excluding four early CCOC that had recurrent
disease, was performed on the AOCS data set using the linear model in
limma (18), resulting in 181 genes with P < 0.05. MSigDB matrisome
genes (NABA_MATRISOME; gene set enrichment analysis, GSEA
M5889; ref. 19) were identified in the differentially expressed genes
(DEG). Pathway enrichment analysis was performed on the 181 DEGs
using the Enrichr platform (20) and the BioPlanet database (21).
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DGEA was also performed on the AOCS data set for ARID1A™ versus
ARID1A™" samples, using a linear model and taking into account
disease stage with an additive ARIDIA status+stage design. The
ranked t-statistic of all genes was then used as input for GSEA
preranked on the GenePattern platform (22) using Gene Ontology
Biological Processes and Canonical Pathways (www.genepattern.org).
Significantly enriched pathways were identified with a FDR g < 0.05.
The endometriosis gene signature was generated from the GSE7305
data set (16) and Ahn and colleagues (23). First, the DEGs in the
GSE7305 Affymetrix human U133 plus 2.0 array data set comparing
ovarian endometriosis with normal ovary were extracted using
GEO2R (www.ncbi.nlm.nih.gov/geo/geo2r), with P < 0.001 and log,
fold change > |1|. This gene list was combined with the gene list of
significant DEGs between ectopic endometriosis versus control
endometrium reported by Ahn and colleagues (23). Heat maps
were generated with R package ComplexHeat map, and all bioin-
formatic analyses were performed using R version 4.0.4. The heat
map in Fig. 3B illustrates all differentially expressed matrisome
genes between early- and advanced-stage CCOC of the AOCS data
set with a threshold of P < 0.05.

Statistical analysis

For all calculations, P <0.05 was considered significant. For
comparisons across the MCA, LE, and stroma of paired samples,
a Friedman test with a post hoc Dunn multiple comparisons test
was used. When comparing metrics between ARIDIA™ and ARI-
D1A™" samples for markers quantified by the number of positive
cells, a x* with Yates’ continuity correction was used; for immune
markers quantified by positive area, detection analysis was per-
formed with a generalized linear model with quasi-binomial dis-
tribution; for all other metrics, a Mann-Whitney test was used.
Correlations were analyzed by nonparametric Spearman correla-
tion. OS was assessed using Cox proportional hazards analysis and
Kaplan-Meier analysis. Statistical analysis was performed on Prism
version 8.4.3 and R version 4.0.4.

Data availability

The data generated in this study are available within the article and
its Supplementary Data. The “the AOCS data set” was obtained from a
previous study (14); restrictions apply to the availability of these data,
which were used under license for this study. Data are available from
the authors upon reasonable request with the permission of the
original study authors. Additional data analyzed in this study were
obtained from the Gene Expression Omnibus under accession num-
bers, GSE44104 (15) and GSE7305 (16).

Results
TME of advanced CCOC

We first conducted a quantitative, qualitative, and topographical
analysis of 14 immune cell phenotype markers using IHC on FFPE
samples from 36 cases of treatment-naive advanced CCOC. We also
conducted structural and textural analysis of collagen using Masson’s
trichrome staining (representative staining and spatial analysis shown
in Fig. 1). Except for CD1a™ dendritic cells (DC), significant variability
in the immune cell markers across the MCA, LE, and stroma of
advanced CCOC biopsies was observed (Fig. 2A). The MCA had the
largest population of CD138" plasma cells. The LE had significantly
more CD20", CD8*, CD4", and CD45RO™ lymphocytic cells than
any other region. Within the stroma, there were more mast cells and
0SMA™ fibroblasts than any other region.
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We also evaluated sections for PD-1 and its ligands. Significantly
more PD-L2 positivity than either PD-1 or PD-L1 (P = <0.0001) was
observed. PD-L2 was identified with two different antibodies and
predominantly localized to malignant cells (Fig. 2B and C), with the
largest area of positive cells being within the MCA. The only significant
correlation between PD-1 and its ligands was between PD-1 and PD-
L2 within the LE (P = 0.003; r = 0.477), suggesting that PD-L2 may be
the dominant ligand in the TME of advanced CCOC.

Following analysis of the immune infiltrate, we investigated the
extracellular matrix (ECM) compartment of CCOC tumors, focusing
on the collagen matrix. From the MCA through to the LE and into the
stroma, we found an increase in the area of collagen defined by
Masson’s trichrome positivity (P = <0.0001; Fig. 2D; Supplementary
Fig. S1). The decrease in fiber endpoints moving from the MCA to the
stroma, alongside an increase in fiber length and thickness (all P =
<0.0001), indicated fewer, but longer and thicker, fibers in the stroma
compared with the LE and MCA. In parallel, we observed an increase
in branchpoints (P = <0.0001), indicating that these collagen fibers
were overlapping more frequently in the stroma compared with the LE
or MCA. The decrease in lacunarity (P = 0.0118) alongside an increase
in box counting fractal dimension (BCFD; P = <0.0001) moving from
the MCA into the stroma, indicated that the collagen was closer
together and more spatially complex in the stroma. No difference in
fiber alignment among the three areas of the biopsies was seen (P =
0.083), indicating that at no point were the fibers more likely to be
orientated in a similar direction in the TME. The converse decrease in
angular second moment (ASM) and increase in entropy (both P =
<0.0001) moving from the MCA through the LE and into the stroma
showed that in the stroma, collagen had a more heterogeneous and
complex texture. The increasing contrast from the MCA through to the
stroma (P = <0.0001) showed that the fibers were smoother in the
MCA compared with the rougher fibers of the stroma. The correlation,
which infers information on the directional distribution of texture
change, was highest at the LE (P = <0.0001) which may be due to it
being a transition point between the collagen of the MCA and that of
the stroma.

In summary, our data showed that the collagen matrix changes from
the MCA through the LE and into the stroma, with fewer but longer
and thicker collagen fibers that overlap more frequently as part of a
more spatially complex and textually diverse matrix. We also found
significant variability in immune cell phenotype across the three ROI,
suggesting that it is important to consider topographical location when
interpreting data to avoid, for example, comparing the MCA of one
sample with the LE of another, given the significant intratumoral
difference between these regions in terms of immune marker popula-
tions and ECM structure.

Early versus advanced CCOC

We next aimed to understand what changed within the TME of
CCOC between early and advanced disease that may allow for immune
evasion and metastatic dissemination. This was achieved by compar-
ing nine FFPE samples from early-stage disease with the advanced-
stage cohort, as well as through interrogation of the AOCS transcrip-
tional data set annotated for stage (14). Quantitative IHC results for T
cells (CD3%), B cells (CD20"), mast cells (mast cell tryptase’),
macrophages (CD68™), and fibroblasts (0SMA™) in nine FFPE sam-
ples of early-stage CCOC were compared with the advanced-stage
cohort. Across the MCA, LE, and stroma, the only significant differ-
ence was an increase in SMA™ fibroblasts within the stroma of
advanced-stage CCOC compared with early-stage disease (P = 0.024;
Supplementary Table S3). Annotation of ECM-related gene transcripts
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Figure 1.

Examples of IHC identification of immune markers
in CCOC and subsequent quantification methods.
A-F, Representative IHC images used to identify
immune cell populations in advanced CCOC. CD8
(A), CD68 (B), mast cell tryptase (C), CD20 (D),
aSMA (E), CDla (F). All images taken at 20x
magnification; scale bar: 100 um. G, Topographical
quantification. For spatial analysis of the TME,
quantification occurred within ROI. Red boxes:
MCA, defined as a region that contained predom-
inantly malignant cells; Green boxes: stromal area,
defined as areas containing no malignant cells;
Yellow boxes: the LE, defined as areas containing
equal amounts of both malignant cells and stromal
cells. Three 1 x 1 mm squares within each ROl were
identified, with each slide having nine individually
quantified areas. To remove any potential selec-
tion bias, each ROl was selected from the baseline
H&E slide and translated onto consecutive slides.
The immune cells shown in this example are CD8"
cells; scale bar: 1,000 um. H, Image processing
pipeline for collagen analysis. Textural analysis
of stained collagen was carried out using Haralick
features on QuPath, and structure was analyzed
using TWOMBLI. Representative images of Mas-
son’s trichrome within each ROl were either direct-
ly input into QuPath or underwent a deconvolution
step on ImageJ before analysis by TWOMBLI.

Leading edge

Stroma

Baseline H&E

from the AOCS data set demonstrated separation between early-
and advanced-stage CCOC (Fig. 3A), with Enrichr analysis iden-
tifying TGFP regulation of the ECM to be the most significantly
enriched pathway in advanced CCOC compared with early-stage
disease (P = <0.001; Fig. 3B).

CIBERSORT analysis of transcriptional data from four early-stage
CCOC and nine advanced-stage CCOC from the AOCS and
GSE44104 (15) data sets identified two immune cell populations that
were significantly different between early- and advanced-stage CCOC,
with an increase in plasma cells in advanced-stage disease (P =
0.00196) and a decrease in activated mast cells (P = 0.0028); this is
consistent with how these populations respond to increased TGFf}
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expression (refs. 24, 25; Fig. 3C and D). ACTA2 expression, a gene
correlating to cancer-associated fibroblasts (CAF; ref. 26), was signif-
icantly upregulated in advanced-stage disease (P = 0.0152) within the
ACOS data set compared with early-stage CCOC. ACTA2 had signif-
icant positive correlations with TGFBI (P = <0.001; r = 0.64), TGFBI
(P=0.002; r = 0.5985), TGFBRI (P = 0.011; r = 0.4985), and TGFBII1
(P = <0.001; r = 0.7692), suggesting a link between CAFs and TGFf
signaling in CCOC.

The collagen analysis included nine early-stage and 36 advanced-
stage samples. The differences were most noticeable within the MCA,
and stromal collagen was similar in early and advanced disease
(Fig. 3E). In the MCA, advanced-stage tumors had more collagen
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(P=10.0134), consisting of longer (P = 0.0159) fibers which overlapped
more frequently (P = 0.0014) and had fewer endpoints (P = 0.0058)
compared with early-stage disease. These fibers were closer together
(P =0.0146) and formed a more diffuse matrix, with fibers orientated
in many different directions (P = 0.0222). The texture of collagen in
advanced-stage disease was more heterogeneous (P = 0.0213), com-
plex (P = 0.018), and rough (P = 0.018), with the variations of texture
occurring in numerous directions (P = 0.0053). At the LE, the fibers
had similar appearance; however, advanced-stage LE continued to
have more collagen (P = 0.0079) containing longer fibers (P = 0.0087)
that were closer together (P = 0.0138) and part of a more diffuse matrix
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FOXP3 CD45RO

Figure 2.

Variation in immune cell markers and the
collagen matrix throughout the TME of
advanced CCOC, with [HC identification
of PDL2. A, Scatter plots showing median
values for the indicated immune markers
across the MCA, LE, and stroma of
paired samples. Immune markers were
assessed using IHC and quantified by

Cells/HPF

P=0.0024
either positive cells per high powered
Mast cells field (HPF) or percent positive area. The
oo distribution of markers across the three
& 508 s ROl was analyzed in paired samples
z 600 using a Friedman test with a post hoc
§ s . Dunn multiple comparisons test; P values
200 shown, error bars indicate medians. CD3,
o n = 21;CD8, n = 22; CD4, n = 16; FOXP3,
& ’"&,@" n = 13; CD45R0, n = 20; CD20, n = 18;
P=o.((9)01 CD138, n = 18; CD68, n = 29, CD163,

n =18; mast cells, n =18; CD1a, n =12,
aSMA, n = 34; CD66b, n = 9; PD-L1,
n =12; PD-L2, n = 12. B and C, PDL2
was evaluated using IHC on 12 sam-
ples and was confirmed using two
different antibodies; scale bar: 50 um.
D, Masson’s trichrome was used to
identify collagen (blue in the top row
of images) across the MCA, LE, and

% Positive area

“dr ¥ @
&° stroma of 36 samples. Images were
P=0.0019 inverted to better visualize collagen

content (orange in the bottom row).
Stroma

(P = 0.0366). In summary, compared with early CCOC, the collagen
fibers of advanced disease formed a more diffuse and complex matrix
within the MCA and LE, with TGFf3-mediated regulation of the ECM
being the most enriched pathway as CCOC progressed. In advanced
disease, a significant increase in stromal alSMA, with ACTA2 having
significant positive correlations with TGFP signaling, suggests a link
between CAFs and TGFf expression.

Impact of ARIDTA

We next sought to determine the impact of ARIDIA mutation on
the TME of CCOC. ARIDI1A status was determined using THC
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Figure 3.

Differences in the TME between early-
and advanced-stage CCOC. A, Differen-
tially expressed matrisome genes
between early- and advanced-stage
CCOC were determined for the AOCS
data set (P<0.05). Heat map shows row
z-scores of normalized gene expression.
Genes (rows) are clustered with euclid-
ean distance and the complete cluster-
ing method. Samples (columns) are
annotated according to FIGO stage;
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(Fig. 4A and B). Of the 36 FFPE samples of advanced CCOC, 21 were
classified as ARID1A", 14 were ARIDIA™", and one sample had
mixed expression and was excluded from subsequent analysis. For the
14 immune markers quantified, we included at least five samples in
each group (Supplementary Table S1). In the AOCS transcriptional
data set, ARIDI1A status was known for 22 of the 29 CCOC samples; of
these seven were ARIDIA™ and 15 ARIDIA™".

In the FFPE cohort, we found significant differences between
ARID1A™ and ARIDIA™" CCOC for all immune markers, with the
exception of CD681 macrophages. Across all three ROIs, ARID1A™"
CCOC had significantly more mast cells (Fig. 4C-E). Within the
MCA, ARIDIA™" tumors had greater immune cell diversity com-
pared with ARID1A™ tumors, including significantly more mast cells,
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CD3", CD20" CD138", CD66b™ cells, and aSMA™ fibroblasts. In
comparison, ARIDIA" biopsies had significantly larger populations
of CD8" and CD4™" T cells. At the LE, ARID1A™" biopsies continued
to have significantly more immune cells across a number of lineages,
including mast cells, CD20", CD138™, and CD45RO™ cells. At the
LE of ARID1A™, the increase in immune cell populations was limited
to some T-cell lineages (CD3", CD8", CD4") and CDla" DCs.
Although ARID1A™" CCOC had larger populations of FOXP3™ cells
and mast cells in the stroma, in ARIDIA™ tumors, this region
contained significantly more fibroblasts and CD3", CD8", CDh4™,
and CD45RO™ T cells (Fig. 4F).

We observed no significant differences in PD-1 or PD-L1
expression between the two groups; however, ARID1A™" biopsies
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Figure 4.

The immune microenvironment of ARIDIA-wildtype (ARIDIA%Y) and -mutant (ARIDIA™Y CCOC. A and B. Representative immunohistological images of
ARIDIA in advanced CCOC. Anti-ARIDIA was used to evaluate protein expression in biopsies. Representative ARIDIAY! sample (A) and representative
ARIDIA™ sample (B). All images taken at 20 x magnification; scale bar: 100 um. C-E, Mast cells in ARID1IA%  and ARIDIA™ CCOC were assessed. Mast cells
were identified using anti-mast cell tryptase. Representative images of mast cells in anARIDIA"* CCOC biopsy (C€); in an ARIDIA™t CCOC biopsy (D). E, Mast
cells in the MCA, LE, and stroma of ARIDIA™' CCOC biopsies compared with ARIDIA"! tumors. Mast cells were quantified by positive cells per high powered
field and significance determined using XZ. The OR is plotted; if <1, the immune population was higher in ARIDIA%! tumors; >1, the population was higher in
ARIDIA™® tumors. All results were statistically significant.  (Continued on the following page.)
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had more PD-L2 expression within the MCA (P = 0.0004) and LE
(P =0.038) compared with ARID1A™" biopsies. When we explored
how the PD-1 checkpoint correlated with surrounding immune
cells, we again found significant differences between ARID1A"" and
ARIDIA™" groups (Fig. 4G). ARID1IA™"" tumors had more sig-
nificant correlations between immune cells and the PD-1 axis than
ARIDIA™ biopsies (26 associations vs. 15, respectively), and within
the MCA and LE, these were universally negative. PD-L1 was the
ligand with the most immune correlations in ARID1A™ tumors,
whereas in ARID1IA™" tumors, PD-L2 had the most associations.

Enrichment of DEGs from the AOCS data set found 643 unique
pathways enriched between ARIDIA™" and ARID1A™" CCOC (FDR
q = <0.05). These included 38 general leukocyte and lymphocyte
pathways that were enriched in ARIDIA™" CCOC compared with
ARIDIA™'. Other pathways enriched in ARID1A™"" compared with
ARID1A" biopsies involved T cells, B cells, macrophages, mast cells,
natural killer cells, neutrophils, eosinophils, and fibroblasts and
included activation, proliferation, differentiation, regulation, and
migration of immune cells. This analysis also demonstrated a number
of cytokine-related pathways that were significantly different between
ARIDIA" and ARID1A™" CCOC (Fig. 4H) and 11 collagen-specific
pathways (Supplementary Table S4).

Analysis of collagen from FFPE samples demonstrated that
throughout the TME, ARIDIA™ tumors had more collagen than
ARID1A™" tumors (Fig. 5A). Within the LE and stroma, ARID1A™
tumors had fewer collagen endpoints, indicating fewer, but longer,
fibers that were part of a more diffuse matrix, as indicated by the higher
BCFD. The differences were most pronounced within the stroma,
where the collagen fibers of ARID1A™ tumors overlapped more
frequently as part of a high-density matrix.

Given the significant differences in both the collagen matrix and
immune cell populations, between ARID1A"" and ARID1A™* CCOC,
we wanted to investigate whether ECM metrics inhibited or promoted
different immune phenotypes (Fig. 5B). We found that ARIDIA™
tumors had half the number of significant associations between ECM-
metrics and immune markers compared with ARIDIA™" tumors
(52 vs. 103). In ARIDIA™ tumors, the stroma had the most immune-
collagen associations (26 associations), with the number of significant
associations decreasing through the LE (19 associations) and into the
MCA (7 associations). In comparison, ARIDIA™" CCOC showed
little regional variation in the number of significant immune-collagen
associations (27 in MCA; 38 for both LE and stoma). In ARIDIA™"
tumors, the decreasing number of associations between immune cells
and the collagen ECM moving from the stroma into the LE, and
eventually the MCA, suggests that the malignant core of these tumors
developed within a relatively immune-privileged environment. This
may be a consequence of cancer arising within a structure with a
preexisting physical barrier, such as an adenofibroma (27, 28), or due
to the successful remodeling of the stromal ECM by malignant cells. In
contrast, in ARID1A™" tumors, there were more associations between
the collagen ECM and immune cells, with little variation in the number

The Tumor Microenvironment of Clear-Cell Ovarian Cancer

of associations across the TME. This pattern makes immune exclusion
less likely to be part of tumorigenesis and points toward immune
modulation of an inflammatory precursor lesion, such as endometri-
osis (29). This theory was further supported by our observation that
ARIDIA™" tumors had more significant correlations between
immune cells and the PD-1 axis than what was observed in ARID1IA™
biopsies; within the MCA and LE, these interactions were universally
negative. In summary, analysis of both RNA and protein revealed that
ARIDIA" and ARID1A™" CCOC tumors had significant differences
in immune cell populations, cytokine and checkpoint expression, and
collagen structure and texture (Fig. 6A).

Relationship to endometriosis

The links between endometriosis and CCOC are well established,
with the loss of ARID1A function thought to be an early event in
the transformation from endometriosis into CCOC (29). However,
not all CCOCs associate with endometriosis, with some cases
arising from clear-cell adenofibromas in the absence of endometri-
osis (27, 28). Because our findings suggested that ARIDIA™ CCOC
may develop within a preexisting physical barrier and that ARI-
D1A™" may develop via immune modulation of an inflammatory
precursor lesion, we hypothesized that ARIDIA status could identify
differing tumorigenesis paths due to different premalignant micro-
environments, rather than solely the action or inaction of a single
gene. To investigate this hypothesis, we interrogated the AOCS data
set with an endometriosis gene signature derived from two data
sets (refs. 16, 23; see Materials and Methods). This demonstrated
a separation between the ARID1A" and ARID1A™" groups (Fig. 6B),
indicating differences in how these two groups relate to this precursor
lesion. Given the already established links between ARIDIA loss and
the development of CCOC from endometriosis (29), alongside our
results suggesting that immune-modulation plays a significant role
in the tumorigenesis of ARIDIA™" disease, we hypothesize that
ARIDIA™" identifies CCOC arising from endometriosis and that
ARID1A™ identifies CCOC from the relatively immune-privileged
environment of an adenofibroma.

Survival analysis

For 38 patients where clinical information and OS data were
available, we evaluated the prognostic effects of each TME metric by
Cox proportional hazards analysis and Kaplan-Meier analysis using
the median values as thresholds. Eight metrics showed a significant
correlation with OS following univariate analysis (Fig. 7A-H). When
we performed multivariate analysis, taking into account FIGO stage,
ARIDIA status, Aletti score, and whether adjuvant chemotherapy was
received or not, five metrics remained significant (Supplementary
Table S5). A higher number of CD8" T cells in the MCA, a higher
ASM in the stroma, and a higher number of CD4" T cells in both LE
and stoma significantly associated with poorer OS, whereas a higher
correlation at the LE and higher alignment in the stroma associated
with an improved OS.

(Continued.) F, Comparison of ARIDIA"* and ARIDIA™® tumors for immune markers quantified by number of cells per high powered field. x*> was used to
determine significance. Immune markers were quantified using positive cells per high powered field via IHC across the MCA, LE, and stroma. The OR is plotted,
with significant values indicated in red and nonsignificant ratios in black; if <1, the immune population was higher in ARIDIA%! tumors; if >1, the population was
higher in ARIDIA™ tumors. G, Associations between the PD-1 axis and immune cell populations across the TME of ARIDIA"! and ARIDIA™ ! advanced CCOC
was determined. Shown are associations for PD-1, PD-L1, and PD-L2 with immune cell markers across the MCA, LE, and stroma. Significance is indicated with a
star, with positive associations indicated in red and negative associations in blue. H, Cytokine pathways in ARIDIA" and ARIDIA™ CCOC. DEGs from the
AOCS data set were ranked and pathway enrichment performed. A FDR g < 0.05 was considered significant. The normal enrichment score (NES) is plotted for

pathways enriched in ARIDIA™ tumors.
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Figure 5.

The collagen matrix of ARIDIA-wild-type (ARIDIA*Y) and -mutant (ARIDIA™)CCOC and relationship with immune infiltrates. A, Collagen across the TME of
ARIDIAY (n = 21) and ARIDIA™ ! (n = 14) advanced CCOC FFPE samples was identified via Masson’s trichrome and underwent structural and textural analysis with
TWOMBLI and Haralick features. The radial bar chart displays variability in the structure and texture of collagen across the across the MCA, LE, and stroma. All results
are normalized to allow direct comparison between both groups and across the different ROI. Significant values, calculated with Mann-Whitney test, are indicated in
the adjoining table. B, Correlations between the collagen matrix and immune cell markers for ARIDIA" and ARIDIA™ CCOC, including across the MCA, LE, and
stroma. Significance is indicated by stars, with a positive association shown in red and a negative association in blue.
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Figure 6.

Diagrammatic summary of the differences in the TME of ARIDIA-wildtype (ARIDIA"Y) and -mutant (ARIDIA™ %) advanced CCOC and relationship to endometriosis.
A, Schematic highlighting the immune cell populations significantly different between ARIDIA"" and ARIDIA™ CCOC across the MCA, LE, and stroma. Top half
illustrates the composition of ARIDIAY tumors and the bottom half illustrates the composition of ARIDIA™! tumors. B, Heat map showing expression of
endometriosis-associated genes in ARIDIA*! and ARIDIA™! CCOC. Two data sets were used (10, 23) to assess significant DEGs between ectopic endometriosis and
normal endometrium. A total of 641 DEGs in the AOCS data set are shown in the heat map. Red: upregulation and blue: downregulation in ARIDIA" tumors. N = 7
ARIDIA*! (purple) and N = 15 ARIDIA™" (gray).

Discussion is complex and diverse; with the exception of CDla" DCs,

To our knowledge, this is the most comprehensive pro- all fourteen immune phenotype markers profiled were pre-
filing of the TME of advanced CCOC that has been performed sent and displayed quantitative, qualitative, and topographical
to date. We demonstrated that the TME of advanced CCOC  variation.
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Figure 7.
TME metrics which collate with OS in advanced CCOC. A-H, Kaplan-Meier curve:
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s of OS using the indicated eight TME metrics that were significant factors following

univariate analysis (Supplementary Table S5). N = 38 patients from the FFPE cohort with clinical information and OS data were stratified into high and low groups for
the indicated metrics using the median values as thresholds. Kaplan-Meier analysis was performed using the median values as thresholds. ASM, angular second

moment.

Ahigh CD8" T-cell infiltrate within the MCA and high CD4* T-cell
infiltrate at the LE and stroma significantly associated with a reduced
OS following multivariate analysis. Increased infiltration of CD8"
T cells is typically associated with an improved overall in survival in
malignancy, however a similar link to poor prognosis is observed in
renal cell carcinoma (30). The mechanism for this is unclear; however,
it may be due to a lack of cancer antigen specificity, as reflected by a
high T-cell receptor diversity and low clonality (31). Similarly, the link

1336 Cancer Immunol Res; 10(11) November 2022

between an increased CD4" infiltrate in the LE and stroma and
decreased survival may reflect Th cells lacking the ability to detect
cancer antigens. We found very few CDla" cells in our immune
phenotype profiling suggesting few DCs, and this, along with high
expression of PDL2 on malignant cells, may contribute to the finding.
Although both CD8" and CD4" T cells are linked with a poorer
outcome, ultimately these patients may be the ones most likely to
benefit from checkpoint inhibition, given their primed TME.
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Similar to other studies, our analysis found low expression of
PD-1 and PD-L1 throughout the TME (32, 33); however substan-
tial PD-L2 expression, which primarily localized to the malignant
cells, was seen, providing a mechanism by which CCOC may be able
to evade T-cell immune detection. High PD-L2 expression also
suggests that CCOC may benefit more from therapies targeting
PD-1 rather than PD-L1.

We recognize that the use of single-plex IHC markers is a
limitation of this study, making it difficult to attribute individual
markers to specific cell types without the presence of confirmatory
markers on the same cells. The single-plex technique was selected to
allow this work to be easily reproducible without the need for
special equipment, and we made efforts to address the limitations
associated with this technique by using consecutive slides and
digital image overlays.

The collagen ECM displayed structural properties that varied across
the MCA, LE, and stroma. A collagen stroma that contains highly
aligned collagen fibers, along with a general lack of heterogeneity of
collagen texture within the stroma and at the LE, associated with a poor
prognosis. TGFp signaling can induce the expression of ECM proteins
and is a major driver in the transformation of the TME from early-
stage to advanced-stage CCOC. TGFp can be released by cancer cells,
stromal fibroblasts, and other cells within the TME, and our current
data suggest a link between stromal CAFs and TGFf, which may play a
role in the change in the collagen matrix between early- and advanced-
stage CCOC.

Other clear-cell gynecologic malignancies, such as uterine and
cervical, are morphologically and immunophenotypically similar to
CCOC, despite emerging from different tissues (34). Similarly, we
hypothesize that although the malignant cells within ARIDIA*" and
ARIDIA™ CCOC may appear histologically alike, these two
groups represent distinct disease entities. CCOC has two differen-
tiation paths—one that involves the highly inflammatory microen-
vironment of endometriosis (29) and one that involves clear-cell
adenofibromas (27, 28). It is difficult to imagine that malignant cells
generated within these two very different microenvironments would
somehow coalesce into one uniform disease entity. Because loss of
ARID1A function is thought to be an early event in malignant
transformation of endometriosis into CCOC (29), we suggest that
ARID1IA™"" identifies CCOC emerging from endometriosis, where-
as ARID1A™ CCOC does not.

ARID1A™" tumors had significantly more mast cells, CD20" B
cells, and CD138" plasma cells compared with ARID1AY™, with
endometriosis also having large populations of these cell types (35, 36).
Endometriosis modulates the phenotype and frequency of leuko-
cytes (37), with a reduction in infiltration and proliferation of T cells
alongside a reduction in CD8 " and CD4 ™" T-cell activity (38), similar to
ARID1A™" CCOC. Endometriosis exhibits upregulation of both PD-1
and PD-L1 (39), which may explain why in ARID1A™"* CCOC, the
PD-1 axis has more immune associations that were universally neg-
ative within the MCA and LE. We found significant enrichment of
many cytokines known to be increased in endometriosis, including
IL2, 1L4, IL6, IL8, IL10, IL12, and TNF (40-43), in ARIDIA™"
CcocC.

ARID1A™" and ARID1IA™" tumors had significant differences in
the collagen content and structure. Matrix metallopeptidases (MMP)
mediate endometrial breakdown at menstruation, and the regulation
of MMPs and their inhibitors allows for ectopic endometriosis to
invade other tissues by remodeling the ECM (44). We hypothesize that
CCOC emerging from endometriosis has a very different collagen
matrix to CCOC that does not arise from endometriosis, due to the

AACRJournals.org

The Tumor Microenvironment of Clear-Cell Ovarian Cancer

actions of MMPs and related molecules. If ARIDIA" CCOC repre-
sents disease that has developed within the relatively immune-
privileged environment of an adenofibroma, this may explain
why most immune-collagen associations are within the stroma
and decrease moving through the LE and into the MCA, whereas
ARID1A™" CCOC shows little change in the number of immune-
collagen associations throughout the TME.

Despite the differences between ARIDIA* and ARIDIA™" CCOC,
they shared some features. No significant difference in TGFf pathway
enrichment was found, and we hypothesize that TGFf signaling may
be important to the development of a clear-cell pathology, given its
high expression in clear-cell renal cell carcinoma (45), where higher
signaling promotes the invasive potential of renal clear cells (46). TGFf3
is elevated in endometriosis (47), but it is also upregulated in response
to hypoxia, as is observed in clear-cell renal cell carcinoma (48), which
may be a mechanism for the development of CCOC within an
adenofibroma.

These data do not provide a clear indication that one group of
CCOC s more or less likely to respond to immunotherapy. A definitive
answer to the role of ARIDI1A as a biomarker for response in CCOC
will be obtained from the results of ongoing clinical trials. Although the
results of these clinical trials are not yet available, we hypothesize that
on balance, ARID1IA™" CCOC will be more likely to respond to
checkpoint inhibition, given that these tumors have more negative
associations between the PD-1 axis and immune cells within the MCA
and LE. Interruption of this axis is more likely to generate an anticancer
immune response compared with ARIDIA™ disease, where the
number of PD-1-immune associations are fewer and not universally
negative. The TME of ARID1A™" CCOC also contained other positive
predictors of immune response, including increased populations of B
cells and plasma cells [both of which are linked to checkpoint
response (49)] and an increase in IFNY, IL6, and IL10, a combined
profile that correlates with a higher response rate in melanoma
following PD-1 blockade (50). We believe the summation of these
TME differences means that we cannot continue to treat this disease as
a single entity, particularly when considering response to checkpoint
blockade.
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