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Between 2% and 6% of epithelial ovarian cancer (EOC) patients develop brain metastases
(brain mets), which are incurable and invariably result in death. This poor outcome is
associated with a lack of established guidelines for the detection and treatment of brain
mets in EOC patients. In this study, we characterize an unusual case of low-grade serous
ovarian carcinoma (LGSOC) that metastasized to the brain. Using a spatially oriented
single-cell proteomics platform, we compared sequential biopsies of a primary tumor with
a peritoneal recurrence and brain mets. We identified several targetable oncogenic
pathways and immunosuppressive mechanisms that are amplified in the brain mets
and could be involved in the progression of LGSOC to the brain. Furthermore, we were
able to identify cell populations that are shared between the primary tumor and the brain
mets, suggesting that cells that have a propensity for metastasis to the brain could be
identified early during the course of disease. Taken together, our findings further a path for
personalized therapeutic decisions in LGSOC.

Keywords: low-grade serous ovarian cancer, single-cell proteomics, cyclic immunofluorescence, spatial analysis,
brain metastases

INTRODUCTION

The incidence of brain metastases (brain mets) in epithelial ovarian cancer (EOC) patients is about
2%-6% and invariably results in death (1). This represents a clinical challenge, since there are
currently no established guidelines for the detection and treatment of this severe and irreversible
condition (2-7). Previous studies in EOC have shown that brain mets display a unique phenotype
and do not respond to systemic therapy in the same way as extracranial tumors (1, 8, 9). This can be
explained in part by the inability of some drugs to reach therapeutically relevant concentrations in
the brain due to the blood-brain barrier (BBB) and by the brain microenvironment that selectively
exerts an evolutionary pressure on the invading cancer cells, thus modifying their phenotype (10—
12). The brain tumor microenvironment (TME) is profoundly different from the TME of other
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organs due to its distinct cell type repertoire, immune cell
colonization, a specialized anatomic BBB, and its highly
specialized metabolic milieu. Consequently, the brain TME
imposes distinct selective pressure on EOC cells and shapes
their response to treatment (10-12). Most importantly, studies
have clearly shown that brain mets represent a condition for
which a specific therapeutic armamentarium is essential.

Low-grade serous ovarian carcinoma (LGSOC) accounts for
approximately 3.6% of all ovarian tumor and is characterized by a
unique molecular profile and clinical course (13). Abnormalities in
Mitogen-activated protein kinase (MAPK) pathway genes are
commonly found in LGSOC and include activating mutations in
KRAS and BRAF that act via constitutive activation of the MAPK/
Extracellular signal-regulated kinase (ERK) pathway (14). The
AACR GENIE Cohort of clinical-grade genomic sequencing
data generated in eight Clinical Laboratory Improvement
Amendments / International Organization for Standardization
(CLIA-/ISO)-certified laboratories in the USA revealed the
frequency of KRAS mutations in LGSOC to be similar to the
combined frequencies in cohorts of LGSOC published over the last
two decades and represent 27% of the cases (14). The majority of
these mutations are in codon 12 of exon 2, and the most frequent
variants are KRAS G12V and KRAS G12D. Other mutations with
increased frequency are in BRAF and NRAS genes (14).

Although LGSOC contained to the ovary is associated with a
favorable progression-free and overall survival, most LGSOCs
are diagnosed at an advanced stage due to lack of specific
symptoms and are relatively chemoresistant, leading to a poor
outcome (13, 15). Extraperitoneal metastases are very rare,
and brain mets are uniquely uncommon. Advanced disease is
treated with aggressive surgery that is a cornerstone of treatment,
and adjuvant treatment that until recent years included
chemotherapy, or anti-estrogen hormonal therapy (13, 15).
Most recently, trametinib, an Mitogen-activated protein kinase
kinase (MEK) inhibitor, has shown efficacy over chemotherapy
and endocrine therapy and has been suggested as the first-line
adjuvant treatment for advanced disease (16). To increase
response rates, ongoing strategies include combining hormonal
treatment with cyclin-dependent kinase 4 and 6 (CDK4/6)
inhibitors and exploring the role of Vascular endothelial
growth factor (VEGF) inhibitors and immune therapy.

Here, we studied the evolution of an unusual case of LGSOC
that metastasized to the brain by performing a detailed spatially
oriented single-cell proteomics analysis of brain mets and
comparing them with peritoneal disease from the same patient.
Importantly, our analyses highlight important pathways that
could be involved in the brain metastasis process and reveal
several clinically relevant therapeutic vulnerabilities that could
inform personalized medicine for LGSOC patients with
concomitant brain mets.

METHODS

All tumor samples were obtained in accordance with IRB 3485
protocol at Oregon Health & Science University. All specimens

have been evaluated by a board-certified pathologist. A somatic
KRAS p.G12D mutation was identified using clinical next-
generation sequencing test (GeneTrails® Solid Tumor Panel).

Histology and Immunofluorescence

LGSOC tissues were fixed in neutral buffered formalin and
processed for paraffin embedding. Tissue sections of 5 pum
were used for this study. H&E staining was performed by the
Histopathology Shared Resource at the Knight Cancer Institute,
and whole-slide images were acquired with an Axioscan Z1
(Zeiss) slide scanner.

Cyclic immunofluorescence (Cyc-IF) was performed as
previously described by our group (17). Briefly, Cyc-IF allows
the detection and spatial single-cell analysis of more than 40
proteins on a single Formalin-Fixed Paraffin-Embedded (FFPE)
slide. Multiple sequential rounds of immunofluorescence
staining, imaging, and quenching were performed on each
sample. The samples were processed as follows: 5-um FFPE
slides were deparaffinized, and antigen retrieval was performed
in a Cuisinart pressure cooker (model CPC-600), using pH 6
citrate buffer for 20 min, followed by a quick rinse in distilled
water and incubation into pH 9 Tris/Ethylenediamine tetraacetic
acid (EDTA) buffer for 15 min. Slides were then blocked in a
solution of Phosphate-buffered saline (PBS) with 10% normal
goat serum and 1% Bovine Serum Albumin (BSA). The
autofluorescence level of each tissue was acquired using an
Axioscan fluorescence slide scanner (Zeiss). We then
proceeded to sequential staining, imaging, and quenching of
each antibody set (a list of primary antibodies used in this study
is presented in Supplementary Table S1. Briefly, in each cycle, 4
primary antibodies conjugated with Alexa-Fluor 488, 555, 647,
or 750 were incubated on the tissue sections for 2 h at room
temperature. After washing, each slide was scanned and then
quenched in a solution of 3% peroxide and 20 mM NaOH in
PBS. After confirming the quenching of the immunofluorescence
signal, a new set of antibodies was applied to the slides until all
antibodies were sequentially probed.

Cyclic Immunofluorescence Image
Processing and Data Analysis

After all of the images were acquired, registration was performed
based on the 4',6-diamidino-2-phenylindole (DAPI) signal using
MATLAB (18). The visualization of the multiplex image, cell
segmentation, and feature extraction were performed using QI
Tissue Image analysis software. The mean intensities of each
marker were extracted from each cell in the appropriate cell
compartments. Cells with abnormal features were first filtered
based on the nucleus size, and the autofluorescence level
acquired in the Alexa-Fluor 555 channel. For each marker, the
autofluorescence level acquired at the same wavelength was
subtracted on a single-cell basis, and the protein expression
values were normalized by a z-score calculation. All heatmaps
and clustering analysis were performed using python (github:
https://github.com/biodev/cycIF-workflow/tree/v1.0). The
spatial analysis of immune cells was performed as follows.
Each tumor sample was reconstructed digitally based on the x
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and y coordinates of the cells. A grid analysis was performed by
superposing 150 x 150 pixel squares over the tissue image. In
each square, the percentage of each cell type (endothelial,
stromal, epithelial, and immune) was calculated. The
percentage of each immune cell type was also calculated. To
remove areas with no tissue or low cell densities, squares
containing 5 cells or less were removed from the analysis.
Squares that contained a minimum of 50% epithelial cells were
considered as tumor regions. The rest was classified as stroma
regions. Furthermore, squares with a minimum of 30% immune
cells were considered as immune hot spots.

RESULTS

Patient Characteristics

A 26-year-old woman was diagnosed with a borderline serous
tumor of the ovary with micropapillary features after she
underwent right salpingo-oophorectomy (RSO). A year later,
she underwent additional surgery that included partial removal
of the left ovary, and the diagnosis was confirmed. Five years
after diagnosis, the patient underwent removal of a 13-cm
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recurrent pelvic tumor, and pathology confirmed borderline
serous tumor with micropapillary features and no invasive
implants. A somatic KRAS®'*” mutation was identified by
next-generation sequencing of tumor from the pelvis. KRAS
gene mutations are commonly found in LGSOC but not in
high-grade serous ovarian carcinoma (HGSOC). A vyear later,
she was diagnosed with multiple brain masses (Figure 1A), for
which the largest in the left cerebellum was resected. Pathologic
analysis revealed an invasive LGSOC. The specimens analyzed in
this study included the left ovary (primary) 1 year post diagnosis,
recurrent pelvic tumor (recurrence) 5 years post diagnosis, and
brain mets 6 years post diagnosis (Figure 1). No adjuvant
treatment was given prior to emergence of brain mets, per
patient’s choice.

Tumoral Architecture and Composition

The histology of LGSOC, characterized by glandular cells with a
low mitotic index [less than 12 mitoses per 10 high-power fields
(HPF)] and positive Immunohistochemistry (IHC) staining for
WT1 and PAXS, was confirmed by a board-certified pathologist.
As LGSOC can present with various architectural patterns,
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FIGURE 1 | Tumor architecture and composition. (A) Brain mets magnetic resonance imaging (MRI). Axial T1 post contrast (eft panel) showing two peripherally enhancing
masses in the cerebellum. Axial T2* (center panel) demonstrates hypointensity within these masses, indicative of mineralization, and confirmed by hyperdensity on MRI. Axial
FLAIR (right panel) with mild hyperintense edema surrounding these masses, particularly the large left cerebellar mass, with mild mass effect on the fourth ventricle. (B) H&E
staining of the primary ovarian tumor, a pelvic recurrence, and brain mets. (C) Cyc-IF framework. For each sample, sequential cycles of staining, imaging, and quenching are
performed on a single tissue slide. The images are then aligned through registration, and the segmentation is performed. After extracting the mean intensities of each marker in
each cell, a spatially oriented single-cell analysis is performed. (D) Immunostaining of epithelial (E-cadherin, cytokeratins), endothelial (CD31), stromal (vimentin), and proliferative
(Ki67) markers of the primary ovarian tumor, a pelvic recurrence, and brain mets. (E) Tumor composition. The Cyc-IF analysis allows the classification of all cells within
epithelial, immune, stromal, and endothelial compartments. The histogram represents the percentage of epithelial, immune, stromal, and endothelial cells in each tumor sample.
(F) Example of a region enriched in immune cells with the presence of immune “hot spots”. (G) Grid analysis. Each tissue analyzed by Cyc-IF was reconstructed using the x
and y coordinates of the nucleus. A grid was used to analyze the proportion of each cell type in discrete regions of the tumors. (H) For each tumor, the immune cell
distribution within the epithelial and stromal compartments was calculated based on the grid analysis. Cells found in aggregates were considered as part of an immune “hot
spot”. (I) UMAP analysis performed on a subset of 200,000 cells randomly selected across each tumor. Colors represent the samples and the cell type. The full name of each
protein can be found in Supplementary Table S1.
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including compact cell nests, cribriform, and micropapillary and
glandular structures (13), we assessed changes in the tumor’s
architecture patterns during progression. An H&E coloration of
the samples (Figure 1B) revealed the pelvic recurrence, and
brain mets harbored a more invasive phenotype compared to the
primary tumor. The primary tumor presented as a serous
borderline tumor of low malignant potential with
micropapillary architecture but no invasion of surrounding
tissue. The pelvic recurrence was a serous borderline tumor of
low malignant potential with transformation into LGSOC.
Immune microinvasion was characterized by the presence of
eosinophilic cell clusters with a fibrous core on large papillae
(foci of <5 mm). Additional complex proliferation of variably
sized papillae with mild nuclear atypia and occasional mitoses
was also observed. Characteristics of invasive low-grade ovarian
carcinoma were observed, including inverted micropapillae,
micropapillae with no stroma, and compact cell nests that
consisted of small clusters of well-differentiated cells in fibrous
stroma that was surrounded by clear spaces. Stromal and
capsular invasion was also present. The brain mets showed
similar histopathological features to the recurrent tumor. These
tumor cells retained low-grade nuclear features with frequently
ciliated apical borders, and the number of mitoses remained low
at 4/10 HPF. At the interface with cerebellar tissue, small clusters
of cells showed invasion into the brain tissue.

To characterize the evolution in the tumor composition
during progression from a localized tumor to brain metastasis,
single-cell proteomics analysis was performed using multiplex
Cyc-IF, as previously described (17). By performing sequential
cycles of staining, imaging, and quenching, Cyc-IF allowed the
visualization and spatially oriented analysis of 42 proteins at the
single-cell level in a single tissue slide of each sample (19)
(Figure 1C). First, markers that are specific to epithelial,
immune, endothelial, and stromal cells were used to determine
the cell composition of each tumor sample (Figure 1D;
Supplementary Table S1). As shown in Figure 1E, immune
and stromal cell populations were slightly decreased in the brain
mets (immune: 29.7%, stromal: 7.8%) compared to the primary
tumor (immune: 32.9%, stromal: 12.5%) and the recurrence
(immune: 39.5%, stromal: 10.9%). In all samples, immune cells
were located mostly in the stroma rather than in contact with
tumor cells. Some of them were also found clustered together,
forming immune hot spots in the tumor stroma (Figure 1F).
These immune hot spots were composed of CD4+ lymphocytes
and CD68+ macrophages. In the brain mets however, these
clusters also included CD8+ T cells and CD20+ B cells,
consistent with changes in the tumor immune landscape. In
order to investigate the spatial organization of the immune cells
and the presence of immune hot spots, a grid analysis was
performed (Figure 1G). Counting the number of cells in
tumor and stromal regions of the grid indicated that in the
tumor masses analyzed, ~95% of the immune cells found in the
stroma were aggregated together in hot spots. While the primary
and recurrent tumor had similar proportions of immune cells
infiltrating the tumor cell areas (30%-35%), a larger proportion
of the brain metastasis immune cells were found in association

with the tumor cells (48%). Furthermore, immune cells in the
brain mets tended to be more dispersed throughout the
specimen, rather than forming immune cell aggregates.
Although the role of immune hot spots in the antitumor
response in ovarian cancer has yet to be explored, non-
uniform distribution of immune cells in the tumor has
previously been associated with a differential selective pressure
in tumor regions, which can lead to increased tumor
heterogeneity (20).

To assess tumoral heterogeneity, a Uniform Manifold
Approximation and Projection (UMAP) clustering analysis was
performed. As shown in Figure 1H, most of the cells clustered by
sample, indicating distinct features that are tumor lesion
dependent. The brain metastasis tumor cells were concentrated
into one main cluster (region #6), while the primary and pelvic
recurrence tumor cells clustered in two main populations each
(Primary: #1-#2; Recurrence: #4-#5) and one smaller shared
region (region #3). Immune endothelial and stromal cells
clustered in many populations, which could be attributed to
the different cell types targeted by our antibody panel and cell
localization (stroma, stroma-epithelial transition, and epithelial
compartments). Of note, brain mets and the recurrent tumor cell
populations clustered closer together than with the primary
tumor, suggesting similarities in the composition of the
metastatic TME.

Tumor Cell Heterogeneity Is Decreased in
Brain Metastases

To characterize the difference between cell populations across
samples (cancer cells, immune, and stromal), we compared
protein expression profiles using Cyc-IF. For cancer cells
(Figures 2A, B), we found that the primary disease expressed
higher levels of the transcriptional repressor H3K27me3 and
antiapoptotic protein BCL-xL, which could be attributed to a
stress response (21). Cancer cells in the recurrence displayed a
phenotype of epithelial-mesenchymal transition (EMT), as
evidenced by increased expression of mesenchymal proteins
CD44 and vimentin (22, 23). GATA3, which has been associated
with tumor progression in ovarian cancer, was also increased (24).
In the brain mets, we observed an increased expression of Sting, a
potent inducer of interferon, and its downstream effector Human
Leukocyte Antigen — DR isotype (HLA-DR). Importantly, both are
known to be involved in the antitumor immune response (25, 26).
The brain mets also harbor increased B7-H4 expression, a mediator
of T-cell suppression that is thought to behave as an immune
checkpoint inducer. This member of the B7 superfamily has been
previously associated with tumor immune escape (27) and T-cell
suppression (28). Finally, the brain mets had higher expression of
Estrogen receptor alpha (ERo and phosphorylation of the MAPK
signaling intermediate ERK1/2. Interestingly, GATA3 that is a target
of Estrogen receptor alpha (ERo) remained low, indicating that
ERo. might target genes through a non-canonical pathway (29).
Importantly, non-canonical estrogen signaling has been previously
associated with resistance to endocrine therapy, which is an
important management option for LGSOC (30). Taken together,
the overall protein expression pattern in epithelial cells suggested an
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FIGURE 2 | Epithelial cell phenotype. (A) Density plot showing the distribution of expression of specific markers across epithelial cells from each sample. (B) Representative
immunostaining of markers that are differentially expressed across samples. (C) A K-Mean clustering was performed on epithelial cells. The heat maps represent the median
expression of each marker within each cluster (CL), and the phenotype of each cluster is annotated. The histogram represents the frequency of each cluster within the
samples, and the cluster phenotypes are described below the histogram. The full name of each protein can be found in Supplementary Table S1.

increased invasive phenotype of the recurrent tumor and increased
oncogenic signaling and altered immunogenic phenotype of the
brain mets compared to the primary tumor.

To delineate tumor epithelial cell heterogeneity, we performed a
K-mean clustering using the single-cell data from the epithelial
compartment of each tumor (Figure 2C). A total of 8 clusters
representing different cell phenotypes were characterized and
quantified across the tumor samples. CL1, CL3, and CL4 were
almost exclusively found in the primary tumor and represented
populations with active stress responses and transcriptional arrest
(CLI: high H3K27me3, BCL-xL, p16, pATM, low Ki67), low ERo.
expression, and elevated phosphorylation of the DNA damage
response protein ATR (31) (CL3), as well as a population of
mesothelial cells [CL4: Cytokeratins (CKs) and vimentin-high, E-
cadherin-low]. CL2, which was absent from the brain mets, was
only detected in the primary (7.9% of total epithelial cells) and
recurrence (7.3% of total epithelial cells) and was characterized by
increased expression of the progesterone receptor (PRg). CL5 and
CL6 were found mostly in the recurrence and represented the
population of cells with G1 arrest and high GATA3 expression
(CL5) and cells with an EMT phenotype (CL6: low CKs and E-
cadherin and high vimentin and fibronectin). CL7, which
represented cells with an active cell cycle (CCND1, CCNBI,
CCNE, and/or Ki67 expression), oncogenic signaling pathways
(increased pERK, pS6, and pAKT), and high GATA3 and B4-H7
were found in each sample, but with a predominance in the brain

mets (primary 0.6%, recurrence 5.6%, and brain mets 9.7% of total
epithelial cells). Finally, CL8 was mostly found in the brain mets and
was its main cell population (73.3% compared to 2.5% in the
primary and 7.33% in the recurrence). This cluster was enriched
in cells that expressed cell cycle proteins (CCND1, CCNB1, Ki67,
CCNE) and a high level of ERo. and phosphorylation of ERK1/2.
The expression of GATA3 remained low, confirming our previous
observation of a low canonical signaling pathway activity
downstream of ERo. Taken together, this clustering analysis
demonstrated that although most cell populations were shared
across all samples, the frequency of these populations
was markedly altered in brain mets. These mets displayed a more
homogeneous pattern, with the predominance of cluster
CL8, that could be a result of selective pressure from the
brain microenvironment.

Increased Heterogeneity and Oncogenic
Signaling Pathway Activity in the Stromal
Compartment of Brain Metastases

The protein expression analysis demonstrated that stromal cells
displayed different protein expression profiles across tumors. In the
brain mets, a decreased expression of fibronectin and vimentin was
observed in the stromal compartment compared to the peritoneal
tumors, indicating a different composition of the TME
(Figures 3A, B). Furthermore, this sample expressed a higher
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level of immunostimulatory proteins HLA-DR and Sting, as well as
an increased phosphorylation of ribosomal protein S6, suggesting
enhanced Mammalian target of rapamycin complex (mTORC)
activity (32). Conversely, stromal cells from the primary tumor
displayed a higher level of the transcriptional repressor H3K27me3.
In fibroblasts, H3K27me3 has been reported as a negative regulator
of fibroblastic activation and transformation into cancer-associated
fibroblasts (CAFs) (33, 34).

To identify changes in stromal cell heterogeneity, K-mean
clustering analysis (Figure 3C) was performed. Among the 6
clusters identified, CL2 and CL5 were the main clusters found in
the primary tumor. CL2 represented resting and 53BP1-low cells,
while CL5 was enriched in H3K27me3 and fibronectin-high cells.
The recurrence was mostly composed of CL2, CL3, and CL4. CL3
was enriched in cells with active DNA damage response (DDR)
and signaling pathways (p-ERK1/2, p-AKT moderate, p-S6) and
high expression of B7-H4 and p75-nerve growth factor receptor
(p75-NGFR). Of note, p75-NGEFR has been previously associated
with local recurrence and tumor metastasis (35). CL4 was
enriched in resting 53BP1-high cells. The brain mets had a
markedly different stromal composition compared to the
peritoneal disease, with an enrichment in cells from CLI
(fibronectin-low), CL2, CL3, and CL6 (pERK and pS6-high).

Aside from CL2 that was shared with similar proportions in each
tumor and CL3 that was present in both the recurrent pelvic
tumor and the brain mets, the clustering analysis demonstrated
that the stromal composition was tumor location dependent.
Furthermore, as expected, the brain metastasis stromal
composition was vastly different from that of peritoneal
disease, indicating a unique TME.

Altered Immune Landscape in Brain
Metastases

To determine the immune composition of each sample, the
immune cells were classified and quantified using Cyc-IF and
classic lineage-defining markers (Figures 4A, B). We first
determined the density of each immune cell population by
measuring the number of cells per mm* of tissue. Notably,
while B cells were underrepresented, the immune cell density
increased in the recurrence and the brain mets, with a decrease in
the density of CD4+ T cells and increase in CD68+ macrophages.
Additionally, the CD8+ T cell population increased slightly in
the recurrence (109 cells/mm?) and more drastically in the brain
mets, reaching a density of 277 cells/mm?, which is considered a
“hot” tumor (36). Furthermore, a large proportion of other CD45+
cells were found in the recurrence (369 cells/mm?) and the brain
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% Cells
% Cells

mets (290 cells/mm?). In terms of immune spatial organization,
grid analysis (Figure 4C) showed little difference between the
stromal and epithelial distribution of immune cells in the primary
and recurrence tumor, except for B cells that tended to be more
stroma-localized in the recurrence compared to the primary
tumor. In the brain mets, an increased proportion of B cells,
CD4 T cells, and macrophages were observed in the epithelial
compartment when compared to the primary tumor. The CD8 T
cells, which are the main effector of the antitumor immune
response, remained unchanged, indicating the possible activation
of immunosuppressive mechanisms in the TME. By further

TABLE 1 | Immune cell phenotypes.
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FIGURE 4 | Immune phenotype. (A) Histogram and pie chart showing the density and the proportion of different immune cell populations across all samples.
(B) Representative immunostaining of specific markers within each sample. (C) Proportion of each immune cell subtype in the epithelial and the stromal
compartments. The percentages were calculated based on the grid analysis. The full name of each protein can be found in Supplementary Table S1.

characterizing these immune cell populations (Table 1),
we found that Programmed cell death protein 1 (PD-1) immune
checkpoint protein expression was increased in the recurrence and
the brain mets on both B cells (primary: 0%, recurrence: 1.9%,
brain mets: 4.9%), indicating an immunosuppressive phenotype
(37), and CD8+ T cells (primary: 0.8%, recurrence: 1.9%, brain
mets: 3.6%), in line with an exhausted T-cell phenotype (38).
Regulatory T cells (Tregs) (CD4+ FOXP3+) were also more
abundant in the recurrence and the brain mets (primary: 0.2%,
recurrence: 0.4%, brain mets: 0.5%), which could also contribute to
immune evasion. CD44, which is a marker of T-cell activation and

Phenotype Cell Type Primary (%) Recurrence (%) Brain Mets (%)
PD-1+ B cell 0.0 1.9 4.9
CD4 T cells 0.3 0.6 0.3
CD8 T cells 0.8 1.9 3.6
Macrophages 0.1 0.2 0.3
Other CD45+ cells 0.7 0.2 0.2
Tregs (FOXP3+) CD4 T cells 0.2 0.4 0.5
Ki67+ B cell 3.5 2.0 6.7
CDA4 T cells 2.3 2.9 2.3
CD8 T cells 21 3.1 6.2
Macrophages 1.6 2.5 2.2
Other CD45+ cells 3.1 4.2 2.0
CD44-High CDA4 T cells 84.3 40.7 32.5
CD8 T cells 63.4 44.7 27.5
HLA-DR-High B cell 6.0 21.0 36.8
CDA4 T cells 9.7 26.4 38.5
CD8 T cells 6.6 8.1 23.8
Macrophages 23.8 54.6 58.4
Other CD45+ cells 4.2 9.8 23.9
Sting-High B cell 31.0 34.3 38.0
CDA4 T cells 1.5 14.6 54.3
CD8 T cells 17.8 28.9 52.0
Macrophages 7.6 17.3 26.5
Other CD45+ cells 22.9 30.5 61.4
The full name of each protein can be found in Supplementary Table S1.
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memory T cells, was massively decreased in the pelvic recurrence
and the brain mets compared to the primary tumor in both CD4+
(primary: 84.3%, recurrence: 40.7%, brain mets: 32.5%) and CD8+
(primary: 63.4%, recurrence: 44.7%, brain mets: 27.5%) T cells. On
the other hand, Ki67 staining indicated a higher proliferation rate
of B cells (primary: 3.5%, recurrence: 2%, brain mets: 6.7%) and
CD8+ T cells in the brain mets (primary: 2.1%, recurrence: 3.1%,
brain mets: 6.2%). The interferon pathways encompassing Sting
and HLA-DR immunostimulatory molecules were also increased
in brain mets. Taken together, this analysis demonstrates that the
immune landscape has been profoundly altered during tumor
progression. Although a higher immune infiltration has been
observed in the brain mets, several immunosuppressive
molecules were increased concomitantly, which could contribute
to tumor immune escape.

DISCUSSION

The main objective of this study was to characterize the
histopathologic progression of an unusual case of LGSOC from
local disease to pelvic recurrence and subsequent metastasis to the
brain, with the goal of uncovering therapeutic vulnerabilities that
could be exploited in the treatment of patients with EOC and brain
mets. This represents the first spatially oriented single-cell
proteomics analysis of the progression of an LGSOC tumor using
sequential biopsies acquired from the same patient. Our spatially
oriented single-cell proteomics analysis showed a major remodeling
of the epithelial, stromal, and immune compartments in the brain
mets compared to the peritoneal tumors. This remodeling is
accompanied by activation of oncogenic prosurvival signaling
pathways and increased estrogen receptor expression.
Additionally, we observed a profound alteration of the immune
landscape and dysregulation of the balance between protumoral and
antitumoral immune pathways.

The brain microenvironment can exert selective pressure on
cancer cells and shape their response to therapy (10-12), but there is
a gap in knowledge about the functional programs used by ovarian
cancer cells to thrive in that environment. Furthermore, there is
little understanding about the EOC brain metastatic niche itself and
how it supports metastasis survival and growth. Since proteins are
the functional unit of the cell, single-cell proteomics analysis
represents a unique (both high-grade and low-grade serous)
opportunity to characterize tumor composition and architecture
and define the activity of targetable oncogenic pathways. Because of
the high resolution that can be achieved with Cyc-IF, we were able
to demonstrate a major remodeling of the epithelial, stromal, and
immune compartments. Interestingly, the phenotype of the brain
mets was less heterogeneous than in the recurrent peritoneal disease.
It could be a result of the selective pressure from the brain
microenvironment on the invading cells and highlighting the
phenotypic features required for the survival of ovarian cancer
cells in that environment. We saw a complete absence of cells that
express PR, but concomitantly, all cells expressed a high level of
ERo in the brain mets. It is unclear if this change in hormonal
receptor profile is due to a change in tumor cell phenotypes or if it is

an indication that only certain clones from the peritoneal disease
were able to disseminate to the brain. In all cases, cancer cells from
the brain mets adopted a prosurvival phenotype, showed by
increased MAPK and Phosphoinositide 3-kinase (PI3K) pathway
activity. While the frequency of each cancer cell population varied
from one tumor to another, some cell phenotypes were shared
across the three tumors, suggesting that cells with a propensity for
brain invasion and colonization are already detectable in the
primary tumor at the time of diagnosis. This supports the
hypothesis that brain mets can be established early during
the course of disease but may take a long period of time to adapt
to the brain microenvironment and progress to cause symptoms.
This hypothesis is also supported by the clinical impression that
brain mets have become slightly more frequent with the
improvement in the systemic treatment of EOC (2-7) and the
increase in overall survival. Thus, confirming this hypothesis in a
larger cohort of patients with EOC brain mets will be critical to
identify and implement effective prevention and therapeutic
strategies against EOC brain mets.

In regard to the microenvironment in brain mets, we
observed reduced stromal content with major changes in
immune cell populations. In contrast with the cancer cells, the
stromal cell populations remained as heterogeneous in the brain
mets as in the peritoneal tumors but harbored a more “active”
phenotype, with increased MAPK and mTORC signaling
pathway activity. This was accompanied by reduced expression
of vimentin and fibronectin, which are both known to affect cell
motility and metastasis in many cancer models (39, 40). As the
peritoneal tumors displayed high levels of fibronectin and
vimentin in the stromal space, it is possible that the stroma
composition facilitated the dissemination of cancer cells to the
brain, but once established, high levels of vimentin and
fibronectin were not essential for survival of the brain mets.
Importantly, the immune landscape was also greatly altered in
the brain mets compared to the peritoneal tumors. Indeed, we
observed many signs of an antitumor immune contexture such as
increased Sting pathway activity and increased CD8+ T cells.
However, immunosuppressive cells populations also increased
concurrently. Indeed, macrophage density doubled compared to
the primary tumor, a larger proportion of B cells and C8+ T cells
expressed the immune checkpoint protein PD-1, and the Treg
population increased. This change in balance in protumor and
antitumor immune response is consistent with ongoing immune
activation within the brain mets triggering immunomodulation
that can eventually lead to exhaustion/dysfunction of the T cells.
Importantly, several studies have tested the efficacy of immune
checkpoint blockade (ICB) for the treatment of patients with
brain mets. In melanoma and non-small cell lung cancer, for
example, ICB is associated with clinical benefit against brain
mets (41). Thus, this could also be true for EOC patients with
brain mets and could represent a therapeutic opportunity.

In conclusion, our results suggest that brain mets of LGSOC
have a unique phenotype compared to that of the peritoneal tumors,
which support the premise that standard of care might not be
appropriate for the treatment of brain mets. The unique milieu in
which brain mets grow can exert selective pressure on the cancer
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cells, leading to the induction of prosurvival oncogenic pathways
and immunosuppressive mechanisms. Thus, it will be important in
future studies to obtain a better understanding of the targetable
pathways that the cancer cells use for their invasion and survival in
the brain microenvironment. Furthermore, as the BBB restricts the
ability of certain drugs to reach therapeutically significant
concentrations in the brain, it is crucial that we develop novel
personalized therapeutic approaches for the treatment of patients
with ovarian cancer while considering the ability of the drugs to
reach therapeutic concentrations in the brain microenvironment.
Although in this case ovarian cancer displayed molecular and
clinical features of LGSOC, the wealth of information obtained
from single-cell spatial proteomics analyses of primary tumor and
brain mets proves that the analyses are likely to be of importance
when applied to high-grade serous EOC and is likely to contribute
to discerning the mechanisms of brain mets in all EOCs.
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