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Deep immune profiling of ovarian tumors identifies minimal MHC-I expression after
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ABSTRACT

Epithelial Ovarian cancer (EOC) is the most lethal gynecological malignancy and has limited curative
therapeutic options. Immunotherapy for EOC is promising, but clinical efficacy remains restricted to
a small percentage of patients. Several lines of evidence suggest that the low response rate might be
improved by combining immunotherapy with carboplatin and paclitaxel, the standard-of-care che-
motherapy for EOC. Here, we assessed the immune contexture of EOC tumors, draining lymph nodes,
and peripheral blood mononuclear cells during carboplatin/paclitaxel chemotherapy. We observed that
the immune contexture of EOC patients is defined by the tissue of origin, independent of exposure to
chemotherapy. Summarized, draining lymph nodes were characterized by a quiescent microenvironment
composed of mostly non-proliferating naive CD4 + T cells. Circulating T cells shared phenotypic features
of both lymph nodes and tumor-infiltrating immune cells. Immunologically ‘hot’ ovarian tumors were
characterized by ICOS, GITR, and PD-1 expression on CD4 + and CD8 + cells, independent of chemother-
apy. The presence of PD-1 + cells in tumors prior to, but not after, chemotherapy was associated with
disease-specific survival (DSS). Accordingly, we observed high MHC-I expression in tumors prior to
chemotherapy, but minimal MHC-I expression in tumors after neoadjuvant chemotherapy, even though
there were no differences in the number of tumor-infiltrating lymphocytes (TIL) in both groups. We
therefore speculate that the TIL influx into the chemotherapy tumor microenvironment may be
a consequence of the general inflammatory nature of chemotherapy-experienced tumors. Strategies to
upregulate MHC-I during or after neoadjuvant chemotherapy may thus improve treatment outcome in
these patients.
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Introduction checkpoint blockade; ICB) targeting PD-1 or PD-L1 in EOC

Epithelial ovarian cancer (EOC) is the most lethal gynecological
malignancy and the fifth leading cause of cancer mortality in
women. Almost all EOC patients present with an advanced stage of
disease and relapse rates are high with a 5-y survival of only 40%."
The poor prognosis for women with EOC has not improved in
decades and new therapies are urgently needed. A new approach to
the treatment of EOC may be immunotherapy.

The immune system is considered to play an important role
in the development and control of EOC. The number of
intraepithelial CD8" T cells is strongly associated with pro-
longed survival across studies.>™ In addition, differentiation,
exhaustion, and other functional parameters of intraepithelial
CD8" T cells have been associated with prognosis, as has the
presence of regulatory T cells, macrophages, B cells, myeloid-
derived suppressor cells, and other immune cell subsets.”® The
immune checkpoint programmed death 1 (PD-1) and its
ligand PD-L1 are also associated with prognosis in EOC,
although controversy on the direction of this effect
remains.'®™'* Initial trials using blocking antibodies (immune

have demonstrated clinical effect, albeit in a small percentage
of patients.'> One potential strategy to increase the efficacy of
immunotherapy, including ICB, is to combine treatment with
other modalities, such as standard chemotherapy.

A combination of carboplatin and paclitaxel chemotherapy
is part of the standard-of-care for the treatment of EOC
patients with advanced disease worldwide. Carboplatin and
paclitaxel are DNA intercalating and cell cycle inhibitors,
respectively, used frequently in combination for the treatment
of ovarian, endometrial, lung, and breast cancers. For EOC
patients, carboplatin/paclitaxel is administered in six cycles of
3 weeks and combined with cytoreductive surgery performed
either prior to chemotherapy or at the interval (i.e. after three
cycles of chemotherapy). Previously, we demonstrated that the
number and differentiation of CD8" tumor-infiltrating lym-
phocytes (TIL) did not differ between tumors that were carbo-
platin/paclitaxel-naive when compared with tumors isolated
after three cycles of chemotherapy.>'® Lo et al. recently
reported an increase in the number of TIL after carboplatin/
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paclitaxel chemotherapy in a subset of patients.'” Nevertheless,
little data exists on the systemic immune cell status of EOC
patients undergoing carboplatin/paclitaxel chemotherapy.

We studied the impact of chemotherapy on the general
immune contexture of EOC patients by analysis of immune
cell populations in a series of primary tumors, tumor-draining
lymph nodes (tDLN), and peripheral blood mononuclear cells
(PBMCQ). In addition, the presence of PD-1 positive cells, MHC-
I expression, and its correlation with survival was explored.

Material and methods
Patients

We selected patients diagnosed with advanced-stage (FIGO
>IIB) EOC at the University Medical Center Groningen
(UMCG). Patient in the PDS cohort received primary debulk-
ing surgery and thereafter six cycles of platinum-based che-
motherapy. Patients in the NACT cohort received three cycles
of chemotherapy prior to the cytoreductive debulking surgery
and thereafter additional 3 cycles of chemotherapy. Ovarian
tumor tissue (n = 16) and tumor-draining lymph nodes (tDLN)
(n = 13, for three patients three nodes were collected) were
collected during cytoreductive surgery from 20 ovarian cancer
patients (Supplementary Table S1A). Tissue was obtained at
the time of primary cytoreductive surgery (n = 12) or during
interval surgery after three cycles of platinum-based neoadju-
vant chemotherapy (n = 8). PBMC from 7 EOC patients were
isolated from peripheral blood and obtained prior to che-
motherapy, 1-3 weeks after three cycles of chemotherapy,
and 4-6 weeks after completion of all six cycles of chemother-
apy (Supplementary Table S1A). Written informed consent
was obtained from all patients.

Selection of retrospective tumor material from patients with
advanced-stage (FIGO =IIB) high-grade serous ovarian carci-
noma (HGSOC) was described previously (Supplementary
Table S1B).® Briefly, formalin-fixed paraffin-embedded tissue
(FFPE) was collected at the time of the primary debulking
surgery (n = 83) or 1-3 weeks after three cycles of chemother-
apy at the time of interval cytoreductive surgery (n = 79).
Construction of the tissue microarray (TMA) was described
previously.®

Processing of tumor material, tDLN, and PBMC

Tumor tissue and lymph nodes were cut into pieces of <1 mm?’

and placed in a T75 culture flask (Nunc™ EasYFlask™ Cell
Culture Flasks, cat. no. 156499, ThermoScientific) with diges-
tion medium, consisting of RPMI (Gibco, Paisley, UK), 10%
fetal bovine serum (FBS, Gibco, Paisley, UK), collagenase type
IV (1 mg/mL; Gibco, Grand Island, USA), and 12.6 pg/mL
recombinant human DNase (Pulmozyme, Roche, Woerden,
the Netherlands) for overnight digestion at room temperature.
After digestion, the suspension was strained through a 70 um
filter and washed with PBS. Cells were centrifuged over
a Ficoll-Paque gradient (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) and lymphocytes were isolated from
between the two layers. After a wash with PBS, cells were
pelleted. Total cell pellet was suspended in 1 ml FBS with

10% dimethylsulfoxide (Merck, Darmstadt, Germany), and
stored in liquid nitrogen until further use. Peripheral blood
was centrifuged over a Ficoll-Paque gradient (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) and PBMC were isolated
from between the two layers. After a wash with PBS, cells were
pelleted. Total cell pellet was suspended in 1 ml FBS with 10%
dimethylsulfoxide (Merck, Darmstadt, Germany), and stored
in liquid nitrogen until further use.

Flow cytometry

Cryopreserved cell suspensions from peripheral blood, tumor
tissue, and tDLN were thawed on ice, washed with RPMI med-
ium (Gibco, Paisley, UK) with 10% FBS and centrifuged at 1000
x g. The total cell pellets were resuspended in RPMI with 10%
FBS, and cells were incubated with the indicated antibodies
(Supplementary Table 2A). The Zombie Aqua Fixable Viability
Kit (BioLegend, Uithoorn, The Netherlands) was used for live/
dead staining according to the manufacturer’s instructions. For
intracellular staining, cells were permeabilized and fixed using
the FoxP3 Transcription Factor Staining Buffer kit (A25866A,
Thermofisher Scientific) according to the manufacturer’s proto-
col. All flow cytometry analyses were performed on a BD
FACSVerse (BD Biosciences) using BDFACSuite CS&T
Research Beads (BD Bioscience), BD™ CompBeads Set anti-
mouse Ig, «/negative control compensation particles set
(552843, BD Bioscience), and UltraComp eBeads
Compensation Beads (01-2222-42, eBioscience, ThermoFisher
Scientific). Samples were analyzed with Premium Cytobank soft-
ware (cytobank.org) (Supplementary figure S1).

Where indicated, PBMC were activated prior to phenotyp-
ing using Dynabeads® (2 pL/1x10° cells, T-activator CD3/
CD28 beads, 11131D, Gibco, Oslo, Norway and Vilnius,
Lithuania).

Immunohistochemistry

FFPE slides were de-paraffinized and rehydrated in graded etha-
nol. Antigen retrieval was initiated with a preheated 10 mM
citrate buffer (pH = 6) and endogenous peroxidase activity was
blocked by submerging sections in a 0.45% hydrogen peroxide
solution. Slides were blocked in PBS containing 1% human
serum and 1% BSA and incubated overnight with primary anti-
body at 4°C (Supplementary Table 2B). Subsequently, slides
were incubated with a ready-to-use peroxidase-labeled polymer
for 30 minutes (Envision+/HRP anti-mouse or Envision+/HRP
anti-rabbit, 2 drops, cat. number K4001/K4003, Dako,
Carpinteria, USA). Signal was visualized with 3,3'diaminobenzi-
din (DAB) solution, and slides were counterstained with hema-
toxylin. Appropriate washing steps with PBS were performed in-
between incubation steps. Sections were embedded in Eukitt
mounting medium (Sigma Aldrich, Steinheim, Germany), and
scanned on a Hamamatsu digital slide scanner (Hamamatsu
photonics, Hamamatsu, Japan).

PD-1 staining was performed by the use of Ventana
Discovery Ultra Platform for automatic staining, using
a  mouse-anti-human PD-1 antibody.  Furthermore,
a sequential dual staining was performed for tumor-
associated macrophages (TAMs) on the Ventana Discovery



Ultra platform to identify CD163" cells using a mouse anti-
human CD163 antibody with DAB chromogen, and
CD68CD163- cells using a mouse anti-human CD68 with
Discovery purple chromogen.

Immunohistochemistry for CD8, CD3, and CD27 was per-
formed previously in this cohort.>'°

Immunofluorescence

FFPE slide preparation and antigen retrieval were performed as
described above. Next, double immunofluorescent staining of
HLA-B/C and cytokeratin was performed. Slides were incubated
overnight at 4°C with primary antibody (mouse anti-human
HLA-B/C) and subsequently incubated with the appropriate
secondary antibody for 45 minutes at room temperature
(Supplementary Table S2B). Specific signal was amplified using
the TSA Cyanine 5 (Cy5) detection kit (Perkin Elmer,
NEL705A001KT, Boston, USA). To allow multiple amplifica-
tions on the same slide, primary HRP labels were destroyed
between incubations by washing with 0.01 M hydrochloric acid
for 10 minutes. Next, slides were incubated overnight at 4°C with
primary antibody (mouse anti-human cytokeratin) and subse-
quently incubated with the appropriate secondary antibody for
45 minutes at room temperature (Supplementary Table S2B).
Specific signal was amplified using the TSA Cyanine 3 (Cy3)
detection kit according to the manufacturer’s protocols.
Appropriate washing steps with PBS containing 0.05%
Tween20 (Sigma-Aldrich, Missouri, USA) were performed dur-
ing the procedure. For embedding, Prolong Diamond anti-fade
mounting medium with or without DAPI was used (Invitrogen/
Thermo Fisher Scientific, P36962 and P36961, Oregon, USA).
Finally, slides were scanned at room temperature using the
TissueFAXS  acquisition  software = and  microscope
(TissueGnostics, Vienna, Austria) with the following specifica-
tions: Zeiss EC “Plan-Neofluar” 40x/1.30 Oil, DIC objective,
CMOS-color camera PL-B623 Pixelink (3.1 Megapixels), EXFO
Excite 120 PC fluorescence illumination and Chroma ET Dapi
(49000), Chroma ET CY3 (49004), Chroma ET Cy5 (49006), and
Chroma FITC (49011) filter sets. Overlay images were produced
using Adobe Photoshop software. MHC-I scoring was per-
formed manually by two individuals blinded for clinicopatholo-
gical data. Cores were categorically scored as low (<1% of CK"
cells MHC-1 positive), intermediate (>1-<80% of CK" cells
MHC-I positive), or high expression (>80% of CK" cells
MHC-I positive). Patients were included if at least two cores
contained >20% tumor epithelium.

Statistics

Heatmaps were constructed in R (version 3.3.1) with package
pheatmap. Differences in the percentage of immune cell sub-
populations between clusters were determined using a non-
parametric Kruskal-Wallis test, followed by Dunn’s post hoc
analysis. Differences in the number of tumor-infiltrating
immune cells on FFPE slides were determined by two-tailed
Mann Whitney test. Differences in the immune cell density
between MHC-I groups were determined using a non-
parametric Kruskal-Wallis test, followed by Dunn’s post hoc
analysis. Differences in disease-specific survival were
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determined by a logrank test. Variables associated with disease-
specific survival were entered into a multivariate analysis using
the Cox proportional hazards model. All statistical analyses
were performed using IBM SPDSS 24 (SPDSS inc., Chicago,
USA) or GraphPad Prism (GraphPad Software Inc., CA, USA).
A p-value of <0.05 was used as a cutoff for significance.

Results

Immune contexture is defined by the tissue of origin,
independent of chemotherapy

We analyzed the immune contexture of a series of tumors,
tDLN, and PBMC samples from EOC patients before, during,
and after chemotherapy. We determined the expression of
activation and inhibitory markers on CD4" and CD8" T cells,
CD14" monocytes, and lineage-negative HLA-DR" DCs.
Cluster analysis of all markers across samples revealed four
main clusters based on tissue of origin: tumor tissue (tumor 1
and tumor 2), tDLN and PBMC clusters. All samples clustered
independent of chemotherapy status (Figure la and b).

In tumor cluster 1, both CD4" and CDS8™ cells were char-
acterized by a dominant CD45RO™ phenotype with heteroge-
neous expression of CCR7 (C-C chemokine receptor type 7).
CD28 expression was heterogeneous in CD8" T cells but
expressed on most CD4" T cells present in the tumor (Figure
la, Supplementary Table S3A, median 42.4% vs 87.7%). The
phenotype of T cells in the tumor microenvironment displayed
an activated and exhausted phenotype, with both CD8" and
CD4" T cells co-expressing PD-1, ICOS, GITR, and HLA-DR
(Figure 1a). Cluster 2 contained tumor samples that appeared
to be significantly less activated than tumor cluster 1 with
a lower percentage of CD8 cells expressing PD-1 (median
15.4% vs 65,1%, P <.001) or ICOS (P <.001) and a lower
percentage of CD4 cells expressing PD-1 (P <.001), ICOS
(P <.001), or GITR (P <.001).

TLDN and PBMC clusters were characterized by a marker
expression pattern more consistent with a quiescent and non-
proliferative immune phenotype (Supplementary Table S3A).
TDLN were almost exclusively characterized by expression of
CCR7, CD28, and CD45R0 on CD4" and CD8" T cells, consis-
tent with a resting naive-like phenotype (Figure 1a). By contrast,
PBMC were characterized by CD4" and CD8" cells with hetero-
geneous expression of CCR7, CD28, and CD27. The memory
T-cell marker CD45RO was variably expressed on CD4" and
CD8" T cells in both tDLN and PBMC, indicating the presence
of both naive and memory cells (Figure la). The expression of
CCR7", CD45RO", CD27," and CD28" is indicative of the pre-
sence of a central memory T-cell population. Most CD8" and
CD4" T cells from tDLN and PBMC were negative for exhaustion
marker PD-1 (supplementary figure S2). In addition, PBMC were
characterized by the presence of CD1 ¢" and CD11 ¢" myeloid
dendritic cells while the tumor samples were largely devoid of
these populations (Figure la, Supplementary table S3A).

Chemotherapy as a treatment was not associated with
a distinct tumor, lymph node, or peripheral blood sample
clusters. Thus, we speculated that chemotherapy would have
a modest effect on the immune contexture of these tissues in
EOC patients. To test this hypothesis, we performed
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Figure 1. Immune contexture is defined by the tissue of origin, independent of chemotherapy. (a) Heatmap displaying the immune contexture of fresh tumor tissue
(N =16), tDLN (N = 13) and PBMC (N = 19) collected pre- and post-chemotherapy. Flow cytometry was used to define the immune contexture by first assessing the
expression of dendritic cells, monocytes, CD4,* and CD8* cells. CD4* and CD8" subsets were further defined by different immune markers including; CCR7, CD45RO0,
(D27, CD28, PD-1, PDL-1, ICOS, GITR, OX40, proliferation marker Ki-67, and transcription factors, Eomes and T-bet. Hierarchical cluster analysis of all samples displayed
four main clusters. For each sample, tissue of origin and chemotherapy status is defined. The heatmap displays the percentage of positive immune cells. Gating strategy
is shown in supplementary figure S1. An overview of the determined immune cells is specified in supplementary table S3B. (b) Heatmap displays set clusters determined
in Figure 1a, shows the percentage of monocytes, CD8*, CD4*, T-regulatory and dendritic cells.

immunohistochemical analysis of an independent cohort
(N = 162) of high-grade serous ovarian cancer (HGSOC)
tumor samples obtained either prior to chemotherapy or after
three cycles of chemotherapy (ie. at the time of interval
debulking). We included only HGSOC patients, to avoid the
potential bias from differences between histological subtypes
(Supplementary Table S1B). We analyzed immune markers for
which commercial antibodies were available and for which we
could optimize a reproducible staining protocol
(Supplementary figure S5, Supplementary table S2B). There
were no statistically significant differences between the
immune cell infiltration of either epithelium or stroma when
comparing tumor samples obtained pre- or post-
chemotherapy (Figure 2a-f, Supplementary table S2 C). The
median density for individual immune markers showed an
almost perfect correlation (R*> = 0.92 P <.0001) between the
pre- and post-chemotherapy cohort (Figure 2g).

Taken together, we observed a tissue-dependent immune
contexture in EOC patients. In addition, our data suggest that

chemotherapy does not have a major effect on the immune cell
infiltration.

T-cell differentiation is heterogeneous across tissue types

In our flow cytometry analyses, we observed differences in the
expression of T-cell differentiation markers between tumor,
tDLN, and PBMC, as well as between individual clusters of
tumor samples (Figure 1la). Previously, we found the expres-
sion of the T-cell differentiation marker CD27 to also be highly
heterogeneous in IHC analysis of EOC tumors, ranging from 0
to 407 cells/mm”. Thus, we next aimed to define the co-
expression of differentiation markers within the CD4" and
CD8" immune subsets to assess their differentiation status
(Figure 3a). We used the clusters identified by single marker
analysis and determined co-expression of CD45R0O, CCR?7,
CD28, and CD27. A restricted co-expression for these markers
was observed, with a large number of potential populations
present at a frequency of <1% (Supplementary figure S3,
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Figure 2. Immune cell distribution is comparable between pre- and post-chemotherapy tumors. (a) Epithelial infiltration of CD3¥, CD8", CD27%, PD1*, FoxP3*, and
CD20* cells in pre- and post-chemotherapy tumors. Density is defined as cells/mm?. (b) Stromal infiltration of CD3*, CD8*, CD27*, PD1*, FoxP3*, and CD20* cells in pre-
and post-chemotherapy tumors. Density is defined as cells/mm?. (c) Epithelial and stromal infiltration of CD16* cells in pre- and post-chemotherapy tumors. Epithelial
infiltration was determined by density in cells/mm?, stromal infiltration was determined by the percentage of positive area. (d) Epithelial infiltration of CD11 ¢*, LAMP3*,
CD68", and CD163" cells in pre- and post-chemotherapy tumors. Density is defined as cells/mm?. (e) Stromal infiltration of CD11 ¢*, LAMP3*, CD68*, and CD163™ cells in
pre- and post-chemotherapy tumors. Stromal infiltration is determined by the percentage of positive area. (f) Epithelial and stromal infiltration of PD-L1* cells in pre-
and post-chemotherapy tumors. Infiltration was determined by the percentage of positive area. (a—f) Representative samples are depicted in supplementary figure S5.
Differences in the number of tumor-infiltrating immune cells on FFPE slides were determined by two-tailed Mann Whitney test. N-numbers are described in
supplementary table S3 C. G, Median immune cell density of all epithelial and stromal immune cells depicted in a—f. Comparability between pre- and post-
chemotherapy tumors was determined by a Pearson correlation test. R? = 0.92, <0.0001.

cropped for clarity in Figure 3a). The tumor clusters displayed
an activated T-cell phenotype with a high percentage of all
effector memory subsets (EM). For CD8" cells within tumors,
the dominant phenotypes were CD45RO"CCR7~CD28 " CD27~
and CD45RO"CCR7 " CD28"CD27" cells, consistent with the
phenotype of effector cells. CD4" cells displayed a similar
dominant phenotype except that most CD4 cells co-expressed
CD28. This is consistent with previous reports demonstrating
an earlier loss of CD28 during CD8" T-cell differentiation
when compared to CD4" T cells.'® As anticipated, both tDLN
and PBMC were characterized by a relatively high number of
naive and central memory CD4" and CD8" T cells. In addition,
approximately half of the PBMC samples were characterized by
the presence of EM3 (CD45RO*CCR7~CD28°CD27") cells.

The combination of CD45R0O, CCR7, CD27, and CD28 did
not allow us to definitively distinguish between naive and stem
cell memory (SCM) T cells. Additionally, we performed
a complementary analysis of CD45RA, CCR7, CD27, and
CD95 co-expression in consecutive pre- and post-
chemotherapy PBMC samples of EOC patients (n = 7) and
compared the differentiation status to age-matched controls
diagnosed with a benign ovarian tumor (n = 7) (Figure 3b and
¢). Cluster analysis revealed neither distinguishing effects of
chemotherapy nor between patients with EOC and patients
with a benign tumor. As observed before, a restricted pattern
of marker co-expression was observed. Two EOC patients were
characterized by a high prevalence of CD45RA"CD95"CD8"
T cells, representing a terminally differentiated subset. Finally,

sufficient PBMC were available from a single EOC patient and
benign control, to confirm the observed loss of CD28 on CD8",
but not CD4™ T cells in tumors by analyzing T-cell phenotype
upon in vitro activation. In brief, PBMC of an ovarian cancer
patient and a healthy control were activated with CD3/CD28
beads for 7 d and expression of CD45RA, CD27, CD28, and
CD95 was analyzed (Figure 3d). T-cell activation was associated
with a loss of CD28 from the cell surface of CD8", but not CD4"
SCM T cells, independent of disease status and chemotherapy
status (Figure 3d). No other phenotypic differences were
observed between these two T-cell subsets.

ICOS and GITR are co-expressed in ovarian cancer patients
with an exhausted phenotype

Having established a comprehensive immune profile for ovarian
tumors, tDLN and PBMC, we next assessed potential targets for
therapeutic intervention. We observed a relatively high percentage
of ICOS and GITR in tumors from cluster 1 (Figure la). Co-
expression analysis of ICOS and GITR revealed a dominant co-
expression in tumor cluster 1 when compared to tumor cluster 2,
mostly on T-regulatory cells, but also on CD4" and CD8" T cells
(Figure 4a and b). By contrast, most CD4" and CD8" cells in
tumor cluster 2, TDLN and PBMC were double negative for ICOS
and GITR (Figure 4a and b). This difference in co-expression on
CD8", CD4", and Treg cells was also evident when comparing
a tumor with a draining lymph node from a patient from whom
a matched sample was available (Figure 4b). To confirm the
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Figure 3. T-cell differentiation is heterogeneous across tissue types. (a) The heatmap displays clusters identified by single marker analysis in Figure 1a. For each sample,
chemotherapy status is defined. The percentage of positive cells immune subset is displayed in the heatmap. Immune subsets are determined by co-expression of
CD45RA, CCR7, CD27, and CD95 on CD4™ and CD8™ cells. P-values are specified in supplementary table S3D. (b) One exemplary EOC patient including before, during, and
after chemotherapy samples is depicted. The percentage of CD45RA*CCR7*CD27*CD95* CD4 and CD8 positive cells is displayed. (c) Heatmap displaying the percentage
of naive T-cells defined as CD45RA*CCR7*CD27*CDY95™ and stem cell memory cells defined as CD45RA*CCR7*CD27*CDY5* in PBMC of EOC patients before, during and
after chemotherapy (N = 17) and benign controls (N = 7). Hierarchical cluster analysis of all samples displayed clusters independent of disease or chemotherapy status.
(d) The percentage of positive immune subsets is displayed without and after 7-d stimulation with anti-CD3/CD28 T-cell activation beads in one EOC patient before,
during, and after chemotherapy and in one benign controls. Immune subsets were defined by CD8, CD4, CD45RA, CD27, CD28, and CD95. T-cell activation was
associated with a loss of CD28 from the cell surface of CD8", but not CD4* SCM T cells, independent of disease status and chemotherapy status.



observed co-expression in CD8" T cells, we also analyzed
a recently published dataset of CD8" TIL from ovarian cancer."”
ICOS, TNFRSF18 (GITR), as well as in the intracellular signaling
adaptor for GITR: TRAFI were overexpressed in ICOS" vs. ICOS~
TILs (Figure 4c). ICOS and GITR are also often co-expressed with
immune checkpoint CTLA4 (cytotoxic T-lymphocyte attenuator
4)."° Therefore, we investigated the expression levels of CTLA4
within the various ICOS/GITR CD4" and CD8" T-cell subpopu-
lations (Figure 4d) and found that mean fluorescent intensities
(MFI) for CTLA-4 were higher in ICOS/GITR double-positive
Treg cells when compared to the other subpopulations.

Infiltration of PD-1* cells in tumor epithelium is correlated
with disease-specific survival in pre-chemotherapy patients
only

A dominant phenotype observed in tumor cluster 1 of PD-1"
CD4" and CD8" T cells compared to tumor cluster 2 (Figure 1). In
addition, PD-1" TIL were observed in both the pre-chemotherapy
and chemotherapy group but did not differ in absolute number
(Figure 2a). We tested for a potential survival benefit of high PD-1
expression in EOC. DSS was significantly longer in HGSOC
patients with a higher infiltration of epithelial PD-1" cells
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(P =.004) (Figure 5a). This survival benefit was only observed in
patients who received primary debulking surgery (P <.001), and
not in the neoadjuvant chemotherapy cohort (Figure 5a). Stromal
PD-1 expression was not correlated with improved DSS in any of
the cohorts (Figure 5b). Next, we corrected for surgical outcome
since this is a major predictor for DSS. High epithelial PD-1" cell
infiltrate was a predictor for DSS in the case of a complete primary
debulking (P <.001) (Figure 5c). Again, the survival benefit was
only present in the pre-chemotherapy group, but not in the
chemotherapy group. Although stromal PD-1 expression was
not predictive in the entire patient group, when correcting for
surgical outcome, stromal infiltration of PD-17 cells did have

a predictive value for DSS in the patients with a complete primary
debulking (P =.005).

Treatment of HGSOC patients with neoadjuvant
chemotherapy is associated with minimal expression of
MHC-I

We hypothesized that the loss in prognostic benefit of epithelial
PD-1" cells of patients treated with neoadjuvant chemotherapy
could be explained by inadequate antigen presentation.
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Figure 4. ICOS, GITR, and CTLA-4 co-expression. (a) The heatmap displays clusters 1-3 as identified by single marker analysis in Figure 1a. For each sample, chemotherapy
status is defined. Cell surface co-expression of ICOS and GITR on CD4*, CD8*, and T-regulatory cells was determined. The prevalence of the different immune cells is
displayed by the percentage on the heatmap. P-values are specified in supplementary table S3E. (b) One exemplary flow cytometry graph displaying cell surface co-
expression of ICOS and GITR on sorted CD4*, CD8™, and T-regulatory cells of a tumor sample (cluster 1) and a lymph node (cluster 3) as described for (A). (c) The heatmap
displays clusters 1-3 as identified by single marker analysis in Figure 1a. For each sample, chemotherapy status is defined. Mean fluorescence intensity of CTLA-4 was
determined for CD8, CD4, and T-regulatory cells with differential expression of ICOS and GITR. (d) Volcano plot of up- or downregulated genes between in ICOS* and ICOS™
TILs as determined by RNA sequencing, annotated by GITR-related genes. Significance was determined as Benjamini-Hochberg FDR <0.01 and log2 fold-change >1.



8 K. L. BRUNEKREEFT ET AL.

Therefore, we analyzed the expression of MHC-I on cancer cells
(Figure 6a). Expression of high, intermediate, and low MHC-I
on cancer cells was observed in 24.1%, 45.6%, and 30.4% of
tumors in the pre-chemotherapy group compared to only
1.7%, 61.7%, and 36.7% in the chemotherapy group, respectively.
Next, we determined the correlation between MHC-I expres-
sion, chemotherapy, and immune markers. In the pre-
chemotherapy patients, a significant correlation between
MHC-I expression on cancer cells was observed with all immune
markers, with the exception of the B-cell marker CD20 (Figure

intermediate, to high MHC-L In the stroma, a comparable
trend was observed, with a significant correlation between
MHC-I expression on cancer cells and both CD8" and FoxP3"
cells (Figure 6¢). In the post-chemotherapy patients, intermedi-
ate MHC-I expression on cancer cells was significantly corre-
lated with CD3" cells, only (Figure 6d). In the stroma, this
correlation was only seen for CD27" cells (Figure 6e).

To confirm the prognostic value of PD-1+ cell infiltration in
the context of MHC-I expression, treatment regimen, and
surgical result, we performed a multivariate Cox regression

6b). A step-wise increase was observed from low, to analysis, also including other known prognostic parameters,
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Figure 5. PD-1" cells only have a survival benefit in pre-chemotherapy tumors who were completely removed after primary surgical debulking. (a—c) Patients were
stratified to high or low number of PD-1* cells in the epithelium and stroma. Differences in survival were determined by a logrank test. N-numbers are specified in
supplementary table S3 F. (a) Disease-specific survival (DSS) was determined in patients with high vs low epithelial PD-1* cells. DSS in all patients, P =.004. DSS inpre-
chemotherapy tumors, P <.001 and DSS in post-chemotherapy tumors, P =.966. (b) DSS was determined in patients with high vs low stromal PD-1* cells. DSS in all
patients, P =.063. DSS in pre-chemotherapy tumors, P <.087 and DSS in post-chemotherapy tumors, P =.276. (c) DSS was determined in patients with high PD-1" cells/
complete debulking vs. low PD-1* cells/complete debulking vs. high PD-1* cells/incomplete debulking vs. low PD-1* cells/incomplete debulking. DSS of epithelial PD-1*
cells in pre-chemotherapy tumors, P <.001. DSS of epithelial PD-1" cells in post-chemotherapy tumors, P =.081 and DSS of stromal PD-1* cells in pre-chemotherapy

tumors P =.005.
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Figure 6. Treatment of HGSOC patients with neoadjuvant chemotherapy is associated with minimal expression of MHC-I. (a) Exemplary epithelial MHC-I immuno-
fluorescent staining negative and positive staining. (b—d) Epithelial and stromal infiltration of PD1, CD3, CD8, CD27, FoxP3, and CD20 positive cells in pre- and post-
chemotherapy tumors stratified according to MHC- score. Density is defined as cells/mm?. Significance was determined by non-parametric Kruskal-Wallis test, followed
by Dunn'’s post hoc analysis. *P <.05, **P <.01, ***P <.001. N-numbers are specified in supplementary table S3G. (b) pre-chemotherapy epithelial infiltration. (c) pre-
chemotherapy stromal infiltration. (d) post-chemotherapy epithelial infiltration. (e) post-chemotherapy stromal infiltration.

FIGO stage and epithelial CD8+ cell infiltration
(Supplementary Table S3 H). In this model, the surgical result
(hazard risk (HR): 1.338, 95% CI: 1.165-1.536) and PD-1+ cell
infiltration in epithelium (HR: 0.826, 95% CI: 0.685-0.995)
were the only parameters of prognostic value.

Discussion

We report on the immune profile of ovarian carcinoma
patients treated with carboplatin and paclitaxel chemotherapy.
We demonstrated that the phenotype and the presence of
immune subsets are highly variable within individual patients
and are more defined by the tissue of origin than by exposure
to chemotherapy. Tumor-draining lymph nodes were charac-
terized by a quiescent microenvironment composed of mostly
non-proliferating naive CD4" T cells. Circulating T cells shared
phenotypic features of both lymph node and tumor-infiltrating
immune cells. Immunologically ‘hot’ ovarian tumors were
characterized by ICOS, GITR, and PD-1 expression on CD4"
and CD8" cells, independent of chemotherapy.

Earlier studies on the effect of carboplatin and paclitaxel
chemotherapy assessed pre-and post-NACT samples within
the same patient.'”?>*! The largest study included 83 paired

pre- and post-NACT EOC tumor samples and demonstrated
an overall significant increase in the level of tumor-infiltrating
lymphocytes after NACT. TIL were defined as the percentage
of intratumoral occupation by mononuclear cells on H&E
stained fixed tissue, but lymphocyte subsets were not further
defined.*® Two additional studies included smaller sample
sizes, but studied a broader panel of immune markers using
IHC. Both studies demonstrated an increase in CD8" cells after
NACT. However, these studies showed contradicting results on
CD4" and Granzyme B" expression, highlighting the hetero-
geneity of ovarian carcinoma.

In our study, no differences in the immune phenotypes were
observed between tumors collected during primary surgery
debulking and tumors collected during interval debulking after
three cycles of NACT. However, no matched pre- and post-
chemotherapy samples were available for our study. Therefore,
we cannot exclude the potential of NACT patients with a low
baseline of TILs that had increased upon chemotherapy treat-
ment. The past decade has seen changes in the standard-of-care
for patients with ovarian cancer in the Netherlands. In particu-
lar, a higher number of patients are treated with neoadjuvant
chemotherapy. Before 2008, ~30% of patients were treated with
NACT, but by 2013 this increased to ~60%.>” If NACT patients
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would be characterized by a lower baseline of epithelial TILs
compared to PDS patients, a higher median density of epithelial
CD8" T cells would thus be observed in the NACT cohort after
the change in standard-of-care (e.g. <2008 vs >2008). However,
no difference was observed in total epithelial T cells between the
NACT cohort 2002-2008 and NACT 2008-2012 cohort
(Supplementary figure S4).

The data demonstrate a tDLN phenotype which is consis-
tent with quiescent lymph nodes from healthy individuals.****
Few studies to date have comprehensively examined the
immune phenotype of tDLN in human cancer.”*** In one of
the most extensive studies, Heeren et al. reported on the com-
position of tumor-negative and tumor-positive DLN in
patients with cervical cancer. The phenotype for tumor-free
DLN in their study is almost identical to what we have
observed for ovarian tDLN, *° in line with a quiescent nature
of tDLN of ovarian cancer patients. The observed quiescent
nature of the tDLN suggests a lack of lymph node involvement
in the antitumor immune responses in ovarian cancer.
Therefore, novel immunotherapeutic treatment strategies
may need to specifically target this site for enhanced antitumor
efficacy. Herein, one approach of particular interest may be the
use of vaccines targeted at myeloid CD11 ¢* dendritic cells for
the direct uptake and presentation of antigens. Such vaccines
have recently proved effective at eliciting strong antitumor
immunity in mice and humans, and have shown tentative
signs of clinical activity, particularly when combined with
PD-1 blockade.***’

In concordance with our findings, Wu et al. observed an
unchanged level of circulating immune cells in blood samples
collected before chemotherapy and blood samples collected
3-4 weeks after chemotherapy administration.”® However, at
12-14 d after chemotherapy they found a decrease in
T-regulatory cells and an increase in cytotoxic CD8" T cells.”®
Importantly, standard-of-care carboplatin and paclitaxel che-
motherapy is often combined with pre-medication, including
dexamethasone, to reduce chemotherapy side effects. While
dexamethasone has a clearly described immune-attenuating
effect, the precise mode-of-action on the circulating lymphocytes
remains ambiguous. In both mice and humans, administration
of dexamethasone was associated with an upregulation of circu-
lating lymphocytes in the lymph nodes and circulation.””*
Considering the biological half-life of dexamethasone (36-72 h),
it is conceivable that immune-modulating effects earlier than
~12 d (4x biological half-life) after chemotherapy/corticosteroid
application can be contributed to the administration of dexa-
methasone and not chemotherapy treatment.

Importantly, we observed no deleterious effects of carbopla-
tin/paclitaxel on differentiation, activation, and/or prolifera-
tion of T cells, confirming previous reports that certain
chemotherapeutic regimes can be effectively combined with
T cell-targeting immunotherapy.’' > Early data from clinical
trials in triple-negative breast cancer combining chemotherapy
with PD-1/PD-L1 checkpoint inhibition are currently ongoing
and early data suggest that the combination is relatively safe
and improves response rates.” >

A striking observation was the difference between the two
defined tumor clusters. We observed immunologically ‘hot’
ovarian tumors characterized by ICOS, GITR, and PD-1
expression on both CD4" and CD8" cells. ICOS and GITR
are immune checkpoint receptors known to be co-expressed
on the cell surface of exhausted T cells together with CTLA-4."
The relative overexpression of CTLA-4, ICOS, and GITR on
regulatory T cells in our data is in line with a recent report on
Treg phenotype in melanoma, non-small cell lung cancer
(NSCLC), and RCC. The association of ICOS™ Tregs with
poor survival was previously described in ovarian cancer and
more recently renal cell cancer (RCC).**?® CTLA-4, ICOS, and
GITR may thus be targets for the depletion of suppressive
Tregs via antibody-dependent cell-mediated cytotoxicity
(ADCC), either as monoclonal antibody or in bispecific format.

Tumor epithelial infiltration by PD-1" cells was predic-
tive for DSS in patients who received a complete primary
debulking surgery and not in NACT patients. A possible
bias is introduced due to the fact that overall survival is
better for patients receiving a primary debulking compared
to NACT patients. Checkpoint inhibition targeting PD-1
has been successful in the treatment of several solid
malignancies.” Therapeutic efficacy in ovarian cancer,
however, has been limited. In a phase I trial, an objective
response was observed in 3 out of 26 patients,*” and in
a phase II trial, 2 complete responses out of 20 patients
were reported.*’ For both studies, the studied population
consisted of patients with platinum-resistant recurrences
with heterogeneous histological and clinicopathological
characteristics. In our study, the prognostic benefit of
epithelial PD-1 expression was absent in the chemotherapy
group, which can potentially be explained by the lack of
proper antigen recognition via MHC-I, as high MHC-I
expression was only seen in the pre-chemotherapy group.
We did not observe differences in the number of TIL in
both groups, even though MHC-I expression was reduced.
We therefore speculate that TIL influx into the chemother-
apy tumor micro-environment is not the result of tumor
antigen-specific recognition, but may be a consequence of
the general inflammatory nature of chemotherapy-
experienced tumors. As such, these TILs may therefore be
unable to exert tumor-specific cytotoxic effects, in line with
their limited prognostic benefit with regards to long-term
patient survival. Determining how chemotherapy influences
MHC-I expression in these tumors may lead to new oppor-
tunities to improve treatment outcome in patients treated
with neoadjuvant chemotherapy. A recent paper described
loss of MHC-I antigen presentation in cancer cells through
transcriptional silencing of the MHC-I antigen processing
pathway by conserved function of polycomb repressive
complex 2.** In breast cancer methylation of MHC-I
genes was shown to suppress MHC-I expression which
could be reversed by DNA methyltransferase inhibition.*
MHC-I could be upregulated via interferon-y which can be
induced by the use of, e.g., vaccination strategy or other
immune-stimulating therapies. However, in EOC it is firstly



important to validate whether the low MHC-I expression is
upfront or whether it occurs due to the NACT. In conclu-
sion, our findings show a reduced amount of MHC-I on
tumors after chemotherapy, which might explain the loss of
prognostic benefit of TILs in these patients. Upregulating
MHC-I in ovarian tumors might therefore augment chemo-
immunotherapeutic strategies.
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