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High expression of B7-H3 on stromal cells
defines tumor and stromal compartments
in epithelial ovarian cancer and is
associated with limited immune activation
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Pamela S. Ohashi1,2,6*

Abstract

Background: B7-H3 and B7-H4 are highly expressed by many human malignancies making them attractive
immunotherapeutic targets. However, their expression patterns and immune contexts in epithelial ovarian cancer
have not been well characterized.

Methods: We used flow cytometry, immunohistochemistry, and genomic analyses to determine the patterns of B7-
H3, B7-H4, and PD-L1 expression by tumor, stromal, and immune cells in the ovarian tumor microenvironment
(TME). We analyzed immune cell frequency and expression of PD-1, TIM3, LAG3, ICOS, TIA-1, granzyme B, 2B4,
CD107a, and GITR on T cells; CD20, CD22, IgD, BTLA, and CD27 on B cells; CD16 on monocytes; and B7-H3, B7-H4,
PD-L1, PD-L2, ICOSL, CD40, CD86, and CLEC9a on antigen-presenting cells by flow cytometry. We determined
intratumoral cellular location of immune cells using immunohistochemistry. We compared differences in immune
infiltration in tumors with low or high tumor-to-stroma ratio and in tumors from the same or unrelated patients.

Results: On non-immune cells, B7-H4 expression was restricted to tumor cells whereas B7-H3 was expressed by
both tumor and stromal cells. Stromal cells of the ovarian TME expressed high levels of B7-H3 compared to tumor
cells. We used this differential expression to assess the tumor-to-stroma ratio of ovarian tumors and found that high
tumor-to-stroma ratio was associated with increased expression of CD16 by monocytes, increased frequencies of
PD-1high CD8+ T cells, increased PD-L1 expression by APCs, and decreased CLEC9a expression by APCs. We found
that expression of PD-L1 or CD86 on APCs and the proportion of PD-1high CD4+ T cells were strongly correlated on
immune cells from tumors within the same patient, whereas expression of CD40 and ICOSL on APCs and the
proportion of PD-1high CD8+ T cells were not.
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Conclusions: This study provides insight into the expression patterns of B7-H3 and B7-H4 in the ovarian TME.
Further, we demonstrate an association between the tumor-to-stroma ratio and the phenotype of tumor-infiltrating
immune cells. We also find that some but not all immune parameters show consistency between peritoneal
metastatic sites. These data have implications for the design of immunotherapies targeting these B7 molecules in
epithelial ovarian cancer.

Keywords: B7-H4, B7-H3, B7 family, Epithelial ovarian cancer, Tumor microenvironment, Intrapatient variability,
immune heterogeneity

Background
The B7 family of immunomodulatory proteins provide
key costimulatory and coinhibitory signals to T cells. Re-
cently, disruption of interactions between certain B7
family members and their inhibitory binding partners
expressed on T cells have shown remarkable clinical
success in the treatment of cancer [1, 2]. The first inhibi-
tory interaction to be blocked with clinical success was
the binding of inhibitory protein CTLA-4 to prototypical
B7 family members CD80 and CD86. CD80 and CD86
expression are upregulated on mature antigen presenting
cells (APCs) and provide costimulatory signals to T cells
through the binding of CD28. However, CD80 and
CD86 preferentially interact with CTLA-4, an inhibitory
molecule induced on effector T cells after TCR stimula-
tion and expressed constitutively by Tregs [3]. CTLA-4
blocking antibodies have also been shown to facilitate
the depletion of Tregs [4] in an FcγR-dependent manner
in addition to relieving inhibition on the CD28 costimu-
latory pathway [5]. CTLA-4 blockade provided crucial
proof-of-principle validation that checkpoint blockade
could augment the anti-tumor response in melanoma.
PD-L1, another member of the B7 family, can inhibit

T cells through the binding of PD-1. In addition to being
expressed on APCs, PD-L1 can be upregulated on non-
hematopoietic tissues such as tumor cells [3]. Import-
antly, treatment with PD-1/PD-L1 blocking antibodies
are better tolerated than treatment with anti-CTLA-4
antibodies [2]. Further, PD-1/PD-L1 blockade has shown
activity in a broader range of malignancies [2].
Due to the nondescript symptoms of early stage dis-

ease, ovarian cancer is often diagnosed at later stages
leading to reduced therapeutic efficacy and success. The
development of resistance to platinum-based chemo-
therapies emerges in 80–90% of ovarian cancer patients,
resulting in high rates of relapse and mortality [6]. As a
result, the development of treatments that can reduce
recurrence will greatly benefit patients with ovarian can-
cer. Strong evidence that higher T cell infiltration is as-
sociated with improved survival [7, 8] indicates that an
immune response is mounted against ovarian cancer.
For these reasons, use of PD-1/PD-L1 blockade in ovar-
ian cancer is actively being investigated [9–12]. While

trials have reported clinical activity, overall response
rates have been lower in ovarian cancer than in other
malignancies [2]. This could indicate that additional sup-
pressive mechanisms are active in the ovarian TME.
Currently, one priority is to explore new targets that

can be used in combination with existing therapies to
overcome immunosuppression in the TME. Two poten-
tial targets are B7-H3 (CD276; 4Ig-B7-H3; B7RP-2) and
B7-H4 (B7x; B7-S1; VTCN1; DD-0110). While the ligand
for B7-H3 remains unknown, B7-H4 has been proposed
to bind with the Semaphorin 3a/Plexin A4/Neuropilin-1
complex resulting in inhibition of inflammatory CD4+ T
cell responses and enhanced Treg function [13]. How-
ever, Ohaegbulam et al. (2017) did not observe interac-
tions between B7-H4 and either Semaphorin 3a or
Neuropilin-1 [14] necessitating further investigation into
the interaction. B7-H3 and B7-H4 have both been re-
ported to be expressed on immune cells, especially APCs
[15, 16]. Unlike prototypical B7 family members CD80
and CD86, B7-H3 and B7-H4 have also been observed
to be expressed by a variety of malignancies, making
these molecules attractive candidate targets for immuno-
therapy [15, 16].
Studies in many malignancies including endometrial,

cervical, and ovarian cancers have reported an associ-
ation between higher B7-H3 expression by tumors and
poor outcomes [17]. Molecular evidence suggests an as-
sociation between B7-H3 and the stromal compartment.
B7-H3 has been correlated with higher CXCR4, a che-
mokine receptor important in recruiting fibroblasts to
the TME [18, 19], and with a higher stroma score [20]
suggesting that B7-H3 may be highly expressed by fibro-
blasts. Additionally, some studies have evaluated the im-
pact of B7-H3 expression by certain non-immune cell
types of the TME. Higher expression of B7-H3 on endo-
thelial cells and tumor vasculature was associated with
higher grade malignancies and poor survival [21–25].
B7-H3 expression on a subset of cancer-associated fibro-
blasts (CAFs) in breast cancer has been reported to con-
tribute to T cell skewing towards regulatory functions
[26]. However, studies have not evaluated levels of B7-
H3 expression by different cell populations compara-
tively in the TME.
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Clinical trials investigating biologics targeting B7-H3
and B7-H4 are moving forward. Clinical trials testing the
safety and efficacy of B7-H3- (NCT02982941,
NCT02381314, NCT02923180, NCT02475213) and B7-
H4-specific (NCT03514121) antibodies alone and in
combination with anti-CTLA-4 or anti-PD-1 are under-
way. In addition to antibodies, CAR T cells, DARTs
(Dual-Affinity Re-Targeting proteins), and antibody-
drug conjugates specific for B7-H3 are being explored in
clinical trials. A clearer understanding of the expression
patterns of B7-H3 and B7-H4 and their associated TMEs
will help in informing therapeutic development, choos-
ing the proper therapeutic modality, and designing ef-
fective combination therapies.
We have focused on understanding B7-H3 and B7-H4

in the ovarian TME because this malignancy shows
the potential to respond to PD-1/PD-L1 blockade, but
thus far has shown minimal success. To this end, we
used flow cytometry, immunohistochemistry, and gen-
omic analyses to evaluate the TME of epithelial ovarian
cancer (EOC). We demonstrate that B7-H4 is primarily
expressed by tumor cells, whereas B7-H3 is expressed by
both tumor and stromal cells. Furthermore, we report
that stromal cells express B7-H3 at higher levels than
tumor cells in the ovarian TME and find that the tumor-
to-stroma ratio (T:S) impacts the average level of B7-H3
expression in a tumor and is associated with differences
in the phenotype of infiltrating immune cells.

Methods
Tumor and blood specimens
All human tissues and bloods were obtained through
protocols approved by the institutional review board
(University Health Network Research Ethics Board). Sur-
gical specimens were obtained from the UHN Biospeci-
men Program. Written informed consent was obtained
from all donors.

Tumor digestion
Tumors were mechanically dissociated into pieces less
than 1 mm in diameter and resuspended in enzymatic
digestion media consisting of IMDM (Lonza) supple-
mented with 1mg/mL collagenase type IV (Sigma),
10 μg/mL DNase I (Pulmozyme, Roche), 100 units/mL
penicillin, 100 μg/mL streptomycin (Lonza), 10 μg/mL
gentamicin sulfate (Lonza), 2 mM L-glutamine (Lonza),
and 1.25 μg/mL amphotericin B. Tumor suspension was
incubated for two 30 min incubations under rotation at
37 °C with mechanical dissociation on the gentleMACS
dissociator (Miltenyi) using the programs for soft human
tumors before, in between, and after the incubations.
Single cell suspension was washed 3 times with wash
media consisting of PBS supplemented with 10% FCS,
100 units/mL penicillin, and 100 μg/mL streptomycin

(Lonza). All centrifugations were done at slow speed
(330 x g).

Ex vivo flow cytometry staining on tumor samples after
enzymatic digestion
Staining was completed at 4 °C. Fc receptors were
blocked with Fc block (BD) or media supplemented with
10% human serum for 30min prior to staining for sur-
face expression. Stained cells were washed with PBS and
stained with fixable viability dye (Thermo Fisher Scien-
tific) according to manufacturer’s protocol. Cells were
washed with FACS buffer and fixed in 2% paraformalde-
hyde for 30 min. Intracellular staining for TIA-1 and
GzmB was performed after fixation with 2% paraformal-
dehyde using permeabilization buffer (Thermo Fisher
Scientific) according to the manufacturer’s protocol.
Staining of the immune infiltrate was done on fresh
tumor samples directly after digestion. Staining for ex-
pression of epithelial and stromal markers on tumor and
stromal cells was performed on viably-frozen tumor
samples. Calculation of T:S ratio by differential B7-H3
expression was done of fresh samples as the freeze-thaw
process impacted survival of these cell types and there-
fore resulted in alterations to the T:S. Antibodies used
are listed in Additional file 1: Table S1.

Flow cytometric gating strategies
For staining of fresh samples from ovarian cancer sam-
ples, markers that exhibited a negative population
(lineage-defining markers, total expression of T cell in-
hibitory and activation markers) were gated according to
patient-matched fluorescence minus one controls
(FMO). For markers that exhibited shifts in expression
levels (CD16 expression on monocytes, APC inhibitory
and activating markers), gMFI was normalized to control
PBMCs from a hemochromatosis donor draw run in
parallel according to the following formula: (gMFIsample

– gMFIFMO)/(gMFIPBMCs). These measures were taken
to control for variability introduced due to tumor sample
processing, staining, and data acquisition being com-
pleted on different days as a result of the requirement
for fresh tissue.

Immunohistochemical staining
Tumor specimens were fixed in 10% formalin solution
(VWR), processed, and embedded in paraffin. Sections
(4.5 μm) were dewaxed, rehydrated, and peroxidase ac-
tivity was blocked with 3% hydrogen peroxide solution.
In cases where the antibody clone used to detect an anti-
gen was changed, 3 sample cases were stained with both
antibody clones to ensure consistency in the results.
Antigen was retrieved with heat treatment and either 10
mM sodium citrate (pH 6.0) [anti-B7-H3 (clone SP206),
anti-CD8 (clone C8/144B), anti-CD3 (clone 2GV6), anti-
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CD20 (clone EP459Y or L26), anti-FoxP3 (clone
mAb22510 or 236A/E7)], Tris-EDTA (pH 9.0) [anti-CD8
(clone4B11), anti-B7-H4 (D1M8I)], or 1% pepsin (pH
2.0) [anti-CD3 (polyclonal)] prior to incubation in block-
ing solution. Slides were scanned using a Nanozoomer
2.0HT (Hamamatsu Photonics) and cell quantifications
(CD3, CD8, FoxP3, CD20, CD68) and T:S (H&E) were
calculated using Halo analysis software (v2.0.1145.14).

Scoring of immune cell infiltration density
Stained slides were visually assessed and scored on a 5-
point scale for the level of immune cell infiltration into
epithelial or stromal areas in relation to the range of in-
filtration in the stained cohort according to the following
scale:
1 – no positive events found on slide.
2 – rare positive events observed.
3 – low density of infiltration.
4 – medium density of infiltration.
5 – high density of infiltration.

Statistical analysis
Univariate linear regressions and likelihood-ratio tests
were used to interrogate the TCGA ovarian serous
cystadenocarcinoma dataset, and aggregate analysis of
gene expression across 22 TCGA datasets were per-
formed using cBioPortal [27, 28] and R software Version
3.4.0. Spearman rank correlations were computed be-
tween B7-H3 and all other genes. Correlations in each
dataset were Z-score-normalized, and Stouffer’s method
was used to generate a combined Z-score for each gene
across all 22 datasets. Genes were then ranked by the
combined Stouffer Z-score.
Paired T tests, Mann-Whitney U tests, and Mantel-

Cox tests were performed using GraphPad Prism Ver-
sion 5.0c. Two-sided p values of < 0.05 were deemed to
be significant (*p < 0.05; **p < 0.01; ***p < 0.001; ns p >
0.05).

Results
B7-H3 and B7-H4 have different expression patterns in
EOC
To evaluate expression of B7-H3 and B7-H4 by different
cell types in the ovarian TME, we stained epithelial ovar-
ian tumors (Additional file 1: Table S2) using immuno-
histochemistry (IHC) and flow cytometry. By IHC, B7-
H3 was expressed by both tumor and stromal cells in
the epithelial ovarian TME (n = 39) (Fig. 1A). In con-
trast, B7-H4 expression was restricted to the tumor cell
compartment (Fig. 1A). While all EOC cases examined
had some level of cytoplasmic B7-H4 expression (n =
28), a minority of tumors analyzed (10/25) exhibited
high levels of surface B7-H4 expression by flow cytome-
try. In contrast, most non-immune cells in EOC

exhibited membranous staining for B7-H3 (28/28). This
demonstrated that B7-H3 and B7-H4 have different ex-
pression patterns by cells of the ovarian TME.
To assess whether B7-H3 protein expression was re-

stricted to the TME, we stained 4 non-cancerous tissues
for B7-H3. Liver, tonsil, and spleen all exhibited cyto-
plasmic but not membranous B7-H3 staining. However,
extravillous trophoblasts of the placenta stained strongly
for membranous B7-H3 expression (Additional file 2:
Fig. S1). These results are in accordance with previous
reports [22, 29–31] and suggest that B7-H3 expression,
while restricted in non-cancerous tissues, may be readily
induced in the appropriate environment.
To further investigate the level of B7-H3 and B7-H4

expression on tumor and stromal cells we stained
CD45− cells by flow cytometry. We identified two separ-
ate populations that expressed different levels of B7-H3.
Because B7-H4 expression was restricted to the tumor
cell compartment (Fig. 1A), we identified the B7-
H3lowB7-H4+ population as tumor cells (red) and the
B7-H3highB7-H4neg population as stromal cells (blue)
(Additional file 2: Fig. S2A). Both tumor and stromal
cells were positive for surface B7-H3 expression (n = 28);
however, tumor cells consistently expressed lower levels
of B7-H3 compared to stromal cells (Additional file 2:
Fig. S2B). In contrast, B7-H4 was expressed by tumor
cells but not by stromal cells (Additional file 2: Fig.
S2C). This demonstrates that B7-H3 and B7-H4 exhibit
different patterns of expression by tumor and stromal
cells of the EOC TME.
To determine differences in HLA class I expression by

tumor and stromal cells in EOC, we examined these
populations for HLA-ABC expression by flow cytometry.
Tumor and stromal cells expressed different levels of
HLA-ABC, with stromal cells (blue) expressing higher
levels than tumor cells (red). Notably, surface expression
of B7-H3 and HLA-ABC appeared to be positively corre-
lated on stromal cells (Additional file 2: Fig. S2D).

Level of B7-H3 expression can be used to distinguish
tumor from stromal cells
To assess which genes are most strongly associated with
B7-H3 expression, we performed rank analysis of the 50
genes with the most significant positive correlation with
B7-H3 expression across 22 TCGA datasets. Strikingly, half
of the top 50 genes (denoted in red) correlated with higher
B7-H3 expression had roles associated with stromal cells
and extracellular matrix (ECM) remodeling such as colla-
gens, matrix metalloproteinases, and lysyl oxidase cross-
linking enzymes (Additional file 2: Fig. S3). These data sug-
gest that high B7-H3 expression results from greater levels
of stromal content across multiple tumor types.
To further investigate the link between B7-H3 expres-

sion and stromal cell content in ovarian cancer, we
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interrogated the TCGA dataset of ovarian serous cystade-
nocarcinoma samples. We found that B7-H3 protein ex-
pression was strongly associated with expression of stromal
markers fibroblast activation protein alpha (FAP) and
PDGFRβ, and negatively associated with epithelial markers
EpCAM and E-Cadherin (Fig. 1B), demonstrating that B7-
H3 shows strong positive correlations with stromal markers
and negative associations with epithelial markers.
To confirm that stromal cells express higher levels of

B7-H3, we examined B7-H3 staining intensity by flow
cytometry (gMFI) of CD45− cells expressing epithelial
(tumor) or stromal markers (Additional file 2: Fig. S4).
Cells positive for epithelial markers E-Cadherin or
EpCAM expressed low levels of B7-H3 while cells

positive for stromal markers FAP, PDGFRβ, podoplanin
(PDPN), or CD10 expressed strikingly high levels of B7-
H3 (Fig. 1C,D; Additional file 2: Fig. S5A,B). FAPhigh and
PDGFRβ+ cells had average B7-H3 gMFIs above that of
EpCAM+ cells of 14,147 and 9610, respectively. These
data demonstrate that stromal cells in the ovarian TME
express higher surface levels of B7-H3 than tumor cells.
To investigate if CAFs differentially express B7-H3, we

compared B7-H3 gMFI on cells expressing high levels of
the CAF marker FAP to B7-H3 gMFI on cells positive for
PDGFRβ but expressing low levels of FAP. While PDGFRβ
is also upregulated by CAFs, it is expressed at lower levels
by other stromal cells [32]. Consistent with reported
expression patterns, we found that PDGFRβ was expressed

Fig. 1 B7-H3 expression level differentiates between tumor and stromal compartments in EOC. A: B7-H3 (left) and B7-H4 (right)
immunohistochemical staining. B: Linear correlations between Z-scores of protein levels of B7-H3 and epithelial cell markers (E-Cadherin, EpCAM)
or stromal cell markers (FAP, PDGFRβ) in the TCGA ovarian serous cystadenocarcinoma dataset. C: Flow cytometry staining of CD45− cells from
EOC tumors for B7-H3, epithelial markers (E-Cadherin, EpCAM), and stromal markers (FAP, PDGFRβ, PDPN, CD10). D: B7-H3 surface expression
(gMFI) on cell populations positive for epithelial cell markers (E-Cadherin, EpCAM) or stromal cell markers (FAP, PDGFRβ, PDPN, CD10). E:
Comparisons between B7-H3 expression on PDGFRβ+FAPlow/neg and PDGFRβ+FAPhigh cells. Paired values are from the same patient. Significance
was determined by paired T test (p = 0.0009). F: Linear correlation between T:S defined by histology (H&E staining) and flow cytometry (B7-H3
staining) (R2 = 0.59; p < 0.0001). Data from C, D, E are pooled from 2 experiments
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by a larger proportion of stromal cells than FAP (Additional
file 2: Fig. S5C). We compared proportions of
PDGFRβ+FAPhigh to the total proportion of FAPhigh cells
and found that the proportions were not significantly differ-
ent (Additional file 2: Fig. S5D) indicating that all FAPhigh

cells coexpressed PDGFRβ. PDGFRβ+FAPhigh cells
expressed B7-H3 at significantly higher levels than com-
pared to PDGFRβ+FAPlow/neg cells (Fig. 1E). This indicates
that CAFs express higher levels of B7-H3 than other
tumor-associated stromal cells.
Given the wide differential in levels of B7-H3 expres-

sion on tumor and stromal cells (Fig. 1D; Additional file
2: Fig. S5A,B), we explored whether it alone could be
used to identify the tumor and stromal components of
the CD45− fraction by flow cytometry. We compared the
proportion of tumor cells calculated from H&E stained
slides (Additional file 2: Fig. S6A) and the proportion of
tumor cells (B7-H3low) as assessed by flow cytometry
(Additional file 2: Fig. S6B) (n = 23). We found a strong
and highly significant correlation (Fig. 1F; R2 = 0.59, p <
0.0001) indicating that B7-H3 can be used to assess the
T:S by flow cytometry.
Higher stromal content of tumors has been associated

with poor overall and disease-free survival [33]. To as-
sess if T:S was significantly associated with differences in
disease progression or survival we compared time to re-
currence or death for patients with tumors that had low
(blue; T:S < 1.5) or high (orange; T:S > 1.5) T:S and
found that patients with high T:S trended towards hav-
ing longer recurrence-free survival (Additional file 2: Fig.
S7; p = 0.098) suggesting that stromal content may im-
pact recurrence in epithelial ovarian cancer.

B7-H4 and PD-L1 are differentially expressed by tumor
and stromal cells
We used flow cytometry to differentiate tumor and stro-
mal cells by level of B7-H3 expression to gain more
insight into the expression of B7 family members PD-L1
and B7-H4 in the ovarian TME. Our analysis showed
that PD-L1 and B7-H4 are predominantly expressed by
different cell populations in the ovarian TME. PD-L1
was more highly expressed in the stromal rather than
tumor compartment (Fig. 2A,B; p = 0.0006) while B7-H4
expression was primarily expressed by the tumor com-
partment (Fig. 2C,D; p = 0.031). Importantly, we did not
observe a B7-H4+PD-L1+ double positive population
(Fig. 2E). These data show that B7 family members are
differentially expressed by tumor and stromal cell popu-
lations in the ovarian TME.

T:S is not associated with frequency of infiltrating
immune cells
To determine if the proportion of stromal cells in the
ovarian TME impacted the frequency of immune cell

infiltration, we compared immune cell frequency in tu-
mors with low (blue; T:S < 1.5) or high (orange; T:S >
1.5) T:S. We did not observe significant differences in
the frequency of T cells (n = 24; Fig. 3A), B cells (n = 16;
Fig. 3B), or CD14+ cells (n = 18; Fig. 3C) between these
two groups suggesting that the T:S does not significantly
impact the recruitment of immune cells.
To determine if there were differences in the

localization of infiltration, histology sections were
stained for immune markers and scored for the extent of
infiltration in the epithelial or stromal tumor compart-
ments based on the density of positive staining for im-
mune cell populations. T:S was not associated with
differences in T cell (CD3+), B cell (CD20+), or macro-
phage (CD68+) infiltration density in the epithelial
tumor compartment; however, T and B cells exhibited
significantly higher densities of infiltration in the stromal
compartment of tumors with higher stromal content
(Fig. 3D). These data suggest that, while detectable dif-
ferences in immune cell recruitment to tumors is not
corelated with T:S, local density of infiltration may be af-
fected by tumor and stromal composition of the ovarian
TME.

CD8+ T cells from tumors with high T:S express higher
levels of PD-1
Further analysis was done to evaluate whether there
were differences in T cell phenotype associated with T:S.
We did not find differences in proportions of infiltrating
CD4+ or CD8+ T cells in relation to the T:S (n = 24;
Fig. 4A). We also did not see differences in the density
of infiltration of cytotoxic (CD8+) or regulatory (FoxP3+)
T cells in either the tumor or stromal cell compartments
(Fig. 4B).
To further interrogate the phenotype of the infiltrating

T cells, we analyzed expression of PD-1 on tumor-
infiltrating CD4+ and CD8+ T cells. While some level of
PD-1 expression on T cells was observed in all tumors
examined, many samples exhibited a distinct PD-1high

population with a bimodal distribution in both CD4+

and CD8+ T cell populations (n = 24; Fig. 4C,D). No sig-
nificant differences were seen in the frequency of PD-
1high CD4+ cells in relation to T:S (Fig. 4C), but tumors
with a higher T:S had significantly higher proportions of
infiltrating CD8+ T cells exhibiting high levels of PD-1
(Fig. 4D). However, we did note that 2/13 samples with
low T:S had high frequencies of CD8+PD-1high cells, and
5/11 samples with high T:S had low frequencies of
CD8+PD-1high cells. This could indicate that T cell func-
tionality or exhaustion may be influenced by T:S but
additional factors are likely contributing to this T cell
phenotype.
To investigate if neoadjuvant chemotherapy (NACT)

contributed to differences in PD-1 expression by T cells,
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we compared frequencies of PD-1high CD4+ and CD8+ T
cells between patients who were and were not treated
with NACT. We did not find any associations between
proportion of T cells expressing high levels of PD-1 and
chemotherapy treatment indicating that the observed
phenotype is independent of chemotherapy treatment
(Additional file 2: Fig. S8A).
To investigate other possible differences in the pheno-

type of T and B cells infiltrating tumors with high or
low T:S, we analyzed expression of various markers of

activation. We did not observe significant differences in
the proportion of CD4+ or CD8+ T cells co-expressing
high levels of PD-1 and exhaustion markers TIM3 or
LAG3 (Additional file 2: Fig. S9A,B). Similarly, we did
not observe significant differences in expression of acti-
vation or cytotoxicity markers examined (ICOS, TIA-1,
granzyme B, 2B4, CD107a, GITR) (Additional file 2: Fig.
S9C,D).
To further interrogate the phenotype of infiltrating B

cells, we stained for several B cell markers associated

Fig. 2 Cells expressing both PD-L1 and B7-H4 are not prominent within the CD45 negative population. Single cell suspensions from freshly
isolated tumor cells were stained for CD45, B7-H3, PD-L1 and B7-H4. Tumor and stromal cells were gated from the CD45- population based on
level of B7-H3 expression. A: Examples of PD-L1 staining on tumor (left) and stromal (right) cells are shown. B: Level of PD-L1 expression on
tumor and stromal populations (Mean ± SEM; p = 0.0006). C: Examples of B7-H4 staining on tumor (left) and stromal (right) cells. D: Level of B7-H4
expression on tumor (left) and stromal (right) populations (Mean ± SEM; p = 0.031). E: Example plot showing frequency of B7-H4+PD-L1+ positivity
of total CD45− cells. Tumor cells shown in red, stromal cells shown in blue, matched FMOs are shown in grey. Statistical significance was
determined by Mann Whitney U test
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Fig. 3 Higher tumor-to-stroma ratio (T:S) does not significantly correlate with higher proportions of infiltrating immune cells. A, B, C: Frequencies
of T cells (A; n = 24), B cells (B; n = 16), and monocytes (C; n = 18) infiltrating EOC tumors. D: Infiltration scores of tumor-infiltrating CD3+, CD20+,
and CD68+ cells in the epithelial or stromal cell compartments. T:S was determined by flow cytometry using B7-H3 staining and is represented
below bar graphs by color gradient. Whisker and box plots summarize data from tumors with low (T:S < 1.5; blue) or high (T:S > 1.5; orange) T:S.
Statistical significance was determined by Mann Whitney U test
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Fig. 4 Tumors with a higher tumor-to-stroma ratio (T:S) have an increased proportion of infiltrating CD8+ T cells expressing high levels of PD-1. A:
Proportions of CD4+ and CD8+ T cells isolated from tumors (n = 24). B: Infiltration scores of tumor-infiltrating CD8+ and FoxP3+ cells in tumors
with low (T:S < 1.5; blue) or high (T:S > 1.5; orange) T:S. C,D: Proportion of CD4+ (C) and CD8+ (D) T cells (n = 24) expressing high levels of PD-1.
Whisker and box plots summarize data from tumors with low (T:S < 1.5; blue) or high (T:S > 1.5; orange) T:S. T:S of tumor is represented below by
color gradient (A,C,D). Statistical significance was determined by Mann Whitney U test
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with naïve (CD20+CD22+; IgD+) or antigen-experienced
(BTLA+; CD27+) status (Additional file 2: Fig. S10A).
We did not observe differences in proportion of CD19+

B cells expressing BTLA, CD27, CD20 and CD22, or IgD
in relation to T:S (Additional file 2: Fig. S10B).
We found that tumors with higher T:S had greater fre-

quencies of CD8+ T cells expressing high levels of PD-1;
however, we did not find differences in T cells co-
expressing inhibitory markers TIM3 or LAG3 with high
levels of PD-1. Additionally, we didn’t find differences in
proportions of T cells expressing ICOS, TIA-1, gran-
zyme B, 2B4, CD107a, or GITR, nor in proportions of B
cells expressing CD20, CD22, BTLA, or CD27. Taken to-
gether, this in-depth analysis of surface marker expres-
sion revealed that T and B cells isolated from the
ovarian TME express variable levels of inhibitory and ac-
tivating markers, and the frequency of PD-1high CD8+ T
cells was greater in tumors with higher T:S.

Tumors with higher T:S are associated with changes in
the phenotype of monocytes and APCs
To further characterize the immune infiltrate of ovarian
cancer, we examined the phenotypes of infiltrating
monocytes (CD14+) and mature APCs (CD11c+HLA-
DRhigh). Monocytes from tumors with a high T:S
expressed higher levels of CD16 (Fig. 5A,B). Mature
APCs isolated from tumors (Fig. 5C) were stained for
coinhibitory (B7-H3, B7-H4, PD-L1, PD-L2) and costi-
mulatory (B7-H3, ICOSL, CD40, CD86, CLEC9a) mole-
cules (Fig. 5D). B7-H3 was highly expressed on APCs
from all patients, but no differences in level of expres-
sion were seen in relation to the T:S. Similarly, no sig-
nificant differences were seen in B7-H4, ICOSL, CD40,
PD-L2 or CD86 expression in relation to T:S, although
expression of both PD-L2 and CD86 trended towards
being more highly expressed on APCs infiltrating tu-
mors with higher T:S. APCs isolated from tumors
with higher T:S expressed significantly higher levels
of inhibitory PD-L1 and significantly lower expression
of CLEC9a (Fig. 5E). We confirmed that these differ-
ences in monocyte and APC phenotype were not as-
sociated with NACT treatment (Additional file 2:
Fig. S8B,C). These data indicate that when a higher
proportion of tumor cells are present, monocytes ex-
press higher levels of CD16 and APCs express higher
levels of PD-L1.

Heterogeneity in immune cells isolated from different
metastatic sites
For 5 patients, we received two tumor samples from dif-
ferent metastatic sites (ovary and omentum [n = 4], or
right and left ovary [n = 1]). We compared data from
intrapatient tumors to see if immune cell frequency or
phenotype was consistent within a patient or governed

by tumor-specific parameters. We calculated the linear
correlation between levels of expression of select
markers isolated from different tumors from the same
patient and found that expression of CD86 on APCs
(r = 0.989; p = 0.011), PD-L1 on APCs (r = 1; p = 0.00049)
(Fig. 6A), and the proportion of PD-1high CD4+ T cells
(r = 0.953; p = 0.012) (Fig. 6B) all exhibited strong posi-
tive correlations between tumor sites. Other parameters
such as expression of CD40 on APCs (r = 0.829; p =
0.17), ICOSL on APCs (r = 0.732; p = 0.27) (Fig. 6A), the
proportion of PD-1high CD8+ T cells (r = − 0.308; p =
0.61) (Fig. 6B), the proportion of tumor cells (r = 0.656;
p = 0.23), and the proportion of B7-H4-expressing tumor
cells (r = 0.665; p = 0.22) (Fig. 6C) were not significantly
correlated between tumor sites. These data demonstrate
that the level of expression of PD-L1 and CD86 on APCs
and the proportion of PD-1high CD4+ T cells are strongly
correlated between metastatic sites within a patient but
expression of CD40 and ICOSL on APCs, the proportion
of PD-1high CD8+ T cells, the proportion of tumor cells,
and the proportion of B7-H4-expressing tumor cells
were not correlated between metastatic sites.
To examine whether the site of metastatic disease in-

fluenced immune cell frequency we compared T, B, and
monocyte frequencies from ovary and omental tumors.
We found that omental tumors had higher frequencies
of T and B cells (Additional file 2: Fig. S11A,B). Mono-
cyte frequency trended towards being lower in omental
tumors (Additional file 2: Fig. S11C) which could be due
to the increase in the T and B cell populations. Despite
finding a higher frequency of T cells in omental tumors,
we did not observe differences in the proportion of T
cells that were CD4+ or CD8+ (Additional file 2: Fig.
S11D).
To interrogate whether the site of metastatic disease

influenced immune cell phenotype we compared cells
isolated from ovary or omental tumors. We did not find
differences in frequency of PD-1high T cells (Additional
file 2: Fig. S11E), level of CD16 expression on monocytes
(Additional file 2: Fig. S11F), or expression of activating
and inhibitory markers on APCs (Additional file 2: Fig.
S11G) between the two metastatic sites. These data indi-
cate that while immune cell frequency is influenced by
the metastatic site, the organ site does not influence im-
mune cell phenotype.

Discussion
Cell type-specific expression of B7-H3, B7-H4, and PD-L1
in the ovarian TME
B7-H3, B7-H4, and PD-L1 have all been reported to be
upregulated in human malignancies but their co-
expression patterns in EOC has not previously been re-
ported. We found that B7-H4 was expressed by tumor
cells and at low levels on tumor-infiltrating APCs (Fig.
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1A; Fig. 2C,D; Fig. 5D,E), but was not observed to be
expressed by stromal cells (Fig. 1A; Fig. 2C,D; Additional
file 2: Fig. S2C). The expression of B7-H4 on the cell
surface of tumor cells provides opportunities for thera-
peutic targeting using T cells expressing chimeric

antigen receptors. This strategy is currently being inves-
tigated in pre-clinical models [34]. Combination of B7-
H4-targeting therapies with therapies that target the
tumor stroma could improve efficacy of anti-B7-H4
drugs given the role of the tumor stroma in potentiating

Fig. 5 Tumors with a higher tumor-to-stroma ratio (T:S) have increased CD16 expression on infiltrating monocytes (CD14+), and mature APCs
(CD11c+HLA-DRhigh) expressing higher levels of PD-L1 and lower levels of CLEC9a. A: Histogram showing representative CD16 staining on
monocytes (red) compared to FMO (grey). B: Differences in normalized CD16 expression compared to FMO on monocytes from tumors with low
(T:S < 1.5; blue) or high (T:S > 1.5; orange) T:S. C: Flow plot showing representative gating of mature APCs. D, E: Mature APCs were stained for
activating (ICOSL, B7-H3, CD40, CD86, CLEC9a) and inhibitory (B7-H4, B7-H3, PD-L1, PD-L2) surface molecules. Histograms show representative
staining (red) compared to FMO (grey) (D). E: Normalized surface molecule expression on mature APCs from tumors with low (T:S < 1.5; blue) or
high (T:S > 1.5; orange) T:S. Statistical significance was determined by Mann Whitney U test
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Fig. 6 (See legend on next page.)
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immunosuppression [35] and restricting immune infil-
tration [36].
PD-L1 also had a restricted expression pattern; how-

ever, in contrast to B7-H4 this marker was primarily
expressed on stromal cells in EOC (Fig. 2A,B). As a re-
sult, B7-H4 and PD-L1 were not co-expressed (Fig. 2E).
PD-L1 was expressed on tumor-infiltrating APCs at
higher levels than B7-H4. This differential expression
pattern suggests that combination therapies against both
molecules will target different cell populations in the
ovarian TME offering opportunities for additive or syn-
ergistic effects.
In contrast to both B7-H4 and PD-L1, B7-H3 was

broadly expressed by many cell types in EOC including
tumor cells, stromal cells, and APCs (Figs. 1, 5). As a re-
sult, therapies specific for B7-H3 could target multiple
cell populations. Furthermore, the high levels of B7-H3
expression on tumor stroma (Fig. 1) and tumor-
infiltrating APCs (Fig. 5) in addition to some expression
by non-cancerous tissues (Additional file 2: Fig. S1) sug-
gest that B7-H3 expression on non-tumor cells can be
induced given the appropriate environment. Inducible
expression of B7-H3 might lead to an increase in on-
target off-tumor toxicities and should be considered
when designing therapies against B7-H3.
A report by Costa et al. [26] identified four fibroblasts

subsets in the TME of human breast cancer. High fre-
quencies of one CAF subset characterized by high levels
of FAP expression was associated with an accumulation
of FoxP3+ T lymphocytes in tumors. Isolation of this
CAF subset and subsequent coculture with T cells lead
to increased polarization to Tregs, which could be par-
tially inhibited through knockdown of B7-H3 expression
[26]. We also found that fibroblasts in the ovarian TME
expressed B7-H3, but their association with Tregs re-
mains to be explored.
In this study, we have used flow cytometry to quantify

the level of marker expression on the cell surface and
compare the level of expression on different cell types.
Further, enzymatic digestion allows for analysis of a lar-
ger tumor, which decreases the effect of sampling bias.
However, this method loses spatial information and
tumor architecture. Other groups have examined coex-
pression of B7 molecules using other methods such as
quantitative immunofluorescence on tissue microarrays
[37]. These methods have the advantage of retaining

information about tumor architecture and cellular prox-
imity; however, fewer markers were analyzed and sam-
pling bias may be stronger given the smaller amount of
tissue analyzed. As a result of the different limitations,
these methods will be complementary in constructing an
accurate picture of the TME.

Reinterpreting clinical correlations in light of higher B7-
H3 expression by stromal cells
High expression of B7-H3 on stromal cells could contrib-
ute significantly to its association with negative clinical
prognostic factors in cancers. Evaluation of whole tumors
by RNA-Seq yields average expression levels and cannot
distinguish cell type-specific differential expression. The
high level of B7-H3 expression on stromal cells (Fig. 1A,B,
C,D) will impact the total expression of B7-H3 in a tumor
and supports the interpretation that elevated B7-H3 in the
TME correlates with an increased prevalence of stromal
cells in the tumor. Given the association of fibroblast sig-
natures with poor outcomes [38, 39] and chemoresistance
[40], the association of B7-H3 expression with poor prog-
nosis could be related to its association with higher stro-
mal content in situations where cell types are not taken
into account. Furthermore, particularly high levels of B7-
H3 expression on CAFs (Fig. 2E) could result in the pres-
ence of higher proportions of protumorigenic CAFs in-
creasing the total B7-H3 levels. As a result, high total
tumoral levels of B7-H3 expression could reflect higher
stromal content and higher CAF frequency in addition to
higher levels of immune inhibition, all of which could con-
tribute to its association with poor prognosis.

Higher T:S is associated with higher CD16 expression on
infiltrating monocytes, higher PD-L1, and lower CLEC9a
expression on infiltrating APCs
Monocytes from tumors with a higher T:S expressed
higher levels of CD16 (Fig. 5A,B). CD16-expressing
monocytes are found at higher proportions in the per-
ipheral blood of patients with gastrointestinal carcinoma
[41] and patients with metastatic melanoma who re-
spond to ipilimumab treatment [42]. CD16 expression
has been shown to be upregulated on monocytes by
TNFα [43, 44] and suppressed by miR-218 [45] possibly
through its repression of TNFR1-mediated NF-κB acti-
vation [46]. Therefore, higher CD16 expression is con-
sistent with a more proinflammatory cytokine milieu.

(See figure on previous page.)
Fig. 6 Tumors from the same patient show strong correlation across expression of some immune features. A: Linear correlations between
normalized expression of CD86 (r = 0.989; p = 0.011), PD-L1 (r = 1.0; p = 0.00049), CD40 (r = 0.829; p = 0.17), and ICOSL (r = 0.732; p = 0.27) on APCs
(CD11c+HLA-DRhigh) isolated from two tumors within the same patient. B: Linear correlations between proportion of CD4+ (r = 0.953; p = 0.012) or
CD8+ (r = − 0.308; p = 0.61) T cells isolated from two tumors within the same patient expressing high levels of PD-1. C: Linear correlations
between the percentage of non-immune cells that are tumor cells (r = 0.656; p = 0.23) and the proportion of tumor cells expressing B7-H4
(r = 0.665; p = 0.22)
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CD14+CD16+ intermediate monocytes have been shown
to express high levels of cytokines such as TNFα [47,
48]. As a result, these cells could contribute to the pro-
inflammatory cytokine milieu and could augment CD16
expression in an autocrine manner. However, CD16 can
also be liberated from the cell surface by ADAM17 [49],
a sheddase responsible for TNFα activation [50]. There-
fore, it is unclear if upregulation of CD16 is a direct or
indirect effect of TNFα expression in this context.
CD16-expressing monocytes may also contribute to

anti-cancer immunity through antibody-dependent cel-
lular cytotoxicity. In in vitro cultures, CD16-expressing
monocytes isolated from PBMCs of patients with melan-
oma were able to lyse Tregs when given ipilimumab [42].
Additionally, responders to ipilimumab had a reduction
in the percentage of FoxP3+ cells within the tumor post-
treatment with ipilimumab [42] indicating that CD16-
expressing monocytes may contribute to intratumoral
Treg depletion in vivo. A higher frequency of CD16+

monocytes could suggest a predisposition to respond to
antibody therapies that utilize Fc regions with higher af-
finity for CD16.
Tumors with higher T:S have increased frequency of in-

filtrating CD8+ T cells expressing high levels of PD-1 (Fig.
4D), increased PD-L1 expression and decreased CLEC9a
expression on infiltrating mature APCs (Fig. 5D,E). Add-
itionally, expression of CD86 and PD-L2 trended towards
being higher in tumors with higher T:S. In humans,
CLEC9a is expressed by a subpopulation of DCs which
are capable of cross-presenting to CD8+ T cells [51].
CLEC9a is a C-type lectin receptor that facilitates antigen
uptake by these DCs but is quickly downregulated after
antigen uptake and DC activation [52]. Higher levels of
expression of B7 molecules on infiltrating immune cells is
consistent with increased stimulation of immune cells in
tumors with higher T:S. Taken together, our data suggest
that higher T:S is associated with greater activation of
cross-presenting DCs, leading to greater activation of
antigen-specific CD8+ T cells. Additionally, the concomi-
tant higher levels of inhibitory molecule expression by
intratumoral APCs and higher PD-1 expression by T cells
suggest that T cells may be actively receiving inhibitory
stimuli and therefore may play a role in responsiveness to
PD-1/PD-L1 blockade, a model which has been supported
by evidence from other groups [53–55]. Collectively, these
data support a model where high stromal content may re-
strict immune cell activation. As a result, combining im-
munotherapies with drugs targeting the tumor stroma
would increase responses rates.

Immunological similarities and differences between
metastatic tumor sites
Previous groups have noted immune heterogeneity be-
tween metastatic tumor sites in ovarian cancer [56–58];

however, the immune cell phenotype at the protein level
has not been examined in detail. We have analyzed pairs
of tumors from different metastatic sites of the same pa-
tient (n = 5) using our flow cytometry panels to
characterize and compare the immune cell phenotypes
between the two metastatic locations. We found the ex-
pression of certain markers was consistent between
tumor sites. PD-1 expression on CD4+ T cells correlated
strongly between tumors from the same patient but PD-
1 expression on CD8+ T cells did not. It is possible that
CD8+ T cells could be activated and expand differentially
within the tumor depending on the TME and specific
antigens present. On APCs, we found that expression of
some markers such as PD-L1 and CD86 were strongly
correlated between metastatic locations. Other markers
such as CD40 and ICOSL were not significantly corre-
lated. For other parameters such as the proportion of
tumor cells in a tumor and the proportion of tumor cells
expressing B7-H4, data from four of the five patients ap-
peared to correlate strongly and one was an outlier.
Comparison of tumors from omentum or ovary re-

vealed that omental tumors had greater frequencies of T
and B lymphocytes, but the immune cell phenotype did
not differ between metastatic sites (Additional file 2: Fig.
S11). It is possible that the difference in cell number
arises from populations of lymphocytes present in the
milky spots of the omentum prior to tumor metastasis
whereas lymphocytes present in the ovarian tumors are
more likely to have been recruited. Overall, these data
demonstrate that there are phenotypic similarities be-
tween metastatic sites.

Potential combinatorial power of B7-H3-targeting agents
with other therapeutics
Nearly half of patients with high-grade serous ovarian
cancer have mutations affecting homologous recombin-
ation repair pathways [59]. PARP inhibitors have been
approved for the treatment of ovarian cancer [60] and
have selective activity in patients with BRCA mutations
[59]. We have information on the BRCA mutation status
for 9 of the patients included in this study, all of whom
were confirmed wildtype. The tumor content of tumors
from these patients ranged from 11.9–96.7% tumor cells
suggesting that T:S was not related to BRCA mutation
status. The consistently high expression of B7-H3 sug-
gests that its expression is not dependent on BRCA defi-
ciency and that targeting this molecule could be effective
for the majority of patients and will not be restricted to
patients with homologous recombination deficiencies.
Because BRCA mutations are associated with increased
neoantigen frequency that can lead to enhanced visibility
by the immune system, B7-H3-targeting agents may be
selectively able to activate an anti-tumor immune re-
sponse in patients with homologous recombination
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deficiencies. However, our data favors an interpretation
that B7-H3-targeting agents such as antibody-drug con-
jugates or CAR T cells may be more effective than
checkpoint blockade. Additionally, the high expression
of B7-H3 on stromal cells will allow for the targeting of
fibroblasts by these methods. Fibroblasts have been re-
ported to have immunosuppressive activities [32], which
is supported by these data. Thus, targeting the stroma in
combination with immune-activating therapies may
synergize to improve the efficacy of immunotherapy in
ovarian cancer.

Conclusions
Our study demonstrates that B7-H3 is expressed by
many cells in the TME including immune cells, tumor
cells, and stromal cells. Stromal cells expressed particu-
larly high levels of B7-H3 and B7-H3 was strongly asso-
ciated with expression of stroma-related genes. This
association between B7-H3 expression and the stroma
indicates that variation in stromal content of tumors
needs to be accounted for when using bulk expression
data. Further, we have found that a higher T:S is associ-
ated with higher proportions of CD8+ T cells expressing
high levels of PD-1, and higher levels of PD-1 ligand ex-
pression by APCs. Additionally, we found that B7-H4
expression was generally associated with tumor cells
whereas PD-L1 was primarily expressed by stromal cells,
resulting in a mutually exclusive pattern of expression.
This work provides important insight into the expression
patterns of members of the B7 family and furthers our
understanding of the immune infiltrate in EOC.
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Supplementary information accompanies this paper at https://doi.org/10.
1186/s40425-019-0816-5.

Additional file 1 Table S1: Antibodies used for flow cytometry staining
of tumor single cell suspensions. Table S2: Clinicopathologic information
for ovarian cancer patients whose tumor specimens were analyzed by
flow cytometry or immunohistochemistry.

Additional file 2 Fig. S1: B7-H3 immunohistochemistry of noncancer-
ous human placenta, tonsil, spleen, and liver tissues. FFPE sections from
various tissues were stained for B7-H3 expression by IHC. Fig. S2: B7-H3
and B7-H4 show different expression patterns on tumor and stromal cells
in EOC. A: Flow cytometric staining of B7-H3 and B7-H4 on CD45− cells
can define tumor and stromal populations. B, C: Levels of B7-H3 (B) and
B7-H4 (C) expression on tumor (red) and stromal (blue) cells. D: Levels of
HLA-ABC expression on tumor (red) and stromal (blue) cells in relation to
B7-H3 (top) and B7-H4 (bottom). Matched FMO control shown in grey
(B,C,D). Examples shown are from three patients’ tumors. Fig. S3: Top 50
genes whose mRNA expression most significantly positively correlates
with CD276 mRNA expression across 22 TCGA datasets. Red text denotes
genes with possible roles in the synthesis or modification of the ECM.
Fig. S4: Gating schema for CD45− population positive for epithelial or
stromal markers. B7-H3 gMFI was calculated for viable, CD45− singlets
positive for epithelial (EpCAM, E-Cadherin) or stromal (FAP, PDGFRβ,
PDPN, CD10) markers. Fig. S5: Comparative levels of B7-H3 expression
between different tumor and stromal populations. A,B: Comparisons be-
tween levels of B7-H3 expression on FAPhigh (A) or PDGFRβ+ (B) stromal

cell populations and EpCAM+ tumor cells. C: Comparisons between pro-
portions of FAPhigh and PDGFRβ+ CD45− cells. D: Proportions of total
FAPhigh with PDGFRβ+FAPhigh cells in EOC samples. Points from the same
patient are connected by a line. Significance was determined by paired T
test. Fig. S6: Example of methods used to quantify tumor and stromal
content of tumors. A: H&E stained slides categorized into tumor (red),
stroma (green), and excluded (yellow) areas using HALO software. B: Flow
plot of B7-H3 staining used to gate tumor (B7-H3low) and stromal (B7-
H3high) cells. Fig. S7: Recurrence-free and overall survival in association
with low or high tumor-to-stroma ratio (T:S). Recurrence-free (p = 0.098)
and overall (p = 0.26) survival curves in patients with tumors with low
(T:S < 1.5; blue) or high (T:S > 1.5; orange) T:S. Significance was deter-
mined by Mantel-Cox text. Fig. S8: Differences in immune cell phenotype
is not due to NACT treatment. A,B,C: Comparison between frequency of
PD-1high CD4+ and CD8+ T cells (A), CD16 expression on monocytes (B),
and activating (ICOSL, B7-H3, CD40, CD86, CLEC9a) and inhibitory (B7-H4,
B7-H3, PD-L1, PD-L2) expression on APCs (C) from patients who did (cir-
cle) or did not (open square) receive NACT treatment within 6 months
prior to surgery. Significance was determined by Mann Whitney U test.
Fig. S9: T:S is not associated with differences in expression of exhaustion
or activation markers by infiltrating T cells. A: Gating schema for deter-
mining coexpression of high levels of PD-1 with TIM3 and/or LAG3 on
CD4+ and CD8+ T cells. B: Proportion of PD-1high CD4+ (top) or CD8+

(bottom) T cells coexpressing TIM3, LAG3, or both. C,D: Expression of
ICOS, TIA-1, GzmB, 2B4, CD107a, and GITR staining on CD4+ and CD8+ T
cells directly ex vivo. Whisker and box plots summarize marker expression
from tumors with low (< 1.5; blue) or high (> 1.5; orange) T:S. Statistical
significance was determined by Mann Whitney U test (B,D). Fig. S10: Ex-
pression of activating, inhibitory, and maturation markers on B cells. A: Ex-
ample stains of CD19+ B cells coexpressing CD20+CD22+, IgD+, BTLA+, or
CD27+. B: Column plots showing marker expression on B cells from tu-
mors with low (blue) or high (orange) T:S. Statistical significance was de-
termined by Mann Whitney U test. Fig. S11: Immune cell frequency, but
not phenotype, is associated with tumor location. A-D: Frequency of T
cells (A), B cells (B), monocytes (C), and CD4+ and CD8+ T cells (D) iso-
lated from ovary or omental tumors. E: Frequency of high levels of PD-1
expression on CD4+ or CD8+ T cells isolated from ovary or omental tu-
mors. F: Level of CD16 expression on monocytes isolated from ovary or
omental tumors. G: Level of expression of activating (ICOSL, B7-H3, CD40,
CD86, CLEC9a) or inhibitory (B7-H3, B7-H4, PD-L1, PD-L2) markers on APCs
isolated from ovary or omental tumors. Data from ovary tumors is shown
in black, data from omental tumors is shown in purple. Statistical signifi-
cance was determined by Mann Whitney U test.
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