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Tumor-expressed B7-H3 mediates the inhibition of antitumor
T-cell functions in ovarian cancer insensitive to PD-1
blockade therapy
Dongli Cai1,2, Jiaming Li3, Dingfeng Liu4, Shanjuan Hong2, Qin Qiao2, Qinli Sun2, Pingping Li4, Nanan Lyu5, Tiantian Sun3, Shan Xie2,
Li Guo3, Ling Ni2, Liping Jin1,4 and Chen Dong 2,6

Although PD-L1/PD-1 blockade therapy has been approved to treat many types of cancers, the majority of patients with solid
tumors do not respond well, but the underlying reason remains unclear. Here, we studied ovarian cancer (OvCa), a tumor type
generally resistant to current immunotherapies, to investigate PD-1-independent immunosuppression. We found that PD-L1 was
not highly expressed in the tumor microenvironment (TME) of human OvCa. Instead, B7-H3, another checkpoint molecule, was
highly expressed by both tumor cells and tumor-infiltrating antigen-presenting cells (APCs), which correlated with T-cell exhaustion
in patients. Using ID8 OvCa mouse models, we found that B7-H3 expressed on tumor cells, but not host cells, had a dominant role
in suppressing antitumor immunity. Therapeutically, B7-H3 blockade, but not PD-1 blockade, prolonged the survival of ID8 tumor-
bearing mice. Collectively, our results demonstrate that tumor-expressed B7-H3 inhibits the function of CD8+ T cells and suggest
that B7-H3 may be a target in patients who are not responsive to PD-L1/PD-1 inhibition, particularly OvCa patients.
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INTRODUCTION
Tumors evade immune control via inhibitory checkpoint mole-
cules that promote T-cell exhaustion.1 Blockade of these inhibitory
molecules to different degrees can reinvigorate T-cell functions
and unleash antitumor immunity.2 Specifically, blocking the
interaction of PD-1 with its ligand PD-L1 shows potent and
durable antineoplastic effects on a wide spectrum of tumors.3

However, not all patients or tumor types respond to PD-1 inhibitor
treatment equally, as shown by variable objective response rates
(ORRs).4 High PD-L1 expression in the tumor microenvironment
(TME) has been reported to correlate favorably with the clinical
benefits of PD-L1/PD-1 blockade therapies.5 For example, the
ORRs were 67–100% in PD-L1-positive non-small-cell lung cancer
(NSCLC) patients vs. 0–15% in PD-L1-negative NSCLC patients,6

44–51% in PD-L1-positive melanoma patients vs. 6–17% in PD-L1-
negative melanoma patients6, and 18–31% in PD-L1-positive
renal cell carcinoma (RCC) patients vs. 9–18% in PD-L1-negative
RCC patients.7,8 These data suggest that PD-1-independent
immunosuppressive mechanisms that inhibit antitumor immunity
in cancer patients may exist.
Ovarian cancer (OvCa) is an aggressive malignancy refractory to

standard treatments and current immunotherapies.9 In recent
years, there have been no major advancements in the treatment
of OvCa, and cytoreductive surgery followed by taxane/platinum-

based chemotherapy or neoadjuvant chemotherapy and interval
debulking surgery is still the standard of care.10 OvCa has
been shown to be immunogenic11 and capable of eliciting a
spontaneous antitumor immune response.12,13 The quality of
tumor-infiltrating T cells was shown to be a critical determinant of
clinical outcomes in OvCa patients.11,14,15 However, the efficacy of
PD-L1/PD-1 blockade in OvCa has been more modest than that in
the aforementioned tumor types,16 with ORRs of only 11.5–12.3%
in PD-L1-positive OvCa patients vs. 5.9% in PD-L1-negative OvCa
patients.17 In the JAVELIN study, the best ORR among 124
assessable patients with refractory/recurrent OvCa treated with
avelumab (an anti-PD-L1 antibody) was 9.7%.18 Similarly, in the
KEYNOTE-028 trial, among 26 patients with PD-L1-positive OvCa
treated with pembrolizumab (an anti-PD-1 antibody), the ORR was
11.5%.19 According to these data, the response rates of anti-PD-1
and anti-PD-L1 antibodies in OvCa are not better than those of
conventional therapies. Interestingly, in mice bearing ID8 tumors,
the most commonly used OvCa mouse model of epithelial
papillary serous adenocarcinoma, the PD-L1/PD-1 pathway block-
ade alone achieved little therapeutic effect compared with control
treatment.20–23 The need to elucidate the mechanisms underlying
the unsatisfactory efficacy of the PD-L1/PD-1 pathway blockade
and identify novel immunotherapeutic targets in OvCa is quite
urgent.
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B7-H3 (CD276 or B7RP-2) is a member of the B7 family that has
20–27% amino acid identity with other B7 family members.24,25

The unidentified receptor(s) for B7-H3 has been reported to be
expressed on activated T cells.24,25 Aberrant B7-H3 expression has
been reported in the vast majority of human malignancies,
including melanoma,26 RCC27, and OvCa.28 B7-H3 is constitutively
expressed on immune cells, specifically antigen-presenting cells
(APCs),29 and can be induced on dendritic cells (DCs) after culture
with regulatory T cells,30 LPS, or IFN-γ.31 APC-expressed B7-H3 has
been reported to promote tumor progression by inhibiting the
functions of CD8+ T cells and NK cells.29 Blockade of B7-H3 on
APCs has potent therapeutic effects and can synergize with anti-
PD-1 therapy in multiple mouse tumor models.29 In addition, in
the TME, B7-H3 expression has also been detected on tumor-
associated vascular cells and tumor cells.32 In OvCa, high
expression of B7-H3 has mostly been verified only at the tissue
level. B7-H3-positive tumor vasculature in OvCa is associated with
the high-grade serous histological subtype, increased recurrence,
and reduced survival.28 The reported data suggest that in OvCa,
B7-H3 is mostly expressed by tumor cells and promotes the
invasion, migration, and proliferation of tumor cells.33 However,
there is no study on B7-H3 expression by OvCa-infiltrating
immune cells. Furthermore, whether B7-H3 mediates immune
evasion in cancer models or patients resistant to PD-1 blockade
therapies has yet to be studied.
Here, we assessed the expression of B7 checkpoint molecules in

OvCa and found that B7-H3, but not PD-L1, was highly expressed,
which was associated with dysfunction in tumor-infiltrating T cells.
In the ID8 model, tumor-intrinsic B7-H3 directly suppressed CD8+

T-cell functions, and an anti-B7-H3 neutralizing antibody but not
an anti-PD-1 antibody prolonged the survival of ID8 tumor-
bearing mice. Our results thus uncover a critical role for B7-H3 on
OvCa cells in suppressing antitumor immunity and offer a new
immunotherapeutic target for patients resistant to PD-L1/PD-1
blockade therapy.

RESULTS
B7-H3 but not PD-L1 is robustly expressed in human OvCa
OvCa patients have a relatively unsatisfactory clinical response to
immunotherapies, including PD-L1/PD-1 blockade.13 Considering
that several other B7 family checkpoint molecules have been
implicated in antitumor immunity, we hypothesized that they may
play important roles and account for the poor efficacy of PD-L1/
PD-1 blockade therapy in OvCa. We first evaluated the mRNA
expression of all ten reported B7 family members in human OvCa
by GEPIA using data from the TCGA. We found that tumor tissues
(tumor cells, tumor-associated APCs, tumor-infiltrating lympho-
cytes, etc.) from human OvCa patients had low mRNA expression
of CD274 (encoding PD-L1), but substantial mRNA expression of
CD276 (encoding B7-H3), VTCN1 (encoding B7S1), and C10orf54
(encoding VISTA) compared with other B7 family members
(Fig. 1a). It is noteworthy that in human OvCa, CD276 had the
highest expression among all the tested B7 family members
(Fig. 1a). Moreover, the mRNA levels of CD274, CD276, and
C10ofr54 in the tumor tissues were similar to those in normal
control tissues, while the mRNA level of VTCN1 in the tumor
tissues was significantly higher than that in the normal tissues
(Fig. 1b). We then examined the protein expression levels of these
members in human OvCa by immunofluorescence. Tumor speci-
mens were collected from 32 treatment-naive patients who
fulfilled the study criteria. The clinical and pathological character-
istics of the patients are summarized in Supplementary Table S1.
Compared with normal ovarian tissues, the tumor specimens
showed upregulated expression of PD-L1, B7-H3, B7S1, and VISTA
(Fig. 1c, d). Consistent with the mRNA expression data, the protein
expression level of PD-L1 in human OvCa was moderate, while
that of B7-H3 was the highest among the levels of the evaluated

molecules (Fig. 1c, d). These data indicate that B7-H3 but not PD-
L1 is robustly expressed in human OvCa.
The efficacy of PD-L1/PD-1 blockade therapies has been

reported to positively correlate with the expression of PD-L1.3,34

In human OvCa specimens, the majority of PD-L1-expressing cells
did not express pancytokeratin, which was used as an epithelial
and therefore ovarian cell marker (indicated by the yellow arrows)
(Fig. 1c). Analysis of the expression of PD-L1 on human OvCa cell
lines (A2780 and SKOV3 cells) and freshly isolated primary OvCa
cells also confirmed that OvCa tumor cells exhibited very low, if
any, expression of PD-L1 (SI Appendix, Supplementary Fig. S1A). In
CD45+ cells isolated from OvCa tumors, PD-L1 was mainly
expressed on lineage−HLA-DRhi dendritic cells (DCs) and
CD14+HLA-DRhi macrophages/monocytes (Mø/Mo). However, the
percentages of PD-L1+ DCs and PD-L1+ Mø/Mo in the tumors
were not high, and there were no obvious differences in the
ascites or PBMCs among the OvCa patients (SI Appendix,
Supplementary Fig. S1B, C). As IFN-γ has been reported to
upregulate PD-L1 expression on human OvCa cells,35 it cannot be
excluded that the low/nonexistent level of PD-L1 expression on
primary cells isolated from OvCa was the result of a lack of
exposure to an IFN-γ-rich TME. Generally, the low mRNA and
protein levels of PD-L1 in OvCa may underscore the poor
responsiveness to PD-L1/PD-1 blockade.
As shown in Fig. 1c, B7-H3 was highly expressed on both CD45-

negative and CD45-positive cells (indicated by the white arrows);
CD45+B7-H3+ and CD45−B7-H3+ cell infiltration into the OvCa
TME showed no obvious difference (SI Appendix, Supplementary
Fig. S1D). Consistent with the reported data, B7-H3 was found to
be substantially expressed on seven human OvCa cell lines and
freshly isolated primary OvCa cells (SI Appendix, Supplementary
Fig. S1E), and B7-H3 exhibited higher expression than B7S1, VISTA,
or PD-L1 (SI Appendix, Supplementary Fig. S1A). To better
understand the expression pattern of B7-H3 on lymphocytes, we
then used flow cytometry to assess the expression of B7-H3 on
CD45+ cells isolated from the tumors, ascites, and PBMCs of OvCa
patients. B7-H3 was predominantly expressed on myeloid
dendritic cells (mDCs), CD14+HLA-DRhi Mø/Mo, and CD14+HLA-
DRlow/− monocytic myeloid-derived suppressor cells (mMDSCs).
The percentages of B7-H3-expressing APCs in the tumors were
generally higher than those in the ascites and peripheral blood
(Fig. 1e). Moreover, the population of tumor-associated APCs in
the ascites that expressed B7-H3 was mainly observed to comprise
CD14+HLA-DRhi Mø/Mo (Fig. 1e). Consistent with the immuno-
fluorescence results, in the tumors of the OvCa patients, APCs
expressed higher levels of B7-H3 than B7-S1, VISTA, or PD-L1 (data
not shown). These data confirm the robust expression of B7-H3 in
human OvCa and suggest that in human OvCa, B7-H3 may play a
more important role than PD-L1 in controlling antitumor
immunity.

B7-H3 expression in human OvCa correlates with CD8+ T-cell
exhaustion
B7-H3 was previously reported to bind to a putative receptor
on activated T cells24,25 and inhibit their proliferation and
function.36,37 To understand the potential target cells of B7-H3
in OvCa, we utilized a biotinylated human B7-H3-mIgG2a Fc fusion
protein to assess the expression of a putative B7-H3 receptor (B7-
H3R). B7-H3R expression was detected on CD4+ T, CD8+ T, NK, and
NKT cells in human OvCa (Fig. 2a), and B7-H3R expression was
upregulated on tumor-infiltrating CD4+ and CD8 T+ cells
compared with those in the ascites and peripheral blood (Fig. 2b).
The distributions of B7-H3 and B7-H3R strongly suggest an
important role for B7-H3 in regulating T cells in the OvCa
microenvironment.
Inhibitory receptors on T cells have been associated with T-cell

exhaustion in a chronic virus infection model and cancer patients.1

To understand the regulatory role of B7-H3 in T cells, we
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Fig. 1 B7-H3, but not PD-L1, is robustly expressed in human OvCa. a Heatmap analysis of the mRNA expression of B7 family genes in OvCa tumors
shown as scaled log2-fold changes (GEPIA data). b The mRNA expression levels of CD274, CD276, VTCN1, and C10orf54 in human OvCa tumor
tissues and normal ovarian tissues. The data were derived from the TCGA database, and are shown on a log2(TPM+ 1) scale. TPM: transcripts per
million. The P-value cutoff was 0.01. c Representative immunofluorescence images of PD-L1, B7-H3, B7S1, and VISTA in human OvCa and normal
ovarian tissues. Original magnification ×40; scale bar, 50 μm. Inset original magnification ×100; scale bar, 25 μm. d Quantification of PD-L1+, B7-
H3+, B7S1+, and VISTA+ cells in tumor and normal tissues (cell numbers were quantified in images of a ×100 field). Each dot represents the data
from one patient. One-way ANOVA followed by Tukey’s multiple comparison test. e Representative figures and summarized data showing the
percentages of B7-H3-positive mDCs, DCs, Mø/Mo, and mMDSCs in tumors, ascites, and PBMCs from OvCa patients. One-way ANOVA followed by
Tukey’s multiple comparison test. The data are presented as the mean ± SEM; ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.0001, and ****P < 0.00001
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investigated the expression of the inhibitory receptors PD-1, TIM-
3, and TIGIT and the costimulatory molecule CD27 on CD8+ T cells
isolated from the tumors, ascites, and PBMCs of OvCa patients. In
the tumor tissue samples, the percentages of PD-1- and TIM-3-
expressing CD8+ T cells were significantly increased compared
with those in the ascites and PBMCs (Fig. 2c; SI Appendix,
Supplementary Fig. S2A, B). Similar increases were also observed
for PD-1+TIM-3+CD8+ and PD-1+TIGIT+CD8+ T cells (SI Appendix,
Supplementary Fig. S2C). Moreover, Fig. 2c shows that the
frequencies of TIGIT+CD8+ T cells in the tumors were significantly
higher than those in the ascites. In addition, the levels of CD27+

CD8+ T cells in the tumors were clearly decreased in comparison
with those in the ascites and PBMCs (Fig. 2d; SI Appendix,
Supplementary Fig. 2A and S2B). Consistently, Treg/CD8+ T cell
ratios were increased, and Ki67+ CD8+ T-cell frequencies were
reduced in the tumors compared with the ascites and PBMCs
(Fig. 2e).
The above data indicate that CD8+ TILs from OvCa patients

display the characteristic exhausted T-cell phenotype of PD-1, TIM-
3, and TIGIT expression with decreased CD27 and Ki-67 expression.
Correlation analysis revealed that on CD8+ T cells, the expression
levels of PD-1 positively correlated with those of TIM-3 and TIGIT,
but negatively correlated with those of CD27 in the OvCa TME (SI
Appendix, Supplementary Fig. S2D), suggesting that in human
OvCa, PD-1 expression levels inversely correlate with T-cell
function, which is consistent with previous papers.1,38 Since B7-
H3 was highly expressed in the TME (Fig. 1c–e), we assessed
whether B7-H3 regulates T-cell exhaustion in human OvCa.
Correlation analysis between B7-H3-expressing APCs and PD-
1+TiM-3+ CD8+ TILs showed that the frequency of PD-1+ TIM-3+

CD8+ TILs positively correlated with the frequencies of B7-H3+

Mø/Mo and B7-H3+ DCs in the tumors (Fig. 2f). As B7-H3 is also
expressed on CD45− cells, B7-H3+ cells were quantified in
immunofluorescence images of tumors in a ×100 field. The
percentages of B7-H3+ cells in the tumors also positively
correlated with the frequencies of PD-1+ CD8+ TILs (Fig. 2g), but
negatively correlated with the frequencies of TNF-α+IFN-γ+ CD8+

T cells (Fig. 2h). These data strongly suggest that B7-H3 may
regulate CD8+ T-cell exhaustion in OvCa patients.

B7-H3 on tumor cells suppresses antitumor immunity in an ID8
mouse model
To analyze the function of B7-H3 in antitumor immunity, we
generated Cd276 knockout (KO) mice on the C57BL/6 background.
The knockout vector was designed to remove exons 3–4 in the
Cd276 gene to create a null allele. Correct targeting of the Cd276
locus was confirmed by southern blot analysis. Cd276−/− mice
were born at the expected Mendelian frequencies and achieved a
normal size, maturation, and fertility. We subcutaneously or
intraperitoneally injected mouse OvCa ID8 cells undergoing
logarithmic growth into wild-type (WT) and Cd276−/− mice. Unlike
what we had previously observed with melanoma and hemato-
poietic tumors,29 ID8 tumors did not show altered growth in the
Cd276-deficient mice (Fig. 3a), and the Cd276-deficient mice did
not show improved survival compared with the WT mice (Fig. 3b).
These results indicate that B7-H3 expressed in host cells may not
be functionally significant in the ID8 model.
Since B7-H3 was detected on tumor cells in addition to CD45+

cells in human OvCa specimens, we next evaluated the expression
of B7-H3 on ID8 cells using an antibody (clone 27-1) generated

Gated on Live CD45+CD3+ cells

CD8+ T cells (CD56-CD8+) NK cells (CD56+) NKT cells (CD56+)

20 40 60 80 100

-20

0

20

40

60

B7H3+Mø/Mo%

PD
-1

+ TI
M

-3
+ CD

8%

r2=0.3871
p=0.0034**

B
7-

H
3R

Tumor

Asc
ite

s
PBMC

0

10

20

30

40

50

B
7-

H
3R

+ %

CD4+ T cells
CD8+ T cells

b

Tumor

Asc
ite

s
PBMC

0

20

40

60

80

100

TI
G

IT
+ C

D
8%

*

Tumor

Asc
ite

s
PBMC

0

50

100

PD
-1

+ C
D

8%

**
*

Tumor

Asc
ite

s
PBMC

0

20

40

60

80

100

TI
M

-3
+ C

D
8%

***
***

Tumor

Asc
ite

s
PBMC

0.0

0.5

1.0

1.5

Tr
eg

s/
C

D
8+  r

at
io

*
**

10 20 30 40 50
-20

0

20

40

60

80

B7-H3+ cells

TN
Fa

+ IF
N

g+ C
D

8%

r2=0.3441
p=0.0215*

Tumor

Asc
ite

s
PBMC

0

20

40

60

80

100

C
D

27
+ C

D
8%

**
**

a
CD4+ T cells (CD56-CD8-)

68.3 74.2 36.6 59.1

CD3
B

7-
H

3R
CD8

B
7-

H
3R

CD56

B
7-

H
3R

CD3

Tumor

Asc
ite

s
PBMC

0

20

40

60

80

100

K
i6

7+ C
D

8%

**
**

c

PD
-1

+ TI
M

-3
+ CD

8%

0 10 20 30
0

20

40

60

B7-H3+ cells

r2=0.4695
p=0.0098**

d e

f

g h

PD
-1

+ T
IM

-3
+  C

D
8%

Fig. 2 High levels of B7-H3 expression in human OvCa are associated with CD8+ TIL exhaustion. a Representative figures of B7-H3R expression
on CD4+ T cells, CD8+ T cells, NK cells, and NKT cells in OvCa tumors detected by a biotinylated hB7-H3-mIgG2a Fc fusion protein. b Summary
data for the percentages of B7-H3R+ CD4+ T cells and B7-H3R+ CD8+ T cells in tumors, ascites, and PBMCs. c, d Expression levels of
coinhibitory molecules (PD-1, TIM-3, and TIGIT) (c) and the costimulatory molecule CD27 (d) on CD8+ T cells from the tumors, ascites, and
PBMCs of OvCa patients. e Ratio of Treg/CD8+ T cells (left panel) and percentages of Ki67+ CD8+ T cells (right panel) in the tumors, ascites, and
PBMCs of OvCa patients. f Correlations of the percentages of B7-H3+ Mø/Mo (left panel) and B7-H3+ DCs (right panel) with the percentage of
PD-1+ TIM-3+CD8+ TILs in human OvCa patients. g, h Association of B7-H3+ cells in tumors with PD-1+ TIM-3+CD8+ TILs (g) and TNF-α+IFN-γ+
CD8+ TILs (h). The data are presented as the mean ± SEM. ns P > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.0001. One-way ANOVA followed by
Tukey’s multiple comparison test was used in (b–e), and Spearman correlation analysis was performed for (f)
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against the human B7-H3 protein that cross-reacted with mouse
B7-H3 (SI Appendix, Fig. 3a). Consistent with the results for the
human OvCa cell lines, B7-H3 was highly expressed on ID8 cells
(Fig. 3c), while PD-L1 was expressed at a low baseline level (SI
Appendix, Fig. 3b). To examine the role of B7-H3 expressed by ID8
cells in tumor progression, we used a guide RNA39 targeting exon
3 of the Cd276 gene and CRISPR/Cas9 to induce mutations in
Cd276 to generate B7-H3-deficient ID8 cells (B7-H3KO ID8). To
generate single-cell clones, the targeted cells were sorted by flow
cytometry using an mCherry reporter, followed by limited dilution
cloning. The loss of B7-H3 expression on the single clones was
verified by antibody staining (SI Appendix, Supplementary
Fig. S3C). B7-H3 deletion did not affect the morphology or
proliferation of the ID8 cells in vitro (Fig. 3d). However, compared
with WT-ID8 tumor-bearing mice, B7-H3KO ID8 (clone 3) tumor-
bearing WT and Cd276−/− mice showed significantly decreased
tumor growth with a reduced tumor burden, diminished tumor-
induced lymphadenectasis, and splenomegaly (Fig. 3e, f), and an
increased survival rate (Fig. 3g) in both subcutaneous and
intraperitoneal tumor models. Notably, there were no differences
between the B7-H3KO ID8 tumor-bearing WT mice and B7-H3KO

ID8 tumor-bearing Cd276−/− mice, indicating the dominant role of
tumor-expressed B7-H3 in the ID8 model.
To exclude the possibility of clone-specific defects, we s.c.

injected WT-ID8 cells, a pool of unsorted B7-H3KO ID8 cells
(a mixture of B7-H3+ and B7-H3− ID8 cells) or four validated
knockout clones (clones 3, 6, 9, and 12) into WT mice. Consistent
with the above results for clone 3, B7-H3 deficiency in ID8 cells
resulted in significantly reduced tumor progression, and even the
clone 9-injected mice showed no tumor burden (SI Appendix,
Supplementary Fig. S3D). Notably, there were no significant

differences between clone 9 and the other clones in terms of an
in vitro assay. Furthermore, the tumor growth in the mice injected
with the unsorted B7-H3KO ID8 pool was faster than that in the
mice injected with the knockout clones, but slower than that in
the mice injected with WT cells (SI Appendix, Supplementary
Fig. S3D), which confirmed that B7-H3 deficiency in ID8 cells
suppresses tumor progression. Together, these results indicate
that B7-H3 expression on tumor cells accounts for most, if not all,
of the function of promoting tumor growth in the ID8
OvCa model.

ID8-expressed B7-H3 inhibits T-cell effector functions
To elucidate the functional mechanisms involving B7-H3 in
antitumor immunity, we i.p. injected WT-ID8 or B7-H3KO ID8
(clone 3) cells into WT mice and compared the phenotypes of the
T cells in the ascites or peritoneal lavage fluid at 8 weeks.
Compared with those isolated from the WT-ID tumor-bearing
mice, CD8+ TILs isolated from the B7-H3KO-ID8 tumor-bearing
mice displayed decreased expression of the coinhibitory molecule
PD-1 (Fig. 4a), but increased surface expression of the degranula-
tion maker CD107a and the proliferation marker Ki67 (Fig. 4b; SI
Appendix, Supplementary Fig. S4A) and produced increased levels
of IFN-γ, TNF-α, and granzyme B upon PMA/ionomycin stimulation
(Fig. 4c; SI Appendix, Supplementary Fig. S4A). However, the
percentages of CD8+ TILs were decreased in the B7-H3KO group,
probably due to the reduced tumor burden in these mice (SI
Appendix, Supplementary Fig. S4B). We also analyzed the
phenotypes of CD4+ T cells and NK cells in the TME and found
increased frequencies of tumor-infiltrating CD4+ T cells and NK
cells expressing TNF-α and IFN-γ in the mice challenged with B7-
H3KO-ID8 cells (SI Appendix, Supplementary Fig. S4C), although
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there was no difference in CD107a expression (SI Appendix,
Supplementary Fig. S4D). Moreover, B7-H3 deficiency in ID8 cells
significantly reduced Treg cell infiltration in terms of both
percentages and absolute cell numbers, although the CD8+/Treg
cell ratio was not difference between the two groups (Fig. 4d).
These results demonstrate that B7-H3 expressed on ID8 cells
inhibits antitumor immunity and promotes T-cell exhaustion.
To confirm the regulation of CD8+ T-cell functions by B7-H3, we

next conducted an in vitro cytotoxicity assay in which we first
activated OT-1 T cells with OVA257–264 (SIINFEKL)-loaded splenic
APCs for 4 days and then cocultured them with SIINFEKL-loaded
WT-ID8 cells or B7-H3KO ID8 cells at different E/T ratios for 5 h.
Enhanced levels of target cell lysis were observed with the B7-
H3KO-ID8 cells compared with the WT-ID8 cells, and target cell lysis
appeared to be dose dependent (Fig. 4e). Furthermore, B7-H3
deficiency in ID8 cells resulted in increased TNF-α and IFN-γ
secretion by CD8+ T cells (SI Appendix, Supplementary Fig. S4E),
indicating that B7-H3 on ID8 cells inhibits CTL functions. To test
whether B7-H3 on tumor cells affects T-cell proliferation, we
cocultured SIINFEKL-loaded WT or B7-H3KO ID8 cells with CTV-
labeled naive OT-1 T cells for 4 days; the B7-H3KO ID8 cells
increased proliferation by the OT-1 T cells (Fig. 4f). Collectively,
these data indicate that tumor-intrinsic B7-H3 promotes tumor
development by inhibiting the expansion and cytotoxic functions
of effector CD8+ T cells in the TME (Fig. 4g).

Therapeutic targeting of B7-H3 promotes survival in the ID8 model
The above results showed that deficiency in B7-H3 in ID8 cells
enhanced tumor cell immunogenicity and promoted the functions
of CD8+ T cells. To address whether B7-H3 can serve as a target for
immunotherapy in OvCa, we monitored tumor growth in a
therapeutic setting. WT mice were first intraperitoneally inocu-
lated with WT-ID8 cells, and subsequently treated with an anti-IgG,
anti-B7-H3, anti-PD-1, or anti-B7-H3 antibody plus an anti-PD-1
antibody injected i.p. on days 30, 32, 34, 36, and 38 (Fig. 5a). The
ID8 tumor-bearing mice failed to respond to anti-PD-1 treatment,
which was consistent with previous reports.20–23 In contrast, the
tumor-bearing mice treated with the anti-B7-H3 antibody alone or
combined with the anti-PD-1 antibody exhibited prolonged
survival compared with those given control treatment or anti-
PD-1 antibody treatment alone, and the median survival was
increased from 80 (the anti-PD-1 group) or 82 days (the control
IgG group) to 93.5 (the anti-B7-H3 group) and 95 days (the
combination group) (Fig. 5b). However, the anti-B7-H3 and anti-
PD-1 combinatorial treatment did not show any synergistic effects
(Fig. 5b), demonstrating that in the ID8 OvCa model, immunother-
apeutic targeting of the B7-H3 pathway may potently elicit
antitumor immune responses in a PD-1-independent fashion.

DISCUSSION
Despite rapid progress in immunotherapy, particularly the land-
slide approval of PD-L1/PD-1 blockade therapies for many types of
tumors, OvCa remains generally resistant.9 In our study, we found
that B7-H3, but not PD-L1, was highly expressed in OvCa, which
positively correlated with CD8+ T-cell exhaustion. B7-H3,
expressed on tumor cells but not APCs, regulated progression in
the mouse ID8 OvCa model by attenuating the expansion and

cytotoxicity of CD8+ T cells. Therapeutically, blockade of B7-H3 but
not PD-1 prolonged survival in the ID8 OvCa model, highlighting
B7-H3 as a potential target in patients resistant to the PD-L1/PD-1
blockade therapy.
PD-L1/PD-1 blockade elicits potent and durable antitumor

effects, especially on some refractory tumors.5,40 However, in
clinical practice, only a small patient population (<30%) benefits
from these treatments, while nonresponders undergo transient
reinvigoration of exhausted T cells followed by disease relapse.41

As the most widely used predictor, the expression levels of PD-L1
are positively associated with the overall response rates to anti-
PD-L1/PD-1 immunotherapies,3 although it is still controversial
whether the expression of PD-L1 on tumor cells or immune cells
affects the response rates.5 We found that in human OvCa, PD-L1
mRNA expression was low, with no obvious difference from the
expression in normal ovarian tissue. The immunofluorescence
data showed that, at the protein level, PD-L1 was upregulated at
tumor sites compared with normal tissue sites, and the majority of
PD-L1 expression was observed on pancytokeratin-negative cells,
especially professional APCs (Mø/Mo and DCs). However, the flow-
cytometry data showed that, on CD45+ cells isolated from OvCa
patients, <5% of tumor-infiltrating APCs on average expressed PD-
L1, which was not significantly different from the percentages in
ascites and PBMCs from OvCa patients. Moreover, human OvCa
cell lines and isolated primary OvCa cells expressed PD-L1 at a low
or undetectable level, which was consistent with the immuno-
fluorescence data and reported data.35 Since IFN-γ has been
reported to upregulate PD-L1 expression on human OvCa cells,35

the expression of PD-L1 was directly tested by flow cytometry
once primary cells were isolated from OvCa specimens. The low
level of PD-L1 expression on the primary cells isolated from OvCa
could not be explained by nonexposure to an IFN-γ-rich TME. As
high PD-L1 expression levels are related to increased response
rates and clinical benefits in anti-PD-L1/PD-1 therapies,3 the poor
expression of PD-L1 by tumor and immune cells may contribute to
the low ORR of OvCa patients to PD-L1/PD-1 blockade.
High expression of B7-H3 in tumors has been described,26–28

and the overexpression of B7-H3 has been reported to be
associated with a reduced number of TILs,42 a poor prognosis, and
poor clinical outcomes.32 High expression of B7-H3 in OvCa has
been reported at the tissue level.33 In our study, we further
demonstrated robust expression of B7-H3 in human OvCa. In
addition, we also found that the expression of B7-H3 in the OvCa
TME was higher than that of other family members, specifically
PD-L1, B7S1, and VISTA, at both the mRNA and protein levels.
According to the reported data, in OvCa, B7-H3 is mainly
expressed on tumor cells,35 while lymphocytes are B7-H3
negative.28 However, in our study, we showed that B7-H3 was
broadly expressed in the OvCa TME. In addition to being
expressed on CD45-negative cells, B7-H3 was also found to be
highly expressed on CD45-positive cells. We found that among
CD45+ cells, tumor-infiltrating APCs, including mDCs, Mø/Mo, and
mMDSCs, were the major B7-H3-positive population, while in
ascites, B7-H3 was predominantly expressed on tumor-associated
Mø/Mo. In addition, B7-H3 expression in the TME of OvCa
positively correlated with the frequency of PD-1+ TIM-3+ CD8+

T cells and negatively correlated with the frequency of TNF-α+

IFN-γ+ CD8+ T cells, while a putative receptor of B7-H3 was

Fig. 4 B7-H3 on ID8 cells induces dysfunction in CD8+ TILs. a Representative figures and summarized data showing PD-1 expression on CD8+

TILs. b Representative figures and summarized data showing the baseline expression of CD107a (upper panel) and Ki-67 (bottom panel) on
CD8+ T cells in ascites or peritoneal lavage fluid from mice injected with 2 × 106 WT or B7-H3KO-ID8 cells. c Representative figures and
summarized data showing the expression of granzyme B, TNF-α, and IFN-γ after PMA and ionomycin stimulation. d Percentages and absolute
cell numbers of Tregs and the ratio of CD8+ T cells to Tregs. e Representative figures and summarized data showing cytolysis of WT or B7-
H3KO-ID8 cells, effector cells, OT-1 T cells, target cells, WT, or B7-H3KO-ID8 cells. f Representative figures and summarized data showing the
proliferation rate of OT-1 T cells after coculture with WT or B7-H3KO-ID8 cells. Schematic diagram of how B7-H3 regulates antitumor immunity
in OvCa. These experiments were repeated three times with similar data. Mean ± SEM; unpaired t test; *P < 0.05, **P < 0.01, ***P < 0.0001, and
****P < 0.00001
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detected on CD8+ TILs. Thus, B7-H3 may promote CD8+ T-cell
exhaustion in OvCa.
B7-H3 expressed by APCs has been reported to potently inhibit

T and NK cell activation, and anti-B7-H3 treatment significantly
reduces tumor growth in E.G7 and MOPC315 mouse models.29 In a
previous study, B7-H3 on APCs but not on tumor cells was found
to account for tumor immune escape. However, in our study, we
found that in the ID8 model, Cd276−/− mice showed no significant
change in tumor growth compared with WT mice. Similar
phenomena have also been observed in MC38 colon tumor-,
SW620 colon tumor-, and UACC melanoma-bearing mice.39

Interestingly, deletion of Cd276 in ID8 cells delayed tumor growth
and extended survival. Notably, B7-H3KO ID8 tumor-bearing
Cd276−/− mice had tumor growth and survival curves similar to
those of WT mice injected with the same tumor cells. These data
indicate that in the ID8 model, tumor-expressed B7-H3 plays a
predominant role. Furthermore, consistent with human OvCa, a
murine model of OvCa showed that the PD-L1/PD-1 pathway
blockade alone had little therapeutic effect.20–23 In line with that
finding, we found no obvious effect of anti-PD-1 treatment on
survival, whereas anti-B7-H3 treatment significantly increased
overall survival in mice. In addition, although dual blockade of PD-
1 with B7-H3 has been shown to enhance the strength of
immunotherapeutic effects on the E.G7 and MOPC315 models,29 a
combined anti-B7-H3 and anti-PD-1 treatment did not show
synergistic effects on the ID8 model. Taken together, the findings
indicate that B7-H3 expressed on both tumor-infiltrating APCs and
tumor cells can play a critical role in suppressing antitumor
immunity and that the contribution of B7-H3 in the TME is context
dependent, which requires further exploration. Tumor-expressed
B7-H3 induces PD-1-independent suppression of antitumor
immune responses in the ID8 model, but whether dual blockade
of PD-1 and B7-H3 in human OvCa patients has synergistic effects
remains unknown.
In addition to its immunoregulatory roles, OvCa cell-expressed B7-

H3 has also been reported to promote tumor cell invasion and
migration by influencing the jak2-Stat3 pathway and has been
associated with distant metastasis.43 Interruption of metastatic
pathways holds preclinical and clinical promise as an antimetastasis
therapy.44 Therefore, targeting B7-H3 may also be a promising way
to treat advanced metastatic OvCa. However, since OvCa also
expresses B7S1 and VISTA in the TME, whether B7-H3 predominates
over those molecules remains to be investigated.
In conclusion, our study shows an important role for B7-H3, but

not PD-L1 in OvCa. B7-H3 may serve as a promising target in
cancer patients resistant to the PD-L1/PD-1 blockade therapy,
including OvCa patients. Our work also calls for detailed
characterization of the TME in terms of the expression of
checkpoint molecules in addition to PD-L1 to offer precise and
personalized immunotherapy for a variety of cancers.

MATERIALS AND METHODS
Patients and specimens
Fresh tumor tissues, malignant ascites, and matched blood were
collected from OvCa patients undergoing primary surgical
treatment without chemotherapy at Shanghai First Maternity
and Infant Hospital. All the experimental protocols were approved
by the institutional review committee.

Isolation of PBMCs and tumor-infiltrating lymphocytes from
tumors or ascites
Blood and ascites from OvCa patients were collected into
heparinized tubes and centrifuged on Ficoll-Hypaque gradients
(GE Healthcare Life Sciences). Fresh tumors from OvCa patients
were digested in the RPMI-1640 medium supplemented with 1
mg/mL Collagenase A (Gibco) for 30min at 37 °C prior to Ficoll-
Hypaque gradient centrifugation.

Mice
Six- to eight-week-old female mice were used for all experiments.
C57BL/6J mice, Cd276−/− mice (on the C57BL/6J background) and
OT-1 mice were bred and housed under specific pathogen-free
conditions in the Animal Facility of Tsinghua University and used
in accordance with the animal care guidelines from the National
Institutes of Health. Animal protocols were reviewed and
approved in accordance with governmental and institutional
guidelines for animal welfare.

Generation of Cd276−/− mice
Mice were generated according to a service contract with
Biocytogen, Beijing, China. Specifically, exons 3 and 4 of
Cd276, which encode the extracellular domain of the B7-H3
protein, were chosen for targeting. A pair of loxP sites and a
Frt-Neo-Frt-loxp cassette were designed to be inserted into
intron 2 and intron 4, respectively. The targeting vector was
linearized and electroporated into embryonic stem (ES) cells,
followed by G418 selection. Targeted ES clones were identified
by southern blot hybridization analysis by using a 5′ probe, 3′
probes, and Neo-probe. The targeted ES clones were then
microinjected into BALB/c blastocysts, and F1 chimeric mice
(Cd276fl-neo/+) were generated. Cd276fl-neo/+ mice were bred
with Flp-deleter mice to generate Cd276fl/+, Flp/+ mice, and
Cd276fl/+ mice were crossed with Cre-deleter mice to generate
Cd276−/− mice. The following three primers were designed for
genotyping: F 5′-GTTCTGCAGGCACCCTTCCTAT-3′, R1 5′-CCAAG
ACCCAGGTCATACCCTG-3′, and R2 5′-CAGTTGAGTGAGATGCA
CCTTC-3′. The primers F and R1 amplified the wild-type
allele (348 bp), and the primers F and R2 amplified the null
allele (372 bp).
The Cd276−/− mice were generated under a service contract

with Biocytogen, Beijing, China.
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Cell lines
Mouse ID8 cells (a gift from Dr. Xueguang Zhang, Soochow
University, China) and the human OvCa cell lines HeyA8, Hey,
OVC429, OVCA433 (gifts from Fudan University Shanghai Cancer
Center), A2780, SKOV3, and H08910-PM (purchased from ATCC)
were cultured in vitro in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS (Gibco) and 100 IU/ml
Penicillin/Streptomycin (Corning).
To generate stable B7-H3KO ID8 cells, a guide RNA (gRNA)

targeting mouse B7-H3 (TGGCACAGCTCAACCTCATC) was inserted
into the vector LentiCRISPR v2-mCherry45. HEK293T cells were
cotransfected with the plasmids pLectiCRISPR-mCherry-gRNA,
pMD2.G (Addgene, 12259), and psPAX2 (Addgene, 12260) by PEI
Max to produce a lentivirus. The lentivirus was employed to infect
the mouse ovarian cancer cell line ID8. Forty-eight hours after
infection, the mCherry-positive cells were sorted and subcloned to
generate single-cell clones. To verify the mB7H3−/− cell clones, the
single-cell clones were stained with an antibody generated against
the human B7-H3 protein that cross-reacted with mouse B7-H3
(clone 27–1) (Suzhou Kanova Biopharmaceutical Co., Ltd.), followed
by a PE-conjugated goat anti-mouse IgG secondary antibody, and
DNA sequencing was conducted for further confirmation. All cell
lines tested negative for mycoplasma contamination.

Murine tumor models
Female C57BL/6J mice and cd276−/− mice were inoculated
subcutaneously or intraperitoneally with 2 × 106 WT-ID8 or B7-
H3−/− ID8 cells. Tumor growth in the s.c. model was measured
with Vernier calipers every week, and tumor volume was
calculated as 0.5 × length × width2. The mice were killed after 8
(i.p.) or 12 (s.c.) weeks for phenotypic analyses. To test the
therapeutic effects of an anti-B7-H3 mAb (clone 110, produced in
high quantities by BioXcell, NH, USA) and the combinatorial
blockade of B7-H3 and PD-1, female C57BL/6J mice were i.p.
inoculated with 2 × 106 WT-ID8 cells and then treated with 200 µg
control rat IgG, 200 µg anti-B7-H3 mAb (clone 110, BioXcell, NH,
USA), 200 µg anti-PD-1 mAb (clone J43, BioXcell, NH, USA), or 200
µg anti-B7-H3 mAb (clone 110, BioXcell, NH, USA) plus 200 µg anti-
PD-1 mAb (clone J43, BioXcell, NH, USA) on days 30, 32, 34, 36, and
38. Survival time points were based on reaching a cutoff weight of
35 g as a result of ascites accumulation.

Flow cytometry
For human specimens, the following fluorescent dye-conjugated
antibodies were used: anti-CD45-PerCP-CY5.5 (HI30, BioLegend),
anti-Lineage-FITC (UCHT1, HCD14, 3G8, HIB19, 2H7, and HCD56,
BioLegend), anti-HLA-DR-AF700 (L243, BioLegend), anti-CD11c-
BV605 (3.9, BioLegend), anti-CD123-PE-CF594 (7G3, BioLegend),
anti-CD14-APC-CY7 (M4P9, BioLegend), anti-CD15-PE-CY5 (W6D3,
BioLegend), anti-B7-H3-PE (DCN.70, BioLegend), anti-B7S1-PE-CY7
(MIH43, BioLegend), anti-VISTA (730804, R&D), Streptavidin-BV421
(BioLegend), anti-PD-L1-APC (MIH1, BD), anti-CD3-PerCP-CY5.5
(OKT3, BioLegend), anti-CD56-FITC (HCD56, BioLegend), anti-
CD4-PE-CF594 (L200, BD), anti-CD8-AF700 (SK1, BD), anti-FoxP3-
PE-CF594 (259D/C7, BD), anti-TIM-3-PE (F38-2E2, BioLegend), anti-
TIGIT-PerCP-eFluor 710 (MBSA43, eBioscience), anti-CD27-PerCP-
CY5.5 (O323, BioLegend), anti-PD-1-PE (EH12.2H7, BioLegend),
anti-Ki-67-AF700 (B56, BD), anti-TNF-α-PE-CF594 (Mab11, BioLe-
gend) and anti-IFN-γ-PE-CY7 (B27, BioLegend). The following
antibodies were used in animal model experiments: anti-CD45.2-
APC-CY7(BioLegend) or PE (104, eBioscience), anti-CD3e-PE or PE-
CY7 (145-2C11, eBioscience), anti-NK-1.1-PerCP-CY5.5 (PK136,
eBioscience), anti-CD4-PE-CF594 (RM4–5, BD), anti-CD8α-AF700
or APC (53–6.7, eBioscience), anti-PD-1-PE (J43, eBioscience),
anti-Granzyme B-APC (NGZB, eBioscience), anti-Perforin-FITC
(ebio-omakd, eBioscience), anti-Foxp3-eFluor 450 (FJK-16 s,
eBioscience), anti-IFN-γ-eFluor 450 (XMG1.2, eBioscience), anti-
TNF-α-PE-CY7 (MP6-XT22, BD), and anti-CD107a-Pacific Blue (1D4B,

BioLegend). Single-cell suspensions were prepared as indicated.
Dead cells were excluded by viability dye staining (fixable viability
dye eF506, eBioscience). Surface immunofluorescence staining
was performed at 4 °C for 20 min. For intracellular cytokine
staining, cells were stimulated with PMA (50 ng/ml, Sigma-Aldrich,
MO)/ionomycin (500 ng/ml, Sigma-Aldrich, MO) in the presence of
Brefeldin A (Golgi-plug, BD Bioscience) for 4 h. After stimulation,
the cells were stained for surface markers, fixed and permeabilized
with the eBioscience fixation/permeabilization buffer, and then
stained with antibodies at 4 °C for 40 min. To detect the
expression of the human B7-H3 receptor and mouse B7-H3, a
cell suspension was incubated with 10 µg/ml biotinylated human
B7-H3-mIgG2a Fc fusion protein (generated in-house, N/A) or 10
µg/ml biotinylated anti-mouse B7-H3 antibody (clone 27-1,
Suzhou Kanova Biopharmaceutical Co., Ltd.) at 4 °C for 40 min
and then incubated with 0.5 µg/ml streptavidin-Brilliant Violet 421
(BioLegend) together with surface antibodies. Cells were acquired
by an LSRFortessa (BD) flow cytometer, and data were analyzed
using FlowJo X software.

Immunofluorescence
Paraffin sections of human OvCa specimens were dewaxed in
xylene, dehydrated in ethanol, subjected to heat-induced epitope
retrieval, and incubated with primary antibodies against human
CD45 (ab10559), B7-H3 (6A1, ab105922), PD-L1 (ab55810), PD-1
(NAT105, ab52587), B7-S1 (MIH43, ab110221), VISTA (MAB71261),
and Pancytokeratin (SC-15367) at 4 °C overnight. AffiniPure F(ab’)2
Fragment donkey anti-rabbit immunoglobulin (Jackson Immuno
Research, 711-546-152), AffiniPure F(ab’)2 Fragment donkey anti-
mouse immunoglobulin (Jackson Immuno Research, 715-166-150),
and AffiniPure F(ab’)2 Fragment donkey anti-goat (Jackson
Immuno Research, 705-606-147) immunoglobulin antibodies were
chosen as the secondary antibodies. All slides were incubated with
mounting medium containing DAPI for 20min. Images were
obtained by using a Zeiss fluorescence microscope. Quantification
analysis was performed by using ImageJ software.

ELISA
Human or mouse B7-H3 protein (2 µg/ml) was used to coat Nunc
MaxiSorp™ flat-bottom 96-well ELISA Plates (eBioscience) at 4 °C
overnight. The wells were blocked with 2% BSA at RT for 1 h. Then,
the cells were incubated with serial dilutions of an anti-B7-H3
antibody (clone 27-1) (Suzhou Kanova Biopharmaceutical Co., Ltd.)
at room temperature for 2 h, followed by incubation with a goat
anti-mouse IgG-HRP secondary antibody (EASYBIO) for 1 h. A 1 ×
TMB substrate solution (eBioscience) was added to the wells and
incubated for several minutes. The reaction was stopped by
adding a 2 N H2SO4 stop solution. The plate was read at 450 nm by
an iMark Microplate reader (Bio-Rad). Between each incubation,
the wells were washed with PBST at least three times.

In vitro cytotoxicity assay
Murine splenic APCs were isolated from the spleens of female
C57BL/6 mice and stimulated with 10 ng/ml SIINFEKL peptide
(OVA257–264) at 37 °C for 1 h. The OVA257–264-loaded splenic APCs
were cocultured with CD8+ T cells isolated from female OT-1 mice
for 4 days. Activated OT-1 CTLs were collected with a Dynabeads
Flowcomp mouse CD8 kit (Invitrogen) and used as effector cells,
while CFSE-labeled WT-ID8 and B7-H3−/− ID8 cells were pulsed
with 10 ng/ml OVA257–264 and used as target cells. The target cells
were cocultured with effector cells at various E/T ratios at 37 °C
overnight. The percentage of dead cells in the CFSE+ ID8
population and the cytokine secretion by CD8+ OT-1 CTLs were
measured by FCM. To explore the role of tumor-intrinsic B7-H3 in
T-cell proliferation, SIINFEKL-loaded WT or B7-H3−/− ID8 cells were
cocultured with CTV-labeled naive OT-1 T cells at different E/T
ratios for 4 days, and CTV-negative ID8 cells were detected
by FCM.
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Statistics
Statistical analyses were conducted with Prism 6.0 software
(GraphPad) using the appropriate test as indicated in the figure
legends. All values are expressed as the mean ± SEM. P-values <0.05
were considered statistically significant.
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