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Abstract

Checkpoint immunotherapy has yielded meaningful responses across many cancers but has shown 

modest efficacy in advanced prostate cancer. B7 homolog 3 protein (B7-H3/CD276) is an immune 

checkpoint molecule and has emerged as a promising therapeutic target. However, much remains 
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to be understood regarding B7-H3’s role in cancer progression, predictive biomarkers for B7-H3 

targeted therapy, and combinatorial strategies. Our multi-omics analyses identified B7-H3 as one 

of the most abundant immune checkpoints in prostate tumors containing PTEN and TP53 genetic 

inactivation. Here, we sought in vivo genetic evidence for, and the mechanistic understanding of, 

the role of B7-H3 in PTEN/TP53 deficient prostate cancer. We found that loss of PTEN and TP53 
induced B7-H3 expression by activating transcriptional factor Sp1. Prostate-specific deletion of 

Cd276 resulted in delayed tumor progression and reversed the suppression of tumor-infiltrating 

T cells and NK cells in Pten/Trp53 genetically engineered mouse models. Furthermore, we 

tested the efficacy of the B7-H3 inhibitor in preclinical models of castration-resistant prostate 

cancer (CRPC). We demonstrated that enriched regulatory T cells and elevated Programmed Cell 

Death Ligand 1 (PD-L1) in myeloid cells hinder the therapeutic efficacy of B7-H3 inhibition in 

prostate tumors. Finally, we showed that B7-H3 inhibition combined with blockade of PD-L1 or 

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) achieved durable anti-tumor effects and 

had curative potential in PTEN/TP53-deficient CRPC model. Given that B7-H3 targeted therapies 

have been evaluated in early clinical trials, our studies provide new insights into the potential of 

biomarker-driven combinatorial immunotherapy targeting B7-H3 in prostate cancer, among other 

malignancies.

One-sentence summary:

Immune Checkpoint B7-H3 is a Promising Therapeutic Target in PTEN/p53-deficient Prostate 

Cancer

INTRODUCTION

Prostate cancer is the most diagnosed cancer and the leading cause of cancer death in 

men worldwide. Although nearly all patients respond to androgen deprivation therapy (1), 

the duration of response varies from months to years, followed by progression to castration-

resistant prostate cancer (CRPC), with high rates of metastasis and mortality (2). Genetic 

deletions and mutations in the tumor suppressor genes Phosphatase and tensin homolog 

(PTEN) and Tumor protein p53 (TP53) occur in ~25% of primary prostate tumors and are 

further enriched in > 60% of CRPCs (3–7). They are associated with metastatic disease and 

worse overall outcomes in patients with advanced prostate cancer (3, 5, 6, 8). TP53 and 

PTEN gene defects are two of the three molecular signatures that characterize “aggressive 

variant prostate cancers”, a clinical-biological subset of androgen-indifferent prostate tumors 

(5). Effective therapeutics and combinatorial strategies are urgently needed for patients with 

advanced prostate cancer, particularly those with PTEN and TP53 defects.

Immunotherapy has yielded meaningful responses across many cancers but has shown 

only modest activity in prostate cancer (9). The FDA-approved dendritic cell-based cancer 

vaccine sipuleucel-T has shown modest survival benefits in prostate cancer (10). Immune 

checkpoint inhibitors that target cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 

programmed death 1 (PD-1), and its ligand (PD-L1) display minimal or no activity as single 

agents or in combination with androgen receptor (AR) inhibitors in advanced prostate cancer 

(11–16). Recently, the FDA approved treatment with the PD-1 inhibitor pembrolizumab 

for all solid tumors containing mismatch repair deficiency, high microsatellite instability, 
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or high tumor mutational burden (17–19), opening a new horizon for biomarker-driven 

immunotherapy. There is growing recognition of the importance of identifying the molecular 

subtypes that better respond to certain checkpoint immunotherapies. However, a better 

understanding is needed of the biology of immune checkpoints as well as their interactions 

with oncogenic pathways and molecular features in malignancy.

Immune checkpoint B7-H3, encoded by the CD276 gene, is a member of the B7 family 

of immunoregulators and shares 88% amino acid identity between human and mouse 

homologies (20). Although B7-H3 was initially thought to stimulate T-cell responses 

and suppress tumor growth, the results of more recent studies have indicated that it is 

involved in immunosuppression and cancer progression (21–25). B7-H3 overexpression is 

correlated with increased risks of clinical recurrence, disease spread, and poor outcomes 

in patients with cancer (25–32). Distinct from many cancers expressing B7-H3 in both 

tumor cells and vasculature, prostate cancers express B7-H3 more often in tumor cells than 

in stromal cells (33). However, the roles of B7-H3 in cancer development and the tumor 

immune microenvironment remain unclear, partially because of the lack of tissue-specific 

deletion models. Although prior studies reported androgen receptor (AR) signaling might be 

associated with the B7-H3 expression (26, 34–36), we still have a limited understanding 

of genetic alterations and oncogenic pathways that contribute to B7-H3 dysregulation. 

These gaps in knowledge hinder the application of immunotherapy targeting B7-H3 in 

malignancies.

Several therapeutic approaches to targeting B7-H3 have been tested in preclinical and 

clinical studies (21), including monoclonal antibodies (mAbs), antibody-drug conjugates, 

and chimeric antigen receptor T cells (32, 33, 37–40). Enoblituzumab (MGA271), a mAb 

against B7-H3, is currently under phase I/II clinical investigation for refractory solid tumors, 

including high-risk prostate cancer (NCT02923180, NCT02982941, NCT02381314, and 

NCT02475213). Much remains to be understood with regard to the mechanisms of action 

of B7-H3 inhibitors, the rational combinatorial strategies, and identifying the patient subsets 

that are most likely to benefit from B7-H3 targeted therapy. Such information is critical in 

order to arrive at curative effects.

Here, we sought in vivo genetic evidence for, and the mechanistic understanding of, the role 

of B7-H3 in prostate cancer. We demonstrated that PTEN and TP53 defects induced B7-H3 

overexpression in cancer cells and elucidated the underlying mechanisms. Using syngeneic 

models and genetically engineered mouse models (GEMMs), we uncovered the key roles 

of B7-H3 in promoting tumor progression and immunosuppression in PTEN/p53-deficient 

cancer. Furthermore, we tested the efficacy of the B7-H3 inhibitor in preclinical models 

of CRPC, identified compensatory mechanisms, and developed effective combinatorial 

strategies for advanced prostate cancers that contain PTEN and TP53 defects.

RESULTS

Expression of B7-H3 is elevated in tumors with PTEN and TP53 defects

To identify PTEN- and p53-associated immune checkpoints, we generated a 53-gene list 

that includes 23 inhibitory and 30 stimulatory checkpoint molecules (table S1), followed 
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by correlation analyses with genetic deletions and mutations of PTEN and TP53 in 

human prostate cancer. The results revealed that B7-H3 (CD276) is the most significantly 

overexpressed immune checkpoint in prostate tumors that contain PTEN and TP53 defects 

(P < 0.0001; Fig. 1, A and B, and table S1). In addition, the elevation of B7-H3 was 

observed in PTEN/p53-deficient metastatic prostate cancer and invasive breast cancer (fig. 

S1, A and B).

To determine the expression pattern of B7-H3 in tumors at the single-cell level, we analyzed 

the published single-cell transcriptome dataset from 13 primary and metastatic prostate 

tumor tissues (41). We found that B7-H3 was predominantly expressed in a subset of 

luminal epithelial cells in prostate tumors (fig. S1C). Next, we subset the luminal cells from 

all samples and inferred the copy number alterations (CNAs) from single-cell transcriptome 

using CopyKat (42). Fourteen subclones were identified from the CNA profiling, including 

12 aneuploid subclones and two diploid subclones (fig. S1D). Among the 12 aneuploid 

subclones, three (c2, c3, and c7) highly expressed B7-H3 (Fig. 1, C to E). Compared to 

subclones expressing low B7-H3 mRNA, those B7-H3-high subclones showed significantly 

lower expression of PTEN and TP53 (P < 0.0001; Fig. 1D), suggesting their negative 

correlations in cancer cells at single-cell resolution.

In GEMMs, Pb-Cre-driven Pten loss in the prostate (PbP) triggers non-lethal invasive tumors 

after a long latency, and co-deletion of Pten and Trp53 (PbPP) drives aggressive prostate 

cancer progression (43–45). Compared to normal prostate tissue, prostate-specific Pten 
deletion led to a slight increase in B7-H3 expression, whereas Pten/Trp53 double deletion 

caused significant elevation of B7-H3 in prostate tumors, in both mRNA and protein ( P 
< 0.0001; Fig. 1, E and F). Collectively, these studies in human samples and GEMMs 

uncovered that B7-H3 is overexpressed in tumors containing PTEN and TP53 defects.

Loss of PTEN and TP53 upregulates B7-H3 by activating transcriptional factor Sp1

Next, we determined the impact of PTEN or TP53 loss on B7-H3 expression in human 

prostate cancer cell lines using the Clustered regularly interspaced palindromic repeats 

(CRISPR)/Cas9 system. Knockout of TP53 in LNCaP (PTEN-null; p53-intact) cells induced 

B7-H3 expression and activated CD276 gene transcription (Fig. 2, A and B). PTEN deletion 

led to increased expression and transcription of CD276 in DU145 (p53-mutated; PTEN-

intact) cells (Fig. 2, C and D). Together with the above GEMMs, these results revealed the 

regulatory roles of PTEN and p53 tumor suppressors in B7-H3 expression.

To understand the regulatory mechanism of PTEN and TP53 loss on B7-H3, we searched 

the GeneHancer database and found 27 putative transcriptional regulators (TRs) of B7-H3 

by intersecting different datasets (table S2). To identify PTEN/p53-associated TRs, we 

performed a protein-protein interaction network analysis of PTEN, p53, and 27 TRs using 

the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING). Five TRs, 

including Specificity Protein 1 (SP1), Fos Proto-Oncogene, AP-1 Transcription Factor 

Subunit (FOS), Early Growth Response 2 (EGR2), IKAROS Family Zinc Finger 1 (IKZF1), 

and E1A Binding Protein P300 (EP300), showed associations with both PTEN and p53 

(fig. S2A). When searching the literature, we found that all five TRs are involved in gene 

transcriptional activation, but only transcriptional factor Sp1 is negatively regulated by p53. 
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P53 and Sp1 have negative feedback regulation of one another and play opposite roles when 

co-regulating the expression of target genes (46, 47). In addition, PI3K-AKT signaling was 

also found to activate Sp1 in cancer cells (48). Given the role of PTEN in suppressing AKT 

Serine/Threonine Kinase (AKT), we hypothesize that Sp1 may serve as a transcriptional 

factor of B7-H3 and mediate B7-H3 upregulation induced by PTEN and TP53 defects.

To test this hypothesis, we first performed Chromatin immunoprecipitation (ChIP) assays 

and found that the Sp1 protein bound to the promoter region of the CD276 gene (Fig. 2E). 

Luciferase assays showed that knocking down SP1 suppressed the transcriptional activation 

of the CD276 gene (Fig. 2F). In PTEN/p53-deficient prostate cancer cells, inhibition of Sp1 

using siRNA or inhibitor mithramycin A led to a reduction of B7-H3 mRNA and protein 

(Fig. 2G, and fig. S2, B and C). Conversely, overexpression of SP1 elevated B7-H3 in 

PTEN/p53-deficient cells and rescued the effects of SP1 knockdown (fig. S2D). In human 

prostate tumor samples (29), we found that Sp1 expression is associated with CD276 mRNA 

expression (fig. S2E). These results indicated that B7-H3(CD276) is a direct target of Sp1, 

and its transcription is activated by Sp1.

Next, we treated PTEN-deficient LNCaP cells with AKT inhibitor MK2206 and found that 

AKT inhibition reduced both Sp1 and B7-H3 abundance in a dose-dependent manner and 

suppressed CD276 gene transcription (Fig. 2H and fig. S2F). In addition, we found that 

p53 depletion augmented the expression of Sp1 and B7-H3 (Fig. 2I), and inhibition of 

Sp1 impaired the upregulation of B7-H3 induced by TP53 loss (fig. S2G). Furthermore, 

we found that overexpression of Sp1 failed to upregulate B7-H3 in cancer cells with intact 

PTEN or p53 (fig. S2H), suggesting the regulatory role of Sp1 on B7-H3 expression requires 

the inactivation of both PTEN and p53 tumor suppressors. Altogether, these mechanistic 

studies demonstrated that PTEN-AKT and p53 pathways suppress the expression of B7-H3, 

whereas genetic inactivation of PTEN and TP53 genes causes B7-H3 overexpression by 

activating its transcriptional factor Sp1 (Fig. 2J).

B7-H3 promotes PTEN/p53-deficient tumors and immunosuppression

To determine the impact of B7-H3 on PTEN/p53-deficient tumors, we performed sgRNA-

mediated CRISPR and knocked out Cd276 in the syngeneic prostate cancer cell line DX1 

(Fig. 3A), which was derived from the PB-Cre; PtenL/L; Trp53L/L; Smad4L/L (PbPPS) 

GEMM (49). B7-H3 depletion suppressed the growth of PTEN/p53-deficient tumors in 

immunocompetent C57BL/6 mice (Fig. 3B, and fig. S3A); in contrast, it had little impact on 

tumor growth in immunodeficient NSG mice (Fig. 3C, and fig. S3B). These results indicated 

that B7-H3 plays a tumor-promoting role in PTEN/p53-deficient tumors, and the effects are 

largely dependent on immune cells in the tumor microenvironment (TME).

To capture the impact of B7-H3 on immune components in tumors with PTEN and TP53 
defects, we performed mass cytometry (CyTOF) in control and B7-H3-depleted syngeneic 

tumors in C57BL/6 mice. Briefly, a 28-marker panel (table S3) was used to label tumor-

infiltrating immune cells, including CD4+ T cells, CD8+ T cells, regulatory T (Treg) cells, 

B cells, dendritic cells (DCs), natural killer (NK) cells, tumor-associated macrophages 

(TAMs), and myeloid-derived suppressor cells (MDSCs). In immunocompetent mice, 

depletion of B7-H3 in syngeneic cancer cells caused an increase in tumor-infiltrating T 
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cells and NK cells, and meanwhile reduced the abundance of immunosuppressive MDSCs 

(Fig. 3, D, E, and F). To determine B7-H3’s impact on cytokine activities of lymphocytes, 

we designed a T cell-focused panel (table S3) and performed CyTOF analyses in control 

and B7-H3-depleted syngeneic tumors. As shown in fig. S3, C and D, B7-H3 depletion 

in PTEN/p53-deficient cancer cells enhanced the cytotoxic activities of CD8+ T and NK 

cells, characterized by increased Granzyme B, Interferon γ (IFNγ), and Interleukin 2 (IL2) 

production. In addition, both Th1-type, IFNγ and IL2, and Th2-type, IL4, cytokines were 

increased in CD4+ T cells upon B7-H3 depletion (fig. S3D). We also found an increase in 

Granzyme B-producing CD4+ T cells in B7-H3 depleted tumors (fig. S3D), suggesting that 

the CD4+ cytotoxic T cells may also contribute to killing cancer cells.

Furthermore, we performed multiplex immunohistochemistry (IHC) staining to visualize 

the spatial arrangement and cytokine activities of T cells. Consistent with our previous 

observations, B7-H3 depletion promoted the infiltration of CD8+ T and CD4+ T 

cells in syngeneic tumors and augmented their cytokine production (fig. S3, E to G). 

Collectively, these results indicated that elevated B7-H3 contributes to tumor growth and the 

immunosuppression of T cells and NK cells in PTEN/p53-deficient tumors.

Prostate-specific Cd276 deletion GEMM revealed B7-H3’s impact on cancer progression

Conventional Cd276 knockout (Cd276-null) GEMM mice have been reported in multiple 

studies (25, 33, 50). In 2017, Seaman et al. reported the first Cd276 conditional knockout 

(Cd276Loxp) mouse model (33). To further determine B7-H3’s impact on the development 

and progression of spontaneous tumors containing PTEN and TP53 defects, we crossed the 

Cd276Loxp allele onto the PbPP mice (fig. S4A) and generated the first prostate-specific 

Cd276 deletion prostate cancer GEMM. This new model contains the PB-Cre transgene, 

mTmG reporter, and conditional knockout alleles of Pten, Trp53, and Cd276 (PbPPCd276) 

(Fig. 4A). Compared to PbPP mice, PbPPCd276 mice showed significantly delayed prostate 

tumor development (P < 0.01; Fig. 4B and fig. S4B) and prolonged overall survival (P 

< 0.001; Fig. 4C). Histopathology analyses showed that prostate-specific Cd276 deletion 

suppressed the progression of PTEN/p53-deficient tumors (Fig. 4D). This newly established 

GEMM of PbPPCd276 provides genetic evidence supporting B7-H3’s tumor-promoting role 

in PTEN/p53-deficient prostate cancer.

Next, we characterized lymphocytes in prostate tumors from PbPP and PbPPCd276 mice 

using multiplex IHC staining. The results revealed that prostate-specific B7-H3 depletion led 

to increased infiltration of CD8+ T and CD4+ T cells in PTEN/p53-deficient spontaneous 

tumors and promoted their cytokine production, including Granzyme B and IFNγ (Fig. 4, 

E and F, and fig. S4C). In addition, we also found an increase in NK cells in prostate 

tumors from PbPPCd276 mice (Fig. 4G, and fig. S4D). Together with the immunoprofiling 

in syngeneic mouse models, these results established the biological function of B7-H3 in 

the suppression of tumor-killing T cells and NK cells, as well as revealed the mechanism 

by which B7-H3 elevation induced by PTEN and p53 inactivation contributes to cancer 

development and progression. These functional studies using syngeneic and GEMMs also 

established B7-H3 as a potential immunotherapeutic target in cancers containing PTEN and 

TP53 deficiencies.
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Effects of B7-H3 inhibitor in preclinical models of PTEN/p53-deficient CRPC

Given that B7-H3-targeted therapies have been tested in clinical trials (32, 33, 37–40), we 

next sought to evaluate the anti-tumor effects of B7-H3 inhibition in preclinical models of 

CRPC with PTEN and TP53 defects. We previously reported that PbPPS GEMM mice, 

containing prostate-specific co-deletion of Pten, Trp53, and Smad4, developed castration-

resistant prostate tumors after androgen deprivation therapy and showed resistance to 

checkpoint immunotherapy targeting PD-1 or CTLA-4 (49, 51, 52). Considering B7-H3 was 

found to be associated with TGFβ signaling wherein SMAD4 serves as a core component 

(26, 36, 53), we first determined the impact of SMAD4 on B7-H3 expression in prostate 

tumors. When comparing the prostate cancer GEMMs with or without Smad4 deletion, we 

found that SMAD4 did not affect B7-H3 expression (fig. S5A). This result indicated that 

high expression of B7-H3 in PbPPS tumors is induced by loss of PTEN and p53, but not 

SMAD4.

Next, we tested the in vivo efficacy of a B7-H3 inhibitor (MJ18 mAb against mouse B7-H3 

(54)) in the CRPC preclinical model derived from PbPPS GEMM mice. After prostate 

tumor formation confirmed by Magnetic Resonance Imaging (MRI) imaging and tumor 

volume reached approximately 150mm3, PbPPS GEMM mice were treated with surgical 

castration and an enzalutamide (AR inhibitor)-admixed diet for three weeks (Fig. 5A). Once 

relapse of CRPC tumors was confirmed by MRI, the mice were randomly assigned for 

single or combination treatment of enzalutamide and B7-H3 inhibition (Fig. 5A). Compared 

to enzalutamide alone, the combination of enzalutamide and B7-H3 inhibitor suppressed 

the progression of CRPC tumors (Fig. 5, B to D), suggesting the therapeutic potential of 

targeting B7-H3 in PTEN/p53-deficient CRPC.

To capture the impact of B7-H3 inhibition on CRPC tumor immune landscape at the 

single-cell level, we performed CyTOF in DX1-derived syngeneic CRPC tumors treated 

with enzalutamide or in combination with MJ18. DX1 syngeneic cells were derived from 

the PbPPS model and showed resistance to enzalutamide in vivo, phenocopying the PbPPS 

CRPC model (49). The immunoprofiling results showed that pharmacological inhibition of 

B7-H3 augmented the infiltration of T cells and NK cells in CRPC tumors (Fig. 5, E and 

F); however, those CD8+ T cells highly expressed the inhibitory molecules Programmed 

death-ligand 1 (PD-L1), Lymphocyte-activation gene 3 (LAG-3), and T-cell immunoglobulin 

and mucin domain 3 (TIM-3) (Fig. 5, E and F, and fig. S5B). Similar effects were observed 

in CRPC GEMMs upon B7-H3 inhibition (fig. S5C). Compared to enzalutamide alone, 

the combination of enzalutamide and B7-H3 inhibition also increased PD-L1 expression in 

diverse myeloid cells, such as TAMs and DCs (Fig. 5, E and G, and fig. S5D). Although PD-

L1 in cancer cells was also upregulated, the expression was much lower than that in TAMs 

and DCs (Fig. 5G), suggesting myeloid components play a dominant role in stimulating 

PD-L1/PD-1 signaling in CRPC tumors treated with a B7-H3 inhibitor. In addition, negative 

correlations of B7-H3 with PD-1 or PD-L1 expression were found in human prostate cancer 

samples (fig. S5E). These results indicated that B7-H3 inhibitor treatment led to an increase 

in tumor-infiltrating T and NK cells but also induced the immunoinhibitory pathway of 

PD-L1/PD-1 in the TME, which may dampen its anti-tumor effects in CRPC tumors.
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In addition, we found that B7-H3 inhibition caused an increase in Treg in both syngeneic 

and GEMMs (Fig. 5F and fig. S5F), which restricted the ratio of CD8+ T cells to Tregs 

in CRPC tumors (fig. S5G). However, we didn’t find the percentage of Tregs in CD4+ T 

cells upregulated upon B7-H3 inhibition (fig. S5H), suggesting that Treg enrichment may be 

a consequence of overall T cell infiltration increase. Collectively, these preclinical studies 

demonstrated that pharmacological inhibition of B7-H3 suppresses tumor progression and 

augments T cells infiltration in PTEN/p53-deficient CRPC, but the therapeutic efficacy may 

be hindered by the upregulated PD-L1/PD-1 signaling and increased Treg in the TME.

B7-H3 inhibition combined with PD-L1 or CTLA-4 blockade achieves durable anti-tumor 
effects in PTEN/p53-deficient CRPC model

Based on the immunoprofiling studies, we hypothesized that inhibitors targeting PD-L1/

PD-1 signaling or Treg could augment the anti-tumor effects of B7-H3 inhibition and 

reverse the compensatory immunosuppression in PTEN/p53-deficient CRPC. CTLA-4 is an 

inhibitory immune checkpoint receptor that plays a vital role in modulating T-cell responses 

(55, 56). Tregs constitutively express high amounts of CTLA-4, and CTLA-4 blockade 

impaired the suppressive activity of Tregs in several preclinical models (57–60). Hence, we 

determined the therapeutic effects of B7-H3 inhibition combined with antibodies against 

PD-1, PD-L1, or CTLA-4 in the syngeneic CRPC model (fig. S6A). Briefly, 1 × 106 DX1 

cells were subcutaneously injected into male C57BL/6 mice. One week after injection, 

tumors formed and were measured by calipers. Then, mice were treated with enzalutamide-

admixed diet food and randomly assigned to different checkpoint inhibitor treatment groups. 

Anti-mouse B7-H3 (MJ18 mAb, 300 μg/injection), anti-mouse PD-1 (200 μg/injection), 

anti-mouse PD-L1 (200 μg/injection), and anti-mouse CTLA-4 (200 μg/injection) were 

intraperitoneally (i.p.) administered alone or in combination every three days for six times in 

total. Isotype IgG was also used in control group (fig. S6A).

As shown in Fig. 6, A and B, inhibitors targeting B7-H3 or PD-L1 alone only showed 

modest effects, but dual blockade of B7-H3/PD-L1 rendered the CRPC tumors more 

sensitive to enzalutamide, prolonged the overall survival of mice (P < 0.0001), and 

cured 69.2% (9/13) of mice. The best therapeutic effects were found in mice treated 

with enzalutamide combined with dual blockade of B7-H3/CTLA-4 (Fig. 6, A and B). 

The combination delayed the tumor growth, significantly prolonged the survival (P < 

0.0001), and caused 76.5% (13/17) of mice to be tumor-free. Both combinatorial strategies 

successfully protected the mice against secondary tumor rechallenge (Fig. 6, A and B), and 

no visible toxicity was observed (fig. S6B). In contrast, the combination of B7-H3 inhibition 

with PD-1 blockade only cured four in 13 mice (30.8%) and didn’t show a benefit on mice 

survival compared to PD-1 blockade control.

Furthermore, we performed multiplex IHC staining to compare the effects of different 

combinations on tumor-infiltrating T cells. The results showed that, when combined with 

enzalutamide, CTLA-4 or B7-H3 inhibitor led to a significant increase of CD8+ T cells 

(P < 0.0001), whereas PD-1 or PD-L1 blockade only showed little or modest effects (Fig. 

6C). In contrast, the combinations of B7-H3 inhibitors with PD-1 (P < 0.001), PD-L1 (P < 

0.0001), or CTLA-4 (P < 0.0001) blockade significantly promoted the infiltration of CD8+ T 

Shi et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2023 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells in CRPC tumors, compared to enzalutamide alone (Fig. 6C). Antibodies against PD-1, 

PD-L1, or CTLA-4 effectively reversed the exhaustion of CD8+ T cells induced by B7-H3 

inhibitor (Fig. 6D and fig. S6C). CTLA-4 blockade successfully reduced the abundance 

of Tregs in the presence of a B7-H3 inhibitor (fig. S6D). We found that the combination 

of B7-H3 inhibition and PD-1 blockade caused an increase of Tregs in CRPC tumors, 

which may explain why B7-H3/PD-1 dual blockade had less durable anti-tumor responses 

than co-targeting B7-H3 and PD-L1. Altogether, these preclinical studies demonstrated 

that B7-H3 inhibition combined with the blockade of PD-L1 or CTLA-4 have durable 

anti-tumor effects and resulted in suppression of PTEN/p53-deficient CRPC by reversing the 

immunosuppression.

DISCUSSION

Although both B7-H3 and PD-L1, also called B7-H1, belong to B7 families, much less is 

known about the biology of B7-H3 signaling in cancer. A prior study crossed a conventional 

global Cd276 knockout strain (Cd276−/−) onto the TRAMP (transgenic adenocarcinoma of 

the mouse prostate) model and reported increased prostate tumor growth in the absence 

of B7-H3 (61). Although the authors performed a bone marrow transplant and showed the 

phenotype was not due to B7-H3 defect in bone marrow-derived immune cells, the global 

depletion of B7-H3 still hindered a direct assessment of B7-H3’s roles in prostate cancer 

development and the TME. Here, we report the first prostate-specific Cd276 GEMM and 

provide in vivo genetic evidence supporting the tumor-promoting and immunosuppressing 

roles of B7-H3 in prostate cancer, especially in the context of PTEN and TP53 defects. 

These studies advance our understanding of B7-H3 biology and lay an important foundation 

for targeting B7-H3 signaling in advanced prostate cancer.

B7-H3 has emerged as a promising therapeutic target, and multiple agents targeting B7-H3 

are in development. However, much remains to be determined regarding biomarkers for 

predicting the responses to B7-H3 inhibitors and combinatorial strategies to elicit a cure in 

patients with cancer. Genetic defects of PTEN and TP53 are common in cancers and are 

correlated with disease progression and worse prognosis (3, 5, 6). Due to the nature of tumor 

suppressors, there are limited treatment options for targeting PTEN and TP53 defects. In 

the current study, we uncovered that PTEN and TP53 defects are associated with B7-H3 

overexpression in human diseases, as well as elucidated the mechanism by which PTEN-

AKT and p53 pathways are involved in the transcriptional regulation of B7-H3 (fig. S6C). 

Using approaches of genetic deletion and pharmacological inhibition, we demonstrated that 

B7-H3 is a promising therapeutic target in PTEN/p53-deficient tumors. Given that genetic 

testing of PTEN and TP53 has been used for the clinical management of prostate cancer and 

other cancer types, our studies provide new insights for using them as predictive markers to 

improve patient selection for clinical trials using B7-H3 targeted agents.

In this study, we also determined the efficacy of mAb against B7-H3 in preclinical 

models of CRPC and its effects on the tumor immune microenvironment. Like Cd276 
genetic deletion, inhibition of B7-H3 using mAb increased the abundance of T cells 

and NK cells in CRPC tumors; however, it also caused compensatory immunoinhibitory 

effects, including upregulation of PD-L1 expression in myeloid cells and increased Treg 
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infiltration into tumors (fig. S6E). This observation prompted us to combine B7-H3 

inhibition with PD-L1 or CTLA4 blockade, and both combinatorial strategies showed 

curative potential in PTEN/p53-deficient CRPC preclinical models. Enoblituzumab (a mAb 

against B7-H3) in combination with ipilimumab (a CTLA-4 inhibitor) has recently entered 

clinical investigation in melanoma and non-small cell lung cancer (NCT02381314). Our 

studies offer new mechanistic insights into this rational combination and provide preclinical 

evidence supporting its potential therapeutic effects in patients with PTEN/p53-deficient 

CRPC. Enoblituzumab has undergone early clinical tests with PD-1 inhibitors in refractory 

cancers (NCT02475213, NCT04129320, and NCT04634825) (62). However, only modest 

synergistic effects were observed when combining B7-H3 inhibitor with PD-1 blockade in 

our CRPC preclinical models. In contrast, the combination of mAbs against PD-L1 and B7-

H3 showed more profound tumor-suppressing effects in PTEN/p53-deficient CRPC. Further 

clinical studies are urgently needed to determine the therapeutic potential of B7-H3/PD-L1 

dual blockade in patients with CRPC.

AR signaling plays a vital role in the development and progression of prostate cancer 

and is a crucial target for therapeutic interventions (2). AR inhibitors enzalutamide and 

apalutamide have been approved by FDA and are now in widespread clinical use. Our 

studies uncover the therapeutic potential of co-targeting AR and B7-H3 in PTEN/p53-

deficient prostate cancer, particularly in combination with PD-L1 or CTLA-4 blockade. 

Recent studies found that AR signaling in immune cells also contributes to T cell 

suppression (63, 64), and AR inhibition promotes response to targeted therapy in melanoma 

and other diseases (65). Our studies in prostate cancer may provide new insights into the 

biomarkers and combinatorial strategies co-targeting B7-H3 and AR signaling in other 

cancer types. In addition to mAbs, the combinatorial strategies tested in our studies might 

also be applied to other B7-H3-targeting agents, such as antibody-drug conjugates or small-

molecule inhibitors.

There are some limitations in our study. Our mechanistic and preclinical studies support 

that B7-H3 is a therapeutic target in PTEN/p53-deficient cancers. It is worthwhile to 

investigate the clinical relevance between the genetic status of PTEN and TP53 genes 

and the responsiveness to B7-H3 inhibitors in patients with advanced prostate cancer or 

other malignancies. The combinatorial strategies in our studies were largely based on the 

combination treatment with enzalutamide. The efficacies of dual blockade of B7-H3/PD-L1 

or B7-H3/CTLA4, in the absence of an AR inhibitor, have yet to be tested in our preclinical 

models. Given the importance of AR signaling in prostate cancer, efforts have been made 

to study the associations between B7-H3 and AR (26, 34–36). The potential regulatory role 

of AR signaling on B7-H3 and whether B7-H3 mediated immunosuppression contributes to 

castration resistance have yet to be investigated. In addition to cytotoxic T and NK cells, we 

also found that B7-H3 is involved in modulating immunosuppressive Treg and myeloid cells 

in the TME. However, the underlying molecular mechanisms remain elusive. Future studies 

involving transcriptional profiling at single-cell resolution, signaling pathway identification, 

and clinical relevance assessment are required to answer these questions and advance our 

knowledge of B7-H3 biology.
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In conclusion, we show here that B7-H3 was overexpressed in PTEN/p53-deficient tumors 

and demonstrated that PTEN-AKT signaling and the p53 pathway negatively regulate B7-

H3 expression by suppressing transcriptional factor Sp1. By establishing a new prostate-

specific Cd276 deletion GEMM, we provided in vivo genetic evidence for B7-H3’s role 

in promoting tumor progression and immunosuppression in PTEN/p53-deficient cancer. 

Moreover, our preclinical studies revealed that inhibition of B7-H3 using mAb suppressed 

the progression of CRPC tumors, but its therapeutic efficacy was dampened by elevated 

PD-L1 expression in myeloid cells and enriched Tregs in the TME. Finally, we show 

that B7-H3 inhibition combined with PD-L1 or CTLA-4 blockade has druable effects 

and curative potential in CRPC containing PTEN and TP53 deficiencies. Collectively, our 

findings demonstrate that immune checkpoint B7-H3 is a potential immunotherapy target 

in advanced prostate cancers that harbor PTEN and TP53 defects. Our studies advance 

our knowledge of B7-H3 biology, facilitate the development of biomarker-driven therapies 

targeting B7-H3 signaling, and inform rational biology-based combinations with curative 

intent for patients with CRPC and other malignancies.

MATERIALS AND METHODS

Study Design

The main objectives of this study were to determine the role of B7-H3 in cancer 

progression and immunosuppression, understand the impact of oncogenic signaling on 

B7-H3 expression, and evaluate the therapeutic potential of B7-H3 inhibition and 

combinations in CRPC. To this end, we analyzed tumor samples from patients with 

prostate cancers, performed in vitro assays (Western blot, quantitative real-time PCR, 

chromatin immunoprecipitation, and dual-luciferase reporter assay, multiplex IHC staining, 

IF, CyTOF), and in vivo experiments using syngeneic and GEMMs. For in vitro cell assays, 

data were collected from at least three independent cultures, as indicated in the figure 

legends. In vivo experiments were performed in biological replicates as indicated by n 

values in the figure legends. Due to the nature of prostate cancer, only male mice were 

used for in vivo experiments. Sample sizes were determined on the basis of previous 

experience for each experiment. Mice were randomly assigned to experimental groups 

whenever possible. No mice, outliers, or other data points were excluded. Tumor progression 

was evaluated by tumor size and survival rate. Tumor-bearing mice were euthanized when 

the tumor volumes reached approximately 2000 mm3. All experiments were performed and 

analyzed blinded to the genotype, group, and treatment. Statistical analysis was performed 

under the guidance of an expert in statistics and described in the main text and figure 

legends.

Experimental GEMMs

PB-Cre; PtenL/L (PbP), PB-Cre; PtenL/L; Trp53L/L (PbPP), and PB-Cre; PtenL/L; Trp53L/L; 
Smad4L/L (PbPPS) mice were established by the DePinho laboratory at The University of 

Texas MD Anderson Cancer Center (Houston, TX), as reported in previous studies (51, 52). 

Briefly, Cd276L/L mice were gifts from Dr. B.St. Croix at the National Cancer Institute 

(Frederick, MD). The knockout vector was designed to remove exon 2 containing the start 

codon and signal peptide in the presence of Cre (33). The prostate-specific Cd276 deletion 
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model of PB-Cre; PtenL/L; Trp53L/L; Cd276L/L (PbPPCd276) mice were generated in this 

study by crossing the Cd276L/L allele onto the PbPP model. Prostate tumor development in 

PbPP and PbPPCd276 male mice was monitored by Bruker 7T MRI (Bruker Biospin MRI) 

monthly at the MD Anderson Small Animal Imaging Facility. Tumor volume was calculated 

using ImageJ (Fiji) software (version 2.1.0/1.53c, National Institutes of Health). Mice 

survival was determined by Kaplan-Meier analysis. Mice from each cohort were sacrificed 

at 5 months of age for tumor collection and histopathology analysis. All the GEMM mice in 

this study were genotyped regularly. Only male mice were used due to the prostate cancer 

study. All mice were interbred and maintained at MD Anderson, monitored for signs of 

ill health every day, and euthanized and necropsied when moribund. All operations were 

performed according to the protocol after being reviewed and approved by MD Anderson’s 

Institutional Animal Care and Use Committee (protocol #00001955).

Tumor implantation and treatment in syngeneic models

The syngeneic prostate cancer cell line DX1 was generated from the PB-Cre; PtenL/L; 
Trp53L/L; Smad4L/L; mTmG (PbPPS) GEMM, as reported in our prior study (49). Briefly, 

the prostate tumors of PbPPS mice were isolated and dissociated into single-cell suspension, 

followed by sorting of GFP-positive cancer cells and cultured in DMEM medium (Corning, 

10-013-CV) with 10% FBS (Thermo Scientific, 10082147) and 1% penicillin-streptomycin 

(Thermo Scientific, 15140163). Every 10 passages, genetic co-deletions of Pten, Trp53 and 

Smad4 in DX1 cells were determined by genotyping and western blot. Monthly mycoplasma 

tests were performed using the MycoAlert PLUS detection kit (Lonza, LT07-710). To 

determine the impact of B7-H3 on tumor growth in immunocompetent and immunodeficient 

mice, 1 × 106 DX1 cells, with or without Cd276 knockout, were subcutaneously injected 

into one flank of five-week-old male C57BL/6 mice or two flanks of six-week-old male 

NSG mice. Tumor size was measured every three days using calipers. Tumor volume 

was calculated (width × width × length/2). At the endpoint, tumors were collected for 

histopathologic analyses. C57BL/6 and NSG mice were purchased from Taconic or the 

Experimental Radiation Oncology animal facility at MD Anderson.

For the CRPC syngeneic model and combination treatment, 1 × 106 DX1 cells were 

subcutaneously injected into one flank of male C57BL/6 mice. One week later, tumor 

volumes were measured by calipers, and mice were treated with enzalutamide-admixed 

diet food (MedKOO Biosciences, 201821) and then randomly assigned to checkpoint 

inhibitor treatment. Anti-mouse B7-H3 (300 μg/injection, Bio X Cell, BE0124), anti-mouse 

PD-1 (200 μg/injection, Bio X Cell, BE0273), anti-mouse PD-L1 (200 μg/injection, Bio 

X Cell, BE0101), and anti-mouse CTLA-4 (200 μg/injection, Bio X Cell, BE0131) were 

i.p. administered alone or in combination every three days for six times in total. Isotype 

IgG control (Bio X Cell, BE0089 and BE0088) was also used. The detailed information on 

antibodies used throughout the study is listed in table S4. The body weights of the mice 

were measured weekly. Tumor growth was measured every three days using calipers. Tumor 

volume was calculated (width × width × length/2). For secondary tumor rechallenge, DX1 

(1 × 106) cells were subcutaneously injected into another flank of cured mice on day 60 

after treatment. Mice were monitored for 102 days, and mice survival was determined by 
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Kaplan-Meier analysis. At the endpoint, tumors were collected for histopathologic analyses 

or immunoprofiling using CyTOF or Flow.

PbPPS CRPC model and treatment

As described in our prior studies (49, 51, 52), tumor development of PbPPS male mice was 

monitored by 7T-MRI, as described above. PbPPS mice at 10 weeks old were surgically 

castrated, followed by treatment with the enzalutamide-admixed diet for three weeks. 

Tumor relapse was monitored by 7T-MRI. The mice were then randomized and treated 

with enzalutamide, alone or in combination with IgG control or anti-B7-H3 antibody 

(300 μg/injection) every three days. After four-week treatments, CRPC tumor volume was 

determined by 7T-MRI. Tumors were collected for histopathologic analyses.

Cell lines

22RV1 and LNCaP cells were cultured in RMPI-1640 medium (Corning, 10-040-CV) 

with 10% FBS (Thermo Scientific, 10082147) and 1% penicillin-streptomycin (Thermo 

Scientific, 15140163). DU145 was cultured in EMEM medium (ATCC, 30-2003) with 10% 

FBS (Thermo Scientific, 10082147) and 1% penicillin-streptomycin (Thermo Scientific, 

15140163). HEK293T and DX1 cells were cultured in DMEM medium (Corning, 10-013-

CV) with 10% FBS (Thermo Scientific, 10082147) and 1% penicillin-streptomycin (Thermo 

Scientific, 15140163). All cells were maintained at 37 °C in 5% CO2. All cell lines were 

confirmed by MD Anderson’s Cytogenetic and Cell Authentication Core and were negative 

for mycoplasma using the MycoAlert PLUS detection kit (Lonza, LT07-710), according to 

the manufacturer’s instructions.

Immune checkpoint expression pattern analyses

Transcriptional profiling, copy number alteration, and mutation datasets from the TCGA 

prostate cancer study (7) were downloaded from cbioportal (www.cbioportal.org). Tumor 

samples containing deep deletion or mutations of PTEN were grouped as “PTEN defects”, 

and the remaining samples were grouped as “PTEN unaltered”. The mRNA expression of 

53 immune checkpoint genes in two groups was compared using the unpaired Student’s 

t-test (table S1). The statistical analysis was performed using GraphPad Prism version 9.2.0. 

The same method was used to analyze TP53- associated immune checkpoints. Expression 

of immune checkpoints in prostate tumors containing PTEN or TP53 defects was calculated 

(Log2[RNA Seq V2 RSEM+1]) (table S1). The bubble plot was generated using GraphPad 

Prism version 9.2.0.

To assess the expression pattern of CD276 in prostate and breast cancers, transcriptional 

profiling, copy number alteration, and mutation datasets of prostate cancer TCGA (7), 

metastatic prostate cancer SU2C/PCF (8), and invasive breast cancer TCGA (66) studies 

were downloaded from cbioportal (www.cbioportal.org). Tumor samples containing deep 

deletion or mutations of PTEN were grouped as “PTEN defects”, and those containing 

deep deletion or mutations of TP53 were grouped as “TP53 defects”; the remaining 

samples were grouped as “unaltered”. mRNA expression of CD276 in the above groups 

was compared using the unpaired Student’s t-test. The statistical analysis was performed 

using GraphPad Prism version 9.2.0. Pearson correlation analyses between CD276 and SP1 
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mRNA expression in prostate cancer (Brady dataset) (29) were performed using GraphPad 

Prism version 9.2.0. Pearson correlations of B7-H3 with PD-1 or PD-L1 in protein (Brady 

dataset) were analyzed using GraphPad Prism version 9.2.0.

Single-cell transcriptome analyses

The single-cell RNA-seq data was obtained from GSE141445 (41). The cells were clustered 

and annotated using Seurat 4.1.0 (67) in R 4.1.2. The gene expression data was normalized 

following “LogNormalize” method with “scale.factor = 10000”. The top 2000 most variable 

expressed genes are used for the subsequent linear dimensional reduction and cell clustering. 

Cell type is annotated by using the identified markers (41). Copy number alterations is 

inferred by CopyKat (42) with parameters: “ngene.chr”=5, “win.size”=25, “KS.cut”=0.1. 

22,495 luminal cells were subset from the whole dataset to identify aneuploid cells and 

investigate gene expression of CD276, PTEN, and TP53. The published workflow (68) is 

used to identify the subclones from the CopyKat inferred segmentation data. In brief, the 

inferred copy number segmentation data was embedded in two dimensions using UMAP 

with R package ‘uwot’ (v.0.1.8) with following parameters: min dist = 0, n_neighbours = 

35, seed = 55. The subclones were clustered and identified with hdbscan algorithm (dbscan 

v1.1-5). The hdbscan assigned outlier cells are inferred to the closest non-outlier cluster 

according to Euclidean distance. To compare the expression of CD276, PTEN, and TP53 
between CD276-high and CD276-low clusters, the luminal cells with at least one of the 

three genes (CD276, PTEN, TP53) showing expression > 0 were subset. The differential 

expression analysis is performed by Seurat “FindMarkers” function with Wilcoxon rank sum 

test.

Immunohistochemistry (IHC) and Immunofluorescence (IF)

Mouse tissues were paraffin-embedded. H&E staining of mouse tissue was performed. 

Antigen retrieval was performed with citrate-based antigen unmasking solution (Vector 

Laboratories, H-3300-250) at 95 °C for 20 min and cooled down to room temperature. 

Sections were blocked with 10% normal donkey serum ([NDS], Sigma-Aldrich, 

566460-5ML) for 1 hour. For immunohistochemistry, primary antibodies (table S4) were 

prepared in 10% NDS and incubated with slides at 4 °C overnight. Sections were 

immersed in 3% H2O2 solution for 30 min and incubated with secondary antibodies (5 

µg/ml) for 1 hour. Horseradish peroxidase streptavidin (Vector Laboratories, SA-5004-1) 

was diluted at a ratio of 1:200 with 10% NDS and stained for 1 hour. Colorimetric 

signals were developed with DAB (Vector Laboratories, SK-4100), and the nuclei were 

stained with hematoxylin (Fisher Scientific, 1.05174.2500). The slides were scanned by 

Aperio CS2 Scanscope (Leica). For immunofluorescence staining, primary antibodies (table 

S4) were prepared in antibody dilution buffer (1% BSA [Fisher Scientific, BP9703100] 

in DPBS [Corning, 21-030-CV]) supplemented with 0.3% TritonX-100 (Sigma-Aldrich, 

X100-500ML), followed by incubation with slides at 4 °C overnight. Secondary antibodies 

(1:200) in antibody dilution buffer were incubated with slides for 1 hour. Slides were stained 

with DAPI (0.5 µg/mL, Sigma-Aldrich, D9542-1MG) for 10 min, followed by scanning by 

Vectra Polaris (Akoya Biosciences). IF was performed in 3–5 tumors per cohort or group 

throughout the study. At least five views (20× magnification) per tumor were captured in a 

blinded manner using Phenochart 1.1.0.. Quantification plots represent the mean ± standard 

Shi et al. Page 14

Sci Transl Med. Author manuscript; available in PMC 2023 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deviation of >10 individual views. Statistical analyses were performed using GraphPad 

Prism version 9.2.0.

Multiplex IHC

Multiplex IHC staining was performed with Opal Polaris 7 Color Manual IHC Detection Kit 

(Akoya Biosciences, NEL861001KT) as per manufacturer’s instruction. Paraffin-embedded 

mouse tissues were dewaxed, rehydrated, fixed in 10% neutral buffered formalin for 20 

min, and then immersed in antigen retrieving buffer and treated in the microwave oven to 

retrieve antigens. After antigen retrieving, the cooled slides were blocked by blocking buffer 

for 10 min at room temperature and incubated with primary antibody (table S4) overnight 

at 4 °C. To introduce Opal polymer HRP, slides were incubated in Opal polymer HRP 

Ms+Rb for 10 min at room temperature. For goat- or rat-derived primary antibodies, Goat-

on-Rodent HRP-Polymer (Biocare Medical, GHP516H) or Rat-on-Mouse HRP-Polymer 

(Biocare Medical, RT517H) kits were utilized to obtain HRP. To generate Opal signals, 

Opal Working Solutions were dropped onto the tissues, and slides were incubated for 10 

min at room temperature. Once all the staining cycles were completed, slides were stained 

with DAPI working solution (supplied by the kit), followed by scanning by Vectra Polaris 

(Akoya Biosciences). Multiplex IHC were performed in 3–5 tumors per cohort or group 

throughout the study, except for Fig. 6, C and D and fig. S6, C and D (two tumors per 

treatment group were used). At least five views (20× magnification) per tumor were captured 

in a blinded manner using Phenochart 1.1.0.. In each quantification plot, data represent the 

mean ± standard deviation of >10 individual views. Statistical analyses were performed 

using GraphPad Prism version 9.2.0.

Western blot analysis

Cell pellets were lysed in 1x Laemmli sample buffer (Bio-Rad Laboratories, 1610747), 

premixed with 2-mercaptoethanol (Bio-Rad Laboratories, 1610710), at 99 °C for 15 min. 

Proteins were separated with 4%−15% Mini-PROTEAN TGX Precast Protein Gels (Bio-

Rad, 4561086) and transferred to the nitrocellulose membrane using the Trans-Blot Turbo 

RTA Mini 0.2-µm nitrocellulose transfer kit (Bio-Rad Laboratories, 1704270), and incubated 

with primary antibodies (table S4) overnight at 4 °C. HRP-conjugated secondary antibodies 

were incubated with membranes for 1 hour. Colorimetric and chemiluminescence signals 

were developed by Western ECL substrates (Bio-Rad Laboratories, 1705060) and captured 

using the ChemiDoc Imaging System (Bio-Rad Laboratories). The uncropped raw data 

images were shown in Data File S2.

Quantitative real-time PCR

Total RNAs were extracted from cell samples with the RNeasy Mini Kit (Qiagen, 

Inc., 74106) and cDNA was synthesized through reverse-transcriptional reaction 

with a High-Capacity cDNA Reverse Transcription Kit (Life Technologies, 4368813) 

according to the standard manufacturer’s protocol. Quantitative real-time PCR (qPCR) 

was applied by QS3 Real-Time PCR Instruments (Thermo Fisher Scientific) using 

PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, A25778), according to 

the manufacturer’s instructions. Gene relative expression was quantitatively determined 

using the specific primers (hCD276-F: 5’-AGCACTGTGGTTCTGCCTCACA-3’, 
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hCD276-R: 5’-CACCAGCTGTTTGGTATCTGTCAG-3’, mCd276-F: 5’-

ATGCTTCGAGGATGGGGTG-3’, mCd276-R: 5’-CCAGGCTCTGGGGAAAAGG-3’, 

hSP1-F: 5’-TGGCAGCAGTACCAATGGC-3’, and hSP1-R: 5’- 

CCAGGTAGTCCTGTCAGAACTT-3’). The relative mRNA expression of genes was 

normalized to that of ACTB. All of the data were analyzed by GraphPad Prism version 

9.2.0.

Chromatin immunoprecipitation

Cells were fixed with 1% formaldehyde (Thermo Scientific, 28908) for 10 min, 

followed by quenching with glycine (2.5 M) for 5 min. Cells were washed with 

cold PBS and lysed with cell lysis buffer (12 mM Tris-HCl [pH 8.0], 10% PBS, 

6 mM EDTA [pH 8.0], 12.5% FBS, 0.5% SDS, 1x protease, and phosphatase 

inhibitor [Thermo Scientific, 78442]) on ice for 15 min, followed by sonication 

using Bioruptor Pico (Diagenode). The DNA fragment was immunoprecipitated with 

IgG or Sp1 (Cell Signaling Technology, 9389S) antibody at 4 °C overnight. Target-

bound DNA fragments were de-crosslinked and purified with phenol:chloroform:isoamyl 

alcohol (Invitrogen, 15593031) and chloroform:isoamyl alcohol (Sigma-Aldrich, C0549). 

The concentration of DNA was measured using a Qubit 4 Fluorometer (Invitrogen, 

Q33226) and Qubit 1X dsDNA High Sensitivity Assay Kit (Invitrogen, Q33230), 

according to the manufacturer’s instructions. DNA was analyzed by qPCR using 

the CD276 promoter primers (hCD276pro-F1: 5’-CCAAGACTGGGGTTGGACAG-3’, 

hCD276pro-R1: 5’-TTCCCACACTTCCAAGAGCC-3’, hCD276pro-

F2: 5’-AGTGGAAATTGTCCTGCGGT-3’, hCD276pro-R2: 5’-

TGGAATCCTGCTGTCCAACC-3’, hCD276pro-F3: 5’-CGTCCCTGAGTCCCAGAGT-3’, 

hCD276pro-R3: 5’-GGTTCCCGGGACTCCTGT-3’). The means and standard deviations of 

the normalized triplicate values were plotted using GraphPad Prism version 9.2.0.

Transient transfection and lentiviral transduction

Transient transfection of siRNA or plasmids was performed using Lipofectamine 2000 

transfection reagent (Thermo Fisher Scientific, 11668019), according to the manufacturer’s 

instructions. After 48 h, the cells were used for further analyses. For lentiviral transduction, 

the lentiviral constructs psPAX2 and pMD2.G were transfected into 293T cells using 

Lipofectamine 2000. After 48 h, viral supernatants were harvested and filtered. Transduced 

cells were incubated with viral supernatants with polybrene (Sigma-Aldrich, TR-1003-G) 

and selected using puromycin (Gibco, A1113803). Commercial siRNAs targeting SP1 

(siSP1 #1, SASI_Hs01_00070994; siSP1 #2, SASI_Hs01_00070995) and Universal negative 

control (SIC001) were purchased from Sigma-Aldrich. Human SP1 overexpression plasmid 

was purchased from Genscript (OHu18205D).

CRISPR-mediated gene knockout

To generate TP53 or PTEN knockout cells, plasmids containing sgRNA targeting 

TP53 (Santa Cruz, sc-416469) or PTEN (Santa Cruz, sc-400103) were transfected 

into LNCaP, DU145, or 22Rv1 cell lines using Lipofectamine 2000 (Invitrogen, 

11668019). After 72 hours, GFP+ cells were sorted into 96-well tissue culture 

plates (10 cells/well) by BD FACSAria II (BD Biosciences). Single clones were 
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expended, followed by the determination of p53 and PTEN expression using Western 

blot analysis. To knock out Cd276 in syngeneic DX1 cells, sgRNAs targeting the 

mouse Cd276 gene (sgCd276 #2: 5’-GCGCGTCCGAGTAACCGACG-3’ and sgCd276 

#3: 5’-ATCGAACAAGCCCCGCTCGT-3’) were designed using CHOPCHOP (https://

chopchop.cbu.uib.no) and cloned into pLentiCRISPRv2 (Addgene, 52961), followed by 

lentiviral preparation and transduction.

Dual-luciferase reporter assay

The CD276-promoter region with putative Sp1-binding sites (~1.2 kb) was cloned into the 

pGL4 plasmid by Genewiz and verified by sequencing. pGL4-CD276pro and Renilla control 

plasmid (pRL, a gift from DePinho laboratory) were co-transfected into LNCaP cells. After 

48 hours, dual-luciferase reporter assays were performed using the Dual-LuciferaseReporter 

Assay System kit (Promega, E1980), following the manufacturer’s protocol. Firefly and 

Renilla luciferase activity were read by the Synergy 2 Multi-Mode Microplate reader 

(BioTek). Firefly luciferase activity was normalized to the Renilla luciferase activity. 

Experiments were performed at least in triplicate, and statistical analyses were performed 

using GraphPad Prism version 9.2.0.

In vitro inhibitor treatment

For Sp1 inhibition, p53-depleted LNCaP cells were treated with DMSO or 20 nM 

mithramycin A (Sigma-Aldrich, 5303100001) for 48 hours. For AKT inhibition, LNCaP 

cells were treated with DMSO or MK-2206 2HCl (Selleck Chemicals, S1078) at serial 

concentrations for 48 hours, followed by Western blot analysis.

Mass cytometry (CyTOF)

Fresh tumor tissue (~50 mg) was digested in 1 ml of collagenase type II solution (5 mg/ml, 

Life Technologies, 17101-015) at 37 °C for 1 hour, followed by secondary digestion with 

TrypLE (Life Technologies, 12605028) at 37 °C for 15 min. Single cells were collected 

and incubated with 1x RBC lysis buffer (BioLegend, 420301) at room temperature for 10 

min. As described previously (49, 51), single cells were blocked with purified rat anti-mouse 

CD16/CD32 (BD Biosciences, 553142) and incubated with cisplatin (1:2000, Fluidigm, 

201064), followed by surface marker staining at 4 °C for 30 min. Cells were then fixed 

and permeabilized using the Foxp3/transcription factor staining buffer set (eBioscience, 

00-5523-00) for 1 hour, followed by intracellular marker staining for 1 hour in the dark. 

Cells were further intercalated with Ir (Fluidigm, 201192A) in MaxPar Fix/Perm Buffer 

(Fluidigm, 201067). For T cell-specific panel, fresh tumor tissue was digested in collagenase 

type II solution (5 mg/ml, supplying 1:1000 diluted Brefeldin A [BioLegend, 420601] and 

Monensin [BioLegend, 420701]) at 37 °C for 1 hour. Secondary digestion, red cell lysing, 

FcR blocking, and cisplatin and surface marker staining were performed as described above. 

Cells were then fixed and permeabilized using the Maxpar Fix I Buffer (Fluidigm, 201065) 

and Maxpar Perm-S Buffer (Fluidigm, 201066) for 30 min, followed by intracellular 

marker staining for 30 min in the dark. Antibody-labeled cells were further fixed in 1.6% 

formaldehyde (VWR, PI28908) solution and intercalated with Ir (Fluidigm, 201192A) 

in MaxPar Fix/Perm Buffer (Fluidigm, 201067). Mass cytometry (Helios, Fluidigm) was 

performed at the MD Anderson Flow Cytometry and Cellular Imaging Core Facility. CyTOF 
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data were analyzed using Cytobank (Beckman Coulter LS). Lists of antibodies against 

surface and intracellular markers are shown in table S3.

Flow cytometry analysis

Single cells from the digested mouse tumor tissues were blocked by purified rat anti-mouse 

CD16/CD32 (BD Biosciences, 553142) and stained with surface antibodies (table S4) for 15 

min on ice. Dead cells were excluded by staining with LIVE/DEAD Fixable Violet Dead 

Cell Stain Kit (Invitrogen, L34964) and incubating for 30 min on ice. Fluorescence signals 

were determined by Gallios Flow Cytometer (Beckman Coulter) and analyzed with FlowJo 

10.7.1 software (Becton Dickinson & Company).

Statistical analyses

All raw, individual-level data for experiments where n < 20 are presented in data file 

S1. The number of samples is shown in figures and described in figure legends. All 

data are presented as the mean ± standard deviation of at least triplicate experiments, 

unless otherwise stated. the Comparisons between the two groups were performed using an 

unpaired two-tailed Student t-test or Wilcoxon rank-sum test. One-way analysis of variance 

(ANOVA) with Tukey’s post hoc tests were performed to analyze data from three or more 

groups, as indicated in the figure legends. Statistical analysis was performed using GraphPad 

Prism version 9.2.0. Mice survival was determined by Kaplan-Meier analysis with Log-rank 

test. The hazards ratio is estimated by Cox proportional hazards model. Correlations of 

gene expression were performed using Pearson correlation. For all experiments, statistical 

significance is defined as follows: ****P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05. 

ns, not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. B7-H3(CD276) expression is elevated in tumors with PTEN and TP53 defects
(A) Correlation analyses of 53 immune checkpoints with genetic defects of PTEN or TP53 
in human prostate tumors (TCGA). Differential expression of immune checkpoints in tumors 

with PTEN or TP53 defects were analyzed by Student’s t-test, and P values are presented 

on the X- or Y-axis, respectively. The color indicates the expression (Log2[RNA Seq V2 

RSEM+1]) of immune checkpoints in tumors with PTEN or TP53 defects. (B) CD276 
mRNA expression in prostate tumors containing PTEN or TP53 defects (TCGA dataset). 

One-way ANOVA with Tukey’s post hoc tests was performed using GraphPad Prism version 

9.2.0..; ∗∗∗∗ P < 0.0001. (C) The CopyKat inferred copy number segmentation identified 

14 luminal cell subclones in human prostate tumor samples (Single-cell transcriptional 

profiling data are from Chen et al., 2021 (41); n=12 patients). (D) The luminal cells 

were clustered by CD276 expression (left). PTEN and TP53 expression in CD276-low 

versus -high clusters are shown (right). Differential expression analysis was performed 

by the Wilcoxon rank-sum test. ∗∗∗∗ adjusted P < 0.0001. (E,F) B7-H3 expression in 
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normal prostate (WT) and prostate tumors from PB-Cre; PtenL/L (PbP) and PB-Cre; PtenL/L; 
Trp53L/L (PbPP) mice, as determined by qPCR (E) and IHC (F). One-way ANOVA with 

Tukey’s post hoc tests were performed using GraphPad Prism version 9.2.0.; ∗∗∗∗ P < 

0.0001. Scale bar, 100 µm.
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Figure 2. Loss of PTEN and TP53 upregulates B7-H3(CD276) by activating Sp1
(A) Western blot analysis of B7-H3 in LNCaP cells (PTEN-null) with or without TP53 
knockout. (B) Dual luciferase assay of vector (Vec) or pGL4 plasmid containing CD276 
promoter (CD276-reporter) in LNCaP cells with or without TP53 knockout (n=3 per group). 

(C) Western blot analysis of B7-H3 in DU145 cells (TP53-deficient) with or without PTEN 
knockout. (D) Dual luciferase assay of vector or CD276-reporter in DU145 cells with or 

without PTEN knockout (n=4 per group). (E) Binding of Sp1 protein to the promoter 

region of the CD276 gene was determined using ChIP-qPCR (n=4 per group). Locations of 

primers in the CD276 gene promoter region are shown. TSS: transcription start site. (F,G) 

PTEN/p53-deficient LNCaP cells (PTEN-null; TP53 KO) were transfected with siRNA 

targeting SP1 or scrambled control, followed by dual luciferase assay of CD276-reporter (F) 

and qPCR of CD276 (G). Relative luciferase activities were normalized to vector control 

samples (n=4 per group). (H) Western blot analysis of B7-H3 and Sp1 in LNCaP cells 

treated with different doses of AKT inhibitor MK2206. (I) Western blot analysis of Sp1 
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and B7-H3 in LNCaP cells upon TP53 deletion. (J) Schematics of the mechanism by which 

PTEN-AKT and p53 pathways regulate B7-H3 expression. Data represent the mean ± SD. 

One-way ANOVA with Tukey’s post hoc tests (B, D, F, and G) and student’s t-tests (E) were 

performed using GraphPad Prism version 9.2.0.. ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, 

∗∗∗∗ P < 0.0001.
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Figure 3. B7-H3 promotes PTEN/p53-deficient tumors and immunosuppression
(A) Cd276 was knocked out in the PTEN/p53-deficient syngeneic prostate cancer cell line 

DX1, which was derived from the PB-Cre; PtenL/L; Trp53L/L; Smad4L/L (PbPPS) GEMM 

model. B7-H3 protein expression was determined using Western blot analysis. (B) Tumor 

growth of control and B7-H3-depleted syngeneic tumors in immunocompetent C57BL/6 

mice. (C) Growth of control and B7-H3-depleted tumors in immunodeficient NSG mice. 

Data represent the mean ± SD. One-way ANOVA with Tukey’s post hoc tests was performed 

using GraphPad Prism version 9.2.0.. ∗ P < 0.05, ∗∗∗∗ P < 0.0001. ns, not significant. 

(D, E, F) Immunoprofiling was performed in control and B7-H3-depleted syngeneic tumors 

derived from (B) using mass cytometry (CyTOF). Colored viSNE plots of CD45+ immune 

cells are presented (D). Quantification of tumor-infiltrating lymphocytes (E) and myeloid 

cells (F) is shown. TIL: Tumor Infiltrating Leukocytes. Data from sgCd276 #2 and #3 
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tumors were combined for statistical analysis. Data represent the mean ± SD. Student’s 

t-tests were performed using GraphPad Prism version 9.2.0. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗∗ 
P < 0.0001. ns, not significant.
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Figure 4. Prostate-specific Cd276 deletion GEMM model demonstrates B7-H3’s impact on 
prostate cancer progression
(A) GEMM model design: conditional knockout (KO) alleles of Cd276Loxp, PtenLoxp, and 

Trp53Loxp were crossed with prostate-specific PB-Cre and Rosa-mTmG to establish PB-Cre; 
PtenL/L; Trp53L/L; Cd276L/L (PbPPCd276) GEMM model. (B) Representative MRI images 

and tumor volume quantification of prostate tumors from PbPP and PbPPCd276 mice at 

four and five months of age (n ≥ 4 per group per age). Prostate tumor regions are circled 

with red dashed lines. (C) Kaplan–Meier survival curve of PbPP and PbPPCd276 mice. 

Statistical analysis by Log-rank (Mantel-Cox) test. (D) Histopathology analysis of prostate 

tumors from PbPP and PbPPCd276 mice at five months of age. H&E images at 1x (left) 

and 20x (middle) magnifications are presented. Depletion of B7-H3 was verified by IHC 
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staining (right). Scale bars are indicated in each image. (E, F) Multiplex IHC staining and 

quantification of indicated CD8 T (E) and CD4 T (F) cells in prostate tumors from PbPP 

and PbPPCd276 mice ( n >10 individual views from 3–5 mice per group). Data represent the 

mean ± SD. (G) Immunofluorescence (IF) and quantification of NK (NK1.1+) cells in PbPP 

and PbPPCd276 tumors. Data represent the mean ± SD of >10 individual views. Student’s 

t-tests were performed using GraphPad Prism version 9.2.0. ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗∗ P 
< 0.0001. ns, not significant.
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Figure 5. Effects of B7-H3 inhibitor in preclinical models of PTEN/p53-deficient CRPC
(A) Schematics of treatment design using the CRPC GEMM model. PbPPS mice were 

surgically castrated, followed by treatment with enzalutamide (Enza) for three weeks. Tumor 

relapse was monitored by 7T-MRI. Mice were then treated with Enza in combination with 

B7-H3 inhibitor (MJ18, 300 μg/injection) for four weeks. Isotype IgG was used in the 

control group. (B,C,D) Fold changes in PbPPS CRPC tumor volume (B), representative 

MRI images (C), and histopathology analysis (D) after treatment. Prostate tumor regions 

are circled with red lines. n = 4 in Enza Control group and n = 3 in Enza+anti-B7-H3 
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group. Scale bars = 2mm. (E,F) Immunoprofiling of syngeneic tumors treated with Enza 

in combination with IgG or anti-B7-H3 using CyTOF. Colored viSNE plots of CD45+ 

immune cells and expression patterns of PD-1 and PD-L1 are shown (E). Quantification 

of tumor-infiltrating lymphocytes is presented (F). TIL: Tumor Infiltrating Leukocytes. 

(G) Expression of PD-L1 (Median Metal Intensity, MMI) in cancer cell and myeloid 

components after treatment. Data represent the mean ± SD. Student’s t-tests were performed 

using GraphPad Prism version 9.2.0. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001. ns, not 

significant.
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Figure 6. B7-H3 inhibition combined with PD-L1 or CTLA-4 blockade achieves synergistic 
effects in PTEN/p53-deficient CRPC
(A) Growth of syngeneic CRPC tumors treated with Enza in combination with IgG, anti-

B7-H3, anti-PD-1, anti-PD-L1, anti-CTLA-4, anti-B7-H3/PD-1, anti-B7-H3/PD-L1, and 

anti-B7-H3/CTLA-4. 1 × 106 DX1 cells were subcutaneously injected into male C57BL/6 

mice. One week after injection, tumors formed and measured by calipers. Then, mice 

were treated with enzalutamide-admixed diet food and randomly assigned to different 

checkpoint inhibitor treatment groups. Monoclonal antibodies against B7-H3 (BE0124, 

300 µg/injection), PD-1 (BE0273, 200 µg/injection), PD-L1 (BE0101, 200 µg/injection), 

and CTLA-4 (BE0131, 200 µg/injection) were administered i.p. as single agents or in 

combination every three days for six times in total. Isotype IgG was also used in control 

group. The numbers of tumor-free mice are shown. Black arrows showed the date of 
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secondary tumor rechallenge in tumor-free mice. (B) Overall survival of mice treated with 

different combinations. The log-rank (Mantel-Cox) test was used for survival comparison 

(GraphPad Prism version 9.2.0.). Black arrows showed the date of secondary tumor 

rechallenge in tumor-free mice. (C,D) Multiplex IHC staining and quantification of total 

CD8 T (C) and the ratio of PD1+ CD8 T to total CD8 T (D) cells in tumors treated with 

single agents or combinations ( n = 10 individual views from two mice per group). Data 

represent the mean ± SD. One-way ANOVA with Tukey’s post hoc tests were performed 

using GraphPad Prism version 9.2.0.. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 

0.0001. ns, not significant.
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