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ABSTRACT
Background CD276 (B7- H3), a pivotal immune 
checkpoint, facilitates tumorigenicity, invasiveness, and 
metastasis by escaping immune surveillance in a variety of 
tumors; however, the underlying mechanisms facilitating 
immune escape in esophageal squamous cell carcinoma 
(ESCC) remain enigmatic.
Methods We investigated the expression of 
CD276 in ESCC tissues from patients by using 
immunohistochemistry (IHC) assays. In vivo, we 
established a 4- nitroquinoline 1- oxide (4NQO)- induced 
CD276 knockout (CD276wKO) and K14cre; CD276 
conditional knockout (CD276cKO) mouse model of 
ESCC to study the functional role of CD276 in ESCC. 
Furthermore, we used the 4NQO- induced mouse model 
to evaluate the effects of anti- CXCL1 antibodies, anti- 
Ly6G antibodies, anti- NK1.1 antibodies, and GSK484 
inhibitors on tumor growth. Moreover, IHC, flow cytometry, 
and immunofluorescence techniques were employed to 
measure immune cell proportions in ESCC. In addition, we 
conducted single- cell RNA sequencing analysis to examine 
the alterations in tumor microenvironment following 
CD276 depletion.
Results In this study, we elucidate that CD276 is 
markedly upregulated in ESCC, correlating with poor 
prognosis. In vivo, our results indicate that depletion of 
CD276 inhibits tumorigenesis and progression of ESCC. 
Furthermore, conditional knockout of CD276 in epithelial 
cells engenders a significant downregulation of CXCL1, 
consequently reducing the formation of neutrophil 
extracellular trap networks (NETs) via the CXCL1–CXCR2 
signaling axis, while simultaneously augmenting natural 
killer (NK) cells. In addition, overexpression of CD276 
promotes tumorigenesis via increasing NETs’ formation 
and reducing NK cells in vivo.
Conclusions This study successfully elucidates the 
functional role of CD276 in ESCC. Our comprehensive 
analysis uncovers the significant role of CD276 in 
modulating immune surveillance mechanisms in ESCC, 
thereby suggesting that targeting CD276 might serve as a 
potential therapeutic approach for ESCC treatment.

INTRODUCTION
Esophageal cancer (EC) is the ninth 
common cancer and the sixth leading cause 
of cancer- related mortality.1 2 In 2020, EC 

was responsible for the deaths of more than 
500 000 individuals worldwide.1 3 Tradition-
ally, EC has been classified into esopha-
geal squamous cell carcinoma (ESCC) and 
esophageal adenocarcinoma (EAC) based 
on pathologic diagnosis. ESCC represents 
the predominant subtype of EC, comprising 
80% of all EC cases, and can arise anywhere 
along the esophagus.4 The progression of 
ESCC is associated with various risk factors, 
including tobacco, alcohol, heat injuries, 
and micronutrient deficiencies.2 Nowa-
days, the therapeutic approaches for ESCC 
predominantly encompass surgical excision, 
supplemented with radiotherapy and chemo-
therapy. However, the prognosis for patients 
remains dismal, with low 5- year survival rate, 
frequent local recurrence, and rapid lymph 
node metastasis.5 6 Therefore, it is an urgent 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The immune checkpoint inhibitor CD276 has been 
used in the treatment of various tumors. However, 
additional efforts should be made to explore the 
mechanisms through which CD276 mediates im-
mune evasion in esophageal squamous cell carci-
noma (ESCC).

WHAT THIS STUDY ADDS
 ⇒ We identified that CD276 promoted tumor develop-
ment by facilitating tumor- neutrophil interactions 
and inducing the formation of neutrophil extracel-
lular trap networks (NETs) via the CXCL1/CXCR2 
axis. Therefore, targeting neutrophils and NETs can 
augment the number of natural killer cells, thereby 
inhibiting tumor progression.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE, OR POLICY

 ⇒ Our findings reveal a significant role of CD276 as 
a biomarker and potential therapeutic target for 
ESCC treatment. Furthermore, our data presents a 
promising strategy for enhancing the management 
of immunotherapy in ESCC.
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need to find a new therapeutic target and enhance the 
treatment efficacy for ESCC.

In recent years, immunotherapy has been employed in 
the treatment of various tumors, including melanoma, 
lung cancer, head and neck squamous cell carcinoma, 
gastric cancer, ovarian cancer, and ESCC.7–9 Immune 
checkpoint inhibitors (ICIs), such as anti- cytotoxic 
T- lymphocyte- associated antigen 4 (anti- CTLA- 4) and 
anti- programmed cell death protein 1 (anti- PD- 1), have 
been considered as promising therapeutic targets in 
cancer treatment.10 In several clinical studies focused 
on immunotherapy, ICIs have been recognized for 
enhancing the survival rates of patients afflicted with 
ESCC.11 12 However, multiple clinical trials demonstrated 
that many patients with ESCC experienced no therapeutic 
advantages from immunotherapy,13–15 and only 10%–20% 
patients with ESCC exhibited a response to ICI mono-
therapy.16 Therefore, a profound exploration into the 
mechanisms of immunotherapy resistance and the iden-
tification of potential biomarkers for those patients with 
ESCC are imperative. B7- H3 (also known as CD276) is 
an immune checkpoint molecule prominently expressed 
in various tumor tissues, including triple- negative breast 
cancer, non- small cell lung cancer, and head and neck 
squamous cell cancers but rarely expressed in normal 
tissues.17–19 The mechanisms through which CD276 medi-
ates tumor immune evasion are multifaceted, including 
the reduction of CD8+ T cells and natural killer (NK) cells 
and suppression of T helper type 1- mediated immune 
responses.20 21 However, the mechanism by which CD276 
modulates immune escape in ESCC remains elusive, 
lacking in- depth mechanistic study.

In this study, we identified that CD276 was highly 
expressed in ESCC and promotes tumorigenesis. Mech-
anistically, overexpression of CD276 promoted tumori-
genesis through inducing the formation of neutrophil 
extracellular trap networks (NETs) and reducing the 
number of NK cells. Importantly, inhibition of CD276 
markedly reduced the expression of CXCL1, diminished 
the formation of NETs through the CXCL1–CXCR2 axis, 
and increased NK cells.

RESULTS
Overexpression of CD276 is associated with worse survival of 
patients with ESCC
We performed immunohistochemical (IHC) staining to 
detect the CD276 expression in ESCC via two indepen-
dent cohorts. The Sun Yat- sen University Cancer Center 
(SYSUCC) cohort, including 297 patients, was evaluated 
alongside The First Affiliated Hospital Sun Yat- sen Univer-
sity (FAH- SYSU) cohort that comprised 143 patients. 
Clinical characteristics of the patients from both cohorts 
are shown in online supplemental tables S1 and S2. IHC 
staining results showed that CD276 was predominantly 
expressed on the membrane of tumor cells (figure 1A,G). 
In the SYSUCC cohort, CD276 expression in para- tumor 
tissues was significantly lower than that in ESCC tissues 

(figure 1B). In both cohorts, the positive ratio of CD276 
expression gradually increased from grade I and II to 
grade III ESCC (figure 1C,H), and the expression of 
CD276 was significantly elevated in patients with ESCC 
with late stages (stage3+4) compared with whom with 
early stages (stage1+2) (figure 1D,I). These findings 
indicated that CD276 protein was stepwisely upregulated 
during the malignant transformation of ESCC. Of note, 
CD276 expression in the recurrent group was significantly 
higher than the primary group in the SYSUCC cohort 
(figure 1E). At the same time, we found that patients with 
better first- line therapy outcomes displayed lower CD276 
expression in FAH- SYSU cohort (figure 1J). In addition, 
the impact of CD276 on the survival of patients with ESCC 
was also analyzed. Patients with ESCC with high CD276 
expression have worse overall survival (OS) than those 
with low CD276 expression (figure 1F,K). It is noteworthy 
that among patients with grade II and III ESCC, those 
with high CD276 expression exhibit worse OS, whereas 
there is a comparable OS among patients with grade I 
ESCC (online supplemental figure S1A–F). The median 
progression- free survival at first- line therapy was also 
shorter in patients with high versus low CD276 expression 
in FAH- SYSU cohort (figure 1L). Taken together, CD276 
was highly expressed in ESCC and associated with worse 
survival.

CD276 whole body knockout inhibits ESCC tumorigenesis in 
vivo
To explore the role of CD276 in ESCC, we generated CD276 
whole body knockout (CD276- wKO) mice (figure 2A). 
Consistent with the previous study,21 CD276- wKO mice 
were born at the expected Mendelian ratios and devel-
oped normally. We then used 4- nitroquinoline 1- oxide 
(4NQO) to induce ESCC in CD276- wKO mice and their 
control littermates (CD276- CTL). Knockout of CD276 
was validated by immunofluorescence staining, which 
showed that CD276 protein expression was detected in 
wild type (WT) mice but absent in CD276- wKO mice 
(figure 2B). In comparison to the control group, which 
exhibited thick and palpable protuberances in most of 
the cases, the esophageal tissues in CD276- wKO mice 
appeared less severe on gross examination (figure 2C). 
In addition, CD276- wKO mice showed smaller size and 
lower number of esophageal lesions compared with 
control mice (figure 2D,E). Global depletion of CD276 
greatly reduced the formation of high- grade ESCC 
(figure 2F,G). Moreover, we found decrease of cell prolif-
eration (Ki67) and increase of cell apoptosis (active- 
Caspase3) in tumor area of CD276- wKO mice compared 
with that of the WT mice (figure 2H–K). Murine CD276 is 
known as a negative regulator of T cells and NK cells.20 22 
Hence, we characterized the infiltration of CD4+, CD8+ T 
cells, and NK cells in ESCC after CD276 depletion. WT 
and CD276- wKO mice have comparable numbers of intra-
tumoral CD4+ T cells (figure 2L,M). However, the intratu-
moral infiltration of CD8+ T cells increased significantly 
in CD276- wKO compared with WT mice (figure 2N,O). 
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Figure 1 CD276 upregulated expression is associated with clinical parameters and overall survival in patients with ESCC. 
(A) Representative IHC staining images for CD276 expression in para- tumor and ESCC chips in the SYSUCC patients’ 
cohort. Scale bar, 100 µm. (B) Statistical analysis of CD276 IHC scores from para- tumor (n=53) and ESCC tissues (n=297) in 
the SYSUCC patients’ cohort. (C) CD276 IHC score representation in the different grades of ESCC in the SYSUCC patients’ 
cohort. (D) CD276 IHC score representation in the different stages of ESCC in the SYSUCC patients’ cohort. (E) CD276 IHC 
score representation in the recurrence and non- recurrence tumors of ESCC in the SYSUCC patients’ cohort. (F) Kaplan- Meier 
survival curves stratified by CD276 IHC score based on the median in ESCC tissues from the SYSUCC patients’ cohort. 
(G) Representative IHC staining images for high (upper) and low (lower) CD276 expression of ESCC tissues in the FAH- SYSU 
patients’ cohort. Scale bar, 100 µm. (H, I) CD276 IHC score representation in the different grades (H) and stages (I) of ESCC in 
the FAH- SYSU patients’ cohort. (J) CD276 IHC score representation in the complete remission/partial remission (PR/CR) and 
progressive disease/stable disease (PD/SD) group of ESCC in the FAH- SYSU patients’ cohort. (K, L) Overall survival curve 
(K) and Kaplan- Meier progression- free survival (L) stratified by CD276 IHC score based on the median in ESCC tissues from the 
FAH- SYSU patients’ cohort. ESCC, esophageal squamous cell carcinoma; FAH- SYSU, The First Affiliated Hospital Sun Yat- sen 
University; IHC, immunohistochemistry; SYSUCC, Sun Yat- sen University Cancer Center.



4 Xiong G, et al. J Immunother Cancer 2024;12:e008662. doi:10.1136/jitc-2023-008662

Open access 

Figure 2 CD276 whole body knockout and blockade inhibits tumorigenesis. (A) Construction of CD276- whole body knockout 
(wKO) mice. (B) Experimental strategy for the 4NQO- induced ESCC mice model and immunofluorescence images of CD276 in 
wild- type (WT) and wKO group. Scale bar, 50 µm. (C) Representative esophagi image from 4NQO- induced WT mice and mice 
with systemic knockdown of CD276 (wKO). The control (CTL) represents the WT group. (D, E) Quantification of lesion area 
(D) and lesion number (E) of the WT and wKO group. Data are presented as mean±SD (n=8). (F) Quantification of ESCC tumor 
grade in the WT and wKO group. (G) Representative images of H&E staining in the WT and wKO group. Scale bar, 100 µm. (H–
K) Representative images of Ki67 (H) and Caspase3 (J) IHC staining and quantification of percentage of Ki67+ (I) and Caspase3+ 
(K) cells in WT and wKO group. Scale bar, 50 µm. (L–Q) Representative images of CD4 (L), CD8 (N), and NCR1 (P) IHC staining 
and quantification of percentage of CD4+ (M), CD8+ (O), and NCR1+ (Q) cells in WT and wKO group. Scale bar, 50 µm. ESCC, 
esophageal squamous cell carcinoma; IHC, immunohistochemistry; 4NQO, 4- nitroquinoline 1- oxide.
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As shown in figure 2P,Q, the tumor- infiltrated NK cells 
greatly expanded in CD276- wKO compared with WT 
mice (5.5%±1.4 in CD276- wKO mice vs 1.9%±0.5 in WT 
mice). Taken together, these findings suggest that whole 
body knockout CD276 inhibits the ESCC development 
and progression in vivo.

Epithelial conditional knockout of CD276 suppresses ESCC 
progression in vivo
CD276 is expressed in both tumor and immune cells.22 
We wondered whether the tumorous CD276 is the major 
driver for ESCC tumorigenesis. To test that, we generated 
CD276flox mice and crossed them with K14CreER mice 
to obtain K14CreER; CD276flox/flox mice (CD276- cKO). 
We then used 4NQO to induce ESCC in cKO and their 
control littermates (CD276- CTL). We found epithelial 
depletion of CD276 led to a significant decrease in lesion 
size and lesion number (figure 3A–C). In addition, no 
CD276 expression was detected in the epithelial tissue 
of CD276- cKO mice (figure 3D). Similarly, the invasive-
ness and malignancy of the tumor tissues in the cKO 
mice were significantly mitigated compared with that in 
the CD276- CTL mice (figure 3E,F). Furthermore, Ki67 
expression was decreased and active- Caspase3 expres-
sion was increased in cKO mice compared with the 
CD276- CTL mice (figure 3G–J). To investigate the alter-
ations in the immune microenvironment following the 
depletion of CD276 in ESCC, we conducted flow cytom-
etry (FCM) to examine changes in immune cell popula-
tions. Following the epithelial conditional knockout of 
CD276 in ESCC, the cKO mice exhibited an increase in 
intratumoral activated CD8+ T cells, whereas neutrophils 
were reduced. Moreover, the number of CD4+ regulatory 
T cells and macrophages in WT mice was comparable to 
those in cKO mice (online supplemental figure S2B–M).

Next, to investigate the mechanism of CD276 on the 
development of ESCC, we resected both control and 
tumor tissues CD276- cKO for RNA sequencing (RNA- 
seq). The Kyoto Encyclopedia of Genes and Genomes 
analysis showed that the PI3K–Akt signaling pathway was 
significantly downregulated in cKO group compared with 
WT group (figure 3K). As shown in figure 3L–O, PI3K 
and AKT expression were reduced in cKO mice compared 
with the CD276- CTL mice. These results indicate that 
CD276 depletion suppresses the progression of murine 
ESCC and inhibits the effects of the PI3K–Akt signaling 
pathway in vivo.

CD276 deficiency inhibits tumorigenesis through sharply 
downregulating CXCL1 expression in vivo
To address the role of tumor cell CD276 on the immune 
microenvironment of ESCC, we dissected the cancer 
tissues from one control and two CD276- cKO samples for 
single- cell RNA sequencing (scRNA- seq). We were able 
to extract a total of 21 588 high- quality cells (6937 cells 
in CTL, 7971 cells in cKO- 1, and 6680 cells in cKO- 2) 
(figure 4A and online supplemental figure S3A,B). Based 
on canonical marker expression, all single cells were 

divided into seven major categories, including tumor 
epithelial cells (Krt5), T cells (Cd3e), MOMΦDC cells 
(Cd74), fibroblasts (Col1a1), neutrophils (Csf3r), NK 
cells (Klrd1), and endothelial cells (Vwf) (figure 4A,B). 
It was worth noting that the proportion of neutrophils 
was lower while the proportion of T cells and NK cells 
was higher in the CD276- cKO compared with CD276- CTL 
sample (figure 4C). We also compared our mouse 
scRNA- seq dataset with online human ESCC scRNA- seq 
data comprising 64 ESCC samples.23 We identified seven 
major cell populations based on marker expression 
(online supplemental figure S3C,D). Markedly, we were 
able to detect B cell population in the human dataset but 
not in the mouse dataset (figure 4A and online supple-
mental figure S3C). More importantly, the cell types 
detected both in mouse ESCC scRNA- seq and human 
ESCC scRNA- seq data displayed high similarity in tran-
scriptome (online supplemental figure S3E,F).

To specifically study the effects of CD276 deficiency on 
epithelial cells, all the epithelial cells were analyzed sepa-
rately (online supplemental figure S4A). As shown by the 
volcano plot of the differential expression genes (DEGs) in 
the scRNA- seq data, Cxcl1 chemokines were most signifi-
cantly downregulated by CD276 knockdown (figure 4D). 
In addition, violin plots also showed that, compared with 
WT mice, the expression of Cxcl1 chemokine was signifi-
cantly lower in the cKO mice (figure 4E). The IHC results 
further verified the differential expression of CXCL1 
between cKO mice and WT mice (figure 4F,G). Interest-
ingly, the DEGs in the RNA- seq data also demonstrated 
that Cxcl1 chemokines were markedly downregulated in 
CD276- cKO group (figure 4H).

To further analyze the effect of CXCL1 on ESCC, we 
first used 4NQO to induce ESCC in WT mice, and then 
half of the ESCC mice were treated with CXCL1 blocking 
antibody for 1 month, while the other half were treated 
with anti- IgG antibody. The tumor numbers and sizes 
were significantly decreased after treatment with CXCL1 
blocking antibody (figure 4I–K). In addition, the propor-
tion of high- grade ESCC was also reduced (figure 4L 
and online supplemental figure S4B). Noticeably, Ki67 
expression was decreased and active- Caspase3 expression 
was increased in the mice treated with CXCL1 blocking 
antibody (online supplemental figure S4C–F). These 
results indicated that CXCL1 blocking antibody effec-
tively inhibited tumorigenesis of ESCC in mice.

CD276 mediates tumor–neutrophil interactions and induces 
the formation of NETs via CXCL1/CXCR2 axis
To study whether epithelial cell- specific deficiency of 
CD276 affects cellular interactions in the tumor micro-
environment. Cellchat R package24 was performed to 
analyze the interactions between tumor epithelial cells 
and immune cells. The numbers and the intensity of cell 
interactions were downregulated between tumor cells 
and T cells/neutrophils in the cKO mice, while compared 
with the WT group (figure 5A,B). In addition, among the 
interactions between tumor epithelial cells and various 
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Figure 3 Epithelial conditional knockdown of CD276 inhibits tumorigenesis. (A) Experimental strategy for the 4NQO- induced 
ESCC mice model and representative esophagi image from wild- type mice (WT) and mice with conditional knockdown of 
CD276 (cKO). (B, C) Quantification of lesion area (B) and lesion number (C) of the WT and cKO group. Data are presented as 
mean±SD (n=8). (D) Immunofluorescence images of CD276 in WT and cKO groups. Scale bar, 50 µm. (E) Representative images 
of H&E staining in the WT and cKO groups. Scale bar, 100 µm. (F) Quantification of ESCC tumor grade in the WT and cKO 
groups. (G–J) Representative images of Ki67 (G) and Caspase3 (I) IHC staining and quantification of percentage of Ki67+ (H) and 
Caspase3+ (J) cells in WT and cKO group. Scale bar, 100 µm. (K) Bubble diagram showing the top KEGG pathways enriched 
in WT group. (L–O) Representative images of PI3K (L) and AKT (N) IHC staining and quantification of percentage of PI3K+ 
(M) and AKT+ (O) cells in WT and cKO groups. Scale bar, 100 µm. AGE, advanced glycation end products; AKT, protein kinase 
B; ECM, extracellular matrix; ESCC, esophageal squamous cell carcinoma; IHC, immunohistochemistry; IL, interleukin; PI3K, 
phosphatidylinositol 3- kinase; KEGG, Kyoto Encyclopedia of Genes and Genomes; RAGE, receptor for advanced glycation end 
products; TGF, transforming growth factor; TNF, tumor necrosis factor; 4NQO, 4- nitroquinoline 1- oxide.
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Figure 4 Epithelial- specific CD276 knockdown yielded a significant reduction in CXCL1 expression. (A) UMAP plot displaying 
identified cell clusters including tumor epithelial cells, fibroblasts, endothelial cells, neutrophils, T cells, NK cells, and MOMΦDC 
cells. (B) UMAP plot showing the expression of cell- type marker genes. (C) Distribution of the seven major cell clusters in the 
WT and cKO groups. (D) Volcano plot showing the differential gene in the epithelial cells between WT and cKO groups. (E) Violin 
plot showing the expression of Cxcl1 between WT and cKO groups. (F, G) Representative images of CXCL1 (F) IHC staining 
and quantification of percentage of CXCL1+ (G) cells in WT and cKO groups. Scale bar, 100 µm. (H) Volcano plot showing the 
differential expressed gene from RNA- seq data between WT and cKO groups. (I) Experimental strategy for the treatment by 
anti- CXCL1 antibodies and representative esophagi image in mice treated with IgG control (IgG) or anti- CXCL1 antibody group. 
(J, K) Quantification of lesion area (J) and lesion number (K) of the IgG and anti- CXCL1 group. Data are presented as mean±SD 
(n=8). (L) Quantification of ESCC tumor grade in the IgG and anti- CXCL1 group. ESCC, esophageal squamous cell carcinoma; 
FDR, false discovery rate; MOMΦDC, monocyte- macrophage- dendritic cells; IHC, immunohistochemistry; NK, natural killer; 
UMAP, uniform manifold approximation and projection; WT, wild type.
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Figure 5 CD276 mediates tumor–neutrophil interactions via CXCL1/CXCR2. (A, B) Circle plots showing the differential 
interaction number (A) and strength (B) between the tumor cell and immune cell clusters based on CellChat analysis. (C) Dot 
plot showing the expression of receptor–ligand pairs between tumor cell and immune cell clusters in WT and cKO groups. 
(D) Violin plot showing the expression of Cxcr2 in different clusters. (E) Experimental strategy for the treatment by anti- Ly6G 
antibodies and representative esophagi image in mice treated with IgG control (IgG), cKO, anti- Ly6G, or cKO+anti- Ly6G 
group. (F, G) Quantification of lesion area (F) and lesion number (G) of IgG control (IgG), cKO, anti- Ly6G, or cKO+anti- Ly6G 
group. Data are presented as mean±SD (n=8). (H) Quantification of ESCC tumor grade in IgG control (IgG), cKO, anti- Ly6G, 
or cKO+anti- Ly6G group. (I, J) Quantification of percentage of Ki67+ (I) and Caspase3+ (J) cells in IgG control (IgG), cKO, anti- 
Ly6G, or cKO+anti- Ly6G group. (K, L) Quantification of percentage of CD8+ (K) and NCR1+ (L) cells in IgG control (IgG), cKO, 
anti- Ly6G, or cKO+anti- Ly6G group. (M) Quantification of percentage H3cit+ cells of ESCC in control (CTL) and cKO group. 
(N) Experimental strategy for the treatment by GSK484 inhibitors and representative esophagi image in mice treated with control 
or GSK484 group. (O, P) Quantification of lesion area (O) and lesion number (P) of the control and GSK484 group. Data are 
presented as mean±SD (n=8). (Q) Quantification of ESCC tumor grade in the control and GSK484 group. Scale bar, 100 µm. 
(R) Quantification of percentage H3cit+ cells of ESCC in the IgG and anti- CXCL1 group. ESCC, esophageal squamous cell 
carcinoma; NK, natural killer; 4NQO, 4- nitroquinoline 1- oxide; WT, wild type.
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types of immune cells, the Cxcl1–Cxcr2 interactions 
between tumor cells and neutrophils were the highest 
intensity (figure 5C). It is noteworthy that the Cxcr2 was 
mainly expressed in neutrophils, while almost no expres-
sion observed in other types of immune cells (figure 5D). 
Consequently, neutrophil activity was inhibited by 
employing an anti- Ly6G antibody (online supplemental 
figure S5A). As shown in figure 5E–G, single depletion 
of neutrophil activity also affected the numbers and sizes 
of ESCC and concurrently potentiated the efficacy of the 
CD276 deficiency.

Subsequently, the pathologic grade of ESCC was also 
diminished following treatment of the anti- Ly6G anti-
body (figure 5H and online supplemental figure S5B). 
Following treatment with the anti- Ly6G antibody, the 
expression of Ki67 and active- Caspase3 paralleled that 
observed in the CD276 deficiency mice, and addition-
ally, it augmented the efficacy of the knockout of CD276 
(figure 5I,J and online supplemental figure S5C). Inter-
estingly, the numbers of CD8+ T cells remained unaltered 
following treatment with the anti- Ly6G antibody; however, 
there was a significant augmentation in the number of 
NK cells after the anti- Ly6G therapy (figure 5K,L, and 
online supplemental figure S5D). Moreover, FCM anal-
ysis was performed to further verify the effect of the 
anti- Ly6G antibody on T cells and NK cells. In contrast 
with WT mice, the numbers of CD8+ T cells and CD4+ T 
cells remained unaltered in the anti- Ly6G group, while 
NK cells were elevated, and neutrophils were diminished 
(online supplemental figure S5E–L). These results indi-
cated that the suppression of neutrophil activity mitigates 
the progression of ESCC by enhancing NK cell function.

Nonetheless, the mechanism by which neutrophils 
regulate NK cells remains elusive. Recently, CXCR2 was 
identified to induce the formation of NETs,25–28 which 
was significantly increased in the cancer progression. 
By means of fluorescence colocalization, the generation 
of NETs and neutrophils in cKO mice was significantly 
lower than that in WT mice (figure 5M and online supple-
mental figure S6A). To further elucidate the impact of 
NETs on ESCC, we administered a 1- month treatment 
with GSK484, a PAD4 inhibitor, to ESCC mice. The 
results showed that the tumor numbers and sizes were 
significantly decreased on GSK484 treatment group 
(figure 5N–P). Particularly, the high grade ESCC was also 
reduced after treatment with GSK484 inhibitor (figure 5Q 
and online supplemental figure S6B). As expected, Ki67 
expression diminished, whereas Caspase3 expression 
escalated in tumor cells following treatment with GSK484 
inhibitor (online supplemental figure S6C–F). Notably, 
the NCR1 expression in the cKO mice was significantly 
higher than in WT mice, and the NETs were generated 
around NK cells (online supplemental figure S6G–I). 
Furthermore, the quantity of NETs exhibited a signifi-
cant reduction following treatment with anti- CXCL1 anti-
bodies (figure 5R and online supplemental figure S6J). 
To sum up, these results indicate that CD276 orchestrates 
interactions between tumors and neutrophils, prompting 

the formation of NETs via CXCL1/CXCR2 axis. Further-
more, NETs could exert pro- tumor effects by suppressing 
the activity of NK cells.

Depleting NK cells impedes the efficacy of CD276 deficiency in 
suppressing the progression of ESCC
To ascertain whether the attenuation of ESCC progres-
sion by CD276 depletion is contingent on NK cell activity, 
NK cells were neutralized with the administration of an 
anti- NK1.1 antibody. The ablation of NK cells notably 
reduced the suppressive effect on tumor proliferation 
observed in CD276- deficient mice, as determined by anal-
yses of tumor count and size (figure 6A–C). Histopatho-
logic examination disclosed that the depletion of NK 
cells markedly reverted the pathologic grading of ESCC 
in mice lacking CD276 expression (figure 6D,E). Further-
more, both Ki67 and active- caspase3 expression were also 
restored to the levels in WT mice in CD276- deficient mice 
following the administration of the anti- NK1.1 antibody 
(figure 6F–H). As shown in figure 6I,J, the population of 
CD8+ T cells remained consistent following the administra-
tion of the anti- NK1.1 antibody in CD276- deficient mice. 
As expected, NK cell infiltration was elevated in CD276- 
deficient mice yet was eliminated with the administration 
of the anti- NK1.1 treatment (figure 6I–K). Importantly, 
we explored the association between CD276 expression 
and NK cells in ESCC samples. IHC assays confirmed 
that CD276 expression exhibited an inverse correlation 
with infiltration of NK cells in human ESCC samples 
(figure 6L). To explore the influence of CD8+ T cells 
in ESCC, the anti- CD8 antibodies were used to explore 
the functional role of CD8+ T cells in ESCC progression 
following CD276 depletion. After the ablation of CD8+ T 
cells, there was a slight augmentation in tumor numbers 
and size, resulting in a reduction of the suppressive effect 
on tumor progression in CD276- deficient mice (online 
supplemental figure S7A–C). These results revealed that 
the suppression of ESCC progression by CD276 depletion 
is primarily mediated through the inhibition of NK cell 
activity.

CD276 overexpression promotes tumorigenesis in vivo
To further clarify the function of CD276 in ESCC, CD276 
overexpression mice (cKI) was constructed. After 4NQO 
treatment as described above, the esophageal tissues 
appeared more severe on gross examination in cKI mice 
compared with the WT mice (figure 7A). In addition, 
cKI mice developed higher number and larger size of 
esophageal lesions, respectively, compared with WT mice 
(figure 7B,C). CD276 overexpression greatly increased 
the proportion of high- grade ESCC (figure 7D,E). More-
over, we found increased expression of Ki67 and decreased 
expression of active- Caspase3 in cKI mice compared with 
WT mice (figure 7F–I). To further verify the effect of 
CD276 overexpression on neutrophil and NK cells infil-
tration, we performed FCM and immunofluorescence 
staining analysis as previously mentioned. Compared with 
WT mice, the numbers of neutrophils and NETs in the 
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Figure 6 Depleting NK cells impedes the efficacy of CD276 deficiency in suppressing the progression of ESCC. 
(A) Experimental strategy for the treatment by anti- NK1.1 antibodies and representative esophagi image in mice treated with 
IgG control (IgG), cKO, anti- NK1.1, or cKO+anti- NK1.1 group. (B, C) Quantification of lesion area (B) and lesion number (C) of 
IgG control (IgG), cKO, anti- NK1.1, or cKO+anti- NK1.1 group. Data are presented as mean±SD (n=8). (D) Representative images 
of H&E staining in IgG control (IgG), cKO, anti- NK1.1, or cKO+anti- NK1.1 group. Scale bar, 100 µm. (E) Quantification of ESCC 
tumor grade in IgG control (IgG), cKO, anti- NK1.1, or cKO+anti- NK1.1 group. (F–H) Representative images of Ki67 (F) and 
Caspase3 (F) IHC staining and quantification of percentage of Ki67+ (G) and Caspase3+ (H) cells in IgG control (IgG), cKO, 
anti- NK1.1, or cKO+anti- NK1.1 group. Scale bar, 100 µm. (I–K) Representative images of CD8 and NCR1 (I) IHC staining and 
quantification of percentage of CD8+ (J) and NCR1+ (K) cells in IgG control (IgG), cKO, anti- NK1.1, or cKO+anti- NK1.1 group. 
Scale bar, 100 µm. (L) Representative images of CD276 and NCR1 IHC staining of ESCC in FAH- SYSU patients’ cohort; Scale 
bar, 100 µm (left panel). The correlation between the expression of CD276 and NCR1 was assessed, ***p<0.001 by Pearson 
(right panel). ESCC, esophageal squamous cell carcinoma; FAH- SYSU, The First Affiliated Hospital Sun Yat- sen University; IHC, 
immunohistochemistry; NK, natural killer.
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Figure 7 Overexpression of CD276 facilitates tumor progression. (A) Experimental strategy for the 4NQO- induced ESCC 
mice model and representative esophagi image from 4NQO- induced wild- type mice (WT) and mice with conditional knock- 
in of CD276 (cKI). (B, C) Quantification of lesion number (B) and lesion area (C) of the WT and cKI group. Data are presented 
as mean±SD (n=8). (D) Representative images of H&E staining in the WT and cKI group. Scale bar, 100 µm. (E) Quantification 
of ESCC tumor grade in the WT and cKI group. (F–I) Representative images of Ki67 (F) and Caspase3 (H) IHC staining and 
quantification of percentage of Ki67+ (G) and Caspase3+ (I) cells in WT and cKI group. Scale bar, 100 µm. (J–M) Representative 
flow cytometry plots indicating neutrophil (J) and NK cells (L) and quantification of the neutrophil (K) and NK cells (M) between 
WT and cKI group. (N, O) Representative images of H3cit (NETs) and MPO (activated neutrophils) staining (N) and quantification 
of percentage H3cit+ cells (O) of ESCC lesions in WT and cKI group. Nuclei are stained with DAPI (blue). Scale bar, 50 µm. DAPI, 
4′,6- diamidino- 2- phenylindole; ESCC, esophageal squamous cell carcinoma; IHC, immunohistochemistry; NETs, neutrophil 
extracellular trap networks; NK, natural killer; 4NQO, 4- nitroquinoline 1- oxide; MPO, myeloperoxidase.
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cKI mice were significantly higher (figure 7J, K, N, and 
O), while NK cells were lower (figure 7L,M).

DISCUSSION
ICIs have been employed in the treatment of various 
tumors. However, only a minority of individuals benefit 
from immunotherapy.29 Therefore, the advancement of 
agents that target supplementary immune checkpoints, 
costimulatory receptors, and/or coinhibitory receptors, 
which regulate immune microenvironment, is of para-
mount importance. The immune checkpoint CD276 is 
expressed in a variety of tumors and is associated with the 
progression and prognosis of cancer.17–19 In this study, we 
indicated that CD276 expression levels were significantly 
elevated in ESCC and significantly correlated with poor 
prognosis by tumor tissue microarray analysis. We subse-
quently proceeded to develop an ESCC model in mice 
with suppression of CD276, facilitating the exploration of 
CD276 functions within cancer immunity.

The exact function of CD276 in modulating the activity 
of tumor- infiltrating immune cells and its role in cancer 
cells is multifaceted, particularly because of the contra-
dictory research that has indicated CD276 act as either a 
costimulatory or coinhibitory molecule in diverse disease 
frameworks.22 30–32 Additionally, the receptors that bind to 
B7H3 have not been conclusively determined.33 Although 
tumor cells with depletion of CD276 were identified to 
suppress the progression of tumor depending on CD8+ T 
cells and NK cells.19 20 The mechanism by which CD276 
deficiency activates the function of immune cells remains 
elusive. In the current study, our RNA- seq data revealed 
that CD276 deficiency inhibits tumorigenesis through 
sharply downregulating CXCL1 expression in vivo. Inter-
estingly, our scRNA- seq data also revealed that condi-
tional knockdown of CD276 in epithelial cells resulted in 
a marked decrease of CXCL1 expression. Furthermore, 
the ligand–receptor interaction analysis suggested that 
CD276 facilitates tumor progression through the CXCL1–
CXCR2 axis, with CXCR2 being notably overexpressed in 
neutrophils. Of note, the connection between CXCR2 
and the formation of NETs provides a valuable insight 
into the complex interplay between chemokines and 
cancer progression.25 28 Our results also indicated that 
suppression of NETs hampered the progression of ESCC, 
coupled with a substantial augmentation of NK cells pres-
ence within ESCC. This observation may be attributed to 
the propensity of NETs to impede the cytotoxic functions 
of both cytotoxic T lymphocytes and NK cells in tumor 
microenvironment.25

Recently, studies on drug application against CD276 
have been reported. The research team led by Gianpietro 
Dotti discovered that targeting CD276 could efficaciously 
restrain the proliferation of solid neoplasms, including 
pancreatic ductal adenocarcinoma and ovarian cancer.34 
Seaman and colleagues’ work contributed to the under-
standing of CD276 as a cancer- associated marker by 
showing its overexpression not only in cancer cells 

but also in tumor vascular cells and demonstrated that 
anti- CD276- drug conjugates as promising anticancer 
reagents.35 In the current study, our results demonstrated 
that targeting CD276 markedly suppressed the progres-
sion of ESCC. The results support the hypothesis that 
CD276 functions as an immune checkpoint in cancer 
progression and can be a target to enhance the immune 
system’s ability to fight cancer.

In conclusion, our findings demonstrate that CD276 is 
markedly overexpressed in ESCC and is associated with 
an adverse prognosis. Mechanically, depletion of CD276 
precipitated a notable diminution in CXCL1 expression, 
culminating in a diminished infiltration of neutrophils 
into tumors and a consequent reduction in NETs forma-
tion through the CXCL1–CXCR2 axis, concurrently 
intensifying the infiltration of NK cells to impede tumor 
progression. In the future, more efforts will be required 
to develop immunotherapeutic strategies that target 
CD276 in ESCC.

MATERIALS AND METHODS
Animal assay
K14CreER mice were purchased from The Jackson Laboratory. 
The Cd276wKO/wKO, Cd276cKO/cKO, and Cd276cKI/cKI mice 
were purchased from the Biocytogen (Nantong, China). 
As previously described, mice were treated with 50 µg/
mL 4NQO (Sigma, N8141) to induce ESCC formation.36 
Briefly, 6- week- old male mice were orally administered with 
4NQO dissolved in drinking water for 16 weeks to induce 
the formation and development of ESCC. Subsequently, the 
mice were returned to normal water for 10 weeks. For the 
generation of conditional knockout and knock- in mouse 
models, tamoxifen (Sigma, T5648- 1G) was dissolved in corn 
oil (Aladdin, C116025- 500ml) at a concentration of 10 mg/
mL. After 4NQO treatment, tamoxifen was intraperitone-
ally injected into the mice at a dose of 1 mg/mouse/day for 
3 consecutive days to induce the knockout or knock- in of 
CD276. The ESCC samples were procured for subsequent 
analytical procedures to assess the impact of CD276 gene 
ablation or upregulation on the progression of ESCC and 
its concomitant phenotypic manifestations.

For the blockade treatment, antibodies and inhibitors 
anti- CXCL1 (CXCL1 monoclonal antibody (Invitrogen, 
Cat# MA5- 23745, 8 mg/kg body weight)), anti- Ly6G (InVi-
voMAb anti- mouse Ly6G, BioXcell Cat#BE0075- 1, 500 µg/
mouse), anti- NK1.1 (InVivoPlus anti- mouse NK1.1, BioX-
cell Cat#BP0036, 100 µg/mouse), GSK484 (GLPBIO, 
Cat#GC19184, 4 mg/kg body weight), anti- CD8 (InVivoPlus 
anti- mouse CD8α, Bioxcell Cat#BP0061, 100 µg/mouse), 
and IgG control (InVivoMAb rat IgG1 isotype control, 
BioXcell Cat#BE0088, 10 mg/kg body weight) were used. 
These antibodies were administered intraperitoneally 
in the murine models. The mice were administered the 
anti- IgG thrice weekly over a period of 4 weeks. The anti- 
CXCL1, anti- Ly6G, anti- NK1.1, and anti- CD8 antibodies 
were administered twice weekly for a duration of 4 weeks.
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All animal experiments were conducted in accor-
dance with the approved protocols of the Institutional 
Animal Care and Use Committee (IACUC) at Sun Yat- 
sen University, and the approval number for this study is 
SYSU- IACUC- 2021- 0 00 407. Animals were housed under 
specific pathogen- free conditions, maintained on a 
12- hour light/dark cycle, and provided ad libitum access 
to food and water throughout the study.

Tissue collection from patients with ESCC
ESCC tissues were collected from patients who underwent 
surgical procedures at the First Affiliated Hospital, Sun 
Yat- Sen University. Tissue microarrays containing ESCC 
samples were obtained from the Sun Yat- sen University 
Cancer Center.

H&E staining
H&E staining was performed according to the manufac-
turer’s instructions (Solarbio, G1120). Briefly, paraffin- 
embedded tissue sections were deparaffinized in xylene 
and rehydrated in a series of graded ethanol solutions. 
The sections were then stained with hematoxylin for 
5 min, followed by differentiation in acid alcohol and 
bluing in running tap water. After that, the sections 
were counterstained with eosin for 2 min, dehydrated in 
ethanol, cleared in xylene, and mounted with a coverslip 
using mounting medium.

Immunohistochemistry
For IHC staining, the sections underwent antigen 
retrieval by heating in sodium citrate buffer (Bioss, C02- 
02002). Endogenous peroxidase activity was blocked 
with 3% hydrogen peroxide in methanol. Subsequently, 
the sections were washed with phosphate- buffered 
saline (PBS) three times and blocked with 5% bovine 
serum albumin (BSA) at 37°C for 1 hour to reduce 
non- specific binding. Next, the sections were incubated 
with primary antibodies at 4°C overnight. The primary 
antibodies used in this study included Ki67 (1:200, 
Novus, Cat#NB500- 170), Cleaved Caspase- 3 (1:200, 
CST, Cat#9661S), CD8a (1:500, Abcam, Cat#ab93278), 
CXCL1 (1:500, Proteintech, Cat#12 335–1- AP), NCR1 
(1:200, Abcam, Cat#ab283517), CD4 (1:300, Immunoway, 
Cat#YT0762), PI3k (1:200, Affinity, Cat#AF5112), and 
AKT (1:200, Proteintech, Cat#66 444- 1- Ig). The appro-
priate secondary antibodies were applied, followed by 
incubation with streptavidin–biotin complex (SABC) 
using the SABC immunohistochemical kit (BOSTER, 
Cat#SA1022). Subsequently, the sections were subjected 
to DAB staining (BOSTER, Cat#AR1027) to visualize the 
specific antigen–antibody complexes. To quantify the IHC 
staining results on patients with ESCC, the IHC staining 
intensity was assigned scores: 0 (negative), 1 (weak), 2 
(medium), or 3 (strong), and IHC score was calculated 
by multiplying the percentage of positive cells (P) by the 
intensity (I), using the formula: Q=P×I; with a maximum 
score of 300.36 The IHC score was calculated based on the 
percentage of positive cells within ESCC mouse model.

Immunofluorescence
Paraffin- embedded tissue sections were subjected to 
antigen retrieval by heating in sodium citrate buffer. 
Endogenous peroxidase activity was quenched by treating 
the sections with 3% hydrogen peroxide in methanol. To 
reduce non- specific binding, sections were blocked with 
a fluorescent blocking solution (containing 1% BSA, 5% 
donkey serum, and 0.2% Triton X- 100) at room tempera-
ture for 30 min. Subsequently, sections were incubated 
with primary antibodies overnight at 4°C. The primary 
antibodies used in this study included MPO (1:200, 
Immunoway, Cat#YM6663) and H3cit (1:200, Abcam, 
Cat#ab5103). Fluorescent secondary antibodies, conju-
gated with fluorochromes such as 488 and 594, were 
applied to the sections and incubated at room tempera-
ture for 50 min. After the incubation with secondary 
antibodies, sections were counterstained with DAPI 
(4′,6- diamidino- 2- phenylindole) to visualize cell nuclei 
and provide contrast.

scRNA-seq dataset analysis
scRNA- seq was performed on ESCC tissues obtained from 
epithelial conditional knockout CD276 (K14CreER, Cd276flox/

flox) mice and control mice (Cd276wt/wt) to elucidate the 
main mechanism by which CD276 regulates immune 
escape in ESCC. To prepare the single- cell suspension, 
esophageal tissues were microdissected and disaggregated 
into single cells using enzymatic digestion with mouse 
Tumor Dissociation Kit (130- 096- 730, Macs Miltenyi Biotec, 
China) at 37 °C for 45 min using gentleMACS Dissociator 
(130- 093- 235, Macs Miltenyi Biotec, China). For scRNA- seq 
library preparation, we used the Chromium Single Cell 3′ 
v3 (10× Genomics, Pleasanton, California, USA) following 
the manufacturer’s instructions.

Seurat R package was employed to analyze and visualize 
the scRNA- seq data.37 Briefly, we identified high- variable 
genes, capturing heterogeneity and key regulatory factors. 
Next, principal component analysis reduced dimension-
ality, enabling visualization of cellular heterogeneity, 
and identifying cell clusters based on gene expression 
patterns.

Comparative analysis between human and mouse ESCC 
models
Comparative analysis between human and mouse ESCC 
models was conducted using our scRNA- seq data and data 
from GSE160269.23 To ensure comparability, orthologous 
genes between mouse and human datasets were identified. 
The cells from both datasets were integrated using Seur-
at’s sctransform function, focusing on the most variable 
genes. The integrated cell matrix was generated using the 
RunFastMNN function (SeuratWrappers, V.0.1.0). Clus-
tering and cell- type identification were performed using 
the Seurat package on the integrated dataset. The Sankey 
diagram visualized the origin of each cell type, enabling a 
comprehensive comparison of mouse and human ESCC 
cell types at the single- cell and whole transcriptome levels.
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CellChat analysis
To explore and visualize the intricate communication 
networks between the tumor cell cluster and immune 
clusters, CellChat (version v1.1.0,  github. com/ sqjin/ Cell-
Chat) was used.24 Default parameter values were applied 
for each step of the analysis.

RNA-seq analysis
RNA- seq was conducted on ESCC tissues derived from 
epithelial conditional knockout CD276 mice and control 
mice. Briefly, total RNA was isolated using FreeZol reagent 
(Vazyme, Cat#R711- 02) in accordance with the manufac-
turer’s procedures. Then, total RNA was qualified and 
quantified using a NanoDrop and Agilent 2100 Bioana-
lyzer. The RNA library preparation was conducted using 
the MGIseq500 platform (MGI Technology, MGISEQ- 
500). The gene count matrix was generated through 
alignment with the GRCm38 mouse reference genome. 
For RNA- seq analysis, the DEGs were identified by using 
DESeq2 (V.1.28.1) package in R.

Tissue dissociation and FCM analysis
To assess the immune cell population, we performed a 
comprehensive analysis of esophageal tissues from each 
group of mice (CD276 conditional knockout, CD276 condi-
tional knock- in, and wild- type mice) following tamoxifen 
induction. The tissue dissociation process involved cutting 
the tissues into 2 mm pieces and successive rinses with 
prechilled PBS containing 3%, 5%, and 10% triple anti-
bodies. Subsequently, tumor tissues were dissociated using 
the Metani Tumor Dissociation Kit (Miltenyi, 130- 096- 
730) as per the manufacturer’s instructions. The digested 
samples were then filtered and centrifuged at 1500 rpm for 
5 min. Following the removal of the supernatant, erythro-
cyte lysis solution was added to lyse erythrocytes for 3 min. 
The lysis was terminated with PBS, and the cells were 
resuspended in 2% FBS to achieve a cell concentration 
of approximately 1×107 cells/mL. The samples were incu-
bated on ice for 30 min and subsequently washed with PBS 
before centrifugation. For further immune cell character-
ization, the flow cytometric antibodies CD45 (1:50, Tonbo 
Biosciences, Cat#60- 0451), CD3 (1:100, Tonbo Biosci-
ences, Cat#20- 0032), CD8a (1:100, Tonbo Biosciences, 
Cat#75- 0081), CD4 (1:100, Biolegend, Cat#100510), 
GZMB (1:100, Biolegend, Cat#372212), CD25 (1:100, 
Tonbo Biosciences, Cat#50- 0251), FOXP3 (1:100, Tonbo 
Biosciences, Cat#55- 5773), CD11b (1:100, Tonbo Biosci-
ences, Cat#85- 0112), Ly6G (1:100, Tonbo Biosciences, 
Cat#50- 1276), F4/80 (1:100, Invitrogen, Cat#45- 4801- 80), 
and NK1.1 (1:100, Tonbo Biosciences, Cat#80- 5941) were 
incubated with the samples, following the same procedure 
as in the previous step. Finally, the samples were analyzed 
using an FCM analyzer to quantitatively and qualitatively 
assess the immune cell populations present in the esopha-
geal tissues of the different mouse groups.

Statistical analyses
All experiments were independently repeated three times, 
and the data were presented as mean±SD to account for 

experimental variability. GraphPad Prism V.8.0 software 
was used for statistical analysis and data visualization. To 
determine the significance of observed differences, log- 
rank test, two- tailed unpaired Student’s t- test, and one- way 
analysis of variance with Tukey’s multiple comparison test 
were employed. Significance levels are: “n.s” represents 
not significant, *p<0.05, **p<0.01, and ***p<0.001.
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