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ABSTRACT
Esophageal squamous cell carcinoma (ESCC) is a prevalent malignant tumor of the digestive tract with 
a low 5-year survival rate due to the lack of effective treatment methods. Although therapeutic mono
clonal antibodies (mAbs) now play an important role in cancer therapy, effective targeted mAbs are still 
lacking for ESCC. B7-H3 is highly expressed in a variety of tumors and has emerged as a promising 
therapeutic target. Several mAbs against B7-H3 have advanced to clinical trials, but their development has 
not yet been pursued for ESCC. Here, we developed a humanized and Fc-engineered anti-B7H3 mAb 24F- 
Hu-mut2 and systematically evaluated its anti-tumor activity in vitro and in vivo. The 24F-Hu-mut2 was 
humanized and modified in Fc fragment to obtain stronger antibody-dependent cell-mediated cytotoxi
city(ADCC) activity and nanomolar affinity. Furthermore, both of ESCC cell-derived xenograft (CDX) and 
patient-derived xenograft (PDX) mice models indicated that 24F-Hu-mut2 displayed potent in vivo anti- 
tumor activity. In addition, a computational docking model showed that the mAb bound to IgC1 and IgC2 
domain of B7-H3, which is closer to the cell membrane. Consistently, our ELISA results verified the binding 
of 24F-Hu-WT and IgC1 and IgC2. Our results indicate that 24F-Hu-mut2 has significant anti-ESCC activity 
both in vitro and in vivo, and this monoclonal antibody may be a promising antibody against ESCC and 
other B7-H3 overexpressing tumors.
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Introduction

Esophageal Squamous cell carcinoma (ESCC) is the predomi
nant type of esophageal cancer, which is prevalent in South 
Africa, Central Asia, and China.1 Due to the limited therapeu
tic efficacy of surgery, radiotherapy, and chemotherapy, the 
overall 5-year survival rate of ESCC patients is less than 20%.2 

Therefore, there is an urgent need for new effective treatment 
for ESCC. Immunotherapy has emerged as an important pillar 
in the field of cancer therapy in recent decades. Therapeutic 
monoclonal antibody（mAb）is one of the main means of 
immunotherapy, which has the advantages of high targeting, 
strong specificity, mild side effects and so on. It has been used 
in the clinical treatment of some malignant tumors. 
Monoclonal antibody drugs can act through a variety of 
mechanisms after entering the body. On one hand, The anti
gen-binding fragment of an antibody recognizes the antigen 
and prevents antigen from binding to its ligand, thereby pre
venting tumor cell proliferation, migration, immune escape, 
etc. For instance, monoclonal antibodies targeting PD1 can 
activate the immune system to eliminate tumors by blocking 
the binding of PD1 to its ligands; On the other hand, tumor 

cells can be eliminated by antibody-dependent cell-mediated 
cytotoxicity (ADCC), antibody-dependent cell-mediated pha
gocytosis (ADCP), complement-dependent cell-mediated 
cytotoxicity (CDC) and other functions. Among them, 
ADCC is an effective cytotoxic mechanism, mainly mediated 
by NK cells, which is the basis of the effect mechanism of 
a variety of antibody drugs such as rituximab, daratumumab, 
and trastuzumab. Enhancing ADCC effect is an important 
direction of antibody-drug engineering. It provides a new pos
sibility for ESCC treatment.

B7-H3, a member of the B7 family, is abnormally expressed in 
a variety of malignancies, and is not expressed or low expressed in 
normal tissues.3,4 Importantly, B7-H3 expression is closely related 
to the occurrence and development of tumors and poor 
prognosis.5,6 Although the receptor of B7-H3 has not been fully 
identified, B7-H3 has been experimentally implicated in the trans
mission of costimulatory and inhibitory signals of the immune 
system.7 As suggested by some recent investigations, B7-H3 has 
an inhibitory effect on the immune response, which facilitates 
tumor cells to evade immune surveillance.8,9 In recent years, 
studies have shown that B7-H3 is highly expressed in ESCC and 

CONTACT Jimin Zhao zhaojimin@zzu.edu.cn; Kangdong Liu kdliu@zzu.edu.cn Department of Pathophysiology, School of Basic Medical Sciences, 
Zhengzhou University, Zhengzhou, China
*Huiting Wu, Chang Liu and Qiang Yuan are contributed equally to this study.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2023.2282250

ONCOIMMUNOLOGY                                        
2023, VOL. 12, NO. 1, 2282250 
https://doi.org/10.1080/2162402X.2023.2282250

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

https://doi.org/10.1080/2162402X.2023.2282250
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2023.2282250&domain=pdf&date_stamp=2023-11-23


is associated with poor prognosis of ESCC.10 These characteristics 
suggest that B7-H3 may become a new target for ESCC treatment. 
At present, several antibodies targeting B7-H3 have entered pre
clinical or clinical studies, among which mAbs MGA271 
(MacroGenics) and 8H9 (Y-MAbs Therapeutics) have achieved 
significant efficacy in the treatment of non-small cell lung cancer, 
neuroblastoma and other solid tumors in clinical trials.11,12 

However, the role of anti-B7-H3 mAbs in the treatment of 
ESCC has been rarely studied, and its efficacy is unclear.

In this study, we develop a novel monoclonal antibody against 
B7-H3 for ESCC treatment. Firstly, we obtained the original anti- 
B7-H3 mAbs by immunizing mice with antigens and hybridoma 
screening. The antibody with the highest affinity was then huma
nized and named 24F-Hu-WT. Next, two forms of Fc engineering 
were utilized to enhance the efficiency of ADCC of 24F-Hu-WT, 
without compromising the original affinity as confirmed by 
Surface Plasmon Resonance (SPR). One of the Fc-engineered 
antibodies, 24F-Hu-mut2, exhibited significant anti-tumor activ
ity against B7-H3-expressing ESCC cells in vitro and in vivo. To 
facilitate additional modification and engineering, we also 
explored the binding region of 24F-Hu-WT on B7-H3 protein, 
and found that it mainly bound to IgC1 and IgC2 domains of B7- 
H3. Our results suggest that the Fc-enhanced mAb 24F-Hu-mut2 
may provide a potential therapeutic agent for ESCC therapy.

Materials and methods

Cell lines

Human ESCC lines KYSE30, KYSE150, KYSE410, KYSE450, 
KYSE510, TE-1, and human embryonic kidney cell HEK293F 
were preserved and provided by the Department of 
Pathophysiology, Basic Medical College of Zhengzhou 
University. Human ESCC cell lines KYSE30, KYSE150, 
KYSE410, KYSE450 and TE-1 were cultured in RPMI 1640 med
ium containing 10% FBS. KYSE510 cells were cultured in DMEM 
medium containing 10% FBS. HEK293F cells were cultured in 
serum-free medium 293T-II (Sino Biological Inc., China). All cells 
were grown in a humidified incubator containing 5% CO2 at 37°C.

Immunohistochemistry (IHC)

Tissue microarrays from Henan Cancer Hospital were deparaffi
nized and hydrated. Antigen retrieval was completed by immer
sing slides in citric acid retrieval solution under pressure for 10  
min. Then, the slides were treated with 3% H2O2 for 10 min at 
room temperature, followed by overnight incubation at 4°C with 
primary antibodies against B7-H3 (Cell Signaling Technology, 
Catalog No.14058T). The next day, the slides were developed 
using a two steps detection kit (ZSGB-BIO, Catalog SAP-9100) 
and DAB chromogen, and counterstained with hematoxylin. The 
slides were quantified by calculating the percentage of positive 
cells using the Image-Pro Plus software (v.6.0).

Generation of monoclonal antibody

Female Balb/c mice (Henan Laboratory Animal Center) were 
immunized with B7-H3-4Ig protein (Acro Biosystems. Catalog 
No.B7B-H52E7). The protein was mixed with adjuvant and 

injected subcutaneously into mice once a fortnight. After the 
third immunization, the serum titer of the mice was measured, 
and the one with the highest titer was selected for shock 
immunization. The mouse spleen cells were fused with mye
loma cells to form hybridoma cells. Anti-B7-H3 hybridoma 
supernatant was tested by ELISA. Monoclonal hybridoma cells 
that produced the monoclonal antibody were sequenced to 
identify the sequence-specific mAb.

Expression of antibodies

The light and heavy chain plasmids of the antibody (2 µg/mL) and 
PEI (1 mg/mL, Polysciences. Catalog No. 23966–1) were added to 
the medium, mixed, and incubated for 5 min at room tempera
ture, respectively. The PEI-containing medium was then trans
ferred to the plasmid-containing medium, and incubated together 
for 20 min. The ratio of plasmid to PEI was 1:3. The density of 
HEK293F cells was adjusted to 4 × 106/mL. The mixed medium 
was added to the cell suspension and placed at 37°C in a 5% CO2 
incubator with a shaker. On the second day of transfection, the 
temperature of the incubator was cooled to 32°C, and 
a supplement (Sino biological. Catalog No. M293-SUPI) and 
glutamine were added to the culture system every 48 h. The cell 
viability was continuously recorded, and if the cell viability was 
lower than 70%, the protein expression procedure was terminated. 
The cell suspension was transferred to a centrifuge tube at 800 g 
for 10 min. The supernatant was collected.

Antibody purification

The antibody was purified using a Hitrap 1 mL Mabselect SuRe 
(Cytiva. Catalog No. 11003493) purification column at a flow rate 
of 1 mL/min. After sample loading, the PBS buffer was replaced, 
the flow rate was set at 1 mL/min, and the column was rinsed until 
equilibrium. The eluate was replaced with 100 mM glycine eluate 
(pH 2.7) at a flow rate of 1 mL/min. The pH of the eluate was 
adjusted to neutral using pH 8.0 Tris-HCl. The antibody was 
transferred to a dialysis bag with a 14 KD cutoff molecular weight 
for dialysis, collected, and the antibody concentration was mea
sured by using Nanodrop one (Thermo Scientific).

Antibody humanization

Amino acid sequences of variable light chain (VL) and variable 
heavy chain (VH) were designed using the complementary deter
mining region (CDR) sequences from the mouse 24F7H mAb and 
framework sequences from human germline V-kappa or VH 
segment, respectively. The humanized VL and VH coding 
sequences were synthesized de novo, and fused to the human 
C-kappa or human gamma1 constant region cDNA, respectively.

Fc engineering

We made two types of Fc engineering modifications of the heavy 
chain of 24F-Hu-WT antibody to enhance the effect of ADCC. 
24F-Hu-mut5 was designed to mutate 5 amino acids (L235V, 
F243L, R292P, Y300L and P396L) in the Fc domain, which is 
the same as the Fc sequence of positive control MGA27112 24F- 
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Hu-mut2 mutated 2 amino acids (S239D, I332E), which was 
referenced the Fc engineering of anti-CD19 mAb XmAb5574.13

Flow cytometry

Cells were digested in non-enzyme cell detach solution. Then 
cell samples were treated with primary antibody (2 μg/ml) for 
1 h at 4°C, and stained with FITC-conjugated affinipure Goat- 
anti-Human IgG (Proteintech Catalog No. SA00003–12) at 4°C 
in the dark. Cells were analyzed using a flow cytometer 
(Aglient NovoCyte) and FlowJo software.

ELISA

An ELISA plate was coated with soluble human B7-H3-4Ig or 
B7-H3-2Ig (2 μg/ml) in PBS overnight at 4°C. The plate was 
blocked with PBS containing 5% milk for 2 h at room tempera
ture. Antibodies were diluted in PBS and applied to the ELISA 
plate for 2 h. Following washing with PBS containing 0.2% 
Tween 20 (PBST), HRP conjugated goat anti-mouse IgG or 
goat anti-human IgG were incubated for 1 h (dilution 1:5000 in 
PBS). The plate was washed and developed with 100 µL/well of 
TMB peroxidase substrate and terminated with 100 µL/well of 
1 M HCl. Absorbance at 450 nm was determined and data 
analyzed using GraphPad Prism 8 software.

Antibody-dependent cell-mediated cytotoxicity

Peripheral blood mononuclear cells (PBMCs) were isolated from 
the blood of healthy donors by density gradient centrifugation 
using lymphocyte isolation solution. Then, the PBMCs were 
induced by 200 U/mL of IL-2 for 24 h. Subsequently, ESCC cells 
were incubated with PBMCs at effector:target (E:T) ratios of 20:1 
overnight, in which serially diluted antibodies were added. The 
lactate dehydrogenase (LDH) release was measured by CytoTox 
96® NonRadioactive Cytotoxicity Assay kit (Promega Corp. 
Catalog No. G1780). The Cytotoxicity of antibodies was deter
mined as: Cytotoxicity (%) = (experimental cell lysis−antibody- 
independent cell cytolysis)/(maximum target lysis−spontaneous 
target lysis) ×100%.

Affinity measurements

The binding affinity of 24F-Hu-WT, 24F-Hu-mut2 or 
MGA271 against human B7-H3-4Ig protein (Acro 
Biosystems. Catalog No.B7B-H52E7) was analyzed by surface 
plasmon resonance using Biacore T200 (GE Healthcare). 
Monoclonal antibodies were immobilized to protein A chip, 
and then B7-H3 protein was injected. Binding curves were 
obtained. The KD values were calculated using Biacore T200 
Evaluation Software (version 4.1.1).

Computer docking model

The structure of the B7-H3 antigen was predicted by Alphafold 
v2.0,14,15 while the 24F-Hu-WT antibody was predicted by 
Rosetta antibody protocol.16–20 Afterwards, the docking simu
lation was performed by using ZDOCK 3.0.2.21 At last, the 
complexes were minimized by using AMBER16 program.

Cell-Derived Xenograft (CDX) and Patient-Derived 
Xenograft (PDX) mouse models

All mouse experiments were carried out under protocols 
approved by the Ethics Committee of Zhengzhou University 
(ZZUIRB2023154). Female SCID mice (which have functional 
NK cells and macrophages) aged 4–6 weeks were purchased 
from Cyagen Biosciences and maintained in SPF grade animal 
laboratories. The mice were fed with special feed and drinking 
water after sterilization. KYSE150 cells (2.5 × 106 per mouse) in 
PBS and patient-derived ESCC tissues EG20 were subcuta
neously implanted into mice, respectively. When tumors were 
approximately 50 to 100 mm3, antibodies were administered 
intraperitoneally once weekly for 3–4 weeks at a dosage of 5  
mg/kg. Tumor sizes were monitored twice weekly by orthogo
nal measurements with electronic calipers.

Statistical analysis

All quantitative results were expressed as mean values ± SD and P  
< .05 were considered statistically significant. Significant differ
ences were determined by Student’s t-test or one-way ANOVA 
using GraphPad Prism 8.0 or SPSS 22.0 software.

Results

B7-H3 is highly expressed in human ESCC tissues and cell 
lines

The Cancer Genome Atlas (TCGA) database suggested the 
protein levels of B7-H3 were up-regulated on multiple 
tumors including ESCC, compared to the corresponding 
para-carcinoma tissue (Figure 1a). Moreover, the expression 
level of B7-H3 transcripts was increased compared with 
normal tissues in different types and stages of esophageal 
cancer, (Figure 1b,c). To further validate B7-H3 expression 
in ESCC, we examined the protein levels of B7-H3 in an 
ESCC tissue array by immunohistochemistry. The results 
showed that the protein levels of B7-H3 were higher in 
ESCC tissues (n = 63) compared to adjacent tissues (n =  
27), and the difference was statistically significant 
(p < .001). Representative case images and statistical results 
of the tumor and adjacent tissues were shown in Figure 1d- 
e. In addition, we detected the protein levels of B7-H3 in 
ESCC cell lines by flow cytometry with a positive antibody 
MGA271 as the primary antibody. The results showed that 
B7-H3 expression was higher in ESCC cell lines (Figure 1f). 
These results indicate that B7-H3 protein levels are up- 
regulated in ESCC compared to para-carcinoma tissue.

24F7H shows strong binding activity to B7H3 and ESCC 
cells

BALB/C mice were immunized with B7-H3-4Ig protein mixed 
with adjuvant. For the first immunization, complete adjuvant 
and protein were mixed into an emulsified state and injected 
subcutaneously into mice at split-point. The second and third 
immunizations used incomplete adjuvants mixed with protein. 
The interval between the two immunizations was 2 weeks. 
After three immunizations, serum titers of mice were measured 
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by ELISA. The one with the highest titer was selected for shock 
immunization. After four immunizations, mouse spleen cells 
were fused with myeloma cells to obtain hybridoma cells cap
able of producing antibodies. The supernatant of hybridoma 
pools binding to both of B7H3-4Ig and B7H3-2Ig proteins was 
screened by ELISA. Subsequently, four murine mAbs were 

obtained, named 7F5A6, 7F5B10, 19D8G and 24F7H, respec
tively. The binding ability of these four mAbs to ESCC 
KYSE150 and KYSE450 cells was determined by flow cytome
try, with MGA271 serving as a positive control. The results 
showed that the binding ability of the four mAbs to KYSE450 
cells was higher than MGA271 (Figure 2a). To further validate 

Figure 1. B7H3 is highly expressed in ESCC tissues and cell lines. (a) Differential expression profile analysis of B7-H3 in tumor and adjacent tissues based on the TCGA 
database. (b) The transcript expression levels of B7-H3 in different types of esophageal cancer tissues were analyzed based on TCGA database. (c) The transcript 
expression levels of B7-H3 in different stages of esophageal cancer were analyzed based on TCGA database. (d) Representative images of immunohistochemistry 
staining of B7-H3 on ESCC tissue microarrays were shown. (e) Statistical graph of the tissue microarray unpairing and pairing analysis. (f) Flow cytometry results of B7-H3 
expression in ESCC cells and MGA271 is a positive antibody to B7-H3. All data are shown as means±S.D. The asterisks (*, **, ***) indicate statistical significance (p < .05, 
p < .01, p < .001, respectively).

4 H. WU ET AL.



the binding ability of the four mAbs to the B7-H3 protein and 
cells. B7-H3 proteins were diluted to a series of concentrations, 
and the EC50 values of mAbs bound to the protein and cells 
were determined by ELISA and flow cytometry. The results 
indicated that the EC50 values of 24F7H binding to B7-H3-2Ig, 
B7-H3-4Ig and KYSE150 cells were 49.1 ± 2.3 ng/ml, 33.1 ±  
0.04 ng/ml and 508.7 ± 63.2 ng/ml, respectively. Compared 
with other antibodies, the binding affinity of 24F7H to B7-H3 
was the highest (Figure 2b-c and Supplement Table S2), which 
possesses the potential for further modification. Given the 
immunogenicity of the murine monoclonal antibody to 
human, we humanized the murine antibody of 24F7H, to 
facilitate its clinical application. The complementary determin
ing regions (CDR) of 24F7H were grafted onto the human 
immunoglobulin G (IgG) frameworks, named 24F-Hu-WT.

The Fc-engineered antibody 24F-Hu-mut2 shows high 
affinity to B7-H3 protein and anti-tumor activity in vitro

Subsequently, we used liquid chromatography to check anti
body purity. The purity of 24F-Hu-mut2, 24F-Hu-WT and 
24F-Hu-mut5 was 88.98%, 88.07% and 91.40%, respectively 
(Supplement Figure S1B and Supplement Table S1). The pur
ified protein was confirmed by the results of reductive SDS- 
PAGE and non-reductive SDS-PAGE. The molecular weight of 
the antibody was about 150KD and no obvious miscellaneous 
bands were observed (Supplement Figure S1A). In order to 
enhance the activity of antibody-mediated ADCC, we modified 
the Fc region of the mAb 24F-Hu-WT in two forms to enhance 
the affinity of Fc to the FcRIIIa. One mutant, 24F-Hu-mut5, 
was generated from 24F-Hu-WT by exchanging 5 amino acids 
(aa) of the Fc domain (i.e., L235V, F243L, R292P, Y300L and 
P396L, same as MGA271), and the other mutant, 24F-Hu- 

mut2, was generated by exchanging 2 aa residues same as anti- 
CD19 mAb XmAb5574 (i.e., S239D, I332E). In order to con
firm whether the Fc-optimization affects the binding of the 
antibody to its antigen, B7-H3 was diluted into various con
centrations, and the EC50 value of binding between monoclo
nal antibodies and B7-H3 protein was detected by ELISA. 
Simultaneously, the binding capacity of 24F-Hu-WT, 24F-Hu- 
mut2, 24F-Hu-mut5 to KYSE150 cells was also assessed by flow 
cytometry. ELISA and flow cytometry results showed that the 
EC50 value of the modified antibody did not change signifi
cantly Figure 3a,b and (Supplement Table S3).

To evaluate the effect of amino acid mutation in the Fc 
region of mAbs on its binding to B7-H3, the KD values of 24F- 
Hu-WT, 24F-Hu-mut2 and 24F-Hu-mut5 were assessed by 
SPR (Figure 3c-f). The affinity of 24F-Hu-mut2, 24F-Hu- 
mut5 and 24F-Hu-WT to human B7-H3-4Ig was 0.5 nM, 
0.53 nM and 0.8 nM, respectively, whereas the KD value of 
the positive control MGA271 was 1.43 nM (Table 1). The 
results showed that the affinity of 24F-Hu-mut2 and 24F-Hu- 
mut5 did not decrease significantly compared with 24F-Hu- 
WT, and the affinity of the modified 24F7H mAb was higher 
than that of the positive control MGA271. Next, to investigate 
whether the ADCC activity of Fc-optimized antibodies was 
enhanced, we conducted the LDH assay. The results showed 
that 24F-Hu-mut2 maintained a strong inhibitory effect on 
tumor cells. The ADCC activity of 24F-Hu-mut2 was higher 
than that of 24F-Hu-WT, 24F-Hu-mut5 and MGA271 
(Figure 3g-j). Compared to 24F-Hu-WT, the tumor inhibitory 
rate of 24F-Hu-mut2 increased by 10%-15% . In addition, the 
PBMC cells of mice were separated and incubated with ESCC 
KYSE450 cells in the presence of antibodies. The results indi
cated that 24F-Hu-mut2 had a more pronounced impact on 
ADCC compared to MGA271 and 24F-Hu-WT group 

Figure 2. Screening of subclones and identification of affinity and bioactivity of murine mAbs. (a) Flow cytometry results showed that all of the four murine antibodies 
bound to ESCC cell lines. (b) The binding curves of the four murine antibodies to human B7H3-4Ig and B7H3-2Ig as measured by ELISA. (c) The binding curves of four 
murine antibodies to ESCC cell lines KYSE150 by Flow cytometry.
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Figure 3. The Fc-engineered antibody 24F-Hu-mut2 has high affinity and ADCC activity in vitro. (a) The binding of mAbs to human B7-H3-2Ig and B7-H3-4Ig was 
analyzed by ELISA. (b) The binding of mAbs to KYSE150 cells was analyzed by Flow cytometry. (c-f) Binding sensorgrams of the captured B7-H3-4Ig interacted with 
different 24F-Hu-WT Fc mutants. (g-h) LDH assay was used to determine the ability of mAbs to kill KYSE150 and KYSE450 cells by human PBMC in vitro. Effector to target 
cell ratio (ET ratio) was set to 20:1. (i-j) LDH assay was used to detect the ADCC activity of the monoclonal antibodies against KYSE150 and KYSE450 cells at different 
concentrations. All data are shown as means±S.D. The asterisks (*, **, ***) indicate statistical significance (p < .05, p < .01, p < .001, respectively).
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(Supplement Figure S2C). 24F-Hu-mut2 is therefore 
a promising antibody based on its affinity for B7-H3 and its 
cytotoxicity against ESCC cells in vitro.

24F- Mu and 24F-Hu-WT mAbs binds to the IgC1 and IgC2 
domains of B7-H3

B7-H3 (CD276) is a member of the B7 immunomodulator 
family and involves two isoforms, 4IgB7-H3 (4Ig) and 2IgB7- 
H3 (2Ig), in humans. The two isoforms have similar struc
tures, with 2Ig in the extracellular immunoglobulin domain 
IgV-IgC and 4Ig in IgV-IgC-IgV-IgC (Figure 4a), the major 
subtype expressed in malignant cells.22,23 B7-H3 exon dupli
cation creates a conserved region in the first IgC domain of 
4Ig. This may render 4Ig unable to release the soluble form, 
whereas 2Ig produces both membrane and soluble forms. B7- 
H3 has both co-stimulatory and co-inhibitory immunomo
dulatory functions. It has been reported that 2Ig can increase 
the proliferation of T cells and the production of IL-2 and 
IFN-γ, while 4Ig can reduce the production of cytokines and 
the proliferation of T cells.24 Overexpression of the abnormal 
B7-H3 protein has been implicated and is associated with 
poor prognosis in many patients with solid tumors.25,26 

Studies have shown that antibody binding to epitopes closer 
to the cell membrane is more conducive to the activation of 
ADCC effect. To verify whether the antibody binds to IgC1 
and IgC2, which are closer to the cell membrane, we 
expressed IgC1 and IgC2 peptides and verified the binding 
site of parent antibody 24F-Mu by ELISA. The results 

showed that 24F-Mu bound to the IgC1 and IgC2 domains 
of B7-H3 protein (Figure 4b). In order to further elucidated 
the interaction between B7-H3 antigen and the humanized 
24F-Hu-WT antibody, molecular docking simulations were 
performed. As shown in Figure 4c, it was the IgC domains of 
B7-H3 antigen that engaged interaction with the 24F-Hu-WT 
antibody. The VL domain mainly interacted with the IgC2 
domain, while the VH domain interacted with both IgC1 and 
C2 domains. Extensive electrostatic interactions and hydro
gen bonding interactions were formed. Specifically, the R223 
of IgC1 formed electrostatic interactions with E82 of the VH 
domain. The sidechains of D230 and Q182 formed hydrogen 
bonds with S17 and K65, respectively. The main chains of 
G183 and P185 were hydrogen-bonded with Y60 and R72 of 
VH domain. For IgC2 domain, E393 formed electrostatic 
interaction with K52 of VL domain. T409 and T410 were 
also hydrogen bonded with G56, V57, and A54. In addition, 
E391 and Y389 also formed hydrogen bond interactions with 
G101 and K99 of the VH domain. All these interactions 
contribute to the stabilization of the complex. Based on 
these results, we concluded that 24F-Hu-WT CDR region 
binds to the IgC1 and IgC2 domains of human B7-H3.

24F-Hu-mut2 inhibits ESCC cell-derived xenograft (CDX) 
growth

To evaluate the antitumor activity of 24F-Hu-mut2 for ESCC, 
we conducted a subcutaneous xenograft model using severe 
combined immunodeficient (SCID) mice (which have 

Table 1. Dissociation constants of MGA271, 24F-Hu-WT, 24F-Hu-mut2 and 24F- 
Hu-mut5 bound to B7-H3-4Ig.

mAb ka(1/Ms) kd(1/s) KD(nM)

MGA271 1.38×105 1.976×10−4 1.43
24F-Hu-WT 2.33×105 1.86×10−4 0.80
24F-Hu-mut2 2.11×105 1.128×10−4 0.53
24F-Hu-mut5 3.31×105 1.65×10−4 0.50

Figure 4. 24F- Mu and 24F-Hu-WT mAbs bind to IgC1 and IgC2 domains of B7-H3 protein. (a) Diagram of the protein structure of B7-H3-4Ig. (b) The binding of 24F- Mu 
to IgC1 and IgC2 domains of B7-H3 protein was detected by ELISA. (c) Molecular docking simulation diagram for mAb 24F-Hu-WT recognition of B7-H3 targets. B7-H3 is 
shown in the cartoon (IgV1 and IgV2 are shown in gray, while IgC1 and IgC2 are shown in purple). The VH and VL of humanized 24F-Hu-WT are shown in magenta and 
cyan, respectively. The key interaction residues are shown in sticks. All data are shown as means±S.D. The asterisks (*, **, ***) indicate statistical significance (p < .05, 
p < .01, p < .001, respectively).

ONCOIMMUNOLOGY 7



functional NK cells and macrophages). KYSE150 cells (2.5 × 106 

per mouse) in PBS were implanted subcutaneously. MGA271, 
24F-Hu-mut2, human IgG1 isotype control (5 mg/kg), or vehi
cle (PBS) were injected intraperitoneally (i.p.) once a week until 
the average tumor volume of the control group reached about 
1000 mm3. The results showed that the tumor volume and 
weight of the three mAbs groups (MGA271, 24F-Hu-WT and 
24F-Hu-mut2) were smaller than those of the control group 
(Figure 5a-c). These data indicated that the three mAbs inhibited 
xenograft growth in vivo. It is notable that the Fc-engineered 
24F-Hu-mut2 mAbs showed a more obvious inhibition of 
tumor compared with the parental mAbs (24F-Hu-WT) and 
positive control(MGA271). The body weight of mice did not 
change significantly during administration (Figure 5d).

24F-Hu-mut2 inhibits ESCC patient-derived xenograft 
(PDX) growth

To further investigate the anti-tumor effect of 24F-Hu-mut2 
in vivo, we utilized the ESCC PDX model. The mice of case 
EG20 were treated with MGA271, 24F-Hu-mut2, human IgG1 
isotype control (5 mg/kg), or vehicle (PBS) were injected intra
peritoneally (i.p.) once a week until the average tumor volume 
of the control group reached about 1000 mm3. The results 
showed that the tumor volume and weight of MGA271, 24F- 
Hu-mut2 and 24F-Hu-mut5 groups were significantly reduced 
compared with vehicle and human IgG1 groups, demonstrat
ing superior antitumor effect in vivo. In addition, the antitu
mor effect of 24F-Hu-mut2 was better than that of the positive 

controls MGA271 and 24F-Hu-mut2 (Figure 6a-c). The weight 
of the mice in all of the groups did not change significantly 
during dosing (Figure 6d). To determine NK cell infiltration in 
PDX model, CD335 and NK1.1 was detected using immuno
histochemical staining, which are the molecular markers of 
mouse NK cells. The results showed that the expression of 
CD335 and NK1.1 were stronger in the 24F-Hu-mut2 group, 
indicating that 24F-Hu-mut2 group had more NK cell infiltra
tion in the tumors (Supplement Figure S3).

Discussion

Here, we developed and thoroughly characterized an Fc- 
optimized mAb targeting human B7-H3. Studies have shown 
that B7-H3 is overexpressed in a variety of cancers such as 
prostate cancer,27 pancreatic cancer,26 colorectal cancer,28 

ovarian cancer29and bladder cancer,30 but limited expression 
in normal tissues and is associated with poor prognosis.3 We 
also confirmed the high expression of B7-H3 in an ESCC tissue 
array by immunohistochemical. In recent years, a variety of B7- 
H3-targeted immunotherapy strategies, including mAbs, ADC, 
CAR-T, have been developed and entered preclinical or clinical 
studies. The monoclonal antibody drug 131I-Omburtamab, for 
instance, is highly effective in the treatment of CNS/leptome
ningeal metastatic neuroblastoma with significant improve
ment in survival compared to historical data.31 B7-H3- 
targeted ADC drug MGC018 has shown promising efficacy in 
patients with metastatic castration-resistant prostate cancer, 
and prostate-specific antigen decreased by more than 50% in 

Figure 5. 24F-Hu-mut2 inhibits cell derived xenograft (CDX) tumor growth in vivo. (a) Tumors growth curves of CDX mice were plotted. 24F-Hu-WT, 24F-Hu-mut2 and 
MGA271 antibodies and IgG1(5mg/kg) were administrated intraperitoneally once weekly (n=6). Tumor volume was measured every 3–4days. (b). Photographs of 
tumors from each case are shown. (c) Tumor weight after treatment with antibodies (n=6). (d) Body weight of mice was measured every 3–4days during treatment with 
antibody. All data are shown as means±S.D. The asterisks (*, **, ***) indicate statistical significance (p < .05, p < .01, p < .001, respectively).
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50% of patients (NCT03729596). These indicate that B7-H3 is 
a safe and effective target for anticancer drug development.

MAbs are the most commonly used tumor immunotherapy 
in clinical practice.32 The therapeutic effects of antibodies are 
based on the affinity of the Fv region of an antibody to the 
target at nanomolar levels and the ability of the Fc region of an 
antibody to engage components of the host immune system.33 

However, according to the current clinical research data of 
esophageal cancer, the efficacy of therapeutic mAbs is not 
significant. It is worth mentioning that these clinical data are 
mostly from esophageal adenocarcinoma or esophagogastric 
junction cancer and there are few studies on ESCC. Therefore, 
it is necessary to further explore the suitable mAbs for ESCC. 
ADCC is a very important mechanism for monoclonal anti
bodies to play an anti-tumor role, which mainly depends on 
the recognition of Fc region of antibodies with Fcγ receptors of 
natural killer (NK) cells and other immune cells. Examples of 
monoclonal antibodies with ADCC properties include 
Rituximab targeting CD20 and trastuzumab targeting HER2 
protein, which have been applied to the clinical treatment of 
breast cancer and lymphoma and have shown good clinical 
efficacy.34,35 Many mutations in the Fc domain of antibody 
have been found to directly or indirectly enhance the binding 
capacity to Fcγ receptors, thereby significantly enhancing cyto
toxicity. Lazar et al. identified S239D/A330L/I332E mutants to 
enhance cytotoxicity.13 And targeted B7-H3 MGA271 mAb 
with L235V/F243L/R292P/Y300L/P396L mutants enhance the 
affinity for the human activated Fcγ receptor CD16A and 
reduce the affinity for the human inhibited Fcγ receptor 
CD32B.36 Fc modification of MGA271 significantly enhanced 

the anti-tumor effect in vivo. In this study, two Fc-optimized 
antibodies were developed after hybridoma screening and 
humanization. 24F-Hu-mut5 modified the Fc fragment at the 
same site as the positive antibody MGA271. The ADCC activity 
of 24F-Hu-mut5 was significantly increased compared with 
that of 24F-Hu-WT. The other is to convert the humanized 
24F-Hu-WT into 24F-Hu-mut2 based on XmAb5574 (con
taining S239D/I332E mutation). XmAb5574 has a high affinity 
for human CD19 and significantly increased the affinity for 
human FcγRIIIa and FcγRIIa, which in turn improved the 
ability of the antibody to mediate ADCC.37 Our results showed 
that the Fc-optimized antibody 24F-Hu-mut2 showed greater 
antitumor activity compared to 24F-Hu-WT and 24F-Hu- 
mut5. Therefore, we selected 24F-Hu-mut2 for animal experi
ments. As expected, 24F-Hu-mut2 exhibited superior anti- 
tumor effects in both ESCC CDX and PDX models without 
obvious toxic effects. This also demonstrates that 24F-Hu- 
mut2 has great potential as a therapeutic antibody.

We know that B7-H3 exists in both B7-H3-4Ig and B7- 
H3-2Ig forms, with humans predominating on B7-H3-4Ig.38 

B7-H3-4Ig protein extracellular region consists of four 
domains: IgV1, IgC1, IgV2, and IgC2. When the recogni
tion region of an antibody binds to the antigen located in 
tumor cell membrane, its Fc segment binds to the FcR of 
NK cell, macrophages and other immune cells to kill tumor 
cells.39 During the initial screening, we confirmed that 
Murine parental antibody 24F-Mu could bind to the 
IgC1 and IgC2 domains of B7-H3 by ELISA. Moreover, 
the results of the computer docking model showed the VH 
and VL of 24F-Hu-WT interact with both IgC1 and IgC2 

Figure 6. 24F-Hu-mut2 inhibits patient-derived xenograft (PDX) tumor growth in vivo. (a) Tumors growth curves of PDX mice were plotted. 24F-Hu-WT, 24F-Hu-mut2 
and MGA271 antibodies and IgG1(5mg/kg) were administrated intraperitoneally once weekly (n=6). Tumor volume was measured every 3–4days. (b) Photographs of 
tumors from each case are shown. (c) Tumor weight after treatment with antibodies (n=6). (d) Body weight of mice was measured weekly during treatment with 
antibody. All data are shown as means±S.D. The asterisks (*, **, ***) indicate statistical significance (p < .05, p < .01, p < .001, respectively).
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domains. In terms of the spatial structure of B7-H3 mole
cule, IgC1 and IgC2 were closer to the cell membrane than 
IgV1 and IgV2. Studies had shown that ADCC had 
a preference for membrane proximal epitopes.40 

Therefore, 24F-Hu-WT mAb can recognize IgC1 and 
IgC2, which can promote more efficient killing of tumor 
cells by immune cells.

The expression of B7-H3 on tumor-associated vascular 
endothelial cells suggests that B7-H3 has an additional role in 
promoting tumor growth and progression.41 However, mAbs 
targeting B7-H3 may cause vascular endothelial damage and 
increase the risk of bleeding. Further studies are needed to avoid 
these potential risks. In addition, the B7-H3 receptor is not yet 
identified, preserving the possibility for 24F-Hu-mut2 to play 
other roles, such as directly reversing immunosuppression and 
promoting tumor cell clearance. These uncharted areas remain to 
be explored.

In summary, we developed a B7-H3-targeting mAb 24F- 
Hu-mut2, which is Fc-engineered with significant antitu
mor activity in ESCC in vitro and in vivo. And it has 
potential as a novel therapeutic monoclonal antibody for 
the treatment of esophageal cancer and other B7-H3 over
expressing tumors.
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