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ARTICLE INFO ABSTRACT

Keywords: Esophageal cancer, including esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma

Esophageal cancer (EAQ), has a poor prognosis and limited therapeutic options. Chimeric antigen receptor (CAR)-T cells repre-

82276 I sent a potential ESCC treatment. In this study, we examined CD276 expression in healthy and esophageal tumor
R-T ce

tissues and explored the tumoricidal potential of CD276-targeting CAR-T cells in ESCC. CD276 was strongly and
homogenously expressed in ESCC and EAC tumor lesions but mildly in healthy tissues, representing a good tar-
get for CAR-T cell therapy. We generated CD276-directed CAR-T cells with a humanized antigen-recognizing
domain and CD28 or 4-1BB co-stimulation. CD276-specific CAR-T cells efficiently killed ESCC tumor cells in an
antigen-dependent manner both in vitro and in vivo. In patient-derived xenograft models, CAR-T cells induced
tumor regression and extended mouse survival. In addition, CAR-T cells generated from patient T cells demon-
strated potent cytotoxicity against autologous tumor cells. Our study indicates that CD276 is an attractive target
for ESCC therapy, and CD276-targeting CAR-T cells are worth testing in ESCC clinical trials.

Co-stimulation
Patient-derived xenograft

Introduction Chimeric antigen receptor (CAR) T cells represent a promising thera-

peutic strategy for malignant diseases [6]. CAR transgenes endow T cells

The global incidence and mortality rate of esophageal cancer ranks
the seventh and sixth [1], respectively, representing a significant human
health risk. Esophageal cancer presents with two major histopathologi-
cal forms, esophageal squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC), with ESCC accounting for 90% of esophageal
cancer cases [2,3]. Although clinical regimens, including surgery,
chemotherapy, and radiotherapy, have improved prognosis, the 5-year
survival rate of patients with esophageal cancer is < 20% [4,5]. Hence,
developing more effective therapeutic strategies would be critical.

with potent cytotoxicity against target cells in an antigen-dependent
manner. CD19-specific CAR-T cells have demonstrated significant effi-
cacy against hematologic malignancies owing to the prevalent expres-
sion of the target antigen in malignant cells [6]. In solid tumors, CAR-T
cells targeting the uniformly overexpressed antigens in tumor lesions
also show promising potential in preclinical and clinical settings [7,8].
However, limited efforts have been made to explore the potential of
CAR-T cell therapy in esophageal cancer despite the high prevalence of
the disease. Therefore, it remains unclear whether suitable antigens for
CAR-T cell therapy would be available for esophageal cancer.

Abbreviations: BLI, bioluminescence imaging; CAR, chimeric antigen receptor; CSC, cancer stem cell; CRISPR, clustered regularly interspaced short palindromic
repeats; EAC, esophageal adenocarcinoma; ELISA, enzyme-linked immunosorbent assay; ESCC, esophagus squamous cell carcinoma; FFluc, firefly luciferase; IFN-y,
interferon-y; IHC, immunohistochemistry; IL-2, interleukin-2; PDX, patient-derived xenograft.
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CD276 (also called B7-H3) is a transmembrane protein of the B7
family [9]. CD276 preferentially overexpressed in various tumors [10-
13] and has been explored as the target of CAR-T cells against solid tu-
mors, including ovarian cancer, pancreatic adenocarcinoma, and brain
tumors [14,15]. CD276 is reportedly overexpressed in esophageal can-
cer [10]. However, it remains unclear whether CD276 is extensively
overexpressed in esophageal cancer and if it would be suitable for CAR-
T cell therapy in patients with such malignancy. In this study, we fo-
cused on ESCC because of its predominant prevalence over EAC, ex-
plored CD276 expression in malignant and healthy tissues, and com-
pared the anti-tumor effects of CD276-directed CAR-T cells with CD28
or 4-1BB co-stimulation.

Materials and methods
Cell lines

Human ESCC cell lines, including EC109, KYSE150, and TE-1, were
obtained from the Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China). Human ESCC cell lines KYSE450, KYSE510, and TE-7 were
maintained in our laboratory. In addition, 293T cells were obtained from
the Cell Bank of the Chinese Academy of Sciences. The cells were cul-
tured in Dulbecco’s Modified Eagle’s medium (DMEM; Hyclone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone),
1% penicillin and streptomycin (Gibco, Grand Island, NY), and anti-
mycoplasma agent Plasmocin (Invivogen, San Diego, CA). Firefly lu-
ciferase (FFluc)-expressing cells were established using lentiviral trans-
duction.

Primary blood and tissue samples

Peripheral blood samples from healthy donors were supplied by the
Henan Red Cross Center (China) in the form of buffy coats. Periph-
eral blood was collected from patients using ethylenediaminetetraacetic
acid vacuum tubes. Malignant and marginal tissues were collected dur-
ing surgery from patients with ESCC at the First Affiliated Hospital of
Zhengzhou University. The study protocol was approved by the Insti-
tutional Ethics Committee of the First Affiliated Hospital of Zhengzhou
University. Written informed consent was obtained from all patients.

Immunohistochemistry (IHC) of tumor and healthy tissues

Prepared tissue microarrays (TMAs) including samples from patients
diagnosed with ESCC or EAC and healthy tissue samples were obtained
from Outdo Biotech Co. LTD (Shanghai, China). IHC tests were per-
formed as previously described [16]. The samples were incubated with
anti-human CD276 antibody (1:4000; R&D Systems, Minneapolis, MN)
and horseradish peroxidase-linked secondary antibody (Dako, Glostrup,
Denmark) and stained with 3,3’-diaminobenzidine substrate (Dako).
Next, the samples were counterstained with Mayer’s hematoxylin. The
staining results were independently evaluated by two experienced ob-
servers. Staining intensities (0 = none, 1 = low, 2 = moderate, and
3 = high) and the percentage of the stained cells were determined to
calculate H scores according to the following formula: H score = (% at
1) x 1+ (% at 2) x 2 + (% at 3) x 3. Images were obtained using a BX53
microscope (Olympus, Tokyo, Japan).

Public sequencing data analysis

The web server Gene Expression Profiling Interactive Analysis 2
(GEPIA2, http://gepia2.cancer-pku.cn) [17] was used to analyze CD276
mRNA expression in malignant and non-malignant tissues. The Can-
cer Genome Atlas (TCGA) esophageal tumor tissue (including ESCC and
EAC) sequencing data and matched TCGA healthy and GTEx data were
compared. Analysis of variance (ANOVA) was used to determine statis-
tically significant differences between the different sample groups.

Translational Oncology 14 (2021) 101138

Fluorescence-activated cell sorting (FACS) analysis and purification

Specific fluorochrome-conjugated antibodies against human CD3,
CD62L, CD45RA, CD69, CD107a, CD276, IFN-y, and EpCAM (BioLe-
gend, San Diego, CA, USA) were used for phenotyping. We also used
anti-human CD45 antibody and fixable viability dyes (Thermo Fisher
Scientific, Waltham, MA, USA). FACS analysis was performed using a
FACSCanto II cytometer with BD Diva software (BD Biosciences, San
Jose, CA, USA) unless otherwise indicated. For each sample, at least
10,000 events were acquired, and the data were further analyzed using
the FlowJo version 10 (BD Biosciences). For sorting, the cells were puri-
fied with a Moflo XDP sorter (Beckman Coulter, Indianapolis, IN, USA).
The purity of the sorted samples was >95%.

Lentivirus and CAR-T cell generation

The CD276-recognizing domain was derived from the humanized
antibody 8H9S3.3, [18] whereas the CD19-recognizing fragment was
derived from the FMC63 antibody [19]. The CAR sequence, including
antigen-recognizing and other domains (As shown in Fig. 2B), was syn-
thesized by Sangon Biotech (Shanghai, China). The CAR-coding DNA
fragments were then cloned into the pCDH-EF1a-GFP lentiviral vector
(System Biosciences, Palo Alto, CA, USA). Lentiviruses were produced
using 293T cells. Purified human CD3* T cells were activated with anti-
CD3/CD28 Dynabeads (Thermo Fisher Scientific) in the presence of IL-2
(100 IU/mL; PeproTech, Rocky Hill, NJ, USA) for 48 h. Next, the T cells
were infected with lentivirus by centrifugation at 1000 X g for 2 h. The
transduced T cells were then expanded in RPMI-1640 with 5% FBS and
IL-2 (100 IU/mL) for 12 days. For the in vivo experiments, CAR-T cells
were purified using a cell sorter according to GFP expression (purity
>95%).

Bioluminescence-based cytotoxic analysis

FFluc* tumor cells (2 x 10%) were incubated with CAR-T cells at var-
ious effector/target (E/T) ratios for 24 h without exogenous cytokines
in 96-well plates. The tumor cell viability was determined by biolu-
minescence imaging (BLI) using the Lumina II in vivo imaging system
(PerkinElmer, Hopkinton, MA).

Engyme-linked immunosorbent assay (ELISA)

The CAR-T cells (1 x 10°) were co-cultured with tumor cells at
E/T = 1 without exogenous cytokines for 24 h in 96-well plates. The
supernatants were probed for effector cytokines (IFN-y and IL-2) using
specific ELISA kits (R&D Systems) according to the manufacturer’s in-
structions.

CRISPR-mediated CD276 knockout

Gene editing of KYSE150 cells was performed as previously
described [20]. pSpCas9(BB)—2A-GFP (PX458) (Addgene plasmid
#48,138) was kindly gifted by Feng Zhang. The guide RNA (gRNA;
5’-CTGGTGCACAGTTTCACCGA-3’) targeting CD276 was cloned into a
PX458 plasmid, followed by transfection into KYSE150 cells. After 48 h,
single clones were obtained using a FACS sorter. CD276 deletion was
confirmed by Sanger sequencing.

Cancer stem cell (CSC) enrichment

CSCs were prepared under sphere culture conditions according to
our previously described protocol [21]. Briefly, ESCC cells were seeded
onto 24-well ultra-low attachment plates (Corning Costar, Corning, NY)
at a density of 5 x 103 cells per well and then suspended in DMEM/F12
medium (Thermo Fisher Scientific) containing 4 yg/mL heparin (Sigma
Aldrich, St. Louis, MO, USA), B27 (1:50, Gibco), 20 ng/mL EGF,
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20 ng/mL fibroblast growth factor (PeproTech), 100 IU/mL penicillin,
and100 ug/mL streptomycin. Seven days later, spheres were dissociated
with Accutase (Sigma Aldrich) and centrifuged at 150 x g for 5 min.
The sedimented cells were then resuspended and used for subsequent
assays.

Animal experiments

Female NSG mice (6-8-week old; Vital River Laboratories Co., Ltd.,
Beijing, China) were used to construct cell line- and patient-derived
xenografts (PDXs). Tumor cells suspended in PBS were subcutaneously
inoculated into the right flank. Low-passaged PDX tissues were im-
planted subcutaneously in the back. The CAR-T cells were injected in-
travenously. Mice were monitored daily. Tumor growth was monitored
by BLI or by measuring tumor diameters [22] with calipers (tumor vol-
ume = [(length x (width)[2]]/2). Mice were euthanized once the BLI in-
tensity (p/s) exceeded 1.2 x 101, the tumor volume reached 1200 mm3,
or signs of discomfort emerged. Animal experimental protocols were ap-
proved by the Institute Ethics Committee of the First Affiliated Hospital
of Zhengzhou University, and all procedures strictly followed the ap-
proved protocols.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism version
8 software (GraphPad Software Inc., La Jolla, CA, USA). Data are repre-
sented as the means + standard deviation, representing at least three in-
dependent experiments. Unpaired and nonparametric t-tests were used
to measure the differences between the groups. ANOVA was used to
determine the significant differences between the samples for multiple
group comparisons. Kaplan-Meier curves were used to demonstrate sur-
vival. Log-rank test was used to analyze statistical significance. Differ-
ences were considered statistically significant at P-values <0.05.

Results
Overexpression of CD276 in ESCC and EAC tumor tissues

To analyze the expression pattern of CD276, TMAs of ESCC or EAC
were stained by IHC (Fig. 1A and B). Among a total of 137 samples,
including 91 ESCC and 46 EAC, all tissues demonstrated strong mem-
brane staining of CD276, with more than 73% tumor cells having 2+
and 3+ staining intensities (Table 1 and Supplementary Figure 1). Im-
portantly, in 86.8% of the ESCC samples (79/91) and 60.87% of EAC
samples (28/46), the ratio of the CD276-positive tumor cells exceeded
80%. Next, we examined CD276 expression in marginal and healthy tis-
sues. In contrast to malignant samples, the marginal and healthy samples
exhibited low levels of CD276 in the limited cells (Fig. 1A-C; Table 1),
with significantly lower H scores (P < 0.05; Fig. 1D). The public sequenc-
ing data also showed that the CD276 mRNA expression was remark-
ably higher in esophageal cancer lesions than in marginal and healthy
esophageal tissues (P < 0.05; Supplementary Figure 2).

Characterization of CD276-directed CAR-T cells

CD276 expression was assessed in the ESCC cell lines. In agreement
with the primary samples, most ESCC cell lines exhibited high levels of
CD276 expression (Fig. 2A). However, TE-7 exhibited very faint CD276
staining (Fig. 2A), reflecting the heterogeneous antigen expression in the
tumor. Next, CD276-specific CAR vectors with CD28 (CAR276.28¢) or
4-1BB (CAR276.BB¢) co-stimulation were constructed (Fig. 2B). CD19-
directed CAR was used as a control (CAR19.BB¢). After lentiviral CAR
transduction, the engineered T cells proliferated exponentially with min-
imally different kinetics (Fig. 2C). On day 12, the transduction efficacy
and memory differentiation of CD276-directed CAR-T cells were evalu-
ated. CAR276.28¢ and CAR276.BB¢ cells had comparable transduction
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Table 1
Membrane expression of CD276 by IHC.

Tissue # Samples % % Intensity
type stained Positive

1+ 2+ 3+
ESCC 91 90.22 9.78 9.93 18.69 61.59
EAC 46 76.20 23.80 1624 17.67 42.28
Marginal 112 16.63 8337 8.68 6.06 1.89
Adipose 4 7.25 92.75 5.75 1.50 0.00
Breast 4 30.00 70.00 2.00 26.75 0.25
Bronchus 4 6.75 93.25 4.25 2.50 0.00
Cerebellum 4 2.50 97.50  2.00 0.50 0.00
Cerebrum 4 1.50 98.50 1.25 0.25 0.00
Colon 4 4.00 96.00 3.00 1.00 0.00
Diaphragm 4 1.50 98.50 1.50 0.00 0.00
Esophagus 4 8.50 91.50 8.00 0.50 0.00
Heart 4 1.50 98.50 1.00 0.50 0.00
Kidney 4 1.50 98.50 1.25 0.25 0.00
Liver 4 3400 66.00 31.00 3.00 0.00
Lung 4 0.75 99.25 0.75 0.00 0.00
Lymphnode 4 1025 89.75 9.00 1.25 0.00
Ovary 4 1.50 98.50 1.50 0.00 0.00
Pancreas 4 0.50 99.50 0.50 0.00 0.00
Prostate 4 2525 7475 18.25 7.00 0.00
Skeletal muscle 4 1.00 99.00 1.00 0.00 0.00
Skin 4 19.75  80.25 12.75  7.00 0.00
Small intestine 4 1.00 99.00 1.00 0.00 0.00
Spleen 4 5.25 9475  3.25 2.75 0.00
Stomach 4 2.25 97.75 225 0.00 0.00
Testis 4 15.00 85.00 13.00 2.00 0.00
Uterus 4 2575 7425 2375 2.00 0.00

efficacy (Fig. 2D), and the latter displayed a larger proportion of cen-
tral memory cells than that in the former (P < 0.05; Fig. 2E). Next, we
tested the cytotoxicity of CD276-specific CAR-T cells. CAR276.28¢ and
CAR276.BB¢ cells demonstrated potent and comparable cytolytic capac-
ity and effector cytokine secretion in antigen-specific tumor cells (Fig. 2F
and G). To confirm the antigen-dependent cytotoxicity of CAR-T cells,
we generated CD276-deficient KYSE150 cells (KYSE150-CD276KO0) us-
ing the CRISPR/cas9 system (Fig. 2A). As expected, CD276-directed
CAR-T cells maintained their resting state when encountering CD276-
negative derivate cells (Fig. 2F and G). Next, we assessed how the den-
sity of CD276 in target cells affected the tumoricidal activity of CAR-T
cells by generating single-cell clones of tumor cells expressing different
levels of CD276 (Fig. 2H). As shown in Fig. 2I, tumor cells expressing low
levels of CD276 induced less effective cytotoxicity of CD276-direceted
CAR-T cells (P < 0.05).

CD276 reportedly exists in both membrane-bound and soluble forms
[23]. Therefore, we speculated whether soluble CD276 would activate
or inhibit the cytotoxicity of antigen-specific CAR-T cells. However, even
in the presence of high concentrations of the soluble antigen, the cy-
tolytic potency of CD276-specific CAR-T cells was not impeded or en-
hanced (Supplementary Figure 3), diminishing the concern that CAR-T
cell activity could be affected by the soluble CD276 form.

CD276-directed CAR-T cells efficiently kill ESCC stem cells

CSCs mediate the resistance to conventional and T cell-based im-
munotherapeutic approaches [24,25], Hence, the capacity of CAR-T
cells to kill CSCs is critically important for therapeutic success. Our pre-
vious study showed that ESCC stem cells enhanced therapeutic resis-
tance and metastatic capacity [21]. We speculated whether ESCC stem
cells would resist CAR-T cell attack. Using our established protocol [21],
CSCs were enriched under sphere culture conditions. Compared with ad-
herently cultured tumor cells, CSCs demonstrated enhanced CSC marker
[3] CD133 and CD44 expressions (P < 0.05; Fig. 3A and B). However,
the surface CD276 expression was comparable between the tumor cells
(adherent) and CSCs (sphere) (Fig. 3C). To verify if CSCs could be elim-
inated as efficiently as tumor cells, the spheres or adherent tumor cells
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Fig. 1. CD276 expression in esophagus carcinomas and healthy tissues. (A) IHC analysis of CD276 expression in malignant and healthy tissues from patients
with ESCC (n = 91). (B) CD276 expression in EAC. IHC detection in malignant (n = 46) and marginal lesions (n = 21) from patients with EAC. (C) IHC of CD276 in
23 types of healthy tissues from four subjects. Scale bar, 50 ym. (D) ANOVA test of CD276 scores among healthy, marginal and malignant tissues. ***, P < 0.005;

###, P < 0.005.

were dissociated into single cells and then incubated with CAR-T cells. In
the co-culture assay, indistinguishable apoptosis levels were induced by
CAR-T cells between adherent and sphere ESCC cells (Fig. 3D). The BLI
assay showed that CAR-T cells equally reduced tumor cell and CSC vi-
ability (Fig. 3E). In good agreement with these results, CD276-directed
CAR-T cells produced comparable amounts of effector cytokines upon
ESCC tumor cell or CSC engagement (Fig. 3F and G). These results sug-

gest that CD276-specific CAR-T cells could efficiently kill ESCC stem
cells.

Potent anti-ESCC effects of CD276-specific CAR-T cells in vivo

As CD276-specific CAR-T cells could efficiently eliminate ESCC cells
in vitro, we evaluated the anti-tumor activity of the engineered T cells



Y. Xuan, Y. Sheng, D. Zhang et al.

Translational Oncology 14 (2021) 101138

A EC109 KYSE150 KYSE450 KYSE510 C
3 95.7 96.1 36.2 70.2 S 30
S 4 @ -© CAR19.BB(
2 8 %0 B CAR276.28¢
S a4 - CAR276.BB(,
/)
S 1 0
“LL AN Ll I\ 0 A\ A\ U 0 3 6 9 12
TE-1 TE-7 KYSE150-CD276KO pagspostimnediclon
3 81.2 0.48 0.05 Isotype CAR276.28¢, CAR276.BB¢,
S — —_
o / O «cp27s 6.93/123.9
= ]
N L =l
E g3
£ ]
= O 3
CD276 — 27.8 i152.1
CD8a. | 8H9S3.3 | CD8a CD28 CD3¢ G -
CAR276.28¢, | . | P2A | eGFP | CAR19.BB(
SP scFv Hinge | TM and ICD ICD 00 O CAR276.28¢
] B CAR276.BB(,
CD8c. | 8H9S3.3 CD8a 4-1BB | CD3¢
CAR276'BBQ| sp I ScFv |Hinge and T™M | IcD | ICD P2A| eGFP | =
£ 2000
(=]
CD8a.| FMC83 CD8a 4-1BB | CD3¢ k)
CAR19.BBL | “gp | scFv | Hinge andTMI ICD | ico_ | P?A| ecFP | ~ 1000
- |
D o8
uTtD CAR276.28¢, CAR276.BB CAR19.BB¢ 40007
0.90 . , 880 . 92.6 76.3 g 30004
(=2
—_ £ 50004
g 4 ?‘2000
= ] z
L 1000 1
] lal
o M s R M R e &) N N A
GFP —— O & 4 .0
& {:\6((, < N @ﬁ? &S
€S
F EC109 KYSE150 TE-1 H ] Wildtype Low Moderate High
2x10° 6x108 6x108 @
® 31
:Q; =
% 4x10° 4 4x10° f-
& 1x10° L
® . o s ] i
g 2x10°+ 2x10 £
[ S 1
c T L] T T G T T L} L} G R L) T L] T T T T 2 ) T
TE-7 KYSE150-CD276KO | £D2ig
_ 0T 6x10°7 © CAR19.BB
2 B3 B CAR276.28¢ 3
= 4x10°4 -+ CAR276.BB(, =
= | x
= 1x10° >
g 2x10° %
2 °
0 0

ET

T T T T
o1 15 11 51

T T T T
o1 15 11 51
E/T

Fig. 2. Antigen-dependent cytotoxicity of CAR-T cells. (A) FACS analysis of CD276 expression on ESCC cell lines. (B) Structures of CAR used. (C-E) T cells from
healthy donors were transduced with CAR via lentivirus and expanded. Then numbers of CAR-T cells were counted at indicated intervals (C). On day 12, CAR
transduction efficacy (D) and memory differentiation (E) were determined by FACS. t-test was performed. (F) BLI detection of the viability of tumor cells incubated
with indicated CAR-T cells at the listed E/T ratios without exogenous cytokines. (G) Effector cytokines secretion of CAR-T cells at E/T = 1 without exogenous
cytokines. (H and I) The FFluc-expressing TE-7 cell line was engineered to express CD276 via lentiviral transduction. Cells were sorted based on CD276 levels and
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in vivo. Immune-deficient NSG mice bearing FFluc* KYSE150 xenografts
were administered with a single injection of CAR-T cells (Fig. 4A). After
5 days, we assessed the tumoral accumulation and activation of CAR-T
cells (Supplementary Figure 4A and Fig. 4B-D). In contrast to CD19-
specific CAR-T cells, CD276-directed CAR-T cells efficiently expanded
(P < 0.05; Fig. 4B). CD276-specific CAR-T cells expressed higher lev-
els of the degranulation marker CD107a and effector molecule IFN-y
than these in the CAR19.BB¢ cells (P < 0.05; Fig. 4C and D), indi-
cating that the cytotoxic function of specific CAR-T cells was upregu-
lated. The enhanced accumulation and cytotoxicity suggest that CD276-
directed CAR-T cells recognize ESCC cells and then activate in vivo. The
differences in expansion and activation between the CAR276.28¢ and
CAR276.BB¢ cells were negligible (Fig. 4B-D). However, CAR276.BB¢
cells exhibited more central memory cells than their CAR276.28¢ coun-
terparts (P < 0.05; Supplementary Figure 4B). The BLI assay showed
that both CAR276.28¢ and CAR276.BB¢ cells efficiently delayed tumor
growth compared with the CAR19.BB¢-treated group (Fig. 4E and F). Ac-
cordingly, mouse survival was improved by the CD276-directed CAR-T
cells (P < 0.05; Fig. 4G). In the CAR276.28¢ and CAR276.BB{ groups,
60% of the mice reached long-term complete regression (Fig. 4E-G). In-
triguingly, CAR-T cells were still circulating in the blood of these mice
with complete remission even on day 63 after T cell infusion, although
CAR276.BB¢ cells were more frequently observed than CAR276.28¢
cells (P < 0.05; Supplementary Figure 4C). Next, the anti-ESCC effect
of CD276-directed CAR-T cells was tested in an EC109 xenograft model
(Fig. 4H). Both CAR276.28¢ and CAR276.BB{ cells inhibited tumor
growth and extended mouse survival (P < 0.05; Fig. 41-K). These obser-
vations suggest that CD276-directed CAR-T cells could eradicate ESCC
tumors in vivo.

Potent CAR-T cell cytotoxicity against the ESCC PDX tumors

The PDX model better reflects the clinical scenarios in solid tumors
[26]. To test the clinical applicability of CD276-directed CAR-T cells,
their anti-tumor activity was tested in PDX tumors (Fig. 5A). CD276-

expressing ESCC tumor tissues were implanted into NSG mice (Fig. 5B).
When PDX tumors were established, CAR-T cells were injected. Com-
pared with the CAR19.BB¢ group, the CAR276.28¢ and CAR276.BB¢
cells significantly suppressed tumor growth and improved mouse sur-
vival (P < 0.05; Fig. 5D and F). In addition, the anti-ESCC effect of
CD276-directed CAR-T cells was tested in PDX tumors derived from an-
other ESCC patient (Fig. 5C). As expected, compared with the CD19.BB¢-
modified T cells, the CD276-targeting CAR-T cells significantly sup-
pressed tumor growth and extended survival (P < 0.05; Fig. 5E and G).

Patient CAR-T cells can eliminate autologous tumor cells

To further test the clinical feasibility of the developed technique,
we generated CD276-directed CAR-T cells using T cells from ESCC pa-
tients and examined their cytotoxicity against primary tumor cells. As
shown in Fig. 6A, patient T cell-derived CAR-T cells were success-
fully generated. Tumor cells of patients with ESCC had significantly
stronger CD276 expression than that in epithelial cells in marginal tis-
sues (Fig. 6B). The tumor cells were then purified and co-incubated with
autologous T cells. The CAR19.BB¢ cells failed to eliminate the primary
tumor cells in the co-incubation system (Fig. 6C and Supplementary Fig-
ure 5). In contrast, CD276-targeting CAR-T cells efficiently eliminated
autologous tumor cells (Fig. 6C and Supplementary Figure 5). The FACS
assay showed that CD276-specific CAR-T cells but not CAR19.BB¢ cells
expressed high levels of effector molecules (P < 0.05; Fig. 6D), suggest-
ing the CAR-dependent activation of primary T cells.

Discussion

The cytotoxicity of CAR-T cells is antigen dependent. However, solid
tumors exhibit high inter- and intra-tumoral heterogeneity, resulting in
remarkable differences in antigen expression, largely restricting CAR-T
cell efficacy [27]. This heterogeneity could also be observed in ESCC
[28]. Therefore, identifying widely overexpressed antigens in ESCC is
crucial for maximizing CAR-T cell efficacy. However, despite its high
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prevalence and poor prognosis, our knowledge of suitable ESCC targets
remains limited.

CD276 is a transmembrane protein that is an attractive target for
CAR-T cells. Previous reports showed that CD276 expression is limited
in healthy tissues but prevalent in certain types of solid tumors [13,29].
In ESCC, CD276 is reportedly overexpressed extensively [13]. In good
agreement with these findings, our results showed that CD276 expres-
sion was upregulated and exhibited extensive coverage of the tumor
cells in ESCC. Our study also showed that CD276 is prevalent in EAC.
We presented the largest currently available esophageal cancer screen,
including the major histopathological forms, ESCC and EAC, for CD276
expression. Our data suggest that CD276 is ubiquitously overexpressed
in the majority of tumor tissues of patients with esophageal cancer, es-
pecially in case of ESCC. Compared with CD276, the other potential
targets, including EGFR and Her2, were only overexpressed in less than
25% of patients with esophageal cancers and demonstrated highly het-
erogeneous expression [30-32]. Hence, targeting CD276 is more suit-
able for esophageal cancer and might reduce therapeutic failure due to
antigen heterogeneity.

The differential expression between malignant and non-malignant
tissues makes CD276 a good immunotherapeutic target. The CD276-
targeting antibody or CAR-T cells have demonstrated good safety and
efficacy in immune-proficient mouse and non-human primate models
[13,15,33]. In these studies, CD276-targeting antibody or CAR-T cells
showed tumor-limited toxicity but had negligible effects on healthy tis-
sues and cells, including immune cells [13,15,33]. More importantly,
the feasibility of targeting CD276 has been tested in humans. Several

clinical trials showed that CD276-targeting antibodies exhibit clinical
benefits without obvious side effects [34-36]. These studies encourage
the development of CD276-targeting CAR-T cells for tumor treatment.

The CD276-specific 8H9 antibody has already been used in the treat-
ment of different tumor types for more than 10 years [34,35], which
can better guarantee therapeutic safety when used as an antigen binder
within CAR-T cells. However, 8H9 is a mouse-sourced antibody that
can induce graft-versus-host disease, thereby mitigating therapeutic ef-
fectiveness. Hence, we selected the humanized derivative 8H9S3.318
to construct CAR. The 8H9S3.3 antibody has a comparable affinity to
CD276 with the parental 8H9 IgG (Kp = 9.85 nM vs K = 8.9 nM for
41g-CD276) and the defined recognizing epitope within CD276 [18].
Our results showed that 8H9S3.3 antibody-derived CAR-T cells had po-
tent cytotoxicity and strict antigen dependence. Similarly, Majzner et al.
showed that CAR-T cells with antigen binders from antibodies tested in
clinical trials exhibit a significant tumoricidal function in an antigen-
dependent manner [14]. With the encouraging outcomes of human-
ized binder-containing CAR-T cells, we plan to screen antibodies against
CD276 from large human antibody libraries and develop fully human
CAR-T cells.

The co-stimulatory domains within the CAR are also important for
optimal therapeutic responses. The incorporated co-stimulation within
the CAR-T cells enhances the cytotoxic functions, maintains T cell fit-
ness, and extends persistence [37]. CD28 and 4-1BB are the most exten-
sively used co-stimulation segments [6]. CD28 is believed to upregulate
cytotoxicity but limits the persistence of CAR-T cells [38]. In contrast,
4-1BB induces central memory differentiation and improves CAR-T cell



Y. Xuan, Y. Sheng, D. Zhang et al.

persistence [39], hence providing CAR-T cells with better anti-tumor
effects [8]. Our study showed that CAR-T cells with CD28 or 4-1BB co-
stimulation exhibited comparable tumoricidal functions in vitro and in
vivo, although 4-1BB-co-stimulated CAR-T cells preferred central mem-
ory differentiation and better persisted in the blood. Similarly, several
reports showed that the anti-tumor efficacy is not significantly differ-
ent between the CAR-T cells with CD28 or 4-1BB co-stimulation [40—-
42]. Our study and previous reports underline that the impact of co-
stimulation may be context dependent and co-stimulation should be se-
lected according to the observations in preclinical and clinical trials.

Our study highlights CD276-targeting CAR-T cells as a promising
therapeutic strategy for ESCC. Nevertheless, several limitations remain
to be addressed. First, an orthotopic tumor model was lacking. The traf-
ficking of CAR-T cells into malignant tissues is critical for tumor eradi-
cation. It was observed that the suppression of tumor growth by CD276-
specific CAR-T cells in some mice was not as efficient as that in other
mice. This may be because of the differential trafficking and infiltration
of CAR-T cells. Orthotopic models can better evaluate CAR-T cell traf-
ficking and anti-tumor function in situ. Second, the on-target/off-tumor
effects in humans remain undetermined. Owing to limited samples, our
study and previous studies could not fully reveal the expression pattern
of CD276 in healthy cells and tissues. The off-tumor killing of specific
CAR-T cells and the resulting effects require careful evaluation in ap-
propriate models, especially in clinical trials. Indeed, several clinical
trials (such as NCT04432649, NCT04185038, and NCT04385173) have
been conducted to evaluate the safety of CD276-directed CAR-T cells.
We plan to conduct a clinical trial to determine whether CD276-specific
CAR-T cells are safe and effective in ESCC patients. Third, the impact of
the tumor microenvironment, especially immunosuppressive cells and
molecules, on CAR-T cell therapy remains unclear. The immunosuppres-
sive microenvironment largely limits CAR-T cell activity and therapeu-
tic efficacy. A more suitable modality other than immune-deficient mice
can help elucidate such impacts and would help develop more efficient
regimens in combination with immune checkpoint inhibitors or T cell
agonists.

In the present study, we identified CD276 as a candidate target in
ESCC and explored the tumoricidal efficacy of CD276-directed CAR-T
cells. Overall, our findings support CD276 as a good therapeutic tar-
get for ESCC, and targeting CD276 via CAR-T cells may provide a new
treatment choice for patients with ESCC.
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