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B7-H3-Targeted CAR-T Cells
Exhibit Potent Antitumor Effects
on Hematologic and Solid Tumors
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Recently, B7-H3 was frequently reported to be overexpressed
in various cancer types and has been suggested to be a prom-
ising target for cancer immunotherapy. In the present study,
we analyzed the mRNA expression of B7-H3 in The Cancer
Genome Atlas (TCGA) database and validated its expression
across multiple cancer types. We then generated a novel B7-
H3-targeted chimeric antigen receptor (CAR) and tested its
antitumor activity both in vitro and in vivo. The B7-H3
expression heterogeneity and variation were frequent. Mod-
erate or even high expression levels of B7-H3 were also
observed in some tumor-adjacent tissues, but the staining
intensity was weaker than that in tumor tissues. B7-H3
expression was absent or very low in normal tissues and or-
gans. Flow cytometry indicated that the mean expression
level of B7-H3 in eight bone marrow specimens from pa-
tients with acute myeloid leukemia (AML) was 57.2% (range
38.8–80.4). Furthermore, we showed that the B7-H3-tar-
geted CAR-T cells exhibited significant antitumor activity
against AML and melanoma in vitro and in xenograft mouse
models. In conclusion, although B7-H3 represents a prom-
ising pan-cancer target, and B7-H3-redirected CAR-T cells
can effectively control tumor growth, the expression hetero-
geneity and variation have to be carefully considered in
translating B7-H3-targeted CAR-T cell therapy into clinical
practice.
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INTRODUCTION
Adoptive cell therapy (ACT) is considered to be one of the most
effective immunotherapy methods for cancer treatment. One of
the main ACT approaches is to use T cells engineered with chimeric
antigen receptors (CARs), also known as CAR-T cells.1 CARs are
recombinant receptors comprising an extracellular, antigen-specific,
single-chain variable fragment (scFv) fused with intracellular T cell-
activating and -costimulatory signaling domains, which provide
both antigen-binding sites and T cell-activating functions.2 CARs
180 Molecular Therapy: Oncolytics Vol. 17 June 2020 ª 2020 The Auth
This is an open access article under the CC BY-NC-ND license (http
can recognize tumor antigens specifically, trigger T cell activation
in a non-major histocompatibility complex (MHC)-restricted
manner, and initiate an extraordinary anti-tumor response.3 Cluster
of differentiation (CD)19-targeting CAR-T cell therapy has been
successful in the treatment of refractory/relapsed B cell malig-
nancies, and the therapy was approved by the US Food and Drug
Administration (FDA).

Despite the success of the use of CAR-T cells in the treatment of he-
matological tumors, their role in treating solid tumors is limited.4 For
hematological malignancies, lineage markers, such as the B cell
marker CD19, can be targeted without serious complications caused
by depletion of normal CD19+ B cells. However, when treating solid
cancers with engineered T cells, the identification of truly tumor-spe-
cific surface targets remains a major barrier. Targeting molecules ex-
pressed by both tumor and normal cells can cause life-threatening
toxicity, as observed in clinical trials with CAR-T cells targeting hu-
man epidermal growth factor receptor 2 (HER2) because of the recog-
nition of cognate antigen on the lung epithelium.5

B7-H3 (CD276) is a type I transmembrane protein that belongs to the
B7 family.6 Although B7-H3 was originally reported as a positive cos-
timulator of T cells in humans,7 increasing evidence suggests that it
may be a negative regulator.8–10 So far, the receptor for B7-H3 was
or(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Analysis of B7-H3 Expression and Survival

in TCGA Database

(A) Normalized mRNA levels ofCD276 in tumor and normal

tissues using the online web server GEPIA. SKAM, skin

cutaneous melanoma; COAD, colon adenocarcinoma;

ESCA, esophageal carcinoma; STAD, stomach adeno-

carcinoma; LUSC, lung squamous cell carcinoma; KIRP,

kidney renal papillary cell carcinoma; PAAD, pancreatic

adenocarcinoma; TGCT, testicular germ cell tumors;

DLBC, diffuse large B cell lymphoma; THYM, thymoma. (B)

Correlational analysis between overall survival time and B7-

H3 expression level in LGG and COAD by GEPIA. Each

point represents a different TCGA sample. More analysis

results are provided in Figures S1 and S2. *p < 0.05.
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not identified. Overexpression of B7-H3 has been found in a variety of
human cancers, including lung adenocarcinoma, craniopharyng-
ioma, neuroblastoma, glioma, ovarian cancer, pancreatic cancer,
and acute myeloid leukemia (AML),11–16 whereas its expression is
absent or low in normal tissues.15,17,18

Although the precise role of B7-H3 in immune regulation and cancer
genesis remains unclear, there is no doubt that overexpression of B7-
H3 constitutes an attractive biomarker and target for multiple cancer
immunotherapy approaches.19 Several B7-H3-directed therapeutic
agents have been undertaken in clinical trials.20,21 Enoblituzumab,
an Fc-optimized monoclonal antibody (mAb) against B7-H3, was
evaluated in a phase I clinical study in combination with an anti-pro-
grammed death 1 (PD-1) mAb in patients with B7-H3-expressing
solid tumors (ClinicalTrials.gov: NCT02475213). Radiolabeled 8H9,
another B7-H3-targeting antibody, has also been evaluated in a phase
I trial for the treatment of brain and central nervous system tumors,
neuroblastoma, and carcinoma (ClinicalTrials.gov: NCT00089245).
Notably, last year, the FDA placed a partial hold on two clinical
studies of MGD009, a bispecific antibody targeting B7-H3 and CD3
Molecul
developed by MacroGenics, because of liver
toxicity events in the monotherapy trial,
including reversible elevation of transaminase
levels with or without concurrent elevation of
bilirubin level.

Although the FDA lifted the partial clinical hold af-
ter 1 month, on-target, off-tumor toxicity should
be considered when developing B7-H3-targeted
therapeutics. More recently, we and others have
found thatB7-H3 ishighly andhomogeneously ex-
pressed on some pediatric cancers, such as Ewing
sarcoma, rhabdomyosarcoma, Wilms tumor, and
neuroblastoma, as well as brain cancers, such as
medulloblastoma and glioblastoma. It has also
been reported that B7-H3-targeting CAR-T cells
mediate significant anti-tumor effects in preclinical
models of these cancer types.12–14
The aims of the present study were the following: (1) to evaluate
whether B7-H3 is a high-value target for CAR-T treatment of other
cancer types in addition to pediatric tumors and brain cancers and
(2) to develop a novel, B7-H3-specific CAR and evaluate its anti-tu-
mor effects in preclinical cancer models.

RESULTS
Analysis of B7-H3 Expression in The Cancer Genome Atlas

(TCGA) Database

The mRNA expression levels of CD276 were analyzed using the Gene
Expression Profiling Interactive Analysis (GEPIA) web server. Our
analysis included the RNA sequencing expression data for 9,433 tu-
mors and 5,540 normal samples from TCGA and the Genotype-Tissue
Expression (GTEx) projects. As shown in Figure S1, compared with the
expression in normal tissues, B7-H3 expressionwas significantly higher
in 15 of 31 tumor types; ten of the 15 tumor types with B7-H3 overex-
pression were selected, and their details are shown in Figure 1A. The
correlation between B7-H3 expression and survival was also calculated
using TCGA datasets. As a result, higher B7-H3 expression predicted a
shorter life expectancy in patients with low-grade glioma (LGG)
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Figure 2. IHC of B7-H3 in Tumors, TATs, and Normal

Tissues

(A) Microarrays of human tumors were stained for IHC to

detect the expression of B7-H3. Representative images

are shown, including PAAD, ESCA, breast invasive car-

cinoma (BRCA), liver hepatocellular carcinoma (LIHC),

bladder urothelial carcinoma (BLCA), STAD, lung squa-

mous cell carcinoma (LUSC), and skin squamous cell

carcinoma (SSCC). Scale bars, 20 mm. (B) IHC staining for

B7-H3 expression in a variety of TATs. Scale bars, 20 mm.

(C) IHC staining for B7-H3 expression in normal tissues.

Overall staining results and more staining images are

provided in Tables S1, S2, and S3; Figures S3 and S4).

Scale bars, 200 mm.
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(p = 0.0084) or colon adenocarcinoma (COAD) (p = 0.0082) (Fig-
ure 1B), whereas no significant differences were found in 9 other tumor
types with B7-H3 upregulation (Figure S2).

B7-H3 Expression in Multiple Human Tissues

We performed immunohistochemical (IHC) staining to detect B7-H3
expression in tissue microarrays, including tumor, tumor-adjacent,
and normal tissues. Of 209 tumor samples, 18% showed strong stain-
ing, 21% moderate staining, and 27% low but detectable staining. A
complete description of the IHC results is provided in Tables S1,
182 Molecular Therapy: Oncolytics Vol. 17 June 2020
S2, and S3. B7-H3 was overexpressed across
multiple cancer types, including 88% of bladder
urothelial carcinoma (BLCA), 60% of breast
invasive carcinoma (BRCA), 89% of esophageal
carcinoma (ESCA), 63% of stomach adenocarci-
noma (STAD), 80% of liver hepatocellular carci-
noma (LIHC), 76% of lung adenocarcinoma
(LUAD), 80% of skin squamous cell carcinoma
(SSCC), and 61% of pancreatic adenocarcinoma
(PAAD). Importantly, we found homogeneous
overexpression of B7-H3 in only a small per-
centage of samples of liver cancer, breast cancer,
cervical cancer, bladder cancer, and carcinoma,
whereas its expression in other cancer types
was highly heterogeneous. Representative im-
ages are shown in Figure 2A and Figure S3.

Notably, B7-H3 was detected with moderate or
even high expression levels in 84/209 (40%) tu-
mor-adjacent tissues (TATs) for cancers, such as
skin, lung, liver, cervical, ovary, and prostate,
but the staining was much weaker than that in
the tumor tissues (Table S2). In some TATs,
such as lung and colon TATs, B7-H3 stained
positively, mainly in stromal cells (Figure 2B).
We also detected the expression of B7-H3 in
173 human normal tissues. B7-H3 expression
was absent or weak in normal tissues, and only
three (25%) liver samples, one (13%) prostate
sample, two (29%) uterus samples, and three (20%) adrenal gland
samples had weak to moderate staining (Table S3; Figures 2C and S4).

Generation and Characterization of mAb Against B7-H3

A B7-H3-specific mAb (mAb-J42) was generated using the traditional
hybridoma technique. The B7-H3-specific scFv was derived from
mAb-J42 and named J42-scFv. The binding of mAb-J42 and
J42-scFv-Fc to cell surface-expressed B7-H3 was confirmed by immu-
nofluorescence (IF) staining using HeLa cells that stably express B7-
H3-green fluorescent protein (GFP) (Figure 3A). HeLa cells exhibit



Figure 3. Generation and Characterization of B7-H3-

Specific mAbs and scFv

(A) Immunofluorescence staining with mAb-J42 and J42-

scFv-Fc in HeLa–B7-H3–GFP cells. Cells were incubated

with mAb-J42 or J42-scFv-Fc as the primary antibody and

then with the Cy3-conjugated secondary antibody. Scale

bars, 20 mm. (B) The affinity of J42-scFv-Fc binding to B7-

H3–ECD–His recombinant protein was determined on a

Biacore T100 instrument. (C) Sequencing results for A375

cells, 1 week after transduction with lentivirus carrying B7-

H3-targeted gRNA and Cas9. (D) FACS analysis of B7-H3

expression in A375 and HepG2 cells, 1 week after trans-

duction with lentivirus carrying B7-H3-targeted gRNA and

Cas9. (E) IF staining with mAb-J42 in FACS-sorted B7-

H3KO A375 and HepG2 cells and in wild type of A375 and

HepG2 cells. Scale bars, 20 mm. (F) Expression of B7-H3 in

human tumor cell lines and AML patient samples were

evaluated by FACS. Cells were incubated with mAb-J42

(red) or its corresponding isotype control (blue).
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innate expression of B7-H3 protein. The binding affinity of J42-scFv-Fc
to B7-H3 extracellular domain (ECD) recombinant protein was
measured using the Biacore X100 instrument (Figure 3B; Table S4).
Specific recognition was examined further in knockout of B7-H3 (B7-
H3KO) cells. Figure 3C shows the sequencing results for A375 cells,
5 days after Cas9/guide RNA (gRNA) transfection and puromycin
selection. The binding of J42-scFv-Fc to B7-H3 was analyzed using a
fluorescence-activated cell sorter (FACS) (Figure 3D) and IF staining
(Figure 3E) in B7-H3KO A375 and HepG2 cells.

B7-H3 Expression in Tumor Cell Lines and AMLClinical Samples

The expression of B7-H3 in a variety of human tumor cell lines and
AML clinical samples was examined by FACS using mAb-J42 as
the primary antibody (Figure 3F; Tables S5 and S6). All ten of the
solid tumor-derived cell lines and six of the ten hematologic cancer
cell lines were positive for B7-H3 (Table S5). Eight bone marrow as-
Molecul
pirates from patients with monocytic/myelomo-
nocytic AML were obtained and subjected to
flow cytometry analysis. As shown in Table S6,
the expression of B7-H3 was observed in a me-
dian of 57.2% (range 38.8%–80.4%) of primary
AML blasts. Representative examples of B7-H3
expression in AML blasts are shown at the bot-
tom of Figure 3F.

Generation and Characterization of B7-H3-

Redirected CAR-T Cells

B7-H3-redirected CARwas constructed based on
a lentiviral vector encoding the B7-H3binder J42-
scFv, CD28 and 4-1BB costimulatory domains,
and the CD3-z signaling domain (Figure 4A).
mCherry was inserted as a tracker for detecting
the expression of CARwith FACS (phycoerythrin
[PE]-Texas Red staining in Figure 4B). For the
assurance of quality and efficacy of the final CAR-T cells, the phenotype
of CAR-T cells was analyzed by FACS, 10 days after lentivirus transduc-
tion (Figures 4C and 4D). CAR-T cells were uniformly positive for CD4
andCD8with a ratio of 1:2. Othermarkers of T cells, including the cen-
tral memory T cell markers (CD45RO, CD62 ligand [CD62L]), effector
T cell markers (CD25, CD69), and T cell exhaustion markers (PD-1,
T cell immunoglobulin [Ig] and mucin domain containing protein-3
[TIM3]), were also examined. The expression of these markers did
not differ significantly between the CAR-T cell and nontransduced
(NT) groups.

Functional Test of B7-H3-Redirected CAR-T Cells In Vitro

The specific recognition and killing of B7-H3-overexpressing cancer
cells by CAR-T cells were evaluated using A375 human melanoma
cells and MV4-11 leukemia cells as positive controls and Raji human
lymphoma cells and peripheral blood mononuclear cells (PBMCs) as
ar Therapy: Oncolytics Vol. 17 June 2020 183
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Figure 4. Production of B7-H3-Redirected CAR-T

Cells

(A) Schematic representation of the B7-H3-targeted CAR

construct containing the following fragments: J42-scFv;

hinge; CD8 transmembrane domain; intracellular signaling

domains of CD28, 4-1BB, and CD3-z; P2A; andmCherry.

(B) B7-H3 CAR expression in human T cells was analyzed

by tracking mCherry expression with FACS. (C and D)

10 days after lentivirus CAR transduction, the subsets and

phenotype of NT and CAR-T cells were analyzed by

FACS, including the expression of (C) CD4, CD8,

CD45RO, CD62L and (D) PD1, TIM3, CD25, CD69. (E)

Immunofluorescence staining for the expression of B7-H3

(red or green) in A375, MV4-11, and Raji cells. Scale bars,

10 mm. (F) 51Cr-release assay to measure the cytotoxicity

of CAR-T cells against A375, MV4-11, and Raji cells at

different E:T ratios. All error bars represent SD. *p < 0.05.
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negative controls. The positive and negative expression of B7-H3 was
examined further by IF staining (Figure 4E). The 51Cr-release cyto-
toxic assay was adopted to test the specific lytic function of B7-H3-re-
directed CAR-T cells (Figures 4F and S5). B7-H3-redirected CAR-T
cells were cocultured with tumor cells for 4 h, after which, CAR-T
cells efficiently lysed B7-H3-positive A375 and MV4-11 cells; by
contrast, no significant response was observed in B7-H3-negative
Raji cells and PBMCs. These cells were cocultured at an effector:target
(E:T) ratio of 4:1 for 24 h, and target cell lysis was confirmed by FACS
and enzyme-linked immunosorbent assay (ELISA). Representative
FACS plots are shown in Figure 5A. A375, Raji, and MV4-11 cells
were identified by their B7-H3 expression. The expression of B7-H3
in PBMCs and the cytotoxicity of CAR-T cells against PBMCs were
shown in Figure S5.

The secretion of perforin by T cells was also analyzed with FACS (Fig-
ure 5B). B7-H3-redirected CAR-T cells mediated tumor cell killing,
and perforin secretion increased in B7-H3-positive cells but not in
B7-H3-negative cells. CAR-T cells caused 95% cell death in MV4-11
184 Molecular Therapy: Oncolytics Vol. 17 June 2020
AML cells. The percentages of residual tumor
cells were estimated from the FACS data, and
the results are presented in Figure 5C. Increased
secretion of tumor necrosis factor a (TNF-a),
interleukin (IL)-2, and interferon g (IFN-g)
was observed in B7-H3-redirected CAR-T cells
cocultured with B7-H3-positive tumor cells
(A375, MV4-11, HepG2, and U937) but not in
cells cocultured with B7-H3-negative Raji cells
(Figures 5D–5F).

Anti-Tumor Effects of B7-H3-Redirected

CAR-T Cells In Vivo

To test the efficacy of B7-H3-redirected CAR-T
cells against tumors in vivo, we adopted two
xenograft tumor models of hematological
and solid tumors. In the solid tumor model,
we injected 2 � 106 A375-FFLuc cells subcutaneously into the right
flank of NOD-PrkdcscidIL2rgem1/Smoc (M-NSG) mice. Eight days af-
ter tumor inoculation, mice were injected intravenously with a single
dose of 5� 106 B7-H3-redirected CAR-T cells, CD19 CAR-T cells, or
phosphate-buffered saline (PBS) (Figure 6A). Tumor burden was
monitored by in vivo bioluminescence imaging (BLI) every 10 day
beginning on day 7, and tumor size was measured using a vernier
caliper every 3–4 days. As shown in Figures 6B and 6C, B7-H3-redir-
ected CAR-T cells mediated significant regression of xenografts.

In the hematological tumor model, a total of 2 � 106 MV411-FFLuc
cells were implanted into M-NSG mice via tail-vein injection. Eight
days later, when the bioluminescence of the tumors could be detected,
mice were infused with 5� 106 B7-H3-redirected CAR-T cells, mock
T cells, or PBS via tail-vein injection (Figure 6D). Tumor progression
was monitored by BLI every 8 days beginning on day 7 (Figure 6E).
Mice in the control group showed rapid progression of leukemia,
and most died around 25 days after tumor inoculation. By contrast,
almost complete regression of leukemia was observed in mice treated



Figure 5. Anti-Tumor Activity of B7-H3 CAR-T Cells

In Vitro

(A) Representative flow cytometry plots of mock or CAR-T

cells cocultured with tumor cell lines at an E:T ratio of 4:1 for

24 h. A375, Raji, and MV4-11 cells were identified ac-

cording to their B7-H3 expression. (B) Secretion of perforin

from T cells was detected in the same condition as in (A).

(C–F) After coculturingmock orCAR-T cells with tumor cells

at an E:T ratio of 4:1 for 12 h, the percentages of residual

tumor cells were estimated from the FACSdata (C), and the

concentrations of IFN-g (D), IL-2 (E), and TNF-a (F) in su-

pernatants were measured by ELISA kits (D–F). All error

bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001, one-

way ANOVA with Holm–Sidak adjusted p values.
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with B7-H3-redirected CAR-T cells, as evidenced by BLI. This led to a
significant survival advantage compared with mice in the other two
groups (Figure 6F). We also examined the B7-H3-positive leukemia
cells in peripheral blood using FACS, 15 days after tumor inoculation.
Consistent with the BLI results, mice treated with B7-H3-redirected
CAR-T cells exhibited significantly decreased tumor burden
compared with mock T- or PBS-treated mice (Figure 6G).

DISCUSSION
Unprecedented success has been achieved in B cell malignancies
treated by the adoptive transfer of T cells redirected with a CAR
specific for CD19. However, in solid tumors, most of the reported
tumor markers are often heterogeneous within tumors, and these
markers are expressed in some normal tissues, which lead to limited
therapeutic effects or life-threatening toxicity. Epidermal growth
factor receptor (EGFR)vIII, a mutant EGFR, is a tumor-specific
marker for glioblastoma, but its heterogeneous expression limits
the therapeutic efficacy of EGFRvIII CAR-T cells.22 Treatment
with CAR-T cells targeting HER2 caused a patient death because
of the recognition of low levels of HER2 on lung epithelial cells.5
Molecul
Therefore, identification of truly tumor-specific
target antigens with homogeneous overexpres-
sion is the key for treating solid tumors with
engineered T cells.

Recently, B7-H3 has emerged as an attractive
target for immunotherapy, because it is highly
expressed across multiple tumor types but
exhibits restricted expression in normal tis-
sues.13–15 In this study, we performed large-
scale screening of the expression of B7-H3 using
TCGA data and IHC. We found homogeneous
overexpression of B7-H3 only in a small per-
centage of samples of liver, breast, cervical,
and bladder cancers and SSCC, whereas its
expression in other cancer types was highly het-
erogeneous. Notably, the mRNA expression of
B7-H3 was ubiquitous in almost all of the
normal TATs from TCGA database. In IHC,
B7-H3 expression was absent or weak in normal tissues but could
be detected at a moderate or even high expression level in some
TATs, such as those associated with skin, lung, liver, cervical, ovary,
and prostate cancers. Previous work has shown that B7-H3 expres-
sion can be induced in normal tissue in response to inflammation.8

Thus, it will be important in the future to explore its upregulation
mechanisms in TATs and to develop more efficient and safer targeted
therapy.

A previous study has shown that B7-H3-targeted CAR-T cells have
limited activity against K562 cells, a xenograft erythromyeloid leuke-
mia line, because of the lower B7-H3 antigen density on the K562 cell
membrane.14 We examined several cell lines of hematological malig-
nancies and found that MV4-11, an AML cell line, had the highest
expression level of B7-H3. With the use of MV4-11 as a model, we
found that B7-H3-targeted CAR-T cells displayed significant anti-tu-
mor activity in vitro and in vivo and caused regression of established
cancer and prolonged survival in xenograft tumor models. These
findings suggest that the target antigen density is also a key factor
for recognition and killing by CAR-T cells.
ar Therapy: Oncolytics Vol. 17 June 2020 185
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Figure 6. Anti-Tumor Effects of B7-H3 CAR-T Cells

in Xenograft Models

(A) Treatment scheme used in the A375-FFluc xenograft

model. (B)Ondays7,17,and28after tumor injection,an IVIS

imagingsystemwasused tomonitor tumorgrowth (fivemice

per group). (C) Starting on day 7, tumor size was measured

using a digital caliper every 3–4 days. The mean values for

each treatment group are shown. (D) Treatment scheme

used in the MV4-11-FFluc xenograft model. (E) Tumor pro-

gression was monitored by BLI every 8 days beginning on

day 7. (F) Overall survival of mice in each group. (G) B7-H3-

positive MV4-11 cells in peripheral blood were detected

using flow cytometry on day 15 after tumor inoculation. All

error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Recently, two posters from the American Society of Hematology
Annual Meeting reported that B7-H3 is highly expressed in a substan-
tial fraction of AML patients and that adoptive transfer of B7-H3-tar-
geted CARs may be an effective treatment option for AML patients
with B7-H3 overexpression. The authors of these posters also re-
ported variable expression patterns of B7-H3 in patients with AML
and suggested that it may be necessary to develop a dual-targeting
approach, such as combining B7-H3 with a second AML surface
antigen.23,24

In the present study, using IHC, we observed wide regional variation of
B7-H3 expression within and across the tumor tissues. B7-H3 was pre-
viously suggested to be a valuable CAR-T target for pancreatic ductal
adenocarcinoma, ovarian cancer, and myelogenous leukemia.14 Here,
we also observed positive B7-H3 staining in pancreatic ductal adeno-
carcinoma and ovarian cancer, but the expression was highly heteroge-
neous. Antigen heterogeneity is one of the main reasons for failure of
CAR-T cell therapy.5 Itmay be necessary to examine the B7-H3 expres-
186 Molecular Therapy: Oncolytics Vol. 17 June 2020
sion status in surgical specimens before starting
targeted therapy. On the other hand, to address
the issue of antigenic heterogeneity, the use of
bispecific CAR, such as CD19/CD22-bispecific
CAR-T cells, has been proposed for the
treatment of acute lymphoblastic leukemia
(ClinicalTrials.gov: NCT03919526) to overcome
the risk of antigen-escape relapse and to improve
the duration of the clinical benefit. Thus, the
combination of B7-H3 with another tumor anti-
gen in the CAR design may be necessary.

METHODS
Mice

6- to 8-week-old immunodeficient M-NSG fe-
male mice were purchased from the Model An-
imal Resource Information Platform of Nanjing
University (China). Mice were maintained un-
der specific pathogen-free conditions, and all
procedures met the requirements of the
National Institutes of Health and Institutional
Animal Care and Use Committee. The animal experiments were
approved by the West China Hospital of Sichuan University Biomed-
ical Ethics Committee (ethical approval document: 2018-061).

Human Tissue Microarray and Clinical Specimens

IHC was performed using human tissue microarrays purchased
from Xi’an Alenabio and Shanghai Outdo Biotech of China. Bone
marrow aspirates from patients with monocytic/myelomonocytic
AML were obtained and subjected to flow cytometry analysis.
This study was approved by the West China Hospital of Sichuan
University Biomedical Ethics Committee (ethical approval docu-
ment: 2018-061), and the participating patients provided written,
informed consent.

Cell Lines and Culture Conditions

All tumor cell lines used in this study were originally purchased from
the American Type Culture Collection (ATCC). A375-FFluc and
MV4-11-FFluc cell lines were produced by transducing a lentiviral
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vector that encoded the luciferase reporter gene into the original cell
lines. All cells were maintained in Dulbecco’s modified Eagle’s me-
dium or RPMI-1640 (both from Gibco), supplemented with 10% fetal
bovine serum and 2 mM L-glutamine (Invitrogen).
Expression of B7-H3 in Tumors from TCGA Database

The expression of B7-H3 in 9,433 tumors and 5,540 normal samples
from TCGA database and the GTEx project, including 31 different tu-
mor subtypes, was analyzed using the online web server GEPIA
(http://gepia.cancer-pku.cn). Data were downloaded, filtered for pri-
mary tumors, log2 transformed, and analyzed using R.
Immunohistochemistry

Tissue samples were stained for B7-H3 using a commercial mAb
(clone D9M2L; Cell Signaling Technology). All procedures followed
the manufacturer’s protocol. In brief, tissue sections were incubated
at 65�C for 1 h to retrieve antigenicity, blocked with PBS containing
10% normal goat serum (Boster) for 30min at room temperature, and
then incubated with primary antibody at 4�C overnight. The sections
were then incubated with goat anti-rabbit secondary antibodies, and
the staining was detected with 3,30-diaminobenzidine (ZSGB-Bio).
The stating intensity was scored using a common four-point scale
as follows: no expression (–), <20% positive cells (+, low or weak
expression), 20%–50% positive cells (++, moderate expression), and
>50% positive cells (+++, high or strong expression).
Lentivirus Production

HEK293FT cells were transfected with the target plasmid and two
packaging plasmids psPAX2 and pMD.2G at a ratio of 4:3:2 using pol-
yethylenimine (Sigma). The supernatants were collected at 48 h and
72 h after transfection, filtered with 0.45 mm filters, and concentrated
by ultracentrifugation at 15,000 rpm for 2 h. The concentrated lenti-
virus was resuspended in RPMI-1640 and immediately stored at
�80�C for further use.
Overexpression of B7-H3 in HeLa Cells

Full-length human B7-H3 (GenBank: NM_001024736) was synthe-
sized by Genewizz and cloned into a lentiviral vector with a GFP
tag at the C terminus. HeLa cells were transduced with lentiviral vec-
tors, as described above, and selected using puromycin to generate
HeLa–B7-H3–GFP cells.
Generation of Monoclonal Antibody

The ECD of B7-H3 was subcloned into a eukaryotic expression
vector with Fc and His tags at the C terminus. B7-H3–ECD–Fc
fusion protein was produced by transiently transfecting
HEK293F cells and purified using protein A and nickel-nitrilotri-
acetic acid (Ni-NTA) affinity columns, and 8- to 10-week-old
female BALB/c mice were immunized with B7-H3–ECD–Fc re-
combinant protein. Hybridomas were produced by fusion of
spleen cells with SP2/0 cells. Hybridomas were screened using an
ELISA, IF, and flow cytometry.
KO of B7-H3 in Tumor Cells

A375 and HepG2 cell lines with B7-H3 KO were produced using a
CRISPR-Cas9 system. gRNAs were designed using the online server
CHOPCHOP (http://chopchop.cbu.uib.no). gRNAs were subcloned
into lentiCRISPR version (v.)2 (Addgene; #52961). Lentiviral parti-
cles were transduced into A375 and HepG2 cells and selected with
puromycin. 1 week after transduction, the cells were stained with
mAb-J42, and B7-H3-negative cells were sorted using a FACS (BD
Biosciences).

Affinity Determinations Using a Biacore Instrument

The binding affinity of mAb-J42 and J42-scFv-Fc to B7-H3 recombi-
nant protein was measured using a Biacore X100 instrument with a
CM5 sensor chip (GE Healthcare), according to a previously pub-
lished procedure.25 Briefly, B7-H3–ECD–His recombinant protein
containing the ECD of B7-H3 with a His tag at the C terminus was
produced by transiently transfecting HEK293F cells and purified us-
ing Ni-NTA affinity columns and size-exclusion chromatography.
Fc-tagged J42-scFv was expressed, as mentioned above, for B7-H3–
ECD–Fc protein. A rabbit anti-mouse IgG antibody (mouse antibody
capture kit; GE Healthcare) was immobilized on CM5 using amine
coupling (amine coupling kit; GE Healthcare), mAb-J42 and Fc-
tagged J42-scFv were indirectly captured onto the surface, and the
B7-H3–ECD–His protein was injected across the chip in a 2-fold dilu-
tion series. The equilibrium dissociation constant was obtained by us-
ing BIAevaluation 2.0 software.

Immunofluorescence Staining

Cells were incubated in 24-well plates under standard cell-culture
conditions. After 24 h, the cells were blocked with 1% bovine serum
albumin for 30 min, stained with primary antibody (mAb-J42 or J42-
scFv-Fc) for 1 h at 4�C, fixed in 4% paraformaldehyde for 15 min, and
stained with fluorescein isothiocyanate (FITC)- or Cy3-conjugated
secondary antibody (Proteintech) and 40,6-diamidino-2-phenylin-
dole (Beyotime). Images were captured on a confocal microscope
(Zeiss 880).

Flow Cytometry and Antibodies

B7-H3 expression levels on the surface of human tumor cells were
detected using purified mAb-J42 or J42-scFv-Fc. Goat anti-mouse
IgG–FITC (Proteintech) was used to label the Fc of mAb-J42. The an-
tibodies used to identify the phenotype of CAR-T cells included CD3-
allophycocyanin (APC)-CY7, perforin-APC, CD4-PE, CD8-FITC,
TIM3-BV711, and PD-1-BV605 (all purchased from BioLegend).
Flow cytometry analysis was performed on a BD Fortessa flow cytom-
eter and analyzed using FlowJo 10.6.0 software.

T Cell Transduction

The B7-H3-specific binder J42-scFv was derived from mAb-J42 by
coconnection of the variable heavy (VH) and variable light (VL)
with a G4S linker. B7-H3-redirected CAR was constructed using a
lentiviral vector encoding J42-scFv, CD28 and 4-1BB costimulatory
domains, and the CD3-z-signaling domain, with the human eukary-
otic translation elongation factor 1 alpha (EF1a) as the promoter.
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Human peripheral blood mononuclear cells from healthy donors
were isolated using density gradient centrifugation and activated by
culturing with anti-CD3 mAb (OKT3, 100 ng/mL; BioLegend),
CD28 mAb (CD28.2, 100 ng/mL; BioLegend), and recombinant hu-
man IL-2 (100 units/mL; Life Science) in X-vivo medium (Lonza),
supplemented with 2 mM L-glutamine, 10 mM HEPES, 100 U/mL
penicillin, and 100 mg/mL streptomycin. On day 2, activated T cells
were transduced with lentivirus particles using hexadimethrine bro-
mide (polybrene) (Sigma) for 12 h and then cultured continuously
for 10–14 days. Mock T cells and CD19 CAR-T cells were established
under the same conditions, and NT cells were not transduced with
lentivirus.
Cytotoxicity Assays

The 51Cr assay was adopted to detect the cytotoxicity of B7-H3-redir-
ected CAR-T cells, as previously described.26 Briefly, CAR-T cells and
tumor cells were labeled with sodium chromate (molecular formula:
Na2

51CrO4) and cocultured at an E:T ratio of 16:1, 8:1, 4:1, and 1:1 for
4 h. The supernatants were collected, and the radioactivity was
measured using a gamma counter. The percentage of specific lysis
was calculated by the following formula: (test release � spontaneous
release)/(maximal release � spontaneous release) � 100.
T Cell Functional Assays

B7-H3-redirected CAR-T cells (4 � 105) and tumor cells (1 � 105)
were cocultured in 24-well plates at 37�C without addition of exoge-
nous cytokines. After 24 h, the cells were harvested for flow cytometry
analysis. Residual tumor cells and perforin secretion by CAR-T cells
were measured by flow cytometry. For ELISA assays, CAR-T cells and
tumor cells were cocultured at an E:T ratio of 4:1 at 37�C, without the
addition of exogenous cytokines for 12 h, and the supernatant was
collected from each coculture. The concentrations of IL-2, TNF-a,
and IFN-g in the supernatant were measured using ELISA kits
(BioLegend).
Tumor Models and Treatment

In the solid tumor model, each mouse was injected subcutaneously in
the right flank with 2 � 106 A375-FFluc. On day 7, the mice were
randomly divided into three groups, five mice per group. On day 8,
the mice were injected intravenously with 5� 106 B7-H3 CAR-T cells
in 200 mL, an equal number of CD19 CAR-T cells, or an equal volume
of PBS, respectively. The progress of tumor growth was monitored by
measuring the bioluminescence signal and size using a vernier caliper.
The tumor volume was calculated as follows: tumor size = long diam-
eter � (short diameter2)/2.

In the hematologic tumor model, 2 � 106 MV4-11-FFluc leukemia
cells were injected into the tail vein. 7 days later, mice were divided
into three groups and treated with PBS, 1 � 107 mock T cells, or
1 � 107 B7-H3 CAR-T cells, respectively. To monitor tumor growth,
the In Vivo Imaging System (IVIS) (Caliper Life Sciences) was used to
record mice bioluminescence imaging. Bioluminescence was acti-
vated 10 min after intraperitoneal injection with 150 mg/kg D-lucif-
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erin (Beyotime). Living Image software (PerkinElmer) was used to
analyze the data.

Data Visualization and Statistical Analysis

The data were visualized on graphs and are presented as mean ± stan-
dard deviation (SD). The data were analyzed using GraphPad Prism
software v.7.0. For Kaplan–Meier overall survival analysis, a log-rank
test was used to compare each of the arms. Student’s t test was used to
compare the degree of killing by CAR-T cells and mock T cell prod-
ucts. Tumor growth data were analyzed using two-way analysis of
variance (ANOVA). Differences between the means for the numbers
of B7-H3-positive leukemia cells in peripheral blood were assessed us-
ing one-way ANOVA with Bonferroni’s post-test correction. p < 0.05
was considered to be significant, and the significance levels are repre-
sented in the figures as *p < 0.05, **p < 0.01, and ***p < 0.001.
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The project protocol was approved by the Biomedical Ethics Commit-
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