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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC), the most common primary liver cancer has a high mortality in China, and it is
Hepatocellular carcinoma usually diagnosed at a late stage, thereby leaving patients with few effective treatment options. Chimeric antigen
GPC3 receptor-T (CAR-T) cell therapy, a novel immunotherapy that has shown promising results in leukemia, lym-
B7H3-Targeted BiTE . . . . . . .

CAR.T cell phoma and multiple myeloma, is also expected to work well in solid tumors, including HCC. However, the ideal

therapeutic efficacy has not yet been achieved, in part due to tumor antigen escape caused by antigen hetero-
geneity. To overcome such challenge, we screened a panel of biomarkers in HCC cell lines and found that GPC3
and B7H3 were highly expressed on HCC with expression heterogeneity. Then we developed a novel bispecific T
cell engagers CAR-T (CAR.T-BiTEs) that drives the expression of a CAR specific for GPC3 and BiTEs against CD3
and B7H3, herein referred to as “GPC3-BiTE CAR.” We found that BiTEs promoted the increased activation of
untransduced T cells and IFN-y release. Moreover, BiTEs secreted by GPC3-BiTE CAR-HEK293T cells promoted
increased cytotoxicity activity of untransduced T cells against GPC3+/B7H3+ (GPC3 positive/B7H3 positive)
and GPC3-/B7H3+(GPC3 negative/B7H3 positive) HCC cell lines. In vitro function assays showed that GPC3-
BiTE CAR-T cells exhibited greater cytotoxicity activity against GPC3+/B7H3+ HCC cell lines than GPC3
CAR-T cells (GPC3-targeted CAR-T cells) and B7H3 CAR-T cells (B7H3-targeted CAR-T cells). Furthermore,
GPC3-BiTE CAR-T cells exhibited superior cytotoxicity against GPC3 negative HCC cell lines compared with
GPC3 CAR T cells. In conclusion, our study showed that GPC3-BiTE CAR T cells exhibited superior antitumor
activity than single-target CAR-T cells and can overcome tumor escape induced by antigen heterogeneity, sug-
gesting that this could be a promising therapeutic strategy for HCC.

Tumor relapse

Chimeric antigen receptor (CAR)-T cells (CAR-T) genetically engi-
neered to express CAR molecules that targets surface antigens on tumor
cells, allowing them to recognize and kill tumor cells more accurately

UTD untransduced T cells.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver
cancer in China, with a high mortality rate [1]. Besides, most of HCC
patients are usually diagnosed at a late stage, and thus are ineligible for
curative surgery/interventions [2]. Moreover, chemotherapy, radio-
therapy, specific inhibitors and immune checkpoint inhibitors do not
significantly improve the survival rates [3]. Thus, there is an urgent
need to develop novel and effective treatment strategies for HCC.

and effectively. CAR-T cell therapy has made remarkable achievements
in the treatment of hematological malignancies including acute
lymphoblastic leukemia, lymphoma, and multiple myeloma [4-6]. Such
breakthroughs in hematological malignancies sparked a surge in
research into translating CAR-T therapy into the treatment of solid tu-
mors, including HCC [7]. Glypican-3 (GPC3), a cell-surface glyco-
phosphatidylinositol (GPI)-anchored protein that highly expressed in
HCC, is considered as a promising immunotherapeutic target [8,9].
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Abbreviation
BiTEs bispecific T cell engagers
B7H3 B7-H3
CAR chimeric antigen receptor
GPC3 Glypican-3
HCC hepatocellular carcinoma
PBMC  peripheral blood mononuclear cell
ScFv single-chain variable fragment

GPC3 CAR-T cells have been shown to be effective against HCC in pre-
clinical and clinical trials [10,11]. However, the efficacy is not fully
satisfactory in part due to antigen escape (antigen loss, antigen-shedding
and antigen-low escape) [12,13], suggesting that multi-target strategies
are expected to circumvent antigen escape thereby improve CAR-T ef-
ficacy. Bispecific T cell Engagers (BiTEs) are bispecific antibodies that
redirect bystander T cells to target antigen-expressing tumors. Locally
secreted BiTEs can complement CAR-T cells and were considered as
potential strategy to address antigen escape [7,14]. As previously re-
ported, CAR-T.BiTE cells that expressed EGFRVIII CAR and secreted
EGFR-specific BiTEs successfully eliminated heterogeneous tumors in
glioblastoma mouse models with no detectable toxicity [15]. However,
it is unclear whether CAR-T.BiTEs can be used in HCC therapy, and if so,
which target is most effective in combination, remains elusive.

B7H3 is a type I transmembrane protein that is overexpressed in
multiple solid tumors and considered as a potential therapeutic target
[16,17]. B7H3-targeted CAR-T cells, humanized antibodies, and BiTEs
have shown potent antitumor activity in several solid tumors, [18-20].
Similarly, B7H3 is highly expressed in human HCC and is associated
with tumor aggressiveness and postoperative recurrence [21,22], sug-
gesting B7H3 as attractive target for HCC therapy.

In this study, we analyzed the expression of B7H3 and GPC3 in The
Cancer Genome Atlas (TCGA) database and found that both are highly
expressed in HCC but have little correlations, suggesting them as an
ideal antigen pair for dual targeting to overcome antigen escape or
heterogeneity. We then generated GPC3-BiTE CAR-T cells that expresses
GPC3-specific CARs while also secreting BiTEs against B7H3, and tested
their antitumor activity in vitro. As expected, GPC3-BiTE CAR-T cells
secreted B7H3-specific BiTEs which recruited untransduced bystander T
cells against GPC3'B7H3" HCC cells and exhibited more potent anti-
tumor activity in vitro. Thus, GPC3-BiTE CAR-T cells could be a prom-
ising therapeutic option for HCC patients with GPC3 heterogeneous
expression.

2. Materials and methods
2.1. Cell lines

Human HCC cell line Huh7 was purchased from the Chinese Acad-
emy of Sciences Shanghai Cell Bank in China. Human embryonic kidney
(HEK) 293T cell was purchased from the American Type Culture
Collection (ATCC). SK-HEP-1 cell line was purchased from Guangzhou
Cellcook Biotechnology Co., Ltd, China. Huh7 and HEK293T cell lines
were cultured in DMEM medium (Gibco) supplemented with 10% FBS
(Gibco) and 1% penicillin-streptomycin (PS) (Gibco). SK-HEP-1 and SK-
HEP-1-B7H3 were generated to stably express B7H3 by lentivirus,
GenBank: NM_001024736.2. and the stable cell lines were cultured in
RMPI-1640 medium (Gibco) supplemented with 10% FBS and 1% PS. All
cell lines were cultured at 37 °C with 5% CO,.

2.2. Flow cytometry

Cell surface expression levels of GPC3, B7H3 and CAR were assessed
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and analyzed by flow cytometry. In brief, cells were washed with ice-
cold PBS, collected by centrifugation, and then incubated with anti-
bodies specific to human GPC3 (APC-anti-Glypican3 Antibody, clone
024, Sino Biological) or B7H3 (APC anti-human CD276, clone MIH42,
Biolegend) for 30 min at 4 °C in the dark. For CAR expression analyses,
cells were labeled with primary antibodies of biotin-goat anti-Human
IgG, F(ab’)2 fragment (Jackson) (corresponding to B7H3 CAR) or biotin-
goat anti-Mouse IgG, F(ab’): fragment (Jackson) (corresponding to
GPC3 CAR or GPC3-BiTE CAR) for 30min, followed by staining with
APC-conjugated streptavidin (Biolegend). After washing once with ice-
cold PBS, the cells were resuspended in 200 pL of PBS and analyzed
using flow cytometer (CytoFLEX, Beckman). Data were analyzed using
FlowJo 10.5.3. (https://www.flowjo.com).

2.3. Construction of CARs

One GPC3-BiTE CAR construct and two additional CAR constructs
(anti-GPC3 and anti-B7H3) were synthesized and cloned into a lentiviral
plasmid of pWPXLd. All CAR and GPC3-BiTE CAR constructs contained a
human CD8a hinge and transmembrane domain, an intracellular 4-1BB
costimulatory domain and a CD3{ signaling domain. BiTEs against B7H3
and CD3 were designed, with both sequences flanked by an IGHV3-2
leader peptide (IGHV3-2-SP) and a His-tag element. Individual anti-
GPC3 and anti-B7H3 scFv sequences were prepared described in these
papers [10,23]. The anti-CD3 scFv sequences were obtained from pub-
licly available Muromonab-CD3 (OKT3) sequences.

2.4. Production of lentivirus

For lentivirus production, HEK293T cells were transfected with each
lentivirus vector (GPC3 CAR, B7H3 CAR, GPC3-BiTE CAR, and B7H3-
EGFP, respectively) together with helper plasmids psPAX2 and
pMD2G using Lipofectamine™ 3000 Reagent (Invitrogen). 48-72 h after
transfection, virus-containing supernatant was collected, and centri-
fuged at 2000 rpm for 10min followed by filtration with a 0.45 pm filter.

2.5. ELISA assay

Supernatants were collected from GPC3 CAR-HEK293T and GPC3-
BiTE CAR-HEK293T cells 48 h after transfection. The concentration of
BiTEs was measured using a His-Tag ELISA Detection Kit (GenScript)
according to the manufacturer’s instruction, and determined by
measuring the ODys5 value by Microplate Reader (Thermo Fisher Sci-
entific). Detailed experimental procedures are shown in Supplementary
Files.

2.6. T-cell activation and functional assays

Untransduced T cells were cocultured with Huh7 cells in the pres-
ence of supernatant from GPC3 CAR-HEK293T or GPC3-BiTE CAR-
HEK293T cells. Cell pellets were obtained 20 h later for detection of
CD69 by staining with APC anti-human CD3 Antibody (Biolegend) and
FITC anti-human CD69 Antibody (Biolegend), then analyzed by flow
cytometry. The supernatant was collected, and the IFN-y level was
determined using flow cytometry with the Cytometric Bead Array (CBA)
Human Th1/Th2 Cytokine Kit (BD™). Detailed experimental procedures
are shown in Supplementary Files.

2.7. Preparation of CAR-T cells

Fresh blood was obtained from healthy donors with informed con-
sent, in compliance with Shenzhen Institutes of Advanced Technology’s
ethics committee and Institutional Review Board approval. Peripheral
blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque PLUS
(GE Healthcare). After being washed with D-PBS, CD3™ T cells were
isolated and activated using Dynabeads™ CD3/CD28 (Thermo fisher
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Fig. 1. Analysiss of expression and survival of GPC3 and B7H3 in HCC. (A) mRNA expression analysis of GPC3 and B7H3 in HCC based on the TCGA datasets using
GEPIA2. (B) Correlational analysis between overall survival time and GPC3 or B7H3 expression level in HCC using GEPIA2. (C) Correlation analysis of GPC3 and
B7H3 expression using GEPIA 2. (D, E) Analysis of GPC3 and B7H3 expression on HCC cell lines Huh7 and SK-HEP-1 by flow cytometry. LIHC: Liver hepatocel-

lular carcinoma.

Scientific) and cultured overnight in KBM581 medium (Hyclone) sup-
plemented with 10% FBS and IL-2 (Thermo fisher Scientific) at 37 °C,
and 5% CO2. The activated T cells were then transduced with lentiviral
supernatants containing the different CAR constructs. 8ug/ml of Poly-
brene (Beyotime) was used when transducing GPC3-BiTE CAR-T cells. 2
days after transducing the cells with lentivirus, fresh media (KBM581
medium) were used as replacement. The transduction efficiency was
determined after 3 days post-transduction by flow cytometry. GPC3-
BiTE CAR-T cells were purified using a biotin goat Anti-Human IgG, F
(ab’)= fragment specific antibody (Jackson), followed by a MagniSort™
Streptavidin Positive Selection Bead (Invitrogen). CAR-T cells were
cultured for another 2 or 3 days, followed by the removal of the CD3/
CD28 Dynabeads™ before being tested for cytotoxicity assay.

2.8. Invitro cytotoxicity assay

In this study, the xCELLigence real-time cell analyzer (RTCA) (AECA
Biosciences) was used for cytotoxicity assay as previously described [24,
25] with slight modifications. Briefly, 50 pl complete cell culture me-
dium was used to blank the 96-well E-Plates (ACEA Biosciences). 50ul
target cell suspension with 5000 cells were seeded into the each well.
The plate was kept in the incubator for 15min and then transferred to the
RTCA SP Instrument (AECA Biosciences) inside a cell culture incubator.
After about 24 h, the effector cells (untransduced T cells (UTD) or CAR-T
cells) were collected, counted, and resuspended in 100 pl KBM581
medium supplemented with 10% FBS and added into the well at the
corresponding effector/target ratio. To test BiTE cytotoxicity against
HCC cell lines, the untransduced T cell were resuspended with 100 pl
supernatants collected from GPC3 CAR-HEK293T cells and GPC3-BiTE

CAR-HEK293T cells at effector/target ratios of 20:1, 10:1, and 5:1.
The control group consisted of a well containing only cell culture me-
dium and target cells, the RTCA was used to monitor the cell index (CI)
of the cells for the indicated time (50-60 h).

The Cell Index (CI) was normalized using the RTCA software Pro
(version 2.3.0) and percentage of cytotoxicity was calculated as
described [24,25] at any given time:

% cytotoxicity = ((CI control — CI effector)/ (CI control)) X 100

2.9. Statistical analysis

All analyses were reported as mean + SD, statistical analysis was
performed using GraphPad Prism 9.0.0 (San Diego, CA).

3. Results
3.1. Expression analysis of GPC3 and B7H3 in HCC

To assess the expression pattern of GPC3 and B7H3 in HCC, we
analyzed their expression in HCC tissues. The results showed that the
mRNA of GPC3 and B7H3 was highly expressed in the HCC tissue based
on the TCGA datasets using the web server of Gene Expression Profiling
Interactive Analysis 2 (GEPIA2) [26] (Fig. 1A). The correlation between
the expression of GPC3 or B7H3 and survival was also assessed using
GEPIA 2. According to the data, higher levels of GPC3 or B7H3
expression in HCC patients were associated with a five-year shorter life
expectancy (Fig. 1B); however, the expression correlation between
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Fig. 2. BiTEs activated untransduced T cells in HEK293T cells. (A) Schematic diagram of three CARs used in this study. (B) Transduction efficiency of GPC3 CAR and
GPC3-BiTE CAR on HEK293T cells was detected by flow cytometry. (C) Expression of BiTEs in HEK293T cells were detected by ELISA. (D) Expression analysis of
CD69 was detected by flow cytometry. (E) Expression of IFN-y was detected by flow cytometry using CBA kit. MFI: Mean Fluorescence Intensity. Statistical sig-
nificance was assessed by t-test (C) and one-way ANOVA (D and E). Not significant ns, P > 0.05, *P < 0.05, ***P < 0.001.

GPC3 and B7H3 is low, with an index of 0.22 (Fig. 1C). Next, we assessed
GPC3 and B7H3 expression pattern on HCC cell lines Huh7 and
SK-HEP-1 by flow cytometry. The results showed that GPC3 and B7H3
were highly expressed on Huh7 cell lines (Fig. 1D and E). However,
GPC3 was not expressed in SK-HEP-1 cell lines, whereas B7H3 was
expressed at low level (Fig. 1D and E).

3.2. Construction of CAR

In this study, we constructed three different CARs, as shown in
Fig. 2A. The GPC3 CAR and B7H3 CAR had the same backbone, which
included a CD8a hinge and transmembrane domain, a 4-1BB cos-
timulatory domain, and a CD3( signaling domain, excepting for the scFv
targeting GPC3 and B7H3, respectively. The GPC3-BiTE CAR constructs
consisted of the GPC3 CAR, P2A, IGHV3-2-SP, B7H3 scFv targeting the
antigen of B7H3, glycine-serine linker (GGGGS), CD3 scFv targeting the

antigen of CD3, glycine-serine linker (GGGGS) and a polyhistidine-tag
(His-tag). Additionally, the BiTEs were designed against the B7H3 on
the HCC cell and CD3 on T cells.

3.3. BiTEs enhanced activation of untransduced T cells

The lentivirus of GPC3 CAR and GPC3-BiTE CAR was used to
transduced HEK293T cells, and flow cytometry analysis showed that the
transduction efficiency of HEK293T cells expressing GPC3 CAR and
GPC3-BiTE CAR was 95% and 84%, respectively (Fig. 2B). The super-
natants from the GPC3 CAR-HEK293T and GPC3-BiTE CAR-HEK293T
cells were then used in the competitive ELISA to detect BiTEs expression.
The results showed that supernatant from the GPC3-BiTE CAR-HEK293T
had lower OD450 compared to those from the GPC3 CAR-HEK293T
(Fig. 2C). Next, we also investigated whether the activation of
untransduced T cells was promoted by BiTEs. The results showed that
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Fig. 3. Cytotoxicity of BiTEs against HCC cell lines Huh7 and SK-HEP-1-B7H3 was assessed by RTCA. The supernatant was collected from HEK293T cells transduced
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nificant ns, P > 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

untransduced T cells cocultured with the Huh7 cells and supernatant
from GPC3-BiTE CAR-HEK293T showed higher CD69 expression
(Fig. 2D). Furthermore, untransduced T cells cocultured with Huh7 cells
and supernatant from GPC3-BiTE CAR-HEK293T cells generated more
higher IFN-y (Fig. 2E). These findings suggest that BiTEs enhanced the
activation of untransduced T cells.

3.4. BiTEs enhanced cytotoxicity activity of untransduced T cells against
HCC cell lines

Next, we assessed whether the BiTEs from GPC3-BiTE CAR-HEK293T
cells could enhance untransduced T cell cytotoxicity against HCC cell
lines. To investigate this, supernatant was collected from HEK293T,
GPC3 CAR-HEK293T, and GPC3-BiTE CAR-HEK293T and cocultured
with the untransduced T cell and Huh7 cells respectively using the
xCELLigence RTCA system. Our findings show that when untransduced
T cells were cocultured with supernatant from the GPC3-BiTE CAR-
HEK293T cells, they displayed more potent cytotoxicity against Huh7
cells than the supernatant from GPC3 CAR-HEK293T cells at the
different E:T ratios (Fig. 3A-D). We used SK-HEP-1 cell lines stably
expressing B7H3 (SK-HEP-1-B7H3) to test BiTE cytotoxicity against
GPC3-/B7H3+ cell lines (Fig. 3E). The results showed that when
untransduced T cells were cocultured with supernatant from GPC3-BiTE
CAR HEK293T cells, they produced more potent cytotoxicity against SK-

HEP-1-B7H3 cells than supernatant from GPC3 CAR-HEK293T cells at
the different E:T ratios (Fig. 3F-I).

3.5. GPC3-BiTE CAR-T cells exhibit enhanced antitumor activity than
GPC3 CAR-T or B7H3 CAR-T cells in vitro assay

The antitumor activity of GPC3-BiTE CAR-T cells were assessed
against HCC cell lines, we used the GPC3 CAR-T cells, B7H3 CAR-T cells
and GPC3-BiTE CAR-T cells that were successfully constructed (Fig. 4A).
The results of the cytotoxicity assay showed that GPC3-BiTE CAR-T cells
were more potent against the Huh7 cells compared to the GPC3 CAR-T
cells and B7H3 CAR-T cells at the E:T ratio of 8:1 (Fig. 4B and C).
Moreover, we also found that the B7H3 CAR-T cells showed more potent
cytotoxicity against Huh7 cells than GPC3 CAR-T cells (Fig. 4B and C).
To investigate whether the GPC3-BiTE CAR-T cells had more potent
cytotoxicity against GPC3-/B7H3+ cell lines than GPC3 CAR-T cells in
vitro, the SK-HEP-1-B7H3 cells were used as the target cells. Using
PBMC from another healthy donor, we generated GPC3 CAR-T cells and
GPC3-BiTE CAR-T cells (Fig. 4D). Cytotoxicity analysis revealed that
GPC3 CAR-T cells exhibited similar cytotoxicity to UTD; however,
GPC3-BiTE CAR-T cells exhibited a superior cytotoxicity against the SK-
HEP-1-B7H3 cell compared with the GPC3 CAR-T cells (Fig. 4E and F).
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Fig. 4. Cytotoxicity of CAR-T cells against HCC cell lines was assessed by RTCA.
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detected by flow cytometry. The right three T cells were stained with the Biotin-Goat Anti-Mouse IgG, F(ab’) = fragment specific and the right two T cells were stained

with Biotin-Goat Anti-Human IgG, F(ab’) - fragment specific. (B and C) The cell

index curve of RTCA and cytotoxicity statistical analysis of CAR-T cells against Huh7

cell lines. (D) Transduction efficiency of GPC3 CAR, GPC3-BiTE CAR on T cells was detected by flow cytometry. The T cells were isolated from another donor PBMC.
(E and F) The cell index curve and cytotoxicity statistical analysis of CAR-T cells against SK-HEP-1-B7H3 cell lines. Statistical significance was assessed by two-way
ANOVA (C and F). Not significant ns, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

4. Conclusion

In this study, we found that GPC3-BiTE CAR-T cells exhibited a su-
perior cytotoxicity against the HCC cells than GPC3 CAR-T cells and
B7H3 CAR-T cells, and that they can overcome the problem of antigen
escape induced by GPC3 heterogenous expression in the in vitro assay.

In clinical trials, antigen escape-mediated tumor recurrence has been
reported in both hematological and solid tumors [27,28]. Antigen
escape in CAR-T cell therapy can be overcome by increasing antigen
expression on the cell membrane of tumor cells and genetically engi-
neering CAR-T cells to target two or more antigens [14]. Surprisingly,
clinical trials of GPC3 CAR-T cells therapy for HCC have not demon-
strated significant efficacy [11]. The poor efficacy of CAR-T cell therapy
in hepatocellular carcinoma may be due to antigen heterogeneity
expression or antigen shedding [12,14], thus, avoiding potential
antigen-escape mediated tumor relapse may improve the efficacy of
CAR-T cells therapy for HCC treatment. The CAR.T-BiTE strategy has
been reported have multiple advantages and is applicable in overcoming
antigen escape in glioblastoma mouse model [15]. In this study, we
combined the target antigen of GPC3 and B7H3 for the first time through
the CAR.T-BiTE strategy to further confirm the feasibility of the CAR.
T-BiTE strategy for hepatocellular carcinoma treatment. GPC3 or
B7H3 were found to be highly expressed in HCC tissue, and their

expression was heterogeneous. This suggests that designing CAR struc-
tures that targets these two antigens may produce improved efficacy. In
addition, the HEK293T system, which we used to verify that BiTE was
successfully secreted by GPC3-BiTE CAR and that it promoted stronger T
cells activation and more IFN-y secretion by untransduced T cells. We
also demonstrated that BiTE promoted T cell killing activity against
GPC3+/B7H3+ and GPC3-/B7H3+ HCC cell lines by collecting the su-
pernatant of GPC3-BiTE CAR in HEK293T cells. Furthermore, we
confirmed that GPC3-BiTE CAR-T cells showed higher cytotoxicity ac-
tivity against GPC3+/B7H3+ HCC cell lines than GPC3 CAR-T cells or
B7H3 CAR-T cells. Finally, by recruiting untransduced T cells via the
BiTE system, GPC3-BiTE CAR-T cells exhibited greater cytotoxicity ac-
tivity against GPC3-/B7H3+ HCC cell lines compared to GPC3 CAR-T
cells, suggesting that GPC3-BiTE CAR-T cells can overcome the prob-
lem of tumor cell escape induced by heterogeneous expression of GPC3.

However, this study has several shortcomings: it is unclear whether
the GPC3-BiTE CAR-T cell can generate more cytokines than GPC3 CAR-
T cells and B7H3 CAR-T cells when cultured with target cells. Besides,
this study found that GPC3-BiTE CAR-T cells had higher in vitro cyto-
toxicity than single target CAR-T cells, indicating that there is an urgent
need to test the antitumor activity of GPC3-BiTE CAR-T cells in xeno-
graft mouse models of hepatocellular carcinoma.

In conclusion, GPC3-BiTE CAR-T cells have superior cytotoxicity
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effect against HCC cell lines than single CAR-T cells and can overcome
tumor cell escape caused by the heterogeneous GPC3 expression in vitro
assay. This research opens up a new avenue for the use of CAR-T cell
therapy in hepatocellular carcinoma.
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