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Bispecific CAR-T cells targeting FAP
and GPC3 have the potential to treat
hepatocellular carcinoma
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Chimeric antigen receptor (CAR) T cell therapy has demon-
strated robust efficacy against hematological malignancies,
but there are still some challenges regarding treating solid tu-
mors, including tumor heterogeneity, antigen escape, and an
immunosuppressive microenvironment. Here, we found that
SNU398, a hepatocellular carcinoma (HCC) cell line, exhibited
high expression levels of fibroblast activation protein (FAP)
and Glypican 3 (GPC3), which were negatively correlated
with patient prognosis. The HepG2 HCC cell line highly ex-
pressed GPC3, while the SNU387 cell line exhibited high
expression of FAP. Thus, we developed bispecific CAR-T cells
to simultaneously target FAP and GPC3 to address tumor het-
erogeneity in HCC. The anti-FAP-GPC3 bispecific CAR-T cells
could recognize and be activated by FAP or GPC3 expressed by
tumor cells. Compared with anti-FAP CAR-T cells or anti-
GPC3 CAR-T cells, bispecific CAR-T cells achieved more
robust activity against tumor cells expressing FAP and GPC3
in vitro. The anti-FAP-GPC3 bispecific CAR-T cells also ex-
hibited superior antitumor efficacy and significantly prolonged
the survival of mice compared with single-target CAR-T cells
in vivo. Overall, the use of anti-FAP-GPC3 bispecific CAR-T
cells is a promising treatment approach to reduce tumor recur-
rence caused by tumor antigen heterogeneity.

INTRODUCTION
Liver cancer continues to be a significant global health issue that poses
a threat to human health.1,2 It is estimated that the number of people
affected by liver cancer will exceed 1 million by 2025.3 The most com-
mon histological type of liver cancer is hepatocellular carcinoma
(HCC) (75%–80%).4 In addition to conventional surgical treatment,
therapies such as CAR-T cell therapy, immune checkpoint inhibitors
(ICIs), tyrosine kinase inhibitors (TKIs), and antibody treatment have
the potential to extend patient survival.5 However, despite the avail-
ability of these therapeutic options, HCC remains an incurable dis-
ease due to tumor heterogeneity.6
Mole
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Adoptive transfer of CAR-T cells is an effective strategy to suppress
tumor growth and prolong the survival of patients. CAR-T cells are
composed of a single-chain variable fragment (scFv) for extracellular
antigen binding, a CD3 intracellular signaling domain, and other
intracellular costimulatory signaling domains, including CD28 and
4-1BB.7 The success of anti-CD19 CAR-T cells has benefited patients
with hematological malignancies7,8 and has inspired the development
of CAR-T cells targeting various antigens. However, CAR-T cell ther-
apy still faces several challenges in the treatment of solid tumors,
including a lack of potent therapeutic targets, tumor heterogeneity,
the suppressive tumor microenvironment, and antigen escape.9 To
address these issues, it is essential to identify additional tumor-asso-
ciated biomarkers to reduce antigen escape and maximize the thera-
peutic efficacy of CAR-T cells.

Glypican 3 (GPC3) is a highly tumor-associated antigen that is ex-
pressed during fetal development but is strictly suppressed in the
normal adult liver.10,11 However, in HCC, more than 70% of cases ex-
press high levels of GPC312,13, and nearly 90% of liver cancers express
high levels of GPC3.1 Previous studies have recognized the potential
for using GPC3-targeting antibodies or CAR-T cells to treat liver can-
cer.10,14–18 Specifically, some phase I clinical trials of GPC3 CAR-T
cells for the treatment of patients with HCC and liver cancer have
been initiated.15,18,19 Although GPC3 CAR-T cells have shown
some clinical efficacy,20 they still face certain challenges when used
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to treat liver cancers, including tumor heterogeneity and antigen
escape. It has been reported that GPC3 would shed and GPC3 shed-
ding would lead to poor response of anti-GPC3 CAR-T cells in the
treatment of HCC.21 Therefore, it is necessary to develop a CAR-T
cell therapy that avoids antigen escape due to GPC3 shedding
in HCC.

Fibroblast activation protein (FAP) is a type-II transmembrane serine
protease secreted by fibroblasts.22 In normal tissues, FAP remodels
the extracellular matrix to allow for tissue remodeling.23 Anti-FAP
CAR-T cells have been used to treat cardiac injury.24 In liver carcino-
genesis, FAP promotes fibrosis during early liver injury, tumor cell
proliferation, and immune suppression.25 Additionally, FAP is
secreted by cancer-associated fibroblasts (CAFs) and plays an impor-
tant role in remodeling the tumor microenvironment and promoting
tumor progression in various cancers.25–28 FAP expression also cor-
relates with poor clinical outcomes.29 Consequently, FAP plays a ma-
jor role in promoting the development of HCC. Targeting FAP in
HCC may enhance the antitumor effects of CAR-T cells.

We presented a novel design of CAR-T cells constructed with two
scFvs that simultaneously target GPC3 and FAP to expand CAR-T
cell therapy to additional indications and tumor antigens. The bispe-
cific CAR-T cells could recognize and kill HCC cells in vitro by simul-
taneously targeting GPC3 and FAP, indicating that both GPC3 scFv
and FAP scFv are capable of interacting with tumor antigens and
transmitting signals downstream. Moreover, the bispecific CAR-T
cells demonstrated significant increases in the efficacy against HCC
with high expression of GPC3 or FAP relative to GPC3 CAR-T and
FAP CAR-T cells. In vivo studies revealed that these bispecific
CAR-T cells suppressed HCC tumor growth and prolonged the sur-
vival of tumor-bearing mice, providing evidence of their ability to
prevent antigen evasion and control heterogeneous HCC.

RESULTS
FAP and GPC3 are highly expressed in HCC

First, we sought to investigate the feasibility of using FAP and GPC3
as viable targets for CAR-T cell therapy to treat HCC. Data from the
Cancer Dependency Map suggested that both FAP and GPC3 were
broadly expressed in various types of HCC cell lines (Figures S1A
and S1B) and were significantly elevated in primary HCC samples
based on the GEO database (Figures 1A and 1B). Moreover, the
high expression of FAP and GPC3 was associated with poor progno-
ses for HCC patients (Figures 1C and 1D). In addition, our previous
study showed that FAP was highly expressed in induced HCC.30 We
next confirmed the expression of FAP and GPC3 in several HCC cell
lines, and the results showed that FAP and GPC3 were highly ex-
pressed in HepG2, SNU387, and SNU389 cells (Figure 1E). Taken
Figure 1. FAP and GPC3 are highly expressed in HCC

(A) FAP expression in HCC patient tumor tissue. The data were downloaded from the G

expression in HCC patient tumor tissue. The data were downloaded from the GEO dat

effect of FAP expression on the prognosis of HCC patients. Data from Kaplan-Meier Plo

Data from Kaplan-Meier Plotter. (E) FAP and GPC3 expression in HepG2, SNU387, an
together, these findings indicated that both FAP and GPC3 could
serve as treatment targets for HCC.

Generation and characterization of anti-FAP-GPC3 bispecific

CAR-T cells

Given the high expression levels of FAP and GPC3 in HCC and their
impact on patient survival, we hypothesized that bispecific anti-FAP
and anti-GPC3 CAR-T cells might have enhanced antitumor efficacy
for HCC. To verify our hypothesis, we designed a tandem bispecific
CAR vector (anti-FAP-GPC3 bispecific CAR) using a humanized sin-
gle-chain variable fragment (scFv) derived from an anti-human FAP
antibody and an anti-human GPC3 antibody that were connected in
tandem by a G4S linker (FAP-GPC3 CAR). The FAP-GPC3 CAR
construct also included a CD28 costimulatory domain,31 a CD3z intra-
cellular domain and Toll-like receptor 2 (TLR2)32 and EGFP tag (Fig-
ure 2A). CARs targeting human FAP (FAP CAR) and human GPC3
(GPC3 CAR) were constructed as positive controls (Figure 2A). Titers
were determined after lentivirus production (Figure S1C). T cells trans-
fectedwithEGFP (MOCK-T) served as a negative control. CAR expres-
sion was indicated by EGFP and was detected by flow cytometry after
lentivirus transduction. The lentivirus was efficiently transduced into
T cells (Figure S1D) and the CARs were expressed on the surface of
T cells (Figure 2B). The proliferation of the CAR-T cells was similar
to that of the MOCK-T cells (Figure 2C). It has been reported that
T cell activation can be monitored based on changes in the expression
of CD25 and CD69.33 To investigate the independent activation of
FAP-GPC3 CAR-T cells by FAP and GPC3 scFvs, we cocultured
FAP-GPC3 CAR-T cells with HepG2 cells (low expression of FAP,
high expression of GPC3), SNU387 cells (high expression of FAP,
low expression of GPC3), and SNU398 cells (high expression of both
FAP and GPC3) (Figure 1E). The results showed that FAP-GPC3
CAR-T cells could be activated by HepG2, SNU387, or SNU398 cells
(Figures 2D and S1E). Furthermore, to ensure that the two linked scFvs
could recognize both FAP and GPC3, we determined the activation ef-
ficiency of FAP-GPC3 CAR-T cells by coculturing CAR-T cells with
SNU398 cells. Following coculture with SNU398, the expression levels
of CD25 and CD69 on CAR-T cells were assessed by flow cytometry.
The results demonstrated that single-target CAR-T cells, FAP CAR-T
cells and GPC3 CAR-T cells upregulated the expression of CD25 and
CD69. Notably, CAR-T cells targeting both FAP and GPC3 exhibited
the highest levels of CD25 and CD69 expression (Figures 2E and 2F).
These results demonstrated that FAP-GPC3 CAR-T cells could recog-
nize FAP and/or GPC3, thereby activating their function.

FAP-GPC3 CAR-T cells exhibited potent cytotoxicity against

HCC cells in vitro

The antitumor capacity of FAP-GPC3 CAR-T cells was subsequently
evaluated in vitro. To assess the cytotoxicity of CAR-T cells efficiently
EO database and analyzed with the Assistant of Clinical Bioinformatics. (B) GPC3

abase and analyzed with the Assistant of Clinical Bioinformatics. (C) Analysis of the

tter. (D) Analysis of the effect of GPC3 expression on the prognosis of HCC patients.

d SNU398 cells was detected by flow cytometry.
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Figure 2. Generation and characterization of anti-FAP-GPC3 bispecific CAR-T cells

(A) Schematic diagrams of FAP CAR, GPC3 CAR, and FAP-GPC3 CAR. (B) The expression of CAR in CAR-T cells was analyzed representatively by flow cytometry. (C) The

proliferation of CAR-T cells after transfection. (D) CD25 andCD69 expression on FAP-GPC3CAR-T cells stimulated with different tumor cells was detected by flow cytometry.

(E) CD25 and CD69 expression on CAR-T cells after being cocultured with SNU398 cells was detected by flow cytometry. (F) The statistical results of (E). The data are shown

as the mean ± SD; one-way ANOVA with multiple comparisons test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p % 0.0001.
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and accurately, three HCC cell lines (HepG2, SNU387, and SNU398)
were genetically modified to express GFP-luciferase. This genetic
modification allowed cell viability to be determined using a luciferase
reporter system and an illuminator.34 CAR-T cells and MOCK-T
cells were then incubated with tumor cells at a specified effector
T cell:tumor cell (E:T) ratio. The ability of the two scFvs of FAP-
GPC3 CAR-T cells to recognize antigens and activate the cytotoxicity
of CAR-T cells was determined by incubating FAP-GPC3 CAR-T
cells with HepG2, SNU387, and SNU398 cells. FAP-GPC3 CAR-T
cells exhibited cytotoxicity against HepG2 cells similar to that of
GPC3 CAR-T cells, while the cytotoxicity of FAP CAR-T cells against
HepG2 cells was significantly weaker than that of FAP-GPC3 CAR-T
cells and GPC3 CAR-T cells but stronger than that of MOCK-T cells
(Figure 3A). The results of the killing assay demonstrated that FAP-
GPC3 CAR-T cells exhibited similar killing activity as GPC3 CAR-T
cells against HCC cells, which express high levels of GPC3 and low
levels of FAP. The cytokine secretion profile of CAR-T cells in
response to target tumor cells was quantified using enzyme-linked
immunosorbent assay (ELISA). Cytokines such as interferon-g
(IFN-g), granzyme B (GZMB), tumor necrosis factor (TNF)-a, and
interleukin (IL)-2, which are generally secreted by cytotoxic or acti-
vated T cells, were examined. After incubation with HepG2 cells,
the secretion of cytokines by FAP-GPC3 CAR-T cells was signifi-
cantly higher than that of FAP CAR-T cells and MOCK-T cells but
lower than that of GPC3 CAR-T cells (Figures 3B and S1A). To
further evaluate the function of FAP scFv, CAR-T cells were incu-
bated with SNU387 cells, which express high levels of FAP and low
levels of GPC3. The killing assay results showed that FAP-GPC3
CAR-T cells exhibited similar cytotoxicity against SNU387 cells as
FAP CAR-T cells, while GPC3 CAR-T cells were unable to kill
SNU387 cells (Figure 3C). The secretion of cytokines was consistent
with the results of the killing assay (Figures 3D and S1B), further con-
firming that the FAP scFv of FAP-GPC3 CAR-T cells could recognize
FAP and activate CD3z signaling. Moreover, to assess the therapeutic
effect of FAP-GPC3 CAR-T cells when targeting FAP and GPC3 dou-
ble-positive tumors, CAR-T cells were cocultured with SNU398 cells,
which highly express both FAP and GPC3. The results demonstrated
that FAP-GPC3 CAR-T cells exhibited increased cytotoxicity against
SNU398 cells (Figure 3E) and secreted increased levels of interferon
(IFN)-g, GZMB, TNF-a, and IL-2 (Figures 3F and S1C). In order
to confirm the specific killing ability of FAP-GPC3 CAR-T cells, we
cocultured FAP-GPC3 CAR-T cells with A549 and AsPC1 cell lines,
which are devoid of FAP and GPC3 expression (Figure S2D), respec-
tively. The results showed that FAP-GPC3 CAR-T cells did not kill
Figure 3. FAP-GPC3 CAR-T cells exhibited potent cytotoxicity against HCC ce

Results of killing assays performed with MOCK-T, FAP CAR-T, GPC3 CAR-T, and FAP-G

The data are shown as the mean ± SD; two-way ANOVA with Tukey’s multiple comparis

IFN-g and GZMB released by CAR-T cells andMOCK-T cells after being cocultured with

are shown as the mean ± SD; unpaired t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p%

CAR-T, and FAP-GPC3 CAR-T cells targeting A549-FAP cells and AsPC-1-FAP cells

comparisons test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p % 0.0001. (H) Results of k

CAR-T cells targeting A549-GPC3 cells and AsPC-1-GPC3 cells. The data are show

*p < 0.05; **p < 0.01; ***p < 0.001; ****p % 0.0001.
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A549 and AsPC1 (Figures S2E and S2F). Furthermore, we overex-
pressed FAP or GPC3 on A549 and AsPC-1 (Figures S2G and
S2H). Then A549-FAP/GPC3 or AsPC-1-FAP/GPC3 were cocul-
tured with the CAR-T cells. The results showed that FAP CAR-T cells
and FAP-GPC3 CAR-T cells could kill A549-FAP cells and AsPC-1-
FAP cells, and GPC3 CAR-T cells and FAP-GPC3 CAR-T cells could
kill A549-GPC3 cells and AsPC-1-GPC3 cells (Figures 3G and 3H).
Overall, these results indicated that FAP-GPC3 CAR-T cells could
specifically recognize and kill FAP-positive, GPC3-positive, and
FAP-GPC3 double-positive cancer cells while exhibiting robust cyto-
toxicity against FAP-GPC3 double-positive cancer cells in vitro.

FAP-GPC3 CAR-T cells showed a potent suppressive effect on

HCC tumor models derived from different cell lines

Despite the potent antitumor effects of FAP-GPC3 bispecific CAR-T
cells in vivo, further validation of their antitumor effects, especially
on heterogeneous tumors, as necessary. The HCC cell lines HepG2
and SNU398, which express different levels of FAP and GPC3, were
used to validate the antitumor effects of FAP-GPC3 CAR-T cells
in vivo. First, we established an HCC subcutaneous cell line-derived
xenograft (CDX) model of HepG2 cells in NSI mice.35 HepG2 cells,
which express low FAP and highly express GPC3, were transplanted
into mice. Subsequently, the mice were administered MOCK-T cells,
FAP CAR-T cells, GPC3 CAR-T cells, and FAP-GPC3 CAR-T cells
when the tumor nodules were palpable (Figure 4A). Tumor volume
was measured twice per week. Compared with MOCK-T cells, FAP
CAR-T cells, and GPC3 CAR-T cells, FAP-GPC3 CAR-T cells
demonstrated superior antitumor efficacy. Furthermore, mice
infused with FAP-GPC3 CAR-T cells had significantly slower tumor
growth than those treated with GPC3 CAR-T cells or FAP CAR-T
cells (Figures 4B and S2A). Additionally, compared with single-
target CAR-T cells, FAP-GPC3 CAR-T cells significantly prolonged
the survival rate of the mice (Figure 4C). These results suggested
that FAP-GPC3 CAR-T cells exhibited superior efficacy in suppress-
ing HepG2 tumor growth in vivo. We also determined the percent-
age of human T cell infiltration in the peripheral blood (PB) (Fig-
ure 4D) and the body weight of mice (Figure 4E). The results
demonstrated that there was no difference in the in vivo expansion
of CAR-T cells between MOCK-T cells and did not affect mouse
health, indicating that FAP-GPC3 CAR-T cells possess a favorable
safety profile. In conclusion, our data showed that compared with
GPC3 CAR-T cells, bispecific CAR-T cells exhibited superior sup-
pression of HepG2 cells that expressed increased levels of GPC3
on their cell surface.
lls in vitro

PC3 CAR-T cells targeting HepG2 cells (A), SNU387 cells (C), and SNU398 cells (E).

ons test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p% 0.0001. The concentrations of

HepG2 cells (B), SNU387 (D), and SNU398 (F) for 24 h at an E:T ratio of 1:1. The data

0.0001. (G) Results of killing assays performed with MOCK-T, FAP CAR-T, GPC3

. The data are shown as the mean ± SD; two-way ANOVA with Tukey’s multiple

illing assays performed with MOCK-T, FAP CAR-T, GPC3 CAR-T, and FAP-GPC3

n as the mean ± SD; two-way ANOVA with Tukey’s multiple comparisons test;



Figure 4. FAP-GPC3 CAR-T cells showed a potent suppressive effect on HepG2 CDX

(A) Schematic representation of the animal experiments with HepG2 CDX model. The graphical abstract was created with BioRender.com, agreement number:

ZX25RFJYBS. (B) Measurement of tumor volumes after treatment with CAR-T cells. The data are shown as the mean ± SD; two-way ANOVA with Tukey’s multiple

comparisons test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p % 0.0001. (C) Kaplan-Meier survival curve showing overall survival; log rank (Mantel-Cox) test; *p < 0.05;

**p < 0.01. (D) Human T cell ratios in the peripheral blood of HepG2 CDX model mice were detected by flow cytometry. The data are shown as the mean ± SD; two-way

ANOVA with Tukey’s multiple comparisons test. (E) Mouse body weight in the HepG2 CDX model.
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To further investigate the potential interference of the tandem
connection between anti-FAP and anti-GPC3 scFv in the anti-
tumor activity of the CAR in vivo, we established a mouse model
using the SNU398 HCC cell line, which exhibits high expression of
both GPC3 and FAP (Figure 5A). Tumor volume was measured
every 3 days. Both FAP CAR-T cells and GPC3 CAR-T cells effi-
ciently restricted tumor growth, and FAP-GPC3 CAR-T cells
demonstrated significant additional suppression of tumor growth
as the tumor volume increased (Figures 5B and S2B). Furthermore,
single-target CAR-T cells partially inhibited tumor growth and
extended the survival time of mice from 17 to 25 days, whereas
FAP-GPC3 CAR-T cells further extended mouse survival from
25 to 41 days (Figure 5C). These results demonstrated that
SNU398 tumor growth was further repressed by FAP-GPC3
CAR-T cells in comparison with FAP CAR-T cells and GPC3
CAR-T cells. Additionally, we assessed the percentage of T cell
infiltration in the PB, which showed that FAP-GPC3 CAR-T cells
were expanded in mice (Figure 5D), and body weight was nearly
unchanged (Figure 5E). These results suggested that FAP-GPC3
CAR-T cells exerted potent antitumor effects against tumors ex-
pressing FAP or GPC3 in vivo and were safe. In conclusion,
FAP-GPC3 CAR-T cells effectively suppressed the growth of not
only HepG2 tumors but also SNU398 tumors, indicating that
FAP-GPC3 CAR-T cells might have a powerful role in combating
HCC tumors with heterogeneous antigens.

FAP-GPC3 CAR-T cells exhibited potent activity against HCC

patient-derived tumors

FAP-GPC3 CAR-T cells showed stronger cytotoxicity against HCC
cell lines in vitro and in vivo. The widespread heterogeneity of tu-
mors in HCC patients has been reported.6,36 Here, we used pa-
tient-derived xenograft (PDX) of HCC to evaluate the ability of
FAP-GPC3 CAR-T cells against a PDX model with tumor heteroge-
neity. The PDX model was shown to express FAP and GPC3.30 Pa-
tient-derived tissues were transplanted into NSI mice. After 7 days,
CAR-T cells were peritumorally injected, and tumor volume was
measured every 3 days (Figure 6A). Compared with MOCK-T cells,
FAP CAR-T cells, GPC3 CAR-T cells, and FAP-GPC3 CAR-T cells
obviously suppressed the growth of PDXs (Figure 6B). FAP-GPC3
CAR-T cells induced stronger suppression than FAP CAR-T cells,
and GPC3 CAR-T cells and PDX were eradicated by FAP-GPC3
CAR-T cells (Figures 6B and S2C). Moreover, compared with
MOCK-T cells, CAR-T cells markedly prolonged mouse survival
(Figure 6C). However, we terminated the animal experiment prema-
turely on humanitarian grounds due to the significant incidence of
graft-vs.-host disease (GVHD) in the majority of mice. FAP-GPC3
CAR-T cells more potently suppressed tumors derived from patients
with HCC than FAP CAR-T cells and GPC3 CAR-T cells. In addi-
tion, there were no significant differences in the levels of T cells in
the PB in the GPC3 CAR-T and FAP-GPC3 CAR-T groups (Fig-
ure 6D). Mouse body weight remained unchanged after CAR-T
cell infusion (Figure 6E). In brief, FAP-GPC3 CAR-T cells exhibited
strong antitumor efficacy in a PDX model that expressed FAP and
GPC3 and showed a good safety profile.
8 Molecular Therapy: Oncology Vol. 32 June 2024
DISCUSSION
CAR-T cell therapy achieves striking success in the treatment of pa-
tients with hematological malignancies, but no such efficacy has been
observed in solid tumors. Antigen recognition is the first step of
CAR-T cell killing of tumor cells, and tumor heterogeneity is an
obstacle for CAR-T cell therapy, leading to antigen evasion.37 Solid
tumors are heterogeneous, which is different from hematological tu-
mors.38 In solid tumors, some cells express tumor antigen A, and
some express tumor antigen B. However, recognition by CAR-T cells
requires antigen expression for robust antitumor efficacy, which re-
sults in escape and growth by tumor cells that do not express the
target antigen.39 To address this issue, an attractive strategy is to
develop single CAR-T cells that can recognize multiple tumor anti-
gens. CD19/CD20 or CD19/CD22 bispecific CAR-T cells have
demonstrated robust clinical efficacy in patients with B cell malig-
nancies.40,41 We formed a tandem connection between FAP scFv
and GPC3 scFv in one CAR molecule, leading to one CAR-T cell
that could recognize FAP and GPC3 expressed on tumor cells. This
design may address immune evasion caused by tumor antigen
heterogeneity.

The immunosuppressive microenvironment is another challenge for
CAR-T cell treatment of solid tumors. CAFs are the main cell type in
the tumor stroma.42 CAFs secrete many tumor growth factors, such as
VEGFA, epidermal growth factor (EGF), and collagens, to remodel
the tumor microenvironment and promote tumor growth and metas-
tasis.43–45 One attractive stromal cell target is FAP, and FAP remodels
the tumor extracellular matrix and is a marker of CAFs.22 FAP-target-
ing CAR-T cells could significantly eliminate CAFs and enhance the
subsequent anti-PDAC efficacy of CAR-T cells targeting CLDN18.2
in vivo.46 A study showed that FAP CAR-T cells decreased tumor
growth without severe toxicity.47 Therefore, GPC3 and FAP CAR-T
cells can not only target tumor cells expressing FAP but also kill
CAFs in tumors to increase efficacy in vivo.

Further studies will be needed to improve the persistence of CAR-T
cells in vivo. As we showed in the HepG2 mouse model, the CAR-T
cells had poor proliferation in the mouse model after being injected
(Figures 4D and 5D). This may result from the fact that CAR-T cells
differentiate from effector T cells to exhausted or dysfunctional
T cells.48 Controlling CAR signaling by controlling CAR affinity
may promote the persistence of T cells.49,50 Additionally, CAR
signaling motifs and different cytokines are important. The 4-1BB,
ICOS, and OX40 domains were shown to improve persistence in pre-
clinical models.51–54 Therefore, we can modify the design of CAR
molecules by selecting the signaling domain, cytokine secretion,
and affinity of scFv to enhance FAP-GPC3 bispecific CAR-T cell
persistence and further improve antitumor efficacy in vivo.

Currently, there are several GPC3-targeting CAR-T cell therapies un-
dergoing clinical trials,55,56 yet there are no reports of significant side
effects associated with GPC3 targeting. Concurrently, clinical trials
for drugs targeting FAP are ongoing,57 and no safety concerns have
been reported. Nevertheless, studies in mice have indicated that



Figure 5. FAP-GPC3 CAR-T cells showed a potent suppressive effect on SNU398 CDX

(A) Schematic representation of the animal experiments with SNU398 CDX model. The graphical abstract was created with BioRender.com, agreement number:

WL25RFHW4I. (B) Measurement of tumor volumes after treatment with CAR-T cells. The data are shown as the mean ± SD; two-way ANOVA with Tukey’s multiple

comparisons test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p % 0.0001. (C) Kaplan-Meier survival curve showing overall survival; log rank (Mantel-Cox) test; *p < 0.05;

**p < 0.01. (D) Human T cell ratios in the peripheral blood of SNU398 CDX model mice, detected by flow cytometry. The data are shown as the mean ± SD; two-way ANOVA

with Tukey’s multiple comparisons test; **p < 0.01. (E) Mouse body weight in the SNU398 model.
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Figure 6. FAP-GPC3 CAR-T cells exhibited potent activity against HCC PDX

(A) Schematic representation of the animal experiments with PDX model. The graphical abstract was created with BioRender.com, agreement number: TN25RFGJSO. (B)

Measurement of tumor volumesafter treatmentwithCAR-Tcells. Thedataare shownas themean±SD; two-wayANOVAwithTukey’smultiplecomparisons test; ****p%0.0001.

(C) Kaplan-Meier survival curve showing overall survival; log rank (Mantel-Cox) test; *p < 0.05; **p < 0.01. (D) Human T cell ratios in the peripheral blood of PDX model mice,

detected by flow cytometry. The data are shown as the mean ± SD; two-way ANOVA with Tukey’s multiple comparisons test. (E) Mouse body weight in the PDX model.
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CAR-T cells targeting FAP do not induce obvious in vivo side ef-
fects.47 The anti-FAP scFv utilized in this research could recognize
both human and murine FAP.58 Notably, in the three tumor-bearing
10 Molecular Therapy: Oncology Vol. 32 June 2024
mouse models investigated in this study, no significant changes in
body weight or health issues were observed in the mice following
the administration of bispecific CAR-T cells throughout the
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treatment period. This finding suggests that bispecific CAR-T cells
targeting FAP and GPC3 do not cause substantial side effects in
mice. Since SNU387 failed to form tumors in immunodeficient
mice, we have not yet performed in vivo experiments in tumormodels
expressing only FAP. Subsequently, we will use a tumor model over-
expressing FAP to verify the safety of bispecific CAR-T cells in mice.
Hence, theoretically, the bispecific CAR-T cell targeting FAP and
GPC3 demonstrates a certain level of safety. However, further clinical
trials are imperative to validate this claim. Consequently, additional
safety studies pertaining to bispecific CAR-T cells will be conducted.

Here, we constructed bispecific CAR-T cells targeting GPC3 and FAP,
and these bispecific CAR-T cells could recognize and kill tumor cells
expressing FAP or GPC3. Bispecific CAR-T cells demonstrated more
potent antitumor efficacy than any single-target CAR-T cells in vitro
and in vivo. In conclusion, the strategy of two tandem scFvs in one
CARmolecule is available, and bispecific GPC3 and FAP CAR-T cells
may provide a new solution for HCC patient therapy and reduce tu-
mor recurrence caused by antigen heterogeneity.

MATERIALS AND METHODS
GEO data analysis and patient survival analysis

The microarray data were downloaded from the GEO database:
http://www.ncbi.nih.gov/geo. The raw data were downloaded as
MINiML files. The files contain the data for all platforms, samples,
and GSE records. The extracted data were normalized by log2 trans-
formation. The microarray data were normalized by the normalize
quantiles function of the preprocessCore package in R software
(version 3.4.1). Probes were converted to gene symbols according to
the annotation information of the normalized data in the platform.
Probes matching multiple genes were removed from these datasets.
The average expression value of the gene measured by multiple
probes was calculated as the final expression value. To address the
same dataset and platform but in different batches, the removeBatch-
Effect function of the limma package in R software was used to re-
move batch effects. To address different datasets or the same dataset
but in different platforms, extract multiple datasets with common
gene symbols and mark different datasets or different platforms as
different batches, the removeBatchEffect function of the limma pack-
age in R software was used to remove batch effects. The result of the
data preprocessing was assessed by a boxplot. The PCA plot was
drawn to show the samples before and after the batch effect. All
analyses were performed on Assistant of Clinical Bioinformatics
(www.aclbi.com). Patient survival analysis was performed with
Kaplan-Meier Plotter (KMplot.com).59 The two patient cohorts
were compared by a Kaplan-Meier survival plot, and the hazard ratio
with 95% confidence intervals and log rank p value were calculated.

CAR vector constructs and lentivirus production

Third-generation anti-FAP, anti-GPC3, and anti-FAP-GPC3 CARs
containing CD28 and TLR2 costimulatory molecules, CD3z signaling
domains, and a tagged eGFP reporter gene were used. The anti-FAP
scFv (FAP scFv sequence was reported in PCT/US10/02660) and anti-
GPC3 scFv60 in anti-FAP-GPC3 CARs were linked by a G4S linker.
Lentiviral particles were produced in HEK-293T cells via polyethyle-
neimine (Sigma-Aldrich, St. Louis, MO, USA) transfection. A
pWPXLd-based transfer plasmid and the packaging and envelope
plasmids psPAX2 and pMD2.G were cotransfected into HEK-293T
cells in 10-cm dishes. Supernatant containing the lentivirus was har-
vested at 24, 48, and 72 h after transfection and filtered through a
0.22-mm filter. A large amount of lentivirus was produced and stored
in an ultra-low temperature refrigerator for subsequent experiments.

Generation of CAR-T cells

Peripheral blood mononuclear cells (PBMCs) were isolated from the
PB of healthy adult donors using Lymphoprep (Stem Cell Technolo-
gies, Vancouver, Canada). T cells were negatively selected from
PBMCs using a Human T cell Isolation Kit (Stem Cell Technologies,
Vancouver, Canada). T cells were activated by TransAct (Miltenyi
Biotec, Bergish Gladbach, Germany) for 36 h in GT-T551H3medium
(Takara Biotechnology Dalian, China) supplemented with 5% fetal
bovine serum (FBS), 300 IU/mL IL-2, 10 mM HEPES, 2 mM gluta-
mine, and 1% penicillin/streptomycin. After being activated, T cells
were transduced with lentiviral supernatant in the presence of poly-
brene (Sigma-Aldrich, St. Louis, MO, USA) at a multiplicity of infec-
tion (MOI) of 5 for 12 h. Then, T cells were cultured in fresh
GT-T551H3medium containing FBS and IL-2 (300 U/mL), and fresh
mediumwas added every 2 days tomaintain the cell density at approx-
imately 1� 106 cells/mL. CAR expressionwas detected by flow cytom-
etry with an anti-scFv cocktail (GeneScript, A02288, China). The
healthy PBMC donors provided informed consent for the use of their
samples for research purposes, and all procedures were approved by
the Research Ethics Board of the Guangzhou Institutes of Biomedicine
and Health, Chinese Academy of Sciences (GIBH).

Cells and culture conditions

HEK-293T cells, HepG2 cells, A549 cells, and AsPC-1 cells were
maintained in Dulbecco’s modified Eagle’s medium (Gibco, Grand Is-
land, NY, USA). SNU387 and SNU398 cells were maintained in
RPMI-1640 medium (Gibco, Grand Island, NY, USA). The identities
of the cell lines were confirmed by STR sequencing. The medium
was supplemented with 10% heat-inactivated FBS (Gibco, Grand Is-
land, NY, USA), 10 mM HEPES, 2 mM glutamine (Gibco, Grand
Island, NY, USA), and 1% penicillin/streptomycin (Gibco, Grand
Island, NY, USA). Luciferase/GFP-expressing cell lines (HepG2-GL,
SNU387-GL, SNU398-GL, A549-GL, and AsPC-1-GL) were gener-
ated by transfecting the parental cell line with lentiviral supernatant
containing luciferase-2A-GFP. FAP and GPC3 were respectively
overexpressed in A549 and AsPC-1 cells by lentivirus transfection.
All cells were cultured at 37�C in an atmosphere of 5% carbon
dioxide.

In vitro tumor cell killing assays

The proportion of EGFP in each group of T cells was standardized by
adding wild-type T cells, thus ensuring consistent proportions of
CAR-T cells in each group. Then tumor target cells were incubated
with MOCK-T cells, anti-FAP CAR-T cells, anti-GPC3 CAR-T cells,
or anti-FAP-GPC3 CAR-T cells at the indicated ratios in triplicate in
Molecular Therapy: Oncology Vol. 32 June 2024 11
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white 96-well plates. Target cell viability was examined 24 h later by
adding 100 mL/well D-luciferin (potassium salt) (Yeasen, China) at
150 mg/mL. Background luminescence was negligible (<1% of the
signal from wells containing only target cells). Cytotoxicity was equal
to (1 � (test RLU/no T cell average RLU)) �100, where RLU is rela-
tive luminescent units.

Flow cytometry

The samples were analyzed using a NovoCyteTM (ACEA Biosci-
ences), LSR Fortessa, or C6 flow cytometer (BD Biosciences), and
the data were analyzed using FlowJo software (FlowJo, LLC, Ash-
land, OR, USA). The cells were stained with antibodies against hu-
man CD3-APC (clone UCHT1, BioLegend, San Diego, USA), CD25
(clone BC96, BioLegend, San Diego, USA), and CD69 (clone FN50,
BioLegend, San Diego, USA) on ice for 30 min, and the cells were
then washed with PBS containing 2% FBS before flow cytometric
analysis. Cells expressing FAP and GPC3 were first stained with
anti-FAP antibody (clone E1V9V, CST, USA) and rabbit-anti-
GPC3 (D262896-0025, Sangon Biotech, China), washed with PBS
a half an hour later, then stained with goat anti-rabbit immunoglob-
ulin G conjugating Alex Fluor 647 (RS3811, ImmunoWay, China),
and finally washed with PBS and resuspended. PB from xenografted
mice was treated with red blood cell lysis buffer before being
stained.

Cytokine release assays

ELISA kits for IL-2, IFN-g, granzyme B, and TNF-a were purchased
from DAKEWE (China). T cells were cocultured with target cells at
an E:T ratio of 1:1 for 24 h. The culture supernatants were then
collected and centrifuged at 300 relative centrifugal force for 5 min ac-
cording to the protocols provided by the manufacturer.

Animal experiments

For tumor CDX models, 1 � 106 HepG2 cells or SNU398 cells were
resuspended in 100 mL of PBS and injected subcutaneously into the
right flank of NSI mice (6–8 weeks old). When the tumor nodes of
most mice grew to approximately 30 mm3, the mice were randomly
divided into four groups (MOCK-T, FAP CAR-T, GPC3 CAR-T,
and FAP-GPC3 CAR-T) and injected peritumorally with 3 � 106

CAR-T cells resuspended in 100 mL of PBS per mouse. Tumor volume
and mouse body weight were measured twice per week (HepG2) or
every 3 days (SNU398) with a caliper and calculated by the following
equation: tumor volume = (length� width2)/2. When the tumor vol-
ume reached 1,500 mm3, the mice were euthanized by CO2, and the
time of euthanasia was recorded. When the tumor size of the first
mouse reached 1,500 mm3, orbital blood samples were collected
from the mice to detect the proportion of T cells in the PB.

For PDX models, primary HCC tumors were placed in RPMI 1640
maintained in an ice bath. The tumors were then sliced into pieces
of approximately 25 mm3. Subsequently, the tissue was transplanted
subcutaneously into the right flank of 8-week-old male NSI mice.
The growth of the established tumor xenografts was routinely moni-
tored at least twice a week. For serial transplantation, tumor-bearing
12 Molecular Therapy: Oncology Vol. 32 June 2024
animals were euthanized by diethyl ether anesthesia followed by cer-
vical dislocation. The tumors were minced under sterile conditions
and transplanted into successive NSI mice following the same
procedure.

The animal experiments were performed in the Laboratory Animal
Center of GIBH, Chinese Academy of Sciences. All animal proced-
ures were approved by the Animal Welfare Committee of GIBH. All
protocols were approved by the relevant Institutional Animal Care
and Use Committee. All mice were maintained in specific path-
ogen-free (SPF)-grade cages and were provided autoclaved food
and water.
Statistical analysis

Statistical significance was determined using Student’s t test (two
groups) or ANOVA with Tukey’s multiple comparison test (three
or more groups). All statistical analyses were performed using Prism
software, version 7.0 (GraphPad, Inc., San Diego, CA, USA). Kaplan-
Meier survival curves of in vivo data were analyzed using the log rank
test. p values < 0.05 were considered statistically significant, and the
following annotations were used: *p < 0.05; **p < 0.01; ***p < 0.001;
and ****p < 0.0001.
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