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and 28BB (containing both CD28 and 4-1BB signaling 
domains), respectively, may have reduced on-target, off-
tumor toxicity. Our results demonstrated that dual-targeted 
CAR-T cells caused no cytotoxicity to ASGR1+GPC3− 
tumor cells, but they exhibited a similar cytotoxicity against 
GPC3+ASGR1− and GPC3+ASGR1+ HCC cells in vitro. 
We found that dual-targeted CAR-T cells showed signifi-
cantly higher cytokine secretion, proliferation and antia-
poptosis ability against tumor cells bearing both antigens 
than single-targeted CAR-T cells in vitro. Furthermore, the 
dual-targeted CAR-T cells displayed potent growth sup-
pression activity on GPC3+ASGR1+ HCC tumor xeno-
grafts, while no obvious growth suppression was seen with 
single or double antigen-negative tumor xenografts. Addi-
tionally, the dual-targeted T cells exerted superior antican-
cer activity and persistence against single-targeted T cells 
in two GPC3+ASGR1+ HCC xenograft models. Together, 
T cells carrying two complementary CARs against GPC3 
and ASGR1 may reduce the risk of on-target, off-tumor 
toxicity while maintaining relatively potent antitumor 
activities on GPC3+ASGR1+ HCC.
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Abstract  Adoptive immunotherapy leveraging chimeric 
antigen receptor-modified T (CAR-T) cells holds great 
promise for the treatment of cancer. However, tumor-asso-
ciated antigens often have low expression levels in nor-
mal tissues, which can cause on-target, off-tumor toxicity. 
Recently, we reported that GPC3-targeted CAR-T cells 
could eradicate hepatocellular carcinoma (HCC) xenografts 
in mice. However, it remains unknown whether on-tar-
get, off-tumor toxicity can occur. Therefore, we proposed 
that dual-targeted CAR-T cells co-expressing glypican-3 
(GPC3) and asialoglycoprotein receptor 1 (ASGR1) (a 
liver tissue-specific protein)-targeted CARs featuring CD3ζ 
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p-ERK	� Phosphorylated ERK
rhIL-2	� Recombinant human interleukin 2
Tcm	� Central memory T cell
TMA	� Tissue microarray

Introduction

Hepatocellular carcinoma is the third leading cause of 
cancer death worldwide, and it is particularly prevalent 
in sub-Saharan Africa and Asian countries [2]. Given that 
the majority of HCC patients are diagnosed at a late stage, 
conventional curative therapies only benefit a limited 
number of patients [3]. Sorafenib, the first-line treatment 
for patients with HCC who have no effective treatment 
options, only extends overall survival by 2–3  months [4]. 
Thus, novel treatment strategies are urgently needed.

Engineering T cells with CARs is one of the most prom-
ising immunotherapy strategies for cancer treatment. T 
cells bearing first-generation CARs with only the CD3ζ 
intracellular signaling domain exhibited poor responses as 
antitumor therapies, which has been predominantly attrib-
uted to limited T cell proliferation and persistence in vivo 
[5, 6]. It has been speculated that the T cells are not com-
pletely activated due to the absence of co-stimulatory 
signals. To overcome this limitation, signal transduction 
domains derived from the co-stimulatory receptors CD28, 
OX40 and/or 4-1BB were incorporated to generate second- 
and third-generation CARs. These modifications could 
improve T cell expansion and persistence and the activity 
of CAR-T cells in preclinical and clinical studies [7–9].

Recently, we demonstrated that third-generation 
CAR-T cells targeting GPC3 could eradicate established 
GPC3-positive HCC xenografts in vivo [10]. Thus, these 
cells might represent a promising treatment strategy for 
HCC patients. However, we are concerned about their 
toxicity in humans because we could not completely elim-
inate GPC3 expression in normal tissues [11]. A patient 
with metastatic colon cancer died after receiving third-
generation HER2-targeted CAR-T cells, and the death 
was attributed to the CAR-T cells’ attack on the HER2-
positive pulmonary parenchyma [12]. This case highlights 
the importance of reducing on-target, off-tumor toxicity 
of CAR-T cells.

Dual-targeted CAR-T cells have been proposed as a 
potential way to reduce on-target, off-tumor toxicity [13, 
14]. ASGR1 is a cell surface receptor expressed exclu-
sively on hepatic parenchymal cells that is expressed in 
75.2–93.1% of HCC samples [15–17]. However, GPC3 is 
not expressed on normal hepatocytes [11]. Therefore, we 
proposed that incorporating an ASGR1 targeting chimeric 
co-stimulatory receptor, αASGR1-28BB, might increase 

the antitumor activities of first-generation GPC3-tar-
geted CAR-T cells against the HCC cells expressing both 
ASGR1 and GPC3. Moreover, as ASGR1 is predominantly 
expressed on hepatocyte membranes [18], the dual-tar-
geted CAR-T cells would be expected to only have toxic-
ity equivalent to the first-generation GPC3-targeted CAR-T 
cells, even when GPC3 is expressed in normal tissues. 
Thus, CAR-T cells carrying αGPC3-CD3ζ (referred to as 
GZ) for primary signal transduction and αASGR1-28BB 
(referred to as A28BB) for co-stimulatory signal transduc-
tion were prepared and characterized in this study. The 
results demonstrated that dual-targeted CAR-T cells could 
potently inhibit GPC3+ASGR1+ but not GPC3+ASGR1− 
or GPC3−ASGR1+ HCC tumor xenografts in  vivo, sug-
gesting that dual-targeted CAR-T cells are a promising 
immunotherapy for HCC with effective antitumor activities 
and limited toxicity.

Materials and methods

Generation of vectors and lentivirus production

The fragment of GZ containing anti-GPC3 scFv (based 
on GC33) linked to the human CD8α hinge, the trans-
membrane domain and the intracellular signaling domain 
derived from the CD3ζ molecule was constructed in a 
previous report [10]. The domain antibody with only the 
heavy chain specific for ASGR1 was screened by Coul-
stock and colleagues with phage display [16]. The frag-
ment of A28BB contained the anti-ASGR1 H chain linked 
to the transmembrane region and the intracellular signaling 
domain of the human CD28 molecule as well as the intra-
cellular signaling domain of CD137 in tandem. Both con-
structs were fused with enhanced green fluorescent protein 
(eGFP) (GZ) or mCherry (A28BB) using a foot-and-mouth 
disease virus 2A oligopeptide [19]. Finally, all the products 
were ligated to the third-generation non-self-inactivating 
EF-1α promoter-based lentiviral expression vector pWPT 
as reported previously [20].

To construct the pWPT-GPC3 and pWPT-ASGR1 vec-
tors to overexpress human GPC3 (GenBank NM 004484.3) 
and ASGR1 (GenBank NM 001671.4), the coding 
sequences were amplified by PCR with the primers GPC3-
F/GPC3-R and ASGR1-F/ASGR1-R. The PCR products 
were ligated into the pWPT vector. All of the primers used 
are listed in Supplementary Table 1.

Recombinant lentiviral particles were produced by a 
polyethylenimine linear (MW 25,000) (Polysciences, War-
rington, PA, USA) transfection system [21]. Lentiviral 
particles were concentrated 30-fold by ultracentrifugation 
(Beckman Coulter, USA) for 2 h at 28,000 rpm and 4 °C.
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Cell lines and culture

Human HCC cell lines Huh-7 and HepG2 and the human 
embryonic kidney (HEK)-293T cell line were purchased 
from the Chinese Academy of Sciences (Shanghai, China). 
The HCC cell line MHCC-97L was kindly provided by 
Dr. Jinjun Li (Shanghai Cancer Institute, China). The 
empty vector-transduced cells and the GPC3+, ASGR1+ 
and GPC3+ASGR1+ MHCC-97L cells were established 
by lentiviral transduction (referred to as MHCC-97L-vec, 
MHCC-97L-G+, MHCC-97L-A+ and MHCC-97L-G+A+, 
respectively). All the cell lines mentioned above were cul-
tured in Dulbecco’s modified Eagle medium at 37 °C in a 
5% CO2 incubator. The medium was supplemented with 
10% fetal bovine serum, 100 μg/mL penicillin and 100 μg/
mL streptomycin.

Isolation, transduction and culture of primary T cells

Peripheral blood mononuclear cells (PBMCs) from healthy 
donors were obtained from the Shanghai Blood Center. 
Primary human CD4+ and CD8+ T cells were isolated 
from PBMCs using the negative selection RosetteSep 
kits (STEMCELL Technologies). Fresh isolated CD4+ 
and CD8+ T cells were mixed at a 1:1 ratio and cultured 
in AIM-V® Medium CTS™ (GIBCO) supplemented with 
2% human AB serum (Huayueyang Biothecnology, China) 
and 300  U/mL recombinant human interleukin 2 (rhIL-2) 
(Huaxin High Biotech, China). These T cells were stimu-
lated for 24 h with anti-CD3/anti-CD28 antibodies immo-
bilized on tosyl-activated paramagnetic beads (Invitro-
gen) before infection. After stimulation, the T cells were 
transduced with lentivirus supplemented with polybrene 
in 24-well plates coated with RetroNectin (TaKaRa) at a 
multiplicity of infection (MOI) of 15. The transduced T 
cells were cultured at a concentration of 5 × 105 cells/mL 
in the presence of rhIL-2 (300  U/mL). Genetically modi-
fied T cells were used for functional assays after the end of 
the first period of proliferation (14 days post-transduction). 
Engineered T cell populations were adjusted to the same 
percent of GZ+ T cells by adding untransduced T cells for 
all the functional assays.

T cell proliferation assays

Tumor cells expressing the desired antigens were treated 
with 50 Gy before co-culture with 1.0 × 106 T cells at a 1:1 
E/T ratio at the start of the experiment. The viable T cell 
number was then evaluated by trypan blue exclusion every 
other day, and the cells re-stimulated weekly with irradi-
ated tumor cells. No exogenous cytokines were added dur-
ing the proliferation assays.

Western blot

To probe the expression of GPC3 and ASGR1 in various 
HCC cell lines, Western blot analyses were conducted as 
previously described [10] with the antibodies against GPC3 
(Biomosaic, clone 1G12) and ASGR1 (Abcam, #ab49355), 
both at 1:1000 dilution.

To probe the phosphorylation levels of B cell lym-
phoma-extra large (Bcl-xL) and extracellular regulated 
kinase 1 (ERK1) and ERK2 in cellular lysates of control 
or transduced T cells, T cells were stimulated with MHCC-
97L-G+A+ cells for 24 or 2 h, and the extracted proteins 
were used for immunoblot analysis. The primary antibodies 
used were an anti-Bcl-xL rabbit mAb (Cell Signaling Tech-
nology, clone 54H6), an anti-ERK1/2 rabbit mAb (Cell 
Signaling Technology, #4695) and an antiphosphorylated 
ERK1/2 (p-ERK1/2) rabbit mAb (Cell Signaling Technol-
ogy, #4370). The band intensities were quantified using the 
ImageJ 1.45 software.

Cytotoxicity assays

Targeting cells were co-cultured with T cells at different 
E/T ratios of 3:1, 1:1 and 1:3. After 18  h of culture, the 
supernatant was removed, and the level of released LDH 
was measured using the CytoTox 96® non-radioactive cyto-
toxicity kit (Promega) as previously described [10].

The same anti-GPC3 and anti-ASGR1 antibodies used in 
the Western blot assay were used to determine the antigen 
expression on human HCC cells. A FITC-conjugated goat 
antimouse IgG secondary antibody and a FITC-conjugated 
goat antirabbit IgG secondary antibody (KANGCHENG, 
China) were used. The level of transduced primary T cells 
was probed using eGFP or mCherry expression. The central 
memory phenotype of expanded T cells was examined with a 
panel of conjugated antibodies, including antibodies directed 
against human CD45RO (eBioscience, PE-conjugated, clone 
UCHL1) and CD62L (eBioscience, PerCP-eFluor® 710-con-
jugated clone DREG56). Additionally, a panel of anti-CD4 
(SantaCruz, clone MT310) and anti-CD8 (SantaCruz, clone 
32-M4) unconjugated monoclonal antibodies and a goat anti-
mouse PE-conjugated secondary antibody (MultiSciences 
Biotechnology, China) were used to detect the CD4+ and 
CD8+ populations. The quantities of circulating human T 
cells recovered from xenograft-bearing mice treated with 
engineered T cells were tested using the CD3-PerCP/CD4-
FITC/CD8-PE TruCOUNT kit (BD Bioscience) [22]. We 
counted cells bearing PerCP or/and PE signals, and the differ-
ence was regarded as the CD4+ population. All the cells men-
tioned above were analyzed using a BD FACSCalibur flow 
cytometer and an LSRII flow cytometer (BD), and results 
were processed with the Flowjo 7.6.1 software (TreeStar).



478	 Cancer Immunol Immunother (2017) 66:475–489

1 3



479Cancer Immunol Immunother (2017) 66:475–489	

1 3

Cytokine secretion

The levels of the cytokines IL-2, IFN-γ, TNF-α and IL-4 
secreted by various genetically modified T cells co-cultured 
with different tumor cells at the effector/target ratio of 1:1 
for 24 h were measured by an ELISA kit (MultiSciences 
Biotechnology, China) according to the manufacturer’s 
instructions. Mouse blood was collected and clotted at 
4  °C, and the serum was used for cytokine detection as 
above.

Xenograft tumor models

Six-week-old NOD/SCID mice obtained from Shang-
hai SLAC Laboratory Animal Co., Ltd. were housed and 
treated under specific pathogen-free conditions. To estab-
lish subcutaneous (s.c.) Huh-7 or MHCC-97L models, 
NOD/SCID mice were inoculated with 2 × 106 Huh-7 or 
MHCC-97L cells in the right flank. When the tumor bur-
dens were approximately 50–100  mm3, mice were ran-
domly separated into four groups (n  =  5) and injected 
intravenously (i.v.) with different CAR-T cells (1 ×  107 
CAR-T cells/mouse) after lymphocyte depletion with 
cyclophosphamide. The tumor dimensions were meas-
ured with calipers, and the tumor volumes were calculated 
using the formula V = π/6 × (length × width2), where the 
length is the greatest longitudinal diameter and the width 
is the greatest transverse diameter [23]. NOD/SCID mice 
were housed and treated according to protocols approved 
by the Shanghai Medical Experimental Animal Care 
Commission.

Immunohistochemistry

A tissue microarray (TMA) of 75 liver cancer tissue sam-
ples (17 stage I, 26 stage II, 22 stage III, 10 stage IV) and 
the corresponding cancer-adjacent tissue samples was 
selected for this study (Shanghai Outdo Biotech Co., Ltd., 
#Hliv-HCC150CS-02). IHC analysis was performed as 
described previously [24]. The TMAs mentioned above 
were immune-stained with an anti-GPC3 mAb (1G12) 

at 1:100 dilution and an anti-ASGR1 rabbit polyclonal 
antibody at 1:200 dilution. Staining was considered posi-
tive when immunoreactivity was present in at least 5% of 
lesional hepatocytes and located in the cytoplasm, mem-
brane or canaliculi [25]. The levels of GPC3 and ASGR1 
expression were evaluated by H-score using the follow-
ing equation: H-score =  (“3+” % cells ×  3 +  (“2+” % 
cells) × 2 + (“1+” % cells) × 1 + (“0” % cells) × 0. In 
the equation, “0” indicates no staining, while “1+”, “2+” 
and “3+” represent weak, moderate and strong IHC stain-
ing, respectively [24]. A higher H-score represents higher 
expression. The percentage of target-positive cells in each 
section was counted in five different visual fields [10].

Similarly, the infiltration and persistence of adoptive 
T cells within the tumor tissues were examined using an 
anti-CD3e antibody at a 1:150 dilution (Thermo Scientific, 
clone SP7).

Statistical analysis

For statistical analysis, one-way ANOVA with Bonferroni 
post-tests for tumor burdens (tumor volume, tumor weight 
and photon counts) was used. GraphPad Prism 5.0 was 
used for statistical calculations. P < 0.05 (*), P < 0.01 (**) 
and P < 0.001 (***) were considered significant.

Results

GPC3 and ASGR1 expression profiles in HCC tissues 
and cell lines

The basis for the use of GPC3 and ASGR1 dual-targeted 
CAR-T cells is the co-expression of these two antigens on 
the same cancer cell. Thus, we first examined the expres-
sion of GPC3 and ASGR1 in 75 HCC samples and 75 
corresponding juxtacancerous liver samples using immu-
nohistochemistry. The cores were evaluated by two expe-
rienced pathologists using a 4-point scale of staining 
intensity. Similar to previous reports [26, 27], the results 
of the IHC assay showed that GPC3 was overexpressed in 
most malignant tissue samples (66.7%) (Fig. 1a) but was 
hardly detected in corresponding juxtacancerous samples 
(Supplementary Fig. 1a). ASGR1 expression was observed 
in 90.7% of the malignant tissue samples (Fig.  1a) and 
all juxtacancerous liver tissues (Supplementary Fig.  1b). 
Although the IHC results suggested a minor loss of 
ASGR1 expression in tumor tissues, there was no signifi-
cant difference between the tumor and adjacent tissues 
(Supplementary Fig. 1b). Additionally, no significant dif-
ference was observed in the H-scores for ASGR1 of vari-
ous stages of HCC and adjacent normal liver tissues (Sup-
plementary Fig. 1a) [24, 28]. Of the HCC malignant tissue 

Fig. 1   GPC3 and ASGR1 expression in HCC. a GPC3 and ASGR1 
expression in HCC tissues. IHC using the anti-GPC3 and anti-
ASGR1 antibodies was performed to determine GPC3 and ASGR1 
expression in a tissue microarray of 75 HCC tissues and the cor-
responding juxtacancerous tissues. b Western blot analysis of the 
expression of GPC3 and ASGR1 in HepG2, MHCC-97L and Huh-7 
cells. c GPC3 and ASGR1 expression in MHCC-97L cells after 
transduction. The lysates of MHCC-97L-A+, MHCC-97L-G+ and 
MHCC-97L-G+A+ cells were separated on SDS-PAGE and subjected 
to Western blot using the indicated antibodies. d Flow cytometric 
analysis of the levels of GPC3 and ASGR1 expression on the cell sur-
face. The cells were subjected to analysis with the indicated antibod-
ies

◂
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samples, 41 (54.7%) co-expressed GPC3 and ASGR1, 
and 24% showed a high-level expression of both proteins 
(Fig. 1a).

To further confirm the co-expression of the two antigens 
on HCC cells, HepG2, Huh-7 and MHCC-97L cells were 
used to examine the expression of GPC3 and ASGR1. The 
results indicated that HepG2 and Huh-7 cells endogenously 
expressed both antigens, while the MHCC-97L cell line 
was negative for both antigens (Fig. 1b). Then, MHCC-97L 
cells were transduced to express GPC3 and ASGR1, either 
alone or together (Fig. 1c, d).

Expression of the complementary receptors in primary 
human T cells

The aim of our work was to develop an effective strategy 
to establish time- and space-specific optimum dual-targeted 
T cell activation upon the simultaneous engagement of an 
HCC-related TAA and a liver-specific molecule, GPC3 
and ASGR1, respectively (Supplementary Fig.  2). A first-
generation chimeric antigen receptor specific for GPC3 
and a chimeric co-stimulatory receptor specific for ASGR1 
(A28BB) were constructed. Fourteen days after transduc-
tion, T cells expressing both receptors ranged from 40.6 to 
64.2% (Fig. 2b and Supplementary Fig. 3). Notably, more 
than half of the T cells were CD8-positive after a period 
of expansion in vitro, which occurred independently of the 
gene transduction of the T cells (Fig. 2c). Previous studies 
have found that a high CD8/CD4 ratio is an effective indi-
cator for better outcome of adoptive T cell immunotherapy 
against cancers [29].

Central memory T cells exist in expanded T cells

Central memory T cells (Tcms) may be the most appropri-
ate type of cells for use in adoptive cell therapy, as they can 
not only transfer instant antitumor immunity to patients but 
also endow them with immune memory to prevent cancer 
from recurring [30]. Therefore, the markers related to Tcms 
of all the engineered T cells were also analyzed on day 14 
after transduction and culture in  vitro. The expression of 
the differentiation markers CD45RO and CD62L on T cells 
was examined by flow cytometry [31]. The results con-
firmed that T cells with a Tcm-phenotype existed in all the 

groups (24.2–33.7%) (Fig.  2d), and this observation was 
repeated in three representative donors (Fig. 2e).

Dual‑targeted T cells exert cytotoxicity against GPC3+ 
or GPC3+ASGR1+ tumor cells in vitro

The in  vitro cytotoxic activities of the dual-targeted and 
single-targeted CAR-T cells were first examined using 
GPC3 or/and ASGR1-transduced MHCC-97L cells. 
GZ+A28BB T cells and GZ T cells showed obvious cyto-
toxicity against MHCC-97L-G+ and MHCC-97L-G+A+ 
cells but not against MHCC-97L-A+ or MHCC-97L-vec 
cells, as expected (Fig.  3). A28BB T cells and untrans-
duced T cells could not initiate specific cytotoxicity on 
all the tested tumor cell lines (Fig.  3). Surprisingly, the 
GZ+A28BB T cells did not exert higher cytotoxicity on all 
the GPC3-positive HCC cell lines than the GZ T cells.

Enhanced cytokine production and the expansion 
ability of dual‑targeted T cells

The incorporation of co-stimulatory signals has been dem-
onstrated to enhance CTL response, cytokine production, 
proliferation ability and the prevention of death [32, 33]. 
Thus, the integration of CD3ζ and co-stimulatory signals in 
dual-targeted T cells is thought to synergistically enhance 
cytokine production. In accordance with previous studies 
[14], higher levels of IL-2, IFN-γ, TNF-α and IL-4 were 
produced by dual-targeted T cells than by single-targeted T 
cells when co-cultured with both GPC3- and ASGR1-posi-
tive tumor cells (Fig. 4a).

We also examined the proliferative ability of modified 
T cells stimulated weekly by HCC cells in the absence 
of exogenous cytokines. The results indicated that the 
GZ+A28BB T cells went through a robust expansion of 
approximately 25- to 35-fold after 28 days in culture, while 
untransduced and GZ T cells only went through a modest 
proliferation over the first 14 days and gradually died off 
after 2 weeks. Moreover, A28BB T cells could expand for 
approximately 16–22 days before diminishment (Fig. 4b). 
Similar results were observed in Huh-7 and HepG2 cells 
(Fig.  4b). Given that the activation of PI3K/Akt is a key 
effector downstream of CD28 and CD137, we assessed the 
expression of the downstream antiapoptosis protein Bcl-xL 
in different groups of T cells. Furthermore, the ligation of 
CD137 could activate ERKs and regulate the expression 
of cyclins [34]. Thus, the ERK1/2 phosphorylation level in 
T cells after incubation with MHCC-97L-G+A+ cells was 
tested. Both Bcl-xL expression and the ERK1/2 phospho-
rylation levels were increased in GZ+A28BB (Bcl-xL 4.8-
fold, p-ERK1/2 45.7-fold) and A28BB (Bcl-xL 4.1-fold, 
p-ERK1/2 44.4-fold) T cells compared to those in untrans-
duced T cells (Fig. 4c). When exposed to the γ-irradiated 

Fig. 2   Construction and characterization of different CAR-T cells. a 
A schematic representation of the lentiviral vectors expressing GZ or 
A28BB is shown. b The expression of GZ and A28BB on the surface 
of T cells was demonstrated by assessing the expression of eGFP and 
mCherry, respectively. c The flow cytometric analysis of the CD4+ 
and CD8+ phenotypes of in vitro expanded T cells. d Fourteen days 
after transduction, the expression levels of CD45RO and CD62L were 
determined using a FACSCalibur with the indicated antibodies. e The 
results were consistent in 3 donors

◂
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artificial antigen-presenting cells aK562-64/86, which 
express the membrane-bound extra-domains of CD64 and 
CD86, in the presence of immobilized muromonab-CD3 
(OKT3) (100 ng/mL), all groups of T cells exhibited a 30- 
to 40-fold expansion during the 4-week culture (Supple-
mentary Fig. 4).

Dual‑targeted T cells exhibit restricted antitumor 
activity against HCC xenografts with a single antigen

To understand the in vivo cytotoxic activities of the dual-
targeted CAR-T cells on target cells with single antigen 
expression, mouse models bearing MHCC-97L xenografts 
expressing a single antigen or double antigens were used. 
The tumors bearing only GPC3 or ASGR1 were consid-
ered “normal tissues” to test the on-target, off-tumor cyto-
toxicity of the CAR-T cells. We first compared the in vivo 
growth speed of the MHCC-97L cells expressing GPC3 or/
and ASGR1 to rule out the effect of tumor growth speed 

on the antitumor activities of CAR-T cells. The results 
indicated that the forced expression of the antigens did not 
noticeably change the growth of MHCC-97L cells in vivo 
(Supplementary Fig.  5). The potent antitumor effect was 
observed only in the mice bearing GPC3+ASGR1+ tumors 
treated with dual-targeted T cells, whereas the other groups 
of tumors could not be suppressed by GZ+A28BB T cells 
(Fig.  5a). At the endpoint of the experiment, the weights 
of the GPC3+ASGR1+ tumors were significantly less than 
those of the GPC3+, ASGR1+ or MHCC-97L-vec tumors, 
while no obvious differences were observed among the lat-
ter three groups (Fig. 5b). The infiltration of human T cells 
was confirmed by immunostaining tumor sections and liv-
ers. The results revealed that human CD3+ T cells prefer-
entially accumulated and persisted in MHCC-97L-G+A+ 
residual tumors at approximately 4 weeks after intravenous 
T cell administration, while fewer or no T cells could be 
detected in the tumor sections bearing a single antigen or 
MHCC-97L-vec. There were no T cells observed in the 

Fig. 3   Cytotoxicity of the 
engineered T cells against 
tumor cells. Untransduced, GZ, 
A28BB and GZ+A28BB T 
cells were used in co-culture 
with GPC3- or/and ASGR1-
transfected MHCC-97L cells, 
HepG2 cells or Huh-7 cells at 
the indicated effector/target 
(E/T) ratios. Each value reflects 
the mean ± SEM of triplicate
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Fig. 4   Cytokine release and 
proliferation capacity of the 
engineered T cells. a 1 × 106 
engineered T cells were co-
cultured with 1 × 106 tumor 
cells for 24 h. The levels 
of IFN-γ, IL-2, TNF-α and 
IL-4 in the supernatants were 
evaluated by ELISA. b 1 × 106 
untransduced, GZ, A28BB and 
GZ+A28BB T cells were co-
cultured with irradiated mock, 
GPC3+ or/and ASGR1+MHCC-
97L cell lines with freshly 
irradiated tumor cells stimulated 
every week. The viable T cell 
numbers were measured every 
other day. c Four groups of T 
cells were co-cultured with 
MHCC-97L-G+A+ cells for 
24 h. Then, the T cells were 
separated from tumor cells 
and subjected to Western blot 
analysis to measure the level of 
Bcl-xL and phospho-ERK1/2. 
The densitometry quantification 
of the protein levels of Bcl-xL 
and phospho-ERK1/2 (normal-
ized to untransduced T cells) is 
shown
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mice livers (Fig.  5c). The levels of IFN-γ, IL-2, TNF-α 
and IL-4 in the blood of the mouse model were high-
est in the MHCC-97L-G+A+ group among all the groups 
(Fig.  5d). Together, these results suggested that powerful 
T cell activation and persistence occurred only when the 
GZ+A28BB T cells acquired integrated primary and co-
stimulatory signals from the GZ-targeting antigen and the 
A28BB-targeting antigen, while the effect on the single 
antigen-bearing tissues was minimal. Thus, we confirmed 
that the dual-targeted design indeed reduced potential tox-
icity and improved safety.

Only dual‑targeted T cells caused a significant growth 
suppression effect on GPC3+ASGR1+ HCC xenografts

Because we verified that dual-targeted T cell activation 
requires both antigens using the above experiments, mouse 
models carrying MHCC-97L-G+A+ and Huh-7 tumor xen-
ografts were used to compare the antitumor activities of the 
different groups of CAR-T cells. Only the dual-targeted, 
but not the single-targeted, T cells could significantly 
inhibit the growth of MHCC-97L-G+A+ and Huh-7 tumor 
xenografts (Fig.  6a, b). Furthermore, the dual-targeted T 
cells had better persistence in vivo compared to the other T 
cell groups (Fig. 6c, d), suggesting that the ASGR1-medi-
ated co-stimulatory signal is important for the in vivo sur-
vival of GPC3-targeted CAR-T cells.

Discussion

CAR-T cells targeting a series of classical TAAs have been 
applied in preclinical and clinical studies [35]. However, 
most TAAs are not absolutely restricted to tumor tissues, 
which may lead to severe on-target, off-tumor toxicities 
and sometimes even fatal side effects in clinical trials [12, 
36]. Thus, strategies such as using dual-targeted CAR-T 
cells seem promising to reduce on-target, off-tumor tox-
icities. For dual-targeted CAR-T cells, the first target for 
stimulatory signaling should be overexpressed in tumor tis-
sues, but not in normal tissues, while the second target for 
co-stimulatory signaling should be a tissue-specific protein 

that has high-level expression in the tumor tissues. GPC3 
is frequently expressed in HCC but not in normal liver tis-
sue [11, 27]. ASGR1 is a cell surface receptor expressed 
exclusively on hepatic parenchymal cells, and it has been 
exploited in the targeted delivery of therapeutic molecules 
to the liver [15, 17]. Thus, ASGR1 was used as the co-
stimulatory signal to ensure the dual-targeted T cells can 
be optimally activated upon encountering HCC cells. HCC 
generally overexpresses both GPC3 and ASGR1 [17], 
which was confirmed by IHC and FACS analysis in our 
study. Therefore, GPC3 and ASGR1 are a suitable target 
combination for dual-targeted CAR-T cells.

Similar to previous studies [14, 37], we delivered two 
exogenous chimeric receptor genes into primary human T 
cells using two lentiviruses. Once the appropriate MOI was 
determined, the transduction efficiency and T cell viability 
could be guaranteed. Retrovirus- or lentivirus-mediated 
CAR transduction is the mainstream approach in preclini-
cal or clinical studies, but we were unsure whether it would 
result in recombinant events that are unwanted after the 
two vectors were transduced. Using mRNA electroporation 
instead of viruses in the future could ease concerns about 
clinical safety.

Our study revealed that GZ+A28BB T cells had simi-
lar tumor-killing ability in regard to GPC3+ HCC cells 
in vitro as GZ T cells. However, GZ+A28BB T cells could 
proliferate more persistently than single-targeted CAR-T 
cells when stimulated with GPC3+ASGR1+ tumor cells. 
Another interesting finding was that A28BB T cells dem-
onstrate more persistent proliferation than GZ T cells in the 
presence of ASGR1-positive cancer cells. This increased 
proliferation may be due to the elevated levels of the antia-
poptosis protein Bcl-xL expression and ERK1/2 phospho-
rylation, which can be attributed to the complementary 
co-stimulatory signals from the chimeric receptor A28BB 
[32–34]. However, the mechanisms allowing A28BB T 
cells to proliferate for a longer time without the engage-
ment of signal 1 need to be further explored.

GZ+A28BB T cells exhibited significant tumor sup-
pression capacity against GPC3+ASGR1+ xenografts 
but not against ASGR1+, GPC3+ or GPC3−ASGR1− 
tumor xenografts. The histological analysis revealed that 
abundant dual-targeted T cells could be detected in the 
GPC3+ASGR1+ xenografts, while GZ+A28BB T cells 
were rarely detected in GPC3+ tumor xenografts, suggest-
ing that the binding of the complementary chimeric anti-
gen receptors to both GPC3 and ASGR1 are important to 
the in  vivo activation, expansion and persistence of dual-
targeted T cells.

Furthermore, in both MHCC-97L-G+A+ and Huh-7 
xenograft models, only the GZ+A28BB T cells could sig-
nificantly inhibit tumor growth, indicating that dual-tar-
geted T cells need to be fully activated to cause significant 

Fig. 5   Significant suppression of tumor growth in vivo by dual-tar-
geted T cells requires both GPC3 and ASGR1 expression in the tumor 
cells. GZ+A28BB T cells were infused intravenously into NOD/
SCID mice bearing established GPC3+ or/and ASGR1+MHCC-97L 
tumor xenografts. The tumor volumes (a) and weights (b) were quan-
tified. c Formalin-fixed, paraffin-embedded tumor and mouse liver 
sections were consecutively cut and stained for human CD3e to detect 
T cell infiltration (brown). The images were taken with a microscope 
(Axio Scope.A1, Zeiss) under ×  200 magnification. The scale bar 
was 100 μm. d The levels of IFN-γ, IL-2, TNF-α and IL-4 in mouse 
serum were evaluated by an ELISA

◂
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antitumor effects. After further analyzing the human T cells 
in peripheral blood from the treated mice, we observed that 
the engagement of co-stimulatory signals could increase 
in vivo persistence and antitumor capacity of the adoptively 
transferred T cells. Curiously, there were more CD8+ T 
cells than CD4+ T cells in blood samples drawn from the 
mice; this observation might be due to a more abundant 
CD8+ population following in vitro culture.

We did not observe any obvious side effects (including 
rough hair coat, ataxia, weight loss, abnormal body temper-
ature or death) in the mice after the engineered CAR-T cells 
were transferred. Mouse Asgr1 is expressed abundantly on 
mouse liver cells [38, 39]. The domain antibody for ASGR1 
shows objective but lower cross-reactivity with mice Asgr1 
(kD = 4 nM) than with human ASGR1 (kD = 1 nM) [16]. 
Additionally, it has been reported that the mAb GC33 will 
not recognize murine Gpc3 [40]. Therefore, we speculated 
that only dual-targeted or ASGR1-targeted T cells might 
cause toxicity in the organs, especially the livers of the 
mice. However, we did not observe infiltration of T cells or 
any toxicity to all mouse livers. Moreover, since we lacked 
transgenic mouse models that could mimic human GPC3 
and ASGR1 expression, we used subcutaneous xenografts 
with only GPC3 expression to imitate normal tissues with 
GPC3 expression. Our study demonstrated that GPC3-tar-
geted or the dual-targeted T cells had no significant growth 
suppression effect on HCC xenografts with only GPC3 
expression, suggesting that the engineered T cells have lim-
ited toxicity on normal organs with only GPC3 expression. 
Unfortunately, because of the differences between normal 
organs and tumor xenografts, we could not rule out the pos-
sibility of toxicity of the dual-targeted T cells on the nor-
mal tissues with GPC3 expression. Furthermore, the higher 
levels of IFN-γ, IL-2, TNF-α and IL-4 in the dual-targeted 
group of mice indicated cytokine release syndrome might 
possibly occur in clinical therapy.

Bolhuis reported that the activation of T lymphocytes 
is co-determined by the expression levels of the chi-
meric receptors on T lymphocytes and the TAA on tumor 
cells [41]. T lymphocytes with high expression levels of 

chimeric receptors kill tumor cells with a wide range of 
TAA densities [41]. Chimeric receptors containing high-
affinity scFv can target tumor cells with various TAA den-
sities on an extremely similar level [42]. According to the 
FACS data in Fig. 1d, the expression of ASGR1 and GPC3 
on MHCC-97L-A+G+ cells was higher than that of Huh-7 
and HepG2 cells. However, the dual-targeted CAR-T cells 
were trigged to exert similar effector functions, including 
tumor cell lysis, cytokine production and cell proliferation. 
It may be that the densities of TAAs on HepG2 and Huh-7 
cells are sufficient, and we used high-affinity antibodies 
to construct the chimeric receptors. In our previous study, 
we found that PLC/PRF/5, an HCC cell line with a signifi-
cantly lower level of GPC3 expression than Huh-7 cells, 
displayed less sensitivity to GPC3-targeted CAR-T cells 
both in vitro and in vivo [10]. Thus, whether the TAA den-
sity on the tumor cells is sufficient might be an indicator of 
the antitumor efficacy of CAR-modified T cells.

Compared to the tumor-killing capacity of third-genera-
tion CAR-T cells (GC33-28BBZ) [10] in Huh-7 xenograft 
models, the dual-targeted CAR-T cells performed worse in 
terms of their tumor suppression ability. We speculated that 
the dual-targeted CAR-T construct does not simply sepa-
rate two kinds of signal domains, but there are many uncer-
tain factors affecting final therapeutic results. A recent 
report pointed out that the structure of scFv may influence 
downstream signaling and its ultimate antitumor activity 
[43]. In our study, we first adopted a domain antibody for 
ASGR1 [16] as the antigen-binding region, though it has 
been shown to function as a common scFv in transducing 
the co-stimulatory signal via binding antigens. However, 
according to a previous report, the domain antibody is 
prone to aggregation [44]. Thus, whether the domain anti-
body for ASGR1 will result in the cross-linking of neigh-
boring receptors and early senescence of T cells is still 
unknown.

Without available transgenic mouse models that can 
mimic the human GPC3 and ASGR1 expression patterns, 
the genuine behaviors of dual-targeted T cells are still hard 
to delineate. Our mouse models could indicate only that 
the on-target, off-tumor effect of GPC3- and ASGR1-spe-
cific CAR-T cells on GPC3+ tissues was very slight, but 
the genuine clinical effect in the human body can only be 
demonstrated in future clinical trials. In summary, our data 
here indicated that the combination of the chimeric recep-
tors αGPC3-Z and αASGR1-28BB could be potential novel 
anti-HCC therapeutics with reduced off-tumor toxicities.
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Fig. 6   Antitumor activities of the modified T cells against estab-
lished GPC3+ASGR1+ HCC xenografts in  vivo. a The growth 
curves of MHCC-97L-G+A+ and Huh-7 xenografts treated with 
the indicated T cells. b At the endpoint of the experiments, the 
residual tumors treated with dual-targeted T cells were significantly 
smaller than those in the other groups (**, P < 0.01). c The quanti-
ties of circulating human CD4+ and CD8+ T cells from mice bear-
ing MHCC-97L-G+A+ and Huh-7 xenografts treated with the indi-
cated genetically modified T cells. The mean cell concentration 
(cells/μL ±  SEM) for mice in the untransduced or modified T cell 
treatment groups and the significant differences (***, P < 0.001) are 
shown. d The infiltration of adoptive human T cells was detected in 
subcutaneous xenografts recovered from mice. The images were 
obtained under ×200 magnification. The scale bar is 100 μm
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