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Recent advancements in immunotherapy have improved 
survival rates for liver cancer patients. Specifically, the 
combination of atezolizumab and bevacizumab has been 
associated with longer overal and progression-free sur-
vival compared to sorafenib treatment [5–7]. However, 
the overall survival rates remain unsatisfactory, particu-
larly for patients with advanced liver cancer [8–10].

In recent years, cellular immunotherapy, particu-
larly CAR T-cell therapy, has emerged as a promising 
approach for treating solid tumors, showcasing opti-
mistic clinical prospects. Glypican-3 (GPC3), a glyco-
protein highly expressed on the surface of liver cancer 
cells, plays a crucial role in mediating various signaling 
pathways that influence tumor cell proliferation, differen-
tiation, adhesion, and metastasis. Its selective expression 
in liver cancer has led to its exploration in developing 

Introduction
The prevalence of liver cancer is significantly influenced 
by the high incidence of hepatitis B infection glob-
ally. This situation is exacerbated by the poor prognosis 
associated with liver cancer, as conventional treatment 
modalities have demonstrated limited effectiveness [1–4]. 
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Abstract
Chimeric antigen receptor (CAR)-T cell therapy targeting glypican-3 (GPC3) has shown promise in the treatment 
of hepatocellular carcinoma (HCC). However, the efficacy of CAR-T cells that focus solely on cell surface tumor-
associated antigens is often limited. To overcome this challenge, we developed a dual-targeting CAR-T cell 
strategy. The intracellular alpha-fetoprotein (AFP) antigen, a well-established biomarker of liver cancer, presents the 
immunogenic Human Leukocyte Antigen (HLA)-A*02:01-restricted epitope 158–166. Consequently, we engineered 
a T cell receptor (TCR) mimic antibody with high specificity and affinity, providing a promising therapeutic avenue 
to target this critical antigen. To enhance treatment outcomes for liver cancer, we further modified previously 
developed GPC3 CAR-T cells, which demonstrated robust anti-tumor efficacy against GPC3-high tumor cells, to 
secrete an optimized bispecific T cell engager (BiTE) targeting the presented AFP antigen. This dual-targeting 
strategy significantly improved CAR-T cell proliferation and persistence, as well as enhancing cytokine expression 
and anti-tumor activity against HCC cells, particularly those exhibiting low GPC3 and AFP expression, both in vitro 
and in vivo. Our findings highlight the potential of this innovative approach to offer more effective treatment 
options for patients with liver cancer.
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GPC3-targeted CAR-T-cell therapy [11]. Early Phase I 
clinical trials have revealed promising results, with par-
tial remission observed in 2 out of 13 patients. Notably, 
the median overall survival (OS) was 278 days (95% CI: 
48 ~ 615 days), with favorable survival rates at 6 months, 
1 year, and 3 years being 50.3%, 42.0%, and 10.5%, respec-
tively. Moreover, the treatment demonstrated a favor-
able safety profile, with no significant off-target toxicities 
reported [12]. Excitingly, subsequent studies have shown 
that two patients with advanced hepatocellular carci-
noma, treated with targeted GPC3 CAR-T-cell therapy 
along with local treatments, remained tumor-free for 
over seven years during long-term follow-up [13]. The 
investigation into GPC3-targeted CAR-T-cell therapy 
has become a focal point of research. Our development 
of a fully human anti-GPC3 antibody has shown prom-
ising outcomes in Phase I studies where 44% of patients 
achieved partial response, and 78% exhibited disease 
control [14]. Further studies revealed an overall response 
rate of 60%, with hepatic arterial infusion demonstrating 

superior efficacy compared to intravenous administra-
tion [15].

In addition to GPC3, alpha-fetoprotein(AFP) has been 
a crucial biomarker for liver cancer for more than 60 
years [16]. It can be processed into small polypeptides 
that bind to HLA-A molecules, forming antigenic pep-
tide-HLA-A complexes (pHLA-A) presented on the cell 
surface [17–19]. This brings a novel approach to develop-
ing CAR-T-cell therapies targeting intracellular antigens, 
enhancing specificity and reducing off-target toxicity [20, 
21]. In safety assessments, normal cellular entities exhib-
ited resilience to hAFP/HLA-A*02 CAR T-cell interac-
tions, underscoring the therapy’s potential [21]. Notably, 
the FDA has approved ET140202 CAR-T cells for treat-
ing AFP-positive advanced HCC, with patients report-
ing significant tumor reductions without severe adverse 
effects (Source: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​u​s​i​​n​e​s​​s​w​i​r​​e​.​​c​o​m​​/​n​e​​w​s​/​h​​o​
m​​e​/​2​​0​1​8​​0​9​0​5​​0​0​​5​2​6​​2​/​e​​n​/​E​u​​r​e​​k​a​-​​T​h​ e​​r​a​p​e​​u​t​​i​c​s​​-​A​c​​h​i​e​v​​e​s​​-​
R​e​​g​r​e​​s​s​i​o​​n​-​​M​e​t​a​s​t​a​t​i​c​-​L​i​v​e​r​-​C​a​n​c​e​r).

Despite these advancements, tumor heterogeneity 
presents a significant challenge, as liver cancer tissues 
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seldom exhibit uniform expression of GPC3 or AFP [22–
24]. The variability within tumors limits the efficacy of 
CAR T-cell therapies, particularly concerning recurrence 
and metastasis [25]. Off-target effects may diminish the 
therapeutic outcomes for CAR-T cells targeting specific 
antigens. To address these limitations, dual-target or 
multi-target CAR-T-cell therapies are being explored to 
broaden the range of target cell antigens, potentially miti-
gating antigen escape and tumor recurrence. One prom-
ising strategy involvesincorporating bispecific T-cell 
engagers (BiTE) into CAR structures, enhancing T-cell-
mediated cytotoxicity against tumor cells [26, 27]. BiTEs, 
comprised of two distinct single-chain variable fragments 
(scFv) targeting T-cell receptors and tumor-associated 
antigens, demonstrate improved tissue penetration and 
tumor cell killing efficiency while reducing off-target 
effects [28, 29].

This study focuses on developing CAR T-cells that tar-
get the GPC3 receptor, enhanced by the ability to secrete 
AFP-CD3 BiTE. This dual mechanism not only directly 
induces cytotoxic effects on specific targets but also has 
the potential to recruit and activate infiltrating CD3+ 
T-cells in the liver tumor microenvironment, thereby 
synergistically enhancing anti-tumor efficacy. By inte-
grating these innovative approaches, we aim to overcome 
the limitations of current therapies and improve out-
comes for patients with liver cancer.

Materials and methods
Molecular synthesis of hAFP158 − 166/HLA-A*02:01 complex
The pET-28a vector for prokaryotic expression was 
constructed by synthesizing the extracellular struc-
tural domains of human β2m and HLA-A*02:01 heavy 
chain molecules and splicing a BirA enzyme-dependent 
biotinylated sequence at the carboxyl terminus of the 
HLA-A*02:01 heavy chain molecule. Then, the β2m and 
HLA-A*02:01 proteins expressed in inclusion bodies 
were rinsed and primed by S200HR (chromatography 
column). Complexes were obtained by co-replicating 
with hAFP158 − 166 peptide at a proportional dilution and 
purified by Capto Q ImpRes (a strong anion exchange 
medium for high-throughput media purification and 
fine purification). Lastly, the complex was biotin-labeled 
with BirA enzyme, and the biotinylated complex mono-
mer was mixed with SAPE in a certain ratio in a gradient, 
and finally the two things were combined in a 4:1 ratio to 
form a tetramer.

Liquid phase selection
First, the AcnoviaBeads™ Streptavidin (SA beads) were 
conjugated with biotinylated antigen hAFP158 − 166/
HLA-A*02:01 and then incubated with a phage library 
for specific adsorption. After elution with PBST, bound 
phage were subsequently eluted with Gly-HCI (pH 2.2) 

acid wash. The eluted phage nanolibrary R1 was then 
mixed with a negative control peptide (hTERT540/HLA-
A*02:01) to remove non-specific binding, resulting in the 
isolation of phages with specific binding. This selection 
process was repeated for a total of five rounds to achieve 
the enrichment of antibodies with specificity. Finally, the 
binding capacity between the phages and the target pro-
tein was determined using the Elisa method.

Enzyme linked immunosorbent assay (ELISA)
The Streptavidin (SA) were first conjugated with biotinyl-
ated antigen hAFP158 − 166/HLA-A*02:01. Then, they were 
coated onto a 96-well plate overnight. 5% milk was added 
and sealed for 2 h, followed by 3 washes. Gradient-diluted 
monoclonal phages were added and allowed to bind for 
1 h, followed by 3 washes. M13 secondary antibody was 
added and incubated for 0.5 h. Finally, TMB solution was 
added, and the reaction was stopped after approximately 
5 min, followed by detection using an ELISA instrument.

SEC-HPLC purity analysis
The working flow rate was set to 1.0 mL/min, the pres-
sure limit of Sepax SRT-C SEC-300 was 130  bar, the 
detection wavelength was 280 nm, and the column tem-
perature was 25 °C. After column connection, rinse with 
ultrapure water 0.5 mL/min until the baseline is stable, 
followed by column equilibration at a flow rate of 1.0 
mL/min for at least 5 CV until the baseline is stable, 
and then proceed to the sample loading operation. Pre-
treatment of samples: centrifuge at 10,000×g for 5  min 
and remove the supernatant. Gradient elution program 
for mobile phase: A channel. Program run time 15 min. 
After entering the sample information, start the injection 
assay. First, the buffer was added to the column, then the 
Protein Marker was added, and finally, the sample to be 
measured was added. Note that the volume of the sample 
to be measured should not exceed 0.5% of the column 
volume. The computer automatically collected data and 
printed the chromatogram and results, after the elution 
procedure.

ForteBio assays
The affinity of the antibody to the target protein was 
determined using ForteBio Octet RED384. Using AHC 
sensor, loading antibody (100nM) for 120 s. Binding pep-
tide hAFP158 − 166/HLA-A*02:01 complex (The antigen 
concentrations were serially diluted in a two-fold gradi-
ent starting at 150nM, resulting in seven concentrations: 
150nM, 75nM, 37.5nM, 18.75nM, 9.375nM, 4.6875nM, 
and 0nM) for 300  s and dissociation for 400  s. Finally, 
the data were analyzed on the machine using Data 
Analysis 9.0. In this experiment, the affinity was calcu-
lated as follows: KD = koff / kon, kon: Association rate 
constant (M⁻¹s⁻¹), koff: Dissociation rate constant (s⁻¹). 



Page 4 of 15Yang et al. Journal of Nanobiotechnology          (2025) 23:462 

KD represents the dissociation constant at equilibrium 
between molecular binding and dissociation (A smaller 
KD value indicates stronger affinity).

Identification of the specific binding activity of VHH-Fc
T2 cells with HLA-A*02:01 were loaded the human 
AFP158− 166 polypeptide, human TERT540 polypeptide, 
human NY-ESO polypeptide or other 19 human endog-
enous polypeptides, respectively. Among them, T2 cells 
loaded with human TERT540/HLA-A*02:01, human 
NY-ESO/HLA-A*02:01 and mixed 19 peptides were 
set as negative control group, and T2 cells loaded with 
hAFP158− 166/HLA-A*02:01 peptide fragment were set as 
the experimental group. The next day, different antibod-
ies were diluted with PBS. Each antibody had an initial 
concentration of 10ug/ml and was diluted in a three-fold 
gradient, resulting in a total of seven gradients. Subse-
quently, 30µL of each antibody was dispensed into indi-
vidual wells of a 96-well plate. Then, the 4 × 104 T2 cells 
loaded with different peptides were extracted and plated 
into each well of a 96-well plate, mixed thoroughly with 
antibodies, and incubated at 4°C for one hour. After the 
addition of secondary antibody anti-Human IgG-Fc 
(DyLight® 650) (abcam, UK), incubation was carried out 
for 30 min, followed by two washes before proceeding to 
machine detection.

Cell killing assay of antibodies
Human peripheral blood mononuclear cells (PBMC) were 
purchased from Shanghai Hycells Biotechnology Co., Ltd. 
(Shanghai, China) (Ethical approval number: ZJXSH-
EC-C-005-AF02). The PBMC were thoroughly mixed 
with CD3/CD28 magnetic beads and incubated over-
night in a CO2 cell culture chamber at 37  °C. At a den-
sity of 1 × 104 cells per well, they were evenly distributed 
in a 96-well plate. The tumor cells SK-HEP-1 (hAFP−/
HLA-A*0201+), HepG2 (hAFP+/HLA-A*0201−), HepG2-
MiniG (hAFP158 − 166

+/HLA-A*0201+), Raji (hAFP−/
HLA-A*0201−), and Daudi (hAFP−/HLA-A*0201−) were 
digested and resuspended. Based on cell count results, 
3 × 104 cells per well were taken and resuspended in the 
corresponding wells of the 96-well plate, ensuring thor-
ough mixing of tumor cells and PBMC. Then, differ-
ent antibodies were diluted in DMEM + 2%FBS culture 
medium to a maximum concentration of 5nM, followed 
by further dilution at a 10-fold ratio to establish three 
concentration gradients. They were added to the corre-
sponding wells of the 96-well plate and thoroughly mixed 
with tumor cells and PBMC. The aforementioned plate 
was incubated at 37 °C in a 5% CO2 incubator for 20 h. 
Lysis buffer was added to the wells, followed by con-
tinued incubation in the original incubator for 45  min. 
Finally, the supernatant was transferred to an enzyme 
analysis plate, and reaction substrates and stop solution 

were sequentially added. The absorbance was measured 
and read at OD490.

Targeted cell line construction
The plasmid packaging virus was used to package the 
lentivirus expressing hAFP158 − 166. Subsequently, SK-
HEP-1 and HepG2 cell lines were infected with the virus. 
After flow cytometry sorting, monoclonal clones were 
obtained. The expression of hAFP158 − 166 in the cell lines 
was identified through flow cytometry analysis after 
expansion in culture. The identified cell lines were named 
SK-HEP-1-MiniG and HepG2-MiniG, respectively.

The same method was employed to construct plasmids 
overexpressing GPC3 and hAFP158 − 166, which were then 
packaged into lentivirus and used to infect SK-HEP-1 cell 
line. After flow cytometry sorting, monoclonal clones 
were obtained. The expression of GPC3 and hAFP158 − 166 
in the cell lines was identified through flow cytometry 
analysis after expansion in culture. The identified cell 
lines were named SK-HEP-1-GPC3-AFP.

CAR-T cell construction
Preparation of Reagents for T cell sorting
Buffer 1: Prepare by diluting 20% HSA (Human Serum 
Albumin) with 0.9% NaCl at a 1:9 ratio.

Buffer 2: 97.1% PBS (v/v) + 2.5% 20% HSA (v/v) + 0.4% 
0.5 M EDTA (v/v).

Buffer 3: Pre-chill Buffer 2 at 4 °C.
X-VIVO Complete Medium: X-VIVO + 5% FBS + IL-7 

(10 ng/mL final concentration) + IL-21 (20 ng/mL final 
concentration).

Experimental procedure: Thaw one vial of PBMCs in 
a 37  °C water bath. Add 10× volume of Buffer 1 to the 
PBMCs, then centrifuge at 500 g for 5 min at room tem-
perature. Discard the supernatant. Resuspend the cells 
in 10  ml Buffer (1) Take 20  µl for cell counting. Based 
on the result of cell count, add 80 µl Buffer 3 and 20 µl 
CD3 MicroBeads (CD3 MicroBeads, human - lyophi-
lized, Miltenyi Biotec) per 1 × 10⁷ cells. Incubate at 4  °C 
for 15  min. After incubation, add 1.5  ml Buffer 3 per 
1 × 10⁷ cells to wash. Resuspend PBMCs in an appro-
priate volume of Buffer (2) Isolate CD3⁺ T cells using a 
MACS separator and LS column. Rinse both the PBMCs 
and the column with Buffer 2. After separation, apply 
positive pressure with the plunger to elute the liquid 
from the column and collect CD3⁺ cells. Resuspend the 
collected CD3⁺ cells in X-VIVO complete medium and 
count. Adjust the cell density to 1.25 × 10⁶ cells/ml. Add 
CD3/CD28 beads at a 3:1 bead-to-cell ratio based on the 
cell count. Transfer to a 37 °C incubator for culture. On 
the following day, add CAR-containing viral supernatant 
to the isolated CD3⁺ T cells at an MOI of 4. Mix gently 
and return to the 37 °C incubator. After 18–24 h, remove 
the viral supernatant by centrifugation and continue 
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culturing at 37  °C. On day 5, remove CD3/CD28 beads 
using a magnetic stand. Supplement with fresh X-VIVO 
complete medium and continue culture. Between days 
7–12, perform quality control on the expanded cells, 
which are then ready for subsequent in vitro and in vivo 
experiments.

CAR-T cell cytotoxicity and cytokine detection
On the 7th day of CAR-T cell culture, the flow cytome-
try was performed to detect the positivity rate of CAR-T 
cells. Based on the results of the positivity rate, an equal 
number of CAR-T cells were selected using the low-
est positivity rate as the criterion. Mock T cells were 
used for adjustment to ensure an equal total cell count 
in each group. Target cells were digested, resuspended, 
and counted. Then, they were plated in a 96-well plate at 
a density of 1 × 104 cells per well. The effector-to-target 
ratio was set at 1:1, and CAR-T cells were added and 
thoroughly mixed. The plate was incubated at 37  °C for 
a total of 20 h. After incubation, 50µL of the suspension 
was taken and added to a 96-well enzyme detection plate. 
Subsequently, according to the instructions of the LDH 
detection kit (Promega, USA), the substrate and stop 
solution from the LDH kit were added in sequence, and 
the absorbance was read at OD = 490 nm using an ELISA 
reader (Bio Tek, USA).

The Capture from the IL2 and IFN-γ assay kits (R&D 
Systems, USA) were added to a 96-well ELISA plate and 
stored overnight at 4  °C. The plate was washed three 
times with 0.05% PBST buffer, and then the milk block-
ing solution was added at room temperature for blocking. 
The standard samples from the IL2 and IFN-γ assay kits 
were diluted. Meanwhile, 100µL of the supernatant from 
the PBMC and CAR-T cell suspension, obtained after 
centrifugation, was taken and added to the 96-well ELISA 
plate. The supernatant and standard samples were incu-
bated at room temperature for 2  h. After washing, the 
diluted Detect solution, diluted Streptavidin-HRP (R&D 
Systems, USA), TMB solution (Invitrogen™, USA), and 
stop solution (Solarbio, China) were added sequentially 
according to the instructions. Finally, the absorbance was 
read at OD = 450 nm using an ELISA reader.

CAR-T cell repetitive stimulation experiment
The positivity rate of CAR-T cells cultured on day 9 was 
determined by flow cytometry. Based on the results of 
the positivity rate, an equal number of CAR-T cells was 
selected using the lowest positivity rate as the criterion. 
Mock T cells were adjusted to ensure an equal total cell 
count in each group. Target cells were digested, resus-
pended, and counted. They were then plated in a 12-well 
plate at a density of 1 × 105 cells per well for the first 
round of stimulation, with an effector-to-target ratio set 
at 1:1. Subsequently, target cells and effector cells were 

mixed and resuspended in X-VIVO medium for plating 
in a 12-well plate. The plates were incubated together in 
a 37℃ incubator for approximately 3 days. Cell counting 
was initiated, and for the second round of stimulation, 
the amount of target cells was calculated based on the 
CAR-T cell count and positivity rate obtained after the 
first round of stimulation.

Analysis of the parameterized transcriptome sequencing 
of CAR-T cells
In an effort to gain a superior understanding of the dis-
tinctions between BiTE-structured CAR-T and other 
control group CAR-T, we have conducted an experiment 
of reference-based transcriptome sequencing analysis. 
his experiment was entrusted to Shanghai OE Biotech 
Co., Ltd. to accomplish, and its online data analysis plat-
form (OE Cloud Platform) was utilized to complete part 
of the data analysis and image plotting. After obtaining 
the differential genes, we set the conditions (P < 0.05 and| 
log2

fold change| ≥ 4), and further carried out the screening 
of differential genes. The differential genes thus obtained 
were employed to plot the PPI network and the screening 
of Hub genes. Conduct GO and KEGG Pathway enrich-
ment analysis of differential genes via the OECloud plat-
form and graphically represent it.

Flow cytometric analysis of memory CAR-T cell functional 
subsets
CAR-T cell functional subpopulations were identified 
before and after repeated stimulation of CAR-T cells. 
Flow cytometry was employed to detect the expression 
of surface markers on CAR-T cells, in order to determine 
the proportions of different functional subpopulations. 
The identification of functional subpopulations was per-
formed using specific antibodies: BV510 Mouse Anti-
Human CD45RO (BD, USA), PE Rat Anti-Human CCR7 
(BD, USA), FITC Mouse Anti-Human CD3 (BD, USA), 
Myc-Tag (9B11) Mouse mAb (Alexa Fluor® 647 Conju-
gate) (CST, USA). Each group of CAR-T cells was stained 
at 4 °C for 0.5-1 h, washed with PBS, and resuspended for 
machine detection.

Mouse xenograft tumor model and CAR-T treatment
Female B-NDG mice (Biocytogen, China) were inocu-
lated with human-derived hepatocellular carcinoma 
cells SK-HEP-1-MiniG (hAFP158-166

+/HLA-A*02:01+) 
under the right axilla to establish a subcutaneous xeno-
graft tumor model in SK-HEP-1-MiniG B-NDG mice 
(Ethical Approval for Animal Experimentation No. 
YS-m202306002). After inoculation, the tumor-bearing 
mice were grouped according to the tumor volume using 
the randomized grouping method. CAR-T cells were 
injected intratumorally or into the tail vein. Animals were 
monitored continuously for weight and tumor volume, 
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and euthanized when their health status continued to 
deteriorate or when body weight was reduced by more 
than 20%.

Results
Expression analysis of AFP and GPC3 in liver cancer
To develop effective and safe CAR-T cell therapy for liver 
cancer, we investigated the expression of AFP and GPC3 
in hepatocellular carcinoma (HCC) and normal tissues. 
This analysis helps predict potential therapeutic effects 
and adverse events associated with CAR-T products tar-
geting these antigens.

We utilized the GEPIA2 database ​(​​​h​t​t​p​:​/​/​g​e​p​i​a​2​.​c​a​n​c​e​
r​-​p​k​u​.​c​n​​​​​)​, which includes gene expression data from The 
Cancer Genome Atlas (TCGA). Analysis of pan-cancer 
samples revealed significant expression of AFP and GPC3 
primarily in liver cancer tissues, with minimal expression 
in normal tissues and other cancer types (Supplementary 
Fig. 1A, B and Supplementary Tables 1, 2).

Furthermore, we analyzed a cohort of 368 tumor tis-
sues and 160 normal liver tissues from patients with 
HCC. This analysis confirmed significant differences in 
the expression levels of AFP and GPC3 between liver 
cancer tissue and adjacent non-cancerous tissues (Sup-
plementary Fig. 1C and D).

To strengthen the clinical relevance of our findings, 
we conducted a retrospective analysis on 65 liver can-
cer patients diagnosed between 2014 and 2021 at Zhu-
hai People’s Hospital. Immunohistochemical staining of 
their pathological specimens revealed that 50.77% of the 
patients were positive for AFP, 70.77% were positive for 
GPC3, and 38.46% expressed both antigens (Supplemen-
tary Fig. 1E, F, G and Supplementary Table 3).

These findings strongly suggest that CAR-T cells target-
ing AFP and GPC3, liver cancer-specific antigens, hold 
promise for improved treatment efficacy and enhanced 
safety.

Development of high-affinity AFP-specific antibody
Building on the success of our second-generation GPC3 
CAR-T with high anti-tumor efficacy, we are initiating 
the development of an AFP-targeting TCR mimic anti-
body to explore potential synergistic effects in combina-
tion therapy.

Given the high prevalence of the HLA-A*02:01 allele 
(8.15% globally, 12.04% in China), we focused on con-
structing the hAFP158 − 166/HLA-A*02:01 complex for 
optimal antigen presentation (Fig.  1A Up). Following 
purification of recombinantβ2m and HLA-A*02:01 pro-
teins, we co-complexed them with the hAFP158 − 166 pep-
tide at a defined ratio. Utilizing Capto Q ImpRes, we 
purified the complexes to achieve 99.09% purity (Fig. 1A 
Down).

To identify high-affinity antibodies targeting AFP pre-
sented by HLA-A*02:01, we employed a biopanning 
strategy on an artificially synthesized phage display anti-
body library. After five rounds of liquid-phase screening, 
we identified five candidate VHH antibodies (Fig. 1B, C, 
D). Monoclonal ELISA was used to select five candidate 
antibodies exhibiting low background and significant 
signal-to-noise ratios. These candidates were sequenced 
and designated as 1B3, 1C11, 1C4, 1D12, and 2F9. Nota-
bly, the Ab61 antibody, encoded by the gene described 
in patent CN107106671A, was synthesized as a positive 
control. Protein A affinity chromatography purified this 
positive control. Subsequent one-step Protein A affinity 
chromatography and SEC-HPLC analysis confirmed high 
purity for all VHH antibodies (Supplementary Fig. 2A, B 
and Supplementary Table 4).

Finally, affinity assays were performed using a Forte-
Bio AHC sensor-conjugated antibody loaded with each 
candidate antibody and the hAFP158 − 166/HLA-A*02:01 
complex. All candidate antibodies, except 1D12, demon-
strated superior dissociation constants compared to the 
Ab61 positive control. Notably, the 1B3 antibody exhib-
ited an affinity constant approximately five-fold higher 
than Ab61 (Fig. 1E and Supplementary Table 5).

These results highlight the successful development of 
a high-affinity, specific antibody (1B3) targeting hAFP 
presented by HLA-A*02:01, a crucial component for our 
dual-targeting CAR-T cell therapy strategy.

In vitro functional evaluation of the VHH antibodies for 
AFP and the associated CAR-T
To assess the specificity of the VHH antibodies, we per-
formed binding assays using T2 cells (The T2 Cell is a 
human lymphocyte hybridoma cell that faithfully pres-
ents the target antigenic peptide to the cell surface, 
thereby targeting the T cell corresponding to the target 
antibody.), loaded with various peptide antigens. The 
results demonstrated that the antibodies exhibited high 
specificity for the hAFP158 − 166/HLA-A*02:01 complex, 
with minimal binding to T2 cells loaded with irrelevant 
peptides (Fig.  2A). Notably, the 1B3 antibody demon-
strated strong binding affinity not only to the HLA-
A*02:01 complex but also to the HLA-A*02:07 complex, 
suggesting potential applicability in a broader patient 
population (Supplementary Fig. 2C and D).

To evaluate the cytotoxic potential of the VHH anti-
bodies, we conducted in vitro ADCC assays. The tar-
get cells (HepG2) were engineered to express the 
hAFP158-166/HLA-A*02:01 complex on their surface 
(HepG2-MiniG). We co-cultured various tumor cell lines 
HepG2 cell (hAFP+/HLA-A*02:01−), HepG2-MiniG cell 
(hAFP158 − 166

+/HLA-A*02:01+), SK-HEP-1 cell (hAFP−/
HLA-A*02:01+), and Raji cell (hAFP−/HLA-A*02:01−) 
and Daudi cell (hAFP−/HLA-A*02:01−) with PBMCs 

http://gepia2.cancer-pku.cn
http://gepia2.cancer-pku.cn
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and different VHH antibodies. The results showed that 
all five antibodies exhibited specific cytotoxicity against 
hAFP158 − 166

+/HLA-A*02:01+ tumor cells, with minimal 
non-specific killing of other cell lines (Supplementary 
Fig. 3A, B, C, D and E). It is particularly noteworthy that 
the AFP Ab (1B3) and AFP Ab (1C11) antibodies did not 
exhibit non-specific cytotoxicity against SK-HEP-1 cells 
at any concentration (Supplementary Fig. 3D).

To further investigate the therapeutic potential of these 
VHH antibodies, we engineered CAR-T cells incorporat-
ing the VHH sequences. The target cells (SK-HEP-1 and 
HepG2) were engineered to express the hAFP158 − 166/
HLA-A*02:01 complex on their surface (named SK-HEP-
1-MiniG and HepG2-MiniG), enabling recognition and 
elimination by CAR-T cells (Fig. 2B).

In vitro repeated stimulation experiments demon-
strated that 1B3 CAR-T cells exhibited robust expansion 
and specific cytotoxicity against target cells, comparable 
to the positive control Ab61 CAR-T cells. Moreover, 1B3 
CAR-T cells displayed lower non-specific cytotoxicity 
against hAFP−/HLA-A*02:01− cells, suggesting improved 
safety. Cytokine release assays revealed that 1B3 CAR-T 
cells produced similar levels of cytotoxic cytokines as 

Ab61 CAR-T cells, but with lower baseline cytokine 
secretion in the absence of target cells. This suggests that 
1B3 CAR-T cells may offer a favorable balance of efficacy 
and safety (Fig. 2C, D, E, and F).

These findings collectively demonstrate the promising 
potential of the AFP Ab (1B3) antibody and its corre-
sponding CAR-T cells for the targeted treatment of liver 
cancer, particularly in patients expressing HLA-A*02:01 
or HLA-A*02:07.

In vivo efficacy of 1B3 CAR-T cells
To evaluate the in vivo efficacy of 1B3 CAR-T cells, we 
established a subcutaneous tumor model using SK-HEP-
1-MiniG cells in mice. Treatment with 1B3 CAR-T cells 
significantly inhibited tumor growth compared to the 
control group (Fig. 3A, B, and C). Notably, intratumoral 
administration of CAR-T cells demonstrated enhanced 
efficacy compared to intravenous administration. Impor-
tantly, 1B3 CAR-T cells were well-tolerated, with no sig-
nificant changes in body weight observed (Fig. 3D).

To further assess the durability of the anti-tumor 
response, we established a secondary tumor challenge 
model (Fig.  4A and Supplementary Table 6). Mice were 

Fig. 1  (A) Up, Construction process of hAFP158-166/HLA-A*02:01 complex. Down, Purity analysis of hAFP158-166/HLA-A*02:01 complex by SEC-HPLC. (B) 
Antibody screening process: ① Synthesis of artificial nanobody phage display library. ② Screening for humanized VHH antibodies. ③ Elution of phages. 
④ Analysis of target phages. ⑤ Phage amplification and acquisition of candidate VHH plasmid sequences. (C) The acquisition and screening process of 
antibodies. (D) Five rounds of liquid phase elution antibody enrichment effect (In each round of elution, each column represents a concentration gradient 
of phage stock solution, which is diluted into a gradient at a 3-fold ratio from left to right). (E) Results of affinity assay of different antibodies binding to 
peptide hAFP158-166/HLA-A*02:01: the affinity of AFP Ab (1B3) antibody reached 0.504nM; the affinity of AFP Ab (1C11) antibody was 1.21nM; the affinity 
of AFP Ab (1D12) antibody was 3.02nM; the affinity of AFP Ab (1C4) was 0.865nM; the affinity of AFP Ab (2F9) was 2.06nM; the affinity of Bench marker 
(Ab61) was 2.34nM. The affinity of the three antibodies (1C11, 1D12 and 2F9) was comparable to the Bench marker (Ab61) (The six curves in Figure E are 
the fitted curves for the first six antigen concentrations)
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treated with 1B3 CAR-T cells and, after complete tumor 
regression, were re-challenged with SK-HEP-1-MiniG 
cells on the contralateral flank. Remarkably, even at lower 
doses, 1B3 CAR-T cells effectively inhibited the growth 
of the secondary tumor, demonstrating potent long-last-
ing anti-tumor activity (Fig. 4B).

To investigate the mechanisms underlying the thera-
peutic efficacy of 1B3 CAR-T cells, we analyzed the per-
sistence and cytokine release profiles of these cells in 
vivo. Flow cytometry analysis revealed that 1B3 CAR-T 
cells persisted in the tumor microenvironment for an 
extended period, contributing to sustained tumor con-
trol (Fig. 4C). Additionally, 1B3 CAR-T cells exhibited a 
balanced cytokine release profile, with elevated levels of 
IFN-γ and IL-2, crucial for effective tumor cell killing and 
T cell proliferation, respectively (Fig. 4D, E).

The safety profile of 1B3 CAR-T cells was assessed by 
monitoring body weight and peripheral cytokine levels. 
No significant weight loss was observed in any of the 
treatment groups, indicating good tolerability (Supple-
mentary Fig.  4A). Notably, 1B3 CAR-T cells induced 
lower levels of IL-6, a cytokine associated with cytokine 
release syndrome (CRS), compared to the Ab61 control 
(Supplementary Fig. 4B). These findings suggest that 1B3 
CAR-T cells may have a favorable safety profile, with a 
reduced risk of cytokine release syndrome.

Low-dose 1B3 CAR-T therapy: a promising approach for 
cancer treatment
To further investigate the therapeutic potential of 1B3 
CAR-T cells, we conducted a third round of in vivo 
experiments, focusing on low-dose therapy. Mice bear-
ing subcutaneous SK-HEP-1- MiniG tumors were treated 
with intratumoral injections of 1 × 106 or 3 × 105 1B3 or 
Ab61 CAR-T cells (Fig. 5A). Remarkably, even at the low 
dose of 3 × 105 cells, 1B3 CAR-T cells demonstrated supe-
rior tumor suppression compared to Ab61 CAR-T cells 
(Fig. 5B and Supplementary Table 7). To assess the long-
term efficacy, mice were re-challenged with tumor cells 
on the contralateral flank. Both 1B3 and Ab61 CAR-T 
cells effectively suppressed tumor recurrence, highlight-
ing the durability of the anti-tumor response (Fig. 5B).

In contrast to the previous experiments with higher 
initial tumor burden and CAR-T cell doses, the peak in 
CAR-T cell expansion and cytokine release occurred later 
in the low-dose setting. Specifically, a peak in IFN-γ and 
TNF-α levels was observed on day 14, while IL-2 levels 
remained elevated throughout the study period (Fig. 5C, 
D, E and Supplementary Fig. 4D).

Regarding safety, no significant weight loss was 
observed in any treatment group (Supplementary 
Fig. 4C). The transient elevation in IL-6 levels, a cytokine 
associated with cytokine release syndrome (CRS), was 

Fig. 2  (A) All antibodies showed binding activity to T2 cells loaded with hAFP158-166 peptide, but had non-specific binding to T2 cells loaded with NY-ESO 
and 19 mixed peptides. (B) Illustration of hAFP158-166/HLA-A*02:01 TCR-like CAR-T binding to tumor cells and killing them. (C) In vitro cytotoxicity assay of 
CAR-T cells constructed with various antibodies against different cancer cells (SK-HEP-1, HepG2, SK-HEP-1-MiniG, HepG2-MiniG). (D) The fold expansion of 
each CAR-T cell in the in vitro repeated stimulation experiment (target cells: SK-HEP-1-MiniG). (E) The secretion levels of IFN-γ by CAR-T cells in the cytotox-
icity assay at an effector-to-target ratio of 1:1. (F) The secretion levels of IL-2 by CAR-T cells in the cytotoxicity experiment at an effector-to-target ratio of 1:1
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minimal and did not persist. These findings suggest that 
low-dose 1B3 CAR-T therapy offers a favorable safety 
profile with minimal adverse effects.

Overall, these results demonstrate the potent anti-
tumor activity and favorable safety profile of low-dose 
1B3 CAR-T therapy. This approach holds significant 
promise for the treatment of liver cancer with 1B3 anti-
body targeting AFP.

GPC3 CAR-T cells with integrated AFP-CD3 bite: enhanced 
anti-tumor activity
While our previous generation of GPC3 CAR-T cells 
demonstrated promising anti-tumor activity, we sought 
to further optimize their efficacy by incorporating addi-
tional targeting strategies. The integration of an opti-
mized AFP-CD3 BiTE into the CAR-T cell design 
provides a dual-targeting approach, potentially enhanc-
ing tumor cell killing and overcoming potential resistance 
mechanisms.

We constructed second-generation GPC3 CAR-T cells 
incorporating 4-1BB as a co-stimulatory domain, inte-
grated an optimized, secreted AFP-CD3 BiTE into the 
CAR-T cell design. The BiTE molecule, upon secretion, 
can bind to both AFP-expressing tumor cells and T cells, 
both endogenous and CAR-T cells, forming an immune 
synapse and activating bystander T cells (Fig. 6A, B).

To evaluate the functional activity of these CAR-T 
cells, we established a target cell line (Sk-hep-1-GPC3-
AFP) overexpressing both GPC3 and the hAFP158 − 166/
HLA-A*02:01 complex (Fig.  6C). In vitro cytotoxicity 
assays and repeated stimulation experiments demon-
strated that GPC3 CAR-T cells with the integrated AFP-
CD3 BiTE (GPC3 CAR-T-AFP-CD3) exhibited superior 
anti-tumor activity compared to single-target GPC3 
CAR-T cells (Fig. 6F, G). Furthermore, phenotypic analy-
sis revealed that GPC3 CAR-T-AFP-CD3 cells displayed 
a mixed phenotype of central memory T cells (TCM) and 
effector memory T cells (TEM) (Fig. 6D, E). This suggests 
that GPC3 CAR-T-AFP-CD3 cells may possess enhanced 
persistence and long-term anti-tumor activity. Notably, 
GPC3 CAR-T-AFP-CD3 cells consistently demonstrated 
superior performance in both cytotoxicity assays and 
IFN-γ secretion assays (Fig. 6F, G).

These findings highlight the potential of our dual-
targeting strategy to improve the efficacy of CAR-T cell 
therapy for liver cancer. By combining direct tumor cell 
killing with bystander T cell activation, this approach 
may overcome the challenges associated with tumor het-
erogeneity and immune suppression.

Fig. 3  (A) Flow chart of the first round animal experiments (In this study, the first CAR-T cell therapy injection was administered on Day 0, SK-HEP-1-MiniG 
were inoculated in mice on Day − 9, and the second CAR-T cell therapy injection was administered on Day 14. Throughout the experimental period, 
tumor size was measured three times per week. The proportion of human T cells and cytokine levels were assessed through peripheral blood testing). (B) 
Administration methods and dosages of CAR-T in each group, tumor volume of mice at endpoint, and tumor inhibition rate. (C) Tumor growth curve of 
mice in all groups (each group: n = 5). (D) Changes in body weight of mice in each treatment group (each group: n = 5)
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Mechanistic insights into enhanced efficacy of GPC3 CAR-T-
AFP-CD3 cells
To understand the mechanisms underlying the superior 
anti-tumor activity of GPC3 CAR-T-AFP-CD3 cells, 
we performed transcriptome sequencing on these cells 
after repeated stimulation. Principal component analysis 
revealed distinct gene expression profiles between GPC3 
CAR-T-AFP-CD3 cells and control groups (Fig.  7A and 
B). Volcano plots and Venn diagrams identified differen-
tially expressed genes (DEGs) across groups (Figs.  7C-F 
and Supplementary Tables 8, 9, 10 and 11). Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analyses revealed enrichment 
of pathways associated with enhanced T cell function in 
GPC3 CAR-T-AFP-CD3 cells compared to controls (Sup-
plementary Fig. 5A, B, C, D, E and F). Notably, genes like 
TNF, CD40LG, and CSF2 emerged as key players in the 
functional distinction between GPC3 CAR-T-AFP-CD3 
and other CAR-T cell variants (Fig. 7G, H and I). These 
findings suggest that the incorporation of the AFP-CD3 
BiTE into GPC3 CAR-T cells (GPC3 CAR-T-AFP-CD3) 
modulates gene expression, potentially contributing to 
their superior anti-tumor activity. Further investigation 

of these key genes may provide valuable insights for opti-
mizing CAR-T cell therapy for liver cancer.

In vivo efficacy of GPC3 CAR-T with AFP-CD3 bite
To assess the in vivo efficacy of GPC3 CAR-T cells with 
the integrated AFP-CD3 BiTE (GPC3 CAR-T-AFP-CD3), 
we established a subcutaneous tumor model in mice 
(Fig.  8A). When tumor volumes reached 80–120  mm³, 
mice were intravenously administered with 1 × 106 or 
3 × 106 CAR-T cells. The group treated with 3 × 106 
GPC3 CAR-T-AFP-CD3 cells exhibited significant tumor 
growth inhibition and prolonged survival compared to 
the control groups (Fig. 8B and Supplementary Table 12). 
Importantly, no significant weight loss was observed in 
any treatment group, indicating a favorable safety profile 
(Fig.  8C). Furthermore, increased levels of IFN-γ in the 
peripheral blood and expansion of CAR-positive T cells 
were observed in mice treated with GPC3 CAR-T-AFP-
CD3 cells (Fig.  8D, E). These findings suggest that the 
BiTE-based strategy enhances the anti-tumor activity of 
CAR-T cells, with the potential recruiting and activating 
endogenous T cells.

In conclusion, our study demonstrates the potential of 
GPC3 CAR-T cells with the integrated AFP-CD3 BiTE as 

Fig. 4  (A) Flow chart of the second round animal experiments (In this study, SK-HEP-1-MiniG cells were inoculated subcutaneously in the right flank of 
mice on Day − 31. When the average tumor volume reached 151 mm³, CAR-T cells were administered via intratumoral injection. Due to significant tumor 
regression, tumor cells were re-inoculated subcutaneously in the left flank on Day 43 to simulate a tumor recurrence model, aiming to evaluate the sus-
tained anti-tumor efficacy of CAR-T cells). (B) Tumor growth curve of mice in all groups, rechallenge: mice with tumor regression were rechallenged with 
tumor cells on the contralateral side to observe the long-lasting tumor-suppressive effects of CAR-T (each group: n = 5). (C) CAR-positive rate of CAR-T 
cells in peripheral blood of mice on day 7, day 14 and day 21 (each group: n = 5). (D) Secretion level of IFN-γ in the peripheral blood serum of mice on day 
7, day 14 and day 21 (each group: n = 5). (E) Secretion level of IL-2 in the peripheral blood serum of mice on day 7, day 14 and day 21 (each group: n = 5)
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a promising therapeutic approach for liver cancer. This 
dual-targeting strategy offers improved anti-tumor effi-
cacy and a favorable safety profile, making it a promising 
candidate for future clinical translation.

Discussion
CAR-T cell therapy has emerged as a revolutionary treat-
ment for hematologic malignancies, achieving remark-
able success by harnessing the power of a patient’s own 
immune system [30]. However, its application to solid 
tumors, like liver cancer, presents a unique challenge. 
Unlike blood cancers with well-defined antigens, solid 
tumors exhibit a complex and heterogeneous microenvi-
ronment [31]. Additionally, the scarcity of tumor-specific 
antigens further complicates the development of effective 
CAR-T therapies [32–34].

In this study, we first screened the antibody IB3 with 
high affinity for targeting the AFP target. During in vitro 
experiments, we validated the killing efficacy of the anti-
body and its constructed CAR-T cells, and observed 
that when the direct killing effect was robust, CAR-T 
cells directly acted on tumor cells, inducing their apop-
tosis or cell death, while secreting relatively lower levels 

of cytokines such as IL-2 and IFN-γ (Fig. 2C). In animal 
model validation, we demonstrated that when higher 
CAR-T cell dosage coincided with lower tumor burden, 
mirroring observations from in vitro experiments, the 
enhanced direct cytotoxic activity of CAR-T cells led to 
correspondingly reduced levels of cytokine secretion 
(Figs.  4, 5 and 8). This phenomenon has been similarly 
reported in previous literature [35].

This study presents a novel approach to tackling these 
challenges by introducing a dual-targeting CAR-T cell 
therapy strategy for liver cancer. Our approach focuses 
on two key antigens: alpha-fetoprotein (AFP) and GPC3. 
AFP is an intracellular protein often elevated in liver can-
cer patients, and can be presented by specific HLA to 
cancer cell surface as TCR and TCR mimic antibody tar-
get, while GPC3 is a cell surface antigen highly expressed 
on liver cancer cells. By targeting both antigens, we aim 
to achieve broader patient applicability and enhanced 
anti-tumor efficacy.

To enhance the efficacy of CAR-T cell therapy in liver 
cancer, we incorporated a dual-targeting strategy by 
combining GPC3 CAR-T cells with an optimized AFP-
CD3 BiTE structure. This innovative approach leverages 

Fig. 5  (A) Flow chart of the third round animal experiments (In this experiment, to challenge CAR-T cells with larger tumors, we inoculated SK-HEP-1-
MiniG cells subcutaneously on the right flank of mice on Day − 33. When the tumor volume reached 182 mm³, CAR-T cells were administered via intra-
tumoral injection. Subsequently, rapid tumor regression was observed. On Day 59, mice were re-challenged with SK-HEP-1-MiniG cells subcutaneously 
on the left flank to assess the long-term antitumor efficacy of CAR-T cells). (B) Tumor growth curve of mice in all groups, rechallenge: mice with tumor 
regression were rechallenged with tumor cells on the contralateral side to observe the long-lasting tumor-suppressive effects of CAR-T (each group: 
n = 5). (C) CAR-positive rate of CAR-T cells in peripheral blood of mice on day 7, day 14 and day 21 (each group: n = 5). (D) Secretion level of IFN-γ in the 
peripheral blood serum of mice on day 7, day 14 and day 21 (each group: n = 5). (E) Secretion level of IL-2 in the peripheral blood serum of mice on day 
7, day 14 and day 21 (each group: n = 5)
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the advantages of both CAR-T and BiTE technologies 
to improve tumor cell killing, limit antigen escape, and 
enhance patient outcomes.

Our in vitro and in vivo studies demonstrated the supe-
rior efficacy of the dual-targeting CAR-T cells compared 
to single-target approaches. Transcriptome analysis 
revealed distinct gene expression profiles in the dual-tar-
geting CAR-T cells, suggesting enhanced DNA damage 
repair, reduced exhaustion, and increased cytokines and 
chemokines production.

In summary, the key innovations of our dual-targeting 
CAR-T strategy including: (1) Novel pMHC Complex 
Protein Engineering Platform: We established a highly 
efficient platform for producing pMHC complexes, 
enabling precise antigen presentation. (2) High-Affinity, 
Specific AFP Antibody (1B3): We developed the 1B3 anti-
body, which exhibits strong specificity and high affinity 
for the AFP antigen. (3) Dual-Targeting CAR-T Cells: We 
engineered CAR-T cells to target both GPC3 and AFP, 
leveraging the synergistic effects of these two antigens 
with tolerated safety and significantly improved anti-
tumor efficacy. (4) Enhanced CAR-T Cell Function: Our 
dual-targeting CAR-T cells demonstrated superior anti-
tumor activity in vitro and in vivo compared to single-
target CAR-T cells. (5) Unique Transcriptomic Profile: 

Transcriptome analysis revealed distinct gene expres-
sion patterns in dual-targeting CAR-T cells, suggesting 
enhanced DNA damage repair and reduced exhaustion.

In addition, our dual-targeting CAR-T cell therapy 
offers several advantages: (1) Enhanced Anti-Tumor 
Efficacy: The combination of two targets increases the 
likelihood of tumor cell elimination. (2) Reduced Tumor 
Escape: Dual-targeting can mitigate the risk of tumor 
cells developing resistance. (3) Enhanced Immune 
Response: The unique transcriptomic profile of our 
CAR-T cells suggests improved persistence and function.

While significant progress has been made, challenges 
remain to be addressed before widespread clinical appli-
cation of our dual-targeting CAR-T cell therapy for liver 
cancer. One key hurdle lies in the potential limitation of 
our therapy to patients expressing both GPC3 and the 
specific HLA-restricted form of AFP that our platform 
targets. This could significantly limit the eligible patient 
population. Further research is crucial to identify addi-
tional liver cancer antigens with broader expression pat-
terns, potentially including B7-H3, which is frequently 
overexpressed in these tumors. By incorporating addi-
tional targets into the CAR-T cell design, we can expand 
the range of patients who can benefit from this therapy.

Fig. 6  (A) Designed and optimized second-generation GPC3 CAR-T cells that incorporate 4-1BB as a co-stimulatory domain and are capable of secreting 
BiTE molecules that bind to AFP-expressing tumor cells and T cells. (B) lllustration of GPC3 CAR-T/AFP-BiTE construction. (C) Confirmation of GPC3 and 
AFP expression on target liver cancer cell line (SK-HEP-1-GPC3-AFP) by flow cytometry. (D) Flow cytometry analysis was performed to detect the memory/
effector phenotype of CAR T cells. (E) Flow cytometry analysis was performed to detect the memory/effector phenotype of CAR T cells after repeated 
stimulation experiment in vitro. (F) Cytotoxicity of CAR-T Cells in vitro cytotoxicity assay. (G) The secretion levels of IFN-γ in both cytotoxicity assays and 
autocrine secretion of various CAR-T cells
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Solid tumors, including liver cancer, are notoriously 
heterogeneous. This means different tumor cells within 
the same patient can express varying levels of GPC3 and 
AFP. Additionally, tumor cells can downregulate or lose 
expression of these antigens altogether over time, a phe-
nomenon known as antigen escape. This heterogeneity 
and potential for antigen escape can reduce the efficacy 
of CAR-T therapy. Strategies to develope CAR-T cells 
with the ability to recognize multiple epitopes within the 
same target antigen can offer broader targeting capabili-
ties and mitigate the effects of antigen escape.

Furthermore, although no cytokine release syndrome 
(CRS) associated with persistent CAR-T cell activation 
was observed in this study, such adverse reactions may 
vary between individuals and cannot be completely ruled 
out. The LNP-mRNA-based CAR delivery and expression 
technology enables transient protein expression, utilizes 
a non-viral delivery platform (e.g., lipid nanoparticles, 
LNPs), presents an extremely low risk of transgene inte-
gration, and offers versatile therapeutic modalities [36]. 
This approach effectively circumvents the risks of viral 
vector-mediated genomic integration inherent in con-
ventional CAR-T technologies and reduces the incidence 
of CRS to some extent. However, it still requires techni-
cal optimization for application in treating certain solid 
tumors to maintain sustained CAR expression for T cell 
activation.

While our study suggests improved persistence and 
function of our dual-targeting CAR-T cells, further 
research is needed to optimize these aspects. Genetic 
modifications to CAR-T cells, including the incorpora-
tion of co-stimulatory domains or cytokine signaling 
modules, can enhance their persistence and anti-tumor 
activity. Additionally, exploring strategies to improve the 
homing of CAR-T cells to the tumor microenvironment 
is crucial. This can be achieved by incorporating chemo-
kine receptors or other targeting moieties into the CAR 
design, allowing for more efficient tumor infiltration and 
killing. For optimal clinical outcomes, CAR-T therapy 
may be most effective when combined with other treat-
ment modalities. Pre-conditioning therapies such as che-
motherapy or radiation can help to debulk the tumor and 
create a more favorable microenvironment for CAR-T 
cell function [37, 38]. Additionally, exploring synergies 
with checkpoint inhibitors or other immunomodula-
tory drugs holds promise for further enhancing the anti-
tumor response.

In conclusion, our dual-targeting CAR-T cell therapy 
represents a significant advancement in the field of can-
cer immunotherapy. By addressing the limitations of sin-
gle-target CAR-T cells, this approach holds the potential 
to improve patient outcomes and revolutionize the treat-
ment of liver cancer and other solid tumors.

Fig. 7  (A) The box plot of gene expression level. (B) The principal component analysis of the gene expression of samples in each group. (C) The volcano 
plot of the overall distribution of differentially expressed genes when comparing the GPC3 CAR-T-AFP-CD3 group with the GPC3 CAR-T group; (D) The 
volcano plot of the overall distribution of differentially expressed genes when comparing the GPC3 CAR-T-AFP-CD3 group with the GPC3 CAR-T-AFP 
group; (E) The volcano plot of the overall distribution of differentially expressed genes when comparing the GPC3 CAR-T-AFP-CD3 group with the GPC3 
CAR-T-CD3 group. (F) The common and unique differentially expressed genes among different comparison groups. (G) The PPI network constructed 
by differentially expressed genes when comparing the GPC3 CAR-T-AFP-CD3 group with the GPC3 CAR-T group. (H) The PPI network constructed by 
differentially expressed genes when comparing the GPC3 CAR-T-AFP-CD3 group with the GPC3 CAR-T-AFP group. (I) The PPI network constructed by 
differentially expressed genes when comparing the GPC3 CAR-T-AFP-CD3 group with the GPC3 CAR-T-CD3 group
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Fig. 8  (A) Schematic of the liver cancer xenograft model used to investicate the in vivo activitof CAR-T cells (In this experiment, SK-HEP-1-GPC3-AFP cells 
were inoculated subcutaneously on Day − 15. When tumor volume reached 80–120 mm³, mice were randomly grouped. The first intravenous admin-
istration of CAR-T cells was performed on Day 0, followed by a second intravenous administration on Day 14). NSG mice were subcutaneously injected 
with 3 × 106 target cells, and CAR-T cells were injected at specified time points. Each group consisted of n = 5 mice. (B) Tumor growth was assessed three 
times per week following CAR-T cell injection. (C) ln vivo toxicity was evaluated by monitoring the mice‘s body weights throughout the treatment. (D-E) 
Peripheral blood samples were collected weekly to analyze the levels of CD3+ T cells (D) and IFN-γ (E) 
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