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A B S T R A C T   

Chimeric antigen receptor (CAR)-modified macrophages are a promising treatment for solid tumor. So far the 
potential effects of CAR-M cell therapy have rarely been investigated in hepatocellular carcinoma (HCC). 
Glypican-3 (GPC3) is a biomarker for a variety of malignancies, including liver cancer, which is not expressed in 
most adult tissues. Thus, it is an ideal target for the treatment of HCC. In this study, we engineered mouse 
macrophage cells with CAR targeting GPC3 and explored its therapeutic potential in HCC. First, we generated a 
chimeric adenoviral vector (Ad5f35) delivering an anti-GPC3 CAR, Ad5f35-anti-GPC3-CAR, which using the CAR 
construct containing the scFv targeting GPC3 and CD3ζ intracellular domain. Phagocytosis and killing effect 
indicated that macrophages transduced with Ad5f35-anti-GPC3-CAR (GPC3 CAR-Ms) exhibited antigen-specific 
phagocytosis and tumor cell clearance in vitro, and GPC3 CAR-Ms showed significant tumor-killing effects and 
promoted expression of pro-inflammatory (M1) cytokines and chemokines. In 3D NACs-origami spheroid model 
of HCC, CAR-Ms were further demonstrated to have a significant tumor killing effect. Together, our study 
provides a new strategy for the treatment of HCC through CAR-M cells targeting GPC3, which provides a basis for 
the research and treatment of hepatocellular carcinoma.   

1. Introduction 

According to the data derived from WHO, liver cancer will cause 
more than 1 million deaths by 2030 [1]. Hepatocellular carcinoma 
(HCC) is the main histologic type of liver cancer, accounting for about 
90 % of liver cancer cases [2,3]. Liver transplantation is currently the 
best treatment for HCC [4], while advanced HCC still has a fatal prog
nosis [5]. The significant intrinsic resistance through systemic chemo
therapy is mainly due to the phenotypic and molecular heterogeneity of 
these tumors [6]. So far, commonly used systemic therapeutic agents 
include two tyrosine kinase inhibitors (TKI), sorafenib and lenvatinib, 
which have been approved by the US Food and Drug Administration 
(FDA) [7,8] - as first line systemic therapies for advanced HCC [9]. TKI 

regorafenib [10] can significantly improve overall survival (OS) as a 
second line treatment in patients who have previously received sor
afenib [6]. Subsequently, a combination of targeted drugs and immune 
checkpoint inhibitors (ICIs) can provide a synergistic effect, such as 
atezolizumab plus bevacizumab, which is a breakthrough in the field of 
HCC treatment [3]. Some novel therapies for the treatment of advanced 
HCC are under clinical research, which can be divided into three main 
categories: molecular-targeted monotherapies, immuno-oncology mon
otherapies and combination therapies. Despite the encouraging prog
ress, there are some therapeutic limitations such as providing limited 
clinical benefit, development of drug resistance, and the presence of 
higher synergistic toxicity and lower likelihood of durable efficacy [3, 
11,12]. Currently, adoptive cell transfer therapy is an emerging and 
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promising field of immunotherapy. 
GPC3 is a member of the glypican family, representing a glyco

sylphosphatidylinositol (GPI)-anchored proteoglycan on the cell mem
brane of cancer cells, which control cell division and growth regulation 
[13,14]. More than 70 % of HCC had high expression of GPC3, which is 
not expressed in normal adult tissues [15–17]. Studies have shown that 
the higher the expression of GPC3 in tumor cells, the worse the prognosis 
of HCC [14,18,19]. At present, clinical drug development for GPC3 is 
mainly at clinical phase I. The types of drugs involved include antibody 
drugs such as codrituzumab [20] as well as ERY974 [21], and CAR-T 
therapies with limited effective outcome [22]. 

CAR-M cell therapy has remarkable advantages in the treatment of 
solid tumors [23,24]. It is difficult for T cells to enter the tumor envi
ronment due to vasculature restrictions or physical barriers formed by 
stroma around tumor cells [25], while macrophages can obviously 
infiltrate into the tumor environment. And tumor-associated macro
phages (TAMs) play an important role in tumor invasion, metastasis, 
immunosuppression and angiogenesis. CAR-Ms can convert TAMs 
bystander M2 state into M1 phenotype, so it has a positive boosting 
effect on the treatment of solid tumors [26]. In addition, CAR-Ms have 
the function of promoting antigen presentation and enhancing T cell 
killing [27–29] which makes CAR-M therapy poteintially superior to 
CAR T therapy. The Gill team from the Perelman School of Medicine at 
the University of Pennsylvania has proposed that macrophages engi
neered with chimeric antigen receptors could offer an effective means of 
treating solid tumors. In vitro, the construction of a THP-1 cell line 
targeting mesothelin-chimeric antigen receptor (CAR-meso-ζ) can 
effectively phagocytic mesothelin-positive K562 cells, indicating its 
phagocytic effect on antigen-positive target cells. Subsequently, They 
investigated the antitumor activity of the primary human anti-HER2 
CAR-M in an in vivo xenograft model, demonstrating that infusion of 
human CAR-M reduced tumor load and extended overall survival [26]. 
Similar to CAR-Ts, the CAR structure of CAR-Ms is composed of extra
cellular signaling domains that recognize specific tumor antigens, 
transmembrane regions, and intracellular activation signaling regions 
which activate the phagocytosis of macrophages [30]. Moreover, it has 
been reported that after intravenous injection of exogenous macro
phages in mice, a large proportion of CAR-Ms remains in the liver, which 
is likely to be beneficial for the treatment of HCC [26]. These combined 
mechanisms suggest that CAR-M therapy might be potentially more 
effective against HCC. 

Here, we engineered an GPC3-targeted CAR RAW264.7 with 
adenovirus and evaluated the phagocytic activity against GPC3 positive 
liver tumor cells. Furthermore, the antitumor effects of GPC3 CAR-M 
cells were verified by 3D NACs-origami spheroid [31–33]. This study 
provides a new and effective strategy for the treatment of hepatocellular 
carcinoma. 

2. Materials and methods 

2.1. Cell culture and treatment 

The cells used here, including HepG2/RAW264.7/293FT/C3A/ 
Huh7, were all originated from ATCC. HepG2 and RAW264.7 cells were 
cultured in RPMI 1640 medium (Corning, 10-040-CVR) supplemented 
with 10 % Fetal Bovine Serum (FBS). Huh7 and 293FT cell lines were 
sustained in Dulbecco’ s modified Eagle’ s medium (DMEM) (Corning, 
10-013-CV) with 10 % FBS. C3A cell lines were cultured in Minimum 
Essential Medium (MEM) (Gibco, C12571500BT) with 10 % FBS. These 
cells were all cultured in an incubator at 37 ◦C with 5 % CO2. 

2.2. Generation of recombinant adenoviruses 

Adenoviral transduction of RAW264.7 cells was performed. First, the 
extracted plasmid without endotoxin was linearized through Pac I 
digestion at 37 ◦C, followed by ethanol precipitation for recovery. 

Subsequently, the recovered plasmid was used for adenoviral packaging. 
The day before, 293A cells were seeded in a six-well plate, and when the 
confluence of 293A reached 70 %, adenoviral packaging was performed 
using the method as indicated in the specification of JetPRIME (Poly
plus). Adenovirus was collected after cells were cultured until red 
fluorescence and cytopathic effects (CPE) were observed. After centri
fugation at 2000 rpm for 5 min, the supernatant was discarded, and the 
cells were resuspended with medium. The suspension underwent three 
freeze-thaw cycles in a − 80 ◦C freezer, following by centrifugation at 
2000g for 10 min. The supernatant was collected, filtered through a 
0.45 μm membrane, and the viral stock was stored at − 80 ◦C for future 
use. RAW 264.7 cells were counted for 300,000 and plated into three 
wells of a six-well plate. The cells were cultured in RMPI 1640 medium 
containing 10 % FBS and 1 % penicillin. 

2.3. Western blot 

The expression of GPC3 in hepatocellular carcinoma cell lines was 
detected by Western blot. RIPA Buffer containing protease inhibitor was 
used on ice to fully lysate cells, and then centrifuged at 12000 rpm for 
10 min, supernatant was added to Loading Buffer, and samples were 
cooked before loading electrophoresis. The protein was transferred to 
PVDF membrane by wet transfer system, which was incubated with anti- 
GPC3 antibody (Abcam, ab174851) overnight at 4 ◦C. Next, the sec
ondary antibody was incubated at room temperature. Exposure and 
imaging with ECL reagent. 

2.4. Flow cytometry 

After 48 h of adenovirus infection, RAW264.7 limited to 1 million 
were resuspended with PBS adding 1 μl of CD16/CD32 Monoclonal 
Antibody for blocking at 4 ◦Cfor 30 min. After that, 1 μl of FITC-labeled 
G4S antibody (CST, 50515S) was added, and incubated at 4 ◦C in the 
dark for 30 min. Ultimately, CAR expression in Ad5f35-transduced 
RAW264.7 was determined by flow cytometry with 500 μl PBS sys
tem. The expression of GPC3 in 293FT/Huh7/HepG2/C3A cells was 
detected by flow cytometry. The four cell types were enumerated, 
resuspended in 100 μl of PBS, and exposed to a non-fluorescently labeled 
GPC3 flow cytometry antibody (Abcam, ab174851) at a 1:50 dilution, 
maintained at 4 ◦C for 40 min. Subsequently, the cells underwent three 
washes with PBS and were centrifuged at 300 g for 3 min. Following 
primary antibody incubation, a fluorescent secondary antibody (BOS
TER,BA1150) was applied at a 1:50 dilution and incubated at 37 ◦C for 
40 min. After the completion of the secondary antibody incubation, the 
cells were centrifuged, resuspended in 500 μl of PBS, and analyzed by 
flow cytometry. 

2.5. Determination of phagocytosis effect 

Huh7/HepG2/C3A cells with positive expression of GPC3 were 
selected as target cells, and 293FT cells without GPC3 expression were 
used as negative controls. Un-transduced macrophages (UTD), macro
phages transduced with Ad5f35-empty (Empty) were stained with 
Celltracker Red dye (Invitrogen) as well as staining the target cells 
including Huh7/HepG2/C3A/293FT with Celltracker Green dye (Invi
trogen), respectively. After 24 h, macrophages and tumor cells were co- 
cultured for 6 h with a ratio of 1:3, and the phagocytosis efficiency was 
performed with flow cytometry. The percentage of FITC events in the 
APC population is plotted as the percentage of phagocytosis. The sta
tistical significance between them was calculated using the t-test 
analysis. 

2.6. Tumor killing assay 

Detection based on fluc killing test: HepG2-fluc, C3A-fluc, Huh7-fluc 
and macrophages transduced with Ad5f35-anti-GPC3-CAR (GPC3 CAR- 
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Ms) were co-cultured in 96-well cell culture plates for luciferase-based 
killing experiments. The effector-to-target (E:T) ratios were 1:1 and 
2:1, respectively. Bioluminescence was measured using a microplate 
reader. By the following formula, calculating the percentage of specific 

kills based on the luciferase signal (total flux) relative to individual tu
mors before normalization. Detection based on LDH killing test: C3A and 
Huh7 tumor cells cultured alone were used as controls, then co-culturing 
C3A and Huh7 with GPC3 CAR-Ms for LDH-based killing assays. After 3 

Table 1 
Primer sequence list of macrophage M1 and M2 markers was detected by qPCR.  

Target Sequence NCBI Sequence reference Length (bp) TM (◦C) 

mCCL2 F CCACAACCACCTCAAGCACT NM_011333.3 20 60.47 
mCCL2 R AGGCATCACAGTCCGAGTCA NM_011333.3 20 60.90 
mIL1β F AGAGCTTCAGGCAGGCAGTA XM_006498795.5 20 60.91 
mIL1β R AGGTGCTCATGTCCTCATCC XM_006498795.5 20 59.16 
mIL6 F CCAGTTGCCTTCTTGGGACT NM_001314054.1 20 59.89 
mIL6 R GGTCTGTTGGGAGTGGTATCC NM_001314054.1 21 59.79 
mNOS2 F CAGCTGGGCTGTACAAACCTTT NM_001313922.1 22 61.34 
mNOS2 R CATTGGAAGTGAAGCGTTTCG NM_001313922.1 21 58.43 
mTNF-α F ACGGCATGGATCTCAAAGAC NM_001278601.1 20 57.97 
mTNF-α R GTGGGTGAGGAGCACGTAGT NM_001278601.1 20 61.53 
mCXCL2 F GCTGTCCCTCAACGGAAGAA NM_009140.2 20 59.97 
mCXCL2 R CAGGTACGATCCAGGCTTCC NM_009140.2 20 59.89 
mIL2 F TTGTGCTCCTTGTCAACAGC NM_008366.3 20 58.98 
mIL2 R CTGGGGAGTTTCAGGTTCCT NM_008366.3 20 58.93 
mIL18 F GACAGCCTGTGTTCGAGGAT XM_036154619.1 20 59.75 
mIL18 R GGTGGATCCATTTCCTCAAAGG XM_036154619.1 22 58.97 
mCD80 F TGCTGCTGATTCGTCTTTCAC XM 030248945.2 21 59.20 
mCD80 R GAGGAGAGTTGTAACGGCAAG XM 030248945.2 21 58.66 
mTGF-β F CCACCTGCAAGACCATCGAC NM_011577.2 22 61.02 
mTGF-β R CTGGCGAGCCTTAGTTTGGAC NM_011577.2 22 61.27 
mArg-1 F AACGGGAGGGTAACCATAAGC NM_007482.3 21 59.79 
mArg-1 R TGATGCCCCAGATGGTTTTC NM_007482.3 20 58.15 
mCD206 F TTCGGTGGACTGTGGACGAGCA NM_008625.2 22 66.06 
mCD206 R ATAAGCCACCTGCCACTCCGGT NM_008625.2 22 66.00 
mYm1 F TGGAATTGGTGCCCCTACAA NM_009892.4 20 59.22 
mYm1 R CCACGGCACCTCCTAAATTG NM_009892.4 20 58.91 
mVEGFA F GACTATTCAGCGGACTCACCA NM_001025257.3 20 59.52 
mVEGFA R TGAGGGAGTGAAGAACCAACC NM_001025257.3 20 59.58 
mPD-L1 F TGCTGTCACTTGCTACGGG NM_021893.3 19 60.01 
mPD-L1 R GTCCAGCTCCCGTTCTACAG NM_021893.3 20 59.83  

Fig. 1. Generation of GPC3-targeted RAW264.7 CAR-M cells after adenoviral transduction. 
(A). Schematic diagram of anti-GPC3 CAR structure. (B). Flow cytometry was used to detect the expression of CAR in RAW264.7 infected with Ad5f35-GPC3-CAR for 
48 h, G4S-FITC Linker monoclonal antibodies target scFv-based CAR, UTD was labeled with G4S antibody as a negative control. (C). The expression intensity of CAR 
was evaluated by FACS, corresponding to the results of (B), data are represented MFI. UTD as a negative control. (D). Analysis of the protein expression of Myc-tag in 
CAR-M cells by Western blot. 
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h, the supernatant was transferred to a 96-well plate and sequentially 
added substrate reaction solution and stop solution in the LDH Assay kit. 
Measure the absorbance at 490 nm using a microplate reader. 

2.7. Validation of CAR-M targeting and cytotoxicity in a 3D NACs- 
origami spheroid 

The 3D NACs-origami spheroid was constructed with C3A-fluc cells. 

Fig. 2. Evaluation of phagocytic efficacy in vitro with different GPC3 positive cells. 
(A). Western blot analysis was performed to detect the expression of GPC3 protein in human hepatoma cell lines including LM3, PLC/PRF/5, SNU-449, Huh7, Hep3B, 
C3A and HepG2, as well as 293FT. (B). Flow cytometry was used to detect the expression of GPC3 protein in Huh7, HepG2, C3A and 293FT in human hepatocellular 
carcinoma cell lines. (C). Phagocytic effect of UTD/Empty/GPC3 CAR-M targeting 293FT/Huh7/HepG2/C3A were analyzed by FACS for 6 h at an E:T ratio of 3:1. 
(D). The evaluation of macrophage phagocytosis against 293FT/Huh7/C3A/HepG2 cells was performed through flow cytometry. The data, presented with n = 3, 
illustrate the observed phagocytic activity. Data were represented as the mean ± s.e.m. from n = 3 technical replicates. Statistical significance was calculated using a 
two-tailed t-test. 
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UTD and Empty and CAR-M cells were stained with Celltracker Green 
dye and photographed at 6 h, 12 h, and 24 h, respectively. After 12 h, the 
Cytotoxicity LDH Assay Kit-WST® was utilized to perform a quantitative 
analysis of the lactate dehydrogenase activity in the cell culture super
natant, in order to assess the extent of cellular damage. First, the Assay 
Buffer from the kit was added to the Dye Mixture and thoroughly mixed 
to prepare the substrate reaction solution. Next, the cell supernatant was 
added into the 96-well plate at the rate of 1:1 to the substrate reaction 
solution. After 10 min of reaction, 25 μL stopping solution was added to 
stop the reaction. The absorbance at 490 nm was measured with a 
microplate reader and normalized after the following treatment. 

2.8. RNA extraction and qPCR analysis 

Total RNA was extracted from cells using the Eastep® Super Total 
RNA Extraction Kit (Promega). RNA was reverse-transcribed with 
random primers, which was carried out using the HiScript III 1st Strand 
cDNA Synthesis Kit (Vazyme), and qPCR was performed in triplicate 
using AceQ qPCR SYBR Green Master Mix (Without ROX) (Vazyme) on 
CFX Connect Real-Time System (BIO-RAD). All experiments were per
formed in accordance with the manufacturers’ instructions. The forward 
and reverse primers used for the validation of macrophage M1 and M2 
types were presented in Table 1. 

2.9. Statistical analysis 

The data analysis was conducted utilizing GraphPad Prism 9.5 soft
ware, and the findings were reported as mean ± Standard Error of Mean. 
Comparative analysis between the two groups was performed using in
dependent sample t-tests for statistical assessment. A p-value less than 
0.05 was considered statistically significant. 

3. Results 

3.1. GPC3 CAR-Ms expressed CAR with high efficiency 

To demonstrate the potential of CAR-mediated macrophage-specific 
phagocytosis, we transduced RAW264.7 cells using an anti-GPC3 CAR 
structure encoding anti-GPC3 single-chain fragment variable (scFv) and 
CD3ζ intracellular domain, and Myc-tag was designed behind the N- 
terminal signal peptide of the CAR fragment. (Fig. 1A). Significant 
expression of CAR in the GPC3 CAR-M cells reached 96.8 % after 
transducing macrophages with adenovirus (Fig. 1B and C), and Myc 
expression was detected by WB to determine CAR expression (Fig. 1D). 
Overall, our data proved that GPC3 CAR-Ms expressed CAR with high 
efficiency. 

3.2. GPC3 CAR-Ms showed antigen-dependent phagocytic effect on GPC3 
positive cells 

We validated the targeted phagocytosis function of CAR by in vitro 
phagocytosis experiments with Ad5f35-transduced RAW264.7 on posi
tive cells with different levels of GPC3 antigen expression. Meanwhile, 
we constructed an adenoviral vector lacking CAR structure as control 
named Ad5f35-Empty. First, we screened seven human hepatoma cell 
lines and chose Huh7/HepG2/C3A as GPC3 positive target cells and 
293FT as GPC3 negative target cell (Fig. 2A). Next, we used flow 

cytometry to further detect the expression of GPC3 in these four cells 
and performed subsequent in vitro phagocytosis experiments (Fig. 2B). 
After co-culturing Ad5f35-transduced RAW264.7 with C3A/Huh7/ 
HepG2/293FT for 6 h respectively, we observed that the phagocytotic 
efficiency of GPC3 CAR-M was significantly higher compared to Empty 
and UTD when the target cells were GPC3-positive, while there was no 
significant difference when the target cells were 293FT GPC3-negative 
(Fig. 2C and D). Huh7 phagocytosis with low GPC3 expression was 
comparable to the highest expressed cell lines, like C3A and HepG2, 
indicating that the CAR was extremely sensitive. Even for low or me
dium expressed cells. Together, we demonstrated the ability of GPC3 
CAR-mediated antigen specific and sensitive phagocytosis. 

3.3. GPC3 CAR-Ms exhibited significant antitumor effects against liver 
cancer cells 

To further validate the efficacy of CAR, we assessed the cytotoxic 
capabilities of GPC3 CAR-Ms against the aforementioned cell lines. In 
initial experiments, we established an effector to target (E:T) ratio of 1:1 
for cytotoxicity detection based on fluc activity. The findings demon
strated that GPC3 CAR-Ms exhibited significant cytotoxic effects across 
all three GPC3-expressing cell lines when compared to the control group 
(Fig. 3A). Subsequently, the E:T ratio was adjusted to 2:1, and the results 
further confirmed the sensitivity and specific cytotoxic potential of 
GPC3 CAR-Ms (Fig. 3B). Additionally, the specific cytotoxicity of GPC3 
CAR-Ms on hepatocellular carcinoma (HCC) cell lines was evaluated by 
measuring LDH release. We selected the C3A cell line with the highest 
GPC3 expression and the Huh7 cell line with the lowest expression for 
LDH-based cytotoxicity experiments at an E:T ratio of 1:1. The outcomes 
indicated that both Huh7 and C3A cell lines were similarly affected, 
further corroborating the target specificity and sensitivity of GPC3 CAR- 
Ms (Fig. 3C). 

NACs-organ was a 3D microtumor spheroid models that utilize bio
molecular materials in conjunction with DNA origami technique, 
enabling the distinctive 3D growth environment of tumors. Recently, we 
utilized this technique to validate the infiltrative and cytotoxic capa
bilities of CAR-M. To validate the cytotoxic capabilities of CAR-Ms, the 
3D NACs-origami spheroid was constructed by C3A-fluc with an 
effector-to-target ratio of 10:1. It became evident that CAR-M cells 
increasingly gathered and permeated the 3D tumor spheroid model, 
which revealed the robust targeting recruitment and infiltration capa
bilities of CAR-M within this model (Fig. 3D). We assessed the killing 
ability of CAR at 12 h by LDH, confirming apparently cytotoxicity of 
CAR-M against 3D tumor spheroids than control groups (Fig. 3E). Above 
all, we claimed that CAR-M cells had a potent antitumor effect in the 
treatment of HCC. 

3.4. GPC3 CAR-Ms transformed into a M1 pro-inflammatory phenotype 

After determining that CAR-M cells had robust phagocytosis and 
killing effect on GPC3-positive tumor cells, we assessed whether CAR- 
transduced macrophages induced a pro-inflammatory (M1) macro
phage phenotype, utilizing the qPCR system. The results showed that all 
M1-related factors were up-regulated, including CCL2, IL1β, IL6, NOS2, 
TNF-α, CXCL2, IL2, IL18, and CD80, while M2-related factors were 
down-regulated in CAR-transduced macrophages compared to the UTD 
group, such as TGF-β, Arg-1, CD206, Ym1, VEGFA, and PD-L1. This 

Fig. 3. Evaluation of the killing ability in 2D and 3D NACs-origami spheroid. 
(A). The killing effect of HepG2 and C3A as well as Huh7 co-cultured with GPC3 CAR-Ms at E:T ratio of 1:1 for 24 h in vitro was evaluated. UTD and Empty were used 
as control groups. Data are represented as the mean ± s.e.m. from n = 3 technical replicates. Statistical significance was calculated using a two-tailed t-test. (B). Fluc 
based killing assay of E:T ratio at 2:1. (C). C3A and Huh7 were used as target cells to evaluate the LDH-based killing effect of GPC3 CAR-Ms, which were co-cultured 
for 3 h with E:T ratio of 1:1. UTD and Empty served as the control group. (D). Constructing 3D NACs-origami spheroid with C3A-fluc cells to further verify the 
antitumor effect of GPC3 CAR-Ms. Co-cultures were established with UTD, Empty-M, and GPC3 CAR-M at an effector-to-target (E:T) ratio of 10:1 with the 3D NACs- 
origami spheroid, and the field and fluorescence images were taken at 6 h, 12 h and 24 h, respectively. (E). LDH assay was performed at 12 h. The absorbance at 490 
nm was measured by microplate reader. 
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Fig. 4. The mRNA expression levels of M1 and M2 related genes were detected by qPCR. 
(A). qPCR was performed to detect the mRNA expression of M1-type (classically activated macrophage) cytokines in CAR-Ms and UTDs. (B). Detection of M2-type 
(alternatively activated macrophage) cytokines mRNA expression in CAR-Ms and UTDs by qPCR. (C). The mRNA expression of M1-type cytokines was detected by 
qPCR after co-culturing of CAR-Ms and UTDs with HepG2 for 6 h with E:T ratio of 1:3, respectively. (D). qPCR was performed to detect the mRNA expression of M2- 
type cytokines after co-culturing of CAR-Ms and UTDs with HepG2 for 6 h with E:T ratio of 1:3, respectively. Data are represented as the mean ± sem. from n = 3 
technical replicates. Statistical significance was calculated using a two-tailed t-test. 
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suggests that CAR-transduced macrophages were polarized toward the 
M1 phenotype (Fig. 4A and B). Further, we evaluated alterations in both 
the anti-tumor M1 phenotype and the pro-tumor development-associ
ated M2 phenotype of GPC3 CAR-M cells during co-cultivation. After co- 
culturing UTD/GPC3 CAR-Ms with HepG2 for 6 h, we collected cells to 
determine the expression of M1/M2 phenotype related factors. The re
sults revealed a significant upregulation of M1-related factors in GPC3 
CAR-Ms during co-cultivation with HepG2 compared to the UTD. 
Correspondingly, M2-related factors in GPC3 CAR-Ms exhibited a sig
nificant downregulation compared to UTD. (Fig. 4C and D). Therefore, 
compared to UTD, GPC3 CAR-Ms were reprogrammed into a M1 
proinflammatory phenotype at the transcriptome level. Together, these 
data demonstrated GPC3 CAR could polarize macrophages towards the 
M1 phenotype regardless of whether it was in a co-culture system, 
further demonstrating its anti-tumor potential. 

4. Discussion 

In recent years, macrophages have emerged as prominent candidates 
for the treatment of solid tumors used in immunotherapy. As innate 
immune cells, macrophages have a wide range of therapeutic effects, 
including active infiltration to tumor sites, direct phagocytosis of tar
geted tumors, activation of tumor microenvironment and professional 
antigen presentation. Tumor-associated macrophages (TAMs) can be 
classified into M1-type and M2-type macrophages based on their acti
vation types and distinct roles in tumors [34]. The presence of M2-type 
tumor-associated macrophages (TAMs) promotes the onset and pro
gression of tumors. Recently, research has revealed that chimeric 
adenoviral vectors overcome the innate resistance of macrophages to 
genetic manipulation and reprogram the state towards an M1 phenotype 
[26]. Therefore, adenovirus was selected to deliver GPC3-CAR to mac
rophages to assess the therapeutic effect of hepatocellular carcinoma in 
this study. 

The results of this study demonstrated that GPC3-positive cells such 
as HepG2/Huh7/C3A were sensitive to CAR-M cells compared with 
GPC3-negative cells 293FT. Next we further confirmed that CAR-Ms 
exerted potent antitumor effects in 3D NACs-origami spheroid of 
HCC⋅In summary, we verified that Ad5f35-transduced RAW264.7 tar
geted GPC3 exhibited antigen-specific phagocytosis and tumor cell 
clearance in vitro and endowed macrophages with a persistent proin
flammatory (M1) phenotype. This study provides evidence for the 
treatment of hepatocellular carcinoma with GPC3-related immuno
therapy at cellular level, and opens a new avenue for clinical treatment 
of liver cancer. 
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