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Abstract

ing immunotherapies for HCC.
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Background: Treatment of hepatocellular carcinoma (HCC) using antibody-based targeted therapies, such as anti-
body conjugates and chimeric antigen receptor T (CAR-T) cell therapy, shows potent antitumor efficacy. Glypican-3
(GPC3) is an emerging HCC therapeutic target; therefore, antibodies against GPC3 would be useful tools for develop-

Methods: We isolated a novel human monoclonal antibody, 32A9, by phage display technology. We determined
specificity, affinity, epitope and anti-tumor activity of 32A9, and developed 32A9-based immunotherapy technologies
for evaluating the potency of HCC treatment in vitro or in vivo.

Results: 32A9 recognized human GPC3 with potent affinity and specificity. The epitope of 32A9 was located in

the region of the GPC3 protein core close to the modification sites of the HS chain and outside of the Wnt-binding
site of GPC3. The 32A9 antibody significantly inhibited HCC xenograft tumor growth in vivo. We then pursued two
32A9-based immunotherapeutic strategies by constructing an immunotoxin and CAR-T cells. The 32A9 immunotoxin
exhibited specific cytotoxicity to GPC3-positive cancer cells, while 32A9 CAR-T cells efficiently eliminated GPC3-posi-
tive HCC cells in vitro and caused HCC xenograft tumor regressions in vivo.

Conclusions: Our study provides a rationale for 32A9 as a promising GPC3-specific antibody candidate for HCC
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Background
Hepatocellular carcinoma (HCC) accounts for the major-
ity of primary liver cancer cases and is the sixth most
common and the second most lethal cancer worldwide [1,
2]. The majority of HCC occurs in patients with underly-
ing chronic liver disease, mostly as a result of hepatitis B
or hepatitis C virus infection and alcohol consumption
[3]. However, the lack of efficient treatment has led to the
highest rate of increase in both new cases and mortality
of HCC among all tumors in the past decade [4].
Glypican-3 (GPC3) is a heparan sulfate pro-
teoglycan that is anchored on the cell surface by
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glycophosphatidylinositol (GPI) [5-7]. GPC3 is expressed
in fetal liver, where it is involved in organ morphogen-
esis by regulating cell proliferation through modulation
of Wnt and Hedgehog signaling, and is turned off upon
physiological maturity [8-10]. However, the expres-
sion of GPC3 is restored in most HCC patients through
unknown mechanisms. GPC3 is specifically expressed in
70-80% of HCC patients but not in normal adult tissues
[11]. Moreover, the expression level of GPC3 is corre-
lated with poor prognosis of HCC [12-14]. Many stud-
ies have reported that GPC3 promotes the development
of HCC as a coreceptor in Wnt and HGF signaling [15—
18]. Therefore, GPC3 is identified as a potent diagnostic
marker and promising therapeutic target for HCC.

The mature form of human GPC3 has a protein core
consisting of seven disulfide bonds that are highly con-
served in the glypican family. In the flexible C-terminal
region, GPC3 contains two binding sites (S495 and S509)
for heparan sulfate (HS) chains [19]. Our previous data
demonstrate that the protein core and the HS chains of
GPC3 both contribute to the activation of Wnt signal-
ing [20-23]. We identified one Wnt-binding motif on
the GPC3 protein core [21, 23], and the another on the
HS chains of GPC3 [20, 22], then we isolated two human
monoclonal antibodies, HN3 [23, 24] and HS20 [18, 20,
22], to target these Wnt-binding motifs, respectively.
HN3 and HS20 exhibited significant blocking effects on
Wnt signaling and inhibited HCC tumor growth in vitro
and in vivo [22-24]. These results indicate that targeting
GPC3 with functional blocking antibodies would be a
feasible strategy for HCC therapy.

In the present study, we were interested in developing
a novel anti-GPC3 monoclonal antibody that would rec-
ognize an epitope outside of the Wnt-binding motif or
known epitope of other GPC3 antibodies and would be
used to construct more effective antibody-based immu-
notherapies, such as immunotoxins [24, 25] and CAR-T
cells [26, 27]. We obtained a human monoclonal antibody
(32A9) against GPC3 by phage display technology. 32A9
recognized a region of the GPC3 protein core close to the
modification sites of the HS chain. We made a human
IgG antibody, an immunotoxin and CAR-T cells based on
the 32A9 scFv. These three treatments all showed potent
antitumor activity by in vitro or in vivo evaluations. Alto-
gether, our findings suggested that 32A9, a non-Wnt
blocking antibody, was a potent tool for GPC3-specific
targeted therapy for HCC.

Methods

Clinical samples and cell lines

The normal liver tissue and HCC tumor tissue speci-
mens used in the current study were obtained from
the patients recruited from the Nanjing Drum Tower
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Hospital (Nanjing, Jiangsu) between November 2018
and March 2019. This study was approved by the Ethi-
cal Committee of Nanjing Drum Tower Hospital, and
every patient provided written informed consent.
Huh-7 cells were a kind gift from Dr. Xin-Wei Wang
at the National Cancer Institute (Bethesda, MD).
A431, SK-hep-1, Hep3B, HepG2 and HEK293T cells
were purchased from American Type Culture Collec-
tion (Manassas, VA). All cells were cultured in DMEM
(HyClone, Logan, UT) supplemented with 10% fetal
bovine serum (VACCA, St. Louis, MO), 100 U/ml peni-
cillin, and 0.1 mg/ml streptomycin (HyClone, Logan,
UT) and were incubated in 5% CO, at 37 °C. A431
cells were engineered to highly express GPC3 by trans-
fection with a plasmid encoding full-length GPC3.
PBMCs were isolated by Ficoll density centrifugation
of healthy donors’ blood, obtained under the ethically
protocol approved by Nanjing Jinling Hospital (Nan-
jing, Jiangsu). The isolated PBMCs cultured in RPMI
(HyClone, Logan, UT) supplemented with 10% fetal
bovine serum (VACCA, Murphysboro, IL), 100 U/ml
penicillin, and 0.1 mg/ml streptomycin and were incu-
bated in 5% CO, at 37 °C. All cell lines were evaluated
and validated by their morphology and growth rate. All
the cell lines were confirmed to be free of mycoplasma
contamination by PCR using specific primers.

Plasmids, proteins, and antibodies
The sequence of full-length GPC3 was cloned into the
pLVX vector. For protein purification, truncated GPC3
(Q25-S550) was fused to a human Fc tag and cloned
into the pFUSE vector. All point mutants of GPC3 and
the GPC3 mutant lacking the HS chains (GPC3AHS)
were generated by introducing point mutations using
the overlapping PCR method. The mFrizzled8 ECD-
hFc plasmid was purchased from Addgene (Cambridge,
MA). The 32A9 scFv sequence was fused to the human
Fc tag and cloned into the pFUSE vector as well. The
32A9 heavy chain variable region and light chain vari-
able region sequences were amplified by adding IL-2 sig-
nal peptide and were inserted into the expression vectors
pFUSE-CHIg-HG1 and pFUSE2-CLIg-hk (Invivogen,
San Diego, CA), respectively. All plasmids were identi-
fied by sequencing and then transfected into 293T cells.
After collecting the supernatant, protein purification
was accomplished with a protein A affinity column (GE
Healthcare, Milwaukee, WI). GPC3-his and GPC5-his
proteins were purchased from R&D (Minneapolis, MN).
YP7, a control mouse monoclonal antibody against
GPC3 [28], was used to evaluate GPC3 expression in
immunohistochemistry staining, flow cytometry and
ELISA assays.
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Phage display

The TGI1 clone was picked and cultured overnight in
2YT medium at 37 °C. GPC3-Fc protein in PBS buffer
was used to coat an ELISA plate, which was incubated
overnight at 4 °C. The next day, the phage library (Tom-
lison I library) and the coated wells were blocked with
PBST with 3% milk at room temperature for 1 h. Then,
the blocked phages were added to the coated wells and
incubated at room temperature for 1 h. After washing 20
times with PBST, the GPC3-binding phages were eluted
with 100 mM triethylamine (Sigma-Aldrich, Xuhui,
Shanghai). All eluted phages were collected and used to
infect TG1 cells. After incubation with helper phages, the
eluted phages were rescued with a titer of approximately
10" ~ 10" pFU/ml for the next round of panning.

Structural modeling

The human GPC3 (NCBI Gene ID: 2719), mouse GPC3
(NCBI Gene ID: 14734), and human GPC5 (NCBI Gene
ID: 2262) sequences were submitted to the protein
structure modeling web server SWISS-MODEL [29].
The C-terminal region was submitted to the full-chain
protein structure prediction server Robetta [30]. The
full-length GPC3 model was constructed by joining the
GPC3 protein core model and the C-terminal region
model according to the GPC1 topology structure and
small angle X-ray scattering (SAXS) data [31]. The 32A9
scFv model was obtained by an antibody modeling tool
(Prediction of ImmunoGlobulin Structure, PIGS) [32].
All homolog template sequence and structure file (GPC1
PDB ID: 4YWT) were selected and downloaded from the
RCSB protein data bank [33]. ZDOCK SERVER was used
to predict the epitope of 32A9 [34]. PyMOL was used to
analyze and render structure models.

Elisa

GPC3-hFc protein (5 pg/ml) was used to coat ELISA
wells at 4 °C overnight. The wells were blocked with PBS
containing 3% milk for 0.5 h at 37 °C. The antibodies or
phage were added to the wells and incubated at 37 °C for
0.5 h. After washing with PBST 3 times, goat anti-human
kappa chain HRP antibody (for 32A9) (Life Tech, Peoria,
IL), goat anti-mouse HRP antibody (for YP7) (Jackson
ImmunoResearch, West Grove, PA) or rabbit anti-M13
HRP antibody (for phage) (GE Healthcare, Milwaukee,
WI) was added to the wells and incubated at 37 °C for
0.5 h. TMB and H,SO, were added to detect the OD 54,,,,
value.

Flow cytometry
A single-cell suspension was incubated with 5 pg/ml of
the indicated antibodies for 1 h on ice and then incubated

Page 3 of 12

with a 1:200 dilution of anti-human PE antibody (for
32A9) (Thermo, Pudong New Area, Shanghai) or anti-
mouse PE antibody (for YP7) (Thermo, Pudong New
Area, Shanghai) for 1 h on ice. The cells were analyzed
using FACS Calibur (BD Biosciences, San Jose, CA).

Immunotoxin purification

The sequence of 32A9 scFv was fused to a truncated and
deimmunized Pseudomonas exotoxin (mPE24) frag-
ment [35-37] and then cloned into the pMH212 vec-
tor [37]. BL21 competent cells (Weidi Biotechnology,
Minhang District, Shanghai) were transfected with the
32A9-mPE24 plasmid and induced with 1 mM IPTG
for 1.5 h. The inclusion body was collected, washed and
lysed by lysozyme to obtain the raw extraction of recom-
binant protein. The recombinant protein was denatured,
refolded, and buffer exchanged by overnight dialysis. The
refolded recombinant protein was acquired by chroma-
tography with AKTA pure (GE Healthcare, Milwaukee,
WI).

Cytotoxicity of immunotoxin

A total of 10* cells were seeded into 96-well plates and
cultured overnight at 80—-90% density, and then different
concentrations of immunotoxin were added to the wells.
After 72 h, the ODg ., values were detected by using
a CCK-8 kit (Beyotime, Songjiang, Shanghai) to analyze
the cytotoxicity of immunotoxin.

Generation of 32A9 CAR-T cells

A 32A9-based second generation 4-1BB CAR fragment
was synthesized (GenScript, Nanjing, Jiangsu). To detect
the expression of CAR, an EGFP coding sequence was
added upstream of the 32A9-CAR fragment separated
by an F2A sequence. The whole sequence was subcloned
into the pLVX lentiviral vector. The same version of
FMC63 4-1BB CAR targeting CD19 was used as a nega-
tive control [38]. To produce viral supernatant, HEK293T
cells were cotransfected with CAR lentiviral vector, pack-
aging plasmid and envelope plasmid using Lipofectamine
2000 according to the manufacturer’s protocol. The
supernatant was collected and concentrated 72 h later.
PBMCs were stimulated for 24 h with anti-CD3/anti-
CD28 antibody-coated beads (Invitrogen, Carlsbad, CA)
at a 2:1 bead-to-T cell ratio in growth medium supple-
mented with 50 U/ml IL-2 (GenScript, Nanjing, Jiangsu).
Activated T cells were then transduced with the lentivi-
rus expressing CARs (MOI=10). Cells were counted and
fed fresh growth medium every other day. The transduc-
tion efficiency was detected by GFP fluorescence with
flow cytometry.
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In vitro CAR-T cell function assays

CAR-T cells were cocultured with GPC3-expressing
cancer cells at the indicated ratios for 18 h. Then, the
supernatant was collected to measure cytotoxicity by
an LDH release assay (Promega, Madison, WI), and
IL-2 release was measured by an IL-2 detection kit
(MultiSciences, Hangzhou, Zhejiang).

Animal tests

NYG mice which were established by knocking out
Prkdc and Il12rg in NOD mice by Crispr-Cas9 technol-
ogy. Four- to six-week-old female NYG mice were pur-
chased from the Animal Facility of Nanjing Medical
University. All mice were treated under the protocol
approved by the Ethics Committee of the Animal Core
Facility of Nanjing Medical University. To evaluate
the antitumor activity of the 32A9 antibody, five mil-
lion Huh-7 cells were subcutaneously inoculated into
five-week-old NYG mice. When the average tumor
size reached ~ 50 mm?, the mice were treated with PBS
or 10 mg/kg 32A9 antibody by i.v. injection. Tumor
dimensions were determined using calipers, and
tumor volume was calculated by the formula V=1/2
ab?, where a and b represent tumor length and width,
respectively. To evaluate the antitumor activity of
32A9 CAR-T cells, five million of Huh-7 cells or lucif-
erase-labeled Hep3B cells were subcutaneously inocu-
lated into five-week-old NYG mice. When the average
tumor size was~50 mm?®, 10 million PBMCs or 32A9
CAR-T cells were infused to mice for Huh-7 groups,
PBS or 10 million FMC63-CAR-T cells or 32A9
CAR-T cells were infuse into mice for Hep3B groups
by i.v. injection. The tumor size was measured every
other day or imaged after the mice were injected with
100 pl D-luciferin (Yeasen, Pudong New Area, Shang-
hai) and imaged 10 min later. Living Image software
was used to analyze the bioluminescence signal flux
for each mouse as photons per second per square cen-
timeter per steradian (photons/s/cm2/sr). Mice were
killed when they showed any sign of sickness or when
the tumor burden reached 1500 mm? or the biolumi-
nescence signal reached 1 x 10" photons/s/cm2/sr.

Table 1 Characteristics of HCC patients
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Statistical analysis

Representative results were obtained with at least three
independent experiments. All group data (except those
indicated) are expressed as the mean = standard devia-
tion (SD) of a representative experiment performed at
least in triplicate, and similar results were obtained in at
least three independent experiments. All statistical anal-
yses were conducted using GraphPad Prism 5.0. Two-
tailed Student’s ¢ test of the means and two-way ANOVA
were used for statistical analysis, with P*<0.05 defined as
significant.

Results

GPC3 was highly expressed in HCC patients and HCC cell
lines

To evaluate the expression of GPC3 in HCC patients,
we performed immunohistochemistry staining of HCC
tumors and normal liver tissue (Table 1). We found that
GPC3 was specifically expressed in HCC tumors but not
in normal liver tissue. Some of the HCC patients exhib-
ited obvious cell surface staining of GPC3, whereas oth-
ers exhibited less (Fig. 1a). Western blot showed that
GPC3 was highly expressed in HCC cell lines (Hep3B
and Huh-7), as well as in HepG2, a hepatoblastoma cell
line (Fig. 1b). We also detected the cell surface expres-
sion of GPC3 in these cells. A431-GPC3, Huh-7, Hep3B
and HepG2 cells showed obvious cell surface expression
of GPC3, but not in A431 and Sk-hep-1 cells (Fig. 1c).
Altogether, GPC3 was specifically expressed in HCC
and would be a promising target due to its cell surface
expression.

Isolation of the human monoclonal antibody 32A9

against GPC3

To obtain a new anti-GPC3 human antibody, we first pro-
duced recombinant GPC3-Fc protein and GPC3AHS-Fc
protein in human HEK293T cells as antigens for screen-
ing (Fig. 2a). Then, we screened the phage library by three
rounds of panning. The signal of GPC3-specific bind-
ers increased dramatically (Fig. 2b), although number
of colony forming units decreased during each round
of panning (Fig. 2c). After panning, 192 clones were
selected randomly for further evaluation. Among them,

Case Gender Age Edmondson Tumor size  Tumor Vascular invasion Satellite Metastasis
grade (cm) multiplicity nodule

#1 Male 60 I 28 1 Absent 0 Absent

#2 Male 50 I 8 1 Absent 0 Absent

#3 Male 61 llorlll 38 1 Absent 1 Absent

#4 Male 66 Il 3 1 Absent 0 Absent

TNM tumor-node-metastasis
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Fig. 1 GPC3 expression in HCC patient tissue and HCC cell lines. a. Immunohistochemistry staining of GPC3 in HCC patient tumor tissues and
normal liver tissues. Scale bar: 100 um. b Western blot to detect GPC3 expression in HCC cells. ¢ Flow cytometry analysis to detect GPC3 cell
surface expression in the indicated cells. Filled curve: Isotype control staining. Open curve: anti-GPC3 staining. A431 and A431-GPC3 are set up as
GPC3-negative cell line control and GPC3-positive cell line control for GPC3 staining, respectively

we selected 9 positive clones with an OD,g, ,,,,, value at
least ten-fold higher than that of the negative control for
sequencing (Fig. 2d). Two sequences (32A9 and 32C1)
were finally identified (Fig. 2e). We then constructed vec-
tors to purify these two antibodies in both an scFv-Fc
format and IgG format. Unfortunately, clone 32C1 lost its
binding activity to GPC3 when expressed in eukaryotic
cells; therefore, we only focused on 32A9 scFv-Fc and
32A9 IgG in our study (Fig. 2f).

To further characterize the 32A9 antibody, we first
detected its binding activity to the GPC3-Fc protein. The
32A9 antibody showed strong binding activity (Fig. 3a)
with an affinity of approximately 1.24 nM (Fig. 3b). We
next measured the binding activity of 32A9 to GPC3-
positive cells. The 32A9 antibody specifically bound to
A431-GPC3 cells but not A431 cells (Fig. 3c). The binding
affinity was approximately 6.25 nM (Fig. 3d). To evaluate
the specificity of the 32A9 antibody to GPC3 from differ-
ent species, we compared 32A9 binding to human GPC3
and mouse GPC3. We found that 32A9 antibody had
poor binding activity to mouse GPC3 (Fig. 3e). Moreover,
we selected human GPC5, which had the most sequence
identity with human GPC3 among the glypican family,
to test whether 32A9 antibody had cross reactivity with

other glypicans. We found that 32A9 antibody could not
recognize GPC5 well (Fig. 3f). Overall, 32A9 antibody
had promising binding activity and specificity to human
GPC3.

32A9 antibody recognized the middle region

of the GPC3 protein core

To identify the epitope of the 32A9 antibody, we first gen-
erated a structural model of the GPC3 protein core using
the GPC1 structure as a template in the homology mod-
eling tool SWISS MODEL and obtained the model of the
C-terminal region of GPC3 by the ab initio modeling tool
Robetta. The model of full-length GPC3 was constructed
by joining the two models of GPC3 according to the
GPC1 topology structure and small angle X-ray scatter-
ing (SAXS) data [31]. The 32A9 scFv model was acquired
by an antibody modeling tool (Prediction of Immuno-
Globulin Structure, PIGS). Then, we predicted the inter-
actions in the 32A9/GPC3 complex by ZDOCK SERVER,
an automatic protein docking server for analyzing pro-
tein—protein interactions. The predicted results showed
that 32A9 bound to the middle region of the protein core
of GPC3 (Fig. 4a). We then generated six point mutations
on Y295, D464, K467, H468, Q471, and R474 according
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to the prediction (Fig. 4b). After obtaining these purified
mutant GPC3 proteins, we detected the binding activ-
ity of the 32A9 antibody to them. As we predicted, these
mutant GPC3 proteins were poorly recognized by the
32A9 antibody, whereas other mutations (F41E, L92E,
and A96L) outside this region did not affect the bind-
ing of the 32A9 antibody. We also used YP7 as a control
antibody targeting the C-terminus of GPC3 [28] to verify
our results. Since none of these mutations were located
in its epitope within residues 510—560, YP7 showed simi-
lar binding activity to these mutant GPC3 compared to
wild-type GPC3 (Fig. 4c). Interestingly, we found that the
32A9 bound to GPC3 was quite close to the sites linked
to HS chains according to our predicted model of the
GPC3/32A9 complex. We then compared 32A9 anti-
body binding to wild-type GPC3 and GPC3AHS. The
results showed that although GPC3AHS could also be
recognized by 32A9, the binding activity was significantly
reduced compared to that to wild-type GPC3 (Fig. 4d).
These observations suggested that 32A9 recognized the
middle region of the GPC3 protein core and that the HS
chain of GPC3 also contributed to 32A9 binding. We also
compared the epitope sequence of human GPC3 and its

corresponding sequences in mouse GPC3 and human
GPC5. Interestingly, even though mouse GPC3 exhib-
ited exact the same sequence identity with human GPC3
in this region (Fig. 4e), but its conformation seemed
more closer to human GPC5 (Fig. 4f). This information
suggested that 32A9 recognized a unique conforma-
tional epitope on human GPC3 which determined its
specificity.

32A9 antibody and immunotoxin showed
anti-tumor potency

To evaluate the anti-tumor activity of the 32A9 antibody
in vivo, we inoculated NYG mice with Huh-7 cells. Then,
the mice were treated with 10 mg/kg 32A9 antibody or
the same volume of PBS by tail vein injection every other
day. 32A9 antibody treatment did not significantly affect
the body weight of the mice. Two weeks after treat-
ment, the tumor volumes of the 32A9 antibody-treated
group were significantly smaller than those of the control
group (Fig. 5a), indicating the potent anti-tumor activ-
ity of 32A9 as a naked antibody. An immunotoxin is an
antibody-toxin conjugate that can be internalized into
tumor cells and efficiently kill tumor cells by inhibiting
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protein synthesis after binding to the cell surface tumor
antigen [25]. To investigate the possibility of using
32A9 as a suitable antibody for constructing an effec-
tive immunotoxin, we fused 32A9 scFv to the truncated

and deimmunized Pseudomonas exotoxin (mPE24)
[37] to constructed 32A9-mPE24, a new immunotoxin
against GPC3 (Fig. 5b) and purified it by chromatography
(Fig. 5¢). We then treated the cells with 32A9-mPE24 to
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determine its cytotoxicity in vitro. Our results showed
that 32A9-mPE24 selectively inhibited the growth of
GPC3-positive cancer cells with an IC;, value of 0.68 nM
but had no obvious effect on GPC3-negative cells
(Fig. 5d). Overall, 32A9 exhibited anti-tumor potency as
a naked antibody and an immunotoxin.

32A9 CAR-T cells significantly inhibited HCC tumor
growth in vitro and in vivo

To evaluate whether 32A9 could be further used for
immune cell-targeted therapy, we constructed second
generation 4-1BB CAR-T cells based on 32A9. An anti-
CD19 CAR (FMC63 CAR) [38] was used as our negative
control (Fig. 6a). Overall, the transduction efficiency of

CAR-T cells was around 50% (Fig. 6b). We then detected
the in vitro cytotoxicity of 32A9 CAR-T cells. We found
that 32A9 CAR-T cells could efficiently lyse GPC3-pos-
itive cells (A431-GPC3, Huh-7 and Hep3B cells), but
FMC63 CAR-T cells did not have any effect on these cells
(Fig. 6¢). Similar results were also observed in the IL-2
production assay: 32A9 CAR-T cells were activated sig-
nificantly when co-cultured with GPC3-positive HCC
cells (Fig. 6d). We next performed an in vivo animal
study to further verify the potential anti-tumor effect of
32A9 CAR-T cells. 32A9 CAR-T cells induced dramatic
tumor regression when injected into mice with Huh-7
xenograft tumors (Fig. 6e) and Hep3B xenograft tumors
(Fig. 6f). Taken together, our results indicate that 32A9
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is a promising antibody candidate for designing CAR-T
cells for HCC therapy.

Discussion

The HCC-specific expression and important function of
GPC3 as a Wnt coreceptor make GPC3 an attractive ther-
apeutic target in HCC. Here, we reported that 32A9, a
novel human monoclonal antibody against GPC3, would
satisfy the requirements for anti-GPC3 immunotherapy.

Many GPC3-specific antibodies have been developed
for HCC diagnosis or therapy; however, clear epitope
information is available for few of them [39]. Except
for the HS chain-specific antibody [18, 20, 22], GPC3
antibodies with determined epitopes could be roughly
divided into two groups. One group is generated by
immunizing mice with the C-terminal flexible region of
GPC3 (residues 510-560), where has the least sequence
identity among different species and would have better
immunogenicity in mice. 1G12 [11], GC33 [40] and YP7
[28] are representative antibodies currently reported.
These antibodies all showed ideal affinity and have been
widely used for HCC diagnosis [41]. Furthermore, GC33
and YP7 are being developed for anti-GPC3 cancer thera-
pies including CAR-T cells, bispecific T-cell engagers and
ADCs [42-44]. The other group includes HN3 [23], a
unique single-domain human antibody isolated by phage
display targeting the Wnt-binding region on the N-lobe
of GPC3 protein core [21]. HN3 exhibits a Wnt-specific
blocking effect as predicted and would be a useful tool
to investigate the detailed interaction of Wnt and GPC3
[21, 23, 24]. In the current study, we obtained 32A9, an
antibody targeting an epitope outside of the Wnt-binding
region of the GPC3 protein core. Therefore, 32A9 would
not compete with HN3 that binds N-lobe of GPC3 or any
antibodies (e.g., YP7, GC33) recognizing the C-terminal
epitope. This property suggests that 32A9 could be cou-
pled with the proper anti-GPC3 antibody to develop
ELISA detection reagents.

Because the epitope of 32A9 identified in our study is
quite close to the HS binding sites (residues S495 and
S$509), it seems that the HS chains of GPC3 contribute
to the binding of 32A9 (Fig. 4e). Therefore, we suspect
that 32A9 would influence Wnt signaling by affecting
the function of HS chains, which also contribute to
GPC3-mediated Wnt activation. Unfortunately, when
we performed the Wnt reporter assay, 32A9 did not
show an obvious inhibitory effect on Wnt activation.
Since we determined that 32A9 bound to the middle
region but not to the Wnt-binding motif of the GPC3
protein core [21] or HS chains [20], we believe that
32A9 might not influence the GPC3-mediated activa-
tion of Wnt signaling, either through the protein core
or HS chains. Interestingly, it has been reported that

Page 10 of 12

GPC3 could also interact with frizzled though its HS
chains to induce a synergistic stimulation of Wnt sign-
aling [9, 21]. However, how and where the HS chains
interact with frizzled is still unclear. We could not
exclude the possibility that 32A9 might influence the
interaction of the HS chain and frizzled. Therefore, it
will be worth investigating whether 32A9 affects friz-
zled-dependent Wnt activation in our future studies.

In the present study, we constructed a human IgG,
an immunotoxin and CAR-T cells as representative
formats to verify the multiple potential applications of
32A9. The 32A9 immunotoxin showed specific cyto-
toxicity on GPC3-positive cells, which indicates that
32A9 could also be used to design other internali-
zation-dependent antibody drugs, such as antibody
drug conjugates [44]. 32A9 CAR-T cells showed a sig-
nificant effect on eliminating HCC tumors, suggest-
ing the feasibility of 32A9 CAR-NK cells [45] or other
similar engineered immune cell therapies [46]. Bispe-
cific antibodies normally form a complicated interac-
tion between tumor cells, antibodies and T cells, which
requires the antibody to maintain the antigen-binding
property rigorously when coupled with an anti-CD3
antibody fragment [42, 47]. Although 32A9 IgG was
evaluated in our study, whether 32A9 would also be
functional when modified into a bispecific antibody will
be evaluated later.

Conclusions

Overall, we developed a novel human monoclonal anti-
GPC3 antibody, 32A9, which targets the middle region
of the GPC3 protein core. 32A9 IgG and 32A9-based
immunotherapies showed potent antitumor activity.
Our findings provide a rationale for 32A9 as a prom-
ising candidate antibody for GPC3 biological func-
tion investigation, HCC diagnosis and therapeutic
applications.
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