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Abstract

Recent advancements in cancer immunotherapy have high-
lighted glypican-3 (GPC3) as a prominent target for treat-
ing hepatocellular carcinoma (HCC). However, approximately
10% to 30% of HCC patients exhibit low or absent GPC3
expression on the surface of tumor cells, which limits the
feasibility of GPC3-targeted therapies. Consequently, it is es-
sential for patients to undergo pre-diagnostic assessments of
GPC3 expression in tumor cells to evaluate their suitability
for GPC3-directed therapy. Although various methods have
been developed to specifically detect GPC3 as a biomarker
for treatment and prognosis, the diagnostic approaches cur-
rently employed in clinical studies remain relatively limited.
Here, we provide a comprehensive overview of the clinical
development of GPC3-targeted therapeutics, clinical trials in
GPC3-positive HCC, and current methods for detecting GPC3
expression, highlighting their advantages and limitations.
Furthermore, we explore the potential of integrating target-
ed therapy with various GPC3 detection modalities tailored
to different pathological stages. This integration not only
provides insights into the selection of effective methods for
detecting GPC3 expression but also has the potential to sig-
nificantly improve the clinical outcomes of patients with liver
cancer. By simultaneously assessing the advantages and dis-
advantages of these methods, this review aims to establish a
theoretical foundation for the clinical selection of appropriate
GPC3 detection strategies for targeted therapy.
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geting Glypican-3 for Liver Cancer Therapy: Clinical Applica-
tions and Detection Methods. J Clin Transl Hepatol 2025. doi:
10.14218/3CTH.2025.00099.

Introduction

Hepatocellular carcinoma (HCC) is characterized by high
incidence and mortality rates worldwide, with particularly
significant patient populations in Asia.12 Currently, surgical
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intervention remains the first-line treatment for HCC. Ad-
ditional therapeutic options include radiofrequency ablation
and transarterial chemoembolization.3 However, the 5-year
recurrence rates for patients with HCC after surgery are
about 50% to 70%.4 In addition to surgical options, molecu-
lar targeted agents (e.g., sorafenib, lenvatinib, regorafenib,
ramucirumab, and cabozantinib) are first-line or second-line
systemic treatments for advanced HCC.5~7 However, drug re-
sistance remains a severe problem for these therapeutics.8
Natural agents such as celastrol and berbamine may en-
hance the sensitivity of sorafenib.8° Furthermore, artesunate
derivatives have shown anti-HCC activity.10 Artemisinin syn-
ergizes with rhein to inhibit HCC.1! Early detection of HCC is
often challenging due to its occult onset, which is frequently
associated with varying degrees of liver cirrhosis and chronic
hepatitis.12:13 Additionally, the sensitivity of existing diag-
nostic methods, combined with patients’ adherence to and
awareness of the importance of regular health check-ups,
complicates early diagnosis and timely treatment of HCC.#
Nevertheless, early diagnosis and intervention can substan-
tially increase patient survival rates.2 Therefore, developing
sensitive and efficient detection methods is crucial for im-
proving cure rates and overall survival outcomes.

In addition to surgical treatment and chemotherapy, tu-
mor-targeted immunotherapy has provided new options and
renewed hope for patients with HCC, particularly those who
have not responded to chemotherapy. Immunotherapy in-
volves targeting specific antigens to activate the antitumor
immune response, thereby attenuating the ability of tumor
cells to evade attacks from the immune system and modu-
lating the tumor microenvironment.!> Currently, a range of
immunotherapeutic modalities targeting HCC have been de-
veloped, including immune checkpoint inhibitors,1® oncolytic
viruses,!” tumor vaccines,!® antibody-drug conjugates,®
and adoptive cell transfer therapies.2° Furthermore, to opti-
mize the application of immunotherapy in treating HCC, ex-
ploring specific antigens and developing diagnostic tools will
facilitate early screening and increase cure rates.2!

Glypican-3 (GPC3) is an oncofetal proteoglycan that ac-
cumulates on the surface of tumor cells and is specifically
upregulated in HCC patients. Elevated expression of GPC3 is
strongly associated with poor prognosis in HCC. GPC3 is also
detectable in the serum of HCC patients, whereas its con-
centration in normal tissues and serum is negligible.2! The
majority of studies and several meta-analyses indicate that
serum GPC3 concentrations are increased in HCC patients
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Fig. 1. GPC3 expression across different tumors and pathological stages of HCC. (A) TIMER2.0 was used to analyze the differences in GPC3 expression between
various tumors and normal tissues. (B) GPC3 expression in different pathological stages of HCC. ACC, adenoid cystic carcinoma; BLCA, bladder cancer; BRCA, breast
cancer; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, diffuse large B-cell lymphoma; ESCA, esophageal
carcinoma; GBM, glioblastoma multiforme; GPC3, glypican-3; HCC, hepatocellular carcinoma; Her2, human epidermal growth factor receptor 2; HNSC, head and neck
squamous cell carcinoma; HPV, human papillomavirus; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma;
LAML, acute myeloid leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LumA, luminal A; LumB, luminal B;
LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma
and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocar-
cinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma;

UVM, uveal melanoma.

and significantly greater than those reported in healthy
controls and patients with liver cirrhosis or chronic hepati-
tis.22-25 GPC3 promotes HCC cell growth, proliferation, and
differentiation by activating key signaling pathways such
as Wnt/B-catenin, Hedgehog, fibroblast growth factor, and
transforming growth factor-beta. Given its critical role in tu-
mor progression and its specific expression in HCC, GPC3
has emerged as an attractive therapeutic target. Targeting
GPC3 has shown potential in inhibiting tumor growth and
improving patient survival, making it a promising focus for
HCC therapy. Compared with other markers for HCC, GPC3
can be detected in more than 70% of HCC patients and is
markedly upregulated.2® The positive rate of GPC3 protein
levels in the serum of HCC patients ranges from 36.1% to
95.0%, whereas the positive rate for GPC3 mRNA is approxi-
mately 28% to 100%.27 Notably, variations and fluctuations
in GPC3 levels in the serum of different patients can arise
from factors such as detection methods, antibody affinity,
and false positivity. Hence, this review begins by providing a
comprehensive overview of current clinical studies related to
GPC3-targeted therapies, including the diagnostic methods
and inclusion criteria employed. Furthermore, it consolidates
existing detection techniques for evaluating GPC3 expres-
sion in HCC patients, incorporating recent findings from pre-
clinical research. By simultaneously assessing the advantag-
es and disadvantages of these methods, this review aims to
establish a theoretical foundation for the clinical selection of
appropriate GPC3 detection strategies for targeted therapy.

The role of GPC3 in HCC

The glypican family, comprising six members (glypican-1,
glypican-2, GPC3, glypican-4, glypican-5, and glypican-6),
is a key part of the heparan sulfate (HS) proteoglycan fam-
ily. These proteins are anchored to the cell membrane via
glycosylphosphatidylinositol and play a role in the extracel-
lular matrix. Among the glypican family members, GPC3 is
particularly noteworthy due to its high specificity for HCC.
In HCC patients, GPC3 is expressed on the tumor cell sur-
face and can be secreted into serum.28 Using the TIMER2.0

database,?® we analyzed GPC3 expression patterns across
tumor and normal tissues, revealing statistically significant
upregulation in liver HCC (Fig. 1A). Notably, GPC3 expres-
sion remains relatively stable across all pathological stages
of HCC (Fig. 1B). In-depth research has found that multiple
transcription factors are involved in regulating the expres-
sion of GPC3 in liver cancer cells. The transcription factor c-
Myc enhances GPC3 transcription by binding to its promoter
region, thereby increasing the expression of GPC3 at both
the mRNA and protein levels.3? In contrast, ZHX2 binds to
the core promoter of GPC3 and suppresses its transcription
in a dose-dependent manner.3! Interestingly, the hypoxia-
inducible factor 1a can promote the extracellular secretion of
GPC3.32 In addition, some miRNAs can directly or indirectly
regulate GPC3 expression in HCC. miR-96 and miR-1271 can
directly inhibit GPC3 expression, whereas miR-129-1-3p,
miR-1291, and miR-1303 promote GPC3 expression.33 miR-
1291 indirectly promotes GPC3 expression by downregulat-
ing inositol-requiring enzyme 1a (IRE1la).3* IREla is an en-
doplasmic reticulum stress sensor that has both kinase and
riboendonuclease activities.35 GPC3 mRNA can be directly
targeted and cleaved by IREla.34

The molecular weight of GPC3 protein is approximately 70
kDa.3% Membrane-bound GPC3 plays a critical role in regulat-
ing various cellular biological processes, including prolifera-
tion, differentiation, and metastasis.37-3° Studies on zebrafish
have demonstrated that GPC3 is cleaved by a furin-like con-
vertase between Arg358 and Ser359, resulting in a 40 kDa
N-terminal subunit and a 30 kDa C-terminal subunit, which
are linked by disulfide bonds (Fig. 2).2436 Furthermore, the
C-terminal substructure comprises two HS side chains that
are capable of interacting with other regulatory proteins.40
Interestingly, evidence suggests that furin-dependent GPC3
cleaved domains could serve as both a powerful tool for de-
tecting early-stage HCC and a predictor of HCC prognosis.4!
Additionally, various soluble forms of GPC3 protein have
been detected in both cell culture supernatants and serum
from HCC patients, indicating that membrane-bound GPC3
may undergo proteolytic cleavage under physiological con-
ditions.23:2542,43 However, the mechanism of GPC3 protein
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Fig. 2. Schematic diagram of the GPC3 protein structure on the cell membrane. (A) The membrane-bound GPC3 protein is composed of an N-terminal subunit
and a C-terminal subunit. The C-terminal subunit also comprises two heparan sulfate side chains and is embedded in the cell membrane through GPI. (B) The amino
acid sequences corresponding to each domain of the GPC3 protein. GPC3, glypican-3; GPI, Glycosylphosphatidylinositol.

cleavage has not been fully elucidated.

Studies indicate that varying expression levels of the GPC3
protein are associated with poor prognosis in HCC patients.
Importantly, GPC3 knockout significantly inhibits HCC in-
vasion and metastasis.** GPC3 promotes HCC progression
through various signaling pathways (Fig. 3). The Wnt signal-
ing pathway is a primary route by which GPC3 promotes HCC
progression.4546 Upon binding of GPC3's HS and core protein
to FRIZZLED and LRP5/6, Wnt signaling is activated and re-
layed into the cytoplasm, leading to B-catenin accumulation,
which is subsequently transported to the cell nucleus to initi-
ate the expression of genes associated with cell proliferation
and survival, thereby facilitating HCC development.47-4° In
this context, elevated levels of GPC3 function as coreceptor
storage proteins that enhance the interaction between Wnt
and FZD/LRP5/6. Furthermore, GPC3 expression is closely
correlated with B-catenin nuclear localization, indicating that
GPC3 activates the Wnt signaling cascade.*>:50 Similarly,
growth factor-related pathways promote HCC cell metas-
tasis through GPC3 interaction. Mechanistically, HS chains
facilitate binding of hepatocyte growth factor and fibroblast
growth factor, which subsequently activate MAPK or PI3K/
AKT/mTOR signaling pathways to enhance HCC cell migra-
tion and invasion.>1-53

On the one hand, macrophages are prevalent immune
cells within the microenvironment of solid tumors and are
commonly referred to as tumor-associated macrophages
(TAMs).>4:55 Studies indicate that GPC3 expression signifi-
cantly enhances the migration of TAMs to HCC tissues;?24:56:57
however, a predominant proportion of these macrophages
are M2-polarized TAMs (Fig. 3). Elevated GPC3 levels are
hypothesized to facilitate the aggregation of M2-polarized
TAMs, thereby promoting HCC invasion and metastasis.>8:59
Moreover, microarray and quantitative PCR analyses have
demonstrated that GPC3 overexpression in HCC cells induc-
es upregulation of chemokines CCL3, CCL5, and CSF1, which
have been shown to recruit macrophages and promote their
polarization towards the M2 phenotype.>® GPC3 interacts
with pyruvate kinase M2, a mechanism that drives enhanced
glycolysis, oxidative phosphorylation, and ATP generation.
Such metabolic reprogramming fosters a favorable microen-
vironment within tumors, supporting both the persistence of
M2 macrophages and their differentiation into a pro-tumo-
rigenic phenotype (Fig. 3).6% On the other hand, epithelial-

mesenchymal transition (EMT) represents a critical event in
mediating the invasiveness of HCC.6! The downregulation of
E-cadherin is a significant feature of EMT-driven HCC migra-
tion.62:63 In the HepG2 cell line, E-cadherin expression has
been reported to be negatively correlated with GPC3 lev-
els,32:51 further supporting the association between elevated
GPC3 expression and poor prognosis in HCC. A study focus-
ing on HepG2 cells revealed that GPC3 expression inversely
correlates with E-cadherin levels. Silencing GPC3 resulted in
decreased expression of Snail, Slug, MMP-2, and MMP-9—
proteins associated with EMT—suggesting that GPC3 over-
expression facilitates EMT, as well as metastasis and inva-
sion.64

Although alpha-fetoprotein (AFP) has been utilized for
screening HCC patients through routine serum testing since
the 1980s,55 elevated levels of GPC3 can be detected in both
liver cancer tissues and the serum of AFP-negative primary
liver cancer patients.66-68 Notably, studies have demonstrat-
ed that when HCC tumors are less than 3 cm in size, the
expression frequency of GPC3 in HCC tissues is significantly
higher than the increased frequency of serum AFP and the
expression frequency of AFP in HCC.%9:70 Consequently, GPC3
can serve as a valuable biomarker for early screening and/or
combined diagnosis of primary HCC.

Immunotherapy targeting GPC3 in clinical applica-
tion

Innovative therapeutics targeting GPC3 have been developed
across various research domains as therapeutic strategies for
the treatment of advanced HCC. In this article, we categorize
GPC3-targeted therapies into two groups based on perspec-
tives from new drug development and clinical research: non-
cellular therapeutics and cellular therapeutics. We conducted
a comprehensive search of clinical trial registration data-
bases and publicly available data to summarize noncellular
therapeutics targeting the GPC3 antigen, which include ther-
apeutic vaccines, monoclonal antibodies/bispecific antibod-
ies, tumor vaccines, and nucleic acid-based therapies, from
2008 to 2025 (Table 1). Additionally, we provide an overview
of cell-based therapies targeting the GPC3 antigen, primarily
CAR-T cells, with summarized clinical research information
from 2015 to 2025 presented in Table 2.
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pyruvate kinase M2; Raf, v-Raf-1 murine leukemia viral oncogene homolog 1; Ras, rat sarcoma virus; RhoA, Ras homolog family member A; ROCK, rho-associated
protein kinase; Slug, snail family transcriptional repressor 2; Snail, snail family transcriptional repressor; Surf2, surfeit locus protein 2; TSC1/2, tuberous sclerosis
complex 1/2; Wnt, wingless-related integration site.
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IHC, immunohistochemistry; N/A, not applicable; PC, pancreatic carcinoma; SCLC, squamous cell lung cancer; ST, solid tumor.

Noncellular therapeutics

Monoclonal antibodies constitute a significant class of non-
cellular immunotherapies that target GPC3. Codrituzumab,
also known as RO-5137382 or GC33, is among the earliest
humanized monoclonal antibodies targeting GPC3, devel-
oped by Chugai Pharmaceutical. This antibody demonstrat-
ed favorable tolerability and antitumor efficacy in phase I
clinical trials involving GPC3-positive HCC patients.”%:72 How-
ever, it did not yield significant benefits in the subsequent
randomized phase II trial.”3 In 2021, Chugai Pharmaceu-
ticals reinitiated the phase I clinical trial for codrituzumab
(NCT04928677) to further investigate its potential in solid
tumors; it is currently still recruiting participants.

Advancements in antibody technology have enabled en-
gineered antibodies to achieve therapeutic effects unat-
tainable by traditional antibodies. A notable representative
of next-generation therapeutic antibodies is bispecific anti-
bodies.”4-76 ERY974, derived from codrituzumab, represents
one of the earliest bispecific antibodies targeting both GPC3
and CD3; it facilitates the formation of an immune synapse
between T cells and tumor cells, thereby mediating T-cell-
mediated cytotoxicity against GPC3-overexpressing tumor
cells.”? In 2024, Chugai Pharmaceuticals launched a phase I
clinical study of ERY974 (NCT05022927), aimed at evaluat-
ing its safety, tolerability, efficacy, and preliminary effective-
ness when combined with atezolizumab and bevacizumab
for treating local or metastatic HCC. CM350 is a GPC3xCD3
bispecific antibody developed by Keymed Biosciences Co.,
Ltd. (Chengdu, China), marking it as the second bispecific an-
tibody to enter clinical trials following ERY974; it is currently
undergoing evaluation in phase II trials (NCT05263960).

According to the official website of the Center for Drug
Evaluation under the National Medical Products Administra-
tion of China, Sanofi's first-in-class new drug SAR444200
has received implied authorization for clinical trials, targeting
GPC3-positive advanced solid tumors. SAR444200 is a GPC3/
TCR nanobody developed by Sanofi and is currently undergo-
ing phase I clinical trials in the United States. BGB-B2033,
developed by BeiGene (Guangzhou, China), has also obtained
implied authorization from the Center for Drug Evaluation for
clinical use (CXSL2400253); however, no public information
regarding its target or indications is currently available.

In the development of GPC3-targeted vaccines, clinical
applications of GPC3-derived peptide vaccines demonstrated
favorable tolerability in phase I trials and successfully acti-
vated cytotoxic T lymphocytes to target HCC cells. However,
no significant benefits were observed in phase II trials that
included HCC patients who had undergone surgical resec-
tion or radiofrequency ablation.”87° The nucleic acid vaccine
NWRDO06 specifically targets GPC3 and enters muscle cells
to express a fusion protein that engages antigen-presenting
cells, thereby enhancing the processing and presentation of
the target antigen GPC3, which further promotes the pro-
liferation and differentiation of GPC3-matched T cells, ulti-
mately leading to the destruction of GPC3-positive HCC cells.
Preclinical data indicate that in a primary liver cancer mouse
model, intramuscular administration of NWRDO06 resulted in
a significant reduction in both the number and size of liver
tumors following three doses. While preclinical studies sug-
gest promising prospects for therapeutic vaccines in treat-
ing HCC, there have yet to be successful clinical translations
within this field.

In summary, while there are ongoing efforts and advance-
ments in noncellular therapies targeted at GPC3 for HCC,
including monoclonal and bispecific antibodies, nanobodies,
and vaccines, the clinical efficacy remains to be fully estab-
lished, with many candidates still in early trial phases.
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Cellular therapeutics

Chimeric antigen receptor (CAR) T cells have demonstrated
remarkable success in clinical applications for hematological
malignancies and are rapidly being adapted for use against
solid tumors.80-82 Given the rapid advancements in mono-
clonal antibody technology, CAR cell therapy targeting GPC3
is considered a highly promising therapeutic strategy.83-85
Furthermore, researchers have developed various T-cell sub-
types (including CD8* T cells, tumor-infiltrating lymphocytes,
and yd&T cells), as well as natural killer cells, which have been
engineered via CAR technology and have swiftly progressed
into clinical trials.86:87 As illustrated in Table 2, this article
provides a summary of the clinical trials registered by June
2025.

The registered clinical trials investigating GPC3-targeted
cellular therapeutics substantially outhumber those explor-
ing noncellular therapeutic approaches. Preclinical and clini-
cal evidence indicates that CAR-T cells engineered to target
GPC3 exhibit potent cytotoxic activity against GPC3-positive
HCC, with efficacy positively correlated to tumor antigen
expression levels. Notably, GPC3 CAR-T therapy represents
the first cellular intervention specifically designed for HCC
(NCT02395250, NCT03146234).88 As of July 24, 2019, data
cutoff, 13 patients had received a median dose of 1.99x10°
CAR-GPC3 T cells. Treatment-related adverse events included
pyrexia (13/13), lymphopenia (12/13), and cytokine release
syndrome (9/13). The severity of the cytokine release syn-
drome was predominantly graded as 1/2 (resolved in eight
cases). Kaplan—Meier analysis revealed overall survival rates
of 50.3% at six months, 42.0% at one year, and 10.5% at
three years. Objective responses included two partial remis-
sions and one case of sustained stable disease lasting 44.2
months, with CAR-T cell expansion dynamics suggesting a
potential correlation with clinical outcomes.8® These findings
underscore the preliminary safety and antitumor efficacy of
GPC3-targeted CAR-T therapy in advanced HCC, while pro-
viding a robust rationale for advancing next-generation im-
munotherapeutic strategies against this challenging malig-
nancy.

In addition to the classical structural features of CAR-T
cells, CAR-T cells are capable of secreting self-regulatory cy-
tokines such as IL-15 and IL-21. To increase the safety and
antitumor efficacy of CAR-T cells, structural optimizations are
frequently employed, with typical modifications including the
following: 1) Gene modification of the CAR structure utiliz-
ing proinflammatory cytokines.80.81.89 For example, CT017,
developed by CARsgen Therapeutics, coexpresses IL-7 and
CCL21, which improves the survival and infiltration of CAR-T
cells while inhibiting tumor angiogenesis. CT017 has superior
antitumor effects compared to those of GPC3-7x19 CAR-T
cells without necessitating lymphocyte depletion chemother-
apy. This is particularly significant for patients with compro-
mised T lymphocytes or those unable to tolerate lymphocyte
depletion chemotherapy, and it has progressed into clinical
phase I trials (NCT03198546). 2) Gene editing of immune
checkpoints. Studies have indicated that employing CRISPR/
Cas9 to knock out PD-1 expression in CAR-T cells can in-
crease both the persistence and infiltration of GPC3-targeted
CAR-T cells while increasing their antitumor activity.®® How-
ever, within clinical cell transfer therapies targeting GPC3,
only studies involving combinations with PD-1 antibodies
have been reported thus far; no investigations on gene-ed-
ited immune cells have been conducted yet. 3) Other struc-
tural optimizations. G3-CAR-ori2—a second-generation CAR-
T cell that incorporates a proprietary Ori2 element following
4-1BB and CD3C—significantly enhances its proliferation and
persistence while demonstrating excellent potential in phase
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I clinical trials.®! Furthermore, research findings suggest that
low-affinity 8F8-BBz CAR-T cells exhibit comparable tumor-
killing capabilities to their high-affinity counterparts but pos-
sess greater expansion capacity and durability, indicating en-
hanced therapeutic potential.92

Similar to other subtypes within the T lymphocyte line-
age, such as GPC3-CAR-ydT cells, enhanced universal-
ity has been observed, with related clinical trials currently
underway in China that have not yet initiated recruitment
(NCT06196294). Previous studies have demonstrated that
CARV031 T cells exhibit robust proliferation, cytokine produc-
tion, and cytotoxicity against various GPC3-expressing HCC
cells, with minimal sensitivity to sGPC. These cells effectively
control tumors in the HepG2 mouse model without induc-
ing graft-versus-host disease. Furthermore, their antitumor
efficacy is significantly augmented when they are coex-
pressed with IL-15, without associated toxicity.8¢ Addition-
ally, targeting GPC3-CAR-natural killer cells also results in
off-the-shelf versatility and is presently open for recruitment
(NCT05410717).

Obviously, noncellular drugs typically possess stable
pharmacokinetic attributes that can be utilized to more ef-
fectively assess their absorption, metabolism, distribution,
and excretion in vivo. The dosage and potential toxicity or
side effects of the drugs have been well-defined in preclini-
cal studies, which is more conducive to expediting the ap-
plication of targeted drugs in the treatment of HCC. Nev-
ertheless, for cellular drugs, which are regarded as “living
drugs”, their pharmacokinetic characteristics are relatively
less stable than those of noncellular drugs. Hence, in ad-
dition to emphasizing potency, greater attention should be
given to the metabolism of the drug itself and its potential
toxicity or side effects, such as reproductive toxicity, genetic
toxicity, carcinogenicity, tumorigenicity, and cytokine storm.
However, cellular drugs might be capable of better compen-
sating for the drawbacks of noncellular drugs being prone
to drug-fast in vivo, and safe cellular drugs may alleviate or
even cure HCC.

Methods and applications of patient-specific GPC3
identification

As stated above, GPC3 is recognized as a promising specific
biomarker for HCC that may guide targeted therapy. Various
detection methods have been developed in recent years to
increase the efficiency of HCC diagnosis and treatment. In
this section, we summarize the GPC3 detection methods em-
ployed in clinical trials and preclinical studies, review clinical
trial reports related to different detection techniques along
with their respective advantages and disadvantages (Table
3),93-112 and ultimately categorize these methods into three
distinct types based on characteristics such as target sam-
ples, operational procedures, and analytical methods: chemi-
cal immunoassays, imaging methods, and biosensors.

Chemical immunoassay

Chemical immunoassay integrates immunological and chem-
ical principles for precise biomarker detection, with enzyme-
linked immunosorbent assay (ELISA) standing out as the
most clinically validated method for GPC3 in HCC. ELISA-
based GPC3 detection has demonstrated significant diagnos-
tic specificity, particularly in distinguishing HCC from liver
cirrhosis. For instance, serum GPC3 levels in HCC patients
(16.81+0.56 pg/L) markedly exceeded those in cirrhosis
controls (7.41+0.25 ug/L), achieving 96.77% specificity.113
Commercial ELISA kits further validated this differentiation,
revealing median serum GPC3 levels of 924.8 pg/mL in HCC
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Table 3. Detection methods for GPC3

Type Name Advantages Disadvantages Reference
Chemical Flow cytometry High-throughput, multi- Sample pretreatment, complex 93,94
immunoassay parameter, real-time, operations and analyses, and a
and rapid analysis limited measurement range
Chemical Hematoxylin- Simple operation, low cost, can  Only presenting morphological 95
immunoassay eosin staining be utilized for rapid screening information makes it difficult
to accurately determine
complex lesions and tiny foci
Chemical Immunohis- Accurate positioning, Cross-reaction, non-specific 96
immunoassay tochemistry visualized outcomes, with high staining, cumbersome operation,
specificity and sensitivity relatively high costs
Chemical Immunofluo- High specificity, sensitivity, Non-specific staining, 97,98
immunoassay rescence and rapidity complicated procedures
Chemical Enzyme-linked Diverse sample sources, high- Limited antigen information 99,100
immunoassay immunosorbent throughput, easy to operate,
assay high specificity, high sensitivity
Imaging Magnetic High soft tissue resolution High level of noise, slow 101,102
method resonance imaging with no radiation, clinical imaging speed
applied widely
Imaging Single-photon High sensitivity, strong Low spatial resolution, challenging 103-105
method emission computed tissue penetration to conduct quantitative
tomography analysis, radioactive
Imaging Immuno PET Non-invasive, easy to Requirement use radiolabeled 93,106,107
method operate, fast imaging, real- nuclides, relatively high uptake and
time dynamic detection retention of agents might cause
radiation harm and influence the
detection of suspicious lesions
Imaging Near infrared Convenient operation, analysis Low sensitivity, poor selectivity, 108
method spectrum with fast speed and high challenges in model establishment
efficiency, online analysis
Biosensor Enzymes, Operation is simple, strong Need exorbitant equipment and 109-112

microorganisms,
cells,
nanoparticles,
aptamers, etc

specificity, high selectivity,
requiring only a small sample,
capable of conducting
continuous online detection

technology, restricted application
scope, prone to interference

etc, et cetera (and so on); GPC3, glypican-3; Immuno PET, immuno-positron emission tomography.

patients compared to 1161.6 pg/mL in chronic liver disease
cohorts (n = 200 per group).114

Clinical correlations highlight ELISA's utility in multi-mod-
al diagnostics. Among 38 HCC resection samples, 36.9%
showed tissue GPC3 positivity via ELISA, paralleling serum
elevation patterns.114 Notably, in AFP-normal HCC patients
(n = 74/147 post-hepatectomy cases), serum GPC3 levels
(mean 5.1) significantly surpassed healthy controls (p <
0.01), while immunohistochemistry (IHC) results remained
consistent across AFP subgroups.!5 ELISA also enabled si-
multaneous profiling of GPC3 with VEGF and GP73 in HCC/
cirrhosis/healthy cohorts (n = 120), confirming GPC3’s diag-
nostic superiority over conventional biomarkers.116

However, technical limitations constrain ELISA's stan-
dalone use. Serum GPC3 quantification alone exhibited in-
sufficient diagnostic power, necessitating complementary
IHC verification in moderately/poorly differentiated HCC tis-
sues.!% Additionally, no significant GPC3 expression differ-
ences emerged between AFP-normal and AFP-abnormal HCC
groups via IHC.115

Supportive methodologies enhance GPC3 detection frame-
works. Flow cytometry achieves 85% sensitivity and 95%
specificity in detecting membrane-bound GPC3 on circulat-
ing tumor cells from HCC patients,!” while IHC remains the

gold standard for tissue-based GPC3 identification in clinical
protocols (Table 3).

Imaging methods

In clinical practice, imaging detection technologies predomi-
nantly based on CT and PET employ radiolabeled tracers to
noninvasively and dynamically evaluate the expression and
variations of GPC3 in real-time, thereby effectively address-
ing discrepancies in detection results arising from tumor
heterogeneity.118 Wu et al. developed an imaging genomics
model based on magnetic resonance (MR) images to predict
the pathological grade of HCC. Their findings indicated that
this MR imaging-based model outperformed models relying
solely on clinical factors (areas under the curve (AUCs) of
0.74 vs. 0.60), whereas the AUC for the combined model
reached 0.80 (95% CI: 0.65-0.90), demonstrating superior
performance overall.11® Gu et al. established a support vec-
tor machine imaging radiomic signature utilizing enhanced
MR images of tumors to predict the GPC3 expression sta-
tus in HCC, achieving AUC values of 0.879 and 0.871 in the
training and validation cohorts, respectively. Furthermore,
combining the imaging radiomic model with clinical risk fac-
tors significantly improved the predictive performance, yield-
ing AUC values of 0.926 and 0.914 in both sets.120 A recent
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study involving 259 patients with HCC aimed to develop an
imaging radiomic model for predicting the expression status
of GPC3 in patients with solitary HCC measuring <5 cm prior
to surgery. The findings indicated that the combined model,
which integrates clinical risk factors with the optimal imag-
ing radiomics model, exhibited superior predictive ability for
GPC3 expression status, with AUCs of 0.931 and 0.943 in
the training and validation sets, respectively.2! In another
study, Liu et al. utilized a SMOTE-LR model based on three
features—AFP, apparent diffusion coefficient, and R2* map
data—from 158 HCC patients to improve the prediction and
identification of GPC3 in HCC, achieving AUC values of 0.909
and 0.829 for the training and validation sets, respectively,
along with accuracy rates of 83.7% and 82.1%.122

Biosensors

Recent advances in aptamer-based biosensors demonstrate
remarkable potential for GPC3 detection in HCC through in-
novative signal amplification and transduction strategies.
Chen et al. engineered an enzyme-free catalytic hairpin
assembly biosensor using N-methyl mesoporphyrin IX and
quantum dots as dual signal reporters, enabling simultane-
ous AFP/GPC3 quantification in clinical samples with picomo-
lar sensitivity. This system incorporated CdTe quantum dot
strips for color-distance binary readouts, achieving visual
GPC3 detection in serum through spectral shift patterns.42
Addressing soluble GPC3 detection challenges, Duo et al.
developed slow off-rate modified aptamers that specifically
bind epitope-variable GPC3 fragments, overcoming antibody
limitations through n-n stacking-enhanced binding kinetics
(Kd < 1 nM).123

Electrochemical aptasensors demonstrate rapid response
capabilities through their high sensitivity and target affin-
ity, offering significant potential for disease diagnostics. As
depicted in Figure 4A, hollow gold nanoparticles (HGNs)
were first synthesized via a one-step reduction method using
hydrazine hydrate as the reducing agent, followed by func-
tionalization with GPC3-specific aptamers through n-n inter-
actions to create HGNs-Apt signal probes. Concurrently, a
screen-printed electrode or screen-printed carbon electrode
(SPCE) surface was activated and electrodeposited with Au
nanoparticles (AuNPs) to enhance conductivity. GPC3-target-
ing aptamers (GPC3-Apt) were then physically adsorbed onto
the AuNPs/screen-printed electrode or AuNPs/SPCE surface.
Upon introducing GPC3, specific recognition between GPC3-
Apt and the antigen formed aptamer-antigen complexes
on the electrode, which subsequently anchored HGNs-Apt
probes via n-n stacking and electrostatic interactions, es-
tablishing a sandwich architecture. Leveraging the intrinsic
peroxidase-like activity of HGNs, hydrogen peroxide (H,0,)
catalyzed the reduction of Ag* ions to metallic Ag, which
deposited onto the Au NPs/SPCE surface. The accumulated
Ag was quantified through differential pulse voltammetry,
where the current intensity exhibited linear proportionality to
GPC3 concentrations across 10.0-100.0 mg/mL, achieving a
detection limit of 3.16 mg/mL.110 This integrated approach
synergizes aptamer selectivity with nanomaterial-amplified
signaling, enabling precise electrochemical detection of GPC3
in complex biological matrices.

In addition, Li et al. developed a highly sensitive homoge-
neous detection GPC3 aptasensor utilizing the GPC3 aptam-
er-labelled gold carbon dots (AuCDs-GPC3-Apt) as the donor
and magnetic graphene oxide (Fe;0,-GO) nanosheets as
the acceptor on the basis of fluorescence resonance energy
transfer (FRET) (Fig. 4B).124 The AuCDs were synthesized via
a one-step hydrothermal method to ensure adequate fluo-
rescence emission. The FRET interaction between AuCDs-
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GPC3-Apt and the Fe;0,-GO nanosheets led to a reduction
in the overall fluorescence intensity of the system. Upon ad-
dition of the target GPC3 into the FRET system, fluorescent
AuCDs-GPC3-Apt bound to GPC3, forming a folded structure
that resulted in separation from the Fe;0,-GO nanosheets.
Subsequently, magnetic separation of Fe;0,-GO allowed the
recovery of fluorescence from free-labelled AuCDs-GPC3-
Apt. Under optimal conditions, the fluorescence recovery rate
exhibited a linear correlation with GPC3 concentrations rang-
ing from 5 to 100 ng/mL, achieving a detection limit of 3.01
ng/mL (S/N = 3). This strategy demonstrated a recovery rate
ranging from 98.76% to 101.29% in real human serum sam-
ples, providing an immediate and effective method for the
quantitative detection of GPC3 with significant potential for
the early diagnosis of HCC.124 Collectively, these biosensors
leverage aptamer-programmable recognition paired with na-
nomaterial-enhanced signal conversion, establishing robust
platforms for multiplexed GPC3 detection in complex biologi-
cal matrices.

In summary, chemical immunoassays can detect a vari-
ety of samples, including tissues, cells, and serum, and have
high sensitivity. The time required for detection varies from
a few hours (flow cytometry) to several days (hematoxylin
and eosin, IHC). The detection time of imaging methods is
shorter, generally within tens of minutes. All of the above
methods can be used for rapid screening and diagnosis of
GPC3 in early HCC patients. However, for advanced pa-
tients, one of these methods may first be used to determine
whether GPC3 expression is upregulated (serum detection is
recommended), and then the concentration of GPC3 on the
cell surface can be measured to determine whether it is suit-
able for targeted therapy. Although the biosensor detection
method requires fewer samples and may be more suitable
for early screening and diagnosis, unfortunately, it can only
be expected that biosensor detection will be popularized in
clinical use as soon as possible.

Achievements and limitations

Recent studies indicate that the concurrent utilization of two
or three specific biomarkers may increase the accuracy of
HCC diagnosis.#2:68,125126 At present, preclinical studies tar-
geting GPC3 have yielded systematic results, and data from
multiple clinical trials have also shown positive efficacy. We
also look forward to breakthrough progress in GPC3-targeted
treatment strategies in subsequent clinical trials. It is worth
noting that GPC3 can not only serve as a key biomarker for
the early diagnosis of HCC, but also has the dual potential of
becoming a therapeutic target. Based on the significant po-
tential of GPC3 in both diagnosis and treatment, we suggest
that medical institutions include serum GPC3 protein detec-
tion in the routine diagnostic protocol for liver cancer patients
to improve the accuracy of screening for patients with AFP-
negative liver cancer or early-stage liver cancer. It should be
coordinated with AFP serum marker protein detection and
imaging examinations, such as CT, to enable early detection
and treatment of HCC patients.

It is crucial to routinely conduct GPC3 immunohistochemi-
cal testing on tumor specimens before treatment for new-
ly diagnosed HCC patients to evaluate their suitability for
GPC3-targeted treatment strategies. Consequently, specific
inclusion criteria have been established in clinical trials of
GPC3-targeted immunotherapy to exclude patients with low
or absent expression of GPC3 on tumor cells. For example,
in many clinical studies targeting GPC3, when enrolling HCC
patients, the IHC test is first used to detect whether the tu-
mor tissue sections show strong GPC3 positivity (= ++), with
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patients exhibiting strong GPC3 expression preferentially en-
rolled for subsequent trials. For patients with negative (-)
or weakly positive (+) results (i.e., no more than 30% of
HCC patients exhibit low GPC3 expression!27:128) non-GPC3-
dependent treatment regimens such as lenvatinib, sorafenib,
and anti-PD-L1 monoclonal antibodies are preferentially
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recommended. Such strict enrollment criteria can not only
ensure the efficacy of GPC3-targeted strategies in the GPC3-
positive population but also avoid delays in disease progres-
sion caused by ineffective treatments, providing a high-qual-
ity, evidence-based foundation for subsequent drug research
and development.
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In terms of GPC3 detection methods, classical chemical
immunoassays, such as ELISA, have demonstrated a limit
of detection reaching pg/mL levels in tumor cell lysates.129
Due to its advantages, such as high throughput, low cost,
convenient operation, and high specificity, ELISA has be-
come a routine method in medical institutions for detecting
antibodies against infectious pathogens (such as bacteria),
hormone levels, and tumor markers (such as AFP and car-
cinoembryonic antigen). Based on its technical maturity, we
recommend using ELISA as the preferred method for detect-
ing serum GPC3 protein in patients with HCC. Similarly, bio-
sensors can achieve a sensitivity level with a detection limit
of 0.07 ng/mL for GPC3 detection.!30 However, despite their
advantages, such as ease of operation and minimal sample
requirements, the application of biosensors in clinical set-
tings has been hindered by the absence of industry stand-
ards and inherent limitations.?3! Imaging techniques allow
for noninvasive and dynamic assessment of GPC3 expression
in vivo; however, their use requires consideration of the het-
erogeneous distribution of target antigen proteins within the
body, and the implications for result interpretation, alongside
potential harm caused by radioactive isotopes used in imag-
ing procedures. Moreover, clinical treatment must also ac-
count for variations in GPC3 distribution between serum and
the cell surface, as well as the implications of membrane-
targeted GPC3 therapy.

As previously mentioned, both membrane-bound and sol-
uble GPC3 serve as valuable biomarkers for the diagnosis
and treatment of HCC.25132 Nevertheless, numerous ques-
tions regarding the expression and function of GPC3 remain
unanswered. For example, investigations are needed to elu-
cidate the correlation between membrane expression density
and soluble protein concentration, as well as to explore how
morphological changes from membrane-bound to soluble
proteins in circulation relate to HCC progression. In clinical
tests, clarifying the correlation between serum soluble GPC3
and the progression of HCC has dual significance. On the
one hand, it can provide data to support the formulation of
diagnostic criteria for HCC based on serum GPC3 concentra-
tion thresholds (pg/mL or ug/L). On the other hand, dynamic
monitoring of changes in GPC3 levels can facilitate the as-
sessment of patients' treatment responses and disease out-
comes. Additionally, GPC3 is primarily mediated by the Wnt
pathway to increase tumor cell invasion and proliferation.4>
Studies indicate that elevated GPC3 expression is closely as-
sociated with EMT in HCC cells.15:32,51 The planar cell polarity
pathway, a component of the Wnt signaling cascade, regu-
lates cytoskeletal reorganization through its activation. This
mechanistic link suggests that GPC3 may promote EMT pro-
gression by modulating Wnt signaling activity. Furthermore,
elevated levels of GPC3 can recruit a greater number of M2
macrophages; > however, whether this recruitment contrib-
utes to the establishment of a tumor immune-suppressive
microenvironment requires further investigation. Elucidating
the expression mode and functional characteristics of GPC3
can further enhance diagnostic accuracy and therapeutic
strategies for HCC.

Conclusions

Consequently, assessing GPC3 expression and distribution in
HCC patients is essential for targeted treatment. For early-
stage patients, various detection methods can be used to
evaluate the GPC3 concentration in serum and on cell sur-
faces, as well as its tissue distribution, thereby enhancing
diagnostic accuracy. Furthermore, rapid sampling and diag-
nosis using sensitive biosensors may reduce patient burden.
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Subsequently, targeted therapy can be initiated promptly
based on GPC3 localization and expression levels to improve
disease control rates. In contrast, advanced-stage patients
should utilize combined methods, such as serum ELISA or
flow cytometry, in combination with imaging methods, to ac-
curately assess GPC3 expression levels and distribution. This
approach facilitates the implementation of targeted therapies
while maximizing clinical benefits.

Acknowledgments

We sincerely appreciate Professor Yangfu Jiang from the
Laboratory of Oncogene, West China Hospital, Sichuan Uni-
versity, for his guidance on the final revision of the paper.
Our gratitude extends to Shujun Li and Lan Jiang from the
West China Biobank, West China Hospital, Sichuan Univer-
sity, for their efforts in summarizing and updating the clinical
research data. We particularly acknowledge Guo Chen from
Chengdu Yunce Medical Biotechnology Co., Ltd., for her sug-
gestions during the final stages of figure creation and visual
refinement.

Funding

This work was supported by the Scientific Research Develop-
ment Plan Project of North Sichuan Medical College [grant
number CBY24-QDA38].

Conflict of interest

JZ and CW are employee of Chengdu Yunce Medical Biotech-
nology Co., Ltd. The other authors have no conflict of inter-
ests related to this publication.

Author contributions

Conceptualization (JZ, CW), writing - original draft (JZ), writ-
ing - review & editing (RL, XT, CW), and supervision (CW).
The work reported in the paper has been performed by the
authors, unless clearly specified in the text. All authors have
approved the final version and publication of the manuscript.

References

[1] Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et
al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin
2024;74(3):229-263. doi:10.3322/caac.21834, PMID:38572751.

[2] Wang Y, Yan Q, Fan C, Mo Y, Wang Y, Li X, et al. Overview and counter-
measures of cancer burden in China. Sci China Life Sci 2023;66(11):2515-
2526. doi:10.1007/s11427-022-2240-6, PMID:37071289.

[3] Vogel A, Meyer T, Sapisochin G, Salem R, Saborowski A. Hepatocellular
carcinoma. Lancet 2022;400(10360):1345-1362. doi:10.1016/S0140-
6736(22)01200-4, PMID:36084663.

[4] Kinsey E, Lee HM. Management of hepatocellular carcinoma in 2024: The
multidisciplinary paradigm in an evolving treatment landscape. Cancers
(Basel) 2024;16(3):666. doi:10.3390/cancers16030666, PMID:38339417.

[5] Llovet JM, Castet F, Heikenwalder M, Maini MK, Mazzaferro V, Pinato DJ,
et al. Immunotherapies for hepatocellular carcinoma. Nat Rev Clin On-
col 2022;19(3):151-172. doi:10.1038/s41571-021-00573-2, PMID:347
64464.

[6] Liu MR, Shi C, Song QY, Kang MJ, Jiang X, Liu H, et al. Sorafenib induces
ferroptosis by promoting TRIM54-mediated FSP1 ubiquitination and deg-
radation in hepatocellular carcinoma. Hepatol Commun 2023;7(10):0246.
doi:10.1097/HC9.0000000000000246, PMID:37695069.

[7] Benson AB, D’Angelica MI, Abbott DE, Anaya DA, Anders R, Are C, et al.
Hepatobiliary cancers, version 2.2021, NCCN clinical practice guidelines
in oncology. J Natl Compr Canc Netw 2021;19(5):541-565. doi:10.6004/
jncen.2021.0022, PMID:34030131.

[8] Yang S, Yang S, Zhang H, Hua H, Kong Q, Wang J, et al. Targeting Na(+)
/K(+) -ATPase by berbamine and ouabain synergizes with sorafenib to in-
hibit hepatocellular carcinoma. Br J Pharmacol 2021;178(21):4389-4407.
doi:10.1111/bph.15616, PMID:34233013.

[9] Zhang R, Chen Z, Wu SS, Xu J, Kong LC, Wei P. Celastrol enhances the
anti-liver cancer activity of sorafenib. Med Sci Monit 2019;25:4068-4075.

14 Journal of Clinical and Translational Hepatology 2025


https://doi.org/10.3322/caac.21834
http://www.ncbi.nlm.nih.gov/pubmed/38572751
https://doi.org/10.1007/s11427-022-2240-6
http://www.ncbi.nlm.nih.gov/pubmed/37071289
https://doi.org/10.1016/S0140-6736(22)01200-4
https://doi.org/10.1016/S0140-6736(22)01200-4
http://www.ncbi.nlm.nih.gov/pubmed/36084663
https://doi.org/10.3390/cancers16030666
http://www.ncbi.nlm.nih.gov/pubmed/38339417
https://doi.org/10.1038/s41571-021-00573-2
http://www.ncbi.nlm.nih.gov/pubmed/34764464
http://www.ncbi.nlm.nih.gov/pubmed/34764464
https://doi.org/10.1097/HC9.0000000000000246
http://www.ncbi.nlm.nih.gov/pubmed/37695069
https://doi.org/10.6004/jnccn.2021.0022
https://doi.org/10.6004/jnccn.2021.0022
http://www.ncbi.nlm.nih.gov/pubmed/34030131
https://doi.org/10.1111/bph.15616
http://www.ncbi.nlm.nih.gov/pubmed/34233013

Zhang J. et al: GPC3 targeting to improve HCC outcomes

doi:10.12659/MSM.914060, PMID:31152143.

[10] Ma Z, Chen W, Liu Y, Yu L, Mao X, Guo X, et al. Artesunate sensitizes hu-
man hepatocellular carcinoma to sorafenib via exacerbating AFAP1L2-SRC-
FUNDC1 axis-dependent mitophagy. Autophagy 2024;20(3):541-556. doi
:10.1080/15548627.2023.2261758, PMID:37733919.

[11] Wang ], Zhang J, Guo Z, Hua H, Zhang H, Liu Y, et al. Targeting HSP70
chaperones by rhein sensitizes liver cancer to artemisinin derivatives. Phy-
tomedicine 2024;122:155156. doi:10.1016/j.phymed.2023.155156, PMID:
37897861.

[12] Lee YT, Fujiwara N, Yang JD, Hoshida Y. Risk stratification and early detec-
tion biomarkers for precision HCC screening. Hepatology 2023;78(1):319-
362. doi:10.1002/hep.32779, PMID:36082510.

[13] Quaglia A. Hepatocellular carcinoma: A review of diagnostic challenges for
the pathologist. J Hepatocell Carcinoma 2018;5:99-108. doi:10.2147/JHC.
S$159808, PMID:30519546.

[14] Pazgan-Simon M, Serafinska S, Janocha-Litwin J, Simon K, Zuwala-Jagiello
J. Diagnostic challenges in primary hepatocellular carcinoma: case reports
and review of the literature. Case Rep Oncol Med 2015;2015:878763.
doi:10.1155/2015/878763, PMID:25922775.

[15] Wei H, Dong C, Li X. Treatment Options for Hepatocellular Carcino-
ma Using Immunotherapy: Present and Future. J Clin Transl Hepatol
2024;12(4):389-405. doi:10.14218/1CTH.2023.00462, PMID:38638377.

[16] De Martin E, Fulgenzi CAM, Celsa C, Laurent-Bellue A, Torkpour A, Lombar-
di P, et al. Immune checkpoint inhibitors and the liver: Balancing therapeu-
tic benefit and adverse events. Gut 2025;74(7):1165-1177. doi:10.1136/
gutjnl-2024-332125, PMID:39658265.

[17] Li X, Sun X, Wang B, Li Y, Tong J. Oncolytic virus-based hepatocellular
carcinoma treatment: Current status, intravenous delivery strategies,
and emerging combination therapeutic solutions. Asian J Pharm Sci
2023;18(1):100771. doi:10.1016/j.ajps.2022.100771, PMID:36896445.

[18] Wang Y, Zhao Q, Zhao B, Zheng Y, Zhuang Q, Liao N, et al. Remodeling
tumor-associated neutrophils to enhance dendritic cell-based HCC neo-
antigen nano-vaccine efficiency. Adv Sci (Weinh) 2022;9(11):2105631.
doi:10.1002/advs.202105631, PMID:35142445.

[19] Huang W, Zhong L, Shi Y, Ma Q, Yang X, Zhang H, et al. An anti-CD147 anti-
body-drug conjugate mehozumab-DM1 is efficacious against hepatocellular
carcinoma in cynomolgus monkey. Adv Sci (Weinh) 2025;12(15):2410438.
doi:10.1002/advs.202410438, PMID:39985225.

[20] Wu D, Li Y. Application of adoptive cell therapy in hepatocellular carcinoma.
Immunology 2023;170(4):453-469. doi:10.1111/imm.13677, PMID:374
35926.

[21] Zheng X, Liu X, Lei Y, Wang G, Liu M. Glypican-3: A novel and prom-
ising target for the treatment of hepatocellular carcinoma. Front Oncol
2022;12:824208. doi:10.3389/fonc.2022.824208, PMID:35251989.

[22] Sun L, Gao F, Gao Z, Ao L, Li N, Ma S, et al. Shed antigen-induced blocking
effect on CAR-T cells targeting Glypican-3 in Hepatocellular Carcinoma. J
Immunother Cancer 2021;9(4):e001875. doi:10.1136/jitc-2020-001875,
PMID:33833049.

[23] Nicolosi A, Gaia S, Risso A, Rosso C, Rolle E, Abate ML, et al. Serum glypi-
can-3 for the prediction of survival in patients with hepatocellular carcino-
ma. Minerva Gastroenterol (Torino) 2022;68(4):378-386. doi:10.23736/
S2724-5985.21.03006-0, PMID:36222678.

[24] Devan AR, Nair B, Pradeep GK, Alexander R, Vinod BS, Nath LR, et al.
The role of glypican-3 in hepatocellular carcinoma: Insights into diagnosis
and therapeutic potential. Eur J Med Res 2024;29(1):490. doi:10.1186/
s40001-024-02073-2, PMID:39369212.

[25] Tojjari A, Hafez AH, Saeed A, Singh M, Saeed A. Exploring glypican-3 as
a molecular target in hepatocellular carcinoma: perspectives on diagno-
sis and precision immunotherapy strategies. Front Biosci (Landmark Ed)
2024;29(7):268. doi:10.31083/j.fbl2907268, PMID:39082348.

[26] Wu Y, Liu H, Ding H. GPC-3 in hepatocellular carcinoma: current perspec-
tives. J Hepatocell Carcinoma 2016;3:63-67. doi:10.2147/JHC.S116513,
PMID:27878117.

[27] Zhou F, Shang W, Yu X, Tian J. Glypican-3: A promising biomarker
for hepatocellular carcinoma diagnosis and treatment. Med Res Rev
2018;38(2):741-767. doi:10.1002/med.21455, PMID:28621802.

[28] Shimizu Y, Suzuki T, Yoshikawa T, Endo I, Nakatsura T. Next-generation
cancer immunotherapy targeting glypican-3. Front Oncol 2019;9:248.
doi:10.3389/fonc.2019.00248, PMID:31024850.

[29] Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2.0 for analysis of
tumor-infiltrating immune cells. Nucleic Acids Res 2020;48(W1):509-514.
doi:10.1093/nar/gkaa407, PMID:32442275.

[30]Li L, Jin R, Zhang X, Lv F, Liu L, Liu D, et al. Oncogenic activation of
glypican-3 by c-Myc in human hepatocellular carcinoma. Hepatology
2012;56(4):1380-1390. doi:10.1002/hep.25891, PMID:22706665.

[31] Luan F, Liu P, Ma H, Yue X, Liu J, Gao L, et al. Reduced nucleic ZHX2
involves in oncogenic activation of glypican 3 in human hepatocellular
carcinoma. Int J Biochem Cell Biol 2014;55:129-135. doi:10.1016/j.bio-
cel.2014.08.021, PMID:25195714.

[32] Wang P, Tong K, Li Y, Li X, Zhang Y, Gu J, et al. The role and mecha-
nism of HIF-1la-mediated glypican-3 secretion in hypoxia-induced tumor
progression in hepatocellular carcinoma. Cell Signal 2024;114:111007.
doi:10.1016/j.cellsig.2023.111007, PMID:38081444.

[33] Maurel M, Jalvy S, Ladeiro Y, Combe C, Vachet L, Sagliocco F, et al. A
functional screening identifies five microRNAs controlling glypican-3: role
of miR-1271 down-regulation in hepatocellular carcinoma. Hepatology
2013;57(1):195-204. doi:10.1002/hep.25994, PMID:22865282.

[34] Maurel M, Dejeans N, Taouji S, Chevet E, Grosset CF. MicroRNA-
1291-mediated silencing of IREla enhances Glypican-3 expression. RNA
2013;19(6):778-788. doi:10.1261/rna.036483.112, PMID:23598528.

[35] Liu Y, Hua H, Cao Y, Li M, Zhang H, Du S, et al. Mechanism by which

the molecular glue-like verteporfin induces IREla dimerization and acti-
vation to synergize with AKT inhibition in breast cancer. Cell Chem Biol
2025;32(6):854-871. doi:10.1016/j.chembiol.2025.05.004, PMID:40472
846.

[36] Schepers EJ, Glaser K, Zwolshen HM, Hartman SJ, Bondoc AJ. Structural
and functional impact of posttranslational modification of glypican-3 on liver
carcinogenesis. Cancer Res 2023;83(12):1933-1940. doi:10.1158/0008-
5472.CAN-22-3895, PMID:37027004.

[37] Ning J, Ding J, Wang S, Jiang Y, Wang D, Jiang S. GPC3 promotes lung
squamous cell carcinoma progression and HLA-A2-restricted GPC3 antigen-
ic peptide-modified dendritic cell-induced cytotoxic T lymphocytes to kill
lung squamous cell carcinoma cells. J Immunol Res 2023;2023:5532617.
doi:10.1155/2023/5532617, PMID:37965271.

[38] HuH, QuanG, Yang F, Du S, Ding S, Lun Y, et al. MicroRNA-96-5p is negative-
ly regulating GPC3 in the metastasis of papillary thyroid cancer. SAGE Open
Med 2023;11:20503121231205710. doi:10.1177/20503121231205710,
PMID:37915840.

[39] Yao G, Yang Z. Glypican-3 knockdown inhibits the cell growth, stemness,
and glycolysis development of hepatocellular carcinoma cells under hy-
poxic microenvironment through lactylation. Arch Physiol Biochem
2024;130(5):546-554. doi:10.1080/13813455.2023.2206982, PMID:371
31292.

[40] Nishida T, Kataoka H. Glypican 3-targeted therapy in hepatocellular carci-
noma. Cancers (Basel) 2019;11(9):1339. doi:10.3390/cancers11091339,
PMID:31510063.

[41] Mauro M, Ugo P, Walton Z, Ali S, Rastellini C, Cicalese L. Glypican-3 (GPC-
3) structural analysis and cargo in serum small extracellular vesicles of
hepatocellular carcinoma patients. Int J Mol Sci 2023;24(13):10922.
doi:10.3390/ijms241310922, PMID:37446098.

[42] Chen P, Jiang P, Lin Q, Zeng X, Liu T, Li M, et al. Simultaneous homo-
geneous fluorescence detection of AFP and GPC3 in hepatocellular carci-
noma clinical samples assisted by enzyme-free catalytic hairpin assem-
bly. ACS Appl Mater Interfaces 2022;14(25):28697-28705. doi:10.1021/
acsami.2c09135, PMID:35699181.

[43] Hippo Y, Watanabe K, Watanabe A, Midorikawa Y, Yamamoto S, Ihara
S, et al. Identification of soluble NH2-terminal fragment of glypican-3
as a serological marker for early-stage hepatocellular carcinoma. Can-
cer Res 2004;64(7):2418-2423. doi:10.1158/0008-5472.can-03-2191,
PMID:15059894.

[44] Chung JY, Lee W, Lee OW, Ylaya K, Nambiar D, Sheehan-Klenk J, et al.
Glypican-3 deficiency in liver cancer upregulates MAPK/ERK pathway but
decreases cell proliferation. Am J Cancer Res 2024;14(7):3348-3371.
doi:10.62347/TTNY4279, PMID:39113871.

[45] Xu L, Li J, Hou N, Han F, Sun X, Li Q. 20(S)-Ginsenoside Rh2 inhibits hepa-
tocellular carcinoma by suppressing angiogenesis and the GPC3-mediated
Wnt/B-catenin signaling pathway. Acta Biochim Biophys Sin (Shanghai)
2024;56(5):688-696. doi:10.3724/abbs.2024038, PMID:38584523.

[46] Xu C, Xu Z, Zhang Y, Evert M, Calvisi DF, Chen X. B-Catenin signaling in
hepatocellular carcinoma. J Clin Invest 2022;132(4):154515. doi:10.1172/
JCI154515, PMID:35166233.

[47] Capurro M, Martin T, Shi W, Filmus J. Glypican-3 binds to Frizzled and
plays a direct role in the stimulation of canonical Wnt signaling. J Cell Sci
2014;127(7):1565-1575. doi:10.1242/jcs.140871, PMID:24496449.

[48] Hu P, Cheng B, He Y, Wei Z, Wu D, Meng Z. Autophagy suppresses pro-
liferation of HepG2 cells via inhibiting glypican-3/wnt/B-catenin signal-
ing. Onco Targets Ther 2018;11:193-200. doi:10.2147/0TT.5150520,
PMID:29379301.

[49] Li N, Wei L, Liu X, Bai H, Ye Y, Li D, et al. A Frizzled-like cysteine-rich
domain in glypican-3 mediates Wnt binding and regulates hepatocellular
carcinoma tumor growth in mice. Hepatology 2019;70(4):1231-1245.
doi:10.1002/hep.30646, PMID:30963603.

[50] Gan Q, Shao J, Sun T. The inhibitory effects of anti-GPC3 antibody on
Wnt/B-catenin signaling pathway as a biological therapy in liver cancer. Mol
Biotechnol 2024. doi:10.1007/s12033-024-01291-7, PMID:39349719.

[51] Meng P, Zhang YF, Zhang W, Chen X, Xu T, Hu S, et al. Identification of
the atypical cadherin FAT1 as a novel glypican-3 interacting protein in liver
cancer cells. Sci Rep 2021;11(1):40. doi:10.1038/s41598-020-79524-3,
PMID:33420124.

[52] Wu Y, Liu H, Weng H, Zhang X, Li P, Fan CL, et al. Glypican-3 promotes ep-
ithelial-mesenchymal transition of hepatocellular carcinoma cells through
ERK signaling pathway. Int J Oncol 2015;46(3):1275-1285. doi:10.3892/
ijo.2015.2827, PMID:25572615.

[53] Zhou X, Liu Y, Liu X, Song X, Li S, Chen P, et al. Novel GPC3 N-terminal
bispecific antibody exhibits dual anti-tumor effect against tumor cells. In-
vest New Drugs 2025;43:588-601. doi:10.1007/s10637-025-01530-x,
PMID:40307410.

[54] Ruf B, Bruhns M, Babaei S, Kedei N, Ma L, Revsine M, et al. Tumor-as-
sociated macrophages trigger MAIT cell dysfunction at the HCC invasive
margin. Cell 2023;186(17):3686-3705. doi:10.1016/j.cell.2023.07.026,
PMID:37595566.

[55] Cheng K, Cai N, Zhu J, Yang X, Liang H, Zhang W. Tumor-associated
macrophages in liver cancer: From mechanisms to therapy. Cancer
Commun (Lond) 2022;42(11):1112-1140. doi:10.1002/cac2.12345,
PMID:36069342.

[56] Takai H, Ashihara M, Ishiguro T, Terashima H, Watanabe T, Kato A, et
al. Involvement of glypican-3 in the recruitment of M2-polarized tumor-
associated macrophages in hepatocellular carcinoma. Cancer Biol Ther
2009;8(24):2329-2338. doi:10.4161/cbt.8.24.9985, PMID:19838081.

[57] Takai H, Kato A, Kato C, Watanabe T, Matsubara K, Suzuki M, et al. The
expression profile of glypican-3 and its relation to macrophage popula-
tion in human hepatocellular carcinoma. Liver Int 2009;29(7):1056-1064.

Journal of Clinical and Translational Hepatology 2025 15


https://doi.org/10.12659/MSM.914060
http://www.ncbi.nlm.nih.gov/pubmed/31152143
https://doi.org/10.1080/15548627.2023.2261758
http://www.ncbi.nlm.nih.gov/pubmed/37733919
https://doi.org/10.1016/j.phymed.2023.155156
http://www.ncbi.nlm.nih.gov/pubmed/37897861
https://doi.org/10.1002/hep.32779
http://www.ncbi.nlm.nih.gov/pubmed/36082510
https://doi.org/10.2147/JHC.S159808
https://doi.org/10.2147/JHC.S159808
http://www.ncbi.nlm.nih.gov/pubmed/30519546
https://doi.org/10.1155/2015/878763
http://www.ncbi.nlm.nih.gov/pubmed/25922775
https://doi.org/10.14218/JCTH.2023.00462
http://www.ncbi.nlm.nih.gov/pubmed/38638377
https://doi.org/10.1136/gutjnl-2024-332125
https://doi.org/10.1136/gutjnl-2024-332125
http://www.ncbi.nlm.nih.gov/pubmed/39658265
https://doi.org/10.1016/j.ajps.2022.100771
http://www.ncbi.nlm.nih.gov/pubmed/36896445
https://doi.org/10.1002/advs.202105631
http://www.ncbi.nlm.nih.gov/pubmed/35142445
https://doi.org/10.1002/advs.202410438
http://www.ncbi.nlm.nih.gov/pubmed/39985225
https://doi.org/10.1111/imm.13677
http://www.ncbi.nlm.nih.gov/pubmed/37435926
http://www.ncbi.nlm.nih.gov/pubmed/37435926
https://doi.org/10.3389/fonc.2022.824208
http://www.ncbi.nlm.nih.gov/pubmed/35251989
https://doi.org/10.1136/jitc-2020-001875
http://www.ncbi.nlm.nih.gov/pubmed/33833049
https://doi.org/10.23736/S2724-5985.21.03006-0
https://doi.org/10.23736/S2724-5985.21.03006-0
http://www.ncbi.nlm.nih.gov/pubmed/36222678
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1186/s40001-024-02073-2
http://www.ncbi.nlm.nih.gov/pubmed/39369212
https://doi.org/10.31083/j.fbl2907268
http://www.ncbi.nlm.nih.gov/pubmed/39082348
https://doi.org/10.2147/JHC.S116513
http://www.ncbi.nlm.nih.gov/pubmed/27878117
https://doi.org/10.1002/med.21455
http://www.ncbi.nlm.nih.gov/pubmed/28621802
https://doi.org/10.3389/fonc.2019.00248
http://www.ncbi.nlm.nih.gov/pubmed/31024850
https://doi.org/10.1093/nar/gkaa407
http://www.ncbi.nlm.nih.gov/pubmed/32442275
https://doi.org/10.1002/hep.25891
http://www.ncbi.nlm.nih.gov/pubmed/22706665
https://doi.org/10.1016/j.biocel.2014.08.021
https://doi.org/10.1016/j.biocel.2014.08.021
http://www.ncbi.nlm.nih.gov/pubmed/25195714
https://doi.org/10.1016/j.cellsig.2023.111007
http://www.ncbi.nlm.nih.gov/pubmed/38081444
https://doi.org/10.1002/hep.25994
http://www.ncbi.nlm.nih.gov/pubmed/22865282
https://doi.org/10.1261/rna.036483.112
http://www.ncbi.nlm.nih.gov/pubmed/23598528
https://doi.org/10.1016/j.chembiol.2025.05.004
http://www.ncbi.nlm.nih.gov/pubmed/40472846
http://www.ncbi.nlm.nih.gov/pubmed/40472846
https://doi.org/10.1158/0008-5472.CAN-22-3895
https://doi.org/10.1158/0008-5472.CAN-22-3895
http://www.ncbi.nlm.nih.gov/pubmed/37027004
https://doi.org/10.1155/2023/5532617
http://www.ncbi.nlm.nih.gov/pubmed/37965271
https://doi.org/10.1177/20503121231205710
http://www.ncbi.nlm.nih.gov/pubmed/37915840
https://doi.org/10.1080/13813455.2023.2206982
http://www.ncbi.nlm.nih.gov/pubmed/37131292
http://www.ncbi.nlm.nih.gov/pubmed/37131292
https://doi.org/10.3390/cancers11091339
http://www.ncbi.nlm.nih.gov/pubmed/31510063
https://doi.org/10.3390/ijms241310922
http://www.ncbi.nlm.nih.gov/pubmed/37446098
https://doi.org/10.1021/acsami.2c09135
https://doi.org/10.1021/acsami.2c09135
http://www.ncbi.nlm.nih.gov/pubmed/35699181
https://doi.org/10.1158/0008-5472.can-03-2191
http://www.ncbi.nlm.nih.gov/pubmed/15059894
https://doi.org/10.62347/TTNY4279
http://www.ncbi.nlm.nih.gov/pubmed/39113871
https://doi.org/10.3724/abbs.2024038
http://www.ncbi.nlm.nih.gov/pubmed/38584523
https://doi.org/10.1172/JCI154515
https://doi.org/10.1172/JCI154515
http://www.ncbi.nlm.nih.gov/pubmed/35166233
https://doi.org/10.1242/jcs.140871
http://www.ncbi.nlm.nih.gov/pubmed/24496449
https://doi.org/10.2147/OTT.S150520
http://www.ncbi.nlm.nih.gov/pubmed/29379301
https://doi.org/10.1002/hep.30646
http://www.ncbi.nlm.nih.gov/pubmed/30963603
https://doi.org/10.1007/s12033-024-01291-7
http://www.ncbi.nlm.nih.gov/pubmed/39349719
https://doi.org/10.1038/s41598-020-79524-3
http://www.ncbi.nlm.nih.gov/pubmed/33420124
https://doi.org/10.3892/ijo.2015.2827
https://doi.org/10.3892/ijo.2015.2827
http://www.ncbi.nlm.nih.gov/pubmed/25572615
https://doi.org/10.1007/s10637-025-01530-x
http://www.ncbi.nlm.nih.gov/pubmed/40307410
https://doi.org/10.1016/j.cell.2023.07.026
http://www.ncbi.nlm.nih.gov/pubmed/37595566
https://doi.org/10.1002/cac2.12345
http://www.ncbi.nlm.nih.gov/pubmed/36069342
https://doi.org/10.4161/cbt.8.24.9985
http://www.ncbi.nlm.nih.gov/pubmed/19838081

doi:10.1111/.1478-3231.2008.01968.x, PMID:19141032.

[58] Huang J, Pan H, Sun J, Wu J, Xuan Q, Wang J, et al. TMEM147 aggra-
vates the progression of HCC by modulating cholesterol homeostasis, sup-
pressing ferroptosis, and promoting the M2 polarization of tumor-associ-
ated macrophages. J Exp Clin Cancer Res 2023;42(1):286. doi:10.1186/
513046-023-02865-0, PMID:37891677.

[59] Lu Y, Han G, Zhang Y, Zhang L, Li Z, Wang Q, et al. M2 macrophage-
secreted exosomes promote metastasis and increase vascular perme-
ability in hepatocellular carcinoma. Cell Commun Signal 2023;21(1):299.
doi:10.1186/s12964-022-00872-w, PMID:37904170.

[60] Joladarashi D, Thej C, Mallaredy V, Magadum A, Cimini M, Gonzalez C, et al.
GPC3-mediated metabolic rewiring of diabetic mesenchymal stromal cells
enhances their cardioprotective functions via PKM2 activation. iScience
2024;27(10):111021. doi:10.1016/j.isci.2024.111021, PMID:39429777.

[61] Fu R, Xue W, Liang J, Li X, Zheng J, Wang L, et al. SOAT1 regulates choles-
terol metabolism to induce EMT in hepatocellular carcinoma. Cell Death Dis
2024;15(5):325. doi:10.1038/541419-024-06711-9, PMID:38724499.

[62] Lu H, Cao LL, Ballout F, Belkhiri A, Peng D, Chen L, et al. Reflux con-
ditions induce E-cadherin cleavage and EMT via APE1 redox function in
oesophageal adenocarcinoma. Gut 2023;73(1):47-62. doi:10.1136/
gutjnl-2023-329455, PMID:37734913.

[63] Yao L, Li J, Jiang B, Zhang Z, Li X, Ouyang X, et al. RNF2 inhibits E-
Cadherin transcription to promote hepatocellular carcinoma metastasis
via inducing histone mono-ubiquitination. Cell Death Dis 2023;14(4):261.
doi:10.1038/s41419-023-05785-1, PMID:37037816.

[64] Qi XH, Wu D, Cui HX, Ma N, Su J, Wang YT, et al. Silencing of the glypican-3
gene affects the biological behavior of human hepatocellular carcinoma
cells. Mol Med Rep 2014;10(6):3177-3184. doi:10.3892/mmr.2014.2600,
PMID:25270552.

[65] Yeo YH, Lee YT, Tseng HR, Zhu Y, You S, Agopian VG, et al. Alpha-fe-
toprotein: Past, present, and future. Hepatol Commun 2024;8(5):0422.
doi:10.1097/HC9.0000000000000422, PMID:38619448.

[66] LinY, Ma Y, Chen Y, Huang Y, Lin J, Xiao Z, et al. Diagnostic and prognostic
performance of serum GPC3 and PIVKA-II in AFP-negative hepatocellular
carcinoma and establishment of nomogram prediction models. BMC Cancer
2025;25(1):721. doi:10.1186/s12885-025-14025-y, PMID:40247208.

[67] Malov SI, Malov 1V, Kuvshinov AG, Marche PN, Decaens T, Macek-Jilkova Z,
et al. Search for effective serum tumor markers for early diagnosis of hepa-
tocellular carcinoma associated with hepatitis C. Sovrem Tekhnologii Med
2021;13(1):27-33. d0i:10.17691/stm2021.13.1.03, PMID:34513063.

[68] Yu B, Ma W. Biomarker discovery in hepatocellular carcinoma (HCC) for
personalized treatment and enhanced prognosis. Cytokine Growth Factor
Rev 2024;79:29-38. doi:10.1016/j.cytogfr.2024.08.006, PMID:39191624.

[69] Hsu HC, Cheng W, Lai PL. Cloning and expression of a developmentally reg-
ulated transcript MXR7 in hepatocellular carcinoma: biological significance
and temporospatial distribution. Cancer Res 1997;57(22):5179-5184.
PMID:9371521.

[70] Zhou XP, Wang HY, Yang GS, Chen ZJ, Li BA, Wu MC. Cloning and ex-
pression of MXR7 gene in human HCC tissue. World ] Gastroenterol
2000;6(1):57-60. doi:10.3748/wjg.v6.i1.57, PMID:11819523.

[71] Zhu AX, Gold PJ, El-Khoueiry AB, Abrams TA, Morikawa H, Ohishi N, et
al. First-in-man phase I study of GC33, a novel recombinant humanized
antibody against glypican-3, in patients with advanced hepatocellular car-
cinoma. Clin Cancer Res 2013;19(4):920-928. doi:10.1158/1078-0432.
CCR-12-2616, PMID:23362325.

[72] Ikeda M, Ohkawa S, Okusaka T, Mitsunaga S, Kobayashi S, Morizane C, et al.
Japanese phase I study of GC33, a humanized antibody against glypican-3
for advanced hepatocellular carcinoma. Cancer Sci 2014;105(4):455-462.
doi:10.1111/cas.12368, PMID:24521523.

[73] Abou-Alfa GK, Puig O, Daniele B, Kudo M, Merle P, Park JW, et al. Ran-
domized phase II placebo controlled study of codrituzumab in previ-
ously treated patients with advanced hepatocellular carcinoma. J Hepatol
2016;65(2):289-295. doi:10.1016/j.jhep.2016.04.004, PMID:27085251.

[74] Shen KY, Zhu Y, Xie SZ, Qin LX. Immunosuppressive tumor microenviron-
ment and immunotherapy of hepatocellular carcinoma: current status and
prospectives. J Hematol Oncol 2024;17(1):25. doi:10.1186/s13045-024-
01549-2, PMID:38679698.

[75] Shim H. Bispecific antibodies and antibody-drug conjugates for cancer
therapy: Technological considerations. Biomolecules 2020;10(3):360.
doi:10.3390/biom10030360, PMID:32111076.

[76] Xu D, Wang H, Bao Q, Jin K, Liu M, Liu W, et al. The anti-PD-L1/CTLA-
4 bispecific antibody KN046 plus lenvatinib in advanced unresectable
or metastatic hepatocellular carcinoma: a phase II trial. Nat Commun
2025;16(1):1443. doi:10.1038/s41467-025-56537-y, PMID:39920148.

[77] Ishiguro T, Sano Y, Komatsu SI, Kamata-Sakurai M, Kaneko A, Kinoshita
Y, et al. An anti-glypican 3/CD3 bispecific T cell-redirecting antibody for
treatment of solid tumors. Sci Transl Med 2017;9(410):4291. doi:10.1126/
scitranslmed.aal4291, PMID:28978751.

[78] Sawada Y, Yoshikawa T, Ofuji K, Yoshimura M, Tsuchiya N, Takahashi M, et al.
Phase II study of the GPC3-derived peptide vaccine as an adjuvant therapy for
hepatocellular carcinoma patients. Oncoimmunology 2016;5(5):1129483.
doi:10.1080/2162402X.2015.1129483, PMID:27467945.

[79] Sawada Y, Yoshikawa T, Nobuoka D, Shirakawa H, Kuronuma T, Moto-
mura Y, et al. Phase I trial of a glypican-3-derived peptide vaccine for
advanced hepatocellular carcinoma: immunologic evidence and potential
for improving overall survival. Clin Cancer Res 2012;18(13):3686-3696.
doi:10.1158/1078-0432.CCR-11-3044, PMID:22577059.

[80] Pang N, Shi J, Qin L, Chen A, Tang Y, Yang H, et al. IL-7 and CCL19-se-
creting CAR-T cell therapy for tumors with positive glypican-3 or mesothe-
lin. J Hematol Oncol 2021;14(1):118. doi:10.1186/s13045-021-01128-9,
PMID:34325726.

Zhang J. et al: GPC3 targeting to improve HCC outcomes

[81] Lu LL, Xiao SX, Lin ZY, Bai JJ, Li W, Song ZQ, et al. GPC3-IL7-CCL19-
CAR-T primes immune microenvironment reconstitution for hepatocellular
carcinoma therapy. Cell Biol Toxicol 2023;39(6):3101-3119. doi:10.1007/
$10565-023-09821-w, PMID:37853185.

[82] Patra T, Cunningham DM, Meyer K, Toth K, Ray RB, Heczey A, et al. Tar-
geting Lin28 axis enhances glypican-3-CAR T cell efficacy against he-
patic tumor initiating cell population. Mol Ther 2023;31(3):715-728.
doi:10.1016/j.ymthe.2023.01.002, PMID:36609146.

[83] Li D, Qin ], Zhou T, Li Y, Cheng X, Chen Z, et al. Bispecific GPC3/PD-1 CAR-T
cells for the treatment of HCC. Int J Oncol 2023;62(4):53. doi:10.3892/
ijo.2023.5501, PMID:36896779.

[84] Sun RX, Liu YF, Sun YS, Zhou M, Wang Y, Shi BZ, et al. GPC3-targeted
CAR-T cells expressing GLUT1 or AGK exhibit enhanced antitumor activity
against hepatocellular carcinoma. Acta Pharmacol Sin 2024;45(9):1937-
1950. doi:10.1038/s41401-024-01287-8, PMID:38750075.

[85] Sui M, Liu T, Song X, Li J, Ding H, Liu Y, et al. The molecular receptor
NKBB enhances the persistence and anti-hepatocellular carcinoma activ-
ity of GPC3 CAR-T cells. Pharmacol Res 2025;212:107619. doi:10.1016/j.
phrs.2025.107619, PMID:39842473.

[86] Makkouk A, Yang XC, Barca T, Lucas A, Turkoz M, Wong JTS, et al. Off-
the-shelf Vo1 gamma delta T cells engineered with glypican-3 (GPC-3)-
specific chimeric antigen receptor (CAR) and soluble IL-15 display robust
antitumor efficacy against hepatocellular carcinoma. J Immunother Cancer
2021;9(12):e003441. doi:10.1136/jitc-2021-003441, PMID:34916256.

[87] Marin D, Li Y, Basar R, Rafei H, Daher M, Dou J, et al. Safety, efficacy
and determinants of response of allogeneic CD19-specific CAR-NK cells in
CD19(+) B cell tumors: a phase 1/2 trial. Nat Med 2024;30(3):772-784.
doi:10.1038/s41591-023-02785-8, PMID:38238616.

[88] Shi D, Shi Y, Kaseb AO, Qi X, Zhang Y, Chi J, et al. Chimeric antigen
receptor-glypican-3 T-cell therapy for advanced hepatocellular carcino-
ma: Results of phase I trials. Clin Cancer Res 2020;26(15):3979-3989.
doi:10.1158/1078-0432.Ccr-19-3259, PMID:32371538.

[89] Batra SA, Rathi P, Guo L, Courtney AN, Fleurence J, Balzeau J, et al. Glyp-
ican-3-specific CAR T cells coexpressing IL15 and IL21 have superior ex-
pansion and antitumor activity against hepatocellular carcinoma. Cancer
Immunol Res 2020;8(3):309-320. doi:10.1158/2326-6066.CIR-19-0293,
PMID:31953246.

[90] Guo X, Jiang H, Shi B, Zhou M, Zhang H, Shi Z, et al. Disruption of PD-1 en-
hanced the anti-tumor activity of chimeric antigen receptor T cells against
hepatocellular carcinoma. Front Pharmacol 2018;9:1118. doi:10.3389/
fphar.2018.01118, PMID:30327605.

[91] Zhao Z, Guo W, Fang S, Song S, Teng F, Zheng L, et al. An armored
GPC3-directed CAR-T for refractory or relapsed hepatocellular carcino-
ma in China: A phase I trial. J Clin Oncol 2021;39:4095. doi:10.1200/
JC0.2021.39.15_suppl.4095.

[92] Caraballo Galva LD, Jiang X, Hussein MS, Zhang H, Mao R, Brody P, et al.
Novel low-avidity glypican-3 specific CARTs resist exhaustion and mediate
durable antitumor effects against HCC. Hepatology 2022;76(2):330-344.
doi:10.1002/hep.32279, PMID:34897774.

[93] An S, Zhang D, Zhang Y, Wang C, Shi L, Wei W, et al. GPC3-targeted im-
munoPET imaging of hepatocellular carcinomas. Eur J Nucl Med Mol Imag-
ing 2022;49(8):2682-2692. doi:10.1007/s00259-022-05723-x, PMID:351
47737.

[94] Manohar SM, Shah P, Nair A. Flow cytometry: principles, applications and
recent advances. Bioanalysis 2021;13(3):181-198. doi:10.4155/bio-
2020-0267, PMID:33543666.

[95] Yan R, He Q, Liu Y, Ye P, Zhu L, Shi S, et al. Unpaired virtual histologi-
cal staining using prior-guided generative adversarial networks. Com-
put Med Imaging Graph 2023;105:102185. doi:10.1016/j.compmedim-
ag.2023.102185, PMID:36764189.

[96] Ye J, Lin Y, Liao Z, Gao X, Lu C, Lu L, et al. Single cell-spatial transcrip-
tomics and bulk multi-omics analysis of heterogeneity and ecosystems in
hepatocellular carcinoma. NPJ Precis Oncol 2024;8(1):262. doi:10.1038/
$41698-024-00752-1, PMID:39548284.

[97]1Yi B, Wu T, Zhu N, Huang Y, Yang X, Yuan L, et al. The clinical significance
of CTC enrichment by GPC3-IML and its genetic analysis in hepatocellular
carcinoma. J Nanobiotechnology 2021;19(1):74. doi:10.1186/s12951-
021-00818-3, PMID:33726759.

[98] Feng S, Meng X, Li Z, Chang TS, Wu X, Zhou J, et al. Multi-modal im-
aging probe for glypican-3 overexpressed in orthotopic hepatocellular
carcinoma. J Med Chem 2021;64(21):15639-15650. doi:10.1021/acs.
jmedchem.1c00697, PMID:34590489.

[99] Al-Noshokaty TM, Mesbah NM, Abo-Elmatty DM, Abulsoud AI, Abdel-
Hamed AR. Selenium nanoparticles overcomes sorafenib resistance in
thioacetamide induced hepatocellular carcinoma in rats by modulation
of mTOR, NF-kB pathways and LncRNA-AF085935/GPC3 axis. Life Sci
2022;303:120675. doi:10.1016/j.1fs.2022.120675, PMID:35640776.

[100] Sherif 10, Al-Mutabagani LA, Sabry D, Elsherbiny NM. Antineoplastic
activity of chrysin against human hepatocellular carcinoma: New insight
on GPC3/SULF2 axis and IncRNA-AF085935 expression. Int J Mol Sci
2020;21(20):7642. doi:10.3390/ijms21207642, PMID:33076548.

[101] Zhao ], Gao S, Sun W, Grimm R, Fu C, Han J, et al. Magnetic reso-
nance imaging and diffusion-weighted imaging-based histogram analyses
in predicting glypican 3-positive hepatocellular carcinoma. Eur J Radiol
2021;139:109732. doi:10.1016/j.ejrad.2021.109732, PMID:33905978.

[102] Chen R, Bai Y, Liu T, Zhang G, Han Y, Chen L, et al. Evaluation of glypi-
can-3 expression in hepatocellular carcinoma by using IDEAL IQ magnetic
resonance imaging. Acad Radiol 2021;28(8):227-234. doi:10.1016/j.
acra.2020.05.015, PMID:32540197.

[103] Xu H, Tang Y, Zhao Y, Wang F, Gao X, Deng D, et al. SPECT imaging of
hepatocellular carcinoma detection by the GPC3 receptor. Mol Pharm 2021;

16 Journal of Clinical and Translational Hepatology 2025


https://doi.org/10.1111/j.1478-3231.2008.01968.x
http://www.ncbi.nlm.nih.gov/pubmed/19141032
https://doi.org/10.1186/s13046-023-02865-0
https://doi.org/10.1186/s13046-023-02865-0
http://www.ncbi.nlm.nih.gov/pubmed/37891677
https://doi.org/10.1186/s12964-022-00872-w
http://www.ncbi.nlm.nih.gov/pubmed/37904170
https://doi.org/10.1016/j.isci.2024.111021
http://www.ncbi.nlm.nih.gov/pubmed/39429777
https://doi.org/10.1038/s41419-024-06711-9
http://www.ncbi.nlm.nih.gov/pubmed/38724499
https://doi.org/10.1136/gutjnl-2023-329455
https://doi.org/10.1136/gutjnl-2023-329455
http://www.ncbi.nlm.nih.gov/pubmed/37734913
https://doi.org/10.1038/s41419-023-05785-1
http://www.ncbi.nlm.nih.gov/pubmed/37037816
https://doi.org/10.3892/mmr.2014.2600
http://www.ncbi.nlm.nih.gov/pubmed/25270552
https://doi.org/10.1097/HC9.0000000000000422
http://www.ncbi.nlm.nih.gov/pubmed/38619448
https://doi.org/10.1186/s12885-025-14025-y
http://www.ncbi.nlm.nih.gov/pubmed/40247208
https://doi.org/10.17691/stm2021.13.1.03
http://www.ncbi.nlm.nih.gov/pubmed/34513063
https://doi.org/10.1016/j.cytogfr.2024.08.006
http://www.ncbi.nlm.nih.gov/pubmed/39191624
http://www.ncbi.nlm.nih.gov/pubmed/9371521
https://doi.org/10.3748/wjg.v6.i1.57
http://www.ncbi.nlm.nih.gov/pubmed/11819523
https://doi.org/10.1158/1078-0432.CCR-12-2616
https://doi.org/10.1158/1078-0432.CCR-12-2616
http://www.ncbi.nlm.nih.gov/pubmed/23362325
https://doi.org/10.1111/cas.12368
http://www.ncbi.nlm.nih.gov/pubmed/24521523
https://doi.org/10.1016/j.jhep.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27085251
https://doi.org/10.1186/s13045-024-01549-2
https://doi.org/10.1186/s13045-024-01549-2
http://www.ncbi.nlm.nih.gov/pubmed/38679698
https://doi.org/10.3390/biom10030360
http://www.ncbi.nlm.nih.gov/pubmed/32111076
https://doi.org/10.1038/s41467-025-56537-y
http://www.ncbi.nlm.nih.gov/pubmed/39920148
https://doi.org/10.1126/scitranslmed.aal4291
https://doi.org/10.1126/scitranslmed.aal4291
http://www.ncbi.nlm.nih.gov/pubmed/28978751
https://doi.org/10.1080/2162402X.2015.1129483
http://www.ncbi.nlm.nih.gov/pubmed/27467945
https://doi.org/10.1158/1078-0432.CCR-11-3044
http://www.ncbi.nlm.nih.gov/pubmed/22577059
https://doi.org/10.1186/s13045-021-01128-9
http://www.ncbi.nlm.nih.gov/pubmed/34325726
https://doi.org/10.1007/s10565-023-09821-w
https://doi.org/10.1007/s10565-023-09821-w
http://www.ncbi.nlm.nih.gov/pubmed/37853185
https://doi.org/10.1016/j.ymthe.2023.01.002
http://www.ncbi.nlm.nih.gov/pubmed/36609146
https://doi.org/10.3892/ijo.2023.5501
https://doi.org/10.3892/ijo.2023.5501
http://www.ncbi.nlm.nih.gov/pubmed/36896779
https://doi.org/10.1038/s41401-024-01287-8
http://www.ncbi.nlm.nih.gov/pubmed/38750075
https://doi.org/10.1016/j.phrs.2025.107619
https://doi.org/10.1016/j.phrs.2025.107619
http://www.ncbi.nlm.nih.gov/pubmed/39842473
https://doi.org/10.1136/jitc-2021-003441
http://www.ncbi.nlm.nih.gov/pubmed/34916256
https://doi.org/10.1038/s41591-023-02785-8
http://www.ncbi.nlm.nih.gov/pubmed/38238616
https://doi.org/10.1158/1078-0432.Ccr-19-3259
http://www.ncbi.nlm.nih.gov/pubmed/32371538
https://doi.org/10.1158/2326-6066.CIR-19-0293
http://www.ncbi.nlm.nih.gov/pubmed/31953246
https://doi.org/10.3389/fphar.2018.01118
https://doi.org/10.3389/fphar.2018.01118
http://www.ncbi.nlm.nih.gov/pubmed/30327605
https://doi.org/10.1200/JCO.2021.39.15_suppl.4095
https://doi.org/10.1200/JCO.2021.39.15_suppl.4095
https://doi.org/10.1002/hep.32279
http://www.ncbi.nlm.nih.gov/pubmed/34897774
https://doi.org/10.1007/s00259-022-05723-x
http://www.ncbi.nlm.nih.gov/pubmed/35147737
http://www.ncbi.nlm.nih.gov/pubmed/35147737
https://doi.org/10.4155/bio-2020-0267
https://doi.org/10.4155/bio-2020-0267
http://www.ncbi.nlm.nih.gov/pubmed/33543666
https://doi.org/10.1016/j.compmedimag.2023.102185
https://doi.org/10.1016/j.compmedimag.2023.102185
http://www.ncbi.nlm.nih.gov/pubmed/36764189
https://doi.org/10.1038/s41698-024-00752-1
https://doi.org/10.1038/s41698-024-00752-1
http://www.ncbi.nlm.nih.gov/pubmed/39548284
https://doi.org/10.1186/s12951-021-00818-3
https://doi.org/10.1186/s12951-021-00818-3
http://www.ncbi.nlm.nih.gov/pubmed/33726759
https://doi.org/10.1021/acs.jmedchem.1c00697
https://doi.org/10.1021/acs.jmedchem.1c00697
http://www.ncbi.nlm.nih.gov/pubmed/34590489
https://doi.org/10.1016/j.lfs.2022.120675
http://www.ncbi.nlm.nih.gov/pubmed/35640776
https://doi.org/10.3390/ijms21207642
http://www.ncbi.nlm.nih.gov/pubmed/33076548
https://doi.org/10.1016/j.ejrad.2021.109732
http://www.ncbi.nlm.nih.gov/pubmed/33905978
https://doi.org/10.1016/j.acra.2020.05.015
https://doi.org/10.1016/j.acra.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32540197

Zhang J. et al: GPC3 targeting to improve HCC outcomes

18(5):2082-2090. doi:10.1021/acs.molpharmaceut.1c00060, PMID:337
97932.

[104] Baloji A, Kalra N, Chaluvashetty S, Bhujade H, Chandel K, Duseja A,
et al. Efficacy of yttrium-90 transarterial radioembolisation in advanced
hepatocellular carcinoma: An experience with hybrid angio-computed to-
mography and glass microspheres. J Clin Exp Hepatol 2024;14(3):101342.
doi:10.1016/j.jceh.2023.101342, PMID:38283702.

[105] Gong J, Zhu M, Zhao L, Wang T, Qiao W, Huang Q, et al. (99m)Tc-la-
beled D-type PTP as a plectin-targeting single-photon emission comput-
ed tomography probe for hepatocellular carcinoma imaging. Bioconjug
Chem 2024;35(12):1997-2005. doi:10.1021/acs.bioconjchem.4c00492,
PMID:39571181.

[106] Fayn S, King AP, Gutsche NT, Duan Z, Buffington J, Olkowski CP,
et al. Site-specifically conjugated single-domain antibody success-
fully identifies glypican-3-expressing liver cancer by immuno-PET. ]
Nucl Med 2023;64(7):1017-1023. doi:10.2967/jnumed.122.265171,
PMID:36997331.

[107] Natarajan A, Zhang H, Ye W, Huttad L, Tan M, Chua MS, et al. A hu-
manized anti-GPC3 antibody for immuno-positron emission tomography
imaging of orthotopic mouse model of patient-derived hepatocellular car-
cinoma xenografts. Cancers (Basel) 2021;13(16):3977. doi:10.3390/can-
cers13163977, PMID:34439132.

[108] Be¢ KB, Grabska ], Huck CW. Near-infrared spectroscopy in bio-appli-
cations. Molecules 2020;25(12):2948. doi:10.3390/molecules25122948,
PMID:32604876.

[109] Jiang P, Zhan Z, Peng Y, Wu C, Wang Y, Wu L, et al. Steric hindrance-mediated
enzymatic reaction enable homogeneous dual fluorescence indicators apta-
sensing of hepatocellular carcinoma CTCs. Anal Chem 2024;96(26):10705-
10713. doi:10.1021/acs.analchem.4c01624, PMID:38910291.

[110] Zhou Z, Zhao L, Li W, Chen M, Feng H, Shi X, et al. Glypican-3 elec-
trochemical aptamer nanobiosensor based on hemin/graphene na-
nohybrids peroxidase-like catalytic silver deposition. Mikrochim Acta
2020;187(5):305. doi:10.1007/s00604-020-04284-w, PMID:32356075.

[111] Ashour AA, Tayeb FJ, Felemban MF, Shafie A. Nanomaterial-based biosensors
for cancer diagnosis: trends and innovations (2022-2025). Mikrochim Acta
2025;192(7):404. doi:10.1007/s00604-025-07276-w, PMID:40465004.

[112] Hong Y, Xu L, Sun H, Wu W, Cai X, Lin Q, et al. A split-type near-infrared
photoelectrochemical and colorimetric dual-mode biosensor for the high-
performance determination of HepG2 cells. Talanta 2025;287:127622.
doi:10.1016/j.talanta.2025.127622, PMID:39874791.

[113] JingJS, Ye W, Jiang YK, Ma J, Zhu MQ, Ma M, et al. The value of GPC3 and GP73
in clinical diagnosis of hepatocellular carcinoma. Clin Lab 2017;63(11):1903-
1909. doi:10.7754/Clin.Lab.2017.170712, PMID:29226636.

[114] Yasuda E, Kumada T, Toyoda H, Kaneoka Y, Maeda A, Okuda S, et al. Eval-
uation for clinical utility of GPC3, measured by a commercially available
ELISA kit with Glypican-3 (GPC3) antibody, as a serological and histological
marker for hepatocellular carcinoma. Hepatol Res 2010;40(5):477-485.
doi:10.1111/§.1872-034X.2010.00624.x, PMID:20374302.

[115] Lee CW, Tsai HI, Lee WC, Huang SW, Lin CY, Hsieh YC, et al. Normal
alpha-fetoprotein hepatocellular carcinoma: Are they really normal? J Clin
Med 2019;8(10):1736. doi:10.3390/jcm8101736, PMID:31635078.

[116] Mamdouh S, Soliman A, Khorshed F, Saber M. Glypican-3, vascular endothe-
lial growth factor and golgi protein-73 for differentiation between liver cirrho-
sis and hepatocellular carcinoma. Asian Pac J Cancer Prev 2023;24(2):497-
507. doi:10.31557/AP]JCP.2023.24.2.497, PMID:36853298.

[117] El-Saadany S, El-Demerdash T, Helmy A, Mayah WW, El-Sayed Hussein
B, Hassanien M, et al. Diagnostic value of glypican-3 for hepatocellular
carcinomas. Asian Pac J Cancer Prev 2018;19(3):811-817. doi:10.22034/

APJCP.2018.19.3.811, PMID:29582639.

[118] Sneddon D, Cornelissen B. Emerging chelators for nuclear imaging. Curr
Opin Chem Biol 2021;63:152-162. doi:10.1016/j.cbpa.2021.03.001,
PMID:34051509.

[119] Wu M, Tan H, Gao F, Hai J, Ning P, Chen J, et al. Predicting the grade of
hepatocellular carcinoma based on non-contrast-enhanced MRI radiomics
signature. Eur Radiol 2019;29(6):2802-2811. d0i:10.1007/s00330-018-
5787-2, PMID:30406313.

[120] Gu D, Xie Y, Wei J, Li W, Ye Z, Zhu Z, et al. MRI-based radiomics signature:
A potential biomarker for identifying glypican 3-positive hepatocellular
carcinoma. J Magn Reson Imaging 2020;52(6):1679-1687. do0i:10.1002/
jmri.27199, PMID:32491239.

[121] Chong H, Gong Y, Zhang Y, Dai Y, Sheng R, Zeng M. Radiomics on gadox-
etate disodium-enhanced MRI: Non-invasively identifying glypican 3-posi-
tive hepatocellular carcinoma and postoperative recurrence. Acad Radiol
2023;30(1):49-63. doi:10.1016/j.acra.2022.04.006, PMID:35562264.

[122] Liu P, Li W, Qiu G, Chen J, Liu Y, Wen Z, et al. Multiparametric MRI combined
with clinical factors to predict glypican-3 expression of hepatocellular car-
cinoma. Front Oncol 2023;13:1142916. doi:10.3389/fonc.2023.1142916,
PMID:38023195.

[123] Duo J, Chiriac C, Huang RY, Mehl J, Chen G, Tymiak A, et al. Slow off-rate
modified aptamer (SOMAmer) as a novel reagent in immunoassay devel-
opment for accurate soluble glypican-3 quantification in clinical samples.
Anal Chem 2018;90(8):5162-5170. doi:10.1021/acs.analchem.7b05277,
PMID:29605994.

[124] Li G, Chen W, Mi D, Wang B, Li H, Wu G, et al. A highly sensitive strat-
egy for glypican-3 detection based on aptamer/gold carbon dots/mag-
netic graphene oxide nanosheets as fluorescent biosensor. Anal Bio-
anal Chem 2022;414(22):6441-6453. doi:10.1007/s00216-022-04201-5,
PMID:35788872.

[125] Al-Hasan M, Mehta N, Yang JD, Singal AG. Role of biomarkers in the
diagnosis and management of HCC. Liver Transpl 2025;31(3):384-394.
doi:10.1097/LVT.0000000000000398, PMID:38738964.

[126] Zhao S, Long M, Zhang X, Lei S, Dou W, Hu J, et al. The diagnostic value
of the combination of Golgi protein 73, glypican-3 and alpha-fetoprotein
in hepatocellular carcinoma: a diagnostic meta-analysis. Ann Trans| Med
2020;8(8):536. doi:10.21037/atm.2020.02.89, PMID:32411759.

[127] Guo M, Zhang H, Zheng J, Liu Y. Glypican-3: A new target for diagnosis
and treatment of hepatocellular carcinoma. J Cancer 2020;11(8):2008-
2021. doi:10.7150/jca.39972, PMID:32127929.

[128] Shih TC, Wang L, Wang HC, Wan YY. Glypican-3: A molecular marker
for the detection and treatment of hepatocellular carcinoma. Liver Res
2020;4(4):168-172. doi:10.1016/j.livres.2020.11.003, PMID:33384879.

[129] Zheng A, Zhang X, Gao J, Liu X, Liu J. Peroxidase-like catalytic activity
of copper ions and its application for highly sensitive detection of glypi-
can-3. Anal Chim Acta 2016;941:87-93. doi:10.1016/j.aca.2016.08.036,
PMID:27692382.

[130] Chikhaliwala P, Rai R, Chandra S. Simultaneous voltammetric immuno-
detection of alpha-fetoprotein and glypican-3 using a glassy carbon elec-
trode modified with magnetite-conjugated dendrimers. Mikrochim Acta
2019;186(4):255. doi:10.1007/s00604-019-3354-4, PMID:30904972.

[131] Xiao X, Huang Q, Lin X, Zahid KR, Huang X, Liu T, et al. Current meth-
ods for the detection of glypican-3. Anal Methods 2024;16(2):152-160.
doi:10.1039/d3ay01523h, PMID:38108085.

[132] Lin F, Clift R, Ehara T, Yanagida H, Horton S, Noncovich A, et al. Peptide
binder to glypican-3 as a theranostic agent for hepatocellular carcinoma.
J Nucl Med 2024;65(4):586-592. do0i:10.2967/jnumed.123.266766,
PMID:38423788.

Journal of Clinical and Translational Hepatology 2025 17


https://doi.org/10.1021/acs.molpharmaceut.1c00060
http://www.ncbi.nlm.nih.gov/pubmed/33797932
http://www.ncbi.nlm.nih.gov/pubmed/33797932
https://doi.org/10.1016/j.jceh.2023.101342
http://www.ncbi.nlm.nih.gov/pubmed/38283702
https://doi.org/10.1021/acs.bioconjchem.4c00492
http://www.ncbi.nlm.nih.gov/pubmed/39571181
https://doi.org/10.2967/jnumed.122.265171
http://www.ncbi.nlm.nih.gov/pubmed/36997331
https://doi.org/10.3390/cancers13163977
https://doi.org/10.3390/cancers13163977
http://www.ncbi.nlm.nih.gov/pubmed/34439132
https://doi.org/10.3390/molecules25122948
http://www.ncbi.nlm.nih.gov/pubmed/32604876
https://doi.org/10.1021/acs.analchem.4c01624
http://www.ncbi.nlm.nih.gov/pubmed/38910291
https://doi.org/10.1007/s00604-020-04284-w
http://www.ncbi.nlm.nih.gov/pubmed/32356075
https://doi.org/10.1007/s00604-025-07276-w
http://www.ncbi.nlm.nih.gov/pubmed/40465004
https://doi.org/10.1016/j.talanta.2025.127622
http://www.ncbi.nlm.nih.gov/pubmed/39874791
https://doi.org/10.7754/Clin.Lab.2017.170712
http://www.ncbi.nlm.nih.gov/pubmed/29226636
https://doi.org/10.1111/j.1872-034X.2010.00624.x
http://www.ncbi.nlm.nih.gov/pubmed/20374302
https://doi.org/10.3390/jcm8101736
http://www.ncbi.nlm.nih.gov/pubmed/31635078
https://doi.org/10.31557/APJCP.2023.24.2.497
http://www.ncbi.nlm.nih.gov/pubmed/36853298
https://doi.org/10.22034/APJCP.2018.19.3.811
https://doi.org/10.22034/APJCP.2018.19.3.811
http://www.ncbi.nlm.nih.gov/pubmed/29582639
https://doi.org/10.1016/j.cbpa.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/34051509
https://doi.org/10.1007/s00330-018-5787-2
https://doi.org/10.1007/s00330-018-5787-2
http://www.ncbi.nlm.nih.gov/pubmed/30406313
https://doi.org/10.1002/jmri.27199
https://doi.org/10.1002/jmri.27199
http://www.ncbi.nlm.nih.gov/pubmed/32491239
https://doi.org/10.1016/j.acra.2022.04.006
http://www.ncbi.nlm.nih.gov/pubmed/35562264
https://doi.org/10.3389/fonc.2023.1142916
http://www.ncbi.nlm.nih.gov/pubmed/38023195
https://doi.org/10.1021/acs.analchem.7b05277
http://www.ncbi.nlm.nih.gov/pubmed/29605994
https://doi.org/10.1007/s00216-022-04201-5
http://www.ncbi.nlm.nih.gov/pubmed/35788872
https://doi.org/10.1097/LVT.0000000000000398
http://www.ncbi.nlm.nih.gov/pubmed/38738964
https://doi.org/10.21037/atm.2020.02.89
http://www.ncbi.nlm.nih.gov/pubmed/32411759
https://doi.org/10.7150/jca.39972
http://www.ncbi.nlm.nih.gov/pubmed/32127929
https://doi.org/10.1016/j.livres.2020.11.003
http://www.ncbi.nlm.nih.gov/pubmed/33384879
https://doi.org/10.1016/j.aca.2016.08.036
http://www.ncbi.nlm.nih.gov/pubmed/27692382
https://doi.org/10.1007/s00604-019-3354-4
http://www.ncbi.nlm.nih.gov/pubmed/30904972
https://doi.org/10.1039/d3ay01523h
http://www.ncbi.nlm.nih.gov/pubmed/38108085
https://doi.org/10.2967/jnumed.123.266766
http://www.ncbi.nlm.nih.gov/pubmed/38423788

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿The role of GPC3 in HCC﻿

	﻿﻿﻿Immunotherapy targeting GPC3 in clinical application﻿

	﻿﻿﻿﻿Noncellular therapeutics﻿

	﻿﻿﻿Cellular therapeutics﻿


	﻿﻿﻿﻿Methods and applications of patient-specific GPC3 identification﻿

	﻿﻿﻿Chemical immunoassay﻿

	﻿﻿﻿Imaging methods﻿

	﻿﻿﻿Biosensors﻿


	﻿﻿﻿﻿Achievements and limitations﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


