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Abstract

Positron emission tomography (PET) imaging targeting glypican-3 (GPC3) holds promise
for improving the detection and characterization of hepatocellular carcinoma (HCC). Pre-
clinical and early clinical studies have largely utilized high-molecular-weight antibodies
radiolabeled with isotopes such as 8Zr and 241, demonstrating high affinity and tumor up-
take but suffering from prolonged circulation times and suboptimal signal-to-background
ratios. To address these limitations, interest has shifted toward low-molecular-weight
vectors—synthetic peptides and small antibody fragments—labeled with shorter-lived
radionuclides (e.g., ®®Ga and '®F) to enable rapid pharmacokinetics and same-day imaging
protocols. Emerging platforms such as affibodies and aptamers offer further advantages
in target affinity and reduced immunogenicity. However, clinical translation requires rig-
orous validation: larger, histologically confirmed cohorts, head-to-head comparison with
CT/MRI, and correlation with hard clinical endpoints. Moreover, leveraging GPC3 expres-
sion as a biomarker could guarantee a deeper knowledge of tumor biology—differentiation
grade and vascular invasion risk—and guide theranostic strategies. While B-emitters (*°Y,
177Lu) have been explored for GPC3-directed therapy, their efficacy is influenced by oxy-
genation and cell-cycle status, whereas a-emitters (>*>Ac) may overcome these constraints,
albeit with challenges in radionuclide selection and daughter nuclide management. Finally,
dual-targeting probes combining GPC3 and prostate-specific membrane antigen (PSMA)
have demonstrated superior uptake and retention in murine models, suggesting a versatile
approach for future clinical diagnostics and therapy planning.

Keywords: molecular imaging; theranostics; glypican-3; PET/CT; targeted therapy;
oncology

1. Introduction

Hepatocellular carcinoma (HCC) remains one of the deadliest cancers worldwide,
ranking as the third leading cause of cancer-related mortality [1]. Because early-stage
HCC is typically asymptomatic and conventional surveillance tools—ultrasonography and
serum alpha-fetoprotein—suffer from suboptimal sensitivity and specificity, many patients
are diagnosed only once the disease has progressed beyond curative intervention [2,3]. This
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gap in early detection underscores an urgent need for more reliable, noninvasive strategies
to identify and monitor HCC.

Glypican-3 (GPC3) is a cell-surface heparan sulfate proteoglycan overexpressed in
70-80% of HCCs yet virtually absent in normal adult liver and benign hepatic lesions [4,5].
Its tumor-restricted distribution and functional role in key oncogenic pathways—such as
Wnt/ 3-catenin, Hedgehog, and fibroblast growth factor signaling—have established GPC3
as a highly promising biomarker for both imaging and therapy [6]. However, accurately
determining and quantifying GPC3 expression through tissue biopsy presents well-known
challenges: it is invasive, subject to sampling error in multifocal or disseminated disease,
and often cannot capture the dynamic heterogeneity of target expression over time.

Molecular imaging modalities like single-photon emission computed tomography
(SPECT) and positron emission tomography (PET) provide a powerful, noninvasive alterna-
tive for in vivo visualization and quantification of tumor biomarkers [7-9]. By leveraging
radiolabeled peptides, antibody fragments, or full antibodies, these techniques potentially
enable whole-body assessment of GPC3 expression—revealing not only the presence and
intensity of targeting but also intratumoral and interlesional variability. Such comprehen-
sive profiling holds promise for refining patient selection, guiding therapeutic dosing, and
monitoring the response to GPC3-directed treatments [10].

Preclinical studies have evaluated diverse arrays of GPC3-binding constructs—
peptides, full-length antibodies, antibody fragments, and nucleic acid aptamers—Ilabeled
with radionuclides suitable for SPECT or PET imaging, as well as near-infrared dyes for
optical imaging. Clinically, the most mature data derive from early-phase trials using
radiolabeled codrituzumab (GC33), which demonstrated favorable pharmacokinetics and
tumor uptake in HCC patients receiving concurrent sorafenib [11]. A growing pipeline of
next-generation tracers—including radiolabeled antibody fragments and small-molecule
peptides—has shown high-affinity binding and excellent tumor visualization in animal
models, setting the stage for future human studies. Although several therapeutic anti-GPC3
antibodies have also entered clinical evaluation, translational efforts focusing specifically
on imaging remain at an early yet rapidly advancing stage.

Our aim is to synthesize and critically appraise the current preclinical and clinical evi-
dence supporting GPC3-targeted imaging and therapeutic approaches in HCC, highlighting
key achievements, ongoing challenges, and opportunities for future innovation.

2. The Role of Glypican-3 in Hepatocellular Carcinoma

Among the six glypican family members, GPC3 is the most closely associated with
liver oncogenesis, showing marked overexpression in HCC while remaining undetectable
or minimally expressed in normal adult liver tissue and benign hepatic lesions such as
regenerative or dysplastic nodules [12]. GPC3 is cleaved by the furin protease at a specific
site (Arg358-Cys359) to form two subunits: a 40 kDa N-terminal subunit and a 30 kDa
C-terminal subunit (Figure 1). These subunits are linked by disulfide bonds.

Functionally, GPC3 is involved in several key signaling pathways that drive hepato-
carcinogenesis. It facilitates the canonical Wnt/ 3-catenin signaling pathway by binding to
Wnt ligands and their receptors, thereby enhancing downstream transcriptional activation
of genes involved in cell proliferation and survival [13]. Additionally, GPC3 modulates the
Hippo—YAP signaling axis, with studies demonstrating that GPC3 suppression leads to
downregulation of YAP and reduced HCC cell proliferation [14,15]. GPC3 also interacts
with the Hedgehog signaling pathway, potentially acting as a competitive inhibitor of
Hedgehog ligand binding, thus exerting complex and context-dependent regulatory effects
on tumor progression.
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Figure 1. Schematic representation of glypican-3 (GPC3) structure. GPC3 consists of a core protein
and a heparan sulfate chain, attached to the cell membrane via a glycosylphosphatidylinositol
(GPI) linker. Reprinted from [12], under a creative commons attribution 4.0 international license
(http:/ /creativecommons.org/licenses/by/4.0/). No changes were made.

Beyond its mechanistic contributions to tumor biology, GPC3 plays a critical role
in the clinical landscape of HCC. Immunohistochemical and serum-based studies have
confirmed that GPC3 is detectable in a majority of HCC cases, including small or early-stage
tumors [16,17]. Notably, GPC3 expression correlates with poor prognosis, aggressive tumor
features, and shorter disease-free survival after curative treatment. Its early expression
pattern in malignant transformation and minimal expression in non-malignant liver makes
GPC3 an ideal candidate for early detection strategies and risk stratification.

Various therapeutic modalities targeting GPC3 have been developed, leveraging
its accessibility on the tumor cell surface. Among those monoclonal antibodies (e.g.,
codrituzumab/GC33), bispecific antibodies, peptide and DNA vaccines, immunotoxins,
and chimeric antigen receptor (CAR) T cells can be mentioned, many of which are currently
in preclinical or clinical testing [18,19]. Notably, GPC3-targeted CAR-T therapies have
demonstrated promising anti-tumor activity in xenograft models and early-phase trials,
although challenges related to toxicity and the tumor microenvironment remain [19].
Indeed, the clinical efficacy of GPC3-targeted therapies, particularly CAR-T cells, may
be limited by the immunosuppressive tumor microenvironment, which impairs T cell
infiltration and persistence, as well as by the risk of severe immune-related adverse events
such as cytokine release syndrome and on-target, off-tumor toxicity. Given its restricted
expression, biological relevance, and immunogenicity, GPC3 has also gained attention as a
potential target for molecular imaging and, eventually, targeted radionuclide therapy.

3. Glypican-3-Targeted Imaging
3.1. Preclinical Studies

As early as in 2014, Sham et al. [20] proposed the first immuno-PET imaging of
HCC. The authors reported the pioneering use of a monoclonal antibody (mAb), labeled
with the positron-emitter zirconium-89 (¥Zr), targeting glypican-3 (#Zr-«GPC3). This
preclinical study employed orthotopic xenograft models in athymic Nu/] mice using
GPC3-positive HepG2 and GPC3-negative RH7777 cells. PET with 8Zr-a«GPC3 demon-
strated high, antigen-specific tumor uptake with excellent tumor-to-liver contrast, even
in sub-millimeter lesions. Blocking experiments and heat-denatured controls confirmed
target specificity and antibody dependency. In a small-animal PET study, liver and tumor
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uptake were measured over time in two animals with histologically confirmed tumors
of different sizes (3.8 mm vs. <1 mm). The larger tumor showed peak uptake on day 3
(836.6 £ 86.6% ID/g) with a subsequent decline by day 7 (443.9 + 80.5% ID/g), while
liver background activity decreased steadily, resulting in a tumor-to-liver ratio peaking at
32.5 h. In contrast, the smaller tumor exhibited a lower uptake overall, peaking on day
1 (42.5 £+ 6.4% ID/g) and dropping to 21.6 £ 3.5% ID/g by day 7. Liver activity in both
animals was similar, but the tumor-to-liver ratio in the smaller-tumor animal remained low
and stable (1.57-1.4). These findings suggested that GPC3-targeted PET imaging could
significantly improve the noninvasive detection and characterization of HCC, paving the
way for further investigation.

On the same path, Yang et al. [21] developed and validated an 3°Zr-DFO-1G12 immuno-
PET probe by conjugating 8 Zr to a GPC3-specific monoclonal antibody (clone 1G12), with
the chelator desferrioxamine (DFO). In vitro assays showed high, antigen-dependent up-
take and internalization in GPC3-positive HepG2 cells, with minimal binding in GPC3-
negative PC3 cells. The in vivo performance of 3Zr-DFO-1G12 was evaluated in clin-
ically relevant models of HCC, including orthotopic xenografts from both established
HCC cell lines (HepG2 and Hep3B) and primary patient-derived tumors. In cell line-
derived xenografts, 89Zr-DFO-1G12 showed strong and prolonged uptake in tumors, while
background liver signals declined over time, allowing clear tumor delineation by 168 h
post-injection. The uptake was highest in HepG2 xenografts and increased over time,
whereas Hep3B tumors showed a lower and slightly decreasing uptake, likely reflecting
lower GPC3 expression. The tumor-to-liver ratios were high in both models, reaching
6.88 for HepG2 and 5.03 for Hep3B. In xenografts derived from three different HCC pa-
tients, 8 Zr-DFO-1G12 similarly enabled clear tumor visualization starting at 48 h, with
continued accumulation in tumors and declining liver uptake over time. Western blot and
immunohistochemistry confirmed high GPC3 expression in all patient-derived xenografts.
Quantitative analysis revealed high tumor-to-liver ratios across all models (up to 4.21 at
72 h), further supported by biodistribution data. These findings demonstrate the tracer’s
strong potential for distinguishing HCC lesions from normal liver tissue across various
clinically relevant models.

It has to be noted that mAbs, due to their large size and the intact Fc portion, have
some well-known limitations, such as a long circulation time and relatively poor tumor
penetration and immunogenicity. A further paper by Sham et al. [22] investigated a novel
PET imaging agent, a 8Zr-labeled F(ab’), fragment of an anti-GPC3 antibody (**Zr-a«GPC3-
F(ab’),), designed to overcome limitations of the full mAb. In a preclinical study using
orthotopic HCC xenografts in athymic Nu/J mice, the tracer showed rapid blood clearance
(half-life ~11 h), strong and specific tumor uptake (peak 100 £ 21% ID/g at 24 h), and
superior tumor-to-liver contrast at early time points (T /L ratio of 23.3 at 4 h). Tumors as
small as 1.5 mm were clearly visualized on PET as early as 4 h post-injection. Blocking
studies confirmed GPC3 specificity, and uptake in GPC3-negative tumors was lower than
the background liver signal, minimizing concerns of non-specific binding.

Natarajan et al. [23] radiolabeled the humanized anti-GPC3 antibody H3K3 with 8°Zr
via a DFO chelator to create 8°Zr-DFO-H3K3, which selectively binds GPC3-expressing
HCC cells. In NSG mice bearing orthotopic, patient-derived HCC xenografts, PET/CT
imaging from 4 to 168 h post-injection demonstrated clear tumor delineation against the
liver background, with tumor-to-liver ratios exceeding 2.0 as early as 24 h and peaking
at 3.4 £ 0.31 by 168 h. Low uptake in non-target tissues and sustained tumor retention
suggested that 8°Zr-DFO-H3K3 might offer a robust contrast for HCC detection, there-
fore holding promise for clinical translation, potentially enabling same-day imaging or
adaptation with shorter-lived isotopes, as shown in Figure 2.
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Figure 2. (A) PET/CT scans at 120 h post-injection (p.i.) of 89 7r-Df-H3K3 show significant uptake in
the orthotopic HCC PDX of the non-blocking group (right side) compared to the control group (left
side); L: liver; S: spleen. (B) Liver-to-muscle and PDX-to-muscle ratios of 897r-Df-H3K3 at 24, 120,
and 168 h p.i., calculated as the mean + SD % ID/g (n = 4) from ROI analyses of control liver and
PDX tissues, *** p = 0.001. Reprinted from [23], under a creative commons attribution 4.0 international
license (http:/ /creativecommons.org/licenses/by/4.0/). No changes were made.

Moving in the same direction, Fayn et al. [24] engineered a human single-domain
antibody (HN3) specific for GPC3 and compared two 8°Zr-DFO PET tracers: a conventional
lysine-labeled version (nHN3) and a sortase-mediated site-specifically conjugated version
(ssHN3). Both probes retained nanomolar affinity (KD ~ 10-30 nM) for recombinant GPC3
in vitro, but in mice bearing GPC3-positive A431 or HepG2 xenografts, 8 Zr-ssHN3 cleared
more rapidly from the blood and liver at 1 h post-injection, and ssHN3 achieved a ~7%IA/g
tumor uptake versus ~5.7% IA /g for nHN3, yielding a tumor-to-liver ratio of 3.5 + 0.5
(vs. 1.5 £ 0.5). Kidney uptake was high for both (~=140% IA/g), as expected for sd Abs.
Overall, site-specific conjugation markedly improved PET contrast and pharmacokinetics,
supporting its further development.

More recently, Dickerson and co-workers [25] assessed the performance of a human-
ized 8°Zr-labeled anti-GPC3 antibody (8 Zr-«GPC3H) versus its murine version (3°Zr-
aGPC3M), employed in the previously cited paper by Sham et al. [20] for immuno-PET
imaging in a mouse model of HCC. The underlying motivation was to evaluate the trans-
lational suitability of the humanized antibody for clinical use. Both radiotracers showed
high radiochemical purity (>98%) and a specific activity of 0.14 GBq/mg. PET imaging
demonstrated reliable tumor localization, with the highest tumor-to-liver ratio reaching
24 £+ 19% ID /g and tumor uptake up to 170% ID/g, about sevenfold higher than non-target
organs. No significant differences were found between the two tracers, supporting further
development of 8 Zr-«GPC3H.

Although 8 Zr certainly represents an appealing radionuclide for PET imaging, it has
several limitations in PET imaging, including its long half-life (78.4 h), which leads to higher
radiation exposure for patients and delays optimal imaging time points. In this respect,
I8F is widely used in PET imaging due to its favorable physical properties, including its
short half-life (110 min) and low positron range, which together enable high-resolution
images and same-day imaging protocols. Its availability from cyclotrons and versatility in
radiochemistry further support broad clinical and research applications.

Wang et al. [26] developed and evaluated a novel 8F-labeled peptide-based PET probe,
I8E_AIF-NODA-MP-6-Aoc-L5, targeting GPC3 in HCC. In this preclinical study, subcuta-
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neous HepG2 xenografts in BALB/c nude mice were used for in vivo imaging. PET/CT
performed 60 min post-injection revealed clear tumor visualization with a tumor-to-muscle
ratio of 2.46 &+ 0.53 but a low tumor-to-liver ratio (0.93 £ 0.16), owing to physiological liver
uptake. Blocking experiments with excess peptide confirmed tracer specificity. Although
tumor targeting was successful, the authors emphasized the need for further chemical
optimization to reduce background liver uptake for effective intrahepatic tumor detection.
To address these limitations, the incorporation of a hydrophilic GGGRDN linker into the
tetrakaidecapeptide (TP) yielded the novel PET probe Al-'®F-GP2633, which exhibited
markedly reduced hepatobiliary background and enhanced tumor contrast [27]. In HepG2-
bearing mice, Al-'8F-GP2633 achieved a peak tumor-to-liver ratio of 2.00 & 0.18 at 60 min
post-injection, exhibiting a tumor uptake (% ID/g) at 60 min of 3.37 = 0.35. The hydrophilic
modification shifted clearance from hepatic to renal routes, minimizing off-target liver
retention. The tracer demonstrated excellent in vitro and in vivo stability (>93% intact
at 1 h in tumor and blood). Preclinical micro-PET/CT imaging confirmed GPC3-specific
targeting with minimal uptake in GPC3-negative controls.

In a recently published paper, Mo and collaborators reported on a novel fluori-
nated radiotracer, '8F-AIF-NOTA-IPB-GPC3P, for PET imaging GPC3-expressing HCC [28].
This preclinical study was conducted in BALB/c nude mice bearing both subcuta-
neous and orthotopic Huh?7 xenografts. The probe exhibited an excellent tumor uptake
(5.05 £ 0.23% ID/g at 120 min post-injection) and favorable tumor-to-background contrast,
with tumor-to-muscle and tumor-to-liver ratios reaching 8.15 + 0.27 and 2.71 + 0.05, respec-
tively. These findings suggested improved pharmacokinetics and imaging performance
compared to previously reported GPC3-targeting agents.

A further area of investigation in GPC3-targeted imaging has been the development
of tracers radiolabeled with gallium-68 (®8Ga). The use of a ®®Ga-labeled tracer addresses
several critical needs in modern nuclear medicine. Thanks to its convenient generator-
based production, ®®Ga provides on-site access to a positron-emitter without reliance
on a cyclotron, enabling flexible and cost-effective radiopharmaceutical preparation. Its
short half-life (67.7 min) offers a practical balance between allowing complex radiolabeling
chemistry and achieving high-quality PET acquisition, while minimizing radiation exposure
to patients. Moreover, gallium’s coordination chemistry permits rapid, stable conjugation
to targeting vectors—such as peptides, antibodies, or small molecules—facilitating high-
contrast imaging of disease biomarkers. In this context, An et al. developed GPC3-targeted
immunoPET tracers based on a novel single-domain antibody (“G2”), labeled with both
%8Ga and '8F, for the detection of hepatocellular carcinoma in preclinical mouse models [29].
The %8Ga-NOTA-G2 tracer achieved tumor-to-muscle ratios of 4.65 4 1.12 (Hep3B) and
6.58 £ 0.28 (Huh?) at 1 h post-injection, whereas 18F-G2 reached an even higher ratio of
12.93 £ 3.01 at the same time point. The fusion of G2 to an albumin-binding domain
(ABDG2) extended the blood residence time and improved tumor uptake (peak SUV_mean
1.61 £ 0.56 at 6 h), while reducing renal retention compared to the unconjugated sd Ab.

3.2. First Clinical Applications

The first application of GPC3-targeted imaging in clinical practice was carried out by
Carrasquillo’s group [11]. The authors conducted a clinical imaging sub-study within a
phase I trial evaluating codrituzumab in combination with sorafenib for advanced HCC.
Fourteen patients received a total of 24 injections of codrituzumab, a mAb targeting GPC3,
radiolabeled with iodine-124 (1241). PET/CT imaging was performed at multiple time points
up to 6 days post-injection to assess biodistribution, tumor targeting, and pharmacoki-
netics. The radiotracer showed tumor uptake in 13/14 patients, with variable intensity
(SUVmax > 9 in 6 cases) and peak tumor concentration at 24 h. Imaging revealed limited
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normal organ accumulation except for thyroid uptake. Repeat scans post-therapy helped
to evaluate blocking effects and GPC3 persistence. Dosimetry was computed using VOlIs
and OLINDA/EXM based on blood and organ kinetics. Dosimetric analysis revealed
the thyroid (4.16 + 2.19 cGy/37 MBq), heart (3.85 + 0.55), bladder wall (2.73 + 0.27),
and liver (2.43 £ 0.38) as major dose-receiving organs. The effective dose equivalent was
1.65 £ 0.21 cGy/37 MBq for the first study, rising to 2.13 & 0.36 cGy/37 MBq in patients
who underwent a second administration.

A recently published first-in-human study evaluated a synthetic peptide ligand,
namely ®Ga-RAYZ-8009, for GPC3-targeted imaging in 24 patients (22 adults with sus-
pected or confirmed HCC and 2 children with hepatoblastoma) [30]. Most adult patients
(79%) had cirrhosis (various etiologies including alcohol-related and metabolic-associated
liver disease), and nearly half had advanced-stage disease (BCLC stage C). PET/CT showed
a high tracer uptake in GPC3-positive lesions with rapid clearance from healthy liver,
yielding excellent tumor-to-liver ratios (mean TLRmax 8.3; mean TLRmean 7.5 at ~1 h
post-injection). Diagnostic performance was assessed semiquantitatively using SUV and
TLR metrics, with non-tumor liver as an internal reference. Uptake did not vary signifi-
cantly with lesion size or LI-RADS classification. The tracer was well tolerated and reliably
synthesized, showing potential for the improved detection and staging of HCC, especially
in diagnostically indeterminate cases. Table 1 provides a schematic summary of the most
relevant findings of GPC3-targeted imaging in preclinical and clinical settings.

Table 1. Schematic summary of the most relevant findings of GPC3-targeted imaging in the preclinical
and clinical settings.

- Mol. . Validati
Author Year Country  Radiois. Tracer Vec(t)or Setting Comment aSIta:‘ulson
Proof-of-concept study
demonstrating the feasibility
Orthotopic of immuno-PET targeting of
HCC GPC3 in HCC using Preclinical
3] 89 . .
Sham et al. 2014 USA 897, 897r-xGPC3  full antibody xenografts in Zr-labeled antibodies. The (mouse
[20] Nu/] use of an orthotopic model xenograft)
immunodefi- and detailed blocking &
cient mice controls adds translational
value to the
imaging approach.
The use of both cell-line and
Subcutaneous patient-derived orthotopic
and models, coupled with Preclinical
Yang et al. 897r-DFO- . orthotopic quantitative PET
21] 2014 USA 897r 1G12 full antibody xenografts in biodistribution, robustly (moust;t)
athymic demonstrates the probe’s xenogra
mice specificity and favorable
tumor-to-liver contrast.
Athymic Immuno-PET with F(ab’),
Nu/J mice fragments allowed early Preclinical
89
Sha[rgﬁt al. o014 USA 897r Zﬁ:gg)l) C3- fra ?r?e s with high-contrast imaging due to (mouse
2 & orthotopic faster clearance and lower xenograft)
xenografts background uptake.
18F-labeled PET tracer for
BALB/c imaging GPC3 expression in
18p_AIE- nude mice HCC showed favorable Preclinical
Wang et al. 2018 Chi 18F NODA-MP- synthetic with subcu- tumor-to-muscle contrast reciinica
[26] mna 6-Aoc-L5 peptide taneous and rapid imaging timeline, xénmomi?t)
(peptide L5) HepG2 though high liver &

xenografts background remains a
key limitation.
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Table 1. Cont.
Author Year Country  Radiois. Tracer Vlzlc(t)(l)'r Setting Comment Vaéitcaltaltlison
The addition of the
Igluiﬁgf GGGRDN linker to the TP
. 01~ scaffold effectively improved Preclinical
; 18 e .
Ll[S;]al, 2020 China 18p GAII’-26§ é Synt}tl,iltlc b(e::lar mg hydrophilicity and tumor (mouse
pepude n;ll_e3m1eie, contrast, demonstrating a xenograft)
g_roupp clear strategy to overcome
hepatic clearance issues.
st 897 Ty
Natarajan 89Z DFO. h ized I\Olé.tGhOtOpiC allI:)];:/‘\F’regﬁféh tzlfnli)fr—lgc?—lﬁger Preclinical
et al &3] 2021 USA 897 T8Ks ;‘r‘ft‘ifgg; PDX I(“P‘I’gée ratio (3.4 + 0.31) at 168 h p.i., (mouse
: PDX622) achieving specific targeting xenograft)
with minimal background.
sdAb-based immuno-PET
68Ga-NOTA- allowed high-contrast
8 I*G—ZG ) Sﬁg;‘é%“;i%us imaging of GPCS-expressing
8Ga-NOTA- ; Huh7 hepa- hepatocellular carcinoma, Preclinical
An et al. 2022 Chi 8Ga, ABDG2 (G2 synthetic P with tumor-to-muscle ratios
[29] 1na 18 ¢ ( peptides toce,lhﬂar reaching nearly 13 for the (mouse
used to carcinoma 18F-labeled probe. Th xenograft)
albumin- xenografts in . probe. 1he
o di &t fusion to an albumin-bindin
binding mice . . &
domain) domain notably improved
the pharmacokinetics.
Nll)lde mice Sortase-based site-specific
caring labeling enhanced the
GPC3- . . Preclinical
Faynetal.  5pq USA 897r 897r-ssHN3  ssAb portion positive imaging performance of (mouse
[24] HenG?2 or single-domain antibodies in xenograft)
A43113—GPC3 GPC3-expressing &
xenografts liver cancer.
M The study compared
. 897r- . mogglsgf humaréZ%d Verstgs ér}uri.ne Preclinical
Diekemon ;i s wz SCHGHw e Gl SZTACROanbedieina Tl
«GPC3M carcliil;)ma strong tumor targeting and model)
favorable imaging contrast.
GPC3-targeted PET probe
BALB/c - ..
18F_AIF- . . with favorable Preclinical
Mo et al. 2024 China 18p NOTA-IPB- synth_etlc nude mice pharmacokinetics, exhibiting (mouse
[28] peptide with Huh7 ‘
GPC3P xenografts high tumor-to-muscle and xenograft)
tumor-to-liver ratios.
1241_codrituzumab
demonstrated high tumor
] targeting of
c " 4 14 patl;:lnts GPC3-expressing lesions Phase
arrasquillo 124 I- ; wit with favorable ase
etal. [11] 2018 us I codrituzumab full antibody advanced biodistribution. Dosimetric ~ imaging trial
HCC evaluation showed
acceptable organ doses and
effective whole-body
exposure.
24 patients GPC3-targeted PET imaging
Net:}tl}?er— . N (22 adults outperformed CT/MRI in First-in-
Poot et al. 68 Ga-RAYZ- synthetic with HCC,2  lesion visibility, particularly
[30] 2024 aﬂ&“gser_ Ga 8009 peptide ;hildren in indeterminate LI-RADS hur&i?e(sc)ase
many with hepato-  categories, also influencing
blastoma) clinical management.

Radiois.: radioisotope; Mol. Vector: molecular vector; DFO: desferrioxamine; DOTA: dodecane tetraacetic acid;
mAb: monoclonal antibody; GPC3: glypican-3; HCC: hepatocellular carcinoma; nota: 1,4,7-triazacyclononane-
1,4,7-triacetic acid.

4. Glypican-3-Targeted Therapy

A preclinical study performed by Ludwig et al. investigated the therapeutic efficacy
of the already mentioned GPC3-targeted mAb a«GPC3, radiolabeled with the beta-minus-
emitter nuclide yttrium-90 (°°Y) in an HCC model [31]. The antibody was conjugated with
Y using the chelator DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid) and
administered intravenously to mice bearing orthotopic HepG2-derived HCC xenografts.
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In vitro, flow cytometry confirmed the preserved binding affinity of the DOTA-aGPC3
conjugate. In vivo, bioluminescence imaging and serum alpha-fetoprotein (AFP) levels—
strongly correlated with tumor burden (R? = 0.92)—were used to monitor the response. A
single injection of 200 or 300 uCi (e.g., 7.4-11.1 MBq) of *°Y-«GPC3 significantly halted or
reversed tumor growth, as evidenced by stable or reduced AFP levels and significantly
lighter tumor-bearing livers compared to controls. No significant toxicity was observed.
While dosimetry per se was not performed, tumor targeting and response assessment via
surrogate markers support the potential of GPC3-directed radioimmunotherapy in HCC.

A further investigation from Labadie et al. evaluated a GPC3-targeted theranostic
platform for HCC using the same mAb (i.e., xGPC3), conjugated with 8 Zr (3*Zr-aGPC3)
for PET imaging and *°Y (*°Y-a«GPC3) for radioimmunotherapy [32]. In vitro binding was
confirmed on HepG2 cells via flow cytometry. In vivo, an orthotopic xenograft mouse
model demonstrated effective tumor targeting and volume quantification by immuno-PET,
correlating strongly with serum AFP. Treatment with *0Y-«GPC3 significantly reduced AFP
levels and the gross tumor volume, with increased apoptosis seen on histology. Dosimetry
was indirectly assessed via PET-based GTV and serum biomarkers. The approach retained
efficacy despite serial antibody exposure and accurately monitored the therapy response.

Bell et al. developed a radioconjugate, 22° Ac-Macropa—-GC33, consisting of the mAb
GC33, which targets GPC3, conjugated to the alpha-emitting radionuclide actinium-225
(*® Ac) through the chelator macropa [33]. This compound was tested in vitro using the
HepG2 human liver cancer cell line and in vivo using xenografts in mice. The in vitro
studies demonstrated that 2> Ac-Macropa-GC33 effectively targeted GPC3-expressing
cells. In vivo, mice treated with 22> Ac-Macropa—GC33 exhibited a significant tumor growth
delay, particularly in the group receiving 9.25 kBq of the conjugate, suggesting that a
lower dose might mitigate toxicity while maintaining therapeutic efficacy. A higher dose
of 18.5 kBg, while more effective, caused substantial hematological toxicity, including
rapid white blood cell reduction, which is a known side effect of targeted alpha particle
therapy (TAT) due to the long circulation times of full-length antibodies. Dosimetry was
not detailed in this study, but the results underscored the importance of optimizing dosages
and considering strategies like dose fractionation or using smaller targeting ligands to
reduce toxicity.

Labadie’s group labeled the antibody aGPC3 with the alpha-emitter thorium-227
(**’Th) through the chelator p-SCN-Bn-H,octapa [34]. In an orthotopic HCC model (i.e.,
athymic Nu/J mice bearing HepG2-Red-FLuc tumors), bioluminescence imaging tracked
tumor growth and revealed significant tumor uptake and retention of the radioimmuno-
conjugate, with minimal off-target accumulation. Therapeutically, a single dose of 22’ Th-
octapa-«GPC3 led to dramatic reductions in tumor burden—confirmed by both imaging
and serum o-fetoprotein measurements—and significantly prolonged survival compared
to controls. Histopathology and blood work showed acceptable safety and limited damage
to healthy tissues. Together, these findings underscore the theranostic potential of GPC3-
targeted a-therapy in HCC, combining sensitive tumor imaging with potent tumoricidal
alpha irradiation.

In a recent preclinical study, Lin et al. [35] developed and characterized the synthetic
peptide RAYZ-8009, conjugated to the chelator DOTA, enabling radiolabeling with ei-
ther 177Lu or 22> Ac. RAYZ-8009 exhibited a high binding affinity and specificity toward
GPC3 across multiple species, including human and mouse, and demonstrated rapid,
target-mediated internalization into GPC3-positive HepG2 cells, with up to 58.6% intra-
cellular accumulation within 90 min. In vivo biodistribution studies in nude mice bearing
subcutaneous and orthotopic HepG2 xenografts revealed high tumor retention and fast
renal clearance, resulting in favorable tumor-to-kidney ratios (peaking at 22.3 at 192 h)
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and minimal uptake in surrounding healthy tissues. Importantly, treatment with 17/ Lu-
or 22 Ac-labeled RAYZ-8009 induced significant and durable tumor regression with no
observable toxicity, and combination with lenvatinib further improved therapeutic efficacy.
The sustained intratumoral retention of the radiolabeled peptide supports its utility as a
theranostic platform for both the molecular imaging and targeted radiopharmaceutical
therapy of GPC3-expressing HCC. Table 2 summarizes the most relevant findings on the
various radiolabeled compounds employed for GPC3-targeted therapy. Table 3 provides an
overview of the advantages and disadvantages of the different GPC3-targeting molecules
employed both for imaging and therapy.

Table 2. Summary of the most relevant findings of GPC3-targeted radionuclide therapy in preclini-
cal settings.

Author Year Country Radio. Tracer Mol. Vector Setting Comment Vaslit;lﬁtlison
The study offered
isi idence of
HepG2-Red- promising evic
Ludwie et al 90 FLuc cells t};%rapeutlc efﬁcacy for Preclinical
udwig et al. 2019 USA 0y Y-DOTA- full mAb and Y-aGPC3 in HCC. (mouse
[31] aGPC3 orthotopic Nonetheless, the absence xenograft)
xenografts of dosimetric evaluation
& tempered its immediate
clinical applicability.
HenG2 An integrated theranostic
€p strategy in HCC. The
89
ZCr;-I]’DCIZ:?;O B GPC1?+ ch authors investigated the
Labadie et al 90y ( di(;c nostic) ocr?hcs) t%n ic feasibility of an approach Preclinical
a a[glze] etal 2021 USA 897 %0 & ’ full mAb pft combining high target (mouse
- d Y-DOTA- xenogra specificity, measurable xenograft)
aGPC3 mouse pecificity, &
(therapeutic) model of therapeutic effect and
HCC imaging-based
monitoring.
HepG2
(GPC3+ Preclinical efficacy of
25 hturl’;‘ianthepa- GPC3-targeted alpha Preclinical
- oblastoma
Bl 21 usa 25 Macropa-  fullmAb  cellline)and  ‘nerapy for HCC, though %
GC33 HepG2 sub- sighiticant iematologic xenograft)
cutaneous toxicity underscored the
xenografts in need for optimization
nude mice
By leveraging a
GPC3-specific a-emitter
: conjugate in an
Xoflt(t‘ortao}:li; orthotopic HCC model,
ea th%/mic this study demonstrated Preclinical
Labadie et al. 207 227Th-Ba . an effective theranostic
[34] 2022 USA Th 287411 fulmAb — Nu/J mice approach— xé?o"‘ii"}t)
H ucs;gl % d simultaneously enabling &
Cpasheds  gensitive tumor imaging
FLuc cells and highly localized,
DNA-damaging
a-therapy.
The radiolabeled peptide
HepG2 showed favorable
(GPC3+ pharmacokinetics and
177 HCC) biodistribution,
177 Lu-DOTA- theti and athymic demonstrating the Preclinical
Linetal. [35] 2024  USA - ,RAYZ-8009 synthetic nude mice  potential of RAYZ-8009 (mouse
Ac Ac-DOTA- peptide with subcuta- as a peptide-based xenograft)
RAYZ-8009 gﬁt(l)g;t ; niccl alternative to
HCCp antibody-based
xenografts radiopharmaceuticals in

HCC theranostics.

Radio.: radioisotope; Mol.: molecular; DFO: desferrioxamine; DOTA: dodecane tetraacetic acid; mAb: monoclonal
antibody; GPC3: glypican-3; HCC: hepatocellular carcinoma.
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5. Discussion

Imaging plays a pivotal role in HCC for early detection, staging, treatment planning,
and follow-up. Conventional modalities such as ultrasound, contrast-enhanced computed
tomography (ceCT), and magnetic resonance imaging (MRI) primarily assess structural
characteristics and vascular patterns, with MRI offering superior sensitivity, particularly
for small lesions [36-39]. However, both ceCT and MRI may fail to detect subcentimeter
tumors or early extrahepatic spread. PET/CT, especially with 2-deoxy-2-['8F]fluoro-D-
glucose (FDG), provides complementary metabolic information, although its diagnostic
performance varies depending on tumor differentiation [40]. FDG uptake tends to be
higher in poorly differentiated HCC, making PET/CT more valuable in advanced disease,
recurrence evaluation, and in cases where conventional imaging yields inconclusive results.
Due to the variable sensitivity and limited reliability of FDG PET/CT, particularly in well-
differentiated tumors, there is increasing interest in alternative PET tracers, such as 185 or
1 C-labeled choline and ' C-acetate [40]. Nevertheless, these tracers also have important
limitations and are metabolic agents, and thus a unsuitable for a theranostic approach.
Therefore, there is an unmet need for novel agents specifically designed for HCC-targeted
molecular imaging.

The body of evidence presented herein underscores both the promise and the chal-
lenges inherent in advancing GPC3-targeted imaging and theranostic strategies for HCC.
Preclinical studies have consistently demonstrated that full-length antibodies and engi-
neered fragments can achieve high tumor-to-background contrast, yet their relatively large
size and extended circulation times impose limitations on clinical workflow and patient
exposure. These observations highlight the necessity of synthesizing and developing
lower-molecular-weight agents endowed with faster pharmacokinetics, to ensure imaging
windows and signal-to-background ratios that align with the pragmatic demands of clinical
care. In this respect, ®®Ga-labeled peptides have provided a valuable diagnostic platform,
leveraging generator-based production for on-site radiochemistry and rapid imaging pro-
tocols, which are more suitable for clinical translation than the 8°Zr-based radiotracers
first investigated. However, the inherent characteristics of ®®Ga-radionuclide—short-range
positron emission and a need for germanium-gallium generators—suggest that '8F-labeled
compounds may ultimately offer superior versatility, enabling centralized cyclotron pro-
duction, extended distribution networks, and optimal imaging physics for high-resolution,
same-day PET studies [41]. Table 4 provides an overview of the various radionuclides
employed for GPC3-targeted imaging and therapy.

Beyond radionuclide selection, there is a clear imperative to explore alternative molec-
ular vectors that transcend those already evaluated. Affibodies and aptamers, for in-
stance, exhibit the potential of combining nanomolar affinities for GPC3 with minimal
immunogenicity, and their small size promises even more rapid blood clearance and tumor
penetration [42—44]. Although antibody fragments have bridged the gap between intact
immunoglobulins and small peptides, the unique structural properties of these emerging
scaffolds warrant systematic investigation, particularly in head-to-head comparisons of
in vivo stability, biodistribution, and tumor microenvironment penetration.

On the clinical front, the nascent human data remain limited. To date, only a sin-
gle trial of a synthetic peptide tracer in 24 patients—of whom not all had histological
confirmation—has been reported, leaving the field in need of “hard criteria” rigorous
validation. The precedent set by the proPSMA study in prostate cancer demonstrates
the feasibility and importance of randomized, prospective imaging trials that benchmark
novel PET agents against both cross-sectional modalities (CT and MRI) and gold-standard
histopathology [45]. Such rigor is especially pertinent given current EASL (European
Association for the Study of the Liver) guidelines, which allow a non-biopsy diagnosis of
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HCC in high-risk patients (for example, those with cirrhosis or hemochromatosis) based
solely on conventional imaging [46]. While this approach is justified by the bleeding
risks associated with percutaneous biopsy in coagulopathic patients, it leaves a significant
gap in our understanding of the tumor’s underlying biology—its degree of differentia-
tion, proliferative index, and potential for vascular invasion or metastasis. GPC3-targeted
imaging has the potential to fill this gap by offering a noninvasive surrogate for tumor
aggressiveness, as biomarker expression levels have been correlated with malignancy and
metastatic propensity.

In the realm of theranostics and targeted radionuclide therapy, progress has likewise
been tempered by reliance on preclinical models and a paucity of robust dosimetric analy-
sis [47-49]. In this respect, both *°Y and !7”Lu were investigated for GPC-3 targeted therapy
in the preclinical setting. However, these two beta-emitters differ in their tissue penetration
and biological behavior. 2°Y, with its relatively high-energy beta emission and long tissue
path length, enhances the crossfire effect and remains advantageous for the treatment of
bulky disease [50,51]. However, its therapeutic efficacy is influenced by factors such as
tumor oxygenation and the cellular replication cycle. In contrast, '””Lu, while emitting
lower-energy beta particles with a shorter tissue range, offers distinct advantages when
paired with molecular carriers like the GPC3-targeted peptide RAYZ-8009. In HCC cell
cultures (HepG2), I””Lu-RAYZ-8009 demonstrated rapid and efficient receptor-mediated in-
ternalization, with approximately 41.6% of the radioligand internalized within just 20 min,
reaching a peak of 58.6% at 90 min [35]. In vivo studies in mice bearing GPC3-positive
xenografts confirmed sustained and tumor-specific uptake, accompanied by fast renal
clearance and minimal off-target accumulation. This tumor-retentive behavior was further
corroborated by clinical imaging data, showing increasing intratumoral uptake forup to4 h
post-injection, while blood and normal tissues showed rapid washout [30]. Such pharma-
cokinetic and biodistribution characteristics align well with the physical half-life of 1”"Lu
(6.7 days), enhancing its therapeutic window and supporting its use in receptor-targeted
radiopharmaceutical therapies, particularly for tumors with a high internalization capac-
ity and favorable clearance profiles [52,53]. Indeed, the endocytosis of the GPC3-ligand
complex facilitates the intracellular translocation of the radiolabeled agent, positioning
the radionuclide in close proximity to the cell nucleus. This intracellular localization is
especially critical when employing short-range beta-emitters such as 1””Lu, whose limited
particle path length confines radiation damage to a narrow radius. By concentrating the
radionuclide near the nucleus, the probability of inducing double-stranded DNA breaks
and achieving effective tumor cell kill is significantly increased. This mechanism enhances
the therapeutic precision of ””Lu-based radiopharmaceuticals, promoting maximal cyto-
toxicity within target cells while limiting off-target effects on adjacent healthy tissue.

Alpha-emitters, on the other hand, deliver high-linear energy transfer radiation that
is less dependent on microenvironmental factors and can induce lethal double-strand
DNA breaks [54,55]. Yet alpha-emitters have limited availability, due to a shortage of
production. Moreover, the selection of an appropriate alpha-emitter is complicated by the
daughter products that recoil from initial decay and may distribute unpredictably, raising
concerns about off-target toxicity. A concerted effort to refine dosimetry, by employing
smaller, more rapidly clearing vectors, will be essential to translate this promise into safe,
efficacious therapies.
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Table 4. Overview of the various radionuclides employed for GPC3-targeted imaging and therapy.

Radionucl.

Application

Emission Type

Energy (MeV) Half-Life

Pros and Cons

89 7r

Imaging

B* (Positron)

0.389 (mean) 784h

Pros:
- Matches long antibody kinetics
- High image sensitivity

Cons:

- Prolonged radiation exposure
- Delayed imaging window

1241

Imaging

B* (Positron)

2.14 (max) 100.8 h

- Suitable for full antibodies
- Extended imaging timeframe

- High-energy positrons reduce resolution
- Significant thyroid uptake

181::

Imaging

B* (Positron)

0.635 (max) 109.8 min

- High spatial resolution
- Same-day imaging

- Short half-life challenges logistics

68Ga

Imaging

B* (Positron)

1.90 (max) 67.7 min

- Generator-produced on-site
- Rapid protocols

- Lower resolution due to higher positron
energy
- Very short half-life

9OY

Therapy

3~ (Beta minus)

2.28 (max) 64.1h

- Deep tissue penetration
- Good for bulky tumors

- Off-target irradiation risk
- Influenced by tissue oxygenation

77T 4

Imaging
Therapy

B~ (Beta minus)
v photons

~0.497 (max)
0.208 (11%), 6.65 days
0.113 (6.4%)

- Well-suited for medium-range tissue
penetration (~1-2 mm), ideal for
treating small

- tomedium-sized tumors

- Dual capability allows simultaneous
therapy and imaging (theranostics)

- Established production and clinical
track record

Cons:
- Lower linear energy transfer (LET)

compared to a-emitters like 2 Ac
- Potential kidney toxicity

225 A

Therapy

o (Alpha)

~5.9 9.9 days

Pros:

- High-linear energy transfer
- Effective against resistant cells

Cons:

- Daughter recoil toxicity
- Complex supply and handling

227Th

Therapy

o (Alpha)

~5.9 18.7 days

Pros:
- High linear energy transfer (LET)
- Physical half-life well matched to the slow
pharmacokinetics of antibodies
Cons:
- Complex decay chain
- Limited isotope availability

It is also instructive to compare GPC3-targeted approaches with other emerging

theranostic platforms, notably those directed against prostate-specific membrane antigen
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(PSMA). PSMA is overexpressed by the neoendothelium of several solid tumors, including
HCC. Early imaging studies using PSMA-ligands have yielded encouraging lesion detection
rates [56]. However, since PSMA expression reflects the tumor vasculature rather than
the malignant hepatocytes themselves, its capacity as a direct therapeutic target remains
uncertain. In contrast, GPC3 is expressed on the tumor cell surface in the majority of HCCs,
offering a more direct avenue for both imaging and targeted radionuclide therapy [57]. The
comparative evaluation of PSMA and GPC3—each with distinct biological rationales—will
be critical in defining the optimal biomarker for HCC theranostics, particularly as we move
toward personalized paradigms that integrate imaging phenotypes with molecular and
histologic tumor characteristics. In this respect, a dual approach, targeting both PSMA and
GPC3, for HCC imaging has recently been investigated as a preclinical study [58]. The
dual-imaging probe was synthesized by conjugating TJ12P2, previously a GPC3-targeting
peptide, to a highly potent PSMA inhibitor and then complexed with the chelator NOTA
(1,4,7-triazacyclononane-1,4,7-triacetic acid). The resulting compound was labeled with
both BF and ®8Ga in murine HCC models and the dual-imaging probe achieved tumor
uptakes 30-60% higher than monomeric GPC3 or PSMA tracers, with tumor-to-muscle
ratios exceeding 4:1 at 90 min post-injection. Such data suggest that the dual-imaging
approach not only benefits from prolonged retention via dual binding but also can adapt
to different isotope production workflows. From a clinical perspective, a bispecific tracer
could prove most valuable in lesions with heterogeneous marker expression—where GPC3
is low in some niches but PSMA remains high in neovasculature, or vice versa—thus
maximizing detection sensitivity across diverse tumor phenotypes.

Although several GPC3-targeted probes and therapies have progressed to early clinical
evaluation, the evidence remains limited by small cohort sizes, single-center or case series
designs, and short follow-up durations. For imaging modalities, reported studies often
involve <20 patients, restricting statistical power for sensitivity /specificity assessments.
For therapeutic trials such as CAR-GPC3 T-cell therapy, phase I studies included only a few
patients, limiting the ability to detect rare toxicities or robust efficacy signals [19]. Preclinical
efficacy in murine xenograft models may not accurately predict human outcomes due to
differences in the tumor microenvironment, immune contexture, and GPC3 expression
levels between models and patients. Human HCCs are heterogeneous in etiology (e.g.,
viral vs. nonviral), background liver disease, and molecular subtypes, which may influence
probe binding, distribution, and therapeutic responses [59]. Moreover, long-term outcomes
(e.g., progression-free survival, overall survival) remain unreported for many early-phase
studies, preventing the evaluation of durability.

It is worth noting that, from the perspective of translational applications, a balance be-
tween efficacy and safety is paramount in GPC3-targeted therapies. For CAR-T approaches
targeting GPC3, early-phase studies report on-target toxicity risks, including cytokine
release syndrome (CRS) and potential on-target, off-tumor effects if low-level GPC3 is
expressed in normal tissues; close monitoring and step-up dosing strategies may mitigate
these risks [60]. For radionuclide-based approaches (e.g., 3- or x-particle-labeled anti-GPC3
antibodies), potential hematologic toxicity, liver toxicity, and radiation exposure to adjacent
organs must be assessed via dosimetry in preclinical models and early humans [61,62].
Reported preclinical studies show tumor growth inhibition but lack comprehensive toxicity
panels; further toxicology studies in larger animals may be warranted. As concerns the em-
ployed molecular vectors, antibody—drug conjugates or bispecific formats may carry risks
of off-target cytotoxicity and require detailed pharmacokinetic and toxicology profiling [63],
while peptide-based therapies generally have lower immunogenicity, but rapid clearance
may necessitate repeated administrations, raising cumulative toxicity considerations. These
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challenges require thorough investigation before GPC-3-targeted therapies can be safely
and effectively translated into clinical practice.

An additional avenue worth exploring is the radiolabeling of GPC3-targeting ligands
with technetium-99m (*™Tc) for SPECT imaging. Although SPECT inherently suffers from
lower spatial resolution compared to PET, the widespread availability, lower cost, and
robust infrastructure surrounding **™Tc-based diagnostics present a compelling case for its
integration into the GPC3 theranostic paradigm [64]. This could be particularly valuable
in resource-limited settings, where PET imaging remains inaccessible due to economic or
logistical constraints [65]. The ability to perform GPC3-targeted imaging using widely
distributed gamma cameras could enable broader early detection, staging, and post-therapy
monitoring of hepatocellular carcinoma, especially in regions with a high burden of disease
but limited access to advanced nuclear medicine technologies. Developing such agents
would extend the reach of molecular imaging beyond high-resource environments, enabling
equitable access to precision diagnostics in HCC management.

Looking forward, several priority areas emerge. First, the development of '8F-labeled
small molecules or peptides targeting GPC3, with streamlined radiochemistry and demon-
strably superior image quality, could accelerate clinical translation. Second, the systematic
evaluation of novel scaffolds—affibodies, aptamers, and other engineered proteins—will
expand the toolkit of vectors available for precise tumor targeting. Third, rigorous, multi-
center clinical trials are needed to validate diagnostic performance against histology and
conventional imaging, to define the incremental value of GPC3 PET in patient management
algorithms, and to establish standardized criteria for image interpretation. Finally, in
the theranostic domain, the integration of quantitative imaging biomarkers with refined
dosimetric modeling will be paramount to harness the full potential of both beta- and
alpha-emitters, ensuring that therapeutic indices are maximized while minimizing toxicity.

6. Conclusions

GPC3-directed strategies in HCC represent a rapidly evolving frontier at the inter-
section of molecular oncology and nuclear medicine. Through iterative optimization of
radiochemistry, vector design, clinical validation, and dosimetric rigor, these approaches
hold the promise of transforming the early detection, characterization, and treatment of
hepatocellular carcinoma.
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