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Primary liver cancer is the third leading cause of cancer-related deaths,
and its incidence andmortality are increasing worldwide. Hepatocellular
carcinoma (HCC) accounts for 80% of primary liver cancer cases.
Glypican-3 (GPC3) is a heparan sulfate proteoglycan that histo-
pathologically defines HCC and represents an attractive tumor-
selective marker for radiopharmaceutical imaging and therapy for this
disease. Single-domain antibodies are a promising scaffold for imaging
because of their favorable pharmacokinetic properties, good tumor
penetration, and renal clearance. Although conventional lysine-directed
bioconjugation can be used to yield conjugates for radiolabeling full-
length antibodies, this stochastic approach risks negatively affecting
target binding of the smaller single-domain antibodies. To address this
challenge, site-specific approaches have been explored. Here, we used
conventional and sortase-based site-specific conjugation methods to
engineer GPC3-specific human single-domain antibody (HN3) PET
probes.Methods: Bifunctional deferoxamine (DFO) isothiocyanate was
used to synthesize native HN3 (nHN3)-DFO. Site-specifically modified
HN3 (ssHN3)-DFOwas engineered using sortase-mediated conjugation
of triglycine-DFO chelator and HN3 containing an LPETG C-terminal
tag. Both conjugates were radiolabeled with 89Zr, and their binding
affinity in vitro and target engagement of GPC3-positive (GPC31)
tumors in vivo were determined. Results: Both 89Zr-ssHN3 and 89Zr-
nHN3 displayed nanomolar affinity for GPC3 in vitro. Biodistribution and
PET/CT image analysis in mice bearing isogenic A431 and A431-
GPC31 xenografts, as well as in HepG2 liver cancer xenografts,
showed that both conjugates specifically identify GPC31 tumors. 89Zr-
ssHN3 exhibited more favorable biodistribution and pharmacokinetic
properties, including higher tumor uptake and lower liver accumulation.
Comparative PET/CT studies on mice imaged with both 18F-FDG and
89Zr-ssHN3 showed more consistent tumor accumulation for the
single-domain antibody conjugate, further establishing its potential for
PET imaging. Conclusion: 89Zr-ssHN3 showed clear advantages in
tumor uptake and tumor-to-liver signal ratio over the conventionally
modified 89Zr-nHN3 in xenograft models. Our results establish the

potential of HN3-based single-domain antibody probes for GPC3-
directed PET imaging of liver cancers.
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Primary liver cancer is the third most common cause of cancer
death and has an 18% 5-y survival (1). New cases of primary liver
cancer are on the rise, with the incidence projected to increase by
more than 55% in the next 20 y (2). Hepatocellular carcinoma (HCC)
accounts for around 80% of primary liver cancer cases worldwide,
affecting over 600,000 individuals annually (3). Chronic hepatitis B
virus infection is currently the main contributor to the disease. How-
ever, diabetes and obesity-related nonalcoholic fatty liver disease and
nonalcoholic steatohepatitis are of growing etiologic concern (4).
MR- and CT-based imaging are the standard of care for diagnos-

ing and surveilling patients with a high risk of developing HCC (5).
Although these modalities have been critical in diagnosing HCC,
distinguishing treatment effect from residual or recurrent disease
remains a challenge. 18F-FDG PET, used in these circumstances for
other cancers, is of limited use in HCC because of the heteroge-
neous glucose uptake by this tumor type (6). As such, HCC tumor-
selective or tumor microenvironment–selective imaging agents are
needed to address this unmet clinical need.
Technological developments have allowed targeted radionuclide

diagnostic agents, as well as b- and a-emitting radionuclide therapies,
to play a role in precision oncology (7). Diverse biomolecules, includ-
ing monoclonal antibodies, antibody fragments, small proteins, pep-
tides, and small molecules, have been explored as tumor-targeting
vectors for PET imaging and radiopharmaceutical therapy (8,9).
Glypican-3 (GPC3) is a glycosylphosphatidylinositol-anchored

heparan sulfate proteoglycan expressed in 75%–90% of HCCs (10).
Therefore, it is an attractive HCC-selective target that, if leveraged
for molecular imaging, may help characterize postablation lesions
and allow for more comprehensive screening, early diagnosis, and
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posttreatment surveillance. Full-length antibodies specific to GPC3
have been evaluated for immuno-PET imaging in preclinical (11,12)
and clinical (13) studies. However, despite good imaging characteris-
tics, the long blood half-life of full-length antibodies precludes same-
day imaging, compromising existing patient workflows in the clinic.
Furthermore, monoclonal antibodies typically exhibit hepatobiliary
excretion, which can result in poor tumor-to-tissue ratios in patients
with primary liver tumors. Although a smaller GPC3-specific F(ab9)2
(110kDa) has been explored for imaging, it was not suited for same-
day imaging (14).
Single-domain antibodies, (15 kDa), derived from camelids or

sharks (15,16) are alternate scaffolds being explored for PET diag-
nostics (NCT04674722 and NCT05156515). Notably, one recent
report describes the preclinical development of a GPC3-targeting
single-domain antibody radiolabeled with 68Ga or 18F for immuno-
PET, providing a proof of concept for HCC imaging with GPC3-
directed single-domain antibodies (16). This conjugate was prepared
using lysine conjugation, which is stochastic. Unlike full-size antibo-
dies, single-domain antibodies have fewer lysine residues for conju-
gation. Modification of these residues by attaching prosthetic groups
may worsen their binding affinity and pharmacokinetic properties.
These drawbacks can be mitigated by site-specific conjugation or
sequence alteration (17–20).
Here, we engineered the GPC3-specific single-domain antibody

HN3 (21) to be compatible with sortase-based site-specific modification
(22), which has previously been exploited for site-specific single-
domain antibody radiolabeling (23–25), and labeled it with the radionu-
clide 89Zr for use as a PET probe. The performance of this construct
was compared with that of a lysine-conjugated HN3 single-domain
antibody that did not require sequence engi-
neering. We determined that both radioconju-
gates exhibit GPC3-specific tumor targeting
in vivo, and the site-specific conjugate has
superior performance to the traditional lysine-
conjugated HN3 tracer and 18F-FDG.

MATERIALS AND METHODS

Production of HN3 Single-Domain
Antibody and Bifunctional HN3-Chelate
Constructs

The HN3 human single-domain antibody,
containing both -His6 and -FLAG tags at its C
terminus, was produced following a protocol
previously described (26,27). A full description
of HN3 production and plasmid maps of the
transformation are provided in Supplemental
Figures 1 and 2 (supplemental materials are
available at http://jnm.snmjournals.org). A
sortase-reactive deferoxamine (DFO) chelator
(GGGK-DFO) was prepared as described in
Figure 1, Supplemental Scheme 1, and Supple-
mental Figures 3–6. Site-specific C-terminal
conjugation of GGGK-DFO to HN3-LPETG-
His6 (28) and stochastic lysine-directed conju-
gation of DFO to HN3 (29) were accomplished
using previously reported methods detailed in
the supplemental materials.

Biolayer Interferometry
The binding kinetics and equilibria for the

binding of native HN3 (nHN3)-DFO and site-
specifically modified HN3 (ssHN3)-DFO to

recombinant GPC3 were evaluated using biolayer interferometry. Full
experimental details are provided in the supplemental materials.

Radiolabeling with 89Zr
Radiolabeling of DFO-conjugated single-domain antibodies was con-

ducted using a modification of established methods (12,29). Gentisic acid
(10 mL, 10 mg/mL) was added to a solution of 89Zr(oxalate)2 (40 mL,
92.5 MBq, cyclotron at the National Institutes of Health Clinical Center)
in oxalic acid. N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid
buffer (2 mL, 1 M) was added. A solution of 2 M Na2CO3 was then
added until the pH reached 7. ssHN3-DFO or nHN3-DFO conjugate in
0.1 M ammonium acetate (45 mL, 1.5 mg/mL) was added to the mixture,
and the reaction was heated for 1 h at 37�C. The reaction mixture was
then purified using a PD-10 gel filtration column with phosphate-
buffered saline containing bovine serum albumin (1 mg/mL) as the mobile
phase. Radiochemical yield and purity were determined by radio–instant
thin-layer chromatography with silica gel–impregnated glass microfiber
paper strips (Varian) using an aqueous solution of ethylenediaminetetra-
acetic acid (50 mM) and NH4OAc (100 mM, pH 5.5) as the mobile phase.
An AR-2000 (Eckert-Ziegler) radio–thin-layer chromatography scanner
was used to calculate the percentage total activity at the origin.

Saturation Binding Assays
To assess binding affinity, radioligand binding assays were per-

formed as detailed in the supplemental materials by incubating varying
amounts of radiolabeled single-domain antibodies with immobilized
recombinant GPC3 for 2 h.

Cell Culture
The A431 human epithelioid cancer cell line and the GPC3-positive

(GPC31) HepG2 human hepatoblastoma cell line were purchased from

FIGURE 1. Conventional lysine conjugation vs. site-specific conjugation. Shown are synthetic
schema and structures of 89Zr-nHN3 (A) and 89Zr-ssHN3 (B). HEPES5 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid; PBS5 phosphate-buffered saline.
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ATCC and cultured according to vendor instructions. A431-GPC31, a
transfected A431 cell line engineered to overexpress GPC3 (30,31),
was obtained from Dr. Mitchell Ho (National Cancer Institute). Cells
were cultured in Dulbecco modified Eagle medium (Life Technologies)
supplemented with 10% FetaPlex (Gemini Bio-Products). All cell lines
were used within 15 passages.

Murine Subcutaneous Xenograft Models
All mouse experiments were approved by the Institutional Animal

Care and Use Committee at the National Institutes of Health under proto-
col ROB-105. Female athymic nu/nu 8- to 10-wk-old mice (Charles
River Laboratories) were implanted subcutaneously with 2.5 3 106

HepG2, A431, or A431-GPC31 cells in a 200-mL solution of phosphate-
buffered saline (for A431 and A431-GPC31) or a 1:1 mixture of Matri-
gel (Corning) and Dulbecco modified Eagle medium (HepG2). Tumors
were grown to approximately 100 mm3 before biodistribution and imag-
ing experiments. HepG2 and A431-GPC31 cells were chosen for their
high expression of GPC3. A431 cells were used as a negative control.

PET/CT Imaging of Mice Bearing A431 or A431-GPC31 Tumors
Mice bearing A431 or A431-GPC31 xenografts (n 5 3 per tumor

type) were injected with 1,961 6 30 kBq (2.8 mg) of 89Zr-ssHN3 or
1,970 6 40 kBq (10.9 mg) of 89Zr-nHN3. At 1 and 3 h after injection,
images were obtained using PET/CT (BioPET/CT; Sedecal) as follows.
The mice were anesthetized using 2% isoflurane, and static PET scans
were acquired over 10 min. Whole-body CT scans (8.5 min, 50 kV,
180 mA) were obtained immediately after PET images and were used to
provide attenuation correction and anatomic coregistration for the PET
scans. PET data were reconstructed using 3-dimensional ordered-subsets
expectation maximization and were normalized, decay-corrected, and
dead-time–corrected before analysis using MIM software (MIM Software
Inc.). After the final imaging time point, the mice were euthanized by
CO2 asphyxiation, and 12 tissues, including tumor, were collected. All
samples were weighed and counted on a g-counter (2480 Wizard3;
Perkin Elmer Inc.). The counts were converted to percentage injected
activity (%IA) using a standard solution of known activity prepared from
the injection solution. %IA/g was calculated by dividing the activity in
each organ by its weight.

Ex Vivo Biodistribution Study in HepG2 Tumor–Bearing Mice
Mice (n5 4) were injected with 89Zr-labeled single-domain antibodies

(370 6 40 kBq/mouse for both the ssHN3 [0.90 mg] and the nHN3
[0.52 mg] conjugate) through a lateral tail vein. The biodistribution of
89Zr-nHN3 and 89Zr-ssHN3 was then evaluated at 1, 3, and 24 h after
administration as described in the previous section.

PET/CT Imaging Comparison of 18F-FDG and 89Zr-ssHN3 in
Mice Bearing HepG2 Tumors

Mice bearing HepG2 xenografts (n 5 4) were kept fasting for 4 h
before injection of approximately 4,180 6 240 kBq of 18F-FDG. After
1 h, PET/CT images were obtained and processed as described above.
One day later, the same mice were injected with 3,680 6 130 kBq
(5.1 mg) of 89Zr-ssHN3 and imaged 1, 3, and 24 h after injection. For
comparison, another set of mice bearing HepG2 xenografts (n 5 4)
was injected with 4,110 6 40 kBq (6.1 mg) of 89Zr-nHN3 and imaged
after 1, 3, and 24 h. After the 24-h image acquisition, the mice were
euthanized and the ex vivo biodistribution of the 89Zr conjugates was
evaluated.

Statistical Analysis
Statistics were analyzed using Prism (version 9.0, GraphPad Soft-

ware). Organ uptake, tumor volume, SUV, and stability were com-
pared using the Student t test (unpaired, parametric, 2-tailed).

RESULTS

Synthesis of ssHN3 and nHN3 DFO Conjugates
Was Successful
We successfully prepared derivatives of the GPC3-targeting single-

domain antibody HN3 using previously reported methods (28,29).
Analysis of the original single-domain antibodies and resulting DFO
conjugates by size-exclusion high-performance liquid chromatography
and high-resolution mass spectrometry confirmed their purity and
identity (Supplemental Figs. 3–14). Synthetic schema for nHN3 and
ssHN3 are presented in Figure 1. The nHN3 construct was conjugated
to the commercially available bifunctional chelator DFO isothiocya-
nate using stochastic lysine labeling methods, yielding nHN3-DFO.
Mass spectrometry analysis of this conjugate indicated a DFO:HN3
ratio of 0.2:1, consistent with minimal modification of the HN3
single-domain antibody. The ssHN3 single-domain antibody was con-
jugated specifically at the -LPETG sequence to GGGK-DFO, yielding
ssHN3-DFO, which has a 1:1 HN3:DFO ratio. This conjugation reac-
tion also results in cleavage of the -His6 sequence from the C termi-
nus of ssHN3.

Single-Domain Antibody Radioconjugates Were Synthesized
with Satisfactory Radiochemical Yield and Purity
Both conjugates were successfully radiolabeled with 89Zr using

89Zr-oxalate, resulting in 10%–30% yield. After radiolabeling,
both conjugates exhibited similar specific activities, varying on
the basis of the radiolabeling efficiency (6106 140 kBq/mg for
ssHN3 and 5206 240 kBq/mg for nHN3), and the radiochemical
purity of both conjugates was found to be more than 99% using
instant thin-layer chromatography (Supplemental Figs. 15 and 16).

Single-Domain Antibody Conjugates Exhibited Nanomolar
Binding Affinities for GPC3
Biolayer interferometry assays showed that affinities (dissociation

constant, or KD) for human GPC3 were 1162nM and 1567nM
for nHN3-DFO and ssHN3-DFO, respectively (Fig. 2). Cell-free satu-
ration binding assays showed KD to be 30612 and 1064nM for
89Zr-nHN3 and 89Zr-ssHN3, respectively (P 5 0.14) (Fig. 2), indicat-
ing that the 2 radioconjugates have comparable binding affinities for
GPC3. The somewhat lower binding affinity determined for 89Zr-
nHN3 in the saturation assay versus the biolayer interferometry assay

FIGURE 2. Single-domain antibody conjugates retain GPC3 affinity.
Shown are biolayer interferometry (left) and radioligand saturation binding
assay (right) results for stochastically modified single-domain antibody
nHN3-DFO (A) and ssHN3-DFO (B), with determined KD values. KD values
for biolayer interferometry assays are average of measurements using 4
different HN3 concentrations, whereas KD values for saturation assays are
average of 3 independent replicates.
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may arise from the biolayer interferometry’s detecting unmodified
nHN3 in addition to the nHN3-DFO present in the sample. In con-
trast, the saturation assay detects only nHN3-DFO that has been radi-
olabeled with 89Zr.

In Vivo Studies Confirmed That Single-Domain Antibody
Radioconjugates Specifically Bind to GPC31 Tumors
After confirming the high affinity of both radioconjugates for

GPC3, we evaluated their performance in vivo. Mice bearing subcu-
taneous xenografts were administered the radioconjugates and under-
went PET/CT imaging and ex vivo biodistribution analysis. We first
compared the performance of the 2 radioconjugates in mice bearing
GPC3-negative (A431) or expressing (A431-GPC31) tumors.
As shown in Figure 3, both conjugates exhibited highly specific tumor
accumulation at 1h after administration, with approximately 10-fold
higher tumor uptake in the A431-GPC31 model than in the otherwise
isogenic A431 model. The two 89Zr-single-domain antibody conju-
gates showed rapid blood clearance and high kidney accumulation as
expected. Notably, in ex vivo biodistribution analysis of these mice,
89Zr-ssHN3 exhibited both lower blood and liver accumulation and
higher tumor uptake at 3h (14.461.8 %IA/g) than 89Zr-nHN3

(7.461.2 %IA/g) in the A431-GPC31 model (P 5 0.0018) (Supple-
mental Figs. 17 and 18). These results likely stem from the fact that
ssHN3 has a preserved GPC3-binding domain whereas the nHN3 con-
jugate represents a heterogeneous mixture of products, including
ones with DFO modifications at lysine residues critical for binding
(Fig. 1). Furthermore, the ssHN3 conjugate also lacks the polar -His6
and -FLAG tags present on nHN3, potentially increasing nonspecific
uptake of nHN3 (20).
Encouraged by the biodistribution and imaging results in the

A431-GPC31 model, we next investigated the targeting ability of
89Zr-nHN3 and 89Zr-ssHN3 in mice bearing more clinically rele-
vant HepG2 liver cancer xenografts (Fig. 4; Supplemental Figs. 19
and 20), which have lower GPC3 expression than the transfected
A431-GPC31 cell line (32). Generally, biodistribution results for
both radiotracers in HepG2 tumor-bearing mice were comparable to
those observed in the A431-GPC31 model. 89Zr-ssHN3 demon-
strated numerically higher tumor uptake at 1h (7.261.2 %IA/g)
than did 89Zr-nHN3 (5.761.8 %IA/g) (P 5 0.235), as well as lower
accumulation in the blood (P 5 0.001), liver (P 5 0.008), and
spleen (P 5 0.013). Kidney uptake of both tracers was quite high
(�140 %IA/g at 1h after injection). Longitudinal analysis of the

FIGURE 3. Single-domain antibody PET tracers successfully image tumors engineered to express GPC3. Shown are representative PET/CT images
(A) and calculated SUVs (B) of 89Zr-ssHN3 and 89Zr-nHN3 in A431 and A431-GPC31 tumor–bearing mice (n5 3) 1 h after injection. Full ex vivo biodistri-
bution data for mice bearing A431 and A431-GPC31 tumors are reported in Supplemental Figures 17 and 18. ***P, 0.005.

FIGURE 4. Single-domain antibody PET tracers successfully image GPC31 liver tumor xenografts. Shown are selected ex vivo biodistribution of 89Zr-ssHN3
and 89Zr-nHN3 (A) and tumor-to-tissue ratios of HepG2 tumor-bearing mice (n5 4) (B). Full 12-organ biodistribution results for mice bearing HepG2 tumors are
reported in Supplemental Figures 19 and 20. *P, 0.05. **P, 0.01. ***P, 0.005.
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radioconjugates’ biodistribution indicates some elimination from both
tumor and nontarget organs at 3 and 24h after administration, but the
highest tumor-to-nontarget tissue ratios were obtained at 1h after injec-
tion for both probes (Supplemental Table 1). The tumor-to-liver ratio
at 1h was nearly 3-fold higher for 89Zr-ssHN3 (3.56 0.5) than for
89Zr-nHN3 (1.560.5) (P , 0.005), indicating that 89Zr-ssHN3 has
superior performance as a liver cancer diagnostic.

Tumor Imaging with 89Zr-ssHN3 Was Superior to That with
89Zr-nHN3 or 18F-FDG in Mice Bearing HepG2 Tumors
After evaluating the ex vivo biodistribution and PET imaging of

89Zr-ssHN3 and 89Zr-nHN3 in engineered models, we sought to assess
their performance for imaging in HepG2 liver cancer xenografts. The
89Zr-ssHN3 tracer displayed both higher tumor accumulation and
lower liver uptake than 89Zr-nHN3 (Supplemental Figs. 21–22). 89Zr-
ssHN3 also showed positive tumor accumulation (SUV . 1) in all
4 animals, whereas 18F-FDG displayed an SUV of more than 1 in
only 1 tumor (Fig. 5; Supplemental Fig. 21). 18F-FDG also exhibited a
higher blood pool signal in all animals, indicating 89Zr-ssHN3’s better
specificity. However, 18F-FDG did show a lower liver SUV and a
much lower kidney signal than 89Zr-ssHN3. Together, our work con-
firms the potential of the 89Zr-ssHN3 conjugate for GPC31 tumor
detection, having superior imaging performance to either the lysine
conjugation-based 89Zr-nHN3 or the clinically available 18F-FDG in
models of human liver cancer.

DISCUSSION

Here, we have shown that the GPC3-targeting single-domain
antibody HN3 can be engineered as a PET agent for same-day im-
aging of models of liver cancer. 89Zr-ssHN3 and 89Zr-nHN3 dem-
onstrate high GPC3 affinity in vitro and tumor uptake in GPC31

tumors in vivo. Notably, 89Zr-ssHN3 demonstrated clear

advantages, including higher tumor uptake and lower accumula-
tion in nontarget organs, especially the liver and spleen. The sig-
nificantly better tumor-to-liver ratio for 89Zr-ssHN3 than for
89Zr-nHN3 (3.5:1 vs. 1.5:1, respectively) would result in a much
higher signal-to-noise ratio for PET and thus the ability to better
differentiate between cancerous and noncancerous liver lesions.
89Zr-ssHN3 also outperformed 18F-FDG, demonstrating more con-
sistent localization in HepG2 tumor xenografts.
Although its tumor-targeting ability makes 89Zr-ssHN3 attrac-

tive for GPC3-directed PET, its high kidney uptake impedes
single-domain antibody–based radiopharmaceutical therapy, and
the long half-life of 89Zr leads to an unnecessarily high deposition
of radioactivity in the kidneys. Strategies to reduce kidney uptake
of single-domain antibodies include coadministration of lysine or
Gelofusine (B. Braun Melsungen), alteration of the single-domain
antibody sequence, or addition of an albumin-binding moiety
(20,33,34). Efforts to decrease the kidney uptake of HN3 conju-
gates and prepare short-lived 68Ga or 18F conjugable derivatives
are currently under way in our lab.
The GPC3-specific imaging capabilities of 89Zr-ssHN3 place it

among a select few radiotracers with clinical potential for liver
tumor PET imaging. Although GPC3-targeted antibody conjugates
have demonstrated specific tumor accumulation, these agents suf-
fer from slow tumor uptake kinetics and are generally unsuitable
for same-day imaging (11–13). Single-domain antibodies represent
an alternative targeting biomolecule with excellent specificity and
rapid clearance. An et al. were the first to demonstrate the feasibil-
ity of using a GPC3-targeting single-domain antibody (G2) for
immuno-PET (17). The authors reported relatively low tumor
uptake (2.6 %IA/g) and tumor-to-liver ratios (1.676 0.09) in ani-
mals bearing GPC31 Hep3B liver cancer xenografts, likely result-
ing from the use of conventional lysine-based conjugation. Our

FIGURE 5. 89Zr-ssHN3 PET tracer is superior to 18F-FDG for imaging liver tumors. Shown are PET/CT images of mice (n 5 4) bearing HepG2 tumors
injected with 18F-FDG (A) and 89Zr-ssHN3 (B). At top is SUV comparison, and at bottom is tumor-to-tissue ratios for both tracers. Error bars represent
SD. Full SUV analysis of 89Zr-ssHN3 and 89Zr-nHN3 is reported in Supplemental Figures 21–22. *P, 0.05. ***P, 0.005.
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work confirms that sortase-based site-specific modification of
a GPC3-targeting single-domain antibody is superior to con-
ventional lysine-based modification for immuno-PET of liver
tumors.
The development of a tumor-specific imaging agent for HCC is

critically needed to improve diagnosis, monitor treatment efficacy,
and inform management. Local therapies such as stereotactic body
radiation therapy, radiofrequency or microwave ablation, and
transarterial embolization have proven effective against local dis-
ease (1). The efficacy of radiation-based treatments highlights the
sensitivity of liver tumors to radiotherapy (1,35). Notable in
leveraging this HCC radiosensitivity is 131I-metuximab, a F(ab9)2
specific to basigin or CD147 that is expressed on 60% of HCCs.
This radioconjugate was approved as adjuvant therapy in China
after demonstrating a survival benefit compared with observation
after surgical resection in a randomized controlled phase 2 trial
(36). These results are buoyed by clinical data showing noninfer-
iority of proton stereotactic body radiation therapy compared with
radiofrequency ablation in patients with small recurrent or residual
HCC in a randomized phase 3 trial (35), survival benefit using adju-
vant external-beam radiotherapy in a phase 2 trial (37), and promis-
ing results in the neoadjuvant setting as well (38). However,
assessing the response of tumors to these liver-directed therapies is
difficult because existing imaging modalities cannot differentiate
viable from nonviable tumors. Our novel GPC3-selective immuno-
PET probe might be used under these circumstances to help clinical
decision making and improve patient outcomes.
In addition, tumor-selective imaging of GPC3 might serve as a

noninvasive predictive biomarker to identify patients who may pref-
erentially respond to GPC3-directed therapy, including chimeric
antigen receptor T-cell strategies (NCT05003895). Tumor-selective
targeting of GPC3 might also be extended toward the development
of a therapeutic radiopharmaceutical. HN3-based PET agents may
be particularly suitable for this application, given that therapies
based on chimeric antigen receptor T cells and immunotoxins using
the HN3 single-domain antibody have already shown preclinical
success (39,40).

CONCLUSION

We successfully designed, synthesized, and characterized novel
GPC3-selective single-domain antibody PET probes for imaging
liver tumors, and these probes showed superiority to conventional
imaging with 18F-FDG. Comparative analysis of 89Zr-nHN3 and
89Zr-ssHN3 showed that 89Zr-ssHN3 has superior in vivo target
engagement and pharmacokinetic properties in GPC31 liver cancer
xenograft models. We confirmed that the sortase-mediated conjuga-
tion successfully preserves the affinity of the single-domain anti-
body, an approach that can be extended to other radioconjugates
with a lower molecular weight. Efforts are ongoing toward develop-
ing second-generation ssHN3 conjugates that have short-lived radio-
nuclides for imaging and improved kidney uptake for therapy.
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KEY POINTS

QUESTION: Can we engineer a GPC3-specific single-domain
antibody for tumor-selective PET imaging of liver cancer?

PERTINENT FINDINGS: We used a GPC3-specific single-domain
antibody to engineer 89Zr-nHN3 and 89Zr-ssHN3 immuno-PET
probes and confirmed specific GPC3 binding in vitro and in vivo. Our
89Zr-ssHN3 immuno-PET tracer outperformed a lysine-conjugated
probe and 18F-FDG for PET imaging of liver cancer xenografts.

IMPLICATIONS FOR PATIENT CARE: 89Zr-ssHN3 represents
a promising same-day immuno-PET agent for diagnosis and
posttreatment surveillance of liver cancer.
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