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Hepatocellular carcinoma (HCC) is an increasingly lethal malignancy

for which management is critically dependent on accurate imaging.
Glypican-3 (GPC3) is a cell surface receptor overexpressed in most

HCCs and provides a unique target for molecular diagnostics. The

use of monoclonal antibodies (mAbs) that target GPC3 (αGPC3) in
PET imaging has shown promise but comes with inherent limitations

associated with mAbs such as long circulation times. This study used
89Zr-conjugated F(ab′)2 fragments directed against GPC3 (89Zr-

αGPC3-F(ab′)2) to evaluate the feasibility of the fragments as a di-
agnostic immuno-PET imaging probe. Methods: Immobilized ficin

was used to digest αGPC3, creating αGPC3-F(ab′)2 fragments sub-

sequently conjugated to 89Zr. In vivo biodistribution and PET studies

were performed on GPC3-expressing HepG2 and GPC3-nonexpressing
RH7777 orthotopic xenografts. Results: Reliable αGPC3-F(ab′)2

production via immobilized ficin digestion was verified by high-

performance liquid chromatography and sodium dodecyl sulfate
polyacrylamide gel electrophoresis. 89Zr-αGPC3-F(ab′)2 demon-

strated F(ab′)2-dependent, antigen-specific cell binding. HepG2 tu-

mor uptake was higher than any other tissue, peaking at 100 ± 21

percentage injected dose per gram (%ID/g) 24 h after injection, a
value 33- to 38-fold higher than GPC3-nonexpressing RH7777 tu-

mors. The blood half-life of the 89Zr-αGPC3-F(ab′)2 conjugate was

approximately 11 h, compared with approximately 115 h for historic

mAb controls. This shorter half-life enabled clear tumor visualization
on PET 4 h after administration, with a resultant peak tumor-to-liver

contrast ratio of 23.3. Blocking antigen-expressing tumors with an

excess of nonradiolabeled αGPC3 resulted in decreased tumor up-

take similar to native liver. The kidneys exhibited high tissue uptake,
peaking at 24 h with 83 ± 12 %ID/g. HepG2 tumors ranging from 1.5

to 7 mm were clearly visible on PET, whereas larger RH7777 tumors

displayed signal lower than background liver tissue. Conclusion:
This study demonstrates the feasibility of using 89Zr-αGPC3-F(ab′)

2 for intrahepatic tumor localization with small-animal PET. Faster

blood clearance and lower background liver uptake enable excel-

lent signal-to-noise ratios at early time points. Increased renal up-
take is similar to that as has been seen with clinical radioactive

peptide imaging. 89Zr-αGPC3-F(ab′)2 addresses some of the short-

comings of whole-antibody immuno-PET probes. Further optimiza-

tion is warranted to maximize probe sensitivity and specificity in the
process of clinical translation.
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Hepatocellular carcinoma (HCC) recently emerged as the
second leading cause of cancer death globally (1,2). Radiographic

imaging is essential in diagnosing HCC, often abrogating the need

for biopsy and tissue diagnosis (3,4). However, standard multiphase

CT and MR imaging have limited spatial resolution and lack tissue

specificity (5–8). Our group recently reported the use of a 89Zr-

conjugated monoclonal antibody (mAb) targeting the HCC-specific

marker glypican-3 (GPC3) to address these limitations of conven-

tional imaging approaches (9). Although demonstrating excellent

sensitivity and specificity, the use of intact mAbs for targeted mo-

lecular imaging presents its own shortcomings. Because of their

relatively large size and intact Fc region, mAbs have long blood

half-lives leading to suboptimal imaging pharmacokinetics, poorer

tumor penetration, and increased immunogenicity (10–14).
Smaller targeting moieties such as F(ab9)2 fragments have emerged

as an alternative to mAbs in an attempt to overcome the afore-

mentioned limitations (15–20). Removal of the Fc region either

through enzymatic digestion of the parent mAb or through protein

engineering significantly reduces interactions with native Fc recep-

tors and resultant nonspecific binding (21), potentially improving

image quality. Compared with mAbs, the smaller size of F(ab9)2
(;110 vs. ;150 kD) dramatically impacts its in vivo pharma-

cokinetics. The blood clearance of F(ab9)2 is significantly faster

than whole-mAb conjugates, leading to blood half-lives measured

in hours rather than days (22–25). This rapid clearance leads to

higher tumor-to-background ratios at earlier time points, allowing

for a more clinically practical PET contrast agent. Although most

whole-mAb immuno-PET conjugates require 3–5 d to achieve

acceptable signal-to-noise ratios (9,26–28), F(ab9)2 conjugates

can demonstrate similar imaging performance just hours after ad-

ministration, theoretically allowing for same-day administration

and imaging (17,19).
The immune system’s interaction with mAb-based theranostics

has been a long-standing hurdle for clinical oncology applications

(29). The patient-mounted humoral response against the Fc domain

of mAb targeting moieties can severely limit repeated imaging or

treatment directed against the same antigen (30). Their smaller
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size, rapid blood clearance, and lack of Fc domain decrease the
immunogenic potential of F(ab9)2-based radioconjugates, provid-
ing an instrument to enhance the safety and efficacy of repeated
administrations. Additionally, F(ab9)2 fragments enable deeper pen-
etration of the conjugated radioisotope into the tumor microenviron-
ment, facilitating more accurate imaging and enhanced therapeutic
efficacy (22,24).
Our recent work with 89Zr PET imaging of HCC using an anti-

GPC3 mAb (aGPC3) has shown promise (9), although 89Zr-aGPC3
suffers from the same shortcomings as other mAb-based imaging
probes. Its long blood half-life and relatively high background liver
uptake hinders tumor-to-background ratios at early time points,
necessitating an imaging delay of approximately 72 h to act as an
effective contrast agent. As continuation and advancement of this
work, we herein report the development of a 89Zr PET imaging
probe that uses the F(ab9)2 region of aGPC3 to address several
limitations imposed by the whole-aGPC3 targeting moiety. This
serves as a proof-of-concept study for the use of 89Zr-aGPC3-
F(ab9)2 fragments to image HCC in an attempt to explore the poten-
tial for a more clinically suitable contrast agent.

MATERIALS AND METHODS

Cell Lines and Tissue Culture

Luciferase-expressing GPC3-positive HepG2 HCC cells were pur-

chased from PerkinElmer (Bioware HT1080-luc2), and GPC3-negative
RH7777 HCC cells were purchased from American Type Culture

Collection (no. CRL-1601).

Generation of αGPC3 F(ab′)2 Fragments and 89Zr Labeling

aGPC3 IgG1-producing hybridomas were generated using previ-
ously described methods through the Fred Hutchison Cancer Research

Center antibody core (31). To generate F(ab9)2 fragments, whole an-
tibody was incubated with immobilized ficin (Pierce Biotechnology)

and 4 mM cysteine in 0.1 M citrate buffer for 35 h at 37�C. F(ab9)2
product was purified using high-performance liquid chromatography

(HPLC) (phosphate-buffered saline, pH 7.4; Superdex-200 10/300 GL
[GE Healthcare]). Fragment size and composition were confirmed with

analytic HPLC and sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels. 89Zr-aGPC3-F(ab9)2 labeling was per-

formed by an adaptation of the Vosjan protocol (32), not requiring
extraordinary trace demetalation of materials. Details are found in the

supplemental data (available at http://jnm.snmjournals.org).

Determination of αGPC3 Whole-Antibody and F(ab′)2 Affinity

Affinity measurements were performed using a ForteBio OctetRED96
(Pall Life Sciences) by the Vanderbilt Antibody and Protein Re-

source through the Vanderbilt Institute of Chemical Biology and the
Vanderbilt Ingram Cancer Center (P30 CA68485). Purified human

carrier-free glypican-3 protein (R&D Biosystems) was used as the
antigen target.

Animal Models

All animal studies were performed in accordance with the University

of Washington Office of Animal Welfare guidelines for the humane use
of animals, and all procedures were reviewed and approved by the

Institutional Animal Care and Use Committee. Orthotopic xenografts
were created as previously described (9). Briefly, 8-wk-old female athy-

mic Nu/J mice (Jackson Laboratories) were anesthetized using 1.5%
inhaled isoflurane, and the left lobe of the liver was exposed through an

upper midline laparotomy. HCC cells (2 · 106) in 50 mL of Dulbecco
modified Eagle medium containing 50% Matrigel (BD Biosciences)

were injected into the subcapsular space of the left lobe. Four weeks
after HepG2 and 2 wk after RH7777 cell injection, Vivoglo luciferin

(75 mg/kg) (Promega) was administered by intraperitoneal injection

and imaged using an IVIS Lumina II imaging system (PerkinElmer)
to monitor the growth of intrahepatic tumors.

Small-Animal PET

Imaging studies were performed using the Siemens Inveon PET

scanner. Whole-body imaging was performed on mice on a temperature-
controlled bed, anesthetized with 1.5%–2.5% isoflurane with real-time

respiratory monitoring. Tumor-bearing mice selected by IVIS imaging
were injected with approximately 7.4 MBq (200 mCi) of 89Zr-aGPC3-

F(ab9)2 (;50 ug antibody) via the tail vein. Control animals (n 5 3)
were coinjected with 1 mg of unlabeled aGPC3 as a competition

assay. Imaging time points (duration) were as follows: 4 h (20 min),
24 h (30 min), and 72 h (60 min). Details are found in the supple-

mental data.

Biodistribution

All animals were injected with approximately 7.4 MBq of 89Zr-
aGPC3-F(ab9)2 (;50 mg antibody) via the tail vein. Tissue biodistri-

bution was determined in HepG2 and RH7777 tumor–bearing animals
4, 24, and 72 h after injection (n 5 5 each). Three additional HepG2-

bearing mice were coinjected with 1 mg of unlabeled whole aGPC3 as
blocked controls. At the designated times, animals were euthanized and

the whole body perfused with 50 mL of lactated ringers as previously
described (33). Tumor, blood, and selected organs were harvested and

wet-weighed, and radioactivity was measured using a Cobra II auto
g counter (Packard) channeled for 0.908-MeV g (100%) rays. PET

biodistribution mean activity data were obtained using a 0.02 cm2 cir-
cular region of interest with 596.3-mm slice thickness. Details are found

in the supplemental data.

Statistical Analysis

All numeric data for animal groups are expressed as the average
value 6 the SD unless otherwise indicated. When expressing data for

individual animals, the SD represents the distribution of the data
within the measured region of interest. Excel (version 12.3.6; Micro-

soft) was used for statistical analysis. The blood half-life was calculated
using a best-fit exponential decay function in Excel. An unpaired,

2-tailed, Student t test was used with a P value of less than 0.05
considered statistically significant.

RESULTS

F(ab′)2 Production

Twenty milligrams of aGPC3 IgG1 were incubated for 35 h
with immobilized ficin in 0.1 M citrate buffer containing 4 mM
cysteine. HPLC fractionation and purification (phosphate-buffered
saline, pH 7.4; Superdex-200 10/300 GL) of the digestion product
was performed (Fig. 1A). The primary peak seen at 13.3 min
composed of aGPC3-F(ab9)2 fragments was collected, whereas
later small-molecular-weight peaks representing digested Fc frag-
ments and other debris were discarded. F(ab9)2 (3.8 mg) was re-
covered, representing a 26% yield. HPLC performed after F(ab9)2
conjugation with isothiocyanotobenzyldesferrioxamine confirmed
uniformity of the labeled substrate (Fig. 1B). Finally, g-radioactivity-
detection HPLC was performed after radiolabeling of F(ab9)2 with
89Zr (Fig. 1C). A leading shoulder constituting a small proportion of
the overall sample can be seen in the postlabeling tracing, most likely
representing F(ab9)2 that dimerized during the radiolabeling process.
SDS-PAGE was performed using unconjugated aGPC3 and F(ab9)2

to further validate fragment size and composition (Fig. 1D). Non-
reduced, denatured aGPC3 and F(ab9)2 appear as bands at the expected
sizes of approximately 155 and approximately 110 kDa, respectively.
Once reduced, aGPC3 reveals bands at approximately 50 and
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approximately 25 kDa, representing the heavy and light chains
constituting typical IgG1. Reduced F(ab9)2 demonstrates a single
large band at approximately 25 kDa consistent with a true F(ab9)2
fragment. This single band actually represents 4 overlapping, yet
discrete peptides: 2, approximately 25-kDa light chains as seen in the
whole-antibody sample, as well as 2 partially digested heavy chains
cleaved at the hinge region, also measuring approximately 25 kDa.

Whole-Antibody and F(ab′)2 Affinity

Independent dissociation constant (Kd) measurements were per-
formed in triplicate using a ForteBio OctetRED96 (Pall Life Sciences).
Results were internally consistent and demonstrated a Kd of approxi-
mately 30 pM for both the whole aGPC3 and the F(ab9)2 fragment.

Radiochemistry

Overall, 94.5% of the reaction activity (7.5 mL) was recovered
from the reaction mixture and rinses applied to the purification
PD-10 column. A heart-cut of fractions with maximal activity was
pooled and sterilized by micron filtration (153 MBq; 39% radio-
chemical yield; 97.7% specifically bound activity by instant thin-
layer chromatography). The specific activity of the labeled anti-
body was 75 MBq/mg, assuming 85% protein recovery from the
column. The formulated dose was subsequently used for small-
animal PET studies in tumor-bearing mice.

Tissue Biodistribution

In vivo tissue biodistribution was evaluated 4, 24, and 72 h after
administration of 89Zr-aGPC3-F(ab9)2 (Fig. 2). Whole-antibody
biodistribution measurements noted below are historic values (9).
Though significantly lower than 89Zr-aGPC3 values observed in
previous studies, tumor uptake of 89Zr-aGPC3-F(ab9)2 was higher
than any other tissue, peaking at 1006 21 percentage injected dose
per gram (%ID/g) at 24 h. Tumor uptake ranged from 33- to 38-fold
higher in HepG2 tumor–bearing animals relative to RH7777 con-
trols. In contrast to 89Zr-aGPC3, which demonstrated a blood-pool

half-life of around 5 d, 89Zr-aGPC3-F(ab9)2
was rapidly cleared from the blood, falling
from 16 6 6.7 %ID/g at 4 h to 3.5 6 1.2
%ID/g at 24 h and ultimately 0.46 0.1 %ID/g
at 72 h, constituting a blood half-life of ap-
proximately 11 h The kidneys exhibited the
highest nontumor organ uptake, peaking at
836 12 %ID/g 24 h after injection, whereas
peak liver activity (5.5 6 1.1 %ID/g) was
considerably lower than that observed with
whole-antibody conjugate (216 5.3 %ID/g).
Tissue uptake in the bone, brain, cecum, heart,
lungs, muscle, and spleen remained below
7 %ID/g throughout the duration of the study.

Small-Animal PET Imaging

Animals were selected for small-animal
PET imaging on the basis of the presence of
orthotopic xenografts as validated by IVIS
imaging (Fig. 3A). The smallest HepG2
tumor measured 1.5 mm at necropsy and
was clearly visible on PET at all 3 imaging
times (4, 24, and 72 h) on both axial and
coronal sections (Fig. 3B), with tumor up-
take peaking at 24 h at 676 13 %ID/g. This
measurement from the PET images was not
corrected for partial-volume effect, suggest-

ing uptake by this small lesion was likely higher. The largest HepG2
tumor (7 mm) demonstrated peak uptake of 986 19 %ID/g at 24 h
by PET. All 3 HepG2 tumor–bearing animals cotreated with 1 mg
of unlabeled aGPC3 possessed tumors similar in size to the large
HepG2 animal, as validated by IVIS (Fig. 3) and necropsy. The
tumor blocked with unlabeled aGPC3 was not evident on PET im-
aging at any time point; thus, uptake was assumed to be approx-
imately equal to background liver signal (6.2 6 1.4 %ID/g). In-
terestingly, large GPC3-negative RH7777 tumors were visible on PET
as negative images (Fig. 3B), indicating that 89Zr-aGPC3-F(ab9)2
uptake was lower than the surrounding liver tissue and thus min-
imizing concerns regarding nonspecific tumor binding due to the
enhanced permeability retention effect.

89Zr-aGPC3-F(ab9)2 demonstrated markedly different in vivo
biodistribution and pharmacokinetics when compared with historic
89Zr-aGPC3 controls (Fig. 4). Peak tumor uptake for the F(ab9)2

FIGURE 1. HPLC tracings performed on αGPC3 and immobilized ficin digestion product

(A), F(ab′)2 conjugate (B), and radiolabeled 89Zr-F(ab′)2 (C). (D) SDS-PAGE of undigested

αGPC3 (W) and F(ab′)2 (F) under native, denatured, and denatured 1 reduced conditions. Df 5
isothiocyanotobenzyldesferrioxamine.

FIGURE 2. Tissue biodistribution of 89Zr-αGPC3-F(ab′)2 measured by

Cobra II γ counter in tumor-bearing mice (n 5 5 each).
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conjugate was significantly lower than that for the whole-antibody
conjugate (1006 21 %ID/g, compared with 8376 87 %ID/g). 89Zr-
aGPC3-F(ab9)2 exhibited relatively small changes in tumor uptake
over the first 72 h, rising 30 %ID/g between the 4- and 24-h imaging
times and then falling 24.3 %ID/g between the 24- and 72-h imaging
sessions. Conversely, 89Zr-aGPC3 tumor uptake continually rose
over the first 72 h, increasing roughly 400 %ID/g between the first
3 imaging times. Background liver signal was significantly lower
with 89Zr-aGPC3-F(ab9)2, ranging from 3.2 6 0.2 %ID/g at 4 h to
5.9 6 0.4 %ID/g at 24 h, whereas historic 89Zr-aGPC3 controls
showed normal liver uptake in the 14–24 %ID/g range. This sub-
stantial decrease in background liver signal with 89Zr-aGPC3-F(ab9)2
resulted in a superior tumor-to-liver contrast ratio (23.3) over that
observed with 89Zr-aGPC3 (1.2) at 4 h. The decrease in background
liver signal led to clearly visible tumors on PET at 4 h, whereas
animals treated with 89Zr-aGPC3 exhibited no visible tumor at this
time point (Fig. 4). Because of the remarkably high tumor uptake at
72 h, 89Zr-aGPC3 ultimately achieved a superior tumor-to-liver ratio
(30.5) at 72 h; however, even at this later time point the tumor-to-liver
contrast ratio for 89Zr-aGPC3-F(ab9)2 was 15.1.

DISCUSSION

Accurate diagnostic imaging is the foundation on which the
diagnosis and therapeutic plan for HCC are built. As previously
reported, 89Zr-aGPC3 PETaddresses many of the limitations encoun-
tered with the current standard multiphase CT and MR imaging in the
radiographic diagnosis of HCC but is not without its shortcomings (9).

In general, mAb-conjugated imaging probes have long blood half-lives,
poorer tumor penetration, and relatively increased immunogenicity
when compared with smaller targeting moieties. This proof-of-concept
study demonstrates the feasibility of conjugating 89Zr to F(ab9)2
fragments targeting the HCC-specific cell surface proteoglycan
GPC3 in an attempt to address some of the limitations imposed
by mAbs and demonstrate in vivo hepatic tumor localization.
The generation of Fab and F(ab9)2 fragments from the digestion

of parent IgG1 has been described using several enzymes includ-
ing papain, pepsin, and ficin (34). Immobilized ficin was chosen
for this work as previous studies have demonstrated the affinity of
resultant fragments to be comparable to that of the parent antibody
(35). The aGPC3 digestion product was subjected to HPLC in-
stead of standard protein A purification to ensure purity and ho-
mogeneity of the F(ab9)2 used for radiolabeling. HPLC is unable
to discriminate between noncovalently bonded Fab that mimics
F(ab9)2 and true F(ab9)2; therefore, the isolated fractions were
subjected to heat-denaturing without reduction and evaluated on
SDS-PAGE (Fig. 1D) to verify the presence of a true F(ab9)2
fragment. There is evidence on the postradiolabeling HPLC trac-
ing that a minority larger-molecular-weight population is created
during the radiolabeling process, likely representing dimerization
(Fig. 1C), a phenomenon observed after each of the radiolabeling
trials. The relatively high absolute tumor uptake combined with
the fact that the larger-molecular-weight species represented a
small fraction of the total injected dose diminishes the likelihood
that this population played a significant role in the radiotracer’s in
vivo performance.
One of the primary drivers of this work was to evaluate whether

the creation of aGPC3-F(ab9)2 would indeed hasten in vivo clear-
ance to enable imaging at earlier time points. Previous studies in
the field demonstrated that blood clearance of mAb fragments was
inversely related to their size (36), whereas Covell et al. reported
murine IgG was retained 17 times longer than F(ab9)2 in vivo (25).
89Zr-aGPC3-F(ab9)2 demonstrated a 10-fold reduction in blood
half-life, compared with 89Zr-aGPC3 (Table 1), retaining only
0.4 %ID/g activity in blood at 72 h, relative to 13 %ID/g in 89Zr-
aGPC3 historic controls (9). This was in conjunction with a reduction
of background liver uptake in the 89Zr-aGPC3-F(ab9)2–treated ani-
mals (5.5 vs. 21%IDg), further enabling hepatic tumor localization.
This reduction in background liver signal was not solely due to
decreased blood-pool activity, because liver activity was measured
on ringers-perfused (nonbloody-containing) tissues.
We originally hypothesized that reduction in liver tumor

binding would primarily result from decrease in F(ab9)2 affinity
for GPC3. However, as evidenced by the ForteBio Kd results,
aGPC3-F(ab9)2 retains excellent subnanomolar binding affinity
equivalent to that of parent aGPC3. The marked reduction in peak
absolute tumor uptake of F(ab9)2 is therefore not likely due to
a reduction in the radioconjugate’s tumor affinity but rather the
significantly diminished blood circulation time, giving the radio-
conjugate less time to interact with tumor tissue as it rapidly clears
from the body. Despite this lower absolute tumor uptake, 89Zr-
aGPC3-F(ab9)2 was still able to achieve a high tumor-to-liver
ratio (23.3) at 4 h because of low background blood and liver
activity. This tumor-to-background ratio is still superior to most
whole-antibody–targeted PET probes, with peak signal-to-back-
ground ratios in the 1.5–4 range (37). It was also a prestudy con-
sideration that the smaller size of 89Zr-aGPC3-F(ab9)2 would lead
to increased susceptibility to the effects of enhanced permeability
retention in tumors and therefore increased nonspecific binding.

FIGURE 3. (A) IVIS luminescent images after intraperitoneal adminis-

tration of luciferin (75 mg/kg) verifying presence of intrahepatic tumor

before administration of 89Zr-F(ab′)2. (B) Axial and coronal PET images

of same animals (24 h) demonstrating tumor concordance in HepG2

animals and absence of PET signal in RH7777 tumors and blocked

HepG2 controls. Blue arrowheads indicate HepG2 tumors; red arrows

indicate RH7777 tumors. max 5 maximum; min 5 minimum.
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The absence of uptake in large non–antigen-expressing RH7777
tumors diminishes this concern, because PET images of these
tumors actually show signal lower than background liver tissue
(Fig. 3B).
Because the use of F(ab9)2 significantly reduces blood circula-

tion time, the choice of 89Zr for use in the PET probe must be
carefully considered. Indeed, 89Zr was originally selected as a via-
ble immuno-PET radionuclide because of its relatively long half-
life (78.4 h) and ability to outlast whole-antibody clearance in vivo
for use in PET imaging (38). However, other shorter-half-life
radionuclides such as 18F and 68Ga could be used in an attempt
to reduce patient radiation exposure. 18F has a range uncertainty
similar to 89Zr (maximum, ;2.4 mm; average, ;0.8 mm), main-
taining theoretic spatial resolution; however, conjugation with tar-
geting peptides has proven more complex (39).
The risk of using a long-half-life radioisotope with aGPC3-F(ab9)

2 fragments is compounded by the concentration of the fragments
(and subsequent radioisotopes should they be conjugated) in the kid-
neys, elevating the potential risk of organ dysfunction in the clin-
ical setting. Elevated renal uptake does not, however, preclude
peptide-targeted radionuclides from clinical use. 111In-octreotide
scintigraphy is widely used clinically despite demonstrating high
renal uptake (40). In the case of 89Zr-aGPC3-F(ab9)2, clinical
utility would likely be maintained because HCC rarely metastasizes

to the kidneys (41). Gelatin-based plasma ex-
panders have been used in conjunction with
111In-octreotide to reduce kidney retention
and renal irradiation (42), thus demonstrating
the feasibility of renal-protective adjuncts
when administering peptide-targeted tracers.
A similar approach could be used to reduce
renal uptake of aGPC3-F(ab9)2 while tak-
ing advantage of its favorable early tumor-
to-liver contrast.
As a proof-of-concept study for the use

of F(ab9)2 for immuno-PET in an immuno-
compromised nude mouse model of HCC,
the murine immune response to aGPC3 or
aGPC3-F(ab9)2 could not be evaluated. Al-
though aGPC3-F(ab9)2 is likely less immu-
nogenic than whole aGPC3 because of the
absence of the Fc region, further evaluation
of its immune reactivity would be needed be-
fore clinical implementation. Although the
results of this preclinical study are encouraging,
further clinical translation would require use of
a humanized form of aGPC3, which could be
achieved through de novo development of hu-
manized aGPC3 or use of one of several exist-
ing humanized GPC3-targeting mAbs (43).

Ultimately, 89Zr-aGPC3-F(ab9)2 addresses several of the limita-
tions imposed by whole-antibody–based 89Zr-aGPC3. Its faster
blood clearance and lower background liver uptake allow for early
imaging of GPC3-expressing liver tumors despite significantly lower
absolute tumor uptake. However, kidney uptake is significant, poten-
tially limiting repeated clinical doses. Additionally, 89Zr-aGPC3 has
considerably higher absolute tumor uptake and ultimately achieves
higher tumor-to-liver ratios at later time points. These differences are
important to consider during radioconjugate development, though
their clinical significance is yet unknown. One potential approach
would be taking advantage of aGPC3-F(ab9)2’s faster clearance for
use in diagnostic imaging, followed by whole aGPC3’s high abso-
lute tumor uptake for therapeutic radioisotope (e.g., 90Y, 211At,
177Lu) delivery as an adjuvant treatment modality. As new mAb
therapies are developed, either agent may enable noninvasive evalu-
ation of tumor GPC3 expression status or response to treatment.

CONCLUSION

In this follow-up preclinical study, 89Zr-aGPC3-F(ab9)2 was able
to clearly identify orthotopic GPC3–expressing HCC tumors with
high signal-to-noise ratio. The use of F(ab9)2 for tumor targeting is
feasible, resulted in faster blood clearance, and enabled earlier
imaging when compared with whole-antibody conjugates; however,

FIGURE 4. Tumor-to-liver tissue uptake (line graphs), tumor-to-liver contrast ratios (bar graphs),

and representative PET images in HepG2-bearing mice injected with 89Zr-αGPC3-F(ab′)2 (A) and
89Zr-αGPC3 (B). Signal saturation was allowed in 89Zr-αGPC3 animal images to allow comparison

with 89Zr-αGPC3-F(ab′)2. (Data from B has been reprinted with permission of (9).)

TABLE 1
Pertinent Characteristics of 89Zr-αGPC3 and 89Zr-αGPC3-F(ab′)2

Probe Molecular weight* (kDa) Kd* (nM) Blood half-life (h) Tumor-to-liver ratio at 4 h Tumor-to-liver ratio at 72 h

89Zr-αGPC3 ∼155 0.03 115 1.2 30.5

89Zr-αGPC3-F(ab′)2 ∼110 0.03 11 23.2 15.1

*Measurements were performed on whole mAb and F(ab′)2 prior to conjugation with isothiocyanotobenzyldesferrioxamine.
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absolute tumor uptake was lower. 89Zr-aGPC3-F(ab9)2 addresses
some of the shortcomings of whole-antibody immuno-PET probes,
however, further studies are needed to fully characterize the ben-
efits of each to determine the optimal targeting agent for both
diagnostic and therapeutic isotope delivery in HCC.
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