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Despite promise for the use of antibodies as molecular imaging
agents in PET, their long in vivo half-lives result in poor contrast and

radiation damage to normal tissue. This study describes an approach

to overcome these limitations. Methods: Mice bearing human epi-

dermal growth factor receptor type 2 (HER2)–overexpressing tumors
were injected with radiolabeled (124I, 125I) HER2-specific antibody

(pertuzumab). Pertuzumab injection was followed 8 h later by the

delivery of an engineered, antibody-based inhibitor of the receptor,
FcRn. Biodistribution analyses and PET were performed at 24 and

48 h after pertuzumab injection. Results: The delivery of the engi-

neered, antibody-based FcRn inhibitor (or Abdeg, for antibody that

enhances IgG degradation) results in improved tumor-to-blood ra-
tios, reduced systemic exposure to radiolabel, and increased con-

trast during PET. Conclusion: Abdegs have considerable potential

as agents to stringently regulate antibody dynamics in vivo, resulting

in increased contrast during molecular imaging with PET.
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Combined with the development of engineering techniques to
generate antibodies of high affinity and specificity for antigen,
interest in the use of antibodies as diagnostic imaging agents is
rapidly expanding. However, the long in vivo half-lives of antibod-
ies result in high background levels, poor contrast, and radiation
exposure of normal tissue (1–3). These problems are exacerbated
when the tumor burden is low. These undesirable characteristics
also limit the use of radioconjugated antibodies in therapy (4,5).
In the current study, we have developed an approach that results
in the rapid clearance of unbound targeting antibody after tumor
localization.
It is well established that the Fc receptor, FcRn, regulates the

levels of antibodies of the IgG class in the body (6). This receptor
binds to antibodies in acidic, early endosomal compartments after
their fluid phase uptake into cells. Bound antibodies are recycled

or transcytosed and exocytosed, whereas unbound antibodies enter
the endolysosomal pathway and are degraded (7,8). We have de-
scribed a class of engineered antibodies that bind with increased
affinity through their Fc region to FcRn in the pH range of 6.0–7.4
(9). These antibodies compete with endogenous, wild-type IgGs
for binding to FcRn and, as such, increase their degradation. Anti-
bodies of this class have been called Abdegs, for antibodies that
enhance IgG degradation. Levels of IgG are regulated by FcRn
expression in hematopoietic and endothelial cells (10). Inhibition
of FcRn by Abdegs therefore occurs at multiple diffuse sites in
many different cell types throughout the body.
We have previously demonstrated that Abdegs can be used to

clear autoreactive antibodies and ameliorate disease in mouse
models of autoimmunity (11,12). However, whether these inhib-
itors can be used to reduce both background levels and systemic
exposure to radiolabeled antibody during PET is unexplored. In
this setting, a balance between the reduction of background levels
of unbound, radiolabeled antibody and the maintenance of suffi-
cient tumor-bound antibody for imaging needs to be achieved.
Thus, the tradeoff of minimizing systemic exposure to radiola-
beled antibody using clearing agents is that the circulating imag-
ing agent is no longer available to bind to tumor cells. In the
current study, we have developed a regimen of Abdeg delivery
that enables substantial reduction in background combined with
improved contrast during PET.

MATERIALS AND METHODS

Antibodies and Labeling

Pertuzumab was obtained from the University of Texas Southwestern

Medical Center Pharmacy and was labeled with 124I (IBA Molecular) or
125I (PerkinElmer) using the IODO-GEN reagent (Pierce) as described

(9). Wild-type human IgG1 (anti-lysozyme) and a mutated derivative
(Abdeg), MST-HN (Met252 to Tyr, Ser254 to Thr, Thr256 to Glu,

His433 to Lys, Asn434 to Phe), were expressed and purified using meth-
ods described previously (9). Size-exclusion analyses using a Yarra 3U

SEC-3000 column demonstrated that theMST-HNAbdegmigrates at the
expected size for an IgG,with no detectable levels of aggregates (data not

shown).

Mice and Tumor Implantation

Animal procedures were approved by the Institutional Animal Care
and Use Committee of the University of Texas Southwestern Medical

Center. A small, approximately 0.5-cm incision was made above
mammary gland number 4 of anesthetized 8-wk-old severe combined

immunodeficient BALB/c female mice (Jackson Laboratory). HCC1954
cells (0.5 · 106) (13) suspended in 0.1 mL of RPMI-1640/Matrigel (Corn-

ing Inc.) vehicle (50/50) were injected into the fat pad of mammary gland
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number 3 of each mouse using a 22-gauge needle. The incision was closed

with a wound clip that was removed 7 d later.

Biodistribution Studies and PET

Nine days after tumor implantation, when tumors were approxi-
mately 5 mm in diameter, mice were divided into 3 equivalent groups

(6 mice per treatment group) and injected intravenously with 125I-

labeled pertuzumab. Thyroid uptake of radiolabeled iodine was re-

duced by adding Lugol solution to drinking water 48 h before injection

of radiolabeled pertuzumab (2.96–3.33 x 106 Bq [80–90 mCi], 60 mg/

mouse). Eight hours after pertuzumab injection, mice in each group

were injected intravenously with 1 mg of Abdeg (MST-HN mutant), 1

mg of wild-type IgG1, or vehicle (phosphate-buffered saline [PBS]).

Blood samples were collected before perfusion of mice through the

heart with 20 mL of PBS supplemented with 10 U/mL heparin at 24

or 48 h after pertuzumab injection (i.e., 16 and 40 h after delivery of

Abdeg, wild-type IgG1, or PBS). After perfusion, organs and tumors

were harvested and weighed, and radioactivity levels were determined

by g counting. Whole-body counting was performed using a dose cal-

ibrator (Capintec Inc.).
For PET, 124I-labeled pertuzumab was used and stomach uptake

of radiolabeled iodine was blocked by gastric lavage with 1.5 mg of

potassium perchlorate in 0.2 mL of PBS 30 min before injection of

radiolabeled antibody. PET/CT was performed 4 h after injection

of radiolabeled antibody (80–90 mCi, 60 mg antibody/mouse). For

each mouse, CT images were acquired immediately before PET im-

aging. Eight hours after injection of radiolabeled pertuzumab, mice

were injected intravenously with 1 mg of Abdeg (MST-HN mutant), 1

mg of wild-type IgG1, or vehicle (PBS). PET/CT was repeated at 24

and 48 h after radiolabeled pertuzumab injection.

Image Acquisition and Analysis

Details of data analyses for PET are described in the supplemental

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

Statistics

Statistical analyses were performed as described in the supplemental

data.

RESULTS

Biodistribution Studies

The FcRn inhibitor, or Abdeg, used for these studies is a mutated
variant (MST-HN) of human wild-type IgG1 that has substantially
higher affinity for FcRn binding because of 5 amino acid re-
placements near the FcRn interaction site (9). In earlier studies, we
demonstrated that a dose of 1 mg of MST-HNAbdeg (;50 mg/kg)
per mouse is optimal for inducing the clearance of lower-affinity,
competing IgGs in vivo (11), and this dose was therefore used
here. Tumor-bearing mice (HCC1954 cells; diameter of tumors,

;5 mm) were injected with 125I-labeled
pertuzumab 9 d after tumor implantation.
Groups of mice were injected with Abdeg
8 h after pertuzumab delivery. Our prelim-
inary studies indicated that treatment with
Abdeg at a shorter time interval resulted in
lower tumor-to-blood ratios of antibody
(data not shown). As controls, the wild-type
IgG1 parent molecule (1 mg/mouse) and PBS
vehicle were used throughout these studies.
Biodistribution analyses at 24 h after

delivery of radiolabeled pertuzumab (16 h
after Abdeg treatment) demonstrated that
the levels of radiolabel were lower in the
heart, lungs, and kidneys of Abdeg recipi-
ents (Fig. 1A). Similar results were obtained
at 48 h after pertuzumab injection (40 h
after Abdeg treatment), except that radioac-
tivity levels in the liver were also reduced
(Fig. 1A). In addition, the tumor-to-blood
ratios were approximately 3-fold higher in
Abdeg-treated mice than in mice in control
groups (Figs. 1B and 1C). The whole-body
counts of 125I-labeled pertuzumab after
Abdeg delivery were substantially de-
creased relative to those in the control
groups, with approximately 2.5- and 7-fold
differences at 16 and 40 h after Abdeg
treatment, respectively (Fig. 1D). Tumor
levels of radiolabeled antibody were also
reduced by Abdeg treatment, and this is
particularly marked at 48 h after pertuzu-
mab delivery (Fig. 1C). This finding sug-
gests de novo human epidermal growth
factor receptor type 2 biosynthesis by tumor
cells or tumor growth during the course of
the experiment, resulting in new antigen

FIGURE 1. Biodistribution and pharmacokinetics of radiolabeled pertuzumab in tumor-bearing

mice after Abdeg delivery. Nine days after orthotopic implantation of tumors, mice were intrave-

nously injected with 125I-pertuzumab. Eight hours after pertuzumab delivery, mice were intrave-

nously injected with 1 mg of MST-HN (Abdeg), 1 mg of wild-type (WT) IgG1, or PBS vehicle. Blood,

various organs, and tumor implants were harvested at 24 or 48 h after injection of radiolabeled

antibody, that is, 16 and 40 h after Abdeg or control treatment, respectively. (A and C) Distribution

of radioactivity in mice at 24 or 48 h after pertuzumab delivery (percentage injected dose per gram

[% ID/g]). For heart, lungs, liver, kidneys, and blood, significant differences between Abdeg and

control (PBS, wild-type IgG1) groups or between Abdeg and PBS groups are indicated by ** and *,

respectively (ANOVA, 95% confidence intervals). (B) Tumor-to-blood ratios of radioactivity at 24

and 48 h after injection of pertuzumab. * indicates that values for Abdeg-treated mice are signifi-

cantly different from those in control groups (ANOVA, 95% confidence intervals). (D) Whole-body

radioactivity levels after 125I-pertuzumab injection. Arrow indicates time of injection with Abdeg,

wild-type IgG1, or PBS vehicle. Data shown for A–D are mean values 1 SD or ± SD from 2 in-

dependent experiments, each with 3 mice per group (total n 5 6 mice per group).
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exposure that is targeted less efficiently by the reduced circulating
pertuzumab concentrations induced by Abdeg delivery. The reduc-
tion of radiolabeled antibody levels in the tumor, in combination
with our goal of using Abdegs to decrease the time period between
delivery of imaging agent and PET, indicated that biodistribution
analyses at time points beyond 48 h would not be informative.

Imaging Studies

We next used PET to analyze the effects of Abdeg delivery on
the disposition of radiolabeled pertuzumab at the whole-body
level. Imaging of themice at 4 h after radiolabeled (124I) pertuzumab
delivery, before Abdeg treatment, indicated tumor localization but
with a diffuse distribution of labeled antibody throughout the body
(Fig. 2). By contrast, within 16 h of Abdeg treatment (24 h after
pertuzumab delivery), levels of radiolabeled antibody throughout
the body, particularly in the thorax, were markedly reduced relative
to those in the control groups (wild-type IgG1, PBS) (Fig. 2; Sup-

plemental Videos 1–3). At 24 h after pertuzumab injection, accu-
mulation of radiolabel in the bladder of Abdeg-treated mice
was high because of the enhanced catabolism of radiolabeled anti-
body. Similar results were obtained using PET at 48 h after radio-
labeled pertuzumab delivery, except that the bladder accumulation
was reduced (Fig. 2). Importantly, Abdeg treatment resulted in
approximately a 4-fold-higher contrast for the radiolabeled anti-
body than that for mice in the 2 control groups (Fig. 3).

DISCUSSION

We demonstrate that Abdegs can be used to enhance contrast
and reduce exposure of normal tissue to radiolabeled antibody
during diagnostic imaging. Further, the higher contrast could
enable the use of lower doses of radiolabeled imaging agents.
Typically, the use of antibodies for diagnostic imaging in humans
necessitates a wait period of 4–7 d between the delivery of the

radiolabeled antibody and imaging due to
the long in vivo half-lives of antibodies
(14,15). By contrast, the use of Abdegs
as clearing agents should enable this time
period to be considerably reduced. Thus,
Abdegs not only decrease systemic expo-
sure to radiolabel, but also could have sig-
nificant practical advantages in clinical
settings.
Alternative approaches toward achieving

reduced background during imaging include
decreasing the in vivo half-life of the
diagnostic antibody itself by mutagenesis
or the deletion of one or more Fc region
domains (16,17). However, rapid clearance
of the imaging agent immediately after in-
jection can limit tumor localization (4). In
addition, although intravenous gammaglo-
bulin (IVIG) has been shown to have effi-
cacy in clearing radiolabeled antibodies
during imaging, high doses are necessary
because of the relatively poor competitive
activity of the wild-type IgGs present in
IVIG for FcRn binding (3). Indeed, IVIG
treatment at a dose of 1 g/kg has recently
been shown to be ineffective in reducing
blood-pool levels of a radiolabeled imag-
ing agent in patients (14). Consistent with
the higher affinity of the MST-HN Abdeg,
compared with wild-type IgGs, for binding
to FcRn, in earlier studies we observed that
25- to 50-fold-higher doses of IVIG rela-
tive to the MST-HN Abdeg were necessary
to induce similar decreases in IgG levels
and amelioration of disease in a mouse
model of arthritis (11). In addition, Abdegs
themselves have short in vivo half-lives
because of their retention within cells
and lysosomal degradation (18). Thus,
effects on the levels of endogenous IgGs
are short-lived, with return to normal lev-
els in mice within 3–4 d of treatment (9).
By comparison, the longer in vivo persis-
tence of IVIG results in reductions in

FIGURE 2. PET analyses of radiolabeled pertuzumab after Abdeg delivery. Tumor-bearing mice

were treated as in Figure 1, except that 124I-labeled pertuzumab was used. PET/CT data acquired

at 4, 24, and 48 h after injection of radiolabeled antibody (3 mice per group; 1 mouse per

treatment is shown). These time points correspond to 4 h before and 16 and 40 h after treatment

with Abdeg or controls. Linear scale bars are shown. Data are representative of 2 experiments,

each with 3 mice per treatment group. WT 5 wild type.
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IgG levels and other anti-inflammatory effects for prolonged
periods (19,20).

CONCLUSION

The improved contrast resulting from Abdeg delivery, combined
with the rapid and tightly controlled reduction in systemic radio-
labeled antibody levels, demonstrates that this class of engineered
antibodies has considerable promise for use in diagnostic imaging.
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FIGURE 3. Effect of Abdeg delivery on PET contrast. Tumor-bearing

mice were treated as in Figure 2. Contrast measures at 4, 24, and 48 h

after injection of radiolabeled pertuzumab are shown. * indicates that

values for Abdeg-treated mice and mice in control groups are sig-

nificantly different (ANOVA, 99% confidence intervals). Data shown

are mean values 1 SD from 2 experiments, each with 3 mice per

treatment group. WT 5 wild type.
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