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Heterodimerization of human epidermal growth factor receptor
2 (HER2) with HERS initiates aberrant downstream growth-
signaling pathways in tumors. Our objective was to construct
bispecific radioimmunoconjugates (bsRICs) that recognize
HER2 and HERS3 and evaluate their ability to image tumors in
athymic mice that express one or both receptors using small-
animal SPECT/CT. Methods: bsRICs were constructed by
reacting the maleimide-derivatized trastuzumab Fab fragments
that bind HER2 with a thiolated form of the HER3-binding pep-
tide of heregulin-g1 (HRG) with or without a 12- or 24mer poly-
ethylene glycol (PEG) spacer. bsRICs were derivatized with
diethylenetriaminepentaacetic acid for labeling with ''In. The
ability of 11In-bsRICs to bind HER2 or HER3 was determined in
competition assays with unlabeled Fab or HRG on cells
expressing one or both receptors. Tumor and normal-tissue
uptake were examined in CD1 athymic mice bearing subcuta-
neous tumor xenografts that expressed HER2, HER3, or both
receptors, with or without the preadministration of unlabeled
Fab or HRG to determine the specificity of uptake. Results:
Conjugation of Fab to HRG was confirmed by sodium dodecyl
sulphate polyacrylamide gel electrophoresis—Western blot and
size-exclusion high-performance liquid chromatography. Im-
proved HER2 and HER3 binding and greater displacement
of binding by competitors was found for '''In-bsRICs that in-
corporated a PEG spacer, with the PEG,, spacer being optimal.
The highest uptake of '''In-bsRICs (7.8% =+ 2.1% injected
dose per gram [%ID/g]) in BT-474 human breast cancer xeno-
grafts (HER2-positive/HER3-positive) occurred at 48 h after in-
jection. The preadministration of trastuzumab Fab decreased
uptake in SK-OV-3 (HER2-positive/HER3-negative) human
ovarian cancer xenografts from 7.0 = 1.2 to 2.6 = 1.5 %ID/g
(P < 0.001). The preadministration of an excess of HRG de-
creased uptake in MDA-MB-468 (HER2-negative/HER3-posi-
tive) human breast cancer xenografts from 4.4 = 0.9 to 2.6 *
0.5 %ID/g (P < 0.05). All tumors were imaged by small-animal
SPECT/CT. Conclusion: '"In-bsRICs composed of trastuzu-
mab Fab and HRG exhibited specific binding in vitro to tumor
cells displaying HER2 or HER3 and were taken up specifically in
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vivo in tumors expressing one or both receptors, permitting
tumor visualization by small-animal SPECT/CT. These agents
could be useful for imaging heterodimerized HER2 and HER3
receptors because their bivalent properties may result in pref-
erential binding to the heterodimerized forms. The approach
may also be extended to constructing bsRICs for visualizing
other peptide growth factor receptors.
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Approximately 30% of all breast cancers show an over-
expression of human epidermal growth factor receptor 2
(HER?2) as a result of gene amplification (/). This receptor
is the target for trastuzumab (Herceptin; Roche), a therapeutic
monoclonal antibody that binds to the extracellular domain.
However, HER2 must homodimerize or heterodimerize with
another receptor in the epidermal growth factor receptor fam-
ily before a cellular signaling pathway can be initiated. Re-
cent work has shown that the heterodimerization of HER2
with HER3, its preferred dimerization partner (2), has an
important function in the growth of breast cancer, because
this heterodimer functions as an oncogenic unit and is asso-
ciated with a more aggressive phenotype (3,4). HER3 binds
its preferred ligand, heregulin, which promotes recruitment of
HER?2 to the complex. There is no known ligand for HER2,
but the receptor is locked in a dimerization-ready conforma-
tion. When the HER2-HER3 heterodimer forms, the intra-
cellular kinase domains of the 2 receptors autophosphorylate
their C-terminal ends, leading to activation of the phosphoi-
nositide 3-kinase—Akt pathway. This pathway causes a cas-
cade of signals that are involved in the regulation of cellular
processes responsible for the proliferation of tumor cells and
thus a more aggressive phenotype (5).

New classes of therapeutic drugs against breast cancer,
known as HER dimerization inhibitors, are being developed
and are intended to block HER2-HER3 heterodimerization.
The most well-known example is the monoclonal antibody
pertuzumab (Perjeta; Roche). Recent clinical trial data have
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shown that pertuzumab, which blocks HER2 dimerization,
in combination with trastuzumab and docetaxel signifi-
cantly prolonged progression-free survival for HER2-posi-
tive metastatic breast cancer patients as compared with
trastuzumab and docetaxel alone (6). Preclinically, agents
that will directly target these HER2-HER3 heterodimers have
also been reported, including bispecific antibodies and bispe-
cific single-chain Fvs that recognize HER2 and HER3 and
were developed as novel immunotherapeutics (7,8).

Our objective was to develop a novel bispecific radio-
immunoconjugate (bsRIC) consisting of a domain capable
of binding to HER2 covalently cross-linked to a ligand for
HER3 that may be capable of selectively imaging HER2—
HER3 heterodimers. There is great value in targeting HER2
and HER3, because HER3 is the preferential binding part-
ner of HER?2, and the heterodimer formed by these 2 recep-
tors constitutes one of the most potent signaling pairs of the
HER family (9). In addition, the 2 receptors have been
shown to be frequently coexpressed in human breast cancer,
and such coexpression is associated with a poor prognosis
for patients (10—12).

Here, we show that by designing these bsRICs with flexible
cross-linkers of varying lengths we can provide greater
mobility to the individual components of the imaging probe,
thus allowing it to better bind both receptors simultaneously.
Our results show that such bsRICs are able to retain specificity
for the individual receptors both in vitro and in vivo and show
good tumor uptake in mouse xenograft models that express
HER2, HER3, or both receptors. These properties render the
bsRICs capable of interacting with and potentially imaging
heterodimerized HER2-HER3 receptors.

MATERIALS AND METHODS

Tumor Cells

SK-OV-3 human ovarian carcinoma cells and MDA-MB-468
and BT-474 human breast cancer cells were purchased from the
American Type Culture Collection. SK-OV-3 and MDA-MB-468
cells were cultured in RPMI 1640 medium (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Invitrogen). BT-474
cells were cultured in Dulbecco modified Eagle medium supple-
mented with 10% fetal bovine serum. All cells were cultured
under a 5% CO, atmosphere at 37°C. Cells were selected on the
basis of their reported expression levels of HER2 or HER3; ex-
pression levels were confirmed through radioligand binding assays
(8,13).

Preparation of 11In-Diethylenetriaminepentaacetic
Acid (DTPA)-Fab-Heregulin-g1 (HRG)

bsRICs were prepared by cross-linking trastuzumab Fab frag-
ments (50 kDa) to human HRG (7.5 kDa; Peprotech) (/4) using the
reaction scheme shown in Supplemental Figure 1 (supplemental
materials are available online only at http://jnm.snmjournals.org).
Fab fragments were generated by digestion of trastuzumab IgG using
immobilized papain (Pierce) and purified by centrifugal ultrafiltration
on an Amicon Ultra Centrifugal Filter Unit with a 10-kDa-molecu-
lar-weight cutoff (Millipore), as previously described (/5). A malei-
mide functional group was introduced onto Fab fragments by
treatment with a 10-fold molar excess of succinimidyl 4-[N-malei-

1944

midomethyl] cyclohexane-1-carboxylate (sulfoSMCC; Pierce) or
analogs containing polyethylene glycol (PEG) chains with either
12 or 24 repeating units (PEG;, or PEG,,) providing a spacer arm
length of 5.34 or 9.52 nm (53.4 or 95.2 A), respectively. Fab frag-
ments at a concentration of 1 mg/mL were reacted with the appro-
priate linker in phosphate-buffered saline (PBS) (pH 7.2) with 5 mM
ethylenediaminetetraacetic acid for 1 h at room temperature (RT).
The reaction mixture was purified on a Sephadex G25 minicolumn
(Sigma-Aldrich) eluted with PBS (pH 7.4). Primary amines on the
HRG peptide were modified by reaction with a 10-fold molar excess
of 2-iminothiolane HCI (Pierce) in PBS (pH 8.0) with 5 mM ethyl-
enediaminetetraacetic acid for 1 h at RT to insert a free sulfhydryl
group. The reaction mixture was purified on a polyacrylamide
P6 minicolumn (Bio-Rad). Fab fragments were immediately reacted
with a 2-fold molar excess of thiolated HRG and purified by ultra-
filtration on a Microcon 30K device (Millipore). bsRICs were reacted
with a 4-fold molar excess of DTPA dianhydride (Sigma-Aldrich) in
50 mM NaHCO; (pH 8.0) for 1 h at RT, and excess DTPA was
removed on a Sephadex G25 minicolumn eluted with 1 M sodium
acetate (pH 6.0). Both the thioether linkage used to cross-link thio-
lated heregulin to maleimide-derivatized trastuzumab Fab and the
HIn-DTPA complex have been shown to be stable (16,17). Purified
DTPA-Fab-HRG was labeled with '''InCl; (MDS Nordion) for 1 h
at RT. The final radiochemical purity was greater than 95% as mea-
sured by instant thin-layer silica gel chromatography (Pall Life Sci-
ences) developed in sodium citrate (100 mM, pH 5.0).

Characterization of 1In-DTPA-Fab-HRG

The successful conjugation of Fabs to HRGs and the purity of the
bsRICs were assessed by Western blot and size-exclusion high-
performance liquid chromatography (SE-HPLC). Sodium dodecyl
sulphate polyacrylamide gel electrophoresis was performed on
a 7.5% Tris-HCI minigel (Bio-Rad) under nonreducing conditions.
Western blot was then performed by transferring electrophoresed
proteins onto a polyvinylidene fluoride membrane (Bio-Rad).
Membranes were probed with anti-HRG and anti-Fab antibodies
as described in the supplemental information. Reactive bands were
detected using the chromogenic substrate 3,3’-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich). To confirm conjugation to
Fab, HRG was labeled with ''In to be used as a radiotracer for
SE-HPLC analysis. HRG was reacted with a 4-fold molar excess of
DTPA dianhydride (Sigma-Aldrich) in 50 mM NaHCO; (pH 8.0)
for 1 h at RT, and excess DTPA was removed on a polyacrylamide
P6 minicolumn. Purified DTPA-HRG was labeled with '''InCl; for
1 h at RT. The final radiochemical purity was measured by instant
thin-layer silica gel chromatography developed in sodium citrate
(100 mM, pH 5.0). This radiotracer was then reacted with Traut’s
reagent as described above to introduce a free sulthydryl group.
Combinations of "'In-HRG (without sulfhydryl) and Fab-SMCC
or '"In-HRG-sulfhydryl and Fab were reacted for 1 h at RT. SE-
HPLC was performed on a BioSep SEC-S2000 column (Phenom-
enex) eluted with 100 mM NaH,PO, buffer (pH 7.0) at a flow rate
of 0.8 mL/min using a Series 200 pump (PerkinElmer) interfaced
with a diode array detector (ultraviolet; PerkinElmer) set at 280 nm
and a Radiomatic 610TR flow scintillation analyzer (PerkinElmer).

Competition Receptor Binding Assays

The ability of the bsRICs to bind to HER2 and HER3 was
measured by competition binding assays using SK-OV-3 (HER2-
positive [HER2+]), MDA-MB-468 (HER3-positive [HER3+]), and
BT-474 (HER2+/HER3+) cells. Approximately 1.5 X 103 cells were
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seeded into 24-well plates and cultured overnight. The medium was
removed, and the cells were rinsed in cold PBS. The cells were then
exposed to 10 nM (4.5 MBg/p.g) '''In-Fab-HRG, !'!'In-Fab-PEG»-
HRG, or '"'In-Fab-PEG,4-HRG in PBS in the presence of 1,000 nM
unlabeled Fab, HRG, or both for 1-point assays, or increasing con-
centrations (0—1,200 nM) of unlabeled Fab, HRG, or both for com-
petition assays. Both assays were performed in a total volume of 500
L of PBS for 3 h at 4°C to measure only cell-surface binding and
prevent internalization of the radioimmunoconjugates (/5). Unbound
radioactivity was removed, and the cells were rinsed 2 times with
PBS and then solubilized in 200 wL of 100 mM NaOH for 30 min at
37°C. The solubilized cells were transferred to y-counting tubes, and
the cell-bound radioactivity was measured in a y-counter. For com-
petition assays, the cell-bound '''In-labeled bsRICs in the presence of
competitor was normalized against cell-bound bsRICs in the absence
of competitor (B/By) and plotted versus the logarithm of the compet-
itor concentration (log C). The data were fitted to a 1-site competition
model by Prism software (version 4.0; GraphPad Software), and the
effective concentration that caused 50% displacement of the binding
of the ''In-labeled bsRICs to the cells (ECsy) was calculated.

SPECT/CT

Small-animal SPECT/CT was performed on female athymic CD1
nuw/nu mice (Charles River) bearing subcutaneous BT-474 (HER2+/
HER3+) tumor xenografts at 4, 24, 48, and 72 h after injection and
in mice bearing subcutaneous SK-OV-3 and MDA-MB-468 tumor
xenografts at 48 h after injection. For BT-474 xenografts, mice were
inoculated with a 0.72-mg, 60-d sustained-release 173-estradiol pel-
let (Innovative Research of America), and 48 h later the mice were
inoculated subcutaneously in the thigh with 1 x 107 cells in 200 L
of a 1:1 mixture of Matrigel (BD Biosciences) and serum-free
growth medium. For SK-OV-3 and MDA-MB-468 xenografts, mice
were inoculated with 1 x 107 cells in 100 pL of serum-free growth
medium. After 4-6 wk, groups of 3 mice with 200 = 30 mm?
tumors (measured with external calipers and calculated using length
x width? x 0.5) were injected in the tail vein with '''In-DTPA-Fab-
PEGy4-HRG (10 g, 3540 MBg/mouse) in 100 L of normal saline.
For the blocking studies, 1 mg of unlabeled Fab or HRG was injected
intraperitoneally 3 h before '''In-DTPA-Fab-PEG,4-HRG injection.
The tumor and normal-tissue uptake of '''In-DTPA-Fab (10 g, 35—
40 MBg/mouse) and '"'In-DTPA-HRG (10 g, 35-40 MBg/mouse)
was also evaluated in SK-OV-3 and MDA-MB-468 xenografts, re-
spectively. Mice were anesthetized by inhalation of 2% isoflurane in
0,. Imaging was performed on a NanoSPECT/CT tomograph (Bio-
Scan) equipped with 4 Nal(T1) detectors and fitted with 1.4-mm
multipinhole collimators (full width at half maximum = 1.2 mm).
Twenty-four projections were obtained in a 256 X 256 acquisition
matrix with a minimum of 90,000 counts per projection. Images were
reconstructed using an ordered-subset expectation maximization al-
gorithm (9 iterations). Cone-beam CT images were acquired (180
projections, 1 s/projection, 45 kVp) before small-animal SPECT
images. Small-animal SPECT and CT images were coregistered using
InVivoScope software (Bioscan).

Tumor and Normal-Tissue Uptake of bsRICs
Biodistribution studies were performed immediately after
small-animal SPECT/CT. Mice were sacrificed and the tumor
and samples of blood and selected normal tissues collected and
weighed and their radioactivity counted in a y-counter. Tumor and
normal-tissue uptake were expressed as mean *= SD percentage
injected dose per gram (%ID/g) and as tumor-to-blood and tumor-

HER2-HER3 BispEcIFIc RADIOIMMUNOCONJUGATES * Razumienko et al.

to-normal tissue ratios. The Guide for the Care and Use of Lab-
oratory Animals (18) were followed, and all animal studies were
conducted under a protocol (no. 989.1) approved by the Animal
Care Committee at the University Health Network in accordance
with the guidelines of the Canadian Council on Animal Care.

RESULTS

Synthesis and Characterization of bsRICs

The successful conjugation of Fab-HRG, Fab-PEG,-HRG,
and Fab-PEG,4-HRG was achieved (Supplemental Fig. 1). All
immunoconjugates migrated on sodium dodecyl sulphate
polyacrylamide gel electrophoresis under nonreducing condi-
tions primarily as single bands (Supplemental Fig. 2A),
with minor smearing observed, probably because of the
PEG chains, which affected migration through the gel. West-
ern blotting of all 3 immunoconjugates showed immunoreac-
tivity of the bands with both anti-Fab and anti-HRG antibodies
(Supplemental Fig. 2B), confirming conjugation. Increasing
the PEG linker length caused an increase in overall estimated
molecular weight between 60 and 65 kDa. Conjugation was
further confirmed though the use of '''In-HRG as a radiotracer
for SE-HPLC analysis (Fig. 1A). A migration of the radioac-
tivity peak from the HRG retention time of 13.0 min to the
Fab retention time of 9.8 min was observed only when both
components were modified with cross-linking agents. SE-
HPLC analysis of Fab-HRG immunoconjugates showed ma-
jor peaks with retention times of 9.9, 9.6, 9.3, and 9.0 min for
Fab, Fab-HRG, Fab-PEG,-HRG, and Fab-PEG,4-HRG, re-
spectively (Fig. 1B).

Binding of '11In-bsRICs In Vitro to Tumor Cells

The binding of !'!'In-labeled Fab-HRG, Fab-PEG,-HRG,
and Fab-PEG,4-HRG to HER2 and HER3 was displaced by
a 50-fold molar excess of unlabeled Fab, HRG, or both on
cells that expressed only HER2 (SK-OV-3), HER3 (MDA-
MB-468), or both HER2 and HER3 (BT-474). In 1-point
binding assays, an overall increase in total binding (in the
absence of competitor) of the bsRICs was observed when the
length of the PEG chain was increased for cells expressing
only HER2 (SK-OV-3) or HER3 (MDA-MB-486) (Fig. 2). In
addition, insertion of a PEG spacer between Fab and HRG
improved displacement of binding of !''In-bispecific immu-
noconjugates (bsRICs) to HER2 and HER3 in BT-474 cells
that express both receptors. For !''In-bsRICs with the lon-
gest spacer (PEG,,), the binding to BT-474 cells (HER2+/
HER3+) was reduced to 32.7% = 0.3%, 51.2% = 1.3%,
and 15.0% = 0.4%, respectively, by competition with tras-
tuzumab Fab, HRG, or both ligands. The binding to SK-
OV-3 cells (HER2+/HER3-negative [HER3—]) was reduced
to 16.7% * 0.8%, 88.8% = 5.3%, or 13.4% = 0.1% by
trastuzumab Fab, HRG, or both ligands. The binding to
MDA-MB-468 cells (HER2-negative [HER2—]/HER3+)
was reduced to 98.5% = 1.5%, 68.8% =+ 0.3%, or 64.8% =
4.5% by trastuzumab Fab, HRG, or both ligands. Less
efficient competition for HER3 was observed for the PEG,
spacer, and little competition for !!'In-bsRICs was observed
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FIGURE 1. SE high-performance liquid chromatograms of

bsRICs analyzed on BioSep-SEC-S2000 column eluted with 0.1
M NaH,PO, (pH 7.0) at flow rate of 0.8 mL/min with ultraviolet
detection at 280 nm and radioactivity (FSA) detection using a flow
scintillation analyzer. (A) "'In-HRG was used as radiotracer to
confirm that conjugation occurred only when both Fab and HRG
were modified with appropriate cross-linkers (SH = sulthydryl;
SMCC = succinimidyl 4-{N-maleimidomethyl}cyclohexane-1-carbox-
ylate). (B) Ultraviolet trace of all bsRICs. Fab was eluted at retention
time of 9.9 min. Peaks at earlier retention times represent higher-
molecular-weight aggregates (<10%). Retention time gradually de-
creased with increasing PEG linkers. FSA= flow scintillation analyzer;
SH = sulthydryl; SMCC = succinimidyl 4-{N-maleimidomethyl}cyclo-
hexane-1-carboxylate; UV = ultraviolet.

without a PEG spacer. To examine HER2 or HER3 binding
of the ""'In-bsRICs with a PEG,, spacer in more detail,
competition binding curves were obtained with displacement
of radioligand binding by increasing concentrations of tras-
tuzumab Fab or HRG (Fig. 3). Fitting of the curves to a 1-
site-competition binding model estimated that the ECs, val-
ues were 9.1 and 6.7 nM with Fab on BT-474 and SK-OV3
cells, respectively, and 41.1 and 32.7 nM with HRG on BT-

474 and MDA-MB-468 cells, respectively. These assays
were also performed using !'''In-DTPA-Fab and '!'In-
DTPA-HRG, which had ECsq values of 1.4 and 21.3 nM,
respectively, on BT-474 cells (not shown). Even at the high-
est concentrations of HRG, it was not possible to completely
displace the binding of the bsRICs to HER3 on MDA-MB-
468 cells. Because of its optimal HER2 and HER3 binding
properties, '!'In-DTPA-Fab-PEG,,-HRG was selected for
tumor imaging studies in vivo.

Uptake of 1'In-bsRICs and Micro-SPECT/CT In Vivo
Small-animal SPECT/CT images of '''In-DTPA-Fab-
PEG,4-HRG in mice bearing BT-474 (HER2+/HER3+)
xenografts showed accumulation in the tumor and low nor-
mal-tissue uptake at 24, 48, and 72 h after injection (Fig. 4),
with the exception of the kidneys. Maximum tumor uptake
was seen at 48 h after injection and was confirmed by biodis-
tribution studies that showed an uptake of 7.8 = 2.1 %ID/g
and a tumor-to-blood ratio of 11.1 = 2.9 (Supplemental
Table 1). The uptake of '''In-DTPA-Fab-PEG,,-HRG was
then examined in mice with SK-OV-3 (HER2+/HER3—)
and MDA-MB-468 (HER2—/HER3+) tumors at 48 h after
injection. Tumor uptake was seen in both xenografts on small-
animal SPECT/CT images (Fig. 5) and confirmed in biodis-
tribution studies (Table 2). When preadministered an excess of
Fab, ''In-DTPA-Fab-PEG,,-HRG uptake in SK-OV-3 tumors
was significantly decreased (2.6-fold, from 7.0 = 1.2 %ID/g
to 2.6 = 1.5 %ID/g, P < 0.001). Uptake of !''In-DTPA-Fab-
PEG,4-HRG significantly decreased 1.6-fold in MDA-MB-
468 xenografts (from 4.4 = 0.9 %ID/g to 2.6 = 0.5 %ID/g,
P < 0.05) when these mice were preadministered an excess of
HRG. These decreases confirm that the tumor uptake of these
bsRICs was specific. Tumor uptake was observed for
"Tn-DTPA-Fab in SK-OV-3 xenografts (7.9 * 1.4 %ID/g);
however, low uptake was found for !''In-DTPA-HRG in
MDA-MB-468 xenografts (2.1 = 0.4 %ID/g) (Table 3).

DISCUSSION

bsICs provide a unique opportunity to specifically probe 2
antigens. For example, bsICs have been formed from single-
chain Fv fragments of antibodies for the enhancement of
antigen-specific immune recognition of cancer cells, allowing
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FIGURE 2. Binding of '""In-labeled bsRICs to HER2 and HER3 on tumor cells in 1-point competition binding assays using 10 nM "'In-
Fab-HRG, '"'In-Fab-PEG+,-HRG, or ''In-Fab-PEG,4-HRG alone or competed with 50-fold molar excess of unlabeled trastuzumab Fab,
HRG, or both in cell lines that are HER2+/HER3+ (BT-474) (A), HER2+/HER3— (SK-OV-3) (B), or HER2—/HER3+ (MDA-MB-468) (C).
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FIGURE 3. Displacement of binding of 10
] nM In-Fab-PEG,4-HRG bsRICs to HER2
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trastuzumab Fab (A) and HRG (B) in cell lines
that are HER2+/HER3+ (BT-474), HER2+/
] HER3— (SK-OV-3), or HER2-/HER3+
(MDA-MB-468). By fitting curves to 1-site
competition binding model, EC5sq values
were estimated to be 9.1 and 6.7 nM with
Fab on BT-474 and SK-OV3 cells and 41.1
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for a better targeted delivery of cytotoxic agents (8). Another
bispecific antibody against HER2-HER3 inhibited HER3 sig-
naling and demonstrated antitumor activity in preclinical
models that are dependent on HER2 overexpression (7). In
nuclear medicine bsICs have been widely investigated as
pretargeting agents, with the ability to bind a tumor-associ-
ated antigen and a radionuclide carrier, allowing for faster
imaging after injection and lower exposure of normal tissues
to radioactivity (/9,20). In this study, we report for the first
time, to our knowledge, the preparation, characterization, and
receptor binding properties of '!''In-labeled bsRICs capable
of binding both HER2 and HER3. We further examined their
tumor and normal-tissue localization and showed their spec-
ificity for these receptors through in vivo blocking studies.
We hypothesized that such probes may be able to differentiate
heterodimers from monomeric receptors because of stronger
bivalent binding and avidity for the dimers as opposed to
monovalent binding to the individual HERs (27). In addition,
heterodimerization of HER2 and HER3 results in a conforma-
tional change that produces a complex that binds HRG (the
HERS3 ligand) more strongly than the HER3 receptor alone
(22). Because the HER3 binding domain of HRG was in-
corporated into the bsRICs, this may encourage high-affinity
binding to heterodimerized HER2-HER3 complexes. Finally,
although the density of HER3 on cells is much lower than

Log [HRG]

2.0 2.5 30 35

and 32.7 nM with HRG on BT-474 and
MDA-MB-468 cells, respectively.

that of HER2, it has been shown to cluster with HER2 on
lipid rafts, promoting HER2-HER3 heterodimerization and
possibly increased binding of the bsRICs to heterodimers (23).

The bsICs described here were composed of a Fab
fragment of trastuzumab cross-linked to the epidermal
growth factor-like domain of HRG, the endogenous ligand
for HER3 (Supplemental Fig. 1). To examine the effects of
steric hindrance on the ability to bind HER2 and HER3,
various-length PEG spacers (12- and 24mer) were incorpo-
rated. Western blot analysis confirmed conjugation by prob-
ing with antibodies specific for the Fab or HRG components
of the bsICs. In addition, the upward band shift corresponded
to the increase in size expected with incorporation of longer
PEG chains (Supplemental Fig. 2). These results were con-
firmed by SE-HPLC, using HRG labeled with '''In in trace
amounts incorporated into the reaction, which showed con-
jugation only when both Fab and HRG were modified with
cross-linkers (Fig. 1).

The incorporation of the PEG spacers improved the receptor
binding capabilities of each component (trastuzumab Fab or
HRG; Fig. 2). Incorporation of longer PEG chains improved
overall receptor binding of the bsRICs but also provided
greater displacement of binding by an excess of unlabeled
Fab or HRG in cells that expresssd HER2 (SK-OV-3),
HER3 (MDA-MB-468), or both receptors (BT-474), with the

FIGURE 4. Posterior whole-body small-
animal SPECT/CT images of female CD1
athymic mice implanted subcutaneously
in right hind flank with HER2+/HER3+
BT-474 human breast cancer xenografts at
4 (A), 24 (B), 48 (C), and 72 h (D) after injection
of 1"In-Fab-PEG,4-HRG. Tumor xenografts
(arrows) were visualized in B-D but not in A.
Also visualized are kidneys (large arrowhead)
and bladder (small arrowhead).
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FIGURE 5. Posterior whole-body small-animal SPECT/CT images
of female CD1 athymic mice implanted subcutaneously in right hind
flank with SK-OV-3 (HER2+) human ovarian cancer xenografts (A)
or MDA-MB-468 (HER3+) human breast cancer xenografts (arrows)
(B) at 48 h after intravenous tail injection of 11'In-Fab-PEG,4-HRG.

optimal properties displayed by '''In-DTPA-Fab-PEG,4-HRG.
Displacement by HRG was not obtained in SK-OV-3 cells that
were HER2+/HER3—. Similarly, trastuzumab Fab did not
displace binding of these bsRICs to HER2—/HER3+ MDA-
MB-468 cells. The apparently poor ability to completely
displace binding of the bsRICs to MDA-MB-48 cells was
likely due to the low HER3 density (~35,000 receptors per
cell). Because of the low HER3 density, this results in a lower
total amount of bsRICs bound, which—combined with a sim-
ilar amount of nonspecific binding (i.e., not displaceable by
HRG)—yprovides a lower proportion of specific (displaceable)
binding. In the case of BT-474 cells that express both HER2
and HER3, the total binding of the bsRICs was displaced to
32.7% = 0.3% by unlabeled Fab, 51.2% = 1.3% by unlabeled
HRG, and 15.0% = 0.4% by Fab combined with HRG. The
reason for the residual binding of the bsRICs to BT-474 cells
when competed with HRG and Fab is not known but may be
due to the high avidity bispecific binding to the heterodimer-
ized receptors that is not easily displaced by either ligand.
When competition assays for '''In-DTPA-Fab-PEGy,-
HRG were performed over a range of Fab and HRG con-
centrations (Fig. 3), the observed ECsq values were 9.1 and
6.7 nM with Fab on BT-474 and SK-OV-3 cells, respec-
tively, and 41.1 and 32.7 nM with HRG on BT-474 and
MDA-MB-468 cells, respectively. In cells that express both
HER?2 and HER3, the overall higher displacement of !'!In-
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DTPA-Fab-PEG,4-HRG by both ligands, compared with
displacement when treated with only Fab or HRG, suggests
that there may be some residual binding of the RICs as
a result of interaction with heterodimerized receptors that
cannot be displaced by a single competitor. This possibility
may also explain why higher concentrations of individual
competitors were necessary to displace the binding of !!'In-
DTPA-Fab-PEG,4-HRG to BT-474 cells that express both
HER?2 and HER3 as opposed to SK-OV-3 or MDA-MB-468
cells that display only HER2 or HER3, respectively.

Because of its favorable properties in vitro, !!''In-DTPA-
Fab-PEG,4-HRG was selected for further study in vivo in
tumor-bearing mice. Optimal imaging conditions were first
determined in mice implanted subcutaneously with BT-474
tumors, which are positive for both HER2 and HER3. Mice
were imaged at 4, 24, 48, and 72 h after injection of bsRICs.
Tumor uptake was not seen at 4 h but was observed at all
time points after 24 h, with the highest uptake and tumor-to-
blood ratio found at 48 h (Table 1). These results are similar
to those previously reported for !!'!In-labeled trastuzumab
Fab fragments by our group, which revealed a tumor uptake
of 8.4 = 1.8 %ID/g at 48 h after injection in BT-474 tumor
xenografts (/5). Pharmacokinetic elimination of !''In-
DTPA-Fab-PEG,4-HRG from the blood was consistent with
n-DTPA-trastuzumab Fab (0.7 = 0.1 %ID/g vs. 0.9 =
0.3 %ID/g at 48 h after injection) but differed from '''In-
DTPA-trastuzumab IgG, which exhibited a blood concentra-
tion of 3.5 = 1.0 %ID/g at 72 h after injection in mice with
MDA-MB-361 tumor xenografts (24). Using this time point,
we further examined the in vivo properties of !''In-DTPA-
Fab-PEG,4-HRG, including its ability to bind HER2 and
HER3 in mice bearing subcutaneous SK-OV-3 and MDA-
MB-468 xenografts, respectively. To confirm specificity for
these target receptors, blocking studies were performed by
preadministering an excess of Fab or HRG. In the case of
SK-OV-3 xenografts, Fab blocking caused a significant 2.6-
fold decrease in tumor uptake, whereas in MDA-MB-468
xenografts a significant 1.6-fold decrease was noted with
HRG preadministration (Table 2). Uptake in all other tissues
remained unchanged with and without blocking. These
results demonstrated that !''"In-DTPA-Fab-PEG,,-HRG
bound specifically to both HER2 and HER3 in vivo.

For comparison, the tumor and normal-tissue uptake of
HITn-DTPA-Fab in mice with SK-OV-3 xenografts and ! 'In-
DTPA-HRG in mice with MDA-MB-468 xenografts was
examined at this same time point (Table 3). Although the
uptake of '1In-DTPA-Fab in SK-OV-3 xenografts was com-
parable to that of the bsRIC, much lower tumor uptake was
observed with '""In-DTPA-HRG in MDA-MB-468 xeno-
grafts, possibly because of the rapid elimination of '''In-
DTPA-HRG from the blood. To our knowledge, this is the
first time uptake of radiolabeled HRG into tumors expressing
HER3 has been reported. As such, the bsRIC may provide
imaging of HER3 expression in tumors better than that using
"n-DTPA-HRG. We were not able to image MDA-MB-
468 xenografts using !''In-DTPA-HRG (results not shown).
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TABLE 1
Tumor and Normal-Tissue Uptake of 11In-DTPA-Fab-PEG,,4-HRG in BT474 Tumor Xenografts at Selected Times

%ID/g
Tissue 4h 24 h 48 h 72 h
Blood 74 *08 1.1 +1.0 0.7 = 0.1 0.5 * 0.1
Heart 23+03 1.1 =03 0.9 = 0.2 0.7 £ 0.2
Lung 24 *+04 1.0+ 0.5 0.6 = 0.1 0.7 = 0.1
Liver 1.2 +0.2 1.7+ 05 1.8 =+ 0.1 2.4+ 0.6
Kidney 27 *+02 45=*+1.0 6.4 = 0.7 8.6 + 0.8
Spleen 1.6 £ 0.3 1.7+ 04 1.9 +03 1.9 +03
Stomach 1.4 +0.2 0.7 £ 0.2 0.5 = 0.1 0.5=*0.3
Small intestines 1203 0.9 = 0.3 0.7 = 0.1 0.6 = 0.2
Large intestines 1.6 £ 0.5 0.8 £ 0.1 0.6 = 0.1 0.7 = 0.3
Muscle 0.6 £ 0.2 0.5 * 0.1 0.4 = 0.2 0.2 0.1
Tumor 1.7 £ 0.9 5422 7.8 £21* 41 =25
Bladder 23*+12 14 =03 2.0 = 0.1 1.9+ 06
Skin 1.5+ 04 22 +0.8 1.5+ 0.9 12+ 04
Tail 20+ 04 1.0 = 0.1 0.8 = 0.1 0.8 £0.3

*Significantly higher than at other time points (P < 0.05).

CD1 athymic mice with HER2+/HER3+ BT-474 xenografts were administered 35-40 MBg/10 p.g of '''In-DTPA-Fab-PEG,4-HRG (n = 4),
and tissue distribution was determined at selected time points after intravenous (tail vein) injection. Data are mean = SD.

Here, we have described the construction of a bsRIC that
recognizes both HER2 and HER3, an important prerequisite
for an imaging agent that might ultimately detect HER2-
HER3 heterodimers. Our results show that these bsRICs bind
in higher amounts and more strongly to cells that express
both HER2 and HER3 than to cells that express only 1 of
these receptors. We are now exploring methods to discrimi-

nate the binding of the bsRICs to heterodimerized receptors
using inhibitors such as pertuzumab, which can diminish their
binding (25), and assess the extent of heterodimerization in
the tumor cells using various techniques (22). Should these
studies prove promising, the ability of the bsRICs to differ-
entiate between tumors with low or high levels of heterodi-
merized HER2-HER3 receptors will be studied by imaging.

TABLE 2
Tumor and Normal-Tissue Uptake of '"In-DTPA-Fab-PEG,4-HRG in SK-OV-3 and MDA-MB-468 Xenografts

%ID/g

SK-OV-3 (HER2+)

MDA-MB-468 (HER3+)

Tissue Unblocked Blocked* Unblocked Blocked*
Blood 0.7 = 01 1.2 = 0.1 0.7 =13 0.7 = 01
Heart 0.6 = 0.1 1.6 £ 0.8 0.9 =+ 0.3 0.7 = 01
Lung 0.6 = 0.1 1.4+ 04 1.1 = 0.8 0.6 = 0.1
Liver 1.8 £ 0.5 1.4 +0.3 1.3+ 0.9 1.8 £ 0.3
Kidney 54 +1.0 6.5+ 14 72 26 59 = 0.8
Spleen 09 = 0.3 1.9+14 1.3 +0.8 1.4 +0.3
Stomach 0.4 + 0.1 1.3 +04 0.4 =04 0.5 = 0.1
Small intestines 0.5 £ 0.1 1.3 0.9 1.0 = 0.6 0.6 £ 0.1
Large intestines 0.3 = 0.1 0.7 = 0.5 0.9 + 0.8 0.5 = 0.1
Muscle 0.2 = 0.1 1.1 +0.9 1.2+ 04 0.3 *+0.2
Tumor 7012 2.6 + 1.57 4.4 = 0.9 2.6 = 0.5%
Bladder 0.6 = 0.3 1.8 £ 0.5 1.6 £ 0.8 1.3 +0.2
Skin 15+ 0.4 0.7 =04 1.5+ 04 1.5 + 0.6
Tall 0.4 = 0.1 1.7 £ 0.6 1.3 0.8 0.6 = 0.1

*To block HER2 or HER3 on tumors, mice were preadministered excess of unlabeled trastuzumab Fab (1 mg) or unlabeled HRG (1 mg),
respectively, by intraperitoneal injection 3 h before 111In-DTPA-Fab-PEG,4-HRG injection.

TSignificant difference from unblocked (P < 0.001).
*Significant difference from unblocked (P < 0.05).

CD1 athymic mice were administered 35-40 MBq/10 ug of 1'1In-DTPA-Fab-PEG,4-HRG (n = 4) and sacrificed at 48 h after injection.

Data are mean *+ SD.
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TABLE 3
Tumor and Normal-Tissue Uptake of 111In-DTPA-Fab in
SK-0V-3 Xenografts and '"'In-DTPA-HRG in
Mice with MDA-MB-468 Xenografts

%ID/g
111n-DTPA-HRG in

111n-DTPA-Fab in

Tissue MDA-MB-468 (HER3+) SK-OV-3 (HER2+)
Blood 0.3 = 0.1 1.0 + 0.1
Heart 0.5+ 0.1 1.4 =041
Lung 0.6 = 0.3 1.6 = 0.5
Liver 1.1+ 0.8 25 *04
Kidney 71 +2A1 6.0 = 2.0
Spleen 1.3 x0.2 1.4 = 3.1
Stomach 1.0 £ 0.2 1.4 + 0.1
Small intestines 1.5+ 0.3 0.8 £ 0.1
Large intestines 1.5 +£0.2 0.7 = 0.1
Muscle 0.9 + 0.1 0.7 £ 0.1
Tumor 21 0.4 7915
Bladder 1.2 +1.8 0.2 +0.2
Skin 1.0 = 0.3 0.3 £ 0.2
Tail 1.7 11 0.6 + 0.2

CD1 athymic mice were administered 35-40 MBqg/10 png of
Mn-DTPA-Fab-PEG,4-HRG (n = 3) and sacrificed at 48 h after
injection. Data are mean + SD.

CONCLUSION

HTn-labeled bsRICs are composed of trastuzumab Fab frag-
ments conjugated to the epidermal growth factor—like domain
of HRG through a PEG spacer of appropriate length bound
specifically to both HER2 and HER3. Examination of these
bsRICs in athymic mice bearing tumor xenografts expressing
HER2 or HER3 or both receptors showed good tumor uptake
and low normal-tissue accumulation, with the exception of the
kidneys. The optimal time point for small-animal SPECT/CT
was at 48 h after injection. Blocking studies in mice with
tumors expressing only HER2 or HER3 demonstrated the
specificity for both receptors in vivo. The design and approach
for synthesis of these bsRICs recognizing HER2 or HER3
could be applied to the construction of other bsRICs that bind
to more than one peptide growth factor receptor.
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