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Abstract
Introduction—A 105 kDa double mutant single-chain Fv-Fc fragment (scFv-Fc DM) derived from
the anti-p185HER2 hu4D5v8 antibody (trastuzumab; Herceptin™) has been described recently. The
goal of this study was to investigate whether improved tumor targeting could be achieved with this
fragment through the use of residualizing radioiodination methods.

Methods—The scFv-Fc DM fragment was radioiodinated using N-succinimidyl 4-guanidinomethyl
3-[131I]iodobenzoate ([131I]SGMIB) and N-(3-[131I]iodobenzoyl)-Lys5-N- maleimido-Gly 1-
GEEEK ([131I]IB-Mal-D-GEEEK), two residualizing radioiodination agents that have been used
successfully with intact antibodies. Paired-label internalization assays of the labeled fragments were
performed in vitro using MCF7 human breast cancer cells transfected to express HER2 (MCF7-
HER2); comparisons were made to scFv-Fc DM directly radioiodinated using Iodogen. The tissue
distribution of the scFv-Fc DM labeled with [125I]IB-Mal-D-GEEEK and [131I]SGMIB was
compared in athymic mice bearing MCF7-HER2 xenografts.

Results—The scFv-Fc DM fragment was labeled with [131I]SGMIB and [131I]IB-Mal-D-GEEEK
in conjugation yields of 53% and 25%, respectively, with preservation of immunoreactivity for
HER2. Internalization assays indicated that labeling via SGMIB resulted in a 1.6- to 3.5-fold higher
(p < 0.05) retention of radioactivity, compared to that from the directly labeled fragment, in HER2-
expressing cells during a 24 h observation period. Likewise, the amount of radioactivity retained in
cells from the IB-Mal-D-GEEEK-labeled fragment was 1.4- to 3.3-fold higher (p < 0.05). Tumor
uptake of radioiodine activity in athymic mice bearing MCF7-HER2 xenografts in vivo was
significantly higher for the [125I]IB-Mal-D-GEEEK-labeled scFv-Fc DM fragment compared with
that of the [131I]SGMIB-labeled fragment, particularly at later time points. The uptake of 125I was
3-fold (3.6 ± 1.1%ID/g versus 1.2 ± 0.4%ID/g) and 4-fold (3.1 ± 1.7%ID/g versus 0.8 ± 0.4%ID/g)
higher than that for 131I at 24 and 48 h, respectively. However, the [125I]IB-Mal-D-GEEEK-labeled
scFv-Fc DM fragment also exhibited considerably higher levels of radioiodine activity in liver, spleen
and kidney.
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Conclusions—The overall results further demonstrate the potential utility of these two prosthetic
groups for the radiohalogenation of internalizing monoclonal antibodies and their fragments.
Specifically, the trastuzumab-derived double mutant fragment in combination with these
residualizing agents warrants further evaluation for imaging and possibly treatment of HER2
expressing malignancies.
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1. Introduction
Approximately 20–30% of human primary breast cancers over express the human epidermal
growth factor receptor 2 (HER2, c-erbB-2, p185HER2) and the over expression of this tyrosine
kinase receptor is associated with reduced disease-free and overall survival [15,31]. A
significant improvement in the survival rates of patients with early stage HER2 over expressing
breast cancer has been achieved with the addition of trastuzumab (Herceptin™) to adjuvant
chemotherapy [32]. This immunotherapeutic, hu4D5v8, is version 8 of the humanized 4D5
monoclonal antibody (mAb) [8] that contains two antigen recognition sites that bind to the
juxta-membrane portion of the extracellular domain of the HER2 receptor [20]. The fraction
of breast cancer patients that respond to trastuzumab treatment is low and hence there has been
a concerted effort to develop second generation approaches, including radiolabeled molecules,
for the diagnosis and treatment of p185HER2-expressing breast cancers.

Because trastuzumab treatment is only effective for patients with breast cancers expressing
HER2 and because of the high cost and deleterious side effects associated with this modality,
prior determination of the HER2 status is a sine qua non for individualizing trastuzumab
therapy. Noninvasive molecular imaging offers significant advantages for the quantification
of various receptors [37]; however, the pharmacokinetic properties of intact mAbs like
trastuzumab are not ideal for imaging applications. With radiolabeled mAbs, their slow
clearance from the circulation results in high background radioactivity levels that can hinder
tumor detection and interfere with quantification. To overcome this, several smaller mAb
fragments such as single chain Fv (scFv; ~25 kDa) and diabody (scFv dimer; 55 kDa) have
been engineered [10,11]. While scFv and diabody fragments clear faster from the circulation,
their tumor uptake is considerably lower than that of intact mAbs. Furthermore, since their
molecular weight is below the cutoff for renal filtration (<60 kDa), their use is associated with
very high background in the kidneys which is problematic from both an imaging and radiation
dosimetry perspective. A slightly larger engineered antibody fragment is the minibody that
consists of scFv-CH3 dimers (80 kDa) [19]. Lower renal accumulation, in addition to higher
tumor uptake was seen when carcinoembryonic antigen (CEA) was targeted with a radiometal
labeled minibody compared to that with diabody [46]. However, radiometal labeled anti-
p185HER2 minibodies demonstrated unexpectedly high kidney uptake and a lower than
anticipated levels of tumor accumulation [34]. A recombinant mAb fragment of 105 kDa, a
size intermediate between that of an intact IgG and a minibody, consisting of a scFv-CH2-
CH3 dimer, was then developed [22,34]. The Fc domain was retained in these fragments to
augment tumor uptake and retention; however, two histidine residues—310 in CH2 domain
and 435 in CH3 domain—were mutated in order to minimize Fc receptor mediated
accumulation in normal tissues. The persistence of intact IgG in the circulation is largely due
to the binding of their Fc domain to neonatal Fc receptors (FcRn; Brambell receptor) essentially
diverting them from the lysosomal degradation pathway [6,21], and the two mutated histidines
are involved in this interaction [24].
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An important consideration for determining the optimal radionuclide and labeling approach
for use with molecules that bind to receptors, is the degree to which receptor-mediated
internalization occurs. There are conflicting reports concerning the internalization of
trastuzumab into breast cancer cells after binding to p185HER2. Austin et al. [2] have shown
that, in SKBr3 human breast carcinoma cells, HER2-bound trastuzumab was predominantly
surface-localized undergoing endocytosis at a rate of 1–2% per min, followed by efficient
recycling to the cell surface; the half-life of internalization was ~19 h. On the other hand,
trastuzumab-induced internalization of HER2 receptor in a dose- and time-dependent manner
has been demonstrated [30]. Other research groups including our own also have obtained
evidence for the internalization of radiolabeled trastuzumab [1,5,25]. Recently, the
internalization of trastuzumab—naked and decorated with peptides containing nuclear
localization sequence (NLS)—labeled with 111In also has been demonstrated [9].

Consistent with most of the evidence that trastuzumab is internalized after receptor binding,
the tumor uptake of a minibody, derived from an internalizing anti-p185HER2 10H8 mAb and
radioiodinated by a direct electrophilic method, was relatively low compared to that of the anti-
CEA minibody [33]. This observation was attributed to rapid loss of the label after
internalization and degradation. Several investigators including us have developed methods
for the radiohalogenation of internalizing mAbs that have provided considerable advantages
of tumor delivery of radioactivity compared with direct iodination procedures such as those
using Iodogen [18,36,38,39,41]. The purpose of the current study was to evaluate the potential
utility of two promising residualizing labels—SGMIB [42] and IB-Mal-D-GEEEK [41]—for
labeling the 105 kDa double mutant scFv-Fc fragment (scFv-CH2-CH3 dimer) derived from
trastuzumab; hereafter referred to as scFv-Fc DM [34]. These prosthetic groups were chosen
not only because of the excellent results obtained with them for the radioiodination of
internalizing anti-EGFRvIII mAbs but also because they are amenable to use with the α-
particles emitting halogen radionuclide 211At, which is of great interest for targeted
radiotherapy. Herein, the scFv-Fc DM fragment radioiodinated using SGMIB and IB-Mal-D-
GEEEK templates was evaluated for immunoreactivity, cell processing in vitro by HER2
expressing breast cancer cells, and tissue distribution in athymic mice bearing human breast
carcinoma xenografts.

2. Materials and Methods
2.1. General

All reagents were purchased from Sigma Aldrich except where noted. Sodium [131I]iodide
(1200 Ci/mmol) and sodium [125I]iodide (2200 Ci/mmol) in 0.1 N NaOH were supplied by
Perkin-Elmer Life and Analytical Sciences (Boston, MA). HPLC was performed using a
Beckman Gold HPLC system equipped with a Model 126 programmable solvent module, a
Model 168 diode array detector, and Beckman System Gold remote interface module SS420X,
using 32 Karat® software. Radioactivity was detected using an IN/US -RAM radioactivity
detector and Laura Lite® software (IN/US Systems, Tampa, FL); this system has the capability
to detect two isotopes simultaneously. Size exclusion HPLC was performed using a TSK-GEL
G3000SW (7.5 × 600 mm; 10 :m) column (TOSOH Bioscience LLC, Montgomeryville, PA)
eluted with PBS pH 7.14 at a flow rate of 1 ml/min.

2.2. Trastuzumab scFv-Fc DM and HER2-ECD
The generation of anti-HER2 scFv-Fc DM has been described [34]. For this study, the protein
was purified by affinity chromatography using protein L agarose beads (Pierce now called
Thermo Scientific, Rockford, IL). Briefly, terminal cell culture supernatants were passed over
the Protein L column. Captured protein was eluted with 0.1 M glycine, pH 2.5 and immediately
neutralized by 2M Tris-HCl, pH 8 (10% v/v). The purified protein was dialyzed against PBS
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and concentrated with a Vivascience Vivaspin 20 (mwco: 30,000). Final protein concentrations
were determined by measuring UV absorbance at 280 nm. Purified proteins were analyzed by
SDS-PAGE under non-reducing and reducing conditions as described [34]. Binding was
evaluated as described [33] by flow cytometry using MCF7-HER2 cells and anti-human PE-
conjugated antibody [Fc specific] (Jackson ImmunoResearch Labs, West Grove, PA) for
detection.

Soluble extracellular domain of HER2 (HER2-ECD), fused to human IgG1 or mouse IgG2a
Fc (~96 kDa), was expressed in NS0 murine myeloma cells as described for other constructs
[34] and purified by Protein A affinity chromatography (Poros20 A; Applied Biosystems,
Foster City, CA).

2.3. Cells and culture conditions
MCF7 human breast cancer cells, transfected to express HER2 (MCF7-HER2–18) [4], were
used in this study. Cells were cultured in DMEM/F12 (1:1) containing 10% FBS and 0.5 mg/
ml G418 (geneticin) to select for HER2-expressing cells. The cell culture medium was
supplemented with penicillin/streptomycin (100 U/ml) and fungizone (2 mg/ml). Cells were
cultured at 37°C in a 5% CO2 atmosphere. All cell culture reagents were obtained from GIBCO
(Grand Island, NY).

2.4. Direct radioiodination of scFv-Fc DM
A solution of scFv-Fc DM (150 :g; 4.5 mg/ml) in phosphate buffer, pH 7.4, was added to a 2-
dram vial coated with Iodogen (10 :g) and containing a solution of sodium [131I]- or [125I]-
iodide (~0.5 mCi; 1–2 :l). The mixture was incubated at room temperature for 10 min with
occasional shaking, and the labeled protein was isolated by gel filtration on a PD-10 column
(GE Healthcare, Piscataway, NJ) using PBS as running buffer.

2.5. Radioiodination of scFv-Fc DM using [131I]SGMIB and [125I]IB-Mal-D-GEEEK
The radioiodinated prosthetic groups were synthesized from their corresponding
trialkylstannyl precursors and purified as reported before [40,41]. For labeling with [131I]
SGMIB, scFv-Fc DM in borate buffer, pH 8.5 (50 :l of 6 mg/ml; 2.86 nmol) was incubated
with 0.4 – 1.6 mCi (0.33 – 1.33 nmol) of the tracer at room temperature for 15–20 min and the
labeled fragment was purified by gel filtration as above. For labeling with [125I]IB-Mal-D-
GEEEK, the protein was first treated with 2-iminothiolane (Thermo Scientific) to generate free
sulfhydryl groups. For this, a solution of the scFv-Fc DM in PBS, pH 7.4, containing 1 mM
EDTA (100 :l of 2.6 mg/ml; 2.48 nmol) was incubated at room temperature with a solution of
2-iminothiolane hydrochloride in 1 mM EDTA in PBS (2.0 :l of 4 mg/ml; 58 nmol) for 90 min.
The thiol-derivatized fragment was isolated using a Microspin G-25 column (GE Healthcare,
Piscataway, NJ) and then added to [125I]IB-Mal-D-GEEEK (1– 2 mCi; 0.45 – 0.91 nmol). The
mixture was incubated at room temperature for 70 min with occasional mixing. Iodoacetamide
(10 :l; 100 mg/ml PBS/EDTA) was added to quench the reaction. After a further incubation
for 10 min, the labeled scFv-Fc DM was purified by passing over a PD-10 column as described
above.

2.6. Determination of protein-associated radioactivity and immunoreactive fraction of
labeled fragments

The protein-associated radioactivity of labeled fragments was determined in paired-label
format by TCA precipitation. About 5 ng of each radiolabeled fragment in 25 :l PBS was mixed
with 0.8 ml of 2% (v/v) human serum albumin in PBS, 0.1 ml of 20% (w/v) TCA, vortexed
and incubated at room temperature for 45 min. The precipitated protein was pelleted, and the
pellets and the supernatants were counted for 125I and 131I activity using an LKB 1282 dual-
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channel automated gamma counter with cross over correction for 131I in the 125I window. The
percentage of the total radioactivity that was protein-associated was calculated from this.
Immunoreactive fractions were determined in a paired-label format by incubating the scFv-Fc
DM fragment labeled with 125I using Iodogen and that labeled with 131I using either [131I]
SGMIB or [131I]IB-Mal-D-GEEEK for 30 min at 37°C with ~20-fold excess of HER2 extra
cellular domain (ECD) in PBS containing 1% (v/v) HSA. The fraction of radioactivity bound
to HER2 ECD was determined by injecting this mixture onto a size exclusion HPLC column
[46].

2.7. Paired-label internalization of scFv-Fc DM labeled with [131I]SGMIB versus 125I-Iodogen
and [125I]IB-Mal-D-GEEEK versus 131I-Iodogen by MCF7-HER2 cells

Cells at a density of 5 × 105 cells per well in 6-well plates were incubated with the tracer pair
(0.5 – 1.0 :g each) at 4°C for 1h. Unbound radioactivity-containing medium was removed, and
the cells were washed and supplemented with fresh medium and brought to 37°C. After 1, 2,
4, 8, 16, and 24 h, cell culture supernatants from triplicate wells were removed for analysis.
Cells in these wells were then washed with culture medium (pH 2.0) to isolate surface-bound
radioactivity, and then solubilized in 0.5 ml of 0.5 N NaOH. The cell culture supernatants, acid
washes and the solubilized cells were counted in a gamma counter for 125I and 131I activity.
The percent of initially bound radioactivity that was internalized and that present in cell culture
supernatants and acid washes were calculated.

2.8. Paired-label biodistribution of labeled scFv-Fc DM in athymic mice bearing MCF7-HER2
subcutaneous xenografts

Animal experiments were performed under the guidelines established by the Duke University
Institutional Animal Care and Use Committee. Eight to twelve week old athymic female mice
(Balb c/nu/nu) weighing about 20 g were used in these studies. To augment tumor growth, 17-
β-estradiol receptors were replenished by the administration of β-estradiol (Innovative
Research of America, Sarasota, FL, USA) [7]. For this, mice were anesthetized (0.3 ml 1:10
ketamine/xylazine) and a 2 mm incision was made in the upper torso of each animal. A 0.72
mg, 60-d release β-estradiol pellet was inserted and the incision was closed with a staple. Three
to five days later, 1 × 107 MCF7-HER2 cells in logarithmic growth phase in 0.1 ml of PBS
were injected subcutaneously in the flank. Biodistribution experiments were performed two
weeks later when the tumors were 100–150 mm3 in size.

Groups of five mice were injected with 1.2 :Ci of [125I]IB-Mal-D-GEEEK-labeled scFv-Fc
DM and 2.0 :Ci of scFV-Fc DM labeled with [131I]SGMIB via the tail vein. At 2, 4, 12, 24,
and 48 h after the tracer administration of the radioiodinated fragment pairs, mice were killed
by an overdose of isofluorane. Organs of interest were harvested, blot-dried, weighed, and
counted in an automated gamma counter for 131I and 125I activity along with injection
standards. The results are expressed as percent injected dose per gram of tissue (%ID/g) except
for the thyroid. The statistical significance of the uptake difference between the two tracers
was calculated by a paired Student t test using the Microsoft Excel program statistical function.
The differences were considered to be significant if the p values were less than 0.05.

3. Results
3.1. Radiolabeling of scFv-Fc DM

The fragment was radioiodinated by a direct method using Iodogen with an average
radiochemical yield of 85%. The efficiency for the labeling of scFv-Fc DM with SGMIB and
IB-Mal-D-GEEEK reagents was 53% and 25%, respectively. The specific activity of the
labeled fragments was in the range of 0.4 – 2.8 :Ci/:g with the variation depending more on
the initial radioiodine activity level than the method utilized. Because the labeling agents were
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prepared at a no-carrier-added level and thus used in the conjugation reactions in sub-
stoichiometric amounts, the average number of residualizing residues per scFv-Fc DM
molecule would be less than one. The highest specific activity obtained for the [131I]SGMIB-
labeled constructs was 1.1 mCi/mg, which corresponds to about 1 SGMIB residue per 10
protein molecules. Likewise, the highest specific activities for the [131I]IB-Mal-GEEEK and
[125I]IB-Mal-GEEEK conjugates were 0.36 mCi/mg and 0.76 mCi/mg, respectively. These
correspond to about 1 substitution per 33 and 25 protein molecules, respectively. Protein-
associated radioactivity as determined by TCA precipitation was 97.3 ± 0.7%, 97.6 ± 1.5%,
and 99.4 ± 0.9% for the scFv-Fc DM labeled using Iodogen, SGMIB and IB-Mal-D-GEEEK,
respectively. When analyzed by size-exclusion HPLC, fragments labeled by all 3 methods
showed a single major peak with a tR of 17.5 min consistent with a molecular weight of 105
kDa (Figures 1 and 2). When the labeled fragments were incubated with excess of HER2-ECD,
almost 100% of the peak shifted to a retention time of 13 min, corresponding to a molecular
weight of about 215 kDa, in all three cases. These results suggest that the immunoreactivity of
the scFv-Fc DM fragment was not compromised when it was radioiodinated using any of the
three methods.

3.2. Paired-label internalization of labeled fragments by MCF7-HER2 cells
The ability to enhance the retention of intracellular radioactivity from the radioiodinated
fragments through the use of the two residualizing labeling methods was determined by paired-
label internalization assays using MCF7-HER2 cells. As seen in Figure 3, the intracellular
radioactivity from scFv-Fc DM labeled using [131I]IB-Mal-D-GEEEK increased steadily with
time. When the fragment was labeled with [131I]SGMIB, an increase in intracellular
radioactivity up to 8–16 h was seen that dropped to some degree at 24 h. On the other hand,
the radioactivity retained by the cells from the directly radioiodinated scFv-Fc DM fragment
decreased over time, after an initial increase. Between 1–24 h, 1.6- to 3.5-fold higher (p < 0.05)
radioactivity was retained from the SGMIB-labeled scFv-Fc DM fragment compared to that
of the directly labeled fragment. The fraction of initially bound radioactivity that was in the
intracellular compartment was 23.9 ± 0.5%, 22.9 ± 0.6%, and 17.1 ± 0.3% for scFv-Fc DM
labeled with [131I]SGMIB and 9.4 ± 0.0%, 6.8 ± 0.1%, and 4.8 ± 0.1% for the directly labeled
fragment at 8, 16, and 24 h, respectively. Similarly, the amount of radioactivity retained from
the [131I]IB-Mal-D-GEEEK-labeled scFv-Fc DM fragment was 1.4- to 3.3-fold higher,
compared to the directly labeled scFv-Fc DM fragment, during the 4–24 h period. Internalized
counts accounted for 13.0 ± 0.5%, 15.1 ± 0.2%, and 16.0 ± 0.4% of the initially bound
radioactivity for the scFv-Fc DM fragment labeled with [131I]IB-Mal-D-GEEEK and 9.2 ±
0.2%, 6.8 ± 0.2%, and 4.9 ±0.1% for scFv-DM directly labeled with 125I. The radioactivity
pattern seen in the cell culture supernatants was complementary to that seen in the intracellular
compartment; i.e. the radioactivity levels from the fragment labeled using the residualizing
labeling methods were generally correspondingly less than those from scFv-Fc DM labeled
directly (data not shown). A third paired-label assay was performed to directly compare the
intracellular trapping of the scFv-Fc DM fragment labeled using [131I]SGMIB with that of
[125I]IB-Mal-D-GEEEK labeled scFv-Fc DM fragment (Figure 4). The pattern of
intracellularly-retained radioactivity with time was similar for both labeling methods; however,
between 8 and 24 h, [125I]IB-Mal-D-GEEEK-labeled scFv-Fc DM fragment was retained to a
significantly higher degree according to the paired t-test (p < 0.05).

3.3. Tissue distribution of scFv-Fc DM: SGMIB versus IB-Mal-D-GEEEK
The uptake of [125I]IB-Mal-D-GEEEK-scFv-Fc DM and [131I]SGMIB-scFv-Fc DM in tumor
and other tissues in athymic mice bearing MCF7-HER2 xenografts are shown in Table 1. At
all time points studied, the uptake of 131I was significantly (p < 0.05) lower than that for 125I.
At 24 and 48 h, the uptake of 125I was 3-fold (3.6 ± 1.1% versus 1.2 ± 0.4%) and 4-fold (3.1
± 1.7% versus 0.8 ± 0.4%) higher than that for 131I. The thyroid uptake of 131I was 1.2- to 2.4-
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fold lower than that of 125I suggesting that the use of the SGMIB reagent resulted in a lower
level of in vivo deiodination.

At 2 h after injection, the uptake of both radionuclides was similar in most other tissues;
however, at later time points, the scFv-Fc DM fragment labeled using [125I]IB-Mal-D-GEEEK
exhibited higher sequestration in a number of tissues. For example, in the liver the uptake
of 125I was 2-, 4-, and 6-fold higher than that of 131I at 12 h, 24 h and 48 h, respectively; these
ratios were 3, 6, and 12 in the case of kidneys. Other tissues including lungs, heart, spleen, and
blood had 1.5- to 4-fold higher uptake of 125I at these time points. Notwithstanding the
higher 125I uptake in some tissues, the tumor-to-tissue ratios were generally higher for 125I
(Figure 5), suggesting an advantage for the [125I]IB-Mal-D-GEEEK-scFv-Fc DM conjugate.
Liver and kidneys are the two notable tissues for which the tumor-to-tissue ratios were higher
at later time points with [131I]SGMIB-scFv-Fc DM. The tumor-to-liver ratios for 131I at 12 h,
24 h and 48 h (0.7 ± 0.6, 0.9 ± 0.4, and 1.5 ± 0.8, respectively) were about 1.5-fold higher than
those calculated for 125I; however the differences were statistically significant (p < 0.05) only
at 24 h and 48 h time points. The tumor-to-kidney ratios at 4 h, 12 h, 24 h, and 48 h for 131I
were 0.7 ± 0.2, 1.7 ± 1.2, 1.6 ± 0.8, and 3.7 ± 2.5, respectively compared to 0.5 ± 0.2, 0.7 ±
0.4, 0.7 ± 0.3, and 1.1 ± 0.6 for 125I; the differences were statistically significant except at 12
h.

4. Discussion
Previously, we have reported on the usefulness of the residualizing labels SGMIB and IB-Mal-
D-GEEEK for the efficient tumor delivery of halogen radionuclides attached to mAbs that
undergo internalization [38,39,41]. Indeed, an up to fivefold advantage in tumor delivery, both
in vitro and in vivo, was achieved when an intact mAb reactive to a mutant form of the
epidermal growth factor receptor (EGFRvIII) was radiohalogenated using these prosthetic
groups. The goal of this study was to investigate whether improved tumor targeting of scFv-
Fc DM, an engineered fragment derived from the anti-HER2 trastuzumab (Herceptin™) mAb,
could be achieved by radioiodinating the fragment with these residualizing labeling methods.

Here, we demonstrated that the trastuzumab scFv-Fc DM fragment could be radioiodinated
with both [131I]SGMIB and [125I]IB-Mal-D-GEEEK in reasonable conjugation yields. Both
[131I]SGMIB and [125I]IB-Mal-D-GEEEK-labeled scFv-Fc DM fragments were
immunoreactive as demonstrated by size-exclusion HPLC following incubation of the
fragment and the p185HER2 extracellular domain (antigen).

The scFv-Fc DM fragment radioiodinated with either the positively charged SGMIB or the
negatively charged IB-Mal-D-GEEEK reagents demonstrated enhanced intracellular retention
of radioactivity in vitro compared to the directly radioiodinated scFv-Fc DM fragment. Thus
it has to be concluded that the trastuzumab scFv-Fc DM fragment does indeed undergo
internalization on receptor binding and that these residualizing labels enhance the cellular
retention of radioactivity following receptor-mediated internalization. This result corroborates
that of other researchers who have demonstrated the internalization of radiolabeled intact
trastuzumab [5,9,25]. When the internalization assay was performed independently, the scFv-
Fc DM fragment labeled with [131I]SGMIB accumulated greater amounts of radioactivity than
the [131I]IB-Mal-D-GEEEK-labeled fragment within the intracellular compartments, whereas
in direct comparison of the two, the negatively charged [131I]IB-Mal-D-GEEEK-scFv-Fc DM
showed a slight advantage. The latter results are congruent with the data obtained with L8A4,
an anti-EGFRvIII mAb; intracellular retention of radioactivity from L8A4 that was
radioiodinated with the glutamate-containing peptide was higher than that seen for the same
mAb labeled with SGMIB prosthetic group [40,41].
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The tissue distribution of directly radioiodinated scFv-Fc DM fragment has not been evaluated
extensively. A microPET imaging study performed 20 h after injection of scFv-Fc DM labeled
with 124I using the Iodogen method in mice with MCF7-HER2 xenografts indicated a tumor
accumulation of only 1.52 0.28%ID/g (unpublished results). Likewise, preliminary necropsy
experiments with scFv-Fc DM labeled with 125I using Iodogen also showed poor tumor uptake
and very high thyroid uptake (6–8% ID/organ) for the directly labeled fragment (unpublished
results). In concert with the in vitro data, the [125I]IB-Mal-D-GEEEK-scFv-Fc DM
demonstrated higher tumor uptake than that seen with the [131I]SGMIB-scFv-Fc DM. The
absolute tumor uptake values were considerably lower (2- to 3-fold) than that reported for the
same fragment labeled with 64Cu [34]. While the 64Cu-labeled scFv-Fc DM demonstrated
higher tumor uptake, there was a concomitant higher uptake in the liver and the kidneys with
tumor-to-liver and tumor-to-kidney ratios 0.6 ± 0.1 and 1.1 ± 0.2, respectively at 21 h.
Compared with this, at 24 h the [131I]SGMIB-scFv-Fc DM fragment exhibited slightly
improved tumor-to-tissue ratios that were 1.3- and 1.5-fold higher in liver and kidney,
respectively. In contrast, the [125I]IB-Mal-D-GEEEK-scFv-Fc DM fragment yielded lower
tumor-to-tissue ratios for these two organs. Here we show that the scFv-Fc DM fragment
radioiodinated with SGMIB and IB-Mal-D-GEEEK prosthetic groups demonstrated
remarkable inertness to in vivo deiodination. The low degree of in vivo deiodination of the IB-
Mal-D-GEEEK template presumably contributed to the significantly higher tumor
accumulation and retention of its radioiodinated scFv-Fc DM conjugate.

It would be ideal if the positive features of the IB-Mal-GEEEK reagent for labeling this scFv-
Fc DM construct could be exploited without its negative feature, i.e., increased accumulation
and retention of activity in the liver and spleen at time points beyond 2 h after injection. The
question arises whether the increased reticuloendothelial uptake is a result from treating the
protein with 2-iminothiolane and/or some property of the IB-Mal-GEEEK reagent itself. The
generation of free sulfhydryl groups on proteins via 2-iminothiolane treatment is a widely used
technique that offers advantages compared with reduction of disulfide bonds because of the
possibility of less disruption of the tertiary structure of the protein. With regard to the effect
on the biodistribution of radiolabeled proteins that have been treated with 2-iminothiolane,
there are some reports indicating a higher liver uptake of mAbs labeled via this route compared
to other methods in the literature [12]. However, in most cases, treatment of mAbs with 2-
iminothiolane has not resulted in increased reticuloendothelial uptake [13,26,27]. We have
previously used the IB-Mal-GEEEK reagent to radiolabel the intact L8A4 mAb with
radioiodine and did not observe excessive liver and spleen uptake when compared to the
Iodogen or the SGMIB labeled L8A4 [38,41]. Thus, the increased liver and spleen
accumulation observed with the IB-Mal-GEEEK scFv-Fc DM conjugate probably does not
reflect a general property of this acylation agent or 2-iminothiolane treatment but an alteration
that is specific to this construct. Such an alteration could be the presence of multimeric species
derived by the formation of disulfide bonds between different scFv-Fc DM molecules.
However, size exclusion HPLC did not indicate presence of any significant amounts of
multimers (Figure 2). Another possible explanation is that the increased activity in the liver
and spleen may reflect the formation of a disulfide linked species between the scFv-Fc DM
and an endogenous molecule with a free sulfhydryl group. This is consistent with the fact that
peak spleen and liver activity is not observed until 4 to 12 h after injection. Finally, it is worth
noting that the liver accumulation observed with the [125I]IB-Mal-GEEEK-scFv-Fc DM
fragment actually was 2 to 3 times lower than that observed when the same molecule was
labeled with 64Cu-DOTA [34].

IB-Mal-D-GEEEK was designed to offset the high renal uptake seen with another residualizing
template containing several cationic amino acids [16]. The retention in kidneys of low
molecular weight peptides and proteins is attributed to the binding of their positively charged
amino acid residues to the negatively charged renal proximal tubules [28]. It was envisaged

Vaidyanathan et al. Page 8

Nucl Med Biol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that exchanging the cationic lysine and arginines in the D-KRYRR-containing residualizing
label [16] with the negatively charged glutamic acids might yield a prosthetic group, which
would help augment the tumor uptake of radioiodinated internalizing mAbs or their fragments
and at the same time would not result in significant uptake in the kidneys. This tactic was used
to effectively reduce kidney uptake of radiolabeled peptides by other investigators as well
[29]. On the other hand, a number of investigators have reported a high kidney uptake of
molecules containing glutamic acid residues [14,44,45] and efforts have been made to reduce
the renal uptake by administering polyglutamic acid [3,17]. The existence of a mechanism for
the reuptake of negatively charged amino acid-containing peptides in kidneys has been
proposed. It is known that several amino acid transport systems in mammals contribute to renal
proximal tubular reabsorption of amino acids and EAAT3 is the major transporter of L-
glutamic acid [35,43]; however, the D-glutamic acid is not expected to be a substrate for this
transporter.

The scFv-Fc DM fragment is anticipated to clear rapidly from the blood and thereby to yield
very high tumor-to-blood ratios due to the mutations in the Fc region that interferes with the
binding to the antibody recycling receptor, known as FcRn or Brambell receptor [22]. Indeed,
rapid blood clearance was seen with both [131I]SGMIB- and [125I]IB-Mal-GEEEK-scFv-Fc
DM fragments and the rate was similar to that reported for another scFv-Fc DM fragment
targeting CEA [23].

5. Conclusion
The engineered trastuzumab scFv-Fc DM could be radioiodinated in reasonable yields using
two residualizing labels with the preservation of immunoreactivity. Compared to the directly
labeled fragment, the fragments labeled with the residualizing labels demonstrated higher
retention in tumor cells in vitro. Although [125I]IB-Mal-D-GEEEK-scFv-Fc DM yielded
higher tumor targeting and generally higher tumor-to-tissue ratios, uptake in liver and kidney
was greater compared with the [131I]SGMIB-scFv-Fc DM. Easier chemistry and higher
inertness to in vivo deiodination are added advantages of the SGMIB method. With regard to
potentially using the scFv-Fc DM fragment for imaging HER2 activity, it will be important to
determine the best balance between maximizing tumor uptake and obtaining optimal contrast
with normal organs. Usefulness of scFv-Fc DM labeled with the -emitter 211At using the
SGMIB analogue [211At]SAGMB [39] and the Mal-D-GEEEK template is being explored.
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Figure 1.
Size exclusion chromatography of scFv-Fc DM fragment following radioiodination (open
circles) and after incubation with 10- to 20-fold excess of ECD at 37°C for 30 min (filled
circles). Left: 125I-scFv-Fc DM (Iodogen method); Right = [131I]SGMIB-scFv-Fc DM
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Figure 2.
Size exclusion chromatography of scFv-Fc DM fragment following radioiodination (open
circles) and after incubation with 10- to 20-fold excess of ECD at 37°C for 30 min (filled
circles). Left: 125I-scFv-Fc DM (Iodogen method); Right = [131I]IB-Mal-D-GEEEK-scFv-Fc
DM
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Figure 3.
Paired-label internalization of scFv-Fc DM fragment radiolabeled with 125I using Iodogen
(circles) and with 131I either by [131I]SGMIB (triangles; panel A) or by [131I]IB-Mal-D-
GEEEK (squares; panel B) in MCF7-HER2 cells. Cells were incubated with the tracer pair at
4°C for 1 h, and after removal of the unbound radioactivity, brought to 37°C and processed at
various time periods. Data shown are the percent of initially bound radioactivity that was
trapped intracellularly.
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Figure 4.
Paired-label internalization of scFv-Fc DM fragment radiolabeled with [125I]IB-Mal-D-
GEEEK (squares) and [131I]SGMIB (triangles) in MCF7-HER2 cells. Cells were incubated
with the tracer pair at 4°C for 1 h, and after removal of the unbound radioactivity, brought to
37°C and processed at various time periods. Data shown are the percent of initially bound
radioactivity that was trapped intracellularly.
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Figure 5.
Tumor-to-tissue ratios observed in athymic mice bearing MCF7-HER2 xenografts and injected
with [131I]SGMIB-scFv-Fc DM (triangles) and [125I]IB-Mal-D-GEEEK-scFv-Fc DM
(circles).
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