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Introduction: Derived from heavy chain only camelid antibodies, ~15-kDa single-domain antibody fragments
(sdAbs) are an attractive platform for developing molecularly specific imaging probes and targeted
radiotherapeutics. The rapid tumor accumulation and normal tissue clearance of sdAbs might be ideal for use
with 211At, a 7.2-h half-life α-emitter, if appropriate labeling chemistry can be devised to trap 211At in cancer cells
after sdAb binding. This study evaluated two reagents, [211At]SAGMB and iso-[211At]SAGMB, for this purpose.
Methods: [211At]SAGMB and iso-[211At]SAGMB, and their radioiodinated analogues [131I]SGMIB and iso-[131I]SGMIB,
were synthesized by halodestannylation and reactedwith the anti-HER2 sdAb 5F7. Radiochemical purity, immuno-
reactivity and binding affinity were determined. Paired-label internalization assays on HER2-expressing BT474M1
breast carcinoma cells directly compared [131I]SGMIB-5F7/[211At]SAGMB-5F7 and iso-[131I]SGMIB-5F7/iso-[211At]
SAGMB-5F7 tandems. The biodistribution of the two tandems was evaluated in SCID mice with subcutaneous
BT474M1 xenografts.
Results: Radiochemical yields for Boc2-iso-[211At]SAGMB and Boc2-[211At]SAGMB synthesis, and efficiencies for cou-

pling of iso-[211At]SAGMB and [211At]SAGMB to 5F7were similar, with radiochemical purities of [211At]SAGMB-5F7
and iso-[211At]SAGMB-5F7 N98%. iso-[211At]SAGMB-5F7 and [211At]SAGMB-5F7 had immunoreactive fractions
N80% and HER2 binding affinities of less than 5 nM. Internalization assays demonstrated high intracellular trapping
of radioactivity, with little difference observed between corresponding 211At- and 131I-labeled 5F7 conjugates.
Higher BT474M1 intracellular retention was observed from 1-6 h for the iso-conjugates (iso-[211At]SAGMB-5F7,
74.3 ± 2.8%, vs. [211At]SAGMB-5F7, 63.7 ± 0.4% at 2 h) with the opposite behavior observed at 24 h. Peak tumor
uptake for iso-[211At]SAGMB-5F7 was 23.4 ± 2.2% ID/g at 4 h, slightly lower than its radioiodinated counterpart,
but significantly higher than observed with [211At]SAGMB-5F7. Except in kidneys and lungs, tumor-to-normal
organ ratios for iso-[211At]SAGMB-5F7 were greater than 10:1 by 2 h, and significantly higher than those for
[211At]SAGMB-5F7.
Conclusion: These 211At-labeled sdAb conjugates, particularly iso-[211At]SAGMB-5F7, warrant further evaluation for
targeted α-particle radiotherapy of HER2-expressing cancers.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Human epidermal growth factor receptor 2 (HER2) is overexpressed
in a subset of patients with multiple types of cancers including breast,
non-small cell lung, gastric, colon and ovarian [1–3]. Up to 20–30% of
breast cancers overexpress HER2 [4,5] and HER2 expression has been
shown to confer a more aggressive phenotype, including a greater pro-
pensity to metastasize to the central nervous system (CNS) [6–8].
search Building, 311 Research
84 7708; fax: +1 919 684 7121.
).
University of Pittsburgh, Pitts-

lecular Imaging, Duke-National
Moreover, a higher incidence of brain metastases and leptomeningial
carcinomatosis have been reported in patients treated with the anti-
HER2 mAb trastuzumab [9,10]. Trastuzumab frequently prolongs
survival by controlling systemic disease in many patients; however,
this increases the opportunity for CNS lesions, against which
trastuzumab is ineffective because of poor delivery due to the blood
brain barrier impermeability of this large protein [11].

Patients with HER2-positive CNS disease have a grim prognosis;
thus, there is a dire need for treatments that can bemore effectivewith-
out compromising neurologic function, which can be an unfortunate
side effect of nonspecific treatments including conventional radiation
therapy [12]. An attractive approach for increasing the specificity of
cancer treatment is targeted radiotherapy, in which a monoclonal
antibody (mAb) or other vector is used to selectively deliver a cytotoxic
radionuclide to cancer cells. In the context of disease within the CNS,
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α-particles, a radiation with a tissue range of only few cell diameters
(50–80 μm), could be advantageous because it could minimize cross
fire irradiation of normal tissue. Moreover,α-particles have a high rela-
tive biological effectiveness, requiring only a few traversals per cell to
achieve its destruction [13].

As an initial investigation of the therapeutic potential of α-particles
for the treatment of HER2-positive cancers, we labeled trastuzumab
with the 7.2-h half-life α-emitter 211At and its cytotoxicity for 3
HER2-expressing human breast carcinoma lines was evaluated in vitro
[14]. The relative biological effectiveness of 211At-labeled trastuzumab
was about 10 times higher than that of conventional external beam
therapy, with significant reduction in survival achieved with only a
few 211At atoms bound per cell. A subsequent study was performed in
a HER2-positive breast carcinomatous meningitis model to evaluate
the therapeutic efficacy of a single intrathecal injection of
211At-labeled trastuzumab [15]. Significant prolongation in median
survival with some long-term survivors was observed; however, even
with direct injection into the intrathecal compartment, histopathologi-
cal analyses revealed that regions of the neuroaxis had escaped
treatment in some animals. Intact mAbs are not ideal for use in
combination with short lived α-emitters such as 211At because their
large size hinders homogeneous delivery and for intravenous
applications, results in slow normal tissue clearance [16].

To overcome these limitations, a variety of smaller HER2-targeted
proteins have been developed including recombinant fragments such
as diabodies and minibodies, and smaller scaffolds such as affibodies
[17]. Another attractive platform for targeted radiotherapy, derived
from Camelidae heavy-chain only antibodies and known as single do-
main antibody fragments (sdAbs), variable domain of heavy-chain
only antibodies (VHH) or nanobodies has a molecular weight of 12-15
kDa [18]. These sdAbs can be generated relatively inexpensively with
nM to pM affinity, high thermal and chemical stability, and low immu-
nogenicity [19–20]. Moreover, because of their small size, they clear
rapidly from blood and normal tissues and efficiently penetrate tumors,
properties that are particularly advantageous for use with short-lived
α-emitters like 211At. Finally, several sdAbs with high affinity for HER2
have been generated and reported to target HER2-positive cancers in
animalmodels and in a recent clinical imaging trial [21–23]. Particularly
encouraging results in terms of both the magnitude of tumor uptake
and retention as well as the rate of normal tissue clearance were
obtained when anti-HER2 5F7 sdAb was labeled with N-succinimidyl
4-guanidinomethyl-3-[131I]iodobenzoate ([131I]SGMIB) [24], a
residualizing prosthetic group designed to trap radioactivity in tumor
cells after receptor internalization [25]. The importance of using a
residualizing prosthetic group for labeling 5F7 sdAb has been described
in previous publications that demonstrated increased intracellular
retention and in vivo tumor uptake compared with 5F7 sdAb labeled
by direct iodination [23,24] or uncharged halobenzoyl reagents [26].

In the present study, we evaluated the potential utility of the
analogous reagent, N-succinimidyl 3-[211At]astato-4-guanidinomethyl
benzoate ([211At]SAGMB) [27], as well as a novel residualizing agent,
N-succinimidyl 3-[211At]astato-5-guanidinomethyl benzoate
(iso-[211At]SAGMB), for labeling 5F7 sdAb with 211At. Motivation for
the latter is based on previous work showing that N-succinimidyl
3-guanidinomethyl-5-[131I]iodobenzoate (iso-[131I]SGMIB) provided
higher sdAb labeling yields than [131I]SGMIB [28], an advantage that
we hypothesize could be more pronounced with the larger astatine
atom. Tumor targeting properties of the four residualizing agents were
evaluated in HER2-expressing breast carcinoma cells and xenografts.

2. Materials and methods

2.1. General

All reagents were purchased from Sigma-Aldrich except where
noted. Sodium [131I]iodide (44.4 TBq/mmol) in 0.1 N NaOH was
obtained from Perkin-Elmer Life and Analytical Sciences (Boston, MA,
USA). Astatine-211 was produced on the Duke University CS-30 cyclo-
tron via the 209Bi(α, 2n)211At reaction by bombarding natural bismuth
metal targets with 28 MeV α-particles [29]. Astatine-211 was isolated
from the target by dry distillation, trapped in PEEK or PTFE tubing and
finally extracted with a solution of N-chlorosuccinimide (NCS) in
methanol (0.2 mg/mL) as described previously [29,30]. Succinimidyl
4/5-((1, 2-bis(tert-butoxycarbonyl)guanidino)methyl)-3-iodobenzoate
(Boc2-SGMIB/iso-SGMIB) and their corresponding tin precursors
(Boc2-SGMTB/iso-SGMTB) were synthesized as reported before
[25,28]. High-performance liquid chromatography (HPLC) was
performed using a Beckman Gold HPLC system equipped with a
Model 126 programmable solvent module, a Model 166 NM variable
wavelength detector, and a ScanRam RadioTLC scanner/HPLC detector
combination (LabLogic; Brandon, FL, USA). HPLC data were acquired
and processed using the Laura software (LabLogic). Normal-phase
HPLC was performed using a 4.6 × 250 mm Partisil silica column
(10 μm; Alltech, Deerfield, IL, USA), eluted in isocratic mode with a
mixture of 0.2 % acetic acid in 75:25 hexanes:ethyl acetate (v/v) at a
flow rate of 1mL/min. Disposable PD 10 desalting columns for gel filtra-
tion were purchased from GE Healthcare (Piscataway, NJ, USA). Instant
thin layer chromatography (ITLC) was performed using silica gel im-
pregnated glass fiber sheets (Pall Corporation, East Hills, NY, USA)
with PBS, pH 7.4 as the mobile phase. Developed sheets were analyzed
for radioactivity either using the TLC scanner described above or by
cutting the sheet into small strips and counting them in an automated
gamma counter. Radioactivity levels in various samples were assessed
using either an LKB 1282 (Wallac, Finland) or a Perkin Elmer Wizard II
(Shelton, CT, USA) automated gamma counter.

2.2. Single-domain antibody fragment 5F7

Anti-HER2 sdAb 5F7, obtained as a gift from Ablynx NV (Ghent,
Belgium), was selected from phage libraries derived from llamas that
had been immunized with SKBR3 human breast carcinoma cells. Its
production, purification and characterization were as described
previously [23] except that the glycine-glycine-cysteine (GGC)
C-terminus tail was omitted, resulting in a purely monomeric
preparation.

2.3. Cells and cell culture conditions

Cell culture reagents were purchased from Invitrogen (Grand Island,
NY, USA). BT474M1 human breast carcinoma cells [31] were grown in
DMEM/F12 medium containing 10% fetal calf serum (FCS), streptomy-
cin (100 μg/mL), and penicillin (100 IU/mL) (Sigma-Aldrich, MO,
USA). Cells were cultured at 37°C in a 5% CO2 humidified incubator.

2.4. Synthesis of [131I]SGMIB and iso-[131I]SGMIB

In most experiments, [131I]SGMIB and iso-[131I]SGMIB were synthe-
sized as reported previously by the radioiododestannylation of the cor-
responding tin precursor using tert-butyl hydroperoxide (TBHP) as the
oxidant and chloroform as the solvent [25,28]. In more recent runs,
NCS was used as the oxidant and the reaction was performed in meth-
anol. For this, a solution of NCS in methanol (0.2 mg/mL; 100 μL), acetic
acid (1 μL) and [131I]iodide (1-2 μL; 37–74 MBq) were added in that
order to a half-dram glass vial containing 50 μg of the required tin pre-
cursor, and the reactionwas allowed to proceed at 20°C for 15minwith
occasional swirling of the vial. Most of the solvent was evaporated with
a stream of argon, and the residue partitioned between 200 μL each of
ethyl acetate and water. The ethyl acetate layer was separated, dried
with anhydrous sodium sulfate and the ethyl acetate was evaporated.
The residual radioactivity was reconstituted in the HPLC mobile phase
(200 μL) and injected onto a normal phase column. Procedures for
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isolation and deprotection were as described below for [211At]SAGMB
and iso-[211At]SAGMB.
2.5. Synthesis of [211At]SAGMB and iso-[211At]SAGMB

Astatine-211 inNCS/methanol (30-56MBq)was added to a vial con-
taining 200 μg of the required tin precursor followed by 10 μL acetic
acid. The reaction mixture was incubated at 20°C for 30 min and meth-
anolwas evaporatedwith a gentle streamof argon. The residualmixture
was re-dissolved in 20 μL of (75:25) hexanes/ethyl acetate and injected
onto the normal phase HPLC column. The HPLC fractions containing
Boc2-iso-[211At]SAGMB or Boc2-[211At]SAGMB (tR=~25min)were iso-
lated, and the solvents from these were evaporated under a stream of
argon for 20 min. Boc protecting groups were removed by treatment
with 100 μL of trifluoroacetic acid (TFA) at 20°C for 10 min. To insure
complete removal of TFA, the process of ethyl acetate addition (50 μL)
and evaporation was performed three times. The residual radioactivity
was then used as such for 5F7 sdAb labeling.
2.6. Radiolabeling of 5F7 sdAb

Iodine-131 labeling of sdAb 5F7 with [131I]SGMIB or iso-[131I]SGMIB
was performed as reported previously [28]. For 211At-labeling, a solu-
tion of sdAb 5F7 in 0.1 M borate buffer, pH 8.5 (50 μL, 2 mg/mL) was
added to the vial containing the [211At]SAGMB or iso-[211At]SAGMB
activity and the mixture was incubated at 20°C for 20 min. The labeled
5F7 sdAb was purified by gel filtration over a PD-10 column eluted
with phosphate buffered saline (PBS). Before use, the PD-10 column
was preconditioned with human serum albumin to minimize
nonspecific binding.
2.7. Quality control procedures

Each 131I- and 211At-labeled 5F7 preparation was evaluated by ITLC
and SDS-PAGE to determine protein associated radioactivity, and the
presence of aggregates and multimeric species, respectively. For ITLC,
PBS, pH 7.4, was used as the mobile phase; with this system, intact
protein remained at the origin (Rf = 0) and lower molecular weight
radioactive species moved with an Rf value of 0.7-0.8. SDS-PAGE under
non-reducing conditions and phosphor imaging were performed as
previously described [23]. The immunoreactive fractions of the labeled
5F7 conjugates were determined by the Lindmo method [32] using
magnetic beads coatedwith HER2 extracellular domain, or as a negative
control, bovine serum albumin (BSA) [23,24]. Briefly, aliquots of labeled
5F7 (~5 ng) were incubated with doubling concentrations of both
HER2- and BSA-coated beads, and the immunoreactive fraction was
calculated as the specific binding extrapolated to infinite HER2 excess.
2.8. Binding affinity of radiolabeled 5F7 conjugates

BT474M1 breast carcinoma cells were plated in 24-well plates at a
density of 8 × 104 cells/well and incubated at 37°C for 24 h. The cells
were then allowed to acclimatize at 4°C for 30min prior to the addition
of increasing concentrations of radiolabeled 5F7 conjugates (0.1–100
nM). Cells were then incubated at 4°C for 2 h, the medium containing
unbound radioactivity was removed, and the cells were washed twice
with cold PBS. Finally, the cells were solubilized by treatment with 1N
NaOH (0.5 mL) at 37°C for 10 min. Cell-associated radioactivity was
counted using an automated gamma counter. To determine
non-specific binding, a parallel assay was performed as above except
that a 100-fold excess of trastuzumab also was added to the incubation
medium. The datawerefit using GraphPad Prism software to determine
the Kd values.
2.9. Internalization assays

Internalization and cell processing assays were performed in paired-
label format using BT474M1 breast carcinoma cells. Cells at density of
8 × 105 cells per well in 3 mL medium were plated in 6-well plates
and after overnight incubation at 37°C, were brought to 4°C and incu-
bated for 30min.Mediumwas removed and replenishedwith freshme-
dium containing 5 nmol each of either [211At]SAGMB-5F7 plus [131I]
SGMIB-5F7, or iso-[211At]SAGMB-5F7 plus iso-[131I]SGMIB-5F7, and
the cells were further incubated at 4°C for 1 h. Cell culture supernatants
containing unbound radioactivity were removed and fresh medium at
37°C was added. The fraction of initial cell-bound radioactivity that
was internalized, on the cell membrane, or released into the cell culture
supernatant after incubation at 37°C for 1, 2, 4, 6, and 24 h was deter-
mined as described previously [23,24]. To determine nonspecific up-
take, parallel experiments were performed as above except that a
100-fold molar excess of trastuzumab also was added to the wells.

2.10. Paired-label biodistribution experiments

Animal experiments were performed following the guidelines
established by the Duke University Institutional Animal Care and Use
Committee. Subcutaneous BT474M1 tumor xenograftswere established
in SCID mice as described previously [24] and two paired-label
biodistribution studies were performedwhen tumors reached a volume
of about 350-500 mm3. Groups of 5 mice received tail vein injections of
~185 kBq each of the labeled molecules. In the first experiment, [211At]
SAGMB-5F7 (178 MBq/mg) and [131I]SGMIB-5F7 (174 MBq/mg) were
administered, and in the second, iso-[211At]SAGMB-5F7 (85 MBq/mg)
and iso-[131I]SGMIB-5F7 (89 MBq/mg) were injected. In this way, we
could directly compare the effect of 211At-for-131I substitution on
tumor targeting and in vivo stability for each of the two isomer
configurations. Biodistribution was evaluated at 1 h, 2 h, 4 h, and 21 h
after injection; an additional time point of 14 h was included in the
second study. Blood and urine were collected, and mice were killed by
an overdose of isofluorane. Tumor and normal tissues were isolated,
blot-dried, and weighed along with blood and urine. All tissue samples
together with 5% injection standards were counted for 131I and 211At
activity using an automated gamma counter, and the percentage of
injected dose (%ID) per organ and per gram of tissue were calculated.

2.11. Statistical analyses

Data are presented asmean± standard deviation. Differences in the
behavior of co-incubated (in vitro) or co-administered (in vivo) labeled
conjugates were analyzed for statistical significance with a paired
two-tailed Student t-test using the Microsoft Office excel program,
while differences in the behavior of labeled conjugates that were not
co-incubated or co-administered were tested with an unpaired Student
t-test. Differences with a P value b 0.05 were considered statistically
significant.

3. Results

3.1. Radiolabeling

The scheme for synthesis of the four radiohalogenated 5F7 conju-
gates is illustrated in Fig. 1. The radiochemical yield for the synthesis
of iso-[211At]SAGMB-Boc2 was 66.8 ± 2.4% (n=7) compared with
62.6 ± 2.3% (n=6) for [211At]SAGMB-Boc2 under identical conditions.
Although the difference in the two yields was small, it was statistically
significant (P b 0.05). The radiochemical yield for the synthesis of
[211At]SAGMB-Boc2 was similar to that reported previously [27] when
TBHP was used as the oxidant and chloroform as the solvent. In most
experiments reported herein, [131I]SGMIB and iso-[131I]SGMIB were
synthesized using TBHP as the oxidant; however, in a few studies,



Fig. 1. Scheme for the synthesis of 5F7 single domain antibody labeled with 211At using [211At]SAGMB/iso-[211At]SAGMB or with radioiodine using [*I]SGMIB/iso-[*I]SGMIB.
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[131I]SGMIB and iso-[131I]SGMIB were synthesized using NCS as the ox-
idant and methanol as the solvent, which resulted in radiochemical
yields of 69.2 ± 4.2% (n=4) and 84.0± 4.5% (n=2), respectively, con-
siderably higher than those obtained using TBHP and chloroform [28].

Labeling sdAb 5F7 with 211At was accomplished by reaction with
[211At]SAGMB and iso-[211At]SAGMB, which were obtained by treat-
ment of Boc2-[211At]SAGMB and Boc2-iso-[211At]SAGMB with TFA.
When performed under identical conditions, the conjugation efficiency
of iso-[211At]SAGMB (39.5 ± 6.8%; n = 5) and [211At]SAGMB (38.4 ±
15.6%; n=6) to 5F7 was similar (P N 0.05). Conjugation efficiencies for
labeling 5F7 with [131I]SGMIB and iso-[131I]SGMIB were 28.9 ± 13.0 %
(n=6) and 33.1±7.1 % (n=6), respectively. The radiochemical purity
obtained by ITLC analysis was 98.9%, 97.8%, 98.6%, and 98.4% for iso-
[211At]SAGMB-5F7, [211At]SAGMB-5F7, iso-[131I]SGMIB-5F7 and [131I]
SGMIB-5F7, respectively. As shown in Fig. 2, SDS-PAGE performed
under non-reducing conditions demonstrated that more than 98% of
the radioactivity for the 4 radiohalogenated 5F7 conjugates was present
in a single bandwith amolecularweight of about 15 kDa, corresponding
to the molecular weight of an sdAb monomer.
Fig. 2. Non-reducing SDS-PAGE/phosphor imaging profiles of (A) [211At]SAGMB-F7,
(B) [131I]SGMIB-5F7, (C) iso-[211At]SAGMB-5F7, and (D) iso-[131I]SGMIB-5F7. Molecular
weight standards in left lane for comparison.
3.2. Immunoreactive fraction and binding affinity

To determine whether labeling 5F7 sdAb compromised HER2 bind-
ing, immunoreactive fractions were determined in paired-label format
using the extracellular domain of HER2 as themolecular target. The im-
munoreactive fractionswere determined to be 81.3±0.9%, 83.5±1.1%,
81.8 ± 1.4% and 84.5 ± 0.8% for iso-[211At]SAGMB-5F7, [211At]SAGMB-
5F7, iso-[131I]SGMIB-5F7 and [131I]SGMIB-5F7, respectively, suggesting
that 5F7 retained immunoreactivity to a similar degree irrespective of
the prosthetic agent used. The dissociation constant (Kd) values obtain-
ed from saturation binding assays performed on HER2-expressing
BT474M1 human breast carcinoma cells were b5 nM for the four la-
beled conjugates (Fig. 3). However, significantly higher binding affinity
(P b 0.05) was observed for iso-[211At]SAGMB-5F7 (3.0 ± 0.1 nM) com-
pared with [211At]SAGMB-5F7 (4.5 ± 0.4 nM). The Kd values for iso-
[131I]SGMIB-5F7 and [131I]SGMIB-5F7 were 1.3 ± 0.2 nM and 2.4 ±
0.2 nM, respectively. Thus, the 131I-labeled conjugates had significantly
higher binding affinity than their corresponding 211At-labeled 5F7
counterparts (P b 0.05).

3.3. Internalization assays

Paired-label internalization assays were performed using HER2-
expressing BT474M1 cells to determine the extent of intracellular trap-
ping of radioactivity in vitro with [211At]SAGMB-5F7 and iso-[211At]
SAGMB-5F7, both in absolute terms and in comparison to co-
incubated [131I]SGMIB-5F7 and iso-[131I]SGMIB-5F7, respectively. As
shown in Fig. 4, the percentage of initially bound radioactivity that
was cell associated (membrane bound+ internalized) and internalized
for [211At]SAGMB-5F7 remained nearly constant for 24 h, when values
of 77.4 ± 0.8% and 67.2± 1.1%, respectively, were observed. In general,
changing thenature of the prosthetic agent did not affect residualization
of radioactivity inHER2-positive cancer cells. For example, at 6 h, 69.5±
1.2% and 73.2± 1.7% of initially bound radioactivity remained in the in-
tracellular compartment for iso-[211At]SAGMB-5F7 and iso-[131I]
SGMIB-5F7, respectively (Fig. 5). However, unlike the behavior of
[131I]SGMIB-5F7 and [211At]SAGMB-5F7, intracellular radioactivity
levels from iso-[131I]SGMIB-5F7 (49.0 ± 3.6%) and iso-[211At]SAGMB-
5F7 (48.4 ± 5.5%) at 24 h was significantly lower (P b 0.05) than
those observed from 1-6 h.



Fig. 3. Saturation binding assays performed on HER2-expressing BT474M1 breast carcinoma cells with 5F7 labeled using [131I]SGMIB, iso-[131I]SGMIB, [211At]SAGMB and iso-[211At]
SAGMB. Cells (8 × 104)were incubatedwith increasing concentrations of the labeled sdAbs and specific cell-associated radioactivity determined as described in text. Plotswere generated
and Kd values calculated using GraphPad Prism software.
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3.4. Biodistribution studies

Two-paired label experiments were performed in SCID mice with
subcutaneous BT474M1 breast carcinoma xenografts to directly com-
pare the tissue distribution of [211At]SAGMB-5F7 and iso-[211At]
SAGMB-5F7 to their 131I-labeled counterparts. The results obtained
over a 21 h period, corresponding to approximately three half-lives of
211At decay, are summarized in Tables 1 and 2, respectively. Tumor up-
take of [211At]SAGMB-5F7 remained at 15-16% ID/g from 1-4 h post in-
jection and then declined to 9.49 ± 1.22% ID/g at 21 h (Fig. 6). Similar
tumor uptake values were observed for co-administered [131I]SGMIB-
5F7 except at 21 h when values for the radioiodinated conjugate were
Fig. 4. Paired label internalization of [211At]SAGMB-5F7 (red) and [131I]SGMIB-5F7 (blue) by BT
bound radioactivity that was (A) cell associated (membrane bound + internalized) and (B) in
about 20% higher (11.8±1.5% ID/g; P b 0.05). In the second experiment,
similar trends were observedwith regard to tumor uptake of iso-[211At]
SAGMB-5F7 in comparison to its radioiodinated counterpart. However,
tumor accumulation of iso-[211At]SAGMB-5F7 was almost 50% higher
than that of [211At]SAGMB-5F7 at all time points, peaking at 23.4 ±
2.2% ID/g at 4 h (difference significant, P b 0.05, except at 21 h by un-
paired t test). Likewise, tumor uptake of iso-[131I]SGMIB-5F7was signif-
icantly higher than that of [131I]SGMIB-5F7 at all time points. With the
exception of the kidneys, normal tissue uptake of the four 5F7
radioconjugates was low, particularly for iso-[211At]SAGMB-5F7 and
iso-[131I]SGMIB-5F7. In kidneys, activity levels for the iso-conjugates
were significantly lower than those for the corresponding non-iso-
474M1 breast carcinoma cells in vitro. Data presented as percentage of initial specifically
ternalized at selected time points. All measurements performed in triplicate.



Fig. 5. Paired label internalization of iso-[211At]SAGMB-5F7 (brown) and iso-[131I]SGMIB-5F7 (green) by BT474M1 breast carcinoma cells in vitro. Data presented as percentage of initial
specifically bound radioactivity that was (A) cell associated (membrane bound + internalized) and (B) internalized at selected time points. All measurements performed in triplicate.
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conjugate (P b 0.05 by unpaired t test), with the difference less pro-
nounced for the 211At-labeled conjugates. Because of the lower
carbon-halogen bond strength expected for 211At-labeled compounds,
comparison of activity levels in the thyroid and the stomach, tissues
known to sequester free astatide and iodide, can shed light on the rela-
tive in vivo stability of these conjugates. The uptake of 211At and 131I ac-
tivity in thyroid and stomach after injection of the four 5F7 sdAb
conjugates is summarized in Fig. 7. Thyroid and stomach accumulation
for both 211At-labeled 5F7 conjugates was significantly higher than
seen with their 131I-labeled co-administered counterparts. However,
thyroid and stomach activity levels were about twofold lower for iso-
[211At]SAGMB-5F7 compared with [211At]SAGMB-5F7, suggesting a
lower degree of deastatination in vivo for iso-[211At]SAGMB-5F7.

As shown in Fig. 8, tumor-to-normal tissue ratios for iso-[211At]
SAGMB-5F7 were significantly higher than those for [211At]SAGMB-
5F7 in all tissues. For example, tumor-to-liver, tumor-to-blood, tumor-
to-spleen and tumor-to-kidney ratios were 18 ± 4, 63 ± 13, 21 ± 3,
and 1.50 ± 0.25, respectively, for iso-[211At]SAGMB-5F7 at 4 h, com-
pared with 7.31 ± 1.26, 32 ± 4, 7.11 ± 1.47, and 0.67 ± 0.08 for
[211At]SAGMB-5F7. Likewise, tumor-to-normal tissue ratios for iso-
[131I]SGMIB-5F7 were significantly higher than those for [131I]SGMIB-
5F7 in all tissues (Fig. 9). Finally, tumor-to-normal tissue ratios for the
radioiodinated 5F7 conjugates were considerably higher than those
for the corresponding 211At-labeled 5F7 conjugates.
Table 1
Paired label biodistribution of [211At]SAGMB-5F7 and [131I]SGMIB-5F7 in SCID mice with subcu

Tissue Percent injected dose per grama

1 h 2 h

211At 131I 211At 131I

Liver 3.0 ± 0.3 3.7 ± 0.4 2.4 ± 0.2 3.0 ±
Spleen 2.5 ± 0.4 2.1 ± 0.1b 2.3 ± 0.2 1.8 ±
Lungs 11.7 ± 0.7 14.3 ± 2.0 7.9 ± 0.8 9.7 ±
Heart 1.8 ± 0.3 0.7 ± 0.1 1.3 ± 0.2 0.4 ±
Kidneys 85.3 ± 12.2 96.0 ± 13.6 46.2 ± 4.2 56.0 ±
Sm. Int. 1.4 ± 0.3 1.0 ± 0.2 1.1 ± 0.1 0.6 ±
Lg. Int. 0.9 ± 0.2 0.5 ± 0.1 1.1 ± 0.2 1.3 ±
Muscle 0.9 ± 0.2 0.6 ± 0.3 0.5 ± 0.2 0.3 ±
Blood 1.3 ± 0.2 1.0 ± 0.3 0.7 ± 0.1 0.3 ±
Bone 1.1± 0.2 0.6 ± 0.1 0.8 ± 0.2 0.4 ±
Brain 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ±
Tumor 15.7 ± 1.4 15.1 ± 1.3 15.7 ± 1.7 16.3 ±

a Mean ± SD (n = 5).
b Difference in uptake between the two agents statistically NOT significant.
4. Discussion

In the present study, the anti-HER2 sdAb 5F7 was successfully la-
beledwith theα-particle emitting radiohalogen 211At using two related
prosthetic agents, [211At]SAGMB and iso-[211At]SAGMB, designed to
trap the radionuclide in HER2-expressing cancer cells after receptor-
mediated internalization through the generation of positively charged,
labeled catabolites [25,27]. The high cytotoxicity of 211At α-particles
for HER2 expressing breast carcinoma cells has been demonstrated
with 211At-labeled trastuzumab both in vitro [14] and in vivo in com-
partmental settings [15,33]. Although 211At has many potential advan-
tages for targeted radiotherapy [16], the combination of the short
tissue range of its α-particles and its 7.2-h half-life necessitates the de-
velopment of strategies for rapidly achieving homogeneous and
prolonged delivery to cancer cells with rapid clearance from normal tis-
sues. Most approaches for achieving this goal utilize a small molecule
such as a mAb fragment; however, unlike the case with whole mAbs,
211At-labeled mAb fragments exhibit high uptake in thyroid and stom-
ach, indicating release of free 211At in vivo [34,35]. Within the HER2
targeting space, this behavior has been observed with an affibody (7
kDa) labeled using N-succinimidyl 3-[211At]astatobenzoate (SAB),
which exhibited 25-55 times higher stomach and thyroid levels than
the corresponding 125I-labeled construct [36]. An anti-HER2 diabody
also has been labeled with 211At using N-succinimidyl N-(4-[211At]
taneous B474M1 human breast carcinoma xenografts.

4 h 21 h

211At 131I 211At 131I

0.3 2.1 ± 0.2 2.4 ± 0.4b 0.7 ± 0.1 0.5 ± 0.1
0.2 2.2 ± 0.3 1.8 ± 0.5b 1.0 ± 0.3 0.5 ± 0.0
1.6 5.4 ± 1.3 5.7 ± 1.7b 1.5 ± 0.3 0.4 ± 0.2
0.0 1.1 ± 0.2 0.2 ± 0.1 0.5 ± 0.2 0.1 ± 0.0
3.9 23.0 ± 2.8 29.5 ± 3.4 6.1 ± 1.1 8.0 ± 1.3
0.1 0.9 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 0.1 ± 0.0
0.2 0.9 ± 0.2 1.2 ± 0.2 1.1 ± 0.4 0.8 ± 0.2
0.2 0.6 ± 0.2 0.4 ± 0.2 0.1 ± 0.0 0.0 ± 0.0
0.1 0.5 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.0 ± 0.0
0.2 0.6 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.0
0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0
1.9 15.5 ± 3.1 15.4 ± 3.1b 9.5 ± 1.2 11.8 ± 1.5



Table 2
Paired label biodistribution of iso-[211At]SAGMB-5F7 and iso-[131I]SGMIB-5F7 in SCID mice with subcutaneous B474M1 human breast carcinoma xenografts.

Tissue Percent injected dose per grama

1 h 2 h 4 h 21 h

211At 131I 211At 131I 211At 131I 211At 131I

Liver 2.7 ± 0.4 2.2 ± 0.4 2.2 ± 0.3 1.7 ± 0.3 1.4 ± 0.3 0.9 ± 0.2 0.6 ± 0.5 0.2 ± 0.1
Spleen 1.9 ± 0.7 1.4 ± 0.7 1.4 ± 0.3 0.9 ± 0.3 1.1 ± 0.1 0.7 ± 0.1 1.4 ± 2.2 0.1 ± 0.1b

Lungs 4.6 ± 0.5 5.2 ± 0.9b 3.7 ± 0.4 3.2 ± 0.7b 2.6 ± 0.2 2.5 ± 0.9b 2.1 ± 2.3 0.2 ± 0.1b

Heart 1.4 ± 0.2 0.7 ± 0.2 1.0 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 0.2 ± 0.0 0.7 ± 1.1 0.0 ± 0.0b

Kidneys 65.5 ± 14.5 58.9 ± 15.1 37.8 ± 9.7 32.2 ± 7.0 15.8 ± 1.4 13.0 ± 1.1 3.1 ± 1.5 1.6 ± 0.4
Sm. Int. 3.0 ± 2.3 2.9 ± 2.7b 1.1 ± 0.3 0.7 ± 0.2 0.7 ± 0.1 0.3 ± 0.1 0.9 ± 1.3 0.3 ± 0.5b

Lg. Int. 1.9 ± 1.3 1.8 ± 1.4b 0.8 ± 0.1 0.6 ± 0.1 2.0 ± 0.4 1.8 ± 0.4b 2.2 ± 3.7 2.8 ± 5.3b

Muscle 0.8 ± 0.1 0.7 ± 0.2 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.2 0.0 ± 0.0b

Blood 1.1 ± 0.2 0.8 ± 0.2 0.6 ± 0.1 0.3 ± 0.0 0.4 ± 0.1 0.2 ± 0.1 0.2 ± 0.2 0.0 ± 0.0
Bone 0.9 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.5 ± 0.2 0.4 ± 0.1 0.2 ± 0.2 0.3 ± 0.3 0.0 ± 0.0b

Brain 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0b

Tumor 21.2 ± 0.7 22.8 ± 0.9 22.5 ± 5.3 25.0 ± 6.1 23.4 ± 2.2 25.2 ± 2.4 14.6 ± 6.1 17.4 ± 6.2

a Mean ± SD (n = 5).
b Difference in uptake between the two agents statistically NOT significant.
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astatophenethylsuccinamate (SAPS) and although some encouraging
therapeutic responses were obtained, biodistribution results for the
211At-labeled diabody were not reported [37].

In attempting to develop optimal 211At-labeled anti-HER2 con-
structs, it is important to not only consider the in vivo stability issue
noted above but also how tomaximize the extent and duration of radio-
activity entrapment in cancer cells after binding and internalization of
the labeled molecule. In addition, one must select a protein format
that offers rapid tumor targeting at therapeutically relevant levels with-
out prolonged residence times in normal tissues. The excellent results
obtained with anti-HER2 sdAb SGMIB conjugates provided motivation
for the current study evaluating the potential utility of guanidinomethyl
substituted prosthetic groups for labeling 5F7 with 211At. Single domain
antibody fragment 5F7 with [24] and without [26] a GGC tail has been
evaluated after SGMIB labeling in SCID mice with BT474M1 xenografts
and with both constructs, tumor uptake peaked 2 h after injection, sug-
gesting that this sdAb had localization kinetics compatible with the 7.2-
h half-life of 211At. Because the version without the GGC tail exists as a
pure monomer vs. a mixture of monomer and dimer with 5F7-GGC
[24] and exhibited significantly higher tumor localization, the tailless
5F7 construct was selected for use in these experiments.

Because of the larger size of the astatine atom comparedwith the io-
dine atom, steric hindrance could be an evenmore important factor for
211At labeling. Based on the significantly higher radioiodination and
protein conjugation yields observed for iso-[131I]SGMIB compared
with [131I]SGMIB [27], both iso-[211At]SAGMB (1,3,5-isomer) and
[211At]SAGMB (1,3,4-isomer) were evaluated for labeling 5F7 sdAb.
Fig. 6. Paired-label uptake of 211At and 131I activity after injection of radiolabeled 5F7 sdAb conj
SAGMB-5F7 (red) and [131I]SGMIB-5F7 (blue). (B) iso-[211At]SAGMB-5F7 (brown) and iso-[131
Although radiolabeling and sdAb conjugation yields for iso-[211At]
SAGMB were higher than those for [211At]SAGMB, these differences
were not significant. Conjugation of these prosthetic groups, as well as
their radioiodinated counterparts, resulted in monomeric products
with excellent immunoreactivity and affinity (b5 nM) for binding to
HER2-overexpressing BT474M1 breast carcinoma cells. The results
obtained for [131I]SGMIB-5F7 were in good agreement with those
reported previously for the [131I]SGMIB-5F7-GGC construct [24]. With
both isomers, the affinity for the 211At-labeled 5F7 conjugate was
about half that of the corresponding 131I-labeled 5F7 conjugate. We
speculate that the larger size of the astatine atom and/or radiolytic
effects of 211At α-particles could have reduced binding affinity. Never-
theless, the binding affinities for iso-[211At]SAGMB-5F7 (3.0 ± 0.1 nM)
and [211At]SAGMB-5F7 (4.5 ± 0.4 nM) should be compatible with
their use as targeted radiotherapeutics.

Maximizing radionuclide trapping in cancer cells after binding and
cellular processing of radiolabeled receptor-targeted proteins should in-
crease effectiveness for targeted radiotherapy. Internalization assays
performed with both trastuzumab and 5F7 sdAb demonstrated that la-
beling these HER2-targeted proteins with either [*I]SGMIB or iso-[*I]
SGMIB resulted in a similar degree of cellular trapping of radioiodine
up to 6 h; however, at 24 h, total cell associated and internalized
activities were significantly lower for the iso-[*I]SGMIB conjugates
[28]. Although these results suggest that the residualizing capability of
iso-[*I]SGMIB is not as prolonged as that of [*I]SGMIB, this might not
be a significant disadvantage with 211At because of its 7.2-h half-life.
Paired label experiments on BT474M1 breast carcinoma cells permitted
ugates in SCIDmicewith subcutaneous BT474M1 breast carcinoma xenografts. (A) [211At]
I]SGMIB-5F7 (green).



Fig. 7. Percentage of the injected dose of 211At and 131I activity present after injection of [211At]SAGMB-5F7 (red) and [131I]SGMIB-5F7 (blue) in (A) thyroid and (C) stomach and iso-[211At]
SAGMB-5F7 (brown) and iso-[131I]SGMIB-5F7 (green) in (B) thyroid and (D) stomach, tissues known to accumulate free [211At]astatine and [131I]iodide.
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direct comparisonof cell associated and intracellular radioactivity for both
iso-[211At]SAGMB-5F7 and [211At]SAGMB-5F7 to their radioiodinated
counterparts. Our results indicated that astatine-for-iodine substitution
had no effect on residualizing capacity with both the 1,3,4- and 1,3,5-
isomers; however, for the latter, a significant decrease in intracellular
trapping was observed with both iso-[211At]SAGMB-5F7 and iso-[131I]
SGMIB-5F7 at 24 h. Although themechanism responsible for this behav-
ior is not known, it seems likely that a higher rate of catabolism and/or
egress of labeled catabolites for the 1,3,5-isomers could play a role. None-
theless, even with iso-[211At]SAGMB-5F7, 48.4 ± 5.5% of initially bound
radioactivity remained internalized at 24 h, which is encouraging
because more than 90% of 211At atoms would have decayed by this time.

The primary focus of this study was the evaluation of the 211At-
labeled 5F7 conjugates which to the best of our knowledge, represents
the first attempt to evaluate this promising α-emitter for labeling
sdAbs. One of these agents, [211At]SAGMB, has been used successfully
for labeling the internalizing intactmAb L8A4 that reacts with a mutant
form of the epidermal growth factor receptor [27]. However, extrapola-
tion of results from one type of protein construct to another must be
done with caution. For example, Nε-(3-[131I]iodobenzoyl)-Lys5-Nα-
maleimido-Gly1-GEEEK (131I-IB-Mal-D-GEEEK) was shown to be an
excellent reagent for labeling intact mAb L8A4 but offered no advan-
tages in terms of tumor uptake, and a distinct disadvantage in terms
of kidney uptake, for labeling 5F7 sdAb [23,38]. Importantly, the high
and prolonged retention of radioactivity in HER2-expressing BT474M1
cancer cells observed in the internalization assays with [211At]SAGMB-
5F7 and iso-[211At]SAGMB-5F7 was replicated in the paired-label
biodistribution studies performed in SCIDmice with xenografts derived
from the same BT474M1 cell line. The magnitude of tumor accumula-
tion observed with these 211At-labeled 5F7 conjugates was two- to
threefold higher than reported for another HER2-targeted sdAb,
2Rs15d, labeled with 99mTc [21], 177Lu [39], 68Ga [40] and 18F [41] as
well as HER2-specific affibodies labeled with a variety of radionuclides
including 211At [36,42].

Regarding the possibility of isomer substitution pattern affecting
tumor activity levels, iso-[131I]SGMIB-5F7 and iso-[211At]SAGMB-5F7
exhibited a significant ~1.5-fold tumor delivery advantage compared
with [131I]SGMIB-5F7 and [211At]SAGMB-5F7 at all time points. Howev-
er, this does not appear to reflect differences in residualization capacity
because similar degrees of intracellular trappingwere observed for both
isomers in the in vitro internalization assays until the last time point.
With regard to differences in the in vivo behavior of the 211At- and
131I-labeled conjugates, the localization of [211At]SAGMB-5F7 and iso-
[211At]SAGMB-5F7 in HER2-positive BT474M1 xenografts was compa-
rable to that of their co-administered 131I-labeled analogues at early
time points but about 20% lower at 21 h. This likely reflects halogen-
dependent differences in in vivo stability, with a higher rate of
dehalogenation for astatine the most probable cause, consistent with
the lower C-X bond strength for astatine [43]. This is supported by the
observation of higher levels of 211At compared with 131I in thyroid
and stomach, tissues known to sequester free radiohalides, with both
isomers. However, activity levels in the thyroid and stomach after injec-
tion of [211At]SAGMB-5F7 were 0.4-0.6% and 1.0-2.3% ID, respectively,
while those for iso-[211At]SAGMB-5F7were 0.2-0.3% and 0.6-1.7% ID, re-
spectively, suggesting a lower degree of deastatination for the iso-
[211At]SAGMB conjugate. Likewise, stomach and thyroid radioactivity
levels after injection of iso-[131I]SGMIB-5F7 were lower than those for
[131I]SGMIB-5F7, suggesting isomer-dependent differences in the
in vivo stability of these radiohalogenated sdAb conjugates. Nonethe-
less, the degree of 211At uptake in thyroid and stomach for both



Fig. 8. Tumor-to-normal tissue ratios after injection of [211At]SAGMB-5F7 (red) and iso-[211At]SAGMB-5F7 (brown) in SCID mice bearing subcutaneous breast carcinoma BT474M1
xenografts.

Fig. 9. Tumor-to-normal tissue ratios after injection of [131I]SGMIB-5F7 (blue) and iso-[131I]SGMIB-5F7 (green) in SCIDmice bearing subcutaneous breast carcinoma BT474M1 xenografts.
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[211At]SAGMB-5F7 and iso-[211At]SAGMB-5F7 were lower than those
reported for a variety of lower molecular weight proteins labeled
using several different methods [34–36]. Even though the loss of
[211At]astatide from [211At]SAGMB-5F7 and iso-[211At]SAGMB-5F7
was relatively low, it could increase normal tissue toxicity, which can
be reduced significantly through the use of blocking agents [44] as we
have done in clinical studies with 211At-labeled antibodies [45].

Tumor-to-normal tissue ratios were generally higher for the
radioiodinated conjugates compared with the astatinated versions, pre-
sumably reflecting the higher in vivo stability of the iodo versions. Unex-
pectedly, tumor-to-normal tissue ratios were significantly higher with
both radionuclides when 5F7 was labeled using the iso- prosthetic
agents. As summarized in Tables 1 and 2, this reflects not only small ad-
vantages in tumor uptake but also considerably lower activity levels in
normal tissues, particularly with the 131I-labeled conjugates. A possible
explanation for this behavior is a mass effect wherein a certain mass of
sdAb is needed to block nonspecific uptake of the labeled sdAb in nor-
mal organs such as the liver spleen and lungs [40]. This could be relevant
here because the [211At]SAGMB-5F7 plus [131I]SGMIB-5F7
biodistribution experiment was performed at a total 5F7 dose of 2.1 μg
while in the iso-[211At]SAGMB-5F7 plus iso-[131I]SGMIB-5F7 study, a
total 5F7 dose of 4.3 μg was administered. However, this is likely not a
factor because the biodistribution observed for [131I]SGMIB-5F7 in the
current study at a total sdAb dose of 2.1 μgwas quite similar to those re-
ported previously for [131I]SGMIB-5F7 at total 5F7 doses of 4.3. and 6.8
μg [26]. Moreover, significant mass dependent localization differences
were observed for the anti-HER2 sdAb 2Rs15d after labeling with 68Ga
between 0.1 and 1 μg doses but not between doses of 1 and 10 μg
[40], which encompasses the doses used in the current study.

The differences observed in the biological behavior with the two iso-
mer versionswith the same radiohalogenwere unexpected, particularly
given the similarity in tissue distribution observed previously when iso-
[125I]SGMIB-trastuzumab and [131I]SGMIB-trastuzumab were com-
pared in the same animal model [28]. However, sdAb are about 10
times smaller than intact mAbs, whichmay lead tomore rapid degrada-
tion to species that are small enough to allow easy access to deiodinases
and other enzymes such as cytochrome P450 that can lead to
dehalogenation [46]. The greater metabolic stability of iso-[125I]
SGMIB-5F7 compared with [131I]SGMIB-5F7 could be explained by dif-
ferences in the catabolism of the two conjugates and the susceptibility
of the labeled catabolites towards in vivo deiodination. As summarized
in a recent review [46], subtle differences in thedesign of radioiodinated
compounds can lead to increased rates of deiodination. Consistent with
our observations, Wieland et al [47] reported that the deiodination of
meta-iodobenzylguanidine (structural element of iso-SGMIB) was less
than that of ortho-iodobenzylguanidine (structural element of SGMIB).
Studies are planned to evaluate the chemical nature of the labeled ca-
tabolites generated from iso-SGMIB-sdAb and SGMIB-sdAb conjugates
to better understand the differences observed in their in vivo behavior.

A potential problem with using sdAb as a platform for targeted
radiotherapeutics is the high accumulation and prolonged retention of
radioactivity in the kidney,which could result in dose limiting renal tox-
icity. This behavior has been observed with radiometals such as 177Lu
[39,48] as well as with some residualizing radiohalogenation agents
such as 131I-IB-Mal-D-GEEEK [23]. For example, when 5F7-GGC was
labeled using 131I-IB-Mal-D-GEEEK, kidney levels were greater than
150% ID/g from 1-8 h after injection and about 100% ID/g at 24 h [24].
In contrast, with all four radiohalogenated 5F7 conjugates evaluated in
the current study, initial kidney radioactivity levels were high (60-
100% ID/g) but decreased rapidly with renal clearance half-lives of
about 1-2 h. Renal radioactivity levels for both the 131I- and 211At-
labeled iso- conjugates were significantly lower than those observed
for their corresponding 1,3,4-isomer conjugates at all time points with
the difference in kidney retention increasing with time. For example,
the renal radioactivity level observed 21 h after injection of iso-[131I]
SGMIB-5F7 was more than 4 times lower than that for [131I]SGMIB-
5F7. Radionuclide-dependent differences in kidney activity levels also
were observed although to a lesser extent than those between the two
isomeric versions for a given radionuclide, Paradoxically, kidney radio-
activity levels after injection of iso-[211At]SAGMB-5F7 were higher
than those for co-administered iso-[131I]SGMIB-5F7 while renal radio-
activity levels after injection of [211At]SAGMB-5F7 were lower than
those for co-administered [131I]SGMIB-5F7. The differences in renal up-
take and retention of the four 5F7 sdAb radioconjugates cannot be ex-
plained at this time and were unexpected considering the similarity of
the acylation agents in physical properties that might influence kidney
retention such as polarity and hydrophilicity. Moreover, previous stud-
ies showed no significant differences between kidney uptake values for
intact mAb L8A4 labeled with [131I]SGMIB and [211At]SAGMB [26], and
trastuzumab labeled using [131I]SGMIB and iso-[125I]SGMIB [27]. Al-
though themechanism(s) responsible for their lower kidney radioactiv-
ity levels are not clear, the iso-[211At]SAGMB and iso-[131I]SGMIB
conjugates are the reagents of choice for minimizing radiation absorbed
dose to the kidneys with 5F7 and potentially other sdAb. If further re-
duction in renal radiation dose is needed, D’Huyvetter et al [48] have
shown that this can be accomplished, at least with a 177Lu-labeled
sdAb by co-infusion with the plasma expander Gelofusin.

5. Conclusion

In summary, we have shown that the anti-HER2 sdAb 5F7 can be
labeled with 211At in reasonable yields with excellent retention of affin-
ity and immunoreactivity after labeling. Studies in preclinical models
with [211At]SAGMB-5F7 demonstrated high and prolonged tumor
targeting and rapid normal tissue clearance, with even more favorable
observed with iso-[211At]SAGMB-5F7. Moreover, iso-[131I]SGMIB-5F7
was shown to offer significantly improved tumor targeting compared
with [131I]SGMIB-5F7. Taken together, our results suggest that
iso-[211At]SAGMB-5F7 and iso-[131I]SGMIB-5F7 warrant further evalua-
tion asα-particle and β-particle emitting targeted radiotherapeutics for
the treatment of HER2 expressing malignancies.
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