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Nanobodies are approximately 15-kDa proteins based on the

smallest functional fragments of naturally occurring heavy chain–

only antibodies and represent an attractive platform for the devel-

opment of molecularly targeted agents for cancer diagnosis and
therapy. Because the human epidermal growth factor receptor type

2 (HER2) is overexpressed in breast and ovarian carcinoma, as well

as in othermalignancies,HER2-specificNanobodiesmaybevaluable

radiodiagnostics and therapeutics for these diseases. The aim of the
present study was to evaluate the tumor-targeting potential of anti-

HER2 5F7GGC Nanobody after radioiodination with the residualiz-

ing agentN-succinimidyl 4-guanidinomethyl 3-125/131I-iodobenzoate
(*I-SGMIB).Methods: The 5F7GGC Nanobody was radiolabeled us-

ing *I-SGMIBand, for comparison,withNe-(3-*I-iodobenzoyl)-Lys5-Nα-

maleimido-Gly1-GEEEK (*I-IB-Mal-D-GEEEK), another residualizing

agent, andbydirect radioiodinationusing IODO-GEN (125I-Nanobody).
The 3 labeled Nanobodies were evaluated in affinity measurements,

and paired-label internalization assays were performed on HER2-

expressing BT474M1 breast carcinoma cells and in paired-label

tissue distribution measurements in mice bearing subcutaneous
BT474M1 xenografts. Results: *I-SGMIB-Nanobody was produced

in 50.4% ± 3.6% radiochemical yield and exhibited a dissociation

constant of 1.5 ± 0.5 nM. Internalization assays demonstrated that
intracellular retention of radioactivity was up to 1.5-fold higher for

*I-SGMIB-Nanobody than for coincubated 125I-Nanobody or *I-IB-

Mal-D-GEEEK-Nanobody. Peak tumor uptake for *I-SGMIB-

Nanobody was 24.50% ± 9.89% injected dose/g at 2 h, 2- to 4-fold
higher than observed with other labeling methods, and was re-

duced by 90% with trastuzumab blocking, confirming the HER2

specificity of localization. Moreover, normal-organ clearance was

fastest for *I-SGMIB-Nanobody, such that tumor–to–normal-organ
ratios greater than 50:1 were reached by 24 h in all tissues except

lungs and kidneys, for which the values were 10.4 ± 4.5 and 5.2 ±
1.5, respectively. Conclusion: Labeling anti-HER2 Nanobody

5F7GGC with *I-SGMIB yields a promising new conjugate for tar-
geting HER2-expressing malignancies. Further research is needed

to determine the potential utility of *I-SGMIB-5F7GGC labeled with
124I, 123I, and 131I for PET and SPECT imaging and for targeted
radiotherapy, respectively.
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Human epidermal growth factor receptor type 2 (HER2) is
overexpressed in 20%–30% of breast cancers and in a similar

subset of gastric cancers, non–small cell lung cancers, colon car-

cinomas, and ovarian carcinomas and portends a poor prognosis

(1–3). Novel drugs targeting HER2, including the monoclonal

antibodies (mAbs) trastuzumab and pertuzumab, and tyrosine ki-

nase inhibitors such as lapatinib, have been developed and shown

significant therapeutic benefit in patients with HER2-expressing

malignancies (4–6). Moreover, trastuzumab and pertuzumab have

been evaluated in preclinical studies as potential targeting vectors

for radioimmunotherapy (7,8).Although radiolabeledHER2-specific

constructs are of great interest not only for selecting patients for

HER2-targeted therapies but also as targeted therapeutics, intact

mAbs are not ideal vectors for either application because of their slow

normal-tissue clearance. To overcome this drawback, a variety of

small HER2-binding proteins have been developed, including scFv-

CH2-CH3 fragments (9), Affibodymolecules (Affibody AB) (10) and

their 2-helix analogs (11), and Nanobodies (variable fragments of

heavy chain antibodies; Ablynx) (12).
Nanobodies are 12- to 15-kDa nonimmunogenic antigen-binding

single-domain fragments isolated from the heavy-chain–only anti-

bodies occurring in Camelidae (13) with attractive features for

radiolabeled imaging and therapy applications. Because they are

small, they clear rapidly from blood and normal tissues and rapidly

penetrate tumors.Moreover, they have better stability and solubility

than whole mAbs, and they are able to recognize hidden or uncom-

mon epitopes (14). Several Nanobodies with high affinities to HER2

have been developed (12,15,16), with encouraging results providing

motivation for further evaluation. Iodine radionuclides are appeal-

ing for this purpose because of the availability of radionuclides with

decay characteristics suitable for SPECT (123I) or PET (124I) imag-

ing as well as b-particle (131I) or Auger electron (123I, 125I) radio-

therapy.
An important consideration for the design of Nanobody-based

radiopharmaceuticals is elucidation of radiolabeling strategies that
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will optimize their potential as imaging agents and therapeutics,
both in terms of their general properties and in terms of features that
are dependent on their interaction with targeted cells. With regard
to the first consideration, excessive accumulation of radioactivity in
the kidneysmay be problematic (17) because Nanobodies are below
the size cutoff for renal filtration. With regard to the second, HER2-
targeted proteins rapidly internalize after receptor binding (7,8),
a process that can lead to lysosomal degradation followed by rapid
loss of radioactivity from tumor cells (18,19).
This consideration has led to the development of prosthetic

groups that can be conjugated to internalizing mAbs so that labeled
catabolites generated from the conjugate are trapped within the cell.
Two strategies that we have explored for designing residualizing
agents are the use of aromatic acylation agents bearing substituents
that will remain charged at lysosomal pH (20,21) and short D–amino
acid peptides that are inert to lysosomal hydrolases (22,23). Because
Ne-(3-iodobenzoyl)-Lys5-Na-maleimido-Gly1-GEEEK (IB-Mal-D-
GEEEK) was particularly effective in enhancing tumor retention of
radioactivity for internalizing mAbs and fragments (18,23), this re-
agent was selected for initial Nanobody labeling studies. Although
IB-Mal-D-GEEEKoffered significant advantages over conventional
iodination (16), better tumor targeting should be achievable with
alternative labeling approaches.
In the present study, the anti-HER2 Nanobody 5F7GGC was

radioiodinated using N-succinimidyl 4-guanidinomethyl-3-iodobenzoate
(SGMIB)—a residualizing agent that combines good tumor retention
and rapid normal-tissue clearance (18)—and was evaluated for tar-
geting HER2-expressing BT474M1 human breast carcinoma cells
and xenografts. Paired-label comparisons were made to Nanobody
labeled using IB-Mal-D-GEEEK and 1,3,4,6-tetrachloro-3a,6a-
diphenyl-glycoluril (IODO-GEN; Thermo Fisher Scientific).

MATERIALS AND METHODS

Nanobody Molecule

Production, purification, and characterization of 5F7GGCNanobody
bearing a cysteine tail have been described elsewhere (16). Briefly, the

anti-HER2 Nanobody was identified from phage libraries derived from
llamas immunized with SKBR3 human breast carcinoma cells. Its equi-

librium dissociation constant for binding to HER2, determined by sur-
face plasmon resonance, was 0.51 nM.

Nanobody Radioiodination

Details for the synthesis and high-performance liquid chromatogra-
phy purification of 125/131I-SGMIB and 125/131I-IB-Mal-D-GEEEK from

4-(N1,N2-bis-tert-butyloxycarbonyl)guanidinomethyl-3-trimethylstan-
nylbenzoate andNe-(3-(tri-n-butyl)benzoyl)-Lys5-Na-maleimido-Gly1-

D-GEEEK, respectively, and methods for their conjugation to proteins
are summarized in the Supplemental Materials (available at http://jnm.

snmjournals.org) and described in detail elsewhere (23,24). The
5F7GGC Nanobody was radiolabeled on constituent tyrosine residues

using the IODO-GEN method (16). Aliquots of 96 mg of 5F7GGC
Nanobody were used for all labeling procedures. Nanobody labeled

using IODO-GEN (*I-Nanobody; *I 5 125I or 131I), SGMIB (*I-
SGMIB-Nanobody), and IB-Mal-D-GEEEK (*I-IB-Mal-D-GEEEK-

Nanobody) were purified by gel filtration over PD-10 columns (GE
Healthcare) eluted with phosphate-buffered saline, pH 7.4. Protein-

associated radioactivity was determined by instant thin-layer chroma-
tography and coprecipitation with human serum albumin using 20%

trichloroacetic acid. The immunoreactivity of radiolabeled Nanobodies
was determined by Lindmo assay using magnetic beads coated with

recombinant ErbB2/HER2 Fc chimera (R&DSystems) or bovine serum
albumin to correct for nonspecific binding (16,22).

Binding Affinity and Internalization Assays

These studies were performed using HER2-expressing BT474M1
human breast carcinoma cells (25). Cells were grown in Dulbecco

modified Eagle/F12 medium supplemented with 10% fetal calf serum,
streptomycin (100 mg/mL), and penicillin (100 IU/mL) (Sigma

Aldrich) at 37�C in 5% CO2. Medium was changed every 2 d and
cells passaged by trypsinization (0.05% trypsin-ethylenediamine tetra-

acetic acid) when they were about 80% confluent. Binding affinities
were determined by incubation of 0.1–300 nM labeled Nanobodies

with BT474M1 cells as described previously (16), and equilibrium
dissociation constants were determined using GraphPad Prism soft-

ware. Internalization and cell processing assays involved incubation of
7.7 pmol of labeled Nanobodies with 8 · 104 BT474M1 cells at 4�C
for 30 min, removal of unbound Nanobody, and then incubation at
37�C for 24 h, as described previously (16). Nonspecific uptake was

determined by coincubation with a 100-fold excess of trastuzumab
(Genentech).

Paired-Label Biodistribution Studies

Animal studies were performed in accordance with the guidelines

established by the Duke University Institutional Animal Care and Use
Committee. Sixty-day continuous-release 17-b-estradiol pellets (Inno-

vative Research of America) were implanted in the backs of 10- to 12-
wk-old female NOD.CB17-Prkdcscid/J mice (Jackson Laboratories).

Two days later, the mice were inoculated in the flank with 5 · 106

BT474M1 cells in 50% Matrigel (BD Biosciences). Biodistribution

studies were initiated when tumors reached a volume of 350–500 mm3.
Five groups of 5 mice were injected via the tail vein with 185 kBq of

both 125I-Nanobody (0.6mg, 294MBq/mg) and 131I-SGMIB-Nanobody
(1.0 mg, 185 MBq/mg) or 93 kBq of 125I-SGMIB-Nanobody (1.6 mg,

59 MBq/mg) and 150 kBq of 131I-IB-Mal-D-GEEEK-Nanobody
(0.7 mg, 218 MBq/mg). At 1, 2, 4, 8, and 24 h after injection, the mice

were euthanized by halothane overdose, dissected, and their organs
collected. An additional group of 5 mice in each experiment was

injectedwith trastuzumab (;500-foldmolar excess) 24 h before labeled
Nanobody administration, and 2 h later, their biodistribution was deter-

mined. Tissues of interest were weighed and counted in a dual-channel g
counter for 125I and 131I radioactivity along with injection standards.

Results were expressed as percentage injected dose per gram of tissue
(%ID/g), except for thyroid, for which %ID/organ values were calculated.

Statistical Analyses

Data are presented as mean 6 SD. Differences in tissue uptake of
coadministered labeled Nanobodies were tested for statistical sig-

nificance with a paired 2-tailed Student t test using Microsoft Excel.
A P value of less than 0.05 was considered statistically significant.

RESULTS

Radiolabeling

The radioiodination yield for labeling 5F7GGC Nanobody using
the IODO-GEN, *I-SGMIB, and *I-IB-Mal-D-GEEEK methods
was 86.2%6 1.6% (n 5 5), 50.4%6 3.6% (n 5 3), and 69.6%6
5.6% (n 5 6), respectively, and radiochemical purity was greater
than 98%with eachmethod. Specific activities of 118–910MBq/mg,
59–160MBq/mg, and 22–352MBq/mgwere obtained for Nanobod-
ies labeled using IODO-GEN, *I-SGMIB, and *I-IB-Mal-D-GEEEK,
respectively. Immunoreactive fractions for *I-Nanobody, *I-SGMIB-
Nanobody, and *I-IB-Mal-D-GEEEK-Nanobody binding to HER2
were 59.5%6 3.9% (n5 3), 70.4%6 15.7% (n5 3), and 74.6%6
18.5% (n5 5), respectively.

Binding Affinity and Internalization

Binding affinity was evaluated using the BT474M1 human
breast carcinoma cell line. The equilibrium dissociation constant

SGMIB-LABELED ANTI-HER2 NANOBODY • Pruszynski et al. 651

http://jnm.snmjournals.org
http://jnm.snmjournals.org


measured for 125I-SGMIB-Nanobody was 1.5 6 0.5 nM (Supple-
mental Fig. 1), a value similar to values reported previously for 125I-
Nanobody (1.8 6 0.6 nM) and 131I-IB-Mal-D-GEEEK-Nanobody
(3.2 6 1.0 nM) (16).
Two assays were performed to directly compare the intracellular

retention of radioactivity in BT474M1 cells of *I-SGMIB-Nanobody
with that of coincubated 125I-Nanobody or 131I-IB-Mal-D-GEEEK-
Nanobody (Fig. 1). In the first study, intracellular counts from 125I-
Nanobody (68.8% 6 6.2%) and 131I-SGMIB-Nanobody (73.8% 6
1.3%) of initially cell-bound activity were similar after 1 h and
steadily decreased with time for 125I-Nanobody, reaching 36.6% 6
4.1% at 24 h. In contrast, intracellular radioactivity from 131I-
SGMIB-Nanobody remained fairly constant and was 57.6% 6
6.3% at 24 h. Direct comparison of the internalization of 125I-
SGMIB-Nanobody and 131I-IB-Mal-D-GEEEK-Nanobody revealed
that the intracellular radioactivity from 131I-IB-Mal-D-GEEEK-
Nanobody was constant over 24 h (46.8% 6 13.3% at 1 h; 48.2%
6 1.7% at 24 h), whereas internalized counts from 125I-SGMIB-
Nanobody slightly decreased with time (64.3% 6 11.6% at 1 h;
52.0%6 2.4% at 24 h). Intracellular activity for 125I-SGMIB-Nano-
body was higher than that from 131I-IB-Mal-D-GEEEK-Nanobody at
all time points, with the differences being statistically significant at 4
and 8 h (P , 0.05). As expected, complementary behavior was ob-
served in cell culture supernatant activity levels, consistent with re-
lease of labeled catabolites into the medium. Pretreatment of
BT474M1 cells with a 100-fold excess of trastuzumab reduced in-
tracellular radioactivity to less than 0.2%, demonstrating the HER2
specificity of labeledNanobody internalization. A significantly higher
fraction of cell culture supernatant activity was protein-associated for
131I-SGMIB-Nanobody than for 125I-Nanobody (P, 0.05) at all time
points. Protein-associated activity for 125I-SGMIB-Nanobody and

131I-IB-Mal-D-GEEEK-Nanobody was 86%–95% over the first 6 h
(differences not significant); however, at 24 h, trichloroacetic acid–
precipitable activity for 125I-SGMIB-Nanobody decreased to
43.1%6 0.6% whereas that for 131I-IB-Mal-D-GEEEK-Nanobody
was 82.2%6 7.2%.

Biodistribution Studies

The tissue distribution of *I-SGMIB-Nanobody was com-
pared with 125I-Nanobody and 131I-IB-Mal-D-GEEEK-Nanobody
in mice bearing BT474M1 xenografts, and the results in all tissues
obtained 1–24 h after injection are presented in Supplemental
Tables 1 and 2, respectively. The most striking differences were
observed in tumor and kidneys (Fig. 2). Tumor uptake of 131I-
SGMIB-Nanobody was significantly higher than that of 125I-
Nanobody at all time points, peaking at 24.50 6 9.89 %ID/g after
2 h, compared with 6.39 6 1.97 %ID/g for 125I-Nanobody, with
the tumor delivery advantage for 131I-SGMIB-Nanobody reaching
nearly 8-fold at 24 h. The average tumor weight at necropsy was
0.31 6 0.07 g. Renal uptake of 131I-SGMIB-Nanobody was sig-
nificantly higher than that of 125I-Nanobody at 1 and 2 h; however,
by 24 h, 131I-SGMIB-Nanobody exhibited 5-fold lower kidney
uptake than 125I-Nanobody (P , 0.004). Tumor–to–normal-tissue
ratios were significantly higher for 131I-SGMIB-Nanobody than for
125I-Nanobody (Supplemental Fig. 2). For example, tumor-to-blood
and tumor-to-muscle ratios were 10.96 2.4 and 18.86 8.9, respec-
tively, for 131I-SGMIB-Nanobody at 1 h, compared with 0.5 6 0.1
and 4.26 1.1 for 125I-Nanobody.
In the second experiment, tumor accumulation peaked at 2 h for

125I-SGMIB-Nanobody (12.57 6 2.77 %ID/g) and 131I-IB-Mal-D-
GEEEK-Nanobody (6.23 6 1.32 %ID/g), with an approximately
2-fold tumor delivery advantage maintained throughout 24 h

(Fig. 2C). The average tumor weight at
necropsy was 0.72 6 0.29 g. Uptake of
125I-SGMIB-Nanobody in the kidney was
2-fold lower than that of coadministered
131I-IB-Mal-D-GEEEK-Nanobody at 1 h
(82.4 6 15.3 %ID/g vs. 196.6 6 23.9 %
ID/g) and 50-fold lower at 24 h. Thyroid
and stomach radioiodine levels for Nano-
body labeled with either *I-SGMIB or *I-
IB-Mal-D-GEEEK were 20- to $200-fold
lower that those seen for directly radio-
iodinated Nanobody (Supplemental Tables
1 and 2), consistent with a low degree of
deiodination in vivo for Nanobody labeled
using these residualizing agents. Tumor–
to–normal-tissue ratios were higher for
125I-SGMIB-Nanobody than for 131I-IB-
Mal-D-GEEEK-Nanobody, especially at
later time points (Fig. 3). For example,
tumor-to-blood ratios for 125I-SGMIB-
Nanobody increased from 8.2 6 3.3 to
36.4 6 6.9 from 1 to 4 h, compared with
4.3 6 1.5 to 16.5 6 3.9 for 131I-IB-Mal-
D-GEEEK-Nanobody. Tumor–to–normal-
tissue ratios for 125I-SGMIB-Nanobody
were at least 10 at 8 h for all tissues
except kidneys, for which a value of
1.9 6 0.8, compared with 0.04 6 0.01
for 131I-IB-Mal-D-GEEEK-Nanobody, was
observed.

FIGURE 1. Cellular processing of radioiodinated Nanobody in BT474M1 cells. (A and B) 125I-

Nanobody (○) vs. 131I-SGMIB-Nanobody (●): internalized (A) and supernatant (B). (C and D) 131I-

IB-Mal-D-GEEEK-Nanobody (□) vs. 125I-SGMIB-Nanobody (▪): internalized (C) and supernatant (D).
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The effect of a blocking dose of trastuzumab administered 24 h
before labeled Nanobodies was determined to evaluate the HER2

specificity of labeled Nanobody distribution (Table 1). Preinjec-

tion of trastuzumab reduced tumor uptake in the first study from

6.4% 6 2.0% to 2.3% 6 0.2% for 125I-Nanobody (65% inhibition)

and from 24.5%6 9.9% to 2.1%6 0.2% for 131I-SGMIB-Nanobody

(90% inhibition). In the second study, preinjection of trastuzumab

reduced tumor uptake over 90% for both 125I-SGMIB-Nanobody

and 131I-IB-Mal-D-GEEEK-Nanobody but did not affect uptake in

other tissues, confirming HER2-specific tumor localization of these

labeled Nanobodies.

Radiation dosimetry calculations were
performed from these mouse distribution
data for hypothetical 37-MBq doses of 131I-
labeled Nanobody according to methods
described in the Supplemental Materials.
The radiation dose delivered to tumor from
131I-SGMIB-Nanobody was about 2 times
higher than that calculated for 131I-IB-Mal-
D-GEEEK-Nanobody in the same animals;
a greater than 6-fold tumor dose delivery
advantage was estimated compared with
131I-Nanobody (Supplemental Table 3).
Radiation dose delivered to kidney for
131I-SGMIB-Nanobody was about 2-fold
lower than that to tumor, whereas the
kidney radiation dose for 131I-IB-Mal-D-
GEEEK-Nanobody and 131I-Nanobody
was 28 and 7 times higher, respectively.
Tumor–to–normal-tissue radiation dose ra-
tios for 131I-SGMIB-Nanobody were higher
than those determined for the 2 other label-
ing methods and were about 32, 47, 8, 56,
and 104 in liver, spleen, lungs, stomach, and
blood, respectively.

DISCUSSION

Nanobodies are the smallest antigen
recognition fragments derived from a func-
tional mAb, a fortuitous consequence of the
heavy-chain–only mAb configuration oc-

curring naturally in Camelidae. These approximately 15-kDa pro-
teins are an attractive platform for the development of molecularly
specific radiopharmaceuticals, combining the rapid blood clear-
ance and tumor penetration of similarly sized Affibody and DAR-
Pin molecules (designed ankyrin repeat proteins) (10,26) with
other potential advantages. These include the ability to recognize
buried or hidden epitopes because of the conformation of their
CDR3 domains and ease of generation of high-affinity binders
compared with constructs derived from artificial protein scaffolds
such as Affibody molecules (14). To harness the potential advan-
tages of Nanobodies as radiodiagnostic and, possibly, radiothera-
peutic agents, several challenges must be addressed, many of

which are a consequence of their small
size. First, compared with intact mAbs,
the CDR domains, which are responsible
for target recognition, comprise a greater
fraction of themolecule, increasing the like-
lihood that radiolabeling will alter binding
affinity. Second, because Nanobodies are
below the size limit for renal filtration,
achieving adequate tumor levels while
minimizing retention in the kidneys will
be important. Finally, for Nanobodies that
bind to internalizing receptors such as
HER2, a radionuclide–radiolabeling pair
that results in efficient trapping of the radio-
activity in tumor cells after intracellular
processing of the labeled Nanobody should
be exploited, particularly if therapeutic ap-
plication is envisioned.

FIGURE 2. Uptake of radioiodine in athymic mice with BT474M1 xenografts. (A and B) 125I-

Nanobody (hatched) vs. 131I-SGMIB-Nanobody (black): tumor (A) and kidneys (B). (C and D) 131I-

IB-Mal-D-GEEEK-Nanobody (white) vs. 125I-SGMIB-Nanobody (black): tumor (C) and kidneys (D).

*Difference not significant (P . 0.05).

FIGURE 3. Tumor–to–normal-tissue ratios in athymic mice bearing subcutaneous BT474M1

xenografts for 131I-IB-Mal-D-GEEEK-Nanobody (○) and 125I-SGMIB-Nanobody (●): liver (A),

spleen (B), lungs (C), kidneys (D), heart (E), stomach (F), blood (G), and muscle (H).
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Our initial studies with anti-HER2 Nanobody 5F7GGC estab-
lished the need for using a residualizing labeling strategy for this
rapidly internalizing construct (16). IB-Mal-D-GEEEKwas selected
for this purpose because of the excellent results obtained when this
prosthetic group was used to label other internalizing mAbs and
fragments. For example, labeling the antiepidermal growth factor
variant III (EGFRvIII) mAb L8A4 increased retention of radio-
iodine in EGFRvIII-expressing cells and xenografts by factors of
up to 15-fold and 5-fold, respectively, compared with L8A4 labeled
using IODO-GEN (23). Although less striking advantages were
observed, labeling a 105-kDa anti-HER2 (scFv-CH2-CH3)2 with
IB-Mal-D-GEEEK also resulted in a significant tumor delivery ad-
vantage compared with IODO-GEN or SGMIB labeling (18). With
5F7GGC Nanobody, IB-Mal-D-GEEEK labeling increased tumor
uptake by 1.5-fold at 8 h and 3-fold at 24 h compared with IODO-
GEN (16). Unfortunately, IB-Mal-D-GEEEK labeling also resulted
in more than an order of magnitude increase in kidney uptake to
levels in excess of 100 %ID/g at all time points, providing motiva-
tion for the current study, seeking a labeling approach that would
enhance tumor retention without engendering an even greater in-
crease in kidney uptake.
The residualizing property of IB-Mal-D-GEEEK is derived from

the 3 negatively charged glutamic acid residues in the D-amino acid
pentapeptide, which generate labeled catabolites that are trapped in
tumor cells after receptor-mediated internalization of proteins la-
beled with this reagent (23). Exploiting the limited diffusion of
labeled catabolites across lysosomal and cell membranes as a strat-
egy for labeling internalizing proteins can also be accomplished
using aromatic prosthetic groups bearing charged substituents.
The SGMIB reagent exemplifies this tactic, with one positive charge
created by a highly basic guanidine moiety (20). Although signifi-
cant tumor enhancement was observed when anti-EGFRvIII mAb
L8A4was labeled using SGMIB, the effect was lower than that seen
when IB-Mal-D-GEEEK was used to label this mAb. On the other
hand, kidney retention of likely catabolites for proteins labeled us-
ing SGMIBwere very low (20,27), which is not the case for charged
D-amino acid acylation agents (28), making SGMIB of potential
value as a Nanobody-labeling reagent.
With only 5 lysines in the 5F7GGC molecule and none found in

the CDRs (data not shown), the formation of a high-affinity
SGMIB-Nanobody conjugate should be feasible. Indeed, the in
vitro affinity measured for binding of 125I-SGMIB-Nanobody to
BT474M1 cells was 1.56 0.5 nM, in good agreement with a value

of 0.51 nM for the binding of cold Nanobody to HER2 extracel-
lular domain determined by surface plasmon resonance (16).
Paired-label internalization and cell-processing assays demon-
strated that intracellular retention of radioactivity for *I-SGMIB-
Nanobody was higher than that for 125I-Nanobody at all time
points and higher than that for 131I-IB-Mal-D-GEEEK-Nanobody
at all time points except 24 h. Internalized counts for Nanobody
labeled using IB-Mal-D-GEEEK appear to be increasing with time,
an observation that has been seen to a greater extent when other
receptor-targeted proteins have been labeled with this reagent
but not with other labeling methods (18,23). The fact that protein-
associated activity in the cell culture supernatant was highest for
131I-IB-Mal-D-GEEEK-Nanobody than for the 2 other labeled
Nanobodies at 24 h is consistent with this observation. Although
the reasons for this behavior are not clear, one possibility is that
differences in recycling of the receptor–Nanobody complex or its
susceptibility to degradation could play a role.
Results from paired-label studies in SCID mice bearing

BT474M1 xenografts demonstrated superior biodistribution and
tumor targeting for the SGMIB-Nanobody conjugate. The tumor
uptake obtained with *I-SGMIB-Nanobody was 4–8 times higher
than with coadministered 125I-Nanobody and about 2 times higher
than with coadministered 131I-IB-Mal-D-GEEEK-Nanobody at all
time points. The tumor accumulation of *I-SGMIB-Nanobody
peaked at 24.50 6 9.89 and 12.57 6 2.77 %ID/g in the 2 experi-
ments, with the difference likely reflecting the approximately 2-fold
larger size of the xenografts in the second study (29). Although
comparisons to results obtained in other xenograft models must be
done with caution, it is encouraging to note that the magnitude of
tumor accumulation observed with *I-SGMIB-Nanobody also
was 2–4 times higher than reported for other anti-HER2–targeted
Nanobodies labeled with 99mTc (12), 177Lu (15), and 68Ga (30), as
well as 99mTc-labeled (17) and 68Ga-labeled (31) Nanobodies tar-
geting EGFR. Moreover, *I-SGMIB-Nanobody exhibits a HER2
xenograft delivery advantage similar to that of other HER2-targeted
proteins, including Affibody molecules labeled with 18F, 68Ga, and
111In (32).
Perhaps the most significant limitation of Nanobodies as

molecular carriers for radionuclides is that they can result in high
radioactivity levels in the kidneys. This characteristic is commonly
observed for proteins with molecular weights of less than 60 kDa
and can be attributed to renal tubular reabsorption (33). Another
advantage of *I-SGMIB-Nanobody for targeting radionuclides to

TABLE 1
Effect of 10 mg of Trastuzumab on Radioiodinated Nanobody Uptake in BT474M1 Xenografts and Normal Tissues

Experiment 1 Experiment 2

125I-Nanobody (185 kBq,

0.6 μg)

131I-SGMIB-Nanobody

(185 kBq, 1.0 μg)

125I-SGMIB-Nanobody

(93 kBq, 1.6 μg)

131I-IB-Mal-D-GEEK-

Nanobody (150 kBq, 0.7 μg)

Tissue Not blocked Blocked Not blocked Blocked Not blocked Blocked Not blocked Blocked

Liver 7.76 ± 1.56 6.28 ± 0.72 2.65 ± 0.65 2.45 ± 0.34 1.95 ± 0.42 1.72 ± 0.11 13.32 ± 1.75 12.71 ± 0.76
Spleen 3.90 ± 1.77 3.32 ± 0.49 1.13 ± 0.47 1.03 ± 0.37 1.09 ± 0.29 0.92 ± 0.14 2.68 ± 0.38 2.99 ± 0.86

Kidneys 26.05 ± 5.86 21.54 ± 1.09 44.0 ± 12.0 42.30 ± 4.66 34.98 ± 5.57 36.89 ± 5.48 174.8 ± 28.2 197.2 ± 22.4

Blood 10.08 ± 1.47 6.56 ± 0.65* 1.15 ± 0.25 1.04 ± 0.16 0.70 ± 0.10 0.69 ± 0.09 0.69 ± 0.09 0.70 ± 0.09

Tumor 6.39 ± 1.97 2.27 ± 0.22* 24.50 ± 9.89 2.14 ± 0.21* 12.57 ± 2.77 1.26 ± 0.13* 6.23 ± 1.32 0.68 ± 0.06*

*Significant blocking effect (P , 0.05).

Data are %ID/g (mean ± SD; n 5 5).
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HER2-expressing tumors is that unlike *I-IB-Mal-D-GEEEK-
Nanobody, enhancement of tumor uptake compared with directly
labeled Nanobody was achieved without a substantially greater in-
crease in kidney radioactivity levels. Moreover, with *I-SGMIB-
Nanobody, radioactivity cleared from the kidneymuchmore rapidly
than with the other 2 radioiodinated Nanobody conjugates, with
a half-life of about 1 h. By 8 h after injection, the tumor-to-kidney
ratio for *I-SGMIB-Nanobody was 2.0 6 0.5, compared with
0.21 6 0.02 and 0.04 6 0.01 for 125I-Nanobody and 131I-IB-Mal-
D-GEEEK-Nanobody, respectively. In addition, retention of *I-
SGMIB-Nanobody in the kidney was lower than that reported for
eleven 99mTc-labeled anti-HER2 Nanobodies (12), as well as an
anti-HER2 Affibody labeled with 18F, 68Ga, and 111In (32).
In interpreting the renal uptake of labeled Nanobodies, it is

important to bear in mind that in addition to protein size, one must
also consider the effects of labeling method and radionuclide on
kidney radioactivity levels. In the current study, renal activity levels
for Nanobody labeled using the 2 residualizing labeling methods—
SGMIB and IB-Mal-D-GEEEK—were significantly higher than
those seen for directly labeled Nanobody at early time points. Al-
though dehalogenation of 125I-Nanobody followed by escape of
radioiodide from the kidney could have played a role, residualizing
labels can be trapped in the lysosomes of not only tumor cells but also
other cells that catabolize proteins, including liver, spleen, and kidney
(34). In the current study, the renal uptake, and to a lesser degree, the
uptake in spleen and liver, of *I-IB-Mal-D-GEEEK-Nanobody was
considerably higher than observed with *I-SGMIB-Nanobody, sug-
gesting that the nature of the residualizing agent has a significant
influence on radioactivity levels in these tissues.
Radioactivity levels in kidney, liver, and spleen with 131I-IB-

Mal-D-GEEEK-Nanobody remained almost constant during the
first 8 h, whereas initial activity levels in these organs were lower
and cleared more quickly with *I-SGMIB-Nanobody. These
results are consistent with the results obtained when an anti-
HER2 (scFv-CH2-CH3)2 was radioiodinated by these 2 methods
(18). The higher levels of radioactivity in these organs from 131I-
IB-Mal-D-GEEEK-Nanobody cannot be attributed to a stronger
residualizing effect of IB-Mal-D-GEEEK because the same effect
was not seen in tumor. The significantly improved kidney uptake
and clearance characteristics of *I-SGMIB-Nanobody compared
with *I-IB-Mal-D-GEEEK-Nanobody likely reflect differences in
the nature of catabolites generated in vivo with these 2 labeling
approaches. In previous studies, it was found that the primary
catabolite of mAbs labeled using SGMIB is a conjugate of 4-
guanidinomethyl-3-iodobenzoic acid and glycine, which is known
to be excreted rapidly into the urine (20,27). With IB-Mal-D-
GEEEK, the D-amino acid pentapeptide is expected to be the ca-
tabolite because its peptide bonds should be resistant to proteolytic
cleavage (28,35). High kidney uptake of several labeled molecules
containing glutamic acid residues has been reported (36,37) and has
been attributed to the presence of several amino acid transport
systems in mammalian kidney, especially EAAT3, which is one
of the major transporters for L-glutamic acid (38). In addition, even
if the above-mentioned transporters are stereospecific, Schuldt et al.
(39) have reported the existence of a transporter at the antiluminal
surface of renal tubule cells that could be accountable for D-glutamate
uptake. Finally, differences in polarity between the labeled catabolites
generated from Nanobodies labeled using SGMIB (1 positive charge)
and IB-Mal-D-GEEEK (3 negative charges) could be a factor influ-
encing renal accumulation, as has been observed in previous studies
with small peptides (33,34).

Elucidating the mechanisms responsible for the excellent tumor-
targeting properties of *I-SGMIB-Nanobody probably will require
extensive analysis of labeled catabolites generated in tumor and
normal organs after in vivo administration of this labeled conjugate.
Experiments to address this issue are planned; however, whatever
the mechanism, the 5F7GGC-SGMIB conjugate represents a prom-
ising template for the construction of radiopharmaceuticals for the
imaging, and possibly treatment, of HER2-expressing malignancies.
With regard to the former, one could envision using 123I-SGMIB-
Nanobody and 124I-SGMIB-Nanobody for SPECT and PET imag-
ing of HER2 expression, respectively, in order to select patients and
monitor response for HER2-targeted therapies. Although the 4.2-d half-
life of 124I might not seem ideal for this purpose, the combination
of relatively prolonged tumor retention and somewhat rapid kid-
ney excretion could be advantageous in terms of image contrast
and renal radiation dose compared with shorter-lived positron-
emitting radionuclides such as 18F and 68Ga. Finally, because this
131I-SGMIB-Nanobody conjugate exhibits favorable radiation do-
simetry, it might be possible to use this approach for HER2-targeted
molecular radiotherapy. Moreover, a particularly appealing strategy
would be to label this Nanobody with the 7.2-h a-particle–emitting
radiohalogen 211At via the SGMIB analog N-succinimidyl 3-211At-
astato-4-guanidino-methylbenzoate (211At-SAGMB). Using an intact
anti-EGFRvIII mAb, the in vitro and in vivo targeting characteristics
obtained with 131I-SGMIB and 211At-SAGMB labeling were nearly
identical (40).

CONCLUSION

The results of this study demonstrate that labeling the anti-
HER2 Nanobody 5F7GGC using the residualizing radioiodination
agent SGMIB provides a promising combination for the de-
velopment of imaging agents for evaluation of HER2 expression
in cancer. Radioiodination of 5F7GGC Nanobody using SGMIB
resulted in a reagent with considerably improved targeting
properties to BT474M1 human breast carcinoma in vitro and in
vivo compared with Nanobody labeled using the IODO-GEN and
IB-Mal-D-GEEEK methods. Although IB-Mal-D-GEEEK has been
the optimal reagent for labeling internalizing intact mAbs, SGMIB
was clearly superior for this Nanobody, underscoring the impor-
tance of matching the labeling method with the normal-tissue
clearance and tumor catabolism properties of the protein molecu-
lar carrier. The high magnitude of tumor uptake and tumor–to–
normal-tissue ratios observed with the 5F7GGC-125/131I-SGMIB
conjugate suggest that 5F7GGC-123/124I-SGMIB could be a prom-
ising approach for imaging HER2 receptor expression.
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