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Abstract

Introduction—With a molecular weight an order of magnitude lower than antibodies but
possessing comparable affinities, Nanobodies (Nbs) are attractive as targeting agents for cancer
diagnosis and therapy. An anti-HER2 Nb could be utilized to determine HER2 status in breast
cancer patients prior to trastuzumab treatment. This provided motivation for the generation of
HER2-specific 5F7GGC Nb, its radioiodination and evaluation for targeting HER2 expressing
tumors.

Methods—5F7GGCNb was radioiodinated with 1251 using lodogen and with 311 using the
residualizing agent AVe-(3-[1311]iodobenzoyl)-Lys®>-N@-maleimido-Gly}-GEEEK ([1311]1B-Mal-D-
GEEEK) used previously successfully with intact antibodies. Paired-label internalization assays
using BT474M1 cells and tissue distribution experiments in athymic mice bearing BT474M1
xenografts were performed to compare the two labeled Nb preparations.

Results—The radiochemical yields for lodogen and [*311]IB-Mal-D-GEEEK labeling were
83.6+5.0%(n=10) and 59.6+£9.4% (n = 15), respectively. The immunoreactivity of labeled
proteins was preserved as confirmed by /n vitro and in vivo binding to tumor cells. Biodistribution
studies showed that Nb radiolabeled using [1311]I1B-Mal-D-GEEEK, compared with the directly
labeled Nb, had a higher tumor uptake (4.65 + 0.61% ID/g vs. 2.92 + 0.24% ID/g at 8 h), faster
blood clearance, lower accumulation in non-target organs except kidneys, and as a result, higher
concomitant tumor-to-blood and tumor-to-tissue ratios.

Conclusions—Taken together, these results demonstrate that 5SF7GGC anti-HER2 Nb labeled
with residualizing [1311]1B-Mal-D-GEEEK had better tumor targeting properties compared to the
directly labeled Nb suggesting the potential utility of this Nb conjugate for SPECT (*231)and PET
imaging (1241) of patients with HER2-expressing tumors.
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1. Introduction

Human epidermal growth factor receptor 2 (HER2) is a 185 kDa transmembrane protein that
belongs to the HER family of tyrosine kinase receptors [1]. HER2 overexpression occurs in
about 20-30% of breast cancers, 4—6% of non-small cell lung cancers, 20-24% of gastric
cancers, as well as in colon and ovarian cancers[2—4]. Trastuzumab (Herceptin®,
Genentech)is a humanized 1gG1 monoclonal antibody (mADb) currently used to treat patients
with HER2-positive malignancies[4—6]. Because patients with low and/or heterogeneous
HER2 expression have a poorer response to trastuzumab treatment [7],, determination of
HER?2 status is essential in selecting patients for trastuzumab therapy. Molecular imaging is
an attractive approach for accomplishing this task; however, using full-size monoclonal
antibodies (mAbs) like trastuzumab for imaging is not ideal because of their long residence
time in blood.

Nanobodies (Nbs), also referred to as single domain antibodies or VHH molecules, are
proteins based on the smallest functional fragments of heavy chain antibodies, and naturally
occur in Camelidae. With a molecular weight of 12-15 kDa, Nbs are an order of magnitude
smaller than intact mAbs, and smaller than Fab (~50 kDa) and scFv (~25 kDa)fragments [8].
Their small size and nanomolar-range affinities make them very attractive for tumor
targeting applications. Moreover, Nbs exhibit high thermal and chemical stability, and
compared with intact mAbs and their fragments, are less lipophilic, more water-soluble and
have a lower tendency for aggregation [9]. Specific Nbs against enzymes, haptens,
pathogens, toxins and tumor markers have been generated [9-11]. For these reasons, Nbs are
an attractive platform for radiolabeling and application as cancer imaging agents.

With regard to radiolabeling, previous studies have shown that the cumulative radioactivity
retained by tumor from directly radioiodinated mAbs that bind to internalizing targets such
as HER2 is compromised by the rapid efflux of labeled iodotyrosine resulting from the
degradation of the labeled mAb within the lysosomes [12,13]. To circumvent this problem,
we have developed several radio halogenation approaches for internalizing mAbs that
augment the retention of radioactivity in tumor cells after intracellular processing [14-16].
Perhaps the most promising tactic for intact mAbs has been to couple them to radiolabeled
D-amino acid peptides that are positively or negatively charged at lysosomal pH[17-20].
The 1B-Mal-D-GEEEK reagent, which contains multiple negatively charged D-amino acids,
has been particularly effective in enhancing the retention of radioactivity in tumor cells and
xenografts after receptor-mediated internalization of labeled mAbs[19,20].

In the current study, we describe the generation and production of Nb 5F7GGC, which binds
specifically to HER2. The Nb was radioiodinated using both a conventional method
(lodogen) as well as with the IB-Mal-D-GEEEK reagent, and tumor targeting properties of
the labeled Nbs were compared /n vitro and in vivo.

2. Materials and methods

2.1. General

All reagent grade chemicals were purchased from Sigma-Aldrichunless otherwise specified,
and used as received. Sodium [12I]iodide and sodium [1311]iodide in 0.IN NaOH with
specific activities of 650 GBg/mg and 550 GBg/mg, respectively, were purchased from
Perkin-Elmer Life and Analytical Sciences (Boston, MA, USA). HPLC was performed
using a Beckman Gold system equipped with a Model 126 programmable solvent module
coupled with UV (Model 168 diode array) and radiometric (Gamma Detector 170) detectors,
and a Beckman System Gold SS420X remote interface system; the data were acquired using
32 Karat software. For reversed-phase HPLC, a WatersC18 column (XTerra C18; 5 um, 250
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x 4.5 mm) was used. Solvents for HPLC were obtained as HPLC grade and degassed by
ultrasonication for 15-20 min just before use. The synthesis of tin precursor Af-(3-(tri-n-
butyltin)benzoyl)-Lys®-N®-maleimido-Glyl-D-GEEEK(TB-Mal-D-GEEEK)and its use for
radioiodination were performed as reported before[19]. All reagents used in cell culture
studies were purchased from Invitrogen (Grand Island, NY, USA) except where noted.
Trastuzumab (Herceptin®) was obtained from Genentech (San Francisco, CA, USA).

2.2 Nanobody

2.2.1 Selection and characterization of anti-HER2 Nanobody 5F7—The anti-
HER2 Nanobody® (Ablynx registered trademark for Nb)5F7 was generated using phage
display at Ablynx NV (Ghent, Belgium) using established protocols as described [21].
Briefly, phage libraries were constructed from peripheral blood mononuclear cells derived
from llamas immunized with SKBR3 human breast carcinoma cells, a cell line derived from
an adenocarcinoma overexpressing HER2 p185 tyrosine kinase (SKBR3; ATCC HTB-30).
Phage libraries were then incubated on immobilized ErbB2/Fc chimera (R&D Systems,
Minneapolis, MN, USA) and after extensive washing, bound phage were specifically eluted
with trastuzumab. Eluted phage were rescued via infection of £. coli. Individual colonies
were picked and grown in 96 deep well plates (1 ml). Nb expression was induced by
addition of isopropyl p-D-1-thiogalactopyranoside (IPTG) and periplasmic extracts (80 jl)
were prepared according to standard methods. Alternatively, selected Nbs were expressed in
the periplasmic space of £. colias c-myc, Hisg tagged proteins in a culture volume of 50 ml
and purified via immobilized metal affinity chromatography (IMAC). Nbs were eluted from
the column with 250 mM imidazole followed by gel filtration and buffer exchange to PBS.

To determine whether Nbs recognized cell-surface expressed HER2, binding to SKBR3
cells was assessed by flow cytometry. Cell binding assays were carried out by incubating
SKBR3 cells with Nb-containing periplasmic preparations obtained from 96 deep well
cultures. After incubation, the cells were washed with fluorescence-activated cell sorting
(FACS) buffer and subsequently incubated successively with mouse anti-myc-tag mAb
(9E10 clone) and phycoerythrin labeled goat anti-mouse F(ab’), fragments (Jackson
ImmunoResearch). Cells were finally analyzed on a BD FACS Array Bioanalyzer System
(BD Biosciences).

Nbs were also screened in a trastuzumab-competitive homogeneous cell-based assay to
evaluate the capacity of the expressed Nbs to block trastuzumab binding to HER2. The
fluorometric micro volume assay technology (FMAT) 8200 HTS system (Applied
Biosystems, Foster City, CA, USA) assay was performed as follows: serial dilutions of
purified Nb (concentration range: 20 nM — 10 pM) were added to SKBR3 cells together with
4 x 10710 MAlexa647-labeled trastuzumab and incubated for 2 h, after which plates were
scanned. Trastuzumab was included as a reference mAb.

2.2.2 Measurement of Nanobody-antigen binding kinetics and Kp—Kinetic (ka
and kd) and dissociation(Kp) constants of purified Nb 5F7 were determined at Ablynxby
surface plasmon resonance on a Biacore T100 instrument. Approximately 740 RU of
rhErbB2/Fc was immobilized on a CM5 sensor chip surface. Nb binding was assessed at
varying concentrations ranging from 15-500 nM. The samples were injected for 1 min at a
flow rate of 45pl/min to allow for binding to chip-bound antigen. Next, binding buffer
without Nb was sent over the chip at the same flow rate to allow dissociation of bound Nb.
After 10 min, any remaining bound analyte was removed by injecting regeneration solution
(1M NaCl, 50mM NaOH). Binding/dissociation curves were used to calculate Kp values.
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2.2.3 Production and purification of cysteine-tagged 5F7—The 5F7 coding
sequence was recloned into a Pichiapastoris compatible expression vector and provided with
a C-terminal cysteine. The resulting Nb format (5F7GGC) was produced in Pichiapastoris
X-33 in a 2L fermentor (BiostatBplus, Sartorius) in complex medium and induced with
MeOH at pH 5 and 30°C. The cell broth was first clarified via centrifugation and the cell
free medium was filtered through a 0.22um GP Express PLUS Membrane (Millipore, USA).

The batch of 5F7GGCNDb used in the radiolabeled Nb experiments described herein was
purified from Pichiapastoris supernatants at the Free University of Brussels. All
purifications were carried out on AKTA purifier workstations (GE Healthcare). The Nb was
captured from the medium using a Protein A affinity chromatography POROS Mab Capture
A column (Applied Biosystems) eluted with 100mM glycine, pH2.6. The eluate was
immediately neutralized with 1/10 v/v 1M Tris-HCI, pH 8.0. The Protein A eluate was
pooled, filtered, and concentrated on a 5kDa cut-off Vivaspin HY, and then further purified
via size exclusion chromatography and buffer exchanged to PBS on a Superdex 75 16/60
column (GE Healthcare). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) indicated the presence of two peaks corresponding to the monovalent form and a
disulfide-bridged dimer. This material was finally sterile filtered through a 0.22um
membrane and stored at —20°C. The final concentration was 3.84 mg/ml.

2.3. Cells and culture conditions

The human breast carcinoma cell line BT474M1 was kindly provided by Dr. Timothy Clay,
Department of Medicine, Duke University. It was derived from the BT474 cell line and was
selected for its increased tumorigenicity [22]. BT474M1 cells were cultured in DMEM/F12
medium supplemented with 10% fetal calf serum (FCS), streptomycin (100 p.g/ml), and
penicillin (100 1U/ml)(Sigma Aldrich, USA). The cells were grown at 37°C in a humidified
incubator containing 5% CO,. The medium was exchanged every two days and the cells
were sub-cultured by trypsinization (0.05% Trypsin-EDTA) when they were about 80%
confluent.

2.4. Radioiodination of Nb

[1251]1-Nb—A solution of 5F7GGCNb(96 wg; 3.84mg/ml) in PBS, pH 7.4, was added to a
Y2-dram vial coated with 10 g lodogen (Thermo Scientific, Rockford, IL, USA) followed
by 1-7 pl of a solution of sodium [12I]iodide(~11.1-92.5 MBq). 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, USA)
eluted with PBS.

[1311]1B-Mal-D-GEEEK-Nb—5F7GGCNb was dialyzed overnight against 0.1 M
phosphate buffer (PB), pH 8.0, containing 5mM EDTA. A solution of the dialyzed Nb (96
rg; 3.84mg/ml) was treated with 2-iminothiolane(4 mg/ml; 148 nmol)in 0.1M PB
containing 5mM EDTA, pH 8.0. After 90 min incubation at room temperature, the Nb was
isolated using a Micro-spin G-25 column (GE Healthcare, Piscataway, NJ, USA) that had
been equilibrated with 0.1M PB containing 5mM EDTA, pH 7.0. The formation of two
sulfhydryl groups per Nb was established by Ellman’s assay. The above thiol-derivatized Nb
at pH 7.0 was mixed with dry [1311]I1B-Mal-D-GEEEK(~7.4-59.2 MBq) and incubated at
room temperature for 45 min with occasional shaking. The reaction was quenched by
incubation with 10 p liodoacetamide(100 mg/ml in PB/EDTA pH 7.0)for 15 min at room
temperature. The labeled Nb was purified on a PD-10 column as described above. For
determination of Kp, the Nb was also labeled using [12°1]I1B-Mal-D-GEEEK.
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2.5. Determination of protein-associated radioactivity and immunoreactivity evaluation

The protein-associated radioactivity of labeled 5SF7GGCNb was determined in paired-label
format by co-precipitation with 20% (w/v) trichloroacetic acid (TCA) as described
elsewhere [19]. Protein-associated radioactivity also was determined by instant thin layer
chromatography (ITLC) using glass microfiber sheets impregnated silica gelstrips (Varian,
Lake Forest, CA, USA) developed with PBS, pH 7.4.

Radiolabeled Nbs were also analyzed by SDS-PAGE under non-reducing conditions.
Briefly, 100 nCi of each labeled Nb was mixed with 10 I of PBS and 20 .l of Laemmli
buffer (BioRad, Hercules, CA, USA) and incubated at 95°C for 15 min. The incubates were
cooled to room temperature, spun, and 10 . leach of the supernatants was added to wells of
Mini-PROTEAN TGX Any kD gels (BioRad, Hercules, CA, USA) and electrophoresis was
run for 40 min at 140 V. Radioactivity on dried gels was visualized using a Storage
Phosphor System Cyclone Plusphosphor imager (Perkin-Elmer Life and Analytical
Sciences, Downers Grove, IL, USA) and analyzed using OptiQuant version 5.0 software
provided by the manufacturer.

The immunoreactive fraction of the labeled Nbs was determined in paired-label format using
magnetic beads coated with recombinant human ErbB2/HER2 Fc chimera (R&D Systems,
Minneapolis, MN, USA) and analyzed according to the Lindmo method [23]. Magnetic
beads coated with the extracellular domain of ErbB2/HER?2 were prepared as described
previously[17]. Briefly, recombinant human ErbB2/HER2 was first biotinylated using a
Chroma Link Biotin Protein Labeling Kit (SoluLink, San Diego, CA, USA) using the
manufacturer’s protocol, and coupled to streptavidin-coated magnetic beads (PureBiotech,
Middlesex, NJ, USA) at a 1:1 ratio at room temperature for 1 h. Beads were rinsed with 115
mMPB, pH 7.4, containing 0.05% Brij 35, 0.05% BSA and 0.05% sodium azide to remove
unbound protein. After resuspension in 230 .l of the same buffer, beads were stored at 4°C.
Control beads were prepared in the same way except that biotinylated BSA was conjugated
to the beads.

2.6. Evaluation of affinity

The binding affinities of [12°1]1-Nb and [12°1]1B-Mal-D-GEEEK-Nb to the HER2-
expressing BT474M1 cell line was determined. The cells were plated in 24-well plates at a
density of 8x104 cells/well 24 h prior to the experiment. On the day of the experiment, the
plates were brought to 4°C for 30 min prior to incubation in triplicate with increasing
concentrations of the radiolabeled Nb (0.1-300nM). To determine non-specific binding, a
parallel assay was performed in which cells were co-incubated with a100-fold excess of
trastuzumab. Cells were incubated for 2h at 4°C, the medium containing unbound
radioactivity was removed, and the cells were washed twice with cold PBS. Finally, the cells
were solubilized by treatment with 1 N NaOH(0.5 ml) at 37°C for 10 min. Cell-
associated 125 was determined using the automated gamma counter. The experiment was
repeated two times. The data were fitted using GraphPad Prism software to determine Kp
values.

2.7. Paired-label internalization assay

The percentage of uptake and internalization of radioiodinated Nbs were determined in a
paired-label experiment using the BT474M1 cell line. Cells were seeded 24 h prior to the
experiment in 6-well plates at a density of 80x104 cells/well. On the day of the experiment,
the plates were placed at 4°C for 30 min and then incubated with 100 ng of both labeled Nbs
at 4°C for 1 h. Non-specific uptake was determined by co-incubation with a 1000-fold
excess of trastuzumab. The internalization and cellular processing assay was preformed
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three times, with triplicate samples for each time point, as described in previous publications
[17,24].

2.8. Paired-label biodistribution studies

Animal studies were performed under guidelines established by the Duke University
Institutional Animal Care and Use Committee. Female 10-12 week old NOD. CB17-
Prkac¢9) mice (Jackson Labs. Bar Harbor, ME, USA) were implanted with 60-day
continuous release 17-p-estradiol pellets (0.72 mg, Innovative Research of America;
Sarasota, FL, USA) on their back 2 days prior to tumor implantation. BT474M1 tumor cells
(5x10%) in 50% Matrigel (BD Biosciences, Bedford, MA, USA) were injected
subcutaneously into the right flank and tumors were allowed to develop until they reached a
volume of 350-500 mm?.

Mice were injected via the tail vein with about 150kBq of both[*251]1-Nb (0.2 p.g) and
[1311]1B-Mal-D-GEEEK-Nb (0.4 .g) in 100 I PBS. Groups of 5 animals were killed by an
overdose of isofluorane and dissected at 1, 2, 4, 8 and 24 h. Organs of interest and blood
were collected, blotted dry, weighed, and counted, together with injection standards, in an
automated dual-channel gamma counter for 125] and 31| radioactivity. Results were
expressed as percentage of injected dose per gram of tissue (%1D/g). To determine the
specificity of uptake, 5 mice were injected with a 1500-fold molar excess of trastuzumab 24
h prior to radioiodinated Nb administration. Two hours later, the mice were killed and tissue
distribution determined as described above. Difference in tissue radioactivity levels of the
two labeled Nbs were analyzed with a paired 2-tailed Student #test using the Microsoft
Excel program, with A< 0.05 considered to represent a significant difference.

2.9 Analysis of radioactivity in the urine

3. Results

The nature of labeled molecules present in the urine after intravenous injection of the two
labeled Nb preparations was evaluated in Balb/c mice. Groups of 5 mice were injected with
either 2.78MBq (4 g) of [121]1-Nbor 3.33MBq (5 pg) of [12°1]I1B-Mal-D-GEEEK-Nb and
urine samples were collected 1 h later. Urine was filtered through a 0.22 pum filter
(Millipore, USA) before analysis. The fraction of radioiodine activity present in the urine as
intact Nb and low molecular weight catabolites was analyzed by ITLC and gel
electrophoresis using Mini-PROTEAN Tris-Tricine Precast Gels (BioRad, Hercules, CA,
USA) as described above.

3.1. Generation and characterization of anti-HER2 Nb 5F7

To obtain Nb specific for HER2, phage Nb repertoires were synthesized from peripheral
blood lymphocytes from llamas immunized with HER2 over-expressing SKBR3 tumor cells.
After panning to immobilized ErbB2/Fc chimera followed by competitive elution with
trastuzumab, single clones were screened as periplasmic extracts by an enzyme-linked
immunosorbent assay for HER2 reactivity. Approximately 90% of the clones tested were
found to bind HER2 and flow cytometry analysis confirmed the specific character of HER2
recognition by the purified Nbs (data not shown). Next, the ability of the Nbs to compete
with the binding of trastuzumab to HER2 was assessed in a FMAT based whole cell
homogenous assay and resulted in a final panel of several clones which showed good
competition with trastuzumab for HER2 interaction (Fig. 1). Nb 5F7 was selected from this
panel for further analysis. Surface plasmon resonance analysis was utilized to determine the
kinetic parameters for Nb binding to HER2, which indicated that 5F7 Nb displays sub-
nanomolar dissociation constant, Kp, of 0.51 nM (k, = 1.054x106M1s71; ky =
5.381x1074s71),
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3.2 Radiolabeling of Nb

The radioiodination of 5F7GGCNDb by a direct method, lodogen, gave an average
radiochemical yield of 83.6+£5.0% (n=10). The tin precursor TB-Mal-D-GEEEK was
radioiodinated to [1311]IB-Mal-D-GEEEK in 91.2+4.4% (n=25) radiochemical yield and in
more than 99% radiochemical purity after HPLC purification. The efficiency for conjugation
of [*311]1B-Mal-D-GEEEK to thiolated 5F7GGCNb was 59.6+9.4% (n = 15), comparable to
results observed previously with larger proteins [19,20,25]. The specific activity of the
directly radioiodinated Nb preparations ranged from 37 to 910 MBg/mg, whereas for
[1311]1B-Mal-D-GEEEK-Nb, the range was 15 to 352MBg/mg. Co-precipitation of the
labeled Nb with human serum albumin using 20% TCA indicated that 88.5+4.9% and
95.1+2.5% of the radioactivity was protein-associated for [1221]1-Nb and [*311]I1B-Mal-D-
GEEEK-ND, respectively. Protein-associated radioactivity, determined by ITLC, was
89.5+4.3% and 91.3+4.4% for [1251]1-Nb and [1311]IB-Mal-D-GEEEK, respectively. The
immunoreactive fraction was 60.5+4.2% and 75.3+19.6% for [12°1]1-Nb and [1311]I1B-Mal-
D-GEEEK-ND, respectively. The Nb used in these studies contains a carboxy-terminal
cysteine, and as such is an equilibrium mixture of monomeric and dimeric forms. No
reducing agents, like dithiothreitolor #r/s(2-carboxyethyl)phosphine, were used prior to
labeling. The results from SDS-PAGE, analyzed by phosphor imaging, showed that the Nb
labeled using lodogen consisted of 63.4+0.6% monomer (~13kDa), and 36.6+0.6% dimer
(~26kDa)(Fig. 2). For Nb radioiodinated using [1311]IB-Mal-D-GEEEK, monomer and
dimer accounted for 69.0+£5.7% and 31.0+5.7%, respectively. The dissociation constants
(Kp) for the binding of radioiodinated Nb to the BT474M1 human breast carcinoma cell line
were 1.8+0.6 nM and 3.2+1.0 nM for [1221]1-Nb and [*311]I1B-Mal-D-GEEEK-NDb,
respectively (Fig. 3).

3.3 Paired-label internalization of labeled Nbs

The in vitro paired-label internalization studies using the BT474M1 cell line revealed that
the cellular retention of [1311]1B-Mal-D-GEEEK-Nb was fairly constant over 24 h (1 h:
56.9+4.1%:; 24 h: 58.3+4.6%). On the other hand, the retention of [1221]1-Nb steadily
decreased with time, from 61.4+4.3% at 1 h to 32.4+2.0% at 24 h. Uptake at all-time points
was reduced to background levels for both tracers when the cells were co-incubated with
1000-fold excess of trastuzumab, confirming that labeled Nb uptake reflected the HER2
expression of this cell line. Figure 4 depicts the percentage of initially bound radioactivity
that was specifically internalized, membrane-bound, and released into the cell culture
supernatants for both labeled Nbs. The internalized radioactivity from both labeled Nbs was
similar until 6h; by 24 h, [1311]I1B-Mal-D-GEEEK-Nb demonstrated about a 2-fold
advantage in intracellular retention. The membrane-bound radioactivity for both tracers was
considerably lower than internalized counts over the course of the assay. Cell culture
supernatants were analyzed to determine the fraction of radioactivity that was no longer
protein-associated;. The fraction of radioactivity associated with small molecular weight
catabolites (/.e. TCA-soluble radioactivity) for[12°I]1-Nb increased from 6.3+0.8% at 1 h to
52.9+1.9% at 24 h. On the other hand, these values were considerably lower for [*311]IB-
Mal-D-GEEEK-NDb (3.84+2.3% at 1 h to 17.5+4.2% at 24 h).

3.4 Biodistribution and urine analysis

The tissue distribution of [1221]1-Nb and [1311]I1B-Mal-D-GEEEK-Nb in mice bearing
subcutaneous BT474M1 xenografts 2 h post injection, in comparison with mice group
pretreated with trastuzumab, is shown in Table 1. Trastuzumab pretreatment decreased
tumor uptake of [1221]1-Nb and [1311]IB-Mal-D-GEEEK-Nb to 33% and 20% of control
values, respectively, confirming HER2 specific uptake for both labeled Nbs. Tumor uptake
for Nb labeled using [*311]1B-Mal-D-GEEEK was significantly (£<0.05) higher than that for
Nb labeled using 1251 with lodogen at all time points (Fig. 5). For example, the uptake
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of 1311 in BT474M1 xenografts was 1.5-fold (4.7+0.6% vs. 2.9+0.2%) and 3-fold (3.6+1.2%
vs. 1.2+0.3%) higher than that of 12| at 8 and 24 h, respectively. Compared to [12°1]I-Nb,
[1311]1B-Mal-D-GEEEK-NDb exhibited lower uptake in most normal tissues except kidneys at
all-time points. For example, in the lungs and muscle, the uptake of 1311 was about 3- to 4-
fold lower than that of 1251 from 1 to 8 h., while more than 5-fold lower activity levels were
observed in the blood, reflecting the very fast clearance of [1311]1B-Mal-D-GEEEK-Nb. On
the other hand, 9- to 28-fold (A< 0.002) higher kidney levels were seen for [1311]1B-Mal-D-
GEEEK-Nb at all-time points (Fig. 5). The thyroid uptake of 131] was 20-100-fold lower
than that of 1251, indicating a considerably lower degree of deiodination for [1311]1B-Mal-D-
GEEEK-Nb /n vivo (Fig. 6). Consistent with this, uptake of 1311 in the stomach, another
tissue known to take up iodide avidly [26,27], also was significantly lower than that for 1251,
Except in the kidneys, tumor-to-normal tissue ratios for [1311]1B-Mal-D-GEEEK-Nb
generally were higher than those for [1221]1-Nb (Fig. 7). For example, tumor-to-liver ratios
for [1311]1B-Mal-D-GEEEK-Nb were about 1.5 times higher than those for [1221]1-Nb with
the differences statistically significant (P= 0.05) at all-time points. The tumor-to-blood ratios
for [1311]1B-Mal-D-GEEEK-Nb(2.1+0.7, 4.8+0.8, 8.8+4.2, 16.2+5.7 and 35.9+11.4,
respectively) were significantly (A< 0.05) higher than those for [1251]1-Nb(0.4+0.1, 0.5+0.1,
0.6+0.1, 0.7+0.1 and 0.8+0.2, respectively)at 1, 2, 4, 8 and 24 h. Analysis of urine samples
obtained from normal mice 1 h after labeled Nb administration indicated that the fraction of
activity associated with intact Nb was significantly higher (A< 0.05) for [1311]1B-Mal-D-
GEEEK-NDb(46 + 11%) compared with [1251]1-Nb (20.6 + 4.1%))..

4. Discussion

The importance of trastuzumab in the current management of patients with breast cancer
provided motivation for developing a Nb specific for HER2. The smaller size of Nbs could
be advantageous for diagnostic and therapeutic applications because it facilitates tumor
penetration and recognition of hidden epitopes that are less accessible to intact mAbs [28].
An additional consequence of this property is their rapid normal tissue clearance, making
them compatible for use with short half-life radionuclides such as 8Ga and 18F for PET
imaging and 211At for targeted radiotherapy.

In previous studies, we demonstrated the effectiveness of IB-Mal-D-GEEEK, consisting of a
D-peptide core, for labeling internalizing biomolecules [19,20]. Labeling an anti-
EGFRvIIImADb L8A4 and a 105 kDa double mutant single-chain Fv-Fc fragment (scFv-Fc
DM) with 1B-Mal-D-GEEEK increased tumor retention of radioactivity compared to
directly labeled protein. We embarked on the current study to evaluate the potential
advantages of combining the targeting properties of Nbs with the residualizing capability of
the I1B-Mal-D-GEEEK prosthetic group. The 5F7GGCN blabeled with [1311]1B-Mal-D-
GEEEK possessed high-affinity binding to HER2-expressing BT474M1 cells, with a Kp
similar to that for Nb labeled using lodogen.

Intracellular retention of radioactivity in BT474M1 cells was similar for both labeled Nbs up
to 6 h; however, at 24 h, intracellular retention was about twofold higher for [1311]1B-Mal-
D-GEEEK-NDb and TCA-soluble cell culture supernatant counts were concomitantly lower.
These results suggest that the residualizing effect of the D-peptide prosthetic group was only
realized at later time points, which is in marked contrast to the behavior observed previously
when IB-Mal-D-GEEEK was utilized for labeling an intact mAb L8A4[19] and a105-kDa
scFv-Fc DM fragment [20]. A slower rate of internalization for the Nb could explain this
behavior; however, this is not consistent with the observation of more than 50% cellular
internalization of Nb within 1 h. Another possibility is a slower rate of Nb transport into
protease-rich lysosomes, perhaps reflecting the lack of Fc region in the Nb or the nature of
the receptor-labeled protein complex formed on the cell surface.
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Results from the tissue distribution studies also demonstrated potential advantages for using
[1311]1B-Mal-D-GEEEK to label this Nb. This likely reflects not only the residualizing
property of this prosthetic group, but also its low susceptibility to deiodination, indicated by
very low uptake in thyroid and stomach. It is worth noting that the tumor uptake of the
[1311]1B-Mal-D-GEEEK anti-HER2 Nb conjugate was higher than that seen for an scFv-Fc
DM derived from trastuzumab and labeled with the same prosthetic group[20]. Moreover,
the tumor uptake of [1311]1B-Mal-D-GEEEK-Nb also was equal to that reported for another
HER2-reactive Nb,7C12, labeled with 9MT¢ [29].

Uptake of[1311]1B-Mal-D-GEEEK-Nb was lower than that of [12°1]1-Nb in almost all normal
tissues; however, substantially higher kidney uptake was seen for this conjugate. High levels
of kidney uptake generally are observed for peptides and proteins with molecular
weights<60 kDa, reflecting their renal clearance and tubular reabsorption [30]. Similar
behavior has been reported previously for anti-EGFRNbs[31,32], other anti-HER2Nbs[29],
and anti-HER? affibodies[33,34]. However, renal activity levels observed for [1311]1B-Mal-
D-GEEEK-Nb were about 10 to 25 times higher than those for co-administered[12°1]1-Nb.
With regard to properties of IB-Mal-D-GEEEK that could account for this behavior, in a
study with #9MTc-labeled Zygro:342 affibody modified with different mercaptoacetyl-
peptides, exchange of three glycines with glutamic acids increased kidney uptake by a factor
of 10 [34]. The IB-Mal-D-GEEEK prosthetic group also contains three glutamic acids,
albeitas D-enantiomers. Small proteins such as Nbs excreted via kidneys are partly
reabsorbed in the proximal tubular cells, with reabsorption dependent on several processes
including EAATS3 transporters, and megalin and cubilin receptors. EAAT3 is the high-
affinity transporter for anionic amino acids, is highly expressed in kidneys and is the major
transporter for L-glutamic acid [35,36]. The degree to which the D-glutamic acids present in
IB-Mal-D-GEEEK could act as a substrate for this transporter is currently unknown.
Moreover, it is important to note that the effects of glutamic acid residues on kidney uptake
are difficult to predict because introduction of this negatively charged amino acid has been
reported to both significantly reduce [37,38]and increase [39,40] activity levels in the
kidney.

Although the lower activity levels observed in most normal tissues for Nb labeled using IB-
Mal-D-GEEEK should facilitate imaging of metastases in these sites, detection of lesions in
or near the kidneys would be problematic and for targeted radiotherapy, nephrotoxicity
could be an issue. A tactic that is often used to reduce renal uptake of radiopharmaceuticals
is the pre-administration of positively charged lysine or arginine [18,41]; however, this may
not work when the negatively charged [*311]1B-Mal-D-GEEEK prosthetic group is
employed. Competitive inhibition of renal transport mechanisms also can be achieved
through co-infusion of gel of usine (succinylated gelatin), albumin fragments or alboumin-
derived peptides, which has been shown to significantly reduce kidney retention of
radiolabeled peptides [30]. For example, co-injection of gel of usine and lysine with an anti-
EGFR 99MT¢-7C12 Nb not only reduced renal retention by 45%, but also improved tumor
uptake [28]. Moreover, the same strategy has been used successfully in patients treated
with 90Y-DOTATOC or 77Lu-DOTATATE [30].

5. Conclusions

A Nb has been generated that binds with high affinity to HER2 and is internalized by breast
carcinoma cells expressing these receptors. Radioiodination of 5SF7GGC Nb using the
[1311]1B-Mal-D-GEEEK prosthetic group resulted in better tumor targeting properties both
in vitro and in vivo compared with Nb labeled via lodogen. Tumor-to-normal tissue ratios
generally were higher with [1311]1B-Mal-D-GEEEK-Nb except in the kidneys where
substantially higher radioactivity levels were observed. We are currently exploring
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alternative residualizing labeling strategies and tactics for reducing renal retention in order

to
ex

better exploit the potential of this Nb for imaging, and possibly, treatment of HER2-
pressing malignancies.
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Fig. 1.

Herceptin®-competitive FMAT. HER2 binding Nanobodies were tested for their ability to
block the binding of Herceptin® to HER2-overexpressing SKBR3 cells. All tested
Nanobodies compete with binding of Herceptin® to SKBR3 cells in a dose-dependent
manner.
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Fig. 2.
Non-reducing SDS-PAGE/phosphor image profiles of 5SF7GGC Nb radioiodinated directly
with 1251 using lodogen (A) and with 1311 using [1311]1B-Mal-D-GEEEK (B).
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Fig. 3.
Representative cell binding affinity graph of [1251]1-Nb(A) and [12°1]1B-Mal-D-GEEEK-Nb
(B) using the human breast carcinoma cell line BT474M1.
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Paired-label internalization of [1221]1-Nb (open circles) and [*311]IB-Mal-D-GEEEK-Nb
(closed circles) by BT474M1 cells. Data presented as the percentage of initially bound
radioactivity (specific) that was in the cell culture supernatants (A), membrane-bound (B),
and internalized (C) at various time points. Results are from three independent experiments,

each time point in triplicate.
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BT474M1 xenograft-bearing mice after the injection of [1221]1-Nb (open bars) and [1311]1B-
Mal-D-GEEEK-Nb (filled bars).
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Fig. 6.
Uptake of radioiodine activity in mouse thyroid after administration of[12%1]1-Nb (open
bars)and [1311]I1B-Mal-D-GEEEK-Nb (filled bars) in tumor-bearing mice.
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Tumor-to-tissue ratios obtained from the biodistribution of [1221]1-Nb (open circles) and

[1311]1B-Mal-D-GEEEK-ND (closed circles)in mice bearing BT474M1 xenografts.
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Paired-label biodistribution of [12°1]1-Nb and [1311]IB-Mal-D-GEEEK-Nb 2 h after injection in mice bearing
BT474M1 xenografts. Data for control mice and those pretreated with an excess of trastuzumab are shown.

%ID/g &

Organ/Tissue Il odogen |B-Mal-p-GEEEK

Control Blocked Control Blocked
Liver 5.26 +0.37 343+0.23 515+066 5.11+0.29
Spleen 3.28+0.43 209+038 132+0.26 1.39+0.29
Lungs 8.53+0.86 505+143 2.01+042 193+0.39
Heart 251+0.35 1.20+0.07 048+0.11 0.52+0.06
Kidneys 12.06 +1.30 8.70+3.19 179+ 18 208+ 17
Stomach 21.80+4.38 1756+6.30 0.43+0.09 053+0.21
Small intestine ~ 2.74 +0.33 166+0.12 057+0.19 0.46+0.04
Large intestine  2.01+0.18 1.38+0.16 0.71+0.10 0.90%0.15
Thyroid 1.19 +0.30 1.05+0.34 0.03+0.02 0.05+0.04
Muscle 0.81+0.19 054+£0.07 0.24+0.09 0.26+0.04
Blood 7.71+£0.70 369+029 094+011 114%0.15
Tumor 3.74 +0.54 1.25+0.10 4.44+048 0.87+0.07
Bone 1.36 +0.18 0.73+0.21 057+0.15 048+0.19
Brain 0.33+0.04 0.20+0.06 0.03+0.01 0.04+0.01

a\/alues are mean %ID/g +SD (n=5) except for thyroid which %ID/organ is used.
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