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Abstract

Affibody molecules have received significant attention in the fields of molecular imaging and drug
development. However, Affibody scaffolds display an extremely high renal uptake, especially
when modified with chelators and then labeled with radiometals. This unfavorable property may
impact their use as radiotherapeutic agents in general and as imaging probes for the detection of
tumors adjacent to kidneys in particular. Herein, we present a simple and generalizable strategy for
reducing the renal uptake of Affibody molecules while maintaining their tumor uptake. Human
serum albumin (HSA) was consecutively modified by 1,4,7,10-Tetraazacyclododecane-1,4,7,10-
tetraacetic acid mono-N-hydroxysuccinimide ester (DOTA-NHS ester) and the bifunctional
crosslinker sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (Sulfo-SMCC).
The HER2 Affibody analog, Ac-Cys-Zpgro:342, Was covalently conjugated with HSA, and the
resulting bioconjugate DOTA-HSA-Zgr2-342 Was further radiolabeled with 84Cu and 1111n and
evaluated in vitro and in vivo. Radiolabeled DOTA-HSA-Zper2:-342 cOnjugates displayed a
significant and specific cell uptake into SKOV3 cell cultures. Positron emission tomography
(PET) investigations using $4Cu-DOTA-HSA-Zgro:342 Were performed in SKOV3 tumor-
bearing nude mice. High tumor uptake values (> 14% ID/g at 24 h and 48 h) and high liver
accumulations but low kidney accumulations were observed. Biodistribution studies and single-
photon emission computed tomography (SPECT) investigations using 111In-DOTA-HSA-
Zuer2:342 Validated these results. At 24 h post injection, the bio distribution data revealed high
tumor (16.26% ID/g) and liver uptake (14.11% ID/g) but relatively low kidney uptake (6.06% ID/
g). Blocking studies with co-injected, non-labeled Ac-Cys-Zygr2-342 confirmed the in vivo
specificity of HER2. Radiolabeled DOTA-HSA-Zero-342 Affibody conjugates are promising
SPECT and PET-type probes for the imaging of HER2 positive cancer. More importantly, DOTA-
HSA-ZeRr2:342 is suitable for labeling with therapeutic radionuclides (e.g. 20Y or 177Lu) for
treatment studies. The approach of using HSA to optimize the pharmacokinetics and
biodistribution profile of Affibodies, may be extended to the design of many other targeting
molecules.

INTRODUCTION

Recent years have seen substantial advances in the development of molecular-targeted
imaging as well as advances in the therapy of various types of cancers. The human
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epidermal growth factor receptor 2 (HER2) has been frequently detected in a wide range of
human tumors including breast, ovarian, lung, and gastric cancers (1-3). Additionally,
HER?2 is associated with reduced overall survival and increased aggressiveness of the
disease. Therefore, targeting of the receptor is thought to be beneficial for cancer patients
with HER2 amplification.

Affibody molecules are engineered small proteins with 58-amino acid residues (~ 7 kDa)
and a three- a-helical bundle structure, as derived from one of the IgG-binding domains of
staphylococcal protein A (4). Recently they have received significant attention as protein
scaffolds for the development of probes for tumor and for therapeutic agents (5-7). In
particular, HER2-binding Affibody molecules have been successfully used in the imaging
and radionuclide therapy of tumors (4,8-16). For example, the Affibody molecule Zygr2:342
binds to HER2 with a dissociation constant (Ky) of 22 pM (6), and it displays excellent in
vivo visualization of HER2 expressing tumor xenografts when labeled with a variety of
radionuclides (8-10,12,17-24). However, besides the high and specific imaging contrast,
chelator modified and radiometal-labeled Affibody proteins typically exhibit an extremely
high renal uptake (more than 100 percent of the injected radioactivity per gram of tissue, %
ID/g), which is unfavorable for the detection of tumors adjacent to the kidneys. More
importantly, the high renal accumulation of the radiometal labeled Affibody molecules
could result in very high radiation doses to the radiation sensitive kidneys and thus
represents a critical concern for using Affibody molecules for radionuclide. therapy.

Human serum albumin (HSAl) is a 65 kDa protein that is abundant in the circulation and
features low immunogenicity, high biocompatibility and excellent biodegradability. Because
of its long circulation property, it has been used as a carrier for drug delivery in advanced
clinical trials (25). The renal filtration of these HSA-drug bioconjugates is also substantially
inhibited by the high molecular size of albumin, thereby enabling prolonged exposure of the
target cells to the bioconjugates. In another study, integrin ayfB3-binding RGD peptide was
conjugated with HSA to improve molecular probe pharmacokinetics and to prolong the
probe circulation and tumor contrast (26).

Herein, we use HSA as an ideal platform for conjugation with Affibody proteins and
radiometal chelators (Figure 1). The resulting Affibody-albumin hybrids are expected to
display several unique properties such as: 1) improved pharmacokinetics in terms of a low
renal accumulation due to the high molecular size of the conjugate, 2) improved tumor
targeting ability because of the multimeric structure of the conjugate using high affinity
Affibody ligands, and 3) improved blood circulation and tumor accumulation. We have
developed a simple and generalizable strategy for chemically conjugating Affibody (Ac-
Cys-Zyer2:342) molecules and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) with HSA. To study the biodistribution and pharmacokinetic of these novel
bioconjugates, the Affibody-HSA conjugates were radiolabeled with the PET
radionuclide®4Cu (ty/, = 12.7 h, Eg4 max = 656 keV, 17.4%) and the SPECT

radionuclide 111In [ty = 67.4 h; EC 849 keV (100%); y 173 keV (89%), 247 keV (94%)],
respectively. The biologic profiles of the resulting probes ((*Cu-DOTA-HSA-ZygRr2:342
and 111In-DOTA-HSA-ZeRr2:342) Were evaluated in ovarian carcinoma SKOV3 cells with a
high expression of HER2 (15-16) and in nude mice bearing subcutaneous SKOV3 tumors.

1ABBREVIATIONS
DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; PET, positron emission tomography; SPECT, single-photon
emission computed tomography, HPLC, high performance liquid chromatography; HSA, Human serum albumin, p.i., postinjection.
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MATERIALS AND METHODS

General

The Affibody molecule Ac-Cys-Zygro-342 (Ac-CVDNKFNKEMRNAYWEIA
LLPNLNNQQKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPK) was synthesized and
analyzed in the same way as described for the Ac-Cys-Zgggr:1907 (27)- 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester
(DOTA-NHS ester) was obtained from Macrocyclics Inc. Sulfo-SMCC (Sulfosuccinimidyl
4-[N-maleimidomethyl]cyclohexane-1-carboxylate) was purchased from Thermo Fisher
Scientific. Human serum albumin (HSA) and all other standard reagents were purchased
from Sigma-Aldrich Chemical Co. 84CuCl, was provided by the Department of Medical
Physics, University of Wisconsin at Madison. 111InCl3 was purchased from PerkinElmer,
Inc. The human ovarian cancer SKOV3 cell line was obtained from the American Type
Tissue Culture Collection. Female athymic nude mice (nu/nu) were purchased from Charles
River Laboratories. All other instruments [e.g., radioactive dose calibrator and matrix-
assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS)]
were the same as those previously reported (13).

Bioconjugation of HSA with DOTA and Ac-Cys-ZyeRr2:342

First, HSA (5 mg) was conjugated with DOTA-NHS ester (3.78 mg) in 200uL of borate
buffer (50 mM, pH 8.5) in a molar ratio of 1:100 for 2 h at 4 °C (Figure 2). The resulting
HSA-DOTA conjugate was then purified using a PD-10 column (GE Healthcare) and eluted
with the same borate buffer. The fractions containing DOTA-HSA were concentrated using
concentrator columns (Pierce, 9K MWCO, 7mL) to a total volume of 500 xL. The purified
DOTA-HSA was then reacted with 1 mg of Sulfo-SMCC in molar ratio of 1:5 and in a total
volume of 200 xL for 1 h at 4 °C. The resulting bioconjugate was further purified using the
PD-10 column and phosphate-buffered saline (PBS, pH 7.4) as the eluent. Finally, Ac-Cys-
Zuer2:342 Was site specifically conjugated to the DOTA and Sulfo-SMCC modified HSA
via the cysteine residue. The reaction was performed in a molar ratio of 1:5 using 200 ug of
DOTA-HSA-SMCC and 150 ug of Ac-Cys-Zygro:342 in a total volume of 250 L for 6 h at
room temperature (Figure 2). The resulting bioconjugate, DOTA-HSA-ZgR2-342, Was then
purified and concentrated through a microcentrifuge tube (Millipore, 30 kDa, 0.5 mL) to a
final volume of 20 uL. After each step the protein concentration was measured by the
bicinchoninic acid (BCA) assay (Pierce), and the samples were analyzed via MALDI-TOF-
MS and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Radiolabeling of DOTA-HSA-ZpgRr2:342

Approximately 200 ug of the DOTA-HSA-Zgro-342 Was radiolabeled with 84Cu by
addition of 37 MBq (1 mCi) of 84CuCl, in 0.1 N sodium acetate buffer (NaOAc, pH 6.0)
and incubated for 1 h at 37 °C. For radiolabeling with 111In, 74 MBq (2 mCi) of 111 InCl3 in
0.1 N HCI was added to 150-200 g of DOTA-HSA-ZyEeRr2:342 in ammonium acetate buffer
(NH 40Ac, 0.25 M, pH 5.5), and the reaction proceeded for 90 min at 39 °C. The
radiolabeled complex was purified by a PD-10column (GE Healthcare), eluted with PBS,
and passed through a 0.22-um Millipore filter for both in vitro cell uptake studies and animal
experiments. Radiolabeling of DOTA-HSA with $4Cu was performed in the same way as for
DOTA-HSA-Zpgr2:342.

Cell Culture and In Vitro Cell Uptake Assays

The SKOV3 cells were cultured using the same protocol as previously reported (12). In vitro
cell uptake assays of both $4Cu-DOTA-HSA-ZEr2:342 and 111In-DOTA-HSA-Z1ER2:342
were performed as previously described with minor modifications (15). Briefly, SKOV3
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cells (3 x 10°) were seeded per well in 12-well tissue culture plates and allowed to attach
overnight. Cells were washed twice with serum-free McCoy 5 medium and incubated with
the probes [2 uCi per well, final concentration ~15 nM (0.5 xg)] in 400 xL of serum-free
McCoy 5 medium at 37 °C.

The nonspecific binding of the probes with SKOV3 cells was determined by co-incubation
with nonradioactive Ac-Cys-Zpgro-342 (6 1g per well, final concentration 2.12 uM). After
0.5, 1 and 2 h the cells were washed three times with cold PBS and lysed in 200 xL of 0.2 M
NaOH. The radioactivity of the cells was counted using a PerkinElmer 1470 automatic y-
counter. The uptake (counts/min) was expressed as the percentage of added radioactivity.

Small-Animal PET

All animal studies were performed in compliance with federal and local institutional rules
for animal experimentation. Protocols were approved by the Stanford Administrative Panel
on Laboratory Animal Care. Approximately 3 x 108 SKOV?3 cells suspended in PBS were
subcutaneously implanted in the right upper shoulders of female athymic nu/nu mice.
Tumors were allowed to grow to a size of 0.5-0.7 cm in diameter (3—4 weeks). The tumor
bearing mice were subjected to in vivo biodistribution and imaging studies. Small animal
PET of tumor-bearing mice (n = 3 for each group) was performed using a micro-PET R4
rodent-model scanner (Siemens Medical Solutions USA, Inc.). Mice bearing SKOV3 tumors
were injected with $4Cu-DOTA-HSA-Zgr2:342 (5.2-7.4 MBgq, 140200 xCi, 20-30 ug) via
the tail vein. At various times after injection (1, 4, 24 and 48 h) the mice were anesthetized
with 2% isoflurane and placed in the prone position and near the center of the field of view
of the scanner. Static scans (for 1, 4 and 24 h, 3-min scans; for 48 h, 5-min scans) were
obtained, and the images were reconstructed by a two-dimensional ordered subsets
expectation maximum (OSEM) algorithm. As a control experiment mice bearing SKOV3
tumors were injected with®4Cu-DOTA-HSA (5.2-7.4 MBq, 140-200 xCi, 30-40 ug) via the
tail vein. PET images were obtained in the same approach as for $4Cu-DOTA-HSA-
ZyEeRr2:342- The method for quantification analysis of small-animal PET images was the
same as previously reported (13).

Small Animal SPECT/CT

For small animal single photon emission computed tomography and X-ray computed
tomography (SPECT/CT), SKOV3 bearing mice (n = 3) were injected with 111In-DOTA-
HSA-ZgR2:342 (14.8 MBq, 400-420 xCi, 80 ug) via the tail vein. After 24 h and 96 h, mice
were anesthetized with 2% isoflurane and placed prone near the center of the field of view
of the scanner. Radionuclide and CT imaging were performed on a combined SPECT/CT
scanner for small animals (X-SPECT; Gamma Medica).

For micro-CT image acquisition, 512 images (170 um slice thickness) were acquired in 5
minutes at 0.4 mA and 80 kVp. SPECT was performed using a 1 mm multi pinhole
collimator (single head, 360° of rotation, 64 projections, 30 s/projection, and a 5 cm field-of-
view). The SPECT images were then reconstructed by using an ordered subsets expectation-
maximization (OSEM) algorithm with 8 subsets and 10 iterations into a 64 x 64 x 60 matrix
size with a voxel size of 1.5 mm. CT images were reconstructed by using a cone-beam
filtered backprojection algorithm into a 512 x 512 x 512 matrix with a voxel size of 170 um.
All data were imported into Amira (Mercury Computing Systems, Chelmsford) for
processing and visualization.

Biodistribution Studies

For biodistribution studies, mice bearing SKOV3 xenografts (n = 3 for each group) were
injected with 1.5-1.9 MBq (40-50 xCi, 5-10 xg) of 111In-DOTA-HSA-ZgRo:342 through
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tail vein and sacrificed at different time points (1, 4, 24 and 48 h) post-injection (p.i.). To
test the HER2-targeting specificity of 111In-DOTA-HSA-Zgro:342 in Vivo, SKOV3 tumor-
bearing mice were injected with a mixture of the radiolabeled probe and 300 ug of unlabeled
Ac-Cys-ZgRr2:342- Tumor and normal tissues were excised and weighed, and their
radioactivity was measured using a y-counter. The radioactivity uptake in the tumor and
normal tissues was expressed as a % ID/g.

Radiation Absorbed Dose Calculation

Estimated radiation absorbed dose distribution in a human adult female was calculated using
the biodistribution results on SKOV3 tumor bearing mice injected with 111In-DOTA-HSA-
ZHER2:342 and OLINDA/EXM (RADAR, Vanderbilt University, Nashville, TN) software
code based on the same % ID/organ (28-29). In brief, the cumulated activity in each organ
(% ID x time) from 0 to 48 h was obtained by calculating the area under the % ID — time
curve. Blood activity at time 0 was obtained by extrapolating the simulated exponential
decay curve of radioactivity in the blood from 1 to 48 h. Radioactivity in other organs at
time 0 was assumed as 0 and it was also assumed a linear accumulation of radioactivity in
other organs from time 0 to 1 h. Percent ID in each organ was decay corrected before the use
for cumulated activity calculation. The number of disintegrations in each major organ
(cumulated activity in % ID x time)/100 was then input into OLINDA/EXM software for
radiation absorbed dose calculation. To calculate radiation absorbed doses in ovarian cancer,
ovary organ was assumed as a tumor with a weight of 11 g in the radiation absorbed dose
calculation model.

Statistical Analysis

RESULTS

Statistical analysis was performed using Student’s two-tailed t-test for unpaired data. A 95%
confidence level was chosen to determine the significance between groups, with P < 0.05
being significantly different.

Conjugation Chemistry and Radiochemistry

Ac-Cys-Znero:342 With a cysteine residue at the N-terminal was successfully synthesized
through conventional solid phase peptide synthesis and purified by a semi-preparative HPLC
as described for the Ac-Cys-Zggrr:1907 (27). The purity of Ac-Cys-Zpygr2:342 Was > 95%
and the retention time on analytical C4 HPLC for Ac-Cys-Zpgr2:342 Was found to be 18
min. The measured molecular weight (MW) of the purified Ac-Cys-Zngr2:342 Was
consistent with the expected MW: m/z = 6847.6 for [M+H]* (calculated MW [M+H]* =
6850.7) as characterized by MALDI-TOF-MS. The N-terminal cysteine residue in the
engineered anti-HER2 Affibody molecule provides a thiol moiety that can be used for site-
specific coupling to HSA proteins.

The molecular weights of HSA-DOTA and HSA-DOTA coupled with bifunctional linker
SMCC (DOTA-HSA-SMCC) were found to be m/z = 67.46 kDa and m/z = 68.56 kDa,
respectively. When compared to HSA (m/z = 66.48 kDa), about two DOTA molecules and
6—7 maleimide groups are coupled to one HSA molecule. For the conjugation of DOTA-
HSA-SMCC with Ac-Cys-Zpgr2:342, MALDI-TOF-MS showed one peak corresponding to
unreacted DOTA-HSA-SMCC (a) and another five peaks with MW of 75.03 (b), 82.09 (c),
89.19 (d), 95.8 (e) and 102.19 (f) kDa (Figure 3A), which represent different numbers of
Affibody molecules (1 to 5) on a HSA protein. This result was also confirmed by SDS-
PAGE analysis which shows a broad band of the DOTA-HSA-Zggr2-342 caused by different
numbers of Affibody molecules linked to HSA (Figure 3B). The Ac-Cys-Zygr2:342 Was
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completely removed from the final DOTA-HSA-ZpeR2:342 bioconjugates as demonstrated
by SDS-PAGE analysis.

DOTA-HSA-ZgRr2-342 Was then successfully radiolabeled with either 54Cu or 1111n.
Purification of the radioactive reaction mixtures using a PD-10 column resulted in 54Cu-
DOTA-HSA-ZygRro:342 and 111In-DOTA-HSA-Zer2-342 With a decay-corrected yield of
more than 80% and around 60%, respectively. High specific activities of 12-14 MBq

of 64Cu-DOTA-HSA-Z ygro-342 Per nanomole (4.3-5.0 mCi/mg) and 14-33 MBq of 111In-
DOTA-HSA-ZHEeR2:342 per nanomole (5.0-11.9 mCi/mg) were obtained at the end of
synthesis.

In Vitro Cell Uptake Assays

Cell uptakes of 64CU-DOTA-HSA-ZHER2:342 and 111In-DOTA-HSA-ZHER2;342 at 37 °C
over incubation periods of 0.5, 1 and 2 h are shown in Figure 4A and B, respectively. 54Cu-
DOTA-HSA-ZHgR2:342 slowly accumulated in the SKOV3 cells and reached 0.71 + 0.05%
of the applied activity at 0.5 h. The uptake increased to 1.58 + 0.09% at 2 h (Figure 4A). A
similar cell uptake pattern was observed for 111In-DOTA-HSA-Zgro-342. The uptake
increased from 0.85 + 0.15% at 0.5 h up to 1.46 + 0.2% at 2 h. When incubated with a large
excess of Ac-Cys-Zpgro:342, SKOV3 cells showed significantly inhibited uptakes of both
probes (P < 0.05) at all incubation time points. These results clearly demonstrate specific
HER2 receptor binding abilities of both probes.

Small Animal PET

Decay-corrected coronal microPET images of a mouse bearing SKOV3 tumor at 1, 4, 24
and 48 h after tail vein injection of 4Cu-DOTA-HSA-Zgro:342 and #4Cu-DOTA-HSA are
shown in Figure 5A and B, respectively. For 84Cu-DOTA-HSA-Zgr2:342, the SKOV3
tumor was visible with a low tumor-to-background contrast at 1 h p.i., but with a very good
tumor-to-background contrast at 4 and 24 h p.i. The tumor was still clearly visualized at 48 h
p.i. Quantification analysis revealed that the SKOV3 tumor uptake values increased with
time and were found to be 5.63 + 2.07, 9.98 + 2.66, 14.34 + 3.22 and 14.12 + 2.22% ID/g at
1, 4, 24, and 48 h, respectively (Figure 5C). In addition to the tumor, high activity
accumulations were also observed in the liver (12.92 + 2.4% ID/g at 24 h), but much lower
activity accumulations in the kidneys (4.17 £ 1.01% ID/g at 24 h). Furthermore, relatively
high radioactivity concentrations were found in the blood (ROI over the heart) with 22.04 £
1.79 and 13.95 + 1.62 at 1 h and 4 h p.i., respectively (Figure 5D). For comparison, $4Cu-
DOTA-HSA showed similar distribution patterns as for 44Cu-DOTA-HSA-Zgro:342 iN
most normal organs except for the tumor (Figure 5A and B). About a 2 to 3-fold higher
tumor uptake (P < 0.05) was observed for 84Cu-DOTA-HSA-ZygRr2:342 compared to

the $4Cu-DOTA-HSA at 4 h, 24 h and 48 h(Figure 5C).

Small Animal SPECT/CT

SPECT/CT confirmed high tumor targeting properties of 111In-DOTA-HSA-Zgro:342 In
SKOV3 tumor-bearing mice (Figure 6). Images acquired at 24 h and 96 h after injection
demonstrated a significant tumor localization and high tumor to background contrasts. High
radioactivity accumulation in the liver while much lower uptake in the kidneys indicated the
hepatobiliar route of elimination of the 111In-DOTA-HSA-Zgro:342.

Biodistribution Studies

The in vivo biodistribution of 111In-DOTA-HSA-ZgRo:342 Was examined in a SKOV3
human ovarian tumor-bearing mouse model. The biodistribution of the 111In-DOTA-HSA-
Zyer2:342 at 1 h, 4 h, 24 h and 48 h are shown in Table 1. Slow but high levels of

Bioconjug Chem. Author manuscript; available in PMC 2012 March 16.
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radioactivity accumulation in the SKOV3 tumors were observed. The tumor uptake in
SKOV3 tumors measured was 4.61% ID/g at 1 h and continually increased to 12.52% ID/g
at 4 h and then reached a plateau of 16.26 and 16.73% ID/g at 24 hand 48 h, respectively
(Table 1). The 111In-DOTA-HSA-Z}ero:342 also displayed relatively slow blood clearance.
Blood values of 25.95% ID/g and 20.11% ID/g were observed at 1 h and 4 h after injection,
respectively. Furthermore, the probe displayed high levels of liver uptake at all time points
(e.g., 4 h after injection; more than 15% ID/g). The kidneys, however, showed a moderate
radioactivity accumulation (e.g., 9.95% ID/g and 6.06% ID/g at 4 h and 24 h after injection,
respectively). This data suggests that the probe was cleared predominantly through the
hepatobiliary system and to a minor part through the renal system. The in vivo tumor-
targeting specificity was further proved by co-injection of the non-radioactive Ac-Cys-
Zuer2:342- Compared to non-treated groups, co-injection of large excess of Affibody protein
could significantly reduce the SKOV3 tumor uptake to around 51% of the corresponding
uptake at 4 h p.i. (12.52% ID/g vs. 6.49% ID/g, P < 0.01). Consequently, the tumor-to-
muscle ratio was significantly decreased for the blocking group (11.12 vs. 4.2, P < 0.01).

Radiation Dosimetry

Estimated human absorbed doses to normal organs for 111 In-DOTA-HSA-ZygRr2:340 Were
presented in Figure 7. The results predict that the highest radiation-absorbed doses will be in
the tumor (3.43 mGy/MBq), and the whole-body absorbed dose was found to be 0.032 mGy/
MBg. Among the other normal organs, liver (0.23 mGy/MBq), kidney (0.17 mGy/MBq) and
spleen (0.13 mGy/MBq) show the highest radiation-absorbed doses. It should be noted that
these dose estimations for humans are extrapolated from murine data and thus the numbers
may not correlate exactly with the actual dose distribution results in patients. The real
patient specific dosimetry still needs to be performed in patient studies.

DISCUSSION

In preclinical studies, Affibody scaffolds have shown promising prospects in humerous
HER2-specific targeting applications. Moreover, the recent first application of 58Ga-

and MIn-labeled DOTA-ZygRr2:342-pep2 (ABY-002) in patients with metastatic breast cancer
highlights the great potential of Affibody molecules to localize themselves to HER2-positive
metastatic lesions in patients (30). However, the use of Affibody molecules for
radiotherapeutic applications is questionable, mainly due to their relatively fast clearance
(compared to antibody) and extremely high kidney uptakes (generally > 100% ID/g for
radiometal-labeled Affibody scaffolds) (8,15-16). The high renal accumulation of the
radiometal-labeled Affibody molecules could result in very high radiation doses to the
radiation-sensitive kidneys. Therefore this represents a critical concern for using Affibody
molecules for radionuclide therapy. Thus, we aimed to develop a generalizable strategy to
design Affibody bioconjugates which possess high tumor targeting specificity as well as low
kidney accumulations.

As shown in earlier studies, the fusion of an Affibody protein to a small albumin binding
domain (ABD) results in a 20 kDa Affibody-ABD fusion protein that shows reduced kidney
uptake and that can be efficient in radionuclide therapy approaches (31-32). Inspired by
these results, we explored a simple and generalizable method to chemically conjugate
several Affibody molecules to HSA for in vivo applications. The resulting bioconjugate is a
multimeric ligand with a size much below conventional antibodies (< 100 kDa). The
chemical conjugation of Affibody molecules to HSA has several distinctive advantages
compared to Affibody-ABD fusion proteins. First, our method avoids time-consuming
techniques, such as molecular cloning and protein purification. Moreover, compared to the
Affibody-ABD fusion proteins, the conjugation used in this paper is more versatile, and
allows for a quick and efficient conjugation of many other peptides or proteins in a similar
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fashion. Second, the HSA modification not only improves the pharmacokinetics of the
Affibody (e.g. reduced kidney uptake) due to a higher molecular weight, it also allows the
attachment of multiple monomeric ligands to one HSA molecule. This may allow multiple
and simultaneous binding to HER2 receptors and lead to an improved tumor targeting
efficacy and retention. The advantages of using multivalent binders have been well
documented and reviewed before (33-34). Third, covalent conjugation of the Affibody
molecule to HSA seems to be a more accessible approach than a non-covalent binding of the
Affibody-fusion protein to the patients’ own serum albumin in vivo.

The synthesis of chemically conjugated DOTA-HSA-Zpgr2:342 Was performed in three
steps. First, HSA was modified with the metal chelator DOTA. It was found that two DOTA
were coupled with one HSA molecule. The conjugation of DOTA to the backbone of HSA
as the first step is advantageous and avoids a potential unfavorable modification of the
Affibody protein. On the contrary, for radiolabeling of many Affibody proteins or
preparations of Affibody-ABD fusion proteins, the lysine residues in the Affibody
molecules were used for sites of chemical modification (6,8,31-32). These approaches are
not ideal and may generate products with reduced targeting capacity because multiple lysine
residues presented in the Affibody are responsible for receptor recognition. Second, the
bifunctional crosslinker Sulfo-SMCC was conjugated to DOTA-HSA through lysine
residues. As shown by MALDI-TOF-MS analyses, 6 to 8 reactive groups were found on one
HSA molecule. In the third step, the HER2Affibody analog Ac-Cys-Zngr2:342 Was
covalently conjugated with DOTA-HSA-SMCC. It was found that up to five Affibody
molecules were covalently conjugated onto one HSA molecule. We also tested different
Affibody-to-HSA reaction ratios and found that higher ratios of Affibody molecules did not
result in a higher number of attached Affibody molecules (data not shown).

Evaluation of the radiolabeled conjugates in mice demonstrated that 54Cu-DOTA-HSA-
ZHER2:342 and 111In-DOTA-HSA-Zgro:342 are promising agents for HER2 imaging via
PET and SPECT/CT. For small-animal PET, excellent tumor-to- background contrast was
obtained at 4 h, 24 h, and 48 h after injection of 54Cu-DOTA-HSA-ZgRr2-342. Whereas the
SKOV3 tumors in $4Cu-DOTA-HSA injected mice could be barely seen. Quantitative
analysis of PET images suggested a significant difference in tumor uptake of 64Cu-DOTA-
HSA-ZneRr2:342 and 84Cu-DOTA-HSA. This is a good reflection of the specificity of 84Cu-
DOTA-HSA-Zygr2:342 in HER2 positive tumors. Micro SPECT/CT with 111In-DOTA-
HSA-ZyeRr2:342 Clearly showed uptake into the tumors of mice at 24 h p.i. and even at 96 h
p.i. For both PET and SPECT imaging the kidneys showed low uptakes. These imaging
studies clearly indicate that HSA modification does not compromise the tumor targeting
ability of the Affibody molecules, while significantly reducing the kidney uptakes of the
protein.

The biodistribution studies of 111In-DOTA-HSA-ZgRr2:342 showed the capacity of 111In-
DOTA-HSA-ZgRr2:342 t0 accumulate in HER2 expressing tumors. Such findings were in
good agreement with the PET studies of 4Cu-DOTA-HSA-Zgro:342 in xenograft-bearing
mice. Due to the relatively high molecular weight of the compound (~ 75.4 to 96.2 kDa), the
probe exhibited mainly a hepatic accumulation.

Additionally, spleen uptake was found to be high probably due to uptake through scavenger
receptors in sessile macrophages within the spleen. Consistent with our expectation, the
kidney retention (11.50% ID/g at 1 h and 5.37% ID/g at 48 h) of the conjugate was very low
in comparison to the radiometal-labeled Affibody monomer itself (16,19), trastuzumab (35—
36), anti-HER2 diabodies (37) or minibodies (38). Furthermore, the reduction of the renal
clearance could be decreased to even lower levels compared to an 177Lu-labelled Affibody-
ABD fusion protein (15% vs 6.1% ID/g) as shown in biodistribution experiments in SKOV3
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tumor bearing mice (31). The specificities of 111 In-DOTA-HSA-Z}ro:342 Were also
confirmed by the use of an excess of nonradiolabeled Ac-Cys-Zygro:342 in vitro and in vivo.
Biodistribution studies revealed a specific binding of 111In-DOTA-HSA-ZgRr2:342 to HER2
protein as shown by a reduced SKOV3 tumor uptake after co-injection with Ac-

Cys-Z HER2:342:

CONCLUSION

DOTA-HSA-ZHeRr2:342 bioconjugates were successfully chemically synthesized and labeled
with radiometals. These probes provide high specificity, sensitivity, and display excellent
tumor contrasts as shown in PET and SPECT studies. This exemplifies their potential for the
imaging of HER2 positive cancer. More importantly, the in vivo properties and
pharmacokinetics of DOTA-HSA-Zper2:342 conjugates make them promising candidates
for labeling with therapeutic radionuclides, e.g. %Y or 177 Lu.

This proof of concept research of using HSA to alternate the pharmacokinetic and
biodistribution of biomolecules such as Affibody molecules indicates a broader application
towards many other imaging and radionuclide therapy agents.
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Schematic structure of a radiolabeled Affibody-HSA conjugate. Red regions indicate the

lysine residues of HSA suitable for the conjugation with DOTA (hexagon) and HER2-

Affibody molecules (violet structures). The yellow symbols indicate the radiometals 111In

and 64Cu, respectively. 108x101mm (150 x 150 DPI)
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FIGURE 3.

Analysis of Affibody-HSA bioconjugates. (A) MALDI-TOF-MS of DOTA-HSA-
ZHERZ2:342. The number of Affibody molecules per HSA is calculated to be 1 to 5. (a),
DOTA-HSA-SMCC 68.56 kDa; (b), DOTA-HSA-ZHER2:342(1) (MW=75.03); (c), DOTA-
HSA-ZHER2:342(2) (MW=82.09); (d), DOTA-HSA-ZHER2:342(3) (MW= 89.19); (e),
DOTA-HSA-ZHER2:342(4) (95.8 kDa) and (f), DOTA-HSA-ZHER2:342(5) (MW=
102.19) (B) SDS-PAGE analysis of several fractions obtained from the chemical
conjugation procedure of HSA with ZHER2:342. 1, HSA; 2, Ac-Cys-ZHER?2:342; 3,
reaction mixture of DOTA-HSA and ZHER2:342 (DOTA-HSA-ZHER2:342); 4, flow-
through fraction after centrifugation using microcentrifuge tubes; 5, purified DOTA-HSA-
ZHER2:342. 241x120mm (150 x 150 DPI)
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FIGURE 4.

Uptake of 64Cu-DOTA-HSA-ZHER2:342 (A) and 111In-DOTA-HSA-ZHER2:342 (B) in
SKOV3 cells over time at 37 °C in presence or absence of non-radioactive Ac-Cys-
ZHER?2:342. All results are expressed as percentage of applied radioactivity and are mean of
six measurements + SD. 133x180mm (150 x 150 DPI)
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FIGURE 5.

Micro-PET imaging in nude mice bearing SKOV3 tumors. Representative decay corrected
coronal (top) and transaxial (bottom) PET images at 1 h, 4 h, 24 h and 48 h after tail vein
injection of 64Cu-DOTA-HSA-ZHER2:342 (A) and of 64Cu-DOTA-HSA as control (B).
Arrows indicate the location of tumors. (C) Tumor time-activity curves derived from
multiple-time-point small-animal PET images after tail vein injection of 64Cu-DOTA-HSA-
ZHER2:342 and of 64Cu-DOTA-HSA. (D) Time-activity curves of muscle, blood, liver and
kidney derived from multiple-time-point small-animal PET images after tail vein injection
of 64Cu-DOTA-HSA-ZHER2:342. Data presented in (C) and (D) are shown as mean + SD
% ID/g (n = 3). 290x184mm (150 x 150 DPI)
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FIGURE 6.

Small Animal SPECT/CT of a mouse bearing SKOV3 tumor xenograft at 24 h and 96 h
after administration of 111In-DOTA-HSA-ZHER2:342. T, tumor; L, liver. Red color
indicates highest radioactivity concentration. 99x106mm (150 x 150 DPI)
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FIGURE 7.

Estimated radiation absorbed doses in major organs of a human adult male after intravenous
injection of 111In-DOTA-HSA-ZHER?2:342 based on the biodistribution data obtained in
SKOV3-tumor bearing mice. Abbreviations: LLI, lower large intestine; ULI: upper large
intestine. 163x91mm (150 x 150 DPI)
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