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Human epidermal growth factor receptor type 2 (HER2) is a well-
established tumor biomarker that is overexpressed in a wide
variety of cancers and that serves as a molecular target for ther-
apeutic intervention. HER2 also serves as a prognostic indicator
of patient survival and as a predictive marker of the response
to antineoplastic therapy. The development of '8F-labeled bio-
molecules for PET imaging of HER2 (HER2 PET) is very important
because it may provide a powerful tool for the early detection of
HER2-positive tumor recurrence and for the monitoring of HER2-
based tumor treatment. Methods: In this study, anti-HER2 mono-
meric and dimeric protein scaffold molecules [Zngro.477 and
(ZHER2:477)2, respectively] were radiofluorinated at a reasonable
radiochemical yield (13%-18%) by use of site-specific oxime
chemistry. The resulting radiofluorinated protein scaffold mole-
cules were then evaluated as potential molecular probes for
small-animal HER2 PET by use of a SKOV3 tumor-bearing
mouse model. Results: The 4-'8F-fluorobenzaldehyde conjugated
aminooxy-protein scaffolds ['8F-N-(4-fluorobenzylidene)oxime
(FBO)-Ztier2:477 and 18F-FBO-(Zyigra:477)2] both displayed spe-
cific HER2-binding ability in vitro. Biodistribution and small-animal
PET imaging studies further revealed that '"8F-FBO-Zgrz.477
showed rapid and high SKOV3 tumor accumulation and quick
clearance from normal tissues, whereas 8F-FBO-(Zgr2.477)2
showed poor in vivo performance (low tumor uptake and tumor-
to-normal tissue ratios). The specificity of 8F-FBO-Zygrp-477 for
SKOV3 tumors was confirmed by its lower uptake on pretreat-
ment of tumor-bearing mice with the HER2-targeting agents
Zpere and trastuzumab. Moreover, small-animal PET imaging
studies revealed that '8F-FBO-Zyggo.477 produced higher-quality
tumor imaging than '8F-FBO-(ZygRro.477)2. '8F-FBO-ZyeRs.477 could
clearly identify HER2-positive tumors with good contrast. Conclu-
sion: Overall, these data demonstrate that 18F-FBO-Z, gro-477 iS @
promising PET probe for imaging HER2 expression in living mice. It
has a high potential for translation to clinical applications. The
radiofluorination method developed can also be used as a general
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strategy for the site-specific labeling of other proteins with '8F. The
protein scaffold molecules used here are attractive for the further
development of PET probes for other molecular targets.
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Human epidermal growth factor receptor type 2
(HER2), a transmembrane protein and a member of the
erbB family of receptor tyrosine kinase proteins, is a well-
established tumor biomarker that is overexpressed in a wide
variety of cancers, including breast, ovarian, lung, gastric,
and oral cancers (/,2). HER2 amplification and activation
promote tumor cell proliferation, growth, migration, adhe-
sion, and invasiveness. HER2 upregulation also contributes
to the resistance of cancer cells to apoptosis, thereby
leading to an improvement in the survival of cancer cells. It
has been found that HER2 overexpression is usually
associated with high-grade aggressive tumors and a poor
prognosis (2). Therefore, HER2 has great value as a
molecular target for therapeutic intervention, as a prognos-
tic indicator of patient survival, and as a predictive marker
of the response to antineoplastic therapy.

Over the last decade, noninvasive molecular imaging of
HER?2 expression with various imaging modalities has been
extensively studied; these modalities include radionuclide
imaging with PET and SPECT (3-15), MRI (/6), and optical
imaging (/7,18). PET imaging of HER2 (HER2 PET) is
particularly useful because of its high sensitivity, high spatial
resolution, strong quantification ability, and great potential
for translation to clinical applications. Compared with the
fluorescence in situ hybridization (FISH) and immunohisto-
chemistry (IHC) tests currently used in clinical practice for
the determination of HER2 status, PET provides a real-time
assay of overall tumor HER2 expression in patients; there-
fore, it is expected to avoid false-negative results, which are
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caused by sampling errors and heterogeneity of expression in
biopsied tumor samples. Furthermore, HER2 PET may be
very helpful for the identification of HER2 expression in
tumors over time, the selection of patients for HER-targeted
treatment (such as trastuzumab-based therapy), prediction of
the response to therapy, the evaluation of drug efficacy, and
many other applications.

Although various HER2 PET techniques have been
evaluated with preclinical small-animal tumor models,
developing a PET probe for routine clinical use has not
yet been successfully achieved, mainly because of the
limited availability of HER2-binding ligands to the molec-
ular imaging field. Indeed, the majority of efforts for HER2
imaging agent development have been focused on using
HER2-avid antibodies or antibody-derived fragments
(3,4,17,18). Unfortunately, the slow tumor targeting and
slow normal tissue clearance of antibody-based probes
severely hamper their clinical applications. Moreover, the
slow pharmacokinetic clearance of antibody-based probes
generally leads to the selection of radioisotopes with
relatively long half-lives, such as %*Cu (12.7 h), 36Y (14.7
h), 121 (4.18 d), and 7%Br (16.0 h), as radiolabels, poten-
tially resulting in elevated radiation doses to patients. The
limited availability and high cost of those radioisotopes
also become significant problems and hinder the further
development of antibody-based HER2 imaging agents.

Recently, molecules that were derived from one of the
IgG-binding domains of staphylococcal protein A (Affi-
body molecules) have received a lot of attention (5—15,19).
Affibody molecules are composed of a relatively small
engineered protein scaffold with 58 amino acid residues
and a 3-helix-bundle scaffold structure. They possess some
favorable properties, including ease of preparation, possible
production by chemical synthesis, high affinity and spec-
ificity, rapid blood clearance, and rapid and good tumor
tissue penetration and accumulation. Moreover, Affibody
binders against desired targets can be quickly identified and
selected by use of phage display technology (20). Thus,
Affibody molecules have great potential to become a
universal platform for developing imaging or therapeutic
agents for various biomarkers.

High-affinity HER2-binding Affibody molecules were
obtained by use of phage display technology and affinity
maturation (8,20). Subsequently, these proteogenic deriva-
tives were radiolabeled with various radioisotopes, includ-
ing 99mTc, 111/114mpy 90y 177] 3y 68Gq, 1251, 76/77/82By. and
2 At (5-15), and were evaluated as therapeutic and imag-
ing agents for malignant tumors overexpressing HER?2.
These studies clearly demonstrated that Affibody molecules
are a promising new class of HER2-targeting ligands
worthy of further evaluation in the development of PET
probes for clinical HER2 imaging.

We hypothesized that Affibody binders would be ideal
candidates for developing !8F-labeled PET molecular
probes because of their fast tumor-targeting ability, fast
pharmacokinetic clearance, and ability to recognize a wide
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variety of molecular targets. '8F, the most commonly used
PET radionuclide, is widely available and has almost ideal
imaging properties (half-life: 110 min; emits B*-particles
at an energy of 635 keV; 97% abundant) (2/); these
features make this radionuclide highly clinically relevant.
Our goal is to ultimately apply Affibody-based PET probes
for imaging patients. In this study, we developed a method
for the site-specific radiofluorination of Affibody mole-
cules, using anti-HER2 Affibody molecules [Zygr>.477 and
(ZygEgRr2:477)2] as model proteins. The in vitro and in vivo
biologic profiles of these '8F-labeled anti-HER2 Affibody
molecules were evaluated in cultured SKOV3 cells with high
HER?2 expression levels and nude mice bearing subcutaneous
SKOV3 tumors. Finally, the ability of '8F-labeled Zyggro.477
and (Zygro.477)> to image HER2 expression in living mice
was evaluated with small-animal PET.

MATERIALS AND METHODS

General

The anti-HER2 imaging agent, Affibody molecule Zygrs.477,
and the anti-HER2, unconjugated bivalent Affibody molecule,
(Zygr2:477)2, Were purchased from Affibody AB. All of the other
general materials and instruments and the synthesis of the bifunc-
tional linker [2-(aminooxy)-N-(2-(2,5-dioxo-2,5-dihydro-'H-pyrrol-
1-yDethyl)acetamide hydrochloride] (Mal-AO), aminooxy-function-
alized AfﬁbOdy molecules [ZHER2:477-ONH2 and (ZHER2:477)2-ONH2],
and 4-fluorobenzaldehyde (4-FBA)—conjugated aminooxy-function-
alized Affibody molecules [N-(4-fluorobenzylidene)oxime (FBO)-
ZyEr2:477 and FBO-(Zygr2.477)2], are described in the supplemental
materials (available online only at http://jnm.snmjournals.org). The
procedures for in vitro analysis of Affibody bioconjugates are also
described in the supplemental materials.

Radiosynthesis of 18F-Labeled Affibody Molecules:
18F-FBO-ZygR2:477 and 8F-FBO-(Zygrz:a77)2

The Affibody molecules Zygrz.477-ONH, and (Zggro.477)2-
ONH, were radiofluorinated with an !'8F-labeled prosthetic group
(4-'8F-FBA) by use of a slight modification of a procedure re-
ported before (22). 4-'8F-FBA was first prepared by use of a GE
TRACERIab FX-FN synthetic module (GE Healthcare) (Fig. 1).
In brief, non—carrier-added '8F~ trapped on a quaternary ammo-
nium anion exchange cartridge (11.1-37 GBq [300-1,000 mCi])
was washed with a solution of K,COj3 and Kryptofix 2.2.2 (Sigma)
in water and acetonitrile. After evaporation of the solution and
azeotropic drying of the residue, a solution of a 4-formyl-N,N,N-
trimethylanilinium triflate precursor (4—-6 mg) in dimethyl sulfox-
ide was added to the reactor, and the mixture was heated for 10
min at 85°C. Purification of the reaction mixture with a Cig
cartridge system afforded the product 4-'8F-FBA at a 50%-70%
radiochemical yield (decay corrected) and an overall synthesis
time of about 40 min (specific activity: 592-1,480 MBq/ng [16—
40 mCi/pg)).

Subsequently, Zygr2.477-ONH, or (Zygr2.477)2-ONH, (0.25 or
0.5 mg, respectively, in 100 pL of ammonium acetate [pH 4])
(Fig. 1) was incubated with 4-'8F-FBA (0.185-0.259 GBq [5-7
mCi] in 50 pL of methanol) at 70°C for 15 min. The reaction
solution was cooled and purified by use of an analytic high-
performance liquid chromatography (HPLC) column (flow rate,
1 mL/min). For the purification of '8F-FBO-Zygg».477, the mobile
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phases were 95% solvent A and 5% solvent B (0-3 min), 80%
solvent A and 20% solvent B (at 25 min), and then 85% solvent B
and 15% solvent A (25-36 min); the last solvent composition was
maintained for another 3 min (36-39 min), and then the solvent
composition was returned to the initial composition by 42 min.
For the purification of '8F-FBO-(Zygr».477)2, the mobile phases
were 95% solvent A and 5% solvent B (0—3 min), 35% solvent A
and 65% solvent B (at 30 min), and then 85% solvent B and 15%
solvent A (33-36 min); the last solvent composition was main-
tained for another 3 min (36-39 min), and then the solvent
composition was returned to the initial composition by 42 min.
The HPLC fractions containing the !'3F-labeled Affibody mole-
cules were collected, combined, and treated with a rotary evap-
orator to dry the product. The radiolabeled Affibody molecules
were reconstituted in phosphate-buffered saline and passed
through a 0.22-pm Millipore filter into a sterile vial for in vitro
and animal experiments.

Cell Assays

SKOV3 cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum and 1% penicillin—strepto-
mycin (Invitrogen Life Technologies). The cells were maintained
in a humidified atmosphere of 5% CO, at 37°C, and the medium
was changed every other day. A confluent monolayer was de-
tached with trypsin and dissociated into a single-cell suspension
for further cell culturing.

In vitro cell uptake assays for 3F-FBO-Zygr».477 and '8 F-FBO-
(Zygr2:477)2 were performed with SKOV3 cells as previously
described (23). In brief, the cells were used to seed 24-well tissue
culture plates at a density of 0.2 X 106 cells per well and were
allowed to attach overnight. After a wash with RPMI 1640
medium, the cells were incubated at 37°C for 0.5-2 h with the
radioactive probes (1.11—6.29 kBq [0.03-0.17 wCi]) in 0.5 mL of
medium. Nonspecific binding of the probes to the SKOV3 cells
was determined by coincubation with nonradiolabeled Affibody
molecules [10 g of (Zygr2.477)> Was added to each sample for
I8F_.FBO-(Zygr>:477)2, for a final concentration of 1.43 pM; 1 pg
of Zygro was added to each sample for '8F-FBO-Zygro.477, for a
final concentration of 0.28 uM]. The cells were rinsed 3 times
with 0.01 M phosphate-buffered saline (pH 7.4) and 0.2% bovine
serum albumin and lysed in 0.5 mL of 1.0 M NaOH for 5 min, and
the radioactivity of the cells was measured. The protein concen-
trations of the samples were measured by use of the Bradford
assay (Bio-Rad). All of the data were analyzed with the ORI-
GING6.0 computer program (Microcal Software Inc.).
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Biodistribution Studies

All animal studies were performed in compliance with federal
and local institutional rules for animal experimentation. Approx-
imately 10¢ SKOV3 cells suspended in Matrigel (BD Biosciences)
were implanted subcutaneously in the flanks of nude mice.
Tumors were allowed to grow to a size of 500-750 mg (2-3
wk), and then the tumor-bearing mice were subjected to in vivo
biodistribution and imaging studies.

For biodistribution studies, SKOV3 tumor—bearing mice (n = 3 for
each group) were injected with '8F-FBO-Zygg».477 (0.37-1.11 MBq
[10-30 pCil; 0.125-0.375 pg) or '8F-FBO-(Zgr2.477)2 (0.74-1.665
MBq [2045 nCi]; 0.5-1.125 pg) via the tail vein and sacrificed at
various time points from 30 min to 3 h after injection. Tumor and
normal tissues of interest were removed and weighed, and their
radioactivity was measured with a <y-counter. The radioactivity
uptake in the tumor and normal tissues was expressed as a percentage
of the injected radioactive dose per gram of tissue (%ID/g). For testing
of the in vivo HER2-targeting specificity of '8F-FBO-Zyggr», nude
mice bearing SKOV 3 tumors (n = 3 for each group) were treated with
either 500 pg of trastuzumab (tail vein injection, 72 h before
radiolabeled probe injection) or 300 g of Zygro477 (tail vein
injection, 1 h before radiolabeled probe injection). The mice were
injected with 8F-FBO-Zygr2.477, and biodistribution at 1 h after
injection was examined.

Small-Animal PET Imaging

PET of tumor-bearing mice was performed by use of a micro-
PET R4 rodent-model scanner (Siemens Medical Solutions). Mice
bearing SKOV3 tumors were injected with '8F-FBO-Zygro.477
(0.444-0.814 MBq [12-22 pCi]; 0.15-0.275 pg) or '3F-FBO-
(Zugr2:477)2 (1.85-2.035 MBq [50-55 pCi]; 1.25-1.375 pg) via
the tail vein. At various times after injection (0.5 and 1 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 (5 min) were obtained, and the images were re-
constructed by use of a 2-dimensional ordered-subsets expectation
maximization algorithm. No background correction was per-
formed. Regions of interest (ROIs; 5 pixels for coronal and
transaxial slices) were drawn over the tumors on decay-corrected
whole-body coronal images. The maximum counts per pixel per
minute were obtained from the ROIs and converted to counts per
milliliter per minute by use of a calibration constant. On the basis
of the assumption of a tissue density of 1 g/mL, the ROIs were
converted to counts per gram per minute. Image ROI-derived
%1D/g values were determined by dividing counts per gram per
minute by injected dose. No attenuation correction was performed.
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Statistical Methods

Statistical analysis was performed by use of the Student # test
for unpaired data. A 95% confidence level was chosen to deter-
mine the significance between groups, with P values of less than
0.05 indicating significant differences.

RESULTS

Chemistry and Radiochemistry

A distal C-terminal cysteine residue in the engineered
anti-HER2 AfﬁbOdy molecules [ZHER2:477 and (ZHER2:477)2]
provides a thiol moiety that can be used for site-specific
modification of the proteins. A bifunctional linker (Mal-AO)
consisting of 2 orthogonal groups, a thiol-reactive maleimide
group for conjugation to the engineered cysteine and an
I8/19F_a]ldehyde-reactive aminooxy group, was synthesized.
This linker was prepared by reacting N-(2-aminoethyl)
malemide with 2-(tert-butoxycarbonylaminooxy)acetic acid
under carbodiimide-mediated coupling conditions, yielding
the protected form of the linker. The aminooxy group was
deprotected by acid cleavage of the terr-butoxycarbonyl
group to yield the final product at a quantitative yield (Fig. 1).

The monomeric and dimeric Affibody molecules [Zygr».477
and (Zygr2:477)2, respectively] were selectively conjugated to
the maleimide—aminooxy linker, with quantitative coupling
yields. For both constructs, the reactions were completed in
2 h. The monomeric and dimeric aminooxy conjugates
[Z1ER2:477-ONH; and (Zygr2:477)2-ONH,, respectively ] were
easily purified by dialysis, with recovery yields of 82% and
79%, respectively. Electrospray ionization—mass spectrome-
try (ESI-MS) analysis of the final products (purity of >95%,
as determined by HPLC analysis) confirmed the absence
of starting material, and only the products expected, with
molecular masses of 6,962.58 Da and 14,431.45 Da, were
obtained for the monomeric and dimeric constructs, respec-
tively [calculated molecular weights (MWSs) for constructs
Zugr2:477-ONH, and (Zygr2.477)>-ONH, were 6,963.55 and
14,431.26, respectively]. The aminooxy-functionalized Affi-
body molecules were reacted with 4-FBA to prepare nonra-
dioactive FBO-ZHER2:477 and FBO-(ZHER2:477)2 as standard
compounds. For both preparations, recovery yields were
typically 70%—-90%, and coupling yields were quantitatively
determined by ESI-MS characterization (i.e., no detected
starting material). Purified FBO-Zygro.477 and FBO-
(Zygr2:477)> were characterized by ESI-MS. The measured
MWs for both constructs were consistent with the expected
MWs [for FBO-Zygr, calculated MW = 7,069.64 and found
MW = 7,068.94; for FBO-(Zyzgr»)», calculated MW =
14,537.67 and found MW = 14,538.59].

Similarly, 4-'8F-FBA was prepared and conjugated to the
Afﬁbody molecules [ZHER2:477-ONH2 and (ZHER2:477)2'
ONH,] (coupling yields: 30%—40%). Under the HPLC
conditions used, the retention times of '8F-FBO-Zygro
and '8F-FBO-(Zyggr2:477)> were found to be 33.6 and 29.0
min, respectively. The HPLC radiochromatogram of puri-
fied '8F-FBO-Zygr2.477 is shown in Figure 2. Both products
were found to be greater than 95% radiochemically and
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FIGURE 2. HPLC radiochromatogram of purified '8F-FBO-
ZHER2:477-

chemically pure, as determined by analytic HPLC. The
overall radiochemical yield ranged from 13% to 18% (end
of synthesis; corrected for decay), and the specific activities
were 10.4-20.8 MBg/nmol (20-40 pnCi/pg) and 13.0-20.7
MBg/nmol (50-80 wCi/ng) for the 14-kDa and 7-kDa
Affibody bioconjugates, respectively. The total time needed
for the synthesis of the '8F-labeled Affibody molecules was
about 100 min.

HER2-Binding Affinities of Affibody Bioconjugates

The binding affinities of the various anti-HER2 Affibody
constructs were evaluated in vitro by surface plasmon
resonance. The sensorgrams for Zygro.477 and FBO-
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FIGURE 3. Biosensor binding studies of Zygro.477 (A) and
FBO-(ZneR2:477)2 (B). Sensorgrams were obtained after injection
of various concentrations of purified Affibody molecules onto
sensor chip flow cell surface containing amine-coupled Fc-
HER2 chimeric protein. Resp. Diff. = response difference.
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(Zygro2:477)2 are shown in Figure 3. The binding affinities of
Zugr2:477-ONHy, FBO-Zygr2:477, (Zuer2:477)2-ONH,, and
FBO-(Zygr2.477)» were 400, 430, 180, and 200 pM, re-
spectively. In general, the binding affinity of Zygr,.477 Was
slightly lower than the binding affinity of the dimeric
construct, (Zygr2:477)2, but was still in the picomolar range.
In addition, conjugation of a small molecule like 4-FBA to
the Affibody had a minor effect on the affinity of the
precursor, arguably considered nonsignificant. An advanta-
geous combination of the properties of these molecules is
their very fast “on rate,” with association constants in the
range of 10°-10° for the FBO monomer and the FBO dimer
(association time is over 2 min), and their very slow “off
rate,” with dissociation constants in the range of 10™4-
105 (disassociation time is over 15 min), close to the
sensitivity limits of the surface plasmon resonance assay.

In Vitro Cell Assays of Affibody Bioconjugates

Tumor cell line SKOV3, with a high level of HER2 ex-
pression (Abhijit De, unpublished data, January 2007), was
used for evaluation of the HER2-targeting ability of 8F-
labeled Affibody molecules. Levels of cell uptake of !8F-
FBO-ZHER2:477 and lgF-FBO-(ZHER2:477)2 at 37°C over a
2-h incubation period are shown in Figures 4A and 4B,
respectively. '8F-FBO-Zyggo.477 quickly accumulated in
SKOV3 cells and reached a value of 0.00476 (cell counts
per minute [cpm]/medium cpm/pg of protein/uL) at 0.5 h.
The uptake was maintained at almost the same level until
2 h. A similar cell uptake pattern was observed for '®F-FBO-
(Zygr2:477)2, but it showed a level of uptake 3-fold higher
than that of the monomeric Affibody at 0.5 h: 0.01447 (cell
cpm/medium cpm/pg of protein/pL). When both probes
were incubated with large excesses of nonradioactive Affi-
body molecules, their levels of uptake in SKOV3 cells were
inhibited significantly (P < 0.05) at all incubation time
points. For example, uptake values of only 0.00329 =
0.00027 (mean *= SD) and 0.00623 = 0.00046 at 0.5 h of
incubation were observed for '8F-FBO-Zyggro.477 and !8F-
FBO-(Zygro:477)2, respectively. Overall, these results
strongly suggested the HER2-binding specificity of '3F-
FBO-Zygr2:477 and "8F-FBO-(Zygr2:477)>-

In Vivo Biodistribution Studies

The in vivo biodistribution of '8F-FBO-Zygr2.477 and
I8F_-FBO-(Zygr»-477)> Was examined by use of a SKOV3
human ovarian tumor—bearing mouse model. The biodistri-
butions of '8F-FBO-Zygr2.477 at 0.5, 1, and 3 h and of !8F-
FBO-(Zygr2:477)2 at 0.5, 1, and 2.7 h are shown in Figure 5.
For '8F-FBO-Zygr».477, rapid and high levels of radioactivity
accumulation in the HER2-overexpressing SKOV3 tumors
were observed at early time points (4.77 £ 0.78 %ID/g at
0.5 h after injection). Tumor uptake was slightly reduced, to
3.61 £ 0.29 %ID/g, at 3 h after injection (Fig. 5A). How-
ever, the uptake of '8F-FBO-(Zygr2.477)> in SKOV3 tumors
measured only 2.03 * 0.31 and 1.08 *= 0.15 %ID/g at 0.5
and 2.7 h after injection, respectively; these values were
significantly lower than the values for the '8F-labeled mono-
meric construct (P < 0.05) (Fig. 5SD).

Both !8F-labeled Affibody bioconjugates displayed rela-
tively rapid blood clearance; blood uptake values of 1.50 *
0.35 and 1.56 = 0.29 %ID/g were observed at 1 h after
injection for lsF-FBO-ZHER2:477 and 18F-FBO—(ZHER2:477)2,
respectively. However, at 0.5 h after injection, the !8F-labeled
dimeric construct exhibited a higher level of blood uptake
than the monomeric construct (3.81 = 0.50 and 1.97 =+
0.24 %ID/g, respectively; P < 0.05). Moreover, 'SF-FBO-
(Zugro:477)2 also displayed a significantly higher level of
muscle uptake than '8F-FBO-Zgr».477 at 0.5 h after injection
but displayed similar levels of uptake at later time points
(Figs. 5A and 5D). Both radiolabeled proteins displayed high
levels of renal uptake at early time points (e.g., 0.5 h after
injection; over 20 %ID/g) but moderate levels of uptake at
later time points (Figs. 5B and SE). The monomeric construct
also demonstrated a higher level of radioactivity accumula-
tion in the kidneys than the dimeric construct (7.37 = 0.85
and 2.08 = 0.45 %ID/g at 3 and 2.7 h after injection, respec-
tively; P < 0.05). '8F-FBO-(Zygr2.477)> showed a level of
liver uptake about 2-fold higher than that of 'SF-FBO-
Zygr2:477 at 0.5 h after injection and showed a similar level
at 1 h after injection. These data clearly suggested that '8F-
labeled dimeric and monomeric Affibody constructs were
cleared through the hepatobiliary, renal, and urinary systems.
Importantly, it was found that '8F-FBO-Zyggr».477 showed
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FIGURE 5. Biodistribution results (A, B, D, and E) and tumor-to-normal tissue ratios (C and F) for '8F-FBO-Zgro-477 (A, B, and C)
and 18F-FBO-(Zygre-477)2 (D, E, and F) in nude mice bearing subcutaneously xenotransplanted SKOV3 tumors (human ovarian
cancer) (T). Data are expressed as %ID/g at various times after intravenous injection of '8F-FBO-Zgro.477 (0.37-1.11 MBq [10-30
wCi)) or '8F-FBO-(Znerz:477)2 (0.74-1.67 MBq [20-45 p.Ci]) (n = 3 for each group). '8F-FBO-Z,er0.477 Showed significantly higher

uptake in SKOV3 tumors than '8F-FBO-(Zyerz:477)2 (P < 0.05).

significantly higher SKOV3 tumor-to-normal tissue (blood,
muscle, liver, and lung) ratios than '8F-FBO-(Zygr2.477)> at
all time points investigated (Figs. 5C and 5F). At 3 h after
injection, the tumor-to-blood and tumor-to-muscle ratios of
18F-FBO-Zygro:477 Were 12.72 = 294 and 28.03 + 8.28,
respectively.

Because '8F-FBO-Zyggro.477 demonstrated high levels of
tumor accumulation and favorable pharmacokinetic prop-
erties, its in vivo tumor-targeting specificity was further
evaluated. It was found that the pretreatment of SKOV3
tumor—bearing mice with Zyggr».477 specifically reduced the
SKOV3 tumor uptake of '8F-FBO-Zygr2.477 to about 36%
of the corresponding control tumor uptake (4.77 = 0.88 and
1.73 £ 0.37 %ID/g, respectively; P < 0.05). However, no
significant difference was observed for uptake in all of the
other normal tissues (Fig. 6A). Similarly, the pretreatment
of SKOV3 tumor-bearing mice with a HER2-binding
protein, trastuzumab (500 pg each), for 72 h also specif-
ically inhibited the uptake of '8F-FBO-Zyggr».477, to about
47% of the control tumor uptake (4.77 = 0.88 and 2.25 *=
0.49 %ID/g, respectively; P < 0.05), but did not alter its
accumulation in most of the other normal organs, except for
the kidneys (Fig. 6A). Consequently, the SKOV3 tumor-to-
normal tissue ratios were all significantly reduced by Zyggr»
and trastuzumab treatments (P < 0.05) (Fig. 6B).

Small-Animal PET Imaging

Decay-corrected coronal (top row) and transaxial (bottom
row) small-animal PET images of a SKOV3 tumor—bearing
mouse at 0.5, 1, 2, and 4 h after tail vein injection of '3F-
FBO-Zygro.477 or '8F-FBO-(Zygro:477)> are shown in Fig-

HER2 PET witH '®F-LABELED ArriBopY ¢ Cheng et al.

ures 7A and 7B, respectively. For '8F-FBO-(Zyggro.477)2, the
SKOV3 tumor was visible, especially at later time points,
but with low tumor-to-background contrast. For '8F-FBO-
Zygr2:477, the SKOV3 tumor was clearly visualized, with
much better tumor-to-background contrast, at 0.5-4 h after
injection. Also observed were high levels of activity accu-
mulation in the kidneys and part of the gastrointestinal tract
for both tracers. Quantification of activity accumulation in
the SKOV3 tumor and in the contralateral muscle tissue
showed that '8F-FBO-Zygg».477 had about 2-fold-higher
tumor uptake but lower muscle uptake than '8F-FBO-
(Zygr2:477)> at 0.5—4 h. The absolute tumor and muscle
uptake values (in %ID/g) obtained from PET image data
were consistent with the findings obtained in the biodistri-
bution studies.

DISCUSSION

The development of PET molecular probes is an important
area of molecular imaging that also represents a great
challenge, as evidenced by the fact that only a small number
of PET probes are clinically available. It is expected that the
combination of various general strategies should dramati-
cally facilitate the process of imaging probe development.
These translatable approaches include, but are not limited to,
high-throughput technologies for the identification of ligands
for specific disease biomarkers, reliable and site-specific
conjugation chemistries for coupling reporting moieties
(such as radionuclides and fluorescent molecules) to binding
ligands, and techniques for rapid evaluation of the in vitro
and in vivo properties of the resulting bioconjugates. Anti-
bodies and their fragments traditionally have been used as

809


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

B 8F-FBO-Zeroa77
O "8F-FBO-Zyigroa77 + Zngroarr
B 8F-FBO-Z,crp477 + Trastuzumab

AAATATLTLRRLRRS

B ®F-FBO-Zyerpa77
o 18F'FB()'ZHERZ:477 + ZHER2:477
O "8F-FBO-Zygrp.477 + Trastuzumab

35 1
30 1
25 1
o o0 4
§ 20
2 15 1
10 1
5 -
0 -
O N
R
B 12
FIGURE 6. In vivo HER2 tumor-target-
ing specificity of 18F-FBO-Zigro.477. One-
hour biodistribution results (A) and o
tumor-to-normal tissue ratios (B) are =
shown for 18F-FBO-Zygro.477 With or 14
without pretreatment with either 300 ng
of Zygro:a77 Or 500 pg of trastuzumab.
18F—FBO—ZHER2;477 SKOV3 tumor (T) up-
take was significantly inhibited by T/blood
ZnEeRo:477 OF trastuzumab (P < 0.05) (n = 3).

T/muscle

T/liver T/lung T/spleen T/kidney

valuable platform molecules for imaging and therapeutic
agent development. A vast number of antibodies against a
variety of antigens can be easily generated by use of
conventional hybridoma technology. Antibodies labeled with
long-lived PET radioisotopes have been investigated and
have been shown to have broad applications in tumor
detection, tumor target validation, radiation dose estimation,
and optimization and individualization of antibody-based
therapies (24). However, the slow pharmacokinetic proper-
ties of antibodies makes them less than ideal as a targeting
platform for PET probes, especially for '8F-based imaging
agents. More recently, many in vitro display technologies
(phages, bacteria, yeasts, ribosomes, and messenger RNA) in
conjunction with rational protein engineering have been used
to construct nonimmunoglobulin protein libraries with a
defined scaffold. The rapid progress of protein display
technologies has led to the discovery of many novel small
proteins and peptides with high affinity and specificity for a
variety of molecular targets (25,26). These proteins are
superior sources for the development of biodrugs and mo-
lecular probes (27). Importantly, their relatively small size
generally leads to fast clearance, rapid tumor accumulation,
and relatively short in vivo biologic half-life (6—13), which
potentially matches well the physical half-life of !3F, one of
the most widely available PET radioisotopes. We hypothe-
sized that this small protein scaffold would have great
potential for the development of novel PET probes for a
variety of targets. Thus, Affibody molecules with a 3-helix-
bundle scaffold structure were selected for radiolabeling with
I8F and evaluated in this work as a proof-of-concept study.

A strategy based on oxime chemistry has been developed
for the radiofluorination of Affibody molecules. Site-specific

810

labeling of a protein is critical to preserving the biologic
activity of the biomolecule. A cysteine residue was engi-
neered into the Affibody molecule C terminus, providing
a thiol moiety to which site-selective chemistry could be
applied. A bifunctional linker (Mal-AO) consisting of a
thiol-reactive maleimide group and an aldehyde-reactive
aminooxy group was prepared. It was then specifically con-
jugated to the Affibody molecules via the well-documented
thiol-maleimide reaction, resulting in a protein with amino-
oxy functionality (Fig. 1). This aminooxy-functionalized
protein could react efficiently and specifically with an
aldehyde-functionalized '8F-synthon, such as 4-!13F-FBA,
under slightly acidic conditions, thereby forming a stable,
nonreversible oxime linkage (22). Simultaneously, the
acidic conditions avoided the potential reaction of the
aldehyde with amine groups present on the Affibody mol-
ecules to form Schiff bases (Mohammad Namavari, unpub-
lished data, March 2007). The aminooxy functionalization
of the Affibody molecules allowed the opportunity for
radiochemistry with fewer steps and thereby higher yield
through a scheme that left the radiosynthesis step until the
end of the procedure but still enabled selective conjugation.
Only 2 radiosynthesis steps were involved in this proce-
dure, and a nonoptimized radiochemical yield (decay
corrected) of 13%—18% was achieved in a total preparation
time of 100 min. The radiochemical yield reported here was
lower than that of the !'3F-labeled peptides (60%—80%)
reported by Poethko et al. (22), likely for the following
reasons: the concentration of the aminooxy precursor
[ZhER2:477-ONHy o1 (Zpgr2:477)2-ONHp; 0.238 mmol/L]
was lower than that of the aminooxy—peptide precursor
(0.5 mmol/L), and the pH used for Affibody molecule radio-

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 49 ¢ No. 5 ¢ May 2008


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

A
18F.FBO-
ZHER2:47?

18F-FBO-

(ZHER2:477)2

4.0 %ID/g

0 %ID/g

- —4— F-FBO-Z tumor ~i— 1®F-FBO-Z, ;.47 Muscle

HER2:477

—h— BF-FBO-(Z,,1;.477), tumor

._'+-—-——_I —
0 1 2 3 4
Time (h)

FIGURE 7. Decay-corrected coronal (top) and transaxial (bottom) small-animal PET images of nude mice bearing SKOV3 tumors
on right shoulder at 0.5, 1, 2, and 4 h after tail vein injection of '8F-FBO-Zygr2.477 (A) and '8F-FBO-(Zygrz2:477)2 (B). Arrows indicate
locations of tumors. (C) Tumor and muscle time-activity curves derived from multiple-time-point small-animal PET images of mice
bearing SKOV3 tumors. Data are shown as mean = SD %ID/g (n = 3).

fluorination (pH 4) was higher than those found to be
optimal for '8F-peptides (pH 2—-pH 3). Thus, further opti-
mization of our current labeling procedure is under inves-
tigation and may result in a higher radiolabeling yield.
Compared with an amine-reactive '8F-synthon, such as
N-succinimidyl-4-'3F-fluorobenzoate ('8F-SFB), 4-!'8F-FBA—
aminooxy chemistry has some distinctive advantages. First,
4-18F-FBA—-aminooxy chemistry provides a method for the
site-specific radiofluorination of a protein, whereas '8F-SFB
can react with any lysine presenting in the protein, a property
that may compromise the biologic activity of the protein.
Second, '8F-SFB labeling takes 173 min for the 4-step
radiosynthesis of an !'3F-SFB-labeled diabody. The overall
decay-corrected radiochemical yield is only 1.4% (28). The
strategy for the site-specific radiofluorination of an aminooxy-
functionalized protein with an aldehyde-functionalized '8F-
synthon developed in the present study has a relatively short
radiosynthesis time and a moderate yield (100 min; 13%-18%
yield). It can be used for the '8F labeling of many other
proteins and has potential for generating PET probes for
clinical applications.

The biologic properties of '3F-FBO-Zygro.477 and '8F-
FBO-(Zygro:477)> were evaluated by in vitro cell assays,
biodistribution studies, and small-animal PET imaging studies.
Both 8F-FBO-Zygr2.477 and 8F-FBO-(Zyuggr2.477)>» showed
significantly higher uptake in SKOV3 cells than Zyggr2.477,
demonstrating their HER2-binding specificity in vitro.
Furthermore, '8F-FBO-Zygr».477 showed lower cell uptake

HER2 PET witH '®F-LABELED ArriBopY ¢ Cheng et al.

than '8F-FBO-(Zygr2.477)2. This result was likely caused by
the higher HER2-binding affinity of '8F-FBO-(Zygr2.477)2
(200 vs. 430 pM), indicating that multimerization of proteins
does help to improve the binding affinity and cell uptake
of ligands. This result was also consistent with other find-
ings reported in the literature (29). However, nonspecific
SKOV3 cell uptake was about 2-fold higher with '8F-FBO-
(Zugr2:477)> than with '8F-FBO-Zygro.477 (Fig. 4).

Evaluation of both probes in mice demonstrated that '8F-
FBO-Zyggr2.477 1s a promising agent for HER2 imaging. It
rapidly localized in SKOV3 tumors and showed good tumor
uptake, retention, and tumor-to-muscle ratios (Figs. 5 and
7). Even at 0.5 h after injection, SKOV3 tumors could be
clearly visualized by PET, with good contrast. Higher levels
of tumor-to-normal tissue contrast were achieved at later
times, such as 1 and 3 h. The in vivo HER2-binding
specificity of '3F-FBO-Zygro.477 Was also verified by the
reduced SKOV3 tumor uptake obtained after pretreatment
with a known HER2-targeting ligand (Zyggr, or trastuzu-
mab). Overall, the relatively easy preparation, favorable
pharmacokinetic properties (such as rapid and high tumor
uptake and good tumor contrast), and high specificity of
18F-FBO-Zygro.477 render it a useful agent for HER2 PET
and related applications.

In contrast, although '3F-FBO-(Zgr2-477)» showed higher
affinity and cell uptake, its in vivo performance was quite
poor: low tumor uptake and relatively high uptake in and slow
clearance from normal tissues (such as blood, muscle, liver,
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lung, and spleen). These data suggest that the high binding
affinity of a probe does not necessarily correspond to high
tumor uptake in vivo. Multimerization of proteins may not
always be an effective way to improve the tumor-targeting
ability of a probe. Compared with a monomer, the larger size
of a dimer may deter its tumor penetration ability and prolong
its clearance. Moreover, the charge and polarity of a probe
may also be altered by dimerization and thus affect its
biodistribution substantially.

Many other radiohalogens (11, 7¢7782Br, and 2!!At) and
radiometals (9°mTc, 111/114m[y 90y 1771y and 98Ga) have
been used to label Affibody molecules (5—15). Our data are
generally consistent with the findings reported in these
published studies. For example, it was reported that *°™Tc-
CGG-Zygro:34> displayed uptake levels of 3.36 = 0.78 and
423 = 1.03 %ID/g in SKOV3 tumors at 1 and 4 h after
injection, respectively, whereas the corresponding levels in
the kidneys were 67.62 *= 12.85 and 58.84 = 8.76 %ID/g
(9). In the present study, the levels of uptake of '®F-FBO-
ZyEr2:477 in SKOV3 tumors at 1 and 3 h after injection were
477 = 0.88 and 3.61 *£ 0.29 %ID/g, respectively, and the
corresponding levels in the kidneys were 18.81 = 1.09 and
7.37 = 0.85 %ID/g. Overall, radiolabeled Affibody mole-
cules rapidly accumulated in tumors, with high uptake, but
they typically showed high uptake in the kidneys as well.
Good tumor-to-normal tissue ratios were achieved at early
times after injection of the probes. It was also found that
radiolabeled dimeric Affibody molecules showed poorer
performance (tumor targeting and clearance) than mono-
meric Affibody molecules (8). In a previously published
study, trastuzumab failed to block SKOV3 tumor uptake of
"7Lu-DOTA-Zypro342-pep2 (6), Whereas it blocked !SF-
FBO-ZygRr2.477 tumor uptake in the present study. Although
the cause of these observations is not completely clear,
different routes of administration of the antibodies in these 2
studies (subcutaneous in the previously published study vs.
tail vein injection in the present study) may be a factor.
Moreover, different clones of anti-HER2 Affibody molecules
used in these 2 studies may be another explanation.

CONCLUSION

A strategy for radiolabeling Affibody molecules has been
successfully developed with oxime chemistry and anti-
HER2 Affibody molecules as a model platform. This
strategy can potentially be translated to a universal ap-
proach for other applications. Moderate radiochemical
yield and specific activity of the probes can be reliably
obtained in a relatively short time. Biodistribution and
small-animal PET imaging studies further demonstrated
that '8F-FBO-Zygro.477 is a promising PET probe for
imaging HER2 expression in living mice. The difference
in performance between the monomer and the dimer
demonstrated the importance of the fine balance between
good affinity and size effects, which could influence pen-
etration and profile properties. In addition, the combination
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of the high resolution, sensitivity, and quantitative ability of
PET with the high specificity, selectivity, and fast pharma-
cokinetic profile of the Affibody protein scaffold make
engineered protein—based PET an attractive strategy for
further exploration.
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