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ABSTRACT: Current translational cancer research is directed
to the development of high affinity peptide ligands for
targeting neuropeptide receptors overexpressed in different
types of cancer. Besides their desired high binding affinity to
the receptor, the suitability of radiolabeled peptides as
targeting vectors for molecular imaging and therapy depends
on additional aspects such as high tumor-to-background ratio,
favorable clearance pattern from nontarget tissue, and
sufficient metabolic stability in vivo. This study reports how
a switch from the prosthetic group, N-succinimidyl-4-['®F]-
fluorobenzoate (['*F]SFB), to 2-deoxy-2-['*F]fluoro-p-glucose
(["*F]FDG) effects the metabolic pathway of an '*F-labeled
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bombesin derivative, QWAV-Sar-H-FA01010-Tle-NH,. '®F-Labeled bombesin derivatives represent potent peptide ligands for
selective targeting of gastrin-releasing peptide (GRP) receptor-expressing prostate cancer. Radiosynthesis of '*F-labeled
bombesin analogues ['*F]FBz-Ava-BBN2 and ['*F]JFDG-AOAc-BBN2 was achieved in good radiochemical yields of ~50% at a
specific activity exceeding 40 GBq/umol. Both nonradioactive compounds FBz-Ava-BBN2 and FDG-AOAc-BBN2 inhibited
binding of ['**I]Tyr*-bombesin(1—14) in PC3 cells with IC, values of 9 and 16 nM, respectively, indicating high inhibitory
potency. Influence of each prosthetic group was further investigated in PC3 mouse xenografts using dynamic small animal PET
imaging. In comparison to ['*F]FBz-Ava-BBN2, total tumor uptake levels were doubled after injection of ['*F]FDG-AOAc-
BBN2 while renal elimination was increased. Blood clearance and in vivo metabolic stability were similar for both compounds.
The switch from ['*F]SFB to ['®F]FDG as the prosthetic group led to a significant reduction in lipophilicity which resulted in
more favorable renal clearance and increased tumor uptake. The presented single step radiolabeling-glycosylation approach
represents an innovative strategy for site-directed peptide labeling with the short-lived positron emitter '*F while providing a

favorable pharmacokinetic profile of '*F-labeled peptides.

B INTRODUCTION

Peptide receptor-based targeted molecular imaging and therapy
of cancer is on the current forefront of nuclear medicine
preclinical research and clinical practice.'™® The rationale
behind the utilization of radiolabeled peptides for targeted
molecular imaging and therapy is the frequent overexpression
of several receptors for regulatory peptides on cellular
membranes of tumor cells. Most of these receptors belong to
the G-protein coupled receptor family. Prominent examples of
radiolabeled peptides are somatostatin analogues, neurotensin
derivatives, vasoactive intestinal peptides, and cholecystokinin
analogues. Other important peptides for molecular imaging and
therapy of cancer are radiolabeled bombesin derivatives.
Bombesin-based peptides bind to gastrin-releasing peptide
(GRP) receptors, which are members of the mammalian
bombesin receptor family. GRP receptors also belong to the
class of the 7-transmembrane G-protein-coupled receptors.”
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Elevated levels of GRP receptors are found in >60% of prostate
cancer patients,”” while only low or no expression is found for
other bombesin receptor family members such as neuromedin
B (NMB) receptor and BRS-3.'% Moreover, elevated expression
of GRP receptors was also reported in breast, pancreatic, and
small-cell lung cancer."' Its potential as a suitable molecular
target in cancer led to the design and development of cytotoxic
and radiolabeled bombesin derivatives for molecular imaging,
monitoring, and treatment of cancer.>"'~** Like all radiolabeled
peptides for molecular imaging and therapy of cancer,
radiolabeled bombesin derivatives have to meet several criteria
to be useful as targeting vectors in nuclear medicine. These
criteria include favorable tumor to nontarget ratios, sufficiently
high metabolic stability, and favorable pharmacokinetic
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parameters with regard to clearance patterns from blood and
nontumor tissues. All of these criteria are reflected by the
metabolism of radiolabeled peptides. Optimization of metab-
olism of radiolabeled peptides for molecular imaging and
therapy remains a special challenge.

In addition to the ongoing discussion regarding whether
radiolabeled bombesin antagonists would be more favorable for
GRP receptor targeting compared to bombesin agonists,">~"
modification of the pharmacokinetic profile to enhance tumor
uptake in vivo is the subject of intense research activity.'”** A
major drawback of radiolabeled bombesin derivatives for
targeting GRP receptors is their fairly high lipophilicity
resulting in substantial clearance through the gastrointestinal
tract, and some limitations emerge from the detection of
metastatic lesions of prostate cancer, e.g, in the liver.*! Thus,
radiolabeled bombesin derivatives should preferentially display
low hepatic uptake.”

Toward this goal, Waengler and Schirrmacher®® have
introduced sugar moieties, negatively charged carboxylic or
sulfonic acids, and positively charged quarternary ammonium
groups into the '®F-SiFA-labeled PEGylated bombesin
derivative PESIN (a PEG, motif-bearing native bombesin(7—
14) labeled with an '*F-silicon-fluoride-acceptor building block
at the N-terminus) to lower lipophilicity and to improve the
pharmacokinetic profile. This approach reduced lipophilicity
expressed as logD;, (n-octanol/PBS) from +2.29 to —1.22
while receptor binding affinities remained almost unchanged.
However, favorable GRP receptor imaging in PC3 tumors was
limited by high background activity.”*

Modification of the pharmacokinetic profile of radiolabeled
peptides can be achieved by the introduction of sugar moieties
into the peptide backbone. Based on this concept, Wester et al.
have studied several '**I-labeled and '*F-fluoropropionyl (FP)-
labeled glycosylated octreotide and octreotate derivatives for
somatostatin receptor targeting in neuroendocrine tumors.
They found that peptide carbohydration did not change
receptor affinity, but reduced lipophilicity and decreased overall
intestinal radioactivity.** The carbohydrated octreotate deriv-
ative Gluc-Lys-(['®F]FP)-TOCA displayed an excellent phar-
macokinetic profile as an imaging agent characterized by a high
tumor to nontarget ratio, low uptake levels in the liver, and
rapid urinary excretion.”® Another prominent example of
glycosylated radiolabeled peptides is galactose-containing cyclic
RGD peptide ['®F]Galacto-RGD targeting a,f3; integrins.
["®F]Galacto-RGD is among the most studied '*F-labeled
peptides in the clinic so far.>** All of these radiolabeled
glycopeptides were synthesized starting from glycosylated
peptides as a labeling precursor through bioconjugation using
prosthetic groups™* ™" or '”F/!®F isotopic exchange reaction.”

The present study suggests glycosylation of '*F-labeled
peptides via a simplified strategy combining glycosylation and
radiolabeling in a single step. ['*F]JFDG has recently been
described as a prosthetic group for peptide labeling with
18 28,29

This study describes the synthesis and radiopharmacological
evaluation of '®F-radiolabeled bombesin derivatives for
targeting GRP receptors in prostate cancer. Prosthetic groups
["YF]SFB and ["F]JFDG are used for radiolabeling the
bombesin derivative, QWAV-Sar-H-FA01010-Tle-NH,, with
8F. Radiopharmacological evaluation in GRP receptor-
expressing PC3 mouse xenografts is focused on the analysis
of different elimination pathways with regard to more renal
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excretion (rerouting) depending on the selected prosthetic
group.

B RESULTS AND DISCUSSION

The concept of rerouting the metabolic pathway of radiolabeled
peptides was studied using two metabolically stabilized
derivatives based on native bombesin(7—14). Positions 11,
13, and 14 of bombesin(7—14) were substituted with N-
methyl-glycine (Sar), (4S,5R)-4-amino-S-methyl-heptanoic acid
(FA01010), and tert-leucine (Tle) to reduce degradation
through ubiquitously present peptidases in vivo.*>*" 5-Amino-
valeric acid (Ava) was introduced as a linker between the N-
terminal end of the peptide backbone and the acylation site for
['8F]SFB labeling to provide '*F-labeled peptide ['*F]FBz-Ava-
BBN2.*> The physicochemical properties of ['*F]FBz-Ava-
BBN2 are characterized by a fairly high lipophilicity as
expressed by a logP value of 1.2. The hydrophobic nature of
peptide ["*F]FBz-Ava-BBN2 is based on by lipophilic amino
acids in the peptide backbone such as Trp, Ala, Val, Tle, and
FA01010.

In order to achieve a shift toward a more hydrophilic peptide,
modification of the peptide backbone via glycosylation
represents a viable option. For this purpose, the radiolabeled
glucose analogue ["®F]FDG was selected as a prosthetic group.
["*F]FDG as the most important radiopharmaceutical for PET
imaging is easily available in most PET centers worldwide. '°F-
Radiolabeling reactions with ['®*F]FDG requires the presence of
an amino-oxy group to form the corresponding oxime
compounds. GRP-receptor binding peptide QWAV-Sar-H-
FA01010-Tle-NH, was functionalized with an amino-oxy
group through acylation reaction with 2-(aminooxy)acetic
acid. Chemical yields of peptides Ava-BBN2 and AOAc-
BBN2 as labeling precursors with ['*F]SFB and ["*F]JFDG
were in the range of 27—30%. The reference compound FBz-
Ava-BBN2 was prepared on-resin through coupling 4-fluoro-
benzoic acid to Ava-BBN2. FBz-Ava-BBN2 was prepared in
isolated chemical yields of 17% after cleavage from the resin,
purification by HPLC, and lyophilization. The reference
compound FDG-AOAc-BBN2 was prepared in a combination
of solid-phase synthesis and in-solution coupling. Chemical
yields of AOAc-BBN2 were in the range of 22—30% after
cleavage, HPLC purification, and lyophilization. Modification
with FDG in MeOH was obtained in-solution quantitatively.
Peptide structures, obtained overall chemical yields, and ESI-
MS data for characterization of reference compounds FDG-
AOACc-BBN2 and FBz-Ava-BBN2 are summarized in Table 1.

In addition, Table 1 also shows ICs, values determined for
reference compounds FDG-AOAc-BBN2 and FBz-Ava-BBN2
representing their inhibitory potency toward the GRP receptor.

Both peptides were tested in a competitive binding assay
using prostate cancer cell line PC3 to analyze their potency to
inhibit binding of ['*’I]Tyr*-bombesin(1—14) as tracer and
internal reference to GRP receptors. The following concen-
trations for half-maximum inhibition (ICy,) were determined:
16.5 + 1.3 nM (n = 3) for FDG-AOAc-BBN2 and 8.7 + 2.2
nM (n = 3) for FBz-Ava-BBN2 as derived from the
characteristic sigmoidal concentration—response curves (Figure
1). Introduction of FDG into bombesin derivative AOAc-
BBN2 resulted in a slightly reduced inhibitory potency
compared to ['®F]SFB-modified bombesin derivative FBz-
Ava-BBN2.* Internal reference compound I-Tyr*-bombesin-
(1-14) had an ICg, value of 3 nM, which confirms that both
peptides FDG-AOAc-BBN2 and FBz-Ava-BBN2 possess an
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Figure 1. Concentration—response curve for the competitive binding
assay. Determination of ICy, values for FBz-Ava-BBN2 and FDG-
AOAC-BBN2 against '*I-Tyr*-bombesin(1—14) (pGlu-QR-['*I] Tyr-
GNQWAVGHLM-NH,) binding to GRPR. Data as mean + SEM
from n = 3 triplicate experiments. * see ref 32.
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inhibitory potency in a comparable concentration range.
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5 a0 5 Therefore, glycosylation with FDG as a structural modification

o oH of the bombesin backbone seems not to interfere significantly

S @ ; £ with the binding to the GRP receptor.
2 " %‘3 Scheme 1 summarizes the '*F-radiolabeling of the stabilized
% = bombesin derivatives Ava-BBN2 and AOAc-BBN2 using
28 LI prosthetic groups ['®F]SFB and [“F]FDG including the
§ % ; reaction conditions used.
&) Z % The radiolabeling reaction with ['®F]SFB as the prosthetic
2 " © g group was improved in comparison to our previously reported
E = :oo g results.’”” The amount of precursor peptide Ava-BBN2 as
S 2o i labeling precursor was reduced from 1 to 0.5 mg, and
B + o+ oy radiolabeling was carried out in 50 mM Na,HPO, buffer (pH
- =) :_j. = 9) providing 83% of fluorobenzoylated bombesin derivative
2 ';E § g E [*®F]FBz-Ava-BBN2 after a reaction time of 30 min at 40 °C.
8 - g % ; Based on these reaction conditions, the total isolated
°E’ =L radiochemical yields could be increased to 52 + 8% (n =
g = 2+ 15). The radiochemical purity was greater than 95%, and
~ 5 EE specific activity was also increased, exceeding 40 GBq/pmol.
g 7 E % g No nonradioactive FBz-Ava-BBN2 was found in the quality
_E: 'g\ ; 3 control HPLC UV trace, and the labeling precursor Ava-BBN2
g ° <8 could be removed completely by semipreparative HPLC.
fg o B Glycosylation of stabilized bombesin derivative AOAc-BBN2
g o E g% was achieved by oxime formation using a clinical batch of
2 Z= S 2 ['F]JFDG as a prosthetic group. ['*F]JFDG has been
= = B é 3 introduced as a suitable prosthetic group for various peptide
oy Eg I& labeling experiments with '*F.>***3** Site-specific labeling was
t ER=E é enabled through oxime formation between the N-terminal
'z SERE aminooxy group present in the labeling precursor AOAc-BBN2
"a 3 % g and the aldehyde group found in the open-chain form of
2 g %II__: :IE § 2 ['8F]FDG. However, this reaction is somehow hampered and
o 8 L2008 2 inefficient due to the fact that ["®F]JFDG in solution exists
8 K mainly in its pyranose form rather than the reactive open chain
f‘g :i °§ 5 § aldehyde form. However, promotion of this type of
g %o 53 &b condensation reaction can be reached by using aniline as a
= o< 2 g nucleophilic catalyst which forms an intermediate Schift base
o 5 2 g § product with [*®*F]JFDG as the more reactive species for the
-8 £ 8 %i subsequent oxime formation.* Hence, transimination becomes
_g mEE R the rate-determining step accelerating the whole reaction.” In a
2 .2 _§ representative set of experiments, 500 ug of AOAc-BBN2
s Z & a dissolved in methanol—aniline solutions was reacted with
s, 2 % K LI'IJ ['"®F]FDG in saline. Despite the presence of competing hexose
© % % g ég p-glucose in the ['®F]FDG solution as typical for clinical
‘; 2 é ; Tsv 2 ['F]FDG batches, 60—80% of 18F-gycosylated bombesin
"T‘; é’ 2 :ez‘?s’ g% ["®F]FDG-AOAc-BBN2 was found in the reaction mixture
I &2 after 45 min at 85 °C. A further increase in the amount of
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Scheme 1. Radiolabeling of Stabilized Bombesin Peptides Ava-BBN2 and AOAc-BBN2 Using ['*F]SFB or ["*F]FDG as

Prosthetic Groups
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AOACc-BBN2 precursor from 500 pg to 700 ug resulted in a
further increase of the oxime formation yield of up to 90—95%.
High overall radiochemical yields of S1 + 24% (n = 10) were
achieved for ["®F]JFDG-AOAc-BBN2 after HPLC purification
with radiochemical purities greater 99%. In contrast to Hultsch
et al,*® no HPLC purification of ['*F]FDG prior to its use was
necessary, since D-glucose-modified AOAc-BBN2 could easily
be separated from ["*F]FDG-AOAc-BBN2. Therefore, specific
activities exceeding >40 GBq/umol were obtained. Detailed
information on radiolabeling procedures including HPLC
traces can be found in the Supporting Information.

The lipophilicity of radiotracers ['*F]FBz-Ava-BBN2 and
["*F]FDG-AOACc-BBN2 was determined and represents the
partition coefficient of both radiotracers between n-octanol and
PBS (pH 7.4). As expected, ["*F]FDG-AOAc-BBN2 showed
much better solubility in PBS as reflected by a negative log D
value of —0.73 + 0.02 (n = 3). In contrast, ['*F]FBz-Ava-
BBN2 is more lipophilic as reflected by the positive log D value
of +1.22 + 0.02 (n = 3; Table 1).

Both '®F-labeled bombesin analogues ['*F]FBz-Ava-BBN2
and ['®F]FDG-AOAc-BBN2 were further analyzed in vivo to
determine metabolic stability. Sufficient in vivo metabolic
stability represents an important basic requirement for
successful application of radiolabeled peptides for peptide-
receptor targeted molecular imaging and therapy of cancer.
Native regulatory peptides often suffer from a very short
biological half-life of <2 min due to degradation by
ubiquitously present peptidases. To date, there is only limited
information available on the stability of '*F-labeled bombesins
and derivatives in vivo. The majority of articles describe
applications of bombesin derivatives containing the native
bombesin(7—14) sequence.11 Stability of ["*F]FDG-AOAc-
BBN2 and ['®F]FBz-Ava-BBN2 in vivo was analyzed over a
time course of 60 min in murine blood samples. At 3, 10, 15,
30, 45, and 60 min p.i. of each radiotracer in normal BALB/c

mice, blood samples were collected and processed by
separation into blood cells, plasma proteins, and plasma
fractions. Radioactivity distribution in all fractions was
comparable for both radiolabeled peptides.

Binding to plasma proteins was found to be as high as 70%
for both peptides after 5 min. Plasma protein binding dropped
significantly over time reaching less than 10% after 60 min. This
finding is indicative of good bioavailability of both radiolabeled
peptides at later time points. After 60 min p.i, over 70% of
intact ['*F]JFDG-AOAc-BBN2 and about 60—65% of intact
["8F]FBz-Ava-BBN2 was found in the plasma fraction, leaving
an average of 20—30% of bound radioactivity to blood cells.
Plasma samples were analyzed with radio-HPLC to determine
the amounts of intact '*F-labeled bombesin derivatives.

Figure 2 summarizes in vivo metabolic stability results for
['*F]FBz-Ava-BBN2 and ['*F]FDG-AOAc-BBN2, respec-
tively.

Both '®F-labeled bombesin derivatives remain mostly intact
(>85%) over the first 10 min p.i.. Over the time course of 60

100 3 ['*F]FBz-Ava-BBN2 (3)
- B ["*F]FDG-AOAC-BBN2 (3]

@ . 4

T T
g B 19
§2
c T
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Figure 2. In vivo metabolic stability of ['8F]FBz-Ava-BBN2 and
["*F]FDG-AOAc-BBN2 over time. Data are shown as the percent of
intact '*F-labeled peptide and as mean + SEM from n = 3 experiments.
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Figure 3. Representative PET images (MIP — maximum intensity projection and one transaxial slide) of a PC3 tumor-bearing BALB/c nude mouse
60 min after injection of ['*F]FDG-AOAc-BBN2 or ['®F]FBz-Ava-BBN2. Images were generated on two subsequent days from the same mouse.
The diagram on the right side shows the corresponding time—activity curves (TACs) for both radiotracers in PC3 tumors and muscle tissue. Data as

mean + SEM from n experiments.
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Figure 4. Representative PET images (MIP — maximum intensity projection and one transaxial slide) of a PC3 tumor-bearing BALB/c mouse in the
absence (control) and presence of 300 g nonlabeled FDG-AOAc-BBN2 after injection of ['*F]FDG-AOAc-BBN2. Images were generated on two
subsequent days from the same mouse. The diagram on the right side shows the corresponding time—activity curves (TACs) in the absence and
presence of the blocking agent in both PC3 tumors and muscle tissue. Data as mean + SEM from n experiments.

min, both peptides showed some degradation, but their overall
metabolic profile was comparable. After 60 min p.i, both
peptides were found to be around 50% intact in the analyzed
plasma samples. All detected radio-metabolites were more
hydrophilic, and were not characterized further. Based on the
radio-metabolite analysis it can be concluded that the oxime
bond of ["®F]JFDG-AOAc-BBN?2 is stable in vivo since only
minute amounts of released ['*F]FDG could be detected in the
plasma samples.

The GRP-receptor targeting properties of ['*F]JFDG-AOAc-
BBN2 and ['®F]FBz-Ava-BBN2 were studied in PC3 tumor-
bearing BALB/c nude mice. Figure 3 depicts representative
PET images at 60 min p.i. after injection of 2—5 MBq of
["*F]JFDG-AOAc-BBN2 (left) and ['®F]FBz-Ava-BBN2
(right). Accumulation of radioactivity in the tumor is clearly
visible in both images.

Figure 3 (right) also shows generated time—activity curves
(TACs) for tumor and muscle uptake after injection of both

205

radiolabeled peptides over 60 min. Maximum tumor accumu-
lation levels were found after S min p.. with standardized
uptake values (SUV) of 0.55 + 0.01 (n = 3) for [**F]FDG-
AOAc-BBN2 and 026 + 0.03 (n = 5) for ["*F]FBz-Ava-
BBN2. Tumor accumulation slowly decreased over time
resulting in SUVyq in of 027 + 0.07 (n = 3) for ["*F]FDG-
AOAc-BBN2 and 0.15 + 003 (n = 5) for ['*F]FBz-Ava-
BBN?2, respectively.

Tumor accumulation and clearance pattern suggest a binding
mode of both peptides as at least partially antagonistic. Both
peptides showed rapid GRP-receptor-mediated accumulation in
tumor tissue followed by low washout of radioactivity. The
observed in vivo dissociation of radioactivity from tumor cells
suggests that both radiolabeled peptides are not internalized.
Recent analysis of FBz-Ava-BBN2 in an intracellular Ca®*-
releasing assay supports that conclusion.** The suggested
predominant antagonistic binding mode is associated with
better tumor targeting via more available binding sites

DOI: 10.1021/bc500599m
Bioconjugate Chem. 2015, 26, 201-212
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Figure 5. Time—activity curves (TACs) for clearance from blood (heart = blood pool), kidneys, and liver as well as detected radioactivity in the
urinary bladder after injection of [**F]FDG-AOAc-BBN2 or ['*F]FBz-Ava-BBN2 into PC3 tumor-bearing BALB/c nude mice. Data are presented

as mean + SEM from n experiments.

compared to the binding interaction with agonists. This is
especially important for radiotherapy applications with radio-
labeled peptides, and this finding was described by Cescato et
al. as a change of pziradigm.36’3’7 The absence of internalization
and the lack of induction of second messenger responses
observed with antagonists offers another benefit when utilized
for peptide receptor radiotherapy resulting in fewer pharmaco-
logical side effects. GRP receptor antagonism and GRP
receptor specific uptake was recently determined for FBz-
Ava-BBN2 through blocking experiments.** Similar blocking
studies in vivo were also performed with ["*F]FDG-AOAc-
BBN2 to confirm GRP receptor-mediated radiotracer uptake.

Figure 4 summarizes PET images representing the in vivo
distribution of ['F]JFDG-AOAc-BBN2 in the same PC3-
bearing BALB/c nude mouse after 60 min p.i. as the control
(left image) and after predosing with 300 yg nonradioactive
FDG-AOAc-BBN2 (right image). The blocking effect in tumor
tissue was clearly visible.

The TACs determined clearly illustrate that PC3 tumor
uptake of ["*FJFDG-AOAc-BBN2 could significantly be
blocked while the uptake and clearance pattern from muscle
tissue was not affected (Figure 4 right). The SUV, i, value of
the tumor changed from 0.41 + 0.07 to 0.20 + 0.03, which
represents a significant blocking effect of S0% (n = 3; p =

206

0.049). Consequently, tumor-to-muscle ratio was reduced from
82 + 1.4 t0 5.0 + 0.7 (n = 3).

Thus, it can be concluded that the novel glycosylated
bombesin analogue ['*F]FDG-AOAc-BBN2 is interacting with
the GRP receptor in vivo. Overall, tumor uptake of the more
hydrophilic ['*F]FDG-labeled bombesin derivative ['*F]FDG-
AOACc-BBN2 was found to be about 2-fold higher compared to
that of the more lipophilic ['*F]SFB-labeled compound
["*F]FBz-Ava-BBN2. This confirms the results of previous
studies in which glycosylated peptides displayed higher tumor
uptake.”* Muscle uptake was also found to be different during
the perfusion phase (0 to 10 min), while muscle uptake was
comparable for both peptides at later time points (60 min p.i.)
representing the metabolic phase (SUVyg i ~ 0.5). The switch
of prosthetic groups from ['*F]SFB to ['*F]FDG resulted in
only marginal changes in binding potencies (see 1Cs, values),
but PC3 tumor uptake levels were significantly increased in the
case of ["F]FDG-labeled peptide ['*F]JFDG-AOAc-BBN2.
Since binding affinity toward the GRP receptor of both
peptides is comparable, other factors must be responsible for
the higher tumor uptake levels of ['*F]JFDG-AOAc-BBN2,
including pharmacokinetic parameters. One possible factor
could be enhanced tissue penetration of ['*F]JFDG-AOAc-
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Table 2. Biodistribution of ["*F]JFDG-AOAc-BBN2 and ['*F]FBz-Ava-BBN2 in PC3 Tumor-Bearing BALB/c Nude Mice at 5

and 60 min Postinjection”

["*F]FDG-AOAc-BBN2

[**F]FBz-Ava-BBN2

organ S min p.i.
blood 1124 + 148
heart 5.70 + 0.99
lung 8.38 + 1.60
liver 19.16 + 2.50
kidneys 5524 + 125
spleen 2.57 £ 0.46
stomach 2.34 + 0.32
duodenum 20.04 + 6.51
small intestine 6.94 + 1.18
large intestine 2.11 + 0.55
pancreas 494 £2.72
bone 1.40 + 0.45
muscle 1.32 + 0.50
adrenals 3.55 £ 092
brain 0.90 + 0.18
fat 147 £ 0.13
PC3 tumor 4.11 + 1.10
tumor-to-blood ratio 0.35 + 0.06
tumor-to-muscle ratio 3.50 + 0.81

60 min p.i. S min p.i. 60 min p.i.
1.28 + 0.49 15.20 + 2.38 0.70 + 0.14
2.04 + 0.33 540 + 1.32 0.28 + 0.06
1.01 + 0.30 5.90 + 1.87 0.47 £ 0.0
9.09 + 2.84 52.18 + 4.96 4.07 = 0.33
834 £ 1.79 12.10 + 0.47 348 + 0.61
0.61 + 0.16 2.83 + 0.43 0.44 £ 0.11
1.16 + 0.46 1.86 + 0.30 0.65 + 0.09
14.86 + 3.39 90.82 + 29.8 24.87 + 7.04
40.04 + 13.7 14.44 + 5.76 103.67 + 23.0
13.12 + 8.49 1.22 + 0.07 3.60 + 2.72
1.00 + 0.29 544 + 049 1.53 + 0.22
0.21 + 0.03 0.83 + 0.09 0.17 £ 0.01
0.50 + 0.18 0.55 + 0.10 0.16 + 0.01
1.01 + 0.26 3.06 + 0.70 0.56 + 0.14
0.22 + 0.04 0.59 + 0.06 0.04 £ 0.01
121 + 0.69 1.76 + 0.59 0.30 £ 0.09
3.07 + 0.61 1.17 + 0.28 1.68 + 0.19
2.89 + 0.90 0.09 + 0.04 10.82 + 1.70
9.53 + 5.00 244 + 1.00 2.52 +0.33

“Data are shown as percent of injected dose per gram of tissue (% ID/g) and as mean = SEM and from n = 3 animals per time point.

BBN2. Increased tissue penetration properties were already
demonstrated for various glycosylated peptides.”*

In order to elucidate how prosthetic groups ['*F]SFB and
["®F]FDG influence metabolic pathways of both radiolabeled
peptides, clearance patterns of selected tissues and organs were
analyzed separately. Figure S depicts generated time—activity
curves for regions of interest (ROIs) over the heart
(representing the blood pool), liver, kidneys, and bladder.

As typical for small radiolabeled peptides, ['*F]FDG-AOAc-
BBN2 and ['®F]FBz-Ava-BBN2 are both characterized by a
fast blood clearance during the perfusion phase of the
radiotracers, which is one reason for increasing tumor-to-
blood ratios over time. No significant differences in blood
clearance were observed for both radiolabeled peptides, despite
that lipophilicity was changed significantly. On the other hand,
elimination through the liver was affected by the selected
prosthetic group. In comparison to ['*F]JFDG-AOAc-BBN2,
significantly higher liver uptake levels were found during the
perfusion phase after the injection of more lipophilic peptide
['®F]FBz-Ava-BBN2. Liver clearance of less lipophilic peptide
["*F]FDG-AOAc-BBN2 was slower resulting in slightly higher
remaining liver activity after 60 min p.i. compared to [**F]FBz-
Ava-BBN2. However, resulting tumor-to-liver ratios (~0.3 to
0.4) were not impaired.

Based on its higher lipophilicity, ['*F]FBz-Ava-BBN2 was
mainly excreted via the hepatobiliary pathway. In contrast, '*F-
glycosylated bombesin derivative ["*F]JFDG-AOAc-BBN2 was
preferentially cleared through the kidneys resulting in about 5
times higher radioactivity levels during the perfusion phase
compared to ['®F]FBz-Ava-BBN2. Higher activity levels in
kidneys were found over the entire time course of the PET
study in the case of [*F]FDG-AOAc-BBN2. Radioactivity
collected in the urinary bladder was also higher after injection
of ["*F]JFDG-AOAc-BBN2 compared to ['*F]FBz-Ava-BBN2.

In the case of [**F]FBz-Ava-BBN2, almost no or only a little
radioactivity was detected in the bladder during the first S to 7
min, respectively. The more hydrophilic nature as reflected by
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the negative log D value of ['*F]FDG-AOAc-BBN2 led to a
predominantly renal elimination pathway. However, after 60
min p.. there were also substantial amounts of radioactivity
present in the intestines based on the portion of liver clearance.

In addition to the PET experiments, biodistribution studies
were carried out with both peptides to further analyze
radioactivity accumulation in PC3 tumors, organs, and tissues.
Table 2 summarizes the biodistribution results of [**F]FDG-
AOAc-BBN2 in comparison to ['F]FBz-Ava-BBN2 after 5
min (perfusion phase) and 60 min p.i. (metabolic phase)
including tumor-to-blood and tumor-to-muscle ratios.

Both radiolabeled peptides showed fast and comparable
clearance pattern from the blood and heart, which confirms
TAC data derived from the PET imaging experiments.
Radioactivity uptake was detected in GRP receptor-rich
pancreas tissue with 4.94 + 2.72%ID/g vs 5.44 + 0.49%ID/g
after S min p.i. for ['*F]JFDG-AOAc-BBN2 and ['*F]FBz-Ava-
BBN2, respectively. Over time, radioactivity uptake in the
pancreas decreased for both peptides.

The slightly higher radioactivity uptake found in the pancreas
in the case of more lipophilic peptide ['*F]FBz-Ava-BBN2 is in
agreement with recent observations reported by Varasteh et
al.*® PC3 tumor uptake was found to be 4.11 + 1.10%ID/g for
["*F]FDG-AOAc-BBN2 at 5 min p.i, which decreased over
time reaching 3.07 # 0.61%ID/g at 60 min p.i. An almost 2-fold
lower initial tumor uptake of 1.68 + 0.19%ID/g was observed
with [**F]FBz-Ava-BBN2 at 60 min p.i. The found PC3 tumor
uptake pattern confirmed the data obtained from the dynamic
PET imaging studies (Figure 3). The differences in tumor
uptake of both peptides cannot be explained by differences in
their inhibitory potency toward the GRP receptor or blood
residence time differences as they are almost identical for both
peptides. On the other hand, both peptides showed significant
differences in their lipophilicity, ranging from a negative logD,,
value of —0.73 for glycosylated peptide ['*F]JFDG-AOAc-
BBN?2 to a positive logD- 4, value of +1.22 for fluorobenzoylated
peptide ['"®*F]FBz-Ava-BBN2. A recent study with various
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glycosylated RGD peptides possessing different lipophilicities
demonstrated that despite the differences in lipophilicity the
blood clearance was comparable for all studied peptides. The
authors concluded that lipophilicity of their peptides seems not
to be a critical parameter for blood clearance.’® Thus, other
factors like plasma protein binding kinetics and tissue
penetrating properties are likely to contribute to the observed
differences in tumor uptake as confirmed through our
biodistribution and PET imaging experiments. However, the
exact mechanisms behind the observed differences in the tumor
uptake of peptides ['*F]JFDG-AOAc-BBN2 and ['*F]FBz-Ava-
BBN2 remain unclear.

Data in Table 2 show that the tumor-to-muscle ratio of
["*F]FDG-AOAc-BBN2 was higher compared to that of
['*F]FBz-Ava-BBN2, being 9.53 + 5.00 vs 2.52 + 0.33 after
60 min p.i. Both peptides showed almost no brain uptake, and
the initial brain uptake of radioactivity was washed out over
time, reaching brain activity of 0.22 + 0.04%ID/g for

['*F]FDG-AOAc-BBN2 and 0.04 + 0.01%ID/g for
[**F]FBz-Ava-BBN2 after 60 min p.i. This is indicative that
both peptides are not capable of crossing the blood-brain-
barrier. The absence of significant radioactivity accumulation in
the bone over time precludes radiodefluorination of both
peptides and confirms the stability of the radiolabel '*F in both
peptides.

The biodistribution pattern of both peptides in major
elimination and metabolism organs like kidneys and liver was
in alignment with the observed changes in elimination
pathways obtained from dynamic PET imaging experiments.
This further confirms the proposed rerouting concept of the
metabolic pathway by the selection of the '*F-labeled prosthetic
group. ["F]JFDG-AOAc-BBN2 showed high initial radio-
activity accumulation in the kidneys (5524 + 12.5%ID/g)
after S min p.i. while the uptake of peptide ['*F]FBz-Ava-
BBN2 was much lower at 5 min p.i. (12.10 + 0.47%ID/g). This
finding also agrees with data obtained from dynamic PET
imaging experiments, and it can be concluded that less
lipophilic peptide ['*F]FDG-AOAc-BBN2 is predominantly
cleared through the renal elimination system. On the other
hand, the initial liver uptake of peptide [“*F]FDG-AOAc-
BBN2 was significantly lower at S min p.i. (19.16 + 2.50%ID/
g) compared to the high initial liver uptake at S min p.i. of more
lipophilic peptide ['*F]FBz-Ava-BBN2 (52.18 + 4.96%ID/g).
Additional differences in the elimination pathways of both
peptides were further clearly visible in the high radioactivity
accumulation of 103.67 + 23.0%ID/g at 60 min p.i. in small
intestines for peptide ['*F]FBz-Ava-BBN2, whereas peptide
['®F]FDG-AOACc-BBN2 showed much lower radioactivity
accumulation in small intestines of 40.04 + 13.7%ID/g at 60
min p.i. The biodistribution pattern found confirm the
preferred hepatobiliary elimination pathway of more lipophilic
peptide ['*F]FBz-Ava-BBN2 in comparison to the predom-
inant renal elimination pathway of less lipophilic peptide
["*F]FDG-AOAc-BBN2.

Thus, data from both biodistribution and dynamic PET
imaging experiments confirm significant differences of the
elimination pathway of radiolabeled peptides ['*F]FBz-Ava-
BBN2 and ["*F]FDG-AOAc-BBN2 influenced by the selected
prosthetic group. A switch from ["*F]SFB to ['*F]FDG as the
prosthetic group for peptide labeling acts as a pharmacokinetic
modifier. The predominant hepatobiliary clearance of more
lipophilic [**F]SFB-labeled bombesin derivative ['*F]FBz-Ava-
BBN?2 is rerouted toward a more preferred renal elimination
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pathway in the case of more hydrophilic ['*F]FDG-labeled
bombesin derivative ["*F]JFDG-AOAc-BBN2. Among other
but still unknown factors, these differences in the clearance
pattern of peptides ['®*F]FBz-Ava-BBN2 and ['*F]FDG-
AOACc-BBN2 may also contribute to the observed differences
of radioactivity uptake in GRP receptor expressing PC3 tumors.

Interestingly, the incorporation of chemically quite different
prosthetic groups ['®F]SFB (a fluorobenzoic acid active ester)
and [®F]JFDG (a fluorinated glucose) into GRP receptor
targeting the peptide backbone QWAV-Sar-H-FA01010-Tle-
NH, resulted in radiolabeled peptides with comparable blood
clearance pattern, comparable inhibitory potencies, and similar
metabolic stabilities. Based on these observations and findings it
can be concluded that glycosylated peptide ["*F]JFDG-AOAc-
BBN?2 represents a more suitable PET radiotracer for molecular
imaging of GRP receptors compared to previously reported
["®F]FBz-Ava-BBN2.

B CONCLUSION

In summary, the present study demonstrates that the use of
prosthetic groups ['*F]SFB and ["*F]JFDG results in a
modification of pharmacokinetics of '®F-labeled bombesin
derivatives. Accordingly, rerouting of elimination pathways
can conveniently be achieved through selection of the
prosthetic group for peptide labeling with '*F. Based on its
higher uptake levels in GRP receptor-expressing prostate cancer
cells, novel '*F-labeled carbohydrated and stabilized bombesin
derivative ['®F]FDG-AOAc-BBN2 represents a superior PET
radiotracer for molecular imaging of GRP-receptors compared
with ["*F]FBz-Ava-BBN2. The beneficial metabolic stability,
along with higher tumor accumulation levels as well as more
favorable renal excretion, supports the use of ['*F]JFDG-AOAc-
BBN2 for PET imaging of GRP receptors in prostate cancer.
However, further structural fine-tuning of radiopeptides like
["*F]FDG-AOACc-BBN2 is necessary to allow for optimal GRP
receptor imaging in prostate cancer patients. This would
include improvement of inhibitory potency to reduce
dissociation from GRP receptors on the tumor, faster renal
elimination, and faster muscle clearance to enhance image
quality also at earlier time points. The concept of rerouting
utilizing ['*F]FDG as a prosthetic group to introduce the
radiolabel and while modifying metabolism can also be
extended to other peptides targeting different receptors and/
or enzymes in order to optimize radiopharmacokinetics along
with enhanced tumor accumulation levels.

B EXPERIMENTAL SECTION

General. All peptide synthesis reagents were purchased
from NovaBioChem except modified Fmoc-amino acid
FA01010 ((4R,5S)-Fmoc-4-amino-5-methylheptanoic acid)
and the linker Fmoc-Ava-OH, which were obtained from
Polypeptide Inc. (USA). Stabilized bombesin peptide amides
were synthesized in a combination of manual coupling
procedures and automated solid phase peptide synthesis
(SPPS) using the Syro I peptide synthesizer (MultiSynTech/
Biotage, USA). Mass spectra were recorded on an Agilent
6200aTOF electron spray ionization mass spectrometer (ESI-
MS). Analytical HPLC was performed on a Shimadzu system
equipped with a DGU-20AS degasser, an SIL-20A HT
autosampler, a LC-20AT pump, a SPD-M20A photodiode-
array detector, and a Ramona Raytest radiodetector using a
Phenomenex Luna 10u C18(2) 1004, 250 X 4.6 mm column.

DOI: 10.1021/bc500599m
Bioconjugate Chem. 2015, 26, 201-212



Bioconjugate Chemistry

Semipreparative HPLC was performed on a Gilson system with
a 321 pump, a photodiode array detector, and a HERM Bertolt
radiodetector installed with a Phenomenex Jupiter 10u Proteo
90A, 250 X 10 mm, 4.5 um C18 column. UV absorbance was
monitored at 210 nm wavelength. The mobile phase consisted
of water/0.2%TFA as solvent A and acetonitrile as solvent B.

N-Succinimidyl-4-[ '*F]fluorobenzoate (['*F]SFB) and 2-
deoxy-2-['®F]fluoro-n-glucose (['*F]JFDG) were used as
peptide radiolabeling agents in a prosthetic group approach.
The synthesis of ['*F]SFB was performed in the two-pot three-
step reaction reported by Maeding et al.* using a TRACERIab
FX automated synthesis unit from GE Healthcare providing the
prosthetic group in radiochemical yields of 71 + 20% (decay-
corrected) and radiochemical purities of greater than 95% in
less than 60 min synthesis time. ["*F]FDG was used from the
routine clinical batches as produced at the Edmonton PET
Centre according to Hamacher et al*' established on a
TRACERlab MX automated synthesis unit (GE Healthcare).

For in vitro binding studies human androgen-independent
prostate cancer cell line PC3 (American Type Tissue Culture
Centre, USA) was cultivated in 45% RPMI1640 Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 45%
Ham’s F-12 and 10% heat-inactivated fetal bovine serum (FBS)
from Invitrogen (USA). '**I-Tyr*-BBN was from PerkinElmer
(USA). Cell-associated radioactivity was measured on a 2480
Automatic gamma counter WIZARD? (PerkinElmer, USA).

All animal studies were carried out according to the
guidelines of the Canadian Council on Animal Care (CCAC)
and approved by the Cross Cancer Institute Animal-Care
Committee. In vivo studies were done using normal BALB/c
and male PC3-tumor-bearing BALB/c Nude mice (body
weight: ~21.0 g). For tumor xenografts, about (3—4) x 10°
PC3 cells in 100 uL culture medium were injected
subcutaneously. After 4—5 weeks, tumors reached sizes of
~300—400 mm® and were used for the experiments described.
PET studies were performed on an INVEON PET/CT scanner
(SiemensPreclinical Solutions, Knoxville, USA).

Peptide Synthesis. Stabilized bombesin peptides were
synthesized using the Fmoc-orthogonal solid phase peptide
synthesis starting from the Rink Amide MBHA resin (loading:
0.6 mmol/g). Detailed description on the synthetic procedure
and cleavage conditions of the bombesin sequence Ava-Gln’-
Trp®-Ala’-Val'®-Sar''-His'2-FA01010"3-Tle'*-NH, (Ava-BBN2)
and corresponding reference peptide FBz-Ava-Gln’-Trp®-Ala’-
Val'%-Sar''-His'*-FA01010"-Tle'*-NH, (FBz-Ava-BBN2) can
be found in a previously published manuscript.*”

Ava-GIn’-Trp8-Ala®-Val'®-Sar''-His'?-FA01010'3-Tle'*-NH,
Ava-BBN2. Peptide Ava-BBN2 was elongated on 100 mg solid
support Rinkamide MBHA resin using S equiv each of Fmoc-
amino acid building block coupled with HBTU/Oxyma/DIPEA
1:1:2. Total cleavage, purification via semipreparative HPLC (2
mL/min, 0—5 min 30% B, 35 min 55% B, 40—50 min 70% B; tx
= 11.8 min) and lyophilization delivered Ava-BBN2 as white
powder (17.0 mg (16 ymol), 27% yield, >97% purity). MW
Cs,Hg,N 1,044 1062.6, found LR-ESI-MS (positive) m/z 1063.6
[M + H]* 1085.6 [M + Nal*, 532.3 [M+2H]*.

FBz-Ava-GIn’-Trp3-Ala®-Val'’-Sar''-His'>-FA01010"3-Tle™*-
NH, FBz-Ava-BBN2. Starting from 12.5 mg Rinkamide MBHA
resin following total cleavage, purification via semipreparative
HPLC (2 mL/min, 0—30 min from 10% B to 60% B, 35 min
60% B; t, = 30.1 min) and lyophilization reference peptide
FBz-Ava-BBN2 gave a white powder (1.5 mg (1.3 pgmol), 17%
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yield, >95% purity). MW CgHgFN,,0,, 1184.7, found LR-
ESI-MS (positive) m/z 1185.7 [M + H]*.

Synthesis of Aminooxy-acetyl-GIn’-Trp®-Ala®-Val'®-Sar''-
His'>-FA01010"-Tle'*-NH, AOAc-BBN2. 50 mg Rink Amide
MBHA resin was used to synthesize 8-amino-acid peptide
AOAc-BBN2. Aminooxy acetic acid was incorporated as
terminal building block using the Boc-protected derivative
Boc-aminooxy acetic acid. The desired peptide amide was
isolated after total cleavage, semipreparative HPLC purification
(2 mL/min, 0—5 min 30% B, 35 min 60% B, 40 min 70% B; t,
= 12.3 min) and subsequent lyophilization as a powder (10.9
mg (10.5 umol), 30% yield, >99% purity). MW C,oH,sN,O1,
1036.6, found LR-ESI-MS (positive) m/z 1037.6 [M + H]*,
519.3 [M+2H]*.

Preparation of 2-([(E)-(2-Fluoro-3,4,5,6-
tetrahydroxyhexylidene)aminoJoxy)acetyl-GIn’-Trp%-Ala®-
Val'*-Sar''-His'?-FA01010"-Tle'*-NH, FDG-AOAc-BBN2. A
solution of 2.1 mg (2.0 pmol, 1 equiv) AOAc-BBN2 in S0
uL methanol and 0.6 mg (3.3 umol, 1.6 equiv) 2-fluoro-2-
deoxy-p-glucose (FDG) in SO uL water were mixed and
incubated for 2 h at 85 °C. The reaction mixture was injected
onto a HPLC for purification (2 mL/min, 0—$ min 20% B, 10
min 35% B, 25 min 50% B, 30—35 min 70% B; t; = 22.2 min)
revealing over 95% FDG-AOAc-BBN2 (isomers result in a
characteristic double peak). HPLC solvent was reduced under
vacuum using a rotary evaporator and subsequently lyophilized
to give a white powder (1.5 mg (1.3 pmol), 63% yield, >95%
purity). MW CgHgFN,,0,5 1200.6, found LR-ESI-MS
(positive) m/z 1201.6 [M + H]*, 601.3 [M+2H]*".

Competitive Binding Assay. In vitro competitive binding
was analyzed in human prostate adenocarcinoma PC3 cells in
triplicate as described before.>> Briefly, determination of the
concentration of half-maximum inhibition (ICg, values) was
carried out as a competition against '>’I-Tyr*-bombesin (0.05
nM final concentration) using increasing concentrations of
FBz-Ava-BBN2 or FDG-AOAc-BBN2 in the range of 5 pM to
0.5 uM. After incubation for 2 h at 4 °C and several washing
steps, the cells were harvested. Counts per minute (cpm) of
cell-associated radioactivity were measured in a Wizard gamma
counter, decay corrected, and plotted versus log of the peptide
concentration to give the typical sigmoidal dose—response
curves.

Radiolabeling of Bombesin Derivatives with Pros-
thetic Groups ['®FISFB and ['8FIFDG. Radiolabeling of
Bombesin Peptide Ava-BBN2 with ["®FISFB (["®FIFBz-Ava-
BBN2) (n = 15). N-Terminal 18F—ﬂuorobenzoylation of Ava-
BBN2 was achieved by employing 0.5 mg peptide in 200 uL 50
mM Na,HPO, buffer (pH 9) and subsequent incubation with
100 uL ["*F]SFB/MeCN at 40 °C for 30 min. Semipreparative
radio-HPLC purification (2 mL/min, 0—5 min 20% B, 10 min
35% B, 25 min 50% B, 30—35 min 70% B; t; = 24.3 min) and
removing the HPLC solvent under vacuum yielded the desired
peptide. 100—150 puL 0.9% saline was used to prepare the
product as injectable solution. Overall synthesis time: 86 + 2
min. RCY: 52 + 8%. RCP: 95.0—99.8%. Ag > 40 GBq/umol.
Quality control of the product was performed on an analytical
HPLC system (1 mL/min, 0—3 min 10% B, 7 min 25% B, 13
min 35% B, 17 min 50% B, 23 min 70% B, 27—30 min 90% B;
tg = 19.8 min).

Radiolabeling of Bombesin Peptide AOAc-BBN2 with
[®FIFDG (["®FIFDG-AOAc-BBN2) (n = 10). ["*F]JFDG was
used as supplied by the Edmonton PET Centre without further
purification from D-glucose. A modified procedure to the
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published methods for *F-FDG oximation of peptides******

was applied for the labeling of aminooxy-functionalized
bombesin derivative AOAc-BBN2. In a LoBind Eppendorf
tube, 50—100 uL ['*F]FDG/saline were added to 0.5 mg
AOAc-BBN2 dissolved in 70 pL methanol. The reaction
mixture was allowed to incubate at 85 °C for 45 min after the
addition of 1 uL aniline. Semipreparative purification was
performed on radio-HPLC (2 mL/min, 0—S min 20% B, 10
min 35% B, 25 min 50% B, 30—3S5 min 70% B; t; = 21.0 min)
and the fractions containing the '*F-glycosylated peptide were
collected and subjected to a rotary evaporator to remove the
MeCN/water/0.2%TFA HPLC solvent. Product was redis-
solved in 100—150 uL 0.9% saline for delivery of the injectable
formulation. Overall synthesis time: 88 + 2 min. RCY: 51 +
24%. RCP: 95.0—99.8%. Ag > 40 GBq/umol. Quality control
of the product was performed on an analytical HPLC system (1
mL/min, 0—3 min 10% B, 7 min 25% B, 13 min 35% B, 17 min
50% B, 23 min 70% B, 27—30 min 90% B; tz = 17.1 min).

Determination of Radiopeptide Lipophilicity. Lip-
ophilicity was obtained according to the shake-flask method*
by determining the partition coefficient of the '®F-labeled
peptide in n-octanol and PBS buffer (pH 7.4) as aqueous phase.
The organic and the aqueous phase were presaturated 24 h
before the actual start of the experiment. S00 uL aliquots of
each layer were added to 300—2000 kBq of ['*F]FBz-Ava-
BBN2 or ["*F]FDG-AOAc-BBN2 in a LoBind Eppendorf tube
and the mixture was shaken intensely for 5 min. The layers
were allowed to separate by centrifugation at 2000 rpm for 2
min. Aliquots of 100 uL were removed from each phase and
measured in a gamma counter. Calculated logD,, values are
expressed as mean = SD and summary of 3 experiments each
performed in triplicate.

In Vivo Metabolic Stability Studies. Normal BALB/c
mice were injected with 10—20 MBq of ['*F]FBz-Ava-BBN2
or ["F]JFDG-AOAc-BBN2, respectively. Venous blood
samples were collected at 3, 10, 15, 30, 45, and 60 min
postinjection via the mouse tail vein and further processed.
Blood cells were separated by centrifugation (13 000 rpm X S
min). Precipitation of proteins in the supernatant was achieved
by addition of 2 volume parts of methanol, and samples were
centrifuged again (13000 rpm X S min). Fractions of blood
cells, proteins, and plasma were measured in a Wizard gamma
counter to determine radioactivity per sample. The clear plasma
supernatant was injected onto a Shimadzu HPLC system. The
samples were analyzed using a Phenomenex Luna 10u C18(2)
100A, 250 X 4.6 mm column at a constant flow rate of 1 mL/
min and the following gradient with water/0.2% TFA as solvent
A and acetonitrile as solvent B: 0—3 min 10% B, 10 min 30% B,
17 min 50% B, 23 min 70% B, 27—30 min 90% B.

Small Animal PET Studies. PET imaging of radiopeptides
[**F]FBz-Ava-BBN2 and [“*F]FDG-AOAc-BBN2 was per-
formed using male PC3 tumor-bearing BALB/c nude mice to
determine tumor uptake, distribution, and clearance parame-
ters. Prior to the radiotracer injection, mice were anesthetized
through inhalation of isoflurane in 40% oxygen/60% nitrogen
(gas flow 1 L/min), and body temperature was kept constant at
37 °C. Mice were positioned in a prone position into the center
of the field of view. A transmission scan for attenuation
correction was not acquired. Mice were injected with 2—5 MBq
["*F]FBz-Ava-BBN2 or ['*F]FDG-AOAc-BBN2 (60—150 ng)
in 150 uL isotonic sodium chloride solution (0.9%) through a
tail vein catheter. For blocking studies, animals were predosed
with 300 ug ’FDG-AOAc-BBN2 in 50 yL saline about 10 min
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prior to radiotracer injection. Data acquisition was performed
over 60 min in 3D list mode. The dynamic list mode data were
sorted into sinograms with S3 time frames (10 X 2, 8 X S, 6 X
10, 6 X 20, 8 X 60, 10 X 120, 5 X 300 s). The frames were
reconstructed using maximum a posteriori (MAP) as
reconstruction mode. The pixel size was 0.085 by 0.085 by
0.121 mm? (256 X 256 X 63) and the resolution in the center
of the field of view was 1.8 mm. No correction for partial
volume effects was applied. The image files were processed
using the ROVER v 2.0.51 software (ABX GmbH, Radeberg,
Germany). Masks defining 3D regions of interest (ROI) were
set and the ROIs were defined by thresholding. Mean
standardized uptake values [SUV,,.,, = (activity/mL tissue)/
(injected activity/body weight), mL/g] were calculated for each
ROI Time-activity curves (TAC) were generated for the
dynamic scans only. All semiquantified PET data are presented
as means *+ SEM. Statistical difference for the blocking study
was tested by unpaired Student’s t-test and was considered
significant for P < 0.05.

Biodistribution Studies. Biodistribution studies were
performed in male PC3 tumor-bearing BALB/c nude mice.
After intravenous injection of 1-2 MBq ['8F]FBz-Ava-BBN2
or ["*F]JFDG-AOAc-BBN2 in 150 uL saline (0.9% w/v of
NaCl) into the tail vein of anesthetized mice, the animals were
allowed to regain consciousness until sacrifice. Animals were
euthanized by decaptation at S and 60 min post injection and
rapidly dissected. Organs of interest including blood, heart,
lung, liver, kidneys, spleen, duodenum, small and large
intestine, pancreas, right femur, muscle, brain, fat, and tumor
were collected and weighed. Radioactivity in all tissues was
measured in the y-counter, and results were analyzed as
percentage of injected dose per gram of tissue (%ID/g).
Experiments were performed in triplicate for each time point.
Data is represented as mean + SEM.
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