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In vivo quantification of CXCR4 expression using [*®Ga]pentixafor for positron emission tomography (PET)
imaging has gained significant clinical interest as CXCR4 plays a fundamental role in oncology and pos-
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sesses potential prognostic value when overexpressed. To combine the excellent CXCR4-targeting prop-
erties of pentixafor-based tracers with the favorable radionuclide properties of '8F for high-resolution PET
imaging, we developed an Al'8F-labeled 1,4,7-riazacyclononane-triacetic acid (NOTA) analog of pentix-
ather. Al'8Flabeling of NOTA-pentixather was performed in aqueous dimethyl sulfoxide (DMSO) at pH = 4
(105°C, 15 minutes). CXCR4 affinities were determined in competitive binding assays, and both biodistribu-
tion and small-animal PET studies were performed in Daudi lymphoma-bearing mice. Under non-optimized
conditions, ['8F]AIF-NOTA-pentixather was obtained in radiochemical yields of 45.5% = 13.3% and spe-
cific activities of up to 24.8 GBq/umol. Compared with ["*'Ga]pentixafor, ["'F]AIF-NOTA-pentixather

showed 1.4-fold higher CXCR4 offinity. ['8FJAIF-NOTA-pentixather displayed high and CXCR4-specific in
vivo uptake in Daudi xenografts (13.9% =+ 0.8% injected dose per gram [ID/g] at 1 hour post injection
[p.i.]). Because of its enhanced lipophilicity (logP = —1.4), ['8F]AIF-NOTA-pentixather showed increased
accumulation in the gall bladder and intestines. However, tumor/background ratios of 7.0 = 1.2, 2.0 +
0.3,2.2 +£0.4,16.5 = 6.5, and 29.2 = 4 for blood, liver, small intestine, gut, and muscle, respectively,
allowed for high-contrast visualization of Daudi tumors using PET (1 hour p.i.). The relatively straightforward
radiosynthesis and efficient CXCR4 targeting of ['8F]AIF-NOTA-pentixather demonstrate the successful imple-
mentation of '8F-complexation chemistry and pentixather-based CXCR4 targeting. Upon pharmacokinetic
optimization, this class of tracers holds great promise for future application in humans.

INTRODUCTION
Overexpression of the chemokine receptor CXCR4 has been
linked to cancer development and progression, metastasis and
poor prognosis, as well as other pathological conditions, for
example, HIV, cardiovascular diseases, and rheumatoid arthritis
(1-3). Initially, the development of novel synthetic CXCR4 an-
tagonists was primarily triggered by the discovery of CXCR4 as
a coreceptor for HIV-1 entry, leading to the development of
potent synthetic CXCL12-analogs such as the tetradecapeptide
T140 and the cyclic pentapeptide FC131, as well as the nonpep-
tidic bicyclam analog AMD3100 (plerixafor), for anti-HIV ther-
apy (4-6).

Based on these lead structures, a variety of CXCR4-targeted
agents for molecular imaging applications have been developed

in recent years, allowing the sensitive in vivo detection and
quantification of CXCR4 expression, and thus, providing in-
creasing insight into the role of CXCR4 in physiology and
pathology.

Among the continually increasing numbers of novel CXCR4
imaging agents, including radiolabeled and/or fluorescently la-
beled T140 (7-12) and AMD3100 analogs (13-17), [®®Ga]pen-
tixafor (18, 19) holds a prominent position. In contrast to all
other CXCR4-targeted imaging probes developed so far, [®®Ga]
pentixafor (formerly termed [*®Ga]CPCR4.2 compound 1b; Fig-
ure 1) shows not only highly efficient CXCR4 targeting in vitro
and in vivo but also a suitable pharmacokinetic profile for
high-contrast visualization of CXCR4 expression in vivo, that is,
rapid renal excretion and low background accumulation. These
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characteristics paved the way for rapid clinical translation of
[*8Ga]pentixafor. Dosimetry and first human studies in patients
with lymphoproliferative diseases, such as lymphoma and
multiple myeloma, showed highly promising results (20-22),
further promoting the entry of [*®Ga]pentixafor into cur-
rently ongoing clinical trials in patients with solid cancer
(23), glioblastoma (24), small cell lung cancer (25), and myo-
cardial infarction (26, 27).

However, because the radionuclide properties of '8F are
superior to those of ®8Ga, particularly concerning the positron
energy and thus the achievable spatial resolution in positron
emission tomography (PET), the motivation toward the devel-
opment of '8F-labeled CXCR4 ligands is obvious. To date, only
few attempts to develop '®F-labeled CXCR4 ligands have been
reported, and the first tracer, an '®F-labeled T140 analog, has
been reported only recently in 2010 (8). Other attempts include
18F_labeled radiotracers based on Ac-TC14012 (28) and recently
['8F]AIF-NOTA chelation of T140 (29). Here, high blood activity
levels, occasioned by binding to blood cells, and their very high
liver uptake limit the use of '®F-fluoroacylated T140 derivatives
to preclinical applications. In contrast, all currently known '8F-
labeled cyclic pentapeptide analogs show poor CXCR4 affinity,
and thus, very low levels of CXCR4-specific accumulation in
vivo (30-32).

Therefore, the aim of this study includes the synthesis and
evaluation of a novel pentixafor-based '®F-labeled CXCR4-
targeted PET agent, combining an easy '®F-fluorination chemistry
with the excellent CXCR4-targeting properties and pharma-
cokinetic profile of the pentixafor backbone. A facile and fast
one-pot '8F-labeling method, which uses complexation of
AI'8F2* by macrocyclic chelators, such as NOTA or 1,4,7-triaza-
cyclononane-1,4-diacetate (NODA) (33-35), and thus circum-
vents complex multistep syntheses, has been initially described
by McBride et al. (36). However, because this '8F-labeling chem-
istry requires a cyloazanonane chelator instead of the larger
1,4,7,10-tetraazacyclododecane- 1,4,7,10-tetraacetic acid (DOTA),
and because the pentixafor scaffold is highly sensitive with

86

L, 7 ek

PET Imaging of CXCR4 With ['8F]AIF-NOTA-Pentixather

@)

NOTA-pentixather (2a)
N\‘ 2b: AIF?* complex of 2a

O

6} ;N)*/\/ \\<NH J/,\é//«OH
N © : N
R/“\H \VHO\\A\O

NODA-NCS-pentixather (3a)

R = Pentixather scaffold 3b: AIF2* complex of 3a

respect to structural modifications, a slightly modified peptide
analog, pentixather (Figure 1), was used to successfully merge
the respective radiolabeling and CXCR4-targeting concepts. The
pentixather scaffold has been shown to provide enhanced flex-
ibility with respect to ligand modification in previous studies
(37, 38); therefore, it was used for NOTA and alternative NCS-
Bz-NODA conjugation.

METHODOLOGY

The CPCR4.2 scaffold was synthesized according to a previously
published protocol (39). NOTA was preactivated using N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), and N-N-diisopropylamine (DIPEA) in
water and coupled to the peptide (40). After successful coupling
and purification, iodination was performed using a previously
described procedure (41).

The labeling was performed using AlCl; and NaF (2 mM each)
solutions in 0.5 M sodium acetate buffer (pH = 4). AlCl5 (2.51
mmol; 1.20 equivalents), NaF (2.51 mmol; 1.20 equivalents), and
ethanol (ETOH; 70% volume/volume [v/v]) were added to 2 mM
of NOTA-pentixather (2.09 mmol in 0.5 M NaAc; pH = 4; 1.0
equivalents) and heated to 105°C for 20 minutes. The peptide
was purified via reversed phase high-performance liquid chro-
matography (C18; 5 um; 125 X 4.0 mm?); 25%-45% MeCN in
H,0; 0.1% trifluoroacetic acid [v/v]; 15 minutes; tg = 13.5
minutes) to afford pure [**'FJAIF-NOTA-pentixather. NOTA-
pentixather HPLC (30% in 15 minutes: tg = 6.8 minutes.
Electrospray ionization mass spectrometry [ESI-MS]: calcu-
lated for (C56H72IN13012): 1245.5; found: m/z = 1246.7
[M + H]", 1268.6 [M + Na]™. [**F]AIF-NOTA-pentixather
HPLC (27% in 15 minutes): tg = 12.4 minutes. ESI-MS: calcu-
lated for (C56H70AIFIN13012): 1289.4; found: m/z = 1291.0
M + H]".
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2,2'-(7-(4-isothiocyanatobenzyl)-1,4,7-triazonane-1,4-diyl)
diacetic acid (NCS-Bn-NODA; 1.9 mg, 5.4 umol, and 1.5 equiv-
alents) was coupled to the CPCR4.2 scaffold (3 mg, 3.6 umol,
and 1 equivalent) using DIPEA (1.1 uL, 3.2 pumol, and 2 equiv-
alents) in anhydrous N,N-dimethylformamide to obtain
pH =~ 9. Upon completion, the product was iodinated and
purified. ["F]AlF-labeling was performed as described
above, using DMSO (70% [v/v]). NODA-NCS-pentixather
HPLC (20%-50% in 15 minutes): tg = 10.6 minutes; ESI-MS:
calculated for (C54H70IN13010S): 1219.4; found: m/z = 1220.7
[M + H]", 1242.4 [M + Na]*. ["*F]AIF-NODA-NCS-pentixather
HPLC (20%-50% in 15 minutes): tg = 9.8 minutes. ESI-MS:
calculated for (C54H68AIFIN13010S): 1263.4; found: m/z =
1264.6 [M + H]*, 1286.4 [M + Na]*.

A solution of Ga(NOs); (250 uL, 2 mM, and 1 equivalent) in
water (pH = 3) was added to the peptide (250 L, 2 mM, and 1
equivalent). For chelation of Ga>*, mixtures were heated at 90°C
for 30 minutes. HPLC and ESI-MS revealed quantitative complex-
ation. ["*'Ga]NOTA-pentixather HPLC (30%-55% in 15 minutes):
tr = 12.3 minutes. ESI-MS: calculated for (C56H70GaIN13012):
1312.4; found: m/z = 1312.7 [M + H]™".

For radiolabeling, '®F ~ was eluted from a Chromabond PS-HCO,
cartridge in K,CO5 (34.5 mM, pH = 11) or sodium acetate (0.5 M,
pH = 4) and added to a solution containing 10 uL of aqueous
AlCl; (1 mM in 0.5 M NaOAc, pH = 4, 10 nmol), 10 uL of
aqueous NOTA-pentixather (2 mM in H,0:DMSO0), 1:1 [v/v], 20
nmol), and DMSO (70% [v/v]). The pH was adjusted to 4 by the
addition of acetic acid, and the reaction mixture was heated to
105°C for 15 minutes. The radiolabeled peptide was purified
using a SepPak C8 light cartridge (Waters, Milford, Connecticut)
to remove unreacted '®)F~ and DMSO. In brief, the labeled
peptide was applied on the cartridge and washed with 10 mL of
H,0. The radiolabeled peptide was then eluted with EtOH, af-
fording radiochemical purities of >98% for ['®F]AIF-NOTA-
pentixather. Before injection in mice, EtOH was fully evaporated
and the peptide was redissolved in phosphate-buffered saline
(PBS) and 5% (v/v) EtOH. For ®®Ga-labeling, [*®Ga]pentixafor
was prepared on a fully automated system (Scintomics GmbH)
similar to that previously described (42). The®®Ge/°®Ga genera-
tor eluate was added to 5 nmol of peptide, buffered in HEPES
buffer (pH = 7.4), and reacted for 5 minutes at 95°C (pH ~3-4).
A Sep-Pak C8 light cartridge was used for purification.

The octanol-water partition coefficient (l10gPoctanoyjwater) Of
['®F]AIF-NOTA-pentixather was determined as previously re-
ported (43).

['8F]AIF-NOTA-pentixather was incubated in human serum (90
minutes; 37°C), and the samples were centrifuged to separate the
plasma from the blood cells. Plasma proteins were removed by
precipitation with acetonitrile (10 minutes; 4°C) and subsequent
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centrifugation and ultrafiltration. The blood sample was then
determined by HPLC analysis.

For in vitro experiments, hCXCR4-transfected Chem-1 and Ju-
rkat T-cell lines were used. The Jurkat cells were maintained in
RPMI 1640 medium (Biochrom, Berlin) containing 10% fetal calf
serum (Biochrom, Berlin). Chem-1 cells were cultured in Dul-
becco’s Modified Eagle Medium (Biochrom, Berlin) supple-
mented with 10% fetal calf serum, 1% non-essential amino acids
(Biochrom, Berlin), and 1% HEPES (1 M). Both cell lines were
cultured at 37°C in humidified atmosphere with 5% CO, and
passaged 2 to 3 times a week, depending on the cell count and
confluency.

CXCR4 affinities were determined through competitive binding
assays using Jurkat T-cells with ['?*IJFC131 as the radioligand.
The Jurkat cells (4 X 10° cells per vial) were incubated with the
respective peptide of interest at final concentrations ranging
from 10~ "' M to 10~°> M and approximately 0.1 nM ['*°[]FC131.
The total sample volume was 250 pL. After an incubation time
of 120 minutes, the vials were centrifuged at 300 rcf (1300 rmp;
Heraeus Megafuge, Thermo) for 3 minutes and the supernatant
was removed. Cells were washed twice with 200 uL ice-cold
hanks’ balanced salt solution (HBSS; Biochrom, Berlin). After
each washing step, the samples were centrifuged and the super-
natant was removed. The amount of free radioligand in the
combined supernatants and bound radioligand in the cell pellet
was quantified. ICso values were determined using GraphPad
Prism software (GraphPad Software, Inc., California).

Chem-1 cells (150 000 cells/well) were seeded in 24-well plates
1 day before the experiment. On the day of the experiment, the
culture medium was removed, cells were washed and incubated
with 200 wL of the assay medium (Dulbecco’s Modified Eagle
Medium-F12, 5% BSA) at 37°C for a minimum of 15 minutes.
Further, either 25 uL of the assay medium (total binding, n = 3)
or 25 uL of 100 uM AMD3100 (nonspecific binding, n = 3) was
added to the wells, followed by 25 uL of 10 nM ['8F]AIF-NOTA-
pentixather or [*®Ga]pentixafor. After an incubation time of up
to 60 minutes, the 24-well plates were placed on ice for 1 minute
to halt internalization. Subsequently, the supernatant was re-
moved, and the cells were washed with 250 uL of ice-cold PBS.
The combined supernatant and PBS fractions represent the
amount of free radioligand. To remove membrane-/receptor-
bound radioligand, cells were washed twice with 250 uL of
ice-cold acid wash (0.02 M NaOAc in saline, buffered with AcOH
to pH = 5) and fractions were combined. Internalized activity
was released by cell lysis using 250 wL of NaOH; further, the
wells were washed with 250 uL of PBS. Fractions were combined
again, and the quantification of free, membrane-bound, and
internalized activity was performed using a y-counter.

['8F]AIF-NOTA-pentixather was added to Chem-1 cells, and
internalization was allowed for 1 hour at 37°C. Subsequently,
the supernatant was removed, and the cells were washed and
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incubated with 250 uL of the assay medium. At specific time
points, the procedure, as described in the internalization assay,
was repeated to determine retained intracellular activity.

All animal studies were approved by local authorities and are in
compliance with the institution’s guidelines. In this study,
5-week-old female CB17 severe combined immunodeficient
(SCID) mice (Charles River Laboratories) were subcutaneously
injected in the right shoulder with 0.1 mL matrigel containing 1
X 107 cells/mL Daudi human B-cell lymphoma cells. Five weeks
after the inoculation, when the tumor size reached ~5-10 mm in
diameter, 300 kBq of '®F-labeled peptide (195 pmol, 0.251 ug,
and specific activity [SA] =1.54 GBq/wmol) was intravenously
administered (n = 4) into the tail vein of isoflurane-anesthetized
animals. The CXCR4 specificity was shown in a separate com-
petition study through coinjection of 2 mg/kg AMD3100. After
PET/computed tomography imaging, the mice were sacrificed
(68 minutes post injection [p.i.]). Subsequently, the tissues and
organs of interest were dissected, weighed, and counted for
radioactivity in a y-counter. The percentage of injected dose per
gram of tissue (% ID/g) was calculated.

Mice were anesthetized using isoflurane anesthesia and injected
with 300 kBq (195 pmol, 0.251 g, and =4.86 GBq/uwmol) of
['8F]AIF-NOTA-pentixather via the tail vein in 100 uL of
PBS/5% (v/v) EtOH. For the blocking study, an additional group
of mice (n = 4) was coinjected with 2 mg/kg AMD3100. PET
scans were performed using an Inveon Siemens PET Scanner.
The mice were placed on a platform inside the wPET scanner 1
hour p.i., and static images were acquired for 20 minutes. The
images were reconstructed by a 2-dimensional ordered subset
expectation maximum (2D-OSEM) algorithm with no correction
applied for attenuation. Image analysis was performed using the
Inveon software, and the results were calculated as % ID/g.

RESULTS

Scheme 1 shows the labeling procedure of NOTA-pentixather. In
initial experiments, ['®F]fluoride (80-450 MBq) was eluted in a
carbonate buffer (pH = 11), added to the reaction mixture, and
adjusted to pH = 4.0. Under these conditions, ['®F]AIF-NOTA-
pentixather was obtained in specific activities (SAs) of 2.45 +
0.95 GBq/mmol at the end of the synthesis. Elution of ['®F]fluo-
ride with the acetate buffer (pH = 4.0) leads to improved SAs of
7.15, 15.4, and 24.8 GBq/umol for starting activities of 320,
1320, and 1500 MBq '8F~, respectively. Radiochemical yields of
45.6% = 13.3% were achieved, and the radiochemical purity of
['8F]AIF-NOTA-pentixather was 98.0% = 1.7%.

["*F]AlF-labeling of NOTA and NODA-NCS-pentixather in an
aqueous solution was not quantitative and afforded both the
respective Al**-labeled and the desired AlIF?*-labeled species.
Only when AI"®F labeling was carried out in the solvent systems
containing either 70% DMSO or 70% ETOH (v/v), [*F]AIF-
NOTA- and ["*F]AIF-NODA-NCS-pentixather were obtained in

PET Imaging of CXCR4 With ['8F]AIF-NOTA-Pentixather

Sodium acetate
18F[F-], AICly | PH = 4.0

o (F1. AICl | 750, DMSO (vIv)

NH 15 min, 105°C

98 0

R = Pentixather scaffold

yields of 59% and 90%, respectively. The peptides were purified
via preparative HPLC and used for in vitro binding studies
(purity >9500).

['®F]AIF-NOTA-pentixather shows a logP value of —1.4. There-
fore, it is less hydrophilic than the DOTA-analog [*®Ga]pentixa-
for (logP = —2.9), which bears an additional carboxylate group
compared with NOTA.

['8F]AIF-NOTA-pentixather was incubated in human serum for
90 minutes at 37°C and analyzed by radio-HPLC. No instability
was detected after 90 minutes.

CXCR4-affinities of the novel ["*F]AlF-labeled analogs (Figure 1)
and their uncomplexed precursors are summarized in Table 1 and

Compound ICs0 [NM]
Pentixafor 102 = 16
["'Ga]pentixafor 248 = 2.5
NOTA-pentixather 27.5 2.1
["<'F]AIF-NOTA-pentixather 17.9 + 0.2
NODA-NCS-pentixather 100 = 15
["<'F]AIF-NODA-NCS-pentixather 302 + 77
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compared with the reference [***Ga]pentixafor. ["*FJAIF-NOTA-
pentixather shows a 1.4-fold increased affinity toward CXCR4,
whereas the affinity of the NODA-NCS analog is significantly
decreased. As observed for pentixafor, the affinity of free NOTA-
pentixather is decreased compared with that of the corresponding
["“'F]AIF-NOTA peptide. Interestingly, however, this effect is re-
versed in the case of the NODA-NCS conjugate.

Internalization and Efflux Studies

Figure 2 shows the CXCR4-specific total cellular uptake and
internalization of ['®F]AIF-NOTA-pentixather and the reference
[*®Ga]pentixafor into Chem-1 cells stably transfected with
hCXCR4. Based on its enhanced CXCR4 affinity, ['®F]AIF-
NOTA-pentixather showed a 2-fold increase in the total cellular
uptake after 60 minutes compared with [*®Ga]pentixafor. Fur-
thermore, the amount of internalized activity was enhanced by
a factor of 3 for ['®F]AIF-NOTA-pentixather. This is occasioned
by an enhanced internalization efficiency of the ['®F]AIF-
labeled analog; almost 80% of the total cellular ['®F]AIF-NOTA-

1D/g [%]

I (°FIAIF-NOTA-pentixather
[] [®FIAIF-NOTA-pentixather + AMD310

l:’ [®*Ga]pentixafor r

Figure 2. Representative com-
petitive binding curve of
["etF]AIF-NOTA-pentixather us-
ing Jurkat T<ells and ['2°[]FC131
as the radioligands (left panel),
as well as total cellular uptake
and internalization of ['8F]AIF-

total cellular
B internalized

NOTA-pentixather, compared
with [®8Ga]pentixafor in
hCXCR4-transfected Chem-1 cells
(right panel). Data are corrected
for nonspecific binding/internal-
ization in the presence of 100
M AMD3100.

['®F]AIF-NOTA-pentixather

pentixather activity was found to be internalized, as opposed to
530 for [*®Ga]pentixafor. Cell efflux studies of ['®F]AIF-NOTA-
pentixather revealed intracellular retention of 45.5% = 4.02%
and 40.5% = 3.46% after 30 and 60 minutes, respectively.

Biodistribution and Small-Animal PET Imaging

Comparative biodistribution data for ['®F]AIF-NOTA-pentix-
ather (1 hour p.i.; n = 4) and [®®Ga]pentixafor (1.5 hours p.i.;
n = 6) in Daudi lymphoma-bearing SCID mice are summarized
in Figure 3. Compared with [®®Ga]pentixafor, ['®F]AIF-NOTA-
pentixather showed delayed blood clearance (1.98% * 0.31%
ID/g vs 0.97% * 0.34% ID/g for [*®Ga]pentixafor) and conse-
quently higher uptake in non-target organs at 60 minutes p.i.
Because of the increased lipophilicity of ['®F]AIF-NOTA-pentix-
ather, a shift towards hepatobiliary excretion and thus an in-
creased nonspecific accumulation in the liver, gall bladder and
intestines was observed. Furthermore, higher bone activity lev-
els (2.7% # 0.13% ID/g) were observed for ['®F]AIF-NOTA-
pentixather, which may be indicative of partial in vivo defluo-

Figure 3. Biodistribution of
["8F]AIF-NOTA-pentixather (60
minutes post injection [p.i.], n =
4, red bars) and [®8Ga]pentixa-
for (1.5 hour p.i., n = 6, gray
bars) in Daudi xenograftbearing
CB-17 SCID mice. To show

CXCR4-specific tumor accumula-
tion of ["8F]AIF-NOTA-pentix-

ather, 50 ug of AMD3100 was
coinjected (60 minutes p.i., n =

Q\c)"b & \;)“Q V‘t‘é S <
()
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4, white bars). Data are given in
% ID/g tissue and are means =
SD.
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rination of the ['®F]AIF-NOTA complex. Tumor accumulation of
['®F]AIF-NOTA-pentixather was higher than the uptake in any
other organ (14% = 1% ID/g) and almost identical to that of
[*®Ga]pentixafor; respective tumor-to-organ ratios are shown in
Figure 4. CXCR4 specificity of ['®F]AIF-NOTA-pentixather up-
take in the lymphoma xenograft was confirmed by coinjection
of AMD3100, which reduced the tumor uptake by 91% (white
bars, Figure 3). Coinjection of AMD3100 also reduced the uptake
in the liver and spleen by 32% and 4009, respectively.
Representative PET images of ['®F]AIF-NOTA-pentixather
in Daudi lymphoma-bearing SCID are shown in Figure 5. As
anticipated from the biodistribution data, ['®F]JAIF-NOTA-pen-
tixather showed efficient CXCR4 receptor targeting (Figure 5A)
and thus high uptake in the Daudi xenograft. As shown by the
coinjection of 50 ug AMD3100 (Figure 5B), tumor accumulation

Maximum intensity projection (MIP)
%ID/g
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of ['8F]AIF-NOTA-pentixather was almost exclusively mediated
by CXCR4. Besides the high tracer uptake in the tumor, strong
['®F]AIF-NOTA-pentixather accumulation was only observed
for the gall bladder and the intestines. Low, but discernible,
activity uptake in the bones was also found.

DISCUSSION

Since the discovery of CXCL12, the identification of CXCR4 as a
coreceptor for HIV infection, and in particular the involvement
of the CXCR4/CXCL12 axis in tumor progression and metastasis,
the interest in the development of CXCR4-targeted tracers for
diverse molecular imaging applications has significantly in-
creased. Among these, the DOTA-functionalized cyclopeptide
[*8Ga]pentixafor represents a key development, as it allows
high-contrast PET imaging of CXCR4 expression in vivo; thus, it
is currently entering clinical trials (20-23, 44, 45).

However, based on its highly optimized structure, labeling
pentixafor with other nuclides, for example, In>*, results in a
significant loss in CXCR4 affinity (18). In a recent study, we
could show that small structural modifications in the peptide
backbone, leading to pentixather (38, 41), provide a molecular
scaffold with much higher flexibility toward structural modifi-
cation and consequently a greater bandwidth of possible radio-
labeling strategies.

To show this concept’s sustainability, we aimed at combin-
ing the excellent CXCR4-targeting characteristics of pentix-
ather-based tracers with a facile and rapid one-pot radiofluori-
nation method based on AIF>™ chelation, initially described by
McBride et al. (46). Thus, pentixather was conjugated with 2
alternative chelators suitable for complexation of the AIF**
cation, namely, NODA (33) and NOTA, whereas the latter was
evaluated in vitro and in vivo.

Although radiofluorination via ['®F]JAIF?** complexation
has been widely used for the '®F labeling of biomolecules in
recent years, for example, the kit radiofluorination of soma-
tostatin or integrin-targeting peptides (47, 48), representing a
well-established radiofluorination strategy, some minor adjust-
ments of radiolabeling conditions were performed to obtain
['8F]AIF-NOTA-pentixather in satisfactory yields and sufficient
SAs for in vivo application.

As depicted in Scheme 1, radiofluorination of NOTA-pen-
tixather was performed with cyclotron-produced ['®F]fluoride.
Initially, '8F ~ was eluted from an anion exchange column using
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a carbonate buffer (pH = 11). Because accurate pH adjustment
to pH = 4 is essential for high radiochemical yields and the
reaction volumes need to be kept to a minimum (<0.5 mL), pH
adjustment after the addition of ['®F]fluoride is critical. Initially,
radiochemical yields of 45.6% = 13.3% were achieved albeit
with high inter-experimental variance and low SAs (2.45% =
0.96% GBq/umol). Upon changing the elution buffer to sodium
acetate (preadjusted to pH = 4), only a slight pH adjustment
after the addition of DMSO was necessary, and '8F-labeling
resulted in 1.7-fold improved SAs. Scaling up to high starting
activities (>1 GBq) was successful and resulted in SAs of up to
24.8 GBq/umol. Moreover, the addition of DMSO significantly
increased labeling yields, which is in accordance with previous
studies (34). In summary, the chelation of ['®F]JAIF by NOTA-
pentixather in an aqueous solution and the subsequent cartridge
purification of the radiopharmaceutical was robust and straight-
forward and was completed within <30 minutes without requir-
ing time-consuming drying steps. Particularly in the present
case, where the targeted biomolecule does not allow ample
structural adjustments to the requirements of the labeling chem-
istry, ['®F]AIF complexation has distinct advantages over alter-
native innovative radiofluorination strategies. For example,
silicon-fluoride acceptor or BFs;-based radiofluorination (49)
also allows the fast, 1-step production of '®F-labeled tracers in high
yields and high specific activities. However, fluoroborates are un-
stable toward hydrolysis and specific backbones have to be intro-
duced to stabilize the trifluoroborate unit (50-53). Silicon-fluoride
acceptor-based tracers require lipophilic silanol/silane precursors
for radiofluorination, and lipophilicity-reducing structural compo-
nents are required for enhanced pharmacokinetics in vivo (54-58).
Hence, both methods involve the introduction of bulky and/or
lipophilic groups, and thus, their applicability for the '®F-labeling
of pentixafor/pentixather-based CXCR4 ligands is precluded or at
least would require careful tracer optimization to balance the effect
of the newly introduced functional groups on CXCR4 affinity and
pharmacokinetics.

In this study, the minor structural modifications that have
substantial effects on the CXCR4 affinity are appropriately illus-
trated by the comparison of the 2 novel pentixather analogs NOTA-
and NODA-NCS-pentixather (Table 1). The latter was included in
this study because higher ['®F]JAIF?* labeling efficiencies have
been reported for NODA than for NOTA (33). However, this modi-
fication led to a considerable loss in CXCR4 affinity, whereas NOTA
conjugation was well tolerated. This may be occasioned by the
unfavorable shortening of the linker unit between the peptide core
and the chelator by a carboxamide group. This structural deviation
may lead to a loss of electrostatic interactions between the charged
chelate and the receptor-binding pocket, thus reducing the receptor
affinity of the NODA-NCS analog. The spacer length between the
peptide and the chelate is a critical parameter for high-affinity
CXCR4 binding as observed in previous studies on pentixafor
analogs with variable spacers (18).

However, the ["F]JAIF-NOTA analog showed a 1.4-fold
improved CXCR4 affinity compared with ["**Ga]pentixafor
(Table 1). Thus, it is important to note that in contrast to
previous studies, higher cell numbers were used for the ICso
experiments in this study (4 X 10° vs 2 X 10° cells/sample);
therefore, absolute ICso values for ["'Ga]pentixafor differ be-
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tween reports (18). Surprisingly, although ['®F]AIF-NOTA-pen-
tixather showed an improved CXCR4 affinity and a 3-fold in-
creased internalization compared with [®8Ga]pentixafor, in vivo
tumor uptake of both compounds was found to be nearly iden-
tical. This is attributed to the substantially different overall
pharmacokinetics of ['®F]AIF-NOTA-pentixather vs [*®Ga]pen-
tixafor, resulting in the reduced availability of the radiofluori-
nated tracer for CXCR4 targeting.

Obviously, because of its higher logP value of —1.4
((°®Ga]pentixafor: logP = —2.9), ['®F]AIF-NOTA-pentixather
showed higher plasma protein binding than [*®Ga]pentixafor
and hence delayed blood clearance. As visible in the PET images
(Figure 5), this results in enhanced accumulation in the hepato-
biliary system and thus higher background activity levels in the
abdominal region compared with [*®Ga]pentixafor (19). Because
of the uptake of ['®F]AIF-NOTA-pentixather in the liver and gall
bladder of 6.9% = 1.0% ID/g, the use for clinical imaging of
liver metastasis can therefore be limited. However, interest-
ingly, hepatic clearance into the gall bladder was very fast,
resulting in comparably low tracer uptake in the liver and
high focal activity accumulation in the gall bladder and the
intestines at 60 minutes p.i.

Besides some nonspecific tracer uptake in the excretion
organs, relatively high activity levels in bone (2.7% = 0.7%
ID/g) were also observed. This was attributed to a small degree of
in vivo defluorination of the ['®F]AIF-NOTA complex. Interest-
ingly, a similar bone uptake of 2.950 =* 0.74% ID/g was
reported for ['®F]AIF-NOTA-T140, a T140 analog with high
affinity toward human and murine CXCR4 (29). In that case,
however, bone uptake was shown to be partially mediated by
targeting of endogenously expressed mCXCR4 in bone marrow,
and coinjection of 100 wg of the unlabeled compound reduced
bone uptake by ~50%. In the case of ['®F]AIF-NOTA-pentix-
ather (Figure 3), coinjection of AMD3100 did not significantly
influence bone activity levels, and thus specific targeting to
mCXCR4-expressing cells in the bone marrow does not seem to
significantly contribute to the overall '®F activity in bone.

Interestingly, accumulation of ['®F]AIF-NOTA-pentixather
in other CXCR4-expressing tissues, for example, spleen, was
partially blocked by the coinjection of 50 ug AMD3100 (Figure 3).
This hints toward reduced hCXCR4 selectivity of ['®F]AIF-
NOTA-pentixather compared with that of [*®Ga]pentixafor, and
thus some binding affinity to mCXCR4. However, this hypoth-
esis needs to be confirmed in additional binding studies using
mCXCR4-expressing cells.

The evaluation of ['®F]AIF-NOTA-pentixather showed that,
for the first time, a pentixather derivative could be labeled with
'8F for high-contrast PET imaging of CXCR4 expression in vivo.
Suitable CXCR4-targeting properties of ['®F]JAIF-NOTA-pentix-
ather were exemplified by high-contrast delineation of CXCR4-
positive human xenografts in a mouse model, and the applica-
bility of the pentixather scaffold for the implementation of
novel labeling strategies was shown.

Furthermore, the fast and facile one-pot Al'®F-fluorination of
['8F]AIF-NOTA-pentixather makes the tracer ideally suited for kit
formulation and hence clinical transfer. However, for this, further
studies regarding the in vivo stability and slight pharmacokinetic
optimization are necessary.
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