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The overexpression of the chemokine receptor CXCR4 plays an
important role in oncology, since together with its endogenous
ligand, the stromal cell-derived factor (SDF1-a), CXCR4 is
involved in tumor development, growth, and organ-specific
metastasis. As part of our ongoing efforts to develop highly
specific CXCR4-targeted imaging probes and with the aim to
assess the suitability of this ligand for first proof-of-concept
studies in humans, we further evaluated the new %8Ga-labeled
high-affinity cyclic CXCR4 ligand, ®8Ga-CPCR4-2 (cyclo(p-
Tyr'-[NMe]-p-Orn?-[4-(aminomethyl) benzoic acid,?¥Ga-DOTA]-
Arg3-2-Nal*-Gly%). Methods: Additional biodistribution and
competitions studies in vivo, dynamic PET studies, and inves-
tigations on the metabolic stability and plasma protein binding
were performed in nude mice bearing metastasizing OH1
human small cell lung cancer xenografts. CXCR4 expression
on OH1 tumor sections was determined by immunohistochem-
ical staining. Results: "®Ga-CPCR4-2 exhibits high CXCR4
affinity with a half maximum inhibitory concentration of 4.99 +
0.72 nM. 88Ga-CPCR4-2 showed high in vivo stability and high
and specific tumor accumulation, which was reduced by ap-
proximately 80% in competition studies with AMD3100. High
CXCR4 expression in tumors was confirmed by immunohisto-
chemical staining. $8Ga-CPCR4-2 showed low uptake in nontumor
tissue and particularly low kidney accumulation despite predom-
inant renal excretion, leading to high-contrast delineation of tumors
in small-animal PET studies. Conclusion: The small and opti-
mized cyclic peptide CPCR4-2 labeled with ®8Ga is a suitable
tracer for targeting and imaging of human CXCR4 receptor
expression in vivo. The high affinity for CXCR4, its in vivo stability,
and the excellent pharmacokinetics recommend the further eval-
uation of $8Ga-CPCR4-2 in a proof-of-concept study in humans.
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Metastasis, a key step in cancer development, is the
leading cause of death for most patients with cancer. Con-
sequently, sensitive and early detection of the metastatic po-
tential of a primary tumor and of metastatic spread could
have major impact on the chosen therapeutic strategy and
thus on the prognosis of the disease. One promising target
that is a key player in the process of cancer metastasis is the
chemokine receptor CXCR4. CXCR4 belongs to the family
of G-protein—coupled receptors and directs cell locomotion
toward higher concentrations of chemokines (7,2). Physiolog-
ically, CXCR4 is essential for the hematopoiesis, organogen-
esis, and vascularization during development (3). However,
CXCR4 is also involved in various diseases such as the entry
of HIV-1 (4) and several inflammatory conditions (5).

The important role of CXCR4 and of its endogenous
ligand, stromal cell-derived factor (SDF1-a) (also named
CXCLI12), in oncology relies on 2 major factors: first, on
SDF1-a binding to CXCR4, the G protein complex is acti-
vated and triggers parallel signal transduction cascades,
leading to cancer cell proliferation, migration, and survival
(1,2). Furthermore, CXCR4 expression on primary tumor
cells directs circulating cancer cells to those organs that
express SDF1-a, such as lung, liver, and bone marrow,
resulting in organ-specific metastasis (2,6-8).

Many efforts have been directed toward the development
of suitable CXCR4 imaging probes, most of which are
derived from SDF1-a (9-11). The first downsized CXCR4
ligand, T140 (Arg'-Arg?-Nal3-cyclo(Cys*-Tyr>-Arg®-Lys’-
D-Lys8-Pro”-Tyr'0-Arg!-Cit!2-Cys!3)-Arg!4), was shown
to exhibit strong antagonistic action, which is primarily
mediated by the 4 N- and C-terminal residues Nal3, Tyr>,
Arg'# and Arg? (10). On the basis of this structure-activity
relationship, cyclic pentapeptides such as FC131 (cyclo(p-
Tyr'-Arg?-Arg3-2-Nal*-Gly?)), displaying improved meta-
bolic stability as well as potent CXCR4 antagonism, have
been developed (/2). '?*I-FC131 was the first CXCR4-
directed PET agent in preclinical evaluation (/3). It showed
high accumulation in the CXCR4-positive tumor in an ani-
mal model and high focal uptake in lung micrometastases.
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Its applicability for whole-body CXCR4 imaging, however,
is severely hampered by the high lipophilicity and conse-
quently high hepatic and intestinal uptake (/3—15).

Other recently developed CXCR4-targeted nuclear im-
aging probes, including the T140 analogs '!'In-diethylene-
triaminepentaacetic acid (DTPA)-Ac-TZ14011 (/6) and
I8F-T140 (17), show high accumulation and retention in
liver and spleen and low tumor-to-background ratios. The
cyclam derivative %*Cu-AMD3100 shows significantly
higher tumor accumulation and improved tumor-to-back-
ground ratios. Its applicability for patient imaging, how-
ever, is challenged by high hepatic accumulation, leading
to tumor-to-liver ratios less than 1 (18,19). SPECT/CT was
applied for the detection of CXCR4 receptors using '2°1-
labeled antibodies (20). *™Tc-labeled SDF-1a was used as
a sensitive and specific probe for CXCR4 expression under
different physiologic and pathologic states (21).

On the basis of our results with '>*I-FC131 and triggered
by the advantageous features of °®Ga as a PET radionuclide,
we recently developed a ®3Ga-labeled cyclic CXCR4-bind-
ing pentapeptide, 8Ga-CPCR4-2 (cyclo(p-Tyr!-p-[NMe]
Ormn?-[AMBS-DOTA]-Arg3-2-Nal*-Gly®)), (AMBS: 4-(ami-
nomethyl) benzoic acid) (22). However, because conjugation
of the relatively bulky radiometal chelate to the small cyclic
pentapeptide was found to substantially affect the binding
affinity, identification of the optimal site of attachment
and optimization of suitable linker units were necessary.
On the basis of our cyclo(D-Tyr!-Orn?-Arg3-2-Nal*-Gly>)-
scaffold, more than 150 mono- and multimeric pentapeptides
were screened to explore the flexibility of the CXCR4 bind-
ing pocket (14,15,22,23).

In the most promising candidate, CPCR4-2, the [NMe]-
p-Orn? side chain was functionalized with DOTA via an
AMBS (HOOC-C¢H,4-CH,-NH,) linker (Fig. 1). As deter-
mined in CXCR4-expressing Jurkat cells, "*Ga-CPCR4-2
showed high affinity to CXCR4. In a competition binding
assay, specific binding of !2’I-FC131 to Jurakt cells was
inhibited by "*Ga-CPCR4-2 with a half maximal inhibitory
concentration (ICsg) of 5 = 1 nM. Furthermore, initial bio-
distribution studies in mice bearing human small cell lung
cancer tumors revealed CXCR4-specific tumor uptake, fast
renal excretion, and high tumor-to-muscle ratios at 1 and 2 h
after injection (22). In addition to those initial experiments,
we herein describe the further evaluation of ©3Ga-CPCR4-2,
with a particular focus on additional pharmacologic studies
that allow us to assess the suitability of this tracer for a proof-
of-concept study in humans — that is, the metabolic stability,
lipophilicity, plasma protein binding, immunohistochemical
analysis, extended biodistribution study, extended blockade
study, and dynamic PET studies in mice bearing CXCR4-
overexpressing human small cell lung cancer OH1 tumors.

MATERIALS AND METHODS

Radiolabeling of CPCR4-2 with %8Ga
68Ga-CPCR4-2 was prepared on a fully automated system
(Scintomics GmbH) as previously described (22). Briefly, the elu-

1804

0

e 0
0 N N WY
) < > / [ ] OH
HN HO N OH
{ O)‘\/ N— 0

HOQé O 2
L

CPCR4-2

FIGURE 1. Chemical structure of CPCR4-2.

ate (1.1-1.3 GBq, 1.25 mL) of a %3Ge/%3Ga generator (iThemba
LABS) was added to a solution of 15 nmol CPCR4-2 and 600
mg of N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)
(Merck) in 0.5 mL of H,O and reacted for 5 min at 95°C (pH
3.2-3.3). %8Ga-CPCR4-2 was immobilized on a SepPak C18 car-
tridge (Waters), washed with H,O, and eluted with 1 mL of EtOH.

Separation of 8Ga-CPCR4-2 from Unlabeled
CPCR4-2 Precursor

As a compound with high affinity to a G-protein—coupled
receptor also responsible for the binding of stem cells in bone
marrow stem cell niches, we decided to prepare the tracer in a
maximum specific activity. Thus, °3Ga-CPCR4-2 was separated
from unlabeled precursor using reversed-phase high-performance
liquid chromatography (RP-HPLC) on a semipreparative RP18
Multosphere column (250 x 10 mm), applying a linear gradient
of 49%-60% solvent B in 20 min at a flow rate of 5 mL/min
(solvent A, 0.2 M ammonium formate; solvent B, MeOH). Ultra-
violet detection was performed using a Linear UVIS 200 detector
at 220 nm. For radioactivity measurement, a Na(TI) well-type
scintillation counter (Ace Mate 925-Scint; EG&G Ortec) was
used. After RP-HPLC purification, the product fraction containing
no-carrier-added (NCA) %8Ga-CPCR4-2 was evaporated in vacuo,
redissolved with 5 mL of H,O, immobilized on a SepPak C18
cartridge, washed twice with H,O (3 mL), and eluted with 2 mL
of EtOH. After solvent evaporation in vacuo, °3Ga-CPCR4-2 was
reconstituted in phosphate-buffered saline (PBS; pH 7.4) for fur-
ther use.

Quality Control of Radiolabeled Product

Chemical and radiochemical purity of ®8Ga-CPCR4-2 were
determined using an analytic Nucleosil 100-5 C18 column
(125 x 4.6 mm) at a flow rate of 1 mL/min (gradient, 49%—-60%
solvent B in 20 min; solvent A, 0.2 M ammonium formate; solvent
B, MeOH).

The presence of free %3Ga3* and 3Ga3*-colloid in the %8Ga-
CPCR4-2 preparation was quantified by radio-thin-layer chroma-
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tography (radio-TLC) using silica gel 60 plates and 2 different
mobile phase systems (22).

Lipophilicity
The lipophilicity of ®3Ga-CPCR4-2 was determined as reported
previously (24).

Cell Cultures

The human T lymphocyte Jurkat cell line was purchased from
American Type Culture Collection. The human small cell lung
cancer line OHI1, which forms multiple metastases in the lung
approximately 2-3 wk after tumor cell inoculation and subsequent
growth, was provided by Dr. Udo Schumacher. Both cell lines were
grown in RPMI 1640 medium supplemented with 10% fetal calf
serum. Cell lines were cultured at 37°C in a humidified 5% CO,
atmosphere. All medium and supplements were obtained from
Biochrom.

For cell counting, a CASY1-TT cell counter and an analyzer
system (Schirfe System GmbM) were used.

Competition Binding Studies
Competition binding experiments were performed using Jurkat
cells with 125I-FC131 as a radioligand as previously described (22).

Animal Models

Female athymic nude mice (age, 6-8 wk; weight, 25-30 g)
were purchased from Charles River. The animals were inoculated
with 5 x 10% OH1 cells subcutaneously in 100 pL of medium into
the right shoulder. After an average of 3 wk, tumor weight reached
0.8-1.5 g, and the animals were used for biodistribution and PET
studies. All animal experiments were approved by local authorities
and were in compliance with the institutions guidelines.

Metabolite Analysis and Plasma Protein
Binding Study

OHI1 mice were injected with approximately 12-14 MBq of
68Ga-CPCR4-2 in a total volume of 0.1 mL of PBS and sacrificed
30 min after injection. Blood was collected in heparinized tubes
and centrifuged (5 min, 1,677g; Heraeus Sepatech Biofuge 15) for
plasma isolation. Liver, kidney, and tumor were dissected, rinsed
with 0.9% NaCl, and immersed in ice-cold 50 mM Tris/0.2 M
sucrose buffer, pH 7.4. The organs were subsequently homogen-
ized with a manual homogenizer for 5 min, followed by centrifu-
gation (10 min, 9,660g), and the supernatants were used for further
evaluation. Samples (300 pL) of plasma and homogenized organs
were transferred to an ultrafiltration device (Vivacon 500; 30,000
molecular weight cutoff [Sartorius Stedium Biotech GmbH]), fol-
lowed by centrifugation (10 min, 9,660g) for the separation of
proteins. Samples from the ultrafiltrate and ®Ga-CPCR4-2 solution
were applied to a preparative TLC glass plate (PTLC silica gel with
F,s4 indicator on glass plates with a 4 X 20 cm preconcentration
zone) for the quantification of the radiolabeled metabolic species. A
6:4 (v/v) mixture of MeOH/0.2 M ammonium formate was used as
the mobile phase. Radio-TLC detection was performed using a
Phospho-Imager (CR 35 BIO; Isotopenmefgerite GmbH). Images
were analyzed using AIDA Image Analyzer software (Raytest).

Plasma protein binding at 30 min after injection of °%Ga-
CPCR4-2 was determined by ultrafiltration as described previ-
ously (25).

Biodistribution Studies
In addition to the blockade experiment with FC131 previously
described (22) and to evaluate the efficacy of a structurally completely
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different competitor in vivo, we performed a blockade study with the
partial CXCR4 agonist AMD3100 (26) (50 pg/mouse). Furthermore,
the biodistribution study of °8Ga-CPCR4-2 (22) was extended by an
additional time point at 10 min after injection.

Preparation of Frozen Tumor Sections

Immediately after dissection, tumors were frozen on dry ice and
embedded in optimal-cutting-temperature (OCT) medium (4583;
Sakura Finetek). Contiguous frozen sections (7 um) were cut from
the central part of the tumor using an HMS500 cryostat microtome
(Microm International GmbH) and adhered to poly-L-lysine—
coated glass microscope slides. Frozen sections were stored at
—80°C until use.

Immunolocalization of CXCR4 Receptor in OH1
Primary Tumor

The expression of CXCR4 in primary OHI tumor was
confirmed by performing immunohistochemical staining for
CXCR4 and using the rabbit monoclonal anti-CXCR4 antibody
clone UMB-2 (kindly provided by Dr. Stefan Schulz, Institute for
Pharmakology and Toxicology, University Hospital Jena, Ger-
many). Briefly, slides were air-dried, fixed in 10% formalin for
30 min, incubated in 0.3% H,0, to block endogenous peroxidase,
and incubated overnight at 4°C with rabbit monoclonal anti-
CXCR4 antibody UMB-2 (dilution, 1:10). Detection of the pri-
mary antibody was performed using biotinylated antirabbit IgG,
followed by incubation with peroxidase-conjugated avidin (Vector
ABC Elite kit; Vector Laboratories). As a chromogen, 3-amino-9-
ethylcarbazole in acetate buffer (BioGenex) was used. Sections
were rinsed, counterstained with Mayer hematoxylin (Sigma-
Aldrich Inc.), and mounted in Vectamount mounting medium
(Vector Laboratories). For immunohistochemical controls, the pri-
mary antibody was adsorbed for 2 h at room temperature with the
immunizing peptide (10 wg/mL) (27). Images were acquired at
%200 and x600 magnification using a Zeiss Axio Imager.Al
microscope and captured with a Progres C5-Kamera and Progres
Mac Capture Pro 2.7 software (Jenoptic).

PET Camera Imaging

Mice bearing OH1 xenografts were anesthetized using isoflur-
ane anesthesia and injected with (7.4-14.8 MBq) of ®3Ga-CPCR4-
2 in 100 pL of PBS into the tail vein. PET scans were obtained
using an Inveon PET scanner (Siemens). Dynamic imaging was
performed immediately after injection with the following acquis-
ition frames: 5 x 60, 5 x 300, 6 x 600, and 1 x 1,200 s, amounting
to a total imaging time of 110 min. Competition experiments were
performed by coinjection of the tracer with 50 pwg of FC131 or
AMD3100 in a total volume of 150 wL of PBS. Static images were
obtained from 90 to 110 min after injection. All images were cor-
rected for %8Ga decay and reconstructed by a 3-dimensional ordered-
subsets expectation maximum algorithm. No attenuation correction
was applied. Images were analyzed using Inveon software.

RESULTS

Radiolabeling of CPCR4-2 with %8Ga

We recently described the development and radiolabeling
of the CXCR4 directed cyclic DOTA-conjugated pentapep-
tide CPCR4-2 (22). Standard reaction conditions (15 nmol
of peptide, starting activities of 1.1-1.3 GBq) yielded °3Ga-
CPCR4-2 in 50% radiochemical yield and greater than 95%
radiochemical purity within 17 min. To avoid pharmaco-
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logic effects, such as stem cell mobilization, in future
proof-of-concept studies in humans and to use the same
experimental conditions in the preclinical evaluation, we
isolated °Ga-CPCR4-2 from the excess unlabeled
CPCR4-2 by RP-HPLC. Despite the additional HPLC puri-
fication step (45 min), decay-corrected yields for NCA
08Ga-CPCR4-2 were high (24.5% * 3.5% based on ®Ga
starting activity and 73% = 3% based on crude °%Ga-
CPCR4-2 [n = 5]).

Lipophilicity

With a 10gPycianorpes Of —2.90 * 0.08, °8Ga-CPCR4-2
shows greatly enhanced hydrophilicity, as compared with
1251.FC131, which showed a 10gP,canopes Of —0.35 =
0.02 (14,15). (Lipophilicity = the logarithm of the partition
coefficient P, where P is the ratio of the distribution of a
compound in 2 solvents, here octanol and PBS.)

Competition Binding Studies

IC5o data obtained for "Ga-CPCR4-2, CPCR4-2, and
FC131 in Jurkat cells are summarized in Table 1. Despite
the fundamental structural modifications introduced into
1t Ga-CPCR4-2 as compared with FC131, the affinities of
both peptides were found to be nearly identical, whereas the
comparably small structural differences between uncom-
plexed CPCR4-2 and "*Ga-CPCR4-2 resulted in a signifi-
cant effect on CXCR4 binding affinity.

Plasma Protein Binding Study and
Metabolite Analysis

To estimate the bioavailability of °®Ga-CPCR4-2 in cir-
culation, the extent of plasma protein binding was deter-
mined. Approximately two thirds (64% = 4%) of the
circulating %8Ga activity were found to be bound to plasma
proteins. As demonstrated by radio-TLC metabolite analy-
sis of plasma samples 30 min after injection of °3Ga-
CPCR4-2, the remaining circulating activity exclusively
consists of intact radiotracer. Also, in tissue homogenates
from liver, kidney, and tumor, only intact °®Ga-CPCR4-2
was detected at 30 min after injection, demonstrating the
stability of ®8Ga-CPCR4-2 toward in vivo degradation.

Biodistribution Studies

The biodistribution of 8Ga-CPCR4-2 in OH1 mice was
extended by an early time point at 10 min after injection
(Table 2). Radioactivity was efficiently and rapidly cleared

TABLE 1
ICso of Selected CXCR4 Ligands for Binding of
125]-FC131 to CXCR4-Expressing Jurkat Cells

Compound ICs0 (NM)
FC131 4.43 = 0.82
CPCR4-2 177
natGa-CPCR4-2 4.99 = 0.72

Data are mean = SD of 3 experiments, except for values
greater than 80 nM.
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from the blood via the kidneys, with low retention of radio-
activity in kidney tissue. Except for the early time point at
10 min after injection, the accumulation of ®*Ga-CPCR4-2
was higher in tumor than in any other organ, with a max-
imum at 60 min after injection. Accumulation of radioac-
tivity in the liver and spleen, organs with high expression of
CXCR4 messenger RNA (28), was low, with absolute val-
ues of 1.85 * 0.24 %ID/g and 0.69 = 0.09 %ID/g at 60 min
after injection, respectively. Blockade studies in vivo with
excess FC131 (22) and more effectively in this study with
AMD3100 demonstrate the specificity of °8Ga-CPCR4-2
uptake by human CXCR4 receptors expressed on the human
small cell lung cancer model. The administration of the com-
peting dose of AMD3100 resulted in a reduction of the °3Ga-
CPCR4-2 uptake in tumor by approximately 80%.

Immunolocalization of CXCR4 on OH1
Frozen Sections

Frozen sections from OH1 tumor, dissected from a
mouse that had previously undergone PET using %3Ga-
CPCR4-2, were cut and stained for immunolocalization of
CXCRA4. Positive staining was found on the whole section,
with variable intensity. The staining was clearly associated
with the plasma membrane of OHI tumor cells. The
CXCR4 specificity of the staining was proven by incubat-
ing sections with the anti-CXCR4 antibody previously
adsorbed with its immunizing peptide (Fig. 2).

PET

Representative PET images obtained in OHI mice on
injection of 8Ga-CPCR4-2 are shown in Figure 3. The
experimental tumors were clearly delineated within the first
30 min after injection of the radiopeptide. Tumor uptake
was very high and persistent within the 120-min time
frame; the initial background uptake of %8Ga-CPCR4-2 in
the excretion organs (liver, kidneys) rapidly decreased over
time (Figs. 3 and 4). Predominant urinary excretion of the
tracer is represented by the high focal activity concentration
in the urinary bladder at all time points. To visualize the
extent of CXCR4-specific tumor uptake of ®8Ga-CPCR4-2,
PET competition studies using FC131 and AMD3100 as
competitors were also performed. These images well rep-
resent the differences in overall biodistribution, which had
already been encountered in the biodistribution studies—
that is, a reduction of tumor uptake by a blocking dose of
both FC131 and AMD3100, which is accompanied by
delayed overall activity excretion in the case of FC131.

DISCUSSION

Because of its availability from generator systems and
the relative ease of radiometallation chemistry, the positron
emitter °*Ga has gained increasing interest in the field of
radiopharmaceutical chemistry. These factors and our pre-
vious experience with radiolabeled CXCR4-binding pep-
tides as powerful imaging probes for the detection of
primary and metastatic tumors prompted us to develop *8Ga-
CPCR4-2.
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TABLE 2
Biodistribution of 88Ga-CPCR4-2 in OH1 Mice at 10, 60, and 120 Minutes After Injection

Time after injection (min)

60 (after injection of

Organ 10 (n = 5) 60 (n = 8) (22) 120 (n = 3) (22) 50 wg AMD3100; n = 5)

Blood 6.35 = 0.61 1.08 + 0.27 0.58 = 0.14 0.96 = 0.14
Heart 3.37 = 0.39 0.60 = 0.16 0.29 = 0.10 0.50 = 0.07
Lung 6.75 = 0.93 1.41 + 0.26 2.85 = 2.69 1.41 + 0.14
Liver 4.49 + 0.60 1.85 + 0.24 1.48 = 0.31 1.06 = 0.17
Pancreas 1.45 + 0.06 0.30 = 0.07 0.21 = 0.02 0.25 *= 0.05
Spleen 2.54 = 047 0.69 = 0.09 0.65 = 0.25 0.43 = 0.10
Kidney 14.66 + 2.07 3.06 = 0.63 2.07 = 0.46 2.88 = 0.45
Adrenal glands 254 =112 0.83 = 0.55 0.50 = 0.15 0.70 = 0.22
Stomach 3.45 = 0.13 0.72 = 0.26 0.46 *= 0.12 0.82 = 0.45
Intestine 1.69 = 0.15 0.45 = 0.11 0.36 = 0.04 0.47 = 0.13
Muscle 1.25 + 0.23 0.38 = 0.09 0.28 = 0.17 0.30 = 0.13
Tumor 4.55 = 1.10 6.16 = 1.16 4.63 = 1.54 1.35 + 0.27
Tumor-to-organ ratio

Tumor to blood 0.73 = 0.21 5.81 = 0.88 8.03 = 2.59 1.41 £ 0.25

Tumor to liver 1.04 £ 0.32 3.31 £ 0.32 3.06 = 0.48 1.27 £ 0.09

Tumor to kidney 0.32 = 0.10 2.03 = 0.19 2.36 = 1.14 0.47 = 0.04

Tumor to muscle 3.68 = 0.90 16.55 + 3.84 18.49 = 7.29 3.62 = 0.83

We recently reported on the development of a series
of new radioiodinated, radiofluorinated, and radiometal-
lated cyclic pentapeptides (22). The N-methylated analog
cyclo(p-Tyr'-[NMe]-D-Orn?-Arg3-2-Nal*-Gly’) was derived
from a pentapeptide library (/4,15) and was found to
exhibit high affinity for CXCR4 (IC5 = 6.15 * 0.84
nM). In a next step, direct conjugation of this peptide with
a chelator suitable for a variety of radiometals to the
[NMe]-p-Orn? side chain was performed. Though not opti-
mal (29) for 8Ga**-ion, DOTA was chosen because it pro-
vides maximum flexibility with respect to future diverse
applicability with other radiometals such as °°Y, !77Lu, or
in, Unfortunately, the direct attachment of the bulky
gallium-DOTA metal chelate to cyclo(p-Tyr!-[NMe]-D-
Orn?-Arg3-2-Nal*-Gly>) resulted in a loss of CXCR4 affin-
ity by a factor of 135. Thus, a variety of spacers were
introduced and tested, among which AMBS was found to
be most suitable. Although the affinity of uncomplexed
CPCR4-2 to CXCR4 was found to be relatively low,
natGa-CPCR4-2 showed an increase in CXCR4 affinity by
a factor of 35, which may be explained by the fundamental
structural differences and by the overall charge and charge
distribution induced by the complexation of gallium (30).

In this work, we further evaluate our previously pub-
lished cyclic ®8Ga-labeled CXCR4-binding pentapetide
ligand, °Ga-CPCR4-2, with the aim to assess this tracer
for first proof-of-concept studies in humans. 8Ga-CPCR4-2
is available in high radiochemical purity and good radio-
chemical yields. Specific activities in the range of those
achieved for patient doses of 8Ga-DOTATOC (31,32), for
which 7-35 nmol of precursor peptide are currently used,
are easily achievable using standard reaction conditions (15
nmol of peptide). Given the fact, however, that the tumor
uptake in animal models is highly dependent on the specific
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activity of the radiopeptide injected (32) and with the aim
to use conditions similar to those projected for the first in
vivo studies in humans (i.e., minimizing the effects of stem
cell mobilization), we chose to prepare °®Ga-CPCR4-2 for
the preclinical assessment on an NCA level via HPLC puri-
fication. Especially when taking into account the relatively
short half-life of %8Ga, this step certainly represents an
unwanted complication of the otherwise straightforward
preparation of %8Ga-CPCR4-2. We are confident, however,
that this additional purification step may be obviated in the

FIGURE 2. Immunohistochemical localization of CXCR4-express-
ing cells in frozen tissue sections from primary OH1 tumor. (A) Arbi-
trary region (x200). (B) Magnification of inset in A shows strong
staining for CXCR4 around plasma membrane of OH1 tumor cells
(x600). (C and D) When sections were incubated with antibody pre-
adsorbed with its immunizing peptide, staining was completely
abolished (x200 [C] and x600 [D]). Scale bars: 100 pm for A and
C, 50 pm for B and D.

1807

RGB



RGB

4E5 Bg/mL

60 min 90 min 110 min

B Cc

110 min

110 min

FIGURE 3. (A) PET dynamic imaging of OH1 mouse 0-110 min
after injection of 9.6 MBq of 88Ga-CPCR4-2. (B and C) PET summa-
tion images 90-110 min after coinjection of 50 n.g of FC131 and 13.7
MBq of 68Ga-CPCR4-2 (B) or coinjection of 50 ug of AMD3100 and
7.4 MBq of 8Ga-CPCR4-2 (C).

future using optimized chelator systems that require con-
siderably lower peptide concentrations.

The in vivo pharmacokinetics of °8Ga-CPCR4-2 is char-
acterized by fast tracer clearance from nontarget tissues and
rapid accumulation in the OH1 xenografts, with maximum
uptake at 60 min after injection. In comparative in vitro
studies at 4°C and 37°C, '25I-FC131 was found to be exclu-
sively bound to the cell surface of tumor cells and not
actively internalized, indicating an antagonistic profile.
Data from ex vivo immunohistochemistry of CXCR4
expression demonstrated exclusive CXCR4 localization at
the cell membrane (Fig. 2), supporting the assumption that
natGa-CPCR4-2 also presents an antagonistic profile.

In vivo competition by coinjection of a blocking dose of
AMD3100 led to the expected reduction in tumor uptake,
without affecting activity accumulation in other organs. In
contrast, a previous study obtained with FC131 (22)
revealed sustained plasma activity and thus increased activ-
ity concentration in other tissues (Fig. 3). Whether this
effect can fully or in part be attributed either to the afore-
mentioned plasma protein binding of approximately 65% or
to a general pharmacologic effect (24) needs to be further
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FIGURE 4. Time-activity curves acquired via dynamic small-ani-
mal PET 0-100 min after injection of 88Ga-CPCR4-2 in OH1 tumor—
bearing nude mice (n = 3).

investigated. Nevertheless, a comparison of tumor or non-
tumor ratios obtained under AMD3100- and FC131-block-
ing conditions (Table 2) reveals superior CXCR4 blocking
efficiency for FC131.

Similar to the native ligand SDF-1a, T140, CPCR4-anal-
ogous compounds, and AMD3100 are not CXCR4-selective
ligands but also seem to bind the chemokine receptor sub-
type CXCR7 (26,33). Both CXCR4 and CXCR7 are fre-
quently coexpressed on cancer cells (34). Coexpression of
CXCR4 and CXCR7 has also been confirmed for the OH1
cell line used in this study. Western blot analysis revealed a
CXCR4-t0o-CXCR?7 expression ratio of 2.44. Thus, uptake
of %Ga-CPCR4-2 in OH1 tumors via CXCR?7 binding cer-
tainly contributes to overall tumor accumulation. Because
FC131 and AMD3100 bind to both CXCR4 and CXCR7
(26), results from the competition studies reflect the con-
tribution of CXCR4- and CXCR7-mediated tumor uptake
and thus indicate the extent of CXCR4/CXCR7-specific
binding. The use of recently developed CXCR4- and
CXCR7-selective ligands (33,35) may allow the separation
of the CXCR4/CXCRY7 interplay.

Another interesting result is the low level of CXCR4-
specific ®®Ga-CPCR4-2 binding to organs known to express
high levels of CXCR4 messenger RNA in the mouse—for
example, spleen and liver (28). Although °8Ga-CPCR4-2
uptake in liver and spleen is reduced by a blocking dose
of AMD3100 to 57% and 62% of control, respectively, this
effect is far less pronounced than in the case of radiolabeled
T140 analogs such as '''In-Ac-TZ14011 (liver, 7%; spleen,
32% of control) (16) or '8F-T140 (spleen, ~ 20% of con-
trol) (/7), indicating a higher species specificity of CPCR4-
derived tracers for the human CXCR4 receptor.
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On the basis of previous experiments showing the
formation of lung micrometastases 2-3 wk after tumor
inoculation in approximately 20% of the mice (/3), we
would have expected that lung uptake of ®3Ga-CPCR4-2
is at least partially blockable in the competition experi-
ments. This, however, was not observed. Indications for
the potential presence of lung metastases in the investigated
group of animals were the large interindividual range of
activity accumulation in the lung in the 120-min group
(1.15-5.97 %ID/g) and previous autoradiography studies
on cryosections of lungs from OHI tumor-bearing mice
demonstrating extremely high and not completely block-
able focal tracer uptake in lung micrometastases even after
injection of high doses of competitors (data not shown).

As anticipated from the substantially decreased lipophi-
licity of ©8Ga-CPCR4-2, as compared with !25I-FC131,
68Ga-CPCR4-2 shows almost exclusive renal excretion and
low accumulation in the hepatobiliary system. Compared
with !25I-FC131, the tumor-to-liver and tumor-to-intestine
ratios observed for %3Ga-CPCR4-2 at 60 min after injection
are increased (3.3 and 13.7 vs. 0.3 and 0.6 for ®¥Ga-CPCR4-2
and '?’I-FC131, respectively), allowing high-contrast PET
even in the abdominal region (Fig. 3).

The tumor-to-blood and tumor-to-muscle ratios found for
68Ga-CPCR4-2 at 1 h after injection (5.8 = 0.9 and 16.6 =
3.8, respectively) are substantially higher than those found
for other peptidic CXCR4 imaging agents. For example,
values for ''"In-DTPA-Ac-TZ14001 are lower by a factor
of 4.5-5 (1 h after injection, pancreatic carcinoma AsPC-1)
(16). Without coadministration of a blocking dose of unla-
beled peptide to repress ligand binding to red blood cells,
tumor-to-blood and tumor-to-muscle ratios for '8F-T140
were as low as 0.2 and 3, respectively (ovarian carcinoma
CHO) (17). Data for 8Ga-CPCR4-2 also compare well with
the nonpeptidic **Cu-AMD3100, which, when evaluated in
2 human breast cancer models with intermediate to high
receptor density (MDA-MB-231 expressing 6,833 = 1,570
receptors per cell and DU4475 expressing 16,640 = 5,128
receptors per cell), showed tumor-to-blood ratios of 1.9-3
and tumor-to-muscle ratios of 14-26 at 90 min after injec-
tion (/9). Unfortunately, ®*Cu-AMD3100 exhibits high
hepatic accumulation (tumor-to-liver ratios are < 1 at all
time points), preventing the sensitive detection of liver
metastases (36).

Interestingly, despite predominant renal excretion, °8Ga-
CPCR4-2 shows very low accumulation and no detectable
retention in kidney tissue. This is even more surprising,
because comparable peptidic constructs with identical net
charge such as the somatostatin analog %8Ga-DOTATOC
show renal activity levels of 8.2 %ID/g at 4 h after injection
(37). The high degree of ligand retention has been explained
by efficient reabsorption of the peptides at the renal brush
border membrane and subsequent trapping of charged deg-
radation products (38). One explanation for the very low
kidney retention of %8Ga-CPCR4-2 might be its high meta-
bolic stability, leading to direct excretion in the urine.

CXCR4 PET UsING 3Ga-CPCR4-2 ¢ Gourni et al.

CONCLUSION

68Ga-CPCR4-2 is the first CXCR4-directed PET agent
that combines high CXCR4 affinity and thus high and per-
sistent tumor uptake with suitable overall pharmacoki-
netics. Because of its hydrophilic nature, °8Ga-CPCR4-2
is rapidly and predominantly cleared via the kidneys.
Despite renal excretion, no significant retention of %8Ga-
CPCR4-2 in kidney tissue was observed. This study dem-
onstrates the feasibility of tailoring target-specific CXCR4
imaging probes with an optimized imaging profile from a
nonoptimized lead structure. 8Ga-CPCR4-2 allows high-
contrast PET of CXCR4-positive tumors and metastases
even in the hepatic and abdominal region. We are confident
that, on certain minor optimizations with respect to the
labeling chemistry—that is, the overall yields—9%3Ga-
CPCR4-2 will be a valuable tracer for imaging the CXCR4
receptor status with PET.
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