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Abstract

Expression of the chemokine receptor CXCR4 by cancers has been shown to correlate with tumor
aggressiveness and poor prognosis and may also contribute to metastatic seeding of organs that
express its ligand SDF-1. However, fully optimized PET agents for determining CXCR4
expression by tumor cells in vivo are not yet available. This study aims to develop a stable, 18F-
labeled peptide that enables in vivo quantification of CXCR4 in cancer.

Methods—4-F-benzoyl-TN14003 (4-F-T140), a short peptide antagonist of CXCR4 with 1-(4,4-
dimethyl-2,6-dioxocyclohexylidene)ethyl protecting groups on the e-amino groups of the lysine
residues, was labeled with 18F-fluoride via Atsuccini-midyl-4-18F-fluorobenzoate conjugation,
followed by deprotection to give 4-18F-T140 that was exclusively labeled on the a-amine at the N
terminus. Cell binding, migration, biodistribution, and small-animal PET studies of 4-18F-T140
were performed.

Results—4-F-T140 was radiolabeled by coupling with A:succinimidyl-4-18F-fluorobenzoate,
with an overall decay-corrected radiochemical yield of 15% * 5% calculated from the start of
synthesis. The mean measured specific activity (+xSD) was 7 + 2 GBg/umol (0.19 £ 0.05 Ci/
pmol), and radio-chemical purity was greater than 99%. 4-18F-T140 was found to bind
specifically to red blood cells in vitro and in vivo. The binding of 4-18F-T140 to red blood cells
was blocked with a small amount of cold 4-F-T140, which led to higher uptake of 4-18F-T140 by
Chinese hamster ovarian (CHO)-CXCR4 tumors. Biodistribution experiments at 3 h after injection
with the addition of 10 g of cold 4-F-T140 showed a 3.03 = 0.31 percentage injected dose per
gram uptake in CHO-CXCR4 tumors, with a tumor-to-blood ratio of 27.1 + 8.7 and a tumor-to-
muscle ratio of 21.6 + 7.1. PET studies demonstrated clear visualization of CXCRA4-transfected,
but not CXCR4-negative, CHO tumors.

Conclusion—4-18F-T140 can be used as a PET tracer to image tumor expression of CXCR4,
with a high tumor-to-background ratio. The knowledge of whether tumors express or do not
express CXCR4 might be beneficial in determining appropriate treatment and monitoring.
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Chemokine receptors are G-protein—coupled receptors containing 7 transmembrane domains
that direct cell movement toward higher concentrations of chemokines. CXCR4 is unique
among chemokine receptors in having fundamental roles beyond leukocyte recruitment in
the hematopoietic, cardiovascular, reproductive, and nervous systems during embryonic
development (1). CXCR4 also has a role in disease and serves as a coreceptor for HIV on
CDA4 T cells (2,3). SDF-1/CXCL12, the sole known native ligand for CXCR4, is expressed
in the bone marrow and at other sites and directs CXCR4-expressing stem cells to home to
the bone marrow.

CXCR4 was found to be expressed by many different types of human cancers, including
breast, prostate, lung, lymphoma, multiple myeloma, melanoma, ovarian, pancreatic,
neuroblastoma, esophageal, colorectal, osteosarcoma, and renal carcinoma (4-9). Recent
studies have correlated high levels of CXCR4 expression in cancers with tumor
aggressiveness, poor prognosis, and resistance to chemotherapy (10-14). Expression of
CXCR4 may also contribute to metastatic seeding of organs that express SDF-1 and support
the survival of these cells (15,16). Overall, the data on CXCR4 in cancer suggest that this
receptor can increase tumor survival, growth, and metastasis, making it a potentially
attractive target for quantitative imaging and therapy. The ability to evaluate CXCR4
expression by tumors non-invasively using PET could be useful in diagnosing cancer,
predicting tumor behavior, and predicting and evaluating responses to current and
experimental therapies (including therapies targeting CXCR4).

We and others have previously reported a small-molecule CXCR4-targeted

radioligand, 84Cu-AMD3100, as an imaging agent for CXCR4 quantification in vivo (17—
18). In the current study, we developed a new 18F-labeled peptide imaging agent, 4-18F-
benzoyl-TN14003 (4-18F-T140) (Fig. 1), based on the highly selective CXCR4 antagonist 4-
F-benzoyl-TN14003. Here we report on the evaluation of this new tracer for its potential to
visualize CXCR4 levels in vivo in xenografts using PET.

MATERIALS AND METHODS

General

Kryptofix 2.2.2 was purchased from EMD Chemicals. All other solvents and chemicals were
purchased from Sigma-Aldrich Co. Pentamethylbenzyl 4-(N,N,N-
trimethylammonium)benzoate trifluoromethanesulfonate was prepared according to a known
procedure (19). 18F-fluoride was obtained from the National Institutes of Health (NIH)
Clinical Center cyclotron facility from irradiation of an 180-water target by the 180(p,7)18F
nuclear reaction. Cqg cartridges (Waters Corp.) were each activated with 5 mL of EtOH and
10 mL of water. Silica cartridges (Sep Pak Light; Waters Corp.) were not activated before
use. Radio-thin-layer chromatography (TLC) was performed on a scanner (AR-2000;
Bioscan), using silica gel plates (K18F, 6 nm [60 A], 200 mm; Whatman) and 5% methanol:
0.5% acetic acid in dichloromethane as a developing solvent. All the peptides were
purchased from Pro-Immune, which provided analytic high-performance liquid
chromatography (HPLC) of the 4-F-T140 (retention time, 11.4 min) and T140-protected
peptide (retention time, 13.4 min) and mass spectrometry (4-F-T140: m/z 2,163 for [MH]*
and T140-protected peptide: m/z 2,367 for [MH]*).

Synthesis of N-succinimidyl 4-18F-fluorobenzoate (18F-SFB)

Radiosyntheses were performed on a modular system (Eckert & Ziegler Eurotope GmbH)
set up with 2 reaction vials. 18F-fluoride solution (300-400 L) was transferred to the first
reaction vial, without trapping on an anion exchange cartridge, followed by the addition of
K,CO3 (8.63 mg/mL, 5 pmol) and Kryptofix 2.2.2 (4.5 mg, 12 pwmol) in 10%

J Nucl Med. Author manuscript; available in PMC 2013 April 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jacobson et al.

Page 3

water:acetonitrile solution. Then, water and acetonitrile were azeotropically evaporated by
heating the reactor to 120°C under a stream of argon followed by a vacuum. Further
azeotropic drying was accomplished by the addition of 0.5 mL of acetonitrile. The dried
KI8F « Kryptofix 2.2.2 complex was then dissolved in 400 L of acetonitrile containing 5
mg (14.7 wmol) of pentamethylbenzyl 4-(N, N, N-trimethylammonium)benzoate tri-
fluoromethanesulfonate. The reactor was sealed and heated to 105°C for 10 min, to yield
4-18F-fluorobenzoic acid pentamethylphenylmethyl ester. Then, the reactor was cooled to
10°C and 0.8 mL of diethyl ether was added. The crude 4-18F-fluorobenzoic acid
pentamethylphenylmethyl ester solution was then transferred through the silica cartridge to
the second reaction vial. The first reaction vial and silica cartridge were washed with an
additional 0.8-mL portion of diethyl ether. The diethyl ether was evaporated for 5 min at
35°C under a stream of argon. Then the reaction vial was cooled to 25°C, and 0.15 mL of
99.9% trifluoroacetic acid (TFA) was added. The pentamethylbenzyl deprotection proceeded
for 2 min to yield 4-18F-fluorobenzoic acid (18F-FBA). Thereafter, the reaction vial was
cooled to 4°C, and TFA was evaporated under a stream of argon, followed by the addition of
3 mg of 4-(dimethylamino)pyridine and 5.2 mg of N,/ -disuccinimidyl carbonate. The
reactor was sealed and heated to 100°C for 5 min. The reaction vial was then cooled to
30°C, and the crude 18F-SFB was diluted with 20 mL of water and passed through an
activated Cqg cartridge. The cartridge was washed with 10 mL of water and 1.8 mL of
petroleum ether. Finally, the 18F-SFB was eluted from the cartridge with 1 mL of
dichloromethane. The solvent was removed by a stream of argon at 25°C. 18F-SFB quality
control analysis was performed on a Vydac C4 (214TP5415, 5 um, 4.6 x 150 mm) column,
using a gradient system starting from 100% of solvent A (0.1% TFA in water) and 0% of
solvent B (0.1% TFA in acetonitrile) for 5 min and increasing to 50% solvent A and 50%
solvent B at 30 min, with a flow of 1.5 mL/min and a retention time of 10.9 min. 18F-SFB
was also analyzed by radio-TLC with an R of 0.9.

Synthesis of 4-18F-T140

18F_SFB was redissolved in 100 pL of dimethylformamide. The T140 peptide precursor,
which contained protecting groups on both lysine residues (1 mg in 50 p.L of
dimethylformamide), was added, followed by 550 L of Na,HPO,4 buffer (pH 8.3), and
incubated at 25°C for 40 min. Formation of 4-18F-T140 was monitored by radio-TLC (R¢
of 18F-SFB, 0.9; Rt of 4-18F-T140, 0.05). Hydrolysis of the lysine protecting groups, N-[1-
(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl] (Dde), was done by adding 2% (V/V)
hydrazine. The mixture was then incubated for 10 min at 25°C.

4-18F-T140 was purified on a reversed-phase HPLC system using a Viydac C4 (214TP510, 5
pm, 10 x 250 mm) column. The flow was set at 4 mL/min using a gradient system starting
from 100% of solvent A (0.1% TFA in water) and 0% of solvent B (0.1% TFA in
acetonitrile) and increasing to 70% solvent A and 30% solvent B at 30 min. The retention
time of 4-18F-T140 on this system was 23.6 min. The HPLC solution of 4-18F-T140 was
diluted with 10 mL of water and loaded on an activated C-18 cartridge. The cartridge was
washed with 10 mL of water, and 4-18F-T140 was eluted with 10 mM HCI in ethanol. The
ethanol was completely evaporated under a stream of argon, and 4-18F-T140 was formulated
in phosphate-buffered saline (PBS) for further use in vitro and in vivo.

The concentration of radiolabeled 4-18F-T140 was determined by measuring ultraviolet
absorbance at 280 nm on a NanoDrop spectrophotometer (ND-1100; Grace Scientific) and
compared with a standard curve. Quality control analysis was performed on a Vydac C4
(214TP5415, 5 um, 4.6 x 150 mm) column, using the same gradient system, and a flow of
1.5 mL/min. The ultraviolet absorbance was monitored at 280 nm, and the identification of
the peptides was confirmed by a coinjection with cold 4-F-T140. The retention time of cold
4-F-T140 was 17.1 min.
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Chinese Hamster Ovarian (CHO) and CHO-CXCRA4 Cell Culture

CHO cells and CHO cells that were stably transfected with CXCR4 (CHO-CXCR4) were a
kind gift from Dr. David McDermott (National Institute of Allergy and Infectious Diseases,
NIH). The CHO cells were grown in F-12K medium (American Type Culture Collection).
All cell culture medium were supplemented with 10% fetal bovine serum, 1 mM sodium
pyruvate, 2 mM L-glutamine, and nonessential amino acids (Gibco). CXCR4 levels on
CHO-CXCR4 were evaluated using a FlowCellect kit (Millipore) following the
manufacturer’s instructions, which indicated 6.8 x 10° receptors per cell.

CXCR4 Competition Cell Binding Assay

CHO and CHO-CXCR4 cells were trypsinized and resuspended in PBS containing 50 mM
N-(2-hydroxyethyl)piperazine- A -(2-ethanesulfonic acid), 1 mM CaCl,y, 5 mM MgCl,,
0.5% (w/v) bovine serum albumin, and 0.3 mM NaNs. Incubation was conducted in 200 pL
of a solution containing 10° cells, 0.065 nM 125|-SDF-1 (Perkin-Elmer), and 0-1,000 nM of
cold 4-F-T140 for 45 min on a shaker at room temperature. After incubation, cells were spun
through 10% sucrose using a desktop Eppendorf centrifuge at 14,000 rpm. Cell-bound
radioactivity was measured using a -y-counter (1480 Wizard 3; Perkin—Elmer). Binding
results were expressed as percentage of total counts; inhibitory concentration of 50% was
calculated using Prism (GraphPad).

Transwell Migration Assay

The migration assay was done using Jurkat cells, which are an immortalized line of T
lymphocytes that are able to migrate in response to SDF-1. Migration medium (600 L)
(RPMI supplemented with 1% fetal bovine serum) containing 100 nM SDF-1 (PeproTech)
and different concentrations of cold 4-F-T140 (0-100 nM) were placed into the lower
chamber of a Costar 24-well Transwell (Corning). Jurkat cells (10°) in 100 L of migration
medium were placed into the upper chamber (pore size, 5 um), and cells were collected
from the lower chamber after 3 h of migration at 37°C and counted by flow cytometry using
counting beads. Control migrations were performed without the chemokine in the lower
chamber.

Tumor Xenograft Model

Athymic nude mice were purchased from Taconic and housed under pathogen-free
conditions. All animal studies were conducted in accordance with the principles and
procedures outlined in the Guide for the Care and Use of Laboratory Animals (20) and under
protocols approved by the NIH Clinical Center Animal Care and Use Committee. Mice were
injected subcutaneously at 2 sites on the back or shoulder with 108 CXCR4-positive or
CXCR4-negative CHO tumor cells per site. In some experiments, mice were inoculated with
only CHO-CXCR4. The tumors were allowed to develop for 2 wk before imaging or
biodistribution studies.

Analysis of 4-18F-T140 in Blood Fractions

Mice were injected with 0.925 MBq (25 p.Ci) of 4-18F-T140 (carrier-free). At 3 h after
injection, blood was withdrawn from the hearts of euthanized mice using heparin-filled
syringes and transferred into 15-mL tubes. Cells were separated from plasma by
centrifugation; the resulting pellet was washed 3 times with cold PBS, and the supernatant
containing the serum was kept. Thereafter, red blood cells were lysed using 5 mL of ACK
lysis buffer (BioWhittaker) solution for 1 min, after which 10 mL of cold PBS were added.
The remaining white blood cells (WBCs) were washed 3 more times with cold PBS, and the
supernatant of the washes was kept as a red blood cell fraction. Radioactivity in each
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fraction was measured using a -y-counter. Results were expressed as a percentage of the total
of the 3 fractions.

Biodistribution

About 0.925-1.85 MBq (25-50 .Ci) of 4-18F-T140 (carrier-free) in a volume of 100 L of
PBS were injected through the tail veins of tumor-bearing mice. For the blocking
experiment, 10, 20, or 50 g of cold 4-F-T140 were coinjected with the labeled peptide. At
1, 2, or 3 h after injection, blood was drawn from the heart, under anesthesia, and the mice
were then sacrificed. Spleen, liver, muscle, kidneys, intestine, bone, and tumors were
removed. Bone marrow was flushed from within the bones, and the remaining organs were
weighed. All organs were assayed for radioactivity using a y-counter.

Blocking experiments with SDF-1 were done by injecting the mice with 15 g of the
chemokine 20 min before injection of the tracer and then again together with the tracer (for a
total of 30 g of chemokine per mouse). The results were calculated as percentage injected
dose per gram of tissue (%ID/g). Each group contained 5-6 mice.

PET Studies

Tumor-bearing mice were anesthetized using isoflurane/O, (1.5%-2% v/v) and injected with
4-18F-T140 (carrier-free) and 10, 20, or 50 g of cold 4-F-T140 as described in the
“Biodistribution” section. PET scans were performed using an Inveon DPET scanner
(Siemens Medical Solutions). The scans were done 1, 2, and 3 h after radiotracer injection
and recorded with a 100- to 700-keV energy window. The images were reconstructed by a
2-dimensional ordered-subsets expectation maximum algorithm, and no correction was
applied for attenuation or scatter. Images were analyzed using ASI Pro VM software.

Statistical Analysis

Results were expressed as mean and SD. Two-tailed paired and unpaired Student #tests were
used to test differences within groups and between groups, respectively. Pvalues less than
0.05 were considered statistically significant.

RESULTS

Labeling of 4-18F-T140

18F_SFB radiosynthesis was automated in 3 steps using a 2-reaction-vial module (Fig.

2). 18F-fluoride displacement on pentamethylbenzyl 4-(N, N, -
trimethylammonium)benzoate trifluoromethanesulfonate was performed in the first reaction
vial. Hydrolysis of 4-18F-fluorobenzoic acid pentamethylphenylmethyl ester to give 18F-
FBA, followed by coupling of 18F-FBA with N, A/ -disuccinimidyl carbonate and 4-
(dimethylamino)pyridine, was conducted in the second reaction vial. The decay-corrected
yields of 18F-SFB obtained after C18 cartridge purification and evaporation of the solvent
were 50%-60% based on starting 18F-fluoride radioactivity. The total synthesis time was 90
min. 18F-SFB was achieved in high radiochemical purity (>99%), as determined by radio-
TLC (Rf = 0.9), for the coupling reaction with the peptide, without need for HPLC
purifications.

18F_SFB conjugation to Dde-protected T140 peptide occurred on the a-amino group of the
N terminus (Fig. 2). Radio-TLC showed that the conjugation of 18F-SFB onto the a-amino
group was not completely accomplished after 40 min. Neither using a longer reaction time
nor heating to a temperature of 40-50°C improved the conversion to the desired labeled
peptide, and 35%-40% of 18F-SFB remained unreactive. Adding more T140-protected
peptide did, however, result in higher conversion, reaching a plateau of 40% conversion
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when using 1 mg or more (Supplemental Fig. 1; supplemental materials are available online
only at http://jnm.snmjournals.org). Attempts to improve the conversion by increasing the
pH of the reaction caused precipitation of the T140-protected peptide, probably because of
the lower pKa of the a-amino group.

Dde was hydrolyzed by adding 2% hydrazine to the reaction vial. After 10 min of incubation
at room temperature, the peptide hydrolysis was completed and purified on HPLC. Two
major radioactive peaks were detected by HPLC. The unreacted 18F-SFB was hydrolyzed to
give 4-18F-fluorobenzoic acid hydrazide (at a retention time of 7.1 min) and 4-18F-T140 (at
a retention time of 23.6 min). A minor peak of 18F-FBA was also detected at a retention
time of 16.5 min. The radiochemical purity of the labeled peptide was greater than 99%,
according to analytic HPLC and radio-TLC, and specific activity was 7 £ 2 GBg/imol (0.19
+0.05 Ci/umol) at the end of synthesis. The overall decay-corrected yield of 4-18F-T140
was 15% + 5% (7= 6), counted from the start of synthesis.

Binding and Migration Inhibition Properties of 4-F-T140

CHO cells transfected with human CXCR4 (Fig. 3A) expressed 6.8 x 10° CXCR4
molecules on their surfaces—a level that was slightly higher than the levels reported for
tumor cells (21). The affinity of 4-F-T140 to CHO-CXCR4 cells was evaluated in a
competitive binding assay with radiolabeled 1251-SDF-1 (Fig. 3B). The inhibitory
concentration of 50% of 4-F-T140 binding to CHO-CXCR4 cells was 2.5 nM, which was on
the same order of magnitude as the functional inhibitory concentration of 50% (1 nM)
required to inhibit Jurkat cell migration to SDF-1 (Fig. 3C). Our results were similar to the
functional activity and binding reported previously by Tamamura et al. (22,23).

Biodistribution and PET

Biodistribution of 4-18F-T140 was analyzed, using PET scans in live animals and organ
dissection with -y-counting, in female nude mice that had been inoculated subcutaneously
with CHO-CXCR4 and CHO tumors. Data were obtained at 1, 2, and 3 h after injection.

4-18F-T140 had a relatively high uptake over time in CXCR4-expressing organs. For
example, accumulation in the spleen increased from 8 + 1 %ID/g at 1 hto 12 + 2 % ID/g at
3 hand in the bone marrow from 0.78 + 0.22 %ID/g at 1 h to 2.6 + 0.65 %ID/g at 3 h after
injection (Fig. 4A). 4-18F-T140 had a low accumulation in metabolic organs, such as the
liver, intestine, and kidneys (Fig. 4A). 4-18F-T140 showed a higher uptake in CHO-CXCR4
tumors (2.3 £ 0.7 %ID/g) than in CXCR4-negative CHO tumors (1.7 + 0.92 %ID/g), but the
difference was not statistically significant. Extremely high blood uptake and retention were
observed (14.7 £ 2.6 %ID/g at 3 h after injection) (Fig. 4A), contradicting the typical rapid
clearance of small-molecular-weight peptides (24).

Coinjection of 4-18F-T140 and different amounts of cold 4-F-T140 (10, 20, and 50 p.g) into
tumor-bearing mice significantly reduced the accumulation of 4-18F-T140 in the blood,
spleen, bone marrow, and wild-type CHO tumor, whereas the accumulation in CHO-
CXCR4 tumor was slightly increased (Fig. 4B). Chemokine binding to chemokine receptors
induces internalization of the receptor; hence, some of the mice were injected with high
amounts of SDF-1. Injection of SDF-1 insignificantly affected radio-labeled peptide levels
in the blood and in CXCR4-positive tumors. However, injection of SDF-1 significantly
reduced the accumulation of labeled peptide in CXCR4-expressing organs, such as the
spleen and bone marrow (Fig. 4B).

The significant reduction in radioactivity in the blood after coinjection of labeled and cold
peptide suggested that some of the apparent uptake in different organs was due to
background signal from blood flow and not specific binding. To explore peptide
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accumulation in the blood, mice were injected with 0.925 MBq (25 .Ci) of 4-18F-T140,
blood was drawn at 3 h after injection, and radioactivity was measured in the plasma and
cell fractions. Surprisingly, most of the radioactivity was found in the cell fractions, and the
plasma had low accumulation of the radioactive peptide (1.3%). To identify the cell type
that binds 4-18F-T140, we lysed the blood cells, measured the 2 remaining fractions, and
found that most of the labeled peptide (94.5%) was in the fraction containing the lysed red
blood cells (RBCs), whereas the WBC fraction had a low accumulation of 4.1% (Fig. 4C).
Similar to the bio-distribution results, coinjection of the radiolabeled peptide with 50 g of
cold peptide blocked the binding of 4-18F-T140 to RBCs, and low amounts of 4-18F-T140
remained in the blood (0.63 + 0.3 %ID/g). Moreover, the distribution of the labeled peptide
within the blood compartments changed, with most of the radioactivity occurring in the
plasma (52.6%, Fig. 5C). The amount of 4-18F-T140 in the WBC compartment also
decreased (2.86%) with an addition of cold mass (i.e., nonradioactive 4-F-140), probably
because some WBCs express CXCR4 and the specific uptake was blocked.

Blocking the uptake in the RBCs by adding 3 different amounts of cold 4-F-T140 (10, 20,
and 50 p.g) significantly increased the tumor-to-blood and tumor-to-muscle ratios in
comparison to the result achieved with no cold mass at all (Table 1). The lowest amount of
cold peptide, 10 pg, gave the highest tumor-to-blood and tumor-to-muscle ratios (27.05 £
8.7 and 21.6 = 7.14, respectively), and addition of the highest amount, 50 g, gave the
lowest tumor-to-blood and tumor-to-muscle ratios (6.15 + 2.65 and 10.41 + 5.3,
respectively). Further analysis of the results showed that addition of 10 or 20 g of cold 4-F-
T140 had more effect on the background, reducing the %I1D/g in the blood (from 14.3% =+
2.63% t0 0.12% + 0.04% and 0.19% = 0.07%, respectively), whereas 50 g resulted in a
higher %I1D/g in the blood (0.63% + 0.36%) (Supplemental Table 1).

Biodistribution results were validated by noninvasive PET using mice bearing CHO and
CHO-CXCR4 tumors that were injected with 4-18F-T140 alone (Fig. 5A left), which clearly
showed both tumors, or with 50 g of cold peptide (Fig. 5A right), which detected CXCRA4-
positive, but not CXCR4-negative, tumors.

PET after coinjection with various amounts of cold peptide into mice bearing only CHO-
CXCR4 tumor showed the highest uptake in the CHO-CXCR4 tumors when 10 j.g were
added (3.3 %1D/g). They also had a high tumor-to-background ratio, corroborating the direct
tissue sampling biodistribution studies (Fig. 5B).

DISCUSSION

CXCR4 antagonists, both peptide-based (e.g., T140) and small molecules (e.g., AMD3100),
have been developed as potential therapeutics for anti-HIV activity (25). T140 is a 14-
residue peptide having a disulfide bond and is considered to be a potent CXCR4 peptide
antagonist for anti-HIV activity (22). However, it has shown a lack of serum stability due to
cleavage of the C-terminal arginine (22). Therefore, C-terminally amidated T140 analogs
have been developed to overcome serum instability, leading to the synthesis of several T140
derivatives (22). 4-F-TN14003 (4-F-T140) is a modified T140 peptide, consisting of 14
amino acids, 1 disulfide bridge between Cys? and Cys!3, an amidated C terminus, and a 4-
fluorobenzoy!l group at the N terminus (Fig. 1) (23,26). 4-F-T140 is a highly selective
CXCR4 antagonist and has been shown to be stable in rat liver homogenate (26).
Importantly, 4-F-T140 shows increased in vivo mobilization of stem cells from the bone
marrow when compared with the approved drug AMD3100/plerixafor (27).

In our studies, 4-F-T140 showed a high affinity to CXCR4 and high inhibition potency for
migration of CXCR4-positive Jurkat cells toward high concentration of SDF-1 (Figs. 3B and
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3C). Previous attempts to image CXCR4 levels in the tumor using SPECT have been
reported. For example, labeling of a T140 derivative, Ac-TZ14011, with 11In resulted in
accumulation in the spleen and high uptake in the kidneys and liver and displayed low
accumulation in tumors (28). 1251-labeled CXCR4-specific antibody, 12G5, had relatively
higher accumulation in CXCR4-positive tumors than did 111In-AC-TZ14011, although only
2-fold higher than that observed using an isotype-identical control antibody (29). Scanning
using the labeled antibody also required a long delay after injection, and detection was
limited to large tumors (>200 mm3). Together, these factors may limit the use of 12G5 as a
clinical imaging agent.

Imaging of CXCR4 using 18F has many advantages due to its ideal nuclear properties for
PET: 97% of the isotope decay is by positron emission (30-32), and it has fairly low-energy
positron emission and, therefore, a short linear range in live tissue. 18F has an optimal half-
life of 109.8 min, which is considered acceptable for chemical syntheses. 4-F-T140 already
contains an aromatic fluoride on the benzoyl group (Fig. 1). To prevent its chemical
structure from changing, T140-protected peptide was conjugated to 18F-SFB on the a-
amino, with a reasonable yield (Fig. 2).

Initial evaluation of 4-18F-T140 in tumor-bearing mice showed high and persistent retention
of the labeled peptide in the blood, resulting in visualization of both CXCR4-negative and
CXCR-4-positive tumors, probably because of an enhanced but similar blood supply to the
tumors (Fig. 5A). Further investigation revealed that RBCs bind 4-18F-T140 (Fig. 4C),
possibly making most of the peptide unavailable to bind CXCR4 elsewhere. RBCs were not
previously reported to express CXCR4, and accordingly, the coinjection of high amounts of
SDF-1 with 4-18F-T140 did not block the binding of the peptide to these cells (Fig. 4B).
However, SDF-1 injection did have a blocking effect on 4-18F-T140 accumulation in other
CXCR4-expressing organs, such as the spleen and bone marrow. Although we did not
discover to which receptor on RBCs the peptide binds, these cells were previously reported
to express receptors such as Duffy antigen that are able to bind to various chemokines (33)
and might bind 4-18F-T140 as well. Further studies to explore the binding of this peptide to
RBCs might lead to ways to reduce the non-CXCR4 binding and improve the efficiency of
the 4-F-T140 as an anti-CXCR4 therapy.

We suggest that once 4-18F-T140 is injected, it first encounters RBCs, binds to them, and
thereafter is not available for binding to CXCR4-expressing tumor cells. This can be
overcome by coinjection of 4-18F-T140 with an appropriate amount of cold peptide. The
binding of non-radioactive 4-F-140 to RBCs allows 4-18F-T140 to interact with CXCR4-
expressing tumor cells but not with CXCR4-negative tumor cells, which enables
visualization of the CXCR4-positive tumor with higher signal-to-noise ratio (Fig. 5B).
Accordingly, CXCR4-positive tumor-to-blood ratio and tumor-to-muscle ratio are
significantly increased (Table 1) from 0.19 + 0.04 (tumor-to-blood) and 2.94 + 0.16 (tumor-
to-muscle) to 27.05 = 8.7 and 21.6 + 7.14, respectively, with an addition of 10 g of 4-F-
T140. In addition, we observed some dose response, when injecting increasing amounts of
cold peptide, on tumor-to-blood and tumor-to-muscle ratios (Table 1; Fig. 5B). Moreover,
using 50 g of cold 4-F-T140 resulted in higher %ID/g in the blood and higher background
than when 10 or 20 g were injected (Supplemental Table 1). This effect suggests that
blocking 4-18F-T140 binding to RBCs with 10 g was sufficient in our mouse model and
that increasing the amount of cold peptide begins to block specific binding of 4-18F-T140 to
CXCRA4, resulting in higher amounts of 4-18F-T140 in the blood.

Injection of 4-18F-T140 alone resulted in similar uptake in both CXCRA4-positive and -
negative tumors. These results suggested that the blood flow in both tumors was similar.
However, when 4-18F-T140 was injected with cold peptide, the uptake in CXCR4-negative
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tumor decreased, whereas in CXCR4-positive tumors uptake was elevated. These results
imply that 4-18F-T140 binding in the positive tumor is specific to CXCR4 and not simply
the result of tumor blood flow.

CONCLUSION

4-18F-T140 can be used to determine tumor CXCR4 expression. Although 4-18F-T140 binds
to RBCs, this binding can be blocked by coinjection of the tracer with cold 4-F-T140
peptide, resulting in elevated accumulation in CXCR4-positive tumor, but not CXCR4-
negative tumor, and high tumor-to-background ratios. Visualizing and quantifying CXCR4
expression by cancers could lead to more effective interventions tailored to the individual
patient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Schematic structure of 4-F-T140.
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FIGURE 2.
Radiosynthesis of 4-18F-T140. ACN = acetonitrile; DMAP = 4-(dimethylamino)pyridine;
RT = room temperature.
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FIGURE 3.

(A) CXCR4 expression by CHO-CXCR4 cells, evaluated by flow cytometry. Gray
histogram represents isotype control staining. Solid line represents anti-CXCR4 staining. (B)
Competition binding assay of 4-F-T140 with 125]-SDF using CHO-CXCR4 cell line. (C)
Inhibition of SDF-1-induced migration of Jurkat cells by 4-F-T140.
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FIGURE 4.

(A) Biodistribution of 4-18F-T140 in female athymic nude mice bearing CHO and CHO-
CXCR4 tumors at 1, 2, and 3 h after injection of labeled peptide. Results shown are averages
of 6 mice + SD. (B) Bio-distribution of 4-18F-T140 in female athymic nude mice bearing
CHO and CHO-CXCR4 tumors at 3 h after injection of labeled peptide in presence of
different amounts of cold peptide (10, 20, and 50 j.g). Results shown are averages of 5-6
mice + SD. *P< 0.01 vs. 4-18F-T140 alone. (C) 4-18F-T140 distribution in blood withdrawn
from mice at 3 h after injection. Left pie shows blood distribution of 4-18F-T140 alone.
Right pie shows blood distribution of 4-18F-T140 when coinjected with 50 g of cold 4-F-
T140. Total %ID/g in blood is indicated below each pie. Results shown are averages of 3
mice per group.
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(A) Representative coronal PET images of an athymic nude mouse bearing CHO-CXCR4
(left shoulder) and CHO (right shoulder) at 2 h after injection with 50 u.Ci of 4-18F-T140
(left) or coinjection with 50 g of cold peptide (right). Arrows indicate tumors. (B)
Representative PET images of athymic nude mouse bearing only CHO-CXCR4 tumors on
its back, at 2 h after injection of 25 .Ci of 4-18F-T140 alone, or coinjection with 10, 20, and
50 g of 4-F-T140. Upper row is dorsal slices, with arrows indicating CXCR4-CHO tumor.
Lower row is ventral slices.
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TABLE 1

CHO-CXCR4 Tumor-to-Muscle and Tumor-to-Blood Ratio at 3 Hours After Injection of 4-18F-T140 (n=5 or
6 Mice per Group)

4-18F-T140 (ng) Tumor-to-muscleratio  Tumor-to-blood ratio

Alone 294 +0.16 0.19 £ 0.04
+10 21.6+7.14%7 27.05+8.7%7
+20 17.30+6.12% 97+3.26"
+50 1041 +53% 6.15+2.65"

*
P<0.01 vs. injection of 4-18F-T140 alone.

7p< 0,01 for injection of 4-L8F-T140 + 10 jug of 4-F-T140 vs. 4-18F-T140 + 50 yug of 4-F-T140.
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