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Abstract

CXCR4 plays an important role in a number of immunological-based diseases and cancers. The development of radiotracers
targeting CXCR4 can provide a valuable tool for the diagnosis and monitoring of conditions involving deregulation of the
receptor. The incorporation of multiple radionuclides into small molecules, peptides, and CXCR4 ligands have been reported
and characterized. In this study, a “™Tc labeled AMD3465 with high yields and radiochemical purity was prepared. In vitro
and in vivo study of [*™Tc]TcAMD3465 showed high stability and binding affinity, with a hydrophilic log P value of — 2.67.
Biodistribution study was investigated using tissue and organ samples with a well-type Na(I) detector, high radioactivity accu-
mulation was observed in liver, spleen and bone, consistent with high CXCR4 expression in these organs. SPECT imaging
was performed in H460 xenograft mouse model, [**™Tc]TcAMD3465 showed comparable tumor uptake and a significantly
high tumor-to-background ratio, suggesting potential utility of [*™Tc]TcAMD3465 as a CXCR4 receptor imaging agent.
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Introduction

The chemokine receptor (CXCR4) is a member of the
CXC-chemokine family belonging to a larger superfamily
of receptors known as G-protein coupled receptors (GPCRs).
CXCR4 is overexpressed in a range of human cancers
including breast, prostate, lung and colon cancer, as well as
multiple myeloma [1-4], it also plays a role in tumor metas-
tasis, providing an attractive target for cancer diagnosis and
treatment [5, 6].

Non-invasive imaging techniques can provide a better
understanding of the role of targeting biological tissues
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or molecules in health and disease. A lot of attempts have
been made to non-invasively image CXCR4 expressing
tumor, such as using SPECT or PET/CT with Ty, 99me
18F_labeled peptides and '*I-labeled monoclonal antibod-
ies [7-10]. ®Ga-Pentixafor, a radiolabeled cyclic pentapep-
tide with high affinity to CXCR4, has proven to be useful
in quantification of CXCR4 [11]. A small molecule agent,
AMD3100, which was the first non-peptide CXCR4 inhibi-
tor approved for clinical use, has been labeled with *Cu,
%7Ga and *™Tc [12-16]. [**Cu]CuAMD3100 and [*™Tc]
TcAMD3100 have been evaluated in healthy mice and
the radioligands are accumulated in CXCR4 expressing
organs such as spleen and liver. However, AMD3100 has
a low affinity for CXCR4 (651 +37nM), and %4Cu-labeled
AMD3100 showed a high non-specific liver uptake of >40%
[14]. A second-generation chelator, AMD3465 has been
demonstrated to have a higher affinity, smaller molecular
weight and a monocyclam structure, as well as being ten-
fold more effective as a CXCR4 antagonist than AMD3100
[17, 18]. The suitability of ®*Cu-labeled AMD3465 for
CXCR4 tumor imaging has been reported. However, sig-
nificant (40%ID/g) accumulation of the labeled agent in liver
has also been observed [19]. The synthesis of another PET
imaging agent N-[!!C]methyl-AMD3465 has also been suc-
cessful, the tumor-to-muscle ratio was found to be 7.85 at
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60 min after tracer injection, and CXCR4 expression in
tumors or other CXCR4 expressing tissues can be detected
[20]. Nevertheless, ™ Tc is widely considered the best medi-
cal radionuclide due to its favorable physical properties and
reliable labeling technology, and SPECT imaging is more
available and affordable compare to PET/CT. Therefore, the
development of a *™Tc-based agent for AMD3465 is highly
desirable and would have great potential for CXCR4 tumor
imaging.

Here, we report the synthesis and *™Tc radiolabeling of
AMD3465 starting from cyclam, and the detail evaluation
by in vitro and in vivo studies of [#™Tc]TcAMD3465 as an
SPECT imaging agent for CXCR4.

Materials and methods
General

Na®*™TcO, was provided by the China Institute of Atomic
Energy (CIAE). It was prepared by eluting from *’Mo/**™Tc
generator in saline. All other chemicals were commercial
analytical grade and used without further purification. 'H-
NMR spectra were recorded in CDCl; or DMSO-dg on a
Bruker spectrometer operating at 300 MHz. Radio-TLC
was performed on BioScan-2000 radio-TLC using What-
man No.1 strips.

Chemistry

Synthesis of tri-tert-butyl
1,4,8,11-tetraazacyclotetradecane-1,4,8-tricarboxylate (1)

The reaction was conducted as previously described [22].
Briefly, to a solution of cyclam (3.35 g, 16.7 mmol) in dichlo-
romethane (90 mL) was added di-tert-butyl dicarbonate
(9.4 g, 43.4mmol) in dichloromethane (60 mL) slowly within
3h at 0 °C under nitrogen. The reaction was stirred at room
temperature for 12 h. Solvent was evaporated, and the crude
product was purified by chromatography on silica gel eluting
with gradient MeOH/DCM to give compound 1 as a white
solid in 45% yield (3.8 g, 7.6 mmol). 'H NMR (300 MHz,
CDCl,) 6 3.20-3.45 (br, 12H), 2.79 (t, 2H, J=5.2Hz), 2.62
(t, 2H, J=5.2Hz), 1.90 (br s, 2H), 1.70 (br s, 2H), 1.40-1.50
(m, 27H); LC-MS: calculated for C,5H,sN,06 500.36; found
[M+H] 501.4.

Synthesis of tri-tert-butyl 11-(4-(bromomethyl)
benzyl)-1,4,8,11-tetraazacyclotetradecane-1,4,8-tricarbox-

ylate (2)

The reaction was carried out according to reported proce-
dures [22]. To a heated solution of dibromoxylene (5.25 g
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19.9mmol) in CH;CN (30mL) at 90 °C was added K,CO;
(1.00 g, 5.45 mmol), followed by a solution of compound 1
(2.4g,4.8mmol) in CH;CN (45 mL) slowly within 1.5h. The
reaction was kept at 90 °C until completion. The solvent was
evaporated and the residue was purified by chromatogra-
phy on silica gel eluting with gradient MeOH/DCM to give
compound 2 as a white solid in 49% yield (1.6 g, 2.3 mmol).
"H NMR (300MHz, CDCl,) § 7.31 (d, J=7.9Hz, 2H), 7.23
(d, J=8.0Hz, 2H), 4.48 (s, 2H), 3.52 (s, 2H), 3.20-3.50
(m, 12H), 2.62(br s, 2H), 2.38 (br s, 2H), 1.90 (br s, 2H),
1.55-1.75 (m, 2H), 1.30-1.50 (m, 27H); LC-MS: calculated
for C33H5sBrN,Og 682.3, 684.3; found [M + H] 683.3, 685.3.

Synthesis of tri-tert-butyl 11-(4-(((pyridin-2-ylmethyl)
amino)methyl)benzyl)-1,4,8,11-tetraazacyclotetra-
decane-1,4,8-tricarboxylate (3)

K,CO; (0.225 g, 1.62mmol) was added to a solution of
2-(aminomethyl)pyridine (0.465 g, 4.3 mmol) in CH;CN
(30mL). The suspension was heated to 80 °C, and a solution
of compound 2 (0.60 g, 0.90 mmol) in CH;CN (20 mL) was
added slowly over 2 h. The reaction was refluxed for 40 min,
concentrated and purified by chromatography on silica gel
eluting with gradient MeOH/DCM to give compound 3 in
80% yield (0.5 g, 0.7mmol). '"H NMR (300 MHz, CDCl,)
0 8.57 (d, 1H, J=4.2Hz), 7.66 (dt, 1H, J=1.8,7.7Hz),
7.16-7.35 (m, 6H), 3.99 (s,2H), 3.87 (s, 2H), 3.52 (s, 2H),
3.20-3.42 (m, 12H), 2.60 (br s, 2H), 2.38 (br s, 2H), 1.90
(br s, 2H),1,0.67 (br s, 2H), 1.30-1.50 (m, 27H); LC-MS:
calculated for C3gHg,N¢O4 710.47; found [M+H] 711.5,
[M+Na] 733.5.

Synthesis of N-(4-((1,4,8,11-tetraazacyclotetradecan-1-yl)
methyl)benzyl)-1-(pyridin-2-yl)methanamine (AMD3465)

12M HCI (10mL) was added slowly to a solution of com-
pound 3 (0.50g, 0.70mmol) in CH;OH (15mL). The solu-
tion was stirred at room temperature for 10 h. The methanol
was evaporated and the resulting solid was washed with
ether and filtered to give AMD3465 as yellow solid in 89%
yield (0.37 g, 0.62 mmol). '"H NMR (300 MHz, DMSO) &
11.9 (br s, 1H), 9.60-10.4 (m, 8H), 8.64 (d, J=4.2Hz, 1H),
7.92 (dt, J=1.8,7.7Hz, 1H), 7.60-7.68 (m, 4H), 7.56(d,
J=79Hz, 1H), 7.45-7.50 (m, 1H), 4.35 (br s, 2H), 4.32
(s, 2H), 4.28 (s, 2H), 3.42-3.58 (m, 8H), 3.20-3.38 (m,
8H), 2.08-2.30 (m, 4H); LC-MS: calculated for C,,H33gNg
410.32;found [M+H] 411.4.

Radiochemistry
The [**™Tc]TcAMD3465 was prepared similarly to [*™Tc]

TcAMD3100 [12]. Briefly, an AMD3465 solution was
prepared by dissolving 0.1 mg AMD3465 in 0.5mL H,0O
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and the pH was adjusted to 7.0 using 1 mol/L citrate solu-
tion. Then freshly prepared SnCl, solution (300 pL; 1 mg
SnCl,/1 mL H,0) was added followed by 1850 MBq
(50mCi) of NagngcO4_. The mixture was kept at ambient
temperature for 20 min to give [**™Tc]TcAMD3465. For-
mation of the labeled compound was confirmed by radio-
TLC analysis. Approximately 2 uL [**"Tc]TcAMD3564 was
spotted on Whatman No. 1 paper strips. The strips were
developed by two different solvents: acetone and saline.
With saline as the eluent, the hydrated *™TcO, impurities
remained at the original point, while [**™Tc]TcAMD3465
and the free ®™TcO,~ migrated to the solvent front. With
acetone as the eluent, [*°™Tc]TcAMD3465 and the hydrated
9MTcO, remained at the original point, while the free
9MTcO,~ migrated with the solvent. When the solvent
reached the desired distance, the strips were taken out and
the radioactivity was scanned on AR2000.

Measurement of partition coefficient

Octanol-water partition coefficient was determined by
measuring the distribution of [**™Tc]TcAMD3465 in
n-octanol and 0.01 mol/L PB (pH 7.4). A sample of [**™Tc]
TcAMD3465 (100 pL) was diluted with PB (900 pL), and
was mixed with n-octanol (1 mL). The mixture was vor-
texed for 5min, and then centrifuged at 4000 rpm for 5 min
to ensure separation of two layers. 10 uL aliquots were col-
lected from both layers and each radioactivity was counted
with counter respectively. Log P value was calculated
using Log P =1og(CPM for octanol/CPM for water) and is
reported as the average of three independent experiments.

In vitro stability study

The in vitro stability of [**"Tc]TcAMD3465 was studied
by measuring radiochemical purity (RCP) in 0.01 mol/L
NaH,PO, buffer (PB) and 1% BSA at different time intervals
(1,2, 4, 8 and 24 h) at room temperature using radio-TLC.

In vitro receptor binding assays

The in vitro receptor binding assays were performed on
Jurkat-T cells to test the binding affinity in homologous
competition as described elsewhere [13]. Briefly, Jurkat-T
cells were harvested and seeded in 12-well plates at a den-
sity of 10° cells per well. After 24 h, the cells were washed
two times with 0.5 mL PBS. The cells were treated with
unlabeled AMD3465 solution at the final concentration of
107 to 10* M, following by incubation with 100 nmol/L
of [P™Tc]TcAMD3465. Cells were incubated in 1000 pL
binding buffer (PBS containing 5nM MgCl,, 1 nM CaCl,,
0.25% BSA) at 37 °C for 1 h. After incubation, cells were
washed twice with 0.5 mL cold binding buffer. The uptake

of cells was counted and the ICs,, values were determined by
nonlinear regression analysis using GraphPad Prism 5.0 and
reported as mean of triplicate measurements.

Tumor models

Animal experiments were conducted under a protocol
approved by the PLA Animal Care and Use Committee. All
work was performed in accordance with the terms of the
Animals (Scientific Procedures) Act 1986, Regulations of
Beijing Municipality on the administration of experimental
animals 2004, Guiding opinions on treating animals well
2006 and Guidelines for ethical review of laboratory ani-
mal welfare in Beijing. Providing a clean, comfortable and
safe living environment for experimental animals, and give
them enough feed and clean water. During the use of ani-
mals, panic and pain should be minimized. Female nude
mice obtained from Academy of Military Medical Sciences
at 6 weeks of age were injected subcutaneously in the right
hind leg with 10’ H460 lung adenocarcinoma cells. When
the tumors reached 1.0cm in diameter, the mice were used
for SPECT imaging.

Biodistribution studies

A dose of 3.7MBq [?™Tc]TcAMD3465 was injected
through the tail vein into five groups of normal NH mice
(20-22 g, n=>5/group). The mice were sacrificed at 30 min,
60min, and 90 min post injection and the organs of interest
(blood, heart, liver, spleen, lung, kidneys and others) were
dissected and weighed, the uptake of each organ was counted
by a well-type Na(I) detector and expressed as the percent-
age of injection dose per gram (%ID/g). All biodistribution
studies were carried out in compliance with the national laws
related to the conduct of animal experimentation.

SPECT imaging

The SPECT imaging was performed in both normal NH
mice and tumor bearing mice. [*°™Tc]TcAMD3465 was
injected to mice via the tail vein at a dose of 15MBq in
0.2mL PBS. The mice were anesthetized with isoflurane/
O,. The whole body imaging was performed using Siemens
SPECT with pinhole collimator at 60 min after injection.

Results
Chemistry and radiolabeling
AMD3465 was synthesized by a four-step reaction sequence

starting from cyclam (Scheme 1). The intermediates and
the target compound were characterized by 'H-NMR and
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Scheme 1 Synthesis of AMD3465 and ®™Tc-AMD3465

mass spectrometry, with the results conforming to expected  In vitro receptor binding assays
chemical structures. AMD3465 was labeled with Na”™TcO,
by reduction with stannous chloride. For thin layer chroma-  Jurkat-T cell line expresses high level of CXCR4 and was
tography (TLC) analysis, a two-eluent system (acetone and  used in a homologous binding assay to determine the affin-
saline) similar to that for [*™Tc]TcAMD3100 was used. It ity of [*™Tc]TcAMD3465 to CXCR4 receptor. The results
was found that the radiochemical purities (RCP) of [**"Tc]  are shown in Fig. 2. The ICs, value of [*™Tc]TcAMD3465
TcAMD3465 were greater than 99% (Fig. 1), and the spe-  was 72.2 + 1.4 uM, indicating a higher affinity than that of
cific activity was >37 GBg/umol. The radiolabeled com-  [*™Tc]TcAMD3100 (97 + 3.4 uM) (results not shown). In
pound was used directly for in vitro and in vivo studies. the literature, Hartimath S.V reported ICy, of 92 +5uM for

[*™Tc]TcAMD3100 [13].
1. Synthesis of AMD3465 and [**™Tc]TcAMD3465.

Biodistribution studies
Measurement of partition co-efficient

The biodistribution of [**™Tc]TcAMD3465 in normal NH
The partition co-efficient (log P) value of [P9mT¢] mice was evaluated at 30, 60 min after injection (Fig. 3). In
TcAMD3465 was determined to be — 2.67, similar to the log general, immune tissues such as the blood, kidney, bone,
P of — 2.71 reported for [**Cu]CuAMD3465 [19], suggest- spleen, and liver showed relative high levels of radioactiv-
ing a hydrophilic nature of the radiotracers. Thus, [**™Tc] ity at all time points. The accumulation of radioactivity in

TcAMD?3465 is expected to behave similarly to the hydro- heart, muscle, lung, and stomach were relatively low. Very
philic [*™Tc]TcAMD3100 as a suitable agent for tumor  low levels of radioactivity were demonstrated in brain, con-
imaging without crossing the blood brain barrier (BBB). firming to the anticipated low BBB penetration of [*MTc]

TcAMD3465 due to its high hydrophilicity.
In vitro stability study

SPECT imaging
9mTe-AMD3465 was found to be stable (>99% radiochemi-
cal purity) in PBS (pH 7.4) and 1% BSA for 24h at room  SPECT image obtained in normal NH mice 60 min after
temperature, similar to [*™Tc]TcAMD3100. It is believed injection of [*™Tc]TcAMD?3465 is shown in Fig. 4a. [*™Tc]
that the stabilization of **™Tc in AMD3100 and AMD3465  TcAMD3465 was excreted from kidneys and bladder. Liver
is attributed to the common cyclam structure. The stability and femur uptake of the tracer was detectably high. No accu-
was sufficient to further biodistribution and imaging studies. ~ mulation of radioactivity was observed in healthy brain,
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because of the existence of an intact blood-brain barrier and
the high hydrophilicity of the radio agent.

A plane projection image from SPECT at 60 min of a
mouse bearing a H460 tumor on the right front leg after
intravenous injection of 15MBq [**™Tc]TcAMD3465 is
shown in Fig. 4b. The tumor was clearly visible and showed
high contrast to the contralateral muscles. The results were
consistent with the known overexpression of CXCR4 in
H460 cells [21]. High uptake was also seen in the liver, con-
sistent with the biodistribution results of the present study
as well as that for [**Cu]CuAMD3465, which was evaluated
as a PET tracer for CXCR4 imaging and showed significant
accumulation in the liver.

Discussion

The chelation properties of cyclam-based small molecule
CXCR4 antagonists, such as AMD3100 and AMD?3465,
have been utilized for the preparation of radiopharmaceu-
ticals as imaging agents that can be used for diagnosis
and post-treatment monitoring of CXCR4 positive tumors.
While AMD3100 is approved for stem cell mobilization
in patients with lymphoma and multiple myeloma, and
the preparation and evaluation of AMD3100 radiolabeled
with ®*Cu, “’Ga and **™T¢ have been reported, a more
potent and selective radioimaging agent that can provide
improved specificity and sensitivity is in need. In this
regard, AMD3465, a monocyclam structure agent, rep-
resents a propelling candidate due to its superior affinity
to CXCR4 compared to AMD3100. In the present study,
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Fig. 1 Radio-TLC chromatograms in a acetone, b saline

the preparation of [**™Tc]TcAMD3465 using previously
optimized procedures for AMD-3100, provided high purity
radiocompounds suitable for in vitro and in vivo charac-
terization without further purification. It appears that the
pyridyl methylamine group in AMD3465 exerted simi-
lar hydrophilicity to the cyclam moiety and the measured
logP of [*™Tc]TcAMD3465 was nearly identical to that
of [*’™Tc]TcAMD3100 and [**Cu]Cu-AMD3465 [19], but
more lower than N-[!!C]methyl-AMD3465 [20].

The in vitro stability of [**™"Tc]TcAMD3465 was evalu-
ated in pH 7.4 buffer and 1% BSA, and no detectable dis-
sociation of technetium from the complex was observed on
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Fig. 3 Biodistribution of [*™Tc]TcAMD3465 in organs of NH mice
injected with 3.7 MBq radiotracer

Fig.4 a Normal NH mice imaging with [*™Tc]TcAMD3465; b
H460 tumor-bearing mice imaging with [*™Tc]TcAMD3465

radio TLC at room temperature for 24 h, suggesting limited
metal translocation from the complex to plasma proteins.

As expected, [*™Tc]TcAMD3465 displayed a higher
binding affinity for CXCR4 in Jurkat-T cells compare to
[*°™Tc]TcAMD3100, albeit not as dramatic as metal free
ligands. This is likely due to the significant impact of
the Tc complexation to the binding affinity of the parent
compounds towards CXCR4, which is presumably highly
dependent on the interaction between the cyclam and the
receptor protein. In the presence of Tc, the availability of
protonated tetraaza-functionality of the cyclam for hydro-
gen bonding or electrostatic interactions with target pro-
teins can diminish dramatically.

The significant uptake of kidney, bone, spleen, and
liver is consistent with high expression of CXCR4 in these
organs, similar to the biodistribution results observed
for [*°™Tc]TcAMD3100. However, the accumulation of
[*MTc]TcAMD3465 in liver (< 1%ID/g) was much lower
than that of [**Cu]CuAMD3465(40%ID/g) and N-[''C]
methyl-AMD3465 [19, 20], .

@ Springer

The SPECT imaging study of [**™Tc]TcAMD3465 was
conducted in an H460 lung cancer xenograft mouse model.
The clear visualization of the CXCR4 expressing tumor
demonstrated potential utility of this new radiotracer,
although the significant accumulation of radioactivity
in the liver and bladder in both tumor-bearing mice and
controls would limit its application in these organs. Also,
the in vivo specificity of [**™Tc]TcAMD3465 for CXCR4
remains unclear, and can only be further characterized
by additional studies such as blocking experiments and
kinetic imaging studies using additional tumor models.

[*MTc]TcAMD3465 exhibited advantages over [**Cu]
CuAMD3465 and N-[''C]methyl-AMD3465. First, the
obtention of ™Tc is easier than **Cu and ''C, and SPECT
imaging is more available and affordable compare to PET/
CT. Next, the radiolabeling technology is mature. Last, the
physical properties of *™Tc is favorable, the half-life time
of ®™Tc(6h) is more appropriate for imaging, while longer
half-time of ®*Cu(13h) will result more radiation burden to
patients and the shorter half-time of ''C(20 min) will limit the
use in hospitals without cyclotron. So, for institution without
a cyclotron or even without a PET/CT, [®™Tc]TcAMD3465
could be an attractive SPECT tracer for imaging of CXCR4
expression tumors.

Conclusions

AMD3465 was synthesized and successfully labeled with
9mT¢ with high labeling yield and good in vitro stability.
Homologous CXCR4 binding assays showed ICs, value of
722+ 1.4uM for [*™Tc]TcAMD3465, compared to ICs of
97 +3.4uM for [*™Tc]TcAMD3100. [*™Tc]TcAMD3465
showed high affinity for organs with high CXCR4 expression.
In the H460 cell xenograft model, the tumor was clearly vis-
ible after injection of [*™Tc]TcAMD3465. The results suggest
that [*™Tc]TcAMD3465 could be useful for the imaging of
CXCR4 receptor expressing tumors.
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