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Abstract
CXCR4 has gained tremendous attention over the last decade, since it was found to be up-
regulated in a wide variety of cancer types, in addition to its role in human immunodeficiency
virus infection. Molecular imaging of CXCR4 with small molecules, peptides, and antibodies has
been a vibrant research area over the last several years. In this review article, we will summarize
the current status of imaging CXCR4 with fluorescence, bioluminescence, positron emission
tomography, and single-photon emission computed tomography techniques. Since each molecular
imaging modality has its own strengths and weaknesses, dual-modality probes that can be detected
by more than one imaging techniques have also been investigated. Non-invasive visualization of
CXCR4 expression has potential clinical applications in multiple facets of patient management.
While big strides have been made over the last several years in the development of CXCR4-
targeted imaging probes, clinical translation and investigation of these agents in cancer patients
are eagerly awaited. Since CXCR4 is also involved in many other diseases beyond cancer, these
clinically translatable probes can also play multiple roles in other pathological disorders such as
myocardial infarction and several immunodeficiency disorders.
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INTRODUCTION
Chemokine receptors, which interact with specific types of cytokines known as chemokines,
play diverse roles in cytoskeletal rearrangement, cell adhesion, and directional migration [1,
2]. To date, approximately 50 chemokines and 20 chemokine receptors have been identified
[3]. Both the chemokines and chemokine receptors have been classified into four distinct
groups (CXC, CX3C, CC, and C), based on the amino acid sequence around the first two
cysteine residues within the chemokine, which typically contains four invariant cysteine
residues [4]. Generally, the names of chemokines contain “L” and an identifying number
(e.g. CCL1 belongs to the chemokine subfamily “CC” with number “1”), whereas the names
of chemokine receptors contain “R” and an identifying number (e.g. CCR1 belongs to the
chemokine receptor subfamily “CC” with number “1”) [5].
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Chemokines and their interaction with specific chemokine receptors are involved in tumor
development/metastasis [6], as well as many other diseases such as atherosclerosis [7],
autoimmune disorders [8], neurodegenerative processes [9], and human immunodeficiency
virus (HIV) infection [10, 11]. In particular, CXCR4 and its only endogenous ligand known
as the stromal derived factor 1 (SDF-1, also called CXCL12) have gained tremendous
attention over the last decade, since CXCR4 was found to be up-regulated in a wide variety
of cancer types including breast, prostate, lung, bladder, ovarian, renal, oesophageal,
colorectal, and pancreatic cancer, lymphoma, melanoma, osteosarcoma, neuroblastoma, etc.
[1, 12–14]. In the following text of this review, the terms SDF-1 and CXCL12 will be used
interchangeably. Furthermore, high level of CXCR4 expression correlated with tumor
progression/metastasis [15, 16], as well as poor prognosis and resistance to chemotherapy
[17, 18]. Because of its prominent role in cancer biology, CXCR4 is an attractive target for
not only therapeutic but also molecular imaging applications, which can potentially be used
to predict tumor behaviour and evaluate the therapeutic responses to standard chemotherapy
and novel molecularly targeted therapies.

MOLECULAR IMAGING OF CXCR4
The interdisciplinary field of molecular imaging has witnessed tremendous advances over
the last decade, not only in clinical/preclinical oncology [19–25] but also in many other
disciplines such as regenerative medicine [26, 27]. Molecular imaging of CXCR4 with small
molecules, peptides, and antibodies has been a vibrant research area over the last several
years, which can enable non-invasive detection of CXCR4 expression during tumor
development/metastasis, as well as potentially many other scenarios such as stem cell
mobilization and anti-HIV activity. A brief summary of these studies is shown in Table 1,
which includes fluorescence, bioluminescence, positron emission tomography (PET), and
single-photon emission computed tomography (SPECT). The CXCR4 antagonists/agonists
that have been explored can be divided into four major categories: peptidic CXCR4
antagonists, non-peptidic CXCR4 antagonists, anti-CXCR4 antibodies, and recombinant
SDF-1/CXCL12 [28]. Several excellent review articles are available in the literature
regarding CXCR4 and its antagonists [28–31]. Herein we will only briefly describe the use
of these four classes of agents for imaging purposes.

In several early studies, a small group of peptide-based CXCR4 antagonists (e.g. T22, T134,
and T140) were identified and synthesized for their anti-HIV activities [32–34]. Among
these peptides, T140 (i.e. Arg1-Arg2-Nal3-cyclo(Cys4-Tyr5-Arg6-Lys7-D-Lys8-Pro9-Tyr10-
Arg11-Cit12-Cys13)-Arg14) was considered to be the most active CXCR4 antagonist, which
can inhibit the binding of an anti-CXCR4 monoclonal antibody (mAb) to CXCR4 [33].
However, T140 exhibited poor metabolic stability due to the cleavage of the C-terminal Arg
residue. Subsequently, several derivatives of T140 (e.g. 4-F-benzoyl-TN14003, Ac-
TZ14011, and TY14003) were constructed which are currently under investigation. In
addition, certain metabolically stable cyclic pentapeptides (e.g. FC131 and CPCR4-2) that
were based on T140 are also being investigated for imaging applications [35].

A series of bicyclams synthesized in the early 1990s were found to be potent and selective
inhibitors of CXCR4 [36, 37]. In this class of CXCR4 inhibitors, AMD3100 and AMD3465
have been investigated as imaging probes [38, 39]. Several other cyclam derivatives with
CXCR4 antagonistic activity (e.g. AMD070 and KRH-1636) are primarily being
investigated for their anti-HIV activities and will not be discussed in this review.

Antibodies that bind to human CXCR4 or SDF-1 have been reported to inhibit metastases
and progression of several cancer types in preclinical models [40–43]. However, few anti-
CXCR4 antibodies have been explored for molecular imaging and/or immunotherapy of
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cancer, which may be partly attributed to the conformational heterogeneity exhibited by
CXCR4 [29].

SDF-1 exists in alpha and beta forms due to alternative splicing of the same gene [44]. In
many studies, SDF-1 is used in competition experiments to confirm the binding affinity/
specificity of the antagonists. In some cases, SDF-1 was also conjugated to certain image tag
and investigated as molecular imaging probes. In addition, peptidic analogs of SDF-1 (e.g.
CTCE-9908 and CTCE-0214 which exhibit inhibitory and agonist activity of CXCR4,
respectively) are also being utilized for cancer therapy [28].

Since each molecular imaging modality has its own strengths and weaknesses, dual-
modality probes that can be detected by more than one imaging techniques have also been
investigated. The mounting preclinical data, withstanding further research pertaining to
novel agents for non-invasive imaging of CXCR4, may allow for real-time and quantitative
evaluation of CXCR4 expression in both primary tumors and metastatic nodules, which can
be used to effectively guide interventions tailored to individual patients for personalized
treatment of cancer. In the remaining sections of this review article, we will summarize the
current status of imaging CXCR4 expression using different techniques.

FLUORESCENCE IMAGING OF CXCR4
Fluorescence imaging techniques have been widely used in biomedical research. The three
most commonly used classes of fluorophores are fluorescent proteins, organic dyes, and
quantum dots. Because of the relatively low cost, fluorescence imaging of various cancer
markers have been intensively studied in cell culture and small animal models. In clinical
settings, fluorescence imaging can be used for detecting lesions close to the skin surface
(e.g. breast cancer imaging) and/or tissues accessible by endoscopy (such as malignant
lesions in the esophagus and colon), as well as for intra-operative visualization (i.e. image-
guided surgery). A number of reports exist in the literature on fluorescence imaging of
CXCR4.

In an early study, SDF-1 was labelled with fluorescein for the detection of CXCR4-
dependent internalization of SDF-1 by stromal bone marrow cells [45], which significantly
facilitated the evaluation of CXCR4 activation. In another report, Ac-TZ14011 was labelled
with fluorescein or AlexaFluor 488, at the D-Lys8 ε-amino group of the peptide [46]. The
resulting probes displayed specificity and high affinity for CXCR4 in vitro (Fig. (1A)).
TAMRA- or fluorescein-labelled Ac-TZ14011 have also been analyzed for their CXCR4
binding activity in vitro [47]. It was concluded that such fluorescence-based ligand binding
assays could be useful in identification and investigation of novel pharmacophores for
CXCR4 binding.

Recently, fluorescein-labelled Ac-TZ14011 was demonstrated to be capable of
differentiating tumor cells with high (e.g. MDA-MB-231CXCR4+) and low (e.g. wild-type
MDA-MB-231) CXCR4 expression [48], which may be useful to determine differential
CXCR4 expression levels in various tissues and the tumor with immunohistochemistry. In
another report by the same group, Ac-TZ14011 was conjugated to a luminescent iridium dye
for visualizing CXCR4 expression in tumor cells [49]. TY14003 (i.e. Ac-Arg-Arg-Nal-Cys-
Tyr-Cit-Arg-D-Lys-Pro-Tyr-Arg-Cit-Cys-Arg-NH2), another derivative of the T140 peptide,
has been labelled with carboxyfluorescein at the D-Lys residue for detection of CXCR4
expression in a N-butyl-N-(4-hydroxybutyl)nitrosamine-induced bladder cancer model [50],
which demonstrated its potential as a diagnostic tool to visualize small or flat high-grade
superficial bladder cancer.
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In one report, metal nanoshells have been covalently labelled with anti-CXCR4 mAbs for
targeting CXCR4 on the cell surface [51]. The fluorescence signal observed by time
resolved confocal microscopy not only displayed strong emission intensity and distinct
lifetime, which could be readily separated from cellular autofluorescence, but also allowed
for quantitation of CXCR4 level on the cell surface.

Most of the abovementioned studies were carried out in cell culture, where the fluorophore
used emit in the visible range. For in vivo applications, imaging in the near-infrared (NIR,
700–900 nm) window is desirable since both tissue absorption and autofluorescence are very
low within this range [52, 53]. In a recent report, CXCL12 was conjugated with an NIR dye
(IRDye 800CW) and evaluated for CXCR4-targeted cancer detection with fluorescence
imaging [54]. After investigating the selectivity, sensitivity, and biological activity of the
conjugates in vitro, where fluorescence signal of the conjugates was detectable in both the
A764 human glioma cells and MCF7 human breast cancer cells that express CXCR4, in vivo
studies revealed that subcutaneous MCF7 and A764 tumors in immunodeficient mice could
also be detected with high sensitivity (Fig. (1B)). On the other hand, control conjugates such
as fluorescently labelled bovine serum albumin or lactalbumin were not able to detect the
tumors, which suggested CXCR4 specificity of the fluorescently labelled CXCL12 in vivo.

Guiding surgery with molecularly targeted fluorescent agents has attracted enormous
interests over the last decade. Recently, a proof-of-principle study investigating the potential
benefit of intra-operative tumor-specific fluorescence imaging in staging and debulking
surgery for ovarian cancer was reported, using a systemically administered targeted
fluorescent agent (folate-FITC which binds to the folate receptor, overexpressed on most
ovarian cancer cells) [55]. Because of the pivotal role of CXCL12/CXCR4 signaling in
tumor metastasis [56, 57], intra-operative imaging of CXCR4 may be very useful in guiding
tumor resection, especially in the metastatic setting where imaging of CXCR4 may be able
to identify small metastatic tumor nodules during surgery to improve the clinical outcome.
The use of an NIR dye, which has much better signal penetration in an imaging window
with significantly less autofluorescence than a dye that emits in the visible range, is more
desirable for surgical guidance with the development of suitable intra-operative imaging
systems.

BIOLUMINESCENCE IMAGING OF CXCR4
Because of very low background signal and high sensitivity, bioluminescence imaging (BLI)
has been widely used in preclinical research. The fact that no additional excitation light will
be needed in BLI is highly advantageous for reducing the background signal. To date, only a
few examples of imaging CXCR4 with BLI have been reported. Different from the other
imaging techniques that have been investigated for CXCR4, BLI typically detects the
interaction between CXCR4 and other proteins/peptides rather than the expression of
CXCR4 itself.

By detecting the interaction between CXCR4 and β-arrestin through a firefly luciferase
(FLuc)-based complementation assay, CXCR4 signalling was visualized and quantified in
intact cells and living mice [58]. In the presence of CXCL12, dose-dependent increase in
BLI signal was observed using this reporter system. In addition, the BLI signal could be
effectively blocked by specific inhibitors of CXCR4 signalling, which suggested its
suitability for in vivo imaging of CXCR4 activation. In a follow-up study, this reporter
system was also used to detect and quantify the conformational changes in receptor
complexes in an orthotopic xenograft model of breast cancer [59]. The BLI signal was found
to be specific for homodimeric conformation of CXCR4 but not its heterodimer form with
CXCR7, another chemokine receptor that is also involved in tumor growth and metastasis.
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Meanwhile, another reporter system based on a fusion protein that consists of CXCL12 and
Gaussia luciferase (GLuc) was developed for cellular studies of CXCR4 and CXCR7 [60].
Fusion to CXCL12 did not alter the bioluminescence spectrum of GLuc, which also
exhibited minimal effect on its function under varying conditions of pH, temperature, and
NaCl concentration.

Recently, a GLuc fragment complementation strategy was developed to quantify the binding
of CXCL12 to CXCR4 and CXCR7 [61]. Similar to other enzyme complementation assays
where the enzyme was split into the N-terminal half and the C-terminal half, binding of
CXCL12-CGLuc to NGLuc-CXCR4 or NGLuc-CXCR7 (where CGLuc and NGLuc denote
the two parts of the GLuc enzyme) reconstitutes GLuc and produces light as a quantitative
measure of the ligand-receptor binding (Fig. (2)). BLI revealed CXCL12-CXCR7 binding in
primary and metastatic tumors in a mouse model of breast cancer. Furthermore, this
technique was also employed to quantify drug-mediated inhibition of CXCL12-CXCR4
binding in living mice.

In another study, this split reporter system was used to investigate CXCL12-CXCR4
signalling in ovarian cancer and to interrogate the effects of inhibiting this pathway on
tumor progression and survival [62]. After demonstrating that the split reporter system could
detect the binding of CXCL12 to CXCR4 and quantify specific inhibition of such interaction
in vitro, CXCL12-CXCR4 binding and inhibition was monitored in a xenograft model of
metastatic human ovarian cancer by imaging GLuc complementation and, in the meantime,
assessing tumor progression with FLuc. Loss of GLuc signal was observed after inhibition
of CXCL12-CXCR4 binding by AMD3100, which also had modest improvement on the
survival rate in mice with metastatic ovarian cancer.

In a subsequent report, a similar dual-luciferase system involving both GLuc and FLuc was
used to investigate CXCR7-dependent scavenging of CXCL12 in breast tumors in vivo [63],
which provided useful insight on how this can affect tumor growth and metastasis of a
separate co-implanted population of CXCR4+ breast cancer cells. These abovementioned
reports on BLI imaging of CXCR4 with various strategies/luciferases demonstrated that
imaging of CXCR4 interaction with other proteins/ligands (e.g. CXCL12) can not only shed
light on intercellular signalling during tumor development and metastasis, but also help the
development of novel therapeutic agents that target these interactions.

PET IMAGING OF CXCR4
PET is a non-invasive nuclear medicine imaging technique which utilizes positron-emitting
tracers to obtain a three dimensional image [64]. Currently, 18F-FDG is widely used in
clinical oncology [65, 66], while many other PET tracers are under preclinical/clinical
investigation [19, 67–69]. Some of the commonly used PET isotopes include 11C (t1/2: 20
min), 18F (t1/2: 110 min), 64Cu (t1/2: 12.8 h), 68Ga (t1/2: 68 min), 13N (t1/2: 10 min), 15O
(t1/2: 2 min), 86Y (t1/2: 14.7 h), 89Zr (t1/2: 3.3 d), and 124I (t1/2: 4.2 d).

Since AMD3100 is a potent inhibitor of CXCR4 [37, 70, 71], it has been labelled with 64Cu
and evaluated for PET imaging of CXCR4 in vivo [38]. The binding affinity to CXCR4 was
determined to be in the micromolar range, which was not affected by incorporation of Cu2+.
Biodistribution studies in normal mice showed specific accumulation of 64Cu-AMD3100 in
organs and tissues that express CXCR4. Subsequently, 64Cu-AMD3100 was evaluated in
tumor models, where the retention and uptake of the tracer in subcutaneous tumors derived
from U87 glioblastoma cell lines with high or low CXCR4 expression was compared [39]. A
six-fold increase in tracer uptake was observed in tumors derived from U87 cells that were
stably transfected with CXCR4 (i.e. U87-stb-CXCR4) than the wild-type U87 tumors. In
addition, similar findings were also observed in several other tumor models, such as
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orthotopic breast tumor xenografts and breast cancer lung metastasis models, thereby
demonstrating the broad potential applications for PET imaging of CXCR4 in cancer. In a
recent report, 64Cu-AMD3100 was also investigated for PET imaging of CXCR4 in various
mouse tumor models [72].

Similar to the abovementioned studies on AMD3100, another high affinity CXCR4
antagonist called AMD3465 has also been labelled with 64Cu and evaluated as a PET tracer
in subcutaneous U87, U87-stb-CXCR4, and colon HT-29 tumors (Fig. (3)) [73]. In vivo
PET imaging and ex vivo biodistribution studies suggested better specificity, target
selectivity, and tumor-to-muscle ratio for 64Cu-AMD3465 than that of 64Cu-AMD3100.
Although these studies suggested potential clinical applications of both 64Cu-AMD3100
and 64Cu-AMD3465 in visualizing CXCR4 expressing tumors, there are many concerns for
this class of PET tracers that need to be addressed in future studies: prominent tracer uptake
and accumulation in the liver and certain other tissues (which is likely due to CXCR4-
independent factors such as plasma protein binding of AMD3100 and AMD 3465),
instability of 64Cu that was bound to the ligand, metabolism of the tracers, among others.

In addition to these small molecule CXCR4 antagonists, highly selective peptidic
antagonists of CXCR4 such as 4-F-benzoyl-TN14003 (4-F-T140) have also been labelled
with 18F and evaluated in vivo for their potential in imaging CXCR4 expression with PET
[74]. It was found that 4-18F-T140 bound specifically to red blood cells both in vitro and in
vivo, which could be blocked by a small amount of “cold” 4-F-T140 to give higher tracer
uptake in CXCR4 expressing tumors. PET studies demonstrated clear visualization of
CXCR4 positive but not CXCR4 negative tumors.

Another T140-based PET tracer was developed, by 64Cu-labelling through the chelator
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), which enabled imaging of
CXCR4 expressing tumors [75]. However, this tracer also exhibited high accumulation in
the metabolic organs such as liver and kidneys. In a later study, DOTA-T140 was labelled
with 68Ga and investigated in cell-based studies [76]. To eliminate binding and
accumulation at undesired sites, two other T140-based tracers called NOTA-NFB and
DOTA-NFB were developed, which were demonstrated to specifically accumulate in
CXCR4 positive tumor xenografts and allow for clear visualization of CXCR4 expression
by PET [77].

Recently, a pentapeptide called CPCR4-2 that binds to CXCR4 was conjugated to DOTA
and labelled with 68Ga [35]. 68Ga-CPCR4-2 exhibited high CXCR4 binding affinity with
persistent tumor uptake, which resulted in PET imaging of CXCR4 expressing tumors and
metastases with good contrast, even for those in the hepatic and abdominal region [78].
Interestingly, very low accumulation and retention of the tracer was observed in the kidneys.
Subsequently, a library of analogs of these cyclic pentapeptide have been synthesized as
potential imaging agent [79]. However, in vivo data has not been reported yet.

SPECT IMAGING OF CXCR4
SPECT is another widely used nuclear medicine imaging technique in the clinic [80, 81].
However, the sensitivity of SPECT is at least an order of magnitude lower than PET. In
addition, although the special resolution for small animal SPECT is higher than PET, the
resolution of clinical SPECT is significant lower than clinical PET. Because of the wide
availability of SPECT isotopes such as 99mTc (t1/2: 6.0 h), 111In (t1/2: 2.8 d), and
radioiodine, SPECT imaging in cancer has been intensively studied since it does not require
heavy infrastructure such as a cyclotron.
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DTPA (i.e. diethylene triamine pentaacetic acid) conjugated Ac-TZ14011 was synthesized
and labelled with 111In for SPECT imaging in anima tumor models, which showed high
accumulation in CXCR4 expressing tumors with relatively low blood radioactivity level and
background signal in normal tissues such as the muscle [82]. In a follow-up study, this tracer
was used to visualize CXCR4 expression in a mammary intraepithelial neoplastic outgrowth
(MIN-O) mouse tumor model, which resembles human ductal carcinoma in situ (DCIS)
[83]. Tracer uptake in early MIN-O lesions was found to be significantly lower than in
larger and late stage lesions, which was corroborated by the degree of membranous CXCR4
staining as evidenced by histology.

An anti-human CXCR4 mAb called 12G5 was labelled with 125I for SPECT/CT imaging of
CXCR4 expression in an experimental U87 brain tumor model [84]. Clear and specific
accumulation of radioactivity in the tumor was observed within 24 hours post-injection,
which was gradually cleared by 72 hours post-injection (Fig. (4)). The maximum tumor-to-
non-tumor contrast was achieved at 48 hours post-injection. Since radioiodine can freely
diffuse across the cellular membrane after the mAb is internalized upon CXCR4 binding and
subsequently degraded, future use of a residualizing radiometal as the image label is
expected to increase the tumor uptake and retention of radioactivity.

In an interesting report, SDF-1α was labelled with 99mTc and investigated for imaging and
quantification of CXCR4 expression levels in myocardial infarction [85]. It was found that
the tracer displayed high affinity and specificity for endogenous CXCR4. Since the key
characteristics of molecular imaging is that it is molecular specific instead of disease
specific, the same imaging agent may play important roles in multiple diseases where
CXCR4 expression is up-regulated. Much future effort should be directed towards imaging
CXCR4 expression beyond cancer.

DUAL-MODALITY IMAGING OF CXCR4
Among the abovementioned techniques for imaging of CXCR4 which include fluorescence,
bioluminescence, PET, and SPECT, each modality has its limitations. Therefore, a
combination of multiple modalities may be needed to gather more information and to
facilitate future clinical translation. For example, PET/SPECT imaging can be used for non-
invasive whole-body imaging, while fluorescence imaging can be used to guide surgical
procedures for tumor removal. Recently, a dual-modality imaging agent was synthesized by
conjugating Ac-TZ14011 with both DTPA (for 111In labelling) and a CyAL-5.5 dye [86].
Flow cytometry and confocal microscopy studies showed that the dual-labelled peptide
exhibited specific CXCR4 binding, comparable to that of the mono-functionalized peptide
derivatives. In vivo SPECT/CT and fluorescence studies showed good tumor uptake of the
tracer. Furthermore, potential use of this dual-labelled agent for image-guided surgery was
also demonstrated in mouse models.

In a follow-up study, dendrimers containing monomeric, dimeric, and tetrameric Ac-
TZ14011 were labelled using the same strategy and compared in vivo, where the dimer and
tetramer had considerably higher tumor uptake than the monomer [87]. In addition,
biodistribution studies revealed that the additional peptides in the dimer and tetramer also
reduced non-specific muscle uptake. Since SPECT has much lower sensitivity than PET,
future development of a dual-modality PET/fluorescence agent for the imaging of CXCR4
expression should be investigated.

CONCLUSION AND FUTURE PERSPECTIVES
CXCR4 and its crucial roles in tumor development and metastasis have been confirmed by a
large number of literature reports and mounting preclinical/clinical evidence. To date, an
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array of targeting ligands have been investigated for imaging of CXCR4 expression in
cancer, ranging from small molecule and peptide-based agents (~1 kDa) to full-size
antibodies (~150 kDa). The imaging modalities used includes both radionuclide-based (i.e.
SPECT and PET) and optical (both fluorescence and bioluminescence) techniques. In a few
reports, combination of two imaging modalities has also been demonstrated [86, 87], which
deserves more research effort in the near future.

Visualization of CXCR4 expression has potential clinical applications in many aspects:
cancer diagnosis where lesions/metastases with high CXCR4 expression can be detected;
patient stratification where patients with high CXCR4 expression can be selected for
CXCR4-targeted therapies/clinical trials; treatment monitoring where non-invasive imaging
of CXCR4 expression can indicate the therapeutic response; facilitating new anti-cancer
drug development through monitoring the therapeutic efficacy of various drugs that target
the CXCR4 signaling pathway; guiding surgical removal of primary/metastatic lesions with
fluorescently labeled agents that bind specifically to CXCR4 in vivo, among others.
Quantitative correlation of CXCR4 expression level with PET/SPECT tracer uptake is
highly desirable for future treatment monitoring applications, where the biological changes
during therapeutic intervention can be non-invasively and quantitatively assessed in each
individual patient.

Much future effort should be directed towards the development of clinically translatable
CXCR4-targeted imaging agents. Although a wide variety of imaging probes for CXCR4
have been synthesized and investigated over the last several years, an ideal agent with
minimal synthetic procedure and optimal selectivity/specificity for CXCR4 in vivo (both
primary tumors and metastatic lesions) has not been developed yet. For example, peptidic
antagonists of CXCR4 typically exhibit poor metabolic stability and may be difficult to
synthesize at low cost. Bicyclams can be readily synthesized but their prominent uptake in
the liver and normal tissues is a major concern. The use of peptoids, which are composed of
N-substituted glycines, may be more advantageous for non-invasive imaging applications
[88]. Antibodies are typically very specific for their antigens, however the longer circulation
half-lives limit the tumor-to-non-tumor contrast for imaging applications. Development of
antibody fragments which retain the antigen-binding affinity/specificity with much faster
blood clearance may be more suitable for imaging applications than radiolabeled intact
antibodies [89].

Because of their excellent sensitivity and tissue penetration, radionuclide-based imaging
techniques possess much higher clinical potential than non-radionuclide-based techniques.
Many challenges need to be addressed in preclinical and clinical models before clinical
translation of CXCR4-targeted imaging probes enter clinical investigation. Big strides have
been made over the last several years towards molecular imaging of CXCR4, clinical
translation and investigation of optimal CXCR4-targeted imaging probes in cancer patients
are eagerly awaited. Since CXCR4 is involved in many other diseases beyond cancer, these
probes may also play multiple roles in other diseases such as myocardial infarction and
several immunodeficiency disorders.
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Fig. 1.
Fluorescence imaging of CXCR4. A. Confocal microscopy imaging of CXCR4+ and
CXCR4− cells using fluorescein- or AlexaFluor 488-labelled Ac-TZ14011. B. Serial in vivo
imaging of mice implanted with MCF7 (yellow arrows) and A764 (cyan arrows) tumors
after administration of IRDye 800CW-labelled CXCL12. Adapted from [46, 54].
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Fig. 2.
Bioluminescence imaging of CXCR4. A. A schematic diagram of the constructs, where
binding of CXCL12-CGLuc to NGLuc-CXCR4 or NGLuc-CXCR7 reconstitutes GLuc and
produces light. B. Images of mice before treatment (day 0), during treatment with
AMD3100 or phosphate-buffered saline control (days 2 and 6), and after treatment (day 8).
Red arrows point to the GLuc complementation signal in primary breast tumors. Adapted
from [61].
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Fig. 3.
Serial PET/CT images of CXCR4 expression in subcutaneous brain tumor xenografts at 90
minutes, 4 h, and 8 h after injection of 64Cu-AMD3465. “Blocking” denotes co-injection of
the tracer with unlabelled AMD3465. The solid arrow indicates the U87-stb-CXCR4 tumor
while the unfilled arrow indicates the wild-type U87 tumor. B: bladder; K: kidney; L: liver.
Image adopted from [73].
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Fig. 4.
SPECT/CT of CXCR4 expression. A. Serial SPECT/CT images of severe combined
immunodeficient mice bearing U87 glioblastoma xenografts, after injection with
either 125I-12G5 (an anti-human CXCR4 mAb) or 125I-IgG2A (a control antibody) via tail
vein. B. A maximum intensity projection image of a mouse injected with 125I-12G5 at 48 h
post-injection. %ID/g: percentage of injected dose per gram of tissue; S: spleen; T: thyroid.
Arrows indicate the tumors. Adapted from [84].
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Table 1

A tabulated summary of literature reports on molecular imaging of CXCR4.

Targeting Ligand Imaging Label Imaging Modality References

T140

18F PET [74]

64Cu PET [75]

68Ga PET [76]

64Cu PET [77]

Ac-TZ14011

Fluorescein/AlexaFluor 488 Fluorescence [46]

Fluorescein/TAMRA Fluorescence [47]

Fluorescein Fluorescence [48]

Iridium dye Fluorescence [49]

111In SPECT [82]

111In SPECT [83]

111In & CyAL-5.5 SPECT/Fluorescence [86]

111In & CyAL-5.5 SPECT/Fluorescence [87]

TY14003 Carboxyfluorescein Fluorescence [50]

CPCR4-2 68Ga PET [35, 78]

AMD3100

64Cu PET [38]

64Cu PET [39]

64Cu PET [72]

AMD3465 64Cu PET [73]

Anti-CXCR4 Metal nanoshells Fluorescence [51]

mAb 125I SPECT [84]

SDF-1/CXCL12

Fluorescein Fluorescence [45]

IRDye 800CW Fluorescence [54]

FLuc Bioluminescence [58]

FLuc Bioluminescence [59]

GLuc Bioluminescence [60]

GLuc Bioluminescence [61]

GLuc & FLuc Bioluminescence [62]

GLuc & FLuc Bioluminescence [63]

99mTc SPECT [85]

Curr Mol Med. Author manuscript; available in PMC 2014 December 01.


