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Abstract

Chemokine receptor 4 (CXCR4)—chemokine ligand 12 (CXCL12) interactions have been shown to
play key roles in cancer cell survival, proliferation, chemotaxis, homing, adhesion, tumor
angiogenesis, and resistance to conventional and targeted therapies. Given its extensive
involvement in cancer progression, the CXCR4-CXCL12 axis has been considered a therapeutic
target. Several inhibitors blocking this signaling cascade are in phase | trials. Because CXCR4 is
constitutively expressed in a wide variety of normal tissues, patient stratification and noninvasive
monitoring would improve therapeutic outcome and reduce unnecessary toxicities. This review
focuses on recent developments in CXCR4-based imaging agents and their potential role in the
molecular diagnosis and treatment of cancer.
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Most deaths from cancer stem from metastasis, and chemokine receptors are emerging as
key elements in this process. Chemokine receptors are 7-transmembrane—spanning proteins
of the G-protein—coupled receptor superfamily. The 19 known chemokine receptors, in
association with their ligands (48 chemokines), direct immune cell and hematopoietic stem
cell trafficking. Chemokines are small proteins (8—12 kDa) that are classified into 4 groups
(CXC, CX3C, CC, and C) based on the arrangement of highly conserved cysteine residues at
the N terminus (1). Several of the chemokines and receptors interact with more than one
receptor or ligand. Of the six receptors that are known to bind a single ligand, the chemokine
receptor 4 (CXCR4)—chemokine ligand 12 (CXCL12) (also known as stromal cell-derived
factor 1) pair has been gaining significant attention because of its role as a putative
coreceptor for HIV entry, its role in promoting metastasis in tumors, its involvement in cell
trafficking in autoimmune disease and inflammatory conditions, and its role in stem cell
maintenance. This review will focus on the role and the detection of CXCR4 in cancer.
Excellent reviews on the role of CXCR4 in other diseases can be found elsewhere (2-5).

CXCR4 Expression, Regulation, and Signaling in Cancer

CXCR4 is overexpressed in more than 23 human cancer types including breast, brain, ovary,
and prostate cancer and melanoma. CXCR4 expression in normal tissues is markedly lower
than in tumors (6). Increased CXCR4 expression in tumors is associated with an aggressive
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phenotype (2,7-9). CXCR4 expression enables tumor cells to home to organs expressing
abundant levels of CXCL12, such as lungs, bone, liver, brain, and bone marrow, leading to
establishment of metastases (Fig. 1A). Accordingly, overexpression of CXCR4 in primary
tumors is directly correlated to increased risk for local recurrence, distant metastasis, and
poor survival rates in breast, colon, and several other cancers (2,6,8-10).

In addition to primary tumors, metastases frequently exhibit increased CXCR4 expression,
which may offer a new strategy for their early detection (9,11). Neutralization of CXCR4
chemotaxis by use of low-molecular-weight agents, peptides, antibodies, or biologic agents
such as small interfering RNA significantly reduces metastatic burden in preclinical models
of various cancers (8,12,13).

Binding of CXCL12 to CXCR4 leads to the formation of a complex with the Gai subunit G
protein, resulting in the inhibition of adenylyl cyclase-mediated cyclic adenosine
monophosphate production and mobilization of intracellular calcium. Dissociation of the
Gai subunit from GBy leads to activation of multiple downstream targets, including Rho,
extracellular signal-regulated kinases (ERK1/2), mitogen-activated protein kinase (MAPK),
and AKT effectors, as shown in Figure 1B, leading to cell survival, proliferation, and
chemotaxis (2,8,14). Partially independent of G protein, the Janus-activated kinase/signal
transducers and activators of the transcription JAK/STAT pathway are also activated
through CXCR4 (8). In addition to those signaling cascades, the CXCR4-CXCL12 axis is
also known to transactivate HER2 receptor (8,15) and mediate estrogen-independent
tumorigenesis, metastasis, and resistance to endocrine therapy (10). Also, activation of the
CXCR4-CXCL12 axis results in tumor resistance to conventional and targeted therapies by
directly promoting cancer cell survival, invasion, and the cancer stem or tumor-initiating cell
phenotype; recruiting myeloid bone marrow—derived cells to facilitate tumor recurrence and
metastasis indirectly; promoting angiogenesis directly or in a paracrine manner; and
providing a metastatic niche for cancer cells in the bone marrow (6,16). Although the role of
CXCR4 in cancer cells is well established, recent studies have also identified increased
expression of CXCR4 in cancer-associated fibroblasts (17). Cancer-associated fibroblasts
play an important role in tumorigenesis and have been implicated in neoplastic progression,
tumor growth, angiogenesis, and metastasis (17). Data from a recent study by Eck et al.
suggest that soluble breast cancer factors initiate the transdifferentiation of normal human
mammary fibroblasts to tumor-promoting cancer-associated fibroblasts through the
induction of matrix metalloproteinase-1 and CXCR4 expression (18). Furthermore, the role
of another chemokine receptor, CXCR7, in modulating the CXCR4 signaling cascade is
emerging. CXCRY7 is expressed on tumor cells, binds to CXCL12, and forms heterodimers
with CXCR4 (19,20). Recent studies show that the CXCR4/CXCR7 complex impairs G
protein—coupled signaling and constitutively recruits B-arrestin—dependent signal
transduction pathways including MAPK, stress-activated protein kinase, and ERK1/2
activation, leading to increased cell migration of CXCR4-expressing breast cancer cells (21).
These findings suggest a possible role for CXCR7 binding agents in modulating CXCR4
signaling through the formation of CXCR4/CXCR7 heterodimers.

Accumulating evidence substantiates the CXCR4-CXCL12 axis as a therapeutic target in
cancer. In addition to reduced metastatic burden, CXCR4 inhibition can also synergize with
standard chemotherapy in various tumor models (22,23). Furthermore, expression of
CXCR4 in many tumors is regulated at the transcriptional level by hypoxia, nuclear factor
xB, and Yin Yang 1; at the translational level by HER2; and at the posttranslational level by
E3 ubiquitin ligase and HER2, which may have implications for combination therapies (8).
Recent clinical trials showed that short-term treatment with CXCR4 antagonists is safe,
supporting the use of CXCR4-targeted agents as adjuvants to currently available therapies
(24). Accordingly, several CXCR4 inhibitors are in phase I trials (e.g., NCT01120457
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[clinical trials.gov]). Considering the large number of normal functions that are affected by
the CXCR4-CXCL12 axis (2,6,8), long-term inhibition of CXCR4 may need continuous
monitoring. Therefore, development of CXCR4-based imaging agents would be beneficial
for the translation of CXCR4 inhibitors to evaluate primary tumors for elevated CXCR4
expression and therapeutic intervention, to screen for secondary metastatic spread to both
local and distant sites, and to allow for therapeutic monitoring.

CXCR4-Based Imaging Agents

CXCR4, unlike other chemokine receptors, is characterized by a strong negatively charged
extracellular surface. Not surprisingly, CXCL12 and most of the CXCR4-binding agents,
including the peptide-based inhibitors T22, T140, and several small-moleculeantagonist
scaffolds such as cyclams, are highly basic and positively charged. A detailed overview of
the available CXCR4-binding agents has been previously published (25). Most of the
CXCR4-targeted imaging agents to date have originated from those scaffolds.

Small Molecules

The bicyclam AMD3100 (1,1"-[1,4-phenylenebis(methylene)]bis [1,4,8,11-
tetraazacyclotetradecane]; Fig. 2) was the first nonpeptide CXCR4 inhibitor to enter clinical
trials and is now used for stem cell mobilization (3). Cyclams have the ability to form strong
complexes with transition metals such as copper and zinc, opening the door for a
radiolabeled analog of AMD3100 and CXCR4 expression imaging. Fortuitously, the affinity
of AMD3100 increases by 7-fold when chelated to copper (11). Jacobson et al. radiolabeled
AMD3100 using 84Cu and noted that, in immune-competent mice, uptake of radioactivity
was high in the liver and lymphoid organs (26). Applicability of that agent for imaging-
graded levels of CXCR4 expression was later demonstrated by Nimmagadda et al. using
subcutaneous U87 brain tumors (~2% CXCR4%), U87 tumors stably expressing CXCR4
(>95%, U87-sth-CXCR4), and orthotopic MDA-MB-231 (~10%) and DU4475 (~90%)
breast tumor xenografts. PET imaging with $4Cu-AMD3100 demonstrated accumulation of
radioactivity in the U87-stb-CXCR4 and DU4475 tumors at 90 min after injection of the
radiotracer (11). Similar to Jacobson et al., Nimmagadda et al observed considerable uptake
in the liver and lymphoid organs. Given that CXCR4 is expressed on leukocytes, on
monocytes, and in the liver, radioactivity accumulation in these organs, except for the
majority of nonspecific uptake in the liver, is due to target-specific binding. Those results
were later confirmed by blocking studies and other groups (11,27).

Because metastases often have elevated levels of CXCR4 expression, using an experimental
model of lung metastasis derived from breast cancer cells, Nimmagadda et al. demonstrated

that 54Cu-AMD3100-PET enables noninvasive, in vivo visualization of metastases (Fig. 3).

Successive ex vivo biodistribution and molecular characterization studies confirmed that the
radioactivity uptake observed in the lungs was indeed due to elevated CXCR4 expression in
the metastases (11).

Although AMD3100 shows promise as a PET agent, low affinity for CXCR4 and a scaffold
not flexible for the development of 18F-labeled analogs may limit clinical use. A second-
generation, monocyclam-based CXCR4 inhibitor, AMD3465 (Fig. 2), has high affinity (41.7
+ 1.2 nM), reduced charge, and is smaller in size compared to AMD3100 (28). Using the
U87 and U87-sth-CXCR4 glioblastoma model and a colon xenograft model, De Silva et al.
showed that 84Cu-AMD3465-PET has the highest target selectivity reported for this class of
agents to date (Fig. 3). More important, the pyridine moiety of AMD3465 may allow
structural modification for the synthesis of clinically translatable agents.
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Monoclonal Antibodies and Peptides

Monoclonal antibodies are gaining attention as radiopharmaceuticals. Monoclonal CXCR4
antibody clone 12G5, which binds the same extracellular loop as CXCL12, was radiolabeled
with 1251 and studied by Nimmagadda et al. in a glioblastoma tumor model (29). Imaging
data showed clear accumulation of 1251-12G5 in the tumors, compared with isotype-
matched 1221-19gG, control antibody. Even though the highest level of radioactivity was
seen in the spleen, those results establish the viability of using radiolabeled monoclonal
antibodies for imaging CXCR4 expression.

Polyphemusin-based peptides form the foundation for most of the peptide-based CXCR4
imaging agents. In 1998, Tamamura et al. identified T140 (Fig. 2), a 14-residue peptide with
a disulfide bridge, as a potent CXCR4 antagonist. Subsequent studies have shown that Arg?,
L-3-(2-naphthyl)alanine (Nal)3, Tyr®, and Arg!* in T140 are critical for CXCR4 binding.
Although T140 was found to be unstable in serum, many CXCR4-selective and stable
analogs with modifications at each terminus were synthesized (30). First within this category
of peptides is Ac-TZ14011, with the carboxyl group protection via amidation for stability in
vivo and a single amino group (D-Lys®) distant from the pharmacophore allowing for
conjugation of chelates. Even though 111In-diethyl-enetriaminepentaacetic acid (DTPA)
conjugation resulted in a nearly 6-fold decrease in affinity to CXCR4, acceptable
accumulation observed within the tumors led to further development of these peptides for
imaging. Although 111In-DTPA-Ac-TZ14011 uptake was higher in the tumor than in the
muscle or blood, a 15- to 200-fold increase in uptake was observed in the liver, kidneys, and
spleen (31). Also, Kuil et al. recently reported the synthesis of a bimodal analog of Ac-
TZ14011, radiolabeled with 111In-DTPA for SPECT and Cy5.5 for optical imaging. In vivo
results indicate that the fluorescent agent may have applicability for image-guided surgical
applications (32).

Another amidated analog of T140, TN14003 (Fig. 2), with N-terminal 4-fluorobenzoyl
protection (4-18F-T140), has been labeled with 18F using N-succinimidyl-4-18F-
fluorobenzoate and evaluated in Chinese hamster ovarian tumor—bearing mice, with tumors
stably expressing CXCR4 (33). With 4-18F-T140, CXCR4-positive tumors were
distinguishable from control tumors; however, co-injection of unlabeled 4-F-TN14003 was
necessary to see increased radioactivity in the CXCRA4-positive tumors. The same peptide
was also radiolabeled with 84Cu-DOTA on the lysines (34). Because these agents are
receptor-targeted and it is likely that tumor cells often have low receptor density, compared
with stably transfected cell lines (11), use of agents of low specific activity may face
significant challenges in clinical translation. Similarly, CXCL12 radiolabeled with 9™Tc or
with near-infrared fluorophores have been shown to have poor imaging characteristics in
vivo, limiting routine use (35,36).

The pharmacophore amino acid residues of T140 that interact with CXCR4 were further
downsized to a cyclic pentapeptide (FC131), which generated a compound with similar
potency to T140 itself (37). All of the imaging agents described above, including the low-
molecular-weight agents, have moderate to high liver uptake, limiting their use for imaging
lesions within this organ. A recent report by Demmer et al. showed a highly specific FC131-
based cyclic %8Ga-DOTA-conjugated peptide (1, Fig. 2) with high whole-body contrast, low
liver uptake, and fast clearance from the kidneys, potentially obviating that problem (38).

Clinical Implications and Future Challenges

Since the description of the implication of CXCR4 in the metastatic cascade, much progress
has been made in establishing its role in tumor progression. The direct involvement of
CXCR4 in the metastatic cascade suggests a role for CXCR4 imaging agents in identifying
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primary tumors with an aggressive phenotype, and also a new approach for the early
detection of metastases. The role of the CXCR4-CXCL12 pathway in resistance to
antitumor therapies is emerging and will be important in the design of future combination
therapies. CXCR4-based imaging agents may also facilitate the temporal evaluation of
changes in expression of CXCR4 in tumors in response to combination therapy. Clinical
translation faces several challenges: first, the evaluation of these agents in biologically
relevant tumor, metastasis, and therapy models so that feasibility of imaging graded levels of
CXCR4 expression, sensitivity, and specificity can be established; second, the consideration
for CXCR4 desensitization in some tumors and validation of whether high tumor uptake due
to surface CXCR4 expression correlates with prognosis; third, the establishment of a
correlation between plasma CXCL12 levels and tumor radioactivity uptake and prognosis;
and fourth, the establishment of the need for simultaneous evaluation of CXCR4 and
CXCRY levels in the tumors. Some but not all of these challenges can be addressed in
preclinical models in parallel with the translation of a suitable agent. As therapeutic agents
that target CXCRA4 translate to the clinic, the availability of CXCR4 imaging agents will
enable not only detection or staging of cancer but also measurement of the concentration of
therapeutic agent reaching its target and allow us to unravel the relationship between tumor
progression and CXCR4 expression in the biologic system of greatest relevance.

Acknowledgments

We regret that many important studies that elucidated the role of CXCR4 in cancer could not be cited due to
editorial constraints. We gratefully acknowledge grant support from the Elsa U. Pardee Foundation and the
Maryland Technology Development Corporation. We also thank Drs. Pomper and Bhujwalla for many helpful
discussions.

References

1. Zlotnik A, Yoshie O, Nomiyama H. The chemokine and chemokine receptor superfamilies and their
molecular evolution. Genome Biol. 2006; 7:243. [PubMed: 17201934]

2. Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clin Cancer Res. 2010;
16:2927-2931. [PubMed: 20484021]

3. De Clercq E. Recent advances on the use of the CXCR4 antagonist plerixafor (AMD3100, Mozobil)
and potential of other CXCR4 antagonists as stem cell mobilizers. Pharmacol Ther. 2010; 128:509—
518. [PubMed: 20826182]

4. Chong BF, Mohan C. Targeting the CXCR4/CXCL12 axis in systemic lupus erythematosus. Expert
Opin Ther Targets. 2009; 13:1147-1153. [PubMed: 19670960]

5. Viola A, Luster AD. Chemokines and their receptors: drug targets in immunity and inflammation.
Annu Rev Pharmacol Toxicol. 2008; 48:171-197. [PubMed: 17883327]

6. Duda DG, Kozin SV, Kirkpatrick ND, Xu L, Fukumura D, Jain RK. CXCL12 (SDF1a)-CXCR4/
CXCRY7 pathway inhibition: an emerging sensitizer for anticancer therapies? Clin Cancer Res. 2011,
17:2074-2080. [PubMed: 21349998]

7. Holm NT, Byrnes K, Li BD, et al. Elevated levels of chemokine receptor CXCR4 in HER-2
negative breast cancer specimens predict recurrence. J Surg Res. 2007; 141:53-59. [PubMed:
17574038]

8. Luker KE, Luker GD. Functions of CXCL12 and CXCR4 in breast cancer. Cancer Lett. 2006;
238:30-41. [PubMed: 16046252]

9. Salvucci O, Bouchard A, Baccarelli A, et al. The role of CXCR4 receptor expression in breast
cancer: a large tissue microarray study. Breast Cancer Res Treat. 2006; 97:275-283. [PubMed:
16344916]

10. Rhodes LV, Short SP, Neel NF, et al. Cytokine receptor CXCR4 mediates estrogen-independent

tumorigenesis, metastasis, and resistance to endocrine therapy in human breast cancer. Cancer Res.
2011; 71:603-613. [PubMed: 21123450]

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



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

1duasnuey Joyiny vd-HIN

Woodard and Nimmagadda Page 6

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nimmagadda S, Pullambhatla M, Stone K, Green G, Bhujwalla ZM, Pomper MG. Molecular
imaging of CXCR4 receptor expression in human cancer xenografts with [64Cu]AMD31OO
positron emission tomography. Cancer Res. 2010; 70:3935-3944. [PubMed: 20460522]

Yoon Y, Liang Z, Zhang X, et al. CXC chemokine receptor-4 antagonist blocks both growth of
primary tumor and metastasis of head and neck cancer in xenograft mouse models. Cancer Res.
2007; 67:7518-7524. [PubMed: 17671223]

Wong D, Korz W. Translating an antagonist of chemokine receptor CXCR4: from bench to
bedside. Clin Cancer Res. 2008; 14:7975-7980. [PubMed: 19088012]

Yagi H, Tan W, Dillenburg-Pilla P, et al. A synthetic biology approach reveals a CXCR4-G13-rho
signaling axis driving transendothelial migration of metastatic breast cancer cells. Sci Signal.
2011; 4:ra60. [PubMed: 21934106]

Chinni SR, Yamamoto H, Dong Z, Sabbota A, Bonfil RD, Cher ML. CXCL12/CXCR4
transactivates HER? in lipid rafts of prostate cancer cells and promotes growth of metastatic
deposits in bone. Mol Cancer Res. 2008; 6:446-457. [PubMed: 18337451]

Shiozawa Y, Pedersen EA, Havens AM, et al. Human prostate cancer metastases target the
hematopoietic stem cell niche to establish footholds in mouse bone marrow. J Clin Invest. 2011;
121:1298-1312. [PubMed: 21436587]

Mishra P, Banerjee D, Ben-Baruch A. Chemokines at the crossroads of tumor-fibroblast
interactions that promote malignancy. J Leukoc Biol. 2011; 89:31-39. [PubMed: 20628066]

Eck SM, Cote AL, Winkelman WD, Brinckerhoff CE. CXCR4 and matrix metalloproteinase-1 are
elevated in breast carcinoma-associated fibroblasts and in normal mammary fibroblasts exposed to
factors secreted by breast cancer cells. Mol Cancer Res. 2009; 7:1033-1044. [PubMed: 19584257]

Miao Z, Luker KE, Summers BC, et al. CXCR7 (RDC1) promotes breast and lung tumor growth in
vivo and is expressed on tumor-associated vasculature. Proc Natl Acad Sci USA. 2007;
104:15735-15740. [PubMed: 17898181]

Luker KE, Gupta M, Luker GD. Imaging chemokine receptor dimerization with firefly luciferase
complementation. FASEB J. 2009; 23:823-834. [PubMed: 19001056]

De'caillot FM, Kazmi MA, Lin Y, Ray-Saha S, Sakmar TP, Sachdev P. CXCR7/CXCR4
heterodimer constitutively recruits b-arrestin to enhance cell migration. J Biol Chem. 2011;
286:32188-32197. [PubMed: 21730065]

Azab AK, Runnels JM, Pitsillides C, et al. CXCR4 inhibitor AMD3100 disrupts the interaction of
multiple myeloma cells with the bone marrow microenvironment and enhances their sensitivity to
therapy. Blood. 2009; 113:4341-4351. [PubMed: 19139079]

Redjal N, Chan JA, Segal RA, Kung AL. CXCR4 inhibition synergizes with cytotoxic
chemotherapy in gliomas. Clin Cancer Res. 2006; 12:6765-6771. [PubMed: 17121897]

Stone ND, Dunaway SB, Flexner C, et al. Multiple-dose escalation study of the safety,
pharmacokinetics, and biologic activity of oral AMDO070, a selective CXCR4 receptor inhibitor, in
human subjects. Antimicrob Agents Chemother. 2007; 51:2351-2358. [PubMed: 17452489]
Mosley CA, Wilson LJ, Wiseman JM, Skudlarek JW, Liotta DC. Recent patents regarding the
discovery of small molecule CXCR4 antagonists. Expert Opin Ther Pat. 2009; 19:23-38.
[PubMed: 19441896]

Jacobson O, Weiss ID, Szajek L, Farber JM, Kiesewetter DO. $4Cu-AMD3100: a novel imaging
agent for targeting chemokine receptor CXCR4. Bioorg Med Chem. 2009; 17:1486-1493.
[PubMed: 19188071]

Weiss 1D, Jacobson O, Kiesewetter DO, et al. Positron emission tomography imaging of tumors
expressing the human chemokine receptor CXCR4 in mice with the use of 54Cu-AMD3100. Mol
Imaging Biol. Feb 23.2011 Epub ahead of print.

De Silva RA, Peyre K, Pullambhatla M, Fox JJ, Pomper MG, Nimmagadda S. Imaging CXCR4
expression in human cancer xenografts: evaluation of monocyclam 64Cu-AMD3465. J Nucl Med.
2011, 52:986-993. [PubMed: 21622896]

Nimmagadda S, Pullambhatla M, Pomper MG. Immunoimaging of CXCR4 expression in brain
tumor xenografts using SPECT/CT. J Nucl Med. 2009; 50:1124-1130. [PubMed: 19525448]
Tamamura H, Tsutsumi H, Fujii N. The chemokine receptor CXCR4 as a therapeutic target for
several diseases. Mini Rev Med Chem. 2006; 6:989-995. [PubMed: 17017998]

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



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

1duasnuey Joyiny vd-HIN

Woodard and Nimmagadda Page 7

31.

32.

33.

34.

35.

36.

37.

38.

Hanaoka H, Mukai T, Tamamura H, et al. Development of a 111n-1abeled peptide derivative
targeting a chemokine receptor, CXCR4, for imaging tumors. Nucl Med Biol. 2006; 33:489-494.
[PubMed: 16720240]

Kuil J, Buckle T, Yuan H, et al. Synthesis and evaluation of a bimodal CXCR4 antagonistic
peptide. Bioconjug Chem. 2011; 22:859-864. [PubMed: 21480671]

Jacobson O, Weiss ID, Kiesewetter DO, Farber JM, Chen X. PET of tumor CXCR4 expression
with 4-18F-T140. J Nucl Med. 2010; 51:1796-1804. [PubMed: 20956475]

Jacobson O, Weiss ID, Szajek LP, et al. PET imaging of CXCR4 using copper-64 labeled peptide
antagonist. Theranostics. 2011; 1:251-262. [PubMed: 21544263]

Misra P, Lebeche D, Ly H, et al. Quantitation of CXCR4 expression in myocardial infarction using
99MTc-labeled SDF-1a. J Nucl Med. 2008; 49:963-969. [PubMed: 18483105]

Meincke M, Tiwari S, Hattermann K, Kalthoff H, Mentlein R. Near-infrared molecular imaging of
tumors via chemokine receptors CXCR4 and CXCR?7. Clin Exp Metastasis. Jul 7.2011 Epub ahead
of print.

Tamamura H, Tsutsumi H, Masuno H, Fujii N. Development of low molecular weight CXCR4
antagonists by exploratory structural tuning of cyclic tetra- and pentapeptide-scaffolds towards the
treatment of HIV infection, cancer metastasis and rheumatoid arthritis. Curr Med Chem. 2007;
14:93-102. [PubMed: 17266570]

Demmer O, Gourni E, Schumacher U, Kessler H, Wester HJ. PET imaging of CXCR4 receptors in
cancer by a new optimized ligand. ChemMedChem. 2011; 6:1789-1791. [PubMed: 21780290]

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



1duosnuei\ Joyiny Vd-HIN 1duosnueiN Joyiny Vd-HIN

1duosnuei\ Joyiny Vd-HIN

Woodard and Nimmagadda Page 8

G

Legend: / \ wz
o CXCL12
® Tumor cell Y * Chemotaxus

Chemotaxis Transcrlptnon Surwval Transcnp(lon
Lymph nodes SO Gene Exp

Figure 1.

(A) CXCL12 is abundantly expressed in normal tissues such as lungs, liver, and bone
marrow and is also secreted by tumor and stromal cells. CXCR4-CXCL12 interactions in
tumor induce release of vascular endothelial growth factor, increase vascular permeability,
and promote tumor angiogenesis and recruitment of tumor-associated macrophages. The
resulting increased proliferative, migratory, and invasive properties of tumor cells enable
their escape from primary tumors. Tumor cells that overexpress CXCR4 migrate toward the
chemoattractant gradient, like leukocytes, and home to organs that release CXCL12. (B)
Activation of CXCR4 by CXCL12 in primary tumor and in metastases leads to G-protein—
coupled signaling through IP3, PI3K/Akt, and MAPK pathways, promoting cell survival,
proliferation, and chemotaxis. Akt 5 serine/threonine protein kinase Akt (or protein kinase
B, PKB); Bad 5 Bcl-2-associated death promoter; CAF 5 carcinoma-associated fibroblast;
DAG 5 diacylglycerol; GRK 5 G protein—coupled receptor kinases; FAK 5 focal adhesion
kinase; IP2 5 inositol (1,4)-bisphosphate; IP3 5 inositol (1,4,5) trisphosphate; PIP2 5
phosphatidylinositol 4,5-bisphosphate; PI3K 5 phosphoinositide 3-kinase; PKC 5 protein
kinase C; PLC 5 phospholipase C; Ras 5 rat sarcoma protein family; Rho 5 Rho family of
GTPases.

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



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Woodard and Nimmagadda

NH N E j NH N
T 0L
NH HN NH HN
AMD3100 '\) AMD3465
S S

! I
T140: H- Arg-Arg-Nal-Cys-Tyr-Arg-Lys- DLys-Pro-Tyr-Arg-Cit-Cys-Arg-OH

TN14003: H-“Arg-Arg-Nal-Cys-Tyr-Cit-"Lys- *DLys-Pro-Tyr-Arg-Cit-Cys-Arg-NH,
Ac-TZ14011: Ac- Arg-Arg-Nal-Cys-Tyr-Cit- Arg- *DLys-Pro-Tyr-Arg-Cit-Cys-Arg-NH,

(Nal= L-3-(2-naphthyl)alanine, Cit= L-citrulline); bolded residues are pharmacophore residues;

*, donotes site of DOTA/DTPAchelator conjugation; # indicates labeling with '8F-SFB(N-sccinimidyl4-fluorobenzoate)

—NH,
NH >_< >_’
H0—< >—/_j_n ‘<;or HN LOH HOL
HO ke

Figure2.

Common structural motifs of CXCR4 imaging agents.
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(A and B) PET/CT of CXCR4 expression in lung metastases with 4Cu-AMD3100 (11) (A)
and in subcutaneous brain tumor xenografts with $4Cu-AMD3465 (28) (B). (C) Surface
CXCR4 expression in various cell lines by flow cytometry (11,28). %ID 5 percentage
injected dose.
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