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INTRODUCTION 

Chemokines are secretary proteins that belong to a subfamily of cell signaling 

molecules, called cytokines. Chemokines are small proteins consisting of 60-100 

amino acids that share 20-90% of homology. They are approximately 8-14 

kiloDaltons (kDa) in size and have four cysteine residues in a conserved location 

that are key to forming their three dimensional shape [1]. Chemokines were 

historically known by several other names, such as SCY family of cytokines, SIS 

family of cytokines, SIG family of cytokines, platelet factor-4 superfamily or 

Inercrines [2]. Chemokines exhibit both chemo-attractant and cytokine properties. 

Chemokines are classified into four subfamilies, based on the number and spacing 

of the conserved cysteine residues in their amino terminals. These families are CXC 

(α-chemokines), CC (β-chemokines), C (γ-chemokines) and CX3C (δ-chemokines). 

The α-chemokines (CXC) are mainly associated with the activation of neutrophils, 

whereas β-chemokines are involved in activation of lymphocytes, monocytes, 

basophils and eosinophils. The first two cysteine residues in α-chemokines are 

separated by single amino acid. The γ-chemokines are different from the other 

chemokines by the absence of a cysteine molecule at the conserved terminal.  The 

members of the δ-chemokine family are characterized by the presence of three 

amino acids in between the two cysteine residues, and currently this family of 

chemokine is represented by a single member named fractalkine (CXXXCL1). Both γ 

and δ-chemokines function as chemotactic and adhesion molecules during 

infection and inflammation.  

All the biological activities of chemokines are mediated through specific cell-surface 

receptors that belong to the superfamily of seven-transmembrane G-protein 

coupled receptors. The naming of these receptors is derived from the names of the 

corresponding chemokine family; they are represented as CXCRn, CCRn, XCRn, and 

CX3CR. Currently, more than 50 chemokines and 20 chemokine receptors have 

been identified [3]. An overview of the classification of chemokines and their 

respective receptors is given in Table-1.  

Some of the chemokine receptors have more than one natural ligand and can 

activate cells through divergent signaling pathways, depending on the chemokine 
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and receptor that are engaged. The first step in chemokine signaling involves tight 

binding of the ligand to the corresponding receptors in its high affinity state. This 

binding induces conformational changes in the receptors and leads to activation of 

the heterotrimeric G-protein and its dissociation into α and βγ subunits. The 

dissociated subunits activate many secondary cell signaling messengers. The Gβγ 

complex activates phospholipase C (PLC), leading to accumulation of diacylglycerol 

(DAG), inositol triphosphate (IP3) and increased production of intracellular Ca2+.  

Subsequently, protein kinase C (PKC) is activated, which leads to the 

phosphorylation of target proteins. On the other hand, the Gα subunit activates 

phosphatydyl inositol-3-kinase, which results in activation of the mitogen-activated 

protein kinase (MAPK) pathway and induces adenylcyclase (AC) activation and 

subsequent activation of the protein kinase A (PKA) signaling pathway. In addition, 

the ligand receptor interaction may also induce the formation of G-protein 

heterodimers, which leads to janus kinases (JAK) activation, followed by activation 

of the PKC and PKB pathways [4-6]. 

In 1991, Holmes & Murphy reported the cloning of CXC chemokine IL8 (CXCL8), 

which was originally known as IL-8RA and IL-8RB (now referred as CXCR1 and 

CXCR2). These receptors are seven transmembrane GPCRs [7-8]. This finding 

facilitated the discovery of the other chemokine receptors. CXCR4 was originally 

identified as an orphan receptor called leukocyte-derived seven-transmembrane 

domain receptor (LESTR) [9]. This receptor did not receive much attention until the 

discovery that CXCR4 is involved in human immune deficiency virus 1 (HIV-1) 

infection [10].  The involvement of CXCR4 in HIV-1 infection has triggered a wide 

range of activities in the scientific community, aiming to investigate the biological 

role of CXCR4 and its natural ligand CXCL12 (originally known as stromal cell 

derived factor-1; SDF-1). CXCL12 is a highly conserved chemokine and shows 99% 

homology between human and mouse. Recent findings suggest that not only 

CXCL12, but also ubiquitin is a natural ligand for CXCR4 [11].  
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Table 1: Chemokines are classified into four major subfamilies (CXC, CC, C and CX3C). They 
are listed together with their receptors and original names.  
 

Chemokine   Other Names Chemokine Receptors  

C family   

XCL1 Lymphotactin α, GPR5, ATACα XCR1 

XCL2 Lymphotactin β, ATACβ XCR2 

CC family   

CCL1 CCCKR1, MIP-1α/RANES, I-309, HCC-1 CCR1, CCR8 

CCL2 MCP-1RA, MCP-1RB CCR2, CCR, CCR3 

CCL3 CMKBR3, LD78, CCR3, CCR1,CCR5 

CCL4 Act-2, CC CKR4, CCR4, CCR5, CCR8 

CCL5 CC CKR5, CMKBR5, RANTES CCR5, CCR1, CCR3 

CCL6 DRY6, CKR-L3, mC10 CCR6 

CCL7 EB1, BLR2, MCP3, FIC CCR7, CCR1, CCR2, CCR3, CCR5 

CCL8 CHemR1, TER-1, MCP-2 CCR8, CCR1, CCR2, CCR3, CCR5 

CCL9 GPR-9-6 MIP1; MRP-2 CCR9, CCR1 

CCL10 GPR2, MRP-2 CCR10 

CCL11  Eotaxin CCR11, CCR3, CCR5, CXCR3 

CCL12 MCP-2 CCR2 

CCL13 MCP-4;CK10 CCR1, CCR2, CCR3, CCR5 

CCL14 HCC-1; CK1 CCR1 

CCL15 MIP-1, MIP-5, HCC-2 CCR1, CCR3 

CCL16 LEC,HCC-4, CK12 CCR1 

CCL17 TARC, ABCD-2 CCR4, DARC, CCBP2 

CCl18 PARC;MIP-4;CK7, DC-CK1;AMAC-1 DARC 

CCL19 Mip-3; ELC; exodus-3; MIP-3β CCR7, CCRL1, CCRL2 

CCL20 MIP-3β;LARC;exoduc-1;CK-4 CCR6 

CCL21 6Ckine;SLC, exodu-2; TCA4 CCR7, CXCR3, CCRL1 

CCL22 MDC;STCP-1;AMCD-1 CCR4 

CCL23 CKb8; MPIF-1;MIP-3 CCR1 

CCL24 eotaxin-2;MPIF-2;CK6 CCR3 

CCL25 TECK;CK15 CCR9,CCRL1 

CCL26 Eotaxin-3;MPIF-4;  IMAC CCR3, CCR10 

CCL27 CTACK;ILC;ESKINE CCR10 

CCL28 MEC, skinkine CCR3, CCR10 

CXC family   

CXCL1 Gro-α;N51/KG; MGSA;MIP-2 CXCR2 

CXCL2 Gro-β;MGSA; MIP-2:N51/KC; CXCR2 

CXCL3 GRO-γ; MGSA; MIP-2β CXCR2 
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CXCL4 Platelet factor 4 (PF4) CXCR3 

CXCL5 ENA-78 CXCR1, CXCR2 

CXCL6 GCP-2 CXCR1, CXCR2 

CXCL7 b-TG;CTAP-III; NAP-2; CXCR1, CXCR2 

CXCL8 IL-8 CXCR1, CXCR2 

CXCL9 MIG CXCR3 

CXCL10 CRG-2;IP10 CXCR3 

CXCL11 I-TAC; b-RI; IP9; H174 CXCR3,CXCR7 

CXCL12 SDF-1α;SDF-1β; PBSF CXCR4, CXCR7 

CXCL13 BLC; BCA-1 CXCR5 

CXCL14 BRAK, bolekine Unknown 

CXCL15 Lungkine Unknown 

CXCL16 SR-PSOX CXCR6 

CXCL17 DMC Unknown 

CX3C family   

CX3CL1 Fractalkine, Neurotactin; ABCD-3 CX3CR1 

Not Assigned  

MIF 
Macrophage migration inhibitory factor, 
glycosylation-inhibiting factor 

CXCR2, CXCR4, CXCR7 

 

The structure of CXCR4  

CXCR4 belongs to the α-chemokine family and consists of 352 amino acids. The          

N-terminus of the receptor is very important for its binding with its ligand CXCL12. 

The extracellular N-terminal surface of CXCR4 consists of 34 amino acids and 

contains an extracellular loop (ECL) 1 that connects transmembrane helixes II and 

III. Similarly, ECL2 links transmembrane helixes IV and V, whereas ECL3 connects 

transmembrane helixes VI and VII. The disulfide bonds between cysteine residues 

Cys28 and Cys274 in helix VII are highly conserved in the CXCR4 receptors [12].  The 

ECL2 and ECL3 in CXCR4 are very important for the signaling of the receptor. The 

ECL2 is mainly responsible for the strong binding of the ligand, whereas ECL3 is 

responsible for the activation and downstream signaling of the receptor.  Especially 

Asp171, Asp262 and Glu288 in the ECL2 of CXCR4 are involved in the binding with 

Lys1, Lys24 and His25 of the CXCL12 through hydrogen bonding. Other amino acids 

of the CXCL12, such as Lys24 and His25, provide additional ionic binding and 

hydrogen bonding with Tyr21 of CXCR4. The mutation of Tyr21, Asp171, and Asp26 
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of CXCR4 into alanine can cause a loss of more than 75% of the binding affinity of 

CXCL12 [12]. 

HIV uses CXCR4 as a co-receptor for entering into the host cell. For this purpose, 

the viral gp-120 interacts with ECL2 and ECL3 of CXCR4, in particular with the 

residues Glu288, Asp171, Tys21, Glu14, Tys12, Asp193, Tys7, Asp187, His203, Met1, 

Asp22, Ser23, Ser9, Arg30, Tyr190, Gln200, Asn11, His281, Asp10, Pro27, Cys28, 

Glu277, Lys25, Leu266, His113, Trp94, Phe29, Thr8, Phe189, Arg188 and Asn278 

[13]. 

The intracellular surface of the CXCR4 receptor consists of intracellular loops (ICL) 

that are connected to the transmembrane helices. ICL1 is linked with helices I and 

II, ICL2 with helices III and IV, and ICL3 with helices V and VI. Both ICL2 and ICL3 are 

responsible for the receptor internalization after ligand binding. A detailed study 

concerning the ligand-receptor interactions followed by internalization of receptors 

is lacking. An in-vitro study shows that mutations of Asp20 and Tyr21 in the            

N-terminus, together with a mutation of Arg183 in ECL2 results in a lower binding 

affinity, less conformational changes in the c-terminus intracellular loops and 

reduced internalization. In contrast, mutations in Tyr190 of ECL2 resulted in normal 

internalization, but with impaired or complete loss of signaling [14].  

Besides mutations, a splice variant of the CXCR4 receptor (CXCR4-Lo) has been 

reported. The CXCR4-Lo is derived from a ~4.0 kb mRNA transcript and it differs 

from the original CXCR4 receptor [15]. The complete gene sequence analysis 

showed that CXCR4-Lo is missing the first 9 amino acids (M-S-I-P-L-P-L-L-Q) in the 

NH2 terminus of the extra cellular domain of the receptor. However, there is no 

detailed study showing how CXCR4-Lo is distinct in function, structure or ligand 

binding from the complete CXCR4 receptor. The functional protein CXCL12 can also 

bind to the CXCR4-Lo variant and induce the intracellular calcium mobilization [15]. 

CXCR4 in normal physiology 

CXCR4 and CXCL12 are involved in a wide variety of biological functions, such as 

trafficking of immune cells, hematopoietic and lymphopoietic regulation, 

maturation and migration of stem cells, and organogenesis [16, 17]. In the brain, 

CXCR4 and CXCL12 are involved in normal development, maturation and 
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myelination of neurons, as well as axonal growth and branching [18]. Recent 

findings have suggested that chemokines might act as neuromodulators in the 

central nervous system [19]. CXCR4 deletion resulted in improper functioning of 

the brain and the immune, circulatory, hematopoietic and vascular system [20].  

Knockout of the CXCL12 gene in mice resulted in improper embryonic 

development, followed by premature death at an early age due to severe cardiac 

septal defects and poor development of the brain, bone marrow and secondary 

organs [21]. CXCL12 and CXCR4 knockout mice show similar developmental defects, 

suggesting that the receptor-ligand pair plays important roles in normal functioning 

and proper development of organs.  

Low levels of CXCR4 mRNA expression were found in virtually all human tissues; 

high levels were found in nasopharynx, bronchus, parathyroid gland, oral mucosa, 

seminal vesicle, and vagina [22]. Similarly, most human tissues also express low 

levels of CXCL12, whereas relatively high levels of CXCL12 were observed in 

gallbladder, liver, salivary gland, spleen, bone marrow, lymph nodes, intestine, 

kidney, adipose tissue, smooth muscles, and tonsils.  

CXCR in infection 

Apart from their normal physiological role, CXCR4 receptors are also involved in 

pathological conditions like, infection, inflammation autoimmune diseases and 

cancer. In the early 1990s, it was discovered that the entry of HIV into host cells 

was mediated by CXCR4, CCR5 and CD4 receptors [23]. The virus has an envelope of 

glycoproteins that promote direct fusion between the viral components and the 

host cells. The envelope glycoproteins consist of two subunits: the external subunit 

gp120, and the transmembrane subunit gp41. The gp120 subunit is responsible for 

binding to specific cell surface receptors and the gp41 subunit catalyzes the fusion 

reaction between the virus and the host cell [24]. The HIV fusion reaction is 

initiated by sequential receptor binding: first gp120 binds to CD4 receptors on the 

host cell and undergoes conformational changes in order to facilitate the binding of 

gp120 with CXCR4 and CCR5 receptors. These interactions can trigger the gp41 

subunit to bind and promote the fusion reaction of the virus with the host cell by a 
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complex mechanism [25, 26]. It is believed that these receptors can also serve as 

co-receptors for the entry of other viruses and bacteria into the host cell [27, 28]. 

An autosomal dominant mutation in the CXCR4 gene can also result in a severe 

clinical condition, known as WHIM Syndrome (warts, hypogammaglobulinemia, 

infections, and myelokathexis syndrome). As a result of the mutation, the               

C-terminus of the CXCR4 receptor is truncated by 10 to 19 residues and this causes 

inability to down-regulate the receptor after it has been activated. Patients with 

the WHIM syndrome show increased susceptibility to viral and bacterial infection, 

along with retention of neutrophils in the bone marrow and decreased lymphocyte 

and IgG antibody levels. 

CXCR4 in autoimmune disease 

Increased leukocyte recruitment, activation and accumulation are hallmarks of a 

variety of autoimmune pathologies. Pre-clinical and clinical studies have 

demonstrated that chemokines and their receptors are involved in many 

autoimmune diseases. For example, in multiple sclerosis and encephalomyelitis, 

there is an increased expression of β-chemokines such as CCL3, CCL4 and CCL5, 

along with their receptors CCR2, CCR3 and CCR5 [29-31].  Both α and β-chemokine 

receptors and their ligands are involved in the development and progression of 

rheumatoid arthritis. An overview of various chemokines involved in the etiology of 

autoimmune diseases is presented in Table-2.  

An increased expression of CXCL12 and its receptors CXCR4 was seen in patients 

with diabetes. The chemokine CXCL12 and its receptorCXCR4 play a major role in 

causing diabetic retinopathy and blindness, due to oxygen deprivation in the retina 

as a result of aberrant formation of blood vessels [32]. One possible mechanism for 

governing this action could be CXCL12 mediated chemotaxis of hematopoietic stem 

cells (HSCs) and endothelial progenitor cells (EPCs) into the eye. Both HSCs and 

EPCs can function as hemangioblasts that produce blood cells and give rise to new 

blood vessels in the eye. As a result, the retinal architecture is destroyed, leading to 

blindness [33]. Neutralizing antibodies against CXCL12 can result in a 26% reduction 

in retinal neovascularization [33, 34].  
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Rheumatoid arthritis (RA) is an autoimmune disease which affects nearly 1% of the 

total world population and is mainly characterized by the chronic inflammation of 

multiple joints, increased proliferation of the synovial cells, and destruction of 

cartilage and bone. A wide variety of genetic and environmental factors was 

proposed to cause RA, but the exact etiology has not been elucidated. It is believed 

that many cytokines and chemokines are involved in the development and 

progression of RA. Recent evidence suggests that the CXCL12-CXCR4 system plays a 

crucial role in the pathogenesis of RA. CXCR4-expressing T cells are abundantly 

detected in the synovial tissues of RA patients [35]. A high level of CXCL12 

expression was seen in the RA synovial tissues, which suggested that CXCR4 is 

important for T- cell retention in RA synovial tissues. The increased inflammation 

secretes other cytokines such as TGF-β and IL-15, which in turn induce a high 

expression of CXCR4 at the site. CXCR4 deficient mice showed RA with very low 

incidence (2 out of 11), although the severity was comparable to that of the control 

mice treated with chicken type II collagen and Complete Freund’s Adjuvant [36,37]. 

These data suggested that CXCR4 is required for the initiation and recruitment of 

type-II collagen specific T-cells into the inflammation and for disease progression.  

CXCR in immune cell trafficking  

CXCR4 and CXCL12 play a vital role in trafficking of immune cells. The trafficking 

between lymphoid tissues and blood is regulated by tissue-specific expression of 

CXCR4. Circulating immune cells interact transiently and reversibly with secreted 

adhesion molecules, such as selectins, and integrins in a process called rolling. 

When CXCL12 on the luminal endothelial surface activates the CXCR4 receptors on 

the rolling cells, integrins are activated [38]. This results in the arrest, firm 

adhesion, and trans-endothelial migration of the immune cell [39]. Constitutive 

secretion of CXCL12 by bone marrow stromal cells is the major source of CXCL12 in 

adults. This CXCL12 secretion regulates the HSCs and progenitor cell retention in 

the hematopoietic microenvironment and bone marrow specific homing of 

circulating HSCs [40].  
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Table 2:  An overview of main chemokines involved in autoimmune disease.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

The essential role of CXCL12 in HSCs retention within the bone marrow was 

supported by recent data that showed that CXCR4 antagonists, alone or in 

combination with granulocyte colony-stimulating factor (G-CSF), can affect 

mobilization of HSCs [41]. CXCL12 also acts as a paracrine growth factor for                  

B lymphocytes and other cell types [42]. Thus, CXCL12 facilitates the retention and 

normal development of B-cells in the hematopoietic microenvironment. CXCL12 

also supports the survival or growth of a variety of normal and malignant cell types, 

including hematopoietic progenitor cells [43], germ cells [44], leukemia B cells [45] 

and breast carcinoma cells [46]. 

Furthermore, homing of NK and T cells is mainly due to CXCR4-mediated 

chemotaxis [47]. Three main subpopulations of NK cells have been identified in 

humans: CD56+ CD16+ CD3- NK cells, CD56+ CD16- CD3- NK cells, and CD56+ CD16- 

Disease  Chemokine 

Multiple sclerosis   CCL2, CCL3 

  CCL4, CCL5 

   

Rheumatoid arthritis CCL2, CCL3, CCL4 

  CXCL5, CXCL8, CXCL9 

  CXCL10, CXCL12 

   

Type 1 diabetes  CXCR3, CXCL10, CXCL12 

  CCL3, CCL5 

   

Sjogren's syndrome  CCL3, CCL5,CCL17 

  CCL18,CCL19, CCL22 

  CXCL8, CXCL13 

   

Systemic lupus 
erythematosus 

 CCL2, CCL5, CXCL10 

   

Grave's disease  CCL3, CCL4,CCL5 

   

Atherosclerosis  CCL2, CX3CL1 

   

Crohn's disease  CCL9 

   

Psoriasis  CCL4, CCL10, CXCL12 
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CD3+ NK T cells.  All these subpopulations express high levels of CXCR4 and their 

migration is mediated by CXCL12.  In order to function effectively, these cells must 

be activated and recruited into the site of infection or inflammation. IL-2 or IL-15 

can stimulate NK cells and increase the expression of CCR and CX3CR1 receptors. 

There are contradicting results on the effect of IL-2 on the expression of CXCR4 by 

NK and T cells. When NK cells were treated with IL-2, CXCR4-mediated chemotaxis 

was inhibited due to reduced expression of CXCR4 receptors and increased CXCR3 

expression [47-49]. On the other hand, administration of IL-2 to HIV infected 

patients substantially increased the CD4+T cells counts. These CD4+T cells show an 

increase in the CCR5 and CXCR4 expression of up to 82% after 5 days of treatment.  

CCR5 and CXCR4 expression returns to the baseline within 2 weeks [50]. In contrast, 

IL-2 does not have any effect on CXCR4 expression on CD8+ cells. 

CXCR4 in cancer 

Chemokines are not only involved in infection, inflammation and autoimmunity, 

but they also play a predominant role in tumor progression and metastasis. There is 

abundant evidence that various chemokine receptors and their ligands are 

constitutively expressed by both tumor cells and stromal cells [51]. A low grade or 

continuous exposure to various chemicals or biological agents may lead to an 

infection or inflammation at the site of exposure, which in-turn could lead to the 

formation of pre-neoplastic foci and subsequently to the formation of tumors     

[51-53]. During this process, the accumulation of leukocytes at the site and the 

local production of chemokines are increased. However, chemokines appear not 

only to function as chemo-attractants, but to also have a regulatory effect on 

immune cells.   

Emerging evidence suggests that chemokines are directly involved in tumor 

development, tumor transformation, tumor growth, tumor cell survival and 

metastasis. There is strong evidence that both α and β-chemokine receptors are 

involved in many human cancers, but the precise nature of the involvement is not 

clear.  An overview of chemokine receptors involved in cancer is shown in Table-3.  

Apart from their direct involvement in tumor growth, chemokines also have an 

indirect effect on oncogenesis by promoting angiogenesis, vascular genesis, 
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formation of new matrix and interacting with adhesion molecules within the tumor 

microenvironment. Preclinical studies suggest that a high dose of a CXCR4 inhibitor 

can reduce vascular endothelial growth factor (VEGF) levels and inhibit 

angiogenesis [54].  Inadequate blood supply to the tumor leads to hypoxia, which is 

accompanied by the induction of the hypoxic induced factor-1 (HIF-1). HIF-1 

stimulates CXCL12 secretion by stromal cells, leading to the recruitment of CXCR4 

positive bone marrow derived monocytes [55]. These CXCR4+ monocytes stimulate 

the formation of new blood vessels by releasing angiogenic factors, such as 

angiopoietin and VEGF-A from the perivascular area. This leads to recruitment of 

bone marrow derived endothelial and pericyte progenitor cells, which ultimately 

form the actual vasculature [55, 56].  

The survival and proliferation of cancer cells is strongly affected by their 

microenvironment. The tumor microenvironment is a very complex system 

composed of non-cancer cell types, such as endothelial cells, stromal fibroblasts, 

pericytes, immune cells, as well as connective tissue and extracellular matrix [57]. 

Both preclinical and clinical data have suggested that stromal cells secrete high 

amounts of α-chemokines, especially CXCL12.  Activation of CXCR4 receptors on 

tumor cells by CXCL12 results in stimulation of the MAPK/ERK and PI3K/AKT 

pathways, which leads to the protection of stromal cells from the toxic effects of 

chemotherapy [58]. Furthermore, activation of the CXCR4-CXCL12 signaling 

pathway stimulates tumor cell invasion and leads to strong attachment of tumor 

cells to stromal cells. This attachment is activated by the release of adhesion 

molecules such as αγβ3 integrins from the stromal cells [59].  

In addition, tumor invasion is supported by the production of matrix 

metalloproteinases (MMPs) by the tumor and stromal cells. Both CC and CXC 

chemokines can induce the production of MMPs. High levels of MMPs, especially 

MMP9, are found in most cancer types [60]. The increased production of MMPs is 

very important for the remodeling of the extracellular matrix. The activation of 

CXCL12-CXCR4 signaling can up-regulate MMP9 expression through the ERK1/2 

pathway [61].  
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Muller et al. first reported on the role of CXCR4 receptors and their ligand in breast 

cancer [62], demonstrating that CXCR4 is involved the metastasis of breast cancer 

to distinct organs, such as bone marrow, lungs, liver and lymph nodes. This 

observation was confirmed by studies in immune-deficient mice that showed that 

neutralization of CXCR4 activity by an anti-CXCR4 antibody reduced the metastatic 

burden of breast cancer cells in lungs and lymph nodes [62-64]. Besides CXCR4-

CXCL12, other chemokine-receptor pairs, such as CCR7-CCL21, CCR1-CCL1, CCR10-

CCL27, CXCR3-CXCL9 and CX3CR1-CX3CL1 also play crucial roles in tumor growth 

and metastasis in various types of human cancer (Fig-1) [63]. 

Clinical and preclinical data have suggested that treatment with CXCR4 inhibitors 

can result in reduction in the primary tumor growth rate and reduced metastasis to 

distinct organs. In some studies, however, the use of CXCR4 inhibitors alone did not 

have a significant effect on tumor growth. However, when the CXCR4 inhibitor was 

combined with chemo or radiotherapy, treatment outcome improved. Probably 

this is due to disrupting the interaction between CXCR4 and stromal cells and 

thereby increasing the sensitivity of the cancer cells to therapy [65]. The FDA has 

now approved the use of a combination of a specific targeted antibody (anti-VEGF 

or anti-HER2) with a CXCR4 antagonist in hematological tumor types. Currently, 

there are many clinical trials under investigation with CXCR4 inhibitors in 

combination with chemotherapy, radiotherapy or targeted drugs (Table-4).   

CXCR4 as a biomarker  

An increased expression of CXCR4 receptors is associated with a high risk of 

metastasis [62].  Therefore, CXCR4 could be a prognostic marker of the metastatic 

potential of the primary tumor. Increased CXCR4 expression has been seen in 

tumors during or after chemo or radiotherapy. CXCR4 could be a useful marker to 

identify tumor resistance during therapy [42, 66]. For example, chemo or 

radiotherapy patients showed less resistance to the therapy and fewer relapses of 

the tumor when they were also treated with CXCR4 inhibitors [66]. Tissue 

microarray and mRNA expression studies from both preclinical and clinical tumor 

samples have revealed a high expression of CXCR4 receptors. Tumor tissue samples 

were analyzed by immunohistochemistry (IHC).   
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Table 3: An overview of the α and β-chemokine receptors involved in human cancer.  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

The percentage of the stained cells ranged from 12–90 % depending on the tumor 

type as well as the stage of the disease [67]. In some of the metastatic tumors, the 

percentage of cells with expression of CXCR4 receptors ranged from 60-100%. 

Over-expression of CXCR4 was also monitored by real time-PCR, (Q-RT-PCR), 

western blotting, immunoblotting and microarray. These techniques also have 

revealed high variance in the percentage expression of CXCR4 depending on the 

tumor and its stages. CXCR4 is 6-10 times over-expressed in breast, renal, gastric, 

prostate, NSCLC and myeloma cancers compared to their tissues of origin [67]. 

 

 

 

 

Chemokine Receptors Cancer type 

CXCR1  Melanoma, Breast, prostate cancer 

CXCR2  Melanoma, head and neck, NSCLC, ovarian, pancreatic 

CXCR3  Breast, colorectal, acute lymphoblastic leukemia 

CXCR4  
involved in 23 different human cancer type both 
hematopoietic and solid tumors * 

CXCR5  Head and neck cancer 

CXCR6  Prostate 

CXCR7  Breast, lung, prostate 

   

CCR1  Colorectal, multiple myeloma 

CCR2  Multiple myeoloma, prostate, breast 

CCR3  T- cell leukemia, 

CCR4  T- cell leukemia,  

CCR5  Breast cancer 

CCR6  colorectal, pancreatic, multiple myeloma 

CCR7  
Breast cancer, CLL, gastric cancer, NSCLC, esophageal 
cancer, cervical Melanoma, Head and neck, colorectal, 
T cell cancer 

CCR8  Kaposi sarcoma 

CCR9  Melanoma, prostate, ovarian, breast 

CCR10  Melanoma 

   
*Breast cancer, ovarian cancer, glioma, pancreatic, prostate, acute myeloid leukemia,       
B-chronic lymphocytic leukemia, B-lineage acute lymphocytic leukemia, non-Hodgkin's 
lymphoma, intraocular lymphoma, follicular center lymphoma, multiple myeloma, thyroid 
cancer, colorectal cancer, squamous cell carcinoma, neuroblastoma, renal cancer, 
astrocytoma, rhabdomyosarcoma, small-cell lung cancer, melanoma, cervical cancer. 
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Figure-1: Chemokine receptors and their ligands are involved in cancer progression and 
metastasis. Adapted from Yan Lavrovsky [63]. 

 

Because of the role of CXCR4 receptors in the initiation and metastasis of tumors, 

the receptor has become a potential target for drug development. Elevated 

expression of CXCR4 receptors and CXCL12 secretion are associated with increased 

risk of metastasis and poor survival. Therefore, CXCR4 expression may be a 

prognostic marker in many tumors.  Administration of drugs targeting CXCR4 

receptors has been investigated as an alternative or adjuvant therapy to standard 

chemotherapy or radiotherapy. A combination of CXCR4 inhibitors with 

conventional anti-cancer therapy has improved the overall outcome of anti-cancer 

therapy in animals and has thereby opened a new horizon in treating cancer 

patients. PET or SPECT imaging of the receptor could be a valuable tool to guide 

physicians in selecting CXCR4 positive patients eligible for CXCR4 targeted 

treatment. Such an imaging method may also be useful in drug development and 

could provide more insight in the dynamics of the tumor infiltration of CXCR4 

expressing immune cells. 

 



                                                                      Chapter-1 

           25 | Page 

Table 4: Current status of CXCR4 inhibitors used in combination with chemotherapy or 
radiotherapy 

 

 

Drugs with Combination 
Treatment 
Indication 

Clinical 
phase 

Clinical 
trial 

Number 
Status 

AMD3100 (Plerixafor) + Tki 
inhibitor AC220+ HSP90 
inhibitor (Ganetespib) 

Acute Myeloid 
Leukemia and High 
Risk Myelodysplastic 
Syndrome 

Phase 1/ 
Phase 2 

NCT0123
6144 

Competed 

AMD3100 or plerixafor Neutropenia Phase 1 
NCT0105
8993 

Competed 

ALX-0651 (nanobody) Healthy volunters Phase 1 
NCT0137
4503 

terminated 

Plerixafor 
Lymphoma, 
Myeloma 

 
NCT0170
0608 

Competed 

BMS-936564 + 
Lenalidomide/Dexamethasone 
or Bortezomib/Dexamethasone   

Relapsed/Refractory 
Multiple Myeloma 

Phase 1 
NCT0135
9657 

Active 

Imatinib + BL-8040 
Chronic Myeloid        
Leukemia 

Phase 1 / 
Phase 2 

NCT0211
5672 

Active 

Plerixafor + G-CSF 
+ Mitoxantrone+ Etoposide 
+ Cytarabine 

Chemosensitation in 
Acute Myeloid 
Leukemia 

Phase 1 / 
Phase 2 

NCT0090
6945 

Active 

AMD070 
safety study in 
healthy patients 

Phase 1 
NCT0006
3804 

Competed 

Plerixafor+ Bevacizumab 
Recurrent High-
Grade Glioma 

Phase 1 
NCT0133
9039 

Active 

Plerixafor +G-CSF + Rituximab 

Relapsed  Non-
Hodgkin Lymphoma 
(NHL) or Hodgkin 
Disease (HD) 

Phase 2 
NCT0044
4912 

Competed 

Plerixafor +Bortezomib Multiple Myeloma 
Phase 1 / 
Phase 2 

NCT0090
3968 

Active 

Plerixafor+ Filgrastim 
Autologous 
Transplantation 

Phase 4 
NCT0133
9572 

Active 

TG-0054 Healthy volunteers Phase 1 
NCT0082
2341 

Competed 

MDX-1338+ BMS-936564 
Acute myeloid 
leukemia 

Phase 1 
NCT0112
0457 

Active 

Plerixafor + G-CSF  
Mobilization of Stem 
Cells in Multiple 
Myeloma Patients 

Phase 3 
NCT0010
3662 

Competed 

Plerixafor + Vinorelbine + G-CSF 
Chemotherapy and 
HSC mobilization in 
Myeloma 

Phase 2 
NCT0122
0375 

Competed 

BKT-140 Multiple myeloma  
Phase 1 / 
Phase 2 

NCT0101
0880 

Competed 

Plerixafor + Cytarabine + 
Daunorubicin 

Acute Myeloid           
Leukemia 

Phase 1 
NCT0099
0054 

Competed 

MSX-122 

Refractory 
Metastatic or Locally 
Advanced Solid 
Tumors 

Phase 1 
NCT0059
1682 

Suspended 
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Imaging of CXCR4 

A number of attempts have been made to non-invasively image CXCR4 receptors 

using nuclear imaging techniques, such as positron emitting tomography (PET) and 

single photon emitting computed tomography (SPECT) (Table-5). Both these 

imaging methods can give quantitative information about biological and 

biochemical processes in a living subject. PET and SPECT imaging requires the use 

of agents called ‘tracers’ or ‘radiopharmaceuticals’. Tracers can be e.g. small 

molecules, peptides or proteins (e.g. antibodies, affibodies, nanobodies) with a 

Plerixafor + bortezomib 
Relapsed multiple 
myeloma 

Phase 1 / 
Phase 2 

NCT0090
3968 

Active 

Plerixafor + retuximab 

Chronic lymphoid 
leukemia and small 
lymphocytic 
lymphoma 

Phase 1 / 
Phase 2 

NCT0069
4590 

Competed 

Plerixafor + sorafenib 
Acute Myelogenous 
Leukemia (AML) 
With FLT3 Mutations 

Phase 1 
NCT0094
3943 

Active 

Plerixafor + Azacitidine 
Myelodysplastic 
Syndrome (MDS) 

Phase 1 
NCT0106
5129 

Active 

Plerixafor + 
Lenalidomide +  Rituximab 

Chronic Lymphocytic 
Leukemia (CLL) 

Phase 1 
NCT0137
3229 

Active 

Plerixafor + Temozolomide + 
Radiation therapy 

Newly Diagnosed 
High Grade Glioma 

Phase 1 / 
Phase 2 

NCT0197
7677 

Active 

Plerixafor + CDX-301 
Acute Myelogenous  
Leukemia  

Phase 2 
NCT0220
0380 

Active 

Plerixafor + Decitabine 
Elderly Acute 
Myeloid Leukemia 
(AML) 

Phase 1 
NCT0135
2650 

Unknown 

Plerixafor+ Clofarabine 
Acute Myelogenous  
Leukemia 

Phase 1 / 
Phase 2 

NCT0116
0354 

Active 

Plerixafor + GZ316455 + 
Filgrastim 

Multiple Myeloma Phase 2 
NCT0222
1479 

Active 

Plerixafor + Filgrastim+ 
Rituximab + Ifosfamide + 
Carboplatin+ Etoposide 

Adult Grade III           
Lymphomatoid  
Granulomatosis; 

Phase 2 
NCT0109
7057 

Competed 

Plerixafor + Ronacaleret Healthy volunteers Phase 1 
NCT0180
2892 

Competed 

Plerixafor+ Radiation therapy + 
Filgrastim + Carmustine + 
Temozolomide 

Adult Giant Cell         
Glioblastoma 

Phase 1 / 
Phase 2 

NCT0066
9669 

Suspended 

Plerixafor + Fludarabine 
+Idarubicin + Cytarabine + GCSF 

Acute Myeloblastic   
Leukemia 

Phase 1 / 
Phase 2 

NCT0143
5343 

Recruiting 

Plerixafor + Clofarabine + 
Cytarabine+Busulfan+Cyclophos
phamide+ antithymocyte globul
in (rabbit)+Tacrolimus+Mycoph
enolate mofetil 

Acute Lymphoblastic 
Leukemia;    
Acute Myelocytic      
Leukemia 

Phase 2 
NCT0162
1477 

Recruiting 
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well-defined mode of action (e.g. receptor ligand, enzyme substrate, transporter 

substrate). Tracers are labeled with a suitable positron or gamma photon emitting 

radionuclide. The commonly used PET radionuclides are carbon-11 (20 min), 

gallium-68 (68 min), fluorine-18 (110 min), copper-64 (12.7 h), zirconium-89       

(78.4 h) and iodine-124 (100.3 h). Some of the positron emitters have very short 

half-lives and hence they need to be produced on-site with a cyclotron or a 

generator. Other positron emitters have a sufficiently long half-life to be 

transported to other sites. Widely used SPECT radionuclides are technium-99          

(6.02 h), indium-111 (2.08 d), and iodine-123 (13.22 h). The radiolabeled tracers are 

injected into a patient, healthy volunteer or experimental animal. After distribution 

of the tracer, an emission scan is performed of the region of interest or the whole 

body. The tracer injection contains only very small amounts (nano or picomoles) of 

the radiopharmaceutical and hence it is devoid of any pharmacological activity. The 

tracers decay by emitting radiation; they emit either a positron (β+) or a gamma (γ) 

photon. In PET, a positron (positively charged electron, β+) is ejected by the 

radioactive nucleus. After having traveled through tissue for less than one 

millimeter, the positron undergoes annihilation with an electron. This results in the 

emission of two photons of equal energy (511 keV) in opposite directions. The 

emitted photons can be measured by rings of detectors consisting of scintillation 

crystals coupled with photomultiplier tubes. PET utilizes simultaneous detection of 

the two photos (coincidence detection) to determine the location of the source. On 

the other hand, SPECT uses radionuclides that emit a gamma photon and this 

photon can be measured by the gamma or SPECT camera. SPECT and planar 

scintigraphy use a camera equipped with a collimator in order to detect only those 

photons that have parallel trajectory. The radiation will be detected by the PET or 

SPECT camera and the processed into sinograms followed by 3D images of the 

tissues or organs [68]. PET is more sensitive (2-3 folds), has better quantification 

possibilities and has a higher spatial resolution than SPECT [69]. 

Non-invasive imaging modalities can provide a better understanding of the role of 

receptors, transporters and enzymes in health and disease. For example, an in vivo 

imaging tool might be helpful to identify patients with tumors expressing high 
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levels of the CXCR4 receptor, which are likely to respond to CXCR4 based therapies. 

Such a tool can also be utilized for early diagnosis and treatment monitoring of 

CXCR4 positive tumors. In addition, these tools can be useful in drug discovery, for 

example to determine receptor occupancy [70].  Several PET and SPECT based 

imaging probes for CXCR4 expression have been evaluated in animal cancer models 

(Table-5). Commonly available CXCR4 imaging agents can be broadly classified into 

four types: small molecule antagonists, T140 peptide-derived inhibitors, FC131 

cyclic pentapeptides and proteins [67, 71]. 

Aim and outline of this thesis 

The aim of this thesis is to develop and validate a new SPECT or PET based 

radiotracer for the in-vivo assessment of CXCR4 receptor expression in tumors. For 

this purpose, we labeled the small molecule CXCR4 antagonists AMD3100 and 

AMD3465 with a gamma or positron emitting isotope and evaluated them in tumor 

bearing animal models. AMD3100 was approved by the FDA for the treatment of 

HIV and mobilization of stem cells, whereas AMD3465 is still undergoing pre-clinical 

evaluation. Recent studies describe the application of these CXCR4 antagonists as 

(adjuvant) treatment in cancer patients. This thesis describes the radiosynthesis of 

two candidate radiopharmaceuticals for CXCR4 imaging and their in-vitro 

evaluation, including determination of in-vitro stability and binding studies in 

CXCR4 positive cells. In-vivo validation of the new candidate tracers was carried out 

in tumor bearing mice and rats. One of the new tracers was applied for response 

monitoring in tumor bearing mice that were treated with local irradiation, 

vaccination or administration of CXCR4 inhibitors. In addition, we explored whether 

the treatment-induced changes in CXCR4 expression were correlated with 

infiltration of immune cells in the tumor. For this purpose, we used PET imaging 

with radiolabeled interleukin-2 (IL-2), which binds to IL-2 receptors that are 

overexpressed on activated T lymphocytes.   
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Table 5: Overview of CXCR4 imaging probes for nuclear or optical imaging [67, 71]. 

PET and SPECT based 
Tracer 

Structure 
IC50 

(nM) 
Current 
status 

Ref 

Small molecular 
antagonist 

    

AMD3100 
derivatives 

NNH

NHNH

N

NHNH

NH

 

75   

64Cu-AMD3100 
N

+
N

NN

N

NHNH

NH
Cu

3-

 

11 
Approved 
for clinical 

trials 

72-
73 

99mTc-AMD3100 

 

NN

N
+

N

N
+

N N

N

Tc
4-

Tc
4-

O

O
(n)

(n)

 

- pre-clinical 74 

AMD3465 
derivatives 

NNH

NHNH

NH

N

 

18   

64Cu-AMD3465 
N

+
N

NN

NH

N

Cu
3-

 

- pre-clinical 75 

N-[11C]CH3-AMD3465 

NNH

NHNH

N

N

CH3

11

 

- pre-clinical 76 

M508Cl derivatives 

N
N

NH NH

N

N
NH

N

O

R

F

 

0.8± 
0.13 

 77 

[18F]M508F  - pre-clinical  

MSX-122  N

N

NH

NH

N

N

R

 

10   

[18F]MSX-122F  - pre-clinical 78 
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T140   derivatives   

   

4-[18F]-FBz-T140  2.5 pre-clinical 79 

64Cu-DOTA-T140  68 pre-clinical 80 

64Cu-NOTA-T140  138 pre-clinical 80 
64Cu-T140-2D  2.41±0.08 pre-clinical 81 

In-DTPA-4-FBz-T140  14±1.0 pre-clinical 82 

     

Ac-TZ1400 
derivatives 

 

   

125I-IB-Ac-TZ14011  - pre-clinical 83 

111In-DTPA-Ac-
TZ14011 

 
7.9 pre-clinical 84 

68Ga-DOTA-4-FBz-
TN14003 

 
1.99±0.31 pre-clinical 85 

dimer (Ac-
TZ14011)2-111In 

 
- pre-clinical 86 

tetramer (Ac-
TZ14011)4-111In 

 
- pre-clinical 86 

     

FC131 derivatives  

   

68Ga-FC131-
monomer 

 
- pre-clinical 78 

125I-FC131  - pre-clinical 87 

68Ga-FC131-dimer  5±1 pre-clinical 88 

In-DOTA-(CPCR4-2)2  13±5 pre-clinical 88 

68Ga-DOTA-(CPCR4-
2)2- dimer 

 
- pre-clinical 88 

Proteins     

125I-SDF-1 
 
 
 
 
 

 

0.35-0.60 pre-clinical 89 
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Chapter 2 concerns the development of [99mTc]O2-AMD3100 as a SPECT tracer for 

CXCR4 receptors imaging. Besides the radiolabeling of the tracer, the in-vitro and 

in-vivo characterization is described. In search for a better tracer for CXCR4 

receptor imaging, we decided to develop a PET tracer rather than a SPECT probe, 

due to the greater intrinsic sensitivity, more accurate quantification and higher 

spatial resolution of PET. For this purpose, AMD3465 was radiolabeled with   

125I-12G5  

- pre-clinical 90 

99mTc-MAS3-SDF-1  - pre-clinical 91 

14C-SDF-1  - pre-clinical 92 

Luminescent based tracer     

Cu-RITC-azamarocycle   pre-clinical 93 

RITC-azamacrocycle   pre-clinical 93 

Zn-L1  3400 pre-clinical 93 

Ac-TZ14011-IR783  - pre-clinical 86 

IR-(Ac-TZ14011)  - pre-clinical 86 

Ac-TZ14011-Cy5   pre-clinical 86 

Ac-TZ14011-Ahx-Alex488  267±19 pre-clinical 86 

Ac-TZ14011-Ahx-Flu  26±2.4 pre-clinical 86 

Ac-TZ14011-Ahx-TAMRA  14 pre-clinical 94 

Ac-TZ14011-Alex488  8.1±3.5 pre-clinical 84 

Ac-TZ14011-Flu  16±0.8 pre-clinical 84 

Ac-TZ14011-FITC  - pre-clinical 84 

TAMRA-FC131  119 pre-clinical 95 

SDF-1AF647   pre-clinical 96 

SDF-1-IRDye   pre-clinical 96 

800CW   pre-clinical 96 

CXCL12-IR Dye800CW   pre-clinical 96 

multi-modality agents     

Ac-TZ14011-MSAP-111In   pre-clinical 84 

(Ac-TZ14011)2-MSAP-111In   pre-clinical 86 

(Ac-TZ14011)4-MSAP-111In   pre-clinical 86 

dimer TAMRA-FC131-
(Pro)18-FC131 

 
 pre-clinical 95 
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carbon-11. AMD3465 is a selective CXCR4 antagonist with higher affinity for the 

receptor than AMD3100.  

In chapter 3, the radiosynthesis and evaluation of N-[11C]methyl-AMD3465 is 

described. The in-vitro evaluation includes assessment of the stability of the tracer 

in plasma and in the presence of liver microsomes and its binding to CXCR4 positive 

tumor cells. In-vivo validation of tracer was carried out in C6 tumor-bearing rats.  

Pharmacokinetic modeling of N-[11C]methyl-AMD3465 uptake in a C6 tumor rat 

model is described in Chapter 4. Plasma and tumor kinetics were studied using 

Logan graphical analysis and compartmental modeling. Furthermore, we assessed 

whether the CXCR4 occupancy by the drug Plerixafor® (AMD3100) could be 

measured with this PET tracer. 

In Chapter 5, N-[11C]methyl-AMD3465 PET was successfully used to monitor the 

effect of treatment on CXCR4 expression in the tumor. Cancer immunotherapy is a 

breakthrough in cancer management and known to modulate the expression of 

receptors and cytokines that stimulate infiltration of immune cells into tumors. For 

this purpose, the effect of radiotherapy and immune therapy by vaccination was 

studied in female C57BL/6 mice inoculated with TC-1 cells as a model for HPV-

positive cervical cancer.  

The changes of CXCR4 density observed in chapter 5 could be due to either 

overexpression of CXCR4 receptors by the tumor cells or by infiltration of CXCR4 

expressing immune cells.  Therefore, we used another PET method to monitor the 

infiltration of T cells. Hence, we labeled the cytokine IL-2 with fluorine-18.      

[18F]FB-IL-2 binds to the heterodimeric IL-2 receptor that is overexpressed by 

lymphocytes and can therefore be applied to monitor the tumor infiltration of 

activated T cells. Chapter 6 describes the results of a study, in which [18F]FB-IL-2 

PET was used to evaluate T cell infiltration of a TC-1 tumor in mice that were 

treated with radiotherapy, vaccination or the CXCR4 antagonist AMD3100. 

Interleukin-2 (IL-2) is a cytokine that is used as treatment for cancer, because it can 

stimulate the cytotoxic immune cells to attack the tumor cells. Unfortunately, IL-2 

can also cause serious toxicity. Recently, a quadruple mutant of IL-2 (IL-2v) with 
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enhanced stability, increased plasma half-life and less toxicity was engineered. 

Unlike wild-type IL-2, mutant IL-2v does not bind to the α-subunit (CD25R) of the  

IL-2 receptor, but only to its β subunit. In chapter 7, the radiolabeling of mutant    

IL-2v with fluorine-18 and its evaluation in-vitro and in rodent models is described. 

The pharmacokinetic properties and specific binding of [18F]FB-IL-2v were studied in 

rats inoculated with activated human peripheral blood mononuclear cells and the 

results were compared with those of naïve [18F]FB-IL-2.  

Finally, chapter 8 summarizes the whole thesis and provides some future 

perspectives.  
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