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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, 



                                                                      Chapter-1 

           21 | Page 

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. 
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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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ABSTRACT 

CXCR4 plays an important role in HIV infection, tumor progression, neurogenesis, 

and inflammation. In-vivo imaging of CXCR4 could provide more insight in the role 

of this receptor in health and disease. The aim of this study was to investigate 

[99mTc]O₂-AMD3100 as a potential SPECT tracer for imaging of CXCR4. AMD3100 

was labelled with sodium [99mTc]pertechnetate. A cysteine challenge assay was 

performed to test the tracer stability. Heterologous and homologous receptor 

binding assay and internalization assay were performed in CXCR4 expressing   

Jurkat-T cells. Ex vivo biodistribution was studied in healthy mice at 30, 60, and 120 

min after tracer injection. Tumor uptake of the tracer was determined by 

microSPECT imaging in nude mice xenografted with human PC-3 prostate tumor. 

Specific uptake of tracer was determined by blocking studies using an excess of 

unlabelled AMD3100. AMD3100 was labelled with technetium-99m with a 

radiochemical yield of >98%. The tracer was stable in PBS and mouse plasma for at 

least 6 h at 370C. Heterologous and homologous binding assays with AMD3100 

showed IC50 values of 240 ± 10 μM, and 92 ± 5 μM for [125I]SDF-1α and          

[99mTc]O₂-AMD3100 respectively, with negligible receptor internalisation. The 

tracer showed high uptake in liver, lungs, spleen, thymus, intestine and bone. 

Blocking dose of AMD3100.8HCl (20mg/kg) decreased the uptake in these organs 

(p<0.05). [99mTc]O2 -AMD3100 showed specific tumor accumulation in mice bearing 

PC-3 xenografts model. Time activity curves (TAC) in AMD3100 pre-treated animals 

tracer showed 1.7 times less tumor uptake as compared to control animals 

(p<0.05).  [99mTc]O2-AMD3100 is readily labelled, is stable in plasma and displays a 

favourable binding affinity for the CXCR4 receptors. [99mTc]O2-AMD3100 shows 

specific binding in organs with high CXCR4 expression and in CXCR4 positive 

tumors. These results justify further evaluation of this radiopharmaceutical as a 

potential biomarker for the non-invasive imaging of CXCR4 receptors. 
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INTRODUCTION 

The chemokine receptor 4 (CXCR4) is a member of the α-chemokine family and 

belongs to a larger superfamily of receptors known as G protein coupled receptors     

(GPCRs). Stromal cell-derived factor 1α (SDF-1α/CXCL12) is the natural ligand for 

CXCR4 receptors. CXCR4 is widely expressed by hematopoietic and non-

hematopoietic cell types, including T cells, B cells, neutrophils, monocytes, 

CD34+ cells, endothelial cells, neurons, and astrocytes. CXCR4 and CXCL12 play an 

important role in the regulation of leukocyte trafficking, hematopoiesis, 

angiogenesis, cancer, and viral pathogenesis [1-7]. In addition, CXCR4 and its 

cognate ligand are also expressed in the brain, where they are involved in 

development, migration, differentiation, neuroplasticity and proliferation of glia 

and neuronal cells. Recently, possibility has been raised that CXCR4 and CXCL12 

might act as neurotransmitter or neuromodulator [8-10].  Both CXCR4 and CXCL12 

knockout mice show loss of functioning B cells, vascularisation, and abnormal 

development of brain areas such as hippocampus, neocortex, and cerebellum [3, 

11, 12]. 

CXCL12 and its receptor CXCR4 mediate the recruitment of immune cells to sites of 

inflammation and infection. Consequently, they are upregulated in several disease 

conditions, including allergy, infectious diseases, atherosclerosis, multiple sclerosis, 

rheumatoid arthritis, and psoriasis [13-15]. CXCR4 and CCR5 were discovered to 

serve as the principal co-receptors that mediate the entry of the human 

immunodeficiency virus (HIV) into the immune cells [16]. It has been proposed that 

HIV-induced neuronal death and dementia could be mediated by CXCR4 as HIV    

co-receptors [17-19]. The expression of CXCR4 receptors in various physiological 

and pathological conditions makes them potential candidates for drug 

development. 

Apart from their role in immune response and infection, CXCR4 receptors also play 

a significant role in tumor growth and metastasis. More than 20 different kinds of 

human tumors overexpress CXCR4 and CXCL12 [6, 20-22]. An increased expression 

of CXCR4 and its ligand CXCL12 is associated with a high risk of metastases [23-25]. 

This could make CXCR4 an important biomarker to identify primary tumors that are 

http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0005
http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0080
http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0085
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likely to metastasize [26, 27]. Furthermore, the overexpression of these chemokine 

receptors can play a role in the metastatic destination of tumor cells [28, 29]. 

Inhibition of CXCR4/CXCL12 signalling resulted in reduced metastatic potential in 

various animal tumor models [30-32]. As a consequence, a number of CXCR4 

inhibitors are now under clinical investigation. 

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

CXCR4 in health and disease. For example, an in vivo imaging tool might be helpful 

to identify patients with tumors expressing high levels of the CXCR4 receptor, thus 

likely to respond to CXCR4 based therapies. Such a tool can also be utilised for early 

diagnosis and treatment response monitoring of CXCR4 positive tumors. A number 

of attempts have been made to non-invasively image CXCR4 receptors, using 

nuclear imaging techniques. As a result, several positron emitting tomography 

(PET) and single photon emitting computed tomography (SPECT) based imaging 

probes for CXCR4 expression have been evaluated in animal cancer models [33-37]. 

AMD3100 is a specific and selective CXCR4 receptor antagonist; it is a prototype 

non-peptide, small molecule inhibitor [38]. AMD3100 has been used in clinical trials 

as an anti-HIV therapy [39]. In addition, it was shown to be an effective mobiliser of 

hematopoietic stem cells in healthy volunteers and in multiple myeloma and non-

Hodgkin’s lymphoma patients [40, 41]. Furthermore, AMD3100 effectively inhibits 

autoimmune collagen-induced arthritis, neuroinflammation and asthma in animal 

models [42]. Compelling evidence suggests that the aspartic acid residues Asp171 

and Asp262 of CXCR4 play a key role in the interaction between receptors and 

AMD3100 [43]. Recently, a brief communication on imaging of CXCR4 by SPECT 

agent [99mTc]O2-AMD3100 was published, but proper in-vitro and in-vivo evaluation 

has not been described so far [44]. In this paper, we report the radiolabeling and 

quality control of [99mTc]O2-AMD3100. Furthermore, we describe here the in-vitro 

and in-vivo evaluation of [99mTc]O2-AMD3100 as a SPECT tracer for CXCR4. 
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MATERIALS AND METHODS 

All the reagents and solvents were purchased from Sigma Aldrich chemical 

company and used without further purification. 1H NMR was acquired with a Varian 

Oxford 400 MHz NMR instrument. Recombinant CXCL12 was purchased from R&D 

System. Na[99mTc]O4 was produced by elution of the 99Mo/99mTc generator 

according to the manufacturer’s instructions. Carrier-free sodium iodide [Na125I] in 

phosphate buffer was obtained from MDS Nordion. AMD3100 octahydrochloride 

hydrate (AMD3100.8HCl) was prepared according to a method previously described 

in the literature [35, 38, 45, 46]. 

Labelling of AMD3100 with Na99mTcO4 

Radiolabeling of AMD3100 was performed with sodium [99mTc] pertechnetate in 

the presence of stannous chloride (SnCl2). In brief, 10 μL of the AMD3100 solution 

(10 mg/mL in H2O) and 300 μl of SnCl2.2H2O solution (1 mg/mL in water) were 

prepared freshly and added to the reaction vial. The pH of the solution was 

adjusted to 7.2 with 1 M sodium citrate buffer (~ 5 μL). Sodium[99mTc] 

pertechnetate (400 MBq) was added to the mixture and incubated for 20 min at 

room temperature [44]. For the determination of conversion and radiochemical 

purity, samples were analysed by radio-thin layer chromatography (RTLC) using 

Whatman paper No. 3. RTLC analyses were performed using 0.9 % NaCl, methyl 

ethyl ketone (MEK) or ammonia: water: ethanol (1:5:5) as the mobile phase. To 

obtain the optimum labelling yield of the [99mTc]O2-AMD3100 complex, the reaction 

conditions were optimised for different parameters, such as the concentrations of 

AMD3100 and SnCl2, incubation period and the pH of the reaction mixture. The 

tracer was diluted with PBS (pH 7.4) to obtain the required concentration for cell 

and animal experiments (Fig-1). 

Labelling of [125I] SDF-1α 

[125I]SDF-1α was prepared by reaction of SDF-1α with sodium [125I] iodide in the 

presence of N-bromosuccinimide (NBS) as a mild oxidizing agent [47]. Prior to 

iodination, the SDF-1α was dissolved in PBS at a final concentration of 1 mg/mL. 

The NBS solution in water (0.25 mg/mL) was prepared freshly. The reaction mixture 

http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0220
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was prepared by mixing 50 μL of SDF-1α (5 μg), 25 μL tris buffer (pH 7.4), 20 μL 

(40 MBq) sodium [125I]iodide and 10 μL of freshly prepared NBS. The mixture was 

vortexed for 30 s and allowed to stand for 5 min at room temperature. After the 

reaction was stopped by dilution with PBS, the labelled protein was separated from 

free [125I]iodide using a PD-10 size exclusion cartridge (GE, Healthcare) that was         

pre-conditioned with PBS. The column was eluted with PBS and the fraction with 

maximum amount of radioactivity was collected and stored for further use. The 

percentage of free [125I] iodide was determined using a trichloroacetic acid (TCA) 

precipitation assay. The percentage of free [125I] iodide was found to be less than 

1%. 

Partition co-efficient 

To a mixture of 0.5 mL n-octanol and 0.5 mL of sterile water, 10 μL of the tracer 

solution was added, and the biphasic solution was mixed well. The mixture was 

incubated at 370C for 1 h and subsequently centrifuged at 3000 rpm for 5 min. 

100 μL aliquots were collected from each layer and radioactivity was counted in a 

γ-counter (Compugamma CS1282, LKB-Wallac, Turku, Finland). The log value of the 

octanol–water partition coefficient is reported as the average of three independent 

experiments. 

In-vitro stability 

The stability of the [99mTc]O2-AMD3100 complex was measured by diluting a 

solution containing more than 98% pure [99mTc]O2-AMD3100 complex with PBS or 

mouse plasma. For this purpose, fresh blood samples were collected from mice. 

After the blood was centrifuged at 3000 rpm, plasma was collected and divided into 

250 μL aliquots. 10 μL of [99mTc]O2-AMD3100 was added to 240 μL of fresh plasma 

or PBS and incubated at 370C. The percentages of free and AMD3100 bound 99mTc 

were measured at different time points (1, 2, 4, 6, and 24 h) by RTLC. In addition, a 

cysteine challenge assay was performed in order to check the in vitro stability of 

the complex. The tracer was incubated at 370C for 60 min at different cysteine to 

AMD3100 molar ratios (up to 500:1). At the end of the incubation time, the 

reaction mixture was analysed by RTLC as described above. Furthermore, stability 
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of tracer in 0.5 M NaOH and HCl was evaluated by incubating tracer up to 3 h at 

room temperature. 

Cell cultures 

The CXCR4-positive Jurkat-T and PC-3 cell lines were purchased from ATCC 

(Manassas, VA, USA). Jurkat-T and PC-3 cells were cultured in RPMI-1640 

supplemented with 10% FCS. Cells were maintained at 370C in humidified               

5% CO2 atmosphere. 

In vitro receptor binding assays 

Both heterologous and homologous competition binding assays were performed on 

Jurkat-T cells in order to test the specific binding [34-36, 48]. Cells were harvested 

and seeded in 12-well plates at a density of 106 cells per well. After 24 h, the cells 

were washed twice with PBS. The heterologous binding assay was performed by 

adding an increasing concentration of unlabelled AMD3100 in the range of            

10-6 ̶ 10-3 M to the cells, followed by incubation with 100 pM [125I]-SDF-1α in a 

1000 μL binding buffer (PBS pH 7.4, supplemented with 50 mM HEPES, 5 mM 

MgCl2, 1 mM CaCl2, 0.5% BSA) for 3 h at 40C. After incubation, cells were quickly 

washed two times with 500 μL cold binding buffer and cell-associated radioactivity 

was measured by an automated gamma counter. Similarly, a homologous binding 

assay was done using 100 nM of [99mTc]O2-AMD3100. Cells were incubated for 1 h 

at 370C in 1000 μL binding buffer (PBS containing, 5 mM MgCl2, 1 mM CaCl2, 0.5% 

BSA). The IC50 values were determined by nonlinear regression analysis, using 

GraphPad Prism 5.0. All experiments were performed in triplicate. 

Receptor internalization assay 

Jurkat-T cells were seeded in 6-well plates (106 cells per well). After 24 h cells were 

washed two times with PBS. Cells were incubated with [99mTc]O2-AMD3100 for 2 h 

at 40C. Unbound radioactivity was removed by washing with cold PBS. Cells were 

then incubated with pre-warmed binding buffer and incubated at 370C for different 

time intervals to allow for receptor internalization. The membrane bound tracer 

was removed by washing with acid buffer (50 mM glycine-HCl, 10 mM NaCl, 

pH 2.8). The cells were washed twice with ice-cold binding buffer and subsequently 
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lysed with 1 M NaOH at 370C. The lysate was collected to determine the 

internalization fraction. The radioactivity in each fraction was measured with a        

γ-counter and the percentage internalization was calculated according to the 

formula:  

% Internalization = [activity in lysate/(activity in lysate + activity in membrane 

bound fraction)] * 100%. 

Animals 

Male Balb/c mice (3–4 weeks old) were obtained from Harlan (Lelystad, The 

Netherlands). The animals were provided with standard laboratory food and water. 

All the animal studies were approved by the institutional ethics committee for 

Animal Research, of the University of Groningen (DEC protocol No. 6073A) and 

executed in accordance with the regulations of Dutch law on animal welfare. The 

immune-competent wild type Balb/c mice were used for ex vivo biodistribution to 

provide information about tracer uptake in immune-related organs, whereas 

tumors bearing male Balb/c Athymic nu/nu immune-compromised animals were 

used for in vivo SPECT imaging to demonstrate tumor targeting of the tracer. 

Human PC-3 prostate tumor cells were grafted in nude athymic Balb/c mice by 

subcutaneous inoculation, PC-3 cells (2 × 106 cells) in a 1:1 mixture of matrigel and 

RPMI-1640 medium containing 10% FCS were injected subcutaneously into the 

right front flank. Xenografts were allowed to grow during a period of 2–3 weeks; 

the tumor size was measured weekly using vernier calliper. When the tumor 

volume had reached a size of about 200 ± 25 mm3 (weight of the tumor at end of 

scan 250 ± 10 mg n = 6), the animals were used for SPECT imaging. 

Biodistribution studies 

Sixteen healthy Balb/c mice were randomly divided into four groups of four 

animals. Isoflurane (1.5% in medical air) inhalation was used as method of 

anesthesia during injection of the tracer. All groups were injected with 5-10 MBq of 

[99mTc]O2-AMD3100 via the penile vein. At 30, 60, or 120 min post injection (group 

1, 2 and 3 respectively), the animals were sacrificed and various organs of interest 

(heart, liver, spleen, lung, blood cells, bone, thymus, pancreas, small and large 
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intestine, stomach, kidney and bladder) were harvested and weighed. The 

radioactivity in these tissues was determined with a γ-counter. 

In order to determine the specific binding of the tracer, four mice (group 4) were 

injected with a blocking dose of AMD3100.8HCl (20 mg/kg, s.c) 30 min before 

injection of the radiotracer. One hour after injection of the tracer, the animals were 

sacrificed. Blood and organs were collected, weighed, and counted as described 

above. Tracer uptake is expressed as a percentage of injected dose/gram of tissue 

(% ID/g). 

MicroSPECT Imaging 

Imaging experiments were performed on PC-3 xenograft bearing Athymic 

nu/nu mice (n = 6). After the animals were anaesthetized with 1.5% of isoflurane in 

medical air, [99mTc]O2-AMD3100 (60 ± 10 MBq) was injected intravenously via the 

penile vein. Immediately after tracer injection, the animals were placed in a prone 

position in a three-headed SPECT camera (MILabs, U-SPECT-II, Utrecht, The 

Netherlands) equipped with a multi-pinhole high-resolution collimator (pinhole 

diameter 0.6 mm, spatial resolution about 0.4 mm). The field of view was set to 

include the tumor and its immediate surroundings. Immediately after positioning of 

the animal, dynamic data were acquired for 60 min (12 frames, 5 min per frame). 

Subsequently, a whole body static image was collected over a period of 10 min. The 

imaging data were stored digitally in list mode. 

The SPECT imaging study was performed as a longitudinal experiment, in which 

each animal was scanned twice. On day 1, animals were investigated under 

baseline conditions. On day 2, the SPECT scan was repeated on the same animal 

after a blocking dose of unlabeled AMD3100.8HCl (20 mg/kg) was administered s.c 

30 min before tracer injection. The imaging data were acquired using the same 

procedure as described above. Only after the second scan, animals were 

terminated and tumor and other organs were collected for histopathological 

analysis. 

Images were reconstructed with U-SPECT-Rec v 1.34i3 software (MILabs, Utrecht, 

The Netherlands) with a pixel-based ordered subsets expectation maximum 

(POSEM) algorithm. The SPECT images of the tumor bearing mice were loaded in 
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the Inveon analysis software (Siemens). Regions of interest were drawn around the 

tumor on all slices that showed part of the tumor. Thus, a volume of interest was 

generated by combining the 2 dimensional ROIs. The radioactivity concentration in 

the volume of interest was measured and converted to % ID/g by correction for the 

injected dose. It is assumed that 1 mm3 of tissues equals 1 g. Results are expressed 

as mean ± SD. 

Immunohistochemistry 

Tumor and other organs from the imaging experiments were collected, snap-frozen 

in liquid nitrogen and stored in a freezer at −800C until required for further use. All 

the tissues were cut in 5-μm thick sections for HE and immunostaining. The 

sections were fixed in acetone and immersed in PBS solution containing                    

0.5% hydrogen peroxidase for 30 min to block endogenous peroxidase activity. The 

sections were then incubated in 2.5% normal serum to reduce non-specific binding, 

and then sections were incubated overnight at 40C with primary rabbit polyclonal 

anti-CXCR4 antibody (Abcam, clone 2074; Cambridge, UK) at a dilution of 1:500.     

A negative control without the primary antibody was included to check the 

specificity of the antibody. The sections were processed using standard horseradish 

peroxidase (HRP) conjugated secondary and tertiary antibody according to the 

manufacturer’s recommendations (Dako, Belgium). Diaminobenzidine (DAB) was 

used as a chromogen, and hematoxylin was used for counterstaining. After 

washing, cover slips were mounted and sections were examined under a Leica 

microscope. 

Statistical analysis 

Statistical analyses were performed using Excel 2010 (Microsoft) and GraphPad 

prism 5. All the data represent the mean ± SD, differences in tracer accumulation 

between controls and the AMD3100 treated group were analyzed using an 

unpaired two-sided student’s t-test in case of biodistribution and a paired two-

sided student’s t-test for the imaging studies. Data were considered statistically 

significant when p values were smaller than 0.05. 
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RESULTS 

Radiolabelling of AMD3100 

Although radiolabelling of macrocyclic cyclams with [99mTc] pertechnetate has been 

reported in the literature [Fig-1, 44, 49, 50]. We first aimed to optimize the labelling 

parameters for the incorporation of 99mTc into the bicyclam under reducing 

conditions. To achieve an optimum yield of [99mTc]O2-AMD3100, effects of pH, 

concentration of SnCl2 and AMD3100 were investigated. Labelling yield was 

strongly dependent on pH, as labelling efficiencies of 19% ± 3% (n = 5), 97% ± 2% 

(n = 5) and 26% ± 1% (n = 5) were obtained when a 1 M citrate buffer at pH 3, 7 and 

11 was used, respectively. The effect of stannous chloride concentration on 

radiolabeling was studied in the range of 10-5 M to10-1 M. Fig-2A shows that the 

radiolabeling yield increases with an increasing stannous chloride concentration, 

reaching a plateau at  10-3 M with a maximum yield of > 98%.  Similarly, the effect 

of AMD3100 concentration was determined using amounts of the ligand that 

ranged from 10-6 M to 10-2 M. An increasing yield was observed as a function of 

increasing concentrations of AMD3100 until a plateau was reached at 10-4 M, 

corresponding to a maximum labelling yield of >98% (Fig-2B). Under optimal 

reaction conditions (pH 7, 0.5 mM SnCl2, 0.135 mM AMD3100, reaction time 20 min 

at room temperature), a labelling yield of 98 ± 1% was achieved, with a specific 

activity of 8600±200 MBq/μM. These conditions were used for labelling of 

AMD3100 for the in-vitro and in- vivo experiments. 

 

 

 

 

 

 

 

Figure-1: Synthesis of AMD3100 and radiolabelling: Reagents and conditions (i) ethyl 

trifloroacetate, triethylamine, MeOH, room temperature, overnight (ii) α,α-dibromoxylene, 

K2CO3, CH3CN, reflux, over-night. (iii) K2CO3, methanol reflux 6hr. (iv) SnCl2, Na99mTcO₄, pH7, 

20 min RT. 

http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0220
http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0220
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0005
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0005
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0005
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0005
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Quality control and characterization of [99mTc]O2-AMD3100 

The quality control of [99mTc]O2-AMD3100 was performed by TLC using Whatman 

No. 3 paper. When 0.9% NaCl was used as the solvent, retention factors (Rf) were 

0.81 ± 0.02 for [99mTc]O2-AMD3100 and 0.86 ± 0.01 for free Na[99mTc]O4. When       

2-butanone was used as the solvent, Rf were as follows: 0.11 ± 0.06 

[99mTc]O2AMD3100 and, 0.89 ± 0.06 for free Na[99mTc]O4. In order to determine the 

presence of reduced hydrolysed technetium colloids (TcO−2), TLC was performed in 

ammonia: water: ethanol (1:5:5). The colloids remained at the origin, while the 

AMD3100 complex along with free [99mTc] pertechnetate migrated with the solvent  

 

  

 

 
 

 

 

Figure- 2: A) Labelling yield as function of SnCl2 concentration. Conditions: concentration 
AMD3100 0.135×10-3 M, pH 7, incubation time 20 min, temperature 250C. B) Labelling yield 
as function of AMD3100 concentration. Conditions: concentration SnCl2 0.5×10− 3 M, pH 7, 
incubation time 20 min, temperature 250C. 

front. After the optimisation of reaction, the formation of the colloids (TcO-2) and 

free [99mTc] pertechnetate was found to be less than 1% in total, whereas the 

amount of [99mTc]O2-AMD3100 was >99%. Hence, we decided that further 

purification of the tracer by HPLC was not required. The partition coefficient of the 

tracer was determined in a mixture of n-octanol and water. The logP value was 

found to be −2.60 ± 0.25, this indicates that the tracer is highly hydrophilic. 

The in vitro stability of the [99mTc]O2-AMD3100 complex was studied in PBS and 

mouse plasma at different time intervals. The tracer was stable in PBS and plasma 

for at least 6 h at 370C (Fig-3A). After 24 h, still 60% tracer was intact in PBS, 

whereas about 35% was still intact in mouse plasma. In addition, the stability of the 

preparation was tested in a challenge assay, in which the tracer was incubated with 
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an increasing amount of cysteine at 370C for 1 h. Negligible decomposition of 

[99mTc]O2-AMD3100 was observed when the complex was incubated with up to   

50-fold excess of cysteine. Even when the labelled complex was exposed to a      

500-fold excess of cysteine, it only released 20% of the activity (Fig-3B). 

Furthermore,   >90% of the tracer was still intact, when it was incubated with 0.5 M 

NaOH or 0.5 M HCl for 1 h at room temperature. However, there was a significant 

loss of the integrity of the tracer after 3 h of incubation (data not shown). Taken 

together, [99mTc]O2-AMD3100 was considered sufficiently stable for further 

evaluation. 

 

 

 

 

 

 

Figure-3: A) In vitro stability test of [99mTc]O2-AMD3100 in PBS and mouse plasma at 370C for 
different time points. B) Cysteine challenge assay of [99mTc]O2-AMD3100 at increasing molar 

ratio of cysteine to AMD3100 incubation 60 min at 370C.  
 
 
 

In-vitro binding and internalization 

The Jurkat-T cell line naturally expresses CXCR4 [35]. To study the binding of the 

radiopharmaceutical to CXCR4 receptor, a heterologous and a homologous binding 

assay was performed in Jurkat-T cells, using [125I]SDF-1α and [99mTc]O2-AMD3100 as 

the CXCR4 specific radioligand, respectively. Radioligand binding was plotted in 

sigmoid curves for the both radioligands as a function of increasing concentration 

of AMD3100 (Fig-4A). The measured IC50 values were 240 ± 10 μM, and 92 ± 5 μM 

for [125I]SDF-1α and [99mTc]O2-AMD3100, respectively. The binding and 

internalization assays showed that tracer binding to the cell membrane bound 

receptor reaches a plateau in 60 min (Fig-4B). In addition, there is hardly any 

cytosolic accumulation of tracer after an incubation period of 4 h, indicating that 

internalization of the receptors after binding of the tracer is negligible.  

http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0175
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0015
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0015
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0015
http://www.sciencedirect.com/science/article/pii/S096980511300019X#f0015
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Ex vivo biodistribution 

The results of the ex vivo biodistribution of [99mTc]O2-AMD3100 in healthy mice is 

shown in Fig-5A. The percentage of injected dose/gram of tissues (% ID/g) of the 

tracer was determined in various organs at 30, 60, and 120 min post injection. In 

immune-related organs with a high density of CXCR4 expressing cells, such as the 

bone (marrow), spleen, liver and thymus, tracer uptake was highest at 1 h post 

injection and decreased thereafter, with most activity being eliminated by 2 h. 

Hepatic uptake was modest, wherease accumulation in the kidney and bladder ( 6%   

 

 

 

 

 

 

Figure- 4: A) In vitro heterologous and homologous AMD3100 displacement assay with 
[125I]SDF-1α and [99mTc]O2-AMD3100, respectively. The experiment was performed in 
triplicate. B) Receptor internalization assay in Jurkat-T cells. Cells were incubated with 
[99mTc]O2-AMD3100 for 1 h at 40C. Cells were subsequently washed and warmed at 370C for 
the indicated time points to permit the internalization of receptors. 

and 58% ID/g respectively) was high, due to rapid clearance of radioactivity from 

the blood pool via renal–urinary route. Moreover, negligible accumulation was 

detected in brain and muscle. When the uptake over time was evaluated, only the 

kidney and bladder showed increased tracer uptake for at least 2 h. The 

administration of a blocking dose of AMD3100 resulted in a decrease in uptake of 

the tracer (Fig-5B) in organs such as liver (61%), intestine (72%), thymus (91%), 

spleen (62%), and bone (52%). This reduction of tracer uptake was statically 

significant (p < 0.05) in all of these organs.  
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Figure- 5: A) Biodistribution data of selected organs from the normal Balb/c mice injected 

with 5 MBq [99mTc]O2-AMD3100 and terminated at different time points. Biodistribution data 

are represented as mean ± SD of 4 animals. B) Ex vivo biodistribution and blocking studies of 

[99mTc]O2-AMD3100 in normal Balb/c mice at 1 h after tracer injection with or without 

blocking dose of AMD3100.8HCl (20 mg/kg). Data are represented as mean ± SD, *(p < 0.05), 

***(p < 0.001) statistical analysis was performed by unpaired by two-tailed students t-test. 

C) Typical radio-TLC analysis of [99mTc]O2-AMD3100 using Whatman No. 3 paper and saline as 

the eluent. Two hours post injection the tracer was found to be stable in i) plasma (98% 

intact) and ii) urine (97% intact). 

i) Plasma 

ii) Urine 

B io d is t r u b u t io n  o f
9 9 m

T c -A M D 3 1 0 0

B
lo

o
d

H
e

a
rt

L
u

n
g

B
ra

in

K
id

n
e

y

L
iv

e
r

S
to

m
a

c
h

P
a

n
c

re
a

s

S
p

le
e

n

S
.i

n
te

s
ti

n
e

L
.i

n
te

s
ti

n
e

M
u

s
c

le

B
o

n
e

T
h

y
m

u
s

A
d

re
n

a
l

S
a

li
v

a
ry

0

1

2

3

4

5

3 0  m in

6 0  m in

1 2 0  m in s

%
 I

D
/g

A )

B io d is t r u b u t io n  a n d  b lo c k in g

B
lo

o
d

H
e

a
rt

L
u

n
g

B
ra

in

K
id

n
e

y

L
iv

e
r

S
to

m
a

c
h

P
a

n
c

re
a

s

S
p

le
e

n

S
.i

n
te

s
ti

n
e

L
.i

n
te

s
ti

n
e

M
u

s
c

le

B
o

n
e

T
h

y
m

u
s

A
d

re
n

a
l

S
a

li
v

a
ry

0

1

2

3

4

5

C o n tro l (6 0  m in )

A M D 3 1 0 0 .8 H C l (2 0 m g /k g )

*

*

*

* *

***

* *

%
 I

D
/g

B )



 Chapter-2                                 

54 | Page 

When an excess of unlabelled AMD3100 was injected prior to [99mTc]O2-AMD3100 

injection, nonspecific uptake in the kidneys was increased further, indicating that 

after blocking of the receptor, a greater fraction of the injected dose is cleared via 

the kidneys. The tracer was stable in vivo, as plasma and urine analysis by TLC 

showed that the tracer remained intact in plasma (> 98%) for 2 h and was 

eliminated as intact tracer (> 97%) into the urine (Fig-5C). 

 

Immunohistochemistry 

The morphological analysis of the xenografts revealed viable tumor tissue, with a 

few cells undergoing mitosis. In order to verify the presence of CXCR4 in PC-3 

tumor xenografts, we performed immunostaining of the resected tumors. The 

moderate cytoplasmic expression of CXCR4 protein was found to be 

homogeneously distributed throughout the tumor. For comparison, 

immunohistochemistry was also performed on liver, lungs, spleen, intestine and 

pancreas. Staining reveled a strong to moderate homogenous expression of CXCR4 

in liver, lung, intestine and spleen, but not in the pancreas. The tissues that 

expressed CXCR4, as determined by immunohistochemistry also showed specific 

tracer uptake in the ex-vivo biodistribution study (Fig- 6). 

 

 

 

 

 

 

 

 

 

Figure- 6: Immunohistochemistry demonstrating the expression of CXCR4 protein in various 
organs: i) PC-3 tumor, ii) liver, iii) lung iv) spleen v) small intestine and vi) pancreas. All the 
tissues were found to be positive whereas pancreas showed negative. 
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SPECT Imaging 

Typical [99mTc]O2-AMD3100 small animal SPECT images of mice bearing PC-3 tumors 

are presented in Fig-7. Based on the biodistribution studies, a dynamic scan of 

60 min of the tumor region was acquired, followed by a 10 min whole body scan. 

Scans were acquired with and without prior administration of an excess of 

unlabelled AMD3100. Prominent accumulation of tracer was seen in the tumor in 

all the frames of the dynamic SPECT scan in the absence of a blocking agent. In 

addition, high uptake was also seen in liver, spleen, and lungs. Injection of an 

excess of the blocking agent prior to tracer injection reduced the uptake in tumor 

and other CXCR4 positive organs, while kidneys remained visible. 

 

 

 

 

 

 

 

 

Figure-7: CXCR4 imaging in PC-3 tumor xenografts bearing mice with [99mTc]O2-AMD3100. 
Tracer was injected through penile vein, and whole body images were acquired at 70 min 
post injection. Coronal view of an athymic nude mice bearing a tumor, A) control SPECT of a 
control animal B) digital image of control animal. C) SPECT image after administration of a 
blocking dose of AMD3100.8HCl (20 mg/kg). D) Digital image of the blocked mice. Arrow 
indicates the tumor. E) Time-activity curves of PC-3 tumors in tumor-bearing mice, acquired 
by SPECT between 5 and 60 min post injection of [99mTc]O2-AMD3100. The ROI values were 
corrected for the injected dose and converted to % ID/g and expressed as mean ± SEM of 5 
animals, * (p< 0.05). 
 

Time activity curves were generated from the SPECT images, regions of interest 

(ROIs) were drawn around the tumors and the amount of radioactivity in the ROIs 

was quantified and converted to % ID/g. The data showed a different kinetic 

behaviour of the tracer in tumor between control and AMD3100-treated mice   

(Fig-7E). In the tumor of control mice, the highest accumulation of the tracer was 

reached within 5 min post injection, subsequently activity decreased exponentially. 
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In case of AMD3100-treated animals, the initial tracer uptake was lower than in 

controls, but the tracer showed similar washout. The difference in tracer uptake 

between both groups of animals was statistically significant at all the time points 

(p < 0.05). Furthermore, the area under the curve (AUC) of the control tumor       

(5–60 min) was 11.1 ± 2.4 min, which is significantly higher than the AUC of the 

AMD3100-treated tumor 6.6 ± 1.6 min (p <0.05). 

DISCUSSION 

Because of its availability from generator systems and the relative easy of 

radiometallation chemistry, the SPECT agent 99mTc has gained wide interest in the 

field of radiopharmaceutical chemistry. In this study, we aimed to radiolabel the 

drug AMD3100 with 99mTc and evaluate it as a potential tracer for SPECT imaging. 

After optimization of the procedure, AMD3100 was readily labelled, giving 

[99mTc]O2-AMD3100 in high yield. The AMD3100 has cyclam ring which is similar to 

the DOTA or NOTA ring structure and suitable for the radiometal chemistry. 

Recently, a copper [64Cu] labelled AMD3100 has been evaluated as a PET tracer 

[35,37]. However, the radiosynthesis was relatively time-consuming and in-vitro 

binding assay in Jurkat cells resulted in IC50 value in micromolar range. Generally, 

the copper complexes are thermodynamically unstable and are more prone to 

release the metal ion in vivo; as a result most of copper binds to plasma protein 

and give high background. 

We anticipated that the incorporation of the 99mTc metal ions into the cyclam ring 

would increase the binding affinity of the AMD3100 towards CXCR4. However, the 

in vitro binding study showed nearly a 3 fold higher IC50 value in the homologous 

binding assay with [99mTc]O2-AMD3100, in comparison to the reported values for 

[64Cu]2 +-AMD3100 [35]. In line with this it was demonstrated that the incorporation 

of a transition metal ions, such as Ni2 +, Zn2 + and Cu2 +, into the macrocyclic rings of 

cyclams and bicyclams enhances the binding affinity for the CXCR4 receptors by 50, 

36 and 7 fold respectively, whereas incorporation of bigger metal ions, such as 

Pd2 +, decreases the binding affinity of AMD3100 [43]. This may be the reason for 

the reduced IC50 values in the homologous binding assay, as compared to the 

Cu2 + complex. Since Cu2 +increases the binding affinity of AMD3100 to CXCR4 by 7 
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fold, the 3 fold decrease in IC50 of [99mTc]O2-AMD3100 compared to the 

Cu2 + complex indicates that incorporation of TcO+
2 still increases the binding 

affinity of labelled AMD3100 compared to free AMD3100. Thus, we anticipated 

that the binding affinity of [99mTc]O2-AMD3100 is sufficient to warrant further 

evaluation in vivo. 

Our tracer was found to be stable both in vitro and in vivo. The transchelation to 

cysteine is a principle main reason for in vivo instability of most of 99mTc-labelled 

tracers. In our case, the [99mTc]O2-AMD3100 was stable even at higher molar ratio 

of cysteine and displayed thermodynamical stability. The uptake of tracer was 

observed in liver, bone marrow, lymph nodes, spleen, intestine and thymus. It has 

been reported that these organs express relatively high levels of the CXCL12 ligand, 

and consequently accumulate high number of CXCR4-positive cells, such as 

hematopoietic stem/progenitor or immune cells. CXCR4 expression in these organs 

was confirmed by immunostaining [25,50-55]. The blocking experiment shows that 

accumulation in these tissues was specific. Moreover, we observed negligible tracer 

uptake in the brain, even though brain has relatively high expression of CXCR4 

receptors, which is due to the polar nature of the tracer [9]. The tracer uptake in 

most CXCR4 poor organs decreased with time, with the exception of kidney and 

bladder. This indicates that the tracer was mainly excreted via the renal pathway, 

as could be expected based on its high hydrophilicity. After 2 h, most radioactivity 

was cleared from the body as intact tracer, as no radioactive metabolites were 

found in urine. Previous preclinical studies have also shown that, the native 

AMD3100 has fast pharmacokinetics and is eliminated unchanged through the 

renal route [40, 56]. 

Based on the biodistribution data, an imaging study was performed in prostate 

tumor xenografted mice. We selected the PC-3 prostate cancer model, because this 

tumor cell line has constitutive expression of CXCR4 receptors [57]. The moderate 

basal expression of CXCR4 in these cells better reflects the normal physiology in a 

clinical situation than the genetically engineered tumors with high overexpression 

of CXCR4 that are frequently used in this field of research. SPECT imaging could 

clearly visualize the accumulation of the tracer in the tumor. The imaging study also 

http://www.sciencedirect.com/science/article/pii/S096980511300019X#bb0250
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demonstrated the [99mTc]O2-AMD3100 uptake was specifically receptor mediated, 

as the accumulation was blocked by an excess of cold AMD3100. The specific 

accumulation of the tracer in tumor tissue was supported by immunostaining of 

tumor sections, showing homogenous CXCR4 expression in the tumor. Tumor time–

activity curves of the control and AMD3100-treated animals also confirmed specific 

binding of [99mTc]O2-AMD3100, as the AUC of the control tumors is 1.7 times higher 

when compared to the AUC of AMD3100 saturated tumors (p <0.05). Apart from 

the tumor, a high uptake of the tracer was also observed in liver and lungs, due to 

the relatively high basal expression of CXCR4 in these organs, indicating that 

[99mTc]O2-AMD3100 may not be suitable for diagnosis of lung and liver metastasis. 

Ex vivo biodistribution data of the previously published [64Cu]2 +-AMD3100 were 

slightly different from the data for [99mTc]O2-AMD3100 obtained in our study, 

indicating that the radio-isotope does affect the in vivo properties of the tracer. For 

[64Cu]2 +-AMD3100, accumulation of tracer increased over a longer period of time in 

all tissues especially in the liver and lymph nodes (up to 6 h), whereas accumulation 

of [99mTc]O2-AMD3100 reaches a maximum at 1 h. This might be explained by the 

lower binding affinity of the technetium complex and a faster clearance rate [35]. 

 

CONCLUSION 

The ex-vivo biodistribution and SPECT studies have revealed that                        

[99mTc]O2-AMD3100 primarily accumulates in organs with high expression of CXCR4 

and that in vivo tracer accumulation in these organs is specific. In addition, the 

tracer is easy to prepare and technetium-99m is widely available and inexpensive. 

These aspects justify further evaluation of this radiopharmaceutical as a potential 

marker for the non-invasive imaging of CXCR4 receptors. 
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ABSTRACT 

The chemokine receptor CXCR4 and its ligand CXCL12 play an important role in 

tumor progression and metastasis. CXCR4 receptors are expressed by many cancer 

types and provide a potential target for treatment. Non-invasive detection of 

CXCR4 may aid diagnosis and improve therapy selection. It has been demonstrated 

in preclinical studies that position emission tomography (PET) with a radiolabelled 

small molecule could enable noninvasive monitoring of CXCR4 expression. Here, we 

prepared N-[11C]methyl-AMD3465 as a new PET tracer for CXCR4.  N-[11C]methyl-

AMD3465 was readily prepared by N-methylation with [11C]CH3OTf.  The tracer was 

obtained in a 60±2% yield (decay corrected), the purity of the tracer was >99% and 

specific activity was 47±14 GBq/µmol. Tracer stability was tested in-vitro using liver 

microsomes and rat plasma; excellent stability was observed. The tracer was 

evaluated in rat C6 glioma and human PC-3 cell lines. In vitro cellular uptake of      

N-[11C]methyl-AMD3465 was receptor mediated. The effect of transition metal ions 

(Cu2+, Ni2+ and Zn2+) on cellular binding was examined in C6 cells and the presence 

of these ions increased the cellular binding of the tracer 9, 7 and 3 fold, 

respectively. Ex-vivo biodistribution and PET imaging of N-[11C]methyl-AMD3465 

were performed in rats with C6 tumor xenografts. Both PET and biodistribution 

studies demonstrated specific accumulation of the tracer in the tumor                     

(SUV 0.6±0.2) and other CXCR4 expressing organs, such as lymph node (1.5±0.2), 

liver (8.9±1.0), bone marrow (1.0±0.3), and spleen (1.0±0.1). Tumor uptake was 

significantly reduced (66%, p<0.01) after pre-treatment with Plerixafor (AMD3100). 

Biodistribution data indicates that a tumor-to muscle ratio of 7.85 and tumor- to 

plasma ratio of 1.4, at 60 min after tracer injection.  Our data demonstrated that  

N-[11C]methyl-AMD3465 is capable of detecting physiologic CXCR4 expression in 

tumors and other CXCR4 expressing tissues. These results warrant further 

evaluation of N-[11C]methyl-AMD3465 as a potential PET tracer for CXCR4 receptor 

imaging.  
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INTRODUCTION 

The chemokine receptor 4 (CXCR4) is overexpressed in more than 20 different 

human cancers [1, 2] and was shown to be an independent prognostic factor in 

several types of cancer [3]. CXCR4 and its ligand stromal cell derived factor 1α 

(CXCL12) play a pivotal role in tumor cell homing and metastasis. The organs with 

highest CXCL12 expression represent the first metastatic locations of CXCR4 

expressing tumors. This phenomenon can be ascribed to CXCL12-induced 

chemotaxis, which stimulates the migration of CXCR4 receptor expressing tumor 

cells towards its concentration gradient [4]. Inhibition of the CXCR4 mediated 

chemotaxis with e.g. monoclonal antibodies or CXCR4 antagonists could 

significantly reduce the metastatic potential of the tumor and improve survival 

[5,6]. CXCR4 antagonists can also be used to sensitize tumor cells, as these 

antagonists can disrupt CXCR4-dependent tumor-stromal interactions. In several 

cancer models, better response was achieved when conventional chemotherapy 

and/or radiotherapy was combined with a CXCR4 inhibitor, such as AMD3100 

(Plerixafor) [7-9]. Considering the above, early detection of CXCR4 receptor 

expression in the tumor may be useful as a prognostic factor or biomarker to select 

patients eligible for treatment with CXCR4 antagonists, provided that a suitable 

diagnostic tool is available. Our goal is to develop a diagnostic imaging agent that 

allows detection of CXCR4 expression with high specificity and sensitivity. Recently, 

we reported [99mTc]O2-AMD3100 as a probe for SPECT imaging of CXCR4 receptors 

in a PC-3 tumor xenograft mouse model. The results of this study were modest, 

because incorporation of technetium-99m in the cyclam ring of the CXCR4 

antagonist AMD3100 resulted in substantially reduced binding affinity towards the 

receptor. As a result, uptake of the tracer in the tumor was relatively low               

(0.4 %ID/g, after 60 min) [10]. Several other scintigraphic imaging probes for CXCR4 

receptors, including proteins, peptides and small molecules have been developed 

over the past decades [10-19]. While some of these compounds showed potential 

in preclinical evaluations, none of these agents is used in clinical practice so far. 

AMD3465 is a small molecule CXCR4 antagonist that is more selective and has 

higher binding affinity than the anti-CXCR4 drug Plerixafor (AMD3100) [20-23]. 
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AMD3465 consists of a monocyclam ring connected via a linker with an 

aminomethyl-pyridine moiety and is a structural analogue of AMD3100. The 

secondary amino group in the linker allows the introduction of a small substituent 

and therefore is available for labeling of the antagonist with carbon-11. In this 

study, we developed N-[11C]methyl-AMD3465 as a new PET tracer for imaging of 

CXCR4 receptors and evaluated its biological properties in a tumor model. 

MATERIALS AND METHODS 

Materials and Instruments 

All reagents were obtained from commercial suppliers and used without further 

purification. Human liver microsomes were obtained from BD biosciences. HPLC 

analyses were performed on a Waters system, consisting of a 515-isocratic pump, a 

multi-wavelength UV detector operated at 220 nm and a Bicron Geiger–Müller 

radioactivity detector. A description of the synthesis of the labeling precursor and 

the N-methyl-AMD3465 reference standard is provided in the Supporting 

Information (Supplement Figure-1).  

Labeling of N-[11C]methyl-AMD3465 

 [11C]CH3I was prepared as was previously described [25].  [11C]Methyl triflate was 

formed by passing the [11C]methyl iodide through a column of silver triflate bound 

on α-alumina at 2400C with a flow of 25 mL/min. [11C]Methyl triflate was 

transferred by a stream of helium (25 mL/min) into a reaction vial containing              

0.4 mg of  N,N',N''-tri(trifluoroacetyl)-AMD3465 in 300 μL dry acetone, cooled in an 

ice bath. After trapping of [11C]methyl triflate, the reaction mixture was heated at 

800C for 5 min. Subsequently, 300 µL of methanol and 100µL of NaOH (1M) were 

added and the reaction mixture was heated at 800C for another 5 min. The reaction 

mixture was neutralized with 70% phosphoric acid (16 µL), diluted with 0.6 mL 

HPLC eluent and purified by HPLC using a Zorbax SB C18 column (250 x 7.8 mm) and 

sodium phosphate buffer (100mM, pH 2.0)/EtOH (95/5 v/v) as the eluent at a flow 

of 4 mL/min. The radioactive product with a retention time of 12±1 min was 

collected (10-12 mL), neutralized with 1M NaOH (400 µL, pH ~7.0) and passed over 

a Millex 0.22-μm GV filter (Millipore, Ireland) to yield a sterile solution of                    
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N-[11C]methyl-AMD3465 ready for injection. An aliquot of the product solution was 

taken for quality control by HPLC using a Jupiter C18 column (300 x 7.8 mm, 

Phenomenex) and water (adjusted to pH 2.0 with HClO4)/acetonitirle (90/10) as the 

eluent at a flow of 1 mL/min (retention time: 8±1 min).  

Distribution Coefficient  

The distribution coefficient (LogD) of N-[11C]methyl-AMD3465 was determined by 

adding 5 MBq of the tracer to a mixture of 5 mL n-octanol and 5 mL of phosphate 

buffer saline (PBS). The mixture was vortexed, and incubated at 370C for 1 h. After 

incubation, the mixture was centrifuged at 6000 rpm for 2 min. 100 μL aliquots 

were collected from octanol and aqueous layers and radioactivity was measured 

(Compugamma CS1282, LKB-Wallac, Turku, Finland). The LogD value is reported as 

the average of five independent experiments. 

In vitro stability towards human liver microsomes  

To 50 µL of 0.5 mg/mL liver microsome solution in Dulbecco’s PBS (DPBS, pH 7.4) 

and 2 µL of 4 mM N-methyl-AMD3465 in DPBS, 50 µL of 1 mM NADPH in DPBS and 

400 µL DPBS were added. The mixture was shaken in a water bath at 370C. Aliquots 

of 100 µL were taken at 0, 5, 15, 30, 45, 60, 90 and 120 min. An identical mixture 

without NADPH was used as a control. Each aliquot was immediately quenched in a 

solution of 0.1% formic acid in 500 µL acetonitrile. The samples were vortexed and 

centrifuged at 6000 rpm for 5 min. An aliquot of 400 µL was transferred into an ice-

cold vial for LC-MS analysis. A verapamil solution with a known concentration 

(2mM) was used as an internal standard. 

Stability in rat plasma 

About ~150 MBq of N-[11C]methyl-AMD3465 was dissolved in 2 mL of freshly 

isolated rat plasma and incubated at 370C for 2 h. After 5, 15, 30, 45, 60, 90, and 

120 min, an aliquot of 400 µL was taken and 25 µL 70% perchloric acid was added. 

The sample was centrifuged at 6000 rpm for 5 min. The supernatant was injected 

into an HPLC system equipped with a μBondapak column (300 × 7.8 mm). The 

sample was eluted with water (adjusted to pH 2.0 with HClO4)/acetonitrile (90/10) 
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as the eluent at a flow of 3 mL/min. The eluate was collected in 30 s fractions and 

radioactivity was measured. All the experiments were repeated in triplicate. 

Cell cultures  

C6 rat glioma cells (ATCC, Manassas, VA) were cultured in monolayers in DMEM 

supplemented with 10% fetal calf serum (FCS) and 2 mM glutamine. PC-3 human 

prostate cells were grown in RPMI supplemented with 10% FCS. Cells were 

maintained in a humidified atmosphere with 5% CO2 at 370C. 

Receptor Binding assays  

Cells were grown in monolayers in 12-well plates. After the cells were washed with 

2 mL PBS, 1 mL binding buffer, consisting of PBS with 5 mM MgCl2, 1 mM CaCl2, and 

0.25% BSA was added. After 5 MBq N-[11C]methyl-AMD3465 was added, cells were 

incubated at  370C. At different time points, the medium was removed and the cells 

were washed twice with 1 mL cold PBS. Cells were trypsinized (200 µL) and 

collected in 1 mL medium. The cell bound activity was measured. A 50 μL sample of 

the suspension was mixed with 50 μL of trypan blue and used for cell counting. Cell 

numbers were manually counted, using a phase-contrast microscope (Zeiss), a 

Burker bright-line chamber, and a hand-tally counter. In competition binding 

studies, various concentrations (range 10-8 to 10-4 M) of the CXCR4 antagonists 

AMD3100, AMD3465, or N-methyl-AMD3465 were added to the medium before 

the cells were incubated with the tracer at 370C for 30 min. To test the effect of 

transition metals on tracer binding, 2.5 µM of CuSO4, ZnCl2, NiCl2, NaRhO4 or 

Pd(OAc)2 was added to the medium immediately before tracer incubation. To 

determine the ED50 of CusO4 and NiCl2, cells were incubated with different 

concentrations of these transition metals in the range of 10-7 to 10-3 M. The IC50 and 

EC50 values were determined by nonlinear regression analysis, using GraphPad 

prism 5.0. All experiments were performed in triplicate.  

For internalization assays, first C6 cells were incubated with 5-10 MBq of                  

N-[11C]methyl-AMD3465 for 30 min at 40C, assuming very low level of 

internalization or receptor-mediated endocytosis at this temperature. The medium 

with unbound radioactivity was removed and cells were washed twice with ice-cold 
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PBS. Then, cells were incubate with fresh binding buffer at 370C for 0, 15, 30, 45, or 

60 min. Free and extracellular bound activity was removed by washing with 100 μl 

50 mM glycine-HCl in 10 mM NaCl (pH 2.8) and cells were washed twice with ice 

cold-PBS. These wash fractions were added to the glycine.HCl fraction (surface 

bound fraction). Subsequently, cells were lysed with 200 μL 1M NaOH (internalized 

fraction). Radioactivity in both lysate and acid wash fractions were measured. The 

percentage of internalization was calculated as: 

Internalization (%) = [Internalized activity/ (surface-bound activity+ Internalized 

activity)] *100 

Animal Model 

The experimental protocol was approved by the Institutional Animal Care and Use 

Committee of the University of Groningen (DEC6073D). Male Wistar rats (280-350g, 

Harlan) were allowed 1 week of acclimation after arrival. The rats were maintained 

at 12 h day/night regime and fed standard laboratory chow. Three million C6 

glioma cells in a 1:1 (v/v) mixture of matrigel and complete medium were 

subcutaneously injected into the right shoulder. Solid tumors (0.4 ± 0.2 g) were 

allowed to grow for 5-6 days before the animals were scanned. 

Small-Animal PET and ex-vivo biodistribution 

Animals were anesthetized with a mixture of isoflurane/air (5% for induction, 2% 

for maintenance). The rats were positioned in the PET camera (Focus 220, Siemens-

Concorde) with the tumor in the field of view. A 15 min transmission scan was 

made for attenuation and scatter correction. Then, 20±5 MBq of N-[11C]methyl-

AMD3465 was injected via the penile vein and a 60-min dynamic emission scan of 

the tumor region was started. Animals were terminated and relevant tissues were 

excised and weighed. Radioactivity in these tissues was measured. Tracer uptake 

was expressed as standardized uptake value (SUV). In blocking studies, the CXCR4 

receptors were saturated by subcutaneous injection of 30 mg/kg AMD3100.8HCl 30 

min before tracer injection.  The list mode data of the emission scan were 

separated into 21 frames (6x10, 4x30, 2x60, 1x120, 1x180, 4x300, 3x600s). Emission 

sinograms were iteratively reconstructed (OSEM2D, 16 subset, 4 iterations) after 
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being normalized and corrected for attenuation, scatter and radioactive decay. 

Volumes of interest (VOIs) were manually drawn on the summed PET images and 

time activity curves were calculated, using standard software (Inveon Research 

Workplace, Siemens-Concorde). Time-actvity curves are presented as SUV. 

Immunohistochemistry 

Tumor immunostaining was performed as described in the literature [10]. In brief, 

frozen tumor sections were cut into 5-µm-thickness and fixed in acetone followed 

by immersing in a PBS solution containing 0.5% hydrogen peroxidase for 30 min to 

block endogenous peroxidase activity.  To reduce the non-specific binding, the 

sections were incubated with 2.5% goat serum for 30 min at room temperature. 

Then, sections were incubated overnight with primary rabbit polyclonal anti-CXCR4 

antibody (Abcam, clone2074; Cambridge, UK, at 1: 500 dilution) at 40C.  

Subsequently, sections were processed using a standard horseradish peroxidase 

(HRP) conjugated secondary and tertiary antibody according to the manufacturer’s 

recommendations (Dako, Belgium). Diaminobenzidine (DAB) was used as a 

chromogen, and hematoxylin was used for counterstaining. After washing, cover 

slips were mounted and sections were examined under a Leica microscope. A 

negative control without primary antibody was used to check the specificity of the 

antibody.  

Statistical Analysis 

Statistical analyses were performed using the two-sided unpaired students’ t-test in 

GraphPad prism 5 or Sigma plot (2001). Probability (p) values less than 0.05 were 

considered statistically significant. 

RESULTS 

Radiochemistry 

N-[11C]methyl-AMD3465 was reliably prepared by methylation of the trifluroacetyl 

protected precursor (Fig-1). After HPLC purification, the tracer was obtained in 

60±2% yield (based on [11C]CH3OTf, corrected for decay). The tracer was >99% pure 

with a specific activity of 47±14 GBq/µmol. The total synthesis time was 

approximately 50 min. The LogD of the tracer is -0.86±0.09. 
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Figure-1: Synthesis of N-[11C]methyl-AMD3465. Reagents and conditions: (i) [11C]CH3OTf,   
Acetone, 800C, 5 min (ii) MeOH, 1M NaOH, 5 min. 
 

Stability and cellular accumulation of N-[11C]methyl-AMD3465 

N-[11C]methyl-AMD3465 was highly stable towards both human liver microsomes 

and rat plasma. In both cases, >99 % of the tracer was still intact after 2 h of 

incubation (Fig-2A and 2B). The in-vitro binding of N-[11C]methyl-AMD3465 to C6 

and PC-3 cells reached a maximum within 30 min (Fig-3A). Cellular uptake was 

slightly higher in C6 than PC-3 cells, but this difference was not statistically 

significant. Cellular accumulation of N-[11C]methyl-AMD3465 was CXCR4 receptor 

mediated, as tracer binding could be saturated by CXCR4 antagonists (Fig-3B and 

3C). The IC50 values of the CXCR4 antagonists AMD3465, N-methyl-AMD3465 and 

AMD3100 in PC-3 cells were 0.68±0.01 µM, 1.1±0.03 µM and 3.0±0.02 µM, 

respectively. In C6 cells, the IC50 values were 0.20±0.05 µM, 0.45±0.09 µM and 

1.5±0.07 µM, respectively.  

 

 

 

 

 

Figure-2: Stability test (n=3). A) Stability tests of N-methyl-AMD3465 in human liver 
microsomes don’t show any detectable metabolites. B) In-vitro stability analysis of                
N-[11C]methyl-AMD3465 in rat plasma indicates that the tracer is stable up to at least 2 h. 

Approximately 40% of the tracer was internalized within 15 min and reached a 

plateau there after (Fig-3D). The presence of certain transition metal ions significantly 

(p<0.005) increased the cellular binding of N-[11C]methyl-AMD3465 in C6 cells, in 
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particular copper (9 fold), nickel (7 fold) and zinc ions (~3 fold). In contrast, in the 

presence of rhenium and palladium, the binding of the tracer was slightly reduced 

(Fig-4A). Copper and nickel affected cellular uptake of N-[11C]mehtyl-AMD3465 at a 

similar concentration, with EC50 values of 55 µM and 59 µM, respectively                

(Fig-4B and 4C). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure-3: In-vitro characterization of N-[11C]methyl-AMD3465 (all experiments were 
performed in triplicate):  A) Cellular uptake kinetics in C6 and PC-3 cells. B) CXCR4 receptor 
binding of N-[11C]methyl-AMD3465 in C6-glioma cells in the presence of CXCR4 antagonists. 
C) CXCR4 receptor binding of N-[11C]methyl-AMD3465 in human PC-3 prostate cancer cells in 
the presence of CXCR4 antagonists. Cells were incubated with the tracer at 370C for 30 min. 
D) Internalization of N-[11C]methyl-AMD3465 in C6 cells. 

Ex vivo biodistribution 

N-[11C-]methyl-AMD3465 mainly accumulated in excretory organs and in organs 

with high CXCR4 expression (Fig-5). Sixty minutes after tracer injection, the highest 

accumulation was found in kidney (SUV 12±1.0) and liver (SUV 8.9±1.0); followed 

by lymph node (1.5±0.2), bone marrow (1.0±0.3), spleen (1.0±0.1), thymus 

(0.5±0.1), adrenal glands (1.0±0.2) and tumor (0.6±0.2). Sixty min after tracer 
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injection, the tumor-to-muscle ratio was 7.8±1.3 and the tumor-to-blood ratio was 

1.42±0.23. Pre-treatment with the selective CXCR4 antagonist AMD3100.8HCl (30 

mg/kg) resulted in a significant reduction in tracer uptake in thymus (36%), adrenal 

gland (47%), spleen (52%), bone marrow (72%), tumor (66%), liver (30%) and lymph 

node (86 %). 

 

 

 

 

 

 

Figure-4: Effect of transition metals on the 
cellular uptake of N-[11C]methyl-AMD3465 in 
C6 cells. A) Cellular uptake in the presence of 
different transition metal ions after incubation 
at 370C for 30 min. B) and C) The concentration 
dependent effect of copper and nickel ions on 
the cellular uptake of N-[11C]methyl-AMD3465 
in C6 cells respectively. Significant differences 
are indicated with **(p<0.01) and 
***(p<0.005). All experiments were performed 
in triplicate. 

 

Immunostaining 

In order to check the expression of CXCR4 in the tumor, semi-quantitative 

immunostaining was performed on the resected sections. The expression of CXCR4 

was only moderate and homogenously distributed throughout the tumor (Fig-6). 

This was in agreement with tracer uptake seen in both ex-vivo biodistribution and 

PET studies. 
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Figure-5: 60-min ex-vivo biodistribution data of N-[11C]methyl-AMD3465 in C6 glioma-rats. 
Wister rats were either untreated (control) or pretreated with 30 mg/kg AMD3100.8HCl          
30 minutes before tracer injection. Significant differences between groups are indicated with 
* (p<0.05), ** (p<0.01), or *** (p<0.005). Data represent mean ± SD of the SUV (n=6). 

PET imaging 

Representative PET images of a control animal and an animal pretreated with 

AMD3100.8HCl are presented in Fig-7. Tracer uptake in the tumor is clearly visible 

in control animals, but not in pretreated animals. The time-activity curves (TACs) of 

the tracer accumulation in the tumor in control animals show a peak within 5 min 

after injection, followed by an exponential wash-out. Curve–fitting analysis showed 

a two-phase tumor clearance with half-lifes of 8±2 min (11%) and 115±1 min (89%). 

Tumor wash-out was significantly faster (p<0.05) in AMD3100-pre-treated animals, 

with half-lifes of 6±2 min (13%) and 60±3 min (87%). In one control animal, the 

tumor was necrotic and consequently a strong difference in tracer uptake between 

the tumor rim and the necrotic region was observed (SUV 0.65 and 0.23, 

respectively) this animal was excluded from all other calculations. ROIs were drawn 

manually on the tumor region, and TACs were generated for the total time of the 

scan (60 min). All values were converted to SUV. The tumor uptake of                                

N-[11C]methyl-AMD3465 (SUV 1.08±0.08, 5-60 min) as determined by PET was 

significantly reduced when animals were pretreated with non-radioactive 

AMD3100 (0.57±0.02, p<0.05).   
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Figure-6: Immunostaining showing CXCR4 receptor expression in a C6 tumor: a) CXCR4 
positive staining. b) Negative staining without primary antibody. c) HE staining of the tumor 
section. The expression of the CXCR4 was found to be homogenous and the tumor shows 
normal morphology. All images were acquired at 10x magnification 

In addition, the area under the time-activity curve (AUC) of the tumor was also 

significantly reduced in tumors of animals that were pretreated with AMD3100 

(Plerixafor) (51±4 vs 29±5, p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-7: N-[11C]methyl-AMD3465 PET images of rats bearing a C6 glioma tumor. The images 
represent a coronal view of the 0-60 min summed frames. a) Untreated control rat. b) Rat 
pretreated with 30 mg/kg AMD300.8HCl 30 min before tracer injection. c) A control animal 
with clear necrosis within the C6 tumor. The Arrows indicate the position of the tumor.        
d) Time activity curves of the tumor of control animals (n=6) and pretreated with 30 mg/kg 
AMD3100.8HCl (n=6). Significant differences are indicated by * (p<0.05). 
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Supplement Figure-1: Synthesis of AMD4365 and N-methyl-AMD3465: Reagents and 
conditions (i) ethyl trifloroacetate, triethylamine, MeOH, room temperature, overnight (ii) 
α,α-dibromoxylene, K2CO3, CH3CN, reflux, over-night (iii) 2-picolamine, K2CO3,CH3CN, reflux, 
3 h. (iv) NaBH(OAc)3, ClCH2CH2Cl, 30% formaldehyde, room temperature, overnight. (v & vi) 
K2CO3, MeOH, reflux, 3 h. 
 

DISCUSSION 

In this study, we evaluated N-[11C]methyl-AMD3465 as a potential PET ligand for 

CXCR4 receptor imaging. N-[11C]methyl-AMD3465 was prepared by N-methylation 

of the trifluroacetyl protected precursor. First the labeling was attempted by 

methylation with [11C]CH3I under basic conditions. However, the presence of base 

(100 µL, 10mM NaOH) during the labeling of N-[11C]methyl-AMD3465 resulted in 

deprotection of the cyclam ring and increased the formation of undesired 

byproducts; also the [11C]CH3I is less reactive than [11C]CH3OTf. Thus, the labeling of           

N-[11C]methyl-AMD3465 was carried with [11C]CH3OTf  in absence of  base. The 

desired product was formed in acetone, but not in ethanol or acetonitrile. The 

radiolabeling reaction was further optimized for the amount of precursor, 

temperature, reaction time and amount of base. Radiochemical yields increased 

with temperature, but decreased again if the temperature was increased above 

800C, probably due to instability of the precursor or evaporation of [11C]CH3OTf or 

the solvent. N-[11C]methyl-AMD3465 showed good in-vitro stability towards human 
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liver microsomes and rat plasma. The tracer is less hydrophilic (-0.86±0.09) than the 

related 64Cu and 99mTc complexes of AMD3100 and AMD3465, which is likely due to 

the additional positive charge of the metal ions [10,17,19]. However,                        

N-[11C]methyl-AMD3465 still shows fast renal clearance of unbound tracer and low 

levels of nonspecific binding in non-target tissues. 

The methylation of the secondary amine in the linker between the cyclam and the 

pyridine ring resulted in a slight reduction in the binding affinity of AMD3465 

towards CXCR4 receptors, but its IC50 value is still lower (0.45±0.09 µM) than that of 

the drug AMD3100 (1.5±0.07 µM) [23]. The presence of transition metals resulted 

in a significant increase in the cellular uptake of the tracer. In particular, Cu2+, Zn2+ 

and Ni2+ increased the uptake of the tracer. Incorporation of the transition metal 

ions in the cyclam ring of N-[11C]mehtyl-AMD3465 enhances the interaction of the 

tracer with the carboxylic group of aspartate 262 of CXCR4 receptor, which is 

located at the extracellular part of trans-membrane domain-VI in the receptor 

binding pocket. In contrast, Pd2+ and Rh4+ caused a significant decrease in tracer 

uptake, which might be due to the deviations in the planar structure of the cyclam 

when a complex is formed with these larger ions. At physiological pH, the cyclam 

has an overall charge of +2 and can accommodate its most stable conformation 

called trans-III type (R,R,S,S). In this conformation, the cyclam can readily form 

three hydrogen bonds with carboxylic group of aspartate-171 and aspartate-262 in 

binding domains IV and VI of CXCR4, respectively [23,24]. When the cyclam forms 

complexes with Cu2+, Zn2+ and Ni2+, it can also adopt the trans-III conformation and 

as a results these complexes shows stronger binding to aspartate-262. In contrast, 

complexes with larger metal ions cannot adopt the optimal arrangement of the 

cyclam ring and as a result the affinity towards aspartate-171 and aspartate-262 is 

reduced, resulting in faster dissociation kinetics [24]. In our previous study, we 

found a similar reduction in binding affinity when the cyclam AMD3100 was labeled 

with the relatively large metal complex [99mTc]pertechnetate [10].  

In-vitro binding studies in C6 and PC-3 cells showed specific binding, followed by 

rapid internalization of the tracer. Internalized tracer remained trapped inside the 

cells for the duration of the experiment. The cellular accumulation of the tracer can 
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therefore at least partly be ascribed to receptor mediated endocytosis and binding 

to cytosolic proteins [26]. The biphasic kinetics of the tracer in tumor TAC (both 

before and after receptor blocking) may be related to its being internalized, the 

extracellular pool showing a rapid kinetics and the intracellular pool showing a slow 

kinetics. Naturally C6 cells overexpress CXCR4 receptors both in normal and 

malignant condition [27].  

Both PET and biodistribution studies showed specific binding in C6 tumors and also 

in organs with high expression of CXCR4, such as lymph node, bone marrow, 

spleen, thymus, adrenal glands, and liver. The tracer uptake in tumor and other 

organs was significantly reduced in blocking studies, in which the CXCR4 receptors 

were saturated by an excess of the selective antagonist AMD3100, indicating that 

the tracer shows specific binding to the receptor.  

Previously, we investigated the bicyclam [99mTc]O2-AMD3100 as a SPECT agent for 

CXCR4 imaging in nude mice with PC-3 tumor xenografts, with similar CXCR4 

expression as the tumor model in the present study [10]. When compared to                 

N-[11C]methyl-AMD3465, the technetium-99m labeled tracer showed reduced 

binding affinity and faster washout kinetics. Between these tracers, N-[11C]methyl-

AMD3465 is clearly the superior imaging probe. Moreover, PET is a more sensitive 

technique and more suitable for absolute quantification of the receptor expression, 

which also favors N-[11C]methyl-AMD3465 over [99mTc]O2-AMD3100.  

Besides N-[11C]methyl-AMD3465, several other promising PET probes for CXCR4 

imaging have been developed [28]. Especially, the 64Cu labeled AMD3100 and 

AMD3465 derivatives showed very promising results with high tumor uptake             

(~10-96 % ID/g, in mice). The uptake values are very impressive, although it should 

be emphasized that these agents were tested in transgenic tumor models, in which 

CXCR4 was highly overexpressed [17,19,25]. Immunohistochemistry showed that 

CXCR4 is homogenously expressed in the C6 tumors used in our study, although the 

expression levels are only moderate. Since it is difficult to compare tracers that 

have been evaluated in transgenic CXCR4 overexpressing models with tracers that 

have been tested in tumor models with natural CXCR4 expression, it is unlikely to 

compare our results with previously reported data for 64Cu-labeled tracers and 
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consequently future studies with head-to-head comparison of these tracers are 

warranted.  

An important difference between N-[11C]methyl-AMD3465 and 64Cu-labeled 

AMD3465 and AMD3100 is the isotope applied for labeling of the CXCR4 

antagonists. When CXCR4 receptors internalize, the 64Cu-labeled tracers are 

transported into the cell. Since 64Cu is a residualizing isotope, the internalized 

isotope remains trapped in the cell. In contrast, the internalized 11C-labeled 

compound will be excreted again. Consequently, the 64Cu accumulation will be 

enhanced due to internalization of the receptor, but not the 11C accumulation. The 

uptake of 64Cu-labeled tracers may therefore reflect receptor internalization rather 

than receptor expression. Another important issue is the longer half-life of 64Cu        

(13 h) compared to 11C (20 min). Consequently, distribution of the 64Cu-labeled 

tracers to institutions close to the production site is possible. Unfortunately, 

currently the number of sites that produce 64Cu is still limited. In contrast,                

N-[11C]methyl-AMD3465 cannot be distributed, as an on-site cyclotron is required 

for its production. Therefore, selection of the tracer of choice may be determined 

on local availability of the PET isotope, rather than on the imaging properties. 

Besides availability, the imaging properties of the isotopes may determine tracer 

selection. 11C is a pure positron emitter, whereas 64Cu decay comprises only 17 % 

positron emission, which results in a poorer signal-to-noise ratio for 64Cu. 

Moreover, the small percentage of positron decay, the almost 40% concomitant     

β- decay (which can be used for treatment) and the longer half-life of 64Cu will result 

in a substantially higher radiation burden to the patient. On the other hand, the 

mean positron energy of 11C is higher than that of 64Cu, which can result in a 

reduction of the spatial resolution that can be obtain in high-resolution small 

animal PET imaging and autoradiography. So, for institution with a cyclotron on-site                      

N-[11C]methyl-AMD3465 could be an attractive candidate PET tracer for imaging of 

CXCR4. 

 

 

 



Chapter-3 

 80 | Page 

CONCLUSION 

N-[11C]methyl-AMD3465 shows promising properties as a PET tracer for the 

detection and quantification of CXCR4 receptors in tumors. The tracer can be 

readily prepared and shows good stability. Both in-vitro and in-vivo data indicated 

selective and specific binding towards CXCR4 receptors. PET data demonstrated the 

feasibility of in-vivo imaging of CXCR4 receptors in C6 tumors, which naturally 

express the receptor.  Taken together, these results warrant further evaluation of                      

N-[11C]methyl-AMD3465 as a PET tracer for CXCR4 receptor imaging. 
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ABSTRACT 

CXCR4 is an α-chemokine receptor overexpressed in many cancers and a potential 

drug target. We have recently developed the tracer N-[11C]methyl-AMD3465 for 

imaging of CXCR4 expression by positron emission tomography (PET). Here, we 

investigated the pharmacokinetics of N-[11C]methyl-AMD3465 in rats bearing a C6 

tumor and assessed whether the CXCR4 occupancy by the drug Plerixafor® can be 

measured with this PET tracer.  Methods: A subcutaneous C6 tumor was grown in 

male Wistar rats. A dynamic N-[11C]methyl-AMD3465 PET scan with arterial blood 

sampling was performed in control rats and rats pretreated with Plerixafor®         

(30 mg/kg, s.c). The distribution volume (VT) of the tracer was estimated by Logan 

graphical analysis and compartment modeling with a 2 tissue reversible 

compartment model (2TRCM). The non-displaceable binding potential (BPnd) was 

estimated with the 2TRCM. Next, CXCR4 receptor occupancy of different doses of 

the drug Plerixafor® (0.5 - 60 mg/kg AMD3100.8HCl) was investigated. Results: The 

C6 tumor could be clearly visualized by PET in control animals. Pre-treatment with 

30 mg/kg Plerixafor® significantly reduced tumor uptake (SUV 0.65±0.08 vs. 

0.20±0.01, p<0.05). N-[11C]methyl-AMD3465 was slowly metabolized in-vivo, with 

70±7% of the tracer in plasma still being intact after 60 min. The tracer showed 

reversible in-vivo binding to its receptor. Logan graphical analysis could best be 

used to estimate VT. Pre-treatment with 30 mg/kg Plerixafor® resulted in a 

significant reduction in VT (0.69±0.10 vs. 0.34±0.13, p<0.05) and BPnd (1.73±0.18 vs. 

1.08±0.35, p<0.01). Receptor occupancy by Plerixafor® was dose-dependent with 

an in-vivo ED50 of 3.6±1.0 mg/kg.  Conclusion: N-[11C]methyl-AMD3465 PET can be 

used to visualize CXCR4 receptor expression and to calculate receptor occupancy. 

VT determined by Logan graphical analysis is a suitable parameter to assess CXCR4 

receptor occupancy. This approach can easily be translated to humans and used for 

early drug development and optimization of drug dosing schedules.  
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INTRODUCTION 

Chemokine receptor 4 (CXCR4) is a member of the α-chemokine receptor family, 

which is involved in maintaining body homeostasis, hematopoiesis, immune cell 

trafficking, and homing and retention of stem cells [1,2]. However, CXCR4 and its 

natural ligand Stromal Derived Factor-1α (CXCL12) also play a crucial role in the 

development, proliferation and metastasis of cancer [3]. Elevated expression of 

CXCR4 has been observed in more than 20 different human tumor types [4-6] and 

the level of CXCR4 expression was associated with tumor grade and poor prognosis 

[7-8]. CXCR4 has been considered as a target for (adjuvant) cancer therapy [9,10]. 

Inhibition of CXCR4-mediated signaling has therapeutic efficacy by itself, but can 

also have a synergistic effect with other anti-cancer drugs, such as bortezomib, 

melphalan, doxorubicin, and dexamethasone [11].  

In drug development, it is essential to know the kinetics and the in-vivo binding 

properties of a drug to its target at an early stage, preferably in animal studies or in 

early clinical trials. Usually, there is a threshold for the percentage of the receptors 

that have to be occupied by the drug in order to achieve a pharmacological effect. 

Currently, drug dosing regimens for patients are mainly based on the outcome of 

preclinical and phase I-II studies. However, these studies cannot elucidate the 

relationship between amount of drug administered and the occupancy of the 

receptors in-vivo. 

Positron emission tomography (PET) can be used to noninvasively measure 

receptor occupancy in-vivo by comparing the uptake of a specific tracer in the 

tissue of interest before and after administration of one or more doses of the drug 

under investigation. These studies can answer many critical questions, such as 

whether the drug has reached its target, the level of receptor occupancy after 

administration of a therapeutic dose and the duration of receptor binding by the 

drug. With this information, effective dosing regimens can be designed for the 

expensive phase 3 clinical trials.   

Recently, we have developed N-[11C]methyl-AMD3465 as a radiotracer for PET 

imaging of CXCR4 receptors [12]. The aim of this study is to investigate various 

methods for quantification of CXCR4 availability using N-[11C]methyl-AMD3465 PET 
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in immune-competent tumor-bearing rats. We also investigated whether this 

approach can be applied to measure CXCR4 receptor occupancy of the drug 

Plerixafor® (AMD3100.8HCl). Till date, no report has been published on the 

estimation of CXCR4 receptor occupancy by PET. 

MATERIALS AND METHODS 

General 

All reagents and solvents were obtained from commercial suppliers and used 

without further purification. AMD3100 octahydrochloride (Plerixafor®) was 

prepared as previously described [13,14].  A stock solution of Plerixafor® was 

prepared in phosphate buffered saline (PBS) and neutralized with 1M NaOH.          

N-[11C]methyl-AMD3465 was prepared as previously described [12]. C6 rat glioma 

cells (ATCC, Manassas, VA) were cultured in monolayers in Dulbecco's Modified 

Eagle Medium, supplemented with 10 % fetal calf serum. Cells were maintained in 

a humidified atmosphere with 5 % CO2 at 370C.   

Animal model 

All animal experiments were performed in compliance with the Dutch law on 

Animal experiments. The protocol was approved by the Institutional Animal Care 

and Use Committee of the University of Groningen. Male Wistar rats (n=34, 

300±20g, Harlan) were maintained at a 12 h day and 12 h night regime and fed 

standard laboratory chow ad libitum. Rat C6 glioma cells (3 million) in a mixture of 

Matrigel and complete medium (1:1 (v/v)) were subcutaneously injected into the 

right shoulder of the animal. Solid tumors (350±20 mg) were allowed to grow for 5-

6 days before the animals underwent PET experiments. 

The study was divided into two parts: first different pharmacokinetic modeling 

approaches to quantify N-[11C]methyl-AMD3465 uptake were evaluated, then the 

CXCR4 receptor occupancy of the drug Plerixafor was investigated.  

Small animal PET  

Animals (n=6) were anesthetized with a mixture of isoflurane/air (5% induction and 

2% maintenance, Teva Pharmachemie, The Netherlands).  A cannula was placed in 

the femoral artery for rapid blood sampling and another cannula was inserted in 
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the femoral vein for tracer injection. Two animals were simultaneously place in the 

PET camera (Focus-220, Siemens-Concorde). A transmission scan with a Co-57 point 

source was made for attenuation and scatter correction.  After the transmission 

scan, 30±5 MBq of N-[11C]methyl-AMD3465 in a volume of 1 mL was injected as a 

slow bolus over a period of 1 min using a Harvard-style pump. The PET scan was 

started when the tracer started to enter the body of the first animal. The second 

animal was injected 16 min later.  A 76-min list mode protocol was used for data 

acquisition. A series of 15 blood samples (0.10-0.15 mL) was drawn at 10, 20, 30, 

40, 50, 60, 90, 120, 180, 300, 450, 600, 900, 1800 and 3600 s after tracer injection.  

After a blood sample was taken, 0.15 mL of heparinized saline was injected via the 

artery cannula to prevent hypovolemia and large changes in blood pressure. From 

each blood sample, 25 µL was taken for radioactivity measurements, using a 

gamma-counter. The remainder of the sample was centrifuged (Eppendorf 

centrifuge, 5 min at 13,000 rpm) to separate plasma from blood cells and 

radioactivity in 25 µL of plasma was measured. The radioactivity measurements in 

blood and plasma were used to construct the plasma and whole blood input 

functions for pharmacokinetic modeling.  

To examine specific binding, 6 rats were pretreated with Plerixafor® (30 mg/kg, 

s.c.), 30 min before the tracer injection. Scanning was performed as described 

above. After the scan, the animals were terminated under deep anesthesia.  

List mode data of the emission scan was separated into 21 frames (6x10 s, 4x30 s, 

2x60 s, 1x120 s, 1x180 s, 4x300 s, and 3x600 s). Emission sinograms were iteratively 

reconstructed (OSEM2D, 16 subset, 4 iterations) after being normalized and 

corrected for attenuation, scatter and radioactive decay. The data sets consisted of 

95 slices, with a slice thickness of 0.8 mm and an in-plane 128 x 128 image matrix 

with a pixel size of 1.1 mm. Images were smoothed with a 1-mm Gaussian filter. 

Volumes of interest (VOIs) of the tumor were drawn on the summed PET images 

using a threshold of 75% of the maximum uptake in the tumor. For each VOI, a time 

activity curve (TACs) was calculated using standard software (Inveon Research 

Workplace, Siemens-Concorde). Tracer uptake was normalized to the injected 

tracer dose and body weight and is presented as Standardized Uptake Value (SUV). 
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In-vivo Metabolite analysis 

For metabolite analysis (n=6), a series of 0.5 – 0.8 mL arterial blood samples was 

drawn at 5, 15, 30, 40 and 60 min after tracer injection. Blood samples were 

centrifuged at 13,000 rpm for 2 min. Plasma was collected, 0.1 mL of 70% H3PO4 

was added and the solution was vortexed for 30 s. The mixture was centrifuged for 

2 min at 13,000 rpm and the clear supernatant was collected. The supernatant was 

analyzed by HPLC, using a µBondapak column [7.8 x 300 mm, Waters] and 

water/acetonitrile (90/10 v/v) as the eluens. The flow-rate was set at 3 mL/min and 

samples were collected at time intervals of 30 s. The radioactivity in the collected 

samples was measured with a gamma-counter and the percentage of intact tracer 

was calculated. An average metabolite curve was generated by fitting the data 

points of all animals with an exponential function. Metabolite-corrected plasma 

curves were generated by correcting the plasma curves of the individual animals for 

the percentage of intact tracer, using the population-based metabolite curve. The 

metabolite-corrected plasma curves of individual animals were used as an input 

function curve for pharmacokinetic modeling.   

Graphical analysis 

Graphically analysis was performed on the TACs of the tumor, using the Logan and 

Gjedde–Patlak graphical methods. The whole blood and the metabolite-corrected 

plasma curves were used as input functions. Logan graphical analysis could describe 

the tracer kinetics best and was therefore used to calculate the total volume of 

distribution (VT) of the tracer in the tumor. 

Compartment modeling 

Tracer kinetics of N-[11C]methyl-AMD3465 was analyzed by compartmental 

modeling using the 1-tissue compartment model (1TCM) and the 2-tissue reversible 

compartment model (2TRCM). The whole blood curve and the metabolite-

corrected plasma curve were used as input functions; the blood volume fraction 

(Vb) was not fixed.  Inveon workstation software (Siemens) was used to estimate 

the model parameters (rate constants, Vb). Akaike information criterion values 

indicated that the 2TRCM fits the tracer kinetics in the tumor best. Tracer uptake 
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was expressed as VT and non-displaceable binding potential (BPnd), which were 

defined as [15-16]. 

 

 

Receptor occupancy 

The CXCR4 receptor occupancy was investigated in C6 tumor-bearing rats that were 

subcutaneously injected with different doses of Plerixafor® (0.5, 3, 10, 30 and 60 

mg/kg, n=3/dose). After 30 min, N-[11C]methyl-AMD3465 was administered and a 

60 min dynamic PET scan with arterial blood sampling was performed as described 

above. Logan graphical analysis and compartment modeling with the 2TRCM were 

used to determine the VT of the tracer in the tumor. The occupancy of the drug was 

calculated from the average VT of control animals (VT (baseline)) and the VT of 

animals that were administered the drug (VT (drug)). The occupancy of Plerixafor® 

was estimated according to the formula: 

 

Likewise, the occupancy was estimated using the BPnd, instead of VT. In the formula 

for the occupancy, non-specific binding was not taken into account. The ED50 of 

Plerixafor® and the percentage of nonspecific binding of the tracer were estimated 

using a non-linear regression method by plotting the VT or the BP versus the dose 

of Plerixafor® using the equation: 

 

 

 

In this equation, “max” and “min” represent the occupancy at an infinite 

concentration of the drug (maximum saturation) and the occupancy in the absence 

of the drug, respectively. Thus, the percentage of nonspecific binding can be 

calculated from this formula as 100% minus “max”. In order to calculate the 

occupancy of the drug Plerixafor® more accurately, the measured VT values were 
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corrected for nonspecific binding and used to estimate the percentage of 

occupancy using the formula: 

 

 

In the same way, the receptor occupancy was calculated by using BPnd,           

instead of VT.  

Statistical Analysis 

All results are expressed as mean ± standard deviation. Statistical analyses were 

performed using the two-sided unpaired students’t-testin GraphPad Prism 5. A 

probability (p) value <0.05 was considered statistically significant.  

RESULTS 

PET imaging 

The N-[11C]methyl-AMD3465 PET images (0-60 min) of a control rat with a C6 tumor 

and a rat pretreated with 30 mg/kg  Plerixafor® are represented in Fig-1. The C6 

tumor is clearly visible in the control animal, but not in the Plerixafor® treated 

animal, indicating that the drug is able to compete with the PET tracer for the 

binding site of CXCR4. Pre-treatment with 30 mg/kg Plerixafor® significantly 

reduced the tracer uptake the in tumor (SUV 0.65±0.08 vs. 0.20±0.01, p< 0.05).  

Tracer kinetics  

Fig-2 presents the average TACs of N-[11C]methyl-AMD3465 in the tumor of control 

and Plerixafor® pre-treated animals. Tracer uptake in the tumor reached a 

maximum at 30 s after injection, followed by a bi-exponential clearance in both 

groups. The clearance half-lifes of the tracer from the tumor were 10±1 min (10%) 

and 129±9 min (90%) in control rats and 8±3 min (14%) and 68±5 min (86%) in 

Plerixafor®-treated animals. Pretreatment with Plerixafor® resulted in significantly 

(p<0.05) lower activity levels in the tumor of pre-treated animals than in tumors of 

control animals beyond 5 min after tracer injection (Fig-2a). The clearance of the 

tracer from plasma was not affected by the drug treatment (Fig-2b), as plasma 

activity was not significantly different between control animals and Plerixafor® 

pretreated rats at any time point.  
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Figure-1: Coronal PET images (0-60 min) of C6 tumor-bearing Wistar rats. a) Control animal 
with the tumor and heart in the field of view. b) Animal pre-treated with AMD3100.8HCl 
(Plerixafor®: 30 mg/kg), 30 min before the tracer injection. The arrow indicates the position 
of the tumor; Sg: Salivary gland, Ln: Lymph node and Ht: Heart. 
 

Metabolite analysis 

HPLC analysis of plasma samples showed the formation of one radioactive 

metabolite that was more hydrophilic than N-[11C]methyl-AMD3465 (retention 

times: N-[11C]methyl-AMD3465 10 min, radioactive metabolite 5 min; Fig-3a). The 

tracer was slowly metabolized in vivo and metabolism was highly reproducible 

between animals. The percentage of intact tracer decreased from 98±2 % at 5 min 

to 70±7 % at 60 min (Fig-3b).  

Graphical analysis 

Fig-4 shows representative examples of a Logan and a Patlak plot of N-[11C]methyl-

AMD3465 uptake in the tumor. The tracer kinetics showed a better fit with Logan 

graphical analysis (R2=0.99±0.08) than with Patlak analysis (R2=0.17±0.42), 

suggesting that the binding of N-[11C]methyl-AMD3465 to CXCR4 receptors is 

reversible. The VT calculated by Logan graphical analysis was significantly lower in 

rats pretreated with Plerixafor® than in control rats (0.26±0.11 vs 0.78±0.16, 

p<0.05), indicating that the tracer displays specific binding to the CXCR4 receptor 

(Table-1). 
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Figure-2:  A) Time-activity curves of the C6 tumor in Wistar rats (n=6). Animals were either 
untreated (Control) or injected with 30 mg/kg Plerixafor® 30 min before the tracer injection 
(Blocker). The uptake of the tracer is expressed as SUV. B) Kinetics of N-[11C]methyl-
AMD3465 in plasma. Plasma data were corrected for the metabolites. Pre-treatment with 
Plerixafor® did not significantly affect the kinetics of the tracer in plasma. Error bars 
represent standard deviations. Statistically significant differences are indicated by * (p<0.05).  

 

Table 1:  Results of kinetic modeling of N-[11C]methyl-AMD3465 tumor kinetics in C6 glioma-
bearing Wistar rats. Animals were either untreated (control) or treated with 30 mg/kg 
Plerixafor® 30 min prior to tracer injection. Data are presented as a mean ± standard 
deviation. 

Parameter  
Control 

(n=6) 
 

Plerixafor®      
(n=6, 30 mg/kg) 

 
Statistical 
Significance    

Logan graphical analysis        

VT  0.78±0.16  0.26±0.11  p<0.05 

       

2TRCM compartment modeling       

VT  0.77±0.10  0.34±0.13  p<0.05 

                           BP 1.73±0.18  1.08±0.35  p<0.01 

                            Vb 0.06±0.07  0.05±0.01  NS 
 

Compartment Modeling 

TACs generated from the VOI of the tumor were analyzed with different reversible 

compartment models.  The AIC values were 423 ± 28 and 296 ± 13 for the 1TCM 

and 2TRCM, respectively, indicating that tracer kinetics could be better fitted with 

the 2TRCM. Therefore, the 2TRCM was used to estimate the parameters K1, k2, k3, 

k4 and Vb, which were subsequently converted into VT and BPnd (Table-1). Animals 

treated with Plerixafor® showed a significantly lower BPnd than control animals 

(1.73±0.18 vs 1.08±0.35, p<0.01). Similarly, the VT was significantly reduced after 

pre-treatment with Plerixafor® (55%, p<0.05). Pre-treatment with Plerixafor did not 
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affected the curve fit, as tracer kinetics could still be fitted by the 2TRCM. 

Compartment modeling with the 2TRCM indicated that the estimated total blood 

volume (Vb) was not affected by Plerixafor® treatment (0.06±0.07 vs. 0.05±0.01 in 

control and drug-treated animals, respectively). 

 

 

 

 

 

Figure-3: In-vivo metabolite analysis (n=6). A) Chromatogram representing the plasma 
metabolite analysis by HPLC. B) Graph showing the percentage of intact tracer in plasma as a 
function of time.  Error bars represent standard deviations.    

 

 

 

 

 

 

Figure-4: Representative graphical analyses of tracer uptake in the C6 tumor. A) Logan 
graphical analysis using a 10 min delay time. B) Patlak graphical analysis with a delay time of 
20 min.  

Receptor occupancy 

The occupancy of CXCR4 receptors in the tumors (uncorrected for nonspecific 

binding), as estimated from the VT determined by compartment modeling with the 

2TRCM, ranged from 6 % to 86 % for Plerixafor® doses between 0.5 to 60 mg/kg, 

respectively. The occupancies of the drug calculated from VT derived from Logan 

graphical analysis correlated well with those obtained with the 2TRCM (R2=0.99). 
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The occupancy values of the drug, as calculated from the BPnd obtained from the 

2TRCM, were lower than those calculated from the VT. The occupancy calculated 

from BPnd showed only a moderate correlation with the occupancy determined 

from VT (r²=0.77).  

Non-linear regression analysis was used to estimate the ED50 of Plerixafor® in the 

living animal. Thus, the in-vivo ED50 of the drug were 3.7±0.1, 3.7±0.0 and 11.8±7.6 

mg/kg when the occupancy was estimated from the VT derived from Logan 

graphical analysis, the VT derived from the  2TRCM  and  the  BPnd,  respectively  

(uncorrected  for  nonspecific binding). The non-linear regression of occupancy data 

derived from the BPnd did not reach a statistically significant curve fit (p=0.17) and 

therefore the ED50 estimated by this method should be considered as unreliable. 

 

 

 

 

 

 

 

Figure-5:  Receptor occupancy graphs: A) The receptor occupancy was estimated by non-
linear regression analysis. The tumor distribution volume (VT) and the non-displaceable 
binding potential (BPnd), uncorrected for nonspecific binding, were used to calculate the 
percentage of CXCR4 receptor occupancy for the drug Plerixafor®. B) Estimation of the ED50 
from the receptor occupancy after correction for nonspecific binding. 

Extrapolation of the occupancy curves to an infinite drug dose revealed that 

nonspecific binding of the tracer in the tumor was approximately 14%, irrespective 

of the method that was used to determine the occupancy (Fig-5a, Table-2). This 

estimation of unsaturable tracer uptake allowed a more accurate estimation of the 

receptor occupancy and ED50 by taking nonspecific binding of the tracer into 

account. After correction for nonspecific binding, the estimated receptor 

occupancy reached almost 100 % when calculated from the VT from Logan analysis 

or compartment modeling using the 2TRCM. 
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Table 2: Percentage of receptor occupancy calculated from the volume of distribution (VT) 
and non-displaceable binding potential (BPnd) obtained from 2TRCM and Logan graphical 
analysis after correction for non-specific binding. The C6 tumors bearing Wistar rats were 
treated with different concentrations of Plerixafor 30 min before tracer injection. All data are 

expressed as the mean ± standard deviation.  

 

aThe non-linear regression curve fit used to estimate these parameters did not reach 
statistical significance. 

In contrast, the occupancy calculated from the BPnd reached only 90% at the 

maximum dose of 60 mg/kg. The estimated ED50 values were 3.6±1.0, 4.2±0.9 and 

12.6±6 mg/kg when estimated from nonspecific binding corrected VT (Logan),         

VT (2TRCM) and BPnd respectively (Fig-5b). 

DISCUSSION 

In this study, we showed that occupancy of CXCR4 receptors by the drug Plerixafor® 

can be measured in-vivo in C6 glioma-bearing rats, using PET and kinetic modeling. 

Plerixafor® is a potent and selective CXCR4 receptor antagonist, which was 

originally developed as an anti-HIV drug, but nowadays it is also used as a drug in 

adjuvant cancer therapy and to stimulate the mobilization of hematopoietic stem 

cells from bone marrow for autologous transplantation. Using N-[11C]methyl-

AMD3465 PET, we assessed CXCR4 receptor occupancy by  the drug and calculated 

its ED50 in-vivo. 

Pre-treatment with Plerixafor® (30 mg/kg) resulted in a significant reduction in the 

uptake of the tracer in the tumor, indicating that N-[11C]methyl-AMD3465 shows 

specific binding to CXCR4. Tracer kinetics in blood and plasma were not affected by 

pre-treatment with Plerixafor®. In-vivo metabolite analysis of plasma showed that 

the tracer was slowly metabolized in-vivo, as approximately 70% of N-[11C]methyl-

Drug Concentration 
(n=3, mg/kg) 

Occupancy (%)              
(VT – Logan) 

Occupancy (%)                   
(VT – 2TRCM) 

Occupancy (%)  
(BPnd -2TRCM) 

0.5 15±1 12±4 1±3 

3 56±7 20±6 7±5 

10 98±2 99±2 48±3 

30 99±1 100±1 67±7 

60 100±2 100±2 89±2 

ED50 (mg/kg)  3.6±1.0 4.2±0.9 12.6±6.4a 

Non-specific binding 14±1 % 14±0 % 13±29 %a 
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AMD3465 was still intact 1 h after tracer injection. Only one polar radioactive 

metabolite was detected in plasma (Fig-3a). MetaPrint2D software (Cambridge) 

predicted that this metabolite of N-[11C]methyl-AMD3465 was either formed by 

dealkylation at an amine group in the cyclam ring or hydroxylation of a secondary 

nitrogen atom in the cyclam. Since the cyclam ring is involved in ligand binding to 

the active site of the receptor, it seems unlikely that the radioactive metabolite has 

significant affinity for CXCR4 (data not shown). 

Logan and Patlak graphical analysis of the TACs obtained from the tumor could be 

better fitted by Logan than Patlak analysis. This indicates that the binding of           

N-[11C]methyl-AMD3465 to the CXCR4 receptors is reversible, which was further 

supported by compartmental analysis. Different compartmental models were used 

to fit the PET data and the best model fit was obtained for 2TRCM. Pretreatment 

with the drug Plerixafor® resulted in a significant decrease in BPnd and VT,  

indicating that specific tracer uptake could be inhibited by saturation of the CXCR4 

receptor. Furthermore, estimation of total blood volume (Vb) was included in the 

analysis, since it can be affected by treatment with drugs [17]. In this study, 

however, we did not find any effect of Plerixafor® on tumor blood volume.  

PET is a noninvasive imaging technique, which can provide insight into the 

relationship between receptor occupancy and drug efficacy, provided a suitable 

radioligand is available [18]. In the second part of our study, the feasibility of 

determining CXCR4 receptor occupancy by Plerixafor® using N-[11C]methyl-

AMD3465 PET was assessed. For this purpose, both VT and BPnd values obtained 

from Logan and 2TRCM analysis were used to estimate the CXCR4 receptor 

occupancy. For occupancy measurements, a reliable fit with high reproducibility is 

necessary. Our data showed that VT obtained from either Logan analysis or from 

2TRCM analysis were highly correlated and gave a similar estimation of receptor 

occupancy. In contrast, VT showed only a moderate correlation with BPnd and 

occupancy values obtained from the BPnd could not be reliably fitted to calculate 

the ED50. Theoretically, BP could give more accurate results, because it only relies 

on the receptor binding parameters k3 and k4, whereas VT can also be affected by 

tracer delivery and tissue clearance. In theory one would therefore expect that BPnd 
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is the parameter of choice to calculate the receptor occupancy, since it is 

independent of physiological parameters that could be affected by drug 

pretreatment, like blood flow, perfusion etc. However, BPnd relies on the accurate 

estimation of the k3 and k4 values with the 2TRCM. Since the 2TRCM requires 

simultaneous estimation of 5 parameters (K1, k2, k3, k4 and Vb), curve fitting may 

sometimes be difficult and the estimated values for k3 and/or k4 can be highly 

sensitive to noise, especially when the number of available receptors is low, for 

example in case of high receptor occupancy. Logan graphical analysis was a more 

stable modelling approach, which can be used even when the 2TRCM does not fit 

properly.   

Due to lack of a specific reference region for estimation of nonspecific binding, we 

calculated the nonspecific binding in the tumor by extrapolating the occupancy 

curves to an infinitely high drug dose. About 14% of tracer uptake in control tumors 

was due to non-specific binding, irrespective of whether VT or BPnd were used to 

calculate the occupancy. This low percentage of non-specific binding leaves a 

sufficiently large dynamic range to distinguish differences in receptor occupancy 

levels. We used VT calculated from Logan analysis and from 2TRCM analysis to 

estimate the ED50 of the drug Plerixafor® in-vivo. Both approaches gave comparable 

results. In contrast, when BPnd values were used to estimate the ED50, non-linear 

regression of the data did not give a statistically significant fit and consequently the 

calculated ED50 values were unreliable. This poor curve fit was probably caused by 

BPnd being more sensitive to noise than VT, resulting in poor estimates of the 

occupancy by this method. Therefore, our results suggested that estimation of ED50 

is more reliable when CXCR4 receptor occupancy is calculated from the VT obtained 

by either Logan or 2TRCM analysis than when occupancy is calculated from BPnd. 

When receptor occupancy was corrected for nonspecific binding, almost 100% 

occupancy was obtained at a doses ≥ 10 mg/kg, if occupancy was calculated from 

VT (Logan and 2TRCM). Correction of the BPnd for nonspecific binding did not 

improve the estimation of the ED50, as non-linear regression failed to give a 

statistically significant curve fit.  
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A limitation of this study is that the effect of the endogenous ligand CXCL12 was 

not assessed. The effect of changes in binding of CXCL12 to CXCR4 on occupancy 

calculations is probably negligible, because all animals likely had comparable 

CXCL12 levels as they received the same treatment. Another limitation is that the 

C6 tumors express both CXCR4 and CXCR7 [19]. Both CXCL12 and Plerixafor® can 

bind to both CXCR4 and to CXCR7 [20]. Therefore, both CXCR4 and CXCR7 may have 

contributed to the occupancy measured in this study. These issues need to be 

addressed in future studies. 

CONCLUSION 

We have demonstrated that N-[11C]methyl-AMD3465 can be used to quantify  

CXCR4 receptor occupancy in  tumors with PET. Tracer kinetics can be easily 

quantified by Logan graphical analysis, which gives comparable estimates of VT as 

compartment modeling using the 2TCRM. Estimation of the BPnd from the 2TCRM 

appears to be sensitive to noise. N-[11C]methyl-AMD3465 PET seems to be a useful 

tool to establish the relationship between drug dose and CXCR4 receptor 

occupancy in vivo. This technique could easily be translated to applications in 

humans, like patient-tailored, individualized therapy monitoring and development 

of new drugs for CXCR4 receptors. 
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ABSTRACT 

Introduction: The chemokine CXCL12 and its receptor CXCR4 are constitutively 

overexpressed in human cancers. The CXCL12-CXCR4 signaling pathway plays an 

important role in tumor progression and metastasis, but also in treatment-induced 

recruitment of CXCR4-expressing cytotoxic immune cells. Here we aimed to 

demonstrate the feasibility of N-[11C]methyl-AMD3465 PET to monitor changes in 

CXCR4 density in the tumor after local tumor irradiation or a combination of 

irradiation and immunization. Methods: Female C57BL/6 mice were 

subcutaneously inoculated in the neck with TC-1 cells, expressing the human 

papillomavirus antigens E6 and E7. Two weeks after tumor inoculation, mice were 

irradiated with a single 14 Gy dose of X-rays or sham-irradiated. A group of 

irradiated mice was immunized with a viral vector SFVeE6,7 vaccine, another group 

of irradiated mice received daily injections of the CXCR4 antagonist AMD3100 

(3mg/kg. i.p) and the third group of irradiated mice was treated with vehicle (PBS). 

Seven days after (sham) irradiation, all animals underwent N-[11C]methyl-AMD3465 

PET. Results: PET imaging showed that N-[11C]methyl-AMD3465 uptake in the 

tumor of irradiated mice was nearly 2 fold higher than in sham-irradiated tumors 

(1.07±0.31 %ID/g vs. 0.56±0.05 %ID/g, p<0.01). When tumor irradiation was 

combined with immunization, tracer uptake in the tumor was even further 1.5 fold 

increased (1.63±0.17%, p<0.01) when compared to mice that were treated with 

radiation alone. Administration of a daily dose of AMD3100 caused a 3.5 fold 

reduction in the tracer uptake in the tumor of irradiated animals (0.31±0.1 %ID/g, 

p<0.001).  Conclusion: Tumor uptake of N-[11C]methyl-AMD3465 is CXCR4 receptor 

mediated. Both, local tumor irradiation alone or the combination irradiation with 

immunization increased the CXCR4 density in the tumor. This study demonstrates 

the feasibility of N-[11C]methyl-AMD3465 PET imaging to monitor treatment-

induced changes in the density of CXCR4 receptors in tumors. These results justify 

further evaluation of CXCR4 as a potential imaging biomarker for evaluation of anti-

tumor therapies.  
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INTRODUCTION 

CXCR4 is a seven transmembrane G-protein coupled receptor, which is 

overexpressed by stromal cells and tumor cells in more than 20 different human 

cancers types [1]. CXCR4 is involved in various biological processes, including 

immune cell trafficking, tumor growth and metastasis [2-7]. CXCR4 signaling is 

mediated by CXCL12 (stromal derived factor-1α), the natural ligand of the receptor. 

Stimulation of CXCR4 positive tumor cells by CXCL12 leads to G-protein mediated 

activation of downstream signaling pathways via transcription factors that promote 

cell proliferation, cell survival, and cell migration [8, 9]. The CXCR4-CXCL12 axis 

directly influences the biology of many tumors, for example, increased expression 

of CXCL12 by stromal cells stimulates the production of vascular endothelial growth 

factor and nuclear factor kappa B expression, leading to increased angiogenesis and 

invasiveness of tumors [10-12].  

Migration of cancer cells throughout the body is directly dependent on the 

interactions between cell surface molecules on the tumor cells, like CXCR4, and the 

release of chemokines, like CXCL12, by tissues that are target for metastases. It is 

believed that organs with high level expression of CXCL12, such as lymph nodes, 

lungs, liver, or bones, are the first destination of metastatic tumors that express 

CXCR4 receptors. This hypothesis was supported by animal studies, which 

confirmed that CXCR4-positive tumor cells migrated from their primary region to 

these CXCL12 secreting tissues [13,14]. The CXCR4-CXCL12 signaling pathway, 

however, is not only involved in the migration of cancer cells, but also in the 

trafficking of stem cells and immune cells, such as CXCR4-expressing hematopoietic 

stem cells, progenitor cells, pre-B lymphocytes and T lymphocytes [15,16]. 

Increased secretion of CXCL12 by the tumor, for example as a result of hypoxia or 

treatment, stimulates the infiltration of CXCR4 expressing immune cells [12, 38]. 

High expression of CXCR4 by tumor cells has been associated with treatment 

resistance [17, 18]. Recent data indicate that standard chemotherapeutic agents 

and radiotherapy can induce dynamic changes in the surface expression of CXCR4. 

This therapy-induced overexpression of CXCR4 was suggested to be involved in 

acquired therapeutic resistance [17,18].  Both in murine tumor models and in 
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cancer patients, activation of the CXCR4 pathway resulted in protection of the 

tumor against immune-mediated cytotoxic activity [39-43]. Likewise, mutations in 

the CXCR4 gene that lead to overexpression of CXCR4 receptors were found to 

induce resistance towards conventional therapy [18, 19]. Inhibition of the CXCR4-

CXCL12 axis can sensitize cancer cells to chemotherapy or radiotherapy by 

inhibiting the interaction between the CXCR4-expressing tumor cells and stromal 

cells, resulting in decreased cancer cell protection by the CXCL12 releasing stromal 

cells [20-22]. When radiotherapy or chemotherapy of solid tumors was combined 

with administration of a CXCR4 antagonist, a significant decrease in primary tumor 

volume and reduced metastatic burden was observed [22-24]. The use of                  

anti-CXCR4 drugs can also potentiate the anti-tumor activity of several targeted 

drugs, such as tyrosine kinase inhibitor or anti-PD-1 or anti-CTLA4 antibodies [44-

47]. Since the CXCR4-CXCL12 signaling pathway plays an important role in 

oncogenesis, treatment-induced resistance and immune cell trafficking, CXCR4 

could be an interesting biomarker to predict and monitor treatment response.  

We recently developed N-[11C]methyl-AMD3465 as a new PET tracer for imaging of 

CXCR4 receptors [25 ]. The aim of the current study is to demonstrate the feasibility 

of N-[11C]methyl-AMD3465 PET to monitor changes in the density of CXCR4 

receptors in the tumor after different therapies in a non-invasive manner. In this 

study, we investigated the effect of single dose radiotherapy as an example of a 

conventional treatment and vaccination as an example of an experimental 

immunotherapy. Therapies that stimulate the host immune system to eradicate the 

cancer are a recent breakthrough in cancer research [26,27]. Activation of the host 

immune system can be achieved by immunization or administration of cytokines, 

such as interleukin-2, interferon-γ, or treatment with specific monoclonal 

antibodies [28,29]. Some cytokines and monoclonal antibodies have already been 

registered for clinical use, whereas vaccination therapies are still in development. A 

tool that can monitor the immune response in the tumor non-invasively could 

highly facilitate this kind of translational research.  

In a previous study, we have shown that immunization with an attenuated 

recombinant Semliki Forest virus (rSFV) vector against human papillomavirus 16 
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(HPV16) induced cervical cancer (SFVeE6,7) results in strong and long lasting E6/E7 

specific immune responses in TC-1 tumor-bearing mice [30,31]. When tumor 

immunization was combined with a single dose of local irradiation (14Gy), the 

recruitment of immune cells into the tumors was strongly enhanced [32]. In the 

present study, we selected the same animal model and therapeutic interventions 

to investigate the feasibility of N-[11C]methyl-AMD3465 PET to monitor treatment 

induced changes in CXCR4 receptor density. Therefore, we treated mice bearing a 

TC-1 tumor with a single dose of local tumor irradiation, either as a single 

treatment or in combination with tumor vaccination. In addition, tumor-bearing 

mice were treated with the CXCR4 antagonist AMD3100 (Plerixafor®) to saturate 

the CXCR4 receptor and inhibit immune cell trafficking. 

MATERIALS AND METHODS 

General  

All chemicals and reagents were obtained from commercial suppliers and used 

without further purification. The drug AMD3100 octahydrochloride 

(AMD3100.8HCl; Plerixafor®) was prepared as described in the literature [33,34].          

A stock solution of Plerixafor® was prepared in phosphate buffered saline (PBS) and 

the pH of the solution was adjusted to neutral with 1M NaOH. The radiotracer                   

N-[11C]methyl-AMD3465 was prepared as previously described [25]. The TC-1 cell 

line was created from C57BL/6 primary lung epithelial cells by transfection with a 

retroviral vector that expresses a fusion protein of the HPV16 early genes E6 and E7 

[31]. Cells were cultured as described before [31]. The production and quality 

control of the Semliki Forest virus vector SFVeE6,7 for immunization was 

performed  as previously described [35]. 

Animal Model 

All animal experiments were performed in the compliance with the Dutch law on 

Animal experiments. The protocol was approved by the Institutional Animal Care 

and Use Committee of the University of Groningen (DEC6073E). Specified 

pathogen-free female C57BL/6 mice between the age of 8 and 14 weeks were used 

(Harlan CPB, The Netherlands). Mice were maintained at 12h/12h day/night regime 
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and fed standard laboratory chow. Mice were subcutaneously inoculated in the 

neck region with 2x104 TC-1 cells suspended in 0.2 mL Hank’s Balanced Salt 

Solution (Invitrogen, Paisley, UK). The animals were randomly divided into four 

groups, which received the following treatments: (1) sham-irradiation (n=5),          

(2) 14 Gy local tumor irradiation (n=6), (3) 14 Gy local tumor irradiation followed by 

immunization with SFVeE6,7 (n=6) and (4) 14 Gy local tumor irradiation followed by 

treatment with the CXCR4 antagonist AMD3100.8HCl (3 mg/kg i.p, n=5).  

Treatments 

Two weeks after tumor cell inoculation, mice were anesthetized with isoflurane 

and placed in plastic constrainers to ensure immobilization for the localized 

irradiation of the tumor. TC-1 tumors were subjected to a single local 14 Gy dose 

irradiation with x-rays, using the X-RAD 320 Biological Irradiator (Precision X-Ray, 

North Branford, CT, USA). The x-ray delivery rate was 1.64 Gy/min. Sham-irradiated 

animals underwent the same procedure, but the irradiation equipment remained 

switched off.  One day after irradiation, one group (irradiated only) received a 

vehicle injection (PBS), the second group of mice received a single intramuscular 

injection of 5x106 SFVeE6,7 particles (irradiation+immunization group) and last  

group received daily intraperitoneal injections of AMD3100.8HCl (3 mg/kg) until the 

end of the experiment (6 days).  

PET acquisition 

PET imaging experiments were performed 7 days after irradiation. Mice were 

anaesthetized with isoflurane (5% induction; 2% for maintenance) in medical air. 

Two animals were simultaneously placed in a trans-axial position in the PET camera 

(microPET Focus 220; Siemens Medical Solution USA) with the tumors in the field of 

view. Animals were injected with 20±2 MBq of N-[11C]methyl-AMD3465 through 

the tail vein and the acquisition of a 30-min static PET scan was started 

immediately. After the emission scan was complete, a transmission scan of 900 s 

with a Co-57 point source was obtained for the correction of attenuation and 

scatter by tissue. 
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Image reconstruction 

All the emission scans were normalized and corrected for attenuation, scatter and 

radioactive decay. Emission sinograms were iteratively reconstructed using an 

ordered subset expectation maximization (OSEM) algorithm with 4 iterations and 

16 subsets. The final data set consists of 6 frames of 25 slices with a slice thickness 

of 0.8 mm and an in-plane 128 x 128 image matrix with a pixel size of 1.1 mm. 

Volumes of interest (VOIs) were drawn on the summed PET images using a 

threshold of 75% of the maximum uptake in the tumor. Tracer uptake was 

quantified using standard software (Inveon, Siemens, USA). Tracer uptake was 

converted into the percentage of the injected dose per gram tissue (%ID/g). 

Statistical analysis 

All data are expressed as mean ± standard deviation. Statistical analyses by one-

way ANOVA were performed using GraphPad Prism 5. Probability (p) values lower 

than 0.05 were considered statistically significant. 

RESULTS 

Tumor uptake 

Two weeks after tumor inoculation, all animals underwent PET scanning. Fig-1 

represents PET scans of the tracer uptake in the TC-1 tumor after different 

treatments. The basal expression of CXCR4 in the tumor was monitored in the 

sham-irradiated group. All tumors could be clearly visualized 25-30 min after tracer 

injection and the uptake of tracer was found to be homogenously distributed 

within most of the tumors. Fig-2 shows the quantitative N-[11C]methyl-AMD3465 

uptake in the tumor 25-30 min after tracer injection, as determined by PET. Seven 

days after irradiation with a single dose of 14 Gy, the tracer uptake in the tumor 

was nearly 2-fold higher than in the sham-irradiated group (1.07±0.31 %ID/g vs. 

0.56±0.05 %ID/g, p<0.01). When local tumor irradiation was combined with 

immunization with a single dose of SFVeE6,7 particles, tracer uptake in the tumor 

was even further increased by approximately 50%, when compared to mice that 

were treated with radiation alone (1.63±0.17, p<0.01). In contrast, administration 

of a daily dose of AMD3100 caused a 3.5 fold reduction in the tracer uptake in the 
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tumor of irradiated animals (0.31±0.1 % ID/g, p<0.001). Moreover, tracer uptake in 

the tumor of animals treated with AMD3100 was even significantly lower than 

uptake in tumors of sham-irradiated animals (55%, p<0.05).  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-1:  N-[11C]methyl-AMD3465 PET images (25-30 min) of female C57BL/6 mice bearing a 
TC-1 tumor in the neck. Tumor-bearing mice were treated with a) PBS after sham-irradiation 
of the tumor, b) PBS after a single dose of 14 Gy local tumor irradiation, c) a single dose of 
14Gy local tumor irradiation followed by immunization with a single dose of 5x106 SFVeE6,7 
particles and d) a single dose of 14Gy local tumor irradiation followed by daily administration 
of AMD3100 (3mg/kg, i.p). e) PET-CT fusion image showing a tumor bearing mice treated 
with tumor irradiation along with immunization. 

 

Uptake in main organs 

Apart from the tumor, liver, kidney and heart were also clearly visible in the PET 

images (Fig-1).  Tracer uptake in the liver was nearly 15 times higher than in the 

tumor. Tracer uptake in the liver was approximately 20% higher in mice receiving 

local irradiation in combination with immunization (12.5±2.5 %ID/g), when 

compared to the other groups (~10 %ID/g), but this difference was not statistically 

significant. Furthermore, the kidneys (66±12 % ID/g) and bladder (71±24 %ID/g) 
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were clearly visible in the images, being the organs with highest tracer uptake 

(Table-1). Kidneys and bladder uptake was not significantly different between the 

groups, indicating that renal clearance of the tracer was not significantly affected 

by the treatments. Although heart and spleen were visible in the PET images, 

quantification of tracer uptake in these organs in tumor-bearing mice was difficult, 

due to the spillover effect from liver. Tracer uptake in the brain was low (0.5 %ID/g) 

and not significantly different between groups. 

 

Figure-2: Tumor uptake of N-[11C]methyl-
AMD3465 in mice treated with sham-
irradiation (n=5), with a single dose of local 
tumor irradiation (14Gy, n=6), or with local 
tumor irradiation in combination with 
immunization with a single dose of 5x106 
SFVeE6,7 particles (n=6), or with local 
tumor irradiation in combination with daily 
AMD3100 treatment (n=5, 3mg/kg, i.p). 
Tracer uptake was normalized for the 
injected dose and the trace uptake was 
expressed as percentage injected dose per 
gram tissue (%ID/g). All bars represent the 
mean tracer uptake and error bars 
represent standard deviations. Statistically 
significant differences are indicated by         
*(p<0.05), ** (p<0.01) and *** (p<0.001). 

 

Table 1:  PET derived N-[11C]methyl-AMD3465 tracer uptake in liver, kidney, bladder and 
brain after different treatments. The tracer uptake is expressed as %ID/g. No statistical 
differences in tracer uptake between groups were observed. 
 
 

 

 

 

 

 

 

 

 

Organs Control  14 Gy 
Irradiated 

14 Gy 
Irradiated + 

Immunization 

14 Gy 
Irradiation  + 

AMD3100 

Liver 9± 1 
 

10±2 12± 2 10±2 

      
Kidney 59±12 

 
62±10 66±12 60±17 

      
Bladder 69±15 

 
70±18 71±24 67±26 

      

Brain 0.5±0.2  0.6±0.1 0.7±0.3 0.5±0.2 
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DISCUSSION 

The aim of the current study is to show the feasibility of monitoring the effect of 

treatment on CXCR4 receptor expression using PET imaging. The chemokine 

receptor CXCR4 is overexpressed by many cancer types and associated with tumor 

progression and the metastatic potential of the tumor. Consequently, CXCR4 has 

been used as a drug target for adjuvant therapy. In addition, CXCR4 receptors are 

expressed by tumor infiltrating immune cells, where the CXCR4 receptors are 

involved in the chemotaxis. Because of the role of CXCR4 in tumor progression and 

immune cell trafficking, CXCR4 density in the tumor may be affected by treatment, 

either as a result of altered CXCR4 expression by the tumor cells, or by treatment-

induced infiltration of immune cells.  

In this study, we used TC-1 tumor-bearing mice to investigate the effect of 

treatment on CXCR4 expression. TC-1 tumors expressing HPV E6 and E7 tumor 

antigens, represent HPV-infected tumors, such as cervical cancer. The most 

common treatment for locally advanced cervical cancer involves radiotherapy 

and/or chemotherapy. Despite successful results obtained with these conventional 

treatments, many patients still show intrinsic or acquired resistance to these 

therapies [36]. In search for better alternatives, tumor vaccination is now under 

investigation as a new therapeutic approach [30-32, 35]. In this study, we have 

investigated the effect of two treatment strategies: conventional radiotherapy and 

experimental vaccination by immunization with SFVeE6,7 viral replicon particles.  

In previous studies we have shown that local tumor irradiation alone or in 

combination with immunization resulted in a strong increase in infiltrating T 

lymphocytes [32]. Tumor irradiation alone resulted in 2 fold increased migration of 

CD8+T cells at the tumor site, and this was further increased up to 10 fold when 

irradiation was combined with immunization. Furthermore, we also demonstrated 

an up-regulation of chemokines and their ligands such as, CCR2 and CXCR6, CCL2 

and CCL16 after tumor irradiation [32].  In this study, we anticipated that CXCR4-

mediated chemotaxis could be involved in this immunological response, which 

would likely be accompanied by an increase in CXCR4 density within the tumor. 

Here, we have shown that local tumor irradiation indeed caused a significant 
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increase in the accumulation of the CXCR4 selective probe N-[11C]methyl-AMD3465 

in the tumor, indicating that the CXCR4 density in the tumor is increased. The tracer 

uptake was even further increased when local tumor irradiation was combined with 

immunization with a single dose of SFVeE6,7. This increase in CXCR4 density in the 

tumor could be due to treatment-induced increase in the secretion of CXCL12 by 

stromal cells. This may induce overexpression of CXCR4 by tumor cells that attempt 

to avoid apoptosis. Alternatively, radiotherapy-induced hypoxia induces the 

production of hypoxia-inducible factor-1α, which in turn stimulates the secretion of 

CXCL12. The enhanced CXCL12 secretion by the hypoxic tumor may lead to the 

recruitment of CXCR4 expressing bone marrow derived immune cells in order to 

restore the vasculature of the tumor after radiotherapy [37,38 ]. Furthermore, 

tumor irradiation might have resulted in increased recruitment of CXCR4 positive T 

lymphocytes at the tumor site as a result of the acute immune response to 

treatment-induced cell damage [38]. In fact, both radiotherapy and immunization 

were previously shown to evoke massive immune cell infiltration of the                    

tumor [30-32].  

In this study, we also included a group of mice that received local tumor irradiation, 

followed by daily administration of the CXCR4-selective antagonist AMD3100. 

AMD3100 competes with the PET tracer for the CXCR4 receptor binding site. As a 

result, treatment with the CXCR4 antagonist caused a strong reduction in the tumor 

uptake of N-[11C]methyl-AMD3465 in irradiated mice. N-[11C]methyl-AMD3465 

uptake in the tumor of AMD3100 treated irradiated mice was even significantly 

lower than tracer uptake in sham-irradiated animals. Untreated TC-1 tumors 

apparently constitutively express significant levels of CXCR4 receptors, which can 

be saturated by AMD3100. These results demonstrate that N-[11C]methyl-

AMD3465 uptake in the tumor is indeed due to specific binding of the tracer to the 

CXCR4 receptor, rather than secondary treatment effects (e.g. altered perfusion).  

Since administration of AMD3100 saturates the binding sites of the CXCR4 

receptors both on tumor cells and on immune cells, our study could not provide 

any information about the inhibition of CXCR4-mediated chemotaxis by the 

antagonist AMD3100, which should result in a reduction in the radiation-induced 
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infiltration of CXCR4-expressing immune cells into the tumor. In order to monitor 

specifically the effect of CXCR4 inhibition on tumor infiltration of immune cells, 

other PET imaging methods may be applied, such as [18F]IL-2 PET for activated 

cytotoxic T cells [48] or [11C]PK11195 PET for infiltrating macrophages [49]. These 

methods, however, still have to be validated for monitoring of treatment-induced 

tumor infiltration of immune cells.  

CONCLUSION 

Taken together, the preliminary results from this study has demonstrated that 

monitoring of treatment induced changes in surface CXCR4 receptor density in the 

tumor by N-[11C]methyl-AMD3465PET is feasible. PET imaging showed that both 

radiotherapy and immunization can increase the N-[11C]methyl-AMD3465 tracer 

uptake in the TC-1 tumor model. Whether this increases in CXCR4 density is due to 

the increased expression of the receptors or increased infiltration by CXCR4 

expressing immune cells remains to be investigated. 
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ABSTRACT 

Cancer immunotherapeutic approaches are known to modulate the expression of 

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

Previously, we showed that local tumor irradiation enhances levels of tumor-

infiltrating T cells in TC-1 tumor-bearing mice. Immunization with the SFVeE6,7 

vaccine directed against the human papillomavirus (HPV) antigens E6 and E7 

further potentiated this effect. A noninvasive method to monitor the infiltration of 

activated T lymphocytes in tumors and in various non-target organs could be 

helpful in the translation of these and other therapeutic interventions from animals 

to patients.  

Here, we aimed to demonstrate the feasibility of positron emission tomography 

(PET) to monitor tissue infiltration of activated T lymphocytes, induced by 

radiotherapy alone, or in combination with immunization. For this purpose, we 

performed in vivo PET imaging and ex vivo biodistribution studies on TC-1 tumor 

bearing mice with the novel PET tracer [18F]FB-IL-2, which specifically binds to the 

IL-2 receptors overexpressed on activated T lymphocytes. Since intra-tumoral 

infiltration of T cells is a chemokine-dependent process, we have also included a 

group receiving the CXCR4 receptor antagonist AMD3100 following local tumor 

irradiation, to determine whether CXCR4-mediated chemotaxis is involved in the 

process of intra-tumoral T cell infiltration.  

In vivo PET imaging showed a 10-fold (p<0.001) and 30-fold (p<0.001) higher 

[18F]FB-IL-2 uptake in the tumor of mice receiving 14Gy local tumor irradiation 

alone or 14Gy local tumor irradiation followed by SFVeE6,7 immunization, 

respectively, when compared to the non-irradiated group. Administration of 

AMD3100 2.4-fold (p<0.001) reduced the [18F]FB-IL-2 uptake in the tumor of 

irradiated mice, indicating that the CXCR4 inhibitor decreased the irradiation-

induced intra-tumoral infiltration of activated T lymphocytes. PET imaging results 

were confirmed by ex vivo biodistribution data. Interestingly, combined irradiation 

and immunization but not tumor irradiation alone also significantly increased the 

[18F]FB-IL-2 uptake in several non-target tissues, including blood, bone marrow, 

thymus and spleen (p<0.001). This study demonstrates the feasibility of [18F]FB-IL-2 
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PET to monitor treatment-induced T cell infiltration in the tumor and non-target 

organs. This could be of interest, since whole body PET imaging might not only be 

used to monitor treatment response, select patients for innovative immune 

modulating drugs, but may also be able to predict immune-related side effects in 

non-targeted tissues. 
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INTRODUCTION 

The proven clinical immunogenicity of existing therapeutic vaccination strategies 

against cancer demonstrates that active immunization is a realistic approach to 

cancer therapy. So far, a broad range of therapeutic vaccination strategies have 

been tested in clinical trials [1]. However, as opposed to the excellent preclinical 

results, only modest clinical benefits have been obtained [2, 3]. The disappointing 

clinical efficacy of therapeutic cancer vaccines is likely caused by the 

immunosuppressive microenvironment of the tumor, capable of limiting the 

effective immune infiltration and attack of the tumor exerted by vaccine-induced 

immune effector cells [4, 5].  

Localized tumor irradiation is one of the conventional cancer therapies commonly 

used in the clinical setting, due to its direct cytotoxic effect. Occasionally, localized 

tumor irradiation induces regression of metastatic cancer at distant sites that have 

not been previously irradiated [6]. This phenomenon was called the abscopal effect 

and can be attributed to the induction and enhancement of innate and adaptive 

anti-tumor immune responses [6, 7]. Several mechanisms accounting for this 

abscopal effect have been identified, including trafficking of activated                                  

T lymphocytes to the tumor site [8-10], up-regulation of tumor antigens [11,12] 

that facilitate tumor recognition by infiltrated lymphocytes and induction of 

positive immune modulatory pathways [13,14]. 

Emerging evidence supports the notion of combining therapeutic cancer 

immunizations with conventional treatments, such as local tumor irradiation, to 

improve immunotherapy efficacy. Addition of local tumor irradiation to therapeutic 

cancer immunizations has been reported to enhance both remodeling of tumor 

vasculature [15], as well as intra-tumoral migration of vaccine-induced immune 

effector cells [16]. The increased intra-tumoral trafficking of vaccine-induced 

immune effector cells is presumably due to irradiation-induced up-regulation of 

chemokine expression levels within the tumor microenvironment and their 

corresponding receptors localized on the surface of immune cells [9, 16]. However, 

studies aimed to monitor the total body distribution of vaccine-induced immune 

effector cells in the presence or absence of local tumor irradiation are lacking.  
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Within the last decade, a large array of tools has been developed to measure the 

ability of therapeutic vaccination strategies to engage and activate the immune 

system in the fight against cancer. Some of the most commonly used tools include 

analyses of phenotypical (e.g. CD4, CD8, Foxp3), activation (e.g. CD25, CD69 CXCR3, 

CD137), polarization (e.g. GATA3, RoRyt, T-bet) or functional (GZMB, IFN-g, PRF1) 

biomarkers of vaccine-induced immune effector cells. However, these tissue-based 

clinical specimen analyses were repeatedly proven to be technically challenging 

because of issues such as low reproducibility, sampling errors and heterogeneity 

within a tumor lesion and between lesions within a patient or low concentration for 

specific measurements (e.g. ELISA or multi-color flow cytometry techniques) [17]. 

To counteract these shortcomings, new non-invasive techniques with the ability to 

simultaneously determine levels and activation status of vaccine-induced immune 

effector cells within different tissues throughout the body of the living organism 

are urgently needed and, therefore, under development. One such technique is 

positron emission tomography (PET), a non-invasive molecular imaging technique, 

which allows for repetitive and quantitative monitoring of biological parameters 

within the living body. PET uses a radioactively labeled tracer that specifically binds 

to the target of interest and can be detected outside the body with a dedicated 

camera.  

We recently developed and validated a new PET radio-pharmaceutical,                           

N-(4-[18F]-fluorobenzoyl) interleukin-2 ([18F]FB-IL-2), that binds specifically and 

selectively to the interleukin 2 receptors (IL-2R) that are present on activated T cells 

[18]. IL-2 is a small single-chain glycoprotein secreted in response to antigen 

binding to the T cell receptor and plays a crucial role in the process of T cell 

activation and proliferation [19]. Binding of IL-2 to its corresponding IL2R expressed 

on the surface of activated T cells further stimulates survival and cytotoxic activity 

of antigen-specific CD8+ T cells [20].  

Previous studies have underlined the interactions between various chemo-

attractants overexpressed on the surface of tumor cells and their corresponding 

receptors located on the surface of immune cells as responsible for intra-tumoral 

infiltration of these immune cells [10, 21]. One such interaction is given by the 
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CXCR4 / CXCL12 axis. The study of Obermajer N et al demonstrated that interaction 

between the CXCR4 receptor expressed on the surface of myeloid-derived 

suppressor cells (MDSCs) and its corresponding ligand CXCL12 produced within the 

ovarian cancer environment is responsible for the intra-tumoral migration of 

MDSCs [21]. Conversely, inhibition of CXCR4 receptors in MDSCs suppressed the 

responsiveness of these cells to CXCL12 [21]. On the other hand, CXCR4 is also 

expressed by a variety of human tumors [22, 23] and its levels correlate with the 

risk of metastases [24, 25]. Inhibition of CXCR4 expressed on tumor cells resulted in 

reduced metastatic potential in various animal tumor models [26, 27].  Additionally, 

CXCR4 is constitutively expressed on the surface of murine cytotoxic T cells [28] and 

specific peptide immunization of immunocompetent wild-type mice has been 

shown to cause a preferential up-regulation of CXCR4 on the surface of CD8+ T cells 

[29]. However, the effect of CXCR4 blockade on the constitutive or treatment-

induced intra-tumoral infiltration of activated T lymphocytes has not yet been 

investigated.   

Here, we investigate the use of [18F]FB-IL-2 as an effective PET probe for monitoring 

the total body distribution of activated T cells after treatment with localized tumor 

irradiation alone or in combination with therapeutic immunization. For this 

purpose, we used a previously developed therapeutic vaccine against human 

papillomavirus (HPV)-induced cancer based on recombinant alphavirus Semliki 

Forest virus (rSFV) particles that encode a fusion protein of E6 and E7 derived from 

HPV type 16 (SFVeE6,7). To study the effect of CXCR4 blockade on irradiation-

induced intra-tumoral infiltration of activated T lymphocytes we used the CXCR4 

antagonist AMD3100, a prototype non-peptide, small molecule inhibitor capable of 

selectively and specifically blocking CXCR4-mediated chemotaxis.  

We have previously demonstrated the synergistic therapeutic effect of combined 

SFVeE6,7 immunization and single low-dose localized tumor irradiation in a murine 

tumor mode [8]. In the present study, we aimed to non-invasively image the 

infiltration of activated T cells using [18F]FB-IL-2 PET after treatment of tumor-

bearing mice with single low-dose local tumor irradiation, alone or in combination 

with AMD3100 or SFVeE6,7 therapeutic immunization. 
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MATERIALS AND METHODS 

Cell lines 

Baby hamster kidney cells (BHK-21) were obtained from the American Type Culture 

Collection (# CCL-10). The TC-1 cell line was created by transfection of C57BL/6 

primary lung epithelial cells by transfection with a retroviral vector that expresses 

human papillomavirus 16 (HPV16) E6E7 fusion protein [30]. The cells were obtained 

in 1998 from Prof. dr. Cornelis Melief (Leiden University Medical Center, Leiden, 

The Netherlands). Cells were cultured as described before [31]. 

Animals 

Specified pathogen-free female C57BL/6 mice between the age of 8 and 10 weeks 

were purchased from Harlan CPB (Zeist, the Netherlands) and housed according to 

institute’s guidelines. Mice were maintained at 12h/12h day/night regime and fed 

standard laboratory chow. The Institutional Animal Care and Use Committee 

(IACUC) approved all experiments. 

Production, purification and titer determination of SFVeE6,7 particles 

SFVeE6,7 production, purification and titer determination was performed as 

previously described [32]. Shortly, SFVeE6,7 particles were produced by co-

electroporation of BHK-21 cells with an RNA encoding the SFV transgene (the E6E7 

fusion protein), replicase and a helper RNA encoding the structural proteins of SFV. 

Recombinant SFV particles produced by transfected BHK-21 cells were purified on a 

sucrose density gradient and titrated on BHK-21 cells using a polyclonal rabbit 

antireplicase (nsP3) antibody [gift from Dr. T. Ahola (Biocentre Viikki, Helsinki, 

Finland)]. 

Tumor inoculation, SFVeE6,7 immunizations and local tumor irradiation.  

Mice were inoculated subcutaneously in the neck with 2x104 TC-1 cells suspended 

in 0.2 mL Hank’s Balanced Salt Solution (Invitrogen, Paisley, UK). Two weeks later, 

TC-1 tumors were locally irradiated with a single 14Gy radiation dosage, using the 

X-RAD 320 Biological Irradiator (Precision X-Ray, North Branford, CT, USA) at a 

delivery rate of 1.64 Gy/min. Mice were anesthetized with isoflurane before 

irradiation and were placed in plastic constrainers to ensure immobilization for the 
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localized irradiation of the tumor. Control animals were sham-irradiated. The 

following day, a group of irradiated mice was intramuscularly immunized with a 

single dose of 5x106 SFVeE6,7 particles. Another group of irradiated mice received a 

vehicle PBS solution. The third group of irradiated mice received the CXCR4 

antagonist AMD3100.8HCl in a daily dosage of 3 mg/kg (i.p.) body weight until the 

end of the experiment (6 dyas).  

[18F]FB-IL-2 production 

IL-2 was labeled with fluorine-18 by conjugation of the protein with succinimidyl-4-

[18F]-fluorobenzoate ([18F]SFB) as described before [18], but with minor exceptions. 

[18F]SFB was produced with a fully automated Zymark robotic system. At the end of 

the synthesis, [18F]SFB was purified by solid phase extraction using an Oasis HLB 

cartridge (30 mg, 1 mL). After application of the crude reaction mixture on the 

cartridge, the cartridge was washed with 5 mL of water and eluted with 5 mL of 

ether. The ether fraction was collected in a vial and the solvent was evaporated at 

500C, using a flow of nitrogen, to obtain pure [18F]SFB. Next, human recombinant  

IL-2 (Proleukin; Novartis) was reconstituted at 2 mg/mL in nitrogen-purged water 

and stored in 100 μL aliquots at -800 C for further use. For the conjugation reaction, 

100 μL of IL-2 solution were incubated with [18F]SFB reconstituted in 100 μL of 

ethanol in the presence of 100 μL Tris buffer (pH=8.5). The reaction mixture was 

heated at 500C for 10 min. The resulting product was purified by size-exclusion 

chromatography using a PD-10 cartridge (GE Healthcare, The Netherlands), which 

was previously equilibrated with approximately 25 mL elution buffer (0.05% sodium 

dodecylsulfate, 0.5% human serum albumin in PBS). Fifteen fractions of ~0.5-0.8 mL 

each were collected and each fraction was analyzed by radio thin layer 

chromatography (radio-TLC). The fractions containing pure [18F]FB-IL-2 

(radiochemical purity >95%) were pooled and used for in-vivo imaging and ex vivo 

biodistribution studies. 

Quality control (QC) of [18F]FB-IL-2 was performed by ultra-high performance liquid 

chromatography (UPLC) and radioTLC. UPLC analysis of [18F]FB-IL-2 was performed 

with a Waters Acquity UPLC H-class, equipped with an Acquity UPLC BEH-shield 

RP18 column (1.7 µm, 3x50 mm) and a Berthold Flowstar LB513 radioactivity 
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detector. A gradient elution was performed using a mixture of 0.1% aqueous 

trifluoroacetic acid (solvent A) and 0.1% trifluoroacetic acid in ethanol (solvent B). 

The following gradient profile was used: 0-1 min 5 % B, 1-4 min 30 % B, 4-8 min           

50 % B, 8-13 min 70 % B and 13-15 min 5% B, at a flow rate of 0.8 mL/min. 

Retention times were 9.6 min for [18F]FB-IL-2, 5.0 min for [18F]SFB and 4.0 min for              

[18F]FBA (fluorobenzoic acid). RadioTLC was performed with Merck F-254 silica gel 

strips, which were eluted with ethyl acetate: n-hexane (4:1). Free [18F]SFB migrated 

with the solvent front (Rf=1), whereas [18F]FB-IL-2 remained at the origin (Rf=0). The 

detection was performed by exposing the strips to a phosphor storage imaging 

screen (multi-sensitive screens; Packard), which was subsequently read out using a 

cyclone phosphor storage imager (PerkinElmer). Images were analysed with 

OptiQuant software (PerkinElmer). Both quality control methods indicated that the 

radiochemical purity of [18F]FB-IL-2 was always above 96%. 

PET acquisition 

Mice were anesthetized with isoflurane (5% for induction; 2% for maintenance) in 

medical air throughout the procedure. The animals were placed in a trans-axial 

position in the PET camera (microPET Focus 220; Siemens Medical Solution USA) 

with the tumors in the center of the field of view. Mice were injected through the 

tail vein with 10±2 MBq of [18F]FB-IL-2 and a dynamic PET scan was immediately 

acquired for 30 min. After the emission scans, a transmission scan of 15 min with a 

Co-57 point source was obtained for the correction of attenuation and scatter by 

tissue. Two animals were scanned simultaneously in each scan session. 

Image reconstruction and analysis 

All emission scans were normalized and corrected for attenuation, scatter and 

radioactive decay. Emission sinograms were iteratively reconstructed in 3 frames of 

10 min, using ordered subset expectation maximization (OSEM) algorithm with        

4 iterations and 16 subsets. The regions of interest (ROIs) were manually drawn on 

the summed PET images (0-30 min) using a threshold of 75% of the maximum 

uptake in the tumor. The tracer uptake was calculated using standard software 
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(Inveon, Siemens, USA). ROI volumes corresponded well with the tumor mass 

determined in the biodistribution study. Tracer uptake was expressed as % ID/g. 

Ex vivo biodistribution 

After completion of the transmission scans, mice were sacrificed by cervical 

dislocation and several organs and tissues, including the tumor were excised. Blood 

was centrifuged (5 min at 13.000 rpm) to separate cells from plasma. All tissue 

samples were weighed and the amount of radioactivity within each tissue sample 

was determined by an automated γ-counter (LKB Wallace, Finland). A small fraction 

of plasma and urine samples were used to test percentage of intact tracer by 

tricholoracetic acid precipitation test (TCA).  [18F]FB-IL-2 tracer uptake in each 

organ was expressed as the percentage of the injected dose per gram of tissue       

(% ID/g).  

Statistical analysis 

All data are expressed as mean ± standard deviation. Statistical analyses by one-way 

ANOVA were performed using GraphPad Prism 5. Probability (p) values lower than 

0.05 were considered statistically significant. 

RESULTS 

PET imaging 

We first investigated the in vivo tumor infiltration of activated T lymphocytes 

following irradiation or combined treatment. Two weeks following tumor 

inoculation, tumors of TC-1 tumor-bearing mice were irradiated with a single 14 Gy 

irradiation dosage. The following day, one group of mice received the CXCR4 

antagonist AMD3100, in a daily dosage of 3mg/kg body weight until the end of 

experiments. Another group of mice received a single immunization dosage of 

5x106 SFVeE6,7 particles on the day 15 after tumor inoculation. One week later, 

mice were intravenously injected with [18F]FB-IL-2 for in-vivo visualization of 

activated, IL2R-expressing T lymphocytes. PET data acquired between 10 and 30 

min after tracer injection revealed accumulation of [18F]FB-IL-2 in TC-1 tumors of all 

animals (Fig-1A-E). [18F]FB-IL-2 tumor uptake was 10-fold higher in the group 

receiving a single 14 Gy irradiation dosage (3.3±0.7 %ID/g) when compared to the 
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sham-irradiated control group (0.3±0.1 %ID/g, p<0.01). Administration of AMD3100 

dampened the intra-tumoral accumulation of [18F]FB-IL-2 induced by irradiation, as 

[18F]FB-IL-2 tumor uptake was 2.5-fold decreased in the irradiated and AMD3100 

treated group (1.3±0.2 %ID/g, p<0.01) as compared to the group receiving 

irradiation alone. Upon combination of 14 Gy local tumor irradiation with SFVeE6,7 

immunization, intra-tumoral [18F]FB-IL-2 uptake increased 2.7-fold (9.2±1.8 %ID/g), 

as compared to the group treated with irradiation alone (p<0.001) and 

approximately  30–fold as compared to the non-irradiated control group (p<0.001, 

Fig-1F). Immunohistochemical staining of frozen tumor tissues with an anti-CD8 

antibody confirmed the highest levels of CD8+ T cells being present within tumors 

from mice treated with the combination of irradiation and immunization 

(Supplementary Figure-1). 

Ex vivo biodistribution 

Ex-vivo biodistribution was performed to confirm the results of PET imaging and to 

determine the effect of treatment on the total body distribution of activated T 

lymphocytes. The ex-vivo analysis of the excised tumors showed that [18F]FB-IL-2 

uptake was approximately 10-fold higher in irradiated tumors (4.9±1.7 %ID/g) as 

compared to the sham-irradiated controls (0.4±0.17 %ID/g, p<0.01). 

Treatment with local tumor irradiation followed by daily administration of 

AMD3100 decreased [18F]FB-IL-2 tumor uptake 2.2-fold (2.2±0.6 %ID/g) as 

compared to irradiation alone (p<0.05). Immunization with SFVeE6,7 further 

enhanced the irradiation-induced T cell infiltration, as mice receiving combined 

irradiation and immunization treatment presented a 2.7-fold or 30-fold increase in 

[18F]FB-IL-2 uptake in the tumor (13.6±5.0%ID/g ), as compared to the group 

receiving local tumor irradiation alone (p<0.005) or no treatment at all, respectively 

(p<0.0001, Fig-2A and Table-1).   

Collection and processing of organs from treated and non-treated tumor-bearing 

mice allowed us to monitor the ex vivo [18F]FB-IL-2 tracer biodistribution in 

different organs throughout the body. Local tumor irradiation, alone or combined 

with AMD3100, did not significantly enhance tracer uptake in any organ/tissues 

other than tumor (Fig 2B and Table-1). However, combined treatment with local 
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tumor irradiation and SFVeE6,7 immunization significantly enhanced tracer uptake 

in immune-related organs, such salivary gland (5-fold) and lymph nodes (6-fold)  

(Fig 2B and Table-1), as compared to non-treated controls or mice receiving 14 Gy 

local tumor irradiation alone (p<0.001). In addition, combined irradiation and 

immunization resulted in a significantly increased tracer uptake in, plasma, heart, 

lungs, liver and pancreas (p<0.001), as well as colon and ileum (p<0.05), when 

compared to irradiation alone. The analysis of tracer uptake in a non-targeted 

organ like the muscle revealed relatively low [18F]FB-IL-2 tracer levels in non-

treated animals (2.5±1.5 %ID/g). These levels did not significantly change in the 

groups receiving local tumor irradiation alone (2.2±1.9 %ID/g) or combined with 

AMD3100 (1.20±0.75 %ID/g). 

 

 

 

 

 

 

 

 

 

 

 

Figure-1: In vivo PET imaging and quantitative uptake of [18F]FB-IL-2 in TC-1 tumors. 
Representative cross-sectional images of TC-1 tumor bearing mice with the tumor in the field 
of view. Mice were subjected to different treatments: a) sham-irradiation (control), b) 14Gy 
local tumor irradiation, c) 14 Gy local tumor irradiation followed by administration of the 
CXCR4 antagonist AMD3100 or d) 14 Gy local tumor irradiation followed by immunization 
with 5x106 SFVeE6,7 particles. e) Representative a fused PET and computer tomography (CT) 
image of a cross-section of a TC-1 tumor bearing mouse treated with 14 Gy local tumor 
irradiation followed by immunization with SFVeE6,7 particles. f) Quantitative estimation of 
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the in vivo tracer uptake, expressed as percentage of the injected tracer dose per gram of 
tissue (% ID/g). Arrow indicates the position of the tumor, and all the data represents the 
mean ± SD. Statistically significant differences between groups are indicated by *P<0.05, 
**P< 0.01 and ***P<0.001.  

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure-2: Ex-vivo biodistribution of [18F]FB-IL-2. Ex-vivo biodistribution 50 min after injection 
of [18F]FB-IL-2 in TC-1 tumor bearing C57BL/6 mice, irradiated with a single 14 Gy irradiation 
or sham-irradiated. One group of irradiated mice was treated with AMD3100, whereas 
another group of irradiated mice was immunized with single dose of 5x106 SFVeE6,7 
particles. The ex-vivo quantitative estimation of the tracer uptake is expressed as percentage 
of the injected dose per gram of tissue (% ID/g). Tracer uptake in the tumor of mice 
subjected to different treatments and in different immunological organs. All the data 
represents the mean ± standard deviation and the statistical difference were indicated by 
*p<0.05, **p<0.01, and ***p<0.001 
 

 

However, there was approximately 2 fold enhanced tracer uptake in the group 

receiving irradiation and immunization (4.3±2.1%ID/g, Table-1). 

Following combined treatment the highest levels of radioactivity were observed in 

the kidney, as compared to all other organs (95±75 %ID/g). Plasma tracer analysis 

by the tricholoroacetic acid precipitation method suggests that more than 96% of 

the tracer was still intact at 30 min after tracer injection in all groups (Fig-3). 

Conversely, urine analysis showed that the tracer was completely metabolized in all 

groups with the percentage of intact tracer being lower than 3%. These results 

suggest that the kidney metabolizes the tracer and excretes the metabolites into 

the urine. These results are comparable with previously published data [18] and 

indicate that the tracer behaves similar to native IL-2 [30, 31]. 
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Figure-3: The tracer was found to be >96 % stable in plasma, whereas less than 3% intact 

tracer was found in urine, as analyzed by the TCA precipitation assay.  

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure-1: Combined local tumor irradiation and SFVeE6,7 immunization 
enhance intra-tumoral levels of CD8+ T cells. A) Representative figures of a TC-1 tumor tissue 
section isolated from a sham irradiated tumor-bearing mouse. B) Representative figures of a 
TC-1 tumor tissue section isolated from a tumor-bearing mouse treated with a single 14Gy 
local tumor irradiation dosage. C) Representative figures of a TC-1 tumor tissue section 
isolated from a tumor-bearing mouse treated with a single 14Gy local tumor irradiation 
dosage, followed by administration of AMD3100. D) Representative figures of a TC-1 tumor 
tissue section isolated from a tumor-bearing mouse treated with a single 14Gy local tumor 
irradiation dosage, followed by SFVeE6,7 immunization with 5x106 particles. Left column 
20x, right column 40x 
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Table 1:  Ex-vivo biodistribution of [18F]FB-IL-2 50 min after tracer injection in TC-1 tumor 

bearing C57BL/6 mice treated with sham-irradiation or 14 Gy local tumor irradiation alone or 

in combination with the CXCR4 antagonist AMD3100 or immunization with SFVeE6,7. 

[18F]FB-IL-2 tracer uptake was expressed as percentage of injected tracer dose per gram 

tissue (%ID/g). Data are presented as mean ± standard deviation. Significant differences 

between groups and mice that only received 14 Gy irradiation are illustrated by *p<0.05, 

**p<0.01, and ***p<0.001. 

 

 

 

 

 

 

 

Organs 
 

  Sham 
  (n=5) 

14 Gy 

(n=6) 
14Gy+AMD3100 

(n=5) 
14Gy+SFVeE6,7 

(n=6) 

Total blood  7.28 ± 2.52 6.23 ± 2.40** 20.18 ± 3.15 27.29 ± 5.91*** 

Plasma 6.77 ± 1.87 14.52 ± 8.03* 34.40 ± 4.36 45.10 ± 9.38*** 

Heart 2.38 ± 1.24 4.58 ± 3.04* 6.52 ± 1.70 18.55 ± 5.42*** 

Lungs 4.15 ± 2.69 5.60 ± 2.68** 4.59 ± 2.63 27.76 ± 6.10*** 

Thymus 3.51 ± 1.77 4.68 ± 2.53** 5.23 ± 1.16 13.81 ± 5.91*** 

Kidneys 21.96 ± 7.24 22.08 ± 10.91 11.40 ± 3.09 31.89 ± 10.74 

Liver 8.42 ± 4.22 8.30 ± 3.05 9.80 ± 2.65 55.30 ± 16.51*** 

Pancreas 2.56 ± 1.08 2.91 ± 0.92** 1.85 ± 0.13 7.58 ± 2.19*** 

Spleen 3.22 ± 1.26 4.05 ± 1.23*** 6.99 ± 1.96 18.89 ± 6.12*** 

Colon 1.65 ± 1.22 2.19 ± 1.56* 2.29 ± 0.52 8.60 ± 2.53* 

Ileum 2.55 ± 1.34 4.45 ± 1.89* 3.23 ± 1.36 9.59 ± 2.80* 

Muscle 2.54 ± 1.50 2.22 ± 1.94 1.20 ± 0.86 4.31 ± 2.13 

Bone marrow 1.61 ± 0.78 3.17 ± 2.76*** 2.01 ± 0.56 11.83 ± 6.32* 

Brain 0.30 ± 0.05 0.42 ± 0.26 0.45 ± 0.13 1.22 ± 0.88 

Salivary glands 1.26 ± 0.28 2.51 ± 1.21*** 1.66 ± 0.44 11.81 ± 4.61*** 

Lymph nodes 4.76 ± 2.31 2.78 ± 2.48*** 4.48 ± 1.64 16.41 ± 5.60*** 

Tumors 0.47 ± 0.17 4.93 ± 1.76** 2.21 ± 0.66 13.62 ± 5.0*** 
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DISCUSSION 

In this study, we aimed to demonstrate the feasibility of PET imaging to monitor 

the effect of low-dose local tumor irradiation, alone or in combination with the 

CXCR4 antagonist AMD3100 or SFVeE6,7 immunization, on tumor infiltration and 

biodistribution of activated T lymphocytes throughout the body.  

A common method to assess functionality and quantifying levels of immune cells 

within tumors consists of tissue-based analyses of biopsies taken from cancer 

patients. The intrinsic tumor heterogeneity and the fact that a biopsy only enables 

assessment of an individual site imply that several biopsies would be necessary for 

a more accurate portrayal of the intra-tumoral immune environment. These tissue-

based analyses are also technically challenging, due to the lack of sufficient tissue 

material, low reproducibility of results or a too low sample concentration for 

specific measurements.  

In recent years, the awareness that characteristics of the primary tumor are not 

always predictive of the status of individual metastases has aroused. In fact, 

heterogeneity between individual lesions in a single patient appears to be quite 

common. Non-invasive, whole body imaging techniques could provide functional 

information about tumor heterogeneity and could overcome the hurdles presented 

by biopsy. 

PET is a non-invasive imaging technique capable of revealing physiological activities 

within a certain tissue or organ by making use of radiolabeled probes. Recently, a 

study by van Kruchten et al underlined the advantages of using whole-body PET 

imaging for tumor characterization in patients with breast cancer [35]. In this study, 

approximately 45% of patients with metastatic breast cancer present 

heterogeneous expression of estrogen receptor across tumor lesions [35]. Whole-

body PET imaging enabled quantification of tumor protein expression in all 

metastases, irrespective of their expression levels. Similarly, development of a 

novel, specific PET tracer for in vivo quantification of lymphocyte infiltration in the 

tumor induced by cancer immunotherapeutic approaches might be highly helpful 

to obtain the overall picture of treatment-induced immune activation throughout 

the body.     
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We have previously shown that [18F]FB-IL-2 binds to the IL-2 receptors, which are 

overexpressed on the surface of activated T lymphocytes [18]. Notably, IL-2 only 

binds with high affinity to the IL-2 receptor if all three subunits of this receptor, 

CD25, CD122 and CD132 are present. A potential caveat of [18F]FB-IL-2 is that the 

IL-2 receptor is not only expressed on the surface of cytotoxic T cells, but also by 

regulatory T cells (Tregs). Therefore, the PET tracer may not be able to discriminate 

between both types of T cells. However, the tumor model used in this study 

constitutively expresses low Treg levels [36]. Besides, levels of Tregs are not 

enhanced by local tumor irradiation alone, or in combination with SFVeE6,7 

immunization (unpublished data). The specific activity of the tracer in this study 

was found to be 20±4 GBq/mg.  

Recently, we demonstrated that low-dose local tumor irradiation induces enhanced 

the number of CD8+ tumor-infiltrating lymphocytes (TILs) in a murine tumor model 

[8]. Moreover, intra-tumoral infiltration of these TILs was further potentiated by 

addition of therapeutic SFVeE6,7 immunization and low-dose local tumor 

irradiation [8]. In the group receiving irradiation alone intra-tumoral levels of CD8+ 

T cells were enhanced 2-fold, whereas in the group receiving combined irradiation 

and SFVeE6,7 immunization levels of CD8+ T cells were 10-fold enhanced, as 

compared to the non-irradiated control. In the present study, we demonstrated 

that tumor infiltration with activated T lymphocytes induced by local tumor 

irradiation and therapeutic SFVeE6,7 immunization can be quantified in vivo in a 

non-invasive manner. We used the radiolabelled probe [18F]FB-IL-2 for PET imaging 

of treatment-induced activation of T lymphocytes [18]. PET imaging showed an 

approximately 10-fold increase in tracer uptake in the group receiving 14 Gy local 

tumor irradiation alone and a 30 fold increase in the group treated with 14 Gy local 

tumor irradiation followed by SFVeE6,7 immunization, when compared to the non-

irradiated control group. The difference between the relative increase in TIL 

infiltration observed in our previous study and the relative increase in tumor 

accumulation of radioactively labeled IL-2, in the study performed here, might be 

(partly) accounted for by the different levels of IL-2 receptor expressed on 

activated T cells, depending on the activation status of the T cells. Another reason 
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might be that natural killer T cells and helper CD4+T cells also express CD25, one of 

the three subunits of the IL-2 receptor [37]. Taken together, the data of this study 

further support our previous findings [8] that combined treatment with local tumor 

irradiation and SFVeE6,7 immunization significantly increases the infiltration of 

activated T lymphocytes to the tumor site. In the group receiving irradiation 

followed by AMD3100 administration, [18F]FB-IL-2 tumor uptake was 4-fold higher 

as compared to the non-treated control and, more importantly, approximately 2.5-

fold lower than the group receiving irradiation alone. These data suggest that 

radiation-induced tumor infiltration of activated T cells is at least partly regulated 

by CXCR4-mediated chemotaxis.  

The PET results were confirmed by immunohistochemistry staining of frozen tumor 

tissue and ex vivo tracer biodistribution analysis of excised tumors. At first glance, 

PET imaging appears to show lower tumor uptake of [18F]FB-IL-2 than ex vivo 

biodistribution. This apparent discrepancy, however, can easily be explained by 

differences in the interval between tracer injection and analysis: PET images were 

acquired between 10 and 30 min after tracer injection, whereas animals were 

euthanized for ex vivo biodistribution after 50 min post injection. The increased 

tracer uptake observed in the ex vivo biodistribution can thus be ascribed to 

binding of the PET tracer to the IL-2 receptor still increasing between the end of the 

PET scan and the termination of the animal. Alternatively, the PET data could give 

an underestimation of the absolute amount of radioactivity, due to partial volume 

effects. The average diameter of the tumor in this study was 500mm3, which is in 

the same order of magnitude as the spatial resolution of the PET camera 

(approximately 1.5 mm in the center of the field of view). Yet, the novel non-

invasive PET method we used in this study should allow simultaneous detection of 

activated T lymphocyte levels in various organs.  

In the last decade, the focus of developing efficient cancer therapies shifted from 

direct targeting of tumor cells to immunotherapeutic approaches that aim to 

modulate the patient’s immune system. One of the cancer immunotherapies that 

gained a lot of momentum in recent years consists of specific monoclonal 

antibodies that act as immune checkpoint inhibitors [38,39]. Monoclonal antibodies 
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directed against cytotoxic T-lymphocyte antigen 4 (CTLA-4), programmed cell death 

protein 1 (PD1) and its corresponding ligand programmed-death ligand 1 (PDL1) 

have successfully been used in clinical trials for treatment of patients with various 

advanced cancers, such as metastatic melanoma [40] or lung, prostate and renal 

carcinomas [41, 42]. Additionally, combination of these monoclonal antibodies with 

standard therapies such as local tumor irradiation further enhanced overall survival 

of cancer patients, supposedly due to increased intra-tumoral migration of 

activated T lymphocytes [43, 44]. Development of a radiopharmaceutical with high 

lymphocyte specificity would be highly useful to determine in a non-invasive 

manner the extent to which clinically employed anti-tumoral immunotherapies, 

such as monoclonal antibody administration or local tumor irradiation, enhance 

levels of TILs. [18F]FB-IL-2 PET could be an efficient method to safely monitor tissue 

infiltration of activated T lymphocytes for treatment monitoring and selection of 

patients eligible for treatment.     

CONCLUSION 

PET imaging of in-vivo tumor infiltration of activated T lymphocytes with the help of 

[18F]FB-IL-2 as the radiopharmaceutical is a non-invasive technique able to monitor 

activated T lymphocytes throughout the body. This proof-of-concept study puts 

forward the usefulness of [18F]FB-IL-2 PET as an early biomarker to assess patient 

response to various cancer immunotherapies. 
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ABSTRACT 

Interleukin-2 (IL-2) is a cytokine that can stimulate cytotoxic immune cells to attack 

infected and malignant cells. Unfortunately, IL-2 can also cause serious immune-

related toxicity. Recently, a quadruple mutant of IL-2 (IL-2v) with 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 (CD25) of the IL-2 receptor, 

but only to its β and γ subunit. In this study, we radiolabeled mutant IL-2v with          

fluorine-18 and investigated the characteristics of [18F]FB-IL-2v in- vitro and in- vivo. 

[18F]FB-IL-2v binds specifically to IL-2 receptors on activated human peripheral 

blood mononuclear cells (PBMCs). Ex-vivo biodistribution studies of [18F]FB-IL-2v in 

Balb/c mice demonstrated that this radiopharmaceutical is mainly cleared by the 

kidneys. Secondary lymphoid tissues like spleen and bone marrow showed 

relatively high uptake. [18F]FB-IL-2v PET imaging studies in SCID mice bearing a 

xenograft of human PBMCs revealed high uptake of the radiopharmaceutical in the 

xenograft (0.85±0.15 SUV), which was significantly reduced after pretreatment with 

wild type IL-2 or mutant IL-2v (SUV 0.26±0.1 and 0.46±0.1, p<0.01). Logan graphical 

analysis and compartment modeling in Wistar rats subcutaneously inoculated with 

activated human PBMCs indicated that the binding of [18F]FB-IL-2v to the IL-2 

receptors was reversible. The volume of distribution (VT) and the non-displaceable 

binding potential (BPnd) of mutant [18F]FB-IL-2v in the xenograft were 

approximately 3 times lower than those of wild-type [18F]FB-IL-2 (p<0.01). 

Pretreatment with wild-type IL-2 significantly reduced the VT and BPnd of mutant 

[18F]FB-IL-2v in the xenograft (p<0.001). Our study demonstrates that wild-type 

[18F]FB-IL-2 shows stronger binding to the IL-2 receptor and faster kinetics than 

[18F]FB-IL-2v. While these properties may make wild type IL-2 less suitable as a 

therapeutic drug, they can make wild type IL-2 a suitable PET radiopharmaceutical 

for imaging of T-cells. [18F]FB-IL-2v, on the other hand, seems to have better 

properties for use as a therapeutic drug due to its slower kinetics and reduced 

binding.  
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INTRODUCTION 

Interleukin-2 (IL-2) is a 15 kDa cytokine that plays an important role in both cellular 

and hormone-mediated immune response [1-3]. Its primary function involves 

stimulation of growth, proliferation, activation and differentiation of                           

T lymphocytes. IL-2 does not only have a stimulatory effect on T lymphocytes, but 

also on several other immune cells, such as lymphokine-activated killer cells, 

natural killer cells, monocytes and macrophages [4].  IL-2 produces its effects 

through surface bound IL-2 receptors, which consist of three receptors subunits:         

α (CD25), β (CD122), and γ (CD132). Both the β and γ subunit of the receptors are 

essential for signal transduction, whereas α and β subunit contain the binding site 

for IL-2 [5-7].   

Tumors have the ability to protect themselves from destruction by the immune 

system by inhibiting tumor-infiltrating CD8+ effector cells. IL-2 can reactivate these 

quiescent immune cells and stimulate them to destroy the cancer cells. As a result, 

wild type IL-2 (Proleukin®) has been approved as a drug for treatment of metastatic 

renal cell carcinoma and malignant melanoma [8]. However, a major drawback of 

the drug is that IL-2 is associated with significant toxicity, such as myocardial 

infraction, vascular leak syndrome, renal failure and neuropathy [9-11]. These side 

effects can be ascribed to activation of immune cells in other tissues than the 

tumor. Local administration of IL-2 was shown to be highly effective in controlling 

malignant melanoma, but remission was observed after withdrawal of IL-2 therapy 

[12]. Taken together these results suggest that IL-2 has potential as an anti-cancer 

treatment by activation of tumor targeting immune cells, but its use in the clinic 

has been greatly hampered by its toxicity profile, especially when it was 

administered systemically. 

To overcome these obstacles, scientists have created fusion proteins of IL-2 linked 

to a tumor-targeting monoclonal antibody [13-16]. These IL-2 fusion proteins 

accumulate more specifically in the tumor, resulting in an increased cytokine 

concentration inside the tumor and thus better anti-tumor activity. However, these 

modified IL-2 fusion proteins display slower plasma clearance than naïve IL-2 which 

can lead to significant activation of T cells outside the tumor and as a consequence, 
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less favourable toxicity. In addition, the modified IL-2 proteins have a strong 

binding affinity (in the picomolar range) towards CD25. Since CD25 is also 

expressed on the vascular endothelium cells, the fusion proteins can also 

contribute to e.g. pulmonary toxicity [17-18].  

Another drawback of IL-2 as an immune-modulatory drug is due to the fact that 

CD25 is not only expressed by NK cells and CD8+ effector T cells, but also expressed 

by regulatory T cells (Treg). Thus, IL-2 can also activate CD4+CD25+Foxp3+ 

lymphocytes, which are capable of suppressing the T cell-mediated anti-tumor 

activity. Upon activation, CD4+CD25+Foxp3+ expressing T cells stimulate the 

secretion of transforming growth factor β (TGF-β), which acts directly on the 

cytotoxic T cells and convert them into Treg cells. Because of the activation of Treg 

cells in the tumor, IL-2 treated patients paradoxically may not show any significant 

therapeutic effect, even though there is a profound increase in the number of 

cytotoxic T cells at the tumor site [19].  

To address these issues, genetically engineered IL-2 variants have been developed 

that should produce less systemic toxicity, but may still be applicable in 

immunotherapy for solid tumors.  Recently, a new monomeric engineered 

quadruple mutant of IL-2, called IL-2v, was developed. This mutant IL-2v has a 

strongly reduced binding affinity for CD25 and consequently shows reduced 

induction of Treg [20]. However, the capacity of IL-2v to activate and expand NK 

and CD8+ effector T cells through binding to the β and γ subunit of the IL-2 receptor 

was retained [20].  

The purpose of this study was to investigate the pharmacokinetic and binding 

properties of this monomeric engineered IL-2 v (mutant IL-2v) and compare them 

with those of wild type IL-2.  For this purpose, mutant IL-2v and wild-type IL-2 were 

radiolabeled with fluorine-18 for in-vivo imaging studies with positron emission 

tomography (PET). The behavior of the labeled mutant IL-2v was investigated in 

rodents, bearing xenografts of activated human peripheral blood mononuclear cells 

(PBMCs). 
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MATERIALS AND METHODS 

All reagents and chemicals were obtained from the commercial suppliers and used 

without further purification. HPLC analyses were performed on a Waters system, 

consisting of a 515-isocratic pump, a multi-wavelength UV detector operated at 

280 nm and a Bicron Geiger–Müller radioactivity detector. Quality control was 

performed by Ultra-high performance liquid chromatography (UPLC), using a 

Waters Acquity UPLC H-class system, equipped with a BEH shield RP18 column      

(1.7 µm, 3x50 mm) and a Berthold Flowstar LB 513 radioactivity detector. 

Labeling of [18F]FB-IL-2v 

The synthesis of [18F]FB-IL-2v was carried out as described in the literature for the 

labeling of wild-type [18F]FB-IL-2 [21], but with some modifications. The production 

of the synthon N-succinimidyl-4-[18F]-fluorobenzoate ([18F]SFB) was carried using a 

Zymark robotic system as described before [21]. [18F]SFB was purified by HPLC 

using a Luna C18 column (250 x 15 mm, Phenomenex) and 40% aqueous ethanol 

supplemented with 0.1% trifluoroacetic acid (TFA) as the eluent at a flow rate of           

3 mL/min.  The radioactive peak with a retention time of 10±1 min was collected 

and diluted with 20 mL of water. The diluted product was trapped on an Oasis HLB       

30 mg (1 cc) cartridge (Waters) and the cartridge was washed with 10 mL of water 

and eluted with 5 mL of diethyl ether to obtain pure [18F]SFB. The solvent was 

evaporated with a nitrogen flow at 500C. A mixture consisting of 100 µL of TRIS 

buffer (50 mM, pH 8.5), 100 µL of ethanol and 100 µL of IL-2v (200 µg in nitrogen 

purged water) was added to the vial containing the purified [18F]SFB.  The reaction 

mixture was incubated at 500C for 10 min. After incubation, the product was 

purified by passing the reaction mixture through a PD-10 Sephadex G-25 size-

exclusion cartridge (GE healthcare). Before use, the PD-10 cartridge was 

conditioned by elution with ~20 mL elution buffer, consisting of phosphate-

buffered saline (PBS) supplemented with 0.05 % sodium dodecylsulfate (SDS) and 

0.5 % human serum albumin (HSA). The labeled protein was eluted from the 

cartridge with elution buffer and collected in 15 fractions of 0.5 mL. The fractions 
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that contained pure [18F]FB-IL-2v were pooled and used for in-vitro and in-vivo 

experiments.  

In-vitro quality controls 

The quality control of [18F]FB-IL-2v was carried out by three methods:  UPLC, radio-

TLC and the trichloracetic acid (TCA) precipitation assay. UPLC was performed by 

gradient elution at a flow rate of 0.8 mL/min, using a mixture of 0.1% aqueous TFA 

(solvent A) and 0.1% TFA in acetonitrile (solvent B), according to the following 

gradient profile: 0-1 min, 5% solvent B, 1-4 min, 30% solvent B, 4-8 min, 50% 

solvent B, 8-13 min, 70% solvent B, and 13-15 min, 5% solvent B. The radioactive 

peak that eluted at 9.6 min corresponded with [18F]FB-IL-2v, the peak at 5.0 min 

with [18F]SFB, and the peak at 4.0 min with 4-[18F]fluorobenzoic acid ([18F]FBA). 

Radio-TLC was performed with Merck F-254 silica gel plates as described in 

literature [21].   

To determine the percentage protein-bound radioactivity, a TCA precipitation assay 

was performed. Labeled protein was precipitated by adding 20 % ice-cold TCA and 

5 µl of 20 %, HSA. The suspension was centrifuged at 3000 rpm for 5 min.  Half of 

the clear supernatant was removed and placed in a clean tube. The activity in both 

tubes was measured in a gamma counter (Compugamma CS1282, LKB-Wallac, 

Turku, Finland), and the percentage of labeling was determined using the formula: 

percentage of protein-bound activity (%) = {[Activity (tube pellet + supernatant) – 

Activity (tube supernatant)] / [Activity (tube pellet + supernatant) + Activity (tube 

supernatant)]} * 100%.  

Protein concentration  

The protein concentration in the [18F]FB-IL-2v solution was determined by 

spectrophotometric analysis using a cuvette-free NanoDrop spectrophotometer  

(N-1000 Spectrophotometer; Thermo Fisher Scientific Inc). An estimation of the 

protein concentration was obtained by measuring the UV absorption at 280 ηm. 

In-vitro stability  

In-vitro stability of [18F]FB-IL-2v was tested both in saline and rat plasma.  The 

tracer was incubated at 370C and samples were collected at different time points 
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(0, 15, 30, 60, and 90 min). The samples were analyzed by radio-TLC and the TCA 

precipitation assay as described above. All experiments were performed in 

triplicate (n=3). 

In-vitro binding  

 In order to check the binding of mutant [18F]FB-IL-2v to the IL-2 receptors, a 

binding assay was carried in human PBMCs as described in the literature [21]. 

Either activated or non-activated hPBMCs in RPMI-1640 complete medium 

supplemented with 0.05% bovine serum albumin were seeded in 12-well plates 

(0.5*106 cells/well). Approximately 500 kBq of mutant [18F]FB-IL-2v was added to 

each well and the cells were incubated at 370C. After 30 min, the cells were washed 

twice with 1 mL of ice-cold PBS and cell bound radioactivity was measured in a 

gamma counter. The radiopharmaceutical uptake was corrected for the number of 

viable cells. Thus, cells were counted manually using the Trypan blue method. 

Uptake was expressed as %ID/M cells. All experiments were carried out in triplicate 

(n=3). In blocking experiments, cells were incubated with either wild type IL-2 or 

mutant IL-2v (2ng/mL) at 40C, 30 min prior to administration of [18F]FB-IL-2v. 

Animals 

All animal experiments were performed according to the Dutch regulations on 

animal welfare; the protocol was approved by the Institutional Animal Care and 

Use Committee of the University of Groningen (protocol: DEC6608A). All animals 

were allowed 1 week of acclimation after arrival. Animals were maintained at 12 h 

day/12 h night regime and fed standard laboratory chow. 

Ex-vivo biodistribution 

Ex-vivo biodistribution was carried out in healthy male Balb/c mice (Harlan) with a 

body weight of 18-22 g. Animals were anaesthetized with 2% isoflurane in medical 

air and injected with 1-4 MBq of mutant [18F]FB-IL-2v through the penile vein and 

kept under anesthesia. After 15, 60 and 90 min, animals were sacrificed and 

relevant organs were excised and weighed (n=5 for each time point). Radioactivity 

in different organs was measured using an automatic gamma counter and 

expressed as standardized uptake values (SUV).  
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PET imaging  

In-vivo imaging experiments were performed in 20-22 g male SCID mice (Harlan) 

with a xenograft of human PBMCs (n=4).  Sixty minutes before tracer injection, 107 

PHA-activated human PBMC cells in 300 µL of a mixture of Matrigel® and medium 

(1:1) were subcutaneously implanted in the right shoulder of the SCID mice. The 

mice were anesthetized with isoflurane in medical air (5 % for induction, 2 % for 

maintenance) and 6±2 MBq of mutant [18F]FB-IL-2v was injected via the tail vein. 

Mice were positioned in the PET camera (Micro-PET Focus 220, Siemens-Concorde) 

and a 30-min dynamic emission scan was performed, followed by a 15 min 

transmission scan with a cobalt-57 point source to correct for attenuation and 

scatter. After completion of the scan, the animals were terminated and xenografts 

of PBMCs were excised and radioactivity was measured using a gamma counter. 

Tracer uptake was expressed as SUV. 

In order to investigate the specific binding of the mutant [18F]FB-IL-2v, mice were 

pre-treated with either unlabeled wild-type IL-2 or unlabeled mutant IL-2v              

(5 mg/kg, s.c, n=4) 30 min before the radiopharmaceutical injection. Imaging was 

performed as described above. 

Dynamic PET imaging with arterial blood sampling 

Male Wistar rats (270-340 g, Harlan, n=6) were anaesthetized with mixture of 

isoflurane and medical air (5% for induction, 2% for maintenance). Cannulas were 

inserted in the femoral artery for rapid blood sampling and in the femoral vein for 

radiopharmaceutical injection. A mixture of 107 PHA-activated human PBMCs in 

Matrigel®-medium (1:1) was inoculated into the right shoulder of the animals 60 

min before radiopharmaceutical injection. PET experiments were performed by 

scanning 2 rats simultaneously. The animals were positioned in the PET camera 

with their xenografts in the field of view. A 15-min transmission scan was 

performed to correct for scatter and attenuation. After the transmission scan,  

15±3 MBq of mutant [18F]FB-IL-2v in 1 mL was injected as a slow bolus injection 

(1mL/min) using a Harvard-style pump. A dynamic PET scan was started as soon as 

the radiopharmaceutical entered the body of the first animal. The second animal 
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was injected 16 min later. PET data were reconstructed separately for both animals 

in order to generate a 60-min dynamic PET scan for each animal. A series of arterial 

blood samples (~0.1 mL) were collected from each animal during the scan at 

approximately 10, 20, 30, 40, 50, 60, 90, 120, 180, 300, 450, 600, 900, 1800 and 

3600 s after radiopharmaceutical injection. To prevent large changes in blood 

pressure, 0.1 mL of heparinized saline was injected after collection of each sample. 

A 25 µL sample of whole blood was collected. Plasma was separated from the 

remainder of the blood sample by centrifugation (3000 rpm for 5 min) and a 25 µL 

plasma sample was taken from the supernatant. Radioactivity in both whole blood 

and plasma samples was measured and used to generate input curves for kinetic 

modeling. 

To study the specific binding of mutant [18F]FB-IL-2v, rats were injected with 

unlabeled wild-type IL-2 (5 mg/kg, s.c) 30 min before radiopharmaceutical injection 

(n=4). PET acquisition and blood sampling was performed as described above. After 

completion of the emission scans, the animals were terminated and different 

tissues were collected and radioactivity was measured using a gamma counter.  

A group of rats (n=4) was injected with radiolabeled wild-type IL-2 ([18F]FB-IL-2) to 

allow head-to-head comparison of the binding potential and kinetics of 

radiolabeled wild-type IL-2 with mutant IL-2v. The scanning and sampling protocol 

was identical to the procedure described above. Rats were terminated at the end 

of the scan and ex-vivo biodistribution was carried out (80 min after 

radiopharmaceutical injection). Different organs were collected and uptake of the 

radiopharmaceutical was measured in a gamma counter.  

 In-vivo metabolite analysis  

To analyze the presence of metabolites of mutant [18F]FB-IL-2v in plasma of Wistar 

rats with hPBMCs xenograft, blood samples collected at 5, 10, 20, 30 and 60 min 

after tracer injection were centrifuged and the clear supernatant (plasma) was 

collected. The percentage of intact tracer in plasma and urine samples was 

determined by TCA precipitation as described above. 
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Image reconstruction 

All the emission scans were normalized and corrected for scatter, attenuation and 

decay of radioactivity. Emission sinograms were iteratively reconstructed (OSEM2D, 

16 subsets, 4 iterations). List mode data of the emission scans of Wistar rats were 

separated into 21 frames (6x10, 4x30, 2x60, 1x120, 1x180, 4x300, 3x600s). List 

mode data of the emission scans of SCID mice were separated into 6 frames                   

(6 x 300 s). A three dimensional volume of interest (VOI) was manually drawn 

around the xenograft on the summed PET images (0-60 min for Wistar rats, 0-30 

min for SCID mice) using Inveon Research Workplace software (Inveon, Siemens, 

USA). The resulting VOIs were used on the original data set to create the 

corresponding time-activity curves (TACs) and to calculate standardized uptake 

values (SUV). 

Kinetic analysis 

Graphical analysis and compartment modeling of tracer kinetics in the xenografts 

of Wistar rats were carried out using the Inveon software package. Logan and 

Patlak graphical analysis were used to determine whether the kinetics of the 

radiopharmaceuticals can be described by reversible or irreversible binding models. 

Different compartmental models were used to fit the TACs generated from the 

VOIs in order to determine the kinetic rate constants. The best model was selected 

based on the Akaike information criterion (AIC) values. Logan graphical analysis was 

used to determine the volume of distribution (VT), whereas the 2-tissue reversible 

compartment model (2TRCM) was used to estimate the VT and the non-

displaceable binding potential (BPnd). The blood and metabolite-corrected plasma 

curves were used as input functions.  

Statistical analysis 

Statistical analyses were performed using the GraphPad prism 5. All data are 

expressed as mean ± standard deviation. The unpaired two-sided student’s t-testwas 

used to determine the significance of differences between groups. Probability (p) 

values less than 0.05 were considered statistically significant. 
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RESULTS 

Radiolabeling  

[18F]SFB was produced in a good radiochemical yield (38–45%) and radiochemical 

purity (94-98%), as determined by UPLC. Mutant [18F]FB-IL-2v was produced by 

conjugation of [18F]SFB to mutant IL-2v. The overall yield of the product varied from 

3-15 %, depending on the purity of the synthon [18F]SFB. The purity of the tracer 

after purification with a PD10 cartridge was always >98 % based on the UPLC, 

radio-TLC and TCA precipitation methods.  UPLC analysis showed that the retention 

time of the mutant [18F]FB-IL-2v (9.6 min) was a little longer than observed for 

native IL-2v (9.4 min), which is likely due to the introduction of the label. Based on 

the Nanodrop spectrophotometric analysis of the protein concentration, the 

specific activity of the protein was 50±5 GBq/mg.  

In-vitro stability 

The stability of mutant [18F]FB-IL-2v  was tested in PBS and in rat plasma using the 

TCA precipitation assay (Fig-1). In PBS, 93±2% of mutant [18F]FB-IL-2v was still intact 

after 1 h of incubation at 370C. In rat plasma, 88±2% of the radiopharmaceutical 

was still intact after 1 h of incubation. Thus, the labeled protein is sufficiently stable 

for in-vitro binding assays and in-vivo imaging studies.  

In-vitro binding to human PBMCs  

In order to assess in-vitro receptor binding, PHA-activated and non-activated 

human PBMCs were incubated with mutant [18F]FB-IL-2v at 370C for 30 min. PHA 

strongly activates human PBMCs, resulting in a stong induction of the expression of 

 

Figure-1: In-vitro stability of mutant              

[18F]FB-IL-2v in rat plasma and PBS. The 

radiopharmaceutical was incubated at 370C 

for up to 90 min. The percentage of intact 

tracer was determined by the trichloroacetic 

acid (TCA) precipitation assay. Data are 

presented as the mean of three independent 

experiments. Error bars represent the 

standard deviations. 
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IL-2 receptors (Fig-6). As a result, mutant [18F]FB-IL-2v binding to PHA-activated 

PBMCs was 6-fold higher than binding to non-activated human PBMCs (8.7±0.8 vs 

1.5±0.5 %ID/106 cells, p<0.001, Fig-2). To check whether binding of mutant    

[18F]FB-IL-2v was specifically mediated by IL-2 receptors, a blocking experiment was 

performed, in which activated human PBMCs were pre-incubated with wild type IL-

2 or mutant IL-2v (2 ng/mL). Saturation of IL-2 receptors by pretreatment with wild-

type IL-2 resulted in an almost 3-fold decrease in the cellular binding of mutant 

[18F]FB-IL-2v  (8.7±0.8 vs 3.1±0.7 %ID/106 cells, p<0.01). Pretreatment with mutant 

IL-2v also led to a significant reduction in cellular binding (8.7±0.8 vs 4.7±0.6 

%ID/106 cells, p<0.05), although the reduction in binding was smaller than observed 

for pretreatment with wild-type IL-2 (Fig-2).   

Ex-vivo biodistribution  

Ex-vivo biodistribution of [18F]FB-IL-2v was performed in healthy Balb/c mice at 15, 

60 and 90 min of post injection. The results of the study are presented in Table-1. 

In most tissues, trace uptake was highest at 60 min after radiopharmaceutical 

injection.  At each time point, highest radiopharmaceutical uptake was observed in  

Figure-2: In-vitro binding assay of mutant 
[18F]FB-IL-2v to PHA-activated and non-activated 
human PBMCs. For blocking studies, cells were 
pre-incubated with 2 ng/ml of either wild-type 
IL-2 or mutant IL-2v, 30 min before tracer 
incubation at 40C. All the experiments were 
performed in triplicate. Error bars represent the 
standard deviation. Statistically significant 
differences between non-activated and 
activated cells are indicated by $$$ (p<0.001). 
Significant differences between untreated 
activated PBMCs and activated PBMCs 
pretreated with wild-type    IL-2 or mutant IL-2v 
are indicated by * (p<0.05), ** (p<0.01). 

the kidneys and urine, which suggests that the radiopharmaceutical is cleared 

through the urinary tract. Secondary lymphoid tissues, such as spleen, bone 

marrow and lymph nodes, showed moderately high tracer uptake (SUV >0.5). 

Stomach, pancreas, heart, colon, and bone showed low uptake (SUV <0.2). The 

uptake in bone did not increase over time, which indicates that defluorination of 

the radiopharmaceutical in-vivo was negligible.  
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PET imaging 

Mutant [18F]FB-IL-2v PET imaging studies were performed in SCID mice bearing a 

xenograft of activated human PBMCs. The uptake of the radiopharmaceutical in the 

human PBMC xenograft could already be visualized in the 15-30 min post injection 

PET images (Fig-3a). Surprisingly, background uptake in major organs was high. 

Analysis of the mutant [18F]FB-IL-2v TACs in the xenograft showed that the 

radiopharmaceutical uptake increased over time until the end of the scan (Fig-3c). 

In mice pretreated with either wild-type IL-2 or mutant IL-2v, mutant [18F]FB-IL-2v 

uptake in the xenografts was significantly reduced (SUV at 25-30 min: control 

0.68±0.01; wild-type IL-2 pretreated 0.25±0.02,  p<0.01; mutant IL-2v pretreated 

0.40±0.0.02, p<0.05).    

 

 

 

 

 

 

 

 

 

Figure-3: PET and ex-vivo biodistribution data of mutant [18F]FB-IL-2v in SCID mice bearing a 
xenograft of PHA-activated human PBMCs (n=4). Control animals are compared to mice 
treated with 5 mg/kg (s.c) wild-type IL-2 (IL-2WT) or mutant IL-2v prior to tracer injection.   
a) Coronal PET images (25-30 min) of a control mouse and a mouse pretreated with wild-
type IL-2 (Blocker). The arrow indicates the location of the xenograft. Ht signifies the location 
of the heart. b) Ex-vivo tracer uptake of mutant [18F]FB-IL-2v in the PBMC xenograft 50 min 
after tracer injection. Tracer uptake was blocked with either wild-type IL-2 or mutant IL-2v. 
c) PET-derived time activity curves (TACs) of mutant [18F]FB-IL-2v in the xenograft of control 
mice and mice that were pretreated with wild-type or mutant IL-2. Significance differences 
between the pretreated groups and the untreated controls are indicated by * (p<0.05),              
** (p<0.01). 
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Likewise, the area under the curve (AUC) in control animals (18.5±1.1 min) was 

significantly higher than the AUC of the mice pretreated with wild-type IL-2 

(6.5±0.95 min, p<0.01) or mutant IL-2v (11.5±0.8 min, p<0.05).  

 PET imaging data were confirmed by ex-vivo measurement of the radioactivity in 

the xenograft at 50 min after radiopharmaceutical injection. Ex-vivo analysis 

showed that radiopharmaceutical uptake (SUV) in the xenograft was significantly 

reduced by pretreatment with either wild-type IL-2 or mutant IL-2v (SUV: control 

0.85±0.15; wild-type IL-2 pretreated 0.26±0.1, p<0.01; mutant IL-2v pretreated 

0.46±0.1, p<0.05). Thus, a higher reduction in radiopharmaceutical uptake was 

observed after pretreatment with wild-type IL-2 than with mutant IL-2v (Fig-3b). 

Remarkably, also background levels of radioactivity were markedly reduced by 

pretreatment of the SCID mice with wild-type IL-2 or mutant IL-2v, which could 

suggest an effect on radiopharmaceutical clearance. 

Metabolite Analysis in plasma and urine 

In-vivo metabolite analysis of the two labeled proteins in rats with PBMC 

xenografts was studied by means of the TCA precipitation assay. Both proteins 

were found to be stable in vivo, as 88±6% of wild-type [18F]FB-IL-2 and 87±4% of 

mutant [18F]FB-IL-2v in plasma was still intact at 60 min after tracer injection. Pre-

treatment with wild-type IL-2 did not significantly affect the rate of mutant           

[18F]FB-IL-2v metabolism (89±4% at 60 min) (Fig-4a). Analysis of urine samples 

collected at 80 min after radiopharmaceutical injection showed only degradation 

products in all the groups (Fig-4b). 

Plasma kinetics  

Analysis of mutant [18F]FB-IL-2v kinetics was performed in Wistar rats with a 

xenograft of PHA-activated hPBMCs and compared to radiolabeled wild-type 

[18F]FB-IL-2. The radiopharmaceutical kinetics of both radiopharmaceuticals in 

metabolite-corrected plasma are presented in Fig-5a. A rapid, bi-exponential 

plasma clearance was observed for both labeled proteins with half-lifes of 0.7±0.2 

min (17%) and 7.1±2.6 min (83%) for wild-type [18F]FB-IL-2 and 2.1±1.3 min (14%) 

and 17.6±1.3 min (86%) for mutant [18F]FB-IL-2v. 
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Figure-4: In-vivo metabolism of wild-type [18F]FB-IL-2 and mutant [18F]FB-IL-2v in Wistar rats, 
as determined by the TCA precipitation assay. a) Blood samples were collected at different 
time points after tracer injection. Plasma was collected and subjected to the TCA 
precipitation assay and the percentage of intact tracer was determined. b) Urine was 
collected from bladder 80 min after tracer injection and the percentage of intact labelled 
protein was determined by means of the TCA precipitation assay. 
 
 

The difference in distribution half-life (T1) between the two radiopharmaceuticals 

was not statistically significant. However, the clearance half-life (T2) of mutant 

[18F]FB-IL-2v was significantly longer (p<0.01), than that of wild-type [18F]FB-IL-2. 

Pretreatment with wild-type IL-2 (5 mg/kg), significantly increased the clearance 

half-life of mutant [18F]FB-IL-2v (T1: 1.1±0.6 min (14%), p<0.292 and T2: 38.2±1.6 

min (86%), p<0.01) (Table-2). Similarly, the area under the plasma TAC of mutant 

[18F]FB-IL-2v (751±20 min) was a significantly higher (p<0.05) than the AUC of wild-

type [18F]FB-IL-2 (618±32 min). Pretreatment with wild type IL-2 significantly 

increased the AUC of mutant [18F]FB-IL-2v in plasma (864 ±25 min, p<0.01). 

Pharmacokinetics in PBMC xenografts 

The TACs of the radiolabelled proteins in human PBMC xenografts are shown in Fig-

5b.  The TACs of both radiopharmaceuticals were comparable at early time points. 

However,  from  20  min  after  radiopharmaceutical  injection  onward,  wild-type 

[18F]FB-IL-2 showed a significantly higher uptake in the xenograft than mutant 

[18F]FB-IL-2v (p<0.05). Pretreatment with wild-type IL-2 induced a significant 

reduction in mutant [18F]FB-IL-2v uptake in the xenograft from 25 min after 

radiopharmaceutical injection until the end of the scan (p<0.05). 
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Figure-5: Pharmacokinetic profiles of wild type [18F]FB-IL-2 and mutant [18F]FB-IL-2v. Wistar 
rats were inoculated in the shoulder with 107 PHA activated human PBMCs. Animals were 
injected with wild type [18F]FB-IL-2 (n=6) or mutant [18F]FB-IL-2v (n=4) and a 60-min dynamic 
PET scan with blood sampling was acquired. In addition, Wistar rats (n=4) were pretreated 
with wild-type IL-2 (5 mg/kg, s.c) 30 min before injection of mutant [18F]FB-IL-2v to assess 
whether tracer uptake is specifically mediated by the IL-2 receptor. The time activity curves 
of a) metabolite corrected plasma and b) the PBMC xenograft. All data represents the           
mean ± SD.  Statistical significant difference are represented by * (p<0.05). 

Ex-vivo biodistribution 

Ex-vivo biodistribution analysis at 80 min after radiopharmaceutical injection 

confirmed the imaging data, showing a significantly higher uptake of wild-type 

[18F]FB-IL-2 in the human PBMC xenograft than uptake of mutant [18F]FB-IL-2v 

(1.49±0.66 vs 0.78±0.19, p<0.05). Similarly, plasma uptake showed a statistically 

difference between mutant [18F]FB-IL-2v and wild-type [18F]FB-IL-2 (8.94±2.35 vs 

4.93±1.42, p<0.05).  Pretreatment with wild-type IL-2 caused a significant reduction 

in the uptake of mutant [18F]FB-IL-2v in the xenograft of human PBMCs (0.78±0.19 

vs 0.45±0.18, p<0.05). Pretreatment with wild-type IL-2 also resulted in an 

increased plasma concentration of mutant [18F]FB-IL-2v (8.94±2.35 vs 10.06±0.82, 

p<0.05). Pretreatment with wild-type IL-2 also caused a slight reduction in mutant 

[18F]FB-IL-2v uptake in other organs, but these differences were not statistically 

significant between groups for any organ (Table-3).  

Graphical analysis 

The kinetics of both wild-type [18F]FB-IL-2 and mutant [18F]FB-IL-2v in the human 

PBMC xenograft could be better described by Logan graphical analysis (R2=0.98) 

than by Patlak analysis (R2=0.54), suggesting that both radiopharmaceutical show 
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reversible binding. Logan graphical analysis was used to calculate the VT in the 

xenograft (Table-2). Wild-type [18F]FB-IL-2 showed a significantly higher VT in the 

xenograft than mutant [18F]FB-IL-2v (2.5-fold, p<0.01). Pretreatment with wild-type 

IL-2 significantly reduced the VT of mutant [18F]FB-IL-2v in the xenograft (2-fold, 

p<0.001). 

Compartment modeling   

The 2-tissue reversible compartment model (2TRCM) was used to fit the kinetic 

data from the VOI of the exogenous human PBMC xenograft, using the blood and 

metabolite-corrected plasma curves as input functions. The VT of the xenograft of 

wild-type [18F]FB-IL-2 and mutant [18F]FB-IL-2v, as calculated with the 2TRCM, were 

comparable to those determined by Logan graphical analysis (Table-2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-6:  PHA-activated human PBMCs were treated with either wild-type IL-2 or mutant   

IL-2v and stained with antibodies against different epitopes. There was a strong expression 

of CD3, CD4, CD8 and CD25 in PH-activated PBMCs that were treated with IL-2.  Expression 

of CD16, and CD56 was only mild to moderate. Both wild type and mutant IL-2 increased 

various surface receptor densities, including the IL-2 receptor. All the experiments were 

repeated for three times. 
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Table 1:  Ex-vivo Bio-distribution data of [18F]FB-IL-2v in healthy Balb/c mice.  All mice were 
injected with [18F]FB-IL-2v via the penile vein and kept under anesthesia. After 15, 60 and 90 
min (n=5), animals were sacrificed and different organs were collected and weighed. The 
tracer uptake was expressed as standardized uptake values (SUV). All the data represents 
the mean ± standard deviation. 
 

 
Organs    15 min    60 min    90 min 

Total Blood 0.34±0.12 
 

0.42±0.15 
 

0.29±0.13 

Plasma 0.66±0.39 
 

0.63±0.31 
 

0.38±0.19 

Heart 0.22±0.25 
 

0.18±0.10 
 

0.11±0.06 

Lungs 0.44±0.13 
 

0.28±0.12 
 

0.18±0.08 

Thymus 0.22±0.17 
 

0.21±0.08 
 

0.21±0.11 

Adrenal glands 0.54±0.21 
 

0.42±0.16 
 

0.50±0.30 

Kidney 5.33±1.14 
 

7.16±1.63 
 

2.41±0.47 

Liver 0.71±0.26 
 

0.62±0.28 
 

0.33±0.15 

Stomach 0.11±0.09 
 

0.19±0.07 
 

0.14±0.04 

Pancreas 0.12±0.09 
 

0.18±0.05 
 

0.18±0.08 

Spleen 0.41±0.11 
 

0.52±0.16 
 

0.17±0.06 

Duodenum 0.19±0.10 
 

0.21±0.17 
 

0.38±0.20 

Colon 0.24±0.12 
 

0.15±0.02 
 

0.18±0.05 

Ileum 0.31±0.14 
 

0.28±0.12 
 

0.24±0.12 

Normal Muscle 0.22±0.15 
 

0.42±0.28 
 

0.15±0.04 

Fat tissues 0.32±0.14 
 

0.62±0.35 
 

0.33±0.12 

Bone 0.11±0.08 
 

0.12±0.05 
 

0.08±0.04 

Bone marrow 0.49±0.25 
 

1.21±0.51 
 

0.27±0.13 

Brain 0.02±0.01 
 

0.02±0.01 
 

0.01±0.01 

Salivary gland 0.18±0.05 
 

0.14±0.04 
 

0.11±0.03 

Lymph Node 0.23±0.13 
 

0.58±0.09 
 

0.14±0.12 

 

The VT of wild-type [18F]FB-IL-2 was approximately 2 times higher than the VT of 

mutant [18F]FB-IL-2v (p<0.01). Pretreatment with wild-type IL-2 resulted in a 3-fold 

reduction in the VT of mutant [18F]FB-IL-2v in the xenograft (p<0.001), suggesting 

that tracer uptake is mediated by the IL-2 receptor. Also the BPnd (k3/k4) in the 

xenograft showed a significant difference between wild-type [18F]FB-IL-2 and 

mutant [18F]FB-IL-2v (10.6±2.9 vs. 4.3±0.5, p<0.001). Pretreatment with wild-type 

IL-2 significantly reduced the BPnd of mutant [18F]FB-IL-2v (2.2±0.6, p<0.001). 
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Table 2:  Results from the graphical analysis and compartmental modeling of the PET data of 
the PBMC xenograft. Bi-exponential clearance of the tracer was observed in plasma. The 
data represents the mean ± standard deviation.   
 

 

 

 

DISCUSSION 

In this study, we evaluated the binding and kinetic properties of a monomeric 

engineered mutant interleukin-2 (IL-2v). For this purpose, mutant IL-2v was labeled 

with 18F in 3-15% radiochemical yield. To improve the labeling yield, the effect of 

pH, the amount of protein, and the volume of the reaction mixture were 

investigated. The maximum labeling yield was obtained at pH 8.5 and further 

increase or decrease in the pH resulted in lower radiochemical yields. This might be 

due to competing hydrolysis of [18F]SFB at higher pH and protonation of the amino 

groups in the lysine residues at lower pH, both effects resulting in a low 

conjugation rate. The amount of protein was varied from 50 µg to 300 µg per 

labeling. The overall yield was increased as the concentration of the protein was 

increased. However, to reduce costs and to obtain sufficiently high specific 

activities, only 200 µg of IL-2v was used for labeling for in-vitro and in-vivo studies. 

The total volume of the reaction mixture was varied between 0.3 mL and 1 mL. The 

radiochemical yield increased as the volume of the reaction mixture was reduced 

and consequently the protein concentration was increased. Overall, the optimal 

conjugation conditions for labeling of [18F]FB-IL-2v were similar to those for labeling 

wild-type [18F]FB-IL-2 [21]. 
 

  Xenograft TACs Plasma TACs 

Parameter VT  
(Logan) 

VT  
(2TRCM) 

BPnd 
(2TRCM) 

AUC Half- life 
 

      T1         T2 
Wild-type 
[18F]FB-IL-2 

0.47±0.02 0.40±0.20 10.6±2.9 50.1 ± 3.7 0.7 ± 0.2 
 (17 %) 

7.1 ± 2.6  
(83%) 

        
Mutant         
[18F]FB-IL-2v 

0.21±0.01 0.18±0.04 4.3±0.5 40.7 ± 1.9 2.1 ± 1.3 
 (14%) 

17.6 ± 1.3 
 (86%) 

  p<0.01  p<0.01     p<0.001 p<0.05    NS p<0.01 
        
Mutant         
[18F]FB-IL-2v +  
5 mg/kg              
wild-type IL-2 

0.10±0.01 0.07±0.02 2.2±0.7 31.7 ± 0.4 1.1 ± 0.6 
(14%) 

38.2 ± 1.6 
(86%) 

  p<0.001 p<0.001  p<0.001   p<0.05   NS    p<0.01 
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Table 3: Ex-vivo biodistribution data of wild-type [18F]FB-IL-2 and mutant [18F]FB-IL-2v in 
Wistar rats inoculated with 107 PHA activated human PBMCs 80 min scan after 
radiopharmaceutical injection. In one group, rats were injected with mutant [18F]FB-IL-2v 
and pre-treated with wild type IL-2 (5mg/kg). All the data were converted into SUV, and 
represent the means ± standard deviations. Statistical differences are indicated by                   
* (p<0.05).  
 

 Wild-type        
[18F]FB-IL-2 

(n=6) 

Mutant            
[18F]FB-IL-2v 

(n=4) 

Mutant[18F]FB-IL-2v 
+ wild-type IL-2 

(n=4) 

Total Blood 5.29±2.17  5.73±2.18  6.65±0.68  

Plasma 4.93±1.42  8.94±2.35 *  10.06±0.82 *  

Heart 1.32±0.70  0.81±0.47  1.33±0.11  

Lungs 2.25±1.09  1.78±0.75  2.57±0.45  

Thymus 0.66±0.08  0.41±0.19  0.57±0.13  

Adrenal glands 1.63±0.28  1.66±0.96  1.78±0.33  

Kidney 16.06±4.28  13.36±5.63   12.85±0.55                      

Liver 3.51±1.5  2.45±0.81  2.46±0.53  

Stomach 0.80±0.10  0.79±0.11  0.79±0.15  

Pancreas 0.89±0.08  1.26±0.34  0.94±0.14  

Spleen 4.12±1.82  3.16±1.04  2.35±0.17  

Duodenum 1.50±0.23  2.15±0.10  1.55±0.39  

Colon 0.91±0.16  1.69±0.12  0.65±0.06  

Ileum 1.07±0.21  0.99±0.63  0.83±0.29  

Normal Muscle 0.26±0.09  0.47±0.19  0.26±0.10  

Fat tissues 0.19±0.03  0.82±0.45  0.19±0.06  

Bone 0.63±0.27  0.64±0.26  0.60±0.18  

Bone Marrow 3.02±0.90  2.63±1.48  2.42±0.14  

Salivary gland 0.70±0.08  0.67±0.32  0.66±0.07  

Lymph Node (auxiliary) 1.13±1.26  0.83±0.28  0.73±0.16  

Xenografted (PBMCs) 1.49±0.66  0.83±0.20 *  0.45±0.18 *  

 

To check the binding properties of mutant [18F]FB-IL-2v, an in-vitro assay was 

performed on human PBMCs. These cells will overexpress IL-2 receptors (α, β, and γ 

subunits) upon activation with PHA [22]. In line with the expression levels of the    

IL-2 receptors, cellular binding of mutant [18F]FB-IL-2v to activated human PBMCs 

was significantly higher than binding to non-activated cells. Specific binding of 

mutant [18F]FB-IL-2v to IL-2 receptors on activated human PBMCs was confirmed by 
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(partial) saturation of the receptors with a low concentration of wild-type IL-2 or 

mutant IL-2v, resulting in reduced cellular binding of [18F]FB-IL-2v to PBMCs. Taken 

together, these results demonstrate that cellular uptake of mutant [18F]FB-IL-2v is 

specifically mediated by the IL-2 receptor. 

The in-vitro stability of the tracer was tested both in plasma and in PBS. Mutant 

[18F]FB-IL-2v was found to be quite stable in both media, although the tracer was 

slightly more stable in the PBS. This difference may be ascribed to slight 

degradation of the protein in plasma by protease enzymes. The in-vivo stability of 

[18F]FB-IL-2v was tested in mice (Balb/c and SCID) and rats (Wistar). In Wistar rats, 

the tracer remained largely intact in plasma for the duration of the PET scan       

(>87 %, at 60 min) and similar results were found in mice. In contrast, only 

degradation products were found in urine samples. These data suggest that [18F]FB-

IL-2v is metabolized in the renal cortex and its metabolites are immediately 

excreted through urine, as it also the case for naïve IL-2 [21]. 

 Ex-vivo evaluation of [18F]FB-IL-2v in healthy Balb/c mice showed that tracer 

uptake in most organs was highest at 60 min after tracer injection. In contrast, wild-

type [18F]FB-IL-2 reached highest uptake in this species within 15 min after tracer 

injection, whereas most of the tracer was already cleared from the body at 60 min 

[21]. This shows that [18F]FB-IL-2v has slower clearance kinetics in immune-

competent Balb/c mice than wild-type IL-2. The difference in kinetic profile 

between mutant [18F]FB-IL-2v and wild-type [18F]FB-IL-2 may be related to the 

reduced binding affinity of [18F]FB-IL-2v to CD25 on circulating immune cells. This 

would suggest that immune cells may be actively involved in the clearance or 

degradation of IL-2. This hypothesis is in line with our PET imaging results, which 

showed that the clearance of mutant [18F]FB-IL-2v from immune-deficient SCID 

mice was substantially slower than from immune-competent Balb/c mice. A similar 

effect was previously also observed for wild-type [18F]FB-IL-2 [21]. 

PET imaging in SCID mice inoculated with PHA activated human PBMCs was 

performed to determine whether [18F]FB-IL-2v specifically binds to IL-2 receptors 

on activated immune cells. Pretreatment with either unlabeled wild-type IL-2 or 

mutant IL-2v significantly reduced tracer uptake in the xenograft by 70% and 55%, 
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respectively. However, pretreatment with wild-type IL-2 or mutant IL-2v not only 

reduced the uptake in the xenograft, but also affected the clearance rate of   

[18F]FB-IL-2v from non-target tissues. The reduction in tracer uptake in the 

xenograft cannot therefore be attributed with certainty to the inhibition of specific 

binding of the tracer to IL-2 receptors. Similar result were obtained for wild-type 

[18F]FB-IL-2 in a previous study by Gialleonardo et al [21].  In contrast to the results 

in SCID mice, pretreatment with unlabeled IL-2 in Wistar rats showed a significant 

inhibition of mutant [18F]FB-IL-2v accumulation in the xenograft, but not in non-

target organs, indicating that tracer accumulation in the xenograft is due to specific 

binding to the IL-2 receptor. Interestingly, pretreatment of Wistar rats with             

wild-type IL-2 reduced the rate of plasma clearance of mutant [18F]FB-IL-2v (i.e. 

increased the plasma half-life),  but did not affect the rate of metabolism in plasma.  

Pretreatment with wild-type IL-2 prevents binding of mutant [18F]FB-IL-2v to the           

IL-2 receptor and thus increases the availability of the tracer in plasma. 

Alternatively, the excess of unlabeled wild-type IL-2 might have competed with 

mutant [18F]FB-IL-2v for its degradation and clearance by the kidneys or immune 

cells.  

In order to compare the binding and kinetic properties of wild-type [18F]FB-IL-2 and 

mutant [18F]FB-IL-2v, a quantitative kinetic modeling study was performed in 

immune-competent Wistar rats inoculated with PHA-activated human PBMCs. The 

accumulation of both wild-type [18F]FB-IL-2 and mutant [18F]FB-IL-2v in the 

xenograft was reversible, as shown by the tracer kinetics that could be well 

described by Logan graphical analysis, but not by Patlak graphical analysis. 

Compartment modeling showed that [18F]FB-IL-2v kinetics could be fitted better by 

the 2TRCM than the 1TCM, which is in agreement with reversible receptor binding 

of the radiopharmaceutical. Similar results were previously observed for wild-type  

[18F]FB-IL-2 by di Gialleonardo et al. [22]. Compartmental analysis with the 2TRCM 

and Logan graphical analysis were used to calculate the BPnd and VT of the labeled 

proteins. Both Logan analysis and compartment modeling showed that both the VT 

and the BPnd of mutant [18F]FB-IL-2v were 3-fold lower than those of wild-type 

[18F]FB-IL-2. The reduced binding of mutant [18F]FB-IL-2v can be attributed to the 
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mutation in its binding domain that results in complete abolishment of CD25 

binding. Still, mutant IL-2v has retained picomolar binding affinity to the β subunit 

of the IL-2 receptor, which is responsible for the specific binding of the mutant 

tracer in the xenograft.  

Taken together, these imaging studies in different rodent species demonstrated 

that mutant IL-2v has lower binding affinity and slower plasma kinetics than wild-

type IL-2. These properties would be beneficial if mutant IL-2v were used as a 

therapeutic drug. The slower plasma half-life would permit less frequent 

administration of the mutant IL-2v protein. Moreover, the mutated protein no 

longer binds to the α subunit of the IL-2 receptor and thus does not activate 

CD4+CD25+Foxp3+ lymphocytes. As a result, cytotoxic T cells will not convert into 

Treg cells and will retain their therapeutic efficacy. Obviously, further justification 

of mutant IL-2v as a potential immunotherapeutic agent is still required.     

CONCLUSION 

Our data suggest that there is a significant difference in binding properties and 

plasma kinetics between mutant [18F]FB-IL-2v and wild-type [18F]FB-IL-2. Wild-type 

[18F]FB-IL-2 shows stronger binding  to the IL-2 receptor and faster plasma 

clearance than [18F]FB-IL-2v. It suggests that binding of the labeled protein to 

circulating immune cells can strongly affect the plasma clearance of the protein. 

The faster clearance and higher binding affinity make wild-type [18F]FB-IL-2 better 

suited as a PET imaging probe for activated T cells. On the other hand, mutant 

[18F]FB-IL-2v, seems to have better kinetic properties for a therapeutic agent. 

Future studies, however, need to be carried out to evaluate the potential of mutant 

IL-2v as an anti-tumor agent. 
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SUMMARY 

CXCR4 is an α-chemokine that belongs to the superfamily of the G-protein coupled 

receptors. CXCR4 and its natural ligand CXCL12 (SDF-1α) play a central role in 

normal physiology. Both the ligand and its receptor are involved in lymphoid 

ontogenesis, vascular genesis, development of secondary lymphoid organs, 

neuronal growth, activation of innate and adaptive immunity and tissue repair. 

CXCR4 and CXCL12 knockout mice show improper development of organs, leading 

to premature death. This indicates that proper regulation of CXCR4 and CXCL12 

expression is essential for normal physiology. Aberrant expression of CXCR4 or 

CXCL12 is associated with pathological conditions. In recent times, CXCR4 has been 

identified as a potential adjuvant drug target for cancer.  Overexpression of both 

the CXCR4 receptor and its ligand has been detected in more than 20 different 

human cancers, including ovarian, prostate, breast, lung, colon, melanoma, kidney, 

brain, pancreatic and esophageal cancer, and several forms of leukemia. CXCR4 

plays a crucial role in all stages of cancer development and progression. The 

receptor is involved in several processes, including tumorigenesis, proliferation, 

and migration of cancer cells from the primary tumor site to other regions, invasion 

and establishment of metastasis in different organs. Migration and metastasis 

mainly depend on the CXCR4-mediated chemotaxis of the tumor cells along a 

concentration gradient of CXCL12. Organs with higher expression of CXCL12 are 

known to be the primary destination of the cancer cells and metastasis. Besides 

cancer cell migration, both CXCL12 and CXCR4 receptors also play an important role 

in the chemotaxis-mediated infiltration of tumors by immune cells and the 

activation of these cells. 

Molecular imaging is a powerful tool that can be applied to study both physiological 

and pathological conditions in-vivo in humans and animals. Positron Emission 

Tomography (PET) and Single Photon Emission Computed Tomography (SPECT) are 

widely applied molecular imaging modalities to investigate the expression and 

function of clinically relevant targets, provided that a suitable radiotracer (probe) is 

available. This thesis mainly focuses on the development of a new radiotracer for 

PET and SPECT imaging of CXCR4 receptors. Two new radiotracers were synthesized 
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and evaluated in-vitro and in tumor-bearing rodents. Furthermore, one of these 

tracers was applied to investigate the in-vivo receptor occupancy of a CXCR4 

antagonist and to monitor changes in CXCR4 receptor expression in tumors due to 

treatment with immunotherapy, radiotherapy or a CXCR4 inhibitor. In this study, it 

remained unclear whether the observed changes in CXCR4 density were due to 

altered receptor expression by the tumor cells, or to increased infiltration of 

CXCR4-positive immune cells. Therefore, we investigated the effect of treatment on 

the infiltration of tumor specific T cells.  In order to measure the increased influx of 

T cells in-vivo with PET, we labeled the cytokine interleukin-2 (IL-2) with       

fluorine-18.  IL-2 binds specifically to the IL-2 receptors, which are overexpressed 

on activated cytotoxic T cells. Labeled IL-2 was used to measure the T cell 

infiltration in TC-1 tumor bearing mice with PET.   

Recombinant IL-2 is used as treatment for cancer, because it can stimulate the 

cytotoxic immune cells to attack the tumor. Unfortunately, naïve IL-2 can cause 

serious immune-related toxicity and shows poor stability and fast kinetics in-vivo. 

To overcome these problems, recently a quadruple mutant called IL-2v, with 

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. The last part of this thesis focuses on the 

labeling and in-vivo evaluation of this newly engineered mutant IL-2v protein. 

Chapter 1 provides an introduction about CXCR4 receptors and their role in cancer 

and other diseases. In addition, an overview of the available CXCR4 imaging probes 

is presented.  

In Chapter 2, the development and evaluation of the new SPECT tracer             

[99mTc]O2-AMD3100 is described.  The tracer was readily labeled with high specific 

activity by complexation of the drug Plerixafor with [99mTc]pertechnetate under 

reductive conditions. [99mTc]O2-AMD3100 was found to be stable in-vitro and        

in-vivo. The tracer displayed a favorable binding affinity to the CXCR4 receptors.         

In-vivo evaluation of the tracer showed specific uptake of [99mTc]O2-AMD3100 in 

organs with high CXCR4 expression and in CXCR4 positive tumors. The tracer 

showed fast plasma kinetics and was rapidly cleared from the body into the urine. 
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Despite the easy labeling procedure and high stability of [99mTc]O2-AMD3100, this 

tracer is not optimal for quantification of CXCR4 receptors in-vivo, because of its 

moderate signal-to-noise ratio and the intrinsic difficulty of quantification receptor 

expression by SPECT.  PET is a more sensitive technique and more suitable for 

absolute quantification of receptor expression than SPECT.  

In Chapter 3, we therefore describe the development and validation of a new PET 

tracer, called N-[11C]methyl-AMD3465. AMD3465 is a highly selective, high affinity 

CXCR4 receptor antagonist. AMD3465 was labeled with carbon-11 under basic 

conditions in 60-65% radiochemical yield. The product was obtained with a purity 

>99%.  The tracer was found to be highly stable during incubation with human liver 

microsomes or rat plasma. In both incubations, >98 % of the tracer was still intact 

after 2h. Receptor binding studies in PC-3 and C6 tumor cells showed specific 

CXCR4-mediated uptake that reached around 3% ID/106 cells at 30 min. When the 

tumor cells were incubated with N-[11C]methyl-AMD3465 in the presence of 

different transition metals (Cu2+,Ni2+, and Zn2+), cellular binding was increased up to 

9-fold. Ex-vivo biodistribution and PET imaging of N-[11C]methyl-AMD3465 in rats 

with C6 tumor xenografts demonstrated specific accumulation of the tracer in the 

tumor (SUV 0.6±0.2) and other CXCR4 expressing organs, such as lymph node 

(1.5±0.2), liver (8.9±1.0), bone marrow (1.0±0.3), and spleen (1.0±0.1). The tracer 

uptake in CXCR4 positive organs could be significantly reduced (p<0.01) by 

pretreatment with CXCR4 antagonist Plerixafor® (AMD3100). These results justified 

further evaluation of N-[11C]methyl-AMD3465 as a radiopharmaceutical for non-

invasive imaging of CXCR4 receptor expression with PET. In comparison with 

[99mTc]O2-AMD3100, the carbon-11 labelled tracer  N-[11C]CH3-AMD3465 is a 

superior imaging probe. Moreover, PET is a more sensitive technique than SPECT 

and is more suitable for absolute quantification of receptor expression in in-vivo.   

In Chapter 4, we studied the pharmacokinetics of N-[11C]methyl-AMD3465 in rats 

with a C6 tumor. N-[11C]methyl-AMD3465 uptake in the tumor reached a maximum 

at 30 s after injection, followed by a bi-exponential clearance with half-lives of   

10±1 min (10%) and 129±9 min (90%).  The tracer uptake was specifically mediated 

by the CXCR4 receptor, as pretreatment with a selective CXCR4 antagonist 
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significantly reduced tracer accumulation in the tumor. The tracer exhibited 

reversible binding and binding data could therefore be better fitted by Logan than 

Patlak graphical analysis. Plasma kinetics and time-active curves of the tracer could 

be better described by a 2-tissue reversible compartment model than by a 1-tissue 

model. Pre-treatment with 30 mg/kg Plerixafor® resulted in a significant reduction 

in the distribution volume (VT) (0.69±0.10 vs. 0.34±0.13, p< 0.05) and the non-

displaceable binding potential (BPnd) (1.73±0.18 vs. 1.08±0.35, p<0.01) of the tracer 

in the C6 tumor. In the second part of the study, the receptor occupancy of 

Plerixafor® was studied with N-[11C]methyl-AMD3465 PET. The tracer uptake in the 

tumor was blocked by the drug Plerixafor in a dose-dependent manner. The CXCR4 

receptor occupancy was estimated using the parameters BPnd (2TRCM), VT (2TRCM) 

and VT (Logan). The estimated in-vivo receptor occupancy of the drug ranged from 

about 10% to 100% for a 0.5 to 60 mg/kg dose. N-[11C]methyl-AMD3465 PET was 

also used to measure the ED50 of the drug Plerixafor in-vivo. This study showed that 

the VT determined by Logan graphical analysis is the most suitable parameter to 

assess CXCR4 receptor occupancy in tumors. This approach can easily be translated 

to humans and used for early drug development and optimization of drug dosing 

schedules.   

In Chapter 5, we demonstrated the feasibility of N-[11C]methyl-AMD3465 PET to 

monitor the effect of treatment on changes in the cell surface expression of CXCR4 

receptors. We assessed the effect of local irradiation, alone or in combination with 

immunization or treatment with the CXCR4 antagonist Plerixafor in TC-1 tumor 

bearing mice. N-[11C]methyl-AMD3465 PET showed that both local irradiation or 

tumor irradiation in combination with vaccination increased the density of CXCR4 

receptors in the tumor. This increase in CXCR4 density could be due to treatment-

induced overexpression of CXCR4 receptors by tumor cells as a result of an increase 

in the secretion of CXCL12 or hypoxia-inducible factor-1α by stromal cells. 

Alternatively, the increased CXCR4 density in the tumor could be due to increased 

recruitment of CXCR4 positive immune cells. The CXCR4 antagonist AMD3100 

prevented the treatment-induced increase in CXCR4 density in the tumor, possibly 
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by inhibiting the influx of CXCR4-positive immune cells or by blocking the specific 

binding of the tracer to CXCR4 receptors.  

Immunotherapy for cancer was nominated as the breakthrough of the year 2013 by 

the editors of the renowned journal Science. Cancer immunotherapy involves 

treatments that aim to stimulate the infiltration of tumors by immune cells and the 

activation of these cells. The activated immune cells will subsequently kill the 

tumor cells. So far, there is no method available to monitor the immune response 

induced by these immunotherapies in-vivo. Recently a PET tracer was developed 

that may make it possible to monitor the immune response directly. In chapter-6, 

we assessed the feasibility of imaging activated T cells at the tumor site and other 

immunological organs after radiotherapy/vaccination by [18F]FB-IL-2 PET. Both PET 

and ex-vivo biodistribution studies showed a 9-fold (p<0.001) and 22-fold (p<0.001) 

higher [18F]FB-IL-2 uptake in the mice receiving 14 Gy local tumor irradiation alone 

or 14 Gy local tumor irradiation followed by immunization with the vaccine 

SFVeE6,7, when compared to the non-irradiated mice. Administration of the CXCR4 

specific antagonist AMD3100 to mice that received local tumor irradiation resulted 

in a 2.4-fold (p<0.001) decrease in tracer uptake and thus in a reduction in the 

tumor infiltration of activated T lymphocytes. This proof of concept study 

demonstrated the feasibility of [18F]FB-IL-2 PET for non-invasive monitoring of 

tumor-infiltrating activated T cells after immunotherapy or radiotherapy.  

Recently, a quadruple, mutant version of IL-2 was developed with increased 

stability and slower kinetics than naïve IL-2. Unlikely, naïve IL-2, the mutant IL-2v 

does not bind to the α subunit (CD25) of the IL-2 receptor, but only to the β-subunit 

(CD122) of the receptor. In Chapter-7, we describe the labeling procedure and the 

pharmacokinetic properties of mutant IL-2v. The cellular binding of the 

radiolabeled mutant was compared to naïve IL-2 in-vitro in PHA-activated human 

peripheral blood mononuclear cells. The binding of mutant IL-2v was at least 3 fold 

lower when compared to naïve IL-2. The labeled mutant was further evaluated     

in-vivo in rodents. Our animal studies clearly showed that there is a significant 

difference in receptor binding as well as kinetic properties between mutant IL-2v 

and wild-type IL-2. In particular, wild-type [18F]FB-IL-2 shows stronger binding to 
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the IL-2 receptor and faster clearance than [18F]FB-IL-2v. These properties may 

make wild-type IL-2 less suitable as a therapeutic drug, but it appears a suitable PET 

tracer for imaging of T-cells. [18F]FB-IL-2v, on the other hand, seems to have better 

properties for use as a therapeutic drug due to its slower kinetics. 

CONCLUSIONS 

We developed new SPECT and PET radiotracers for imagining of CXCR4 receptors 

and validated these probes in in-vitro cellular binding assays and in animal studies. 

In particular, the PET tracer N-[11C]methyl-AMD3465 proved a suitable probe for  

in-vivo monitoring of treatment-induced changes in CXCR4 density in tumors and 

the assessment of receptor occupancy by a therapeutic drug. In addition, we 

demonstrated that [18F]FB-IL-2 PET could be applied to monitor the tumor 

infiltration of activated T cells. Based on these sensitive and specific molecular 

imaging probes, the diagnostic tools may be developed that would provide 

clinicians with specific information about the individual patient, including early 

response to treatment. This could ultimately lead to an improved quality of 

treatment. However, much work still needs to be done before this goal can be 

achieved. 
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FUTURE PERSPECTIVES  

The results from this thesis indicate that CXCR4 receptors can be visualized by                                                         

N-[11C]methyl-AMD3465 PET. CXCR4 mediated chemotaxis was shown to play a role 

in treatment-induced immune cell infiltration after radiotherapy and immunization. 

These results could be the basis for several interesting lines of research in the 

future. 

Validation of N-[11C]methyl-AMD3465 

A suitable imaging probe can help in early diagnosis of disease and therapy 

monitoring. In order to consider N-[11C]methyl-AMD3465 as a suitable imaging 

probe for CXCR4 receptors in humans, it first needs to undergo further preclinical 

studies. For this purpose, an orthotopic tumor model can be used. These models 

mimic the clinical situation in patients better than xenograft models, including the 

development of metastases in lymph nodes, liver, lungs and bone. A model with 

metastatic lesions will be a great advantage, because it allows investigation of the 

effect of CXCR4 on metastatic potential and tumor cell homing. 

Plerixafor® (AMD3100) was approved by the FDA as a drug for patients with 

lymphoma and multiple myeloma undergoing autologous transplantation, but it 

has recently been withdrawn from the market due to a lack of oral bioavailability 

and cardiotoxicity. The PET tracer N-[11C]methyl-AMD3465 is a modified analogue 

(one additional methyl group) of the CXCR4 antagonist AMD3465. This analog has 

not yet been clinically approved as a drug. Thus, toxicity studies in animals are 

necessary before N-[11C]methyl-AMD3465 can be applied in humans. Hence, 

according to the guidelines of the European medical agency a single dose extended 

toxicity study will be required before the PET tracer can be applied in humans. Also, 

a dosimetry study is recommended in order to gain the knowledge of total 

radiation burden for the patient and to identify the organs that receive the highest 

radiation burden, in order to establish the recommended tracer dose for human 

application. After toxicity and dosimetry studies have been successfully completed, 

the tracer may be translated to human use. When the production process of the 

radiotracer is validated according to Good Manufacturing Practice (GMP) 
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guidelines, first the clinical studies should be performed in healthy volunteers, in 

order to study the distribution of the PET tracer under normal conditions and to 

check for any adverse events. Then, further studies could be performed in cancer 

patients with metastases that are easily accessible for biopsy or patients that are 

scheduled for surgical resection of the tumor lesion. This would allow direct 

comparison of tracer uptake and CXCR4 receptor expression, as determined by 

histopathological studies on tumor samples. When it has been confirmed that the 

tumor uptake of N-[11C]methyl-AMD3465 in patients correlates with CXCR4 

expression, clinical studies with this tracer could be started. 

CXCR4 as a prognostic biomarker 

CXCR4 could be an attractive prognostic biomarker for cancer types with a high 

tendency to develop distant metastases. Both CXCR4 receptors and the ligand 

CXCL12 can influence the development of a primary tumor and its metastases. 

More studies are required to validate CXCR4 receptor density as a prognostic 

biomarker in patients with different types of cancer, such as pancreatic, colon, 

breast, lung, head and neck, prostate and cervical cancer. However, N-[11C]methyl-

AMD3465 PET should first be validated in patients, in order to ascertain that the 

results of the imaging method are comparable with those obtained with the 

currently available tools to measure the expression CXCR4 levels, such as tissue 

biopsy, followed by immune staining, mRNA quantification and tissue microarray. If 

successful, N-[11C]methyl-AMD3465 PET could be used as a noninvasive tool to 

determine the CXCR4 status of individual tumor lesions and to correlate the levels 

of this biomarker with the tendency of the tumor to develop distant metastases. 

CXCR4 imaging in early drug development 

A suitable imaging probe can also help in early drug development, in particular in 

receptor occupancy and dose finding studies. An in-vivo imaging study with an 

appropriate PET tracer can answer the question whether the new drug reaches its 

target in tissues. Ideally, the new drug itself is labeled without altering its structure, 

so that its plasma kinetics and binding properties are unaffected. In this case, PET 

can directly visualize the kinetics and biodistribution of the drug and can thus prove 
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that the drug reaches its target. Moreover, PET imaging may be used to identify 

which organs have high tracer uptake and consequently are at risk for possible 

toxicities associated with the new drug. Even if the new drugs cannot be labeled 

information about the in-vivo behavior of the new drug can be obtained with PET, 

provided that a PET tracer is available that specifically binds to the same target as 

the novel drug. An in-vivo competition study of the new drug with a radiotracer 

that binds to the same therapeutic target enables indirect assessment of the 

relationship between plasma concentration and target occupancy of the drug.       

N-[11C]methyl-AMD3465 PET can predict the CXCR4 receptor occupancy of a new 

CXCR4 antagonist. Repetitive PET imaging enables monitoring of CXCR4 receptor 

occupancy over time and thus serial N-[11C]methyl-AMD3465 PET imaging can help 

to determine the in-vivo binding and dissociation kinetics of a new drug at the 

CXCR4 receptor. This information is crucial for establishing the optimal dosing 

regimen for clinical trials and can help to speed the process of drug discovery. 

Application of imaging in drug development can aid decision making at an early 

stage and consequently help in reducing the investment cost. 

Imaging of activated T cells 

The common treatment options for cancer include surgery, radiotherapy, 

chemotherapy, targeted therapy or a combination of these strategies. For early 

stage cancer, surgery or radiotherapy can be used, provided that there is adequate 

access to the tumor. For advanced tumor stages, systemic treatment is required 

and usually combinations of therapies are more effective than single therapy. A 

recent development in cancer treatment is the stimulation of the host immune 

system to eradicate the cancer, rather than targeting the tumor itself. This can be 

achieved by means of e.g. immunization, administration of cytokines, such as IL-2 

and interferons, or inhibition of immune checkpoints.   

Most recent understanding of the tumor immunology has revealed that tumor cells 

can interact with certain immune-checkpoint receptors and ligands on tumor-

associated immune cells. This is nowadays considered as a major mechanism of 

immune resistance, particularly against T cells. For example, interaction between 

PD-L1 or B7 on the tumor cell and PD1 or CTLA-4 on T lymphocytes results in an 



                                                                                                                                                      Chapter-8 

         175 | Page 

inactivation of the immune cells and thus inhibition of the immune response 

against the tumor. These immune checkpoints receptor-ligand interactions can be 

blocked by e.g. antibodies, resulting in reactivation of the immune response against 

the tumor. Newly developed antibodies against immune checkpoints have 

demonstrated a remarkable improvement in the survival in early clinical studies. 

The anti-CTLA4 antibody Ipilimumab was the first of this class of 

immunotherapeutics to receive FDA approval in the USA and it has been registered 

for treatment of metastatic melanoma in the Netherlands since 2012. CTLA-4 is 

expressed exclusively on T cells where it primarily regulates the early stages of T 

cell activation and maturation. 

Unfortunately, immune checkpoint inhibitors are very expensive drugs and can 

induce serious adverse effects like colitis, dermatitis and hepatitis. It is obvious that 

insight in the status of immune cells in the tumor before and early during 

treatment can contribute to an optimal treatment with minimal side effects, 

prevention or early termination of ineffective treatment and the development of 

new treatment strategies. To date, the information about the activation of immune 

cells in patients can only be obtained by tissue biopsy. Hence, PET imaging with 

[18F]FB-IL-2 might be an attractive tool to monitor the efficacy of cancer 

immunotherapies.  [18F]FB-IL-2 PET could give information about the activation and 

migration of T cells not only into the tumor but also into non-target organs. Thus, a 

future study could address the validation of [18F]FB-IL-2 PET in patients to monitor T 

cell activation and tumor infiltration at an early time point during treatment. This 

would help in selection of those patients who are not responding to the therapy at 

an early stage. Consequently, continuation of ineffective treatment with potentially 

serious adverse effects could be avoided. As a result this could save treatment 

costs and patients could start earlier with an alternative treatments. 
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Samenvatting 

CXCR4 is een α-chemokine dat behoort tot de superfamilie van de G-eiwit 

gekoppelde receptoren. CXCR4 en het natuurlijke ligand CXCL12 (SDF-1α) spelen 

een centrale rol in de normale fysiologie. De receptor en het ligand zijn samen 

betrokken bij de ontwikkelingsfysiologie van het lymfesysteem, neuronale groei, 

vaatvorming, herstel van weefselschade en activering van aangeboren en 

verworven immuniteit.  

CXCR4 en CXCL12-knockout muizen vertonen verstoorde ontwikkeling van organen, 

met voortijdig overlijden tot gevolg. Dit geeft aan dat adequate regulering van 

CXCR4 en CXCL12 expressie essentieel is voor een normale fysiologie. Abnormale 

expressie van CXCR4 of CXCL12 is gerelateerd met pathologische condities. Onlangs 

is CXCR4 aangeduid als een potentieel aanvullend biologisch aangrijpingspunt voor 

geneesmiddelen tegen kanker. Een verhoogde expressie van zowel CXCR4 als het 

ligand CXCL12 is waargenomen in meer dan 20 verschillende soorten kanker, 

waaronder ovarium-, prostaat-, borst-, long, dikke darm-, nier, hersen-, alvleesklier- 

en slokdarmkanker en verschillende vormen va leukemie. CXCR4 speelt een cruciale 

rol in alle stadia tijdens de ontwikkeling en voortgang van kanker. De receptor is 

betrokken bij diverse processen, waaronder tumorontwikkeling, proliferatie en 

migratie van tumorcellen van de primaire tumor naar andere locaties, invasie en 

vorming van metastasen in andere weefsels. Migratie en metastasering zijn 

afhankelijk van CXCR4-gemedieerde chemotaxis van tumorcellen langs een 

concentratie gradiënt van CXCL12. Organen met een hogere expressie van CXCL12 

zijn de voornaamste doelorganen van kankercellen voor de vorming van 

metastasen. CXCR4 en CXCL12 spelen niet alleen een belangrijke rol in tumorcel 

migratie, maar ook in de chemotaxis-gemedieerde infiltratie van tumoren door 

immuuncellen en in de activering van deze cellen. 

Moleculaire beeldvorming is een krachtige techniek die kan worden gebruikt om 

fysiologische en pathologische condities in mens en dier te bestuderen. Positron 

Emissie Tomografie (PET) en Single Foton Emissie Computed Tomografie (SPECT) 

worden veelvuldig gebruikt om de expressie en functie klinisch-relevante 

biologische targets te onderzoeken, mits een geschikte radiotracer beschikbaar is. 
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Dit proefschrift beschrijft de ontwikkeling van een nieuwe radiotracer voor het 

afbeelden van CXCR4 receptoren met PET en SPECT. Twee nieuwe radiotracers 

werden gesynthetiseerd en geëvalueerd in-vitro en in knaagdieren met tumoren. 

Een van deze tracers werd gebruikt om de tracers werd gebruikt om de 

bezettingsgraad van de CXCR4 receptor door een CXCR4 antagonist in vivo te 

onderzoeken en om veranderingen in de CXCR4 receptor expressie in tumoren ten 

gevolge van behandeling met immunotherapie, radiotherapie of een CXCR4 

remmer te volgen. In deze studie bleef het onduidelijk of de veranderingen in 

CXCR4 dichtheid het gevolg waren van veranderde expressie van de CXCR4 

receptor door de tumor of van toegenomen infiltratie van CXCR4-positieve 

immuuncellen.  

Daarom onderzochten we de effecten van de behandelingen op de infiltratie van 

tumor-specifieke T cellen. Om de toename in infiltrerende T cellen in de tumor in-

vivo te meten met PET hebben we de cytokine interleukine-2 (IL-2) gelabeld met 

fluor-18. IL-2 bindt specifiek aan de IL-2 receptoren, die hoog tot expressie komen 

op geactiveerde cytotoxische T cellen. Gelabeld IL-2 werd gebruikt om de infiltratie 

van T cellen met PET te meten in muizen met een TC-1 tumor. 

Recombinant IL-2 wordt gebruikt als behandeling voor kanker, omdat het de 

cytotoxische immuuncellen kan stimuleren om de tumor aan te vallen en te 

vernietigen. Helaas kan naïef IL-2 ernstige immuun-gerelateerd toxiciteit 

veroorzaken en is het minder stabiel in-vivo en vertoont snelle kinetiek. Om deze 

obstakels te overwinnen is onlangs een quadrupel mutant, genaamd IL-2v, 

ontwikkeld. Deze mutant heeft een hogere stabiliteit en een langere 

plasmahalfwaardetijd en vertoont minder toxiciteit. In tegenstelling tot wild-type 

IL-2, bindt de mutant IL-2v niet aan de α-subunit (CD25), alleen aan de β subunit 

van de IL-2 receptor. Het laatste deel van dit proefschrift richt zich op het labelen 

en de in-vivo evaluatie van dit nieuw ontwikkelde mutant IL-2v eiwit. 

Hoofdstuk 1 geeft een introductie over CXCR4 receptoren en hun rol in kanker en 

andere ziekten. Daarnaast wordt een overzicht gegeven van de beschikbare CXCR4 

tracers.  
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In Hoofdstuk 2 wordt de ontwikkeling en evaluatie van de nieuwe SPECT tracer 

[99mTc]O2-AMD3100 beschreven. De tracer kan gemakkelijk en met hoge specifieke 

activiteit worden gelabeld via complex vorming van het geneesmiddel Plerixafor 

met [99mTc]pertechnetaat onder reducerende omstandigheden.[99mTc]O2-AMD3100 

is stabiel in-vitro and in-vivo. De tracer vertoont een goede bindingsaffiniteit voor 

CXCR4 receptoren. In-vivo evaluatie van de tracer liet specifieke opname van 

[99mTc]O2-AMD3100 zien in organen met hoge CXCR4 expressie en in CXCR4 

positieve tumoren. De tracer heeft een snelle plasmakinetiek en wordt snel 

geklaard uit het lichaam via de urine. Ondanks de eenvoudige syntheseprocedure 

en de hoge stabiliteit van [99mTc]O2-AMD3100 is de tracer is niet optimaal voor het 

kwantificeren van CXCR4 receptoren in-vivo, vanwege de middelmatige signaal-ruis 

verhouding en de intrinsieke moeilijkheid om receptor expressie te kwantificeren 

met SPECT. PET is een sensitievere techniek en beter geschikt voor absolute 

kwantificering van receptor expressie dan SPECT.  

In Hoofdstuk 3 wordt daarom de ontwikkeling en validatie van een nieuwe PET 

tracer, genaamd N-[11C]methyl-AMD3465, beschreven. AMD3465 is een CXCR4 

receptor antagonist met een hoge affiniteit en selectiviteit. AMD3465 werd 

gelabeld met koolstof-11 onder basische condities in 60-65% radio-chemische 

opbrengst. Het product had een zuiverheid van >99%. De tracer was zeer stabiel 

tijdens blootstelling aan lever microsomen of rattenplasma. In beide gevallen was 

>98% van de tracer nog intact een incubatietijd van 2 uur. Receptor bindingstudies 

in PC-3 and C6 tumorcellen lieten een CXCR4-gemedieerd opname zien van ca. 3% 

ID/106 cellen na 30 minuten incubatie. Cellulaire binding neemt tot 9 maal toe 

wanneer de tumor cellen worden blootgesteld aan N-[11C]methyl-AMD3465 in de 

aanwezigheid van verschillende overgangsmetalen (Cu2+, Ni2+, and Zn2+). Ex-vivo 

biodistributie and PET studies met N-[11C]methyl-AMD3465 in ratten met een C6 

tumor xenotransplantatie lieten specifieke opname van de tracer zien in de tumor 

(SUV 0,6±0,2) en organen met CXCR4 expressie, zoals lymfklieren (1,5±0,2), lever 

(8,9±1,0), beenmerg (1,0±0,3) en milt (1,0±0,1). De tracer opname in CXCR4-

poistieve organen kon significant (p<0,01) gereduceerd worden door 

voorbehandeling met de  CXCR4 antagonist Plerixafor (AMD3100). Deze resultaten 
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rechtvaardigen de verdere evaluatie van N-[11C]methyl-AMD3465 als een 

radiotracer voor het op niet-invasieve wijze afbeelden van de expressie van CXCR4 

receptoren met PET.  

In Hoofdstuk 4, werd de farmacokinetiek van N-[11C]methyl-AMD3465 in ratten 

met een C6 tumor bestudeerd. De opname van N-[11C]methyl-AMD3465 in de 

tumor bereikte een maximum 30 seconde na tracer injectie, gevolgd door een bi-

exponentiële klaring met een halfwaardetijd 10±1 min (10%) en 129±9 min (90%). 

De opname van de tracer was specifiek gemedieerd door de CXCR4 receptor 

binding, aangezien voorbehandeling met een specifieke CXCR4 antagonist de tracer 

opname in de tumor significant verlaagde. De tracer vertoonde reversibele binding 

en de bindingsdata konden daarom beter worden gemodelleerd met Logan dan 

Patlak grafische analyse. Plasmakinetiek en tijd-activiteit grafieken van de tracer 

konden beter worden beschreven met een 2-weefselcompartimenten reversibel 

model dan met een 1-weefselcompartiment model. Voorbehandeling met 30 

mg/kg Plerixafor® resulteerde in een significante afname van het distributie volume 

(VT) (0,69±0,10 versus 0,34±0,13; p<0,05) en de niet-verdringbare 

bindingspotentiaal (BPnd) (1,73±0,18 versus 1,08±0,35; p<0,01) van de tracer in de 

C6 tumor. In het tweede deel van de studie werd de bezettingsgraad van de 

receptor door Plerixafor® onderzocht met N-[11C]methyl-AMD3465 PET. De 

opname van de tracer in de tumor kon op een dosis-afhankelijke wijze worden 

geremd door het geneesmiddel Plerixafor. De bezettingsgraad van de CXCR4 

receptor werd bepaald door gebruik te maken van de parameters BPnd (2TRCM), VT 

(2TRCM) of VT (Logan). De in-vivo bezettingsgraad van de receptor door het 

geneesmiddel varieerde van ongeveer 10% tot 100% bij een dosis van 

respectievelijk 0,5 tot 60 mg/kg. N-[11C]methyl-AMD3465 PET werd ook toegepast 

om de ED50 van het geneesmiddel Plerixafor in-vivo te bepalen. Deze studie toonde 

aan dat de VT, bepaald m.b.v. Logan grafische analyse, de meest geschikte 

parameter is om de bezettingsgraad van de CXCR4 receptoren in de tumor te 

meten. Deze benadering kan eenvoudig worden vertaald naar de mens en worden 

toegepast voor vroeg geneesmiddelonderzoek en voor de optimalisatie van 

doseringsschema’s van geneesmiddelen.  
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In Hoofdstuk 5 hebben we de geschiktheid van N-[11C]methyl-AMD3465 PET om de 

effect van behandeling op de expressie van CXCR4 receptoren te volgen 

aangetoond. Het effect op CXCR4 expressie veroorzaakt door lokale bestraling, 

alleen of in combinatie met immunisatie, of door behandeling met de CXCR4 

antagonist Plerixafor werd onderzocht in muizen met een TC-1 tumor.                      

N-[11C]methyl-AMD3465 PET toonde aan dat zowel lokale bestraling alleen, als 

bestraling van de tumor in combinatie met vaccinatie de dichtheid van CXCR4 

expressie in de tumor verhoogde. Deze toename in CXCR4 dichtheid zou het 

resultaat kunnen zijn van verhoogde expressie van de CXCR4 receptor door 

tumorcellen vanwege een toename in de uitscheiding van CXCL12 of van hypoxie-

induceerbare factor-1α door stromacellen. Een alternatieve verklaring zou kunnen 

zijn dat de toename in CXCR4 dichtheid zou kunnen zijn veroorzaakt door een 

verhoogde rekrutering van CXCR4-positieve immuuncellen. Voorbehandeling met 

de CXCR4 antagonist AMD3100 kon de toename in CXCR4 dichtheid ten gevolge 

van de behandeling voorkomen, mogelijk door de infiltratie van CXCR4-positieve 

immuuncellen te remmen of door de specifieke binding van de tracer aan CXCR4 

receptoren te blokkeren.  

Immunotherapie voor kanker werd door de redacteuren van het befaamde 

tijdschrift Science genomineerd tot doorbraak van het jaar 2013. Kanker 

immunotherapie omvat alle behandelingen die beogen de tumor infiltratie en 

activatie van immuuncellen te stimuleren. Deze geactiveerde immuuncellen zullen 

vervolgens de tumorcellen doden. Tot nu toe is er geen methode beschikbaar om 

de immuunreactie die teweeg is gebracht door deze immunotherapieën in-vivo te 

meten. Onlangs is een PET tracer ontwikkeld die het mogelijk zou kunnen maken 

om deze immuunreactie direct te volgen.  

In Hoofdstuk 6 werd de geschiktheid onderzocht van het afbeelden van 

geactiveerde T cellen in de tumor en andere immunologische organen na 

radiotherapie/vaccinatie m.b.v. [18F]FB-IL-2 PET. Zowel PET als ex-vivo 

biodistributiestudies lieten een 9 maal (p<0,001) hogere [18F]FB-IL2 opname zien in 

de tumor van muizen die alleen 14 Gy lokale tumor bestraling ontvingen, terwijl 

een 22 maal (p<0,001) hogere opname werd gevonden in muizen die zowel 14 Gy 



                                                                                                                                                      Chapter-9 

         183 | Page 

lokale bestraling als immunisatie met het vaccin SFVeE6,7 ondergingen, in 

vergelijking met niet-bestraalde controle muizen. Toediening van de CXCR4 

specifieke antagonist AMD3100 aan muizen die lokale tumor bestraling 

ondergingen resulteerde in 2.4 maal (p<0,001) lagere tracer opname en dus in een 

afname van de tumor infiltratie van geactiveerde T lymfocyten. Deze proof-of-

concept studie heeft de potentie van [18F]FB-IL2 PET aangetoond om op niet-

invasieve wijze de tumor infiltrerende, geactiveerde T cellen na radiotherapie of 

immunotherapie te volgen.  

Onlangs is een quadrupel mutant versie van IL-2 met hogere stabiliteit en tragere 

kinetiek dan naïef IL-2 ontwikkeld. In tegenstellig tot naïef IL-2 bindt de mutant     

IL-2v niet aan de α-subunit (CD25) van de IL-2 receptor, maar uitsluitend aan de    

β-subunit (CD122) van de receptor. Hoofdstuk 7 beschrijft de syntheseprocedure 

de farmacokinetische eigenschappen van de mutant IL-2v. De cellulaire binding van 

de radioactief gelabelde mutant werd in-vitro vergeleken met naïef IL-2 in         

PHA-geactiveerde humane mononucleaire cellen uit perifeer bloed. De binding van 

de mutant IL-2v was ten minste 3 maal lager dan die van naïef IL-2. De gelabelde 

mutant werd verder geëvalueerd in-vivo in knaagdieren. De dierstudies lieten een 

duidelijk significant verschil in receptorbinding kinetische eigenschappen zien 

tussen mutant IL-2v en wild-type IL-2. Wild-type [18F]FB-IL-2 bind sterker aan de     

IL-2 receptor en wordt sneller uit het lichaam geklaard dan [18F]FB-IL-2v. Deze 

eigenschappen zouden wild-type IL-2 minder geschikt maken als geneesmiddel, 

maar het gelabelde eiwit lijkt een geschikte PET tracer voor het afbeelden van          

T cellen. [18F]FB-IL-2v daarentegen lijkt betere eigenschappen te hebben voor een 

geneesmiddel vanwege de tragere kinetiek.  
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CONCLUSIES 

We hebben nieuwe SPECT en PET tracers ontwikkeld voor het afbeelden van CXCR4 

receptoren en hebben deze tracers geëvalueerd in in-vitro bindingstudies en in 

dierstudies. In het bijzonder N-[11C]methyl-AMD3465 blijkt een geschikte PET tracer 

om in-vivo de veranderingen in CXCR4 dichtheid in tumoren ten gevolge van 

behandeling te volgen en om de bezettingsgraad van de receptor door een 

geneesmiddel te meten. Daarnaast hebben we aangetoond dat [18F]FB-IL-2 PET 

gebruikt kan worden om de tumor infiltratie van geactiveerde T cellen te 

bestuderen. Deze sensitieve en specifieke moleculaire imaging tracers zouden 

kunnen leiden tot het diagnostische gereedschap dat clinici belangrijke specifieke 

informatie over een individuele patiënt kan verschaffen, zoals een vroege respons 

op een behandeling. Dat kan uiteindelijk leiden tot betere kwaliteit van de 

behandeling. Echter, er moet nog veel werk worden verricht voordat dit doel kan 

worden bereikt. 
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%ID/g  percentage of injected dose per gram of tissue  

1TCMR  one-tissue compartment model reversible.  

2TCMR  two-tissue compartment model reversible. 

AIC  akaike information criterion 

BPnd  binding potential  

CD4+T cells helper T cells 

CD8+T cells  cytotoxic T cells 

CD25  interleukin-2 receptor α chain 

CD122  interleukin-2 receptor β chain 

CD132  interleukin-2 receptor δ chain 

CH3OTf  methyl triflate 

CT  computed tomography 

CTLs  CD8+cytotoxic T lymphocytes 

CXCL12  stromoal cell derived factor-1α (SDF-1α) 

CXCR4   chemokine receptor- 4 

ECL  extra cellular loop 

EPCs  endothelial progenitor cells 

FACS  fluorescence-activated cell sorting 

FAB  fluorobenzoic acid 

gp  glycoprotein 

HE  haematoxilin-eosin 

hPBMC  human peripherial blood mononuclear cells 

HPLC   high-performance liquid chromatography 

HSCs  hematopoietic stem cells 

ICL  intracellular loop 



Acknowledgements   

         187 | Page 

IL-2  interleukin-2 

i.m  intramuscular 

i.v.  intravenous 

K1/k2  partition coefficient 

k3/k4  binding potential 

MBq  megabecquerel 

min  minutes  

MMPs  matrix metalloproteinase  

p.i  post injection 

PBS  phosphate buffered saline 

PET   positron emission tomogrphay 

PHA  phytohemagglutinin 

RA  rheumatoid artheritis 

ROI  region of interest 

s  seconds 

s.c  subcutaneous 

SCID mice sever combined immunodeficiency mice 

SFB  succinyl flurobenzoic acid 

SPECT  single photon emission computed tomography 

SUV  standardized uptake value 

TACs  tima activity curves 

TCA  trichloroacetic acid 

TLC  thin-layer chomotography 

VOI  volume of interest 

Vd  volume of distribution
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