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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 
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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. 



 

 

 

 

 




