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English Abstract 
 
The chemokine receptor 4 (CXCR4) and its only ligand CXC chemokine ligand 12 (CXCL12) 

are fundamentally involved in physiological processes and, amongst other diseases, also in 

tumor proliferation and tissue repair after myocardial infarction. Considering the fact that 

cancer is the second leading cause of death in developed countries, being only surpassed by 

cardiovascular diseases, the objective of the presented thesis was the development of 

diagnostic and therapeutic radiopharmaceuticals targeting CXCR4.  

 

The thesis by publication covers four first author articles and four further publications with co-

authorship, respectively. The first publication deals with the synthesis of CXCR4-targeting 

pentixafor-based cyclopentapeptides and their evaluation in terms of their CXCR4 affinity. 

Two new conjugates with an improved affinity compared to the parental compound 

[68Ga]pentixafor have been identified. 

 

In the second publication, [68Ga]NOTA-pentixafor, identified as the compound with the 

highest CXCR4 affinity in the previous study, was evaluated as potential positron emission 

tomography (PET) tracer for CXCR4 expression in vivo and compared to [68Ga]pentixafor. 

 

The third publication shows the synthesis and preclinical evaluation of the first 18F-labeled 

pentixafor derivative for PET imaging of CXCR4 in vivo. Both in vitro and in vivo CXCR4 

targeting characteristics of [18F]AlF-NOTA-pentixather are discussed and compared to 

[68Ga]pentixafor. 

 

The fourth publication reports on the synthesis and evaluation of 64Cu-labeled NOTA-

Pentixather in a preclinical lymphoma model. In the manuscript, a detailed investigation on 

the tracer stability in vitro and in vivo as well as biodistribution studies and small animal 

PET/CT are presented. 

 

The publications with co-authership include investigations of [68Ga]pentixafor as PET imaging 

agent for CXCR4 expression in atherosclerothic plaques, a novel synthesis procedure for the 

tyrosine iodination in bioactive peptides, and the comprehensive preclinical investigation of 

[177Lu]pentixather as a first CXCR4-directed endoradiotherapeutic agent. In a further 

manuscript, the first clinical application of [177Lu/90Y]pentixather in patients with advanced 

stage multiple myeloma is presented. 
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Deutsches Abstract 
 
Zusammen mit seinem einzigen endogenen Liganden CXCL12 ist der Chemokinrezeptor 4 

(CXCR4) essentiell an physiologischen Prozessen beteiligt. Ebenso ist er, neben anderen 

Krankheiten, ein fundamentaler Bestandteil der Onkologie und dem Heilprozess nach dem 

Myokardinfarkt. Weil Krebs und kardiovaskuläre Erkrankungen die häufigsten 

Todesursachen in Industrieländern sind und die CXCR4/CXCL12 Achse maßgeblich an 

diesen Krankheiten beteiligt ist, war es Ziel der Arbeit, diagnostische und therapeutische 

Radiopharmaka für den CXCR4 Rezeptor zu entwickeln. 

 

Die kumulative Dissertation setzt sich aus jeweils vier Erstautoren-publikationen und vier 

weiteren Publikationen als Koautor zusammen. In der ersten Publikation wird die Synthese 

zahlreicher Pentixafor-basierter Cyclopentapeptide und deren CXCR4 Affinitätsevaluierung 

beschrieben. Es wurden zwei Peptide mit einer höheren Affinität zu CXCR4 im Vergleich zu 

[68Ga]pentixafor gefunden. 

 

Da [68Ga]NOTA-pentixafor in der vorherigen Studie als das CXCR4 affinste Peptid 

identifiziert wurde, wurde es in einer zweiten Publikation präklinisch als potentieller Tracer für 

die PET Bildgebung evaluiert und mit [68Ga]pentixafor verglichen. 

 

In der dritten Publikation wird die Synthese und Evaluation von [18F]AlF-NOTA-pentixather im 

präklinischen Lymphom Modell zur PET Bildgebung von CXCR4 Expression in vivo 

beschrieben. Mit Bezug auf [68Ga]pentixafor werden die CXCR4 Bindungseigenschaften des 
18F-markierten Tracers sowohl in vitro als auch in vivo diskutiert. 

 

In der vierten Studie wird NOTA-pentixather mit 64Cu markiert und im präklinischen Lymphom 

Modell als PET Tracer evaluiert. Im Manuskript werden neben Stabilitätsuntersuchungen und 

in vitro und in vivo CXCR4 Bindungseigenschaften auch Biodistributionsstudien und 

Kleintier-PET diskutiert. 

 

Die Koautorenpublikationen beinhalten Studien an [68Ga]pentixafor zur PET Bildgebung von 

CXCR4 in Atheroskleroseplaques, eine neue Synthese zur Iodierung von Tyrosinen in 

bioaktiven Peptiden und eine detaillierte präklinische Untersuchung von [177Lu]pentixather als 

ersten Tracer für CXCR4-gerichtete Endoradiotherapie. In einem weiteren Manuskript wird 

die erste klinische Anwendung von [177Lu/90Y]pentixather in Patienten mit Multiplen Myelom 

im fortgeschittenen Stadium dargelegt. 
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I. Background 
 
I.1 CXCR4/CXCL12 Axis in Physiology and Disease 

 

The interaction between the chemokine receptor 4 (CXCR4) and its ligand CXC chemokine 

ligand 12 (CXCL12), also known as stromal cell-derived factor 1 (SDF-1), plays a pivotal role 

in physiology and is also involved in various states of pathology. In developed countries, 

cancer is the second leading cause of death, being only surpassed by cardiovascular 

diseases. The involvement of the CXCR4/CXCL12 axis in these diseases highlights the 

importance of CXCR4 as molecular target for tracer development. Developing diagnostic and 

therapeutic radiopharmaceuticals targeting CXCR4 aims towards better patient management 

and personalized medicine. 

Activation of the G protein-coupled receptor (GPCR) CXCR4 by its only endogenous ligand 

CXCL12 initiates unique cell signaling cascades and stimulates cell migration (Figure 1).  

In physiology, the CXCR4/CXCL12 axis regulates cell adhesion, proliferation and survival, as 

well as chemotaxis and the trafficking of leukocytes. Moreover, it is essential for the 

migration of progenitor cells during hematopoiesis, organogenesis, and tissue regeneration 

(1-3). Deficiency of the CXCR4 gene for instance, is lethal during embryogenesis as it leads 

to impaired organ development and defective cardiogenesis (4,5).  

In pathology, CXCR4 plays a critical role in the human immunodeficiency virus-1 (HIV-1) 

entry into target cells, inflammation, and myocardial infarction. In oncology, CXCR4 is 

fundamentally involved in tumor growth and tissue specific metastasis to organs 

constitutively expressing CXCL12 such as the bone marrow, lungs, and liver (6).  

As illustrated in Figure 2, CXCL12 and CXCR4 receptor expression is increased in hypoxic 

regions of the tumor leading to enhanced tumor cell motility and invasiveness.  

CXCR4 is overexpressed in more than 30 different tumor types including lymphoproliferative 

diseases such as non-Hodgkin lymphoma (NHL), Hodgkin lymphoma, multiple myeloma 

(MM), and chronic lymphocytic leukemia (CLL) but also brain, breast, pancreas, prostate, 

kidney, ovarian cancer, and melanoma (7-12). Physiological expression of CXCR4, which is 

highest in T-lymphocytes, B-lymphocytes, monocytes, macrophages, neutrophils, as well as 

endothelial and hematopoietic stem and progenitor cells in the bone marrow (13,14),  

is markedly lower than in tumors (15). Overexpression of CXCR4 on tumor cells and 

CXCL12 secretion in the tumor microenvironment results in enhanced stimulation of the 

CXCR4 receptor promoting proliferation, inhibiting apoptosis, and driving tumor growth.  
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Figure 1: CXCR4/CXCL12 signaling pathway. Activation of the chemokine receptor CXCR4 

suppresses apoptosis and promotes tumor proliferation, angiogenesis, and metastasis – 

modified image from (16). 

More specifically, CXCL12 can induce CXCR4-positive cancer cells to secrete interleukin-8, 

macrophages to secrete epidermal growth factor, and stem cells to secrete vascular 

endothelial growth factor establishing a tumor-favorable microenvironment (8,17).  

The CXCR4/CXCL12 axis promotes tumor growth by neoangiogenesis i.e. through the 

recruitment of endothelial progenitor cells to sites of neovascularization in tumors (Figure 2). 

Increased CXCR4 expression in cancer cells is also significantly correlated with an 

aggressive phenotype (13), an increased risk of recurrence (18), and low overall and 

disease-free survival rates in various cancers (19-21). 

Consequently, CXCR4 is not only a biomarker of immense value for non-invasive 

diagnostics, image guided therapy, and response monitoring, but also for disrupting CXCR4-

dependent tumor-stroma interactions in order to impair tumor proliferation and metastasis 

and to increase sensitivity of tumor cells to anticancer therapies. 
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Figure 2: Schematic illustration of the CXCR4/CXCL12 axis promoting tumor growth by para 

and endocrine feedback loops and recruiting of endothelial progenitor cells which drive 

angiogenesis. CXCR4 and CXCL12 expression is upregulated in hypoxic tumors favoring 

tumor motility and distant tissue specific metastasis to sites of abundant levels of CXCL12 

expression like in liver, lungs, bones, and bone marrow - modified image from (8). 
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I.2 Ligand-Receptor Interactions 

 

Chemokine receptors are a family of seven transmembrane domain GPCRs and are 

designated CXCR1 through CXCR5, CCR1 through CCR11, XCR1, and CX3CR1, based on 

their specific preference for certain chemokines (22). CXCR4 is one of 19 known human 

chemokine receptors (23). Chemokines (chemoattractive cytokines) can be segregated into 

two main subfamilies (CXC or CC) based on weather the two N-terminal conserved cysteines 

are separated by an intervening amino acid. Following activation of GPCRs, one or several 

heterotrimeric G proteins are activated by stimulation of guanosine diphosphate/guanosine 

triphosphate exchange which eventually triggers a specific signaling cascade  

(compare Figure 1). Recently determined crystal structures of CXCR4 with different ligands 

revealed structural features facilitating structure-function analyses and ligand discovery (24).  

Many attempts, including molecular modeling studies, have been undertaken to identify the 

binding mode of CXCR4-targeting peptides (25-28). As illustrated in Figure 3, starting point 

for ligand development throughout this thesis was the scaffold of pentixafor, a potent 

CXCR4-targeting cyclic pentapeptide derived from FC131 (cyclo(-D-Tyr1-Arg2-Arg3-2-Nal4-

Gly5-) (Figure 3) (29). FC131 was designed by Fuji et al. by downsizing polyphemusin II, an 

antimicrobial peptide isolated from hemocytes of the American horseshoe crab Limulus 

polyphemus (30-32). FC131 contains the four most important (basic and aromatic) residues 

indispensable for CXCR4 affinity (Figure 3). Glycine was used for pentapeptide cyclization, 

which is associated with high stability towards enzymatic degradation and commonly low 

toxicity (29,33). 

 

 

Figure 3: Chemical structures of CXCR4-targeting Polyphemusin II, T140, FC131, and 

[68Ga]pentixafor. Amino acid residues that were highlighted are indispensable for receptor 

binding and were conserved during downsizing to the cyclic pentapeptides.  



5 

Since the extracellular surface of CXCR4 is mainly negatively charged (24), molecular 

recognition between FC131 and CXCR4 is presumably initiated by ionic interactions between 

the positively charged residues of the peptide and one or more negatively charged receptor 

residues (34). Upon receptor binding, the guanidino group of the Arg3 side chain of FC131 

protrudes in a tight binding pocket, being involved in a complex charge-assisted H-bond 

network with several receptor residues (His113, Thr117, and Asp171, Figure 4) (34).  

Ligand/receptor interaction studies of the cyclopentapeptide FC131 with CXCR4 also 

revealed that the lipophilic aromatic amino acid residue L-2-Nal4 is buried in a well-defined 

hydrophobic subpocket in transmembrane helix (TMH) 5, which leaves the D-Tyr1 and L-Arg2 

residues located on the opposite side near TMH 1 at the N-terminal fragment of CXCR4 

partially solvent exposed (Figure 4) (24,35). While L-Arg3 is essential for binding, position 2 is 

therefore more flexible towards modification. Hence, L-Arg2 of FC131 was substituted by  

D-Orn and N-methylated for higher CXCR4 affinity. For covalent linkage of the chelator to the 

peptide, a number of spacers have been investigated (36) and 4-(aminomethyl)benzoic acid 

(AMB) proved highly suited regarding the CXCR4 affinity. As the chelator, 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was conjugated in order to create a 

radiopharmaceutical for potential diagnostic (positron emission tomography (PET),  

single photon emission computed tomography (SPECT)) and therapeutic purposes such as 

peptide receptor radionuclide therapy (PRRT) (36,37). 

 

 
 

Figure 4: Proposed binding mode of the cyclopentapeptide FC131 with CXCR4. Seven 

transmembrane helices (TMH 1-7) and binding pocket (gray) with selected interactions (left); 

detailed molecular interactions of FC131 with CXCR4; Arg2 and Tyr1 are partially solvent 

exposed (indicated by water interaction, gray) (35). 
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I.3 CXCR4 Ligand Development 

 

Before its discovery as a chemokine receptor, CXCR4 was identified to mediate entry of  

T cell line-tropic (T-tropic) HIV-1 strains (38), a process that could be inhibited by CXCL12 

(39). The identification of CXCR4 as a co-receptor for HIV-1 entry triggered the development 

of CXCR4 antagonists such as potent synthetic CXCL12-analogs like the tetradecapeptide 

T140 (40), the bicyclam AMD3100 (41,42), and the peptide inhibitor ALX40-4C (43).  

Initial (phase I) clinical trials with AMD3100 to assess its antiviral efficacy in HIV-infected 

individuals started in 2000 (41,44). Until today, AMD3100 is the only CXCR4-targeting agent 

that has been approved by the Food and Drug Administration for autologous bone marrow 

transplantation in multiple myeloma (MM) and non-Hodgkin’s lymphoma (NHL) (45). 

Since the identification of the role of CXCR4 in the regulation of tissue specific metastasis in 

breast cancer (7) and its fundamental role in oncology, a number of (small-molecule based) 

CXCR4 inhibitors have been developed for therapeutic purposes, e.g. antagonizing CXCR4 

with AMD3100 was shown to cause both decreased survival and proliferation and increased 

sensitivity to anticancer therapies in vitro and in vivo (46,47). Various CXCR4 inhibitors for 

therapeutic purposes have been reviewed in several publications (48-55). To overcome the 

currently unmet clinical need for non-invasive diagnostic imaging of CXCR4 expression, 

different imaging agents for the CXCR4 receptor have been developed.  

The first radiolabeled probe for SPECT/PET imaging of CXCR4 expression in vivo, 

[125I]CPCR4 was published by Koglin et al. in 2006 (56). In the same year, Hanaoka et al. 

developed a T140 derivative conjugated to diethylenetriaminepenta-acetic acid (DTPA) and 

radiolabeled with 111In for SPECT imaging (40). The first 18F-labeled CXCR4 PET imaging 

agent, [18F]T140, has been developed by Jacobson et al in 2010 (57). Other important 

CXCR4 targeted imaging agents include AMD3100 (plerixafor)-based radioligands (58-68) 

that have been labeled with 64Cu (64-67,69), 18F (70), 11C (71), and 68Ga (72) and targeted 

peptides, including derivatives of T140 (40,57,73-80) and FC131 (36,37,81-83). Summaries 

of CXCR4-targeting probes have recently been reported in excellent reviews (84-87) and a 

detailed overview of CXCR4 targeting imaging probes for SPECT and PET are discussed in 

chapter I.7 and I.8, respectively. 

Amongst CXCR4-directed imaging agents, [68Ga]pentixafor (36,37) holds a unique position, 

because of its high affinity and selectivity to hCXCR4 but not to CXCR7 or mCXCR4,  

low unspecific binding, and adequate distribution profile accompanied by fast renal excretion. 

Combined with a favorable dosimetry (88), these characteristics paved the way for first 

currently ongoing clinical studies for high contrast PET imaging of CXCR4 expression in 

patients with lymphoproliferative diseases (89), acute myeloid leukemia (AML) (90), multiple 
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myeloma (91,92), adrenocortical cancer (93), glioblastoma (94), small cell lung cancer 

(SCLC) (95), and solid cancers (96). An overview of [68Ga]pentixafor PET/CT imaging in 

different cancers (proof-of-concept) is shown in Figure 5. [68Ga]pentixafor PET has also 

shown to be valuable for CXCR4 quantification in atherosclerosis (97) and after myocardial 

infarction (98-101). 

 

 

Figure 5: Imaging of CXCR4 receptor expression using [68Ga]pentixafor PET/CT in patients: 

a) Mantle Cell Lymphoma, b) Cancer of unknown primary origin (CUP) (pancreas),  

c) Pancreatic Cancer, d) Chronic Lymphomcytic Leukemia (102), e) Myeloma (102),  

f) Breast Cancer (lower panel: 2-[18F]fluoro-2-deoxyglucose ([18F]FDG) PET), g and h) Small 

Cell Lung Cancer, i) Pancreatic Cancer, j) T-cell Lymphoma, k) Prostate Cancer - (103). 
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I.4 Radiometals and Chelators  

 

 

Figure 6: Schematic illustration of different radionuclide-chelators-conjugates covalently 

bound to the CXCR4-targeting pentapeptide core (cyclo(Gly-L-Nal-L-Arg-D-Orn-D-Tyr)) of 

pentixafor via a 4-(aminomethyl)benzoic acid (AMB) spacer. 

As schematically illustrated in Figure 6, a radiopharmaceutical consists of four components, 

i) biomolecular vector, i.e. the cyclic pentapeptide core, ii) chelator, iii) radionuclide, and iv) 

covalent link between chelator and biomolecule. While chapter I.2 and I.3 focus on 

interactions of pentapeptides with the CXCR4 receptor and ligand development for CXCR4, 

chapter I.4 will briefly introduce selected radiometals and chelators in the context of 

radiopharmaceutical development. For a more detailed introduction, the interested reader is 

referred to excellent reviews on radiometals and their use in nuclear medicine (104-109). 

Radiometals are radioactive isotopes and, depending on the decay properties, can be used 

for diagnostic imaging such as SPECT (e.g. 67Ga, 99mTc, 111In, 177Lu), PET  

(e.g. 68Ga, 64Cu, 44Sc, 86Y, 89Zr), but also targeted cancer therapy. While β-emitters of 

different energy (90Y, 177Lu) enable individualized targeting of tumors of a given size,  

α-emitters (e.g. 211At, 213Bi, 225Ac) can be used for the targeted therapy of micrometastases. 

Decay properties of selected SPECT and PET radionuclides (Table 1 and 2, respectively) as 

well as radionuclides for targeted therapy can be found in Table 3. 

Because of its physical decay properties, 18F rapidly became the isotope of choice for PET 

imaging. Nevertheless, the half-life of 18F and other isotopes, which are traditionally used for 
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PET imaging (e.g.15O, 13N, or 11C), is often insufficient to meet the biological half-lives of 

macromolecular targeting agents such as peptides, antibodies, fragments, and 

oligonucleotides. Moreover, the radiochemistry with non-metallic isotopes often requires 

complex syntheses with conditions that are not compatible with sensitive biomolecular 

vectors.  

 

Radiometals such as 89Zr, 86Y, 68Ga, and 64Cu have been investigated for PET imaging (108) 

and, with the exception of 68Ga, they typically have longer half-lives compared to non-metallic 

nuclides such as 18F or 11C. Moreover, many bifunctional chelators are available for the 

complexation of the respective radiometal. Covalent linkage of the bifunctional chelator to the 

biological vector is straightforward, e.g. by activation of one of its carboxyl groups and 

subsequent reaction with a free amine of the biomolecule while labeling of the radionuclide is 

relatively fast and can be achieved under mild reaction conditions in aqueous solution.  

Figure 7 shows two major classes of bifunctional chelators i) acyclic chelators such as 

ethylenediaminetetraacetic acid (EDTA), DTPA, citrate, desferrioxamine (DFO), and  

ii) macrocyclic chelators (e.g. DOTA, 1,4,8,11-tetraaza-cyclododecane-1,4,8,11-tetraacetic 

acid (TETA), 1,4,7-triazacyclononane-triacetic acid (NOTA), sarcophagines).  

 

 
 

Figure 7: Selected acyclic (A) and macrocyclic chelators (B). 
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Compared to acyclic complexes, macrocyclic chelators show generally slower complexation 

kinetics but higher kinetically inertness, i.e. less transchelation of the radionuclide to metal-

dependent enzymes (e.g. superoxide dismutase) or proteins (e.g. caeruloplasmin) in the 

case of Cu-labelled conjugates (110-112). The chelators depicted in Figure 7 are widely used 

for the complexation of different metals including, amongst others, Cu2+, Ga3+, Bi3+, Lu3+, and 

Zr4+ (113,114). 18F is the most commonly used radionuclide for PET imaging and well known 

from its use in 2-[18F]fluoro-2-deoxyglucose ([18F]FDG). In order to evade challenging 

coupling reactions of 18F to a carbon atom of the biological vector and to facilitate 

radiofluorination, NOTA and derivatives as well as other chelators have been used to capture 

the Al18F2+ complex (115) since fluorine forms a very stable bond with Al3+ (116).  

 

Fundamentally, the main task of a chelator consists in the efficient chelation of the 

radionuclide as well as in being thermodynamically stable and kinetically inert in order to 

resist both transchelation to endogenous ligands (e.g. ceruloplasmin (117), superoxide 

dismutase (111), and transferrin (118)) and transmetallation by endogenous metal ions  

(e.g. Ca2+ or Zn2+) in vivo. The choice of the correct chelator for a specific radionuclide in 

terms of donor atoms, coordination, and geometry is crucial for the stability of the conjugate 

since loss of the radiometal would result in unspecific activity accumulation, toxicity, and poor 

image quality.  
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I.5 SPECT Imaging 

 

Image acquisition in SPECT utilizes γ-emitting isotopes, which, upon decay, emit a photon 

that is detected by a γ−camera (scintillation detectors, Anger cameras). In general,  

a radioactive tracer is injected and its distribution is thereafter monitored by rotation of often 

two or three camera heads around the patient at multiple angles (Figure 8). For anatomical 

information, SPECT is usually combined with CT. 

The Anger camera consists of a single rectangular NaI(TI) crystal optically coupled to an 

array of 30-100 photomultiplier tubes (PMTs) to the back face of the crystal (119).  

The primary mode of interaction of emitted photons with the atoms in the scintillation crystal 

is the photoelectric effect. For the crystal to emit light (scintillation photon) in the visible 

range, an alkali halide crystal, e.g. sodium iodide doped with thallium iodide (NaI(TI)), is 

used. The scintillation photon (3-4 eV) is then converted into a measureable current (mA) by 

a photodetector. Usually PMTs are used as photodetectors to amplify the released 

photoelectrons to >106 after the initial scintillation photon stroke the photocathode of the PMT 

(119).  

Most cameras consist of a ~10 mm thick crystal for optimum performance between 120 and 

200 keV photons (119). 99mTc (141 keV) therefore offers almost ideal decay characteristics 

for NaI(TI) crystals which show a detection efficiency >90% for 140 keV photons, (but less 

than 10% for 511 keV photons) (119). The favorable nuclide properties of 99mTc and its ready 

availability from the 99mMo/99mTc-generator make it the most widely used radionuclide for 

SPECT imaging (120). Other radionuclides for SPECT imaging are listed in Table 1. 

In order to define the angle of incidence, physical collimators, usually made of lead, with 

specific holes (e.g. parallel or pinhole) are used to reject photons that travel in an oblique 

angle to the axes of the holes. Collimators therefore exhibit low geometric efficiencies, de- 

 

Table 1: Physical decay properties of selected SPECT radioisotopes (121). EC: electron 

capture; IT: isomeric transition. 
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fined as the percentage of detected to emitted photon, in the range of 1/104, which limits the 

sensitivity of SPECT i.e., the ability to detect and record a higher percentage of the events 

(122). The origin of the photon coming from the patient is eventually determined by the 

location of the scintillation event on the crystal, which causes PMTs that are close to the 

event to produce a higher electrical current than distant PMTs (119). After conversion to a 

digital signal and image reconstruction a three-dimensional image of the radiotracer’s 

distribution in the patient is created. 

The overall sensitivity and resolution of the camera is determined by the thickness of the 

collimator and septa as well as the number of holes and the distance of the detector from the 

γ-source. Shorter collimators have been designed to reach higher sensitivity by rejection of a 

smaller portion of incident events. However the resolution is degraded by this approach and 

eventually there is a design compromise between sensitivity and resolution (122). Spatial 

resolutions of SPECT cameras are in the 8 - 12 mm range in clinical applications and spatial 

variations of radioactivity concentrations that are in close proximity down to 0.4 mm for 

preclinical scanners can be distinguished (123).  

 

 

Figure 8: Principle of SPECT: a radioisotope decays by emission of γ rays which are 

detected by a γ-camera consisting of a collimator, scintillation crystal, light guide, array of 

PMTs and related electronics for image acquisition – modified image from (124). 

 

 

 



13 

I.6 PET Imaging 

 

A PET scanner usually consists of a detector (scintillator coupled to PMTs), collimators  

(to define the field of view), signal processing electronics, coincidence circuit, a computer for 

data acquisition with reconstruction, display, and image analysis systems (119). 

In the radioactive decay by positron emission, a proton in the nucleus is transformed into a 

neutron, a positron (β+) and a neutrino (n). A selection of relevant positron emitting 

radioisotopes and decay properties is summarized in Table 2. Depending on the positron 

energy of the radionuclide, the emitted positron will travel a certain distance and expend its 

kinetic energy in collisions with the surrounding medium until its thermal energy allows 

combination with an electron to form a positronium (Figure 9). Upon positron-electron 

annihilation, their masses are converted to energy in form of two 511 keV photons, which are 

emitted from the same event, 180° apart. A PET scanner detects the photons almost 

simultaneously on the basis of the coincidence detection method with typical timing windows 

of 6-12 ns. In the time of flight mode, the exact location of the annihilation event (and not the 

point of positron emission) can be determined by measuring the difference in arrival time of 

the two annihilation photons at the opposite detectors. Mathematical algorithms like iterative 

approaches, e.g. ordered subset expectation maximization (OSEM), are used to reconstruct 

three-dimensional images from two-dimensional projections (125).  

Compared to NaI(TI) crystals in SPECT, e.g. bismuth germanate (Bi4Ge3O12, BGO) crystals 

are used as scintillation crystal as they detects significantly more (80%) of the incident  

511 keV photons (119). Since the size of the crystal determines spatial resolution, smaller 

crystals have been developed; they have been reduced from 5 mm to 1.5 mm for human 

scanners and to sizes of only 0.975 mm (126,127) for small animal µPET.  

Table 2: Physical decay properties of selected positron emission radioisotopes with range of 

positrons in water (128). 
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To obtain quantitative data of the radiotracer uptake and tissue distribution, the projections 

need to be corrected before image reconstruction. These include corrections for random 

coincidences, scatter, and dead time in the emission scan, as well as attenuation correction 

(usually performed by a transmission and blank scan). After normalization corrections of the 

detectors, the attenuated-corrected PET data is reconstructed to produce quantitative 

images. The units are either given in % injected dose per gram tissue (ID/g) or in 

standardized uptake values (SUVs). However, due to the limited spatial resolution of 

currently available preclinical PET scanners, partial volume effects are present (e.g. in 

regions of the brain in rodents) as the distance between emission and annihilation of the 

positron leads to an underestimated intensity, since the activity signal is distributed over a 

larger volume (129). 

The ultimate achievable PET resolution is limited by the error due to the positron range and 

noncolinearity of the annihilation photons since positron and electron are not exactly at rest 

when they annihilate and cause annihilation photons to differ in their momentum, hence 

being emitted not exactly 180° apart (130). 

 

 

Figure 9: Schematic representation of the PET process. Two 511 keV photons result from 

the annihilation of the formed positronium of the decaying radioisotope. The γ irradiation is 

detected by two opposite detector units connected via a coincident circuit – © LWW Journals 

(122).  
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The positron range depends on both decay characteristics of the nuclide (e.g. 68Ga  

1.89 MeV, 18F 633 keV (131)) and composition of surrounding media/tissue (132); an 

example of how the positron range affects image quality is given in Figure 10 (129).  

Typical preclinical PET scanners have spatial resolutions in the order of 1 – 2 mm while 

spatial resolution limitations of current clinical PET scanners are on the order of 4 mm (133). 

Because of current spatial resolution limitations in clinical PET scanners, the effect of lower-

energy PET radionuclides such as 18F or 11C have indicated that improvements will not be 

significant for clinical scanners and will play a more noticeable role in small animal scanners 

(133,134). 

Often, the change in the biodistribution of radiopharmaceuticals within the body offers the 

most important information about (patho)physiological processes. In order to get information 

about the kinetics of the injected radiotracer or its metabolites, dynamic PET scans are 

performed. Hereby, sequential series of PET images are collected as the tracer distributes in 

the body, hence giving the injected activity concentration as a function of time (125). 

 

 

Figure 10: Positron range of different radionuclides as a function of their positron energy 

(119) and an example of how the positron range affects image quality (emission image of a 

mini-Derenzo phantom filled with A) 18F-solution, B) 68Ga solution) (129). 
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I.7 SPECT Tracers for Imaging of CXCR4 

 

In chapter I.7 and I.8, a brief overview of developed SPECT and PET tracers for imaging of 

CXCR4 expression is given; for additional information, the reader is referred to excellent 

reviews on CXCR4 imaging probes (18,84,86,87,135,136).  

[125I]CPCR4 and [111In]Ac-TZ14011 were the first reported imaging agents for CXCR4 

expression. The cyclic pentapeptide [125I]CPCR4 showed clear delineation of CXCR4+ tumors 

(5.5% ± 1.5% ID/g, 1h post injection (p.i.) in vivo and a rapid blood clearance accompanied 

by accumulation in the liver, intestines and kidney (56). The peptide Ac-TZ14011 was 

conjugated to DTPA via the side chain of D-Lys8 and subsequently radiolabeled with 111In for 

SPECT imaging of CXCR4 (40). In vivo imaging showed rapid clearance of the peptide from 

the blood, however accumulation and retention of the tracer in liver, kidneys, and spleen 

while uptake in the tumor was very low (0.51% ID/g, 1h p.i.). [111In]DTPA-TF14016, an 

analogue with an N-terminal 4-fluorobenzoyl group was subsequently reported offering 

higher CXCR4 affinity (137). 

[111In]AcTZ14011-MSAP was also used as multimodal imaging agent; however, conjugation 

of an additional fluorescent Cy5 derivative severely impaired the affinity towards CXCR4 

(78). T/M ratios were similar to that of [111In]Ac-TZ14011 with comparable high liver uptake. 

Dimeric and tetrameric derivatives with an improved affinity towards CXCR4 were also 

developed and T/M ratios were improved for the dimer due to decreased nonspecific muscle 

uptake (79). The tetramer displayed lower T/M ratios due to a decreased tumor uptake. 

An 125I-labeled anti-CXCR4 monoclonal antibody, [125I]12G5, was used for SPECT imaging of 

CXCR4 expression in glioblastoma bearing U87-transfected mice (138). Although 

accumulation of the tracer in the tumor was given, its application is limited by high unspecific 

accumulation of labeled non-specific antibody in the tumors. 

MAS3-CXCL12, the endogenous ligand of CXCR4 was labeled with 99mTc via a MAS3 

chelator for imaging of CXCR4 expression after myocardial infarction (139). The tracer 

accumulated in heart tissue, however, the contribution of CXCR7 for ligand binding was not 

evaluated.  

AMD3100 has been labeled with 99mTc and analyzed in tumor xenografts for SPECT imaging 

of CXCR4 expression (60,63). [99mTc]O2-AMD3100 showed three-fold reduced receptor 

affinity compared to [64Cu]AMD3100 accompanied by negligible internalization. Although 

tumors were specifically delineated in a PC-3 prostate cancer model, uptake in the tumor and 

also the image contrast were lower as compared to its 64Cu PET analog. 
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I.8 PET Tracers for Imaging of CXCR4 

 

AMD3100 was labeled with 64Cu and evaluated both in normal mice (67) showing rapid 

clearance from the blood and accumulation in CXCR4 expressing organs as well as in tumor-

bearing mice (64,66). AMD3100, as well as [64Cu]AMD3465 which showed very high 

accumulation in CXCR4+ tumors (65), the main drawback of both tracers is their high 

accumulation in the liver (>30-40 % ID/g, 1.5h p.i.) and kidneys. 

Recently, the central bridging phenyl group in AMD3100 has been functionalized without a 

significant loss in CXCR4 affinity. New AMD3100 derivatives with prosthetic group for 

radiofluorination have been developed. A pinacol phenylboronate diester was designed as 

PET precursor, however, not yet radiolabeled and evaluated in vivo (58). 

The peptide T140 has been used as a scaffold for the synthesis of CXCR4 imaging probes 

because of its high affinity for CXCR4. T140 was labeled with 18F via an N-terminal 

fluorobenzoyl group and evaluated in vivo (57). [18F]T140 had CXCR4-independent binding 

to red blood cells (RBCs) with the additional disadvantage of a long synthesis time with 

relatively low radiochemical yields (57,86). Injecting the tracer in low specific activity could 

overcome binding to RBCs, nevertheless, differences between non-CXCR4 and CXCR4+ 

tumors were statistically insignificant. 

[64Cu]/[68Ga]T140-2D, T140 derivatives containing two DOTA chelators attached to the lysine 

residues Lys7 and D-Lys8 of T140, were labeled with 64Cu or 68Ga, respectively (76). 

Compared to [18F]T140 the synthesis time was reduced, however binding to RBCs as well as 

kidney uptake and retention remained high, while liver uptake increased for both compounds, 

thought to be due to transchelation of the radiometals. 

In [68Ga]DOTA-4FBn-TN14003, a single DOTA is attached to D-Lys8. Binding affinity to 

CXCR4 was not changed as in T140-2D (77). In the peptides T140-NFBs, the N-terminal 

fluorobenzoyl group of T140 was replaced by DOTA or NOTA and labeled with 64Cu (75). 

Significantly reduced CXCR4 affinity of both compounds confirm the idea that large 

functional groups attached to the N-terminus are detrimental for the affinity to CXCR4.  

Both analogues showed no binding to RBCs and specific binding to CXCR4. However, both 

tracers showed high unspecific accumulation in the liver due to transchelation. Another 

NOTA analogue, [18F]AlF-NOTA-T140, showed feasible aqueous 18F radiofluorination, 

nevertheless, the problem of high liver and kidney uptake remained (73). 

In NO2A-TN14003, a NOTA-NHS ester was used for coupling, rather than p-SCN-Bn-NOTA 

in NOTA-NFB (140). NO2A-TN14003 labeled with 68Ga, designated as [68Ga]NOTA-NFB, 

showed improved clearance with high and specific uptake in target tissue, giving high T/M 
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(9.5) and T/B ratios. Combined with a favorable dosimetry, the tracer was clinically analyzed 

in glioma patients (141).  

In an effort to synthesize an 18F-labeled T140 derivative with reduced binding to RBCs,  

Ac-TC14012 was labeled with two different 18F prosthetic groups on Lys7 (74), respectively, 

as Lys7 is non-essential for binding to CXCR4 (32). [18F]FB-Ac-TC14012 and  

[18F]FP-Ac-TC14012, employing 4-fluorobenzoyl and 2-fluoropropionyl groups, respectively, 

showed overall decreased CXCR4 binding compared to Ac-TZ14012 and N-terminally  

4-fluorobenzoyl labeled derivatives, accompanied with high uptake in the liver (~20% ID/g) 

and kidneys. 

Moreover, monomeric and dimeric Ac-TZ14011 derivatives, DOTA-TZ1 and DOTA-TZ2 have 

been developed (142). Both peptides were used for 68Ga labeling. The dimer showed both 

higher cellular uptake as well as 20-fold higher affinity to CXCR4 as compared to the 

monomer. [68Ga]CPCR4.2-dimer showed limited tumor accumulation and high accumulation 

in the liver (~44% ID/g) (81).  

The pentapeptide [68Ga]pentixafor showed very efficient CXCR4 targeting exhibiting high 

accumulation in CXCR4+ tumors, a fast renal excretion and compared to other evaluated 

tracers, very low unspecific accumulation in the background. Within the presented thesis, 

three further analogues of pentixafor are presented as PET imaging agents for CXCR4 

expression including an 18F, 68Ga, and 64Cu derivative. For further information, the 

manuscripts are further explained in chapter III and the complete manuscripts can be found 

in the appendix. 

The small molecule MSX-122 was labeled with 18F and showed binding to CXCR4, however 

was not evaluated in vivo so far (2013). 
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I.9 Peptide Receptor Radionuclide Therapy 

 

Including surgery and external radiation therapy, there is often no curative treatment 

available for a large group of patients with disseminated carcinomas. Radionuclide therapy 

represents an interesting (complementary) option to current treatment modalities because it 

permits the delivery of a high dose of therapeutic radiation to cancer cells while minimizing 

exposure of normal cells (143). Due to the fundamental linkage of the CXCR4/CXCL12 axis 

to cancer progression and metastasis, the CXCR4 receptor holds great potential for targeted 

radionuclide therapy. The specific activity of the peptide should be as high as possible to 

reach the maximal achievable absorbed dose in the tumor. Since radionuclide-conjugated 

peptides are administered in low mass amounts, unwanted side effects like the mobilization 

of stem cells in the case of CXCR4-targeting peptides are very unlikely to occur whereas 

ionizing irradiation is effectively delivered to the target. Before treatment, peptides can be 

radiolabeled with diagnostic radionuclides to identify receptor-positive tumor lesions, for 

treatment planning, and also dosimetry. Exchange to a therapeutic radionuclide, often by 

using the same peptide-conjugate, enables targeted radionuclide therapy. DOTATATE for 

instance has been labeled with different radionuclides for diagnosis (mainly 111In and 68Ga) 

and also treatment (mainly 177Lu and 90Y) of neuroendocrine tumors (144-146).  

The decay properties of radionuclides, e.g. β- or α emission, emission energy, linear energy 

transfer (LET), and half-life are important characteristics for diagnosis and therapy and can 

be chosen individually, depending on the type of the tumor, its size, intratumoral distribution 

(i.e. degree of heterogeneity of radionuclide deposition), pharmacokinetics, and other factors. 
177Lu for instance (β-, Emax 0.5 MeV, tissue rangemax 2 mm (144,147) is more appropriate for 

smaller tumors, while 90Y (β-, Emax 2.3 MeV, tissue rangemax 12 mm (144,147), may be 

beneficial for larger lesions with heterogeneous receptor expression (144,147,148). 

Compared to β-particles (LET: 0.1-1 keV/µm) and γ irradiation, the local density of ionizations 

along a track of α-particles is considerably higher because multiple ionizations  

(60-230 keV/µm) occur in the immediate vicinity of the decay site (149). Hence, α-particle 

emitters can be beneficial to target single cancer cells, i.e. micro-metastases, which are 

difficult to treat by currently employed techniques (150). Moreover, the high specific 

ionization of α-emitters causes a higher fraction of double strand breaks and can break radio- 

and chemoresistance (151). Furthermore, cell death due to α-irradiation is minimally 

dependent on tumor oxygenation, which means that cells are killed effectively even in 

hypoxic areas of the tumor (152,153). Accordingly, the therapeutic potential of α-emitters like 
211At, 213Bi, and 225Ac have been investigated in some early stage clinical trials (149,150,154). 

An overview of selected radionuclides for therapy is given in Table 3. 
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On a large scale, only a few radionuclide therapies are routinely used. 131I for instance is 

relatively inexpensive and can be used for imaging and therapy. In radioimmunotherapy, the 

β-particle emitting isotopes 131I and 90Y have been employed in >95% of clinical 

radioimmunotherapy trials (155,156). Proteins labeled with 131I however, degrade quickly 

when endocytosed in tumor cells and result in the release of 131I-tyrosine and free 131I into the 

blood stream (157). In general the use of 131I in PRRT has not been particularly successful. 

Bakker et al. for instance reported on the extensive radiolytic decomposition of octreotide for 

therapeutic doses of 131I-labeled octreotide for therapy of neuroendocrine tumors (158). 

Clinical trials of 177Lu and 67Cu (159-161) as well as current and clinical prospects of 

therapeutic radionuclides in nuclear medicine can be found in the literature (162-164). 

 

Regarding CXCR4, various CXCR4 antagonists have been developed and some are 

investigated as anticancer agents (165). The majority of these agents aim towards blocking 

the CXCR4 receptor, hence interfering in cell migration processes and positively affecting 

overall survival. Nevertheless, the effect on tumor growth by antagonizing CXCR4 alone has 

only a negligible effect and is more efficient with combined chemotherapy. Throughout the 

thesis, several new pentixafor-based imaging agents for CXCR4 were developed. Selected 

structural modifications of the pentixafor scaffold lead to pentixather (cyclo(-D-Tyr(3-I)-N-Me-

D-Orn(AMB, DOTA)-L-Arg-L-2-Nal-Gly-)), which provides a molecular scaffold with higher 

flexibility towards structural modifications (166,167). Pentixather labeled with potential 

nuclides for endoradiotherapy (e.g. 90Y, 177Lu, 213Bi) showed high receptor affinities  

(chapter III.6 and appendix) and [90Y/177Lu]pentixather already demonstrated promising 

results in patients with multiple myeloma (167). 

 

Table 3: Physical decay properties of selected therapeutic radionuclides (168) 
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II. Objective 
 
The objective of the presented thesis was the development of diagnostic and therapeutic 

radiopharmaceuticals targeting the chemokine receptor CXCR4. The overexpression of 

CXCR4 in at least 30 different types of cancers makes the receptor an attractive diagnostic 

and therapeutic target. Amongst several reported imaging agents for CXCR4, only one 

compound, [68Ga]pentixafor, has completed initial evaluation in humans and no tracer for 

PRRT of CXCR4-positive cancer cells has been reported.  

Targeting the CXCR4 receptor with small cyclic pentapeptides remains challenging, because 

minor structural modifications within the peptide or linker-chelate structure often significantly 

affect the receptor affinity. The study was therefore aimed at investigating different 

(radio)labeled peptides in terms of efficient CXCR4-targeting properties in vitro and in vivo 

with the final objective to open new perspectives towards individualized cancer diagnostics 

and therapies. 

Based on the unique CXCR4 targeting properties of [68Ga]pentixafor, the pentixafor scaffold 

was used to investigate various linker-chelate structures to broaden the spectrum of 

applicable (radio)metal-labeled pentixafor analogs for diagnostics (labeling with 68Ga, 18F, 
64Cu) and endoradiotherapeutic use (90Y, 177Lu). Moreover, the lack of an 18F-labeled 

pentixafor-based tracer for PET imaging of CXCR4 expression in vivo necessitated the 

synthesis of an 18F-labeled CXCR4-targeting peptide. Besides the development of an  
18F-based peptide for PET imaging of CXCR4 expression, the objective of the thesis was the 

synthesis of a Cu-labeled peptide as theranostic probe for both PET imaging (64Cu) as well 

as potential endoradiotherapeutic agent (labeled with 67Cu). Targeted radionuclide therapy 

gains increasing importance in personalized nuclear medicine and, unlike conventional 

external beam therapy, causes less damage to normal tissues; a further objective was 

therefore the development of peptides suitable for labeling with therapeutic radionuclides 

(e.g. 67Cu, 177Lu, 90Y, 213Bi) for PRRT. 
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III. Results – Publication Summaries and Bibliographic Data 
 
 
This chapter primarily outlines the reported project and logical order of the development of 

diagnostic and therapeutic radiopharmaceuticals that target the chemokine receptor 4. 

Rather than the scientific details available in the attached original peer-reviewed publications 

(Appendix 1-8), the overall idea and achieved success should be apparent to the reader in 

brief. Moreover, the bibliographic data of each publication is listed including a link to the 

formal publication as well as the relevant DOI. 
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This study deals with the synthesis of pentixafor-based peptides consisting of the sequence 

(cyclo(-D-Tyr-N-Me-D-Orn(linker-chelate)-L-Arg-L-2-Nal-Gly-) and the evaluation of their 

affinity towards CXCR4. Major objective of the present study was to broaden the spectrum of 

applicable radio(metal)-labeled pentixafor analogs for diagnostic or therapeutic purposes. 

 

 

Figure 11: Structures of synthesized pentixafor-based analogs with different chelators and 

metals (M, gray) relevant for medical applications.  
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For this purpose, seven different chelators have been coupled to the D-Orn  

side chain of the pentapeptide core with or without AMB as the linker, (a) DOTA,  

(b) 1,4,7,10-tetraazacyclodocecane,1-(glutaric acid)-4,7,10-triacetic acid (DOTAGA),  

(c) NOTA, (d) 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA),  

(e) DTPA, (f) 2-(4-isothiocyanatobenzyl) (p-SCN-Bn)-DTPA, (g) p-SCN-Bn-DFO, and  

(h) 2,2’-(7-(4-isothiocyanatobenzyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (NCS-MP-NODA) 

(Figure 11). Depending on the chelator, the peptide conjugates were labeled with  

Ga3+, AlF2+, Zr4+, Cu2+, In3+, Y3+, Lu3+, and Bi3+ relevant for medical applications. 

The binding affinity of pentixafor derivatives towards CXCR4 was greatly influenced by 

chelator and metal exchange. For example, affinities varied between 17.6 nM to 1165 nM for 

Ga-NOTA and Cu-DOTAGA conjugated to the same highly affine pentixafor scaffold. 

Furthermore, it was confirmed that Ga-pentixafor represents a highly optimized ligand. 

Within 30 metal-free or metal-labeled synthesized analogs, two new conjugates with an 

improved affinity compared to the parental compound [68Ga]pentixafor have been identified, 

namely [natGa]NOTA-pentixafor and [natBi]DOTA-pentixafor. While the Ga3+ cation is known to 

form kinetically and thermodynamically more stable complexes with NOTA compared to the 

larger DOTA macrocycle, the Bi3+-complex is expected to be a very promising new ligand for 

further studies towards α-emitter-based endoradiotherapeutic approaches. 
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In the presented work [68Ga]NOTA-pentixafor was evaluated as a PET imaging agent for 

CXCR4 expression in vivo and compared to [68Ga]pentixafor. [natGa]NOTA-pentixafor showed 

the highest affinity towards CXCR4 amongst various radio(metal)-labeled pentixafor analogs, 

including [natGa]pentixafor, in a previous study (169). Moreover, NOTA is well known to form 

kinetically and thermodynamically stable complexes with Ga3+, with superior stability than 

Ga-DOTA (170).  

 

 

Figure 12: µPET/(CT) images of tumor bearing mice at 1.5h p.i. – a comparison of 

[68Ga]NOTA-pentixafor (a) to [68Ga]pentixafor (c). (b) and (d): co-injection of 2 mg/kg 

AMD3100.  Credit c and d: © 2015 Ivyspring Int. Publisher. 
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As a consequence, [68Ga]NOTA-pentixafor was preclinically evaluated as potential PET 

imaging agent. It has been shown that, despite improved CXCR4 affinity, the CXCR4 

targeting efficiency of [68Ga]NOTA-pentixafor was substantially compromised compared to 

[68Ga]pentixafor. The GaNOTA-for-GaDOTA exchange alters the overall charge of the 

chelator moiety, also leading to a change in lipophilicity of [68Ga]NOTA-pentixafor  

(logP = -2.4) compared to the DOTA analog (logP = -2.9). Moreover, the internalization 

efficiency into CXCR4-positive Chem-1 cells was substantially decreased for the Ga-NOTA 

conjugate. Accordingly, PET images and biodistribution studies of Daudi xenografts revealed 

significantly lower uptake of [68Ga]NOTA-pentixafor in the tumor and higher unspecific 

accumulation in non-target tissue compared to [68Ga]pentixafor (Figure 12).  

Although [68Ga]NOTA-pentixafor showed low tumor-to-organ ratios, CXCR4 uptake was 

specific as demonstrated by co-injection of AMD3100, and tumors were clearly delineated in 

small-animal PET images. 

 

The study demonstrated the strong influence of the chelator on the pharmacokinetics of 

pentixafor-based tracers. It has been shown that [68Ga]NOTA-pentixafor offers no 

advantages over [68Ga]pentixafor. In addition, it outlines the excellent CXCR4 targeting 

characteristics of [68Ga]pentixafor for successful imaging of CXCR4 expression.  
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The publication presents an efficient way for the direct (mono)iodination of unprotected 

tyrosine-containing peptides. Usually, 3-iodo-Tyr is introduced into the peptide sequence by 

time-consuming de novo solid phase peptide synthesis. Concerning the direct tyrosine 

iodination from unprotected precursor peptide, there is only one procedure described in 

literature using chloramine-T, which was used for very low amounts of somatostatin-targeting 

peptides (< 70 nmol) (171). The study therefore aimed to provide a mild and efficient solution 

phase iodination of tyrosine residues in peptides for the small to medium-scale (~ 20 mg).  

 

 
Figure 13: Direct iodination of unprotected tyrosine-containing pentixafor using N-

iodosuccinimide. 
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In the manuscript, different methods for the direct tyrosine iodination are described. It was 

shown that the use of N-iodosuccinimide (NIS) in a 1:1 mixture of acetonitrile/water (v/v) 

resulted in the highest turnover rates into iodinated species and the fastest procedure (5 min, 

rt) with broad applicability for many peptides. Using 0.35 equiv. of NIS led to the highest 

yields for pentixather up to 48%, whereas higher molar ratios of NIS resulted in higher 

amounts of unwanted di-iodinated compound (Figure 13). Acetonitrile/water was used as the 

solvent because of the excellent solubility of various peptides in this system. 

 

The reported method enables the fast, mild, and efficient iodination of Tyr-residues in 

bioactive compounds on a small (<1 mg) to medium scale (1-20 mg). Moreover, fine-tuning 

of the molar ratio of NIS allows for easy control over product-to-side product ratios with the 

possibility to recover unreacted starting peptide during preparative HPLC. 
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III.4 First 18F-labeled pentixafor-based imaging agent for PET imaging of CXCR4-

expression in vivo 
 

Andreas Poschenrieder,1,* Theresa Osl,1 Margret Schottelius,1 Frauke Hoffmann,1  

Martina Wirtz,1 Markus Schwaiger,2 and Hans-Jürgen Wester1 

 
1 Pharmaceutical Radiochemistry, Technische Universität München,  

Walther-Meißner-Str.3, 85748, Garching, Germany 
2 Nuklearmedizinische Klinik und Poliklinik, Technische Universität München, 

Ismaningerstr. 22, 81675 München, Germany 

 
*To whom correspondence should be addressed 

 

Originally published in: Tomography 

DOI: 10.18383/j.tom.2016.00130 

Hyperlink: http://digitalpub.tomography.org/i/698373-vol-2-no-2-jun-2016/12 

 

The idea of study was the synthesis of an 18F-labeled imaging agent based on pentixafor in 

order to combine the excellent CXCR4-targeting properties of [68Ga]pentixafor with the 

favorable radionuclide properties of 18F.  

Within numerous imaging agents targeting CXCR4, e.g. T140 and AMD3100 derivatives, 

[68Ga]pentixafor holds a unique position regarding CXCR4 targeting efficiency and 

pharmacokinetics. 

 

 

Figure 14: Structure of [18F]AlF-NOTA-pentixather and PET/CT images of Daudi xenograft 

bearing mice at 1h p.i.; (a) tracer only, (b) coinjection of 50 µg AMD3100 (2mg/kg). 
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Since the radionuclide properties of 18F are superior to those of 68Ga in terms of positron 

energy and achievable spatial resolution in PET imaging, we synthesized a slightly modified 

pentixafor backbone suitable for conjugation with NOTA for straightforward aqueous 

radiofluorination. Using the radiolabeling approach of McBride et al. (172), radiochemical 

yields of 45.6% ± 13.3% were achieved with radiochemical purities of 98.0% ± 1.7%.  

[18F]AlF-NOTA-pentixather (Figure 14) showed both higher affinity towards CXCR4 as well as 

an increased internalization efficiency. Due to the increased lipophilicity of [18F]AlF-NOTA-

pentixather however, caused by the NOTA-for-DOTA exchange and the tyrosine iodination,  

a shift towards hepatobiliar excretion compared to [68Ga]pentixafor was observed. 

Nevertheless, accumulation of [18F]AlF-NOTA-pentixather in the Daudi tumor was higher than 

in all other organs and the tumor has been clearly delineated. 

It was shown that for the first time, a pentixather derivative could be labeled with 18F for high 

contrast PET imaging of CXCR4 expression in vivo.  
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The publications presents the preclinical evaluation of [64Cu]NOTA-pentixather as a high 

contrast PET imaging agent for CXCR4 expression in vivo (Figure 15). 64Cu radionuclides 

represent an interesting imaging option since their comparably long half-life and low positron 

energy, comparably to that of 18F, allow for kinetic PET imaging studies over extended 

 

 

Figure 15: Structure of 64Cu-1,4,7-triazacyclononane-triacetic acid (NOTA)-pentixather and 

according PET/CT images of Daudi xenograft bearing mice at 1h post injection (p.i.);  

(a) tracer only, (b) coinjection of 50 µg AMD3100 (2 mg/kg).  
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periods of time with high spatial resolution. Moreover, the possible exchange to the 

therapeutic radionuclide 67Cu provides access to potential endoradiotherapeutic applications.  

 

NOTA-pentixather was rapidly radiolabeled with 64Cu with high radiochemical yields ≥90% 

and purities >99%. The stability of the complex was thoroughly tested by serum incubation 

and transchelation studies in EDTA using different pHs in vitro and also by metabolite studies 

in vivo. [64Cu]NOTA-pentixather showed no metabolite formation in blood and urine within  

1h p.i. and also demonstrated high resistance towards transchelation to serum proteins or 

EDTA. The tracer showed efficient CXCR4-targeting of the Daudi tumor in vivo  

(13.1% ± 1.5% ID/g) and tumor uptake was specific as shown by co-injection of AMD3100, 

which reduced CXCR4 uptake in the xenograft by 88%. While kidney uptake was comparably 

low (3.8% ± 0.5% ID/g), due to the enhanced lipophilicity (logP = -1.2) compared to 

[68Ga]pentixafor (logP = -2.9), [64Cu]NOTA-pentixather showed some uptake in excretory 

organs such as liver and intestines (7.2% ± 1.1% and 5.0% ± 2.8% ID/g, respectively). 

 

It has been shown that the concept of pentixafor/pentixather-based CXCR4-targeted 

theranostics was successfully extended by a promising 64Cu-labeled analog. While the 

tracer’s efficiency for therapeutic use is limited by fast externalization kinetics and some 

uptake in the excretory organs, [64Cu]NOTA-pentixather proved to be a promising imaging 

agent for CXCR4-PET imaging. 
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Figure 16: Structure of [177Lu]pentixather and comparative biodistribution data of 

[68Ga]pentixafor and [177Lu]pentixafor in Daudi xenograft bearing mice (groups of n=5) at 1.5h 

and 1h p.i., respectively. Uptake values are given in % ID/g and are means ± SD. 
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The publication presents [177Lu]pentixather as the first CXCR4-directed agent for peptide 

receptor radiotherapy. The efficiency of conventional chemotherapy of hematopoietic 

cancers and lympoproliferative diseases can be compromised by the recurrence of CXCR4-

positive cells from protective niches that resisted chemotherapy. The interaction between 

CXCR4 and CXCL12 plays a significant role in the trafficking of CXCR4-expressing cells; 

moreover, CXCR4 is essential for metastatic spread to locations where CXCL12 is 

expressed and therefore allows tumor cells to access protective niches. Following the 

objective to directly target CXCR4-positive cancer cells and also their protective niche by 

cross-fire effect, we evaluated [177Lu]pentixather preclinically for potential PRRT. 

 

It was shown that [177Lu]pentixather is stable in vitro and in vivo and demonstrates efficient 

CXCR4-targeting, characterized by high CXCR4 receptor affinity and high specific binding 

and selectivity to hCXCR4 with virtually no binding to mCXCR7 and only low specific binding 

to mCXCR4 and hCXCR7. Cellular binding of [177Lu]pentixather correlated well with CXCR4 

expression levels of various cell lines. Figure 16 shows the structure of [177Lu]pentixather and 

its biodistribution in comparison to [68Ga]pentixafor. Compared to the reference 

[68Ga]pentixafor, [177Lu]pentixather shows high initial uptake in all excretory organs, with a 

rapid clearance from stomach, intestines, and kidneys. Accumulation in the liver remained 

high, up to 7d p.i., however, was partially blocked by AMD3100, indicating also partial 

CXCR4-specificity. Accumulation of [177Lu]pentixather in the tumor was high and persistent 

up to 7d p.i., supported by high plasma protein binding (>96%) and a lipophilicity of  

logP = -1.76 which delayed whole-body clearance. 

 

The study demonstrates excellent CXCR4 targeting characteristics of [177Lu]pentixather in 

vitro and in vivo combined with a suitable pharmacokinetic profile. [177Lu]pentixather showed 

high tumor accumulation and retention as well as an overall favorable dosimetry, enabling 

high radiation doses during PRRT. Combined with [68Ga]pentixafor as imaging agent, 

[177Lu]pentixather shows high potential for the clinical endoradiotherapy of CXCR4-

overexpressing malignancies, following a CXCR4-targeted theranostic concept towards 

individualized cancer therapies. 
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Figure 17: A) maximum intensity projections (MIPs) of [68Ga]pentixafor and [18F]FDG PET/CT 

indicate high CXCR4 expression in a patient with MM before pentixather therapy. The patient 

shows promising metabolic response 14 d after [90Y]pentixather therapy, followed by external 

radiation therapy and subsequent autologous stem cell transplantation. B) Scintigraphic 

images confirm binding and retention of 177Lu to the CXCR4 target. 

 

The publication shows the first-in-human experience of pentixather, radiolabeled with 177Lu or 
90Y, for CXCR4-targeted peptide receptor radiotherapy. Radiolabeled pentixather is an 

innovative therapeutic peptide for the specific targeting of CXCR4-positive cancer cells.  

The efficiency of systemic treatments like classical chemotherapy is often compromised 

because of homing of CXCR4 expressing cancer cells into protective microenvironments like 

the marrow, where adhesion to stromal elements may protect cancer cells from cytotoxic 

drugs (22). In the manuscript, the feasibility and high potential of [177Lu/90Y]pentixather 

endoradiotherapy is shown in patients with extensive intramedullary and extramedullary 

manifestations of multiple myeloma. 

 

A remarkable therapeutic effect could be achieved in a MM patient that responded with a 

significantly reduced [18F]FDG uptake after [177Lu]- and [90Y]pentixather therapy (Figure 17).  

It has been shown that CXCR4-directed endoradiotherapy with pentixather, combined with 

cytotoxic chemotherapy and autologous stem cell transplantation, is a potential novel 

treatment option especially for patients with advanced MM. 
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Figure 18: In vivo imaging of CXCR4 expression in human carotid atherosclerotic plaques 

with [68Ga]pentixafor-PET/MRI. White arrows indicate carotid plaques with high 

[68Ga]pentixafor uptake. White arrowheads indicate [68Ga]pentixafor accumulation in lymph 

node and tonsils. 
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In this publication, [68Ga]pentixafor was evaluated as potential PET imaging agent for CXCR4 

expression in atherosclerotic plaques (Figure 18). Since CXCR4 is expressed on 

inflammatory cells, 68Ga-labeled pentixafor was evaluated as a potential alternative to FDG to 

assess macrophage infiltration in atherosclerotic plaques in an experimental rabbit model. 

[18F]FDG PET is used to detect inflammation in cardiovascular imaging. However, FDG 

comes with a set of important limitations such as higher background signals of the blood, 

physiological uptake in the heart, and the need for fasting before imaging. [68Ga]pentixafor 

was therefore investigated as alternative PET imaging agent to specifically target 

inflammatory cells in the vessel wall. 

It has been demonstrated that [68Ga]pentixafor shows high activity accumulation in 

atherosclerotic plaques of the abdominal aorta and right carotid artery as compared to the 

normal control arteries. Moreover, uptake of [125I]pentixafor was partial specific as shown by 

pre-injection of AMD3100, which resulted in a ~40% reduced uptake. It could also be 

demonstrated that [125I]pentixafor uptake in the vessel wall was located in macrophage-rich 

regions of atherosclerotic plaques and correlated with the intensity of CXCR4 expression. 

 

The studies support the potential role of [68Ga]pentixafor as a more specific PET imaging 

agent in comparison to FDG for the detection of CXCR4 expression in macrophage-

infiltrating atherosclerotic plaques. 
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V. Summary and Outlook 
 

In developed countries, cancer is the second leading cause of death, being only surpassed 

by cardiovascular diseases. CXCR4 and its only endogenous ligand CXCL12 are 

fundamentally involved in both of the diseases.  

 

In physiology, the CXCR4/CXCL12 axis regulates the chemotaxis of stem and immune cells, 

being fundamentally involved in cell adhesion, proliferation and survival, as well as 

hematopoiesis, organogenesis, and tissue regeneration. In pathology, CXCR4 plays a critical 

role in the HIV-1 entry into target cells, inflammation, and myocardial infarction. Moreover, in 

oncology, CXCR4 is overexpressed and fundamentally involved in tumor growth and tissue 

specific metastasis to organs expressing abundant levels of CXCL12, as well as 

inflammation and myocardial infarction. Consequently, CXCR4 represents an important 

molecular target for tracer development aiming towards better patient management and 

personalized medicine. However, non-invasive CXCR4-targeting imaging agents and tracers 

for PRRT remain to be clinically transferred. Main objective of the presented thesis was 

therefore the development of CXCR4-targeted diagnostic and therapeutic 

radiopharmaceuticals.  

 

Based on the successful CXCR4-targeting properties of [68Ga]pentixafor as PET imaging 

agent of CXCR4 expression in vitro and in vivo, the cyclopentapeptide core of pentixafor 

cyclo(Gly-L-2-Nal-L-Arg-D-Orn-D-tyr) was used for further evaluations throughout the thesis. 

To broaden the spectrum of applicable radio(metal)-labeled pentixafor analogs for diagnostic 

and also therapeutic purposes, different chelators have been coupled to the pentapeptide 

and labeled with Ga3+, AlF2+, Zr4+, Cu2+, In3+, Y3+, Lu3+, and Bi3+ relevant for medical 

applications. It has been shown that the binding affinity of pentixafor derivatives towards 

CXCR4 was greatly influenced by chelator and metal exchange. Within 30 metal-free or 

metal-labeled synthesized analogs, two new conjugates with an improved affinity compared 

to the parental compound [68Ga]pentixafor have been identified, namely [natGa]NOTA-

pentixafor and [natBi]DOTA-pentixafor. 

 

[68Ga]NOTA-pentixafor was preclinical evaluated as a PET imaging agent for CXCR4 

expression in vivo and compared to [68Ga]pentixafor. The study outlined the excellent 

CXCR4 targeting characteristics of [68Ga]pentixafor and showed no advantages of 

[68Ga]NOTA-pentixafor over [68Ga]pentixafor. 

 

In another study, [68Ga]pentixafor was evaluated as potential PET imaging agent for CXCR4 
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expression in atherosclerotic plaques. The potential role of [68Ga]pentixafor as a more 

specific PET imaging agent than FDG for the detection of CXCR4 expression in 

macrophage-infiltrating atherosclerotic plaques has been demonstrated. 

 

Moreover, a method for the rapid and mild (mono)iodination of tyrosine residues of 

unprotected peptide precursors is presented. Iodination of pentixafor, giving pentixather, 

resulted in an enhanced affinity towards CXCR4 and higher flexibility towards structural 

modifications.  

 

Major findings, using the penixather scaffold, included two promising imaging agents for 

CXCR4 expression in vivo and the first endoradiotherapeutic agent available for CXCR4-

targeted therapy. [18F]AlF-NOTA-pentixather and [64Cu]NOTA-pentixather have been 

developed as promising PET tracers for imaging of CXCR4 expression. Both analogs were 

preclinically evaluated in a lymphoma xenograft and, although demonstrating higher uptake 

in excretory organs compared to [68Ga]pentixafor, both tracers showed efficient CXCR4 

targeting and clear delineation of the tumors. 

 

In addition, the first CXCR4-directed endoradiotherapeutic agent, [177Lu/90Y]pentixather was 

developed. [177Lu]pentixather demonstrated a suitable pharmacokinetic profile and specific 

targeting of CXCR4-positive cancer cells with high tumor accumulation and retention. 

Combined with an overall favorable dosimetry, enabling high radiation doses during PRRT, 
177Lu/90Y-labeled pentixather was used in first clinical trials in patients with advanced-stage 

multiple myeloma and resulted in a remarkable therapeutic effect in two patients. Combined 

with [68Ga]pentixafor as imaging agent, [177Lu]pentixather is believed to offer high clinical 

potential for the endoradiotherapy of CXCR4-overexpressing malignancies, following a 

CXCR4-targeted theranostic concept towards individualized cancer therapies.  
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