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Fig. 2. Coronal mPET/CT maximum intensity projections depict CXCR4-expressing
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1. Introduction

Chemokine receptors play an essential role during migration of
immune cells towards an increasing gradient of chemokines. Bind-
ing of its natural ligand CXCL12 (SDF-1a) to the receptor results in
the activation of several downstream signaling pathways, includ-
ing PI3K/AKT, ultimately resulting in gene expression and protein
translation [1]. CXCR4 plays a pivotal role in embryonic develop-
ment, enabling the migration of progenitor cells before differenti-
ating into organs and tissues at their final destination [2]. The
CXCR4/CXCL12 axis also has numerous physiological roles in infec-
tion control and immunity.

In pathological conditions, the receptor plays a relevant role in
tumorigenesis, enhancing cellular proliferation and invasion as
well as migration of metastatic tumor cells [3]. In addition to
tumor cells, CXCR4 positive bone marrow derived progenitor cells
can be recruited to the tumor site, further contributing to the for-
mation of the neovasculature in the tumor stroma. A variety of
compounds has been developed to interfere with the CXCR4/
CXCL12 axis. The first drug designed for human use is the
bicyclam-based antagonist AMD 3100 which blocks the binding
pocket of CXCR4 [4]. It has been shown that AMD 3100 induces
the mobilization of CD34+ hematopoietic stem cells from their
niche in the bone marrow [5]. In 2008, this pharmaceutical has
been approved in the U.S. and in 2009 in the European Union for
mobilizing and harvesting hematopoietic stem cells prior to autol-
ogous stem cell transplantation.

More recently, peptidic antagonists and monoclonal antibodies
designed to specifically inhibit CXCR4 have been developed. As an
example, the human antiCXCR4 antibody BMS-936564/MDX-1338
is currently under evaluation in a clinical phase I-trial. In preclini-
cal experiments, targeting of CXCR4 resulted in blocking of metas-
tases [6]. The ligand to CXCR4 is expressed also in the
A) Structure of Pentixafor (CPCR4-2). The molecule consists of the binding moiety,
utic analog Pentixather which is suitable for labeling with the ß-emitting radioi
microenvironment of tumors including stromal cells, further
promoting tumor growth in an autocrine/paracrine fashion [7].
Furthermore, CXCR4 mediates proliferation and invasiveness, as
the linker and the chelator for trapping of the radioisotope (68Ga). B) Structure of the
sotopes 90Y and 177Lu.



                                     
shown in breast cancer cells [8]. CXCL12 may also attract CXCR4+

inflammatory, vascular and stromal cells to the tumor, supporting
tumor growth by secreting growth factors, cytokines and proangio-
genic factors.

Under physiological conditions, CXCR4 sustains the binding of
CXCL12 expressing stem cells. In the pathological condition, leuke-
mic blasts and other tumor cells which localize in the CXCL12 pos-
itive bone marrow niche can be mobilized by disrupting the
CXCR4/CXCL12 axis, inducing sensitivity to anticancer drugs and
radiation [9,10]. Currently, clinical trials are underway, combining
the targeted approach of CXCR4 to the established concept of
inhibiting angiogenesis (antiVEGF, e.g. bevacizumab) and immune
checkpoints such as the programmed death receptor PD1 (nivolu-
mab) or PD-L1 (durvalumab).

Given the relevance of the CXCR4/CXCL12 axis particularly for
clinical applications in oncology, a variety of strategies have been
developed, enabling the non-invasive imaging of CXCR4 using
receptor directed probes. Consequently, CXCL12 conjugates have
been fluorescence labeled and radiolabeled with radioisotopes
including 99mTc, 11C, 64Cu and 18F [11]. At TUM, the cyclic pen-
tapeptide [68Ga]Pentixafor which is based on the scaffold cyclo
(D-Tyr1-[NMe]-D-Orn2-Arg3-2-Nal4-Gly5 has been developed for
use with positron emission tomography (Figs. 1 and 2) [12,13]. In
addition, a therapeutic analog facilitating radionuclide based treat-
ment of CXCR4+ tumors has been made available (Pentixather)
[14]. Here, we report on established clinical and preclinical imag-
ing protocols and corresponding results based on a Pentixafor/Pen-
tixather theranostic approach (Fig. 1).

2. Methods

2.1. In-vitro assays

2.1.1. CXCR4 expression analysis in cell culture experiments via flow
cytometry

In the past, we have focused on CXCR4 expression in hemato-
logical neoplasms and utilized FACS analyses for quantification of
protein expression in vitro. For this purpose, the human multiple
myeloma cell lines OPM-2 (DSMZ No. ACC50) and MM.1S (ATCC
CRL-2974) are cultured in RPMI 1640 supplemented with 10%
FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml peni-
cillin, and 100 lg/ml streptomycin [15]. Cells are maintained at
37 �C in a 5% CO2 humidified atmosphere. All media and supple-
ments are obtained from Invitrogen (Darmstadt, Germany). Single
myeloma cell suspensions are stained with fluorochrome conju-
gated antibodies against hCXCR4-PE (hCD184; clone 12G5; Mil-
Fig. 3. A) Dynamic [68Ga]Pentixafor PET imaging in an OH-1 SCLC tumor xenotranspla
reaching a plateau after 25 min; on the contrary, an efflux kinetic is obvious in the excr
tenyi, Bergisch-Gladbach, Germany) or other antibodies and
analyzed with a BD FACSCalibur flow cytometer [16]. All samples
are then analyzed in at least triplicates and are corrected concern-
ing background with an isotype antibody. For treatment experi-
ments myeloma cell suspensions are exposed to different
substances over a period of 48 h followed by a flow cytometric
analysis. Afterwards geometric mean fluorescent intensity (Geo-
Mean) is quantified by using BD CellQuest software (Beckton Dick-
inson, Heidelberg, Germany).

2.1.2. Radiosynthesis of [68Ga]Pentixafor for in-vitro assays and
imaging

Synthesis of [68Ga]Pentixafor can be performed by a fully auto-
mated, GMP-compliant procedure using a GRP synthesis module
(Scintomics, Fürstenfeldbruck, Germany) connected to a 68Ge/68Ga
generator (Eckert and Ziegler, Berlin, Germany) and equipped with
a disposable single-use cassette kit (ABX, Radeberg, Germany) [17].
The eluate ([68Ga]GaCl3 in 0.1 M HCl) of the generator is trans-
ferred to a cation exchange cartridge, eluted with 5 N NaCl, added
to a solution of 20 lg Pentixafor (Scintomics, Fürstenfeldbruck,
Germany) in HEPES-buffer and heated for 6 min at 125 �C. Subse-
quently, the product is immobilized on a SepPak C18 cartridge,
and washed with water und eluted with ethanol/water 50/50.
The eluate is then passed through a sterile filter (0.22 lm) into a
sterile vial und diluted with phosphate buffer solution to a total
volume of 15 mL. Radiochemical purity is determined by gradient
high performance liquid chromatography and thin-layer chro-
matography. Additionally, the product is also tested for ethanol
content, pH, radionuclide purity, sterility, and endotoxins.

In the future, it can be expected that labeling of pentixafor with
99mTc will become available, because single photon emission com-
puted tomography (SPECT) and planar scintigraphy provides a
valuable alternative to PET imaging. In contrast, labeling of Pentix-
afor with F-18 makes only sense if used in a large number of
patients.

2.1.3. In-vitro binding assay for [68Ga]Pentixafor
Sub-confluent OPM-2 and MM.1 S myeloma cells are harvested

and adjusted to �4 � 105 cells/500 ml PBS per sample. Subse-
quently, all samples are incubated with 1 � 106 counts (28,7 kBq)
per minute (cpm) [68Ga]Pentixafor/50 ml PBS (�1 nM peptide/sam-
ple) for different time points. Binding or uptake is stopped by put-
ting samples on ice for at least 2 min. After two washing steps with
PBS to remove the unbound radiotracer (centrifugation, 3500 U/
min, 4 �C, 2 min), binding of [68Ga]Pentixafor to myeloma cells is
quantified using a gamma counter (Wallac 1480-Wizard, Perkin-
nt model. Rapid accumulation in the tumor xenotransplant (arrows) can be seen,
eting organs liver and kidney (B) [12].



Fig. 4. A) Whole-body view of [68Ga]Pentixafor PET/CT (60 min p.i.) in a patient with multiple myeloma. Multiple hot spots can be detected in the skeleton (in the ribs, long
bones and the pelvis), implicating high focal CXCR4 expression in myeloma lesions. Tomographic sections of the pelvis are shown on the right with only minimal bone
destruction visible at spiral CT (B). Intense focal CXCR4-expression in skeletal structures can be seen at tomographic PET section (C, arrows) and the corresponding PET/CT
image (D, arrows).

Fig. 5. A) [68Ga]Pentixafor PET/CT (60 min p.i.) in a patient with ischemic heart disease. With cardiac magnetic resonance, the infarcted myocardial area in the lateral wall and
the apex can be visualized by late gadolinium enhancement (arrow). The corresponding sections of [68Ga]Pentixafor PET (B) and [68Ga]Pentixafor PET/CT (C) show intense
CXCR4-expression, indicating the presence of inflammatory, CXCR4+ leukocytes in the infarct area.

                                     
Elmer, Rodgau, Germany). All samples are measured in triplicates
and corrected for background activity and radioactive decay. If
competitive experiments are planned [15], myeloma cell lines are
pretreated for 30 min with AMD3100 (100 mM; Selleck Chemicals,
Houston, TX, USA) before [68Ga]Pentixafor uptake analysis is per-
formed. A similar procedure has been used for other cell types
including transfected and non-transfected glioblastoma cells [18].
2.2. Preclinical imaging of CXCR4 expression with [68Ga]Pentixafor and
mPET

Imaging of CXCR4 expression has been performed in various
animal models. A common approach to study the biodistribution
of CXCR4-directed imaging biomarkers such as [68Ga]Pentixafor
is the use of tumor xenotransplant models (Figs. 2 and 3). For



Fig. 6. Dosimetry in a patient with multiple myeloma prior to endoradiotherapy
using [177Lu]Pentixather. The red curve shows intense retention of the radiotracer
in the right ventral chest wall (see tomographic section and planar view on the right
with only moderate efflux over time). On the contrary, there is rapid metabolization
of the radiotracer by the kidneys (black curve, see also tomographic sections and
planar view on the left).

                                     
implantation of myeloma xenotransplants, a total amount of
�5 � 106 MM.1S or OPM-2 cells/100 ml PBS is injected subcuta-
neously in the shoulder region or the flank of immunodeficient
NOD/SCID mice (NOD.CB17-Prkdcscid/NCrHsd; Envigo, Germany).
It is advisable to use younger animals (6–10 weeks) due to higher
amounts of growth hormones, further promoting tumor engraft-
ment. Mice of the same size and age are randomly distributed to
experimental groups. Tumor growth should be checked and
recorded daily by using a caliper. PET scans of xenotransplant bear-
ing NOD/SCID mice are performed when the tumor reaches a size
of �200–300 mm3 [15]. [68Ga]Pentixafor is applied via tail vein
injection at an activity dose of �2.5 MBq in 100 ml PBS without
using anaesthesia. After an accumulation of the tracer for 60 min,
mice are put on a heating bed and a 15 min static PET scan (Inveon,
Siemens Medical Solutions, Erlangen, Germany) is performed. Prior
to the start of emission scanning, mice are anesthetized with 2%
isoflurane using a veterinary anesthesia system (Vetland Medical,
Louisville, KY, USA). After decay and washout of [68Ga]Pentixafor,
a PET scan with a second radiotracer can be carried out. As
described for [68Ga]Pentixafor, e.g. [18F]FDG (�9 MBq/100 ml) is
administered via tail vein injection. PET scanning is also performed
1 h post-injection for 15 min. For competitive experiments,
AMD3100 (mice 2 mg/kg body weight, rats 30 mg/kg body weight
[19]) is administered intravenously immediately before [68Ga]Pen-
tixafor [15] or �30 min subcutaneously before [68Ga]Pentixafor
injection (Fig. 2) [19]. A similar procedure for [68Ga]Pentixafor
PET scanning is also possible in various xenograft animal models
including glioma, and osterosarcoma [19,20].

All tumor lesions are imaged using a small-animal PET scanner
(Inveon, Siemens Medical Solutions, Erlangen, Germany) and
images are reconstructed using an ordered subset expectation
maximization 2D (OSEM 2D) algorithm. Mean tumor-to-
background ratios (TBR) are determined by drawing a volume of
interest (VOI; 3 � 3 � 3 pixels) around individual tumor lesions
and healthy soft tissue in the contralateral flank (background)
using ‘A Medical Image Data Analysis Tool’ (AMIDE) software
(http://amide.sourceforge.net/) [16].

2.3. CXCR4-directed PET imaging of CXCR4 expression in humans

To fully exploit the advantages of integrated molecular and
anatomical imaging, use of an integrated PET/CT scanner is recom-
mended. (Figs. 4 and 5). The optimal time point for static [68Ga]
Pentixafor PET/CT imaging has been shown to be between
30 min and 60 min after i.v. injection of 100–150 MBq [68Ga]Pen-
tixafor [21–23]. Prior to CXCR4-directed PET/CT, no particular
patient preparation (e.g., fasting or premedication) is needed. Cor-
responding CT scans for attenuation correction can be acquired
using a low-dose CT protocol (20 mAs, 120 keV, 512 � 512 matrix,
5 mm slice thickness, increment of 30 mm/s, rotation time of 0.5 s,
and pitch index of 0.8) including the base of the skull to the prox-
imal thighs. Alternatively, contrast-enhanced spiral CT (dose mod-
ulation with a quality reference of 210 mAs) can be acquired in
selected patients. Consecutively, PET emission data are acquired
in three-dimensional mode with a 200 � 200 matrix with 2–
3 min emission time per bed position. After decay and scatter cor-
rection, PET data are reconstructed iteratively with attenuation
correction.

2.3.1. Visual interpretation of [68Ga]Pentixafor-PET
Physiological uptake of [68Ga]Pentixafor can be observed in the

kidneys, in the bladder, the adrenals, and, to varying degrees, in the
bone marrow and the spleen (Fig. 4) [21]. It is recommended that
all CT scans are scored by a board-certified radiologist, and all PET
scans are scored by a board-certified nuclear medicine physician.
All PET scans are analyzed, i.e. in case of multiple myeloma, for
the presence of areas with focally increased tracer uptake within
the skeleton (i.e., more intense compared to surrounding normal
bone marrow (BM) uptake excluding articular processes, with or
without any underlying lesion identified by CT) or in tissues with
usually mild or homogenous radionuclide accumulation are rated
positive [15,22,24].
2.3.2. Quantification of [68Ga]Pentixafor
Semi-quantitative analysis generally comprises calculation of

maximum standardized uptake values (SUVmax) as well as SUVmean

by 2D ROIs with a diameter of 1.5 cm around the hottest pixel. Dif-
fuse BM involvement is considered if the tracer uptake is diffusely
increased with an SUVmax equal to, or greater than the uptake in
the spleen.
2.4. Radiosynthesis of [177Lu]Pentixather and [90Y]Pentixather for
dosimetry and treatment

Synthesis of [177Lu]Pentixather for dosimetry is performed
using a solution of 75 mg Pentixather (Scintomics, Fürstenfeld-
bruck, Germany) and 7 mg gentisic acid in 525 ml of a 0.4 M sodium
acetate buffer solution (pH 5.2) is added to a solution of 300 MBq
[177Lu]LuCl3 (ITG, Garching, Germany) in 200 ml 0.04 M HCl and
stored in a heating block for 35 min at 100 �C. After cooling, the
solution is transferred into a sterile bench, diluted with 8 ml saline
and passed through a sterile filter (0.22 mm) into a sterile vial.
Every single batch of [177Lu]Pentixather, before release, has to be
tested for radiochemical purity by gradient high-performance liq-
uid chromatography and thin layer chromatography. Additionally,
the product has to be tested for pH and a bubble point test should
be performed.

Up to 8 GBq [90Y]Pentixather for endoradiotherapy are prepared
for therapeutic purposes in a single patient analogously to the
radiosynthesis of [177Lu]Pentixather. The only differences are the
amount of peptide (250 mg) and the volume of the final injection
solution (�15 mL saline). In the future, evaluation of Pentixather
labelled with a-emitting particles such as 213Bi or 225Ac could be
a promising approach [14].

http://amide.sourceforge.net/


Fig. 7. Example of therapy-induced CXCR4 downregulation in a patient with advanced Multiple Myeloma with extramedullary disease. Display of maximum intensity
projections (PET) and planar whole-body images derived from [177Lu]Pentixather dosimetry. Initially, the patient presented with high CXCR4+ expression in intra- and
extramedullary MM (arrows). Due to the distinct receptor expression, CXCR4-directed therapy was planned but postponed in favor of a single cycle of chemotherapy with
dexa-BEAM (dexamethasone, carmustine, melphalan, cytarabine, etoposide) which resulted in no significant myeloma response. At the time point of scheduled CXCR4-
directed therapy 7 weeks later, serum myeloma markers had re-gained pre-treatment values. Surprisingly, no relevant CXCR4 expression could be demonstrated during
dosimetry (arrows), thus precluding CXCR4-directed endoradiotherapy.

                                     
2.5. Dosimetry prior to CXCR4-directed radionuclide therapy

When radiolabeled with a- or ß�-emitters, the CXCR4 ligand
Pentixather can be used for CXCR4-targeted radionuclide therapy.
Although CXCR4 is widely overexpressed in various types of
solid tumors and hematopoietic malignancies, experience with
CXCR4-directed endoradiotherapy has solely been reported in
the treatment of patients with multiple myeloma with 177Lu- or
90Y-labeled Pentixather [25,26]. As CXCR4 is normally expressed
in the bone marrow, myelosuppression is the dose limiting adverse
reaction in non-myeloablative treatment. When high activities of
177Lu- or 90Y-labeled Pentixather are used for myeloablation in
combination with chemotherapy and autologous stem cell trans-
plantation, usually the kidneys represent the dose limiting organ.
Similar to other peptide receptor radionuclide therapies, activity
is retained in the renal parenchyma, potentially evoking impair-
ment of the kidney function due to local irradiation. Therefore,
individual dosimetry is mandatory prior to treatment with radiola-
beled Pentixather (Figs. 6 and 7). For a general introduction to the
quantitative analysis of the biodistribution of radiopharmaceuti-
cals, the reader is referred to the MIRD pamphlets 16 and 21
[27,28].

The purpose of dosimetry is to determine for a radiopharmaceu-
tical the radiation absorbed doses per administered activity in the
tissues of interest (Fig. 6). This is done by measuring activity time
curves, i.e. the individual biokinetics of a patient, and by calculat-
ing the proportion of the administered activity that disintegrate in
these tissues. As the therapeutic nuclide 177Lu emits both ß� and c
radiation, dosimetry can be performed by scintigraphy of [177Lu]
Pentixather. Details on dosimetry with 177Lu can be found in MIRD
pamphlet 26 [29], in the following only essential points are
summarized.
177Lu decays with 6.65 days half-life and emits 113 and 208 keV
photons suitable for scintigraphy with emission probabilities of
6.2% and 10.4% per nuclear disintegration, respectively. Often only
the 208 keV photons registered in a 15%–20% energy window cen-
tered at 208 keV are used for dosimetry. The gamma camera of
choice should have two camera heads equipped with medium-
energy collimators and preferably thicker 5/800 scintillation crystals
instead of the standard 3/800 crystals. Highest dosimetric accuracy
can be obtained with gamma cameras capable of tomographic
scintigraphy (SPECT) in combination with X-ray CT. The CT is used
for morphological correlation, target volume quantification, and to
correct for attenuation and scatter of the photons. SPECT images
are acquired by rotating the camera heads around the patient
and taking several planar images from different directions, e.g.
2 � 60 frames of matrix size 128 � 128 by rotating each camera
head over in total 180�with 3� angular steps at 20–30 s acquisition
time per projection. The resulting set of images is used together
with the CT to calculate tomographic data which, except for a con-
stant factor containing the measuring sensitivity of the gamma
camera, reflect the most probable activity distribution in the
patient’s body.

Pre-therapeutic dosimetry of larger tumor lesions, kidneys, and
other accumulating organs such as liver or spleen is possible with
177Lu activities as low as 200 MBq. Due to inherent uncertainties,
dosimetry of the red marrow remains less reliable in many patients
even after the administration of much higher activities. Several
measurements over 4–5 days should be performed to determine
the biokinetics if [177Lu]Pentixather is also used for subsequent
therapy. Measurements over 3–4 days are sufficient if the patient
is treated with 90Y-pentixather.

90Y, which has a shorter half-life of 64 h, does not emit photons
which are well suited for use in dosimetry by scintigraphy,



                                     
however, the 90Y kinetics can be calculated from measured 177Lu
data. 90Y has higher ß-energy as compared to 177Lu and is expected
to be more nephrotoxic, but has the advantage that due to the
shorter half-life, stem cells can be transplanted earlier after
myeloablative treatment, thus reducing the duration of bone mar-
row aplasia.

The activity for treatment is determined based on the results of
the pre-therapeutic dosimetry. The kidney-absorbed dose from
peptide receptor radionuclide therapies should be limited to
23 Gy [30,31]. Kidney absorbed doses reported in [26] ranged from
0.5 to 3.1 Gy/GBq for [177Lu]Pentixather and are expected to be
about a factor of 4 higher for [90Y]Pentixather. In non-
myeloablative therapy, usually a dose limit of 2 Gy for the red mar-
row is adopted based on experience obtained in the treatment of
thyroid carcinoma patients with 131I [32].
2.6. CXCR4-directed radionuclide therapy

As a main achievement of the theranostic approach for individ-
ualized therapy, a peptide CXCR4 ligand which can be labelled with
a- and/or b-emitters (Pentixather) has been recently developed
representing a therapeutic counterpart to the diagnostic PET/SPECT
agents [14,25]. Before CXCR4-directed endoradiotherapy can be
considered, confirmation of sufficient target expression by means
of [68Ga]Pentixafor-PET/CT is mandatory. Given the high intraindi-
vidual heterogeneity of CXCR4 expression by the various myeloma
lesions, a comparison to [18F]FDG should be performed. Until now,
endoradiotherapy (ERT) is preceded in every patient by a pre-
therapeutic dosimetry study with a tracer dose of [177Lu]Pen-
tixather to exclude relevant retention in critical organs, to allow
safely administrable activities and to estimate the achievable
tumor doses. Assessment of estimated radiation doses to the kid-
neys, liver, spleen, bone marrow and – if applicable – to tumor
lesions is performed by SPECT/CT and planar scintigraphy. Planar
whole body scans are taken over several days and regions of inter-
est are drawn for the organs of interest and corresponding back-
ground regions. The resulting count statistics are fitted by bi-
exponential decay functions in order to approximate the activity
kinetics in the organs. The fit functions are integrated and normal-
ized to activity concentrations measured quantitatively by SPECT/
CT. Based on individual dosimetry, patients are treated by intra-
venous injection of 177Lu- or 90Y-labelled Pentixather approxi-
mately 3–7 days after pre-therapeutic dosimetry. The
radionuclide to be administered for ERT is chosen depending on
tumor burden, biological half-life of the radiopharmaceutical and
the associated time interval to stem cell transplantation (SCT).

To prevent renal toxicity, 2 L of a solution containing arginine
and lysine (25 g/L each) are co-infused in analogy to the joint IAEA,
EANM, and SNMMI practical guidance on peptide receptor
radionuclide therapy [33]. The therapy itself is very well tolerated
without any acute adverse effects. However, given the high tumor
cell kill, tumor lysis syndrome has been observed in a single
patient with very high tumor burden. Therefore, prophylaxis
should be initiated in selected cases [34].
3. Results and discussion

3.1. CXCR4 imaging in hematologic malignancies

Feasibility of CXCR4-directed non-invasive imaging could be
demonstrated for several different hematologic disorders including
leukemia, lymphoma, or multiple myeloma (MM) [15,23,24,35–
38]. Most experience with CXCR4-directed PET imaging has been
gained in MM in which around two thirds of patients could be
demonstrated to overexpress the receptor on the myeloma cell
surface (Fig. 2). As for many other tumor entities, CXCR4 positivity
represented a negative prognostic factor. Interestingly, patients
can present with striking inter- and intra-individual receptor
expression heterogeneity which has to be investigated regarding
the underlying mechanisms and implication by future studies
[39]. In a patient with extranodal marginal zone lymphoma of
the orbital cavities displaying high CXCR4 expression, CXCR4-
directed PET could also be used for response assessment which
should be addressed in future studies [40]. However, receptor
expression seems to be a dynamic process which can be severely
influenced by preceding or concomitant chemotherapy (Fig. 7) [un-
published data]. Current investigations try to identify underlying
biological implication and potential targets to exploit synergistic
combinations of different treatment modalities, e.g. combinations
of CXCR4 up-regulating agents prior to scheduled imaging with
[68Ga]Pentixafor-PET (to improve sensitivity) or chemokine-
directed therapy. So far, additional [18F]FDG-PET should be per-
formed in cases with suspicion on CXCR4-negative, viable disease.

3.2. CXCR4 receptor imaging in solid cancers

Overexpression of the receptor has also been reported in vari-
ous different types of solid cancers, including breast, pancreatic,
ovarian and lung cancer. CXCR4 expression has been shown to cor-
relate with negative outcome [41]. Some initial experience with
non-invasive, in vivo receptor imaging using PET could be gained
in some pilot studies. Vag et al. have demonstrated a rather modest
receptor expression in a small hetereogenous cohort including
patients with a large variety of solid cancers including pancreatic
cancer, laryngeal cancer, non–small cell lung cancer, prostate can-
cer, melanoma, breast cancer, hepatocellular carcinoma, glioblas-
toma, sarcoma, or cancer of unknown primary [24]. Thus, the
authors concluded that in vitro CXCR4 expression profiles of solid
cancers and metastases described in the literature does not seem
to sufficiently depict the in vivo distribution revealed by CXCR4-
targeted PET and that the detectability of solid cancers seems to
be generally lower for [68Ga]Pentixafor PET than for [18F]FDG
PET. However, at least three solid tumor entities seem to hold
potential of CXCR4-directed theranostics. In a pilot study of 10
patients with small cell lung cancer (SCLC), intense receptor
expression in 8/10 subjects has been reported. CXCR4 expression
of tumor lesions could be confirmed by immunohistochemistry
[22]. Additionally, Bluemel at al. were able to demonstrate feasibil-
ity of [68Ga]Pentixafor imaging in patients with advanced adreno-
cortical cancer (ACC) with 70% of patients enrolled generally
qualifying for CXCR4-directed treatment [42]. Recently, Werner
et al. reported on increasing receptor expression with increasing
tumor grade in neuroendocrine tumors [43,44]. Thus, in the future,
[68Ga]Pentixafor PET/CT might serve as non-invasive read-out for
evaluating the possibility of CXCR4-directed radionuclide therapies
in advanced dedifferentiated SSTR-negative tumors.

3.3. CXCR4 receptor as target structure for imaging inflammation

As CXCR4 represents a relevant mediator of immune cell hom-
ing, there is a gaining interest in using CXCR4-directed probes for
molecular imaging of inflammation and infection [45]. First
encouraging results have been reported in models of acute
myocardial infarction and ischemic stroke [23,46,47]. In the course
of experimental cardiac infarction, Thackeray et al. visualized
CXCR4-expressing immune cells using [68Ga]Pentixafor and mPET.
Regional CXCR4-upregulation in infarcted areas of the myocardium
peaked after 3 days and corresponded to the presence of inflamma-
tory cells such as macrophages and granulocytes. Of interest, co-
administration of the CXCR4 antagonist Plerixafor resulted in effec-
tive blocking of tracer retention. In a preliminary patient cohort,



                                     
variable signal strength has been observed during the course of
myocardial infarction and a significant correlation to respective
tracer retention in the bone marrow has been shown [46]. In
another preclinical study, [125I]Pentixafor retention was associated
to the presence of inflammatory cells in atherosclerotic plaques
[48]. CXCR4-directed PET may therefore be suitable for imaging
vulnerable plaques. [68Ga]Pentixafor accumulation in the vessel
wall of patients has also been recently shown to be associated with
well-accepted risk factors of atherosclerosis [49]. Further disease
models and clinical approaches of molecular imaging of inflamma-
tion in the cardiovascular system have been recently summarized
[50].

3.4. CXCR4 directed therapy in hematological malignancies

First encouraging results could be obtained from small pilot
studies in advanced multiple myeloma. In all patients treated so
far, CXCR4-directed ERT was well-tolerated and resulted in high
initial response rates [25,34]. Experience and promising data have
also been gained for other hematologic malignancies beyond mye-
loma including relapsed or refractory acute myeloid leukemia and
diffuse large B cell lymphoma on single case basis which could also
be effectively targeted by radionuclide therapy. In all cases, ERT
was added to standard high-dose chemotherapy as part of the con-
ditioning regimen prior to autologous or allogeneic stem cell trans-
plantation in order to augment tumor cell kill. In addition, stem
cell rescue mediates bone marrow ablation that is also an effect
of CXCR4-directed therapy due to receptor expression on tumor
but also physiological bone marrow progenitor cells. In general,
myeloablation can be expected at approximately 2 weeks after
ERT. Therefore, ERT is especially suitable in hematologic disease
in which tumor bone marrow ablation is highly desirable and stem
cell rescue not a concern. Of note, use of the shorter-lived 90Y has
proven advantageous over 177Lu due to exact interval of 14 days
between ERT and SCT in comparison to the more variable out-
comes of 177Lu. Given the risk of infection and other complications
during a prolonged phase of aplasia, most of current ERT are per-
formed with [90Y]Pentixather notwithstanding the disadvantage
of insufficient post-therapeutic dosimetry due to pure b-emission.

Whereas toxicity particularly to the bone marrow have pre-
vented the use of CXCR4-directed radionuclide therapy in solid
cancers so far, this approach could be considered an option in
selected malignancies including adrenocortical cancer and small
cell lung cancer, given the intense receptor expression in relapsed
stages. Additionally, future trials will investigate the benefit of ERT
in patients with multiple myeloma or lymphoma at earlier disease
stages (COLPRIT trial, Eudra-CT 2015-001817-28). Also, the use of
a-particle emitters (225Ac, 213Bi) which have been successfully
implemented in the care of patients with prostate cancer might
prove beneficial in homogenously CXCR4 expressing malignancies
including diffuse large B cell lymphoma or SCLC [51,52]. Future
research will also focus on combinations of ERT and conventional
therapies which could lead to synergistic effects. Both pre-
clinical studies in myeloma cell lines as well as clinical observa-
tions in patients with various diseases (i.e., multiple myeloma, dif-
fuse large B cell lymphoma, acute myeloid leukemia) have
suggested the possibility to up- and/or down-regulate CXCR4 on
the cell surface.

4. Conclusion

CXCR4-directed imaging and treatment using beta- or positron-
emitter labeled antagonists is readily available for clinical and pre-
clinical research. There is evidence that accumulation of [68Ga]Pen-
tixafor and similar radiopharmaceuticals closely reflect CXCR4
expression in vivo. Distinct expression patterns of CXCR4 in mye-
loma and other hematological neoplasms facilitate the use of
[177Lu]Pentixather or [90Y]Pentixather for targeted radionuclide
therapy. Initial results reveal an exciting therapeutic activity while
exhibiting only negligible acute side effects. The CXCR4-directed
theranostic approach will be assessed from 2018 in a clinical phase
I-II trial (COLPRIT). Whereas most applications so far addressed
oncological research, a future role of CXCR4-specific imaging is
envisioned in inflammation and infection research.

Human and animal rights

All experiments and results presented in this manuscript have
been carried out in accordance with the Declaration of Helsinki
for experiments envolving humans. Infomred consent has been
obtained from all patients undergoing imaging with [68Ga]Pentix-
afor PET/CT. Treatment with [177Lu]Pentixather or [90Y]Pentixather
has been offered on a compassionate use base after informed con-
sent. Animal experiments have been carried out in accordance with
the EU directive 2010/63/EU.
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