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INTRODUCTION

Diagnostic techniques in nuclear medicine, including 
positron emission computed tomography (PET) and 
single photon emission computed tomography (SPECT), 
have demonstrated their potential and reliability in early 
diagnosis, staging, the detection of metastasis, and the 
guidance for subsequent treatments for tumors. C-X-C motif 
chemokine receptor 4 (CXCR4) is highly expressed in several 
tumors involving the breast, prostate, lung, and colorectum, 
and it could also promote tumor progression and metastasis. 
The development of diagnostic technologies in nuclear 
medicine based on CXCR4 has expanded considerably to 
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include various types of tumors. Table 1 summarizes several 
radiotracers that have been extensively studied clinically, 
and some novel radiotracers have been developed in recent 
years [1-21]. This review discusses progress in CXCR4 
targeting radioligands for the diagnosis of various types of 
tumors. 

Physiological and Pathological Roles and 
Mechanisms of CXCR4 

CXCR4 is a seven-transmembrane G protein-coupled 
receptor with a highly conserved structure comprising 352 
amino acid residues, including one amino (N)-terminus, one 
carboxyl (C)-terminus, seven transmembrane helices, and 
three extracellular and intracellular loops [22-24]. CXCR4 
is a member of the chemokine receptor family that plays 
an important role in numerous physiological processes 
and signaling pathways. Chemokine receptors mediate the 
function of chemokines in target cells, thereby activating 
protein kinases and promoting intracellular Ca2+ mobilization 
[25]. CXCR4 was first identified in peripheral blood 
leukocytes, and is widely expressed throughout the body 
during embryonic development and adulthood in a variety 
of cell types [23,26], including lymphocytes, endothelial 
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Table 1. Summary of CXCR4-targeted radiotracer

Compound
Radioactive 

isotope
Labeling method Target molecular structure Applied disease

Human 
research 
(Y/N)

Application Ref.

AMD3465 64Cu 64Cu
pH = 5–5.5
55°C–60°C
45 min

Colon 
adenocarcinoma 
and glioma

N Diagnosis [1]

AMD3100 68Ga
64Cu
99mTc

68Ga
pH = 4.5
90°C
15 min

64Cu
pH = 5.5
25°C
60 min

99mTc sodium [99mTc]  
  pertechnetate + SnCl2
pH = 7.2
25°C
20 min

Lymphoma, 
glioma, ACC, 
WM

Y Diagnosis [2,7]

Pentixafor 68Ga pH = 4.5
90°C
15 min

Various cancer, 
cardiac 
diseases, 
infectious and 
autoimmune 
diseases

Y Diagnosis [8-10]

Pentixather 177Lu
64Cu
90Y

177Lu
pH = 6.0
95°C
30 min

64Cu
pH = 5.5
25°C
60 min

90Y
pH = 6.0
95°C
30 min

Various cancer Y Diagnosis 
  and Therapy

[11-14]

T140-2D 64Cu pH = 5.5
40°C
20 min

Lymphoma N Diagnosis [15]
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cells, epithelial cells, hematopoietic stem cells, stromal 
fibroblasts, and tumor cells [23,27]. In addition to its 
functions in hematopoietic and immune responses, CXCR4 

plays a vital role in neurogenesis, germ cell development, 
cardiogenesis, and angiogenesis [27-34]. CXCR4 expression 
is closely associated with various diseases. It was originally 

Table 1. Summary of CXCR4-targeted radiotracer (continued)

Compound
Radioactive 

isotope
Labeling method Target molecular structure Applied disease

Human 
research 
(Y/N)

Application Ref.

BL08 18F pH = 2.0
80°C
20 min

Lymphoma N Diagnosis [16]

BL09 18F pH = 2.0
80°C
20 min

Lymphoma N Diagnosis [16]

NOTA-DV1-k- 
  (DV3)

18F pH = 2.0
80°C
20 min

Lymphoma N Diagnosis [17]

NOTA-CP01 64Cu pH = 5–5.5
55°C–60°C
45 min

Esophageal 
cancer

N Diagnosis [18]

CB-bicyclam 64Cu pH = 5–5.5
55°C–60°C
45 min

Glioblastoma 
astrocytoma

N Diagnosis [19]

MCFB 18F pH = 2.0
80°C
20 min

Triple-negative 
metastatic 
breast

Cancer, diffuse 
large B-cell

Lymphoma  

N Diagnosis [20]

ACC = adrenocortical carcinoma, WM = Waldenström macroglobulinemia, Y = yes, N = no
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discovered to function as a coreceptor for T-tropic (X4) 
human immunodeficiency virus (HIV), which enters CD4+ 
T cells [35]. In rheumatoid arthritis, CD4+ memory T cells 
accumulate in the inflamed synovium and express CXCR4 
[36]. CXCR4 is involved in the development of chronic 
inflammation of the arterial wall and mediates the influx of 
leukocytes [37]. Moreover, CXCR4 plays an important role 
in vascular remodeling, atherosclerotic plaque instability, 
and aneurysm formation after injury [38]. Additionally, 
the inflammatory process of local esophageal infiltration 
by CXCR4+ immune cells strongly promotes esophageal 
carcinogenesis [39]. CXCR4 is associated with monocyte 
recruitment and endothelial injury in atherosclerosis [40]. 
In addition to participating in various inflammation-related 
processes, CXCR4 dysregulation contributes substantially 
to the occurrence of neurodegenerative diseases [41]. 
Furthermore, CXCR4 has a major effect on the evolution and 
metastasis of many tumors [42-51], and can mediate organ-
specific metastasis of tumors and act as a predictor of the 
metastatic potential of specific tumor types [52-54]. CXCR4 
also has an impact on cancer stem cells [55,56].

The combination of CXCL12 and CXCR4 activates various 
signaling pathways. CXCL12-CXCR4 forms a complex with 
the Gαi subunit G protein, inhibits the production of cyclic 
adenosine monophosphate mediated by adenylate cyclase, 
promotes the mobilization of intracellular calcium ions 
[57], and activates multiple signaling pathways, including 
RAS-MAPK, PI3K-AKT-mTOR, JAK-STAT, Akt, JNK, MEK, and 
ERK1/2, thereby promoting tumor proliferation, inhibiting 
cancer cell apoptosis, and promoting metastasis [53]. For 
example, the Gα subunit can induce FAK, ERK, and Akt 
signaling in pancreatic cancer cells, thus enhancing the 
transcriptional activity of β-catenin and NF-κB. It can also 
activate the Ras and Rac/Rho pathways, leading to the 
phosphorylation of ERK and p38 proteins. The Gα subunit 
may also be involved in polarization and chemotaxis, 
induction of cell migration, and expression of survival 
proteins. Moreover, the activation of CXCL12 can induce the 
recruitment of the β-repressor to CXCR4, thus enhancing 
signal transduction or inducing receptor internalization. 
CXCR4 is uncoupled through G protein-coupled receptors 
kinase (GRK)-dependent phosphorylation and G proteins 
interacting with β-repressor desensitization [58]. Most 
G protein-coupled receptors (GPCRs) activate both the 
β-repressor and G protein signaling pathways, CXCR4-β-
repressor interaction induces receptor desensitization and 
endocytosis in cells in the absence of agonist stimulation. 

In contrast, the β-repressor enhances CXCL12-induced 
chemotaxis and CXCL12-mediated activation of the p38-
MAPK pathway [59,60]. Because of the aforementioned 
effects of CXCR4 in cancer, it is expected to become an 
important target for cancer treatment. Many drug delivery 
systems that target CXCR4 have been developed, including 
liposomes [61], nanoparticles [62], lipases [63], and 
polymerases [64].

Diagnostic Applications for Hematological 
Tumors

Modern molecular imaging techniques have been widely 
applied over the past two decades for the early assessment of 
treatment response and early detection of tumor metastasis 
in hematological tumors [65-68]. Pentixafor is a cyclic 
pentapeptide with DOTA (1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetraacetic acid) as the metal-chelating agent, 
and its targeting vector was designed based on the cyclic 
pentapeptide developed by Fujii et al. [27]. Pentixafor 
uptake has been observed in many malignancies (Fig. 1) 
[8]. In 2015, Wester et al. [65] first reported the clinical 
application of 68Ga-Pentixafor PET as an efficient method 
for CXCR4 imaging to evaluate the potential of 68Ga-
Pentixafor PET in cancer research and therapy. This non-
invasive imaging technique can quantitatively assess 
CXCR4 expression and further elucidate the role of CXCR4/
CXCL12 in the pathogenesis and treatment of cancer, 
cardiovascular diseases, and autoimmune and inflammatory 
diseases. 68Ga-Pentixafor is sensitive to CXCR4 expression 
levels. In lymphoma lesions, tracer uptake of both 68Ga-
Pentixafor and 18fludeoxyglucose (F-FDG) was evident, 
whereas in biopsy-proven non-small cell lung cancer (NSCLC) 
lesions, 68Ga-Pentixafor uptake was significantly lower than 
that of 18F-FDG. Immunohistochemistry (IHC) confirmed 
CXCR4 expression in lymphoma lesions, whereas in lung 
biopsies, only a few infiltrating plasma cells were CXCR4-
positive and tumors were CXCR4-negative. The authors 
argued that these two tracers could provide complementary 
information on tumor spread and biology. In some patients, 
68Ga-Pentixafor uptake was higher than that of 18F-FDG. 
Therefore, 68Ga-Pentixafor PET may be the imaging modality 
of choice. Moreover, some advantages of 68Ga-Pentixafor 
are highlighted. For example, it can quantitatively provide 
detailed information related to CXCR4 expression in 
various diseases and may provide a new tool for patient 
stratification, treatment choice, and disease monitoring. 
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68Ga-Pentixafor PET imaging has opened up a broad field 
of clinical research to explore the correlation between 
CXCR4 expression and the regulation of diverse biological 
processes. 

Lymphoma
The staging and localization of extranodal and marginal 

zone B-cell lymphomas in mucosa-associated lymphoid 
tissue (MALT) lymphomas represent a significant challenge 
for imaging. In general, CT scans of the chest, abdomen, 
and pelvis, in combination with physical examinations, 
are recommended for diagnosis, although the diagnostic 
accuracy of this method is not as expected [69]. 

In 2019, Haug et al. [70] evaluated the noninvasive 
detection of MALT lymphoma using 68Ga-Pentixafor PET/
magnetic resonance imaging (MRI). In this prospective 
proof-of-concept study, 36 patients with MALT lymphoma 
who had not previously received systemic or radiation 
therapy were investigated. In total, 33 patients with MALT 

lymphoma showed increased 68Ga-Pentixafor uptake with a 
favorable tumor-to-background ratio, and the remaining 3 
patients underwent orbital MALT lymphoma surgery before 
PET/MRI (Fig. 2). 68Ga-Pentixafor PET/MRI was feasible 
for MALT lymphoma evaluation, with a good tumor-to-
background ratio of radiotracer uptake. Notably, uptake 
varied widely among patients, and the authors speculated 
that the extent of 68Ga-Pentixafor uptake may be associated 
with prognosis. Therefore, 68Ga-Pentixafor not only has ideal 
diagnostic accuracy but can also be used for non-invasive 
prognostic stratification. In addition, 68Ga-Pentixafor was 
found in 17% of patients with lymphoma manifestations 
not seen on MRI, which could affect tumor staging and 
subsequent treatment options [70].

Mantle cell lymphoma (MCL) is one of the five most 
common non-Hodgkin lymphomas with a variable clinical 
course, most of which are rapidly invasive, and a few are 
slow-growing, indolent diseases. Despite the availability 
of novel treatments, the prognosis of patients with MCL 
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Fig. 1. Bar chart displaying average SUVmax. Mean ± standard deviation is indicated. Black dotted lines show SUVmax cutoffs of 6 and 
12, respectively. In individual lesions, a markedly increased SUVmax of up to 85.8 was observed. Number of investigated patients (n) per 
diagnosis group is given in parentheses. This research was originally published in JNM. Buck et al., Imaging of C-X-C motif chemokine 
receptor 4 expression in 690 patients with solid or hematologic neoplasms using (68)Ga-pentixafor PET, J Nucl Med 2022;63:1687-
1692 [8]. ©SNMMI; https://doi.org/10.2967/jnumed.121.263693. BP  =  blood pool (red dotted line), AML  =  acute myeloid leukemia, 
CCC  =  cholangiocarcinoma, NSCLC  =  non-small cell lung carcinoma, NEN  =  neuroendocrine neoplasm, DSRCT  =  desmoplastic small round 
cell tumor, ALL  =  acute lymphoblastoid leukemia, CLL  =  chronic lymphocytic leukemia, MZL  =  marginal zone lymphoma, SCLC  =  small 
cell lung carcinoma, MM  =  multiple myeloma 
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remains poor, with a 5-year survival rate of approximately 
50% [71].

In 2021, Mayerhoefer et al. [71] carried out a prospective 
study of patients with MCL to evaluate the effect of the 
CXCR4 tracer 68Ga-Pentixafor compared with 18F-FDG using 
PET images of MCL. This study included 22 patients with MCL. 
The results showed that the sensitivity of 68Ga-Pentixafor was 
significantly higher than that of 18F-FDG (Fig. 3). In each 
region, the detection rate of 68Ga-Pentixafor for lymphoma 
was significantly higher than that of 18F-FDG, with a 
sensitivity difference of +25%. Furthermore, the standard 
uptake value (SUV) and tumor-to background ratio (TBR) 
were significantly higher than those of 18F-FDG (2–2.5-
fold), while the uptake of 68Ga-Pentixafor was significantly 
correlated with the expression of CXCR4 in MCL cells, as 
demonstrated by IHC. The positive predictive value (PPV) 
of 68Ga-Pentixafor decreased slightly in 6 of 22 patients but 
was not significant because of the increased 68Ga uptake in 
non-enlarged cervical lymph nodes. There was no difference 
in the staging of the individual patients. In this study, the 
authors determined a threshold for 68Ga uptake for splenic 
involvement in hematological malignancies for the first 
time. The data showed that the tumor-to-background ratio 

performed well regarding assessing lymphoma involvement 
with a cut-off value of 4.0 and a negative predictive value 
of 91%, thus indicating a faint probability of malignancy 
below this threshold. Therefore, 68Ga-Pentixafor provided a 
higher detection rate and better tumor background contrast 
than 18F-FDG and could evaluate the involvement of the 
spleen, possibly representing a replacement for 18F-FDG in 
the detection of MCL [71].

Waldenström macroglobulinemia (WM), a B-cell 
malignancy, is a rare low-grade non-Hodgkin lymphoma 
characterized by the secretion of monoclonal 
immunoglobulin M (IgM) into the peripheral blood and 
lymphoplasmacytic infiltration. CXCR4 expression in WM cell 
lines varies, and hypoxia promotes cancer cell invasion by 
upregulating CXCR4 expression [72].

In 2020, a study investigated the possibility of targeting 
CXCR4 to detect WM cells. Muz et al. [4] used 64Cu to label 
the CXCR4 inhibitor, AMD3100, and detected its binding 
to WM cells with different CXCR4 expression levels. PET/
CT scans were used to detect tracer accumulation in 
subcutaneous and intratibial models, while the differential 
amounts of WM cells in peripheral blood mononuclear 
cells were detected by gamma counting. Analysis showed 

Fig. 2. A patient with biopsy-proven mucosa-associated lymphoid tissue (MALT) lymphoma of the left adrenal gland. The adrenal MALT 
lymphoma shows high 68Ga-Pentixafor uptake (A) and is also well-visualized on the diffusion-weighted imaging b800 image (red arrows in 
B and C, fused PET/MRI). In addition, an area of increased uptake on PET is visible in the left orbit (E, yellow arrow), which was initially 
missed on MRI, but, in retrospect, showed restricted diffusion on the apparent diffusion coefficient map upon consensus reading (D, 
yellow arrow). Reprinted from Haug et al., Prospective non-invasive evaluation of CXCR4 expression for the diagnosis of MALT lymphoma 
using [(68)Ga]Ga-pentixafor-PET/MRI, Theranostics 2019;9:3653-3658 [70].
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that, in vitro, the accumulation of 64Cu-AMD3100 was 
directly correlated with the CXCR4 expression levels in 
WM cells. Under hypoxic conditions, CXCR4 expression 
levels in cells increased with a corresponding increase in 
tracer accumulation; conversely, when CXCR4 and hypoxia 
inducible factor (HIF)-1α were knocked down, the binding 
of the tracer to cells was reduced. In addition, 64Cu-
AMD3100 can detect WM cells with high levels of CXCR4 
expression in the foci and circulation. These WM cells are 
more likely to metastasize. These results show that 64Cu-
AMD3100 can specifically bind to CXCR4 and detect hypoxia-
induced WM cells with metastatic potential in subcutaneous 
and intratibial models. Thus, 64Cu-AMD3100 is a sensitive 
and promising tumor tracer and is expected to predict the 
possibility of WM cell spread and metastasis [4]. 

Marginal zone lymphoma (MZL) originates from 
malignantly transformed lymphocytes of the B cell lineage 
and belongs to the family of non-Hodgkin lymphomas. These 
three subtypes are distinguished based on their tissue of 
origin. The most common subtype is extranodal MZL, which 
originates from MALT and accounts for 70% of all MZL cases. 
Splenic MZL and lymph node MZL subtypes are less common 
and primarily affect the spleen or lymph nodes; however, they 

can also be found in the peripheral blood or bone marrow [73].
In 2021, Duell et al. [73] explored the value of 

68Ga-Pentixafor for the staging of marginal zone lymphomas. 
These authors added CXCR4-targeting 68Ga-Pentixafor 
imaging to conventional and routine staging and used 
68Ga-Pentixafor to investigate 22 newly diagnosed patients 
with MZL. The staging of CXCR4 PET/CT and comparison 
of biopsy and imaging results of the lesions were used to 
determine the impact of CXCR4-targeted 68Ga-Pentixafor on 
imaging for staging and treatment options. The analysis 
showed that CXCR4 PET/CT correctly detected all true 
positive (TP) and true-negative patients, 75% of patients 
with gastrointestinal involvement, and all patients with bone 
marrow (BM) infiltration. CXCR4 PET/CT also correctly detected 
all MZL and true-negative cases, whereas conventional 
staging identified only 20 TPs. Of the 16 TPs, 1 TP patient, 
and 2 true-negative patients, CXCR4-targeted PET/CT 
detected more MZL manifestations per patient and per lesion 
than conventional staging. Notably, some lesions that are 
easily missed, such as subcutaneous or orbital masses, can 
be visualized using this new imaging method. These data 
also demonstrate the non-inferiority of CXCR4 PET/CT in 
detecting gastrointestinal lesions and BM infiltration at sites 

Fig. 3. Pre-therapeutic 68Ga-Pentixafor-PET/MRI and 18F-FDG-PET/MRI of an 82-year-old female patient with mantle cell lymphoma. 
Representative examples of such 68Ga-Pentixafor-PET-positive lesions with no or low 18F-FDG uptake, but obvious lymphadenopathy on 
diffusion-weighted imaging (DWI), are marked by blue arrowheads (left axially, retroperitoneal/periaortic, and right pelvic regions). 
Reprinted from Mayerhoefer et al., CXCR4 PET imaging of mantle cell lymphoma using [(68)Ga]Pentixafor: comparison with [(18)F]FDG-
PET, Theranostics 2021;11:567-578 [71]. FDG = fludeoxyglucose

DWI (b800) [68Ga]Pentixafor PET [18F]FDG PET
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that were difficult to diagnose. Furthermore, this method 
had a substantial impact on staging, leading to restaging 
in almost half of the patients, which in turn had a direct 
impact on patient care, with more than a third of patients 
having their treatment regimen modified as a result [73].

Multiple Myeloma 
Multiple myeloma (MM) is a malignant disease 

characterized by the neoplastic proliferation of plasma cells 
in the bone marrow, producing monoclonal immunoglobulins 
[74,75]. Although the overall survival (OS) of patients with 
MM has improved over the past decade, it remains largely 
incurable.

In 2017, Lapa et al. [76] evaluated the role of 68Ga-
Pentixafor in the diagnosis of multiple myeloma. A total of 
35 patients with MM were included in this study for 68Ga-
Pentixafor PET/CT imaging, 19 of whom underwent 18F-FDG 
imaging. Of the 35 patients imaged with 68Ga-Pentixafor, 
23 were CXCR4+ (Fig. 4). Of the 19 patients who received 
both 68Ga-Pentixafor and 18F-FDG, 11 were positive for both 
tracers, and 4 were negative for both tracers. Three patients 
were negative only for 68Ga-Pentixafor on imaging. Compared 

with 18F-FDG imaging, 68Ga-Pentixafor detected more lesions 
in four patients, 18F-FDG detected more lesions in seven 
patients, and two tracers were detected in the remaining 
eight patients. The number of lesions was the same; that 
is, 68Ga-Pentixafor had a sensitivity equal to or better than 
18F-FDG in 63% of cases. For the detection of extramedullary 
disease, 68Ga-Pentixafor and 18F-FDG performed identically. 
OS and time to tumor progression (TTP) did not differ 
significantly between the two methods when patients were 
stratified according to median tracer uptake in the lesions. 
In this experiment, 68Ga-Pentixafor positivity was not 
significantly associated with various laboratory parameters, 
including lactate dehydrogenase, albumin, creatinine, β2M, 
M protein, free serum light chain levels, cytogenetic risk 
status, and myeloma type. These results showed that 68Ga-
Pentixafor can non-invasively detect CXCR4 expression in 
multiple myeloma and that CXCR4 expression is a negative 
prognostic factor for lesions and a potential target for 
treatment. However, 68Ga-Pentixafor is clinically more useful 
for CXCR4-directed therapy and prognostic stratification 
than for myeloma diagnosis [76].

Fig. 4. A patient with multiple myeloma immunoglobulin A λ and rising free serum light chains. 68Ga-Pentixafor-PET depicts intense 
tracer uptake in multiple intramedullary (stars) as well as extramedullary (arrows) lesions. Reprinted from Lapa et al., [(68)Ga]Pentixafor-
PET/CT for imaging of chemokine receptor CXCR4 expression in multiple myeloma - comparison to [(18)F]FDG and laboratory values, 
Theranostics 2017;7:205-212 [76].
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Chronic Lymphocytic Leukemia 
In 2018, Mayerhoefer et al. [77] conducted a prospective 

proof-of-principle study to determine whether the bone 
marrow uptake of 68Ga-Pentixafor in chronic lymphocytic 
leukemia (CLL) was higher than that in other tumors 
without bone marrow infiltration and whether this method 
could be used for CLL imaging. In this study, 13 patients 
with CLL and 20 controls (10 with pancreatic cancer and 10 
with MALT lymphoma) underwent 68Ga-Pentixafor imaging. 
The authors measured tracer uptake by the pelvis, fourth 
lumbar vertebra, and “hottest lesions” in the bone. In 
addition, the authors measured the mean apparent diffusion 
coefficient values of the pelvis and various serum parameters, 
including serum white blood cell count, percentage of 
lymphocytes, lactate dehydrogenase, β2-microglobulin, or 
C-reactive protein. The data showed that tracer uptake 
by the pelvis and L4 bone marrow differed between CLL, 
pancreatic cancer, and MALT lymphoma. There were no 
significant correlations between 68Ga-Pentixafor intake 
and pelvic apparent diffusion coefficient, white blood cell 
count, lymphocyte percentage, lactate dehydrogenase, 
β2-microglobulin, and C-reactive protein. There was a 
significant negative correlation between the apparent 
diffusion coefficient (ADC) in the pelvis, white blood cell 
count, and lymphocyte percentage. These results showed 
that the bone marrow uptake value of patients with CLL was 
higher than that of patients with other malignant tumors 
without bone marrow involvement and that there was no 
significant correlation between the uptake of 68Ga-Pentixafor 
in the bone marrow and the ADC value. Thus, these two 
factors may act as mutually independent parameters for the 
detection and evaluation of therapeutic effects. Therefore, 
68Ga-Pentixafor imaging using PET/MRI has potential as a 
multiparametric imaging modality for patients with CLL [77]. 

Myeloproliferative Tumors 
Myeloproliferative tumors (MPNs) are a group of rare 

hematopoietic stem cell disorders characterized by the 
abnormal proliferation of one or more myeloid lineages 
[78]. Diagnosis is often challenging owing to similarities 
in pathogenesis and symptoms. In 2022, Kraus et al. [79] 
used 68Ga-Pentixafor for PET/CT imaging to target CXCR4 
and verify the feasibility of visualizing and quantifying 
the extent of involvement in MPNs. The team included 12 
patients with MPNs (including four patients with primary 
myelofibrosis, six with essential thrombocythemia, and two 
with polycythemia vera) and five controls for 68Ga-Pentixafor 

PET/CT examination compared with immunohistochemical 
staining, laboratory data, and spleen volumes. Analysis 
showed that the PET/CT results of the 12 patients in 
the experimental group were all CXCR4-positive, and a 
significantly higher tracer uptake was detected in the bone 
marrow (Fig. 5). CXCR4 targeting specificity was confirmed 
by immunohistochemical staining, thus demonstrating 
the feasibility of 68Ga-Pentixafor as a new PET/CT-targeted 
tracer and its value for visualizing and quantifying the 
extent of MPN accumulation. Notably, the dynamic changes 
in CXCR4 expression on PET/CT matched the effects in 
patients following treatment. The analysis initially identified 
that the high tracer accumulation in the spleen and BM 
decreased after treatment. Furthermore, data from previous 
studies suggest that megakaryocytes are a major driver of 
BM fibrosis in MPNs. These results are consistent with the 
findings of previous studies, with immunohistochemical data 
showing that CXCR4 is mainly expressed on the surfaces of 
megakaryocytic dysplastic cells. Therefore, the level of CXCR4 
uptake can be used as a prognostic stratification factor in 
patients with MPN [79].

Diagnostic Applications for Non-Hematological 
Tumors

Esophageal Cancer
Most patients with esophageal cancer have late symptoms 

and cannot be treated surgically. These patients can only 
be treated with radiotherapy and chemotherapy; thus, 
their 5-year survival rate is less than 15% [80], which 
warrants new diagnostic methods. Currently, PET/CT has 
the highest sensitivity for diagnosing distant metastases 
of esophageal cancer. In primary esophageal cancer, high 
expression levels of CXCR4 were found to correlate with the 
clinicopathological features of the disease, and more than 
50% of esophageal cancers express high levels of CXCR4 [81]. 
Wang et al. [82] confirmed that the spread and metastasis 
of esophageal cancer could be inhibited by blocking the 
CXCR4 pathway. In addition, Zhang et al. [83] suggested 
that miR-302b, a small non-coding RNA, can inhibit tumor 
growth by targeting CXCR4 and other key cancer related 
inflammation (CRI) pathways and inhibiting the expression 
of downstream cytokines. 

In 2021, Linde et al. [84] evaluated and compared the 
roles of 18F-FDG and 68Ga-Pentixafor in staging and pre-
radiotherapy planning in patients with esophageal cancer. 
In this retrospective analysis, the authors performed 
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Fig. 6. Key lesion located peripherally to the primary tumor. Disconcordance of (A) FDG PET/CT and (B) non-invasive Pentixafor PET/CT 
imaging in one patient suffering from esophageal cancer. The lesion demonstrates high CXCR4 expression; local response was able to be 
shown in restaging PET/CT after radiochemotherapy. Arrow indicates the lesion. Reprinted from Linde et al., Pentixafor PET/CT for imaging 
of chemokine receptor 4 expression in esophageal cancer - a first clinical approach, Cancer Imaging 2021;21:22 [84].

A B

Fig. 5. A patient with primary myelofibrosis. 68Ga-pentixafor PET/CT (maximum-intensity projections) depicts significantly increased 
tracer uptake in the bone marrow and spleen compared with the control group. This research was originally published in JNM. Kraus 
et al., (68)Ga-pentixafor PET/CT for detection of chemokine receptor CXCR4 expression in myeloproliferative neoplasms, J Nucl Med 
2022;63:96-99 [79]. ©SNMMI; https://doi.org/10.2967/jnumed.121.262206. SUV = standard uptake value

Primary myelofibrosis

SUV SUV0                              5.0 0                               5.0

Control (Conn’s adenoma)

https://doi.org/10.2967/jnumed.121.262206
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Pentixafor and FDG imaging in three patients with 
esophageal adenocarcinoma and seven patients with 
esophageal squamous cell carcinoma who were scheduled to 
receive radiotherapy or chemotherapy (Fig. 6). The authors 
also performed CXCR4 immunohistochemical staining in 10 
patients who underwent surgery. Analysis showed that a 
total of 26 lesions were detected in all patients, of which 14 
were positive for both tracers, 5 were FDG+ and Pentixafor-, 
and 7 were FDG-, but Pentixafor+. The mean uptake intensity 
of FDG in the lesions was slightly higher than that of 
Pentixafor, although the difference was not statistically 
significant. The physiological uptake of FDG was higher in 
the brain and liver, whereas Pentixafor had a higher affinity 
for the spleen. Imaging results were comparable to those 
of CXCR4 immunohistochemical staining in 7 of the 10 
patients who underwent immunohistochemical staining. Of 
the seven patients, one was negative, two were low, two 
were moderate, and two were high. These results showed 
that PET/CT imaging of CXCR4 using Pentixafor is feasible, 
although there was heterogeneity among patients with 
different esophageal cancer. Therefore, this method can 
be used as a supplementary method for the diagnosis of 
CT, endoscopic ultrasonography (EUS), and 18F-FDG in the 
staging and treatment of esophageal cancer [84].

Breast Cancer
Breast cancer is the most common malignant tumor in 

women. Early detection, together with appropriate and 
effective treatment, plays a key role in improving the 
survival rate and prolonging the lifespan of patients. Breast-
specific MRI and 18F-FDG PET/CT exhibit high accuracy in 
the detection of breast cancer [85,86] and metastasis [87], 
respectively. However, with the development of personalized 
medicine, there is an increasing need for highly specific 
diagnostic and targeted therapies for breast cancer using 
appropriate molecular targets.

In breast cancer, CXCR4 expression and activation of its 
endogenous ligand, CXCL12, are key factors in tumor growth, 
progression, invasion, and metastasis [88-91]. CXCR4 is 
expressed not only by cancer cells but also by tumor-
infiltrating immune cells. In the tumor microenvironment, 
B lymphocytes and plasmacytoid dendritic cells express 
CXCR4, both of which may play a role in tumor progression 
[57,92,93].

In 2016, Fu et al. [94] evaluated CXCR4 expression in 
vivo using 99mTc-labeled small interfering RNA (siRNA) 
as a prognostic indicator to guide the development 

of personalized treatment plans and post-treatment 
monitoring. The authors radiolabeled CXCR4 siRNA using the 
bifunctional chelator hydrazine nitramide, determined the 
labeling efficiency, specific activity, radiochemical purity, 
and stability in serum, and performed biodistribution 
studies and static imaging in tumor-bearing mice. These 
data showed that the radiochemical purity of the probe 
remained highly stable in both fresh human serum and 
phosphate buffered saline, and that tumors were visible 
within 1–10 h after probe injection. These results 
indicate that 99mTc-labeled CXCR4 siRNA can be specifically 
aggregated and imaged in breast cancer, and may serve as 
a promising method to demonstrate CXCR4 expression in 
breast cancer [94].

In 2016, Zhao et al. [95] used 64CuAuNCs-AMD3100 
to target CXCR4 for the early diagnosis of breast cancer 
and metastasis. Nanoclusters, an emerging class of 
nanomaterials, have considerable potential for applications 
in biomedicine because of their unique size and related 
properties. The 64CuAuNCs-AMD3100 technique not only 
has the targeting properties of AMD3100 but also has 
a significant clearance rate and low non-specific tumor 
retention (Fig. 7). Pharmacokinetic studies showed that 
64CuAuNCs-AMD3100 were well distributed in various organs 
within 48 h after injection and exhibited significant renal 
and fecal clearance. While 64CuAuNCs-AMD3100 PET imaging 
showed that 64CuAuNCs-AMD3100 had good sensitivity 
and accuracy in detecting CXCR4 expression at different 
levels, there was a strong correlation between tracer uptake 
and CXCR4 expression levels. Additionally, the tracer was 
blocked by competitive receptors, confirming its targeted 
specificity for CXCR4. Subsequently, the authors compared 
64CuAuNCs-AMD3100 with 64Cu-AMD3100 and non-targeted 
64CuAuNCs using imaging analysis. The analysis showed 
that 64CuAuNCs-AMD3100 was more sensitive for diagnosing 
early lesions and tumor metastasis while also exhibiting a 
lower non-specific uptake rate. Notably, as tumors progress, 
they undergo extensive necrosis. This may limit the delivery 
of CXCR4-targeted nanoclusters; however, due to receptor 
degradation, necrosis can also lead to reduced CXCR4 
expression levels on the surface of tumor cells, thereby 
affecting their imaging capabilities, thus making this tool 
more suitable for the early evaluation of tumors. These 
results suggest that 64CuAuNCs-AMD3100 has the potential 
to diagnose early-stage tumors and metastases and may 
contribute to the subsequent development of targeted 
therapy through CXCR4 or guide treatment planning in 
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breast cancer [95].
In 2019, Li et al. [96] investigated the preparation and 

evaluation of 64Cu radiolabeled ubiquitin for CXCR4 imaging. 
Recently, ubiquitin was identified as a natural CXCR4 
ligand, offering great potential for PET imaging of CXCR4 
expression. The data showed that the tumor-specific uptake 
of 64Cu-UbCG4 was significantly higher in CXCR4+ 4T1 breast 
cancer cells than in CXCR4-knockout cells in in vitro studies. 
In-vivo assessments of the 4T1 xenograft mouse model 
showed that the tumor uptake of 64Cu-UbCG4 was similar to 
that of 64Cu-labeled AMD3465 but with a significantly lower 
background. These results suggest that 64Cu-UbCG4 may be 
an effective PET tracer for breast cancer [96].

 
Tumors of the Central Nervous System 

Glioblastoma is the most common primary malignant 

brain tumor in adults. Conventional MRI is the preferred 
modality for brain tumor diagnosis because of its high soft 
tissue contrast and tumor sensitivity. However, conventional 
MRI sequences lack tumor-cell specificity. PET is similar to 
metabolic MRI in that it targets the molecular signatures 
of human tissues. Over the last few decades, some PET 
radioactive tracers have shown potential for brain tumor 
imaging, although these are still limited due to their 
relatively low specific uptake by tumor cells [97-100].

In 2014, Hartimath et al. [101] developed N-[11C]methyl 
AMD3465 as a novel CXCR4 radiotracer and tested it on rat 
C6 glioma and human PC-3 cell lines. These data showed 
that the in vitro cellular uptake of N-[11C]methyl-AMD3465 
was mediated by CXCR4, and in C6 cells, transition metal 
ions (Cu2+, Ni2+ and Zn2+) enhanced the ability of this 
compound to bind to the cells. In contrast, ex-vivo 
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Fig. 7. Characterization of 64Cu-AuNCs-AMD3100 imaging sensitivity in engineered 4T1 models expressing various levels of CXCR4. A: RT-
PCR of CXCR4 in normal, LacZ shRNA, knockdown, and overexpression 4T1 cells showing the different expression of receptor. B: RT-PCR 
of CXCR4 in engineered 4T1 tumors collected at 1 week post implant showing the variation of receptor levels in vivo, consistent with in 
vitro cell data. C: Representative transverse PET images demonstrating the specific detection of tumors in the engineered 4T1 tumors 
models. D: Quantitative tumor uptake of 64Cu-AuNCs-AMD3100 in 4T1 models showing the sensitivity detecting various CXCR4 levels. CT 
scale bar on representative PET/CT image was the same for all images. Reprinted with permission from Zhao et al., Gold nanoclusters 
doped with (64)Cu for CXCR4 positron emission tomography imaging of breast cancer and metastasis, ACS Nano 2016;10:5959-5970 [95]; 
Copyright (2016) American Chemical Society. T = tumor, RT-PCR = reverse transcription-polymerase chain reaction
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biodistribution and PET imaging of N-[11C]methyl-AMD3465 
in C6 tumor xenografts showed that the tracer accumulated 
in the tumors, and tumor uptake was significantly reduced 
after Plerixafor (AMD3100) pretreatment, thus demonstrating 
that tumor uptake was CXCR4-specific. These results indicated 
that N-[11C]methyl-AMD3465 could detect CXCR4 expression 
in tumors, suggesting that N-[11C]methyl-AMD3465 may be a 
promising PET tracer for targeting CXCR4 [101].

Existing radiotracers are limited in targeting CXCR4 
expression in central nervous system (CNS) tumors 
because of the blood-brain barrier (BBB) and intracellular 
expression of CXCR4 in tumors. In 2020, Zhang et al. [102] 
designed six radiotracers for imaging tumors in the central 
nervous system. These authors synthesized six iodinated 
or brominated cyclodextrin derivatives with a high affinity 
for CXCR4 to enhance lipophilicity and address the BBB and 
tumor cell membranes. The authors selected a compound 
with a higher specific uptake in subcutaneous tumors for 
further investigation in an intracranial tumor model. However, 
imaging CXCR4 expression in intracranial tumor models 
using this compound after intravenous or cerebrospinal fluid 
injection was not successful. The authors speculated that 
this was due to the hydrophilicity of the radiotracer and the 
existence of the BBB and tumor cell membrane barriers; thus, 
further investigation is necessary [102].

In 2022, Jacobs et al. [103] evaluated the diagnostic 
value of 68Ga-Pentixafor in glioblastoma. The authors used 
the R2 genomics platform to detect CXCR4 mRNA expression 
and included seven patients with recurrent glioblastoma for 
68Ga-Pentixafor PET imaging and concurrent CXCR4 staining 
of residual resected tissue pairs. The authors identified 
large differences in CXCR4 expression between and within 
glioblastoma tumors, as well as in resected tissue from seven 
glioblastoma patients (Fig. 8). PET imaging results showed 
that the tumors from all patients showed low-to-moderate 
uptake, but because of the very low background activity, 
there was a relatively high TBR, and the CXCR4 expression 
levels in different patients were not completely consistent 
with the uptake of 68Ga-Pentixafor by tumors. Therefore, the 
authors considered that caution should be exercised when 
directly converting high CXCR4 expression in isolated tissues 
to the high uptake of PET radiotracers; however, when 68Ga-
Pentixafor shows high levels of CXCR4 expression, these 
patients may become good 177Lu-Pentixather targets for 
targeted radionuclide therapy [103].

Central nervous system lymphoma (CNSL) is a rare 
malignancy that includes primary and secondary forms. 

Primary CNSL accounts for 2%–4% of all primary brain 
tumors and refers to a large and diffuse B-cell lymphoma 
confined to the central nervous system [104-106]. 
Secondary CNSL often presents with CNS involvement 
surrounding systemic lymphoma or CNS recurrence. In 
addition, systemic diffuse large B-cell lymphomas can also 
involve the central nervous system and become secondary 
lymphomas in the central nervous system [107-112].

Currently, contrast-enhanced brain MRI is often used 
to diagnose central nervous system lymphomas. Although 
diffusion-weighted imaging helps distinguish CNSL from 
other brain tumors, such as glioblastoma, its specificity has 
yet to be improved [113]. Furthermore, MRI is relatively 
inaccurate in determining complete remission [114]. 
However, the use of 18F-FDG as a radiotracer is limited 
because of the physiologically high glucose uptake by 
healthy brain parenchyma [115]. Currently, the diagnosis 
must be confirmed by histopathology, especially stereotactic 
biopsy, which may pose challenges to the diagnosis of 
CNSL due to tumors located in difficult-to-biopsy locations. 
Therefore, the development of new targeted imaging 
modalities is necessary to facilitate the diagnosis of CNSL 
[107,116].

In 2021, Starzer et al. [117] prospectively evaluated the 
value of 68Ga-Pentixafor in the diagnosis of central nervous 
system lymphoma lesions. This study included seven patients 
with CNSL, and 68Ga-Pentixafor PET/MRI was performed for 
each patient. Analysis showed that 68Ga-Pentixafor revealed 
a total of 18 lesions. In addition, all cases were confirmed 
by CE-MRI without false-positive lesions. Therefore, the 
authors believed that 68Ga-Pentixafor is promising for the 
diagnosis of CNSL, but further research is needed to test 
its clinical value, such as differentiating between CNSL and 
glioma or between radiation-induced inflammation and 
residual viable tumors [117].

Vestibular schwannoma (VS) is a benign Schwann cell 
tumor that originates from the vestibulocochlear nerve 
[118]. In recent years, sporadic and neurofibromatosis-
related VS have been found to significantly overexpress 
CXCR4. In 2019, Breun et al. [119] investigated the 
feasibility of 68Ga-Pentixafor as a radiotracer for VS 
diagnosis. A total of four patients (including one newly 
diagnosed VS patient and three previously diagnosed or 
treated VS patients) were included in this study. These 
patients underwent 68Ga-Pentixafor PET scans, and the 
tumors were immunohistochemically stained for CXCR4 
expression. Analysis showed that the tumor lesions of 
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all patients were positive for 68Ga-Pentixafor and IHC 
confirmed the expression of CXCR4 in VS. Therefore, the 
authors believe that noninvasive imaging of VS using 68Ga-
Pentixafor PET/CT is feasible and can be used to evaluate 
CXCR4 expression in vivo [119].

Theranostic Applications for Tumors

Owing to the high expression of CXCR4 in tumor tissues 
and its role in tumor occurrence and development, CXCR4 

can not only be used for tumor monitoring, but also as a 
target for tumor-targeted radiotherapy. The most common 
theranostic methods involve the use of Ga-68 and Lu-177/
Y-90 as paired nuclides. Ga-68 was used for tumor imaging, 
whereas Lu-177/Y-90 was used for tumor treatment. For 
example, Lapa et al. applied 177Lu/90Y-pentixather for 
multiple myeloma treatment and used 68Ga-pentixafor to 
monitor treatment efficacy [14,120]. The imaging results 
showed that the treatment efficacy of 177Lu/90Y-pentixather 
against CXCR4 positive tumors was obvious, with decreased 

Fig. 8. Axial 68Ga-Pentixafor PET (A1, B1, C1), T2-weighted MRI (A2, B2, C2) and fused 68Ga-Pentixafor PET/MRI (A3, B3, C3) images of 
three patients with suspicion of recurrent glioblastoma. A: Male patient showing higher uptake (SUVmax 3.5) in the MR-enhancing tissue 
in the left cerebellar hemisphere compared to blood-pool activity (SUVmean 1.48). B: Female patient showing low to moderate uptake (SUVmax 
1.82) in the MR-enhancing tissue in the left frontal lobe slightly higher than blood-pool activity (SUVmean 1.23). C: Male patient showing 
low uptake (SUVmax 1.46) in the MR-enhancing tissue in the left frontal lobe equal to blood-pool activity (SUVmean 1.48). Reprinted from 
Jacobs et al., CXCR4 expression in glioblastoma tissue and the potential for PET imaging and treatment with [(68) Ga]Ga-pentixafor /[(177)
Lu]Lu-pentixather, Eur J Nucl Med Mol Imaging 2022;49:481-491 [103].
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68Ga-pentixafor uptake in the tumor as the treatment 
progressed. Therefore, the theranostic application of 
177Lu/90Y-pentixather and 68Ga-pentixafor for CXCR4-positive 
tumors is of great interest and has high clinical value.

Outlook

In recent years, understanding of the CXCR4 signaling 
pathway and its role in tumor progression and metastasis 
has improved. These developments have led to the design 
of CXCR4-targeting radiotracers that play an important role 
in tumor diagnosis, and numerous ligand structures have 
been developed to improve their properties. However, this 
system faces several challenges. For example, in central 
nervous system astrocytomas, the imaging effect of this 
tracer is affected by the BBB. Furthermore, the intracellular 
expression of CXCR4 can affect diagnostic accuracy [102]. 
Further research is required in this area. In conclusion, 
nuclear medicine targeting CXCR4 is a promising method for 
tumor diagnosis and warrants further research to improve 
its clinical applicability.
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