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Abstract

Background: CXCR4 is a chemokine receptor frequently overexpressed in invasive breast cancer that has been shown
to play a major role in signaling pathways involved in metastasis. The aim of this retrospective analysis was to assess
the diagnostic performance of CXCR4-directed PET imaging in patients with breast cancer using the recently
introduced CXCR4-targeted PET probe 68Ga-Pentixafor.

Results: Thirteen patients with first diagnosis of breast cancer, four patients with recurrent disease after primary breast
cancer, and one patient with axillary lymph node metastasis of unknown primary underwent CXCR4-targeted PET
imaging using 68Ga-Pentixafor. Maximum standardized uptake values (SUVmax) and tumor-to-background (T/B) ratios of
tumor lesions were measured and compared with pathological prognostic factors and molecular subtypes. 18F-FDG PET/
CT images were available in 8/18 cases and were compared semi-quantitatively. Comparison with CXCR4 expression
determined by immunohistochemistry was performed in 7/18 patients.
Nine of 13 primary breast cancers were visually detectable on 68Ga-Pentixafor PET images (mean SUVmax of 3.0). The
visually undetectable lesions included both cases of invasive lobular carcinoma (ILC) and two cases of invasive carcinoma
of no special type (NST) without any hormone receptor and HER2 expression (triple negative). Metastases of recurrent
breast cancer and unknown primary cancer were visually detectable in all five cases, exhibiting a mean SUVmax of 3.5.
18F-FDG PET demonstrated higher SUVmax in all patients compared to 68Ga-Pentixafor PET. A correlation between
SUVmax obtained from 68Ga-Pentixafor PET and prognostic factors including estrogen receptor (ER), progesterone
receptor (PR), human epidermal growth factor receptor 2 (HER2) status, proliferation index, tumor grade, or molecular
subtypes was not observed.

Conclusions: CXCR4-directed PET imaging in patients with primary and recurrent breast cancer is feasible; however,
tumor detectability is significantly lower compared to 18F-FDG PET. Moreover, we did not find any correlation between
aforementioned prognostic factors of breast cancer and CXCR4-targeted tracer accumulation. Based on these results in a
small patient cohort, CXCR4-targeted PET imaging does not seem to be suitable as a general diagnostic tool for imaging
of breast cancer. Future CXCR4 imaging studies should investigate whether this modality might be useful in more specific
applications, e.g., in therapeutic approaches especially under the view of current developments in targeted immune cell
and immune checkpoint inhibitory therapy.

Keywords: CXCR4, Chemokine receptor, Positron emission tomography, Breast cancer

* Correspondence: tibor.vag@tum.de
1Clinic of Nuclear Medicine, Klinikum Rechts der Isar, Technische Universität
München, Ismaninger Strasse 22, 81675 Munich, Germany
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Vag et al. EJNMMI Research  (2018) 8:90 
https://doi.org/10.1186/s13550-018-0442-0

http://crossmark.crossref.org/dialog/?doi=10.1186/s13550-018-0442-0&domain=pdf
http://orcid.org/0000-0002-9004-7683
mailto:tibor.vag@tum.de
http://creativecommons.org/licenses/by/4.0/


Background
Invasive breast cancer is the most frequent malignancy in
women [1] and includes tumors with a wide range of
histologic types, therapeutic response and overall progno-
sis. State-of-the-art imaging for early cancer detection and
appropriate therapeutic strategies play a key role for the
improvement of survival rates.
At present, dedicated breast MRI and 18F-FDG PET/CT

offer highest diagnostic accuracy in the detection of breast
cancer [2, 3] and metastases [4] respectively. With the in-
creasing role of personalized medicine, however, the desire
for molecular targeted approaches emerged, enabling
high-specificity diagnostics and molecular targeted therap-
ies with the appropriate molecular key target.
CXCR4 is a 7-transmembrane G-coupled receptor belong-

ing to the chemokine receptor family and is expressed by a
variety of cells during development and thereafter [5]. With
its cognate ligand stromal cell-derived factor 1α (SDF-1α,
named CXCL12) [6, 7], its main role in the hematopoietic
system is to control stem cell retention and the homing of
hematopoietic cells to the bone marrow and lymphoid or-
gans [8]. In addition to these physiological roles, CXCR4 has
been found to be overexpressed by various human cancers
including breast cancer [5, 9–11]. In cancer, CXCR4 expres-
sion and its activation by its endogeneous ligand CXCL12
are key triggers for tumor growth and progression, invasive-
ness, and metastasis [7, 12]. High levels of CXCL12 in or-
gans and tissues, such as lymph nodes, lung, liver, and bone/
bone marrow (BM), are thought to direct the metastasis of
CXCR4-expressing tumor cells [13]. Accordingly, the level
of CXCR4 expression was shown to be higher in metastatic
sites as compared to the primary tumors [10], and changes
in CXCR4 signaling have been shown to significantly alter
metastatic burden in animal models [14]. CXCR4 is not only
expressed by cancer cells themselves, but also by
tumor-infiltrating immune cells. Within the tumor micro-
environment, the major CXCR4-expressing cells are
B-lymphocytes and plasmacytoid dendritic cells, both poten-
tially contributing to an immunosuppressive site permissive
for tumor progression [15].
Recently, a radiolabeled CXCR4-ligand for PET

(68Ga-Pentixafor) imaging has been developed by Wester
et al. [16–18]. First in vivo studies in patients with
hematological malignancies, glioblastoma and small cell
lung cancer confirmed high tracer accumulation in these
tumors with low background uptake and concomitant fast
tracer clearance from non-target tissues [12, 19–21]. A
recent publication of our group evaluated the feasibility of
CXCR4-targeted PET in three patients with breast cancer
amongst other solid cancers [21]. Although tracer uptake
was low to moderate in all in these patients, we were curi-
ous to know if a wider spectrum of breast cancers (includ-
ing different histological types) might show a more
favorable tracer affinity.

The current study presents the first results on
CXCR4-targeted PET imaging in a larger cohort of
patients with primary and recurrent breast cancer.

Methods
Patients
This retrospective analysis included 13 patients (mean age
59, range 38–77) with histologically proven primary breast
cancer (without previous therapy), four patients with recur-
rent breast cancer after treatment, and one patient with
axillary lymph node metastasis but unknown primary ex-
amined between January 2014 and September 2016. Three
patients from a previous published study were included in
this cohort [21]. Patients underwent either 68Ga-Pentixafor
PET/CT or 68Ga-Pentixafor PET/MR. Eight patients
additionally received a diagnostic 18F-FDG PET/CT for
staging purposes within 2 weeks after 68Ga-Pentixafor im-
aging. No therapy was performed between the two imaging
modalities.

Synthesis of 68Ga-Pentixafor
Synthesis of 68Ga-Pentixafor was performed on a fully
automated, GMP-compliant procedure using GRP mod-
ule (Scintomics GmbH, Germany) equipped with dispos-
able single-use cassette kits following the previously
described method [19, 21]. Prior to injection, tracer
quality was assessed according to the standards of the
European Pharmacopoeia available at www.edqm.eu.

PET imaging protocol
Nine of 18 68Ga-Pentixafor PET and all 18F-FDG PET
scans were performed on a Sensation 64 Biograph PET/
CT scanner (Siemens, Erlangen, Germany), whereas 9 of
18 68Ga-Pentixafor scans were performed on a PET/MRI
device (Siemens Biograph mMR, Siemens Medical Solu-
tions, Germany). The CT-scan protocol included a
low-dose CT (26 mAS, 120 kV, 5 mm slice thickness)
from the base of the skull to the mid-thigh for attenu-
ation correction followed by the PET scan and a
diagnostic CT (240 mAS, 120 kV, 5 mm slice thickness)
in the portal venous phase in case of 18F-FDG PET/CT
scans. Injected activities for 68Ga-Pentixafor ranged from
177 to 223 MBq and for 18F-FDG from 201 to 349 MBq.
PET acquisition was performed after a mean of 51 min
post injection for 68Ga-Pentixafor and 75 min post injec-
tion for 18F-FDG PET/CT respectively. All PET/CT
scans were acquired in 3D mode with an acquisition
time of 3 min per bed position. Images were recon-
structed by an attenuation-weighted ordered-subset
expectation maximization algorithm (four iterations,
eight subsets) followed by a post-reconstruction smooth-
ing Gaussian filter (5 mm full-width at half-maximum).
In PET/MR, a coronal 2-point Dixon 3D volumetric
interpolated examination (VIBE) T1w sequence was
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performed for generation of attenuation maps as
recently published [22]. In addition, diagnostic dedicated
sequences dependent on the examined malignancy were
performed. PET data was acquired simultaneously in
three-dimensional mode with 3-min emission time per
bed position.

Image analysis
All 68Ga-Pentixafor PET/CT or PET/MR images were
reviewed and interpreted by board-certified Nuclear Medi-
cine physicians and by radiologists in consensus. Lesions
were defined as visually detectable, if both reviewers were
able to visually identify the lesions on the PET images.
Semiquantitative SUV analysis with determination of SUV-
max involved drawing region of interests (ROI) around the
primary tumor in case of preoperative imaging and around
the metastases, when detectable. Lesions below 10 mm in
diameter were omitted in order to reduce partial volume
effects. Analysis of 18F-FDG PET/CT in patients, who
underwent both imaging modalities, was performed analo-
gous to 68Ga-Pentixafor PET/CT. Maximum standardized
uptake values (SUVmax) of 18F-FDG and to 68Ga-Pentixafor
PET images were compared and correlated with each other.
Referring to Drzezga et al., we assumed a relative difference
of < 10% between SUV values of lesions obtained from
PET/CT and PET/MR respectively and therefore did not
differ between the SUV of the two modalities [22].

Pathological analysis
Histology of primary breast lesions was obtained by
image-guided biopsy in five cases and by open surgery in
eight cases. The tissues were routinely fixed in 10% neutral
buffered formalin, dehydrated, and cut into 2-μm-thick
sections. Tumor classification according to the WHO 2012
criteria and assessment of the tumor biology (estrogen
receptor; ER, progesterone receptor; PR, human epidermal
growth factors receptor 2; HER2) was performed in routine
pathological diagnostics. To further categorize all breast
cancer samples according to the molecular subtypes, the
proliferation index was assessed by immunohistochemistry
using Ki67 (MIB1). In accordance to the St. Gallen guide-
lines [23], we used a local Ki67 cut off value of 25% to dif-
ferentiate between luminal A and luminal B tumors.
Tumors were categorized as follows: luminal A (ER+ and/
or PR+, HER2/neu− and Ki67%<25%), luminal B HER2−
(ER+ and/or PR+, HER2/neu− and Ki67%≥25%), luminal B
HER2+ (ER+ and/or PR+, HER2/neu+), HER2/neu
non-luminal (ER/PR−, HER2/neu+), and TNBC (ER/PR−,
HER2/neu).

Immunohistochemistry
Immunohistochemistry of biopsy and open surgery spec-
imens was performed according to standard routine
methods for Ki67 (Dako, M7240), ER status (DCS, EI

629C01), and PR status (DCS, PI 633C01) using the
ultraVIEW DAB Detection Kit (all reagents from Ven-
tana, Tucson, AZ). Briefly, the tissue sections were
deparaffinized with EZ Prep at 75 °C and 76 °C, heat
pretreated in Cell Conditioning 1 (CC1) for antigen
retrieval at 76–100 °C, and then incubated with the pri-
mary antibody diluted in antibody diluent (ER 1:20, Ki67
and PR 1:50) for 20 min at 37 °C after inactivation of the
endogenous peroxidase using a UV inhibitor for 4 min
at 37 °C. The slides were incubated with a HRP Univer-
sal Multimer for 8 min. Antibody binding was detected
using DAB as chromogen and counterstained with
hematoxylin with subsequent bluing in bluing reagent.
CXCR4 immunohistochemistry was performed on a Dako

Autostainer. After heat-induced antigen retrieval (target
retrieval solution, pH 6, Dako, Glostrup, Denmark) for
20 min, unspecific protein and peroxidase binding was
blocked with 3% hydrogen peroxide and 3% normal goat
serum. A primary antibody against CXCR4 (clone UMB-2,
Abcam, Cambridge, UK) was used and diluted 1:30 in anti-
body diluent (Dako, Glostrup, Denmark). For antibody
detection, the Dako Envision-HRP rabbit labeled polymer
(Dako, Glostrup, Denmark) was used. Antibody binding was
visualized by diaminobenzidine (DAB) giving a brown pre-
cipitate (Medac Diagnostica, Wedel, Germany, BS04-500).
Counterstaining was performed using hematoxylin.
Subsequent to immunohistochemical procedure, all

slides were then dehydrated manually by alcohol washes of
increasing concentration (70%, 96%, 100%) and xylene and
coverslipped using Pertex® mounting medium (Histolab,
Goeteborg, Sweden, 00801). CXCR4 expression was evalu-
ated with respect to cell type (infiltrating immune cells vs.
tumor cells), expression intensity, and percentage. Overall
staining intensity for CXCR4 was scored into categories
reaching from (-) (no staining) to (+++) (high staining in-
tensity and frequency).
Ki67 staining was evaluated according to the recom-

mendations of the International Ki67 in Breast Cancer
Working group [24].

Statistics
Statistical analysis was performed using MedCalc
Version 10.2 (Mariakerke, Belgium). Correlation studies
between SUVmax and PR status, ER status, and Ki67
proliferation index were performed with Spearman rank
test. To test for significance between molecular subtypes
and SUVmax, we used Kruskal-Wallis test.

Results
Patient characteristics
Thirteen of 18 patients were diagnosed with primary
breast carcinoma without history of previous malignant
breast lesions or therapy (Table 1). Lymph node (LN)
metastases were present in 5 of 13 patients and distant
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metastases in 2 patients (one patient with liver metasta-
ses, one patient with bone metastases).
Four of 18 patients demonstrated recurrent metastatic

disease with three cases of isolated lymph node recur-
rence following primary breast cancer after an average of
36 months and one case of newly diagnosed liver metas-
tases after 6 years following breast cancer (Table 2).
One patient exhibited lymph node metastases in the

left axillary region, histologically verified as metastases
from breast cancer, however, without evidence of the
primary tumor in imaging studies.

Results of 68Ga-Pentixafor PET imaging in primary breast
cancer lesions
Primary breast cancers exhibited a mean SUVmax of 3.0
ranging between 1.7 and 4.5 and a mean T/B ratio of 2.4
(range 1 to 3.6). Nine of 13 tumors could be visually
identified on 68Ga-Pentixafor PET images (Table 1; Fig. 1).
Highest SUVmax of 4.3 and 4.5 respectively were mea-

sured in two patients with invasive carcinoma of no spe-
cial type (NST, G2 and G3 respectively). Lowest SUVmax

between 1.7 and 1.9 were measured in two patients with
invasive lobular carcinoma (ILC) and two patients with
NST but without any hormone receptor and HER2
expression (triple negative breast cancer, TNBC) (Table 1).
No significant difference was observed between SUVmax
of metastasized and SUVmax of non-metastasized
primary breast cancers (p = 0.37).

Results of 68Ga-Pentixafor imaging in recurrent breast
cancer lesions
Metastases of recurrent breast cancer were visually
detectable in all five cases, exhibiting a mean SUVmax
of 3.7 (range 2 to 4.5) and a mean T/B ratio of 3.2 (1.5
to 4.7) (Fig. 2). Highest SUVmax of 4.5 was observed in
the patient with unknown primary cancer (Table 2).

Immunohistochemistry
Immunohistochemical staining for CXCR4 of open surgery
specimens was available in seven primary breast cancers
(Table 3; Fig. 3). The two cases of invasive lobular carcin-
oma (ILC) were not or slightly infiltrated by immune cells.
The inflammatory cells in the ILC cases did not express
CXCR4. The invasive carcinomas of no special type (NST)
displayed inter- and intratumoral heterogeneity of CXCR4
expression in the tumor cell-infiltrating immune cells and
within the tumor cells (Table 3). To sum up the different
expression frequency and intensity, an overall signal inten-
sity of CXCR4 expression on the immunohistochemical
level was applied. Five of seven samples demonstrated
weak to moderate overall CXCR4 expression (+, ++),
whereas two of seven samples did not demonstrate any
CXCR4 expression at all (-). In five of seven samples,

Table 1 CXCR4-targeted PET imaging with 68Ga-Pentixafor of primary breast cancer patients with corresponding age, tumor subtype,
tumor grade (G), presence of lymph node (LN) metastases, or organ metastases, SUVmax of the primary tumor, and tumor-to-
background (T/B) ratio

Patient # Age Subtype Grade LN MTS Organ MTS SUVmax T/B ratio Visible

1 61 NST G2 − − 3.2 2.9 +

2 58 NST G3 + + 4.3 3.9 +

3 49 ILC G3 + − 1.7 1.0 −

4 51 NST G2 + + 2.0 2.0 +

5 53 NST G2 − − 2.9 2.6 +

6 56 NST G2 − − 1.9 1.6 −

7 38 NST G2 + − 2.8 2.3 +

8 69 NST G2 + − 3.2 3.6 +

9 50 NST G2 − − 4.5 3.5 +

10 47 ILC G2 − + 1.8 1.0 −

11 40 NST G2 − − 1.8 1.0 −

12 67 NST G2 − − 2.9 1.6 +

13 48 NST G3 − − 5.7 3.8 +

In 9 of 13 patients, the primary tumor was visually detectable (last row)
NST invasive carcinoma of no special type, ILC invasive lobular carcinoma

Table 2 CXCR4-targeted PET imaging of patients with recurrent
breast cancer with corresponding clinical data

Patient # Age Type Grade SUVmax T/B ratio Visible

14 62 Nodal recurrence G2 4.2 4.7 +

15 67 Nodal recurrence G3 4.0 3.9 +

16 64 Hepatic recurrence G3 3.8 2.8 +

17 71 Unknown primary G2 4.5 3.3 +

18 71 Nodal recurrence G2 2.0 1.5 +

All metastatic lesions were visually detectable on 68Ga-Pentixafor PET images
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immunohistological overall staining intensity corresponded
with tracer uptake during 68Ga-Pentixafor PET imaging. In
the remaining two cases, immunohistochemistry did either
not demonstrate any CXCR4 expression, although PET im-
aging revealed an SUVmax of 3.2 (patient #8, Table 1) or
CXCR4 expression was rated as moderate despite a low
SUVmax of 1.8 (patient #11, Table 1).
Immunohistochemical analysis of ER status, PR status,

HER2/neu status, Ki67 status, and tumor grade was per-
formed routinely in all patients (Table 4). Statistical ana-
lysis did not reveal any significant correlation between
SUVmax and ER status, PR status, or Ki67% (rho = 0.32,
p = 0.26; rho = − 0.03, p = 0.9; rho = 0.31; p = 0.28). How-
ever, there was a weak association between SUVmax and
molecular cancer subtypes (p = 0.08).

Comparison with 18F-FDG PET/CT
Clinical 18F-FDG PET/CT for clinical staging or
re-staging was performed in 8 of 18 patients (4 patients

with recurrent breast cancer, 4 patients with primary
breast cancer). SUVmax obtained during 18F-FDG PET
was higher in all cases compared to CXCR4-targeted
PET (mean SUVmax of 16.2 vs. mean SUVmax of 3.6; p
< 0.05) (Figs. 1 and 2) (Table 5).

Discussion
CXCR4 plays a key role in cancer pathogenesis, progres-
sion, and metastasis. Several in vitro studies have previ-
ously demonstrated that CXCR4 is overexpressed in breast
cancer and might be therefore an interesting target for
diagnostic and therapeutic approaches [10, 14, 25].
In this study, we have demonstrated that in vivo

imaging of CXCR4 using the PET probe 68Ga-Pentixafor
is feasible in patients with primary and recurrent breast
cancer. Intensity of tracer accumulation however was sig-
nificantly lower in all examined patients when compared
to 18F-FDG PET, confirming our initial observations in a
previous publication that solid tumors in general tend to

A B C
Fig. 1 69-year-old patient with invasive ductal carcinoma (IDC) G2 with primary breast cancer prior to treatment. Coronal CT reconstruction
shows contrast enhancement in a lesion with a diameter of 2.2 cm in the right breast (a). The tumor is visually detectable on 68Ga-Pentixafor PET
with a corresponding SUVmax of 3.2 (b). On 18F-FDG PET/CT, the lesion demonstrates a significantly higher tracer uptake (SUVmax of 16.5) (c)

A B C

Fig. 2 67-year-old patient with a nodal recurrence 22 months after treatment of a primary breast cancer. Coronal CT reconstruction shows a
contrast enhancing lymph node metastasis with a diameter of 2.1 cm in the right axillary region (a). The lesion is visually detectable on 68Ga-
Pentixafor PET with a corresponding SUVmax of 4.0 (b). On 18F-FDG PET/CT, the lesion shows a significantly higher tracer uptake (SUVmax of
24.4) (c)
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show lower 68Ga-Pentixafor accumulation in comparison
to 18F-FDG PET [21].
Moreover, CXCR4-targeted tracer accumulation in

the breast tumors varied significantly between pa-
tients. Histological tumor type seems to be one of the
factors accounting for this heterogeneity. While most
NST were visually detectable on 68Ga-Pentixafor PET,
both cases of ILC in our study cohort were visually
negative and showed low staining intensity in immu-
nohistochemistry. These results go in line with previ-
ous reports that demonstrated a significantly lower
staining intensity for ILC compared to NST [26].
The remaining two visually undetectable cancers were

comprised of TNBC with low and moderate CXCR4
staining intensity respectively in immunohistochemistry.
This is in particular interesting, since previous in vitro
studies have reported high CXCR4 expression in this
aggressive cancer subtype.
One of the factors accounting for this inconsistency

might be predominantly cytoplasmatic CXCR4 expres-
sion in TNBC that has been reported in previous lit-
erature [27]. Chemokine receptors are, together with
their ligands, internalized after binding as an import-
ant feature of the chemokine functions [28]. Previous
studies reported that breast cancer cells exhibit differ-
ent ratios of membrane localized versus cytoplasmatic
CXCR4. A study by Blot et al. for example demon-
strated membrane localized CXCR4 in only 25% of

breast tumors compared to 81% with diffuse cytoplas-
matic CXCR4 using immunostaining [29].
The amount of cytoplasmatic CXCR4 seems to be

dependent on simultaneous overexpression of CXCL12
leading to enhanced CXCR4/CXCL12 internalization.

68Ga-Pentixafor, however, like most peptide-tracers are
dependent on membrane-localized receptor expression
and are thus unable to pass the membrane. As a conse-
quence, cytoplasmatic CXCR4 does not contribute to
signal intensity in PET imaging, resulting in lower over-
all signal intensity of breast cancer cells than possibly as-
sumed by in vitro examinations.
In particular, several conflicting results between in vivo and

in vitro imaging might be accounted to the observation that
the aforementioned dynamic equilibrium between CXCR4 in
the cytoplasm and on the plasma membrane modulates the
target density at the cell membrane [25, 27, 30]. As a conse-
quence, assessment of CXCR4 expression by immunohisto-
chemistry that may include cytoplasmatic CXCR4 not
necessarily correlates with PET imaging signal strength.
Our immunohistochemical findings support this

hypothesis: while immunohistochemical CXCR4 expres-
sion corresponded with PET tracer accumulation in five
of seven primary breast tumors, one of the aforemen-
tioned TNBC was not visible in PET imaging despite
moderate CXCR4 staining intensity.
Of note, one patient with an NST exhibiting an SUV-

max of 3.2 on CXCR4 PET imaging did not exhibit any

Table 3 Immunohistochemical assessment for CXCR4 in surgical specimens

Patient # Subtype Immune
cells

Immune cell
positivity (%)

Tumor
cells

Tumor cell
positivity (%)

Overall signal
strength

SUVmax

3 ILC + 0 − 0 − 1.7

5 NST +++ 40 ++ 15 ++ 2.9

6 NST ++ 5 ++ 5 + 1.9

7 NST ++ 10 +++ 2 + 2.8

8 NST + 5 + 0 − 3.2

10 ILC − 0 + 20 + 1.8

11 NST +++ 20 + 20 ++ 1.8

Degree of immune cell infiltration was scored from (−) (no infiltration) to (+++) (strong infiltration). Staining intensity for tumor cells was scored from (−) (no
expression) to (+++) (strong expression). Percentage amount of CXCR4-positive immune and tumor cells in the specimens (positivity) is shown in the third and
fifth columns. The last columns show overall signal intensity and corresponding SUVmax during PET CXCR4-directed PET imaging respectively

A B
Fig. 3 Example of a patient with primary breast cancer exhibiting moderate tracer uptake of the primary tumor on 68Ga-Pentixafor PET (a) and
corresponding moderate CXCR4 expression on immunohistochemistry (b)
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immunohistochemical CXCR4 expression. We assume
that tumor heterogeneity might be the cause for this dis-
crepancy. Referring to this last case, it should be
emphasized that cross-validation of receptor expression
by means of immunohistochemistry and PET imaging is
often difficult and hampered by tumor heterogeneity
and less-representative sample collection for IHC.
Results should be therefore interpreted with care. In
particular, for CXCR4 imaging, intratumoral hypoxia
might have a great influence, as it is known that CXCR4
is strongly upregulated in hypoxic tumor regions [31].
Additionally, the CXCR4/CXCL12 axis is a volatile sys-
tem, part of a large network of the extracellular matrix/
tumor cell microenvironment [15] with high spatiotem-
poral differences. Thus, in vivo imaging and immunohis-
tochemistry from resection specimen might also differ
due to a timely delay between imaging and resection.
A correlation between tracer accumulation and single

prognostic factors including molecular subtype, PR status,
ER status, tumor grade, or Ki67% was not observed in this

study. Most previous in vitro studies were in concordance
with our results. Kishima et al. examined the expression of
CXCR4 mRNA using qPCR in breast cancer patients but
failed to find any correlation to aforementioned prognos-
tic factors [32]. Similar results were observed in a
meta-analysis by Zhang et al. [33]. It is noteworthy that al-
though different studies failed to find a correlation
between ER status and CXCR4 expression, CXCR4 signal-
ing is supposed to promote ER-positive breast cancer to a
therapy-resistant, estrogen-independent phenotype [34].
CXCR4 in vivo imaging in these cases might have a bene-
fit to provide longitudinal spatiotemporal information on
tumor progression/metastasis during targeted estrogen
deprivation therapy.
Further areas of interest for CXCR4-directed imaging

might include HER2-positive breast cancers. Li et al.
demonstrated a significant correlation between CXCR4
and HER2 expression using immunohistochemistry, sup-
porting the idea that HER2 overexpression enhances
CXCR4 expression and that both markers serve as a pre-
dictor for poor overall patient survival [35]. Our cohort
included only one patient with HER2-positive breast
cancer; therefore, we could not perform any correlation
studies on this level; interestingly, however, this tumor
showed high tracer accumulation and thus supporting
the aforementioned hypothesis.
In case of recurrent breast cancer, metastases were visu-

ally detectable in all cases and tended to exhibit higher
tracer positivity compared to primary breast cancer, how-
ever, not reaching statistical significance (p = 0.18). These
results might reflect higher CXCR4 expression in recur-
rent, i.e., highly aggressive tumors [11, 14, 33], as
described in previous literature.
We are aware that major limitations of the current study

include a small patient cohort and the use of two imaging
modalities (PET/CT and PET/MRI respectively), resulting
in a limited interpretation of the statistical analysis. How-
ever, in this preliminary study, we rather intended to pro-
vide a first glimpse of imaging characteristics of
68Ga-Pentixafor in different breast cancer types including
histological types, molecular subtypes, and primary/

Table 5 Additional FDG PET/CT was performed in 8 patients within 1 week after CXCR4-targeted PET

Patient # Age Type Grade SUVmax CXCR4 SUVmax FDG

2 58 Primary cancer G3 4.5 10.1

8 69 Primary cancer G2 3.2 16.5

9 50 Primary cancer G2 4.5 9.7

11 40 Primary cancer G2 1.8 2.6

14 62 Nodal recurrence G2 4.5 17.5

15 67 Nodal recurrence G3 4.0 24.4

17 71 CUP G2 4.5 33.0

18 71 Nodal recurrence G2 2.0 16.1

SUVmax obtained after 18F-FDG PET was higher in all examined cases compared to CXCR4-targeted PET

Table 4 Receptor expression profile of primary breast cancers
including estrogen receptor (ER), progesterone receptor (PR)
status, HER2/neu status, and Ki67 proliferation index

Patient # ER (%) PR (%) HER2 KI67 (%) Subtype

1 100 80 − 25 Luminal B HER2−

2 100 20 − 20 Luminal A

3 95 95 − 20 Luminal A

4 50 20 − 25 Luminal B HER2−

5 50 50 − 20 Luminal A

6 0 0 − 15 Basal like

7 95 50 − 15 Luminal A

8 100 30 − 30 Luminal B HER2−

9 85 85 + 20 Luminal B HER2+

10 95 95 − 10 Luminal A

11 1 0 − 50 Basal like

12 95 70 − 25 Luminal B HER2−

13 60 50 − 40 Luminal B HER2−

The molecular subtypes have been defined based on “surrogate markers”
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recurrent cancers. The heterogeneity of the current im-
aging results seems to reflect the highly complex bio-
logical interactions of CXCR4 that are only partially
understood. Besides the aforementioned factors including
dynamic equilibrium between CXCR4 in the cytoplasm
and on the plasma membrane, various other interactions
probably play an important role in CXCR4 imaging, aggra-
vating interpretation of imaging results. Such interactions
might include upregulation of CXCR4 by different factors
(e.g., estradiol), tumor cell-stromal cell interactions, re-
cruitment of CXCR4-positive immune cells to tumor sites
inducing local inflammatory response [36].
Future CXCR4 imaging studies should investigate

whether this modality might be useful in more specific ap-
plications. For example, CXCL12/CXCR4 axis is also of
high interest for immunotherapeutical approaches due to
its crucial role in tumor initiation and progression; there-
fore, possible future applications might include patient
selection and therapy monitoring for targeted therapies.
CXCR4-targeting PET tracers with higher affinity are cur-
rently under development (personal communication Prof.
H.J. Wester) and may enhance image quality in the future.

Conclusions
In conclusion, CXCR4-targeted PET imaging of primary
and recurrent breast cancer is feasible. CXCR4-targeted
tracer accumulation in tumor tissue is heterogeneous and
seems to be, inter alia, dependent on histological subtype.
A correlation between intensity of tracer uptake in

CXCR4-directed PET imaging and prognostic factors ER,
PR, proliferation index, tumor grade, and tumor biology
was not observed. Moreover, tracer accumulation in tumor
tissue was significantly lower compared to 18F-FDG PET
imaging. Consequently, based on this pilot study with a
small patient cohort, CXCR4-targeted PET failed to clearly
demonstrate its usefulness for imaging of breast cancer.
Further studies are necessary to understand the complex

biology of CXCR4 and to accordingly interpret imaging
results.

Acknowledgements
We thank Sylvia Schachoff and Claudia Meisinger in the technical assistance.

Funding
This work received support from the ERC Grant MUMI and from the
Deutsche Forschungsgemeinschaft (DFG) under grant agreement no. SFB
824 (Z2-KS, Z1-HJW, Z3 MS, B5-K, HJW).

Availability of data and materials
The datasets generated during the current study are included in this
published article.

Authors’ contributions
TV participated in the design of the study and in the data acquisition and
drafted the manuscript; KS carried out the immunohistochemical studies; AR
participated in the data acquisition and statistical analysis; UK participated in
the design of the study and helped to draft the manuscript; AN carried out
the immunohistochemical analysis; PH participated in the design of the
study and helped to draft the manuscript; JE participated in the study design

and coordination and data acquisition; MN participated in the data
acquisition and study coordination and helped to draft the manuscript; HJW
participated in the design of the study and helped to draft the manuscript;
MS conceived of the study, participated in the design of the study, and
helped to draft the manuscript. All authors read and approved the final
manuscript.

Ethics approval and consent to participate
The administration of 68Ga-Pentixafor was administered in compliance with
§37 of the Declaration of Helsinki and the German Medicinal Products Act
(AMG §13, 2b) according to the German law and was notified to the local
responsible regulatory authority (Regierung von Oberbayern). Prior to the
investigation, written informed consent was obtained from all patients.
Retrospective data analysis was approved by the local responsible ethics
committee of the Technical University Munich.

Consent for publication
Not applicable

Competing interests
HJ Wester is CEO of Scintomics, Distributor of Pentixafor. The other authors
declare that they have no competing interests.
Parts of these results were presented at the EANM congress 2017 and
consequently presented as an abstract.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Clinic of Nuclear Medicine, Klinikum Rechts der Isar, Technische Universität
München, Ismaninger Strasse 22, 81675 Munich, Germany. 2Institute of
Pathology, Technische Universität München, Troger Strasse 18, 81675
Munich, Germany. 3III Medical Department, Klinikum Rechts der Isar,
Technische Universität München, Ismaninger Strasse 22, 81675 Munich,
Germany. 4Clinic of Gynecology, Klinikum Rechts der Isar, Technische
Universität München, Ismaninger Strasse 22, 81675 Munich, Germany.
5Pharmaceutical Radiochemistry, Technische Universität München,
Walther-Meissner Strasse 3, 85748 Garching, Germany.

Received: 1 July 2018 Accepted: 19 August 2018

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. 2016;

66:7–30.
2. Grueneisen J, Nagarajah J, Buchbender C, Hoffmann O, Schaarschmidt BM,

Poeppel T, et al. Positron emission tomography/magnetic resonance
imaging for local tumor staging in patients with primary breast cancer: a
comparison with positron emission tomography/computed tomography
and magnetic resonance imaging. Investig Radiol. 2015;50:505–13.

3. Garcia-Velloso MJ, Ribelles MJ, Rodriguez M, Fernandez-Montero A, Sancho
L, Prieto E, et al. MRI fused with prone FDG PET/CT improves the primary
tumour staging of patients with breast cancer. Eur Radiol. 2017;27:3190–8.

4. Liang X, Yu J, Wen B, Xie J, Cai Q, Yang Q. MRI and FDG-PET/CT based
assessment of axillary lymph node metastasis in early breast cancer: a
meta-analysis. Clin Radiol. 2017;72:295–301.

5. Weiss ID, Jacobson O. Molecular imaging of chemokine receptor CXCR4.
Theranostics. 2013;3:76–84.

6. George GPC, Pisaneschi F, Stevens E, Nguyen Q-D, Åberg O, Spivey AC, et
al. Scavenging strategy for specific activity improvement: application
to a new CXCR4-specific cyclopentapeptide positron emission tomography
tracer. J Label Compd Radiopharm. 2013;56:679–85.

7. Zlotnik A. Chemokines and cancer. Int J Cancer. 2006;119:2026–9.
8. Lapidot T, Dar A, Kollet O. How do stem cells find their way home? Blood.

2005;106:1901–10.
9. Hung C-S, Su H-Y, Liang H-H, Lai C-W, Chang Y-C, Ho Y-S, et al. High-level

expression of CXCR4 in breast cancer is associated with early distant and
bone metastases. Tumour Biol. 2014;35:1581–8.

Vag et al. EJNMMI Research  (2018) 8:90 Page 8 of 9



10. Müller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al.
Involvement of chemokine receptors in breast cancer metastasis. Nature.
2001;410:50–6.

11. Yang P, Liang S-X, Huang W-H, Zhang H-W, Li X-L, Xie L-H, et al. Aberrant
expression of CXCR4 significantly contributes to metastasis and predicts
poor clinical outcome in breast cancer. Curr Mol Med. 2014;14:174–84.

12. Philipp-Abbrederis K, Herrmann K, Knop S, Schottelius M, Eiber M, Lückerath K,
et al. In vivo molecular imaging of chemokine receptor CXCR4 expression in
patients with advanced multiple myeloma. EMBO Mol Med. 2015;7:477–87.

13. Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clin
Cancer Res. 2010;16:2927–31.

14. Smith MCP, Luker KE, Garbow JR, Prior JL, Jackson E, Piwnica-Worms D, et al.
CXCR4 regulates growth of both primary and metastatic breast cancer.
Cancer Res. 2004;64:8604–12.

15. Nagarsheth N, Wicha MS, Zou W. Chemokines in the cancer
microenvironment and their relevance in cancer immunotherapy. Nat Rev
Immunol. 2017;17:559–72.

16. Gourni E, Demmer O, Schottelius M, D’Alessandria C, Schulz S, Dijkgraaf I, et
al. PET of CXCR4 expression by a (68)Ga-labeled highly specific targeted
contrast agent. J Nucl Med. 2011;52:1803–10.

17. Wester HJ, Keller U, Schottelius M, Beer A, Philipp-Abbrederis K, Hoffmann F,
et al. Disclosing the CXCR4 expression in lymphoproliferative diseases by
targeted molecular imaging. Theranostics. 2015;5:618–30.

18. Demmer O, Dijkgraaf I, Schumacher U, Marinelli L, Cosconati S, Gourni E, et
al. Design, synthesis, and functionalization of dimeric peptides targeting
chemokine receptor CXCR4. J Med Chem. 2011;54:7648–62.

19. Lapa C, Lückerath K, Rudelius M, Schmid J-S, Schoene A, Schirbel A, et al.
[68Ga]Pentixafor-PET/CT for imaging of chemokine receptor 4 expression in
small cell lung cancer--initial experience. Oncotarget. 2016;7:9288–95.

20. Lapa C, Lückerath K, Kleinlein I, Monoranu CM, Linsenmann T, Kessler AF, et
al. (68)Ga-Pentixafor-PET/CT for imaging of chemokine receptor 4
expression in glioblastoma. Theranostics. 2016;6:428–34.

21. Vag T, Gerngross C, Herhaus P, Eiber M, Philipp-Abbrederis K, Graner F-P, et
al. First experience on chemokine receptor CXCR4 targeted positron
emission tomography (PET) imaging in patients with solid cancers. J Nucl
Med. 2016;57:741–6.

22. Drzezga A, Souvatzoglou M, Eiber M, Beer AJ, Fürst S, Martinez-Möller
A, et al. First clinical experience with integrated whole-body PET/MR:
comparison to PET/CT in patients with oncologic diagnoses. J Nucl
Med. 2012;53:845–55.

23. Coates AS, Winer EP, Goldhirsch A, Gelber RD, Gnant M, Piccart-Gebhart M,
et al. Tailoring therapies—improving the management of early breast
cancer: St Gallen International Expert Consensus on the Primary Therapy of
Early Breast Cancer 2015. Ann Oncol. 2015;26:1533–46.

24. Dowsett M, Nielsen TO, A’Hern R, Bartlett J, Coombes RC, Cuzick J, et al.
Assessment of Ki67 in breast cancer: recommendations from the International
Ki67 in Breast Cancer working group. J Natl Cancer Inst. 2011;103:1656–64.

25. Okuyama Kishima M, de Oliveira CEC, Banin-Hirata BK, Losi-Guembarovski R,
Brajão de Oliveira K, Amarante MK, et al. Immunohistochemical expression
of CXCR4 on breast cancer and its clinical significance. Anal Cell Pathol
Amst. 2015;2015:891020.

26. Tsoli E, Tsantoulis PK, Papalambros A, Perunovic B, England D, Rawlands DA,
et al. Simultaneous evaluation of maspin and CXCR4 in patients with breast
cancer. J Clin Pathol. 2007;60:261–6.

27. Chen H-W, Du C-W, Wei X-L, Khoo U-S, Zhang G-J. Cytoplasmic CXCR4
high-expression exhibits distinct poor clinicopathological characteristics and
predicts poor prognosis in triple-negative breast cancer. Curr Mol Med.
2013;13:410–6.

28. Orsini MJ, Parent JL, Mundell SJ, Marchese A, Benovic JL. Trafficking of the
HIV coreceptor CXCR4. Role of arrestins and identification of residues in the
c-terminal tail that mediate receptor internalization. J Biol Chem. 1999;274:
31076–86.

29. Blot E, Laberge-Le Couteulx S, Jamali H, Cornic M, Guillemet C, Duval C, et
al. CxCR4 membrane expression in node-negative breast cancer. Breast J.
2008;14:268–74.

30. Zhang M, Liu H-X, Teng X-D, Wang H-B, Cui J, Jia S-S, et al. The differences
in CXCR4 protein expression are significant for the five molecular subtypes
of breast cancer. Ultrastruct Pathol. 2012;36:381–6.

31. Schioppa T, Uranchimeg B, Saccani A, Biswas SK, Doni A, Rapisarda A, et al.
Regulation of the chemokine receptor CXCR4 by hypoxia. J Exp Med. 2003;
198:1391–402.

32. Okuyama Kishima M, Brajão de Oliveira K, Ariza CB, de Oliveira CEC, Losi
Guembarovski R, Banin Hirata BK, et al. Genetic polymorphism and expression
of CXCR4 in breast cancer. Anal Cell Pathol Amst. 2015;2015:289510.

33. Zhang Z, Ni C, Chen W, Wu P, Wang Z, Yin J, et al. Expression of CXCR4 and
breast cancer prognosis: a systematic review and meta-analysis. BMC
Cancer. 2014;14:49.

34. Rhodes LV, Short SP, Neel NF, Salvo VA, Zhu Y, Elliott S, et al. Cytokine
receptor CXCR4 mediates estrogen-independent tumorigenesis, metastasis,
and resistance to endocrine therapy in human breast cancer. Cancer Res.
2011;71:603–13.

35. Li YM, Pan Y, Wei Y, Cheng X, Zhou BP, Tan M, et al. Upregulation of CXCR4
is essential for HER2-mediated tumor metastasis. Cancer Cell. 2004;6:459–69.

36. Guo F, Wang Y, Liu J, Mok SC, Xue F, Zhang W. CXCL12/CXCR4: a symbiotic
bridge linking cancer cells and their stromal neighbors in oncogenic
communication networks. Oncogene. 2016;35:816–26.

Vag et al. EJNMMI Research  (2018) 8:90 Page 9 of 9


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Patients
	Synthesis of 68Ga-Pentixafor
	PET imaging protocol
	Image analysis
	Pathological analysis
	Immunohistochemistry
	Statistics

	Results
	Patient characteristics
	Results of 68Ga-Pentixafor PET imaging in primary breast cancer lesions
	Results of 68Ga-Pentixafor imaging in recurrent breast cancer lesions
	Immunohistochemistry
	Comparison with 18F-FDG PET/CT

	Discussion
	Conclusions
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

