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Abstract
Purpose  In vivo CXCR4 receptor quantification in different lung cancer (LC) sub-types using [68Ga]Ga-Pentixafor PET/CT 
and to study correlation with quantitative CXCR4 receptors’ tissue density by immunochemistry analyses.
Methods  [68Ga]Ga-Pentixafor PET/CT imaging was performed prospectively in 94 (77 M: 17F, mean age 60.1 ± 10.1 years) 
LC patients. CXCR4 receptors’ expression on lung mass in all the patients was estimated by immunohistochemistry (IHC) 
and fluorescence-activated cell sorting (FACS) analyses. SUVmax on PET, intensity score on IHC, and mean fluorescence 
index (MFI) on FACS analyses were measured.
Results  A total of 75/94 (79.8%) cases had non-small cell lung cancer (NSCLC), 14 (14.9%) had small cell lung cancer 
(SCLC), and 5 (5.3%) had lung neuroendocrine neoplasm (NEN). All LC types showed increased CXCR4 expression on PET 
(SUVmax) and FACS (MFI). However, both these parameters (mean SUVmax = 10.3 ± 5.0; mean MFI = 349.0 ± 99.0) were 
significantly (p = 0.005) higher in SCLC as compared to those in NSCLC and lung NEN. The mean SUVmax in adenocarci-
noma (n = 16) was 8.0 ± 1.9 which was significantly (p = 0.003) higher than in squamous cell carcinoma (n = 54; 6.2 ± 2.1) 
and in not-otherwise specified (NOS) sub-types (n = 5; 5.8 ± 1.5) of NSCLC. A significant correlation (r = 0.697; p = 001) 
was seen between SUVmax and MFI values in squamous cell NSCLC as well as in NSCLC adenocarcinoma (r = 0.538, 
p = 0.031) which supports the specific in vivo uptake of [68Ga]Ga-Pentixafor by CXCR4 receptors. However, this correlation 
was not significant in SCLC (r = 0.435, p = 0.121) and NEN (r = 0.747, p = 0.147) which may be due to the small sample 
size. [68Ga]Ga-Pentixafor PET/CT provided good sensitivity (85.7%) and specificity (78.1%) for differentiating SCLC from 
NSCLC (ROC cutoff SUVmax = 7.2). This technique presented similar sensitivity (87.5%) and specificity (71.4%) (ROC 
cutoff SUVmax = 6.7) for differentiating adenocarcinoma and squamous cell variants of NSCLC.
Conclusion  The high sensitivity and specificity of [68Ga]Ga-Pentixafor PET/CT for in vivo targeting of CXCR4 receptors 
in lung cancer can thus be used effectively for the response assessment and development of CXCR4-based radioligand 
therapies in LC.
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Introduction

18-Fluorine fluorodeoxyglucose-positron emission tomography 
[18F]F-FDG-PET integrated with computed tomography (CT) 
as hybrid PET/CT imaging remains the mainstay for staging 
and diagnostic work-up in lung cancer (LC) patients [1, 2]. 
Nevertheless, [18F] F-FDG-PET has limitations such as the 
inability to differentiate inflammatory/infectious pathologies 
from tumor/recurrence and has limited clinical utility for detect-
ing brain metastasis due to high physiological tracer uptake in 
the normal brain cortex [3, 4]. It has been reported that there is 
no definite trend of [18F] F-FDG-derived SUVmax values for dif-
ferentiating small cell lung cancer (SCLC) from non-small cell 
lung cancer (NSCLC) [5]. In a recent study, it has been shown 
that FDG-derived SUVmax values are insufficient to predict 
prognosis in SCLC, though the whole-body metabolic tumor 
volume (MTV) reflecting total tumor load is a prognostic index 
in SCLC [6]. However, the SUVmax values have been reported 
to predict histological grade and pathological sub-type in 
lung adenocarcinoma [7]. In view of these drawbacks of [18F] 
F-FDG-PET/CT imaging, development of newer PET radiop-
harmaceuticals with high specificity is highly anticipated [8].

Advances in molecular cancer biology have demonstrated 
that many of these promising tumor targets are receptors and 
have been reported as earliest targets for cancer diagnosis as 
well as precision therapy, with notable success in the effective 
treatment in few cancers [9]. An important class of targets is 
CXCR4—a chemokine receptor that is widely expressed in 30 
different human cancers including lung carcinoma [10–12]. 
Recently, a CXCR4 targeting [68Ga]Ga-Pentixafor PET tracer 
has gained attention in PET oncology [13–15]. This PET 
probe has exhibited promising results in a “first proof of con-
cept” study in various solid tumors including lung carcinoma 
[16]. We have previously reported that [68Ga]Ga-Pentixafor 
PET/CT picked up brain metastatic lesions quite distinctly 
in a patient with documented NSCLC which is a limitation 
of [18F] F-FDG-PET [17]. In another study, we reported that 
[68Ga]Ga-Pentixafor PET/CT offers high contrast images for 
the in vivo detection of CXCR4 expression in recurrent glioma 
[18]. In the present study, [68Ga]Ga-Pentixafor PET imaging 
was performed to image the CXCR4 overexpression in various 
lung cancer sub-types and findings were validated with simul-
taneous tissue characterization and quantification of CXCR4 
receptors by histopathological, IHC, and FACS analyses.

Materials and methods

This study was approved by the Institute ethic committee 
(IEC) as a PhD thesis protocol of the first author (AW). A 
written informed consent was obtained from all the patients 
enrolled in this study.

Patients

A total of 94 patients with biopsy-proven lung carcinoma 
were enrolled prospectively from July 2016 to March 2019. 
All the patients were subjected to either bronchoscopic or 
image-guided biopsy from the lung lesions. The tissue diag-
nosis was made on the basis of routine histopathological 
analysis of fixed lung tissue cores.

CXCR4 receptors’ expression analysis

Immunohistochemistry (IHC) assay

Immunohistochemistry analysis was done on paraffin-
embedded tumor sections to assess CXCR4 expression. 
The dewaxed slides after rehydration were incubated with 
the primary anti-CXCR4 monoclonal antibody UMB2 
(AB124824, Abcam, Waltham, MA, USA) at room tem-
perature in moist chamber for 1.5 h. After PBS wash, it 
was incubated with secondary antibody (Ab209101, 
Abcam, Waltham, MA, USA) conjugated with signal ampli-
fier, horseradish peroxidase (HPR), for 45 min. Finally, 
dehydrated slides were used for visual scoring based on 
intensity of CXCR4-stained cells (1 + , 2 + , or 3 +) and 
percentage of CXCR4-positive tumor cells (5–10% = 1, 
10–50% = 2, > 50% = 3) in the whole population of cells as 
seen under the microscope by an experienced pathologist. 
Final scoring was computed by considering both the criteria 
and the maximum score that could be attained was 9.0. The 
IHC analysis could be performed only in 60/94 (64.0%) of 
the study subjects. This included 31/54 (NSCLC squamous 
cell), 11/16 (NSCLC adenocarcinoma), 5/5 (NSCLC-NOS), 
8/14 (SCLC), and 2/5 (lung NEN) respectively.

Fluorescence‑activated cell sorting (FACS) analysis

Fresh lung tissue biopsy samples obtained in normal 
saline (NS) were processed to make single cell suspen-
sion. The cell suspension was divided equally into two 
falcon round bottom tubes. To label the CXCR4 cells 
in the single cell suspension, 5.0μL of phycoerythrin 
(PE)–labeled CD184 (BD PharMingen Inc., San Diego, 
USA) antibody was added to one of the tubes and the 
other tube was marked as unstained. The final stained and 
unstained tubes were subjected to FACS analysis (FACS-
Calibur, BD PharMingen Inc., San Diego, USA). The data 
acquired for unstained cell population was used to set the 
gate for CXCR4-positive cell analysis. Mean fluorescence 
index (MFI) and percentage of stained CXCR4 cells were 
obtained as quantitative parameters.
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[68Ga]Ga‑Pentixafor radiolabelling

The labeling of 68Ga with Pentixafor was done under good 
manufacturing practice (GMP) condition in a fully auto-
mated synthesizer (Scintomics, Munich, Germany) pro-
cured under the DST-FIST grant (Government of India). The 
radiolabelling was done using the standard procedure as has 
been reported previously [19].

[68Ga]Ga‑Pentixafor PET/CT imaging

[68Ga]Ga-Pentixafor PET/CT imaging was performed in 
all (n = 94) patients at 60 min after intravenous administra-
tion of 111.0–185.0 MBq of the radiopharmaceutical. The 
whole-body PET/CT (using Discovery STE16/Discovery; 
710/Discovery MIDR, GE Healthcare, Milwaukee, USA) 
acquisition was started at 1.0 h. Scanogram (120kVp and 
10mAs) was done first to define the scan range for CT and 
PET whole-body scans. All the PET/CT machines were 
cross-calibrated periodically using different phantoms to 
ensure unified SUV output. Whole-body contrast-enhanced 
CT was done with the following acquisition parameters: 
voltage of 120 keV, current of 150–250mAs (smart modu-
lated mA), slice thickness of 3.75 mm, tube rotation time 
of 0.5 s, pitch of 0.98:1, and matrix size 512 × 512. PET 
acquisition was done with 3 min/bed position for a total of 
6 to 9 bed positions from the skull to proximal thighs in a 
caudocranial direction. Semi-quantitative analysis was done 
on reconstructed fused PET and CT images by computing 
SUVmax values of the primary lung tumor.

Statistical analysis

The statistical analysis was performed using the Statistical 
Package for Social Sciences (IBM, USA, SPSS statistics 20). 
Pearson’s correlation analysis was applied between CXCR4 
expression (MFI) and SUVmax values. A receiver operating 
characteristic (ROC) curve analysis was done to derive the 
cutoff values of SUVmax. All statistical tests were two-sided 
and were performed at a significance level of p < 0.05.

Results

Ninety-four patients (77 M: 17F, mean age 60.1 ± 10.1 years; 
range 36–82 years) were recruited prospectively. Histopatho-
logical diagnosis confirmed that 75 patients had NSCLC 
with 54 as squamous cell variant, 16 as adenocarcinoma, and 
5 as NOS, and 14 had SCLC and 5 had lung NEN (Table 1). 
A study from our center by Singh et al. reported the inci-
dence of squamous cell carcinoma as 34.8%, followed by 
adenocarcinoma as 26.0% and small cell lung carcinoma as 
18.4% [20]. Therefore, in the present study, the demographic 
profiling of lung cancer sub-types matched with this previ-
ous study from the same geographical region.

All sub-types of lung cancer showed increased tracer 
uptake in the primary lesions on [68Ga]Ga-Pentixafor PET/
CT which was indicative of high CXCR4 tumor positivity. 
Representative [68Ga] Ga-Pentixafor MIP and axial-fused 
PET/CT images are presented comprehensively in Fig. 1 in 
one patient each of SCLC (A, B), NSCLC adenocarcinoma 
(C, D), NSCLC squamous (E, F), and lung NEN (G, H) 

Table 1   Patients’ details and the quantitative results of [68Ga]Ga-Pentixafor PET/CT (SUVmax), FACS (MFI and percent stained cells), and IHC 
analysis in all study subjects

* p < 0.005 w.r.t. to the SUVmax and MFI values of SCLC patients, n.s: not significant 

Histopathology Sub-type (num-
ber of patients)

Sex 
(male:female)

Mean age 
(years)

[68Ga]Ga-Pen-
tixafor PET/CT 
imaging

Quantitative parameters of 
FACS analysis (mean ± SD)

Immunohisto-
chemistry (IHC)

SUVmax values 
(mean ± SD)

Mean fluores-
cence intensity 
(MFI) values

Percent 
stained cells 
(%)

Visual scoring 
(mean ± SD)

Non-small cell 
lung carcinoma 
(NSCLC)

Squamous cell 
(n = 54)

49 M:5F 62.6 ± 9.5 
(range = 39–82)

6.2 ± 2.1* 135.7 ± 80.1* 40.6 ± 21.4 5.1 ± 2.71 (n = 29)

Adenocarcinoma 
(n = 16)

7 M:9F 56.6 ± 8.7 
(range = 47–70)

8.0 ± 1.9 (n.s.) 288.3 ± 121.5 
(n.s.)

47.7 ± 22.7 –-

NOS (n = 5) 4 M:1F 61.2 ± 7.0 
(range = 52–59)

5.8 ± 1.5* 159.8 ± 37.9* 39.4 ± 20.6 –-

Small cell lung 
carcinoma 
(SCLC)

SCLC (n = 14) 13 M:1F 62.5 ± 7.5 
(range = 50–75)

10.3 ± 5.0 349.0 ± 98.5 45.6 ± 22.3 4.50 ± 4.0 (n = 8)

Neuroendocrine 
neoplasm 
(NEN)

NET primary 
lung (n = 5)

5 M:0F 50.0 ± 8.5 
(range = 36–57)

5.2 ± 1.2* 60.6 ± 25.0* 26.0 ± 16.3 2 and 9 (n = 2)
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respectively. The corresponding FACS histograms depicting 
the quantitative CXCR4 receptors’ expression (MFI) and 
percent stained cells in these patients are presented in Fig. 2. 
Typically, the immunohistochemistry of stained sections of 
the lung mass using anti-CXCR4 antibody showing tumor 
positivity in patients of NSCLC squamous cell cancer is pre-
sented in Fig. 3A. Figure 3B demonstrates CXCR4-negative 
staining in a patient of NSCLC adenocarcinoma.

SCLC patients (n = 14) showed a higher mean SUVmax 
value of 10.3 ± 5.0 (range 6.5–26.64; median = 8.9) as 
compared to all other types of lung cancer, and corre-
spondingly a higher mean MFI value of 349.0 ± 98.5 was 
noted in SCLC. The percentage of CXCR4-stained cells 
was found to be 45.6 ± 22.3%. IHC analysis could be per-
formed in 8/14 patients. CXCR4 tumor positivity on the 
stained slides was observed only in 6/8 patients. The mean 
visual score was found to be 4.5 ± 4.0. No significant cor-
relation was found in the SCLC group between SUVmax 
and MFI values (r = 0.435, p = 0.121), between SUVmax 
and percentage stained cells (r = − 0.036, p = 0.902), 
and between SUVmax and IHC visual score (r = 0.482, 
p = 0.226).

Among those in the NSCLC group, patients with ade-
nocarcinoma (n = 16) had a higher mean SUVmax value 
of 8.0 ± 1.9 (range 4.7–12.2; median = 7.7) and the corre-
sponding mean MFI value of 288.3 ± 121.5, and the mean 

percentage of CXCR4-stained cells was 47.7 ± 22.7% 
respectively. A significant positive correlation (r = 0.538, 
p = 0.031) was found between SUVmax and MFI values. The 
graphs depicting the correlation between the SUVmax and 
MFI values in different histologic LC types are presented in 
Fig. 4. No significant correlation was found between SUVmax 
and the percentage stained cells (r = 0.129, p = 0.634). The 
IHC analysis was carried out in 11/16 patients with adeno-
carcinoma. However, none of the patients on IHC staining 
showed any evidence of a cytoplasmic CXCR4 tumor posi-
tivity despite that both FACS analysis and [68Ga]Ga-Pentix-
afor findings suggested the presence of CXCR4 expression 
in all the patients.

In NSCLC squamous cell patients (n = 54), the mean 
SUVmax value was estimated to be 6.2 ± 2.1 (range 3.2–15.0; 
median = 5.6) which was lower than the SCLC and adeno-
carcinoma patients. A similar trend was seen in the mean 
MFI values (135.7 ± 80.1) and the mean percentage of 
CXCR4-positive cells (40.6 ± 21.4%). The IHC analysis 
revealed CXCR4 tumor positivity on the stained slides in 
29/31 patients and the mean visual scoring was estimated 
to be 5.1 ± 2.7. A highly significant (r = 0.690, p = 0.0001) 
positive correlation was observed between SUVmax and 
MFI values. Similarly, a significant correlation (p < 0.05) 
was seen between SUVmax values and the percentage stained 
cells (r = 0.296; p = 0.030) in NSCLC (squamous cell only). 

Fig. 1   [68Ga]Ga-Pentixafor MIP and axial-fused PET/CT images in one patient each of SCLC (A, B) with SUVmax = 13.2, NSCLC adenocarci-
noma (C, D) with SUVmax = 12.2, NSCLC squamous (E, F) with SUVmax = 7.2, and lung NET (G, H) with SUVmax = 5.2 respectively
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No significant correlation between SUVmax and MFI was 
noted in any other group of patients.

In the NSCLC-NOS group (n = 5), the mean SUVmax 
value was found to be 5.8 ± 1.5 (median = 5.5). The cor-
responding mean MFI value was found to be 159.8 ± 37.9 
and the mean percentage of stained CXCR4 expressing 
cells was estimated to be 39.4 ± 20.6%. IHC analysis in 
this group did not reveal any histochemical evidence of 

the CXCR4 tumor positivity. No significant correlation 
between SUVmax and MFI values (r = 0.851, p = 0.067) and 
between SUVmax and the percent stained cells (r = − 0.037; 
p = 0.615) was noted.

In NEN patients (n = 5), the mean SUVmax value was 
found to be 5.2 ± 1.2 (median = 5.1) and the mean MFI 
and the percentage stained cells were estimated to be 
60.6 ± 25.0 and 26.0 ± 16.3% respectively. The IHC analysis 

Fig. 2   Expressions of CXCR4 receptors using CD184 were quanti-
fied using flow cytometry. Quantification of receptor CXCR4 using 
CD184 was performed using both mean fluorescence intensity 
(MFI)-histograms and percentage positive population in dot plots. 
Gates were adjusted based on fluorescent negative unstained con-

trols. Representative histograms and dot plots for CXCR4 and CD184 
expression in patients’ tumor specimen are presented in A for SCLC 
(MFI = 414.0), B for NSCLC:adenocarcinoma (MFI-289.0), C for 
NSCLC:squamous (MFI = 99.0), and D NEN (MFI = 100.0) respec-
tively

1220 European Journal of Nuclear Medicine and Molecular Imaging  (2023) 50:1216–1227

1 3



Fig. 3   Immunohistochemistry 
in paraffin-embedded lung 
tissue in a patient of NSCLC 
squamous cell carcinoma using 
anti-CXCR4 antibody showing 
3 + CXCR4 intensity and > 50% 
stained tumor cells (A). The 
Fig B Demonstrates CXCR4 
negative staining in a patient of 
NSCLC adenocarcinoma patient

Fig. 4   A graphical representation for Pearson correlation (2-tailed significance) analysis between SUVmax and MFI in patients of NSCLC squa-
mous cell (A), NSCLC adenocarcinoma (B), NSCLC-NOS (C), SCLC (D), and NEN (E) respectively
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(n = 5) revealed that CXCR4 tumor positivity was observed 
only in 2/5 patients. There was no significant correlation 
between SUVmax and MFI values (r = 0.747, p = 0.147). 
Likewise, no correlation was seen between SUVmax and 
the percent stained cells (r = − 0.293; p = 0.663).

In the nutshell, [68Ga]Ga-Pentixafor PET/CT findings 
showed increased tracer uptake (SUVmax) in the primary 
lung tumor in all the 94 (100.0%) patients. And the tracer 
uptake varied as a function of the quantitative CXCR4 
receptors’ density and both decreased in the order, viz., 
SCLC, NSCLC adenocarcinoma, NSCLC squamous, NOS, 
and lung NEN respectively. On the other hand, the IHC 
results were inconsistent and the CXCR4 tumor positiv-
ity rate was observed to be 62% (37/60) only and did not 
show any correlation with the SUVmax values in any of the 

LC sub-groups. In the present study, FACS analysis was 
done on the day of biopsy in fresh tissue sample, whereas 
the IHC was done retrospectively in paraffin-fixed stored 
samples and the inadequate sample for detailed IHC was 
the most common reason of not performing the CXCR4 
staining in the remaining 34/94 patients. With the simul-
taneous use of two (FACS and PET-SUVmax) quantitative 
in vitro and in vivo techniques for documenting the CXCR4 
expression, the absence or non-availability of IHC results 
in some patients have not affected the results of this study.

However, for the percentage stained cells, a positive cor-
relation (p = 0.05) was observed with SUVmax values only in 
the NSCLC squamous cell group of patients. The results of 
the correlation analysis among the various sub-types of the 
study subjects are presented in Table 2 and Fig. 4.

Table 2   Pearson correlation of SUVmax values with MFI and % stained cells in different lung cancer types

Parameters Lung cancer sub-type

Squamous cell carci-
noma (n = 54)

Adenocarcinoma (n = 16) NOS (n = 5) SCLC (n = 14) NEN (n = 5)

MFI r = 0.690; p = 0.0001 r = 0.538; p = 0.031 r = 0.851; p = 0.067 r = 0.435; p = 0.121 r = 0.747; p = 0.147
% stained cells r = 0.296; p = 0.03 r = 0.129; p = 0.634 r = − 0.307; p = 0.615 r = − 0.036; p = 0.902 r = − 0.293; p = 0.633

Fig. 5   The comparative Box 
and whisker plots showing 
differing SUVmax values in 
different histological types of 
NSCLC and SCLC (A). The 
ROC curve analysis (at SUVmax 
cutoff = 7.2) provided sensitivity 
(x-axis) and specificity (y-axis) 
of 85.7% and 78.1% for differ-
entiating SCLC versus NSCLC 
(B). Similar ROC analysis pro-
vided sensitivity and specificity 
of 87.5% and 71.4% (at SUVmax 
cutoff = 6.7) for differentiating 
NSCLC adenocarcinoma and 
squamous cell variants (C)
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Box and whisker plots analysis (Fig. 5A) demonstrated 
that the mean SUVmax value was significantly (p = 0.005) 
higher in the SCLC as compared to that in the NSCLC group 
(including all the variants). Similarly, the mean SUVmax 
value in SCLC was significantly higher than in the squamous 
cell lung cancer patients. However, the mean SUVmax value 
in adenocarcinoma patients did not differ significantly from 
that observed in SCLC patients.

The ROC curve analysis provided the SUVmax cutoff 
value for [68Ga]Ga-Pentixafor uptake as 7.2. Using this 
value provided sensitivity and specificity of 87.5% and 
72.0% respectively (Fig. 5B) for differentiating SCLC from 
NSCLC, while the estimated SUVmax cutoff value of 6.7 
when used to differentiate adenocarcinoma from squamous 
cell carcinoma provided sensitivity and specificity of 87.5% 
and 71.4% respectively (Fig. 5C).

Discussion

The CXCR4/CXCL12 “receptor-ligand pair” plays a promi-
nent role in cell proliferation and metastasis in at least 30 
different human cancers [21, 22]. [68Ga]Ga-Pentixafor—a 
CXCR4-targeting radioligand—allows in vivo visualization 
non-invasively of tumors expressing these receptors [13, 15]. 
The use of [68Ga]Ga-Pentixafor PET/CT imaging has proven 
the potential of this tracer in evaluating the whole-body 
disease burden of CXCR4 receptors in many hematologi-
cal and solid human malignancies [23]. Furthermore, high 
contrast PET images demonstrated by this tracer have led to 
the development of beta emitting 90Y/177Lu-Pentixather as a 
powerful 68Ga and 90Y/177Lu theranostic pair [24–26]. This 
theranostic pair has been introduced successfully for the 
treatment of advanced-stage multiple myeloma, lymphoma, 
and leukemia [27–29].

CXCR4 stromal cell–derived 1-α factor is critical in can-
cer growth and metastasis. Typically, the rising activity of 
this factor in the lymph nodes, bone, bone marrow, lung, and 
liver has been reported to trigger the metastasis of CXCR4 
expressing tumor cells [30, 31]. CXCR4 receptors’ over-
expression thus has been recognized as an adverse prog-
nostic factor in various malignancies including lung cancer 
[32–34]. Therefore, [68Ga]Ga-Pentixafor PET/CT–based 
in vivo whole-body quantification of CXCR4 receptors is 
viewed as a very promising diagnostic or therapeutic imag-
ing biomarker in a variety of cancer patients [34, 35].

In this study, we present [68Ga]Ga-Pentixafor PET/CT 
imaging results in 94 lung cancer patients and the validation 
of the quantitative PET parameters with simultaneous tis-
sue characterization and quantification of CXCR4 receptors’ 
density. To the best of our knowledge, this is the first study 
reporting the tracer uptake as a function of CXCR4 recep-
tors’ density identified by IHC and FACS in primary lung 

cancer tissue of different histologic types. We observed that 
all sub-types of lung cancer showed increased tracer uptake 
in the primary lung lesions on [68Ga]Ga-Pentixafor PET, 
which was indicative of tumor CXCR4 overexpression. The 
highest CXCR4 expression was seen in SCLC, which is the 
most aggressive lung cancer sub-type characterized by rapid 
doubling time, high growth fraction, and early development 
of metastatic spread [36]. CXCR4 activation is also linked to 
metastatic behavior of cancer cells metastasizing to organs 
by invasive and migratory responses and adhesion to marrow 
stromal cells in SCLC [37, 38]. SCLC swiftly metastasizes 
to other organs and much more rapidly than NSCLC types. 
Hence, the findings of [68Ga]Ga-Pentixafor SUVmax and MFI 
values highlight higher CXCR4 expression in SCLC than 
that in NSCLC variants which in turn validates the specific-
ity of this in vivo CXCR4-targeting PET technique.

The IHC analysis was carried out in 11/16 patients in 
the group. However, none of the patients on IHC staining 
showed any evidence of a cytoplasmic CXCR4 tumor posi-
tivity despite that both FACS analysis and [68Ga]Ga-Pentix-
afor findings suggested the presence of CXCR4 expression 
in all the patients. However, it has been reported that the 
digital image analysis offers an objective and quantifiable 
means of verifying IHC staining parameters [39]. It is perti-
nent to mention here that in squamous lung cancer patients, 
31/54 underwent IHC staining and CXCR4 tumor positivity 
(mean IHC score = 5.1 ± 2.7) was seen in 29/31 patients. The 
inconsistency in the results of IHC with CXCR4 positivity 
on FACS or [68Ga]Ga-Pentixafor imaging was observed in 
a sizeable proportion of patients, though the histopathology 
confirmed lung cancer in all the patients. The IHC stain-
ing accuracy is dependent upon on many technical factors, 
viz., tissue fixation process, dilution factor of the secondary 
antibody, and type and sensitivity of the antibody. We used 
a uniform dilution factor of 1:100 for the secondary antibod-
ies which may not be adequate to pick up the CXCR4 cell 
expression in certain sub-types of patients as observed in the 
present study. A flow cytometry–based analysis relies on an 
analysis of individual cells, and it offers a higher dynamic 
range for signal measurement since it utilizes fluorescence 
rather than colorimetric measurement. However, flow cyto-
metric measurement fails to provide information on the spa-
tial localization of the biomarker of interest. Due to limita-
tions associated with both methods, we have compared PET/
CT SUVmax with the flow and IHC data.

Despite the higher CXCR4 expression (MFI) and the 
tracer uptake (SUVmax) in SCLC, we did not find a sig-
nificant correlation between these two parameters which is 
probably due to the small number of patients (n = 14) in 
this group. In an extensive meta-analysis of 24 studies and 
2037 lung cancer patients, CXCR4 was not significantly 
related to the prognosis factors such as age, gender, tumor 
size, and smoking [31]. However, these authors reported that 
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CXCR4 expression correlated with some prognosis factors 
such as N-stage (N1, N2 vs. N0), M-stage (M1 vs. M0), 
and tumor-stage. It has been reported that [68Ga]Ga-Pen-
tixafor PET/CT showed a higher CXCR4 receptors’ density 
(MFI = 142.0; SUVmax = 13.2) in a SCLC patient than in a 
patient (MFI = 120.0; SUVmax = 8.8) with NSCLC variant 
[28]. It was also observed that in the SCLC patient, [18F] 
F-FDG-PET/CT showed a SUVmax value of 8.0 as against 
the SUVmax value of 13.2 on [68Ga]Ga-Pentixafor PET/CT. 
And [68Ga]Ga-Pentixafor PET/CT picked up additional brain 
metastatic lesions in the NSCLC patient.

It is thus highlighted that [68Ga]Ga-Pentixafor PET/CT 
demonstrating higher tracer uptake (SUVmax) is supported 
by higher receptors’ density (MFI) in SCLC. The receiver 
operating characteristic (ROC) curve analysis of [68Ga]Ga-
Pentixafor SUVmax values provided a cutoff value of 7.2 to 
differentiate SCLC from NSCLC (sensitivity 87.5% and 
specificity 72.0%). However, no definitive trend for sensi-
tivity and specificity with [18F] F-FDG-PET/CT has been 
reported for this differentiation [5, 40]. In a separate study, 
we carried out head-to-head comparison of [18F] F-FDG ver-
sus [68Ga] Ga-Pentixafor PET/CT in 39 patients with differ-
ent LC sub-types [41]. It was observed that though the [18F] 
F-FDG uptake in all the LC variants was significantly higher 
than [68Ga]Ga-Pentixafor, the sensitivity (85.7%) and speci-
ficity (78.1%) of [68Ga]Ga-Pentixafor PET/CT (at SUVmax 
cutoff = 8.2) for the differentiation of SCLC versus NSCLC 
were significantly higher than for FDG-PET/CT (14.3%; 
59.4% at SUV cutoff = 29.9).

In a recent study, Buck et al. reported that a very high 
[68Ga]Ga-Pentixafor uptake (SUVmax > 12.0) was found 
in multiple myeloma (n = 113) followed by adrenocortical 
carcinoma (n = 30), mantle cell lymphoma (MCL, n = 20), 
adrenocortical adenoma (n = 6), and SCLC (n = 12) [23]. 
They concluded that these results may provide a roadmap 
to detect patients who may benefit from CXCR4-targeted 
therapies. The suitability of [68Ga]Ga-Pentixafor for non-
invasive high contrast imaging of CXCR4 over-expressing 
cancers has been demonstrated initially for hematological 
malignancies [42–46]. Though biopsy always remains the 
gold standard technique to establish the differential histo-
pathological diagnosis of the cancer sub-type, SCLC showed 
high CXCR4 expression. In the present study, we performed 
[68Ga]Ga-Pentixafor PET/CT for in vivo CXCR4 imaging 
and estimated the cutoff SUVmax values which may be useful 
for differentiating the lung cancer sub-types non-invasively. 
With the subsequent development of [177Lu] Lu-Pentixather 
as a therapeutic companion, the first CXCR4-targeted radio-
theranostic concept has been translated into the clinic [27, 
47]. An encouraging therapeutic response of 177Lu/90Y-
Pentixather for radioligand therapy (RLT) in advance stage 
multiple myeloma and other lymphoproliferative diseases 
has been reported [24–26]. The other potential therapeutic 

applications of this theranostic pair are being explored in 
prospective clinical trials.

In NSCLC and lung NEN, the mean SUVmax and MFI 
values were lower than in SCLC patients, though we did not 
find a significant correlation between these two parameters 
in SCLC. The small number of patients could be the rea-
son in SCLC (n = 14) as in NSCLC (n = 70; squamous cell 
carcinoma = 54; adenocarcinoma = 16), a significant corre-
lation was seen between SUV max and CXCR4 expression. 
Another probable reason could be that the CXCR4 expres-
sion evaluated on the biopsied tumor tissue by the in vitro 
techniques is usually taken from the small portion of the 
lung mass. On the other hand, PET-derived SUVmax values 
represent the tracer distribution in the entire tumor volume. 
Therefore, NSCLC variants in addition to SCLC, with the 
evidence of significant CXCR4 overexpression, can also be 
considered for RLT using alpha- and beta-labeled CXCR4 
targeting radionuclide theranostics. In a recent study, Watts 
et al. reported that [68Ga]Ga-Pentixafor PET/CT allows non-
invasive assessment of CXCR4 expression in rare lung can-
cers, i.e., hemangioendothelioma, sarcomatoid carcinoma, 
and hemangiopericytoma, and in lung metastasis cases [48]. 
The highest SUVmax of 13.0 was noted in the case of heman-
gioendothelioma. Therefore, the lung cancer cases other than 
SCLC and NSCLC which express significant quantity of 
CXCR4 expression also hold great potential both for imag-
ing and treatment using 68Ga-Pentixafor/177Lu-Pentixather 
theranostic pair. The precision radiomolecular oncology 
using such targeted radiotheranostic approach challenging 
the classical statistical evidence-based medicine has been 
reported [49]. [68Ga]Ga-Pentixafor PET/CT could be of spe-
cial clinical significance in response assessment to CXCR4-
based radiotherapeutics. And in a recent study, the varied 
physiological distribution of [68Ga]Ga-Pentixafor in spleen 
has been reported to be of great prognostic significance [50].

[68Ga]Ga-Pentixafor PET/CT scan findings indicated 
an increased tracer uptake (SUVmax = 5.2 ± 1.2) in all the 
5 lung NEN patients. No significant correlation was seen 
between SUVmax and the percent stained cells (r = − 0.293; 
p = 0.663). There is only a single study in the literature, by 
Werner et al., who have investigated the role of [68Ga]Ga-
Pentixafor in imaging GEP-NEN [51]. These authors com-
pared the diagnostic performance of three tracers, i.e., [18F] 
F-FDG, [68Ga] Ga-DOTA-TATE, and [68Ga]Ga-Pentixafor, 
in 12 GEP NEN patients and found concordant (positive) 
findings between [68Ga]Ga-Pentixafor and [68Ga] Ga-DOTA-
TATE in 4/5 poorly differentiated NEN. However, [68Ga]
Ga-Pentixafor PET/CT demonstrated superiority and picked 
up more number (n = 66) of metastatic lesions as compared 
to [68Ga] Ga-DOTA-TATE which detected only 12 lesions. 
In this regard, these authors reported that an increasing 
number of CXCR4 ( +)/SSTR ( −) metastasis were identi-
fied in patients with increasing tumor aggressiveness. The 
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usefulness of FDG-PET/CT in poorly dedifferentiated NEN 
has been described previously. These NEN variants pose a 
serious therapeutic challenge with the currently available 
[177Lu] Lu-DOTA-TATE therapy and thus, [177Lu] Lu-Pen-
tixather RLT targeting CXCR4 receptors may be useful in 
NEN having poor SSTR expression.

Therefore, the demonstration of variable quantitative 
CXCR4 receptors’ expression supported by the matching 
pattern of [68Ga]Ga-Pentixafor tissue uptake in different 
LC sub-types provides a convincing data for using this 
imaging modality for radiotheranostic applications. This 
may potentially supplement the existing data for inclusion 
and expanding CXCR4-based radioligand therapies in LC 
beyond hematological malignancies.
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