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Abstract

Rationale: Early discovery, accurate diagnosis, and staging of lung cancer is essential for patients to receive
appropriate treatment. PET/CT has become increasingly recognized as a valuable imaging modality for these
patients, but there remains room for improvement in PET tracers. We aimed to evaluate the feasibility of using
[68Ga]Ga-FAPI-RGD, a dual-targeting heterodimeric PET tracer that recognizes both fibroblast activation
protein (FAP) and integrin avB3 for detecting lung neoplasms, by comparing it with ['8F]FDG and
single-targeting tracers [68Ga]Ga-RGD and [¢8Ga]Ga-FAPI.

Methods: This was a pilot exploratory study of patients with suspected lung malignancies. All 51 participants
underwent [68Ga]Ga-FAPI-RGD PET/CT, of which: 9 participants received dynamic scans, 44 participants also
underwent ['8F]FDG PET/CT scan within two weeks, 9 participants underwent [68Ga]Ga-FAPI PET/CT scan
and 10 participants underwent [68Ga]Ga-RGD PET/CT scan. The final diagnosis was made based on
histopathological analyses and clinical follow-up reports.

Results: Among those who underwent dynamic scans, the uptake of pulmonary lesions increased over time.
The optimal timepoint for a PET/CT scan was identified to be 2 h post-injection. [68Ga]Ga-FAPI-RGD had a
higher detection rate of primary lesions than [18F]FDG (91.4% vs. 77.1%, p < 0.05), higher tumor uptake
(SUVmax, 6.9 £ 5.3 vs. 5.3 £ 5.4, p <0.001) and higher tumor-to-background ratio (10.0 + 8.4 vs. 9.0 £ 9.1, p <
0.05), demonstrated better accuracy in mediastinal lymph node evaluation (99.7% vs. 90.9%, p < 0.001), and
identified more metastases (254 vs. 220). There was also a significant difference between the uptake of
[68Ga]Ga-FAPI-RGD and [¢8Ga]Ga-RGD of primary lesions (SUVmax, 5.8 £ 4.4 vs. 2.3 + 1.3, p < 0.001).

Conclusion: In our small scale cohort study, [68Ga]Ga-FAPI-RGD PET/CT gave a higher primary tumor
detection rate, higher tracer uptake, and improved detection of metastases compared with ['8F]FDG PET/CT,
and [¢8Ga]Ga-FAPI-RGD also had advantages over [68Ga]Ga-RGD and was non-inferior to [¢8Ga]Ga-FAPI. We
thus provide proof-of-concept for using [68Ga]Ga-FAPI-RGD PET/CT for diagnosing lung cancer. With the
stated advantages, the dual-targeting FAPI-RGD should also be explored for therapeutic use in future studies.
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Introduction

Lung cancer is a significant problem globally,
with the highest morbidity and mortality of all
cancers [1]. Early discovery, accurate diagnosis, and
staging are essential for patients to receive approp-
riate treatment and significantly affect prognosis. The
standard-of-care screening and imaging of lung
cancer is done with conventional X-rays and low-dose
chest CT scans. However, X-ray scans are inferior in
many aspects, and low-dose chest CT evaluates the
morphology of lesions only; clinicians are thus relying
more and more on molecular imaging modalities such
as PET/CT scan, which integrates functional and
anatomical imaging [1, 2].

18F-Fluorodeoxyglucose ([**F]FDG) remains the
most widely used PET tracer for the diagnosis and
staging of malignancies, including lung cancer [3-5].
However, there are well-documented limitations of
[*F]FDG, such as false-negative uptake in the primary
neoplasms inside less invasive subtypes and/or early
stages of lung cancer and false-positive uptakes in
other acute or chronic infectious diseases [6-11].
Additionally, ['®F]FDG has the significant drawback
of low sensitivity for brain metastases due to its high
uptake in healthy brain tissue, giving low contrast,
and insensitivity for bone metastases, due to low FDG
uptake in osteogenic bone metastases [12, 13]. Thus, a
more accurate and reliable diagnosis modality at an
early stage is crucial and inspires the development of
alternative novel PET tracers for patients with lung
cancer.

Fibroblast activating protein (FAP) is a prolyl
endopeptidase and a type II transmembrane
glycoprotein [14] reported to be overexpressed in over
90% of epithelial tumors, including human lung
tumors [15]. Solid tumors primarily consist of tumor
microenvironment components such as FAP
expressing cancer-associated fibroblasts (CAFs) and
extracellular fibrotic tissue [16]. A growing number of
FAP targeting tracers have been developed for
imaging and therapeutic purposes, the most common
being quinoline-based FAP inhibitors (FAPIs) [17-20].
FAPIs have so far shown promising potential as PET
tracers, with FAPI-based PET/CT demonstrating a
greatly improved tumor uptake, sensitivity, tumor-to-
background (T/B) ratio, and overall tumor detection
rate compared to [*®F]FDG PET/CT in various cancer
types [21].

Integrin ayPs is highly expressed on activated
endothelial cells, newborn blood vessels, and several
types of tumor cells [22, 23]. Integrin ayf3 binding
radiotracers based on Arg-Gly-Asp (RGD) sequence
have been developed for lesion and neovasculari-
zation detection with proven benefits to the diagnosis,
staging, and therapeutic efficacy evaluation in

participants with, for example, breast cancer, glioma,
and lung cancer [23].

Single-target receptors, such as monomer FAPI
and RGD radiotracers, still have some limitations for
clinical application. The complex heterogeneity of the
tumor for different cancer types leads to deficient
uptake of a single-targeting tracer. Meanwhile, the
expression level of a particular receptor may change
as the tumor grows or differentiates. In addition, due
to the small molecular size, the single-targeting tracer
exhibits fast clearance, potentially leading to missing
lesions. In attempts to overcome the current limita-
tions of single-target tracers, new designs, including
multimeric approaches like heterodimers with
binding affinity to multiple targets on a single entity,
have been developed [24-26]. Based on previous
studies targeting either FAP or integrin a,f; for lung
cancer imaging with reported advantages [27-30], we
synthesized a dual-targeting dimer, [%Ga]Ga-FAPI-
RGD. Our published preliminary study showed
promises in vitro and in vivo. A pilot investigation has
been conducted in 6 cancer participants, where
[¢8Ga]Ga-FAPI-RGD showed a notably higher tumor
uptake in different cancer types at all times than either
the monomeric FAPI or RGD tracers separately [26,
31]. We hypothesize that this dual-targeting tracer
will again, in this larger cohort, outperform [*F]FDG
and the single-target tracers [%Ga]Ga-RGD and
[Ga]Ga-FAPI with improved sensitivity and
specificity for detecting lung cancer lesions. There-
fore, we aim to explore further [Ga]Ga-FAPI-RGD as
a new PET tracer, evaluating its uptake in the primary
and metastatic lung neoplasms and comparing the
detection efficiency and diagnosis of lung cancer with
[F]FDG and the single-target tracers, [**Ga]Ga-RGD
and [8Ga]Ga-FAPI.

Materials and Methods

Participants

This pilot exploratory study was approved by
the clinical research ethics committee of Peking Union
Medical Hospital (I-22PJ249) and conducted in
accordance with the 1964 Declaration of Helsinki and
its later amendments or comparable ethical standards.
The study was registered at ClinicalTrials.gov
(National Institutes of Health) (NCT05543954). All
participants provided written informed consent.

Participants were recruited from September 2022
to November 2022 at Peking Union Medical Hospital.
Inclusion criteria for participants were as follows: 1)
aged 18 years and above); 2) no gender preference; 3)
all patients were referred by the thoracic surgeon with
suspected lung neoplasms on chest CT scan as part of
routine screening or with symptoms (only partici-
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pants who had no other prior treatment within 3
months were eligible for enrollment in receiving both
[¢8Ga]Ga-FAPI-RGD PET/CT and [*¥F]FDG PET/CT;
4) biopsy or surgical specimens available for
histopathological confirmation of lung neoplasms
(participants with previous 3-month follow-up
images showing an increase in lesion size were also
included); 5) participants had to be able to understand
and sign an informed consent form; 6) participants
had to be available for the required follow-up time
and have more than 6 months of predicted survival.
Exclusion criteria included: 1) patients with a 2nd
primary tumor; 2) pregnancy or breastfeeding; 3)
severe liver or kidney diseases, serum creatine > 3.0
mg/dl, liver/hepatic enzymes of > 5 times higher
than normal upper limit/ maximum (ULN upper limit
of normal); 4) claustrophobia or other contra-
indications for PET/CT scans.

Multiple imaging modalities, e.g., MRI of the
brain, chest CT, whole body bone scan, and hybrid
imaging PET/CT, served as supporting evidence for
diagnosing lymph node metastases and other distant
metastases. Participant information was collected,
including a family history of cancer, smoking history,
and previous treatment history (surgery, systemic
therapies, and radiation therapy). We compared
[¢8Ga]Ga-FAPI-RGD PET/CT and [®¥F]FDG PET/CT
for the number of lesions identified, lesion locations,
and lesion sizes. The final diagnosis was histopatho-
logically confirmed with a biopsy or surgical
specimen as the gold standard reference. Only a small
portion of suspected lesions was analyzed,
considering that some cancer participants were in the
final stage of their disease. Imaging follow-ups were
conducted if the histopathological analysis was
unavailable. The participant data is recorded in
Table 1.

Radiochemistry

The structure of this dual-targeting new tracer
has been described in detail in our previous
publication [26]. All FAPI-RGD precursors were
provided in-kind by Yantai Lannacheng Biotechno-
logy (Yantai, China). The FAPI-04 (DOTA-FAPI-04)
and RGD (NOTA-3PRGD2) precursors were
purchased from CSBio (Shanghai, China) for research
and development purposes. Radiolabeling followed a
standard procedure reported in the preclinical
studies. Radiochemical purity was confirmed to be
greater than 95% with thin-layer chromatography
(TLC). The final product was diluted with saline to
optimal concentration and confirmed sterile before
injection into participants. The preparation of
[**F]FDG followed standard clinical practice.

[¢¢Ga]Ga-FAPI-RGD and ['8F]FDG PET/CT
Imaging

All participants were intravenously injected with
[%¥Ga]Ga-FAPI-RGD (approximately 1.5-2 MBq/kg
body weight) without special preparation. Dynamic
acquisition was performed for 9 participants at
different time points (5-15 min, 20-30 min, 35-45 min,
50-60 min, 70-90 min, 100-120 min, 130-150 min,
160-180 min) after injection while the others
underwent PET/CT scan 2 h p.i. only.

The participants undergoing [**F]FDG PET/CT
were instructed to fast for a minimum of 5 h before
the scan since a normal blood glucose level was
required and then intravenously injected with 5.55
MBq/kg [®¥F]FDG. Images were acquired with a
dedicated PET/CT scanner (PoleStar m660, Sinounion
Healthcare Inc.,, Beijing, China). Participants
underwent scans in supine positions. For dynamic
scanning, a low-dose CT scan (120 keV, 120 mA) was
performed from the skull base to the feet, and the
other scans were conducted from the skull base to the
proximal thigh for attenuation correction as well as
anatomical localization. PET scans were done under
3D acquisition mode with several bed positions (1-2
min/bed position for dynamic scans, 2 min/bed
position for other participants; 192 x 192 matrix). The
acquired imaging data were processed with a 3D
ordered subset expectation maximization (OSEM) and
time of flight (TOF) reconstruction algorithm.

[¢¢Ga]Ga-FAPI and [¢8Ga]Ga-RGD PET
imaging

[8Ga]Ga-RGD PET/CT was performed on 10
participants, and [%Ga]Ga-FAPI PET/CT on 9
participants for comparison with [%Ga]Ga-FAPI-RGD
PET/CT. [%¥Ga]Ga-RGD and[**Ga]Ga-FAPI PET/CT
was performed 1 h after administration of
radiopharmaceuticals (1.5-2 MBq/kg) following the
same operation procedure and imaging analysis as
[¢8Ga]Ga-FAPI-RGD PET/CT.

Image analysis

Image analysis was performed with MIM
software (Version 7.1.4, Cleveland, OH, USA) to
interpret the coronal, transverse, and sagittal planes.
PET images were visually analyzed independently by
two experienced nuclear medicine physicians (Z.Z.
and J.Z. with more than 10 years of expertise in
nuclear oncology; they were different from the
physicians who previously recruited the patients and
interpreted the images) on a frame-to-frame basis,
blind to the participant’s medical history, other
examinations, and clinical information. CT-suspected
lesions were diagnosed as benign if no pathological
uptake of any tracer was observed. VOI (volume of
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interest), SUVmax (standardized maximal uptake
value), and SUVmean of each lesion were measured
for semi-quantitative analysis of the PET scan images.
For background comparison (tumor-to-background
ratio), SUV mean and SUVmax were measured for the
brain, thyroid, submandibular gland, lung
parenchyma, mediastinal blood pool, liver, spleen,
pancreas, kidneys, and red bone marrow. Primary
tumor calculations were based on 40% of SUVmax at
lesion regions in the PET images. SUVmean of control
areas were used as background values, e.g.,
contralateral lung with no lesions for lung neoplasms
and aortic arch area for lymph nodes. For
[¢8Ga]Ga-PET and [8F]FDG PET/CT imaging, lymph
node metastasis was defined as a non-physiological
uptake higher than the neighboring tissue. The
participants who were unavailable for follow-ups
were not included in this image analysis.

Dosimetry estimation

The dosimetry estimation was calculated with
hybrid dosimetry software from Hermes Medical
Solutions, Sweden. Major organs were manually
drawn for each time point, and bioaccumulation data
were obtained. Olinda/EXM Version 2.2.0 was used
for fitting the time-activity curves and dosimetry
calculations. Source organs included kidneys, liver,
spleen, urinary bladder content, lumbar vertebrae
(L2-L4) for red bone marrow, myocardium, lungs,
brain, pancreas, thyroid gland, salivary gland, and
stomach content. Lumbar vertebrae (L2-L4) were
considered to make up 6.7% of bone marrow and
were used to determine the red marrow absorption
with 3D volumetric analysis. We calculated the
time-activity curve based on the regions of interest
(ROIs) of the above organs drawn on a selected
imaging time point and copied to other time points.
The curve was fitted by mono- or bi-exponential curve
fitting parameters, and the residence time in the
source organs was then derived. With this input in the
built-in adult human model, the absorbed dose of all
organs and total body effective dose were generated
(mSv/MBq). A Time-activity curve was then plotted
with GraphPad Prism 9.0.

IHC staining

The pathology sections of lung neoplasms and
some lymph nodes were collected from participants’
surgical resection specimens at Peking Union Medical
College Hospital. For histopathological analysis, the
paraffin-embedded specimens were stained with a
FAP antibody (anti-rabbit, diluted to 1:250; Abcam,
ab207178) and an integrin Ps antibody (anti-rabbit,
diluted to 1:100; CST, #13166). Representative
samples were selected based on the quality and
quantity of the tissue. To semi-quantify the expression

of FAP and integrin (3, a score was given to a
randomly picked section containing 5 malignant cell
clusters (40X complete high magnification field) based
on the staining intensity and percentage area by an
experienced pathologist. The analysis followed
previous reports [32, 33], with adjacent normal tissue
stained negative for FAP and integrin s used as a
negative control.

Statistical analysis

All statistical analyses were based on Prism 9.0
(GraphPad, San Diego, CA) and SPSS 22.0 software
from IBM Corp., Armonk, NY, USA. All continuous
data were expressed as mean +standard deviation.
Non-continuous data were presented as counts or
percentages. The Mc-Nemar test was used to evaluate
the difference in detection rates of primary lung
neoplasms  between [%¥Ga]Ga-FAPI-RGD and
[*FIFDG PET/CT. Comparison of the tumor-to-
background ratio of the number of SUVs and
metastatic lesions detected by [%Ga]Ga-FAPI-RGD
and [¥F]FDG, [Ga]Ga-FAPI-RGD and two single-
target imaging agents used Wilcoxon signed-rank
test. P-value < 0.05 was considered statistically
significant. The Spearman correlation coefficient was
used to measure the correlation between the SUVs
and the IHC staining score.

Results

Participants characteristics

Fifty-one participants with suspected lung
cancer (21 male participants, 30 female participants;
range, 30 - 79 years; average age, 61 + 13 years,
median age, 66 years) were enrolled in this study and
underwent [Ga]Ga-FAPI-RGD PET/CT scan with
the injected activity of 3.2 + 0.4 mCi (118.8 + 14.8 MBq)
(Figure 1). The administration was well tolerated, and
no adverse events were observed or reported in any
participant during the radiopharmaceutical adminis-
tration. 19 participants had a smoking history (17
males and 2 females). Within two weeks, 44 partici-
pants underwent [WBF][FDG PET/CT scans, 9
participants underwent [#¥Ga]Ga-FAPI PET/CT scans
and 10 participants underwent [%¥Ga]Ga-RGD
PET/CT scans for head-to-head comparisons. A total
of 50 biopsy specimens from 42 participants were
acquired through CT-guided transthoracic needle
biopsy or surgery. After histopathological analysis, 40
lesions were confirmed to be malignant neoplasms, 4
were benign tumors (2 atypical adenomatous hyper-
plasia, 1 pulmonary hamartoma, and 1 pulmonary
leiomyoma), 5 were inflammatory lesions, and 1 was
the second primary tumor. 8 primary pulmonary
lesions were also identified as malignant by their
[*®F]FDG or [%Ga]Ga-FAPI-RGD uptake, confirmed
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with an increase in lesion size during the 3-month CT
imaging follow-up. Two patients were unavailable to
be followed up due to loss of contact. Participants'
information is summarized in Table 1.

3-hour dynamic acquisition of
[¢¢Ga]Ga-FAPI-RGD PET/CT

After intravenous administration, [¥Ga]Ga-
FAPI-RGD was rapidly cleared via kidneys. There was
high accumulation in the thyroid gland, pancreas, and
urinary bladder. At 60 min p.i, the SUVmean values
for the thyroid gland and pancreas were 8.9 + 2.2 and
8.0 £ 1.6, respectively. At 120 min p.i., the SUVmean
for the thyroid gland and pancreas were 5.9 + 0.9 and
57 £ 1.1. Medium uptake was observed in the
mediastinal blood pool (SUVmean 24), Iliver
(SUVmean 2.0), and spleen (SUVmean 2.7). Brain and
muscle had relatively low background activity (Table
S1), in accordance with previous reports. Figure 2
shows the maximal intensity projection (MIP) images
of [Ga]Ga-FAPI-RGD PET/CT over time of
participant No. 1. Figure 3 shows the average 3-h
time-activity curves (TACs) from 9 participants of
[¢8Ga]Ga-FAPI-RGD in normal organs and tumor over

time. The lung tumor lesions could be clearly
observed at the first time point. The SUVmax and
SUVmean of normal organs decreased over time, and
for tumor lesions, both increased. SUVmean values
for tumors were higher than that of the neighboring
tissue at around 90 min p.i., which made the tumor
more clearly visible and continued to increase over 3
hours. Considering that multiple metastatic lesions
throughout the body may bias the overall dose
estimation for major organs, we thus excluded two
patients with multiple metastases and 7 participants
to calculate the estimated organ-absorbed doses of
[¢8Ga]Ga-FAPI-RGD (Table 2). The urinary bladder
wall had the highest absorbed dose, 8.00E-02 + 3.3E-02
mSv/MBgq, due to its function as an excretory organ
where the radioactive substance accumulated
following renal filtration, followed by the thyroid
gland (7.8E-02 = 5.1E-02 mSv/MBq) and pancreas
(7.3E-02 + 25E-02 mSv/MBq). The total body
absorbed dose and the effective dose were calculated
to be 1.22E-02 + 1.1E-03 mSv/MBq and 2.02E-02 *
1.80E-03 mSv/MBgq, respectively.

(n=51)

Participants potentially eligible for inclusion
screened between September 2022 to November 2022

(n=51)

[#®Ga]Ga-FAPI-RGD PET/CT

l v

!

['®F]FDG PET/CT

[#®Ga]Ga-FAPI PET/CT

[®®Ga]Ga-RGD PET/CT

(n=44) (n=9) (n=10)
Surgery Biopsy Clinical follow-up
(n=25) (n=17) (n=9)
1 patient excluded: 2 patients lost to
—

second primary tumor

follow-up

A

[#Ga]Ga-FAPI-RGD vs. ["F]FDG PET/CT
[Ga]Ga-FAPI-RGD vs. [$Ga]Ga-FAPI PET/CT
[*Ga]Ga-FAPI-RGD vs. [$Ga]Ga-RGD PET/CT

(n=41)
(n=9)
(n=10)

Figure 1. Flow diagram showing participant selection details. FAPI = fibroblast activation protein inhibitor, RGD = Arg-Gly-Asp, FDG = fluorodeoxyglucose, ¢Ga = gallium 68,

18F = fluorine 18.
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Table 1. Participant Demographics and Clinical Characteristics

No. Gender Age Smoking LD  Pathologic diagnosis Follow-up  [$Ga]Ga-FAPI-RGD [18F]-FDG [68Ga]Ga-FAPI [#8Ga]Ga-RGD
(years) history (em)  Surgery Puncture
1 M 70 Yes 44 IAC P P
2 M 72 Yes 6 IAC P P
3 M 43 No 32 IAC P P
4 F 46 No 07 MIA P N N
No 2 Hamartoma P P N
5 F 39 No 07 AAH N N
6 F 30 No 0.8 IAC P P
7 M 66 No 1.1 AIS N N
08 AIS N N
8 F 63 No 1.7 IAC P P P
1.0 MIA N N N
9 M 65 Yes 6.2 IAC P P
10 M 79 Yes 10 PSC P P
1 F 69 No 25 IAC P P
12 F 72 No 38 IAC P P P
13 F 71 No 1.6 MIA N P P
1 AAH N N N
14 M 66 Yes 3 IAC P P
15 F 66 No 32 IAC P P P
16 F 41 Yes 1.7 IAC P P
17 F 79 No 26 IAC P P P
1.7 IAC P P P
18 M 67 Yes 1.7 1AC P P
19 F 50 No 0.6 IAC P P
20 F 66 No 3.1 IAC P P
21 F 54 No 2.7 IAC P P
22 F 48 No 29 IAC P P
23 M 57 Yes 7.7 SC P P P
24 M 51 Yes 1.1 IAC P P
25 F 68 No 07 MIA P N
08 AIS P N
CT P N
26 F 70 No 21 IAC P P P
14 AIS P N P
27 F 67 No 1.6 IAC P P
28 F 75 No 22 IAC P P
29 F 70 No 1.3 IAC P P P
30 F 47 No 3.2 SC P P
31 F 34 No 1.2  IAC P P P
32 F 79 No 17 CT P P
33 M 78 Yes 22 CT P P
34 M 57 Yes 2.0 CT P P P
35 F 58 No 2.4 CT P P
36 M 69 Yes 2.5 CT P P
37 M 56 Yes 0.4 Inflammation N N P
38 M 73 Yes 1.6 Inflammation P P P
0.9  Inflammation P P P
39 F 41 No 1.8  Inflammation P P
40 F 69 No 1.3 PL P P
41 F 36 No 1.3 Inflammation P P
42 M 74 No 45 IAC P P
43 M 61 Yes 2 CT P N
4 F 52 No 1.9 IAC P P
45 F 60 Yes 2.2 IAC P P
46 M 67 Yes 19 CT P P
47 M 58 Yes 2.8 SPT P P
48 M 71 No 1.6 Lost N N
49 M 56 Yes 1.5 Lost P P
50 F 64 No 3.8 IAC P
51 F 69 No 42 IAC P

AAH: atypical adenomatous hyperplasia; AIS: adenocarcinoma in situ; CT: follow-up by chest CT; Hamartoma: pulmonary hamartoma; Inflammation: pulmonary infection;
LD: length diameter; Lost: lost to follow-up; IAC: invasive adenocarcinoma cancer; MIA: minimally invasive adenocarcinoma; N: negative; P: positive; PSC: pulmonary
sarcomatoid carcinoma; PL: pulmonary leiomyoma; SC: squamous cell lung cancer; SPT: second primary tumor.

Comparison of ['8F]FDG and [¢8Ga]Ga-FAPI-
RGD in primary lung neoplasms

There was a significant difference in the
detection rate of malignant neoplasms between

[8F]FDG and [$Ga]Ga-FAPI-RGD (Figures 4-5).
Among 32 primary lesions in 24 surgery participants,
[68Ga]Ga-FAPI-RGD had a higher detection rate (21
out of 24 malignant neoplasms) than ['8F]FDG (16 out
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of 24). In the 8 cases of either inflammatory or benign
neoplasms, 5 had an uptake of both tracers, and 3 had
neither, both with a false-positive rate of 62.5%.

28 positive lymph nodes were identified in 6
participants by [*F]FDG, while [%¥Ga]Ga-FAPI-RGD
only identified 1 positive lymph node in 1 participant.
Surgery was performed on 24 participants, and 307
hilar and mediastinal lymph nodes were surgically
removed and confirmed to be all benign inflamma-
tory lymph nodes by postoperative pathological
evaluation. It could thus be deduced that [8Ga]Ga-
FAPI-RGD had significantly higher specificity than
[*F]FDG in the detection of mediastinal lymph nodes
(23/24 for [Ga]Ga-FAPI-RGD vs. 18/24 for ['8F]FDG,
p < 0.001 in the number of patients, and 306/307 vs.
279/307, p < 0.001, respectively in the number of
lymph nodes).

Of a total of 44 lesions with pathological
confirmation (surgery and needle biopsy), 35 were
malignant, and 9 were non-malignant. In terms of
sensitivity, [¢¥Ga]Ga-FAPI-RGD identified 32 lesions
out of a total of 35, and [8F]FDG identified 27 (91.4%
vs. 77.1%, p < 0.05, one-tailed test). [%¥Ga]Ga-FAPI-
RGD also had higher accuracy than [*F]FDG (79.5%
vs. 68.2%, p < 0.05). In addition, as compared to
[F]FDG, [%Ga]Ga-FAPI-RGD showed a higher
tumor uptake (SUVmax, 6.9 £ 53 vs. 5.3 £ 54, p <
0.001) and higher T/B ratio (10.0 8.4 v5. 9.0+ 9.1, p <
0.05, respectively) in 42 malignant neoplasms (mean
diameter 2.5 + 1.9 cm) which was confirmed by
pathology and 3-month follow-up, with a statistically
significant difference.
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Figure 2. The maximal intensity projection (MIP) images of [$8Ga]Ga-FAPI-RGD PET/CT over time of participant No. 1.
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Figure 3. The average 3-h time-activity curves (TACs) from 9 participants of [8Ga]Ga-FAPI-RGD in normal organs and tumors over time.
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Figure 4. In a 69-y-old woman with IAC (Participant No.11), [¢8Ga]Ga-FAPI-RGD PET/CT (A-E) showed moderate uptake in the right upper lung lesion (red arrows). In
contrast, ['8F]FDG PET/CT (F-J) showed low uptake (blue arrows) (SUVmax, 4.0 vs. 1.0). HE and immunohistochemical staining showed low expression of FAP and B; (K, L, P).
However, the high uptake in lymph nodes (green arrows) shown on ['8F]FDG but not on [¢8Ga]Ga-FAPI-RGD PET/CT were confirmed as inflammatory lymph nodes by
postoperative pathology (O). Immunohistochemical staining showed low expression of FAP and B3 (M, N, Q, R). ['8F]JFDG-PET scan showed a high uptake lesion in the right lower

neck on the right side of the thyroid gland.

Figure 5. In a 71-y-old woman with MIA (Participant No.13) who previously had undergone a right thyroid resection, [¢8Ga]Ga-FAPI-RGD PET/CT (A-D) showed high uptake
in the left upper lung lesion (red arrows), while ['8F]FDG PET/CT (E-H) showed no uptake (green arrows). Inmunohistochemical staining showed moderate expression of FAP
and B3 by postoperative pathology (J, K). The right mediastinal lymph node with ['8F]FDG uptake was considered an inflammatory lymph node.

Comparison of ['8F]FDG and [¢8Ga]Ga-FAPI-
RGD in lung neoplasm metastases

Eight untreated participants with advanced lung
cancer received [Ga]Ga-FAPI-RGD, 7 of whom had
also undergone ['8F]FDG PET/CT for a head-to-head
comparison. [8Ga]Ga-FAPI-RGD and [*¥F]FDG were
able to detect 254 and 220 neoplasms, respectively, in
these 7 participants, which was not statistically
significant (p > 0.05). We compared the SUVmax of
the metastatic neoplasms detected by the two tracers.
A paired analysis was performed for all positive
lesions. As shown in Figure 6, [%Ga]Ga-FAPI-RGD
PET/CT showed a higher SUVmax and T/B ratio for
metastases than [F]FDG, which was statistically
significant (SUVmax, 12.2 + 5.8 vs. 7.2 £ 3.5, p < 0.001,
T/Bratio, 6.4 + 3.0 vs. 3.8 £ 1.8, p < 0.001, respectively)

(Figure 6).

[¢é¢Ga]Ga-FAPI-RGD PET/CT and
overexpression of FAP and integrin B3

Overexpression of FAP and integrins a,f33 on
tumor cells is the main factor by which [*¥Ga]Ga-
FAPI-RGD shows high uptake in tumor and meta-
static lesions. We evaluated the immunohistochemical
staining of FAP and integrin B; in the pathological
sections of 14 primary lesions from 13 participants
undergoing surgery. Expression of receptors via FAP
or integrins (3 immunostaining intensity and
percentage of positive tumor cells were scored. In this
study, we also multiplied the staining score of FAP
(0-3 score) and the staining score of integrin B3 (0-4
score) for the first time and named it “the Joint Score”
(0-12 score). Our preliminary results showed that both
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SUVmax and SUVmean were positively correlated
with the expression of FAP (r = 0.750 and 0.750, p <
0.01), integrins B3 (r = 0.716 and 0.683, p < 0.01), and
the Joint Score (r = 0.804 and 0.791, p < 0.01),
respectively (Figure 7).

Table 2. Estimated organ-absorbed doses of [¢8Ga]Ga-FAPI-RGD
(mSv/MBq)

Target Organ Mean SD

Adrenals 1.60E-02 2.23E-03
Brain 9.60E-03 1.10E-03
breasts 9.94E-03 9.79E-04
Esophagus 1.15E-02 1.05E-03
Eyes 9.56E-03 1.12E-03
Gallbladder Wall 1.25E-02 8.07E-04
Left colon 1.24E-02 1.23E-03
Small Intestine 1.21E-02 1.12E-03
Stomach Wall 1.26E-02 1.17E-03
Right colon 1.18E-02 1.13E-03
Rectum 1.39E-02 2.24E-03
Heart Wall 3.21E-02 7.16E-03
Kidneys 3.42E-02 7.82E-03
Liver 2.03E-02 8.53E-03
Lungs 1.10E-02 1.13E-03
Ovaries 1.34E-02 1.46E-03
Pancreas 7.29E-02 2.49E-02
Prostate 6.56E-02 2.88E-02
Salivary Glands 4.91E-02 1.59E-02
Red Marrow 2.06E-02 3.92E-03
Osteogenic Cells 1.43E-02 3.19E-03
Spleen 3.42E-02 1.00E-02
Testes 9.58E-03 7.16E-04
Thymus 3.48E-02 4.20E-02
Thyroid 7.80E-02 5.13E-02
Urinary Bladder Wall 8.00E-02 3.25E-02
Uterus 4.71E-02 2.32E-02
Total Body 1.22E-02 1.10E-03
Effective Dose 2.02E-02 1.80E-03

[¢¥Ga]Ga-FAPI-RGD uptake compared with
[¢#Ga]Ga-FAPI and [¢Ga]Ga-RGD uptake in
primary and metastatic lung neoplasms

For a head-to-head comparison with [Ga]Ga-
FAPI-RGD, 10 participants underwent [%Ga]Ga-RGD
PET/CT. [#Ga]Ga-FAPI-RGD had a better detection
rate of primary malignant tumors (sensitivity 100% vs.
80%, p < 0.05). Higher mean SUVmax and T/B ratio
were observed for [8Ga]Ga-FAPI-RGD PET/CT scan
compared with [Ga]Ga-RGD PET/CT (SUVmax, 5.8
+44vs.23+1.3,p<0.001, T/Bratio, 6.1 £8.0vs. 2.2 +
5.0, p < 0.05, respectively). Data from one participant
showed that the SUVmax of the dual-target tracer
[#Ga]Ga-FAPI-RGD was higher than that of
[¢8Ga]Ga-RGD in primary lung lesion (SUVmax, 11.7
vs. 3.7) and a metastatic bone lesion (Figure 8).
Similarly, for comparison with [$¥Ga]Ga-FAPI
PET/CT, we also had 9 participants who underwent
both dual- and single-target tracer PET/CT scans. The
SUVmax and T/B ratio of [*Ga]Ga-FAPI was slightly
higher than that of [Ga]Ga-FAPI-RGD in primary
neoplasms (SUVmax, 7.2+ 6.6 vs. 6.8 £ 5.6, T/B, 10.5 +
95 vs. 103 = 9.8, respectively) which was not
statistically significant (p > 0.05). In a participant with
both bone and brain metastases, however, [¥Ga]Ga-
FAPI-RGD had higher uptake (SUVmax, 7.7 vs. 5.6) in
a brain metastasis than [8Ga]Ga-FAPI, and one more
rib metastasis was found by [%¥Ga]Ga-FAPI-RGD
PET/CT (SUVmax 4.5), which was [®Ga]Ga-FAPI
negative (Figure 9).

Figure 6. A 65-year-old male participant (Participant No. 9) was diagnosed with IAC with multiple lung, bone, and lymph node metastases at presentation. [¢8Ga]Ga-FAPI-RGD
(A, K, green arrows) showed more lesions and a higher T/B ratio than ['8F]FDG (H, J, blue arrows). Due to the low expression of FAP in the brain, a skull metastasis was clearly
visualized on [¢8Ga]Ga-FAPI-RGD PET (A-D, red arrows, SUVmax 15.2), which showed no significant uptake on ['8F][FDG PET (E-H, yellow arrows; the sections appeared
different due to different head positions and the skull metastasis could be seen on CT alone which confirmed that these are comparable slices).
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Figure 7. The Scatter plots and the Spearman correlation coefficient between FAP, integrin B3, and the FAP-integrin B3 joint staining score with SUVs of [68Ga]Ga-FAPI-RGD.

Discussion

[*F]FDG is now widely used in staging and
restaging lung cancer [3-5]. However, limitations,
including low or no uptake in early malignant lesions
and certain types of lung cancer, have been reported
and need to be overcome in the light of potentially
better tracers [10, 11]. Several alternative tracers are
therefore under development, with targets including
gastrin-releasing peptide receptor, FAP, and integrin
receptor a,fs [20, 23, 34, 35]. Past studies have already
suggested the advantages of heterodimers over their
constituent monomers; both preclinical and clinical
studies showed that the binding affinity of the

multivalent effect of the dimer structure is better due
to more available receptors [24, 36, 37]. Dual-targeting
tracer [¢Ga]Ga-FAPI-RGD had a significantly higher
detection rate than [8F]FDG in detecting primary
tumors, specificity in detecting mediastinal lymph
nodes, and sensitivity in the detection of metastases.
Compared with [¥Ga]Ga-RGD PET/CT, [%¢Ga]Ga-
FAPI-RGD had a better detection rate of primary
tumors and a higher average SUVmax and T/ B ratio.
When compared with [Ga]Ga-FAPI, the mean
SUVmax of tumor lesions on [8Ga]Ga-FAPI-RGD
PET/CT was not inferior to that on [Ga]Ga-FAPI
PET/CT.
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Figure 8. A 73-year-old woman with IAC (Participant No. 12) underwent two PET scans. The SUVmax of dual-target tracer [¢8Ga]Ga-FAPI-RGD (A-D) was visually higher than
that of the single-target tracer [8Ga]Ga-RGD (E-H) in the right lung lesion (SUVmax, 11.1 vs. 3.4) and the T12 vertebral metastasis (yellow arrows). Inmunohistochemical

staining showed high expression of FAP and B3 (J, K).

A B

Figure 9. A 52-year-old woman with IAC (Participant No. 44) underwent two PET scans. [68Ga]Ga-FAPI-RGD showed higher uptake in brain metastasis than [¢8Ga]Ga-FAPI
(SUVmax, 7.7 vs. 5.6, black arrows). One more rib lesion with high uptake was found (A-D, red arrows, SUVmax 4.5) by [¢8Ga]Ga-FAPI-RGD PET/CT while not detected by
[68Ga]Ga-FAPI PET/CT (E-H, blue arrows), which had been confirmed as a metastatic lesion on previous whole-body bone scan.

We conducted this pilot exploratory study,
based on the notable expression level of FAP and
integrin a,Ps in lung cancer, in a cohort of participants
with suspected lung cancer. Our study demonstrated
that [Ga]Ga-FAPI-RGD PET/CT, which traces
tumor-specific receptors, may be used for identifying
a more significant number of primary lung neoplasms
and metastases. For micro-invasive adenocarcinomas
and mucinous adenocarcinomas, we observed low
uptake of both [Ga]Ga-FAPI-RGD and [*8F]FDG. The
low uptake of ['®F]FDG in these two types of tumors
has earlier been described and might be associated

with their histopathological characteristics [38, 39]. To
explain the low uptake of [8Ga]Ga-FAPI-RGD, the
expression levels of FAP and integrin a,fs need to be
immunohistochemically investigated. Our study
showed that in cases where [WBF]JFDG PET/CT
performed little or no uptake of the lesions in several
patients with early-stage lung cancer, these lesions
were still positive with a mild to moderate uptake on
[8Ga]Ga-FAPI-RGD PET scans, which would
improve the value of PET/CT in the diagnosis of
early-stage lung cancer (Figure 4-5).

In our previous studies on this tracer, we
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showed that by targeting both FAP and integrin a.ps,
the radiotracer [¥Ga]Ga-FAPI-RGD had excellent
tumor-specific uptake, prolonged tumor retention
time, as well as favorable targeting ability and
pharmacodynamics in preclinical xenograft models;
in our first-in-human biodistribution study we
preliminarily indicated that the new tracer has a
promising diagnostic capability compared with
[*®F]FDG regarding T/B ratio and sensitivity, we
observed rapid and high tumor uptake, long tumor
retention and high tumor to background ratio in the
0-3h p.. biodistribution [26, 31]. Furthermore, we
found that the lesion uptake continued to increase at
2-3h (Table S1 and Figure 3). In contrast, the normal
organ uptake decreased, suggesting that the new
tracer has long tumor retention, making it suitable for
potential cancer therapy if labeled with a therapeutic
isotope. There are already many studies proving the
feasibility of using 77Lu labeled FAPI tracers as cancer
treatments, although the low tumor retention remains
an issue to be solved; our study provided another
tracer design strategy with great potential to improve
177Lu labeled FAPI radioligand therapy [40].

In the head-to-head comparison with [¢#¥Ga]Ga-
RGD in 10 participants, primary tumor uptake was
significantly higher for [¢Ga]Ga-FAPI-RGD. This was
not observed when comparing [%¥Ga]Ga-FAPI-RGD
with [¥Ga]Ga-FAPI in the other 9 participants, where
[(8Ga]Ga-FAPI-RGD was found to be non-inferior. We
speculated that this could be due to the relatively
larger molecular size of [#¥Ga]Ga-FAPI-RGD; a study
on TATE-RGD by Liu et al. found similar results [41].
A major drawback of [%¥Ga]Ga-FAPI-RGD was the
high physiological uptake to the thyroid gland and
pancreas, similar to other reported FAPI dimer
compounds [26, 42]. However, thyroid uptake is not
receptor-specific, and the mechanism of this
unspecific uptake is yet to be established.

Previous studies have shown that lung cancer
can express both FAP and integrin receptors, which
was also confirmed in our study [16, 17, 28, 43, 44].
Different staining levels for both receptors were
observed in all lung cancer sections. Although we
found that FAP, integrin s staining scores, and the
FAP-integrin Ps Joint Score were all positively
correlated with SUVs of [8Ga]Ga-FAPI-RGD, we
must acknowledge that the small sample size of our
pathological section cohort did not allow us to draw a
strong conclusion and that results need to be
confirmed in future studies by histopathological
analysis of larger lung cancer tissue samples. No
previous studies have stained for both FAP and
integrin receptors and investigated the differences in
their expression and correlation of expression with
different stages of lung cancer. A dual-targeting tracer

in PET imaging can potentially overcome this
challenge of a variable receptor expression. In this
study, we presented an innovative staining score and
found that it had a slightly higher correlation
coefficient with SUVs than did FAP and integrin (3
individually, although both the percentage of
positively stained cells (PP) and the staining intensity
(SI) correlate with SUV values. In the future, more
pathological tissue samples will be needed to
investigate the relationship between IHC staining and
the uptake values of [*Ga]Ga-FAPI-RGD.

The limited number of enrolled participants may
have been insufficient to fully demonstrate this new
PET tracer's diagnostic value. For ethical reasons, the
same participant could not receive both the
dual-targeting tracer and the two single-targeting
tracers for comparison, and a larger cohort is needed
in future studies for these head-to-head comparisons
to reach a conclusive significant difference. Patients
with different stages of lung tumors may present
differently on [®Ga]Ga-FAPI-RGD PET/CT and other
PET tracers evaluated, requiring more patients to be
included for subgroup analysis and comparison. Only
puncture biopsy samples were acquired for some
participants with advanced lung cancer. As there was
a lack of tissue samples to perform complete
immunohistochemical validation, diagnosis of lymph
nodes and distant metastases was merely based on
imaging. In addition, the participants in this cohort
were predominantly diagnosed with adenocarci-
nomas; a study comprehending a more heterogeneous
cohort of lung cancer participants needs to be done.

Conclusion

Our proof-of-concept study supports using
PET/CT with the dual-target tracer [%Ga]Ga-FAPI-
RGD in diagnosing and staging lung cancer. We
found that [Ga]Ga-FAPI-RGD may have better
sensitivity in detecting lung cancer than the other PET
tracers evaluated. We thus conclude that [Ga]Ga-
FAPI-RGD s a feasible tracer worth further investiga-
tion; the data suggest that [Ga]Ga-FAPI-RGD
PET/CT may be a promising approach to detect lung
cancer better. We acknowledge that more compre-
hensive studies are needed in order to reach a robust
conclusion. In addition, due to the rapid clearance and
inadequate tumor retention of monomeric FAPIs,
FAPI-RGD should be explored for potential
therapeutic use in future studies.

Abbreviations

FAPI: fibroblast activation protein inhibitor;
RGD: Arg-Gly-Asp; FDG: fluorodeoxyglucose;
SUVmax: maximum standardized uptake value;
SUVmean: mean standardized uptake value.

https://lwww.thno.org



Theranostics 2023, Vol. 13, Issue 9

2991

Supplementary Material

Supplementary table 1: the SUVmean values for
lesions and normal organs.
https:/ /www.thno.org/v13p2979s1.pdf

Acknowledgments

This study was supported by the National High
Level Hospital Clinical Research Funding (2022-
PUMCH-C-004), Chinese Academy of Medical
Science Innovation Fund for Medical Sciences (2021-
I2M-1-016, 2022-12M-2-002, 2022-12M-C&T-A-008),
Beijing Natural Science Foundation (M22035), the
National Natural Science Foundation of China
(82272046), the National University of Singapore
Start-up Grant (NUHSRO/2021/097/Startup/13;
NUHSRO/2020/133/Startup/ 08), and NUS School of

Medicine Nanomedicine Translational Research
Programme  (NUHSRO/2021/034/TRP/09/Nano-
medicine).

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Church TR, Black WC, Aberle DR, Berg CD, Clingan KL, Duan F, et al. Results
of initial low-dose computed tomographic screening for lung cancer. N Engl J
Med. 2013; 368: 1980-91.

2. Bonney A, Malouf R, Marchal C, Manners D, Fong KM, Marshall HM, et al.
Impact of low-dose computed tomography (LDCT) screening on lung
cancer-related mortality. Cochrane Database Syst Rev. 2022; 8: Cd013829.

3. Giaccone G. 18Fluorodeoxyglucose positron emission tomography, a standard
diagnostic tool in lung cancer. ] Natl Cancer Inst. 2007; 99: 1741-3.

4. Fischer B, Lassen U, Mortensen J, Larsen S, Loft A, Bertelsen A, et al.
Preoperative staging of lung cancer with combined PET-CT. N Engl ] Med.
2009; 361: 32-9.

5. Vansteenkiste ], Fischer BM, Dooms C, Mortensen J]. Positron-emission
tomography in prognostic and therapeutic assessment of lung cancer:
systematic review. Lancet Oncol. 2004; 5: 531-40.

6.  Deppen SA, Blume JD, Kensinger CD, Morgan AM, Aldrich MC, Massion PP,
et al. Accuracy of FDG-PET to diagnose lung cancer in areas with infectious
lung disease: a meta-analysis. JAMA. 2014; 312: 1227-36.

7. Al-Sarraf N, Gately K, Lucey J, Wilson L, McGovern E, Young V. Lymph node
staging by means of positron emission tomography is less accurate in
non-small cell lung cancer patients with enlarged lymph nodes: analysis of
1,145 lymph nodes. Lung Cancer. 2008; 60: 62-8.

8. Deppen S, Putnam JB, Jr., Andrade G, Speroff T, Nesbitt JC, Lambright ES, et
al. Accuracy of FDG-PET to diagnose lung cancer in a region of endemic
granulomatous disease. Ann Thorac Surg. 2011; 92: 428-32; discussion 33.

9. Chun EJ, Lee HJ, Kang WJ, Kim KG, Goo JM, Park CM, et al. Differentiation
between malignancy and inflammation in pulmonary ground-glass nodules:
The feasibility of integrated F-FDG PET/CT. Lung Cancer. 2009; 65: 180-6.

10. Nomori H, Watanabe K, Ohtsuka T, Naruke T, Suemasu K, Uno K. Evaluation
of F-18 fluorodeoxyglucose (FDG) PET scanning for pulmonary nodules less
than 3 cm in diameter, with special reference to the CT images. Lung Cancer.
2004; 45: 19-27.

11. McDermott S, Kilcoyne A, Wang Y, Scott JA, Halpern EF, Ackman JB.
Comparison of the F-FDG avidity at PET of benign and malignant pure
ground-glass opacities: a paradox? Clin Radiol. 2019; 74: 187-95.

12. Yi CA, Shin KM, Lee KS, Kim BT, Kim H, Kwon O], et al. Non-small cell lung
cancer staging: efficacy comparison of integrated PET/CT versus 3.0-T
whole-body MR imaging. Radiology. 2008; 248: 632-42.

13. Kriiger S, Buck AK, Mottaghy FM, Hasenkamp E, Pauls S, Schumann C, et al.
Detection of bone metastases in patients with lung cancer: 9»Tc-MDP planar
bone scintigraphy, 18F-fluoride PET or F-FDG PET/CT. Eur ] Nucl Med Mol
Imaging. 2009; 36: 1807-12.

14. Hamson EJ, Keane FM, Tholen S, Schilling O, Gorrell MD. Understanding
fibroblast activation protein (FAP): substrates, activities, expression and
targeting for cancer therapy. Proteomics Clin Appl. 2014; 8: 454-63.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Loktev A, Lindner T, Burger EM, Altmann A, Giesel F, Kratochwil C, et al.
Development of Fibroblast Activation Protein-Targeted Radiotracers with
Improved Tumor Retention. ] Nucl Med. 2019; 60: 1421-9.

Loktev A, Lindner T, Mier W, Debus ], Altmann A, Jager D, et al. A
Tumor-Imaging Method Targeting Cancer-Associated Fibroblasts. ] Nucl
Med. 2018; 59: 1423-9.

Kratochwil C, Flechsig P, Lindner T, Abderrahim L, Altmann A, Mier W, et al.
68Ga-FAPI PET/CT: Tracer Uptake in 28 Different Kinds of Cancer. ] Nucl
Med. 2019; 60: 801-5.

Meyer C, Dahlbom M, Lindner T, Vauclin S, Mona C, Slavik R, et al. Radiation
Dosimetry and Biodistribution of ®%Ga-FAPI-46 PET Imaging in Cancer
Patients. ] Nucl Med. 2020; 61: 1171-7.

Giesel FL, Kratochwil C, Lindner T, Marschalek MM, Loktev A, Lehnert W, et
al. 8Ga-FAPI PET/CT: Biodistribution and Preliminary Dosimetry Estimate of
2 DOTA-Containing FAP-Targeting Agents in Patients with Various Cancers. J
Nucl Med. 2019; 60: 386-92.

Lindner T, Loktev A, Altmann A, Giesel F, Kratochwil C, Debus J, et al.
Development of Quinoline-Based Theranostic Ligands for the Targeting of
Fibroblast Activation Protein. ] Nucl Med. 2018; 59: 1415-22.

Mori Y, Dendl K, Cardinale J, Kratochwil C, Giesel FL, Haberkorn U. FAPI
PET: Fibroblast Activation Protein Inhibitor Use in Oncologic and
Nononcologic Disease. Radiology. 2023: 220749.

Niu G, Chen X. Why integrin as a primary target for imaging and therapy.
Theranostics. 2011; 1: 30-47.

Chen H, Niu G, Wu H, Chen X. Clinical Application of Radiolabeled RGD
Peptides for PET Imaging of Integrin alphavbeta3. Theranostics. 2016; 6: 78-92.
Eder M, Schifer M, Bauder-Wiist U, Haberkorn U, Eisenhut M, Kopka K.
Preclinical evaluation of a bispecific low-molecular heterodimer targeting both
PSMA and GRPR for improved PET imaging and therapy of prostate cancer.
Prostate. 2014; 74: 659-68.

Liu Z, Niu G, Wang F, Chen X. #Ga-labeled NOTA-RGD-BBN peptide for dual
integrin and GRPR-targeted tumor imaging. Eur J Nucl Med Mol Imaging.
2009; 36: 1483-94.

Zang ], Wen X, Lin R, Zeng X, Wang C, Shi M, et al. Synthesis, preclinical
evaluation and radiation dosimetry of a dual targeting PET tracer
[#8Ga]Ga-FAPI-RGD. Theranostics. 2022; 12: 7180-90.

Jin X, Liang N, Wang M, Meng Y, Jia B, Shi X, et al. Integrin Imaging with
99mTc-3PRGD2 SPECT/CT Shows High Specificity in the Diagnosis of Lymph
Node Metastasis from Non-Small Cell Lung Cancer. Radiology. 2016; 281:
958-66.

Zheng K, Liang N, Zhang J, Lang L, Zhang W, Li S, et al. 6Ga-NOTA-PRGD2
PET/CT for Integrin Imaging in Patients with Lung Cancer. ] Nucl Med. 2015;
56: 1823-7.

Zhou X, Wang S, Xu X, Meng X, Zhang H, Zhang A, et al. Higher accuracy of
[8Ga]Ga-DOTA-FAPI-04 PET/CT comparing with 2-[F]JFDG PET/CT in
clinical staging of NSCLC. Eur ] Nucl Med Mol Imaging. 2022; 49: 2983-93.
Wu ], Deng H, Zhong H, Wang T, Rao Z, Wang Y, et al. Comparison of
6Ga-FAPI and ¥F-FDG PET/CT in the Evaluation of Patients With Newly
Diagnosed Non-Small Cell Lung Cancer. Front Oncol. 2022; 12: 12:924223.
Zhao L, Wen X, Xu W, Pang Y, Sun L, Wu X, et al. Clinical Evaluation of
68Ga-FAPI-RGD for Imaging of Fibroblast Activation Protein and Integrin a,fs
in Various Cancer Types. ] Nucl Med. 2023.

Henry LR, Lee HO, Lee JS, Klein-Szanto A, Watts P, Ross EA, et al. Clinical
implications of fibroblast activation protein in patients with colon cancer. Clin
Cancer Res. 2007; 13: 1736-41.

Fabricius EM, Wildner GP, Kruse-Boitschenko U, Hoffmeister B, Goodman SL,
Raguse JD. Immunohistochemical analysis of integrins avfs, avBs and aspi, and
their ligands, fibrinogen, fibronectin, osteopontin and vitronectin, in frozen
sections of human oral head and neck squamous cell carcinomas. Exp Ther
Med. 2011; 2: 9-19.

Zhang ], Li D, Lang L, Zhu Z, Wang L, Wu P, et al. Ga-NOTA-Aca-BBN(7-14)
PET/CT in Healthy Volunteers and Glioma Patients. ] Nucl Med. 2016; 57:
9-14.

Zang ], Mao F, Wang H, Zhang ], Liu Q, Peng L, et al. %Ga-NOTA-RM26
PET/CT in the Evaluation of Breast Cancer: A Pilot Prospective Study. Clin
Nucl Med. 2018; 43: 663-9.

Zhang ], Mao F, Niu G, Peng L, Lang L, Li F, et al. $5Ga-BBN-RGD PET/CT for
GRPR and Integrin avfs Imaging in Patients with Breast Cancer. Theranostics.
2018; 8: 1121-30.

Liu Z, Yan Y, Liu S, Wang F, Chen X. ®F, #Cu, and 6%Ga-labeled
RGD-bombesin heterodimeric peptides for PET imaging of breast cancer.
Bioconjug Chem. 2009; 20: 1016-25.

Murakami S, Saito H, Karino F, Kondo T, Oshita F, Ito H, et al.
8F-fluorodeoxyglucose uptake on positron emission tomography in mucinous
adenocarcinoma. Eur ] Radiol. 2013; 82: 721-5.

Berger KL, Nicholson SA, Dehdashti F, Siegel BA. FDG PET evaluation of
mucinous neoplasms: correlation of FDG uptake with histopathologic
features. AJR Am J Roentgenol. 2000; 174: 1005-8.

Rao Z, Zhang Y, Liu L, Wang M, Zhang C. ["7Lu]Lu-FAP-2286 therapy in a
case of right lung squamous cell carcinoma with systemic metastases. Eur J
Nucl Med Mol Imaging. 2022; 50: 1266-7.

Liu B, Zhang Z, Wang H, Yao S. Preclinical evaluation of a dual sstr2 and
integrin a.fs-targeted heterodimer [#Ga]-NOTA-3PEG(4)-TATE-RGD. Bioorg
Med Chem. 2019; 27: 115094.

https://lwww.thno.org



Theranostics 2023, Vol. 13, Issue 9

2992

42.

43.

44.

Zhao L, Niu B, Fang J, Pang Y, Li S, Xie C, ef al. Synthesis, Preclinical
Evaluation, and a Pilot Clinical PET Imaging Study of 6Ga-Labeled FAPI
Dimer. ] Nucl Med. 2022; 63: 862-8.

Chen X, Sievers E, Hou Y, Park R, Tohme M, Bart R, et al. Integrin
avfs-targeted imaging of lung cancer. Neoplasia. 2005; 7: 271-9.

Chen X, Liu X, Wang L, Zhou W, Zhang Y, Tian Y, ef al. Expression of
fibroblast activation protein in lung cancer and its correlation with tumor
glucose metabolism and histopathology. Eur ] Nucl Med Mol Imaging. 2022;
49: 2938-48.

https://lwww.thno.org



