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Editorial

Dimeric FAPI with potential for tumor theranostics
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Abstract: Radionuclide-labeled fibroblast activation protein inhibitors (FAPIs) are popular nuclear imaging probes
in recent years. It's of great significance for tumor diagnosis and has great potential in tumor treatment. However,
optimization of the probes is needed to further increase tumor uptake and prolong tumor retention for improved
treatment efficacy and fewer side effects. In this issue of AINMMI, Moon et al. reported two squaramide coupled
FAPI conjugates (DOTA.(SA.FAPi), and DOTAGA.(SA.FAPi),) and labeled them with %®Ga. The resulted tracers showed
increased tumor accumulation and persistent retention, which led to an advance in PET imaging. The use of dimeric
structures provides a feasible strategy to develop radiotherapeutic analogs of FAP inhibitors.
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Introduction

Although *¥F-FDG was named as the molecule
of the 20th century and played important role
in the field of tumor imaging, it still has many
shortcomings, such as limited sensitivity in
some types of tumors; poor specificity; only for
diagnosis and but not for treatment. Therefore,
scientists have been looking for new molecular
probes that can supplement *8F-FDG.

Cancer-associated fibroblasts (CAFs) are the
major constituent of tumor stroma which con-
trol key tumorigenic activities by participating in
immune evasion and suppression, extracellular
matrix remodeling, neo-angiogenesis, and drug
resistance [1, 2]. Fibroblast activation protein
(FAP) is overexpressed on the CAFs but shows
little expression in most normal organs. FAP’s
active involvement in many tumor-promoting
activities makes it an attractive target for both
tumor imaging and endoradiotherapy [2, 3]. In
recent years, a series of quinoline-based fibro-
blast activation protein inhibitors (FAPIs) were
synthesized and labeled with %8Ga. With rapid
and almost complete internalization and fast
clearance from the circulation, these tracers
showed high-contrast imaging even at 10 min

after tracer administration, excellent diagnostic
efficiency has been reported in a large amount
of preclinical and clinical trials [4-6]. ®8Ga-
labeled FAPIs have become rising stars in the
field of molecular imaging with the potential of
replacing *¥F-FDG and may become the mole-
cule of the 21st century. Recently, several new
ligands were also designed for labeling with 8F
and °°™Tc, which allowed for widespread clinical
routine practice [7-9].

Although FAPI derivatives are promising tracers
for cancer imaging as mentioned above, their
huge potential for therapeutic applications is
more exciting. The DOTA chelator presents an
opportunity to introduce therapeutic radionu-
clides, opening the road to a new family of ther-
anostic radiopharmaceuticals. Therapeutic ra-
dionuclides such as *7Lu, °°Y, %4Cu, ??°Ac, etc.,
were linked to FAPI to reach tumors with overex-
pressed FAP directly and exert internal radia-
tion killing [10-13]. Yet, fast clearance and
insufficient tumor retention have hampered
FAPI-based tracer further clinical applications
for cancer treatment. Since many therapeutic
radionuclides have relatively long half-lives, the
short retention of ®8Ga-FAPI-04 and %8Ga-FAPI-
02 in the tumor tissue (half-life 3.0 hand 1.7 h,
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correspondingly) [2] presents potential limita-
tion with regard to the theranostic application.
To improve the binding ability to FAP and pro-
long the residence time in tumor stromal tissue
and to enhance the tumor-killing efficacy of
FAPI-based radiotheranostic agents, radio-
chemists have engaged in chemical modifica-
tion of the FAPI framework. Moreover, higher
doses of radioactivity can be delivered while
minimizing damage to healthy tissue, which
may improve therapeutic outcome [14].

In recent years, Roesch’s group has used the
squaramide (SA) containing bifunctional DATAS™
and DOTA chelators to create radiopharmaceu-
tical precursor FAPI (namely DATAS™.SA.FAPI
and DOTA.SA.FAPI) [15]. The new FAP ligand,
same as the commonly used FAPI-02, FAPI-04
and FAPI-46, has shown promise in oncology
diagnostic applications [16]. However, on the
way to radiotherapeutic agents, the short blood
half-life and poor tumor retention of FAPI remain
obstacles for efficient radionuclide therapy. So
Roesch and coworkers switched their attention
on bivalent structures that have shown desir-
able effects in increased tumor accumulation
and prolonged tumor retention. In addition,
177 u-DOTA-SA-FAPI radiation therapy was per-
formed in a 30-year-old female with metastatic
breast cancer with a single cycle of 3.2 GBq, an
approximate absorbed dose was observed in
the primary tumor and brain metastasis, indi-
cating primary tumors and brain metastases
with uptake doses of approximately 1.48 and
3.46 mGy/MBq [17].

In this issue of American Journal of Nuclear
Medicine and Molecular Imaging [18], the
Roesch group reported a scheme to transform
FAPI into a homodimeric system, where a single
molecule can have two inhibitor clamps.
Building on their mastery of the DOTA homo-
logous synthesis method, they further opti-
mized the structure to develop two homodi-
meric designs DOTA.(SA.FAPI), and DOTAGA.
(SA.FAPI),. They used ®*Ga to label two dimeric
structures separately and found that the pre-
cursor DOTAGA and the buffers NaAc and
HEPES could bind better to 8Ga. The chemical
modification did not significantly affect the bio-
logical activity of FAPI, and the FAPI dimer main-
tained its high affinity with FAP and high FAP/
PREP selectivity. Primary clinical trials were
performed in six patients. Compared to FAPI
monomers, homodimeric FAPI radiotheranos-
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tics presented more excellent affinity to FAP in
the tumor stroma, slower rate of renal excre-
tion, and longer blood pool retention, expecting
to further improve the target/non-target signal
ratio and facilitate visual analysis, may improve
the sensitivity of radionuclide labeled FAPI to
new levels in the diagnosis of malignancies.
In terms of treatment, a longer-lasting blood
retention time based on the strengthened affin-
ity may result in a significantly enhanced effect
of internal irradiation, which contributes to a
substantial step forward to turn radionuclide-
labeled FAPI into radiotherapeutics. FAPI-based
dimeric derivatives allow the development of a
new approach to tumor-targeted radiation ther-
apy that has excellent translational clinical
application and is expected to significantly
impact the treatment of high FAP-expressed
cancer in the future.

However, FAPI-based agents have inherent
challenges and limitations. FAPI has always
been imperfect with the drawback of low speci-
ficity for malignant tumors. The high inter-indi-
vidual variation in the PET images highlights
heterogeneity in FAP expression across differ-
ent diseases and even within the same dis-
ease. This variability represents a challenge for
the general application of FAP-targeting ther-
anostic radiopharmaceuticals. Non-cancerous
fibrosis conditions, such as Ig G4 related dis-
eases, cirrhosis, and Cron’s disease, present
another challenge for the general application of
FAP-targeting theranostic agents [1, 19]. The
modified dimer failed to provide improved FAPI
diagnostic specificity, as the uptake and reten-
tion of the dimer are also enhanced in some
non-neoplastic lesions that expressed FAP. In
addition, the blood pool delay of ¢8Ga-DOTAGA.
(SA.FAPI), in some patients is of concern, which
may have additional radiation to normal organs
throughout the body. It can cause relatively
high bone marrow toxicity. Of note, radiothera-
py is associated with more significant side
effects at higher doses and with multiple
treatments. Therefore, further optimization and
improvement is needed.

For therapeutic purposes, the most important
factors to be considered include physical char-
acteristics (physical half-life, type of emissions,
energy of the radiations, daughter product,
method of production, and radionuclide purity)
and biochemical characteristics (tissue target-
ing, retention of radioactivity in the tumor, in
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vivo stability, and toxicity) [20]. A balanced opti-
mal biological and physical half-life should be
chosen according to the type of tumor to be
treated, method of administration, and uptake
mechanism, which results in an optimal effec-
tive half-life. Radiations with high-linear energy
transfer (LET), such as o- and B-particles, are
preferable. For biochemical characteristics, a
clinically suitable tracer should provide selec-
tive concentrations as high as possible and
prolonged retention in the tumor, while main-
taining minimum uptake in the normal tissues,
high stability, proper size of the tracer particles,
low toxicity, the specific gravity for optimal flow
and distribution during administration, the
appropriate pH, and the optimal clearance rate
(except for permanent tracer) [20].

The main challenge for potential therapeutic
application of the tracer was in optimizing its
tumor uptake and retention time. Increasing
the size of the molecule is a common practice
to prolong the retention of radiopharmaceuti-
cals in the body, common strategies include
multimerization, PEGylation, adding albumin
binding moieties such as Evens Blue, and cova-
lent connection of radionuclides. The formation
of dimeric derivatives is an approach to improve
tumor accumulation as well as retention time.
The common problem must overcome is side
effects. On the other hand, the physical half-life
of the radionuclide has to be adjusted to the
retention time, radionuclides with shorter half-
lives seem preferable to those with longer half-
lives. Thus, the use of #Re, 153Sm, 213Bi, or
212pp would be favored for FAPI-based endora-
diotherapy [3].

As a proof-of-concept of FAP-targeted endora-
diotherapy, FAPI-04 was labeled with °°Y (half-
life, 64 h) and first used in a patient with meta-
static final-stage breast cancer, a considerably
low dose of °°Y-FAPI-04 resulted in a significant
reduction in pain symptoms, and no therapy-
related side effects was reported [2].
Researchers studied low-dose "7Lu-FAPI-04
dosimetry in four patients with metastatic
advanced-stage cancer and concluded that the
mean absorbed dose to organs at risk with
177_u-FAPI-04 is reasonably low, allowing for low
tumor-absorbed dose rates by administering a
higher dose [21]. However, relatively long half-
lives of many therapeutic radionuclides are not
match the short retention of 8Ga-FAPI-04 and
68Ga-FAPI-02 in the tumor tissue, presents
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potential limitation with regard to the theranos-
tic application [1]. Further functionalization of
the core FAPI-04 structure yielded ®8Ga-FAPI-
21 and %8Ga-FAPI-46. Both compounds demon-
strated improved tumor uptake and higher
tumor-to blood, liver, muscle, and intestine con-
trast, lower uptake in oral mucosa, salivary
glands, and thyroid, as well as favorable dosim-
etry profile, make FAPI-46 potentially more
suitable as a theranostic agent [14, 22]. Initial
clinical experience with °°Y-FAPI-46 radioligand
therapy has been reported for advanced stage
solid tumors in a case series of nine patients,
but hematologic G3/G4 toxicities were noted
in four patients (44%) [12]. FAP-2286 is the
conjugate of a FAP-binding peptide, the first-in-
human results using "Lu-FAP-2286 for pep-
tide-targeted radionuclide therapy (PTRT)
reported it was relatively well-tolerated with
acceptable side effects and demonstrated long
retention of the radiopeptide, it could be
applied in a broad spectrum of cancers after
prospective clinical studies [23].

Further research on optimizing therapeutic effi-
cacy and using alternative radioisotopes is
ongoing. A first preclinical therapeutic applica-
tion of 225Ac-FAPI-04 was performed on xeno-
graft-implanted FAP-expressing pancreatic
PANC-1 cancers, an administration of 34 kBq of
225Ac-FAPI-04 showed excellent tumor growth
suppression without significant toxicity [11]. As
one of the most representative radioisotopes
for imaging and therapeutic applications and
an analogue of 2'*At, *31| was used to label FAPI
derivatives and pave the way for the radioast-
atination of related precursors as well as their
in vitro and in vivo biological evaluations in tar-
geted alpha therapy, the results implied that
FAP-targeted alpha endoradiotherapy (specific
to 2'*At) should be used to treat tumors in the
near future [24]. New FAPI derivatives were
designed for labeling with °°™Tc and !%Re,
which are available from generators and can be
used as a couple for diagnosis and FAP target-
ed endoradiotherapy [9].

FAPI dimer is a good strategy to optimize the
pharmacokinetics. **Ga-DOTA-2P(FAPI), based
on FAPI-46 was reported to increase tumor
uptake and retention properties compared to
68Ga-FAPI-46, and it could be a promising trac-
er for both diagnostic imaging and targeted
therapy of malignant tumors with positive
expression of FAP [25]. Two albumin binder-
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conjugated FAPI radiotracers, TEFAPI-06 and
TEFAPI-O7 were developed, which were derived
from FAPI-04 and optimized by conjugating two
types of well-studied albumin binders, 4-(p-
iodophenyl) butyric acid moiety (TEFAPI-06)
and truncated Evans blue moiety (TEFAPI-07),
notably improved tumor uptake and retention
have been observed compared to the original
FAPI tracer. Both *"7Lu-TEFAPI-06 and *""Lu-
TEFAPI-O7 showed remarkable growth inhibi-
tion to PDX tumors while the side effect is neg-
ligible, showing that they are promising for fur-
ther clinical translational studies [26].

Overall, Roesch’s group reported that two novel
PET radiopharmaceuticals DOTA.(SA.FAPI), and
DOTAGA.(SA.FAPI), based on a homodimer sys-
tem are promising molecular probes for inte-
grated PET imaging and oncology treatment
and verified the hypothesis that dimeric FAPI
derivatives can function as an approach
towards increasing tumor stroma residence
times. Showing promising pharmaceutical pro-
files both in vitro and in vivo, DOTAGA.(SA.FAPi),
and related compounds could be a suitable
PET imaging probe for diagnostic approaches
targeting FAP in the tumor stroma. However,
®Ga-DOTAGA.(SA.FAPi), is accompanied by
high, delayed, and heterogeneous blood pool
uptake across the patients, high retention of
the tracer in the blood leads to lower tumor-to-
blood ratios, this may lead to increased radia-
tion dose to the non-target organs and higher
hematotoxicity during treatment, narrowing the
therapeutic window. In future work, concern is
expected to be focused on optimization of the
dimer to reduce blood retention while increas-
ing its therapeutic efficacy. The physical half-
life of the radionuclide has to be adjusted to the
retention time, radionuclides with shorter half-
lives seem preferable to those with longer
half-lives.
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