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Abstract

Introduction Radiopharmaceuticals that target cancer-associated fibroblasts (CAFs) have become an increasingly attractive
strategy for cancer theranostics. Recently, a series of fibroblast activation protein inhibitor (FAPI)-based radiopharmaceuticals
have been successfully applied to the diagnosis of a variety of cancers and exhibited excellent tumor selectivity. Neverthe-
less, CAF-targeted radionuclide therapy encounters difficulties in cancer treatment, as the tumor uptake and retention of
FAPIs are insufficient. To meet this challenge, we tried to conjugate albumin-binding moiety to FAPI molecule for prolonged
circulation that may increase the accumulation and retention of radiopharmaceuticals in tumor.

Methods Two fatty acids, lauric acid (C12) and palmitic acid (C16), were conjugated to FAPI-04 to give two albumin-binding
FAPI radiopharmaceuticals, denoted as FAPI-C12 and FAPI-C16, respectively. They had been radiolabeled with gallium-68,
yttrium-86, and lutecium-177 for stability study, binding affinity assay, PET and SPECT imaging, biodistribution, and radio-
nuclide therapy study to systematically evaluate their potential for CAF-targeted radionuclide therapy.

Results FAPI-C12 and FAPI-C16 showed high binding affinity to FAP with the ICy, of 6.80+0.58 nM and 5.06+0.69 nM,
respectively. They were stable in both saline and plasma. The tumor uptake of [**Ga]Ga-FAPI-04 decreased by 56.9% until
30 h after treated with FAPI-C16 before, and the uptakes of [3*Y]Y-FAPI-C12 and [*®Y]Y-FAPI-C16 in HT-1080-FAP
tumor were both much higher than that of HT-1080-Vehicle tumor which identified the high FAP specific of these two
radiopharmaceuticals. Both FAPI-C12 and FAPI-C16 showed notably longer circulation and significantly enhanced tumor
uptake than those of FAPI-04. ['"’Lu]Lu-FAPI-C16 had the higher tumor uptake at both 24 h (11.22+1.18%IA/g) and 72 h
(6.50 + 1.19%IA/g) than that of [!"’Lu]Lu-FAPI-C12 (24 h, 7.54 +0.97%IA/g; 72 h, 2.62 + 0.65%IA/g); both of them were
much higher than ['7"Lu]Lu-FAPI-04 with the value of 1.24 +0.54%IA/g at 24 h after injection. Significant tumor volume
inhibition of ['7"Lu]Lu-FAPI-C16 at the high activity of 29.6 MBq was observed, and the median survival was 28 days
which was much longer than that of the [!”’Lu]Lu-FAPI-04 treated group of which the median survival was only 10 days.
Conclusion This proof-of-concept study validates the hypothesis that conjugation of albumin binders may shift the pharma-
cokinetics and enhance the tumor uptake of FAPI-based radiopharmaceuticals. This could be a general strategy to transform
the diagnostic FAP-targeted radiopharmaceuticals into their therapeutic pairs.
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Introduction

Tumor stroma which is composed of specialized connec-
tive tissue cells such as fibroblasts [1] and the extracellu-
lar matrix (ECM) [2] is essential in cancer development,
progression, and metastasis [3]. As one major cellular
component in tumor stroma, cancer-associated fibroblasts
(CAFs) cells which are an established source of classical
tumor-promoting growth factors [4, 5] make the tumor
cells exhibit more aggressive and result the poor progno-
sis [6]. Considering the important role in cancer develop-
ment, CAF-targeted diagnosis and therapy have become an
important strategy for cancer management [7, 8]. Fibro-
blast activation protein (FAP), a dual specificity serine
protease [9], which is overly expressed in CAFs but nota-
bly less expressed in normal tissues, allows the selective
targeting of CAFs in many cancers [10], and has become
a pivotal biomarker for CAF-targeted treatment [11, 12].

Since 2018, a series of fibroblast activation protein
inhibitor (FAPI)-based radiopharmaceuticals includ-
ing [®8Ga]Ga-FAPI-02 [13] and [%®Ga]Ga-FAPI-04 [14]
have been developed and performed excellent FAP-tar-
geted diagnosis outcomes in the clinical studies [15-17].
To make these FAPI based radiopharmaceuticals more
suitable for radionuclide therapy, Loktev and co-work-
ers focused on the direct chemical structure optimiza-
tion and developed FAPI-21 and FAPI-46 to further
increase the tumor uptake and retention for therapeutic
outcome improving [18, 19]. Though only the [!"’Lu]
Lu-FAPI-21 has an enhanced tumor retention when com-
paring with ['7"Lu]Lu-FAPI-04, with the tumor uptake
of 6.03 +0.68%IA/g and 2.86 +0.31%IA/g respectively
at 24 h after injection [18], the rapid clearance from the
circulation and the insufficient tumor accumulation still
hamper the further application of FAPI radiopharmaceu-
ticals for cancer therapy. A promising strategy to meet the
challenge may be to prolong the blood circulation by con-
jugating FAPI with the albumin-binding moieties as illus-
trated by a series of studies that the radiopharmaceuticals
conjugated with Evans blue [20, 21] or 4-(p-iodophenyl)
butyric acid [22, 23] moieties can significantly improve
the therapeutic dose delivery [24].

Besides these popular albumin-binding moieties, fatty
acids are also a type of classic albumin-binding moie-
ties. Liraglutide [25], the fatty acid conjugate, has been
approved by FDA and used in clinics to elongate the blood
circulation of the insulin and glucagon-like peptide-1 ana-
logs [26, 27]. For the reason that the structure activity and
protraction relationship of the fatty acid alky chain length,
polarity, and bulkiness have been thoroughly investigated
which provides us more regular information for rational
selection and optimal design [28, 29], we are wondering
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whether fatty acid-conjugated FAPI would have sufficient
tumor uptake and retention to match the half-lives of thera-
peutic radionuclides (e.g., lutecium-177).

There are studies suggesting that conjugations with pal-
mitic acid (C16) often have longer blood circulation than
other fatty acids [28]. Yet conjugation with lauric acid (C12)
had also been investigated in this work, as it may have a
better balance between blood clearance and tumor accumu-
lation. In this study, we designed and synthesized FAPI-
C12 (Fig. 1A) and FAPI-C16 (Fig. 1B), two fatty acid-FAPI
conjugates, to extend its blood retention time and maximize
the uptake in FAP-expressing tumors. Head-to-head com-
parisons between radiolabeled FAPI-C12 and FAPI-C16
were conducted by in vitro competition binding, as well as
by PET and SPECT imaging, biodistribution, and endora-
diotherapy studies in FAP-expressing xenografts bearing
mice. With greatly enhanced tumor uptake and treatment
efficacy compared to ['”’Lu]Lu-FAPI-04 in preclinical stud-
ies, ['7"Lu]Lu-FAPI-C16 warrants further investigation for
FAP-targeted radionuclide therapy.

Materials and methods
Ligands and radionuclides

FAPI-C12 and FAPI-C16 were synthesized according to
the methods illustrated in the supporting information. Gal-
lium-68 was obtained as 68GaCl3 by eluting the **Ge-%*Ga
generator (iThemba LABS, South Africa) using 0.6 M HCI
solution. Yttrium-86 was obtained as *YCl, in 0.1 M HCI
solution, the target design followed our previous report [30],
and the purification procedure followed the method reported
previously by using one 14 MeV cyclotron [31]. '"LuCl,
(ITG, Germany) in 0.1 M HCl solution was purchased from
China Isotope & Radiation Corporation.

Radiolabeling and stability in vitro

For all the radiolabeling processes, 50 nmol FAPI-C12
or FAPI-C16 was used. For ®®Ga labeling, 256-354 MBq
%GaCls; in 0.6 M HCI (1 mL) was adjusted to pH 4.5 by
using the solution of Na,CO; (3 M) and NaOH (3 M);
the mixture was incubated at 90 °C for 10 min. For 8¢Y
labeling, 105-142 MBq **YCl, in 0.1 M HCI (1 mL) was
adjusted to pH 4.5 by using the solution of Na,CO; (3 M);
the mixture was incubated at 90 “C for 10 min. For !"'Lu
labeling, 158-231 MBq '""LuCl, in 0.1 M HCI was added
into the FAPI-C12 or FAPI-C16 in NaOAc buffer (0.2 M,
pH 4.5-5.0) and then incubated at 90 ‘C for 15 min. pH-
indicator strips were used to detect the pH of the labe-
ling mixture. Sep-Pak Light C18 cartridges (Waters)
activated by ethanol and water were used for purification,
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Fig.1 A, B Chemical structure of FAPI-C12 and FAPI-C16; C cell competition assays of FAPI-C12 and FAPI-C16 using HT-1080-FAP cells;

D cell uptake assays of [%*Ga]Ga-FAPI-C12 and [**Ga]Ga-FAPI-C16

and the quality control was performed by using a radio-
activity detector equipped with high-performance liquid
chromatography (radio-HPLC). For stability study, the
radiochemical purity of [""Lu]Lu-FAPI-C12 and ['""Lu]
Lu-FAPI-C16 incubated in saline and human serum were
measured using radio-HPLC at 24 h, 72 h, and 120 h,
respectively. For stability study in serum, an equivalent
volume of acetonitrile was added to the mixture twice to
precipitate the serum thoroughly and then centrifuged;
the supernatant was analyzed by radio-HPLC. The radio-
HPLC method was as follows: 10% acetonitrile containing
0.1% TFA during 0-2 min; 10-60% acetonitrile containing
0.1% TFA during 2-10 min; 60% acetonitrile containing
0.1% TFA during 10-12 min; and 60-10% acetonitrile
containing 0.1% TFA during 12-15 min. The flow rate
was 1 mL/min, and the C18 column (4.6 X 150 mm, 5 pm,
XBridge, Waters) was used for chromatograms collection.

Cell culture and assay

The cell lines HT-1080-Vehicle (mock-transfected human
fibrosarcoma cell line) and HT-1080-FAP which is the
human fibrosarcoma cell line transferred with the human
FAP gene were used for cell assays and other experiments
in vitro and in vivo. Eagle’s minimum essential medium
(EMEM, Hyclone) containing 10% fetal bovine serum
(FBS, Corning), 1% antibiotic—antimycotic (Anti-Anti,
Invitrogen), and 4 pg/mL Blasticidin S (Pharmabiology)
was used for cell cultivation. For competition assays, HT-
1080-FAP cells seeded in 6-well plates were incubated with
[68Ga]Ga—FAPI-04 and unlabeled FAPI-C12 or FAPI-C16
(107°-107° M) simultaneously in the fresh medium without
FBS for 1 h in the cell incubator. When the incubation fin-
ished, the medium was removed, and the cells were washed
with PBS (1 mL) twice; then the cells were lysed with NaOH
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(1 M, 0.5 mL) and washed with PBS (0.5 mL) twice, col-
lected the NaOH (0.5 mL) and PBS (0.5 mL X 2) solution
together, and detected the radioactive counts as the uptake of
[%8Ga]Ga-FAPI-04. For uptake assays, HT-1080-Vehicle and
HT-1080-FAP cells seeded in 6-well plates were incubated
with [®*Ga]Ga-FAPI-C12 or [**Ga]Ga-FAPI-C16 in the
fresh medium without FBS for 1 h in cell incubator; when
the incubation finished, the cells were processed following
the protocol used in the competition assays.

Tumor xenograft model

All animal care and experimental procedure were performed
following the guidelines of the care and use of laboratory
animals approved by the ethics committee of Peking Uni-
versity. Six-weeks-old female nu/nu mice purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
For HT-1080-FAP tumor-bearing mice preparation, the mice
were subcutaneously inoculated about 5x 10® HT-1080-FAP
cells into the shoulder. For HT-1080-Vehicle tumor-bearing
mice preparation, the mice were subcutaneously inoculated
about 5x 10° HT-1080-Vehicle cells into the shoulder.

Small animal PET and SPECT imaging

Small animal PET/CT and SPECT/CT (Mediso imaging sys-
tem) were used for PET and SPECT scan, image instruction,
and data analysis. The whole-body dynamic PET images
of [®*Ga]Ga-FAPI-C12 and [®*Ga]Ga-FAPI-C16 were col-
lected using HT-1080-FAP tumor-bearing mice. Scan of the
first hour was acquired after intravenous injection of about
22.2 MBq [®®Ga]Ga-FAPI-C12 or [*®Ga]Ga-FAPI-C16;
then a 15-min scan was performed every hour until 4 h after
injection. Whole-body PET imaging of [*®Y]Y-FAPI-C12
and [¥Y]Y-FAPI-C16 was performed using HT-1080-FAP
tumor-bearing mice at 1 h, 6 h, 12 h, 24 h, 36 h, and 48 h
after intravenous injection of about 7.4 MBq [*°Y]Y-FAPI-
C12 or [*Y]Y-FAPI-C16. The whole-body PET images of
HT-1080-Vehicle tumor-bearing mice were collected at 12 h,
24 h, and 48 h after intravenous injection of about 7.4 MBq
[®Y]Y-FAPI-C12 or [*Y]Y-FAPI-C16. For the blocking
study, HT-1080-FAP tumor-bearing mice were performed
[%Ga]Ga-FAPI-04 PET imaging firstly; then the mice were
treated with about 500 pg unlabeled FAPI-C16; after 6 h and
30 h, the same mice were performed [**Ga]Ga-FAPI-04 PET
imaging again. SPECT imaging of ['7’Lu]Lu-FAPI-C12 and
['""Lu]Lu-FAPI-C16 was performed using HT-1080-FAP
tumor-bearing mice at 4 h, 24 h, and 48 h after intravenous
injection of about 37.0 MBq ['7Lu]Lu-FAPI-C12 or ['7"Lu]
Lu-FAPI-C16. SPECT imaging of ['""Lu]Lu-FAPI-04 was
also performed at 24 h after injection.
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Biodistribution study

A biodistribution study was performed using HT-1080-FAP
tumor-bearing mice. At 24 h and 72 h after intravenous
injection of about 1110 kBq [!""Lu]Lu-FAPI-C12 and
['""Lu]Lu-FAPI-C16, the mice were sacrificed and anato-
mized; the radioactive counts and the weight of main organs
and tissues were measured. The data were normalized to
%1A/g using the 1% of total injection counts. Biodistribu-
tion study of ['”7Lu]Lu-FAPI-04 was also performed using
HT-1080-FAP tumor-bearing mice at 24 h after injection.

Radionuclide therapy study

A radionuclide therapy study was performed using HT-
1080-FAP tumor-bearing mice. When the average tumor
volume reached about 100 mm?>, the mice were divided
into five groups, and there were six mice in every group.
Groups A, B, C, D, and E were treated respectively with
29.6 MBq ['""Lu]Lu-FAPI-C16, 18.5 MBq [!""Lu]Lu-FAPI-
C16, 29.6 MBq ['"Lu]Lu-FAPI-C12, 29.6 MBq ['"’Lu]Lu-
FAPI-04, and saline. The mice were euthanized when the
tumor volume reached above 1000 mm?, or the body weight
decreased by 10%, or ulcerated.

Histopathologic staining

The main organs including the heart, liver, spleen, lung,
kidney, and intestine of the mice treated with saline, ["Lu]
Lu-FAPI-04, ['""Lu]Lu-FAPI-C12, and ['""Lu]Lu-FAPI-
C16 were performed hematoxylin and eosin (H&E) staining
following the previous study [32]. The tumors of the mice
were performed immunohistochemistry (IHC) staining, and
Anti-human FAP mAb (Abcam) was used as the primary
antibody.

Results
Radiochemistry and stability in vitro

For radiolabeling with %8Ga, #Y, and '""Lu, the radiochemi-
cal yields were over 90%, and the radiochemical purity of
these radiolabeling products used for all the in vivo and
in vitro studies was over 98% according to radio-HPLC. For
[8Ga]Ga-FAPI-C12 and [*®Ga]Ga-FAPI-C16, the specific
activity was 4.4-5.9 GBg/pmol. For [*Y]Y-FAPI-C12 and
[®®Y]Y-FAPI-C16, the specific activity was 1.9-2.6 GBq/
pmol. For ['7"Lu]Lu-FAPI-C12 and ['""Lu]Lu-FAPI-C16,
the specific activity was 3.0-4.4 GBq/pmol. As illus-
trated in Supplemental Figure 1, no free lutecium-177 was
detected, and only the initial peaks of [!”’Lu]Lu-FAPI-C12
and ['""Lu]Lu-FAPI-C16 were observed until 120 h after



European Journal of Nuclear Medicine and Molecular Imaging (2022) 49:1985-1996 1989

Fig.2 A, C Dynamic PET

imaging of ®8Ga]Ga-FAPI-C12 B
and [**Ga]Ga-FAPI-C16; B, D 41 —+ [%8Ga]Ga-FAPI-C12 blood
corresponding blood and tumor = - [68Ga]Ga-FAPI-C12 tumor
time activity curves £
g i i 21
' ‘ . §
£
‘ ,|, >
-]
n -
‘ ‘ 0 T T
0 100 200
60 min 120 min 180 min 240 min Time (min)
c [63Ga]Ga-FAPI-C16 D

60 min 120 min 180 min 240 min

incubation in saline and human serum and demonstrated
that ['”’Lu]Lu-FAPI-C12 and ['"’Lu]Lu-FAPI-C16 both had
excellent stability in saline and human serum.

Binding affinity assay

To evaluate the FAP specificity of these two radiophar-
maceuticals, competition assays were performed by using
the unlabeled FAPI-C12 and FAPI-C16 to compete with
the uptake of [®®Ga]Ga-FAPI-04. As illustrated in Fig. 1C,
the uptake of [®3Ga]Ga-FAPI-04 decreased significantly
when using FAPI-C12 and FAPI-C16 at low concentrations
which demonstrated that both FAPI-C12 and FAPI-C16
had high FAP specificity in vitro. The ligand concentration
required for 50% inhibition (ICs) of [*®*Ga]Ga-FAPI-04
uptake was 6.80+0.58 nM and 5.06 +0.69 nM for FAPI-
C12 and FAPI-C16, respectively. To further evaluate the
FAP specificity in vitro, uptake assays were performed by
using HT-1080-Vehicle cells as a control group; as illus-
trated in Fig. 1D, the uptakes of [®3Ga]Ga-FAPI-C12 and
[8Ga]Ga-FAPI-C16 in HT-1080-FAP cells were both sig-
nificantly higher than that in HT-1080-Vehicle cells, which
also verified the excellent FAP specificity of these two radi-
opharmaceuticals in vitro.

Pharmacokinetics study
Whole-body dynamic PET images of [**Ga]Ga-FAPI-C12

and [®*Ga]Ga-FAPI-C16 using HT-1080-FAP tumor-bear-
ing mice were collected firstly to preliminarily evaluate and

—*- [8Ga]Ga-FAPI-C16 blood
= [68Ga]Ga-FAPI-C16 tumor

N

SUV mean (g/mL)
N

o

0 100 200

Time (min)

compare their pharmacokinetics in healthy mice. As illus-
trated in Fig. 2, for [°8Ga]Ga-FAPI-C12, the gallbladder
and intestine uptake were extremely high which indicated
that this radiopharmaceutical was metabolized and excreted
rapidly through the liver, gallbladder, and intestine, while
for [%*Ga]Ga-FAPI-C16, the radioactivity signal was mainly
concentrated in the heart and main blood vessels until 4 h
after injection, indicating that [®®Ga]Ga-FAPI-C16 had a
longer plasma half-life in vivo than that of [*®*Ga]Ga-FAPI-
C12. Metabolism of [**Ga]Ga-FAPI-C16 in the intestine
was also clearly observed, but there was no obvious gall-
bladder uptake during all the time points. ROI (region of
interest) analysis showed that the tumor uptake of [**Ga]
Ga-FAPI-C16 (SUV mean: 0.53 +£0.07) caught up with
[®Ga]Ga-FAPI-C12 (SUV mean: 0.55+0.05) at just 1 h
after injection; then it increased continuously, while for
[®8Ga]Ga-FAPI-C12, the tumor uptake decreased gradually,
resulting that the tumor uptake of [®3Ga]Ga-FAPI-C16 was
higher than that of [*3Ga]Ga-FAPI-C12 during the subse-
quent time periods.

PET imaging

Whole-body PET images of [*Y]Y-FAPI-C12 and [%°Y]
Y-FAPI-C16 using HT-1080-FAP tumor-bearing mice were
also collected for the purpose to monitor the pharmacoki-
netic behavior of these two radiopharmaceuticals during
a longer time scale as the yttrium-86 has the appropriate
half-life of 14.7 h. As illustrated in Fig. 3, imaging results
of 1 h after injection were consistent with the dynamic
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Fig.3 A, C PET imaging of [¥*Y]Y-FAPI-C12 and [*Y]Y-FAPI-C16; B, D corresponding liver, blood, and tumor time activity curves

PET imaging. For [*®Y]Y-FAPI-C12, maximum tumor
uptake was observed at 1 h after injection with the SUV
value of 0.64 +0.19 and then decreased gradually, reach-
ing the value of 0.44+0.11 at 6 h and 0.12+0.03 at 48 h
after injection. The blood and liver uptake of [*°Y]Y-FAPI-
C12 both decreased rapidly from 1 to 6 h with the value of
0.85+0.10 to 0.1940.03 for blood uptake and 0.62 +0.02 to
0.16+0.02 for liver uptake, resulting that the tumor to blood
and tumor to liver ratios at 6 h after injection were 2.32 and
2.75, respectively. For [*Y]Y-FAPI-C16, the tumor uptake
increased gradually from 1 to 12 h with the SUV value of
0.68+0.10 to 0.91 +0.04 and then decreased slowly, reach-
ing the value of 0.87+0.07 at 24 h and 0.62+0.08 at 48 h
after injection. The blood and liver uptake of [*°Y]Y-FAPI-
C16 also decreased gradually from 1 to 24 h with the value
of 1.35+0.01 to 0.53 +0.03 for blood uptake and 1.10+0.02
to 0.65+0.05 for liver uptake, resulting that the tumor to
blood and tumor to liver ratios were 1.64 and 1.34, respec-
tively. For [SGY]Y—FAPI—C12, clearly visible metabolism in
the intestine continued up to 12 h after injection, while for
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[3Y]Y-FAPI-C16, radioactivity signal was mainly enriched
in the tumor, heart, and blood vessels, resulting in the much
slower clearing out than [*Y]Y-FAPI-C12.

Blocking experiment

To identify the in vivo FAP specificity of these two radi-
opharmaceuticals, whole-body PET imagings of [3°Y]
Y-FAPI-C12 and [**Y]Y-FAPI-C16 using HT-1080-Vehi-
cle and HT-1080-FAP tumor-bearing mice were performed
at 12 h, 24 h, and 48 h after injection. As illustrated in
Fig. 4, the tumor uptakes of [*°Y]Y-FAPI-C12 and [%°Y]
Y-FAPI-C16 in HT-1080-FAP tumor-bearing mice were
much higher than that of HT-1080-Vehicle tumor-bearing
mice until 24 h after injection, which demonstrated the
high FAP specificity of these two radiopharmaceuticals
in vivo. To further investigate the FAP specificity and
tumor retention ability of FAPI-C16, a blocking study
was also performed. As illustrated in Fig. 5, for the mice
that had been treated with unlabeled FAPI-C16 before
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(SUV mean: 0.58), the tumor uptake of [%%Ga]Ga-FAPI-04
decreased by 56.9% until 30 h (SUV mean: 0.25) after
treatment, which validated that FAPI-C16 remained the
excellent FAP specificity during the circulation period,
and the prolonged tumor retention mainly depended on
the excellent FAP specificity and targeting ability of FAPI-
C16 in vivo.
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SPECT imaging

Whole-body SPECT imagings of ['"’Lu]Lu-FAPI-C12,
['""Lu]Lu-FAPI-C16, and ['"’Lu]Lu-FAPI-04 were also per-
formed for the purpose to monitor and compare the in vivo
pharmacokinetic behavior of these radiopharmaceuticals
used for therapy. As illustrated in Fig. 6 and Supplemental
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Fig. 7 Biodistribution study of ['""Lu]Lu-FAPI-C12 and ['""Lu]Lu-FAPI-C16 in HT-1080-FAP tumor-bearing mice at 24 h (A) and 72 h (B)

after injection, n=>5

Figure 2, the tumor retention of ['”’Lu]Lu-FAPI-C16 was
much better than that of ['"’Lu]Lu-FAPI-C12; meanwhile,
the liver uptake of [!7’Lu]Lu-FAPI-C16 was also higher,
results of which were consistent with yttrium-86 PET
imaging, while for [7"Lu]Lu-FAPI-04, there was almost
no radioactivity signal that could be detected at 24 h after
injection which indicated the much faster clearance of this
radiopharmaceutical.

Biodistribution study

To further quantitatively evaluate and compare the in vivo
pharmacokinetic properties of these two radiopharma-
ceuticals, biodistribution study of [!”’Lu]Lu-FAPI-04,
['""Lu]Lu-FAPI-C12, and ['""Lu]Lu-FAPI-C16 was per-
formed using HT-1080-FAP tumor-bearing mice. As
illustrated in Fig. 7 and Table 1, ['"’Lu]Lu-FAPI-C12
and ['"Lu]Lu-FAPI-C16 both had much higher tumor

Table 1 Biodistribution study results of ['7’Lu]Lu-FAPI-C12 and ['”’Lu]Lu-FAPI-C16 in HT-1080-FAP tumor-bearing mice at 24 h (A) and

72 h (B) after injection, n=5

Organs ['""Lu]Lu-FAPI-C12 ['""Lu]Lu-FAPI-C16

24 h 72h 24h 72h

Mean(%IA/g) SD(%IA/g) Mean(%IA/g) SD(%IA/g) Mean(%IA/g) SD(%IA/g) Mean(%IA/g) SD(%IA/g)
Blood 0.61 0.07 0.01 0.00 8.29 0.50 3.01 0.58
Pancreas 0.49 0.06 0.12 0.03 1.70 0.22 1.08 0.25
Spleen 0.77 0.49 0.79 0.26 2.95 0.39 3.92 1.12
Small intestine  0.53 0.08 0.04 0.04 2.17 0.23 1.10 0.33
Large intestine  0.38 0.07 0.02 0.09 1.56 0.12 1.12 0.33
Liver 1.64 0.17 1.20 0.35 5.90 0.33 8.85 1.53
Kidney 1.06 0.15 0.59 0.11 4.83 0.25 4.21 1.29
Stomach 0.44 0.29 0.04 0.02 1.32 0.23 0.94 0.15
Fat 0.43 0.28 -0.16 0.46 2.28 091 1.24 0.53
Muscle 0.51 0.06 0.18 0.09 1.46 0.44 0.58 0.20
Bone 0.91 0.17 0.18 0.15 1.55 0.40 0.99 0.19
Lung 0.44 0.07 0.08 0.02 4.04 0.64 2.24 0.50
Heart 0.33 0.04 0.08 0.05 2.32 0.30 1.47 0.29
Brain 0.04 0.01 0.00 0.00 0.26 0.02 0.11 0.04
Tumor 7.54 0.97 2.62 0.65 11.23 1.18 6.50 1.19
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uptake than ['""Lu]Lu-FAPI-04 (Supplemental Figure 3
and Supplemental Table 1) at 24 h after injection, with
the values of 11.22 +1.18%IA/g, 7.54 +0.97%IA/g, and
1.24 +0.54%1A/g, respectively, while for ['7"Lu]Lu-FAPI-
C16, it is worthy to note that higher liver, kidney, and lung
uptakes were also observed at both 24 and 72 h.

Radionuclide therapy study

To evaluate and compare the antitumor efficacy of [!”’Lu]
Lu-FAPI-C12 and ['"""Lu]Lu-FAPI-C16, a radionuclide
therapy study was performed using HT-1080-FAP tumor-
bearing mice. As illustrated in Fig. 8, the median survival
of the ['7"Lu]Lu-FAPI-04 treated group was only 10 days,
and the radionuclide therapy efficacy had no significant dif-
ference with the saline-treated group of which the median
survival was 12 days. For the group treated with 29.6 MBq
['7"Lu]Lu-FAPI-C12, though there were better tumor growth
inhibition results than that of the control and [!""Lu]Lu-
FAPI-04 treated group, the median survival was 12 days
which was similar to the other two groups. Significant tumor
volume inhibition of [!”'Lu]Lu-FAPI-C16 at the high activ-
ity of 29.6 MBq was observed, and the median survival was
28 days which was much longer than that of the ['""Lu]Lu-
FAPI-04 treated group. When treated with the lower activity
(18.5 MBq) of ['7"Lu]Lu-FAPI-C16, the antitumor efficacy
was impaired, and the median survival was 21 days which
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was still better than that of ['7’Lu]Lu-FAPI-C12 using the
high therapeutic activity of 29.6 MBq. Though transient
weight loss was observed for the ['7’Lu]Lu-FAPI-C16 high
activity treatment group, the body weight recovered rapidly
and then gained gradually. As shown in Supplemental Fig-
ure 7, histopathologic staining results of the main organs
showed that there was also no obvious difference between
the '7"Lu treated and control groups. Considering that the
period was not long enough for histological side effect deter-
mination, further investigation will be performed in the fol-
lowing study for possible side effect monitoring.

Discussion

Conjugating fatty acid to FAPI may affect the binding affin-
ity or selectivity to FAP. Therefore, the FAP specificity of
FAPI-C12 and FAPI-C16 had been evaluated in vitro and
in vivo. Binding affinity assays showed that the uptake of
[*®Ga]Ga-FAPI-04 was notably reduced when incubated
with 50 nM of unlabeled FAPI-C12 or FAPI-C16. The cell
uptake of [®Ga]Ga-FAPI-C12 and [*®Ga]Ga-FAPI-C16
in HT-1080-FAP cells was much higher than that in HT-
1080-Vehicle cells which had no FAP expression. The above
experiments indicated that the cell uptake of FAPI-C12 and
FAPI-C16 depended on the FAP expression. According to
the PET imaging in HT-1080-FAP and HT-1080-Vehicle
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tumor-bearing mice, both [3®Y]Y-FAPI-C12 and [%°Y]
Y-FAPI-C16 showed FAP expression-dependent uptake at
12 h, 24 h, and 48 h after injection, respectively. As FAPI
clears overly rapidly, the blocking study was performed by
pre-injection of FAPI-C16 and followed by sequential injec-
tion of [*®*Ga]Ga-FAPI-04 at an indicated time point. The
tumor uptake of [°8Ga]Ga-FAPI-04 could be inhibited as
desired even at the later time point (i.e., 30 h). This result
revealed that fatty acid-conjugated FAPI could bind FAP
over a long period in the tumor; though it may be a dynamic
process, it prolonged the tumor retention, and thus ['7’Lu]
Lu-FAPI-C16 provided notably better therapeutic efficacy
than that of ['7’Lu]Lu-FAPI-04. Though these two radi-
opharmaceuticals both had high FAP specificity in vitro
and in vivo, their pharmacokinetic behaviors were differ-
ent. Compared with radiolabeled FAPI-C16, radiolabeled
FAPI-C12 cleared much faster, and the tumor retention also
diminished accordingly. Though radiolabeled FAPI-C12
exhibited higher tumor uptake than that of radiolabeled
FAPI-C16 within 1-h post-injection, the uptake quickly
declined and became lower than that of radiolabeled FAPI-
C16 after 1-h post-injection. This is of notable importance
for tumor treatment. As shown in the head-to-head compari-
son radionuclide therapy study of these two radiopharma-
ceuticals, [!”’Lu]Lu-FAPI-C16 showed significantly better
therapeutic efficacy than that of [!"’Lu]Lu-FAPI-C12 and
[""7Lu]Lu-FAPI-04.

The long circulation is often a double-blade sword for
developing radiopharmaceuticals. It may provide higher
tumor accumulation, but may also raise the non-specific
uptake in normal organs (e.g. liver), therefore giving unnec-
essary radiation does that may postpone the clinical transla-
tion. As the systemic circulation could be prolonged with the
extension of the fatty acid chain, the variety of fatty acids
provide us a window to optimize the chemical structure for
radionuclide therapy efficiency improving while minimizing
the radiation damage.

Conclusion

In this study, two fatty acid-conjugated FAPI radiophar-
maceuticals are developed for the purpose to optimize the
pharmacokinetics in vivo for radionuclide therapy. They
both have excellent FAP specificity in vitro and in vivo, and
compared with ['7"Lu]Lu-FAPI-04, ['""Lu]Lu-FAPI-C12
and ['"’Lu]Lu-FAPI-C16 achieve higher therapeutic dose
delivery and enhanced radionuclide therapy efficiency. Con-
sidering that different alky chain length results the notable
different metabolic properties, this study provides us guid-
ance for further chemical structure optimization of FAPI-
based radiopharmaceuticals to balance the radionuclide
therapy efficiency and the possible side effect. In conclusion,

the strategy of using fatty acids as an albumin binder may
provide us a promising platform to transform rapid-clearing
diagnostic radiotracers to long tumor retention therapeutic
radiopharmaceuticals.
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