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Fibroblast activation protein (FAP) is overexpressed in cancer-
associated fibroblasts across various cancer types. Numerous radi-
olabeled FAP inhibitors (FAPIs) (Fig. S1A) currently under clinical
investigation have shown remarkable potential in cancer thera-
nostics. Our previous work [1] introduced the [%3Ga]Ga-N,N'-bis[2-
hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N’-diacetic
acid (HBED-CC)-FAPI derivatives ([%®Ga]Ga-4, [%8Ga]Ga-5, [%8Ga]Ga-
6, and [®®Ga]Ga-7) (Fig. S1B), which incorporate an N-(4-
quinolinoyl)-Gly-(2-cyanopyrrolidine) FAP-binding scaffold. These
derivatives demonstrated superior tumor uptake and retention
compared to the commonly used [%8Ga]Ga-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-FAPI-04
[1] (Fig. S1A). The HBED-CC chelator, initially used for ®8Ga labeling,
has been adapted for '®F labeling through ['®F]AIF chelation [2—5]
(Fig. S1C). Due to the highly desirable physical characteristics of '8F,
such as its half-life (t12) of 110 min, 97% B* decay, and a positron
energy (Eg.) of 630 keV, making it ideal for nuclear medicine ap-
plications. In this study, the [®3Ga]Ga-HBED-CC-FAPI derivatives
were successfully converted to ['®F]AIF-HBED-CC-FAPIs through
['8FJAIF chelation. The radiofluorination of HBED-CC-FAPI
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derivatives (4, 5, 6, and 7) to form ['®F]AIF-HBED-CC conjugates was
achieved with success (Fig. S1B). The stability and biological
properties, including FAP-targeting and in vivo tumor uptake, of
these '8F agents were evaluated and compared with the corre-
sponding [®®Ga]Ga-FAPI imaging agent, [*8Ga]Ga-6 [1], previously
optimized for FAP-positive tumor imaging.

The materials and methods used for ['®F]AIF labeling and bio-
evaluation are detailed in the Supplementary data. For ['®F]AIF la-
beling, purified ['F]fluoride solution was combined with
derivatives 4, 5, 6, or 7 (HBED-CC-FAPIs) to form [ '®F]AIF-HBED-CC-
FAPIs according to a method reported previously [2]. Favorable and
consistent radiolabeling efficiency (69%—80%) was obtained, and
radiochemical yields and radiochemical purities were > 55% and >
95%, respectively (Table 1 and Fig. S2). Chemical identifications of
[®F]AIF-HBED-CC-FAPIs were performed, and the results are
consistent with the corresponding “cold” ['°F]AIF-HBED-CC-FAPIs
(Figs. S3—S7).

The ['8F]AIF-HBED-CC-FAPIs were consistently stable for at least
2 h in ethanol or saline with > 90% radiochemical purities (Fig. 1A).
Moderate in vivo plasma stabilities of ['®F]JAIF-HBED-CC-FAPIs in
mice are shown in Table S1, which are similar to those of the ['8F]
AlF-prostate-specific membrane antigen (PSMA)-11 and ['8F]JAIF-
P16-093 [2,3]. Notably, ['®F]JAIF-HBED-CC-FAPIs, [ ®F]AIF-PSMA-11,
and ['®F]AIF-P16-093 employ the same chelate portion, ['3F]AIF-
HBED-CC. A previous study evaluated the blood stability and
defluorination of ['®FJAIF-PSMA-11 in patients, and the results
showed no significant in vivo metabolism [5]. Therefore, the in vivo
stabilities of these ['®F]JAIF-HBED-CC agents in humans might be
very similar.

['®F]AIF-HBED-CC-FAPIs were incubated with FAP-positive
HT1080-hFAP cells and FAP-negative HT1080 cells at 37 °C for 2 h
to evaluate the FAP binding specificities and affinities. [*®Ga]Ga-6
was used as a positive control. As shown in Fig. 1B and Table S2,
['8F]AIF-HBED-CC-FAPIs ([ '®F]AIF-4, [ '®F]AIF-5, ['®F]AIF-6, and ['8F]
AlF-7) exhibited rapid cellular uptake and internalization at the
initial time point (15 min), which increased and reached a stable
level over time. The dimeric radiotracers ([ '®F]AIF-6 and [ ®F]AIF-7)
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Table 1
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Radiosynthesis results of ['®F]AIF-N,N'-bis[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N'-diacetic acid (HBED-CC)-fibroblast activation protein (FAP) inhibitors

(FAPIs). Data are presented as mean + standard deviation (SD) (n = 10).

Radiotracer Labeling efficiency (%)* Radiochemical Radiochemical Retention Retention Radioactivity Molar
yield (%)° purity (%) factor time (MBq)* activity
(min)° (10" Bq/
(&
TLC HPLC TLC HPLC TLC HPLC mol)
[1SF]A1F—4 738 £3.9 77.8 + 4.6 61.9 + 4.6 959 +0.3 97.0 £ 0.9 0.5-0.6 9.8 370-555 9.3-13.9
['8F]AIF-5 69.7 + 1.6 76.1+33 56.9 + 2.6 95.8 +0.7 974+ 14 0.7-0.8 9.7
['8F]AIF-6 76.0 + 4.1 80.4 + 3.9 65.6 + 5.5 96.3 + 0.6 99,5 + 0.4 0.3-04 9.3
[1SF]A1F—7 70.8 + 3.1 750+ 1.7 63.0 +2.2 96.5 + 0.5 99.0 + 0.7 0.4-0.5 94

a

Retention time was obtained from representative radio-HPLC profile (Fig. S2).
Radioactivity of purified product.

o an o

showed higher total and internalized absorption than the corre-
sponding monomer radiotracers ([ '®F]AIF-4 and ['8F]AIF-5), which
was in accordance with [#8Ga]Ga-HBED-CC-FAPIs reported previ-
ously [1]. Cellular uptakes of ['®F]AIF-HBED-CC-FAPIs in FAP-
positive HT1080-hFAP cells were significantly blocked with a
blocking efficiency of > 90% (Fig. 1C and Table S2) in the presence of
3 M DOTA-FAPI-04 (a known FAPI). Moreover, [ ®F]AIF-HBED-CC-
FAPIs showed negligible uptake in FAP-negative HT1080 cells
(Fig. 1C and Table S2). The results demonstrated that ['8F]AIF-
HBED-CC-FAPIs and the known FAPI, DOTA-FAPI-04, are competing
for the same FAP binding sites, and the cellular bindings of [ ‘®F]AIF-
HBED-CC-FAPIs are due to specific binding to FAP. The results of cell
binding studies were similar to those reported for [*8Ga]Ga-HBED-
CC-FAPIs [1].

Mice-bearing U87MG tumors (FAP+) were used to perform
in vivo static positron emission tomography/computed tomogra-
phy (PET/CT) imaging. Maximum intensity projection (MIP) im-
ages were obtained at 30, 60, 120, and 180 min post-injection
(Fig. 1D). All of the ['8F]AIF-HBED-CC-FAPIs (['8F]AIF-4, ['®F]AIF-
5, ['8F]AIF-6, and ['8F]AIF-7) quickly accumulated in the tumor at
30 min post-injection and excreted mainly through the hep-
atobiliary system. Although ['®F]AIF-5 and ['®F]AIF-7 showed rapid
and clear tumor accumulation, high uptake and slow washout
from the gallbladder, intestine (['®F]AIF-5), and liver (['®F]AIF-7)
made both radiotracers unacceptable as FAP-targeted agents. In
addition, ['®F]AIF-4 was highly concentrated in the tumor and
intestine and showed a higher tumor uptake than ['®F]AIF-5 and
['8F]AIF-7. However, ['®F]AIF-4 exhibited a faster tumor washout
at 120 min post-injection. Among this series of ['®F]AIF-HBED-CC-
FAPIs (['8F]AIF-4, ['8F]AIF-5, ['®F]AIF-6, and ['®F]AIF-7), the tumor
uptake, retention, and background clearance of [®F]AIF-6 was the
most optimal and superior to that of the corresponding [#3Ga]Ga-
6.

Two of the most promising agents, ['®F]AIF-4 and ['8F]AIF-6,
were further evaluated via a biodistribution study (dissection and
sample counting) using the U87MG tumor-bearing mice model,
and the results were compared with those of [*8Ga]Ga-6 under the
same conditions. Biodistribution data (Fig. 1E and Tables S3—S6)
showed similar in vivo pharmacokinetics for ['8F]ALF-4, ['8F]ALF-6,
and [%3Ga]Ga-6 as that measured via PET/CT imaging. Three radi-
olabeled FAPIs displayed excellent tumor uptake with values of
17.51 + 1.49, 4116 + 1.52, and 34.32 + 0.95 %ID/g for [ 'F]AIF-4, [ '®F]

Labeling efficiency was determined by radio-thin layer chromatography (TLC) and radio-high performance liquid chromatography (HPLC) analysis of crude product.
Radiochemical yield was calculated as ((radioactivity of purified product/initially added radioactivity) x 100%) and was decay-corrected.

Molar activity was calculated as (radioactivity of purified product + initially-added amount of ligand (40 nmol)).

AIF-6, and [®®Ga]Ga-6 at 60 min post-injection, respectively. Among
these, ['®F]AIF-6 showed the highest tumor uptake (41.16 + 1.52 %
ID/g). When a known FAP-targeted agent (DOTA-FAPI-04) was co-
injected for a blocking study, tumor uptakes were considerably
reduced (0.47 + 0.15, 4.18 + 0.30, and 3.05 + 0.61 %ID/g, 60 min),
indicating that ['®FJAIF-4, ['®F]AIF-6, and [®8Ga]Ga-6 were
competing to FAP binding sites of U87MG tumors in mice. Their
binding to the FAP was specific and reversible. At all measured time
points, [ '®F]AIF-6 exhibited better tumor uptake and retention than
['8F]AIF-4 (60 min: 41.16 + 1.52 vs. 17.51 + 1.49 %ID/g, 120 min:
40.33 + 4.12 vs. 12.77 + 0.82 %ID/g, respectively). [ ®F]AIF-6 showed
higher tumor-to-organ ratios than ['8F]AIF-4 (Table S6). Compared
to [®3Ga]Ga-6, [ '®F]AIF-6 revealed improved tumor uptake (60 min:
34.32 + 0.95 vs. 41.16 + 1.52 %ID/g, 120 min: 33.07 + 4.90 vs.
40.33 + 4.12 %ID/g) (Fig. 1F), which was also superior to that of the
widely used [®®Ga]Ga-DOTA-FAPI-04 [1]. ['®F]AIF-6 showed similar
tumor-to-organ ratios to [*3Ga]Ga-6 (Table S6). Bone uptake of ['8F]
AlF-6 was slightly higher. Similar results were also observed and
reported previously for ['®F]JAIF-HBED-CC-based PSMA-targeting
conjugates in preclinical studies [2,3]. However, minor bone up-
take showed negligible impact on diagnostic imaging for cancer
patients [4,5]. A more detailed discussion regarding bone uptake is
shown in the Supplementary data.

The favorable physical and biological properties of ['8F]AIF-6
will offer several advantages over [®®Ga]Ga-6 as a PET imaging
agent: 1) it exhibits excellent selective binding and higher in vivo
tumor uptake; 2) its longer half-life is favorable for acquiring
delayed images with high contrast; 3) it enables long-distance
delivery of '8F-labeled tracers; 4) its higher positron yield and
lower positron energy improve the resolution of PET images, which
benefit the detection of small lesions; and 5) a higher activity level
of '8F generated by cyclotron allows multiple doses of the product
in one radiosynthesis, which is sufficient for a larger number of
patients. Further studies of ['®FJAIF-6 in clinical settings are war-
ranted to validate its usefulness for FAP-targeted cancer detection.

In summary, [®F]AIF-HBED-CC-FAPI derivatives (['8F]AIF-4,
['8F]AIF-5, ['®F]AIF-6, and ['®F]AIF-7) were successfully prepared
via an easy and efficient one-pot fluorination reaction. ['®F]JAIF-6
exhibited specific tumor uptake and retention in a mice-tumor
model. The results suggest that ['®FJAIF-6 is a promising '8F-
labeled FAP-targeting agent suitable for widespread clinical
application.
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Fig. 1. In vitro stability and biological properties (fibroblast activation protein (FAP)-targeting properties and in vivo tumor uptake) of ['®F]AIF-N,N'-bis[2-hydroxy-5-(carboxyethyl)
benzyl]ethylenediamine-N,N'-diacetic acid (HBED-CC)-FAP inhibitors (FAPIs) (['SF|AIF-4, ['®F]AIF-5, ['®F]AIF-6, and ['®F]AIF-7). (A) Representative radio-high performance liquid
chromatography (HPLC) profiles of in vitro stabilities of ['®*FJAIF-HBED-CC-FAPIs after incubating in saline or ethanol at 37 °C for 2 h (n = 3/time points). (B) Total and internalized
uptake of ['8F]AIF-4, ['®F]AIF-5, [ '®F]AIF-6, ['®F]AIF-7, and [%8Ga]Ga-6 in FAP-positive HT1080-hFAP cells at 37 °C for 15, 30, 60, 90, and 120 min, respectively. Data are presented as
the mean + standard deviation (SD) (n = 3). (C) Blocking studies (incubated with 3 uM 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-FAPI-04 for 60 min) of ['3F]
AIF-HBED-CC-FAPIs and [®3Ga]Ga-6 in FAP-positive HT1080-hFAP cells and FAP-negative HT1080 cells. Data are presented as the mean + SD (n = 3). P < 0.001. (D) Representative
static coronal positron emission tomography/computed tomography (PET/CT) images of ['®F|AIF-4, ['®F]AIF-5, [ '®F]AIF-6, ['®F]AIF-7, and [*Ga]Ga-6 in mice bearing U87MG tumors
(FAP+). Red circles indicate the tumor lesions (T: US7MG tumor, G: gallbladder, L: liver, and H: heart). (E) Biodistribution of ['®F]AIF-4, ['®F]AIF-6, and [®3Ga]Ga-6 in U87MG tumor-
bearing mice. Blocking studies were co-injected with DOTA-FAPI-04 (40 nmol/mouse). Data are presented as the mean + SD (n = 4). (F) Tumor uptake of ['®F]AIF-6 and [%8Ga]Ga-6
in U87MG tumor-bearing mice at 1 h post-injection. Data are presented as the mean + SD (n = 4).
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