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tracer (QTFT) that targets the P2Y 5, a receptor highly expressed on anti-inflammatory microglia. ['*F]
QTFT exhibited high binding affinity to the P2Y;, (14.43 nmol/L) and superior blood—brain barrier
permeability compared to other candidates. Micro-PET imaging in IL-4-induced neuroinflammation
models showed higher ['®F]QTFT uptake in lesions compared to the contralateral normal brain tissues.
Importantly, this specific uptake could be blocked by QTFT or a P2Y |, antagonist. Furthermore, ['*F]
QTFT visualized brain lesions in mouse models of epilepsy, glioma, and aging by targeting the aberrantly

expressed P2Y |, in anti-inflammatory microglia. In a pilot clinical study, ['*FIQTFT successfully located
epileptic foci, showing enhanced radioactive signals in a patient with epilepsy. Collectively, these studies
suggest that ["®F]QTET could serve as a valuable diagnostic tool for imaging various brain disorders by
targeting P2Y |, overexpressed in anti-inflammatory microglia.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microglia are immune cells residing intrinsically within the brain,
serving as the primary defence system in the brain. They play a
pivotal role in various functions, such as organizing synapses,
phagocytosing pathogens, regulating neuronal excitability,
clearing cellular debris, and activating innate/adaptive immunity'.
To fulfill their diverse functions, microglia exhibit a spectrum of
phenotypic polarization. The extremes of the above spectrum are
categorized into pro-inflammatory microglia that fighting patho-
gens, and anti-inflammatory microglia that facilitating tissue
repair’. Considering both phenotypes are actively implicated in
the pathogenesis, immune microenvironment modulation, and
neuroinflammation regulation, it is essential to spatially and
temporally visualize the polarization states of microglia to attain a
thorough comprehension of disease progression, the development
of novel treatment approaches, and the assessment of therapeutic
responses to potential drug candidates™*.

Positron emission tomography (PET) is well suited for imaging
microglia due to its ultra-high sensitivity®. Several neuro-
inflammatory targets, including the translocator protein 18 kDa
(TSPO), cyclooxygenase isoenzymes (COX), colony-stimulating
factor 1 receptor (CSFIR), and purinergic receptors P2X;, have
been utilized to develop PET tracers aimed at visualizing pro-
inflammatory microglia’ °. However, these tracers face limita-
tions: (1) non-specific binding due to elevated TSPO expression in
both activated astrocytes and endothelial cells; (2) the inability to
distinguish between different phenotypes of activated microglia.
Therefore, there is an urgent need to develop PET tracers specifically
designed to visualize anti-inflammatory microglia. P2Y receptors
are a class of 7-transmembrane proteins coupled to G-proteins'’.
They can be activated by extracellular signaling molecules or nu-
cleotides released by damaged cells under conditions such as
inflammation, ischemia, and hypoxia'"'%. As a subtype of the P2Y
receptors, P2Y, consists of 342 amino acids and is expressed on
microglia in the brain parenchyma but not on vascular or meningeal
macrophages'”. Importantly, the expression of P2Y |, on microglia is
phenotypically dependent, with elevated expression in anti-
inflammatory microglia'®. The augmented P2Y, expression con-
tributes to the acute inflammatory response triggered by danger-
associated molecules released in brain disorders'>'®. Notably,
P2Y |, is one of the most promising biomarkers in various
challenging-to-manage diseases, including Alzheimer’s disease,
epilepsy, and brain tumors'”'®, Given its specific upregulation on
anti-inflammatory ~ microglia  and  its  sensitivity  to

neuroinflammation, P2Y,, is considered an attractive target for
designing radiotracers. However, effective PET tracers targeting
P2Y, receptors within the brain are barely reported. Villa et al.
reported a novel ''C-piperazinyl-pyridine urea tracer'’, which tar-
gets brain lesions with high P2Y, expression in excised tissues from
stroke mouse models and human brains. Regrettably, its limited
metabolic stability and inadequate brain uptake hinder its potential
for in vivo applications. More recently, the same group reported
innovative thienopyrimidine-based PET probes designed for imag-
ing the P2Y, receptor”™’. Nevertheless, these tracers are susceptible
to efflux by P-glycoprotein (P-gp) within the brain. Therefore, there
is a strong demand for PET tracers that are highly specific for P2Y,
and capable of efficiently crossing the blood—brain barrier (BBB).
In this study, we synthesized four nicotinate-based radiotracers
targeting P2Y,. Among these, ['®F]QTFT demonstrated a high
binding affinity for P2Y, and satisfactory BBB permeability, mak-
ing it the choice for in vivo studies. Given the correlation between
microglia activation and the progression of various brain disorders,
we employed ['®F]QTFT to visualize brain lesions by targeting the
P2Y,-overexpressing anti-inflammatory microglia. PET imaging
confirmed that this radiotracer specifically visualized IL-4-induced
anti-inflammatory microglia in mouse models. Utilizing this tracer,
we observed an upregulation of P2Y , in the acute phase of epileptic
mouse models, while a down-regulation was noted in the aging
mouse brain. Leveraging the accumulation of anti-inflammatory
microglia in brain tumors, ['*F]QTFT effectively visualized ortho-
topic glioma allografts in mouse models, achieving a higher target-to-
normal brain ratio compared to 'F-fluoro-ethyl-tyrosine (['®F]
FET)*!, which is widely used in clinical settings to identify high-
grade gliomas. Importantly, a pilot clinical study showed that ['°F)
QTFT successfully located epileptic foci in a patient with temporal
lobe epilepsy. In summary, our study validated ['®F]QTFT as a
promising radiotracer for visualizing P2Y;, in anti-inflammatory
microglia-associated brain diseases. This PET tracer has the poten-
tial to be a valuable tool for comprehensive neuroinflammation
assessment and guiding precision therapies targeting microglia.

2. Materials and methods

2.1.  Reagents and materials

All solvents and reagents for the synthesis and analysis were
commercially sourced without further purification unless other-
wise specified. Electrospray mass spectrometry (ESI-MS) was
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performed on the Agilent 1260 LC-MSD trap system (Agilent,
USA). High-performance liquid chromatography (HPLC) ana-
lyses were performed on a Nexera HPLC System (Shimadzu,
Japan) with a variable wavelength detector (SPD-20A, Shimadzu)
and a radio-HPLC detector system (FC2000-01607) for radioac-
tivity detection. Reverse-phase CI18 column (5 um,
250 mm x 10 mm, Agilent) for analysis process, and reverse-
phase C18 column (5 pm, 250 mm x 21.2 mm, Agilent) for
preparative process. NMR spectra of 'H, '*C, and '°F were ac-
quired using a 600 MHz Varian Gemini instrument. PET imaging
of animals was conducted by SIMENS micro-PET/CT (Siemens,
Germany). Clinical magnetic resonance imaging (MRI) and PET
were performed using a 3T Prisma MRI system (Siemens, Ger-
many) and a uMI780 PET-CT scanner (United Imaging, China).

2.2.  Chemistry

The detailed procedures for synthesizing the corresponding com-
pound and precursors are shown in the chemical synthesis section of
the Supporting Information Briefly, precursors and standards were
synthesized  starting from ethyl 6-chloro-5-cyano-2-(tri-
fluoromethyl) nicotinate or ethyl 6-chloro-5-cyano-2-(methyl) nic-
otinate with a 6-step process. The resulting compounds were purified
by column chromatography to obtain a light-yellow oil.

2.3.  General procedure for radiosynthesis of radiotracers

The preparation of aqueous fluoride 18 was obtained through
¥0(p,n)"®F on 95% enriched ['%0]H,O with a cyclotron (GE
Healthcare), and absorbed to a Sep-Pak QMA cartridge (Waters,
MA, USA). This cartridge had been pretreated with 10 mL of
1.0 mol/L K,CO; and 20 mL of water. The ['®F]Fluoride trapped
on the Sep-Pak cartridge was eluted with a solution containing
Kryptfix-222 (10 mg in 200 pL acetonitrile), K;CO3 (3.0 mg in
200 pL of ultra-pure water), acetonitrile (500 pL). The solution
that was eluted was subsequently utilized for radio-fluorination.
The solution was subjected to azeotropic distillation with a flow
of helium, heating at 120 °C with continuous stirring until it was
evaporated to dryness. Following drying, the tosylate precursor
(3.0 mg) was transferred and agitated for 10 min at 120 °C while
dissolved in 0.5 mL of acetonitrile. Finally, deionized water
(1.0 mL) was added to the reaction and the unprocessed blend was
allowed to run through a pre-activated Sep-Pak C18 cartridge and
further washed with deionized water (10 mL). After being eluted
with 1.0 mL of methanol, the radioactive products that were still
in the solid phase were subjected to HPLC using an Inertsil®
ODS-4 GL Science, Inc., Tokyo column. The mobile phase
employed a gradient program: 0 min, 60% B; 15 min, 40% B;
30 min, 0% B; 40 min, 0% B; flow rate: 2 mL/min; A phase:
MeCN; B phase: water with 0.1% TFA.

2.4.  Determination of lipophilicity

The lipophilicity was tested through the classical method. Briefly,
the mixture of n-octanol (600 pL) and PBS (pH 7.4, 600 pL) was
mixed with radiotracers (10 pL, 185 kBq), and shaken for 30 min
violently. Subsequently, the mixture was allowed to be kept in the
centrifuge for 3 min at 2000 rpm. The organic phase and aqueous
phase were separated, and the radioactivity of each phase (100 pL)
was measured using a vy-counter (PerkinElmer; Waltham, MA,
USA). The logD; 4 values were calculated and the experiments
were performed in triplicate.

2.5.  Invitro and in vivo stability

In vitro stability was studied in saline and serum. Briefly, a freshly
prepared solution of ['*F]TFT/['®F]QTFT (10 pL) was mixed with
saline or mouse serum (100 pL; Abcam Inc., MA, USA) and
incubated with agitation (500 rpm) at 37 °C. At 0.5, 2 and 4 h,
30 pL aliquots from these mixtures were mixed with an equal
volume of MeCN. After vigorous stirring on a vortex mixer, the
samples were subsequently centrifuged (2655xg for 3 min,
Thermo, USA) to precipitate serum proteins. Finally, a portion of
the supernatant was subjected to radio-HPLC analysis.

In vivo stability was studied in healthy mice, and blood was
harvested and analysed by radio-HPLC. In the initial, healthy
mice were anesthetized with isoflurane, and intravenously injected
with ["®*F]QTFT (11.1 MBq) via tail vein. Then, the whole blood
collected from tail vein at 60 and 120 min were centrifugated at
10,621 x g (Thermo, USA) for 10 min after precipitated with cold
acetonitrile. The supernatant was separated and analysed with
radio-HPLC.

2.6.  Molecular docking

The docking assay for TFT/QTFT was performed against human
P2Y, (PDB: 4PXZ) by using the Schrodinger suit for protein and
ligand preparation, optimizing 3D structures with pH = 7.0.
Energy minimization was performed using the semiempirical
quantum mechanical method. All of the water molecules and the
ligands were removed by PyMOL, and executed image optimi-
zation. The active site of TFT/QTFT against P2Y, was delineated
based on the AZDI1283 binding site. The ligands were then
inserted into the workspace for docking. The docking process
implements a high efficient grid-based docking algorithm, thor-
oughly exploring the binding site’s free volume. Through the
optimization of the ligand and incremental construction, the
conformational space of various ligands against protein was
measured. The final results were ranked based on the lowest
interaction energy values, which encompassed van der Waals in-
teractions, hydrogen hydrophobic interactions, and hydrogen bond
interactions.

2.7.  Cell uptake

Rat C6 glioma cells and bEnd.3 cells were unfrozed and then
cultured in a medium containing DMEM with 10% FBS. Cells
were maintained in a humidified atmosphere of 5% CO, and 95%
air at 37 °C. At the time of the experiment, cells in standard
condition were digested and re-cultured in a 24-well plate with
500 pL of the culture DMEM overnight. On the following day, the
medium was replaced with 300 pL of [ISF]QTFT/[lgF]TFT (20
GBg/umol) and 50 pL of serum-free DMEM. Then, the mixture
was transferred to an atmosphere of 5% CO, at 37 °C for 5, 15, 30,
60 and 90 min. Inhibition experiments were performed by adding
an excess unlabeled QTFT/TFT (50 pg). After incubation, the
medium was removed and successively washed with cold PBS.
Finally, cells were digested with 0.5 mol/L NaOH and collected
for gamma counting.

2.8.  Transwell assay
The mouse microvascular endothelial cell line bEnd.3 was

seeded on the upper side of the 0.4 pm Transwell insert filters
with a density of 1 x 10% cells/well in a 12-well cell culture
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plate. The models could be applied once the trans-endothelial
cell electrical resistance (TEER) values of the bEnd.3 cell
monolayer reached 1000 Q cm?. PBS medium containing [8F)
TFT/["®F]QTFT (0.37 MBq) was added into the well for incu-
bation. The medium in the lower chamber was collected and
counted with a gamma counter. The inhibition experiments were
conducted by administering the P-glycoprotein (P-gp) inhibitor
verapamil (1.0 pg) 30 min prior to the incubation with ['®F|TFT
or ['®F]QTFT (0.37 MBgq). The medium in the lower chamber
was collected and counted with a gamma counter.

2.9.  Invitro binding assays

The affinities of ['SF]TFT and [18F]QTFT binding to P2Y, were
measured using the rat C6 glioma cell line expressing P2Y,. The
C6 cell line was maintained in DMEM with 10% FBS in flasks.
Before the binding assay, media was replaced only with DMEM
and digested with trypsinization, and cells were suspended in
saline for binding assay. About 1 x 10° cells per well were
incubated with various concentrations of the purified ['*F]TFT/
['®FIQTFT ranging from 0.1 to 50 nmol/L and contained for
60 min at 37 °C. The incubation was halted by dilution with pre-
cooled saline (0.5 mL) and cells were centrifugated at 2000 rpm
for 2 min. Unbound radioactivity was washed from cell pellets
with cold saline, and collected by centrifugation to obtain super-
natants. The total bound of the radioactivity of cell precipitate and
the unbound educt were quantified using a gamma counter. Non-
specific binding was determined by co-culturing with pre-
fabricated 100-fold equivalent unlabelled TFT/QTFT. Through
subtracting the non-specific bound radioactivity from the radio-
activity of the total binding, specific binding could be calculated.

2.10. Animal models

Normal C57BL/6 mice (male, 18—22 g) were purchased from
SLAC of Shanghai. Animal studies of all were executed following
the guidelines of the Chinese Committee of Management of
Laboratory Animals, and were authorized by the Ethics Com-
mittee of Fudan University School of Pharmacy. The approval
number is 2019-03-FY-LC-01.

IL-4/LPS-induced anti-/pro-inflammatory mouse models and
epilepsy mouse models were constructed through the reported
method. Briefly, the mice were anesthetized constantly with a flow
of isoflurane (rate: 0.4 L/min, concentration: 1.5%) in the entire
procedure. The skulls of mice were exposed while the preparation
of transferring mice to the stereotactic fixation instrument was
completed. Each mouse underwent a small hole drilled as previ-
ously reported work?”. The inducing medications of 1 pL, namely
(IL-4, 100 ng), (LPS, 1 png), (KA, 0.3 pg) were injected with a 1.0-
pL Hamilton syringe and stitched up after injection. The control
group was dealt with the identical method with the same volume
of saline. After injection of KA or saline, the behaviour was
monitored, and EEG performance was also measured and recor-
ded. The acute epilepsy models went through a status epilepticus
with a duration of at least 30 min. Then, the mice were picked out
for EEG and subsequent PET imaging 48—72 h post-operation.
The chronic epilepsy models of recurrent 7—8 days post-SE
were monitored and picked out for EEG recording and subse-
quent PET imaging.

In situ glioma mouse models were constructed through the re-
ported method. Briefly, the mice were anesthetized constantly with a
flow of isoflurane (rate: 0.4 L/min, concentration: 1.5%) in the entire

procedure. The skulls of mice were exposed while the preparation of
transferring mice to the stereotactic fixation instrument was
completed. Each mouse underwent small hole drilled as previous
reported work®. The mouse glioma cells were prepared in advance
and diluted to a 5 pL. suspension (1 x 10° cells/uL). 1 pL of the cell
suspension were extracted and injected with a 1.0-uL. Hamilton
syringe. The control group were dealt with the identical method with
a same volume of PBS. After injection 10 days, the mice were
monitored the tumour with MRI, and verified with a clinical diag-
nosis PET medicine, ['®F]FET (11.1 MBq).

2.11.  Micro-PET/CT imaging

Micro-PET/CT scan was conducted with SIEMENS Inveon
scanner. The normal mice or disease models were anesthetized
with isoflurane, and intravenously injected with ['8FITFT/['®F]
QTFT (11.1 MBq) via tail vein. Micro PET/CT images were
obtained at 30, 60, 90 and 120 min as 10-min static images or as
dynamic scans of 60-min following the administration of ['%F]
TFT/['®*F]QTFT. For the blocking experiment, static scan of mice
at 30, 60, 90 and 120 min were performed after the co-injection of
['®F]TFT/['®F]QTFT (11.1 MBq) with 1.0 mg/kg Clopidogrel or
QTFT per animal. In the analysis of the results of PET images, the
regions of interest were quantified by SIMENS Inveon Research
Workplace software (V3.0, Siemens, Germany). The regions of
interest were quantified by manually on the target regions. The
radio-activities of regions of interest were converted and
normalized as the standard uptake value (SUV). The radios of
target to normal were computed by dividing the radio-activities of
the VOIs in the contralateral normal brain.

2.12.  Pharmacokinetics

The whole blood was collected from the mice that had been
administered ['*F]TFT/['®F]QTFT (11.1 MBq) via tail vein at 1,
5, 15, 30, 60 and 120 min. Successively, the samples were
weighted and determined using a gamma counter. Pharmacoki-
netic parameters were then calculated and analysed using
NONMEM (nonlinear mixed-effects modelling, V7.5) and FOCE-
I for estimation. R Foundation for Statistical Computing (V4.1.1)
and the R packages (V1.2.0) were used for analysing statistics and
visualisation of consequence. As the change in lipophilicity and
polarity may affect the PK behaviour of the tracer, the PK model
was used to the comparison of TFT and modified probes QTFT.
PK models of one to three compartments were analysed. The
model was on the basis of GOF plots, OFV, AIC, and VPC.

2.13.  Biodistribution study

The biodistributions was conducted in normal C57BL/6 mouse
(n = 3—06 at each time point; body weight 20—25 g). Mice were
injected through the tail vein with 100 pL of the radiotracer (11.1
MBq) dissolved in saline containing 10% ethanol. Animals were
anesthetized and sacrificed at the set time, subsequently, tissues
were separated, weighted, and analysed for radioactivity. The
proportion of the injected dose per gram was computed by
calculating the counts of tissues.

2.14.  Clinical trial

The clinical study was approved by the Ethics Committee of
Huashan Hospital (NO. KY2024-713). All volunteers provided
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written informed consent. Dynamic PET imaging of ['*F]QTFT
for 90 min was conducted in volunteers on a uMI780 PET-CT
scanner. The volumes of interest (VOIs) were then drawn and
mensurated in PMOD (V4.4, Switzerland) to calculate the stan-
dardized uptake values (SUVs) of the lesion and the contralateral.
Time-activity curve (TAC) of the corresponding region was also
generated by PMOD from 0 to 90 min.

2.15.  Statistical analysis

Statistical analysis was carried out with GraphPad Prism (V7.0,
GraphPad  Software, USA). Data were expressed as
mean + standard deviation (SD). We used a Student’s t-test (two-
tailed) and a one-way analysis of variance (ANOVA) for com-
parisons. Not significant (ns), *P < 0.05, **P < 0.01,
#kxpP < (0.001, and ****P < 0.0001. P < 0.05 was considered
statistically significant. The curves were fitted using a one-site
binding model with a sum-of-squares F test for Ki.

3. Results

3.1.  Synthesis and characterization of radiotracers ["SFJTFT
and ['®F]QTFT

The synthetic routes for four P2Y,, ligands are illustrated in
Fig. 1. These precursors were synthesized from ethyl 6-chloro-5-
cyano-2-(trifluoromethyl) nicotinate or ethyl 6-chloro-5-cyano-2-
methylnicotinate in a total of 5 steps, achieving an overall
chemical yield of 37%—41% (Fig. 1A). Non-labelled standards
were also synthesized for confirming the correct product forma-
tion in radiosynthesis, with chemical yields varying from 6% to
15% (Fig. 1B). Details of the synthesis can be found in the Sup-
porting Information Figs. S1 and S2. The BBB permeability of a
PET radiotracer is wusually influenced by biochemical
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Synthesis of P2Y,, targeting radiotracers. (A) Synthetic procedure of intermediates TMT, TFT, QTMT, and QTFT. (i) 3-

characteristics such as topological polar surface area (TPSA), size,
lipophilicity, pK,, hydrogen bonding, plasma protein binding, and
efflux transporters. Therefore, the chemical parameters of four
synthetic tracers, TFT, TMT, QTFT and QTMT, were investigated
(Table 1). Low TPSA and high lipophilicity values suggest that
QTFT and TFT may be candidates for high BBB permeability.
Utilizing computer-aided design to analyse the docking mode
of ligands with the receptor protein provides valuable insights into
the structure—function relationship. The docking score represents
a computational binding energy of ligand-protein. The low
docking scores observed for QTFT and TFT make them promising
candidates for further radio-evaluation (Fig. 2A and B). Similar
molecular docking modes of TFT and QTFT with P2Y, indicated
the two types of tracers may have similar pharmacological char-
acteristics. [ISF]TFT and [ISF]QTFT were synthesized using a
typical nucleophilic fluorination process, taking approximately
90 min in total. The final products were confirmed by the non-
radioactive TFT/QTFT (Supporting Information Fig. S3), and
obtained radiochemical purities (RCP) of greater than 95% after
purification via HPLC. The decay-corrected radiochemical yield
(RCY) was determined to be 9.9 + 1.5% and 10.3 4+ 1.1%, with
molar activity ranging from 80 to 120 GBq/pmol. In vitro stability
of ["®FITFT/['®F)QTFT was determined by radio-HPLC (Fig. 2C
and D and Supporting Information Fig. S4), and the results

Table 1  Biochemical parameters of P2Y, ligands.
Ligand TPSA CLogP  LogD74 Docking score
TFT 12893 221 1.54 £ 092 -10.280
QTFT 86 3.1 2.08 £ 0.65 -10.410
TMT 12893  1.81 0.99 £ 1.62  -9.642
QTMT 86 2.69 1.11 £ 1.02  -9.907

6a, TMT, R = -CHj
6b, TFT, R = -CF3
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12a, QTMT, R = -CH3
12b, QTFT, R = -CF3
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Azetidinecarboxylic acid, DIPEA, EtOH, 60 °C, 1 h; (ii) 5-Chlorothiophene-2-sulfonamide, EDC, HOBT, DIPEA, DCM, 0° to R.T., 24 h;
(iii) LiOH (1.0 M), THF, water, R.T., 3 h; ethanol, 50 °C, 12 h; (iv) Ethylene glycol, EDC, DMAP, DCM, 0 °C to R.T., 5 h; (v) Tosyl chloride,
DMAP, pyridine, 0 °C to R.T., 3 h; (vi) Piperazine, DIPEA, EtOH, 60 °C, 1 h. (B) Radiosynthesis of ['*F]TFT and ['®F]QTFT. (vii) '*F~, K2.2.2,

K2C03, MCCN, 10 min.
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revealed no radio decompositions until 4 h after incubation with
saline and serum. Additionally, the in vivo stability of ['*FIQTFT
was investigated using radio-HPLC (Fig. 2E). The results indi-
cated that the tracer exhibited robust stability, with no notable
release of free 'F or metabolites detected within 2 h in mice.

3.2.  P2Y;; affinity and BBB permeability studies of radiotracers

The binding affinity of ['®F]TFT and ['®*F]QTFT to the P2Y,
receptor was assessed using a membrane-binding assay, demon-
strating that both tracers exhibit a strong affinity for P2Y;,
(Fig. 3A). Specifically, the dissociation constant (Ky) of ['®F]TFT
was 6.55 nmol/L, while that of ['*FIQTFT was 14.43 nmol/L. The
time-dependent cellular uptakes of [lSF]TFT and [ISF]QTFT were
studied in a P2Y,-positive C6 glioblastoma cell line. The results
showed that the cellular uptakes of [ISF]TFT and [ISF]QTFT
increased with incubation time. Additionally, cellular uptakes
were significantly decreased upon the introduction of excess
P2Y, inhibitor clopidogrel (Fig. 3B). To be effective for brain
disease imaging, radiotracers must efficiently cross the BBB and
not be pumped out by P-glycoprotein (P-gp). The BBB perme-
abilities of [18F]TFT and [18F]QTFT were evaluated using a
Transwell assay by culturing mouse brain endothelial bEnd.3 cells
in the apical compartment”**> (Fig. 3C). The endothelial trans-
mission value of [18F]QTFT reached 19.6%, while that of [18F]
TFT was only 7.5%, indicating the superior BBB penetration of
["®F)QTFT (Fig. 3D). The transmembrane transport of ['*F]TFT
and [18F]QTFT across a bEnd.3 cell monolayer was further

assessed using a Transwell assay in the presence of P-gp inhibitor
verapamil. Notably, the presence of verapamil resulted in a
remarkable increase in ['®F]TFT penetration efficacy to 17.2%,
while the efficacy of ['*FIQTFT only slightly increased to 21.5%
(Fig. 3D). These results indicate that P-gp blockade significantly
increases the transmembrane amount of [ISF]TFT, while showing
minimal effect on ['*F]QTFT, suggesting that ['8F]1QTFT is not a
substrate for P-gp. These studies imply that ['®F]QTFT achieves
effective BBB penetration and targets brain P2Y, by overcoming
P-gp-mediated cellular efflux.

3.3, PET imaging and pharmacokinetics analysis of ['*FJTFT
and ['8F]JQTFT in vivo

The brain pharmacokinetics of ['8FITFT and ['®F]QTFT in
healthy mice were investigated using a micro-PET/CT imaging,
and the two tracers exhibited differences in brain uptake (Fig. 4A
and B). Both radiotracers exhibited high liver uptake and intestine
accumulation, possibly owing to their high lipophilicity (Sup-
porting Information Table S1). In comparison to [ISF]TFT, [ISF]
QTFT demonstrated higher brain penetration and accumulation
(Fig. 4C). The peak of SUV of ['®F]QTFT reached 1.77 + 0.27,
almost double that of ['*F]TFT (0.44 + 0.34). The retention level
of ['"®F]QTFT was SUVmean = 0.69 + 0.11, while ['*F]TFT only
reached 0.12 £ 0.08. The dynamic PET results indicated that [ISF]
QTFT surpassed ['®F]TFT in terms of BBB penetrability and brain
uptake. Ex vivo pharmacokinetic study revealed that ['*F]QTFT
and [ISF]TFT exhibited a rapid blood clearance with a half-life of
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["®F)TFT and ["®F]QTFT show high metabolic stability. (A) 2D binding modes of TFT and QTFT. (B) The co—crystal structure of

TFT and QTFT bound to P2Y ;, receptor (PDB ID code 4PXZ). (C) In vitro stability of ['*F]QTFT and ['®F]TFT in saline. (D) In vitro stability of
['8F]QTET in isolated mouse serum. (E) In vivo stability of ['8F]QTEFT in blood stream.
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30.57 and 27.14 min, respectively (Supporting Information
Fig. S5), reflecting a comparable behaviour of these two probes.
Furthermore, we validated in vivo specificity of ['|F]IQTFT to
P2Y, receptors. Following the blockade of QTFT, the SUV of
[]SF]QTFT in brain tissue decreased by 72.3% (Fig. 4B and D).
Considering that the inherently low P2Y,, expression levels in
healthy mouse brains may impact blocking efficacy, we conducted
the competitive studies in mouse models bearing subcutaneous C6
glioma model with elevated P2Y,, expression’®. The uptake of
['8F]QTFT in the subcutaneous tumors was significantly inhibited
by P2Y,, inhibitor clopidogrel (72.8%, Supporting Information
Fig. S6). Consequently, we selected ['®F]QTFT, which exhibits
higher brain penetration and specific P2Y, binding properties, for
subsequent imaging studies.

3.4. ['8F]JOTFT visualizes activated microglia in IL-4-induced
neuroinflammation-mouse models

To confirm the P2Y,, targeting specificity of ['*F]QTFT, in-
flammatory mouse models induced by IL-4 and LPS were
developed. The LPS-induced group did not exhibit any apparent
signal change in the brain, whereas the IL-4-induced group
demonstrated a rising signal within the IL-4-induced lesion but
not in the contralateral region. After being blocked with P2Y,
inhibitor clopidogrel (1.0 mg/kg), a decreased PET signal by
approximately 1.45-fold was observed, indicating high speci-
ficity and low non-specific binding of [ISF]QTFT (Fig. 5A and
B). Tissue samples from the LPS-induced pro-inflammatory

region and the IL-4-induced anti-inflammatory region were
collected for immunohistochemical staining, the higher expres-
sion of P2Y, in the IL-4-administered region further confirmed
that ['®F]QTFT could image anti-inflammatory microglia
(Fig. 5C and D).

3.5.  ['FJQTFT locates epileptic foci in the acute stage of KA-
induced epilepsy models

Reactive microglia have been reported to exhibit a variety of
functional phenotypes during epileptogenesis. The epileptic
mouse models were established through hippocampal injection
of kainic acid, and the electroencephalogram (EEG) was recor-
ded after the corresponding epilepsy stage (the acute: 1—3 days
after status epilepticus (SE)); the latent: 8—20 days after SE; the
chronic: 20—180 days after SE) (Fig. 6A and B and Supporting
Information Fig. S7). As shown in Fig. 6C, [ FIQTFT
PET showed a high signal in the ipsilateral hippocampus of
epilepsy mouse models during the acute phase (T/N
ratio = 1.81 % 0.22 at 60 min p.i.). Conversely, ['®F]QTFT PET
in latent and chronic epilepsy mouse models showed relatively
low accumulation in brain lesions (7/N ratio = 1.14 £ 0.05 and
1.12 £ 0.03) (Fig. 6D). Nissl staining revealed a significant loss
of neurons during the acute phase of epilepsy, with a slight in-
crease in the chronic phase (Fig. 6E and F). Immunohisto-
chemical staining of the epileptic tissues demonstrated the
upregulation of P2Y, in the acute phase, but not in the chronic
phase (Fig. 6E and G).
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administrated with 18.5 MBq of P2Y, radiotracer []8F]TFT and ['®F]QTFT. (B) Representative PET/CT images of normal C57BL/6 mouse brain
at 60 min post administration of 3.7 MBq [18F]QTFT alone or the ['®F] QTFT that was blocked by QTFT. (C) Time-activity curves (TACs) of brain
uptake of normal C57BL/6 mice administrated with ['8F]TFT and [ISF]QTFT. (D) Brain uptake of normal C57BL/6 mice at 60 min post
administrated with [lsF]QTFT alone or pre-blocked with QTFT. The data are shown as mean + SD, n = 3. ****P < (0.0001.

3.6. []SF]QTFT shows down-regulated P2Y ;> expression in
aging mouse brains

Aging is one of the greatest risk factors in the etiology of neurode-
generative diseases. Therefore, understanding the spatiotemporal
dynamics of microglial transformation with aging is crucial for the
prevention or treatment of age-related diseases. To visualize the
discrepancy of P2Y, expression of microglia in aging mice, we
conducted dynamic PET/CT imaging analysis on 60- and 40-week
aging mouse models compared with 6-week young mouse models.
As shown in Fig. 7A and B, ['®F]QTFT PET exhibited a higher
uptake in the brain of young mouse models, reaching a peak SUV of
2.01 +0.31 at 1.25 min (compared to 1.96 £ 0.18 and 0.98 + 0.19 in
40- and 60-week aging brain). The retention level of the 40- and 60-
week aging is 0.52 &£ 0.04 and 0.45 £ 0.06 at 60 min respectively,
which is remarkably lower than that of 0.61 & 0.06 observed in the
young mice. These results suggests that the decrease in P2Y,
expression during the aging can be visualized by ['SF]QTFT.
Immunohistochemical staining of the brain tissues also revealed
decreased P2Y, expression in the aged brain (Fig. 7C and Sup-
porting Information Fig. S8).

3.7. ['8F]JOTFT defines the glioma allograft in mouse models

The immunosuppressive microenvironment of gliomas, the most
common malignant brain tumour in adults, is closely linked to
the anti-inflammatory transformation of microglia. Anti-
inflammatory microglia can produce growth factors, which
enhance glioma cell proliferation, reduce glioma cell apoptosis,
and promote tumour cell migration. Therefore, PET imaging of
anti-inflammatory microglia will facilitate the localization of
brain gliomas and the assessment of immunotherapy. We first
established a glioma mouse model by intracranial injection of
GL261 cells and confirmed tumour formation using T2-weighted
MRI (Fig. 8A and B). Subsequently, we imaged the gliomas with
['®F]QTFT and compared it to the amino acid metabolism im-
aging agent ['SFJFET. The results showed that ['®F]QTFT
exhibited a higher target-to-normal ratio in tumour detection
compared to [ISF]FET. The T/N ratio of [ISF]QTFT was
1.47 + 0.01, higher than that of ['SFJFET (1.17 % 0.02)
(Fig. 8C). Immunofluorescence staining further confirmed that
["®F]QTFT specifically imaged P2Yi,-expressing microglia
(Fig. 8D and Supporting Information Fig. S9).
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['®F)QTFT visualizes brain lesions with microglia polarized into anti-inflammatory phenotypes. (A) Representative PET/CT images

of LPS-/IL-4-induced mouse models at 60 min after administration of 3.7 MBq of [ISF]QTFT or blocked with P2Y , inhibitors. (B) The T/N ratios
of ['8F]QTFT in PBS (control), LPS, IL-4 and IL-4/QTFT blockade treated brain tissue. (C) Confocal fluorescence microscopic images of mouse
brain tissues treated with PBS (control), IL-4, or LPS. The immune-fluorescence of P2Y, and Ibal was displayed in green and red respectively.
DAPI fluorescence was displayed in blue. (D) Quantification of the P2Y, expression level in brain tissues treated with PBS, IL-4 or LPS (fold of
control). The data are shown as mean + SD, n = 3. P > 0.05 (ns), ****P < 0.0001. Scale bar = 20 um.

3.8.  Pilot clinical trial of ['"*F]QTFT in patients with epilepsy

To further evaluate the translational potential, we conducted ['8F]
QTFT PET imaging in a patient with temporal lobe epilepsy. A
detectable lesion in the right temporal lobe was observed on T2
weighted MR images (Fig. 9A). Then ["*F][FMZ PET imaging
revealed a negative signal in the lesion area (epileptic focus
SUVmean = 0.54 £ 0.28) compared to the contralateral normal
brain (SUVean = 5.45 £ 0.35). Subsequently, dynamic ['®F]
QTFT PET imaging showed high signal intensity in the epileptic
focus (Fig. 9B, Supporting Information Figs. S10 and S11).
Quantitative analysis indicated an SUVmean of 1.29 4 0.28 in the
epileptic focus, whereas the contralateral normal brain region had
an SUVmean of 0.90 + 0.16. As shown in Fig. 9B, ['*F]QTFT
demonstrated high BBB permeability with a peak SUV of
2.50 £ 1.58 in the lesion and 2.19 + 1.42 in the contralateral

normal region. These results suggested that ['*F]QTFT held
promise for locating the epileptic foci in epilepsy patients.

4. Discussion

P2Y,,, a G protein-coupled purinergic receptor, is activated by
adenosine diphosphate or adenosine triphosphate''. In the pe-
ripheral system, P2Y, activation triggers platelet aggregation
and thrombus formation. Due to its robust antiplatelet and
antithrombotic effects, P2Y, antagonists are commonly used to
treat cardiovascular diseases'”. Recent studies have unveiled that
P2Y, receptors are also expressed in brain microglial cells,
where they play a role in synaptic plasticity and neuro-
inflammation'. Following anti-inflammatory initiation in the
central nervous system, P2Y, receptor expression rapidly
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Figure 6 ['®F]QTFT visualizes epileptic foci by locating anti-inflammatory microglia. (A) Representative electroencephalogram of epileptic
models at the acute, latent and chronic stages. The healthy mice were used as controls. (B) The number of epileptic spikes in the epileptic models
at the acute, latent and chronic stages. (C) Representative PET/CT images of the acute and chronic epilepsy mouse models at 60 min after
administration of 3.7 MBq of ['SF]QTFT‘ (D) T/N ratios of the animal models treated with PBS (control), and at the acute, latent and chronic
stages of epilepsy. (E) Immunohistochemical and immunofluorescence staining of the control brain tissue and epileptic tissues at acute, latent or
chronic stages. (F) Quantification of the neuron number in the CA1 region. (G) The cells with both P2Y, and Ibal positive expression (fold of
control). The immune-fluorescence of P2Y, and Ibal was displayed in green and red respectively. DAPI fluorescence was displayed in blue. The
data are shown as mean £ SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. In the Nissl staining, scale bar = 35 um. In the
immunofluorescence staining, scale bar = 20 pm.

increases, leading to microglial activation and significant In this study, we synthesized a series of P2Y,-specific ra-
chemotactic responses'®. These observations suggest that P2Y, diotracers by using P2Y, receptor inhibitor AZD1283 as a pro-
could serve as an ideal biomarker for distinguishing anti- totype®’. We retained the crucial binding unit, the nicotinate

inflammatory microglial cells. group, along with the hydrogen bond acceptor present in
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["®F]QTFT shows a decrease in anti-inflammatory microglia in aged mouse brains. (A) Representative dynamic PET/CT images of

aging mice (60 and 40 weeks) and the young (6 weeks) administrated with 11.1 MBq of ["®F)QTFT. (B) Time-activity curves (TACs) of brain
uptake of ['®F]QTFT in the aging and young mice. (C) Representative images of the P2Y, immunofluorescence staining of microglia from young
and aging mice brain samples. The immune-fluorescence of P2Y, and Ibal was displayed in green and red respectively. DAPI fluorescence was

displayed in blue. The data are shown as mean + SD, n = 3. Scale bar = 20 pm.

AZD1283. These components interact with Tyr105 and Lys280 of
the P2Y,, receptor through hydrophobic or w-m stacking in-
teractions. Additionally, we introduced sulfamide groups and
amide groups to enhance lipophilicity. After evaluating the lip-
ophilicity, receptor affinity and BBB penetration of the com-
pounds, we selected TFT and QTFT for radiolabeling with fluorine
18. Notably, the receptor targeting affinity of ['®F]QTFT can be
blocked by the P2Y, receptor inhibitor clopidogrel, confirming
the specificity of this radiotracer to P2Y, receptor. Subsequently,
in vitro Transwell experiments confirmed the superior BBB-
crossing properties of QTFT compared to TFT. In addition, P-gp
efflux assays indicated that QTFT was not a substrate for P-gp.
The most likely due to the replacement of the sulfamide groups
with benzylamide, which reduces molecular polarity and de-
creases the compound’s tendency to interact with P-gp residues.
To our best knowledge'"'*°, this study presents the first P2Y,
targeted PET tracer specifically designed for in vivo imaging of
anti-inflammatory microglia.

Microglia polarized to different phenotypes play intricate
roles in brain disorders®. Numerous compounds have been

developed to inhibit (e.g., minocycline) or clear (e.g., PLX5622)
activated microglia. However, due to the coexistence of different
phenotypes in epileptogenesis, indiscriminate therapeutic
methods to clear or suppress activated microglia may lead to
ineffective treatments or even worsen the condition’”. In this
study, utilizing ['"®F]JQTFT PET imaging, we reveal an increase
in the anti-inflammatory microglia during the acute phase of
epileptic mouse models. This finding suggests that microglia
may exert neuroprotective effects during the early stages of ep-
ilepsy’’. In addition, epilepsy surgery is considered the most
effective method for achieving long-term seizure freedom,
particularly in patients with drug-resistant epilepsy’'. Accurate
localization of the epileptogenic focus is crucial for the surgical
treatment of refractory epilepsy. Clinically, localization of the
epileptogenic focus can be defined by ['®FJFMZ based on the
downregulation of GABA-A receptors in lesions. However, the
negative signal indicated by ['*FIFMZ usually suffers from
compromised sensitivity and specificity. In this study, we showed
the feasibility to identify epileptic foci using ['*F]QTFT PET in
a patient with temporal lobe epilepsy. Compared with ['*F]FMZ
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PET, ['®F]QTFT showed a positive signal in the epileptogenic
focus, making identification more convenient. Therefore, ['*F]
QTFT holds promise for positive imaging of the epileptogenic
focus and revealing the spatiotemporal dynamics of anti-
inflammatory microglia during epilepsy progression.

Low-grade neuroinflammation is a common feature of the
aging brain, evidenced by microglia activation®”. As the brain
ages, microglia can become senescent, adopting a pro-
inflammatory phenotype that exacerbates neuroinflammation, re-
duces phagocytic activity and imparts neuroprotective functions.
These changes contribute to cognitive decline and neurodegener-
ative diseases. However, the role of anti-inflammatory macroglia
in the aging brain is not well understood. In this work, we
observed a substantial decrease in P2Y, levels in the brains of
aging mice. This suggests that ['*F]QTFT could be a valuable tool
for exploring the complex interactions between microglial phe-
notypes and aging, highlighting the phenotypic plasticity of
microglia as they shift between pro-inflammatory and anti-
inflammatory states in response to aging.

Glioma is the most common and aggressive primary brain
tumour in adults. Its limited response to immunotherapies is
largely due to the suppressive tumour immune microenvironment,
characterized by a high abundance of tumour-associated macro-
phages/microglia. These cells contribute to glioma invasion,
angiogenesis, and immunosuppression, making them critical
therapeutic targets®”. Radiotracers like ['®FJFET have been
applied clinically to image glioma because they are actively taken
up by highly metabolic glioma cells**. However, these tracers
cannot evaluate the glioma-associated inflammatory response or
immune microenvironment. In this study, we developed [18F]
QTFT, a tracer that effectively visualizes microglia activation in
glioma-transplanted mice. Compared to ['8FIFET, ['®F]QTFT
offers higher contrast in tumor localization. This tracer provides a
valuable tool for locating malignant brain tumor, accessing early
treatment response assessments, planning therapeutic strategies,
and designing clinical trials.

This study has several limitations. High tracer uptake in the
liver and off-target binding may increase the risk of radiation
exposure, underscoring the necessity for further optimization of
the probe’s structure to minimize non-target uptake while pre-
serving its effectiveness in visualizing anti-inflammatory
microglia in the brain. Moreover, our research concentrated
exclusively on epilepsy, glioma, and specific stages of aging,
without addressing different phases of disease progression.
Future investigations will aim to assess the probe’s imaging
capabilities across a broader spectrum of neuroinflammation-
related brain disorders and investigate its potential for clinical
applications.

5. Conclusions

In this work, we synthesize and screen a PET probe, ['8F]QTFT,
tailored for specific imaging of P2Y, receptors. The tracer ex-
hibits an impressive capability to circumvent P-gp-mediated efflux
and traverse the BBB, enabling quantitative imaging of P2Y,
expression on microglia across a diverse range of preclinical
mouse models and clinical patients of neuroinflammatory dis-
eases. Further clinical studies are essential to determine the
tracer’s applicability in a range of neuroinflammatory brain dis-
orders, including neurodegenerative diseases and cerebrovascular
conditions.
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