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KEY WORDS Abstract The arginine-vasopressin (AVP) hormone plays a pivotal role in regulating various physio-
o . logical processes, such as hormone secretion, cardiovascular modulation, and social behavior. Recent
Aii?fr;e-ssm’ studies have highlighted the V1a receptor as a promising therapeutic target. In-depth insights into Vla

receptor-related pathologies, attained through in vivo imaging and quantification in both peripheral organs
p p g g ging q perip g

Vla receptor; L. . .
and the central nervous system (CNS), could significantly advance the development of effective Vla in-

Positron emission

tomography; hibitors. To address this need, we develop a novel Vla-targeted positron emission tomography (PET)
PET imaging; ligand, ['®F]V1A-2303 (['®F]8), which demonstrates favorable in vitro binding affinity and selectivity
Radiolabeling; for the V1a receptor. Specific tracer binding in peripheral tissues was also confirmed through rigorous
Fluorine 18; cell uptake studies, autoradiography, biodistribution assessments. Furthermore, [ISF]S was employed in
Kinetic modeling PET imaging and arterial blood sampling studies in healthy rhesus monkeys to assess its brain perme-
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1. Introduction

Arginine vasopressin (AVP), a unique cyclic nonapeptide hormone,
plays a vital role in various physiological functions essential for
maintaining homeostasis in both the periphery and the central
nervous system (CNS)'~. The physiological effects of AVP are
predominantly mediated by three G-protein-coupled receptors: Vla,
V1b, and V2, each exhibiting distinct distribution patterns and
physiological impacts. The Vla receptor, predominantly found in
vascular smooth muscle, liver, adrenal gland, brain, is associated
with a range of peripheral and central pathologies’. Studies suggest
that the Vla receptor influences not only metabolic regulation,
blood pressure, and vascular resistance®'”, but also has garnered
considerable attention regarding neurological conditions, social
cognition and behavior'''*. During the 1990s, studies revealed that
social and anxiety-like behaviors in rats were found to be affected
by intracerebroventricular and intraseptal injections of Vla-specific
antagonists'>"'7, as well as by the administration of Vla antisense
oligodeoxynucleotide into the septal region'®, suggesting an asso-
ciation between Vla receptor and these behaviors. Subsequent
research has further explored the role of V1a in social cognition and
behavior'”?', and its potential implications for autism spectrum
disorder (ASD)ZZ%, a complex neurodevelopmental condition
characterized by impaired social interaction, communication chal-
lenges, and repetitive behaviors. Despite ongoing investigations into
the detailed mechanisms, the Vla receptor has emerged as a po-
tential therapeutic target in ASD*" 7,

The multifunctional nature of Vla receptor has driven exten-
sive research, leading to the development of numerous antago-
nists®>** (Fig. 1A). In the early 1990s, OPC-21268"° (1) emerged
as the first V1a-selective antagonist, exhibiting high affinity for rat
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Vla receptor but weak affinity for human’s SR 49059° (2) was
noted for its high affinity, selectivity and efficacy towards both
animal and human Vla receptors. In the last decade, Azevan
Pharmaceuticals developed SRX246°7 (3), a highly selective and
specific Vla receptor antagonist that proven to be safe and well-
tolerated in a randomized Phase II clinical trial®™®. Tt can
decrease anxiety-potentiated startle in healthy individuals®®, and
reduce aggressive behavior in irritable Huntington’s disease pa-
tients*. Additionally, RG7713*" and balovaptan42 (RG7314, 4),
discovered by Roche, have progressed into advanced clinical
studies involving individuals with autism. However, despite
receiving Breakthrough Therapy Designation from FDA in 2018
and showing significant efficacy on the Vineland-II scale in ASD
in a Phase II trial*®, balovaptan did not demonstrate efficacy in
enhancing socialization and communication in pediatric ASD
patients*™ or autistic adults* in the subsequent Phase II or III
trials. These outcomes underscore the complexity of the Vla
signaling pathway and emphasize the necessity for further
mechanistic studies. Hence, in vivo investigation of the Vla re-
ceptor system and its interaction with potential drug candidates
via non-invasive techniques becomes imperative, offering invalu-
able biology insights and contributing to a comprehensive un-
derstanding of their roles and therapeutic potential.

Positron emission tomography (PET), featuring the capacity
for in vivo imaging and quantifying biochemical processes in real-
time, emerges as a promising solution for studying intricate
physiological and pathological mechanisms without the need for
invasive operations. The development of novel PET ligands tar-
geting the Vla receptor remains pivotal in unraveling the com-
plexities of physiological and pathological processes, especially in
the regulation of social, emotional, cognitive behaviors. Recent
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advancement has been made in developing radiolabeled Vla li-
gands (Fig. 1B), including analogs of SRX246*° (['*1]5, ['®F]5
and [''C]5), [''CI6"" and our work [''C]PF-184563" ([''C17).
While [''C]PF-184563 stands out as the first PET ligand suitable
for Vla receptor imaging in peripheral organs, there remains a
need for ideal PET ligands, especially for applications both in the
CNS and periphery.

This study aims to develop and validate an effective Vla-
targeted PET ligand with enhanced blood-brain barrier (BBB)
penetration through structural optimization. Encouraged by the
results of [''CJPF-184563, we hypothesized that, by maintaining
binding affinity, the integration of '®F into the pyridine scaffold
could not only prolong the ligand half-life from 20.4 to 109.8 min
but also enhance BBB permeability due to inductive effect and the
shielding of the nitrogen atom on the pyridine ring. In this report,
we describe the design, synthesis, pharmacological profiling,
radiolabeling, and comprehensive in vitro and in vivo character-
ization of a novel radiolabeled analog, [lsF]VlA—2303 ([ISF]S), as
a potential probe for PET imaging of the V1a receptor.

2. Result and discussion

2.1.  Chemical synthesis

The target compound 8 was synthesized in a similar fashion based

2.2.  Binding affinity and BBB permeability

Having obtained target compound 8, its biological activity and
pharmacological properties were assessed through in vitro assays.
As outlined in Table 1, this compound exhibited nanomolar po-
tency and high affinity for the hV1a receptor (ICso = 2.33 nmol/L
and K; = 0.46 nmol/L), which were determined using 0.03 nmol/
L ['*I] phenylacetyl-D-Tyr(Me)-Phe-Gln-Asn-Arg-Pro-Arg-Tyr-
NH, as radioligand, with specific binding at 85% and a B,,x value
of 2.80 pmol/mg protein. Furthermore, its binding affinities for
other vasopressin receptors (V1b and V2) exceeded 10 pmol/L,
highlighting excellent target selectivity.

To predict BBB permeability, the lipophilicity of compound 8
was evaluated using the shake-flask method, yielding a logD7 4 of
1.81 4+ 0.01 (» = 3). This suggests that it may be suitable as a
ligand for PET imaging in the brain since molecules typically pass
through the BBB via passive diffusion when logP or logD values
fall between 1 and 3.5*. MDCK-MDRI experiments showed an
apparent permeability coefficient P,p,ia-g) Of 33.48 X 1076 cm/s
(values > 10 x 107° cm/s suggesting high BBB permeability),

Table 1  Pharmacological and physiochemical properties of
target compound 8.

on our previous report™. As outlined in Scheme 1, the reaction Pharmacology ~ Value  Physiochemical ~ Value
commenced with commercially available compounds methyl properties properties
piperidine-4-carboxylate 9 and 2,6-difluoropyridine 10. Nucleo- hVIA ICso 2.33 Mw (g/mol) 412.9
philic aromatic substitution reactions were executed to generate (nmol/L)
11. Subsequent steps involving hydrolysis, esterification, and hV1A K; 0.46 LogD (pH 7.4) 1.81 + 0.01
hydrazinolysis, resulted in hydrazine 13 in good yield. The hVI(gn;gUL) S s
intermolecular cyclization of hydrazine 13 with thioamide 14 (nmolsl(i) ’ (“;PI[SZE“C ) :
afforded .1,2,4—tr1azoljc ‘analogl}e. 15 in 26% yield. Bo.c group hV2 ICs, >10,000 Effiux ratio 0.85
deprotection under acidic conditions, followed by reductive ami- (nmol/L)
nation, led to the desired compounds 8 in 52% yield over two LogBB ~0.09
steps. The new compounds were fully characterized by 'H and '*C MPO score 5.3
NMR spectroscopy and MS.
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N Z# N A i) ethyl chloroformate,
@ DIEA, 1,4-dioxane N 2 mol/L NaOH N TEA, THF, 0°C, 1h N
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Scheme 1  Synthesis of target compound 8.
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and an MDRI1 efflux ratio (ER) of 0.85, suggesting that the
compound 8 likely possesses the ability to penetrate the brain.
Additionally, logBB is a standardized measurement of BBB
permeability (the logarithmic ratio between the concentration of a
compound in the brain and blood), and the logBB values between
0.3 and —1 represent the compound that could pass the BBB**".
The logBB value of compound 8 was predicted as —0.09, which
suggests compound 8 possesses the ability to penetrate BBB.
Likewise, multiparameter optimization (MPO) is a desirability
tool to assess the BBB-permeability of drug candidates. Generally,
a CNS MPO score on a scale between 0 and 6, and a score val-
ue > 4.0 is highly desirable™. The calculated MPO score for
compound 8 was 5.3, indicating compound 8 as a potential
candidate. Moreover, ex vivo measurements~ of BBB perme-
ability in rat brain tissues and plasma by LC-MS/MS further
supported this, demonstrating compound 8 can traverse the BBB
(Supporting Information Table S1).

2.3.  Radiochemistry

The radiolabeled compound, ['®F]8, was designed to be synthe-
sized through SnNAr reactions® of the corresponding precursor
featuring a nitro leaving group, 22. Following a synthesis route
similar to that of compound 8 but incorporating 2-fluoro-6-
nitropyridine (17), the reaction steps included substitution,
hydrazinolysis, intermolecular cyclization, deprotection, and
reductive amination, yielding the compound 22 in 2.5% yield over
five steps (Scheme 2). Upon heating with ['*FITEAF/TEAB at
180 °C for 30 min, the labeling precursor 22 smoothly trans-
formed into ['®F]8. Employing an automated synthesis module
encompassing radiolabeling, purification, and formulation, [ISF]S
was obtained with a non-decay-corrected radiochemical yield of
7.9 £2.2% (n > 3) within 100 min. The product exhibited >95%
radiochemical purity and a molar activity >58.8 GBg/pumol
(Supporting Information Fig. S1) at the end of synthesis (EOS).
The in vitro stability of the radiotracer was investigated by incu-
bation at 37 °C in saline containing 10% EtOH (Supporting
Information Fig. S2A) or monkey plasma samples (Fig. S2B).
As expected, ['8F]8 was proved to be stable in these media, with

DIEA, 1,4-dioxane
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180 °C, 30 min
n.d.c. RCY 8% SN

no degradation observed by radio-HPLC up to 120 min of incu-
bation time. The ultrafiltration method showed an unbound free
fraction (f,) of ['®F]V1A-2303 as 34.4 4 2.2% using non-human
primate (NHP) plasma.

2.4.  Cell uptake assay, ex vivo and in vitro autoradiography

To assess the in vitro specificity of [ISF]S to the Vla receptor, cell
uptake studies were conducted. Chinese hamster ovary (CHO)
cells expressing the human Vla receptor were incubated with
['®F]8 alone or in combination with a more than 100-fold excess
amount of the non-radioactive compound 8 and Vla antagonists
PF-184563, Balovaptan and SRX246 (Fig. 2A). Both structurally
similar V1a antagonists (PF-184563, Balovaptan) and structurally
different Vl1a antagonists (SRX246) resulted in a substantial
reduction in ['®F]8 cell uptake, indicating the specific binding of
['®F]8 to the Vla receptor in vitro.

To further explore the binding specificity of ['®F]8 at tissue
levels, ex vivo autoradiography studies were performed on liver
slices from C57BL/6 mice, and in vitro autoradiography studies
were conducted on brain sections from rats and adrenal gland
sections from monkeys. Under baseline conditions, high signal
intensities were observed in liver sections (Fig. 2B). Pretreat-
ment with balovaptan (10 mg/kg, i.v.) led to a roughly 50%
reduction in signal intensities (Fig. 2C). For brain slices, while
relative signal intensity only decreased by 8.5%, there was a
statistically significant difference between the baseline and
blocking conditions (Supporting Information Fig. S3). Because
the Vla receptor density in the brain is low’>>® may not be
sufficiently high to accurately reflect specific Vla receptor
binding in the brain. Furthermore, adrenal gland sections from
monkeys incubated with ['®F]8 exhibited high specific binding in
the adrenal cortex (zona glomerulosa and zona fasciculata) and
medulla (Fig. 2D), regions known to express the V1a receptor’’.
The signal intensities significantly decreased with the blockade
of Vla antagonists V1A-2303 or PF-184563 (10 pmol/L;
Fig. 2E). Compared to the blocking studies using unlabeled
V1A-2303, the substantial activity retention observed in rhesus
monkey adrenals under PF-184563 blocking conditions could be
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Synthesis of radiolabeled Vla ligand ['®F]V1A-2303.
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expresses the human Vla receptor, in the presence of non-radioactive V1A-2303, V1a receptor antagonists PF-184563, balovaptan or SRX246 as
blocking agents (0.5 nmol/L); Representative images for baseline and blocking (10 umol/L) by (B) ex vivo autoradiography in mice liver and (D)
in vitro autoradiography in monkey adrenal; (C, E) Comparative analysis under baseline and blocking conditions to quantitatively assess the
specificity of ['®F]V1A-2303. All data are shown as mean & SD (n > 3) and analyzed by unpaired t-test. ¥**P < 0.001, ****P < 0.0001.

attributed to the residual nonspecific binding. These findings
further demonstrate that ['®F]8 binds specifically to the Vla
receptor, and this binding is effectively blocked by various Vla
antagonists.

2.5.  Biodistribution study in mice

To study the pharmacokinetic profile of ['®F]8, we assessed its
uptake, distribution, and elimination in C57BL/6 mice at five-time
points (1, 5, 15, 30, and 60 min) post-injection (p.i.). The results
are presented in Fig. 3A and Supporting Information Table S2 as
the percentage of the injected dose per gram of wet tissue (%ID/
g). The initial clearance of radioactivity from the blood was rapid,
exhibiting a clearance ratio of 2.3 between 1 and 60 min. Several
organs, including the heart, lung, liver, pancreas, small intestine,
and kidney, displayed high radioactivity levels (>5%ID/g) at
initial time points. Subsequently, radioactivity rapidly decreased
in most tissues, except for the liver, where it initially increased
until the 5 min p.i. before gradually diminishing. The radioactivity
in the stomach and small intestine plateaued at 30 min p.i., while
significant radioactivity persisted in the bladder at 60 min p.i. The
relatively elevated uptake in the liver and small intestine may be
attributed to hepatobiliary excretion, along with potential intesti-
nal reabsorption. Meanwhile, the relatively constant uptake in the
kidneys and gradual accumulation in the bladder suggests renal
clearance.

The brain uptake was low at 0.91 %ID/g (SUV = 0.18) at
1 min p.i. and gradually diminishing over 60 min (Fig. 3A and B),
likely influenced by P-glycoprotein (P-gp) efflux in mouse brain
(Supporting Information Fig. S4). An ex vivo brain metabolism
study, analyzing radio chromatograms at 5 and 30 min p.i.,
showed good stability and a modest rate of metabolization of ['*F]
8 in the brain (Supporting Information Fig. S5, Tables S3 and S4).
The intact parent fractions in the brain were 90.3 + 1.2% at 5 min
and 78.8 + 0.4% at 30 min, indicating that the majority of brain
uptake likely originated from the probe itself rather than its me-
tabolites. However, the ex vivo analysis of liver metabolism

revealed that, at 30 min, 26.9 £ 1.69% of the signal in the liver
originated from the parent radiotracer, while the remaining 73%
corresponded to radio metabolites (Supporting Information
Fig. S6). We noted a progressive buildup of radioactivity in
bone, suggesting potential defluorination of the tracer in rodents.

When pre-treating with balovaptan (10 mg/kg) before the in-
jection of radiolabeled tracer [IBF]S, the radioactivity in most
organs and tissues decreased at 5 min and 30 min p.i (Supporting
Information Fig. S7 and Table S5). The radioactivity in the liver
declined by 60% at 5 min and 54% at 30 min (Fig. 3C), while the
radioactivity in the kidney declined by 30% at 5 min and 10% at
30 min (Fig. 3D), in the comparison with baseline study. However,
the changes without statistical significance in the kidney indicate
that the uptake is mainly attributed to excretion rather than
binding, while the significant change in the liver may exhibit high
binding specificity.

2.6. PET imaging studies of ['SF]VIA-2303 in monkey

Dynamic PET imaging studies were conducted in the rhesus
monkey’s brain to assess brain permeability, binding specificity,
and washout kinetics of ['8F]8. Fig. 4A illustrates the co-
registration of averaged PET images of the brain (0—90 min)
with the MRI T1-weighted template, and Fig. 4B displays the
time-activity curves (TACs) of specific brain regions. The baseline
study indicated that ['®F]8 was able to cross the blood—brain
barrier, with a peak whole-brain standard uptake value (SUV) of
1.6 at 2.5 min. Radioactivity in all regions of interest exhibited a
rapid increase, peaked at 2.5 min, and was gradually washed out
over 100 min. Specifically, there was a heterogeneous distribution
of radioactivity, with the highest level in the pituitary gland, fol-
lowed by the thalamus, striatum, amygdala, hippocampus, and
cerebellum with the least. In Fig. 4C, static whole-body maximum
intensity projection (MIP) images acquired 100—110 min p.i. are
presented. There was some radioactivity in the vertebrae and po-
tential joints, suggesting potential defluorination of the tracer in
non-human primates (NHPs). Comparing results with and without
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PET imaging studies of ['®F]8 in the rhesus monkey. (A) Representative summed PET/MR images (0—90 min) of the brain under

baseline conditions; (B) Time-activity curves (TACs) in representative brain regions under baseline conditions; (C) Whole body maximum in-
tensity projection (MIP) images; (D) PET/CT static images (100—110 min) of liver; (E) Liver mean standard uptake value (SUV c,,) of monkey
after 100 min injection under both baseline and blocking conditions. Blocking was pre-treated with balovaptan (3 mg/kg).

pretreatment of balovaptan (3 mg/kg), a notable accumulation was
observed in the liver in the baseline, with some activity extending
to the intestine, suggesting a preference for hepatobiliary excre-
tion over renal clearance, which was similar to the biodistribution
results in rodents. Following pretreatment with balovaptan, a
notable reduction in the liver signal was observed, with the SUV in

the liver decreasing from 11 to 5 (Fig. 4D and E), indicating a
pronounced blockade effect on the hepatic uptake. However,
pretreatment with Vla antagonist balovaptan (3 mg/kg) did not
decrease the signal in various brain regions, yet resulted in
increased radioactivity and a higher whole-brain area under the
curve (AUC) (Supporting Information Fig. S8 and Table S6).
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2.7.  Kinetic modeling in NHP brain

We employed compartmental modeling with a metabolite-
corrected input function to determine brain kinetic parameters.
Following intravenous bolus injection of ['®F]8, plasma radioac-
tivity exhibited a transient peak within 1 min, followed by a
substantial decrease (Fig. 5A). The pre-treatment of balovaptan
(3 mg/kg) resulted in a slight increase in peak activity and AUC.
The plasma-to-whole blood ratio remained relatively stable,
averaging around 1.01 + 0.05 (Supporting Information Fig. S9
and Table S7). ['®F]8 exhibited reasonable metabolism in arte-
rial blood, with intact parent fractions of 66.1% at 10 min and
38.6% at 30 min (Fig. 5B). Balovaptan pre-treatment slightly
elevated the intact parent fraction (74.4% at 10 min and 47.5% at
30 min), indicating increased plasma availability of the tracer
induced by balovaptan. This observation aligns with the hypoth-
esis that balovaptan exerts a more extensive blockade effect on
peripheral receptors than in the brain. As illustrated in Fig. 5C and
Supporting Information Table S8, radio-chromatogram analyses
revealed that [lgF]S had a retention time of 10 min. The primary
polar radioactive metabolite exhibited a shorter retention time,
implying a reduced likelihood of penetrating the BBB compared
to the parent tracer.

The representative kinetic modeling results, along with
detailed parameters obtained from various fitting models for all
volumes of interest (VOIs), are summarized in Table 2. The two-
compartment model (2TCM) consistently outperformed the one-
compartment model (ITCM) for all evaluated VOIs, evident
from the lower Akaike Information Criterion (AIC) (Fig. 5D).
Under baseline conditions, the amygdala exhibited the highest
total volume of distribution (V1) of 1.26, followed by the thal-
amus, striatum, and hippocampus, with the cerebellum displaying
the lowest V1. Under blocking condition, administration of Vla
antagonist balovaptan (3 mg/kg) before tracer injection enhanced
the Vr values of analyzed brain regions and indicated an absence
of specific binding in the brain. Fig. SE illustrates the Logan plot
for the striatum, highlighting a robust correlation between Vr

values derived from 2TCM and Logan plots (Pearson’s r = 0.941,
P < 0.0001, Supporting Information Fig. S10). Furthermore,
Supporting Information Table S9 outlines the V1 values for each
brain region across five different time intervals, ranging from 0 to
60 to 0—100 min p.i. The stability of Vr in the thalamus and
striatum is depicted in Fig. 5F. During the 60—100 min interval,
Vr values calculated using 2TCM fitting exhibited minimal fluc-
tuation, remaining between 90% and 100%. This consistency
suggests that Vr stabilizes after 60 min in the dynamic PET im-
aging scans. These results suggest that 2TCM constitutes a suit-
able model for the assessment of ['3F]8 kinetic parameters in the
NHP brain.

Vla receptor plays a critical role in the regulation of a range of
physiological processes, and its dysregulation influences the
pathophysiology of various neurological conditions, social
cognition and behavior. Moreover, the impact of the V1a receptor
extends beyond the CNS to numerous peripheral pathologies,
including metabolic regulation, blood pressure, and vascular
resistance. Recent studies have also considered the Vla receptor
as a potential therapeutic target for castration-resistant prostate
cancer. The wide-ranging physiological impacts of the Vla re-
ceptor highlight its potential as a therapeutic target for both central
and peripheral diseases.

V1A-2303 was designed and synthesized as a Vla receptor-
targeted ligand. In vitro pharmacological characterization revealed
an ICsy of 2.33 nmol/L and a K; of 0.46 nmol/L for hVla, a
logD; 4 of 1.81, and an ER of 0.85. Balovaptan42, for comparison,
exhibited a K, of 0.23 nmol/L for hV1a, a logD; 4 of 3.2, and a hP-
gp efflux ratio of 2.3. Additionally, the binding affinity of V1A-
2303 is higher than the other Vla-targeted radio ligands re-
ported in the literature. Based on these pharmacological parame-
ters, V1A-2303 can be considered a V1a receptor-targeted ligand
similar to balovaptan.

In the biodistribution study in mice, a low brain uptake (0.91 %
ID/g, SUV = 0.18 at 1 min p.i.) indicated poor brain permeability.
However, moderate brain uptake was observed in PET imaging of
rhesus monkeys (SUV = 1.6 at 2.5 min p.i.), approximately 8-
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Plasma data, kinetic modeling, and time stability analysis in the brains of non-human primates (NHPs). (A) Individual metabolite-

corrected [lsF]VlA—2303 standard uptake value (SUV) time courses in plasma; (B) Individual fraction of unchanged parent compound over time;
(C) Representative radio-chromatograms of plasma samples under baseline conditions; (D, E) Model fits of one-tissue compartment model
(1TCM), two-tissue compartment model (2TCM), and Logan plot on the baseline scan of monkey striatum. (F) Estimation of total volume of
distribution (V) calculated for 60—100 min scan windows in 10 min increments compared to the final 90 min Vy for the thalamus and striatum.
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Table 2  Pharmacokinetic parameters estimated from different fitting models.
Region K, (mL/cm®/min) k> (/min) ks (/min) k4 (/min) Vr (mL/cm®) Vr (block)®
2TCM
Thalamus 0.10 £+ 0.03 0.15 £+ 0.03 0.05 £ 0.01 0.09 £ 0.05 1.14 £ 0.35 1.95
Striatum 0.09 £ 0.03 0.15 £+ 0.03 0.04 £ 0.02 0.05 £ 0.002 1.11 £ 0.32 1.86
Occipital cortex 0.10 £+ 0.02 0.21 £ 0.01 0.03 £ 0.0002 0.02 £ 0.01 1.10 £+ 0.47 1.53
Amygdala 0.09 £+ 0.04 0.15 £ 0.05 0.03 £ 0.02 0.02 £ 0.002 1.26 £ 0.42 1.73
Hippocampus 0.09 £+ 0.04 0.16 £+ 0.06 0.03 £+ 0.02 0.03 £ 0.01 1.13 £+ 0.31 1.68
Cerebellum 0.10 £ 0.03 0.23 £ 0.03 0.04 £ 0.001 0.03 £ 0.01 0.97 £+ 0.39 1.48
1TCM
Thalamus 0.09 £ 0.02 0.09 £ 0.004 0.99 £ 0.21 1.93
Striatum 0.08 £+ 0.02 0.09 £ 0.005 0.93 £+ 0.22 1.78
Occipital cortex 0.09 £ 0.01 0.14 £ 0.01 0.65 £ 0.71 1.34
Amygdala 0.07 £+ 0.03 0.08 £ 0.01 0.87 £ 0.23 1.62
Hippocampus 0.08 £+ 0.03 0.09 £ 0.01 0.82 £ 0.19 1.60
Cerebellum 0.08 £+ 0.02 0.13 £ 0.007 0.61 £+ 0.18 1.36
Logan plot
Thalamus 1.18 £+ 0.36 1.96
Striatum 1.14 + 0.34 1.88
Occipital cortex 1.10 £+ 0.43 1.54
Amygdala 1.33 £ 0.55 1.69
Hippocampus 1.16 + 0.38 1.71
Cerebellum 1.03 + 0.41 1.53

Data are presented as mean + SD.
“Pre-blocking studies were performed with 3 mg/kg of balovaptan.

fold higher than in mice. This significant difference is likely
attributed to species variations in efflux transporter expression in
the brain, as the expression of the efflux transporter MDR1 was
2.33-fold lower in humans than in mice®’. While mice studies are
an important step in the development of CNS-targeted tracers, it is
crucial to remember that they do not always accurately predict
efficacy in higher species. Further research in NHP models and
even humans is necessary to fully evaluate their properties.

['®F]8 exhibits good stability and reasonable metabolization
rates. In the ex vivo brain metabolism study, intact parent fractions
of ['°FI8 were 90.3 & 1.2% at 5 min and 78.8 = 0.4% at 30 min.
Pharmacokinetic results, brain tissue distribution study, and radio-
chromatogram analyses supported that the majority of brain up-
take in biodistribution and PET imaging studies likely originated
from the probe itself rather than its metabolites. In kinetic
modeling, intact parent fractions of [ISF]S in plasma were 66.1%
at 10 min and 38.6% at 30 min, comparable to ['*FILW223°' (a
TSPO-targeted PET radioligand, ~50% at 10 min and ~40% at
30 min) and superior to '8F-AV45°® (the first FDA-approved
commercial radiotracer for Af PET imaging, 35 + 10% at
10 min and 14.4 + 7.3% at 30 min). Consequently, blood data
from monkey experiments suggests modest metabolization of
['*F]8.

In the PET imaging studies of ['®F]8 in monkeys, pretreatment
with V1a antagonist balovaptan notably decreased the signal in the
liver, but did not decrease the signal in various brain regions. The
SUV in the pituitary (Fig. 4B and Supporting Information Fig. S8)
showed a slight increase at both 10 min (from 1.25 to 1.30) and
30 min (from 0.91 to 1.03) compared to the non-pretreated group.
The AUC (0—90 min) value of the time-activity curve of
metabolite-corrected pituitary increased by 5.9%. The increase
caused by the pretreatment with balovaptan can be attributed to
three factors: 1) The increased radioactivity in plasma. On one
hand, the peak SUV in the metabolite-corrected plasma (Fig. 5SA)
is 37.11 at 0.267 min in baseline and 44.52 at 0.517 min (an 18.9%

increase) in blocking. On the other hand, the area (Supporting
Information Table S10) under the metabolite-corrected plasma
time—activity curve (0—90 min) increased by 20% (from 57.04 to
68.40); 2) The increased metabolic stability of [ISF]S. As shown in
Fig. 5B, the pre-treatment of balovaptan increased the intact
parent fraction in plasma by 12.6% at 10 min and 23.2% at
30 min; 3) The increased unbound free fraction (f, or f,). This
factor is directly related to the ability of the radioligand to cross
the blood-brain barrier and bind to its target. It was reported that
the mean f, value of blocked scans was likely higher than that of
baseline scans®. As previously discussed, the administration of
the blocking agent altered the intact parent fraction in plasma,
which showed higher concentrations of [ISF]S compared to
baseline, likely due to the displacement of the radioligand from
peripheral binding sites. This suggests that f, or f, may be
significantly increased in the presence of pharmacological dose of
blocker.

PET is a promising tool for studying complex physiological
and pathological mechanisms, and the development of innovative
PET tracers holds the potential to improve diagnostics, person-
alize treatment approaches, and advance our comprehension of
various diseases. A prime example is the development of TSPO
radioligands. The latest radioligands are insensitive to the rs6971
polymorphism, which significantly alters the affinity of TSPO for
drug and probe, and enables the visualization of in vivo preclinical
brain inflammation. This example sets the stage for further in-
vestigations of the Vla receptor. Similarly, the single nucleotide
polymorphisms (rs11174811) and microsatellite polymorphisms
(RS1 and RS3)°%%*%° of Vla, associated with autism, pair
bonding-behavior, maternal behavior, and other aspects of social
cognition and behavior, may shed light on individual differences
in social behavior and heritable disorders. Hence, the ongoing
development of novel PET ligands targeting the Vla receptor is
crucial for unraveling the complexities of physiological and
pathological processes, especially in regulating of social,
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emotional, and cognitive behaviors. Such progress will facilitate
the translation of findings from animal studies on prosocial
behavior to preclinical human research.

3. Conclusions

We synthesized ['*F]V1A-2303 (['®F]8), a PET ligand for the Vla
receptor. [lsF]S exhibited favorable pharmacological characteris-
tics, including high binding affinity (K; = 0.46 nmol/L), excellent
selectivity (>100-fold for Vla over other AVP receptors), and
efficient BBB permeability. Autoradiography and biodistribution
studies demonstrated good specificity for the Vla receptor in
peripheral tissues. ['®F]8 also showed high specific binding in the
liver and was able to cross the BBB in NHPs as determined by
PET imaging. However, kinetic modeling using a metabolite-
corrected arterial input function revealed a lack of specific bind-
ing in the brain. Further medicinal chemistry efforts are underway
and we aim to increase binding affinity in 10-30-fold based on
our brain-penetrant ligand scaffold and test if moderate specific
binding could be achieved under these conditions to enable Vla
imaging in the CNS.

4. Experimental
4.1. Reagents

Unless otherwise indicated, all reagents were acquired from Sigma—
Aldrich and solvents were newly dried and degassed before use.

4.2.  Animals

Sprague—Dawley (SD) rats (male, 7—8 weeks, 220—240 g) were
purchased from Charles River Laboratory, and C57BL/6 mice
(male, 7—8 weeks, 20—25 g) were purchased from GuangDong
GemPharmatech Co., Ltd. All animals received humane care
and were housed in cages with a 12 h light/dark schedule. In
compliance with Jinan University’s Animal Ethics Committee, the
rodent experiment protocols have been approved. Several studies
on rhesus monkeys (male, six years old, 6—7 kg) were approved
by the Institutional Animal Care and Use Committee (IACUC) of
Guangdong Landau Biotechnology Co., Ltd. This organization is
accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC).

4.3.  Chemical synthesis

Details of synthesis procedures and NMR data are included in the
Supporting Information.

4.4.  Pharmacology and ADME properties

4.4.1.  Binding affinity and selectivity assays for VIA-2303 (8)

All pharmacology studies were performed at Eurofins BioPharma
Services. In vitro inhibitory effects of compound V1A-2303 on
Vla, V1b, and V2 receptors were determined using established
commercial assays. Reference standards were included in every
assay to verify the accuracy of the results. The determination of
ICso values was conducted through a non-linear, least squares
regression analysis employing MathIQTM (ID Business Solutions
Ltd., UK). In cases where inhibition constants (K;) were reported,
the K; values were calculated using the Cheng and Prusoff

equationm. The presentation of ICsy and K; values does not
include the Standard Error of the Mean (SEM).

General experimental procedure (V1A assays as an example):
Human recombinant vasopressin V1A receptors expressed in HEK-
293 cells are used in modified Tris-HCI buffer pH 7.4. A 0.26 pg
aliquot is incubated with 0.03 nmol/L ['*I]phenylacetyl-p-
Tyr(Me)-Phe-GlIn-Asn-Arg-Pro-Arg-Tyr-NH, for 120 min at 25 °C.
Non-specific binding is estimated in the presence of 1 pumol/L
[Arg8]vasopressin. Receptors are filtered and washed, the filters are
then counted to determine ['*I]phenylacetyl-p-Tyr(Me)-Phe-Gln-
Asn-Arg-Pro-Arg-Tyr-NH, specifically bound.

4.4.2.  Measurement of lipophilicity

['®F]V1A-2303 was formulated into a 15 mL tube containing n-
octanol (3.65 mL, 3 g) and PBS (3 mL, 3 g) that were pre-
saturated. When the vortex has been vortexing for 3 min, for
better liquid layering, the hybrid was divided into three new tubes
and separated by centrifugation for 5 min (3500 rpm). In the
following steps, every aliquot’s count per min (CPM) was deter-
mined using an automatic gamma counter (WIZARD2 2480,
PerkinElmer, USA), and decay and background corrections were
made. To calculate logD, we divided the radioactivity between the
organic phase and the aqueous phase.

4.4.3. MDCK-MDRI experiment

In vitro brain permeability of V1A-2303 was carried out using a
Madin Darby canine kidney (MDCK) cells with the MDR1 gene
model by methods®®. Reference compounds are digoxin (a
P-glycoprotein drug efflux transporter control), metoprolol (a high
permeable control), atenolol (a low permeable control), and Lucifer
Yellow. Hank’s balanced salt solution (HBSS) buffer along with
5 mmol/L Lucifer Yellow and 0.4% DMSO (pH 7.4) was used to
wash MDR1-MDCK cells twice before transport experiments.

4.4.4.  Ex vivo permeability of BBB in SD rats

These studies were performed at ChemPartner. SD rats
(220—240 g, male, n = 9) were administered intravenously at a
dose of V1A-2303 (0.03 mg/kg) via foot dorsal vein injection. At
the time points of 5, 30, and 60 min, a blood sample of nearly
150 pL. was collected from the animal. Immediately following
collection, the blood samples were kept on ice and centrifuged
(2000x g, 4 °C, 5 min) to obtain plasma. As soon as the animals
had been anesthetized and exsanguinated, tissue samples (pitui-
tary, brainstem, hippocampus, striatum, and cortex) were
collected, rinsed with pre-cooled saline, dried on filtrate paper,
weighed, and frozen on dry ice. Tissue samples were homoge-
nized with 3 volumes (v/w) of homogenizing solution (PBS)
before analysis. The concentrations of V1A-2303 in samples were
quantified through liquid chromatography-tandem mass spec-
trometry (LC-MS/MS-39, Triple Quad 6500+). The detection of
all analytes was carried out in positive ionization mode. The
MRM (multiple reaction monitoring) transitions were m/z
413.10 — 177.20 for V1A-2303 and m/z 230.00 — 121.00 for
Osalmid (internal standard).

4.5. Radiochemistry

['®F]Fluoride was generated via the ISO(p,n)mF reaction in a
10 MeV cyclotron (GE, Qilin) using >98% enriched H,'%0 (Taiyo
Nippon Sanso Corporation, Tokyo, Japan). ['®F]Fluoride was
trapped with a Sep-Pak QMA cartridge (Waters, 186004540), and
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eluted with TEAHCO; (2.0 mg) in MeOH (1 mL). After an azeo-
tropic drying, precursor 22 (0.5 mg) in anhydrous DMSO (500 pL)
was added. The radiosynthesis occurred at 180 °C for 30 min, and
was followed by HPLC purification with an Osaka Soda CAPCELL
PAK C18 column (UG80, 5 um, 10 mm i.d. x 250 mm) using a
mobile phase of CH;CN/H,O (v/v, 45/55) containing 0.1% Et;:N
and at 3.0 mL/min. The retention time (fz) of ['*F]8 was 18.0 min.
The product fraction was collected, diluted with water, and trapped
with a C-18 light cartridge (Waters, WAT023561). Eluted with
1 mL EtOH and diluted with 9 mL saline, the final product was
obtained. Analytical HPLC, with a GL Sciences WondaSil C18-WR
column (4.6 mm x 150 mm) and the same mobile phase at a flow
rate of 1 mL/min (tg: 6.7 min), confirmed the identity of ['°F]8 by
co-injection with the reference compound 8.

4.6.  Cell uptake studies

The CHO-V1a cell line, expressing the Human V1a Receptor, was
cultured in Ham’s F12 medium (Life Technologies) with 10%
fetal bovine serum (Corning), 1% penicillin-streptomycin (Life
Technologies) and Geneticin (G418, 0.4 mg/mL, Life Technolo-
gies). Maintained at 37 °C with 5% CO2 and high humidity,
subpassaging involved a 1:3 split using 0.25% trypsin/0.02%
EDTA. For cell uptake, CHO-Vla cells were plated at
2 x 10° cells/well for 24 h, exposed to ['|F]V1A-2303, and
incubated for 60 min. After PBS washes, cells were harvested with
0.1 mol/L NaOH. The blocking assay included a nonradioactive
reference or PF-184563, Balovaptan, and SRX246 incubated for
60 min. Gamma counter measurements assessed cell uptake (%
AD). Data represent averages from quadruplicate wells.

4.7.  In vitro stability and f,, in plasma

The in vitro stability of [lgF]VlA—2303 was investigated by in-
cubation at room temperature in saline containing 10% EtOH or
monkey plasma for 0, 1 and, 2 h. Radioactivity in the mixture was
detected by analytical HPLC.

The unbound fraction of ['®*F]V1A-2303 in NHP plasma
samples was determined using an ultrafiltration method®®. Arterial
blood (2.5 mL) was drawn from the monkey, then centrifuged
(5 min, 14,000 rpm, 4 °C) to obtain plasma. We added a solution
of ["®F]V1A-2303 (185 kBq) quadruplicately to the plasma
(150 pL). Each tube was incubated for 10 min at 37 °C and then
added with 300 pL cold PBS (pH 7.4) and vortexed for 15 s. We
centrifuged the 460 pL mixture in a centrifuge tube containing an
Amicon® Ultra-0.5 mL device (Merck Millipore Ltd. Tullagreen,
Carrigtwohill, Co. Cork, IRELAND) for 20 min (14,000x g, 4 °C).
To get the concentrated solution, the filter was removed and
inverted into a new tube, and centrifuged again (1000x g for 2 min
at 4 °C). Each section of the sample was measured using an
automatic gamma counter (WIZARD?2 2480, PerkinElmer, USA).
The f, value was calculated as Eq. (1):

fu (%) = 1 - (CPM of filter membrane) / [(CPM of filter
solution) + (CPM of concentrated solution) + (CPM of filter
membrane)] x 100 (D

4.8.  Autoradiography of ex vivo in mice liver and in vitro in
monkey adrenal

['®FIV1A-2303 (7.4 MBq per animal) was administered intrave-
nously via the tail vein to one group of C57BL/6 mice (male, 8

weeks, 25 g, n = 3). In another group, to determine the receptor-
specific binding in the liver, mice were pretreated with balovaptan
(10 mg/kg, i.v.) before the injection of tracer. Cervical dislocation
was performed 30 min p.i. to sacrifice mice. After the liver parts
were immediately removed, they were embedded in Tissue-Tek®
(O.C.T)). Liquid nitrogen was used to freeze the tissue, and
20 pm sections were cut using a cryotome. A 12-h exposure to a
phosphor imager plate followed.

Several sections of monkey adrenal tissue from cynomolgus
macaques (male, n = 3) were stored at —80 °C until further
processing. Briefly, sections were preconditioned with 200 mL
bufferl (50 mmol/L Tris containing 0.1% BSA) in a reservoir for
10 min. Afterward, incubation of the sections with 200 mL ['3F]
V1A-2303 solution (37 kBg/mL in bufferl) for 1 h was conducted.
For baseline conditions, sections were dipped into the above so-
Iution and 10 pmol/L DMSO. For blockade, 10 pmol/L of Vla
receptor antagonist, PF-184563, was added. In the following step,
sections were transferred to buffer 2 (50 mmol/L Tris without
0.1%BSA) and washed. A 12-h exposure to a phosphor imager
plate followed.

Imaging plates (BAS-MS2025, GE Healthcare, NJ, USA), an
imager (Amersham Typhoon, Cytiva, USA), and a Bio-Imaging
Analyzer System (Multi Gauge Version 2.3, FUJIFILM) were
used to obtain autoradiograms and measure photostimulated
luminescence (PSL) values in ROIs.

4.9.  Biodistribution studies in mice

In this study, C57BL/6 mice (male, 7 weeks, 20—25 g) were used.
Via the tail vein, each mouse received the solution of [ISF]VIA—
2303 (3.7 MBqg/100 pL). At each time point (1, 5, 15, 30, and
60 min) p.i., four mice were dissected to get a whole brain,
thymus, heart, lungs, liver, pancreas, spleen, stomach, small in-
testine, kidneys, bladder, testes, muscle, bone, adrenal gland, and
blood. These organs were placed into glass tubes and weighed. A
2480 Wizard automatic gamma counter (PerkinElmer, USA) was
used to determine how much radioactivity was reserved in them. A
percentage of the %ID/g was shown to indicate the radioactivity

concentration’’.

4.10.  Measurement of [ By 18 radio-metabolites in the brain and
plasma of rats

SD rats (male, 7—8 weeks, 220—240 g) were injected with ['*F]8
(37 MBq per animal) via the tail vein and decapitated at 5 and
30 min (n = 3, each time point) later. The blood and brain were
collected and processed for analysis. The rat brain was homogenized
in 50% CH;CN on ice and then centrifuged for 2.5 min at 4 °C
(14,500 g). All blood samples were centrifuged at 6000 rpm for
5 min to get the upper plasma. The plasma samples were extracted
and placed in CH;CN to sediment protein by centrifugation at
14,000 rpm for 3 min V1A-2303 standard was added to the above
supernatant, and the mixture was separated into glass tubes at in-
tervals of 30 s using semipreparative HPLC. Analyses were per-
formed at room temperature (column OSAKA SODA CAPCELL
PAK C18 UG80 5 um, 10 mm x 250 mm) using a mobile phase of
CH;CN/H,O (v/v, 50/50) containing 0.1% Et;N and at 3.0 mL/min.
The radioactivity of separated samples was detected with the
WIZARD2 2480 automatic gamma counter (PerkinElmer, USA).
The unmetabolized ['°F]8 parent fraction was determined as the
ratio of the sum of radioactivity in fractions containing the parent
compound to the total amount of radioactivity collected.
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4.11.  In vivo PET brain imaging of mice under baseline and
P-glycoprotein (P-gp) blocking conditions

Each mouse was anesthetized by 2% isoflurane inhalation and an
intravenous catheter was inserted into the tail vein. The radiotracer
['®F]8 (ca. 5 MBg/150—200 pL) was injected into the mouse via
the preinstalled catheter, and the 60 min dynamic acquisition of
PET signals in the mouse brain was started at the same time. PET/
CT imaging experiments were performed on an IRIS small animal
PET/CT imaging system (Inviscan SAS, Strasbourg, France). To
study the influence of P-glycoprotein (P-gp) on the brain uptake of
the tracer, mice received an intravenous injection of cyclosporin
(25 mg/kg) in saline (300 pL) containing 10% ethanol and 5%
Tween® 80 at 15 min via the tail vein catheter before the tracer
injection.

PET data were reconstructed with a three-dimensional ordered-
subset expectation-maximizaton (3D-OSEM) algorithm with a
Monte-Carlo based accurate detector model. PET images were
then summed and co-registered with the mouse brain MRI tem-
plate by PMOD software (version 4.1). The time-activity curve
(TAC) was acquired from the volume of interest (VOI) in the
whole brain. The radioactivity was decay-corrected to the injec-
tion time and expressed as the standardized uptake value (SUV)
which was normalized to the injected radioactivity and body
weight. The area under the time—activity curve (AUC) was also
calculated using the SUV on the TAC from 0 to 60 min.

4.12.  PET imaging studies of ["SF]VIA-2303 in monkey

Before the PET imaging study, rhesus monkeys were restrained
from food for 12—15 h. Three male rhesus monkeys (weight range
6—7 kg) underwent a PET scan. The monkey lay on the scanning
bed in the supine position and was anesthetized with a mixture of
isoflurane and oxygen. After that, the monkey received a saline
solution of ['*F]V1A-2303 (111—148 MBq) and was followed by
a dynamic PET scan of the head for 90 min. For blockade,
3 mg/kg of Vla receptor antagonist, balovaptan, was injected
5 min before ['"*F]V1A-2303.

To get accurate anatomical orientation of the monkey brain,
each monkey was scanned by 3.0 T discovery MR 750 (GE
Discovery 750, Milwaukee, USA) with a 3D Bravo T1 sequence
(ketamine was injected intramuscularly into a rhesus monkey to
make it stay anesthetized during the scan). Then, each monkey has
its own T1-weighted MR image of brain as a template to co-
register with PET.

Co-registration of PET and T1-weighted MR anatomical im-
ages was performed based on the literature method’'. In this study,
3D T1-weighted MR images were segmented to determine the
specific brain regions. We calculated the SUV based on the vol-
umes of different brain regions.

4.13.  Whole blood, plasma activity, and parent fraction of [’ F]
VIA-2303

A total of 25 arterial blood samples were collected during the 100 min
PET scan of NHPs at 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 75, 90, 105,
120, 150, 180, 210 and 240 s followed by 10, 20, 30, 45, 60, 75 and
90 min (2.0 mL for 2, 4, 10, 30, 60 and 90 min; the rest are 0.5 mL).
The blood samples were quickly transferred to centrifuge tubes that
had been rinsed with iced heparin and centrifuged (5 min, 6000 rpm,
4 °C) to obtain plasma. Then, we measured the radioactivity of each
100 pL of plasma and whole blood to get time—activity curves. A

radioactive decay correction had been applied to all data from the
injection time. We used the metabolite-corrected arterial plasma
curve as input function. In order to analyze radio-metabolites, the
upper plasma (collected at 2, 4, 10, 30, 60, and 90 min) was depro-
teinized with acetonitrile by centrifugation (3 min, 14,000 rpm, 4 °C).
V1A-2303 standard was added to the above supernatant, and the
mixture was separated into glass tubes at intervals of 30 s using
semipreparative HPLC. The radioactivity of separated samples was
detected with the WIZARD2 2480 automatic gamma counter
(PerkinElmer, USA). [ISF]VIA-2303 parent fraction was computed
as a percent of the overall radioactivity (metabolites and parent).

4.14.  Image data analysis

The T1-weighted MR anatomical image of the individual monkey,
obtained using a 3.0 T discovery MR 750, was co-registered with
the PET image using PMOD 4.1 (PMOD technology, Switzerland)
software. This was done to analyze the imaging data within spe-
cific VOIs and to generate regional TACs. Regional Vr and the
kinetic rate constants (K ) were calculated for the extracted TACs
by reversible one-(1T) and two-(2T) tissue compartment model
and Logan graphical analysis with the metabolite-corrected arte-
rial PL input function.

4.15. Vi time stability analysis

To assess the temporal stability of Vi, data were progressively
trimmed from 100 to 60 min and the corresponding Vr values
were normalized to the end-of-scan value at 100 min. Vi was
estimated from each truncated data set and normalized to the Vy
estimated from the full data set. Normalized Vr that stabilizes
within the range of 90%—110% is considered acceptable.

4.16.  Statistical analysis

The AIC was employed to determine the optimal compartment
model’?, with lower AIC values indicating greater model parsi-
mony. Furthermore, Pearson correlation analysis was conducted to
assess the relationships between Vr estimated by the 2TCM and
the Logan Plot. Statistical significance was defined as a P-value
less than 0.05. GraphPad Prism (version 9.5.1) was utilized for all
statistical analyses. Continuous variables were reported as
mean + standard deviation (SD).
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