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Abstract

Sphingosine-1-phosphate receptor 1 (S1PR1) is ubiquitously expressed among all tissues and
plays key roles in many physiological and cellular processes. In the central nervous system (CNS),
S1PR1 is expressed in different types of cells including neurons, astrocytes, and oligodendrocyte
precursor cells. SIPR1 has been recognized as a novel therapeutic target in multiple sclerosis

and other diseases. We previously reported a promising S1IPR1-specific radioligand, [11C]CS1P1
(previously named [11C]TZ3321), which is under clinical investigation for human use. In the
current study, we performed a detailed characterization of [3H]CS1P1 for its binding specificity to
S1PR1 in CNS using autoradiography and immunohistochemistry in human and rat CNS tissues.
Our data indicate that [3H]CS1P1 binds to S1PR1 in human frontal cortex tissue with a Kj

of 3.98 M and a Byay 0f 172.5 nM. The distribution of [3H]CS1P1 in human and rat CNS

tissues is consistent with the distribution of S1IPR1 detected by immunochistochemistry studies.
Our microPET studies of [11C]CS1P1 in a nonhuman primate (NHP) show a standardized uptake
value of 2.4 in the NHP brain, with test—retest variability of 0.23% among six different NHPs.
Radiometabolite analysis in the plasma samples of NHP and rat, as well as in rat brain samples,
showed that [11C]CS1P1 was stable /7 vivo. Kinetic modeling studies using a two-compartment
tissue model showed that the positron emission tomography (PET) data fit the model well. Overall,
our study provides a detailed characterization of [3H]CS1P1 binding to SIPR1 in the CNS.
Combined with our microPET studies in the NHP brain, our data suggest that [11C]CS1P1 is a
promising radioligand for PET imaging of S1PR1 in the CNS.

Graphical Abstract
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INTRODUCTION

Sphingosine-1-phosphate (S1P) is a bioactive lipid mediator that can affect many
physiological and cellular processes through a five-member family of G protein-coupled
S1P receptors (SLPR1-5). Numerous studies demonstrate that the S1IP-S1PR pathway
plays an important role in various pathophysiological processes, such as angiogenesis,!
neurodegeneration,? and immune responses.2 The S1P-S1PR pathway has been recognized
as a therapeutic target in diverse diseases. FTY720 (fingolimod), for example, is a well-
characterized functional antagonist of S1PRs approved by the FDA for treating relapsing
multiple sclerosis (MS).4°

Among all S1PRs, S1PR1 is the most abundant S1P receptor that is ubiquitously

expressed throughout all tissues, including the central nervous system (CNS).6 Intriguingly,
numerous studies demonstrate that SIPR1 is involved in many physiological and cellular
processes in the CNS. For example, activation of S1IPR1 in neural stem cells is involved

in neurogenesis and neurocognitive recovery following traumatic brain injury;’ SIPR1
activation in astrocytes contributes to neuropathic pain;® and the SIPR1/STAT3 axis in the
hypothalamus is important for energy homeostasis.? More importantly, recent studies also
indicate that S1IPR1 is directly involved in neuroimmune responses, playing a critical role
in the neuroinflammatory disease MS. Previous studies reported that S1IPR1 is upregulated
in active and chronic inactive MS lesions,1? and the SIPR1/STAT3 axis directly contributes
to the severity of neuroinflammation in an animal model of MS.11 Although S1PR1 is
important in the CNS and is considered a promising therapeutic target in many neurological
disorders, the precise distribution and function of S1IPR1, particularly of activated S1PR1, in
the human CNS remain not well understood.

Given the importance of S1IPR1 in the CNS, positron emission tomography (PET)
with a specific S1IPR1 radioligand could offer a powerful non-invasive methodology
to quantitatively measure S1PR1 expression levels /7 vivo and to evaluate the target
engagement and therapeutic response of S1PR1-targeting drugs. Our previous studies
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indicated that the ligand CS1P1 has a high binding affinity toward S1IPR1 with an ICgq value
of 2.13 nM and more than 1000-fold selectivity over other S1PRs.12 We previously reported
the methodology for radiosynthesis of [11C]CS1P1 (previously named [11C]-TZ3321) and
evaluation of [11C]CS1P1 using three rodent models of human disease including vascular
injury,12 atherosclerosis, 13 and MS;14 and our data indicated that [11C]CS1P1 is a promising
radiotracer for investigating S1PR1 function /in vivo. In fact, with the FDA approval for

an exploratory investigational new drug (eIND) study in human, clinical investigation of
[11C]CS1P1 in normal healthy volunteers to determine its safety and distribution in human
subjects, as well as proof of mechanism in patients with MS, is in progress at our institution.

To further illustrate the distribution of SIPR1 in CNS, as well as to characterize the
radioligand [11C]CS1P1 in the CNS, we performed detailed studies using a tritiated
analogue of [11C]CS1P1 and [3H]CS1P1 in the CNS. We investigated the expression
pattern of activated S1IPR1 using an /7 vitro autoradiograph study with [?H]CS1P1 and

an immunohistochemistry staining study in rodent brain and spinal cords, as well as various
regions of postmortem human brain tissues. We also performed microPET brain imaging
studies of [11C]CS1P1 in six macaques and rats brain and spinal cords. Our studies indicate
that CS1P1 is a promising radioligand for PET imaging studies of S1P1 function in CNS.

Saturation and Competition Binding Study Using the Recombinant Human S1PR1

Membrane.

To facilitate the /n vitro validation of the CS1P1 radioligand, in this study, we first used
[BH]CS1P1, sharing the exact same molecular structure with [11C]CS1P1 but radiolabeled
with a different isotope (Figure 1A) to perform saturation binding assays and radioligand
competition binding studies with recombinant human S1PR1 (hS1PR1) membranes (Figure
1B-D). Saturation binding data showed that [3H]CS1P1 had high potency in binding

to hS1PR1 with a Ky value of 8.41 + 1.43 nM and B,y of 4156 + 140.7 fmol/mg

(Figure 1B,C). In the competition binding assay, the relative affinities of the endogenous
S1PR ligand S1P and other known S1IPR1 compounds with [3H]CS1P1 were compared
using recombinant hS1PR1 membranes. Among tested compounds, FTY720-(S)-P and
S1P displaced [3H]CS1P1 with a K; value of 4.5 and 5.7 nM respectively, indicating that
[BH]CS1P1 binding to hS1PR1 could compete with SIPR1 potent compounds FTY720(S)-
P. However, for the SIPR1 antagonist SEW2871, displacement studies with [BH]CS1P1
showed a relatively lower K; value of 354 nM (Figure 1D). These data along with our
previous studies confirmed that ligand CS1P1 has high potency and specificity in binding to
S1PR1.

In Vitro Saturation Autoradiography Study in the Rat Brain and Human Frontal Cortex.

In addition to radioligand binding assays with the recombinant hS1PR1 membranes, we
next performed saturation autoradiography studies in the rat and human brain tissues (Figure
1E-1). For the rat brain cortex region, [3H]CS1P1 bound to S1IPR1 with a Kj of 2.25 + 0.41
NM, a Bmax 0f 134.6 £ 6.69 nM, and a Bmayx/ Kq ratio of 59.8 (Figure 1E). For the rat brain
hippocampus region, [H]CS1P1 bound to S1IPR1 with a Ky of 2.81 + 0.42 nM, a Bypax 0f
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144.5 £ 6.22 nM, and a Bpax! Ky ratio of 51.4 (Figure 1F). For the gray matter region of the
human frontal cortex, [3H]CS1P1 bound to S1IPR1 with a K of 3.98 + 0.52 M, a By Of
172.5 + 7.13 nM, and the ratio of Bnax/Kg was 43.3 (Figure 1G).

In Vitro Characterization of [3H]CS1P1 in the Rat Brain and Spinal Cord.

We then characterized the distribution of [3H]CS1P1 and S1PR1 expression in the rat brain
and spinal cord (Figure 2). Both autoradiograph and immunostaining studies indicated that
[BH]CS1P1 and S1PR1 were mainly distributed in gray matter throughout the rat brain and
spinal cord; the radioactivity of [3H]CS1P1 was blocked by NIBR-0213 as expected, and
the distribution of [3H]CS1P1 matched well with anti-S1PR1 staining (Figure 2A,B). For
the rat brain, the level of SIPR1 was relatively high in the cortex, hippocampus, striatum,
thalamus, and hypothalamus, while a very low level of SIPR1 was observed in the corpus
callosum and internal capsule (Figures 2A,B, S1). In the rat cerebellum, similar to the
human brain, the level of SIPR1 was relatively high in the molecular layer compared with
the granular layer (Figures 2B, S1). For the rat spinal cord, [3BH]CS1P1 and S1PR1 were also
mainly located in the gray matter (Figure 2C), and the region of pyramidal decussation is
highlighted in Figure S1E. We also carried out a semiquantitative comparison of [*H]CS1P1
in different rat brain regions. In general, [BH]CS1P1 in the cerebellar cortex was about
4-fold higher than that in cerebellar white matter. Cortex, hippocampus, hypothalamus, and
cerebellar cortex had the highest [BH]CS1P1 intensity, whereas the corpus callosum, pons,
and cerebellar white matter had the lowest intensity (Figures 2D, S1).

Distribution of [3H]CS1P1 and the S1PR1 in Various Regions of the Human Brain.

In addition to the rat brain and spinal cord, we also performed /n vitro autoradiography
studies and immunostaining studies in various regions of fresh frozen post-mortem human
brain tissues. Both autoradiograph and immunostaining studies indicated that [3H]CS1P1
and S1PR1 were distributed mainly in the gray matter region throughout the brain with

no to very low amounts in the white matter regions (Figure 3). For the frontal cortex

of human brain tissue, similar to the immunostaining study using anti-S1PR1 antibody,

the radioactivity signal of [3H]CS1P1 was much stronger in the gray matter than that in

the white matter [Figure 3A(i,iii)]; meanwhile, the SIPR1-specific antagonist, NIBR-0213
was able to block [3H]CS1P1 well [Figure 3A(ii)], indicating that [SH]CS1P1 binds with
S1PR1 specifically. In the cerebellar region of the human brain, both autoradiography and
immunostaining showed a high level of S1IPR1 in the gray matter and the dentate nucleus
(Figures 3B, S2B). In particular, the expression level of SIPR1 in the molecular layer of
the cerebellar cortex was higher than that in the granular layer (Figure S2C). In the human
striatal region, S1PR1 distributed mainly in the putamen and caudate nucleus with much
lower expression levels in the internal capsule region (Figure 3C). In the midbrain region of
the human brain, the expression level of S1IPR1 was relatively high in the red nucleus region
and very low in the cerebral peduncles and substantia nigra (Figure 3D). In the thalamus
region of the human brain, both autoradiography and immunostaining showed that S1IPR1
was relatively high in the anterior thalamus region but low in the internal capsule region
(Figure 3E).
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MicroPET Brain Study of [11C]CS1P1 in Cynomolgus Macaques.

To further characterize our S1PR1-specific ligand CS1P1 in the CNS, particularly in living
subjects, we performed microPET studies in the brains of cynomolgus macaques using our
leading FDA-approved radioligand [11C]CS1P1. In general, the uptake of [11C]CS1P1 was
relatively high in the macaques’ brain with a standardized uptake value (SUV) of ~2.4. The
tracer entered the brain quickly after the injection, peaked at ~60 min, and remained at

the same level until 120 min (Figure 4A). Notably, though our tracer can reach a transient
equilibrium in 60 min, no significant washout was identified until 120 min, indicating that
this radiotracer tracer has a relatively slow washout pharmacokinetics.

After the uptake of [11C]CS1P1 peaked in the brain, the brain regions including the
striatum (caudate and putamen), prefrontal cortex, and the thalamus displayed a high
uptake of tracer, the highest uptake (SUV) reached ~3.0 in the thalamus at 100 min post
injection. Meanwhile, the brain regions, including basal frontal cortex, medial temporal
lobe, and cortical white matter, displayed relatively lower tracer uptake, and the lowest
tracer uptake (SUV) was ~1.1 in the cortical white matter at 100 min post injection (Figure
4B-D). The distribution of [11C]JCS1P1 in the brain is consistent with our autoradiograph
and immunostaining studies of the brain regions from human post mortem brain tissues,
indicating that S1IPR1 is mainly distributed in the gray matter throughout the brain.

Test-retest reproducibility measurment of microPET brain scans were also performed in six
macaques to examine the reproducibility and to establish the baseline level of [11C]CS1P1
in the macaque brain. Our data showed that the brain uptake among different animals

was consistent with minimal variability (Figure 4A). The average difference of test—retest
mean SUV was 0.9%, and the test-retest variability (TRV) was 0.23%, suggesting that PET
measurement of [11C]CS1P1 is highly reproducible in the nonhuman primate (NHP) brain
(Table 1). The coefficient of variation (CV) of the test and the retest PET scans was 10.7 and
12.0%, respectively, which further confirmed the small variability among different animals.

MicroPET Study of [11C]CS1P1 in the Rat Brain and Spinal Cord.

A MicroPET imaging study of [11C]CS1P1 in the normal rat brain and spinal cord was also
performed. [11C]CS1P1 entered the rat brain and spinal cord with a high uptake that was
retained in the brain and spinal cord very well from 0 to 60 min post injection (Figure S3).
The tracer uptake was high in the brain and cervical regions of the spinal cord, whereas the
sacral region of the spinal cord showed the lowest uptake (Figure S3A). Within the brain, the
tracer uptake was relatively high in the cortex, cerebellum, and thalamus, which is consistent
with the /in vitro autoradiography and immunostaining results (Figure S3B).

Radiometabolite Analysis of the NHP and Rat Plasma and Rat Brain Tissue Sample.

To further evaluate the /7 vivo stability of [11C]CS1P1, radioactive metabolite analysis

was performed for the NHP plasma samples post injection of [11C]CS1P1 (Figure

5A). High-performance liquid chromatography (HPLC) metabolite analysis showed one
major radioactive peak, the radioactive parent compound [11C]CS1P1, and a negligible
radioactive hydrophilic peak. The percentage of the remaining radioactive parent compound
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[11C]CS1P1 was 91, 92, and 90% at 5, 10, and 20 min post injection respectively, indicating
that [11C]CS1P1 has good in vivo stability.

Radiometabolite analysis was also performed in rats. For the rat plasma, HPLC metabolite
analysis showed one major radioactive peak as in NHP plasma along with a minor
radioactive hydrophilic peak. The radioactive metabolite was about 13.3 and 5.8% of total
activity at 5 and 30 min, respectively (Figure 5B). To further explore whether the radioactive
metabolite could cross the blood-brain barrier (BBB) and interfere with PET measures

in the brain, HPLC metabolite analysis was performed with rat brain tissue homogenate
samples post injection of [11C]JCS1P1. Only one major radioactive peak (the radioactive
parent compound) was identified for the rat brain tissue homogenate sample. The amount of
other radioactivity was negligible (Figure 5B), confirming that no radiometabolite entered
into the brain, thus would not impact the PET measurement in the brain post injection of
[tlc]Ccsipi.

Kinetic Modeling.

Radiometabolite analysis indicated that [11C]CS1P1 has high stability in vivo, and it is able
to retain >90% of the parent compound at 20 min post injection. The blood radioactivity
curve was fitted to a three-exponential model and is shown along with the metabolite-
corrected plasma input function (mcPIF) in Figure 5C. Statistical analysis suggested that a
two-compartment tissue model was optimal in fitting the model to the PET data. The model
fit for the whole brain is shown in Figure 5C and for the various brain regions in Figure
SE,F.

DISCUSSION

The S1P-S1PR1 pathway has been implicated as a crucial mediator of many physiological
and pathophysiological processes.1>18 While most previous studies focused on studying the
therapeutic effect of SIPR1 potent compounds, our group has reported a few S1PR1-specific
radioligands for different inflammation models of diseases including MS, vascular injury,
carotid injury, atherosclerosis, and LPS-induced inflammation in the liver.14:19-21 To further
characterize the potency and specificity of CS1P1 to S1PR1, we performed a saturation and
competition binding assays. Saturation competitive binding assay indicated that CS1P1 is
very potent to hS1PR1 as expected. To check the binding specificity /in vitro, we used the
endogenous S1PR ligand S1P, as well as two well-known S1PR agonists, SEW2871 and
FTY720(S)-P, to compete with [3H]CS1P1 binding with SIPR1. The S1P and FTY720(S)-P
can displace CS1P1 with K; values less than 10 nM, respectively, and SEW?2871 showed a
relatively low binding potency with SIPR1 with a Kj value of 354 nM, possibly because
CS1P1 and SEW2871 binds to different sites of SIPR1 and therefore can only compete
partially for [3H]CS1P1 binding with S1IPR1 under our experimental conditions.

To further understand the role of SIPR1 and to characterize our S1IPR1-specific radiotracer
[11C]CS1P1 in the CNS, we performed a comprehensive characterization of SIPR1 and its
radioactive ligands, [BH]CS1P1 and [1C]JCS1P1, in the human and NHP brain, as well as in
the rat brain and spinal cord. Our study showed that SIPR1 is mainly expressed in the gray
matter and with very low density in the white matter throughout the CNS for both humans
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and rats. In the postmortem tissue of human brains, the relatively high radioactivity of
[3H]CS1P1 in several different regions of gray matter was almost 2-fold higher than that in
the white matter. Among different gray matter regions, the thalamus, midbrain, and striatum
showed a slightly higher radioactivity of [BH]CS1P1 than the frontal cortex and cerebellum.
Within the rat brain, the cortex, hippocampus, and hypothalamus showed the highest density
of S1PR1, whereas corpus callosum showed the lowest density of SIPR1. The level of
S1PR1 in the gray matter of the cerebellar cortex was about 4-fold higher than that in

the cerebellum white matter. The microPET study in living animals also showed a similar
pattern of [11C]CS1P1 distribution in different regions of the brain. The higher amount of
[11C]CS1P1 in gray matter compared to white matter is of interest in MS, where gray matter
atrophy is associated with disease progression.22 Notably, the drug fingolimod, a functional
antagonist of S1IPR1, 3, 4, and 5, reduced brain atrophy in MS patients, particularly in deep
gray matter structures.? Interestingly, PET showed a high uptake of [}1C]CS1P1 in the rat
brain and cervical regions of the spinal cord, whereas the sacral region showed the lowest
uptake of [11C]CS1P1.

S1PRs are distributed throughout the CNS including endothelial cells at the BBB,24 glial
cells,18:25 neural progenitor cells,® and oligodendrocytes.26 While S1PR1 has been found
to affect different physiological processes in the CNS such as regulation of neurotrophic
gene,2’ control of energy homeostasis,® and regulation of the endothelial barrier,28
advancing the understanding for the function and distribution of SIPR1 in the CNS is

of crucial importance. Our study along with other previous studies?9-32 demonstrate that
S1PR1 is preferentially distributed in the gray matter region of CNS. Furthermore, our
findings using /n vitro autoradiography, immunohistochemistry, and microPET studies also
provide a detailed characterization of activated SIPR1 in postmortem human brain tissues
and live animals including macaque and rat.

Compared with previous S1PR1 histological observations in the human brain,2® our

study also included rat brain and spinal cord. More importantly, we also performed

an autoradiograph study using the [3H]CS1P1 which shares the exact same molecular
structure with [11C]CS1P1 but radiolabeled with a different isotope. Our i vitro
autoradiography study using [3H]CS1P1 is able to quantitatively determine pharmacological
binding parameters such as Ky and Bray.333* Moreover, compared with the traditional
immunohistochemical study that can only provide the distribution of antigen of interest,
the autoradiography study provides both anatomical and functional information of S1IPR1.
Compared to other functional autoradiography analysis using GTP analogue guanosine-5’-
O-(3-[3°S]thio)triphosphate ([3°S]GTP»S) combined with S1P or S1IPR1-specific agonist
SEW2871,39-32 gur study provides a direct distribution of activated SIPR1. Notably, both
binding assays that used recombinant human S1PR1 membrane and autoradiograph study
that used human and rat brain tissues showed the high binding potency and specificity of
[BH]CS1P1 to S1IPR1 with Ky and K; values of <10 nM. In addition, the Bmax/Kj ratio,

or binding potential (BP), measured using the saturation autoradiograph method was high
in both human and rat brain tissues. BP reflects the capacity of a region of tissue for a
ligand—receptor interaction, and most imaging agents targeting on receptor proteins in CNS
have a BP = 10, which is necessary for in vivo imaging on binding sites.3®
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Moreover, we also performed /n vivo PET studies of [11C]CS1P1 in the NHP brain, rat
brain, and rat spinal cord. Although /n vitro autoradiography and immunostaining have the
advantage of visualizing spatial anatomy and even subcellular expression patterns, an /in
vivo PET study provides direct quantification of SIPR1 expression in living animals and
therefore is more clinically relevant. Our microPET brain study in NHP showed that the
tracer uptake was high in the striatum, prefrontal cortex, and the thalamus and low in the
medial temporal lobe and cortical white matter. Our microPET study in rat showed that the
uptake of [11C]CS1P1 was high in the striatum, cortex, hippocampus, and hypothalamus
but low in the white matter regions such as corpus callosum. Despite the different uptake
of [11C]CS1P1 in different brain regions, the microPET imaging data matched well with
vitro autoradiography and immunostaining results.

Our effort reported in this manuscript provided additional evidence to support that
[11C]CS1P1 is a promising S1PR1-specific radiotracer and suitable for PET imaging of
CNS in living animals. Our microPET brain study in NHP showed that [11C]CS1P1 had

a high uptake in the majority of brain regions with a relatively small variance (% CV =
10.7). The TRV is small at 0.23%, indicating that the PET measurement of [11C]CS1P1

in the NHP brain is highly reproducible. Our PET studies with [11C]CS1P1 in the rat

brain and spinal cord showed that [11C]CS1P1 has relatively high uptake in the brain

and upper region of the spinal cord, and the tracer distribution results matched well

with results from immunostaining and autoradiography study. Furthermore, we have also
performed the metabolite analysis of [21C]CS1P1 in two species, the macaque and rat. Our
radiometabolites analysis indicated that [11C]CS1P1 has good /n vivo stability for both
macagque and rat. The parent radiotracer [11C]CS1P1 is still >90% at 20 min in the macaque
and rat plasma. The radiometabolite is negligible in macaque plasma samples, however,
[11C]CS1P1 in SD rat has a small amount of radiometabolite identified at 5 min post
injection, and this small amount of radiometabolite was not detectable at 30 min, suggesting
that the metabolism of [11C]CS1P1 has species difference and is faster in SD rat than that

in macaque. Nevertheless, no radiometabolite was identified in the SD rat brain homogenate,
suggesting that radioactive metabolites do not penetrate the BBB or accumulate in the brain
post injection of [11C]CS1P1.

In conclusion, we performed detailed characterizations of a tritiated SIPR1-specific
radioligand [3H]CS1P1 using human postmortem brain tissues, rat brain tissues, and spinal
cord. Our immunohistochemistry studies with S1IPR1-specific antibody for adjacent tissue
slides confirmed the distribution of [3H]CS1P1 in autoradiography. Our autoradiography and
immunostaining study results provide a detailed distribution of S1IPR1 particular functional
S1PR1 in the human brain, as well as rat brain and spinal cord, which may offer a

better understanding of the role of SIPR1 in CNS. Our PET imaging studies in both
cynomolgus macaques and rats also demonstrated that [11C]CS1P1 is a highly potent and
specific radiotracer for SIPR1 with good test—retest reliability and very small variability
among different animals, and the distribution of [21C]JCS1P1 in brain regions was consistent
with autoradiography results using [3H]CS1P1 and immunostaining using S1PR1-specific
antibody. Our HPLC radiometabolite analysis of the NHP and rat plasma samples and

the rat brain homogenate suggests that [11C]JCS1P1 has very good /n vivo stability, and

no radioactive metabolite can enter into the brain to interfere with the PET measurement
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of S1P1 expression in the brain. Overall, this study further suggests that [11C]CS1P1 is

a suitable PET radioligand for investigating SIPR1 function in CNS. We expect that our
ongoing clinical studies in human subjects will demonstrate the suitability of [11C]CS1P1 as
a S1PR1 radiotracer for clinical use.

MATERIALS AND METHODS

Human Brain Tissues.

Animals.

Human brain tissues were obtained from the Charles F. and Joanne Knight Alzheimer
Disease Research Center at the Washington University in St Louis and the Rocky Mountain
Multiple Sclerosis Center Tissue Bank at the University of Colorado and used in accordance
with Washington University guidelines of using postmortem tissues. All samples were
snap-frozen and stored at —80 °C until used.

All animal experiments were conducted by following the Guidelines for the Care and Use
of Research Animals under a research protocol approved by the Washington University
Institutional Animal Care and Use Committee (IACUC). The NHP study was conducted

in the NHP microPET facility at the Washington University School of Medicine in St.
Louis. Six adult male cynomolgus macaques (Macaca fascicularis) (810 kg) were used

in this study. Animals were prepared for microPET studies, as previously reported.?!

Each animal was initially anesthetized with ketamine (10-20 mg/kg) and injected with
glycopyrrolate (0.013-0.017 mg/kg) to reduce saliva secretions. 40% N,O and 60% O, with
1.0-1.5% isoflurane inhalation anesthesia was maintained throughout the microPET imaging
sessions. A 20-gauge plastic catheter was inserted into a limb vein to permit hydration and
injection of the radiotracer. Arterial blood was collected through another 20-gauge plastic
catheter which was placed into a femoral artery. Wild-type Sprague Dawley (Charles River,
Wilmington, MA) was used, and the entire rat study was conducted in Preclinical Imaging
Facility at the Washington University School of Medicine in St. Louis. Rats were prepared
for microPET studies, as previously reported.14

Radioligand Preparation.

[3H]CS1P1 (Figure 1A) was custom synthesized by NOVANDI Chemistry AB (Sweden)
using our homemade precursors, from our laboratory, at a specific activity of 2997 GBq/
mmol. [11C]CS1P1 (Figure 1A) was produced in our radiochemistry facility, as previously
described.12 The radiosynthesis of [11C]CS1P1 was accomplished with a radiochemical
purity of >99%, chemical purity of >95%, and molar activity from 48 to 93 GBg/umol
(decay-corrected to the end of synthesis). [BH]CS1P1 and [11C]CS1P1 share exactly the
same chemical structure except labeled with different isotopes.

Saturation Binding Assay.

Saturation binding assay was carried out using [3H]CS1P1. In brief, 2 g of SIPR1
membrane protein (Millipore, Billerica, MA) was incubated with a serial dilution of
[3H]CS1P1 ranging from 1 to 32 nM in 150 £ of 50 mM HEPES (pH 7.5), 5 mM
MgCl,, 1 mM CaCl,, and 0.5% fatty acid-free bovine serum albumin (BSA) in a 96-well
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polypropylene plate (Fisher Scientific, Pittsburgh, PA) for 1 h with gentle shaking at room
temperature. Samples were filtered and washed three times using a presoaked 96-well
glass fiber filtration plate (Millipore, Billerica, MA). The filter was then transferred to a
scintillation vial with 2 mL of scintillation fluid and counted on a Beta liquid scintillation
counter. Non-specific binding was determined by adding 10 #M cold CS1P1.

Competition Binding Assay.

Competition binding assay was carried out similarly as saturation binding assay using
[3H]CS1P1 competing with S1P (Sigma-Aldrich, St Louis, MO), SEW2871 (Tocris, Bristol,
UK), and FTY720(S)-P (Cayman, Ann Arbor, MI). S1P is the endogenous ligand to S1PR,
whereas SEW287131:36 and FTY720(S)-P37 are well-known potent S1PR agonists. In brief,
2 /iy of the SIPR1 membrane was incubated with 8 nM [3H]CS1P1 and a serial dilution

of candidate compounds ranging from 0.1 nM to 10 xM. The membrane was then filtered,
washed, and counted, as described above.

Autoradiography Study in the Human Brain, Rat Brain, and Spinal Cord.

In vitro autoradiography study was carried out using [BH]CS1P1 in frozen sections from
various regions of postmortem human brain tissues, as well as from adult SD rat brains

and spinal cords. In brief, 14 xm sections were pre-incubated with HBSS buffer containing
10 mM HEPES, 5 mM MgCls, 0.2% BSA, and 0.1 mM EDTA at pH 7.4 for 5 min at

room temperature (RT). The sections were then incubated with 0.5 nM [3H]CS1P1 in buffer
for 1 h at RT with gentle shaking, washed with buffer for 5 min at RT for three times,

and then dipped in ice-cold H,O for 1 min and air dried overnight. Dried slides were
incubated with the Carestream BioMax autoradiography film (Carestream, Rochester, NY)
in a Hypercassette autoradiography cassette (Cytiva, Amersham, UK) for 15 days along with
an ART-123 Tritium Standards (American Radiolabeled Chemicals, St Louis, MO). The film
was then processed using a Kodak film developer (Kodak, Rochester, NY). To determine

the non-specific binding, 10 M of S1PR1-specific antagonist, NIBR-0213 (Cayman, Ann
Arbor, M1), was used. All images were processed and analyzed using Fiji ImageJ,38 and

all representative images showed were processed using a continuous lut “Physics.” Brain
regions were selected from the autoradiographic images according to the hematoxylin
staining in the adjacent slide. Regions of interest (ROIs) were randomly selected in the
different regions of the brain, and the intensity was measured. The intensity from specific
binding was accessed by subtracting the intensity in non-specific binding from the total
binding.

For the saturation autoradiography study, sections were incubated, washed, and developed,
as described above with a serial dilution of [BH]CS1P1 ranging from 0.5 to 16 nM. 14
micron sections were pre-incubated with HBSS buffer containing 10 mM HEPES, 5 mM
MgCly, 0.2% BSA, and 0.1 mM EDTA at pH7.4 for 5 min at RT. Sections were then
incubated with a serial dilution including 0.5, 1, 2, 4, 8, and 16 nM of [3H]CS1P1 in buffer
for 1 h at RT, then washed, and air dried overnight. Dried slides were incubated with the
BioMax autoradiography film for 15 days along with an ART-123 Tritium Standards and
processed using a Kodak film developer. The non-specific binding blocking was determined
by incubation in the presence of 10 M NIBR-0213.
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Immunohistochemical Staining.

Immunohistochemical staining of S1IPR1 was carried out in frozen sections from various
regions of postmortem human brain tissues, as well as from adult SD rat brains and

spinal cords using anti-S1PR1 polyclonal antibody (Alomone, Jerusalem, Israel). In brief,
14 um sections were fixed in 4% paraformaldehyde and then blocked with BLOXALL
Blocking Solution (Vector Laboratories, Burlingame, CA). Antigen retrieval was performed
by incubating sections with Antigen Unmasking Solution (Vector Laboratories, Burlingame,
CA) in a steamer for 30 min. After blocking with 5% horse serum for 1 h at RT, all

sections were stained using anti-S1PR1 antibody at 4 °C overnight followed by washing and
incubating with the ImMmPRESS HRP Horse anti-rabbit polymer and then developed using
ImmPACT DAB (Vector Laboratories, Burlingame, CA). Mounted sections were scanned
using the NanoZoomer system (Hamamatsu, Japan).

MicroPET Studies in the Brains of Cynomolgus Macaques.

The microPET study was carried out using a microPET Focus-220 scanner (Siemens
Microsystems, Knoxuville, TN), as described previously.2! Prior to each PET emission
acquisition, a 45 min transmission scan for attenuation correction was performed following
a 10 min transmission that was used to check the position of the brain within the scanner.
After administration of ~0.3-0.4 GBq [with molar activity from 48 to 93 GBg/umol (EOB)]
of a radiotracer, 2 h dynamic emission scan data were acquired using the following time
frames: 3 x 1 min, 4 x 2 min, 3 x 3 min, and 20 x 5 min. A filtered back projection

method was used to reconstruct PET images (volume size: 12 x 128 x 95, voxel size:

1.898 x 1.898 x 0.796 mm? in the x, ; and zdirection) with dead time, scatter, randomes,
and attenuation correction. The reconstructed PET image has a spatial resolution of 2.4

mm full-width at half maximum in all three dimensions at the center of the field of view.

To quantify the total tracer uptake in the brain and the tracer uptake in subregions of the
brain, dynamic PET images were co-registered to a standardized monkey MRI template3®
using automated image registration program “Fuse It” in PMOD software 4.02 (PMOD
technologies, Ziirich, Switzerland). Predefined brain ROIs from the template including
prefrontal, basal frontal, and anterior cingulate cortex, caudate and putamen, insula, lateral
and medial temporal lobes, amygdala, hippocampus, thalamus, hypothalamus, parietal lobe,
posterior cingulate cortex, occipital lobe, pons, mid brain, corpus callosum, cortical white
matter, and cerebellum were applied to the co-registered PET image to obtain the regional
time—activity curves (TACs). The uptake of radioactivity was normalized to body weight and
the dose of radioactivity injected to obtain SUV. TRV in a total of six NHPs under baseline
conditions was conducted.

MicroPET Studies for the SD Rat Brain and Spinal Cord.

MicroPET studies in rats were carried out using an Inveon PET/CT system (Siemens Inc.,
Knoxville, TN) by following previous procedures.1* Following a CT scan, a 60 min dynamic
emission scan was acquired with the flowing time frames: 1 x 3,6 x 2,9 x 5, 6 x 10, 4 x
30,2 % 60s,2x2,and 10 x 5 min after administration of ~18.5 MBq of the radiotracer. The
reconstructed PET image was analyzed using Inveon Research Workstation software IRW
4.2 (Siemens Inc., Knoxville, TN). ROIs including brain and cervical, thoracic, lumbar, and
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sacral segments of spinal cord were drawn over the co-registered PET/CT images. The SUV
was calculated by normalizing with body weight and injection dose.

Radiometabolite Studies of Macaque Plasma Samples.

The radiometabolite study in NHP plasma was performed according to the previous
procedure.*0 Arterial blood samples (1.2-1.5 mL) were collected in a heparinized syringe
at 5, 10, and 20 min post-injection. Plasma (400 L) was collected by centrifugation of the
whole blood and mixed with ice-cold acetonitrile (1.2 mL) to deproteinate and extract the
parent compound and radiolabeled metabolites. After centrifugation, the supernatant (200
L) was loaded onto an analytical HPLC system composed of an Agilent SB C-18 analytical
HPLC column (250 mm x 4.6 mm, 5 gm) and a UV detector with 254 nm wavelength.
The mobile phase was acetonitrile/0.1 M ammonium formate buffer (pH 4.5) (75/25, v/v)
with a flow rate of 1.13 mL/min. The eluted fractions were collected at 1 min interval, and
total 15 samples from 0 to 16 min were collected; upon the completion of the 15 sample
fraction collection for each HPLC sample injection, a gamma counter was used to measure
the radioactivity of each 1 min fraction sample collection. After decay correction of each
sample’s radioactivity, chromatograph of each sample on the HPLC was rebuilt.

Radiometabolite Study of the Rat Plasma and Brain Homogenate.

To confirm whether any radioactive metabolite entered into the brain, the radioactive
metabolite study was also carried out using rat plasma and brain homogenate samples post
injection of the radiotracer into the rat. Adult male SD rats were intravenously injected with
~37 MBq of [11C]CS1P1 and were sacrificed at 5 and 30 min. Blood samples were collected
directly from the left ventricle in a heparinized syringe. Brains were dissected and manually
homogenized in cold PBS buffer with a Teflon homogenizer. 1 mL of whole blood or brain
homogenate was further processed following the similar procedure of preparing the NHP
blood samples.

Whole Blood and Plasma Collection for the Arterial Blood Input Function.

Acrterial blood samples from NHP were collected from the femoral artery post-injection

of [11C]CS1P1. Sequential discrete arterial blood samples were collected in heparinized
syringes for approximately at every 10 s for a total of 15 samples, then every 15 s for

a total of 10 samples, and then every 1 min for a total eight samples, and every 5 min

for a total of six samples, and every 15 min for a total of four samples, and the last

sample at the end of 2 h’s scan. Whole blood samples were counted on a Beckman 8000
automated gamma counter (Beckman, Brea, CA) and then centrifuged; the plasma samples
were collected and counted on the Beckman 8000 automated gamma counter. The activity
was then calculated as background and decay-corrected. The percentile of unmetabolized
[11C]CS1P1 was determined from the radioactive metabolite study.

PET Imaging Modeling.

Total blood and plasma TACs were optimized against a mixed three-compartmental
Gaussian model. The plasma TAC was corrected for metabolites to generate the mcPIF. The
mcPIF and blood activity curves were used to optimize two-tissue compartmental models
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against total brain and specific brain region TACs with a parameter to account for the
vascular fraction. Pseudo-Poisson weighting was used in optimizing the model against PET
data. Kinetic modeling was performed using the kinetics module in PMOD ver 4.02.

Statistical Analysis.

All data were analyzed with Prism 7.0 (GraphPad Software, San Diego, CA). For binding
data and autoradiography data, the equilibrium dissociation constant (Ky) and maximum
number of binding sites (Bnax) Were determined by nonlinear regression analysis of one site
saturation or competitive binding model using Prism. To determine the test-retest reliability
of the PET brain studies of [11C]JCS1P1 in NHP, percentage TRV was calculated as the mean
percentage between the absolute difference in test and retest and average test and retest
values using the equation as

100 X |SUV-test — SUV-retest|/((SUV-test+ SUV-retest)/2)

The CV (CV =100 x standard deviation/mean SUV) is a measure of dispersion and is often
referred to as the relative standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In vitro characterization of potency and specificity of [?H]CS1P1 toward S1PR1. (A)

Chemical structures of CS1P1 and other compounds used in this study. (B—-D) Saturation
and competition binding assay of [3H]CS1P1 with recombinant human S1PR1 membrane:
saturation binding assay showed a high affinity of [BH]CS1P1 to hS1PR1 with a Kj of
8.41 nM (B-C); [3H]CS1P1 can compete with the known potent S1IPR1 ligand and S1P
with a K; value of 5.7 nM for S1P, 4.5 nM for FTY720(S)-P, and 354 nM for SWE2871
(D). (E-1) Saturation binding autoradiograph analysis of [3BH]CS1P1 in the human and rat
brain: (E) Saturation binding assay showed a high affinity of [3H]CS1P1 to the gray matter
of the human frontal cortex with a Ky of 8.54 nM; (F) saturation binding assay showed a
high affinity of [BH]CS1P1 to the cortex region of the rat brain with a K of 5.94 nM; (G)
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saturation binding assay showed a high affinity of [3H]CS1P1 to the hippocampus region
of the rat brain with a Ky of 6.57 nM; (H) representative images of saturation binding
autoradiograph analysis of [BH]CS1P1 in the rat brain and image of tritium ART-123
standard (activities of standard from top to bottom in xCi/g: 489.1, 243, 138.1, 63.1, 36.3,
16.6, and 8); (1) representative images of saturation binding autoradiograph analysis of
[3H]CS1P1 in the human frontal cortex.
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Figure 2.
In vitro characterization of [?H]CS1P1 and S1PR1 in CNS of rat. (A—C) /n vitro

autoradiography of [3H]CS1P1 and immunostaining of S1IPR1 in the rat brain and

spinal cord. [H]CS1P1 autoradiograph (i), autoradiograph with NIBR-0213 blocking (ii),
and immunostaining (iii) were performed in the rat brain (A,B) and spinal cord (C).
Autoradiograph study showed that [3H]CS1P1 is mainly distributed in gray matter with

no to very low amount in the white matter in both brain and spinal cord; [BH]CS1P1 can be
blocked by S1PR1-specific antagonist NIBR-0213; the distribution of [3H]CS1P1 matched
well with immunostaining with anti-S1PR1 (scale bar = 5 mm); (D) relative radioactivity
of [3H]CS1P1 in different regions of the rat brain: WM has a relatively low level of

bound [3H]CS1P1, whereas GM has a much higher level of bound [3H]CS1P1, among
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all tested regions, cerebellum WM has the lowest level of bound [2H]CS1P1, and cortex,
hypothalamus, and cerebellar cortex show the highest level of bound [3H]CS1P1. GM: gray
matter, WM: white matter.
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[3H]CS1P1 [H]CS1P1 + Blocking Anti-S1PR1 staining

TR,

Figure 3.
In vitro autoradiography of [3H]CS1P1 and immunostaining of SIPR1 in the human brain.

(A-E) [3H]CS1P1 autoradiograph (i), autoradiograph with NIBR-0213 blocking (ii), and
immunostaining (iii) were performed in the human frontal cortex (A), cerebellum (B),
striatum (C), midbrain (D), and thalamus (E). Autoradiograph study showed that [?H]CS1P1
is mainly distributed in gray matter with no to very low amount in the white matter;
[BH]CS1P1 can be blocked by S1PR1-specific antagonist NIBR-0213; the distribution of
[3H]CS1P1 matched well with immunostaining with anti-S1PR1 (scale bar = 1 cm for A and
B and 5 mm for C-E).
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Figure 4.
In vivo brain uptake [11C]CS1P1 in the non-human primate brain. (A) Average of standard

uptake of total [11C]CS1P1 in six NHP brains; (B) average uptake of [11C]CS1P1 in
different regions including prefrontal, basal frontal, caudate, putamen, hypothalamus, and
midbrain in six NHP brains; (C) average uptake of [11C]CS1P1 in different regions
including lateral and medial temporal, hippocampus, thalamus, cerebellum, and cortical
white matter in six NHP brains; and (D) representative different frames of PET images and
MRI images of [11C]CS1P1 in the selected NHP brain.
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Figure 5.
[*1C]CS1P1 metabolism analysis and kinetic model fitting of [11C]CS1P1 uptake in the

NHP brain. (A,B) Ex vivo [*1C]CS1P1 metabolism analysis in rodent and non-human
primate plasma and brain: (A) [11C]CS1P1 plasma metabolism analysis in NHP showed
no major metabolites in NHP blood; (B) [11C]CS1P1 plasma metabolism analysis in rat
showed a small amount of metabolite in rat blood at 5 min and no to very low amount

in later time point, [11C]CS1P1 brain metabolism analysis in rat showed no metabolites

in the homogenates of the rat brain. (C) Time-activity curves for NHP whole blood and
plasma: whole-blood, whole-blood fit to three exponential model to define the blood curve,
and the parent mcPIF is shown. (D-F) Kinetic model fitting of [11C]CS1P1 uptake in the
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NHP brain: (D) 2-tissue compartmental model fit to the total brain uptake; (E-F) 2-tissue
compartment model regression against time-activity curves of select brain regions.
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