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ABSTRACT

Introduction: Neuroinflammation is the inflammation of central
nervous system, which acts as a protective reaction, but
excessive Inflammation provokes detrimental effects and
neurological diseases. Therefore, diagnosis of neuroinflammation
is important because it allows early diagnosis and prediction of
neuronal diseases. The translocator protein (TSPO) has been
suggested as an attractive target for detecting neuroinflammation,
and several TSPO radiotracers have been developed. However,
due to the problem that the binding affinity of TSPO ligands was
affected by single nucleotide polymorphisms (SNP) in human
TSPO gene, development of new ligands that bind TSPO
regardless of SNP is still needed. Here, we visualized
neuroinflammation with ['*FICB251 PET which is not affected
by TSPO polymorphism.

Methods: To assess binding specificity of [**F]CB251 to TSPO
in vitro, we established cells expressing TSPO wildtype gene or
TSPO mutant gene (Ala — Thr at 147" amino acid; A147T).
Competitive inhibition assay was performed to compare binding

affinity of CB251 by TSPO polymorphism. To verify that
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["*F]CB251 is a radiotracer targeting TSPO, we generated the
cells with different expression level of TSPO using pCMV—
TSPO/eGFP or pCMV-—-shTSPO/eGFP vectors. The level of
[**F]CB251 uptake in each cells was analyzed and compared. We
also compared The level of [**F]CB251 uptake in non—activated
and activated immune cells. Lipopolysaccharide (LPS) was
intracranial injected into the right striatum of the mouse brain
using a stereotaxic device to induce neuroinflammation. Saline
was used as a control. Splenocytes (2 x 107) were isolated from
transgenic mice with luciferase gene (B6.Luc'®), and
intravenously injected to intracranial LPS mouse model (B6) for
monitoring localization of peripheral immune cell with
bioluminescence imaging (BLI). To detect neuro—inflammation
in mouse model, ['"FICB251 PET/MR scans and BLI were
acquired. To determine if ["*F1CB251 PET signal can assess the
effect of CDDO—methyl ester, an inflammatory cytokine inhibitor,
CDDO—Me was treated three times in neuroinflammatory mouse
model.

Results: ICso ratio (TSPO A/T Mut/TSPO WT) of CB251 was
1.14, which was closed to 1. In addition, in contrast to the TSPO—
targeting probe [*FIPBR28, which is known to be sensitive to
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TSPO polymorphisms, [Y*FICB251 was taken up by cells
regardless of TSPO polymorphisms. ['*F]CB251 also showed
TSPO specificity in cells expressing different levels of TSPO and
activated immune cells. In intracranial LPS model, ["*F]ICB251
radioactivity was higher in the LPS—injected right striatum of the
mouse brains, which co—-registered with MR signals.
Bioluminescence signals of peripheral immune cells isolated from
B6.Luc’™® were also localized to the LPS—injected region and
increased 1.48 times in the neuroinflammatory model than in the
control. The anti—inflammatory efficacy of CDDO—Me on
neuroinflammation was quantitatively evaluated with ["*F]CB251
PET/MRI.

Conclusions: These results indicated that ['*FICB251 PET/MRI
and BLI have great potential for diagnosis of neuroinflammation.
Moreover, ['"FICB251 PET targeting TSPO might be an
effective method for evaluating the severity of
neuroinflammation associated with neurological diseases and the

response to therapy, regardless of human TSPO polymorphisms.

Keywords: neuroinflammation, translocator protein, single

nucleotide polymorphism, [*F]CB251 positron emission

A 20 8t 11



tomography
Student number: 2014—25054

v



CONTENTS

Y 0 1) i T2 OSSR i
CONLENES 1uvivitiiiriiiiii s \%
LiSt Of tables oioiiiieiiiiceeeee e vi
LISt Of fIZUIES.uuuuutitiiiiiiiiiiii e vii
List of abbreviations .......cccccececvcuureruriririririiiiiiiiir .. ix

Chapter 1. Development of TSPO-—targeting PET using

['®F1CB251 in acute neuroinflammation models..........c.cocvevee.... 1
INtrodUCHION ciiieeieriree et e 2
Material and Methods........cueueieiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeieeeeeeeee 10
RESUILS ettt ee e e 20
DISCUSSION. cettttiiiiiiiiietittttttttreterererererererereeereeeeeeeseseresereaeseneeee 54

Chapter 2. Evaluation of ['®F1CB251 as a polymorphism

independent TSPO—targeting PET tracer...cccoccoveeveneiereneecrnnenn.. 60
| HsUn o e A Te] 5 Lo ) o ANUTRUR PR 61
Material and MethodS.....veveneiieieeie et e e 65
RO SULLS tet ittt ettt etee e et eesenesanesanesasenesanesans 70
DS U S IO ettt et 83
ROLOICIICES e e e 86
ADSEract IN KOT@an...cuuienieeiiieiee ettt s et s ere s ens 92
v - -y =
S ]



LIST OF TABLES

Table 1 Characterization of several imaging strategies for
neuroinflammation........cccccciii 9
Table 2 Comparison of immune cell composition in C57BL/6 and
CH57BL/6.1.UCT® MOUSE SPLEET..neeee e 31
Table 3 Comparison of TSPO-—targeting ligands in terms of

rsB971 polymMOrPRISIN coouiniii e 64

vi

- ] '{j:'} =



LIST OF FIGURES

Figure 1—1 Vector constructs for regulating TSPO expression

Figure 1—2 Expression of TSPO after transfection of TSPO—
FEGUIATING VO CTOIS ittt et e 23

Figure 1—3 ['®F]CB251 uptake in different expression level of

Figure 1—4 ['®F]CB251 uptake in activated macrophage cell line
and activated SPlENOCYLTES ciuiiii e 26
Figure 1—5 Analysis of immune cells from spleen cells of
CH7BL/6.LUCT® MOUSE .vievieveeeeeeeeeeeee e 29
Figure 1—6 Experimental scheme for in vivo experiments .... 33
Figure 1—7 Bio—distribution of peripheral immune cells from
CHTBL/B.LUC® oo 34
Figure 1—8 MR scans using Gadolinium—DOTA for monitoring

disruption of Blood—Brain Barrier and infiltrated immune cells

Figure 1-9 ['®F]1CB251 PET/MRI and BLI in intracranial LPS
mMouSe MOAEl ..o 42
Figure 1—-10 Immuno—histochemical staining of the brain tissue
of intracranial LPS mouse model ........cooooeiiiiiiiiiiiiiiiiiiin, 46
Figure 1—11 The functional mechanisms of CDDO—Me ......... 50
Figure 1—12 Evaluation of the therapeutic effect of anti—

Vil

=

,H i 1'_]'| k:ﬂr

11°



inflammatory agent using ['°F]CB251 PET/MRI and BLI ....... 51
Figure 2—1 Vector system for establishing TSPO wildtype and
TSPO 1SBIT T i e 71
Figure 2—2 In vitro cell uptake of TSPO-—targeting ligands,

[**F]PBR28 and ['®FICB251, according to TSPO polymorphism

Figure 2—3 PET/CT imaging of TSPO-—targeting ligands in
293FT expressing TSPO WT or TSPO A/T Mut .cooevvveeeeeeennn. 76
Figure 2—4 Validation of membrane protein isolated from 293FT
cells expressing TSPO WT or A/T MUt coooveeeeeeiiiieiieseiieeeen . 79
Figure 2—5 Competitive inhibition assay using TSPO—targeting

ligands in membrane proteins with TSPO WT and TSPO A/T Mut

viii

S e ik



LIST OF ABBREVIATIONS

TSPO, translocator protein

LPS, Lipopolysaccharide

SNP, Single nucleotide polymorphism

TSPO A/T Mut, TSPO mutant gene (Alanine — Threonine at
147" amino acid; A147T)

CNS, Central nervous system

BBB, Blood—brain barrier

GFP, Green fluorescence protein

BLI, Bioluminescence imaging

PET, Positron emission tomography

MRI, Magnetic resonance imaging

Gd—DOTA, Gadoteric acid, gadolinium 1,4,7,10—

”)

tetraazacyclododecane—N,N’,N" N —tetraacetate
["*F]fm—~PBR28~dj, ['“F]Fluoromethyl-PBR28~d
CDDO—Me, An inflammatory cytokine inhibitor, 2—cyano—3,
12—dioxooleana—1,9—dien—28—oic acid methyl ester

FBS, Fetal bovine serum

FACS, Fluorescence activated cell sorting

IHC, Immuno—histochemical staining

1x

S e ik



CHAPTER 1

Development of TSPO—targeting
PET using ['®*F]CB251

in acute neuroinflammation models



INTRODUCTION

1.1 Neuroinflammation and the role of intrinsic and migrated
immune cells

Neuroinflammation is the inflammation of central nervous tissue
and is initially a protective response, but excess inflammatory
responses provoke detrimental effects in central nervous system
(CNS). The causes of neuroinflammatory response include
infection, traumatic brain injury, toxic metabolites or
autoimmunity and these factors led to immune cells to migrate to
the site of inflammation (1, 2). The brain was once considered as
an immune —privileged organ unlike innate and adaptive immunity
being closely controlled in interaction with the periphery immune
system (1, 3). It was also thought that there were no
bidirectional interactions between the brain and the peripheral
immune systems. However, currently it has known that the brain
and peripheral immune responses can communicate and influence
each other in pathological conditions. Inflammatory response is
mediated by pro—inflammatory mediators such as IL—6, TNF—a,
nitric oxide (NO) and ROS released from immune cells (1, 4, 5).
These factors act as starting point for not only activation of

microglia—residential immune cells but also disruption of Blood—
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Brain Barrier (BBB) and thereby promote migration of peripheral
immune cells into inflammatory region. Several reports
suggested that the interplay between peripheral immune system
and CNS immune system may accelerate pathogenesis of various
neurodegenerative diseases and allow neurodegenerative
mechanisms to persist. Therefore, the attempts have been
developed to image and diagnose the neuroinflammatory region,

which are important for predicting neuropathology.

1.2 Strategies of indirect imaging for neuroinflammation

Until now, many imaging modalities and strategies to visualize
neuroinflammation have been proposed (Table 1). Non—invasive
imaging such as optical, MRI, SPECT, and PET is increasingly
applied for inflammation in the CNS.
[""Tclhexamethylpropylene—amineoxime (HMPAO) SPECT is
a representative method for scanning cerebral blood flow as gold
standard neuropathological criteria (6, 7). Also, ["™Tc]DTPA
SPECT and gadolinium—DTPA MRI have been performed to
target BBB disruption and change of vascular permeability (8, 9).
['*®F1FDG PET can reflect glucose metabolic changes in disease
neuronal tissue and inflammatory cells, therefore, it has been
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used for imaging neuroinflammation (10). However, [*FIFDG
PET 1is difficult to use for the early diagnosis of neuronal
diseases because it’s low signal—to—background ratio. In
addition, since these approaches incorporate the effects of
various neuropathologic response, quantitative follow—up of
neuroinflammation is not possible (9, 11, 12). Therefore, better
imaging biomarkers still need to be developed to overcome the

limitation of indirect imaging for neuroinflammation.

1.3  Strategies of leukocyte targeted imaging for
neuroinflammation

Recent studies have shown that several trials for
neuroinflammation targeting using phenomenon—recruited
immune cells including microglia and peripheral immune cells in
inflammatory region (Table 1). Many researchers have been
employed specific targets of the immune cells such as metabolic
enzymes, membrane markers and inflammatory cytokines in
non—invasive molecular imaging techniques (9, 13). For example,
VCAMI1—MPIO (micron particles of iron oxide) have used for
detecting VCAM1 expression on endothelial cells. VCAMI1 is an
adhesion molecule, which facilitate adhesion of leukocytes. Thus,

4
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MR imaging of VCAM1—MPIO could represent
neuroinflammation (14). Cyclooxygenase (COX)—1 1is an
important enzyme that converts arachidonic acid to
prostaglandins, which is expressed in microglia cells in the brain
and has been reported to be overexpressed in the inflammatory
response. [''Clketoprofen, a COX—1 specific PET probe, was
developed using this phenomenon (15). Cannabinoid receptor 2
(CB2) is also used as an attractive membrane marker for imaging
neuroinflammation. It is expressed on microglia/macrophages
and the expression level is upregulated in inflammation. Imaging
activated immune cells is useful tool for assessing the severity
of inflammatory response (16). So, imaging the immune cells and
investigating the interactions between CNS immune cells and
infiltrating peripheral immune cells are important for
understanding disease progression. However, there are still need
to develop better biomarkers and ligands due to poor sensitivity

to specific target or low binding affinity between target and ligand.

1.4 Translocator protein (TSPO) as an attractive biomarker for

neuroinflammation
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Translocator protein (TSPO) is a protein located in outer
mitochondrial membrane with the functions of peripheral
benzodiazepine receptor as well as a cholesterol transporter.
TSPO is mainly expressed within monocyte—derived cells and
has been suggested as an attractive biomarker for
neuroinflammation (12, 17). The reason is that human TSPO has
been reported to have low expression in brain, but, is upregulated
in inflammatory situations. PET studies using this characteristic
have been conducted in neuronal diseases (16). In addition,
recent studies have shown expression of TSPO is linked to
inflammatory responses that occur after brain injury, and in some

neurodegenerative diseases (17).

1.5 TSPO—targeting radiotracer, [*F1CB251

Numerous indole—based TSPO ligands, cholesterol—like
compounds and miscellaneous TSPO ligands have been
synthesized and analyzed on their TSPO affinities (18—21). In
specific, alpidem structure has been reported to act on both
central and peripheral benzodiazepine receptor. For increasing
TSPO selectivity, alpidem structure was preferred over other
structures. Many chemists have been tried to substitute several
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positions of the imidazo[1,2—alpyridine nucleus for higher TSPO
selectivity and specificity (20). Because that, many structure—
activity —relationship studies have been conducted. ['*F]CB251,
an ['F] labeled alpidem analogue, was synthesized from 2-—
phenyl—imidazo[1l,2—a]pyridine. In earlier paper (20), the
synthesis of [YYF]CB251 and the ability to detect neuro—
inflammatory regions has been reported. In this study, we tested
[**F]CB251 as a TSPO—targeting PET probe for the imaging of

inflammatory cells in neuroinflammatory region.

1.6 The aim of this study

In chapter 1, we determine if ["*F]CB251 could distinguish
activated immune cells and detect neuroinflammatory region in
acute neuroinflammatory models. We also used bioluminescent
image (BLI) to verify that peripheral immune cells isolated from
spleen of luciferase —expressing transgenic mouse infiltrated into
neuroinflammatory region. We demonstrated immune cell
infiltration, disruption of BBB junction and confirmed the
potential of ['*F]ICB251 ligand as a promising TSPO targeting
probe. Finally, we also attempted to evaluate therapeutic efficacy
of an anti—inflammatory agent using ['*F]CB251 PET probe and
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determine if ["*F]ICB251 PET could quantitatively assess the

severity of neuroinflammation.
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MATERIALS AND METHODS

1. Cell culture

Mouse macrophage cell line, RAW264.7 and mouse splenocytes
were used to determine TSPO expression of activated immune
cells. LPS (50 ng/mL, Sigma—Aldrich, St.Louis, MO, USA) and
I[FN—7 (20 ng/mL, Sigma—Aldrich) were incubated with
immune cells for activation. To establish cells with different
levels of TSPO expression, the 293FT (Invitrogen, Carlsbad, CA,
USA) and MDA—-MB-231 (ATCC, Manassas, VA, USA) cell
lines were selected. Cells (Raw264.7, MDA-MB—-231, 293FT)
were cultured in DMEM with 10% FBS and 1% antibiotics
(penicillin—streptomycin). 293FT cells were maintained in
complete DMEM with L—Glutamate (2 mM), Sodium pyruvate (1
mM) and MEM NEAA. Splenocytes isolated from the spleens of
transgenic mice with luciferase gene (C57BL/6.Luc'®, Macrogen,
Seoul, Korea) were cultured in RPMI 1640 medium with 10%
FBS and 1% antibiotics. All media and reagents including FBS
and antibiotics for maintaining cells were purchased from Gibco

(Grand Island, NY, USA).

2. Transient transfection for TSPO expression
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To establish cells with different expression of the TSPO protein,
the 293FT cell line and MDA—MB—-231 cell line were transiently
transfected with vectors (pCMV—eGFP/TSPO) (AddGene,
Cambridge, MA,USA) harboring the eGFP and TSPO coding
sequences or vectors (pCMV—eGFP/shTSPO; AddGene) with
eGFP and TSPO shRNA coding sequences. Each vector (2.5
rg/mL) was transfected by Lipofectamine 2000 (Invitrogen,

Waltham, MA, USA). Fluorescent images were acquired by a

confocal microscopy (Leica TCS SPR; Wetzlar, Hesse, Germany),

and verification was also performed by western blotting.

3. [**FI1CB251 radiochemistry

In this study, ['*F]fluoride—labeled CB251 probe provided by
Bundang Seoul national university hospital was used for PET
imaging (20). The ['"FICB251 radiotracer was synthesized
according to a protocol described in a previous study'’. Briefly,
["®F1CB251 was acquired by a single—step radiolabeling with
nucleophilic aliphatic substitution. Briefly, ['*F]fluoride was
isolated from a 'O (p,n) 'F nuclear reaction by a chromafix—
HCOj3 cartridge and eluted with 0.4 mL of nBusNHCO31in a 10%
water/methanol solution. The solution containing ['*F]fluoride

11
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was dried with 0.3 ml of acetonitrile under nitrogen stream (x 2),
and then 3 mg of the tosylate—CB251 precursor were added.
After the mixture was heated and cooling, it was diluted with 10
mL of water. This solution was loaded onto a C18 Sep—Pak
cartridge, washed with water (10 mL) and eluted with CH3CN
(1.5 mL). The eluent was diluted with 1.5 mL water and
separated by a semi—prep HPLC system equipped with UV and
gamma-—ray detectors. The ['*FICB251 fraction was collected
after 20 min, diluted with 20 mL of water, loaded onto a C18 plus
Sep—Pak cartridge, and then eluted by 10% ethanol/saline to

remove the HPLC solvent.

4. in vitro uptake with ['**F1CB251

Cells were plated in 6—well plates (Sigma—Aldrich) to reach
approximately 80% confluency. The cells were preincubated
with glucose—free RPMI1640 medium (Gibco) for 4 hours before
in vitro uptake. Cells were trypsinized, counted and transferred
to 5 mL test tube. 1X10° cells were suspended in the pre—
warmed Hank’ s balanced salt solution (HBSS, Sigma—Aldrich)
containing 0.5% (w/v) bovine serum albumin (BSA, Sigma-—
Aldrich). 0.185 MBq of ['*F]CB251 was added to the tubes, and
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the cells were maintained in a humidified 37° C incubator with 5%
CO2 for 1 hour. The cells were washed three times with cold
HBSS and radioactivity was measured by a Cobra II gamma
counter (Canberra Packard; Vaughan, Ontario, Canada). The
cells were then lysed for 5 min using 1% sodium dodecyl sulfate
solution (total volume 200 gL, SDS, Sigma—Aldrich). Cell
lysates were collected and total protein concentrations were
analyzed by the BCA assay kit (Pierce, Rockford, IL, USA).
Radioactivity was normalized according to the amount of total
protein at the time of assay. All experiments were performed in

triplicate.

5. Western blotting

Cells were lysed by RIPA lysis buffer (Sigma—Aldrich) with a
protease inhibitor (Roche, Branchburg, NJ, USA) cocktail. Total
protein concentrations were analyzed using a BCA protein assay
kit (Pierce Endogen, Rockford, IL, USA), and proteins (20 g g)
were separated on 10% polyacrylamide gels. Separated proteins
on gels were then transferred to PVDF membranes (Millipore,
Watford, Herts, UK), which were blocked by 5% skim milk in
TBS—T solution (Tris buffered saline; 20 mM Tris, 138 mM NaCl,
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and pH 7.4 with 0.1% Tween—20) for 1 hour. Membranes were
incubated with following primary antibodies (4° C, O/N) and then
bound HRP conjugated secondary antibodies for 1 hour. These
primary antibodies were used: Rabbit anti—TSPO (Abcam,
Cambridge, Cambs, UK), Rabbit anti—iINOS (Santa—Cruz
Biotechnology, Santa—Cruz, CA, USA), Mouse anti— S —actin
(Sigma—Aldrich). Anti—rabbit IgG (Cell Signaling Technology,
Danvers, MA, USA) and anti—mouse IgG (Cell signaling) were

used as secondary antibody.

6. Animal ethics

All the animal experimental designs and procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC) of Seoul National University and followed the ethical

standards of Seoul National University Hospital guidelines.

7. Isolation of splenocytes from spleen of B6. Luc’® mice

Cells expressing luciferase gene were obtained from the spleens
of transgenic C57BL/6—luc'™ mice. Grinded spleen was
centrifuged (1300 rpm, 5 min, 4° C) and Red blood cell lysis
buffer (1 mL/spleen, Sigma—Aldrich) was added to the cell pellet.
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The mixture was incubated at RT for 3 min with tapping to
remove red blood cells. After a double volume of RPMI medium
was added to the cells, cell pellet was obtained by centrifugation.
Red blood cell lysis buffer was added 2 or 3 more times until all
the red blood cells were completely lysed. Cells were re—
suspended with complete RPMI 1640 medium (10% FBS, 1%
antibiotics) and filtered through a cell strainer (40 zm nylon,
Falcon, Oneonta, NY). To verify the correlation with cell numbers
and bioluminescent signals, Cells (3.175 X 10° to 5 X 109
were plated onto 24 —well plates. Bioluminescent images of cells
were acquired after the addition of D—luciferin (300 xg/mL,
Caliper Life Science, Hopkinton, MA) to measure bioluminescent
signals following luciferase activity. Bioluminescence intensity
was analyzed by an IVIS 100 system (Perkin Elmer, Waltham,
MA, USA). To monitor the in vivo distribution of immune cells,
luciferase—expressing splenocytes (2 X 107) were adoptively

transferred into recipient C57BL/6 mice.

8. Intracranial LPS mouse model
C57BL/6 mice (male, 6 weeks old) were used for the intracranial
LPS inflammatory model. LPS (b pxg/2 pL, Sigma—Aldrich,
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dissolved in saline) was intracranial injected to the right striatum
of the mouse brain for inducing regional neuroinflammation
(anteroposterior, +1.8; mediolateral, +2.0; dorsoventral, —3.0)
using a robotic stereotaxic device (Stoelting, Wood Dale, IL)
equipped with a Hamilton syringe at a rate of 0.25 xL/min.

Saline was intracranial injected as a control (22—24).

9. [**F1CB251 PET/MRI scan

PET/MR images were acquired by a simultaneous small animal
PET insert (SimPET, Brightonic imaging, Seoul, Korea)
combined with an M7 1.0T MRI system (Aspect Imaging,
Jerusalem, Israel). To detect neuroinflammation, ['*F]CB251
PET/MR images were acquired 4 days after intracranial LPS
injection. [*FICB251 (9.25 to 11.1 MBq per mouse) was
injected intravenously 20 min before PET/MR scans. A PET/MR
scan with a 30 x 30 mm field—of—view (FOV) was performed
simultaneously for 40 min. To evaluate breakage of BBB, both
T1—- and TZ—weighted MR scans were acquired for up to 4 days
at 1 day interval after gadolinium (Gd—DOTA, 0.5 mmol/kg) was
injected intravenously into intracranial LPS mouse model 20 min
before MR scanning (20). The T1-—weighted fast—spin echo
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sequence consisted of a repetition time of 200 msec and an echo
time of 10 msec. The T2—weighted fast spin echo sequence
consisted of a repetition time of 3000 msec and an echo time of
63.84 msec. PET and MR images were reconstructed and
analyzed by the AMIDE program (ver 0.9.0,

http://amide.sourceforge.net).

10. In vivo Bioluminescence imaging

An in vivo IVIS100 imaging system (Xenogen, Alameda, CA, USA)
was used to monitor luciferase—expressing peripheral immune
cells. D—luciferin (3 mg/mouse) was injected intraperitoneally
into intracranial LPS mouse model 10 min before optical imaging.
The bioluminescent signal was acquired and analyzed by Living

Image ver.2.50.2 software (Xenogen).

11. Immunohistochemistry

Brain tissues from intracranial LPS mouse were embedded in
paraffin and sectioned to thickness of 4 um segments. Heat—
induced method for antigen epitope retrieval was used. Brain
tissues were blocked with 3% normal serum in PBS for 30 min,
and the primary antibodies were incubated overnight at 4° C.
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The following primary antibodies were used; Anti—CD68, anti—
CD86, anti—F4/80 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti—CD4, anti—CD8, anti—Iba—1, and anti—TSPO (Abcam,
Cambridge, UK). The brain tissues were washed with PBS three
times and then incubated with biotinylated secondary antibodies
(aanti—mouse IgG for CD86; anti—goat IgG for CD68; anti—rat
IgG for F4/80; anti—rabbit IgG for TSPO, CD4, CD8, and Iba—1;
all secondary antibodies from Santa Cruz Biotechnology. Avidin—
biotin solution (Vector Laboratories, Burlingame, CA, USA) was
incubated for 1 hr at RT. DAB (3, 3 —diaminobenzidine) substrate
(Vector Laboratories, Burlingame, CA, USA) was used for
developing the antigenic signals, according to the
manufacturer’ s instructions. The brain tissues were then
counterstained with hematoxylin and mounted with Permount
Mounting solution (Thermo Fisher Scientific, Fair Lawn, NJ,

USA).

12. Treatment of anti—inflammatory agent, CDDO—methyl ester
(CDDO—-Me)

2—Cyano—3,12—dioxo—oleana—1,9(11) —dien—28—oicacid
methyl ester (CDDO—methyl ester or CDDO—Me, Sigma-—
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Aldrich) was dissolved in DMSO to make a 10 mM stock solution.
The stock solution was further diluted with a 200 nM CDDO—-Me
solution using 7.5% PBST (1.5 ml Tween—20 dissolved in 20 ml
PBS). Mice was treated with 100 gL of CDDO—ME solution via
intraperitoneal injection once daily for 3 days beginning 1 day

after intracranial administration of LPS.

13. Statistical analysis

All results were calculated as means * standard deviation (SD).
Statistically significant differences were analyzed by a paired 2—
sample Student t—test. Statistical significance was considered
p<0.05. All statistical analysis was measured using GraphPad

Prism 5 software (San Diego, CA).
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RESULTS

In vitro [*®F1CB251 uptake of the cells with different expression
level of TSPO

To determine if ['*FICB251 could reflect different expression
levels of TSPO in vitro, I regulated TSPO expression level using
pCMV—=TSPO/eGFP for TSPO up-—regulation and pCMV—
shTSPO/eGFP for TSPO down—regulation (Figure 1—1). 293FT
cell line which has low basal expression level of TSPO was
transfected with pCMV—TSPO/eGFP. Fluorescence images
showed increased green fluorescence signals. Increased TSPO
expression was observed in western blot analysis. MDA—MB—
231 cell line which shows high levels of TSPO was used for
reducing TSPO  expression by transfecting pCMV-—
shTSPO/eGFP. Fluorescence images also showed increased
eGFP signals and decreased TSPO levels were observed in
western blot (Figure 1—2). These results reflected successful
transfection of each vector in the target cells. The uptake of
['FICB251 was elevated in TSPO up—regulated cells and that
was reduced in TSPO down—regulated cells (Figure 1—3). These
data demonstrated ['*F]CB251 uptake is directly regulated by
the change of TSPO expression, which suggests that ['**F]CB251
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1s specific to TSPO in the cell level.
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Figure 1—1. Vector constructs for regulating TSPO expression

(A) Viral vector construct for TSPO up—regulation (B) Viral

vector construct for TSPO down—regulation
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Figure 1—-2. Expression of TSPO after transfection of TSPO—
regulating vectors (A) Western blots and eGFP images of 293FT cells
after transfection of TSPO up—regulation vector (B) Western blots
and eGFP images of MDA—MB—231 cells after transfection of TSPO

down—regulation vector
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Figure 1—3. ['®*F]CB251 uptake in different expression level of TSPO
(A) ['®FICB251 uptake in TSPO over—expressing 293FT cells
(cpm/mg: count per min/mg, in triplicate, n=3) (B) [**F]CB251
uptake in MDA—MB—231 cells with TSPO expression downregulated

by shTSPO treatment (in triplicate, n=3)
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In vitro [*®F]1CB251 uptake of activated immune cells

To test ['®*FICB251 could distinguish activated immune cells,
['*®F1CB251 cellular uptake in activated macrophage cell line and
peripheral immune cells from mouse spleen was conducted.
RAW?Z264.7, mouse macrophage cell line, and splenocytes with
red blood cell removed were treated with LPS and IFN—r for 24
hrs. Increased TSPO expression in activated immune cells was
observed in immunoblot. The expression of iINOS, known as an
activated macrophage marker, was also increased in activated
immune cells (Figure 1—4A). As I expected, increased uptake of
[""F1CB251 was consistent with increased expression of cellular
TSPO in activated immune cells (Figure 1—4B). Our data
indicated ['®F]CB251, TSPO radiotracer, has potential to
distinguish the condition of immune cells, non—activated or
activated state, suggesting it can be used to image inflammatory

region.
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Figure 1—4. ['®F1CB251 uptake in activated macrophage cell line
and activated splenocytes (A) Western blot analysis of TSPO and
INOS according to treatment with LPS and IFN— 7y in RAW264.7
macrophage cell lines and splenocytes (B) /n vitro uptake assay
of [®F]CB251 in Raw264.7 cells and splenocytes showing

differential TSPO expression (in triplicate, n=3)
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Confirmation of luciferase signal of splenocytes

The infiltrated peripheral immune cells in the region of
neuroinflammation induce  prolonged inflammation and
exacerbate neuronal toxicity. Therefore, imaging infiltrated
peripheral immune cells provides useful information for
evaluation of inflammatory response and neuronal damage to the
brain. BLI has been used in several animal models because of its
advantage in identifying the bio—distribution of living cells.
Therefore, I isolated peripheral immune cells from spleen of
luciferase—expressing transgenic mouse (C57BL/6.Luc’®).
Splenocytes from B6.Luc'™ included T cells, B cells and
macrophages in similar proportions of splenocytes from B6
wildtype (Table 2). It has been observed that the composition
and the function of immune cells of reporter Tg mouse were not
different from those of wildtype mouse. BLI signals of diluted
splenocytes were increased in a cell number—dependent manner
and a very excellent correlation (r?> = 0.9991) was observed
(Figure 1-5). This data indicated the number and migration

region of splenocytes can be evaluated /i vivo through BLI signal.
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Figure 1—5. Analysis of immune cells from spleen cells of
C57BL/6.Luc™ mouse (A) Flow cytometry of immune cells from
C57BL/6 (wildtype) and C57BL/6.Luc'™® mouse (B) Semi—
quantitative analysis of luciferase—expressing immune cells by
bioluminescence imaging. (C) Quantitative analysis of luciferase
intensity and the number of cells by linear regression

(R?=0.9991)
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Table 2. Comparison of immune cell composition in C57BL/6 and
C57BL/6.Luc’® mouse spleen

B6.Luc”® spleen

Immune cells B6 spleen
T cells 30.1% 27%

CD4+ T cells 55% of T cells 68.2% of T cells
CD8+ T cells 39.7% of T cells 25.5% of T cells

B cells 64.6% 57.2%

NK cells 1.8% 1.2%

Neutrophils (CD11b+) 0.9% 0.4%

2.6% 1.4%

Monocytes (CD11c+)

[DC cells /
macrophage]

[1.7% / 0.9%]

[1.1%/ 0.3%]
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Bio—distribution of luciferase expressing splenocytes in the
intracranial mouse model

To monitor the distribution of immune cells in intracranial mouse
model, I adoptively transferred splenocytes into two different
mouse model, intracranial saline—injected mouse model and
LPS—injected mouse model. Intravenous administrations of
splenocytes were distributed in similar pattern in various homing
organs of each mouse model except brain (Figure 1-7).
Although the brain is typically not an organ in which peripheral
immune cells exists, the BLI signal was observed in the brain of
LPS—injected mouse. So, [ found adoptive transferred
splenocytes were visualized in the inflammatory region of the
brain. In addition, our results indicated transferred splenocytes
can be distributed in mouse and [ can confirm the location and
measure extent of splenocyte recruitment in each organ using

BLI signal.
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Figure 1—6. Experimental scheme for in vivo experiments

Schematic diagram of /7 vivo experimental design using luciferase—

expressing splenocytes to visualize peripheral immune cells in the

neuroinflammatory mouse model

33



Saline LPS

Brain . Brain

Heart Heart

Lung .- Lung

Kidney Kidney

Liver Liver

Stomach =~ Stomach

SPIEEH = Spleen
'Q-—-..ﬂ.-‘_h‘|
e "_—-F""
et
N e o
" o,

A 7

Intestine Intestine

Figure 1-—7. Bio—distribution of peripheral immune cells from
C57BL/6.Luc™ The organ distribution of luciferase—expressing

splenocytes in intracranial saline or LPS—injected mouse
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MRI using Gd—DOTA to monitor the BBB disruption and infiltrated
immune cells

I established intracranial mouse models by saline as a control or
LPS as an inflammatory model using stereotaxic device with
mechanical stress. It was needed to verify injection hole caused
by mechanical stress could not induce BBB disruption and
inflammatory response for establishing well—controlled
experiments. MRI with gadolinium—DOTA (Gd—DOTA,
Dotarem®), which is a macrocycle structured—gadolinium based
MRI contrast agent, is widely used for imaging of blood vessels
and inflamed and disease tissues where abnormalities in BBB
occur. Enhanced T1-—weighted MR signal of Gd—DOTA was
produced by leakage of Gd—DOTA through a damaged BBB into
extracellular fluids. On the other hand, T2 —-weighted MR signal
provide information on water or vasogenic edema due to an
inflamed immune cells.

Our results showed that T1-—weighted MR signal using Gd-—
DOTA was higher in the right striatum of the LPS—injected
mouse than in the saline—injected mouse (control). The MR
images demonstrated that BBB disruption by mechanical stress
was recovered on day 1, whereas the signal peak of LPS—
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induced BBB disruption was observed on day 3. It was also
observed that T2 signal was more sensitive than the T1 signal in
the LPS—injected mouse (Figure 1—8). In previous study, T2—
weighted signal enhancement was generated by trapped
gadolinium—based chelates by live immune cells (25). Therefore
high T2 signal in this study was expected that live immune cells

were infiltrated in that region.
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Figure 1—8. MR scans using Gadolinium—DOTA for monitoring
disruption of Blood—Brain Barrier and infiltrated immune cells

(A) LPS—induced BBB disruption by intracranial injection; saline
was used as a control (B) T1—weighted MR scans acquired on
days 1, 3, and 4 after intracranial injection (C) T2—weighted MR

scans acquired on days 1, 3, and 4 after intracranial injection
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Visualization of neuroinflammation using ['*F]CB251 PET/MRI
and BLI

As I observed the potential that activated immune cells can be
distinguished from non-—activated immune cells by uptake of
["*F1CB251 in vitro (Figure 1—4), 1 expected that [**F]CB251
signals can reflect activated residential immune cells—microglia
and peripheral immune cells in the mouse brain.

MR signals showed that the inflammatory response was
maintained until 4 days after intracranial LPS injection (Figure
1—-8). Thus, to rule out the effects of severe BBB disruption and
neuronal tissue damage, ['*FICB251 PET/MRI was acquired 4
days after intracranial injection.

In simultaneous ['"FICB251 PET/MRI, higher ["*FICB251 PET
radio—activity was observed in right striatum of intracranial
LPS—injected mouse compared to that of control mouse. T2—
weighted MR signals in the right striatum of the LPS—induced
inflammatory region were also slightly increased. It was found
that the critical region of TZ—weighted MR signals was co—
localized with the region of increased ['*FICB251 PET signals.
Bioluminescence images which represent peripheral immune
cells infiltration also showed higher optical signals in the right
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striatum of the intracranial LPS—injected mouse.

To compare the differences in the strengths of radio—activity
and optical signals, the relative level of ['YFICB251 radio—
activity and BLI signals in the right and the left striatum of
individual brains were acquired. In the saline—injected brain,
1.16—fold higher radio—activity was observed in the right
striatum compared to the left striatum (n=6, p=0.012). In the
LPS—injected brain, about 1.48—fold higher radio—activity was
detected in the right striatum (n=7). For BLI signals, in the
control mouse, 1.12—fold higher signal was observed in the right
striatum compared to the left striatum, but not significant (n=7).
In LPS—injected mouse, 3.45—fold higher signal was exhibited in
the right striatum (n=7). These results indicated ['*F]CB251
PET was more sensitive to mechanical stress than BLI. T could
assume the reason for our results is that ["*F]ICB251
radioactivity reflect total TSPO activity including activated
microglia—brain residential immune cells and infiltrated
peripheral immune cells, and BLI signals reflect only injected
infiltrated peripheral immune cells. Therefore, the comparative
analysis between ['*F]CB251 radioactivity and BLI signals was
able to provide useful information that reflects the extents of
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resident and infiltrated peripheral immune cells activation that

occur during neuroinflammation.
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Figure 1-9. ['*F1CB251 PET/MRI and BLI in intracranial LPS
mouse model (A) Experimental scheme for imaging LPS-—
induced neuroinflammation with peripheral immune cell
infiltration in mice (B) Simultaneous PET/MR images of
luciferase—expressing immune cells acquired using [**F]CB251
and BLI (C) Standard uptake value (SUV) max shown as the ratio
of the right striatum (saline—injected region, n=6 or LPS—
injected region, n=7) to the left striatum in the brain (untreated
control) (D) Bioluminescence signal ratio of the right striatum
(saline—injected region, n=6 or LPS—injected region, n=7) to

the left striatum (untreated control) in the brain
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Identification of infiltrated immune cells in neuro—inflammatory
region

To identify the types of immune cells in the inflammatory region
of the brain, immuno—histochemical staining was performed.
TSPO and Luciferase expressing cells (anti—TSPO, anti—
luciferase), monocytes (anti—CD68), macrophages (anti—F4/80),
microglia (anti—Iba—1) and antigen presenting cells (anti—CD86)
showed positive staining in the right striatum of the neuro—
inflammatory mouse model. Cytotoxic T cells (anti—CDR&) and
helper T cells (anti—CD4) were only slightly stained in the same
region (Figure 1—10). It was observed that TSPO—expressing
cells were co—localized with cells from monocyte lineages,
including macrophage and microglia, in the inflammatory area. In
addition, antigen presenting cells that express CD86 which is
only expressed in peripheral immune cells were positive stained
in the right striatum. In general, the ability of antigen presenting
1s known to be higher in macrophage or dendritic cells of
peripheral immune cells than in microglia cells, which play a
critical role in T cell activation and deepen inflammation. In this
study, the brain tissue was acquired 4 days after intracranial LPS
injection for IHC, which was not enough to confirm T cell
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activation. However, our results indicated that microglia and
infiltrated peripheral immune cells expressing TSPO are present
at the site of inflammation, which was consistent with the results

of our multi—modal imaging.
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Figure 1—10. Immuno—histochemical staining of the brain tissue
of intracranial LPS mouse model TSPO—expressing cells (anti—
TSPO), Monocytes (anti—CD68), antigen—presenting cells
(anti—CD86), macrophages (anti—F4/80), cytotoxic T cells
(anti—CD8), helper T cells (anti—CD4), and microglia and

macrophages (anti—Iba—1) were stained.
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Comparative analysis of neuro—inflammation by [*F]CB251
PET/MRI and BLI after treatment of anti—inflammatory agent,
CDDO—Me

I next investigated whether anti—inflammatory impact of agents
could be evaluated using our multi—modal imaging including
[*®)F1CB251 PET/MRI and BLI. Anti—inflammatory agent,
CDDO—Me, which is known to inhibit inflammatory cytokines (26,
27), was treated into mouse model once a day for total of three
injections (Figure 1—11, 1—-12A, 200 nM/mice). The efficacy of
anti—inflammatory agent was identified and compared by two
ways: PET/MRI scan using ['*FICB251 and BLI signal
representing splenocytes. ['*FICB251 uptake ratio (SUVmax,
right/left striatum) showed 1.39—fold (n=12) higher uptake in
LPS injected mouse (p=0.002), 1.23—fold (n=5) higher uptake
in LPS and CDDO—Me treated mouse (p=0.0323) compared to
saline—injected mouse (n=8). The similar pattern was also
confirmed in the ratio of SUV mean value. In addition, BLI ratio
of total photon flux (right/left striatum) in LPS—injected mouse
were 3.85—fold (p=0.0009, n=12) higher and those in LPS and
CDDO—Me treated mouse were 1.90—fold (p=0.0025, n=5)
higher than that of saline—injected mouse (n=8) after skin
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removal (Figure 1-12). ['*FICB251 PET signals revealed that
the inflammatory response was attenuated by CDDO-—Me

treatment. BLI signals showed that CDDO-—Me inhibited

recruitment of peripheral immune cells at the site of inflammation.

These data demonstrate that ['*F]CB251 PET is useful non—
invasive imaging for assessing therapeutic efficacy of total
inflammatory response. According to these results, there is more

significant difference in the BLI signals of extracted brain tissue.
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Figure 1—12. Evaluation of the therapeutic effect of anti—
inflammatory agent using [!*F]CB251 PET/MRI and BLI

(A) Experimental scheme for treatment of anti—inflammatory
agent (B) Representative images of simultaneous PET/MR scans
acquired in saline—injected, LPS—injected, or LPS— and CDDO—
Me—treated mouse model (C) Representative bioluminescent
images acquired in saline—injected, LPS—injected, or LPS— and
CDDO—Me—treated mouse model (D) The standard uptake
value (SUV) max ratio of ['"®!FICB251 PET in the control (n=8),
LPS—injected (n=12), LPS and CDDO—Me—treated (n=5)
mouse model (E) The ratio of total photon flux (right/left
striatum) in the control (n=8), LPS—injected (n=12), LPS and

CDDO—Me—treated (n=5) mouse model
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DISCUSSION

In chapter 1, I confirmed [*F]CB251 was bound to the TSPO
protein /n vitro and in vivo indicating ['*F]CB251 as a promising
PET probe for targeting neuroinflammation. ['*F]CB251 radio—
activity included the effect of microglia—residential immune cells
and infiltrated peripheral immune cells. MR scans showed BBB
disruption caused by LPS, and BLI signals represented infiltrated
peripheral immune cells in the inflammatory region. Therefore, I
successfully visualized immune cell recruitment in the
inflammatory region of the brain using ['*F]CB251 PET and
demonstrated ['*FICB251 PET signal could reflect the severity

of neuroinflammation in acute neuroinflammatory models.

[ investigated specific binding between the [""FICB251 ligand
and TSPO protein in vitro and applied it in vivo. By regulating
TSPO expression, [*FICB251 uptake was specific to TSPO
(Figure 1—3, 4). However, changes in ['*F]CB251 uptake were
not directly proportional to the degree of TSPO expression
indicating further studies would be needed to explore other
mechanisms related to ['*F]CB251 uptake.

In our previous study, I confirmed functions of luciferase—
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expressing immune cells from reporter transgenic mouse were
not different from those of immune cells of a normal mouse (28).
The immune cell composition and cellular immunity after
syngeneic or allogenic transfer in luciferase—expressing
transgenic mouse (B6.Luc'®) were similar to those of normal
mouse (C57BL/6 or B6) (Figure 1—5, table 2). These results
indicated luciferase —expressing splenocytes were able to reflect
the normal immune response. I found that the intravenous
administration of luciferase—expressing splenocytes showed
different distribution patterns in the brain depending on various
mouse models i.e., saline, LPS, and LPS treated with CDDO—Me
groups (Figure 1—12). These results demonstrated that the
number of infiltrated splenocytes reflected the degree of

inflammation.

I visualized BBB disruption by LPS injection using MRI with
gadolinium—DOTA (Gd—DOTA, Dotarem®), which 1is a
macrocycle structured—gadolinium based MRI contrast agent
(Figure 1—8). It is widely used for imaging of blood vessels and
inflamed and disease tissues where abnormalities in blood brain
barrier occur. The paramagnetic property of Gd—DOTA reduces
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T1-relaxation time produced by leakage of Gd—DOTA through
a damaged BBB into extracellular fluids and induces contrast
enhancement (29, 30). According to recent study (25), T1
contrast enhancement was due to fast diffusing of gadolinium
based chelates present outside of cells by dead cells and T2
contrast enhancement represented slow diffusing of gadolinium
based chelates present in live immune cells. Thus, it was
expected our MR data indicated BBB disruption and infiltrated
live immune cells in the neuro—inflammatory model. MR images
using Gd—DOTA showed no significant enhancement in the brain
of the saline—injected mouse and mechanical disruption was

recovered at day 1 after saline injection (Figure 1—8).

To verify the multi—modal imaging could be used for evaluating
the therapeutic efficacy, an anti—inflammatory drug, CDDO—Me,
was used in our inflammatory mouse model. CDDO—Me is known
as an agonist of the KEAP1—Nrf2 pathway targeting the pro—
inflammatory transcription factor, NF—kB (26, 31—34), which
induces the expression of antioxidant proteins and thus protects
against oxidative damage from injury and inflammation (Figure
1-11). In the LPS—treated inflammatory mouse model,
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treatment with CDDO—Me decreased ['*FICB251 PET and BLI
signals indicating reduced inflammatory response and decreased
recruitment of peripheral immune cells (Figure 1—12). BLI signal
showed a larger change than PET signal. Thus, CDDO—Me
appeared to influence the infiltration of peripheral immune cells
suggesting ['*FICB251 uptake reflected the effects of both
infiltrating peripheral immune cells and the resident microglia.
Immunohistochemical staining confirmed the presence of
inflammatory monocytes, macrophages, antigen presenting cells,
and cytotoxic T cells in inflammatory regions together with
resident immune cells, microglia (Figure 1—10). Further studies
are needed to investigate an interaction between residential
immune cells and peripheral immune cells in the pathogenesis of

neuroinflammation.

Several studies show that prolonged neuroinflammation is linked
to the onset and the progression of neurodegeneration.
Neurodegeneration is a condition which is characterized by the
loss of the neuronal structure and functions so it can cause
several diseases such as Alzheimer’ s disease, Parkinson’ s
disease and Multiple sclerosis (2, 35). Causative mechanisms of
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neurodegeneration are still unclear. However, several pathways
related to neuroinflammation have roles in process of
neurodegenerative disease (2, 36, 37). For example, systemic
and local CNS inflammation has been identified to be associated
with cerebral small vessel disease (SVD)—vascular dementia.
Chronic  hypoperfusion due to inflammation induces
oligodendrocyte death and the continuous degeneration of
myelinated fibers that amplify the risk of stroke (38). Also,
vascular inflammation according to infiltration of monocytes into
the injured and loosened vascular wall acts as a major risk
factors of CNS tissue disruption (39). Therefore, I expect
development of ['*FICB251 PET imaging for neuroinflammation
could be useful technique for predicting neurodegenerative

diseases.

In chapter 1, I showed distinct effects of brain residential immune
cells and peripheral immune cells on neuroinflammation. Also, the
action of an anti—inflammatory drug on CNS and peripheral
immunity could be confirmed with our imaging strategy. I believe
that our multi—modal imaging approach can help better
understand the interaction between CNS immunity and peripheral
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immunity in neuro—pathogenesis. Furthermore, the efficacy of
several anti—inflammatory medications could be investigated,
and a treatment plan could be established using our multi—modal

imaging.

Conclusion

[ established multi—modal imaging using three different methods
(BLI, ['*FICB251 PET, MRI) for investigating neuro—
inflammation in acute neuroinflammatory model. Our strategy
was to visualize neuroinflammation by identifying recruited
peripheral as well as resident immune cells in neuroinflammatory
region. I demonstrated the potential of ['YFICB251 as a
promising radiotracer for the diagnosis of neuroinflammation.
The therapeutic effect of an anti—inflammatory drug in LPS—
induced neuro—inflammation could also be monitored. Our
findings suggest that multi modal imaging using PET/MR/BLI is
a useful technique for basic and clinical studies related to

neuroinflammation.
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CHAPTER 2

Evaluation of [*F]CB251 as
a polymorphism independent

TSPO—targeting PET tracer
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INTRODUCTION

2.1 TSPO—targeting radiotracers and [‘*F]CB251

To date, [""CIPK11195 and [''C]IPBR28 have been mainly used
as TSPO—targeting probes. However, several TSPO PET probes
still have limitations such as non—specific binding and a low
target—to—background ratio (13, 40, 41). ['"C]IPBR28 was also
reported that responder states have been divided into high—,
mixed—, and low—affinity binders according to TSPO
polymorphism (42). In addition, carbon—11 ["'C] labeled ligand
shows time limitation due to short half—life, 20.3 min. Therefore,
fluorine—18 [**F] TSPO radiotracers, which have a longer half—
life (109.8 min), have been developed. Currently, our group
developed ['"FICB251 ligand as a promising TSPO radiotracer.
This ligand showed higher TSPO affinity and longer half—life
than [''CIPK11195 (20, 43). Therefore, I applied ['*F1CB251 as
a novel PET probe for the imaging of inflammatory cells in
neuroinflammatory region in Chapter 1. In Chapter 2, [ evaluated
that CB251 does not affect binding affinity by polymorphism, a

major limitation of 2" generation TSPO ligands.

) A 2ol & i



2.2 TSPO polymorphism, a major limitation of 2™ generation
TSPO ligands

PK11195 as a 1% generation TSPO ligand showed low binding
affinity to TSPO and high off—target effect in human studies (44,
45). Therefore, 2" generation TSPO ligands including PBR28
were developed, which showed promising properties in both
vitro and in vivo studies. But, in early human PET studies, PBR28
displayed the greater inter—variability by TSPO rs6971
polymorphism (46). TSPO gene is located chromosome
22ql13.31; 4 exons and has a variety of single nucleotide
polymorphisms (SNPs). In specific, most frequently observed
non—synonymous SNP, TSPO Alal47Thr mutant (Figure 2—1A,
B), which is present in about 30% of the Caucasian was main
cause of lower TSPO binding affinity of [''CIPBR28. In order to
evaluate the clinical application of the new TSPO ligand, it is
important to compare the binding affinity of ligand according to

TSPO genetic variants.

2.3 The aim of the study

In chapter 2, I compared the binding affinity of CB251 ligand to

TSPO WT and TSPO A/T Mut (rs6971). Vector system for WT
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and A/T Mut was established and conducted cell uptake, phantom
study with 293FT cells expressing TSPO WT or A/T Mut. In
addition, competitive inhibition assay was performed for
measuring ICso of each genetic variant using CB251 and
[PHIPK11195. I confirmed that CB251 ligand exhibited similar
binding affinity on WT and A/T Mut. These results indicated that
["F1CB251 is a promising polymorphism independent TSPO—

targeted radiotracer.
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MATERIALS AND METHODS

1. Cell culture

To establish cells with TSPO genetic variants, 293FT cells were
maintained in complete DMEM (10% FBS and 1% antibiotics)
with L—Glutamate (2 mM), Sodium pyruvate (1 mM) and MEM

NEAA.

2. Transient transfection for TSPO WT and A147T Mutant
expression

To express the polymorphic TSPO proteins (Wile type;WT,
Mutant with Ala — Thr at 147 amino acid; A147T), Different
TSPO gene with site mutagenesis from the PBR(TSPO)
(NM_000714) human tagged ORF clone RG220107 (Origene,
Rockville, MD, USA) were generated. I changed the 147 amino
acid Alanine to Threonine (A147T) by changing the nucleotide
sequences from Guanine to Adenine. These vectors were
transfected into 293FT cells for 24 hours and conducted in vitro

uptake.

3. Membrane protein isolation

Membrane protein was extracted by protocols from membrane

) A 2ol & i



protein extraction kit (Mem—PER plus kit, Thermo fisher).
293FT cells (5 x 10°%100 @) were plated for transient
transfection. 293FT cells were transiently transfected with
TSPO WT or A147T vector for 24 hours. Cells were collected
using scraper, washed twice with cell wash solution and
centrifuged (300 x g, 5 min, 4° C). Cell pellet was permeabilized
for 10 min at 4° C. Membrane pellet was harvested after
centrifugation (16000 x g, 15 min, 4° C) and supernatant
containing cytosolic protein was removed. Membrane pellet was
resuspended using solubilization buffer in Mem—PER plus kit for
30 min at 4° C with mixing. The tube was centrifuged one more
(16000 x g, 15 min, 4° C) and then supernatant containing
membrane proteins was harvested and used for competitive

binding assay.

4. [**F] fm—PBR28— d2radiochemistry

All materials and methods and synthesized ['*F]fm—PBR28—d2
were provided by our group in Bundang Seoul national university
hospital. The ['"F]fluoromethyl-PBR28 substituted with
deuterium ([**F]fm—PBR28—d») was synthesized according to a
previous study*®. ["*F]Fluoride was produced by the *0O (p,n) '*F
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nuclear reaction using H2'®O as the target material was loaded
onto a chromafix—HCOj3 cartridge to remove the enriched water,
then eluted by the mixture of Kg22/K2CO3 dissolved in a 10%
water/methanol solution. Azeotropic distillation of the eluted
solution was performed with 1 mL of acetonitrile under nitrogen
stream (X2). Dibromomethane—d» (50 xL) in acetonitrile was
incubated with the dried complex of K'**F /K222. The mixture was
heated at 120°C for 5 min, then passed through a Sep—Pak
cartridge with C18 to remove remaining precursors and trapped
the bromo['®F]fluoromethane—d> in 0.7 mL of NN-
dimethylformamide under ice bath. This mixture was then
transferred to a reaction vial containing 1 mg of desmethyl—
PBR28 and 6 pL of 5 N NaOH. The reaction mixture was heated
at 100 °C for 5 min, cooled to 25 °C and diluted with 10 mL of
distilled water. This solution was passed through a C18 plus
Sep—Pak cartridge, washed with water (10 mL), and eluted with
CH3CN (1.5 mL). The eluted solution was analyzed by a semi—
prep HPLC system (Waters, Xterra RP—18 10 X 250 mm,
10 #m; 45% acetonitrile/water, flow rate 3 mL/min, A = 254
nm.) equipped with UV and gamma-—ray detectors. The final
product of [**Flfm—PBR28—d2 was collected after 13.5 min,
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diluted by 20 mL of water, loaded onto a C18 plus Sep—Pak
cartridge, and then eluted by an 8% ethanol/saline solution to

remove HPLC solvent.

5. in vitro uptake with [''CIPK11195, [¥FICB251 and ["*F]fm-
PBR28—d>

All procedures were performed in the same way as in Chapter 1.
The cells were preincubated with glucose—free RPMI1640
medium (Gibco) for 4 hours before in vitro uptake. Cells were
trypsinized, counted and transferred to 5 mL test tube. 1x10°
cells were suspended in the pre—warmed Hank’ s balanced salt
solution (HBSS, Sigma—Aldrich) containing 0.5% (w/v) bovine
serum albumin (BSA, Sigma—Aldrich). 0.185 MBq of
["'CIPK11195, ["*FICB251 or ['"Flfm—PBR28—d> were added
to the tubes, and the cells were maintained in a humidified 37" C
incubator with 5% COg2 for 1 hour. The cells were washed three
times with cold HBSS and radioactivity was measured by a Cobra
IT gamma counter (Canberra Packard). The cells were then lysed
for 5 min using 1% sodium dodecyl sulfate solution (total volume
200 pL, SDS, Sigma—Aldrich). Cell lysates were collected and
total protein concentrations were analyzed by the BCA assay kit
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(Pierce). Radioactivity was normalized according to the amount
of total protein at the time of assay. All experiments were

performed in triplicate.

6. Competitive inhibition assay

To compare binding affinity of TSPO—targeting ligands according
to TSPO polymorphism, competitive inhibition assay using
[PHIPK11195 radiotracer and 3 different TSPO-—targeting
ligands, fluoromethyl—-PBR28—d2 CB251, PK11195 was
conducted. Membrane protein (100 g/100 xL) extracted from
293FT cells expressing TSPO WT or TSPO Al147T mutant
protein was mixed with ["H]PK11195 (0.019 MBq/100 L) and
9 concentrations of each ligand (from 0.1 nM to 1000 M) in
assay buffer (50 mM Tris base, 140 mM NaCl, 1.5 mM MgCls, 5
mM KCI, 1.5 mM CaCly, pH 7.4) for 1 hour at 37° C. Assay tubes
were passed through whatman filter using vacuum system and
then the filter containing the membrane protein was washed
three times using wash buffer (50 mM Tris base, 1 mM MgCly,
pH7.4) (47). Radioactivity of each filter was measured with A —
counter (Liquid scintillation analyzer Tri—Carb3100 TR, Perkin
Elmer) with scintillation buffer (Perkin Elmer).
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RESULTS

TSPO wildtype and TSPO rs6971
To compare binding affinity of [**F]CB251 according to TSPO
Alal47Thr (TSPO A/T Mut), vector systems expressing TSPO

wildtype or TSPO A/T mutant gene were established (Figure 2—

1.
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(A)

Polymorphism (rs6971) Protein
C/C Ala/Ala (HAB)
C/T Ala/Thr (MAB)
T/T Thr/Thr (LAB)

(B)

TSPO gene wildtype ORF sequence
ATGGCCCCGCCCTGGGTGCCCGCCATGGGCTTCACGCTGGCGCCCAGCCTGGGGTGC
TTCGTGGGCTCCCGCTTTGTCCACGGCGAGGGTCTCCGCTGGTACGCCGGCCTGCAG
AAGCCCTCGTGGCACCCGCCCCACTGGGTGCTGGGCCCTGTCTGGGGCACGCTCTAC
TCAGCCATGGGGTACGGCTCCTACCTGGTCTGGAAAGAGCTGGGAGGCTTCACAGAGA
AGGCTGTGGTTCCCCTGGGCCTCTACACTGGGCAGCTGGCCCTGAACTGGGCATGGC
CCCCCATCTTCTTTGGTGCCCGACAAATGGGCTGGGCCTTGGTGGATCTCCTGCTGGT
CAGTGGGGCGGCGGCAGCCACTACCGTGGCCTGGTACCAGGTGAGCCCGCTGGCCG
CCCGCCTGCTCTACCCCTACCTGGCCTGGCTGGCCTTCGCGACCACACTCAACTACTG
CGTATGGCGGGACAACCATGGCTGGCATGGGGGACGGCGGCTGCCAGAG

TSPO A147T mutant gene ORF sequence (rs6971)
ATGGCCCCGCCCTGGGTGCCCGCCATGGGCTTCACGCTGGCGCCCAGCCTGGGGTGC
TTCGTGGGCTCCCGCTTTGTCCACGGCGAGGGTCTCCGCTGGTACGCCGGCCTGCAG
AAGCCCTCGTGGCACCCGCCCCACTGGGTGCTGGGCCCTGTCTGGGGCACGCTCTAC
TCAGCCATGGGGTACGGCTCCTACCTGGTCTGGAAAGAGCTGGGAGGCTTCACAGAGA
AGGCTGTGGTTCCCCTGGGCCTCTACACTGGGCAGCTGGCCCTGAACTGGGCATGGC
CCCCCATCTTCTTTGGTGCCCGACAAATGGGCTGGGCCTTGGTGGATCTCCTGCTGGT
CAGTGGGGCGGCGGCAGCCACTACCGTGGCCTGGTACCAGGTGAGCCCGCTGGLCG
CCCGCCTGCTCTACCCCTACCTGGCCTGGCTGGCCTTCACGACCACACTCAACTACTG
CGTATGGCGGGACAACCATGGCTGGCATGGGGGACGGCGGCTGCCAGAG

VP1.5 primer

(C) ,CMV promoter

/T7 promoter

"/ s

S
‘*'\A

o

\?1“ Ml
S -
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Figure 2—1. Vector system for establishing TSPO wildtype and

TSPO rs6971

(A) TSPO genetic variants and amino acid sequence (B) Open
reading frame sequence of TSPO wildtype and TSPO Alal47Thr
single nucleotide polymorphism (rs6971) (C) Vector construct

for expressing TSPO WT and TSPO A/T Mut
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Comparison of [**F1fm—PBR28-d2 and ['®F]CB251 uptake
according to TSPO polymorphism

The binding affinity of CB251 was higher than the binding
affinities of PK11195 and PBR28 which is widely used TSPO
ligands (Table 3, Figure 2—-2A) (48, 49). ['®FICB251 has
improved affinity to TSPO protein. To identify the difference in
binding affinity of ["*F]CB251 according to TSPO wildtype and
TSPO A/T Mut, I constructed two 293FT cell lines which
express the most abundant type (wildtype) and mutant type
(A/T Mut). And compared with ['*F]fm—PBR28-d2, which is
known to show the difference in binding affinity according to
TSPO polymorphism (TSPO A/T Mut). Our cell uptake of
[**F]1CB251 showed similar cellular uptake levels, regardless of
the TSPO polymorphism. On the other hand, cell uptake level of
['"F1fm—PBR28—d2 was decreased by about 72% according to
TSPO polymorphism (Figure 2—2B). This indicates ['*F]CB251
1s suitable and good for use as a TSPO-—targeting PET

radiotracer.
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Figure 2—2. In vitro cell uptake of TSPO-—targeting ligands,
['*F1PBR28 and ['*F]1CB251, according to TSPO polymorphism (A)
Structure of CB251 and PK11195, PBR28 compound (16, 43) (B) in
vitro ["'CIPK11195, ["*FIPBR28 and [**F]CB251 uptake in 293FT

expressing TSPO WT and TSPO A/T Mut (in triplicate)
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Evaluation of ["*F]fm—PBR28-d2 and ['®FICB251 uptake by
TSPO polymorphism in PET scan

I found no difference in ["*FICB251 uptake between cells
expressing TSPO WT and TSPO A/T Mut, unlike [Y*F]fm-—
PBR28—dZ uptake. To determine whether this cellular uptake is
reflected in PET imaging, PET scans of each PET probe were
obtained from 293FT expressing TSPO WT and TSPO A/T Mut
and mice bearing these cells. The ratio of SUVmax (TSPO WT/
TSPO A/T Mut) was found to be about 5.43—fold in cells and
411-fold in mice for [""Flfm-PBR28-d2 In the case of
["*F1CB251, the ratio of SUVmax (TSPO WT/ TSPO A/T Mut)
was about 1.67—fold in cells and 1.38—fold in mice (Figure 2—
3). These results, in parallel with the results of in vitro uptake,
indicate that differences in ligand uptake with TSPO

polymorphism were also identified in PET scans.
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(A) [ ‘Flfm-PBR28-d, [ FICB251

coronal

sagittal ! !
g

0.2

O

(B)

[ 'Flfm-PBR28-d,

Figure 2—3. PET/CT imaging of TSPO—targeting ligands in 293FT
expressing TSPO WT or TSPO A/T Mut

(A) PET scan of [""FIfm—PBR28-d2 and ['*F]CB251 in 293FT
expressing TSPO WT or A/T Mut (n=3) (B) PET/CT images of mice

bearing 293FT expressing TSPO WT or A/T Mut (n=2)
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Comparison of inhibitory concentration (ICso) according to TSPO
ligand

To wvalidate that the differences of cellular uptake according to
each PET probe are due to TSPO—specific binding, I conducted
competitive inhibition assay in membrane proteins isolated from
293FT expressing TSPO WT and TSPO A/T Mut. I identified and
established appropriate concentration of membrane proteins for
competitive inhibition assay using ['*F]PBR28 with different
binding affinity in TSPO A/T Mut. The uptake increased with the
concentration of membrane proteins isolated from Z293FT
expressing TSPO WT, whereas no difference was observed with
those isolated from 293FT expressing TSPO A/T Mut (Figure
2—4A, B). In particular, significant difference was observed
between TSPO WT and A/T Mut in ['*F]fm—PBR28—dZ2 uptake
with 100 ¢ g of membrane proteins (Figure 2—4C). Competitive
inhibition assays were performed using [PHIPK11195 on
membrane proteins isolated from 293FT expressing TSPO WT
and TSPO A/T Mut with unlabeled TSPO—targeting ligands. The
ratios of ICso values (TSPO A/T Mut/TSPO WT) showed 37.28
in fm—PBR28—d2 1.14 in CB251 (Figure 2—5). These results
reflected that fm—PBR28—d> ligand has a significant difference
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in binding affinity according to TSPO polymorphism, whereas
CB251 showed no difference in binding affinity according to
TSPO polymorphism. This suggested that CB251 is a suitable
TSPO—targeting ligand that goes beyond the limitation of 2"

generation TSPO ligands.
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Figure 2—4. Validation of membrane protein isolated from 293FT

cells expressing TSPO WT or A/T Mut

(A) ["®*F]fm—PBR—d> uptake in membrane protein isolated from
293FT cells expressing TSPO WT (B) ['*F]fm—PBR— d- uptake
in membrane protein isolated from 293FT cells expressing TSPO
A/T Mut (C) Graph of ['*F]fm—PBR—d. uptake according to
concentration of membrane protein isolated from 293FT

expressing TSPO WT or A/T Mut
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Figure 2—5. Competitive inhibition assay with [*HIPK11195 using
TSPO—targeting ligands in membrane proteins with TSPO WT and

TSPO A/T Mut

(A) PK11195 precursor (B) Fluoromethyl—=PBR28—d> (C)

CB251
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DISCUSSION

In chapter 2, I confirmed [*F]CB251 was bound to the TSPO
protein regardless of TSPO polymorphism by cell uptake of
polymorphic TSPO expressing cells and competitive inhibition
assay with polymorphic TSPO membrane protein. Vector
systems for TSPO WT and TSPO A/T Mut were established.
CB251 ligand showed similar uptake levels in cells with TSPO
WT and A/T Mut. In addition, we determined and compared the
ICso ratio (TSPO A/T Mut/TSPO WT) of TSPO ligands by

conducting competitive inhibition assay (Figure 2—5, Table 3).

Until now, several TSPO ligands have been developed for
detecting neuroinflammation (Table 3). 2" generation of TSPO
ligands—PBRZ28, PBR111, DPA—-713, XBD—173—overcoming the
limitations by low binding affinity of 1% generation, showed
promising results in preclinical studies (44, 50, 51). However,
greater intra— and inter—variability in human has been reported

as a major limitation.

The obstacle of [M'CIPBR28 as a commonly used TSPO-

targeting PET probes in clinics is that the responder states are

v Wk BT



divided into high affinity binder, mixed affinity binder and low
affinity binder despite its high binding affinity to TSPO (47, 52).
Thus, many chemists have been developed new TSPO PET probe
with no difference in binding affinity according to TSPO
polymorphism. CB251 ligand used in this study was verified by
competitive inhibition assay that the binding affinity between
TSPO WT and TSPO A/T Mut was similar (Figure 2—5). Since
it has been reported that less than 3% of Asian have TSPO
A147T mutant, it is difficult to obtain the samples from

human. (http://asia.ensembl.org/Homo_sapiens/Variation/Explor

e?r=22:43162420-43163420;v=rs6971;vdb=variation;

vi=210028659). Therefore, in chapter 2, [ performed

competitive inhibition assay with [PH]PK11195 on membrane
proteins isolated from 293FT cells expressing TSPO
polymorphism. 293FT cells have basal expression of TSPO,
therefore, it is difficult to find complete inhibition by A147T
polymorphism in our results. However, the ratios of ICso (ICs0
A/T Mut/ICso WT) was parallel to the reported Ki ratios (Ki

LLAB/Ki HAB) of TSPO ligands (47, 53).

In chapter 2, I assessed that ['*F1CB251 has the potential as a
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suitable PET probe regardless of TSPO rs6971 polymorphism. I
compared PK11195, a 1% generation ligand known as the gold
standard TSPO ligand, and fm—PBR28—d2, a representative 2"
generation ligand with CB251. ['*F]CB251 uptake of cells with
polymorphic TSPO showed similar uptake levels as cells with
TSPO WT. It was confirmed by phantom study that these results
were reflected in PET signal. In addition, ICso ratio (WT/Mut) is
closed to 1, indicating that binding affinity of CB251 is not
affected by polymorphism. These results indicated ['*F]CB251
is a promising PET probe as polymorphism independent 3™

generation TSPO tracer.
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