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ABSTRACT

The translocator protein (TSPO, 18 kDa) and highly conserved protein during
evolution, has been studied for its importance in various life essential functions.
TSPO is mainly found on the outer surface of mitochondria in central nervous system
and in peripheral tissues. It is an intracellular protein complexed with voltage
dependent anion channel (VCAD) having molecular weight 32 kDa as well as adenine
nucleotide translocator (ANT) having molecular weight 30 kDa in mitochondria.
TSPO has been investigated as biomarker for inflammatory conditions of lungs, liver,
kidneys and brain etc. Its role has been studied in other disorders such as depression,
anxiety, and neurodegenerative disorders. Therefore, high affinity TSPO ligands can
found applications for non-invasive disease evaluations and for the drug delivery to
the pathologically affected tissues. This led to the development of TSPO ligands as

diagnostic ligands.

There are few classical ligands available such as PK11195, R05-4864 and FGIN-127
which are isoquinoline carboxamide, benzodiazepine and indole derivatives,
respectively. All of them showed compatibility to tetrapyrrole protoporphyrin IX

(PPIX) structure which is a well-known endogenous TSPO ligand.

C(R) PK11195 ligand is most widely studied positron emission tomography (PET)
TSPO ligand from first generation which has limitation of high lipophilicity and low
in vivo specific binding. These limitations were overcome by second generation TSPO
ligands for improved imaging. Some of the TSPO ligands used in clinical human

studies are [**F]JFEDAA, ['C]DAA, [''C]PBR28, [*®F]IDPA714 and [“'C]AC-5216.



These second-generation ligands have the problem of intersubject variability. A new
skeleton acetamidobenzoxazolone (ABO), which has been derived from R05-4864 by
opening the diazepine ring and reorganizing it, that can overcome the problems of

intersubject variability and non-specific binding.

In the present study, acetamidobenzoxazolone (ABO) was chosen as lead skeleton for
modification and investigation as Technetium-99m (**Tc) complexed TSPO ligands
for single photon emission computed tomography (SPECT) application. This skeleton
was chosen as it has recently shown to overcome non-specificity and polymorphism
issues, the limitations of TSPO ligands from first two generations. Recently, our
group has developed acetamidobenzoxazolone (ABO) moiety which has been

reported for PET application with improved properties.

Firstly, pharmacophore modelling was performed taking 51 acetamidobenzoxazolone
based TSPO derivatives from literature. The best four featured pharmacophore
hypothesis AAAR (three acceptors and one aromatic group) was used for designing
the TSPO ligands for diagnostic application. Besides that, computational ligand-
protein interactions (PDB used: 4RYQ, 2MGY and 4UCI) and ADME (absorption,
distribution, metabolism, and excretion) properties have also been compared to known
TSPO ligands to get more insight into the complete pharmacokinetics of **™Tc-

ABEO-Br/Cl skeleton for SPECT application.

Six new halogenated acetamidobenzoxazolone-amino acid methyl esters (ABEO-
Br/Cl) falling in three categories on the basis of amino acids chosen (tryptophan,
phenylalanine and methionine) were synthesized and tested for their ability to bind

with %™Tc. The stability of radiocomplexes were >93% and >87% in saline and



human serum, respectively over 24 h. ABO was modified to ABEO-Br/ClI for SPECT
application using tryptophan methyl ester, phenylalanine methyl ester and methionine
methy! ester to provide skeleton for *™Tc and improve pharmacokinetics. Amino acid
esters were used for modification as they are biocompatible and/or provide
pharmacophoric features. As per literature, halogen substitution at 5" position of
acetamindobenzoxazolone was important for TSPO affinity, therefore bromo and
chloro analogs were synthesized. The radiocomplexes were evaluated as SPECT
imaging agents for targeting TSPO through in vitro, ex vivo and in vivo means.
PK11195 was used for proving the specificity of the radioligands towards TSPO in
normal mice. These studies demonstrated significant decrease in uptakes of
radioligands in TSPO rich organs when PK11195 was injected 10 min prior to
radioligand injection in mice. Thereafter, these novel TSPO radioligands were
compared with each other in terms of ex vivo biodistribution and in vivo radioactivity
uptake in TSPO enriched organs. All the radiocomplexes demonstrated uptakes
majorly in organs rich in TSPO, such as kidneys, lungs, heart, livers, spleen and brain.
The uptakes in brain were minimal in normal mice and rabbits as TSPO is present in
minimal concentration in normal brain. All the analogs were able to cross blood brain
barrier. The blood kinetics were fast leading to good contrast as seen under in vivo
studies of mice and rabbits. As per biodistribution pattern, there is preference of
¥mTc-ABTO analogs for lungs, *™Tc-ABPO analogs for spleen and *"Tc-ABMO
analogs for brain. The release kinetics of these tracers were compared to see their
retention under in vivo conditions. Both ex vivo studies in mice and in vivo studies in
rabbits demonstrated fast release still providing significantly long window for

diagnostic applications in case of all the radioligands.



The *™Tc-ABTOs, being most potential candidates for lungs, were further studied for
cell uptake in A549 human lung tumor cell lines, A549 xenograft nude mice model
and lung inflammation model with and without PK11195. These studies further

proved their potential as TSPO imaging agents for SPECT.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Radiation

1.1.1 History

In 1896, there was a phenomenal discovery of the nuclear radiation by Antoine Henri
Becquerel that led to the development of its diverse applications ranging from atom
bomb to nuclear medicine. He named the natural radiations emitted by uranium
radionuclide as “U-rays”. In the following years, Pierre and Marie Curie contributed
significantly in the discovery of radioactivity and radioactive isotopes. Marie Curie
demonstrated radioactive nature of thorium like uranium. In 1898, Pierre and Marie
Curie successfully isolated polonium, a new material which was a million times more
radioactive than uranium. Several tons of penchblende ore was used by Pierre and
Marie to extract few milligrams of radium, a new material with 2.5 million times
more radioactive than uranium. In 1933, Irene Curie and Frederick Joliot, discovered

artificial radioisotopes (Froman 1996).

First ever application of radioisotopes in biology was rationalized by George Hevesy.
In 1935, he first used radiophosphorus in rats for metabolic studies. This was
beginning of use of trace amount of radioisotopes to study physiological functions and

to treat diseases in animals and humans (Hevesy 1939).

In the last 40 years, a new area of medical research for diagnosis has flourished by using

metal complexes. By the end of World War 11, nuclear technology for medical purposes
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was in use and radioisotopes were produced for medical purpose through nuclear reactors,
accelerators and cyclotrons. In 1946, *'1 was the first isotope used as medicine for the
treatment of cancer (thyroid). In 1959, ®Mo/®™Tc generator was developed by
Brookhaven National Laboratory, New York, USA and in 1964, *™Tc was used for first
time in tracers by Argonne National Laboratory, Lemont, USA. In the current scenario,
%MTe is a radio nucleotide with wide utility for diagnostic application and development of
its pharmaceuticals has started the study of coordination chemistry for diagnostic imaging

(Morais et al., 2012; Liu and Edwards 1999).

1.1.2 Interaction between radiation and matter

Radiations are either particulates such as o and  particles, or non-particulate such as
X-rays and y-rays, and are of ionizing nature that interacts with matter through

different modes.

1.1.3 Interaction between charged particles and matter

When energetic charged particle passes through matter, there is a loss of energy due
to interaction with the electrons in the orbital of the matter’s atoms. This encounter
ionizes the atoms through electron’s ejection or excites atoms through electron’s
movement to a higher state of energy. These processes of ionization and excitation
may rupture chemical bonds of the molecules forming other molecules.

B-particles which are lighter in weight with charge move in zigzag form and the o

particles like heavier moieties move in straight line. The traversed straight path of
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charged particle is called as range R. This increases with increase in energy and

charge, and decreases with increase in matter density and particle mass.

The positrons pass through an absorber demonstrate a unique situation of loss in their
energy through combination of electrons of the atoms of the absorber resulting in
annihilation of both antiparticles producing two photons emitted in opposite

directions.

1.1.4 Interaction between y-radiation and matter

y-radiation are considered as radiation with high-frequency in electromagnetic
radiation spectrum which uses different mechanisms such as photoelectric effect,

Compton effects, and pair production for the interaction with matter (Nikjoo, 2012).

1.2 Molecular imaging

The developments in the field of genomics and molecular biology in the previous
decades provided better insight of diseases, resulting in specific targeting of abnormal
molecular pathways for new diagnostic and therapeutic strategies (Williams 2008;
Willmann et al., 2008). Although several drugs can have therapeutic effect by
stopping or modulating molecular processes which is still based upon late symptoms
like size of the tumor, the development of diagnostic process at molecular level could
facilitate early stage detection and effective therapeutic assessment. Furthermore,
molecular diagnostic techniques can assist the new therapeutic development. In the

long run, the development of molecular therapy or diagnosis could enable prevention
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or cure of diseases at early stage through assessment of disease-specific molecular

information (Weissleder 2006; Weissleder and Pittet 2008; Massoud and Gambhir

2003).

Molecular imaging aims to develop specific molecules for the molecular target to

enhance image contrast. All imaging techniques used for diagnosis, like ultrasound,

magnetic resonance imaging, optical imaging and nuclear imaging can be applied for

molecular imaging purpose. A comparative table for their primary uses and

instrumental features are shown in Table 1.1.

Table 1.1: Features of imaging modalities

s . Resolution . . Penetration Type of .
Sensitivity | Modality (Temporal) Resolution (Spatial) depth radiation Primary uses
nM Nuclear
. Preclinical: 1-2 mm . . i
SPECT min .. Limitless lonizing Protgln
Clinical: 8-10 mm labelling
Drug
. Preclinical: 1-2 mm - .
PET sec-min . Limitless lonizing development,
Clinical: 5-7 mm gene
expression
Central
Nervous
. Preclinical: 25-100 p o Non System
M MRI min-h . Limitless Lo
! Clinical: ~1 mm ionizing (CNS),
prostrate,
heart, breast
For superficial: 0.01- D
rug
Ultrasound sec-min 0.1 mm (few mm mm-cm lonizing | delivery, gene
depth) For deeper:1-2 'Y
transfection
mm (few cm depth )
. Preclinical: 50-100 um . . Bone, blood
CT min . Limitless lonizing vessel, soft
Clinical: 0.5-1 mm tissues
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Modern imaging technologies are increasingly facilitating measurement of physical
parameters like concentration, surface area, properties of tissues and insight in
biological functions. Molecular probe can be either for diagnostic or for therapeutic
applications. The advancement of spatial and temporal resolution has facilitated the
monitoring of protein and substrate dynamics. The validation of model created is
possible through segmentation and registration for imaging at different times to
identify the region of interest and its acquisition. These time series data are useful for
validating system biology models which along with imaging provides understanding
of biological systems. With the wide use of imaging tools and understanding of
biological processes, systems biology models will be more productive. This is further

assisted by computational science and imaging science.

Molecular

Target

- . Lead
maging Identification
Animal Model CADD
Chemistry

Molecular/
Cell Biology

Labelling

Fig. 1.1: Schematic of main steps involved in molecular imaging
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Molecular imaging in addition to anatomical imaging gives various opportunities for
the process of more efficient drug development and therapy. Various non-invasive
molecular imaging techniques enable quantitative imaging for preclinical and clinical
application along with validation of new molecules. The steps involved in
development of molecular imaging ligands is shown in Fig.1.1 which starts from
molecular target identification, computational screening, wet chemistry, and their

tagging/complexation before biological (in vitro & in vivo) evaluation.

1.2.1 Principles of molecular imaging

At early stage, there are several pathological features demonstrated in diseased cells.
There could be mutation in gene or variation in gene expression resulting in up/down-
regulation of related molecule. Quantification and detection of these molecules

directly or through targeted agents result in imaging of molecules.

Generally, detection of molecular target is possible through two ways of targeted
agents’ interaction. First one is through selective binding of a targeted agent with the
molecular target as in case of cell receptor. There is same concentration of agent as
receptor once the contrast agents which are not bound are cleared resulting in
determination of receptor density through imaging. Second one is entrapment of
contrast agent such as enzymes for its internalization in cells. This is advantageous as
an enzyme can entrap various targeted agents through this mechanism. The imaging
targets are defined on the understanding of the disease on the scientific basis. In few

cases, targets as well as their suitable ligands can be available in literature. In order to
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find the biomarkers i.e. molecules that are up or down regulated in diseased condition,
high-throughput screening techniques can be utilized by incorporating genomic and
proteomic data. As several diseases have involvement of genes and proteins which are
influenced by genetic, environmental and immune factors. The dynamic process of

varying concentration of biomarkers reflects different stages of diseases.

The availability of specific targets is key aspect to develop diagnostic and therapeutic
agents. Currently, there is availability of drugs for around 500 molecular targets
involving receptors (45%) and enzymes (30%). There are more than 5,000-10,000
drug-targets available for future drug development. In general, imaging agents should
have proper target-ligand interaction as well as its suitable physicochemical

properties.

Molecular imaging has enhanced the visualization in real time and non-invasive
investigation of complex biochemical processes at the molecular and cellular level in
living system. Broadly, sophisticated bio-instruments with or without imaging agents
have shown prospects for diagnosis, monitoring of therapy, and drug discovery by
understanding of biological processes, identification of pathological regions and

insight of disease related mechanism.

1.2.2 Selection criteria of imaging modalities

The use of an appropriate modality dependent on the type of imaging data required
and the biochemical process needs to be visualized. The factors considered for

selection of modality are as follows:
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. Requirement of spatial resolution

. Level of sensitivity

o Need of dynamic information

e Whether whole body or small region imaging
. Requirement of temporal resolution

e  Whether depth of penetration important

e  Requirement of quantitative data
o Requirement of repeated or multiple studies
. Requirement of multiple molecular targets’ visualization simultaneously

e  Whether clinical translation required

1.2.2.1 Computed tomography (CT)

CT produces anatomical image on the basis of tissues’ differential attenuation of

X-ray inside the body.

Basic principles of CT

CT produces 3D anatomical images with the help of imaging by sections i.e
tomography. This makes it different from traditional X-ray. The X-ray source and
detector both can simultaneously rotate around the subject. During scan, strongly and
poorly absorbed X-rays tissues or media appear white and black, respectively. This
displays detailed morphological information with the help of high-contrast images.
Software is used for interpretation of efficient scan. A contrast agent with iodine is

often used for CT imaging that improves soft tissue contrast and spatial resolution.
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CT has been found useful in assessing several medical conditions such as brain injury
(Dubroff and Newberg 2008), tumors (Vlychou and Athanasou 2008) and ischemia
(Mallo et al., 2005). Miniaturized and cost-effective CT scan is also available for
preclinical research on animals which allows real time assessment for various diseases

and response to therapy.

Key strengths and limitations

Fast acquisition time, high spatial resolution, relative simplicity, clinical utility,
availability, and cost effectiveness are few of the advantages of CT. Due to relatively
high energy of X-rays, it can penetrate through the body. High radiation exposure in
case of CT is one of the main limitations for limiting the number of scan on the same

patient in a given duration. Additionally, its tissue contrast quality is low.

1.2.2.2 Magnetic resonance imaging (MRI)

MRI, a versatile modality for imaging, is utilized to visualize soft tissue morphology
and internal structure of the body using powerful magnet and radio frequency. The
basic principles of MRI and Nuclear Magnetic Resonance (NMR) are similar

allowing atomic nuclei imaging of the body.

Basic principles of MRI

The MR signal depends on gyromagnetic ratio, concentration of nuclei, polarization,
magnetically active isotope and its abundance. *H being most abundant is the most
common nucleus for MRI in clinical application. Hydrogen of water in tissues with 80
Molar concentrations in body is used for anatomical imaging. The other nuclei of

interest are *'P, °C, #Na, °F and 'O whose imaging is achieved through Magnetic
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Resonance Spectroscopy i.e. MRS. The advent of MRS with hyper-polarization has
led to significant advances in imaging of these nuclides. Some of the important parts
of MRI are coils for homogeneous magnetic field, gradient coils to produce variations
in the X, Y, and Z directions for localizing the source of the magnetic signal, and RF
coils to alter the magnetic dipoles’ alignment. Post RF pulse, magnetic dipoles shift
from equilibrium and relaxes back through longitudinal (spin-lattice) and transverse
(spin-spin) relaxation and the different time taken in relaxation for each tissue results

in the generation of contrast of that tissue (Faulkner 1996).

Some specialized MRI techniques can provide physiological information along with
anatomical information with different variaents of MRI such as BOLD (blood oxygen
level dependent), DCE (dynamic contrast-enhanced), and DW (diffusion weighted).
MRI contrast agents produce disturbance in magnetic field through their presence to
enhance the contrast. The common DCE-MRI contrast agents are Gd complexes
(Padhani and Husband 2001), and super paramagnetic iron oxides (SP10s) (Thorek et
al., 2006) which are positive (shortens the relaxation time, T;) and negative contrast
agents (shortens the relaxation time, T,), respectively. DCE-MRI can have application
for imaging of tumor (Turkbey et al., 2009) and rheumatoid arthritis (Hodgson et al.,

2007).

Diffusion weighted (DW) MRI can detect the apparent coefficient of diffusion of
water present in tissue that measures cellularity through molecular water movement in

the interstitial space, showing high apparent diffusion coefficient (ADC) for low

10
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cellularity and vise versa. Diffusion weighted imaging (DWI) can have application in
diagnosis as well as maintenance of various pathological states such as tumor and

ischemic stroke.

Blood-oxygen-level dependent (BOLD) imaging, a functional MRI (fMRI), is
extensively used for studying normal and diseased brain. It is based on alteration in
deoxygenated haemoglobin which is endogenous and paramagnetic. Oxyhemoglobin
does not have paramagnetic behaviour. Therefore, presence of oxyhemoglobin results
in more intense image in T, weighted images and could be applied in assessing
increased activity of neuronal region of brain and in brain functions like memory.
(Ziemus et al., 2007; Azulay et al., 2009), cognition (Fink 2004), and depression
(Siegle et al., 2007). Usefulness of BOLD is in measurement of deoxyhemoglobin
differences in organs such as kidney and oxygenation level in red blood cells in

perfused tumor.

Although availability of specialized MRI techniques provides important physiological
information, but they have limitation of being relatively non-specific and are not able
to provide receptor/biochemical information. To overcome this limitation Gadolinium
(Gd) based complexes for molecular imaging were developed but they have
limitations in terms of quantification and sensitivity. Recently, CEST (chemical
exchange saturation transfer) (De Leon-Rodriguez et al., 2009) and PARACEST
(paramagnetic-chemical exchange saturation transfer) (Zhang et al., 2003) contrast

agents have been explored to probe specific molecular and physiological events. They

11
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are promising agents but they are at their early stage of development. The other
advancement in MRI contrast agent is targeted contrast agents to visualize markers at
molecular level and their biochemical events. Few specific examples are SP10s with
specific peptide for matrixmetalloprotease-2 and Gd containing liposome for oyf3

integrin imaging.

Key strengths and limitations

MRI is advantageous over other modalities for imaging in terms of penetration depth,
high spatial resolution, use of non-ionizing radiation, superior tissue contrast than CT
imaging, concurrent collection of metabolic and physiological data with anatomical
images, molecular information through MR contrast agents and excellent clinical utility.

However, it is an expensive technique with poor sensitivity as compared to other
modalities used for molecular imaging and temporal resolution. The poor sensitivity leads
to the requirement of large amount of imaging agents which could be problematic due to
toxicity and/or likely change in biological system through pharmacological effects. In
spite of not having favourable sensitivity and being relatively expensive, MRI has

revolutionized the medical diagnosis and basic research.

1.2.2.3 Nuclear medicine modalities (PET & SPECT)

Nuclear properties of radioactive nuclides are utilized in nuclear medicine for
diagnosis to evaluate anatomical and physiological conditions and/or treat using
radioactive sources. It has gained universal acceptance as a powerful discipline for

non-invasively diagnose the diseases since it not only finds out the location and size
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of the lesion but also evaluates its functional status. Nuclear medicine incorporates the

use of radiopharmaceuticals, both for diagnostic as well as therapeutic applications.

A radiopharmaceutical which is used as an imaging agent must give a better visual
representation of the target tissue with least radiation exposure to the non-target
tissues. The main objective of developing an imaging agent thus lies in selective

localization of target coupled with its fast clearance from the body.

Among the various clinical syndromes where nuclear medicine paved its way,

neurology, cardiology and oncology have been nourished the most by this field.

1.2.2.3.1 Tomographic imagers

A basic limitation of the scintillation camera is depiction of three dimensional activity
distributions in two dimensional forms. The third dimension structure and depth are
underlying and overlying which makes its understanding difficult. This problem can
be partially solved through image capture from various angles. This strategy was not

very successful due to complex environment of region to be diagnosed.

In present scenario, techniques of tomography are applied for delineation of the
imaging object’s depth using rigorous mathematical algorithms for reconstruction of

the images at different slices (Saha & Saha, 2004).
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1.2.2.3.2 Positron emission tomography (PET)

PET can image the functional aspect to study the physiological, biochemical and
pharmacological process in vivo. A chemical structure designed to bind biological
molecule of interest is labelled with an isotope which can emit positron i.e. *'C, *°F,
BN, 0, #Rb and ®®Ga. In principle, it is possible to label the majority of natural
substrates that are chemically not distinguishable from their unlabeled counterpart as
oxygen, carbon and nitrogen are included in most organic molecules. In practice, the

brief physical half-life of PET isotopes can make the radiosynthesis difficult.

Basic Principle of PET

B+ emitted by decaying nucleus collides with an e” of a nearby atom after travelling a
short distance. The emitted positron loses its kinetic energy in matter mostly by
exchanging energy with electrons that causes ionizations and excitations in a similar
manner to that of a normal electron. Consequently, the distance travelled by a positron
depends on its energy. Positron stops and combines with ordinary electron of nearby

atom, forming positronium as an intermediate.

On interaction of a positron with an electron, annihilation turns the mass into two 511
keV gamma-rays energy which emit at 180° apart, escaping from the body. These

photons are recorded by external detectors for imaging purpose.

As an annihilation radiation consists of two photons of 511 keV emitted
simultaneously and travelling co-linearly in opposite directions, it provides a special
detection method called coincidence detection. (Fig 1.2) The basis of detection is that

two detectors placed on each side of annihilation point may register these photons
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reaching the detector crystal almost simultaneously. The registered coincidence means
that a positron has been emitted somewhere between the two detectors on a line. The
PET camera has several coincidence detectors arranged in rings and connected to a
computer for data collection (Wernick and Aarsvold 2004). The reconstruction of data

by computer will yield a description of distribution of the radioactivity.

Stable
isotope Photon
511 keV
Positron |
emitting
isotope

Photon
511 keV

neutrino

Fig. 1.2: In vivo principle/function of PET isotope

Nal(TI), GSO (gadolinium oxyorthosilicate), LYSO (lutetium yttrium oxyorthosilicate),
LSO (lutetium oxyorthosilicate), or BGO (bismuth germinate) are primarily used to make
detectors. PET system consists of multiple detectors having rings with different shapes

like circle, octagon or hexagon and 2 to 8 in number. There are two detector attached

15



Chapter 1: Introduction and Literature Review

opposite to each other to simultaneously acquire coincidence signals from several slices
of the person. Another variety of camera named dual head camera can be used in PET as
well as in SPECT having two detectors that rotates. The coincidence data acquisition

takes place in PET and collimators are utilized in SPECT.

Sensitivity of PET

The PET sensitivity depends on two types of efficiencies: detection and geometrical.
The PET differs with SPECT in terms of involvement of two coincidence detectors
with no collimator. The sensitivity of the PET is dependent on the intrinsic efficiency
of critical component in the detector material. In terms of geometric efficiency, PET
is more efficient than SPECT due to the larger coverage of the total space angle
through single and multi-detector rings. In addition to this, more y rays in PET can be
detected due to their higher energy (511 keV) leading to less relevant tissue
absorption. For a source with small volume, the overall sensitivity of PET systems is
0.005 cps/sec and upto 0.1 cps/Bq for a single ring system and 3-D acquisition in a

multi ring system, respectively.

The signal to noise ratio (SNR) can also be improved by measuring and exploiting the
gap in times of arrival of y rays. This PET technique with time-of-flight (TOF) locates
the event having emission within 4-10 cm. The statistical uncertainty can be reduced
in the reconstructed image by including this information with a higher signal to noise

ratio, which could be higher than that of conventional PET (Phelps 2000).

Although there is large number of positron emitting radionuclide available, only a few

of them qualifies for PET application.
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Table 1.2: Main physical characteristics of medically important PET isotopes

Isotopes Half life (min) Ma;iqr:rLér; (?((;s\i/t)ron % of positron decay

1 20.4 970 99.8

BN 10.0 1190 100

o 2.05 1720 99.9

18F 109.7 635 97

%Ga 67.8 1899, 821 87.7,1.2

2Rb 1.3 3378, 2601 81.8,13.1

%cu 12.7h 653 175

Both PET and SPECT can generate 3-D images detecting activities at molecular level

which are complimented through structure produced from CT or MRI (Halldin et al.,

2001).

PET radiopharmaceuticals

Table 1.3: Examples of PET radiopharmaceuticals

[*'C]-PET Radiopharmaceutical

Applications in clinics

1. *C-acetate

Cancer (Grassi et al., 2012)

2. 'c-choline

Cancer (Reske et al., 2006)

3. 'C-methionine

Parathyroid, lymphoma, neuroblastoma (Singhal et al.,
2008)

4.''c-PIB

Alzheimer's disease (Rabinovici et al., 2007)

5. "'C-raclopride

Parkinson’s disease (Hirvomen et al., 2003)

6. 1*C-palmitate

Viability of myocardia (de Jong et al., 2009)

7. 1'C-O-methyl-L-tyrosine

Breast cancer chemotherapy monitoring in research
(Ishiwata et al., 2004)

8. 'C-PK11195

Alzheimer’s disease, multiple sclerosis, Huntington’s
disease (Dupont et al., 2017)

9. 1'C-Flumazenil

Cerebrovascular disease, anxiety, epilepsy (Froklage et al.,
2012)

10. *C-nicotine

Alzheimer’s disease (Kadir et al., 2006)
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[**F]-PET Radiopharmaceutical

1. 8F-fluoroDOPA

Neuroendocrine tumors and Parkinson’s disease (Morrish et
al., 1998)

2. 8F-fluoride Bone metastasis (Ramos 2015)

3. ®F-FES Cancer (Dixit et al., 2013)

4. ¥F-FLT Cell proliferation (Bollineni et al., 2016)

5. ¥F-FMISO Hypoxia imaging (Rajendran and Krohn 2015)

6. 8F-fluoromethylcholine

Cancer (Brogsitter et al., 2013)

7. BF-FAZA

Hypoxia (Zheng et al., 2015)

8. BF-FDG

Cancer (Petriev et al., 2016)

9. ®F-FHBG

Receptor gene therapy (Min and Gambhir 2008)

10. ®F-Galacto-RGD

Cancer (Beer et al., 2005)

[**N]-PET Radiopharmaceutical

13N-ammonia

Myocardial perfusion (Beer et al., 2006)

[*°*O] PET Radiopharmaceutical

0-oxygen

Oxygen metabolism (Herzog et al., 2009)

%0-carbon monoxide

Blood volume (Frackowiak et al., 1980)

®*0-carbon dioxide

Blood flow (lida et al., 1995)

50-water

Blood flow (Kaufmann et al., 1999)

[***1] PET Radiopharmaceutical

1241 _G250-mADb

Cancer (Lin et al., 2015)

[**Cu]-Radiopharmaceutical

[**Cu]-ATSM

Cancer (Lewis et al., 2008)

1.2.2.3.3 Single photon emission computed tomography (SPECT)

SPECT utilizes gamma rays for imaging which is capable of providing 3-D

information. Gamma camera captures SPECT images that capture several 2-D images

from various angles. Thereafter, 3-D dataset is obtained by applying algorithm of

a tomographic reconstruction on multiple projections using computer. This data set

may demonstrate thin slices of the body along any axis similar to tomographic images

from other imaging techniques like MRI, CT and PET.
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SPECT radiotracers are gamma emitting isotope containing small molecules with
molecular weight < 2000. Radiopharmaceuticals for SPECT are developed through
incorporation of clinically useful SPECT radioisotopes into molecules that can reach the
target with selectivity and specificity. In general, SPECT isotopes emit gamma energy
of medium value (100 to 400 keV) with suitable physical half-lives as mentioned in

Table 1.4. Out of these, the most commonly utilized isotopes are *™Tc and *#I.

There are several reactions which have radio-iodination such as oxidative iodination
and aniododestannylation. Availability of *?’I is a major drawback for using its
compounds in routine due to requirement of cyclotrons or accelerators. In contrast,
%mTc is a commonly used radionuclide in nuclear medicine which has various
advantages such as favourable physical characteristics, suitable half-life (ty, = 6.02
h), a gamma ray emitter with 140 keV energy and wide availability due to production
through **Mo/®™Tc generators and easy preparation procedures for various *™Tc
based radiopharmaceuticals through simple kit formulations.

Table 1.4: Main physical characteristics of medically important SPECT isotopes

Radionuclide Half life Energy (in keV) Decay mode
®MTe 6.02 h 140 Isomeric Transition (100%)
B3 8.03d 364 B~ (100%)
123) 13.22h 159 Electron Capture (100%)
n 2.8d 171 Electron Capture (100%)
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Mode of action

In SPECT, there is an accumulation of injected radiopharmaceuticals in suspicious
part of the body. When radionuclide decay happens, there are emissions of gamma
rays in all directions. In the body, there is scattering and attenuation for some gamma
rays. These gamma rays are captured using a gamma camera rotating around the
patient. The basic gamma camera has collimator, scintillation crystal and several
photomultipliers. The collimator captures gamma rays at 90° angle trajectory to the
plane of detector and blocks rest. There are lead walls in honeycombed array of holes
to prevent gamma rays’ penetration from one hole to another. Mostly parallel-hole
collimator is used. The magnification of object size in image can be the purpose of
using other types of collimators. A pinhole collimator is converging collimator that
allows magnification of closely placed objects of small size. The low efficiency of

gamma ray utilization is major disadvantage of collimators.

The collimator converts passing gamma rays into a detectable signal which is detected
through detector usually made of thallium doped single sodium iodide crystal. On
striking the scintillation crystal, there is a loss of energy of gamma ray due to
photoelectric interactions and light emission thereafter. The photomultipliers are
coupled with the scintillation crystal to produce electrical signal from light signal.
Anger position network is used for the positioning of the scintillation based on

outputs of the relative signal of the photomultipliers.

In SPECT, the spatial resolution is dependent on several aspects. The intrinsic
resolution of scintillator-photomultiplier is around 3 mm, collimator is the limiting
factor for the practical resolution of the gamma cameras. However, the spatial

resolution of SPECT in clinics is in the range of about 1-2 cm which is dependent on
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collimator type and distance between collimator and gamma ray source. In animal
systems, resolution is about <3 mm and pinhole collimators type of special

collimators are used.

The commonly used SPECT systems consist of one to three Nal(TI) detector head
containing gamma camera, computer for online data acquisition and processing along
with a system for display. The rotation of detector head is at small angle increments
(3° to 10°) for 180° or 360° angular sampling around the patient’s long axis. The data
are stored in the computer in a 64 X 64 or 128 X 128 matrix which is utilized to
reconstruct the slice of interest i.e. images of plane. The collected data can be used to
reconstruct transverse, sagittal, and coronal images (Khalil et al., 2011).

SPECT radiopharmaceuticals

Table 1.5: Examples of SPECT radiopharmaceuticals

23|_ radiopharmaceutical

1. *21-FP-CIT Parkinson’s disease (Benamer et al., 2000)

2.®1-CLINDE Alzheimer’s disease, Multiple Sclerosis,
Huntington’s disease (de Vries et al., 2006)

3. 21-MIBG Heart failure, cardiac sympathetic dysfunction

(Miyamoto et al., 2008)

¥™T¢_Radiopharmaceutical

1. ®"Tc-TRODAT

Parkinson’s disease, depression (Huang et al.,
2001)

2. %¥™Tc- EDDA/HYNIC-TOC

Cancer (Lin et al., 2015)

3. ¥MTc-Annexin V

Apoptosis, cancer, cardiovascular risk, transplant
rejection (Kuge et al., 2004)

4, ®™Tc-Rituximab

Cancer (Wang et al., 2006)

1 n-radiopharmaceutical

1. [**'In]-DOTAZ(HER2:342-pep2)-affibody

Cancer (Orlova et al., 2007)

2. ["In]-panitumumab-affibody

Cancer (Gong et al., 2014)
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Sensitivity of gamma-cameras (SPECT)

The higher absorption efficiencies can be achieved through the development of new
detector crystals. A crystal with a large atomic number and a high density will be
ideal for a high detection efficiency of y ray. A high level of light output and a large
optical transparency is a must for efficient light transmission. Another approach is the
using semiconductor based detectors, such as CZT (cadmium zinc telluride), which
can generate electronic signal from y-ray. These solid-state type detections eliminate

Compton-scattering to provide an improved resolution of energy.

Key strengths and limitations of PET and SPECT

These nuclear imaging modalities are advantageous over anatomical capturing
modalities like MRI and CT as in disease, changes at biochemical level occur before
changes at anatomical level. However, PET and SPECT are disadvantageous, due to
non availability of anatomical frame of reference. Multimodality imaging combines
the instrument of different modality to combine the strength of each modality and
overcome the weaknesses of each modality. For example, PET/SPECT with CT/MRI

can provide molecular and anatomical information in a single scan.

Additionally, radionuclide imaging techniques has safety aspect also. Both PET and
SPECT use ionizing radiation limiting the number of scans per year through these
modalities. The maximum exposure for the general public and radiation workers are 5
mSv per year and 50 mSv per year, respectively which is considered while planning

of clinical studies.

The excellent sensitivity, quantitative capabilities, and limitless penetration depth are

the key strengths of PET. In a nut shell, both modalities are very useful modalities to
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investigate processes at molecular level in living beings and are used in clinics and in

research for imaging diseased state and biological processes.

1.3 Type of radiopharmaceuticals
Radiopharmaceuticals can be divided into two classes of drugs: metal essential
(integrated radiopharmaceuticals) and metal tagged (biomolecule-based radio-

pharmaceuticals).

In nuclear medicine, radionuclides are mostly used in various chemical compounds
that are applicable due to their favourable physiological, biochemical and metabolic
properties. In metal-based radiopharmaceuticals, the presence of a particular metal is
essential for the desired biodistribution in body. Each metal complex has its unique
distribution because of its affinity for particular receptors and distribution of those
receptors in body or its unique biochemical and biophysical properties. A metal may
be incorporated into bioligand without affecting its biochemical properties. This is
called integrated approach for radiopharmaceutical preparation. (Fig. 1.3) In this
approach, a metal is present in a part of ligand with high affinity towards receptor.
There is minimal change in structure, shape, and size. Ideally not much effect on
binding affinity of ligand should be there but it is a challenge to synthetically come up

with such target molecule without compromising its binding affinity.

@ Ligand Ligand @ Ligand

Fig. 1.3: Integrated or metal essential radiopharmaceuticals
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Metal complexes of Technetium, Rhenium, Indium, Thallium, Chromium, and
Gallium have been explored and some have been approved for clinical studies.
Among these, Technetium complexes have been the most explored and maximum of
the approved radiopharmaceuticals are from this metal. When the coordination
property of the Technetium and its resultant complex decides the localization in
biological system, the complex is called “technetium essential” radiopharmaceuticals.
(Fig. 1.3) Technetium form complexes with various coordination geometries (IV-1X)
and several ligand-types can coordinate with it. Therefore designing of specific ligand
for “™Tc containing radiopharmaceuticals is possible. In certain cases, the ligand will
have the properties of the complex defining its biological properties. For example, the
technetium diphosphonate skeletal based imaging agents deposit on growing bone site

due to diphosphonate’s high affinity towards bone which is growing actively.

1.4 PET molecular imaging agents for central nervous system

1.4.1 Imaging agents for the Dopaminergic Neurotransmission

The dopaminergic system is involved in various disorders of brain for example,
Parkinson’s disease and Schizophrenia. There are five subtypes of dopamine receptor
(D1-Ds) which are divided in two families (Jaber et al., 1996; Seeman and Van 1994).
D; family (D; and Ds) and D, family (D,, Ds, and D,). D; and D, subtypes are
relatively more abundant in the striatum with Bnax values being 50 and 20 pmol/g
tissue, respectively making it better target for developing probes for molecular
imaging. (Hall et al., 1994) D, receptor was the first receptor which was visualized in
human brain through PET agent with [**C]-3-N-methylspiperone, a derivative of

butyrophenone (Wagner et al., 1984). However, butyrophenones lacks in sensitivity
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which binds with D, receptor subtype as well as 5-HT, (subtype-2 of 5-
hydroxytryptamine) receptors with high affinity. Also there is irreversible binding not
allowing equilibrium studies. The derivative of other compound i.e. benzamide are
relatively more selective as well as demonstrate binding in reversible manner. [*'C]-
raclopride, a PET ligand of benzamide derivative, is widely utilized for investigating
D,/D3 receptor subtypes in the patients of PD, HD and Schizophrenia (Farde et al.,
1986; Dewey et al., 1993; Breier et al., 1997; Nyberg et al., 1998; Talbot and Laruelle
2002). Examples of structural analogues for visualization of D, subtype as PET agents
using *®F and **C radionuclide are Fallypride (Mukherjee et al., 1999) and FLB (Aalto
et al., 2005), respectively. For the assessment of D; receptor subtype, [*'C]-
SCH23990 (Farde et al., 1987) and [*'C]-NNC112 (Halldin et al., 1998) are used.

Currently, there is no PET radioligand available for the subtype D3 and Dg.

There are *C and *F labelled cocaine congeners such as [*'C]-PE21 (Francken et al.,
1998) [*|F]-CFT (Laakso et al., 1998), and [*®F]-FECNT (Goodman et al., 2000)
developed for dopamine transporters (DATSs) which is used in clinics to assess the
altered DAT concentration in PD. DAT ligands are also developed for therapy in

brain disorders.

1.4.2 Imaging agents for the Serotonergic Neurotransmission

The serotonergic system is implicated in several psychiatric and neurological
disorders such as schizophrenia, AD, depression, and anxiety. There are 16 subtypes
of receptor but imaging probes for PET are available for 5-HTia and 5-HT;a
subtypes. 5-HT1a and 5-HT,a are present in the hippocampus and neocortical of the

brain in high concentration.
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[M'C]-WAY100635 is highly selective for the subtype 5-HT:a receptor in humans
(Farde et al., 1998; Rabiner et al., 2001) which is used to demonstrate reduction in
density of 5-HT14 in case of major depression (Drevets et al., 2000). The analogues of
WAY100635 with fluorine are [**F]-p-MPPF (Passchier et al., 2000) and [*°F]-
FCWAY (Carson et al., 2000) are potential 5-HT14 receptors’ imaging probes. Some
other probes for subtype are [*'C]-NAD-299 for 5-HT;a (Sandell et al., 2002) [*'C]-
MDL100907 (lto et al., 1998), [*|F]-Altanserin (Biver et al., 1997), and [“®F]-
Setoperone (Blin et al., 1990) for 5-HT>a.

(+)[**C]MCcN-5652 was the first promising tracer of the serotonin transporter (SERT)
(Frankle et al., 2005). It shows slow kinetics and high non-specific binding. This PET
ligand has demonstrated that SERT density significantly increases in the thalamus
region during depression (Ichimiya et al., 2002). Some of the highly promising and
recently developed diarylsulfide derivatives as PET agents for SERT are [*'C]-DASB
(Houle et al., 2000), [**C]-MADAM (Lundberg et al., 2005), and [*'C]-HOMADAM

(Jarkas et al., 2005).

1.4.3 Imaging agents for the Cholinergic Neurotransmission

The association of cholinergic system is with various psychiatric and neurological
disorders such as cognitive, depression and memory disorders. Nicotinic and
muscarinic are two known acetylcholine receptors classes. Few [**C]4-NMPB
(Zubieta et al., 2001; Mulholland et al., 1995), [*'C]3-NMPB (Tsukada et al., 2001;
Takahashi et al., 1999), and [*'C]-bezotropine (Dewey et al., 1990) are few PET
ligands which are used for muscarinic receptors. They lack selectivity for subtypes of
receptor. PET ligand [*'C]4-NMPB correlated decrease in muscarinic receptor density

with normal aging. The PET agent for nicotinic receptor is [*'C]-Nicotine but are
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highly non-specific in binding (Nyback et al., 1994; Muzic et al., 1998). Several
derivatives of epibatidine demonstrated high specific binding and have been utilized
as PET imaging agent. Epibatidine as well as some of its analogues demonstrated
were never utilized on human due to extremely high toxicity. The nontoxic imaging
probes for subtype R42 receptor are [*®F]2-F-A-85380 (Koren et al., 1998: Gallezot et
al., 2005) and [*®F]6-A-85380 (Horti et al., 2000; Ding et al., 2004). They are under
investigation for human use. Studies demonstrated correlation of R42 density
reduction with disease severity (Kendziorra et al., 2006).

For central acetylcholinesterase activity measurement, the potential PET imaging

agents are [*'C]JMP3A and ["'C]MP4A. PET studies demonstrated reduction in AD

patients (lyo et al., 1997).

1.4.4 Imaging agents for g-amyloid

In case of AD, brain has extracellular p amyloid-rich f amyloid plaques as well as
phosyperphosphorylated tau filaments in intracellular neuro fibrillary tangles (NFTs).
[*°F]-FDDNP is a naphthalene derivative which is lipophilic PET imaging probes for
B-amyloid plaques and NFTs which can identify mild cognitive impairment in AD
patients (Shoghi et al., 2002; Rowe et al., 2007). 'C-labeled PET agents Pittsburgh
Compound B ([*'C]JPIB) and [*'C]SB-13 showed potential for human application in
imaging of B amyloid plaques. [*'C]PIB demonstrated higher uptake in AD patient as
compared to healthy controls. Its uptake was correlated with distribution of B amyloid
plaque in histopathological studies in aging but not with severity of dementia in AD
(Verhoeff et al., 2004). A F-18 based PET agent for p amyloid plaques [*F]-BAY,
with high affinity binding, has found its usefulness in early detection of § amyloid in

disease and in discriminating well in AD patients and healthy individuals (Rowe et
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al., 2007). These results demonstrated that potential imaging agents for  amyloid can

provide better insights into AD progression.

1.4.5 Imaging agents for the Glutamatergic Neurotransmission

Glutamate regarded as the neurotransmitter with major excitatory ability in the CNS.
Metabotropic glutamate receptors (mGIuRs) and ionotropic glutamate receptors
mediate its effect. The ionotropic glutamate receptors are AMPA (R-amino-3-
hydroxy-5-methylisoxazole-4-propionate), NMDA (N-methyl-D-aspartate), and
kainite receptors. The mGIuRs are involved in the activation of intracellular systems
of secondary messenger when bind with glutamate, its physiological ligand. The eight
subtypes of metabotropic glutamate receptor are placed in three groups: mGIuRs 1
and 5 in Group I; mGIluRs 2 and 3 in Group II; and mGIuRs 4, 6, 7, and 8 in group Il1.
Group | regulates neuron excitation through fluctuation, group Il and group Il are
involved in inhibition of adenylatecyclase and reduction of synaptic transmission

thereafter (Meador et al., 2002).

lonotropic glutamate receptors are possibly involved in cognitive functions like
learning and memory, and a variety of diseases related to brain such as depression
(Tatarczynska et al., 2001), anxiety (Spooren et al., 2000), schizophrenia (Ohnuma et
al., 1998), PD (Rouse et al., 2000), addiction with drug (Chiamulera et al., 2001), and
various pain states (Sotgiu et al., 2003; Walker et al., 2001). No suitable ligand for
PET is currently available to image the ionotropic glutamate receptors (Blin et al.,
1991; Hartvig et al., 1995; Ametamey et al., 2002). Recently, three new compounds
with fluorine are reported for PET application to image mGIluRs although their human

use is not clear (Hamill et al., 2005; Simeon et al., 2007). A novel antagonist of
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mGIuRs, with selectivity and high-affinity is a promising PET radioligand to image
mGIluRsfor application in humans (Ametamey et al., 2006; Ametamey et al., 2007).
One more novel compound, [*'C]-ABP688, demonstrated its uptake in region of
mGIuRs in human brain and is being explored for diagnosis of neurological and

psychiatric disorders (Verhaeghe et al., 2018).
1.5 Currently used SPECT molecular imaging probes for brain imaging
9mTc.Hexamethylpropyleneamineoxime (**"Tc-HMPAO)

As radiotracer, *™Tc-HMPAO demonstrates relative flow of blood (increased or
decreased) in different regions of brain depending upon the disease. It finds
application in clinical problems such as AD, depression, acute leukemia associated

CNS toxicity and brain death imaging.
LT| Chloride

2LT] chloride is potassium analogue and utilizes K pump for measurement of
metabolic activity. Its distribution in CNS is dependent on BBB breakdown and
relative flow of blood in CNS. SPECT images 2 h post injection demonstrated its

increased retention in malignancies such as lymphoma and glioblastoma.
¥MTc-ECD

SPECT imaging using ®"Tc-ECD tracks metabolic activity. It provides cerebral
blood flow map which is not quantitative. It has found application in following
symptoms of psychosis in PD, detecting the seizure activity foci post febrile seizures,

and revealing abnormalities in specific brain in case of seizure activity.
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[*#1]-10flupane

[*?1]-1oflupaneia an FDA approved SPECT agent (DaTscan™) for imaging DAT
and has been utilized in assisting the development of compounds for PD diagnosis

showing reduced striatum uptake in comparison with healthy individuals.
¥MTc-TRODAT

The technetium-labelled agent, **™Tc-TRODAT for DAT imaging showed good
difference in uptake in healthy individuals and PD patients. But its low target to
background ratio proved hindrance in follow up of PD. This can have wide use in
clinics as technetium in easily available. However, slight changes can be detected

with [*®F]-dihydrotetrabenazine (DTBZ) (AV-133).
1.6 Traumatic Brain Injury (TBI) imaging

TBI, a heterogeneous disease, is differentiated on the basis of severity,
pathophysiology and injury mechanism. Pathophysiological differentiation is primary
and secondary traumatic brain injury. In primary traumatic brain injury, there will be
traumatic event of initial stage and as per severity, may have extra/intra parenchymal
hemorrhages. Clinically, CT and MRI are used for the evaluation. In secondary TBI,
molecular level changes are observed which involve inflammatory responses,
apoptosis, and excite toxicity mediated by neurotransmitter. These initial trauma
initiated events may persist for extended time period. In 1980s, **F-FDG was used to
image hypometabolism in patients with TBI through PET reflecting disturbances in

metabolism of glucose in addition to abnormalities in structure demonstrated through
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MRI and CT. In 1990s SPECT using *™Tc-HMPAO evaluated the effects of brain
trauma on rCBF. In TBI patients, SPECT using *™Tc-HMPAO could identify more

focal areas in comparison to CT or MRI.

Recently, a study demonstrated that brains of TBI and AD patient have similarities
and both tend to accumulate amyloid plaques. Current research focuses to image
secondary TBI pathophysiological neuroinflammation, particularly microglia
activation. Several neurodegenerative diseases are associated with chronic microglia
activation. There was increased [*'C]-(R) PK11195-TSPO binding, expressed by the
activated microglial mitochondria, in the putamen, occipital cortices, thalami, and
posterior limb in TBI patients. There was a correlation i.e. more the severe cognitive

impairment, higher the binding in the thalamus.

Imaging of TBI may provide more information to discover novel diagnostic agents.
[**F]-FDG-PET can indicate injured region through hyper metabolism and **™Tc-

HMPAO-SPECT through hypo perfusion.

Primarily, the TSPO agents are applied for imaging in research and suffer with the
limitation of genotyping requirement as there is variable binding affinity towards
TSPO due to TSPO polymorphism. Recently developed agents are at various stages of

development.
1.7 Translocator protein (TSPO)

The translocator protein (TSPO, 18 kDa), originally designated as the peripheral

benzodiazepine receptor, has 169 amino acids which is rich in tryptophan and highly
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hydrophobic (Casellas et al., 2002). TSPO is present in several tissues in the body and
up-regulated under inflammatory conditions. The healthy brain has low TSPO
expression on microglia which is found in CNS as the primary immune cells.
However, injured brain activates microglia; in response expression of TSPO is up-
regulated. Therefore, TSPO expression is considered as neuroinflammatory marker.
Even various neurological diseases also reflect its increased expression in brain.
Imaging TSPO with nuclear imaging modalities is potential tool for clinical
assessment of neuroinflammation which in turn can increase the correlation of
neuroinflammation with diseased brain as well as assess the efficacy of therapy. The
sequence homology present in cDNA that encode TSPO in several species for
example humans, bovine and rodents are 80% (Garnier et al., 1994; Chang et al.,
1992; Parola et al., 1991). TSPO (18kDa), voltage-dependent anion channel (VDAC,
32 kDa) and the adenine nucleotide carrier (ANC, 30 kDa) forms a multimeric
complex in the outer membrane of mitochondria (Papadopoulos et al., 1997;
McEnergy et al., 1992; Anholt et al., 1986). The 3-D modelling studies revealed that
TSPO has a 5a-helices structure present on the membrane of mitochondria (Bernassau
et al., 1993). TSPO is also associated with two proteins steroidogenic acute regulatory
protein (StAR) and kinase A associated protein 7 (PAP7) which is located in
steroidogenic tissue and participate in steroid synthesis. Furthermore, an acylCoA
motif is present in PAP7 that is in sequence to DBI (diazepine binding inhibitor),
predicting a common interaction site between TSPO, DBI and PAP7 (Lacapere and

Papadopoulos, 2003).
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1.7.1 Endogenous TSPO ligands

Several of endogenously present TSPO ligands has been recognized. DBI (Diazepam
binding inhibitor) is predominantly present in CNS and in peripheral organs (Guidotti
et al., 1983). It also has affinities for CBR and TSPO in micromole (uM). The
cleavage of DBI, 86 amino-acids containing peptide of 10 kDa, into biologically
active fragments such as eicosa neuro peptide (ENP), octadecaneuro peptide (ODN),
and triakonta tetra neuro peptide (TTN). On comparison with DBI, TTN has similar
affinity but more selectivity, and ODN has less potency (Slobodyansky et al., 1989;
Ferrero et al., 1986). Steroidogenesis can be stimulated by DBIs and and neurosteroid
synthesis can be stimulated by TTN as found in cells of C6 glioma through TSPO
interaction (Papadopoulos et al., 1991). One more endogenous TSPO ligand is
Cholesterol which has nanomolar (nM) affinity towards TSPO (Lacapere et al., 2001).
Supposedly steroidogenesis happens through transportation of cholesterol to the inner
membrane of mitochondria by binding to the CRAC (Li et al., 2001). Few other
endogenously present ligands, exhibiting high affinities towards TSPO (in nM range)
but not for CBR, are the porphyrins (ehemin, mesoporphyrin IX, protoporphyrin IX
and deuteroporphyrin IX) (Snyder et al., 1987). The tetrapyrrolic pigments porphyrins
are synthesized in the pathway of biosynthesis of hemoglobin, mitochondrial
cytochrome, heme, and few more heme proteins. The heme biosynthesis and
occurrence of initial and final steps of biosynthesis of porphyrin in mitochondria fits

in the concept of porphyrins as endogenous ligands (Verma and Snyder, 1989).
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1.7.2 Tissue distribution and subcellular location of TSPO

Primarily, the localization of TSPO on subcellular level is on the outer mitochondrial
membrane which was performed through binding studies on rat using the [*H]-
PK11195, as elective ligand. TSPO are found in kidneys, lungs, liver, heart, adrenal
glands, testis, and skeletal muscle of rat (Anholt et al., 1986; Antkiewicz- Michaluk et
al., 1988). These findings were confirmed by immunohistochemistry for TSPO using
electron microscopy and confocal microscopy (Bribes et al., 2004; Garnier et al.,
1994). One study showed TSPO presence in red blood cells which do not have
mitochondria, indicating non-mitochondrial presence of TSPO (Olson et al., 1988). In
few studies in organs like liver, small quantity of TSPO may be present on plasma
membrane (Woods et al., 1996). Additionally, human cancer cells such as breast
cancer, hepatic tumor, and glioma demonstrate presence of TSPOs in perinuclear and
nuclear area (Hardwick et al.,, 1999; Corsi et al., 2005; Brown et al., 2000).
Anatomical distribution of TSPO in the body has been demonstrated through
autoradiography and radioligand binding assays using selective TSPO ligands PK-
11195 or R05-4864 labelled with tritium. The TSPO is found in abundance in
secretory and glandular tissues for example pineal gland, adrenal glands, olfactory
epithelium, gonads, and salivary glands, at intermediate level in myocardial and renal
tissue and at relatively low level in brain (Gavish et al., 1999). Within a given organ,
TSPO is not homogeneously distributed. In the adrenal glands, there is high density of
TSPO in adrenal cortex and no TSPO in medulla in rat liver (Anholt et al., 1986).
TSPO is found in hepatocytes as mitochondrial form and in biliary epithelial cells as

non-mitochondrial form (Woods et al., 1996). The expression of TSPO is in blood
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cells with polymorphonuclear neutrophils and monocytes having the highest

concentrations (Canat et al., 1993).

11C-PK11195, a derivative of isoquinoline carboxamide and TSPO antagonist, is the
most widely used PET radioligand for TSPO. Initially, racemic 'C-PK11195 was
used but later R-enantiomer demonstrated almost double binding affinity as compared
to the S-enantiomer resulting in use of **C-(R)-PK11195 for subsequent PET studies
for neuroinflammation and oncologic diseases. However, *'C-PK11195 is widely used
but restricted to the neuroinflammation imaging due to its major limitations.
11C-PK11195 has relatively high non-specific and plasma protein binding and low
brain permeability that resulted in PET images with a low specificity and low signal-
to-noise ratio. Therefore, detection of slight alterations in neuroinflammation and
accurate tracking of neuroinflammation is not possible with *C-PK11195. Also,
¢ requires on-site cyclotron due to its short half-life for the use of this radiotracer.
This, resulted in the fluorine (**F) based TSPO radiotracers development, which does
not require on-site cyclotron as *°F based TSPO ligands have improved access of the

radio isotope to clinicians and researchers as well as reduced costs.
1.7.3 Second and third generation TSPO radiotracers for neurologic diseases

With the synthesis of various TSPO-specific fluorinated radiotracers, several studies
on neurological and oncological diseases have been carried out. The glioma models
on rat have demonstrated high uptakes of *F-DPA714 and ‘®F-PBRO06 in tumor than
the contralateral hemisphere with high degree of specific binding to TSPO (Buck et
al., 2011, Tang et al., 2012). However, the major limitation of TSPO imaging of brain

tumor is lack of differentiation between tumor cells and inflammatory cells around the
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tumor. Preclinical and clinical studies of TSPO expression in AD has also been
investigated using PET in which microglial activation takes place (James et al., 2012;
Lyoo et al., 2015). Stroke researchers have also imaged TSPO for investigation of
purpose of neuroinflammation after acute cerebral infraction using PET. Imaging of
periinfarction as well as core areas in ischemic model of rat have been performed
through various TSPO radiotracers. These studies demonstrated specific uptake in the
ischemic infarct region which is in agreement with studies performed by ex vivo

autoradiography (Varrone et al., 2013).

In vivo imaging of TSPO using PET of neuroinflammation in patients with MS is
possibly the greatest opportunity in clinical condition. Both acute as well as chronic
neuroinflammation have been therein the clinical manifestation and pathogenesis of
multiple sclerosis; however, lack of assessment of neuroinflammation in vivo made
this correlation difficult (Yui et al., 2010). On comparison with control, the
expression of TSPO was observed in these mice-brains which were correlated with ex
vivo autoradiography and immunohistochemistry studies (Xie et al., 2012). In future,
the TSPO radiotracers for PET can be used for evaluation and monitoring of MS as
demonstrated in the study i.e. reduced the radiotracer uptake post immune suppressant
drug treatment (Xie et al., 2012; Airas et al., 2015). The potential utility of TSPO
radiotracers for PET *®F-PBR111 and 'C-PBR28 has been demonstrated on patients
with MS with increased uptake of radiotracer in white matter of lesional and
perilesional region as compared to that of non-lesional region. There is positive
correlation between radiotracer uptake with disease severity or duration (Colasanti et

al., 2014; Oh et al., 2011).
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1.7.4 Limitations of new TSPO radiotracers

New radiotracers for TSPO have shown promise for several application of evaluation
and monitoring, still there are several issues that may limit clinical use in routine.
Based on TSPO affinity, three binding groups are defined: high-, mixed- and low-
affinity binder on the basis of binding affinity of second generation of TSPO tracers
such as 'C-PBR28 (Owen et al., 2011). This non-binding issue is a major limitation,
which has been attributed to a single polymorphism (rs6971) present in the TSPO
gene in which threonine is substituted by alanine (Owen et al., 2012). The Ala/Ala,
Ala/Thr and Thr/Thr are present is present in high-, mixed- and low-affinity binders,
respectively (Guo et al., 2013). However, in patients with low-affinity binders, the

clinical usefulness of PET for TSPO is limited as images are of low quality.

The ligand from first generation, PK11195 is not having problem of non-binding issue
but it is non-specifically binds. The second generation TSPO ligands are specific but
have non-binding issues. The other aspect for TSPO ligands is limited specificity
towards activated microglia (Lavisse et al., 2012). The limitations of existing ligands
need to be taken care to get better ligands for TSPO as a biomarker are required for
the imaging of immune cells. More selective ligands would be useful for the
qualitative as well quantitative analysis of neuroinflammation. The existing PET
ligands are showing limitation in terms of TSPO ligand but also in terms of cost and
infrastructural requirements of cyclotron. This reduces the reach of the TSPO ligands
for various applications. The ligand with good selectivity for TSPO along with its
ability for more widely used modality could be of great value for diagnostic

applications.
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Therefore, there is a need of a ligand to have more specificity, biocompatibility, easy

availability, lipophilicity, and free from non-binding issues.

1.8 Aims and objectives of present study

Aim: Development of acetamidobenzoxazolone based TSPO ligand for SPECT

application

Objectives of the study: In order to fulfil the aim of the present work, the following

objectives were outlined:

a.

b.

To develop in silico pharmacophore based on acetamidobenzoxazolone

To design molecules on the basis of pharmacophore developed and in silico

validation
To synthesize and characterize the designed ligands
Radiocomplex with *™Tc¢ and their stability measurement

To validate the specificity and selectivity of radioligands towards TSPO through

tracer technique

1.9 Plan of Work

The present work was divided into various sections to achieve the following

objectives:

Design of potential candidates to target TSPO using in silico tools and

techniques

A. ldentification of lead skeleton and pharmacophore modelling using lead

skeleton based TSPO ligands and their binding affinity from literature

B. Incorporating various identified pharmacophoric features on lead skeleton

in order to design TSPO ligands for metal complexation
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C.

Screening the molecules for pharmacokinetic properties through ADME
analysis and interaction with TSPO through docking and known TSPO

ligands were taken as reference

I1.  Synthesis of SPECT ligands

A

B.

D.

E.

Synthesis of designed ligands

Characterization of synthesized ligands through various spectroscopic

techniques
Cytotoxicity study of ligands on RAW?264.7 cell line
Radiocomplexation of ligands with *™T¢

Stability studies of radioligands over 24 h

I1l.  Validation of radioligands as TSPO ligands

A

In vitro studies on A549 cell line to assess specificity using PK11195 as

blocking agent
Ex vivo blood kinetic studies on New Zealand rabbits
Ex vivo biodistribution pattern of TSPO in Balb/c mice

In vivo biodistribution studies on Balb/c mice and New Zealand rabbit to

assess their selectivity
Radioligand specificity by blocking agent in Balb/c mice

Lung inflammation model and A549 human lung tumor xenograft models

to assess the specificity of the most potential skeleton for lung application

The experimental procedures employed in carrying out the above-mentioned

objectives have been elaborated in the next chapter.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Introduction

This chapter contains the detailed information about the tools, techniques and reagents
used for design, synthesis, characterization as well as biological evaluation of
acetamidobenzoxazolone based TSPO ligands. The experimental procedures
employed in cell lines, normal animal, and modelled animal as well as model

preparation methods are described.

2.2 Insilico techniques

2.2.1 Pharmacophore hypothesis generation

For developing the pharmacophore hypothesis 51 acetamidobenzoxazolone based
TSPO ligands were taken from the literature and aligned for their pharmacophoric
features (Fukaya et al., 2012; Fukaya et al., 2013) using PHASE of Schrddinger,
Maestro LLC 9.1 software. The conformers were generated by Macromodel ConfGen
using OPLS2005 force field with rapid torsional search. The score for hypothesis was
generated through alignment of geometric site points in the active molecules to that of
the hypothesis. The hypothesis was generated for each conformer of active molecule.
The pharmacohpore hypothesis was evaluated by carrying out PLS analysis. For that,
atom-based PHASE QSAR models were generated with three PLS factors as
maximum for every pharmacophore type. The TSPO ligands were designed further on

the basis of the best hypothesis.
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2.2.2 ADME studies

A promising lead should have potency and attractive ADME profile both. The
incorporation of desired ADME properties at early stages of drug discovery using
computer aided drug design methods reduces the chances of failure of compound at
later stages. The drug-like behavior of all the designed molecules and few known
TSPO ligands were predicted through the analysis of pharmacokinetic profiles of the
molecules prepared by LigPrep module using QikProp module of Schrédinger. The
method of Jorgensen was utilized by the program QikProp to compute
pharmacokinetic properties and descriptors. QikProp provides ranges for all the

properties of 95% of known drugs for comparison purpose.

In the present study, QikProp derived physico-chemical properties used for ADME
properties are number of hydrogen bond acceptors/donors, partition coefficients,
molecular volume, molecular weight, and number of rotatable bonds etc which, in
turn, predict the properties for assessing drug likeliness, bioavailability, plasma
protein binding, metabolism, and toxicity. As we are targeting the receptors/proteins
which are found on outer mitochondrial surface of glial cells, our molecules should be
able to reach glial cells of brain. This means their capability for crossing blood brain
barrier is essential and their lipophilicity must be high as lipophilic substances have
ability to cross the BBB. During this process, transportation/binding pattern with
human serum and toxicity are also important for consideration. That’s why we have

considered following predictive properties:

. QPlogPoctanol/water

. QPlogsS -aqueous solubility
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. QPlogS-Conformation independent aqueous solubility
. QPlogKsa Serum protein binding

. QPlogBB for blood brain

. No of primary metabolites

. HERG K+ Channel blockage

. LoglCsp

. Apparent Caco-2 permeability (nm/s)

. Apparent MDCK permeability (nm/s)

. Quialitative model for human oral absorption

. % Human oral absorption in Gl

Other standard rules considered for evaluation of ligand for drug likeliness or
capability for becoming a good drug candidate for clinical application and

bioavailability are Lipinski rule of five and Jorgensen rule of three.

2.2.3 Preparation of ligands

The lead skeleton was taken from our previous work which proved its potential for
TSPO targeting. Further new designed ligands were drawn using chemdraw Ultra
10.0 and were checked for drug likeliness using Lipinski rule and other properties
mentioned above as filter. These analogues are geometrically optimized and
energetically minimized to obtain in .mol format which were used as input structures
for processing in LigPrep, Schrodinger, Maestro LLC 9.1 software. A series of steps
involved in the LigPrep process are as follows: performing conversions, corrections
application to the structures, generation of structural variations, unwanted structures’

elimination and finally the structural optimization.
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2.2.4 Protein preparation

Prior to docking, identification of the binding sites in the target protein is important.
This information was taken through the structures of the complexes of the TSPO
proteins with its substrate PK11195. The PDB structure files of the proteins were
imported and prepared through protein preparation wizard, Schrodinger utilizing the
OPLS2005 force field. In the process of protein preparation the steps involved were

processing, optimization and minimization.

The validation of docking protocol was performed through docking back after

removing the PK11195 from active site.

For the current study PDB structures were taken from RCSB Protein Data Bank
(PDB) and the PDBs used were 2MGY (wild type TSPO), 4RYQ (wild type TSPO,

resolution 1.7 A) and 4UC1 (Mutant TSPO, resolution 1.8 A).

2.2.5 Docking

After designing the ligands and screening them for their ADME properties, they were
validated for binding/affinity towards TSPO through docking studies to understand
their preferred orientation of protein ligand interaction by forming a complex with
high stability. Molecular docking can now be readily used for in silico validation of
designed TSPO ligands as recent advancement has made TSPO protein structures
available using nuclear magnetic resonance (NMR) spectroscopy or X-ray
crystallography. 2MGY (Jaremko et al., 2014) and 4RYQ (Guo et al., 2015) are
crystal structure of mTSPO and BcTSPO, respectively. 4UC1 (Li et al., 2015) is
crystal structure of TSPO from Rhodobacter sphaeroids (A139T Mutant) with

resolution 1.8 A. All these PDBs of TSPO are derived through X-ray crystallography
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techniques and have 181 residue counts. 4RYQ and 4UC1 with resolution < 2 A have
been published in 2015. This has facilitated docking studies more efficiently. Prior to
that docking was performed for TSPO ligands using homology modelling using PDB

such as 2MGY (Tiwari et al., 2014).

As the TSPO crystal structures are from two bacteria which are unrelated their
comparison and contrast were assessed in literature. In all TSPO structures, the
protein monomer forms a structure of helical bundle with five transmembrane helices
(TM1, TM2, TM3, TM4 and TM5) which was predicted by several methods. LP1, a
long loop, connecting TM1 and TM2 were present as well-defined structure (Guo et
al., 2015). In spite of the TSPO crystal structures from two distinct sources i.e. Gram-
negative (R. sphaeroides) and Gram-positive (Bacillus cereus) bacterias with 23%
sequence identity, their structural fold are strongly conserved during evolution as
demonstrated by remarkable similarity, without and with ligand. The transmembrane
helices of the BcTSPO and RsTSPO overlap well along with similar structural

adaptation of LP1 and a short middle helix (Jaremko et al., 2015).

A structure-based optimization process makes use of the ligand-protein interactions
for assessing the affinity of ligand in rational and efficient way. The knowledge of
interaction is the best obtained by the protein—ligand complex through molecular
docking methodology which is predictive and rapid at this stage. It explores the
interaction of small molecules with target protein at its binding site. There is

continuous improvement brought to the docking programs.

Glide module of Schrodinger software is reported to be one of the best in terms of

top-ranked docking solutions with minimal root mean square deviation (RMSD) and
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binding scores (Gscore) (Halgren et al., 2004). Glide Score, an empirical score,
approximates the free energy of ligand binding. It includes contribution from force
field (vander Waals and electrostatic) and few other influencing ligand binding. It has
been optimized for accuracy of docking, enrichment of database, and prediction of
binding affinity. Glide score could rank different ligands’ poses, such as for virtual
screening and prediction of affinity for certain target in comparison to known ligands.
Gscore 1S Simulation of binding free energy and more negative score represents better
binding. XP Glide score has several terms in common with the SP Glide score and
HTVS Glide score but they have significant differences and separate optimization
have been performed therefore cannot be directly compared (Pagadala et al., 2017;

Chaput et al., 2017; Bhargavi et al., 2017; www.Schrodinger.com).

The strain energy of the ligand is the difference between the energy of ligand in
complex and the energy of the extracted ligand, minimized, starting from the
geometry in the refined complex. This is ‘local’ strain energy used for comparison of
different poses of the same ligand. Calculations to assess the strain were performed in

implicit solvent.

The free energy approximation of ligand-receptor binding as per MM-GBSA
approach involves energies of molecular mechanics (MM), solvation term both non-

polar and polar, and entropy term as shown in the equations below:

AG = AEpm + AGsoiv— T. AS = A Epat + AEvgw + AEcou + AGsolv,p + AGsoIv, np— T. AS

Ewmm consists of Epg (combined term of bond, and torsion), Eyqw (term of vander Waals),
and Ecy (a term of coulombic force). The generalized Born (GB) approximation is

usually used for computing AGsol,p i.€. contribution due to polaristy to the solvation-free
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energy and a linear function of the solvent accessible surface area (SASA) often

computes Ggolvp,np 1.€. NON-polar solvation energy (www.Schrodinger. com).

All the newly designed analogues as well as few well known TSPO ligands were
subjected to docking in GLIDE of Schrédinger, Maestro LLC 9.1 with translocator
protein. All the molecules were docked with negative Gscore and were ranked on the
basis of their interaction energies. Overall, the maximum contribution to the
interaction energy was from Vander Waals energy but the greatest variation was due
to electrostatic energy, making it main deciding factor for the ranking of molecules.
The XP form of Ggre has more physical accuracy. The XP protocol involves ligand
flexibility by multiple conformers docking in a rigid receptor, and ranking them on

the basis of XP Glide scores.

2.3 Synthesis and characterization

The acetamidobenzoxazolone-amino acid ester (ABEO) skeletons were synthesized
by carrying out two parallel reactions to synthesize the intermediates chloro
acetylated amino acid ester and 5-chloro/bromo benzoxazol-2(3H)-one. These

intermediates were combined through alkylation reaction in the final step.

2.3.1 Chemicals

The solvents and chemicals used in the reactions procured were from Merck and
Sigma-Aldrich which were used without further purification. For column
chromatography, MNG60 silica having mesh size 60-120 was used to purify the
synthesized compounds and for thin layer chromatography (TLC) , silica gel 60 Fasy

coated on aluminium plates were utilized to monitor the reaction.
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2.3.2 Instrumentation

'H and *C Nuclear Magnetic Resonance Spectroscopy (NMR) were recorded on
Bruker Avance Il 600 MHz system at 600 MHz and 150 MHz, respectively. Mass
spectroscopy was performed on Agilent 6310 system using ESI. High performance
liquid chromatography (HPLC) was carried out on 1200 series of Agilent using

analytical T3 Waters column (4.6X250 mm) for analysis.

2.4 Invitro techniques

2.4.1 MTT cell viability studies

MTT assay i.e 3-(4, 5-dimethylthiazole-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
assay was performed for determining cytotoxicity. A 96-well micro titre plate was
used for platting of 4000 cells of exponentially growing RAW 264.7 cells per well 24
h prior to the treatment with different drug concentration of ABTO-X/ABPO-

X/ABMO-X (1 nM-100 uM) for 24 h. Thereafter, MTT assay was performed 24 h

post treatment.

For MTT assay, untreated (negative control) and cells treated with compounds were
incubated with 10% solution taken from 5 mg/mL stock solution of MTT in PBS for 2
h at 37°C. The cells were lysed after treatment and 150 uL DMSO was used for
dissolving formazan crystals. For absorbance measurement, 570 nm using 690 nm of
reference filter was used on multiwell plate reader from Biotek life Science
Instruments of USA. The activity of mitochondria was determined by calculating cell
viability in terms of percentage in comparison to negative control. After determining

survival fraction, it was plotted as a function of time against concentration.
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2.5 Radiolabelling protocol

The radioactive element containing compounds of ligands are called
radiopharmaceuticals which can find application in the assessment of the state of
disease and health. We have developed few TSPO ligands that can be tagged with
9™T¢ to convert it as SPECT agent for diagnostic application. The gamma rays of 140
KeV emitted by *™Tc, were acquired for imaging which were processed and

interpreted by highly sophisticated gamma cameras.

SnCl,.2H,0 (1X10 M) was added to 200 pl ligand solution having 0.2 mg. Then 74-
110 MBq sodium pertechnetate in 100 pl saline was added. NaHCOj3 (0.1-0.5 M) was
used for pH adjustment to 6.5-7.0 and then content was manually shaken and kept at
room temperature for 15-30 min. ITLC-SG strip as stationary phase and acetone and
PAW (pyridine, acetic acid and water in 3:5:1.5 ratio) as mobile phase were used to
determine complexation with *™Tc and purity of the labelled compound. Count

measurement was done by cutting ITLC into 0.1 cm segments.

2.6 Stability studies of radioligands

2.6.1 Stability in saline

The *™Tc-labelled complexes of synthesized TSPO ligands were incubated with
saline at 37°C. ITLC-SG was used for the analysis of samples at different time points.
Time dependent percentage dissociation of the complex in saline was measured using
acetone and PAW (pyridine, acetic acid and water in the ratio of 3:5:1.5) as mobile

phases.
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2.6.2 Invitro human serum stability assay

Blood, collected from healthy volunteers and clotted in humidified incubator at 37°C
for 1 h under 5% CO, and 95% air, was used in preparation of serum. Sample was
centrifuged at 400 rpm and 0.22 pm filter was used for filtration. Sterile plastic
culture tube was used for collection of filtrate. *™Tc-labelled complexes of
synthesized compounds were incubated with freshly prepared serum at 37°C (100
nM/mL conc). Samples were analyzed at different time point using ITLC-SG. Time
dependent percentage dissociation of the complex in serum was assessed using

acetone as mobile phase.

2.7 Invitro cell uptake of " Tc-radioligand in A549 human tumor cells

Human lung carcinoma A549 cells were cultured as per protocol in literature (Choi et al.,
2016). A549 cells were maintained in RPM1 medium which was supplemented with heat
inactivated fetal bovine serum (10% (v/v)), L-glutamine (2 mM) and penicillin-
streptomycin (100 U ml™) kept in a incubator in 5% CO, humidified at 37 °C. The
incubation of 1x10° A549 cells per well with *™Tc-labelled complex (in 10% ethanol, 5%
tween 20 and 85% water) for 10, 30 and 60 min were carried out. In an inhibition study
for specificity, 300 mM solution of PK11195 was added to the cells prior to incubation
and the cells were washed with PBS after 1 h. Thereafter, radiocomplex was added and its

cell uptake was studied at 10, 30 and 60 min with the help of a gamma counter.

2.8 Animal studies

Animal protocols were approved by the Institutional Animal Ethics Committee
(INM/DASQA/IAEC/09/015). Balb/c mice were used for ex vivo/in vivo biodistribution

studies, SPECT imaging, blocking studies in normal and inflammation models. Lung
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tumor xenograft model was prepared on nude mice. Blood kinetics and biodistribution

studies under in vivo condition were carried out on New Zealand rabbits.

Animals were supplied by experimental animal facility (EAF) of INMAS, Delhi. The
regulations of the CPCSEA (Committee for the Purpose of Control and Supervision of
Experiments on Animals) were implemented for maintenance of animals. Animals
were maintained on standard diet (Hindustan Lever Ltd, Mumbai, India). They were
kept in the animal house of the institute which was maintained at 22 + 2°C and 50%
humidity under a 12 h dark/light cycles. Mice were housed in sterile and pathogen
free plastic cages. For in vivo biodistribution and blocking studies, SPECT imaging

was performed. The ex vivo biodistribution was done after sacrificing the animals.

2.8.1 Exvivo studies
2.8.1.1 Blood kinetic studies in New Zealand rabbits

Normal New Zealand rabbits (2-2.5 Kg, n=3) were used to perform blood clearance
studies of *™Tc-labelled complex. 0.1-0.2 mCi of radiocomplex was administered
intravenously via dorsal ear veins of rabbits. Blood samples (200 pL) were taken at
different time intervals. The well counter was used for activity measurement in blood
samples to assess the percentage of dose administered at different time points to

generate the time activity curve.

2.8.1.2 Biodistribution studies in Balb/c mice

Initial assessment of *™Tc-radiocomplexes under ex vivo condition was carried out on
Balb/c mice. Radioactivity was measured in specific organs of the mice at different

time points after injecting 100 pCi of radioligands via vein of the tail as percentage
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administered dose per gram (%ID/g) of tissue. Three sets of experiments were
performed at every time point. Blood was collected, and organs were dissected for
analysis. Radioactivity in organs was measured by gamma counter. Radioactivity
injected in each mouse was found out by subtracting the activity left in tail from the

activity injected. Total blood volume was calculated as 7% of the total body weight.

2.8.2 Invivo studies
2.8.2.1 Gamma camera design

For SPECT images of *™Tc-labelled complexes in animal, a gamma camera at
INMAS (Symbia, T2, True point SPECT/CT Siemens) having dual head, high
resolution, low energy and parallel-hole collimator was used which has an interface to
a computer network system. For image acquisition, animal was fixed on a mechanical

support for standardization of orientation and position.

2.8.2.2 Biodistribution in New Zealand rabbits

Ketamine/xylazine (50 mg/kg & 5 mg/kg, respectively) were used for sedating
animals. SPECT images were taken after 0.2-0.3 mCi of radiocomplex injection
intravenously through ear of New Zealand rabbit. Images were acquired at defined
time point in case of static imaging. For dynamic imaging, acquisition was done for
30 min immediately after injection. Anterior images for 30 min with 2 sec/frame, 10
sec/frame, 15 sec/frame and/or 60 min/frame were acquired for different time
intervals. A 15% window centred on 140 KeV i.e. *"Tc peak was used with zoom of
factor 1. The dynamic and static imaging used matrices 128X128 and 256X256,

respectively.
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Pegasys workstation was used for data extraction and analysis to have SPECT image.
Once image is acquired, ROI (region of interest) were considered over desired organs

and the total field of view.

2.8.2.3 Biodistribution and blocking studies in normal Balb/c mice

Balb/c mice (22-28 g) were used for blocking studies in normal mice. PK11195, a
known TSPO ligand, was taken as blocking agent. Ketamine/xylazine (50 mg/kg & 5
mg/kg, respectively) were used for sedating animals. In control, 100 uCi *™Tc-
labelled complex was administered which provided in vivo biodistribution. For
blocking, 5 mg/kg unlabeled PK11195 was administered 10 min prior to injection of
100 pCi *™Tc-labeled complexes and was imaged after 40 min. PK1195 was
dissolved in minimal amount of DMSO which is acceptable for injection in saline and

administered intravenously.

2.8.3 Blocking studies in animal model

2.8.3.1 LPS induced lung inflammation model

A lung inflammation model was prepared in Balb/c mice by delivery of
lipopolysaccharide (LPS) intranasally as well as intratracheally. For intranasal
delivery, 40 pl of 0.5 mg/ml of LPS solution was used in Balb/c mice (10 weeks,
male). For intratracheal delivery, Balb/c mice (6-8 weeks, male) were anesthetized by
isoflurane sedation. While anesthetized, an incision was made around the thoracic
region in mice and intratracheally delivered LPS dose was 100 pl of 0.5 mg/mL. After
24 h, the mice were used for experimental purpose to validate the uptake of

radioligand in inflamed lungs, overexpressing TSPO receptors. The blocking studies
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were performed in these models by preadministering 2.5 mg/kg, 5 mg/kg and/or 10
mg/kg unlabelled PK11195, 10 min prior to 100 pCi *™Tc-labelled complex was
injected and was imaged/sacrificed 40 min post radioligand injection. The tracer
technique was used to assess the lung model by comparing biodistribution of

radiocomplex in lung modelled mice and normal mice.

2.8.3.2 Lung tumor xenograft model

A549 cells were maintained in medium (RPM1) which was supplemented with heat
inactivated fetal bovine serum (10% (v/v)), penicillin-streptomycin (100 U mL™),
L-glutamine (2 mM) and in a humidified incubator at 37°C in 5% CO,. 2X10° A549
cells in 100 pl were injected subcutaneously into the left side of the nude mice. After

3 weeks, the mice models were utilized for the studies.

53



Chapter 3

Designing of Acetamidobenzoxazolone
based TSPO ligands for Single Photon

Emission Computed Tomography




CHAPTER 3

DESIGNING OF ACETAMIDOBENZOXAZOLONE
BASED TSPO LIGANDS FOR SINGLE PHOTON EMISSION
COMPUTED TOMOGRAPHY

3.1 Introduction

As TSPO is involved in physiological processes of different organs and its association
is with pathological states, therefore it is a promising disgnostic and therapeutic target
for a number of diseases (Beurdeley et al., 2000; Lartey et al., 2014; Veenman et al.,
2015; Morin et al., 2016). Therefore, the development of specific and selective ligand
for TSPO is an important area of research which could quantify TSPO concentration
(Hatty and Banati, 2015). Computational tools can provide a general approach to

create new small TSPO binding molecules and help predicting their activity.

Different basic skeletons developed as TSPO ligands have one hydrogen bond acceptor,
two aromatic regions as well as one lipophilic region such as isoquinoline
carboxamides, imidazopyridine acetamides, benzothiazepines, benzoxazepines, indol-3-
ylglyoxylamides, indole acetamides, pyrazolopyrimidine acetamides (Cappelli et al.,

1997). Few representative or clinically known TSPO ligands are shown in Fig. 3.1.

o e
N JoafiPesses

PK11195 “ Ro5-4864 Alpidem
Fig. 3.1: TSPO ligands
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Recently, theoretical models could predict the TSPO ligand affinity quantitatively by
applying ligand-based methods for virtual screening of scaffold with sub-micro molar
affinities (Tuccinardi et al., 2009). Further QSAR/3D-QSAR and pharmacophoric
modelling were applied for lead optimization. The availability of TSPO can provide
insight about interaction of receptor with ligand along with effect of ligand
substitutions on it. The selectivity analysis of TSPO ligand can be more reliable with

the combined approach of ligand-based as well as receptor-based in silico techniques.

3.2 Literature review of computational studies for TSPO ligands

3.2.1 QSAR studies

In 1997, the twenty one synthesized PK11195 (1-(2-chlorophenyl)-N-methyl-N-(1-
methylpropyl)-3-isoquinolinecarboxamide) analogues were reported along with their
biological outcome (Cappelli et al., 1997). The adhoc defined size and shape
descriptors for QSAR model with r=0.912, s= 0.462 and F= 111.09, was found to be
the best model but the incorporation of reactivity and electronic indexes resulted in
inferior outcomes. Three high affinity TSPO ligands were selected for predicting
properties of binding site of TSPO in terms of the conformational freedom and the
shape. This was for the constitution of skeleton which was superimposed on their
common nucleus. For computation of V4, which is an adhoc descriptor based on shape
as well as size, the formulas: Vg = (Vin-Vou)/Vsup, Where Vin, Vour and Vs, are
intersection vander Waals volume, Outer vander Waals volume and supermolecular
vander Waals volume of the ligands, respectively. Vi, mimics repulsive and Vo
mimics attractive interactions of short range with the receptor (De Bebedetti et al.,

1994). Two QSAR models of derivatives of quinolone and isoquinoline carboxamide

55



Chapter 3: Designing of Acetamidobenzoxazoline based TSPO Ligands for Single Photon...

were obtained correlating Vo and Vi, reflecting direct correlation of the shared
molecular volume between a supermolecule and a ligand, and the amide substituent’s

molecular shape with the binding affinities.

In 2001, further description of derivatives of quinoline and isoquinoline carboxamide
were used with the same method (Anzini et al., 2001; Trapani et al., 2005; Cruciani et
al., 2007; Samanta et al., 2007; Goswami et al., 2017). It could explain the ligands’
affinities which were additional but not for ligands with quinoline nuclei having bulky
substitution at 3" position due to different structure from the supermolecule used. A
different approach increased the predictability of molecules with different structure
than the training set molecules: On the basis of pharmacophore common to
representative ligands, a hypothesis of receptor was defined considering the required
factors at the specified place but not the shape of the binding site. The scoring of the
molecules included the number of matching functional groups and incomplete

orientation or superimposition was used for the penalization.

In 2005, a QSAR study on 2-phenylimidazopyridine derivatives was carried out to
understand the change in TSPO affinity with respect to changes in the structure on
amide nitrogen. Several molecular descriptors, such as parameters of bulk (molecular
refractivity, MR; molecular volume, MV) and lipophilicity (ClogP) were examined.
In addition, variables accounting for chlorine substitution at phenyl group (Iz;) along
with chlorine atom at 8" position of 2-phenylimidazopropanamide group (1zz), di- or
monosubstitution at the nitrogen of carboxamide (1), and the carbon atoms number in
nitrogen substituents (alkyl) of carboxamide (N), and an acetamide or propanamide

group (lcns) were examined. The partial least square (PLS) algorithm was used to
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correlate plCso values with the eight selected descriptors. The best computational
model consistsed of five predictors: ClogP, MR, MR?, 1, and Icns, with PLS factor 5,
which could explain 75% of the variance in the binding affinity towards TPSO. The
QSAR model demonstrated that the molar refractivity was a critical factor due to
strict allowed range of values that did not hinder in interaction of carboxamide moiety
with TSPO. Also, there seemed to have link between binding affinity and
lipophilicity. Additionally, doubly substituted nitrogen of carboxamide and the

presence of an acetamide moiety favored the affinity for TSPO.

In 2007, 2-phenylimidazo[1,2-a]pyridineacetamide derivatives were used to develop
QSAR models (Trapani et al., 2005), using quantum chemical and topological

descriptors (Samanta et al., 2007).

Two different models for TSPO were developed as ovary as well as cerebral cortex
sources were used for testing these compounds as TSPO ligands. They used two
parameters as properties indicating doubly substituted nitrogen on carboxamide
nitrogen and acetamide moiety; the atomic charges at atom number 1, 6, 16 and 19;
total energy and dipole moment. The model developed through cerebral cortex-based
data explained binding affinity with variance upto 65.80% and pointed out position 6
and 19 as the important substituents’ positions for the activity and di-substitution on
nitrogen of carboxamide favoured the TSPO affinity, as pointed out by previous
researcher (Greco et al., 1994). This also reflected the effect of compounds’ polarity
in decreasing the TSPO affinity. The dipole moment contributed for the electronic and
non—covalent TSPO-2-phenylimidazo[1,2-a]pyridineacetamides interaction. The
ovarian membrane data-based model explained affinity data with variance up to
58.16% and proposed that acetamide group at 9 numbered atom and atomic charges at

C19 atom favoured the affinities for TSPO.
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A group based QSAR (GQSAR) model was developed that related 2D descriptors with
the contribution of the site of substitution of 4-Phenylquinazoline-2-carboxamide
derivatives. The GQSAR model considered for further studies had four descriptors
which were as follows:1) R1 volume; 2) R2-SsCH3E-index; 3) R3-SsCH3count; and 4)
R5-Epsilon R with positive contribution from two and negative contribution from other

two having r2 = 0.8259, g2 = 0.6788, and F-test = 37.9418 (Goswami et al., 2017).

3.2.2 3D-QSAR studies

The first contribution of 3D-QSAR for TSPO was in 1994 (Greco et al., 1994), in
which analysis of the molecular fields of 42 compounds with 6-arylpyrrolo[2,I-
d][1,5]benzothiazepines derivatives was done in order to find out molecular properties
responsible for TSPO affinity. The efficacy of their COMFA model in estimating
binding affinity values was validated by applying it to set of 7 compounds as test set and
the model was applied to find the highest TSPO affinity ligand among the
pyrrolobenzothiazepine derivatives which were investigated. R05-4864 was taken as
template for resulting alignment through superimposed ligands demonstrating four
pharmacophoric points: 1) the centroid L1 placed on the benzene ring (fused), 2) the
centroid L3 placed on the phenyl ring (pendant), 3) the lone pair H2 placed on the oxygen
(carbonyl/ester), and 4) the centroid nl placed on the pyrrole moiety (Fig. 3.2.a). The 3D-
QSAR model developed was applied for prediction of binding affinity towards TSPO for
the compounds of test set. The affinity was measured as plCsy. The differences between
values of observed and predicted plCs fall in the range of -0.76 and 0.70 with 1Cs; of best

derivative being comparable to that of PK11195 (Greco et al., 1994).

In 2000, a new pyrrolobenzothiazepine analogues-based model was generated with more

diverse molecules such as quinolone, isoquinoline, pyrrolobenzoxazepine, pyrrologuinolin
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-1-one derivatives and pyrrolopyridin-5-one (Fig. 3.2.b) (Cinone et al., 2000). The active
analogue approach based principle was used for the alignment of 130 analogues (Marshall
et al., 1979). For template, N-benzyl-N,3-dimethyl-4-phenylquinoline-2-carboxamide was

taken due to its relatively low flexibility with high affinity.

L4
L1
L3
€) (b)
L1
L4
L3 L3
(© (d)

Fig. 3.2: Schematic TSPO models’ representation on a) 6-arylpyrrolo[2,]-d][1,5]
benzothiazepines analogues; b) quinolone, isoquinoline, pyrrolobenzoxazepine,
pyrrolopyridin-5-one, and pyrroloquinolin-1-one derivatives; c¢) pyrroloben
zoxazepine derivatives; d) 2-arylpyrazolo[1,5-a]pyrimidin-3-yl acetamides
analogues

In the interaction model, two centroids (L1 and L3) correspond to the aromatic rings
and one carbonyl group containing lone pair (H2) and a lipophilic region L4 of the

ester chains were defined. As compared to Greco’s model (Greco et al., 1994), the
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common regions were L1 and L3, but there was a slight shift in H2 which was
carbonyl group, not the oxygen of ester (Fig. 3.2.b). In 1996, similar findings of
pharmacophoric studies were reported on a series of pyrrolobenzoxazepine
derivatives (Fig. 3.2.c) (Campiani et al., 1996). On trying different options for the
correlation of 3-D molecular descriptors and dependent variables: the SRD-FFD
(smart region definition along with fractional factorial design) method with the GRID
lipophilic probe DRY produced the best model, representing 6 components with r? =
0.898 and g°= 0.761. This GRID/GOLPE study demonstrated the interactions in
model which were hydrobhobic in nature, specifically L4 region. With the aim to find
out the common properties between endogenous peptides such as DBI, ODN, and
TTN and synthetic ligands, the DRY MIFs were derived from these peptides based
molecular models. Two compounds with high affinities were manually superimposed
using DRY showed the most favoured interactions defining chemical features present
in these ligands mimicking few amino acids present. On superpositioning with the
best, L1, L3, and L4 regions were aligned with the Phe-Asp-Leu-Met, a common
sequence.

In 2005, a new class of azaisosters Alpidem (2-arylpyrazolo[1,5-a]pyrimidin-3-yl
acetamides) (Selleri et al., 2001), reflecting high affinity and selectivity for TSPO
ligands, was used for 3D-QSAR study to reveal the substitution effect on the acetamide
with different moieties (Selleri et al., 2005). Thirty eight pyrazolopyrimidines analogues
were computed. The generated GRID/GOLPE model suggested that the binding sites of
TSPO had cavities with variation in steric tolerance that could accommodate the two
substituents (allyl) indicating the limitation of chain length with 4 to 5 C chains (Fig.

3.2.d). Moreover, this model could also explain the stereoselectivity and binding site
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TSPO in terms of hydrophobic interactions. This supported the concept of site having two

cavities which are different (Tuccinardi et al., 2009).

In order to understand the physico-chemical and/or structural requirement for better
selectivity of compound towards TSPO over central, QSAR study was performed on
derivatives of [2-phenylimidazol[1,2-a]pyridine-3-ylJacetamide. Peripheral and
central (from ovary and cortex) TPSO affinity binding data were used for the study

(Roy et al., 2003).
3.2.3 Virtual screening: a pharmacophore and 3D-QSAR studies

In 2009, based on 3D-QSAR, one pharmacophore hypothesis was chosen out of
various considered hypotheses for TSPO ligands for virtual screening of the
Maybridge database to identify new TSPO ligand. Out of 144 molecules
(2-arylpyrazolo[1,5-a]pyrimidine acetamides, 2-phenylindolglyoxylamides, and
2-phenylimidazo[1,2-a]pyridineacetamides) were considered for generation of
pharmacophore through PHASE software. Forty two and thirteen molecules with high
and low TSPO affinities, respectively were chosen to generate pharamacophore. The
94 hypothesis obtained were divided into four groups AHRRR, AAHRR, AXRRR,
and AXXRRR, where A was hydrogen bond acceptor, H was hydrophobic group, R
was aromatic ring, and X was a customized feature combining hydrophobic group and
aromatic ring. The best model was chosen out of each pharmacophoric types with the
help of the atom-based QSAR model using PHASE. In order to provide better
analysis for selection of the best pharmacophore, four 3D-QSAR models had been
generated using four pharmacophoric hypotheses with the help of GOLPE
software.The model AXRRR was found to be the best for predicting external test set
(9°=0.70 and SDEPTS (standard deviation of errors of predictions) = 0.60)). Though

the pharmacophore building in this study used diverse structures, in comparison to the
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preciously developed models on the pyrrolobenzothiazepine analogues (Selleri et al.,
2001; Selleri et al., 2005), the L3 and L1 regions are also present in this model.
Additionally, the alignment of the A could be with H2 and X could be with L4
regions. Finally, Maybridge database having 61785 compounds was virtually
screened using AXRRR as pharmacophore model. This data base has 32 TSPO
ligands with equal number of low and high TSPO affinity which were not included in
3D-QSAR and pharmacophoric studies. The compounds from database predicted to
have high affinity were 38. Finally, 7 compounds were chosen and subjected to a
TSPO binding assay that demonstrated TSPO affinity particularly two compounds,
RJC02811 and NRB03635, mentioned in the Fig. 3.3 having K; value 877 nM and

420 nM, respectively (Tuccinardi et al., 2009).

I o) OEt

\
= S
C ]
RJC02811 NRB03635

Fig. 3.3: Virtually screened compounds from Maybridge database

Till date, there are limited computational reports on benzoxazolone based TSPO
ligands, although few correlations on the basis of experimental activity and their

structures have been identified (Fukaya et al., 2012; Fukaya et al., 2013).

3.2.4 Docking studies

There were few studies reported for TSPO in literature for the identification of potential

binding sites for TSPO ligands. The binding sites for known TSPO ligands were identified.
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These were further differentiated as binding site with low- and high-affinity on TSPO
(monomer as well as dimer) using 2MGY, a 3D structure of TSPO from mammalian

source. In this, PK11195 was attached with a hydrophobic pocket (Bhargavi et al., 2017).

In 2015, molecular docking of TSPO with cholesterol structure has been reported
using Rhodobacter sphaeroides TSPO. Various binding conformations and
orientations of cholesterol were docked on receptor grid generated at the binding site
of CRAC. The most prominent anchoring points identified inside the binding cavity
include Tyrl52 of Homo sapiens TSPO, as well as Thr148 and Thr149 that could

form favorable interactions with ligands (Papadopoulos et al., 2015).

In the process of achieving high affinity towards TSPO, a number of lead skeletons
for TSPO have been modified for improved affinity towards TSPO, most of them
were CBR selective ligands modified to make them TSPO selective. For example, the
benzodiazepine R05-4864 and the isoquinoline carboxamide PK11195 were
structurally modified. This led to development of good ligands with affinity and
selectivity towards TSPO. SAR data analysis was performed on the various TSPO
ligands derivatives to come up with desired pharmacophoric requirements to develop

new potent and selective TSPO ligands (Taliani et al., 2011).

3.3 Properties of CNS imaging probes

There are several prerequisites for the usefulness of PET/SPECT probes as imaging
agent under in vivo conditions which are derived from empirical research and provide
guidance for designing of imaging probes. Some of these are as follows:

3.3.1 Selectivity for the receptor

The drug concentration that occupies fifty percent of receptors available is called

equilibrium dissociation constant (Ky) of a drug complex with receptor. The
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reciprocal of equilibrium dissociation constant is known as affinity and is the highest
for the imaging target. The binding affinity of PET/SPECT probes for imaging should
be in the range of sub nM as concentration of binding sites with maximum value
(Bmax) for receptors in brain is mostly in the range of nano/mg to femtomoles/mg of
tissue. The binding affinity of radioligands should not be too high as uptake is
dependent on blood flow binding and high binding affinity makes uptake irreversible
and equilibrium studies impossible. The Bmax and Ky are calculated by equilibrium
assay of binding under in vitro condition and depends on the target protein and
radiolabelled imaging agent, respectively. For example dopamine D, receptor has 10-
30 pM density and PET/SPECT probes for D, are 1-10 nM. The binding potential is
Bmax/Kq Often gives predictive target to non-target ratio for in vivo condition. In realty
this predicted value is much higher than the actual in vivo binding (Eckelman et al.,

2006).

3.3.2 Specific radioactivity
Specific radioactivity (SA) is defined by the amount of radioactivity per unit mass of
a radioligand. The maximum value of theoretical specific radioactivity of radioligand
is related to its physical half-life as per the following equation:

SA= (In 2/t1)N
Where, N and ty, are the number of radionuclides and its physical half-life,
respectively. Conversion of N to the moles can be done by its division with
6.023x10%® (Avogadro’s number). The maximum value of theoretical SA can be
calculated as per following equation:

SA (Bg/mol) = 1.16 x 1020/ty5; (h)
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This implies that the shorter the half-life, higher the specific activity. For example,
oxygen-15 has high theoretical specific activity as ty, is short (2 min). Therefore,
PET radioisotopes have requirement of low masses as their half-lives are relatively
short. For example, doses in clinical setup i.e. 370 MBq of ‘®F and *'C are 1.0529
ng and 0.01186 ng, respectively. The mass requirement of imaging probes with *'C-
and ‘®F-labelling are around 5-10 pug. For imaging of receptors in brain under in vivo
condition, specific radioactivity of radiopharmaceuticals should be high. This would
require low occupancy on binding sites. If radioligand is of low specific activity
then significant binding site occupancy by radioligand may deteriorate signal to

noise ratio and may be toxic.

3.3.3 Metabolism and position of label

PET/SPECT radiopharmaceuticals should not metabolize during image acquisition as
these modalities are unable to differentiate between parent and metabolite which are
radiolabelled. Sample of extract from target organs/blood can be used for analysis of
metabolite using HPLC. The important factor of radiopharmaceutical is site of
radiolabelling that needs to be chosen carefully at the design level as its loss through

metabolism will restrict its ability as imaging agent.

3.3.4 Blood-brain barrier permeability

PET/SPECT probes for imaging CNS may be unsuccessful due to its inability to enter
brain crossing blood brain barrier (BBB). There are two factors that are required in

drug to assess the ability to cross BBB: 1) ability to form hydrogen bond with water
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(< 8-10); and 2) molecular weight (<400-600 Da). For example, radiopharmaceuticals
based of peptides form large number of hydrogen bonding but could not enter brain
through BBB in considerable amount. There is molecular weight requirement as it is
also linked with the volume of the molecule. The partition coefficient for
octanol/water, P, is one of the properties to predict penetrating ability through BBB
with optimal value of log P in the range 2-3.5 (Terasaki et al., 2003; Abbott 2004).
Among derivatives of same lead compound, the non-specific binding relates to log P

for transport of compound through diffusion.

3.3.5 Clearance rate, protein binding, and non-specific binding

Some other important parameters are rapid blood clearance and binding to non-
specific sites. There is a requirement of low plasma proteins binding of
radiopharmaceutical as unbound drug in plasma may diffuse form vascular space to
brain which provides better target to background ratio.

These properties may not assure a successful radiopharmaceutical for CNS still useful
to design the molecular probes for imaging. Even successful drug may not be
developed as imaging probe. For example, an anti-depressant drug fluoxetine is not
appropriate candidate for serotonin transporter imaging due to its non-specific binding

under in vivo condition (Shiue et al., 1995).

3.4 Result and discussion

3.4.1 Pharmacophore modelling and 3D-QSAR studies

Among the recently published work considerable attention has been given to the
benzoxazolone based TSPO ligands due to their affinity towards TSPO in nano molar
range while avoiding the A147T mutation effect on affinity (Tiwari et al., 2014). In

the line to utilize these ligands for diagnostic purpose using different modalities, our
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group has reported a new series of acetamidobenzoxazolone displaying similar

affinity for both the mutants (Tiwari et al., 2014; Tiwari et al., 2014 (a); Tiwari et al.,

2015; Tiwari et al., 2015(a)). In order to investigate the structural requirements of

TSPO ligand and to come up with the predictive model that can find application in

designing of novel ligands for TSPO targeting with selectivity, a common

pharmacophore hypothesis generation followed by evaluation through 3D-quantitative

structure-activity relationship (3D-QSAR) study was performed on the series of

reported benzoxazolone derivatives for TSPO employing PHASE module of

Schrodinger software. In order to understand the key responsible features for affinity,

benzoxazolone based TSPO ligands were used for pharmacophore modelling.

Table 3.1: List of TSPO ligands used in pharmacophore modelling

S. No Ki (nM) TSPO ligands IUPAC Names
1 16 ) O N-Methyl-2-(2-0x0-5-phenyl-benzooxazol-
' /%N O 3-yl)-N-phenyl-acetamide
o O)\O
O e 2-(2-Oxo-5-phenyl-benzooxazol-3-yl)-
“\/\ R .
2 17 Q A N,N-dipropyl-acetamide
O/KQ °
3 13 Q \p N-Benzyl-N-methyl-2-(2-oxo0-5-phenyl-
Q " benzooxazol-3-yl)-acetamide
A
Q N-(3-Methoxy-phenyl)-N-methyl-2-(2-
4 0.9 ~ 0x0-5-phenyl-benzooxazol-3-yl)-
O //< acetamide
-
NI N-(4-Methoxy-phenyl)-N-methyl-2-(2-
5 2.2 $ rQ oxo-5-phenyl-benzooxazol-3-yl)-
I~ acetamide
6 0.79 N-(3-Chloro-phenyl)-N-methyl-2-(2-oxo

5-phenyl-benzooxazol-3-yl)-acetamide
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S. No Ki (nM) TSPO Iigands IUPAC Names
7 021 A N-(4-Chloro-phenyl)-N-methyl-2-(2-oxo-
' ‘\( 5-phenyl-benzooxazol-3-yl)-acetamide
N
8 23 f& N-Methyl-2-(2-0x0-5-phenyl-benzooxazol-
‘\‘: 3-yD)-N-pyridin-2-yl-acetamide
9 28 f& N-Methyl-2-(2-0x0-5-phenyl-benzooxazol-
‘\( 3-yD)-N-pyridin-3-yl-acetamide
10 270 A N-Methyl-2-(2-oxo0-5-phenyl-benzooxazol-
‘\( 3-yI)-N-pyridin-4-yl-acetamide
- N-(2-Dimethylaminomethyl-phenyl)-N-
11 2 \ methyl-2-(2-0x0-5-phenyl-benzooxazol-3-
yl)-acetamide
N-(3-Dimethylaminomethyl-phenyl)-N-
12 12 A( \©) methyl-2-(2-0x0-5-phenyl-benzooxazol-3-
yl)-acetamide
N-(4-Dimethylaminomethyl-phenyl)-N-
13 88 r< methyl-2-(2-0x0-5-phenyl-benzooxazol-3-
‘\( yl)-acetamide
14 11 N-Methyl-2-(2-ox0-4-phenyl-benzooxazol-
)/\ 3-yl)-N-phenyl-acetamide
15 120 N-Methyl-2-(2-ox0-6-phenyl-benzooxazol-
H 3-yl)-N-phenyl-acetamide
O/KD °
O Q N-Methyl-2-(2-oxo-7-phenyl-benzooxazol-
16 29 ﬂf“\ 3-yl)-N-phenyl-acetamide
\
17 9 WO 2-(5-Bromo-2-oxo-benzooxazol-3-yl)-N-
;&O ’ methyl-N-phenyl-acetamide
- NI 2-[5-(3-Methoxy-phenyl)-2-oxo-
18 0.18 O rﬁ benzooxazol-3-yl]-N-methyl-N-phenyI-
L~ acetamide
2-[5-(4-Methoxy-phenyl)-2-oxo-
19 0.49 benzooxazol-3-yl]-N-methyl-N-phenyl-

o KO

acetamide
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S. No

Ki (nM)

TSPO ligands

IUPAC Names

20

0.33

)3

N-Methyl-2-[2-0x0-5-(3-trifluoromethyl-
phenyl)-benzooxazol-3-yl]-N-phenyl-
acetamide

21

0.29

%((A

N-Methyl-2-[2-0x0-5-(4-trifluoromethyl-
phenyl)-benzooxazol-3-yl]-N-phenyl-
acetamide

22

0.48

;

N-Methyl-2-[2-0x0-5-(4-trifluoromethoxy-
phenyl)-benzooxazol-3-yl]-N-phenyl-
acetamide

23

0.68

/\\(

N-Methyl-2-(2-ox0-5-pyridin-2-yl-
benzooxazol-3-yl)-N-phenyl-acetamide

24

0.65

%»

N-Methyl-2-(2-ox0-5-pyridin-3-yl-
benzooxazol-3-yl)-N-phenyl-acetamide

25

1.8

/\\(
\
/\\(

N-Methyl-2-(2-o0xo-5-pyridin-4-yl-
benzooxazol-3-yl)-N-phenyl-acetamide

26

11

@

N-Methyl-2-(2-0x0-benzooxazol-3-yl)-N-
phenyl-acetamide

27

53

O
Qﬂ

N-Methyl-2-(2-0x0-5-phenoxy-
benzooxazol-3-yl)-N-phenyl-acetamide

28

3.8

N-Methyl-2-[5-(methyl-phenyl-amino)-2-
ox0-benzooxazol-3-yl]-N-phenyl-
acetamide

29

0.36

2-(5-Chloro-2-oxo-benzooxazol-3-yl)-N-
methyl-N-phenyl-acetamide

30

2.5

N-Methyl-2-(2-ox0-8-phenyl-5,6-dihydro-
4H-imidazo[4,5,1-ij]quinolin-1-yl)-N-
phenyl-acetamide

31

0.06

2-(2-Oxo0-8-phenyl-5,6-dihydro-4H-
imidazo[4,5,1-ij]Jquinolin-1-yl)-N,N-
dipropyl-acetamide
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S. No Ki (nM) TSPO ligands IUPAC Names
O N-Benzyl-N-methyl-2-(2-0x0-8-phenyl-
32 0.94 O Q 5,6-dihydro-4H-imidazo[4,5,1-ij]quinolin-
0 \Qv\ 1-yl)-acetamide
QN/ N-(3-Methoxy-phenyl)-N-methyl-2-(2-
33 0.11 O —~ 0x0-8-phenyl-5,6-dihydro-4H-
O S imidazo[4,5,1-ij]Jquinolin-1-yl)-acetamide
\N/Q/ N-(4-Methoxy-phenyl)-N-methyl-2-(2-
34 0.3 O O A%" 0x0-8-phenyl-5,6-dihydro-4H-
i imidazo[4,5,1-ijJquinolin-1-yl)-acetamide
\@ N-(3-Chloro-phenyl)-N-methyl-2-(2-oxo-
35 0.23 O I 8-phenyl-5,6-dihydro-4H-imidazo[4,5,1-
L~ ijJquinolin-1-yl)-acetamide
57| N-(4-Chloro-phenyl)-N-methyl-2-(2-oxo-
~
36 0.16 O O v%: 8-phenyl-5,6-dihydro-4H-imidazo[4,5,1-
i ij]quinolin-1-yl)-acetamide
%@ N-Methyl-2-(2-ox0-8-phenyl-5,6-dihydro-
37 27 SPNg 4H-imidazo[4,5, 1-ij]quinolin-1-yl)-N-
Cr-
i pyridin-2-yl-acetamide
O fﬁ N-Methyl-2-(2-0xo0-8-phenyl-5,6-dihydro-
38 33 (I 4H-imidazo[4,5,1-ij]quinolin-1-yl)-N-
pyridin-3-yl-acetamide
7N
N N-Methyl-2-(2-0x0-8-phenyl-5,6-dihydro-
39 0.55 oUW a 4H-imidazo[4,5,1-ij]quinolin-1-y1)-N-
O b pyridin-4-yl-acetamide
Q 2-(2-Oxo0-8-phenyl-5,6-dihydro-4H-
40 2 O KQ imidazo[4,5,1-ij]quinolin-1-yl)-N-phenyl-
(L~ acetamide
N, 2-(2-Oxo-8-phenyl-5,6-dihydro-4H-
1.7 ) ~ imidazo[4,5,1-ij]quinolin-1-yl)-N,N-
a1 (L~ dipropyl-acetamide
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S. No

Ki (nM)

TSPO ligands

IUPAC Names

42

0.23

2-(8-Bromo-2-0x0-5,6-dihydro-4H-
imidazo[4,5,1-ij]Jquinolin-1-yl)-N-methyl-
N-phenyl-acetamide

43

0.28

2-[8-(3-Methoxy-phenyl)-2-0x0-5,6-
dihydro-4H-imidazo[4,5,1-ijJquinolin-1-
yI]-N-methyl-N-phenyl-acetamide

44

0.73

2-[8-(4-Methoxy-phenyl)-2-0x0-5,6-
dihydro-4H-imidazo[4,5,1-ijJquinolin-1-
yl]-N-methyl-N-phenyl-acetamide

45

0.44

N-Methyl-2-[2-0x0-8-(3-trifluoromethyl-
phenyl)-5,6-dihydro-4H-imidazo[4,5,1-
ijJquinolin-1-yl]-N-phenyl-acetamide

46

0.13

N-Methyl-2-[2-0x0-8-(4-trifluoromethyl-
phenyl)-5,6-dihydro-4H-imidazo[4,5,1-
ij]quinolin-1-yl]-N-phenyl-acetamide

47

2.5

N-Methyl-2-(2-0x0-8-pyridin-2-yl-5,6-
dihydro-4H-imidazo[4,5,1-ij]quinolin-1-
yl)-N-phenyl-acetamide

48

2.1

N-Methyl-2-(2-0x0-8-pyridin-3-ylI-5,6-
dihydro-4H-imidazo[4,5,1-ij]quinolin-1-
yl)-N-phenyl-acetamide

49

15

N-Methyl-2-(2-oxo-8-pyridin-4-yl-5,6-
dihydro-4H-imidazo[4,5,1-ijJquinolin-1-
yl)-N-phenyl-acetamide

50

33

N-Methyl-2-[2-0x0-7-(pyridin-3-ylamino)-
1,2,2a,3,4,5-hexahydro-acenaphthylen-1-
yl]-N-phenyl-acetamide

51

994

N-Methyl-2-(2-o0x0-5,6-dihydro-4H-
imidazo[4,5,1-ij]quinolin-1-yl)-N-phenyl-
acetamide
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A data set of 51 TSPO ligands (Fukaya et al., 2012; Fukaya et al., 2013) with K;
values found under similar conditions with rat kidney membranes were considered for
this purpose (Table 3.1). The compounds were divided as high and low affinity
compounds for TSPO by putting threshold of K; value as greater than 9.1 and lower
than 8.5, respectively. This resulted in 19 compounds each in high and low affinity
category for generating pharmacophore by PHASE. The list of variants with four-

features was generated for the probable pharmacophore hypotheses.

The considered compounds were segregated in two sets, one for training and another
for test i.e. external validation with 38 compounds and 13 compounds, respectively.
Alignment of the compounds for training as well as test were performed on the
pharmacophores and analysed through PLS with 3 factors. The best model for each
type of pharmacophore was chosen on the basis of significant statistical data and
predictability of the affinity of the external test set. The selected models were AAAR,

AARR, AAAR, AHRR, ARRR and AAAR.

Fig. 3.4: Frame of total 51 compounds
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Fig. 3.5: Pharmacophore model AAAR: presenting the best model of the study

The best pharmacophore hypothesis was selected by applying 3D-QSAR methods which
is an important step towards identification of pharmacophores. AAAR was found the best
hypothesis on the basis of predictive ability as well as internal validation (Fig. 3.4, Fig.
3.5) with R°=0.95 and standard deviation=0.237-0.760. Its scattering plot of predicted vs
experimental activities is shown in Fig. 3.6. This was further utilized for designing the

TSPO ligands having benzoxazolone moiety as a base skeleton.
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Fig. 3.6: Scattering plot of predicted vs experimental activities of TSPO ligands as per
the 3D-QSAR model for the best four-featured pharmacophore model
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3.4.2 Design of new TSPO skeletons

In the present work, the hypothesis of AAAR was applied for designing the TSPO
ligands taking benzoxazolone as lead moiety, the three acceptor groups oxygen atom,
carboxy of oxazolone moiety as well as carboxy group of acetamide were kept intact

that forms acetamidobenzoxazolone moiety.

For the selection of R, amino acids were chosen as they are biological molecules. The
selection of type of amino acids was done on the basis of several factors. Various
amino acid analogues have been used in diagnosis of diseases as metabolic activity
increases in various pathological situations such as cancer, increasing the requirement
of amino acid uptake. The choice of amino acid was done to have
aromatic/hydrophobic properties at a particular site. One of the factors was metabolic
parameter. It has been reported that regulation of immune cell function is related to
metabolic parameters. Therefore, the metabolism in inflammation plays important
role for amino acids especially amino acids with aromatic group like phenylalanine
and tryptophan. In addition, disturbed amino acids are associated with the acute and
chronic conditions in neuropsychiatric conditions such as depression and cognitive
impairment. The disease progression can be determined by biomarker such as TSPO
for immune response along with monitoring of immunometabolic parameters such as

amino acids before and during therapy (Strasser et al., 2016).

Keeping the above mentioned points in mind, the resultant acetamidobenzoxazolone-
amino acid esters (ABEO) skeleton ABO-AA was tried for four amino acid esters-
methyl esters of tryptophan, phenylalanine, tyrosine and methionine. The tryptophan

and phenylalanine are chosen as they are the important pharmacophores from
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previous generation TSPO ligands i.e. indole of FGIN-127 and benzyl of AC-5216,
respectively having affinity in nanomolar range. Presence of amino acid ester has also
helped in reducing the log P values which is problem of FGIN-127 (6.94).
Additionally presence of benzyl group in high affinity TSPO ligand AC-5216 has
been explored for N-substituted 4-phenylquinazoline-2-carboxamides derivatives
(Castellano et al., 2014). These are the rationale behind our choice of tryptophan and

phenylalanine esters as amino acid esters for conjugation.

Tyrosine and methionine are selected as they are positioned in the same class of
amino acid as tryptophan and phenylalanine with hydrophobic side chain and both are
widely used for diagnostic applications. In addition to this, presence of OH and S
group in tyrosine and methionine would provide chelating arm for holding *™Tc.
Tyrosine conjugated acetamidobenzoxazolone fulfils the requirements of AAAR
hypothesis in addition to being benzyl analogue. Therefore, it is also worth analyzing.
Though the choice of methionine is not as per pharmacophoric requirements, the
requirement of three lipophilic pockets in the earlier studies with different structural

skeletons encouraged us to explore this substitution.

Further, a substituent on the benzoxazolone derivative at C-5 position of phenyl ring
that plays an important role in TSPO binding, has been incorporated at that position.
Substitution by halogen in aromatic ring system at this position provides sub-
nanomolar binding affinity (Fukaya et al., 2012). This is the rationale behind selecting
Br/Cl for C-5 position for designing the benzoxazolone ring. This has also been
mentioned in literature that compound suffered from poor solubility due to phenyl
substituent at acetamide side. We have tried biocompatible amino acid analogues at

this position to solve solubility issue for better prospect in clinical application
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3.4.3 ADME properties

The acetamidobenzoxazolone-amino acid esters (ABEOs) were screened on the basis
of ADME properties. It is important to know the pharmacokinetic profile of any
ligand to be used under in vivo conditions which can be studied through ADME
properties. ADME stands for adsorpotion, distribution, metabolism and excretion.
Often drugs were unsuccessful because of their poor pharmacokinetic properties. A
promising lead should have potency and attractive ADME profile both. Thus, it is
imperative to design the compound with easy transportability to desired site, proper
interaction at desired site, not or minimally metabolize before its action and finally

excrete after expected action.

As we are targeting the receptors/proteins which are found on outer mitochondrial surface
of glial cells, our molecules should be able to reach glial cells in brain. This means that
their capability to cross BBB is essential and their lipophilicity must be high as lipophilic
substances are required to cross the BBB. The contribution of different molecular
descriptors towards various molecular properties such as -logS, log Pow, logPMDCK and
logBB of known and ABEOs are mentioned below (Table 3.3). In case of ABEQOs, the

contributors for these properties are common with atleast one known ligand.

3.4.3.1 Assessment of drug-likeliness

The drug-likeliness or capability for becoming a good drug candidate for clinical application
was predicted by Lipinski rule of 5 which is used in CADD analysis. All the six proposed
ligands (2-(2-(5-bromo/chloror-benzoxazolone) acetamido)-3-(1H-indol-3-yl) propanoate
(ABTO-Br/Cl), methyl 2-(2-(5-bromo/chloro-2-oxobenzooxazol-3(2H)-yl)acetamido)-3-
phenylpropanoate  (ABPO-Br/Cl) and  2-[2-(5-bromo/chloro-2-oxo-benzoxazol-3-yl)-
acetylamino]-4-methylsulfanyl-butyric acid methyl ester (ABMO-CI/Br) shown in the Table

3.2 follow all the 5 rules of Lipinski which reflect their drug like properties.
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Table 3.2: Chemical structures of designed ligands

ABTO-Br/Cl ABPO-Br/ClI ABMO-Br/CI
(o) O\\ o) O\\ O/ (@] O\\C/O/

_0
g
N—CH

Cl/Br N H CH,
\C[ >:O _
(0]
HN

/
H
H(N/CH 2

A
_CH -
N—CE ClUBr N N C/C\S/CHE
—0 Haz
o

Cl/Br N H CH,
\@ >=O
(0]

The molecular weight of known TSPO ligands (DAA1106, DPA-713, FGIN-127,
PBR-06, PBR28, PBR111, PK11195, and R05-4864) as well as of designed ligands
were < 500 as desired by Lipinski rule. Similarly, hydrogen bond donors for known
and designed molecules were in between 0 and 1.25, following Lipinski rule
requirement of < 5. Additionally, hydrogen bond acceptors were between 3 and 7.25
for known and for designed molecules which were well within the acceptable
proposed limit of 10 for Lipinski rule. However, QPlogP, an important property for
molecule to cross BBB which was followed by all the designed ligands and their
values were in the range of 2.18-3.23, with the lowest value for ABMO-Br and the
highest value for ABTO-Br. Few known TSPO ligands such as FGIN-127, PBRO6,
PBR111 and PK11195 showed one violation with QPlogP > 5, reflecting their high
lipophilicity, reduced specificity and reduced bioavailability due to its interaction with
plasma protein. The lipophilicity aspect of these known ligands needs correction
through its reduction. All the proposed ligands had lower value but good enough to
cross the BBB as per preference values from literature. They could possibly reduce
non-specificity. Overall, the proposed ligands had drug like properties as per Lipinski
rule and better than known ligands in terms of lipophilicity which were needed to be

improved for better specificity and bioavailability (Table 3.4).
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3.4.3.2 Prediction of bioavailability

Various factors affect compound's bioavailability such as liver-pass metabolism and
processes of absorption. Solubility, permeability, transporters' interaction and
enzymes' interaction (enzymes available on the wall of gut) are deciding factors for
absorption. The oral absorption of compound depends on computed parameters such
as conformation independent aqueous solubility, aqueous solubility, qualitative model
for human oral absorption, % of human oral absorption in GI, and compliance of

Jorgensen’s rule of three.

Out of all the known ligands taken for comparison purpose, only two were violating
this rule for QPlogS < -5.7 (-7.4 for FGIN-127 and -6.22 for PBR111). For designed
ligands, the solubilities were in increasing order for ABMO, ABPO, and ABTO
analogues with their QPlogS for aqueous solubility in the range of -5.4 to -3.72 which

were better or comparable with the known ligands.

The Caco-2 permeability for designed ligands were between 198-477 and for known
ligands between 2290-6015, all being much higher than 25 nm/s, the limit of poor

permeability as mentioned by software.

The Qikprop can estimate the number of possible metabolites of a drug which
determines its accessibility to the target post blood stream administration. This was in
the ranges from 0-5 for known TSPO ligands and 2-3 for designed ligands. These
molecules reflected that the designed molecules have limited possibilities to cleave or

hydrolyze under in vivo condition.
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All the designed ligands follow Jorgensen’s rules with apparent Caco-2 permeability
>22 nm/s, LogSwa < -5.7, and primary metabolites <7, predicting their

bioavailabilities.

The other parameter responsible for absorption, conformation independent QPlogS
values for designed molecules (-6.55 to -3.72) were comparable to that of known
ligands (-7.17 to -4.44). Reasonably good absorption were also reflected by %
human oral absorption in Gl which were >85 for proposed ligands and 100 for
known ligands. Even qualitative model for human oral absorption predicted high
oral absorption for the proposed ligands. The permeability was determined by
molecular size, lipophilicity, shape and flexibility. Molecular size and lipophilicity
of designed ligands were comparable to known TSPO ligands. Molecular
flexibility is related to number of rotatable bond which is connected to
bioavailability that increases with the decrease in number of rotors. They were 6 or
7 in designed molecules which were comparable to known TSPO ligands such as
DAA1106, PBR06 and PBR28. However, some known ligands have either high
(12 for FGIN-127) or low (0 for R05-4864) rotatable bonds. There is requirement
of optimum rotatable bonds to bind in the pocket of receptor as conformational
restriction generates entropy loss on binding in case of flexible molecules. As the
molecule is meant for diagnostic application, too low number of rotatable bonds
may lead to stickiness to the target receptor. Therefore, designed ligands with 6 or
7 rotatable bonds as present in known ligands seemed to be reasonable for ligands

for diagnostic purpose (Table 3.4).
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Table 3.3: Molecular descriptor and their components

DAA1106 DPA-713 | FGIN-127 PBRO06 PBR28 PBR111 PK11195 Ro5-4864 | ABMO-Br | ABMO-ClI | ABPO-Br | ABPO-CI | ABTO-Br | ABTO-CI
log Po/w
H-bond Donor 0 0 -0.3 0 0 0 0 0 -0.075 -0.075 -0.075 -0.075 -0.375 -0.375
H-Bond acceptor -2.435 -2.8 -1.461 -2.435 -2.8 -2.557 -1.948 -1.948 -3.531 -3.531 -3.287 -3.287 -3.287 -3.287
Volume 7.579 7.834 9.794 7.831 7.333 8.528 7.371 6.142 7.287 7.333 7.652 7.468 8.226 7.871
Ac x Dn"5/SASA 0 0 0.164 0 0 0 0 0 0.25 0.249 0.23 0.237 0.471 0.512
FISA -0.165 -0.334 -0.308 -0.158 -0.299 -0.233 -0.246 -0.414 -0.965 -0.967 -1.039 -0.844 -1.128 -1.05
Non-con amides 0 -0.626 -0.626 0 0 -0.626 0 0 -0.626 -0.626 -0.626 -0.626 -0.626 -0.626
WASA & PISA 0.531 0.176 0.46 0.615 0.488 0.711 0.547 0.807 0.545 0.556 0.61 0.574 0.654 0.549
Constant -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705 -0.705
Total 4.805 3.546 7.019 5.148 4.017 5.118 5.019 3.882 2.18 2.23 2.76 2.741 3.23 2.89
-log S
H-bond donor 0 0 -0.402 0 0 0 0 0 -0.1 -0.1 -0.1 -0.1 -0.502 -0.502
H-Bond acceptor -2.618 -3.011 -1.571 -2.618 -3.011 -2.749 -2.094 -2.094 -3.796 -3.796 -3.534 -3.534 -3.534 -3.534
SASA 11.381 12.317 15.341 12.179 11.863 13.797 11.661 10.369 12.189 12.224 12.353 11.981 143.47 12.38
Ac x Dn".5/ SASA 0 0 0.37 0 0 0 0 0 0.563 0.562 0.518 0.534 1.061 1.155
Rotor bonds -1.14 -0.814 -1.954 -1.14 -0.977 -1.14 -0.651 0 -1.14 -1.14 -0.977 -0.977 -0.977 -0.977
Non-con amides 0 -0.743 -0.773 0 0 -0.409 0 0 -0.631 -0.639 -0.73 0.666 -0.636 -0.675
WPSA 0.205 0 0.147 0.196 0 0.503 0.186 0.624 0.467 0.482 0.314 0.268 0.317 0.209
Constant -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783 -3.783
Total 4.046 3.966 7.376 4.834 4.093 6.22 5.319 5.117 3.77 3.809 4.06 3.723 5.416 4.273
log BB
Hydrophilic SASA -0.201 -0.455 -0.484 -0.211 -0.413 -0.346 -0.326 -0.553 -1.419 -1.418 -1.471 -1.161 -1.723 -1.437
WASA 0.115 0 0.083 0.11 0 0.283 0.105 0.351 0.263 0.271 0.177 0.151 0.179 0.118
Rotor bonds -0.422 -0.301 -0.723 -0.422 -0.362 -0.422 -0.241 0 -0.422 -0.422 -0.362 -0.362 0.362 -0.362
Constant 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564
Total 0.056 -0.193 -0.561 0.041 -0.211 0.068 0.102 0.362 -1.014 -1.005 -1.092 -0.808 -1.343 -1.118
log PMDCK
Hydrophilic SASA -0.244 -0.494 -0.456 -0.234 -0.443 -0.346 -0.364 -0.613 -1.429 -1.432 -1.539 -1.251 -1.67 -1.555
WPSA 0.257 0 0.185 0.246 0 0.632 0.234 0.785 0.587 0.605 0.395 0.337 0.399 0.262
Constant 3.771 3.771 3.771 3.771 3.771 3.771 3.771 3.771 3.771 3.771 3.771 3.771 3.771 3.771
Total 3.784 3.276 3.499 3.783 3.328 4.057 3.641 3.942 2.929 2.944 2.626 2.857 2.499 2.478

Only contributing parameters are mentioned in the table. Zero contributors are non-con amines for log P, N-protonation for —log S, N-protonation and FOSA for logBB and rotor bonds, non-

con amines and COOH/SO;H acids for logPMDCK.
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Table 3.4: Predictive values of properties of known and designed TSPO ligands

— . _ _
Predictions for (Range 95%of | A n1106 | DPA-713 | FGIN-127 | PBRO6 | PBR28 | PBR111 | PK11195 | Ros-4gea | ABMO ABMO- | Agpo-Br | ABPO-CI | ABTO-Br | ABTO-CI
Properties: Drugs) Br Cl
QP log P for
ot ator (-20/ 65) 4.805 3.546 7.019 5.148 4017 5.118 5.019 3.315 2.18 2.236 2.76 2741 3.23 2.89
QP log K hsa
Serum Protein (-15/ 15) 0.356 0.032 1.318 0.468 0.088 0.39 0.658 0.281 -0.5 -0.48 -0.181 -0.256 0.126 0.008
Binding
Qgr;ci)r?/s?ofdor (307 12) 0.056 -0.193 -0.561 0.041 0211 | 0068 0.102 0.362 -1.014 -1.005 -1.092 -0.808 -1.343 1118
N:Ae"tfaggm‘:sry ( 1.0/ 80) 4 4 1 5 5 2 0 1 2 2 3 3 3 3
HERG K+

Channel Blockage: | (concern below -5) |  -4.746 -3.454 -5.015 5,767 -6.188 -4.59 -5.483 -5.037 -3.795 3,772 -4.352 4177 -5.021 -4.258

log IC50

Apparent Caco-2

Permeability (<25 p?‘;rt,;soo 5888 2290 2441 6015 3854 3783 4561 2683 332 329 248 477 198 248
(nm/sec) 9
Apparent MDCK
Permeability (<25 poor, >500 6080 1889 3154 6062 2126 10000 4375 8755 849 879 422 719 315 300
(nm/sec) great) M M M

L'p'\’}?g:a?‘(‘)fs"f 51 (maximum is 4) 0 0 1 1 0 1 1 0 0 0 0 0 0 0

Jorge\'/‘isgg t?our::’ of | (maximum is 3) 0 0 1 0 0 1 0 0 0 0 0 0 0 0
% Human Oral

Absorption in Gl (<25% is poor) 100 100 100 100 100 100 100 100 85 85 86 91 87 87

(+-20%)

QP Polarizability 13.0/ 7 710M | 40.130M | 48922M | 41.007M 1M | 43.870M 24 M 49 M 157 M 435 M 70M M | 43524M | 41.263M
(Anostroms3) ( 13.0/ 70.0) 38.710 0.130 8.9 00 38.96 3.870M | 39.6 33.649 35.15 35.435 39.670 38.568 35 263
h&iégga:e];g;s ( 40/ 18.0) 11.087M | 10775M | 14593M | 11916 M | 11.901M | 12.463M | 11.599 M | 9.931M | 11.188M | 11276 M | 12754M | 12.244M | 14196M | 13.323M

%ztggof;g;‘;' ( 8.0/ 35.0) 15550 M | 15.879M | 19.002M | 16.433M | 15.865M | 17.762M | 15462 M | 13.924M | 17.126 M | 17.317M | 18.031M | 17.936M | 21.015M | 20.768 M

Q\F,’V;‘t’gﬂzafsor ( 40/ 45.0) 6.765M | 8.856 M 7.408 M 7.304M | 8697M | 7.852M | 6.746M | 6.946M | 10415M | 10434M | 11.606 M | 11.243M | 13.327M | 13.135M
Jm, max (micrograms/cm”2-

transdermal 9 ol 21.007 1.582 0.012 6.736 15082 | 0.056 0.393 0.035 0.062 0.062 0.075 0.496 0.003 0.053

transport rate
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3.4.3.3 Penetration of blood-brain barrier (BBB)

The molecules proposed have potential application for brain that makes it mandatory
for them to cross the BBB. Too polar molecules may not be able to cross the BBB. To
assess the access of drug to the brain, blood-brain partition co-efficient (QPlogB/B) is
computed. The values for known TSPO ligands from first and second generation and
designed ligands were in between -1.34 to 0.362. This range was permissible limit for

crossing blood brain barrier.

The Madin-Darby canine kidney (MDCK) estimates for absorption via oral route by
monolayers as these cells have expression of transporter proteins with very low levels
of metabolizing enzymes, is used as an additional BBB penetration prediction
criterion. The calculated MDCK cell permeability is considered as non-active

transport for blood brain barrier.

The values of MDCK were >1889 for all the considered known TSPO ligands and
>500 for all the designed ligands except 300 for ABTO-CI. These values were much
higher than 25 nm s which was recommended limit for poor penetration. The
QPlogBB and MDCK calculations and comparison of known and designed ligands

reflect the prospects of proposed ligands to cross BBB (Table 3.4).

3.4.3.4 Plasma protein binding

The degree of binding to the blood plasma proteins (like human serum albumin,
glycoprotein, lipoproteins, alpha, beta and gamma globulins) affects the efficiency of
a drug as it greatly reduces the drug quantity in circulation of blood which passes

through traverse cell membranes or diffuses less efficiently. Therefore, the abilities of
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all the designed molecules were predicted to act on human serum albumin through
QPlogKsa. Their values for designed ligands were between -0.48 and 0.126 which
were well within limit (-1.5 to 1.5) defined for 95% of the drug-database of
Schrodinger. For known ligands considered, this range was from 0.032 to 1.31 but on
a positive side. For PK11195, its value was quite high i.e. 0.65 resulting in its non-
specific binding and responsible for poor ratio of signal to noise in case of
radiolabelled ligands for PET. Out of the ligands chosen for comparison purpose,
DPA-713 and DAA1106 were better with values being 0.03 and 0.35, respectively
that reflects their improved signal to noise ratio. For all the designed molecules,
ABMO-Br/Cl had least interaction with serum protein with -0.50 and -0.48,
respectively. The other designed ligands ABPO-Br/Cl (-0.18 & -0.26, respectively)
and ABTO-Br/Cl (0.13 & 0.01, respectively) had moderate interaction. All the
proposed ligands are better than all other known ligands in terms of plasma protein
binding. As protein binding influences the biological half-life of drug and free
fraction is important for in vivo activity, relatively lower value for all newly designed
ligand in comparison to known ligands predict their improved availability, reduced

non-specific binding and better selectivity (Table 3.4).

3.4.3.5 Human ether-a-go-go-related gene potassium (HERG K*) channel

The HERG reflects the heart's electrical activity for coordinating its beating and act as
the molecular target in case of various therapeutic drugs causing cardiac toxicity.
HERG also modulates the function of some of the nervous systems cells through

establishment and maintenance of cancer-type properties in leukemic cells. Therefore,
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HERG K" channel blocking agents are potentially toxic and cardiac toxicity of drugs
can be reasonably predicted by loglCs at the design level. In this work, predicted
loglCso has been used to assess the blocking capacity of molecule in silico whose
recommended range was <-5. The predicted loglCs, (HERG K*) values were in the
range -6.18 to -3.45 for known ligands and -5.02 to -3.77 for designed ligands. As all
the designed molecules have toxicity comparable or less than known ligands and < -5,

they could be predicted as non-toxic (Table 3.4).

3.4.3.6 Molecular Volume

Molecular volume of drug is also responsible for its binding with receptor. The volume of
ligand and that of active site should match for perfect interaction. To assess the structural
compatibility of molecule at active site, molecular volume has been analyzed. For known
ligands their values were observed to be 941 and 1502 for R05-4864 and FGIN-127,
respectively. However, the rest of the known ligands were in the range of 1129-1201 with
one exception of 1307 for PBR111. All the designed molecules were also falling in the
range 1116-1260 in which most of the known ligands were lying. This predicted that

proposed ligands have sufficient molecular volume for ligand-protein interaction.

On comparison of proposed ligands with known ligands, it was found that the ABEOs
were small lead like molecules which were benzoxazolone analogues. As the ligands
have been designed for their application for TSPO targeting which can found
application in brain in addition to peripheral organs; drug-likeliness, bioavailability,
crossing of blood brain barrier, plasma protein binding, and metabolism were

predicted. They have attractive predictive pharmacokinetic profilessADME properties,
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and toxicity permissible for in vivo application. These findings suggested that these

ligands can be further considered for synthesis and in vitro/in vivo analysis.

3.4.4 Docking studies

To illustrate the binding efficiency and mode of interaction with TSPO protein,
ligands ABTO-CI/Br, ABPO-CI/Br, ABMO-CI/Br and ABTyO-CI/Br were analyzed
in detail. The docked poses demonstrated that aromatic moieties present in
benzoxazolone were involved in pi-pi interactions for ABTO-CI/Br and ABMO-
CI/Br. However, in ABPO-Br/CI the aromatic moiety of phenylalanine were involved
in pi-pi interaction. Overall, Glide scores showed binding affinities which were also

compared with the known TSPO ligands (Table 3.5).

Proteins from different sources were taken for analysis of interaction to validate the
idea through “the wisdom of crowds” for reaching a global solution by collecting
wisdom from different sources in case of too many possibilities as applied in social
sciences. Here, this collection was done by gathering the information of interaction
scores from different PDBs of TSPO using Glide scores (Table 3.5). Although there
are some significant discrepancies in TSPOs of these sources, the central cavities of
these structures provide important ligand binding sites. The TSPO ligands from first
generation such as PK11195 non-specifically bind with TSPO. The ligands from
second generation could specifically bind, overcoming this limitation of first
generation ligands but suffer from inter-subject variability aspect due to single

nucleotide polymorphism at 147 position of human TSPO replacing alanine with
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threonine. This aspect was also studied for designed TSPO ligands using mutated
TSPO. We have chosen wild type PDBs (4RYQ and 2MGY) as well as mutant PDB
(4UC1) for docking studies from different sources such as BcTSPO, mTSPO and
RsTSPO, respectively. Out of these 4RYQ and 4UC1 were derived from X-ray

crystallography and 2MGY was reported as NMR structure with PK11195 ligand.

Table 3.5: Glide XP docking results of known and acetamidobenzoxazolone-amino acid
ester based designed ligands (ABEO-Br/Cl) with PDBs of TSPO: 2MGY,

4RYQ, and 4UC1
2MGY 4RYQ 4UC1
ABTO-Br -8.50 -6.92 -9.61
ABTO-CI -6.65 -8.99 -9.30
ABMO-Br -8.09 -8.31 -8.19
ABTyO-Br -7.99 -6.68 -8.84
ABTyO-ClI -7.70 -5.86 -7.84
FPBMP -10.50 -6.28 -9.75
MBMP -10.28 -6.13 -7.70
FEBMP -10.06 -5.53 -8.07
PK11195 -8.37 -7.17 -8.25
DAA1106 -7.39 -7.06 -6.79
Alpidem -7.03 -8.19 -7.90
DPA714 -6.83 -5.99 -6.09
SSR180575 -5.45 -6.28 -7.07
PBR28 -4.96 -7.14 -7.80
Diazepam -8.91 -7.20 -6.60

The validation of docking protocol was done before docking the compounds with
PDBs. The ligand present in co-crystallized PBD was removed and docked with

binding site. The root mean square deviation between predicted and observed X-ray
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crystallographic/NMR conformers was found to be around 0.5 A predicting the

reproduction of binding mode of docked compound using this docking protocol.

The key interactions were present in the regions of 19 to 55 and 87 to 143 amino acid
residues which were there in all the ligands though the interacting amino acids were
different. This was in agreement with the earlier reported binding modes BcTSPO-
PK11195 model which showed interaction between oxygen of carbonyl group of
PK11195 with indole groups of Try51 and Try138, vander Waal interaction with
Ser22, Tyr32, Pro42, lle47, Phe55, Asn87, Phe90, Ser91, GIn94, Cys 107, Alal42
and Leu 145. Interaction of PK11195 as on Ser22, Try32, Phe55, Phe90, and Ser91

were similar to ABTO-Br/Cl interactions.

2MGY-PK11195 complex displayed interactions (hydrophobic) with residues of
amino acid Ala23, Val26, Leu49, Ala50, 1le52, Trpl107, Alal10, Leull4, Alal47, and

Leul50 (Jaremko et al., 2014; Okubo et al., 2004).

In addition to favourable vander Waals forces and hydrophobic forces, in several
cases hydrogen bonds and pi-pi interaction with highly conserved amino acids

residues such as Trp53 of TM2 and Trp143 of TM5 were also observed.

All the ABEO ligands showed comparable/better TSPO affinity (-5.86 to -9.61) as
compared to known ligands for TSPO (-4.96 to -10.50). Gecore for known ligands on
docking with TSPO PDBs- 2MGY, 4RYQ, and 4UC1 are shown (Table 3.5).
Although the values of Ggre OFf ABEOS with 2MYG were slightly lower than those of
other  acetamidobenzoxazolone (ABO) derivatives from literature, still

better/comparable to the Gscore OF Other non-benzoxazolone based derivatives. In case
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of 4RYQ and 4UCL1 these values were relatively better for ABEOs than known ABO
ligands. Out of all types of ABEO ligands, Ggcre Were higher for ABTO-Br/CI than
those of ABMO-Br/Cl and ABTyO-Br/ClI for at least with two TSPO PDBs out of
2MGY, 4RYQ, and 4UC1. ABTO-CI showed relatively lower Ggcore Value than those
of ABTyO-CI/Br with 2MGY but relatively higher Ggcore With 4RYQ (-8.99 vs -6.68/-
5.86) and 4UC1 (-9.30 vs -8.84/-7.84). During docking it was observed that the

known ABO moieties were sitting in site with majority of hydrophobic amino acids.

We also tried to predict the intersubject variability aspect of ABEO ligands, a major
concern in development of TSPO ligands. Similar affinities towards wild type as well
as Al47T TSPO were observed with PK11195, but different affinities with several
second generation radioligands. ABO based TSPO ligands such as MBMP, FEBMP,
and FPBMP demonstrated similar affinities towards both the variants of human
TSPO. This comparison predicted that the ABEO ligands might not be affected by

this aspect.

vl

Fig. 3.7: 2D and 3D interaction diagrams of ABTO-Br with PDB 4RYQ
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The compound ABTO-CI and ABTO-Br shared the same skeleton with variation in
bromo and chloro groups at 5" position of benzoxazolone moiety. These analyses
showed that ABTO-CI/Br were sitting at similar site of 4RYQ interacting with Phe
(55, 90, 95, 141), Try (51, 138), Tyr (19, 32), Ser (21, 22, 91, 146) and Gly (44, 48)
with similar type of interaction except pi-pi interaction at Phe91 present in chloro
analogue (Fig. 3.7). H-bond with C=0 at Trp51 were common interaction for both the
ligands. This was reflected in the Gscore With ABTO-CI (-8.99) having higher value

than ABTO-Br (-6.92).

Fig. 3.8: 2D and 3D interaction diagrams of ABTO-Br with PDB 4UC1

The ABTO-CI/Br, on docking with 4UCL1, shared interactions with Ala (19, 23, 138,
146), Tyr (31, 54), Trp (38, 50, 87), and Phe (55, 90, 95, 141) amino acids. ABTO-Br
had two hydrogen bonds and ABTO-CI had one hydrogen bond with Ggore higher for

ABTO-Br as compared to ABTO-CI (Fig. 3.8).
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Fig. 3.10: 2D interaction diagrams of i) DAA1106 and ii) Diazepam with TSPO (PDB
2MGY)

On comparing, all the receptor-ligand interactions with TSPO PBDs 4RYQ and 4UC1
were in the range of 19-55 and 87-146. H-bond with benzoxazolone and amino acid
around 50-54 were present in all the four interactions. As different amino acids were
present at same positions still majorly the ligands were interacting with hydrophobic
amino acids. Even few known TSPO ligands were also having interaction of almost
similar regions and similar types with several ligands having Trp51 and Trpl43
involved in H- bonding/pi-pi bonding (Fig. 3.9, 3.10). Some interactions of ABTO-
Br/Cl with TSPO were present in BcTSPO-PK11195 interaction such as Ser22,

Tyr32, Phe55, Phe90, and Ser91.
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Fig. 3.12: 2D and 3D interaction diagrams of i) ABPO-Br and ii) ABPO-CI with PDBs a)
2MGY, b) 4RYQ and c) 4UC1

The 2D and 3D interaction diagrams of methionine and phenylalanine analogues
(ABMO and ABPO) are shown in Figs. 3.11 and 3.12, respectively showing n-n

interactions and/or H bond interactions.

3.5 Conclusion

Designing of acetamidobenzoxazolone based TSPO ligand, Br/CI-ABEOs (E=methyl
esters of tryptophan, phenylalanine, and methionine) were carried our utilizing
outcome of four featured pharmacophore AAAR. The database used for the
pharmacophore was benzozaxolone based TSPO ligands with K; values studied on
kidney membrane. The designed molecules were close to the known TSPO ligands on
the basis of predictive ADME analysis such as predicting their drug likeliness,
bioavailability, plasma protein binding, metabolism, and toxicity. However, they were
better in terms of logP values and binding affinity with serum than some of the known
ligands such as FGIN-127 and PK11195 that could improve their diagnostic aspects.

The docking studies were employed to assess the affinities of designed molecules
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towards TSPO. In the docking study, the binding interactions and sites were assessed
by molecular docking of six designed skeletons for their applicability towards TSPO
targeting. Docking by the software Glide of Schrodinger reproduced the docked
conformations of the ligand-protein complexes within 2 A of RMSD of the X-ray
structure. GscoreS Showed good affinities of the all the designed ligands for the protein
binding pocket which were comparable for PDBs of different sources for the same
ligand. Three different PDBs were taken for finding out more holistic results. These
results predicted comparable affinities towards wild type TSPO for known as well as
designed ligands. Additionally, the designed ligands may not be affected by
intesubject variability as could be predicted on comparison with known
acetamidobenzoxazolone based known and designed lignads. The Glide scores of
these molecules were comparable to known TSPO ligands and interacting in the same
binding pocket having H-bond and/or m-m interactions. These findings predict the
potential of designed ligands for TSPO application. Although biological analysis will
be essential for further assessment of the efficacy of the new molecules after
synthesis, such screening may provide initial platform to explore novel potent
molecules. After in silico validation, the Br/CI-ABEO skeletons were found suitable

which were further synthesized and characterized in succeeding chapter.
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CHAPTER 4

SYNTHESIS, CHARACTERIZATION AND
CYTOTOXICITY STUDIES

The previous chapter discussed the designing of acetamidobenzoxazolone based
TSPO ligands through various in silico means such as pharmacophore modelling,
ADME analysis and docking. In order to validate the virtually screened TSPO
ligands, synthesis of these ligands were carried out. All the intermediates as well as
final compounds were characterized through 'H-NMR, C-NMR and mass
spectroscopy. The synthetic procedures of all the designed ligands along with their

characterization are mentioned in this chapter.

4.1 Synthesis

4.1.1 Procedure for synthesis of 2-(2-(5-bromo benzoxazolone)acetamido)-3-
(1H-indol-3-yl)propanoate, ABTO-Br

2-(5-Bromo-benzoxazolone) acetic acid was synthesized as per scheme 1 by
following the procedure reported in the literature with some modification (Fukaya et
al., 2013). To a solution of 2-(5-bromo-benzoxazolone) acetic acid (250 mg, 0.92
mmol) in DMF (5 ml), tryptophan methyl ester hydrochloride (351.2 mg, 1.38 mmol),
HOBLt (124.2 mg, 0.92 mmol) and EDCI (264.3 mg, 1.38 mmol) were added at room
temperature and stirred for 7 h. Subsequently, water was added and the mixture was
extracted using a toluene and ethyl acetate (1:1). Water and brine were used for
washing of organic layer and subsequently anhydrous Na,SO4 was added for drying.
After filtration, the solvent was removed in vacuo and purification of residue was
carried out on silica gel column using CHCI3/EtOACc (4:1 v/v) as eluent to give amide

product as a white solid (ABTO-Br: yield 62%).
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4.1.2 General procedure for synthesis of 5-chloro/bromo benzoxazol-2(3H)-one,

ABO-Br/ Cl

The reaction was performed as per step a mentioned in scheme 2-4. To a solution of 4-
chloro/bromo-2-aminophenol (34.83 mmol) in 150 ml THF, 1,1’-carbonyldiimidazole
(CDI) (34.83 mmol) was mixed and refluxed with stirring for 2 h. Then the reaction
mixture was cooled to rt and its quenching was performed by adding 2 M HCI solution.
The extraction of product was done by using EtOAc which was washed with brine.
Thereafter, anhydrous Na,SO4was used for drying and filtered. Finally, in vacuo removal

of solvent gave white solid as product.

4.1.3 General procedure for chloroacetylation of methyl ester of amino acid

The reaction was performed as per step b mentioned in scheme 2-4. To a solution of
methyl ester of amino acid (2.32 mmol) in deionized water (10 ml), triethyl amine
(2.55 mmol) was added with stirring under nitrogen atmosphere on ice bath for 5 min.
To the mixture, chloroacetyl chloride (2.55 mmol) in dichloromethane (10 ml) was
added dropwise over 1 h and the reaction was carried out for 4 h. Thereafter,
dichloromethane was used for the extraction of the product. The washing of
dichloromethane layer was done twice by deionized water and brine solution. After
washing, anhydrous Na,SO4 was used for drying the organic layer. Then in vacuo
solvent removal gave the product and column chromatography using silica gel and

CHCljsresulted in purified product.

4.1.4 General procedure for synthesis of CI/Br-ABO-Amino Acid ester (ABEO-
Br/Cl)

The reaction was performed as per step ¢ mentioned in scheme 2-4. In 5 ml DMF, 5-

chloro/bromo benzoxazol-2(3H)-one (1.48 mmol) and K,CO; (2.22 mmol) were

added. Chlorocetylated methyl ester of amino acid (1.48 mmol) was added to this

solution with cooling on ice bath and then stirring was continued for 3 h in the
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temperature range of 60-70°C. Thereafter, water was added after cooling the mixture
to rt. Mixture of toluene and ethyl acetate in 1:1 ratio was used as extraction solvent.
Washing of organic layer was done by water and brine solutions and then dried by
anhydrous sodium sulphate. In vacuo solvent removal gave a solid which was further

purified by column chromatography using silica gel and CHCI3/EtOAc (4:1, v/v).
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Scheme 1: Synthesis of 2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)
propanoate (ABTO-Br)
Reagents and conditions: i) CDI, THF, rt; ii) Tert-Butyl bromoacetate, K,CO3,
DMF, 70°C; iii) HCI, dioxane, AcOH, 50°C; iv) Tryptophan methyl ester
hydrochloride, EDCI, HOBt, DMF, rt.
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Scheme 2: Synthesis of 2-(2-(5-bromo/chlorobenzoxazolone)acetamido)-3-(1H-indol-3-
yl) propanoate (ABTO-Br/Cl)
Reagents and conditions: a) CDI, THF, Reflux 2 h; b) Chloroacetyl chloride,
Et;N, H,O/DCM, 0°C-rt; ¢) K,COs3, DMF, 60°-70°C, 3h.
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Scheme 3: Synthesis of methyl 2-(2-(5-bromo/chloro-2-oxobenzoxazol-3(2H)-yl)acetamido)-
3-phenylpropanoate (ABPO-Br/Cl)

Reagents and conditions: a) CDI, THF, Reflux 2 h; b) Chloroacetyl chloride,
Et;N, H,O/DCM, 0°C-rt; c) K,CO3;, DMF, 60°-70°C, 3h.
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Scheme 4: Synthesis of 2-[2-(5-bromo/chloro-2-oxo-benzoxazol-3-yl)-acetylamino]-4-
methylsulfanyl-butyric acid methyl ester (ABMO-CI1/Br)
Reagents and conditions: a) CDI, THF, reflux, 2h; b) Chloroacetyl chloride, EtsN,
H,O/DCM, 0°C-rt; c) K,COs, DMF, 60°-70°C, 3h.
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4.2 Result and discussion

In the first approach, 2-(5-bromo-benzoxazolone)acetic acid, the precursor of
compound ABTO-Br was synthesized from 4-bromo-2-amino phenol by the
procedure reported in the literature with some modifications (Fukaya et al., 2013). In
the last step, the ligand 2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-
yl)propanoate was synthesized through amidation reaction of 5-bromo-benzoxazolone
acetic acid and tryptophan methyl ester hydrochloride in the presence of HOBt and
EDCI. Overall synthetic procedure is mentioned in scheme 1. The yield of the final
product was 62% and was purified using column chromatography and preparative
HPLC. The retention time of final product ABTO-Br was found to be 8.75 min. The
chemical purity of the compound was determined using analytical HPLC and purity
was found to be >97%. All the eight aromatic protons of benzoxazolone and indole
moieties were observed in the region 6-8 ppm. “*C-NMR reflected appropriate peaks
as per its formula. Three C=0 peaks were observed at 172.3, 166.2 and 154.1 ppm
which correspond to ester C=0, amide C=0 and benzoxazolone C=0, respectively.
Mass spectrum run in the negative mode has peak at 470.2 [M-H]", which was in

accordance with the proposed structural formula.

In order to optimize the synthesis, an alternative procedure has been tried which
reduced the number of steps and increased the yield. The final ligand was synthesized
by the procedure mentioned in scheme 2 in three steps with modification in earlier

used procedure having four steps for ABTO-Br. The synthetic procedure involved
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synthesis of methyl-2-(2-chloroacetamido)-3-(1H-indol-3-yl)propanoate (T-Cl) and 5-
chloro benzoxazol-2(3H)-one (ABO-CI), separately which were combined in the final
step. The precursor molecule 5-chloro benzoxazolone was prepared by cyclization
reaction of 4-chloro-2-amino phenol in presence of 1,1’-carbonyldiimidazole (CDI).
Simultaneously, chloroacetylation was performed on L-tryptophan methyl ester.
Thereafter, both the above mentioned products were combined through alkylation
reaction in presence of K,CO3z in DMF. The synthesized ABTO-CI had good yield
(70%) which was purified using column chromatography and characterized by
spectroscopic methods. The synthesis of final product was confirmed by m/z=426.3
[M-H"] peak present in mass spectroscopic data. The synthetic scheme 2 is better than

scheme 1 in terms of yield, cost and duration of overall synthesis.

Encouraged by outcome and ease of alternative synthetic procedure in developing
ABTO-Br/Cl, we directed our efforts towards development of ABPO-Br/Cl and

ABMO-Br/CI using scheme 2 having three steps.

The ABPO-Br/CI were synthesized in three steps as per scheme 3. This scheme is
similar to scheme 2 where phenylalanine methyl ester is used in place of tryptophan
methyl ester. The compounds were purified using column chromatography and
preparative HPLC. The chemical purities of the compounds were determined using
analytical HPLC and purities were found to be >97%. All the eight aromatic protons
of benzoxazolone and benzene moieties were observed in the region 6-8 ppm. *C-

NMR reflected appropriate peaks as per their formulas. The C=0 of benzoxazolone,
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amide and ester were observed in the region 155-169 of *C-NMR of both the
analogues reflecting the syntheses of ABPO-CI/Br. The mass spectra also confirmed
the syntheses with the presence of [M-H"] peaks of ABPO-CI and ABPO-Br at 387.1

and 432.9, respectively.

Similarly, ABMO analogues (ABMO-Br/CI) were synthesized using methionine
methy! ester as per scheme 4. NMR and Mass spectroscopic techniques were used for
the analysis of synthesized compounds. In *C-NMR, the presence of C=0 of
benzoxazolone peak around 154 in 5-bromo/chloro benxoxazol-2(3H)-one reflected
their cyclization. In addition to this peak, presence of all the requisite peaks in
aromatic region, ester and amide peaks in the range of 168-169 confirmed successful

syntheses of the final compounds ABMO-Br/CI.

4.3 Characterization

4.3.1 Characterization of 5-chloro benzoxazol-2(3H)-one (ABO-CI)

MS (ESI) m/z: 167.8 [M-H"], Calculated m/z: 168.0 [M-H"] (Fig. 4.1)
'H-NMR (DMSO, 600 MHz): § (ppm) 7.1-7.4 (m, 3H) (Fig. 4.2)

BC-NMR (DMSO, 150 MHz): & (ppm) 110.3, 111.3, 122.0, 128.2, 132.2, 142.6,

154.7 (Fig. 4.3)
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4.3.2 Characterization of 5-bromo benzoxazol-2(3H)-one (ABO-Br)
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Fig. 4.4: Mass spectrum of ABO-Br
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MS (ESI) m/z: 211.7 [M-H"], Calculated m/z: 211.9 [M-H] (Fig. 4.4)

'H-NMR (DMSO, 600 MHz): 7.20-7.28 (m, 3H) (Fig. 4.5)

3C-NMR (DMSO 150 MHz): 111.7, 112.9, 115.8, 124.8, 132.5, 143.0, 154.6 (C=0)

(Fig. 4.6)

43.3 Characterization of methyl  2-(2-chloroacetamido)-3-(1H-indol-3-yl)
propanoate (T-Cl)

MS (ESI) m/z: 293.1 [M-H"], calculated m/z: 293.1 [M-H"] (Fig. 4.7)

'H-NMR (CDCls, 600 MHz): 3(ppm) 3.3-3.4 (d, 2H), 3.7 (s, 3H), 4.0 (s, 2H), 4.9-5.0

(m, 1H), 7.0-7.6 (m, 5H), 8.5 (br s, 1H) (Fig. 4.8)

3C-NMR (CDCls, 150 MHz): &(ppm) 27.5, 42.5, 52.6, 53.3, 109.3-136.3 (8 peaks),

166.0, 171.8 (Fig. 4.9)

HPLC: T3 column, 4.6 x 250 mm; MeCN/H,0, 6/4-8/2 (v/v); flow rate: 0.8 ml/min;

A= 254 nm; tr= 6.645 min (Fig. 4.10)
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4.3.4 Characterization of methyl 2-(2-chloroacetamido)-3-phenylpropanoate (P-Cl)
MS (ESI) m/z: 254.0 [M-H"], calculated m/z: 254.1 [M-H"] (Fig. 4.11)
'H-NMR (CDCl; 600 MHz): 3.11-3.20 (m, 2 H), 3.74 (s, 3H), 3.98-4.04 (m, 2H),

4.86-4.90 (m, 1H), 7.12-7.33 (m, 5H)

BC-NMR (CDCl3, 150 MHz): 37.8, 42.4, 525, 53.4, 127.3, 128.7, 129.2, 135.4,

165.6, 171.3 (Fig. 4.12)

HPLC: T3 column, 4.6 x 250 mm; MeCN/H,0, 6/4-8/2 (v/v); flow rate: 0.8 ml/min;

A= 254 nm; tg= 8.855 min (Fig. 4.13)

Fig. 4.11: Mass spectrum of P-Cl
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4.3.5 Characterization of 2-(2-chloro-acetylamino)-4-methylsulfanyl-butyric  acid
methyl ester (M-CI)
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Fig. 4.15: *C-NMR spectrum of M-Cl
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'H-NMR (400 MHz, CDCls): 2.01-2.07 (m, 1H), 2.09 (s, 3H), 2.15-2.22 (m, 1H),
2.49-2.54 (t, 2H), 3.76 (s, 3H), 4.07 (s, 2H), 4.69-4.75 (m, 1H), 7.29 (s, 1H) (Fig.
4.14)

3C-NMR (100 MHz, CDCls): 15.4, 29.8, 31.0, 42.4, 50.7, 51.8, 166.0, 171.7 (Fig.

4.15)

4.3.6 Characterization of 2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-

indol-3-yl) propanoate (ABTO-Br)

MS (ESI) m/z: 470.2 [M-H *], calculated: 470.0 [M-H"] (Fig. 4.16)

'H-NMR (DMSO, 400 MHz): & (ppm) 3.1-3.2 (M, 2H), 3.6 (s, 3H), 4.4-4.6 (m, 3H),

6.9-7.5 (m, 8H) (Fig. 4.17)

BBC-NMR (DMSO, 100 MHz): & (ppm) 28.7, 44.4, 52.4, 53.9, 111.0-141.5 (14 C),

154.2, 166.3, 172.3 (Fig. 4.18)

HPLC: T3 column, 4.6 x 250 mm; MeCN/H,0, 6/4-8/2 (v/v); flow rate: 0.8 ml/min;

A= 254 nm; tg= 8.751 min (Fig. 4.19)
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4.3.7 Characterization of 2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)

propanoate (ABTO-CI)
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Fig. 4.20: Mass spectrum of ABTO-CI
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Fig. 4.23: HPLC profile of ABTO-CI
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MS (ESI) m/z: 426.3 [M-H"], Calculated m/z: 426.1 [M-H"] (Fig. 4.20)

'H-NMR (CDCls, 600 MHz): & (ppm) 3.5-3.7 (m, 2H), 3.8 (s, 3H), 3.9-4.0 (M, 2H),

5.0-5.1 (m, 1H), 6.7-7.5 (m, 8H), 8.1 (br s, 1H) (Fig. 4.21)

B3C-NMR (CDCls, 150 MHz): 24.1, 51.2, 53.1, 54.3, 110.4-148.8 (14 peaks), 155.5,

168.2, 168.8 (Fig. 4.22)

HPLC: T3 column, 4.6 x 250 mm; MeCN/H0, 6/4-8/2 (v/v); flow rate: 0.8 ml/min;

A= 254 nm; tr= 7.214 min (Fig. 4.23)

4.3.8 Characterization of methyl 2-(2-(5-chloro-2-oxobenzoxazol-3(2H)-
yl)acetamido)-3-phenylpropanoate (ABPO-CI)

MS (ESI) m/z: 387.1 [M-H"], Calculated m/z: 387.1 [M-H"] (Fig. 4.24)

'H-NMR (CDCls, 600 MHz): 3.50-3.60 (m, 2H), 3.86 (s, 3H), 4.19-4.27 (m, 2H),

5.07-5.10 (m, 1H), 6.96-7.33 (m, 8H) (Fig. 4.25)

B3C-NMR (CDCl3 150 MHz): 34.0, 51.2, 53.2, 54.4, 121.3-148.8 (10 peaks), 155.3

(C=0), 168.1, 168.6 (Fig. 4.26)

HPLC: T3 column, 4.6 x 250 mm; MeCN/H,0, 6/4-8/2 (v/v); flow rate: 0.8 ml/min;

A= 254 nm; tg= 8.970 min (Fig. 4.27)
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4.3.9 Characterization of methyl 2-(2-(5-bromo-2-oxobenzoxazol-3(2H)-
yl)acetamido)-3-phenylpropanoate (ABPO-Br)
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Fig. 4.29: "H-NMR spectrum of ABPO-Br
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Fig. 4.30: *C-NMR spectrum of ABPO-Br
MS (ESI) m/z: 431.3 [M-H"], Calculated m/z: 431.0 [M-H"] (Fig. 4.28)

'H-NMR (CDCls, 600 MHz): 3.49-3.60 (m, 2H), 3.86 (s, 3H), 4.19-4.27 (m, 2H),
5.06-5.10 (m, 1H), 6.91-7.33 (m, 8H) (Fig. 4.29)

B3C- NMR (CDCl3 150 MHz): 34.0, 51.2, 53.2, 54.4, 112.6-149.3 (10 peaks), 155.3

(C=0), 168.0, 168.5 (Fig. 4.30)

4.3.10 Characterization of 2-[2-(5-chloro-2-oxo0-benzoxazol-3-yl)-acetylamino]-4-
methylsulfanyl-butyric acid methyl ester (ABMO-CI)

MS (ESI) m/z: 371.0 [M-H"], Calculated m/z: 371.05 [M-H"] (Fig. 4.31)

'H-NMR (600 MHz, CDCl): 2.11 (s, 3H), 2.49-2.65 (m, 4H), 3.80 (s, 3H), 4.43 (s,
2H), 4.99-5.03 (t, 1H), 6.93-6.95 (m, 1H), 7.14-7.16 (m, 2H) (Fig. 4.32)

BBC-NMR (150 MHz, CDCly): 15.4, 27.1, 30.9, 51.6, 52.3, 53.2, 120.7, 124.0, 125.1,
125.6, 128.6, 149.2, 155.6, 168.8, 169.0 (Fig. 4.33)
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4.3.11 Characterization of 2-[2-(5-bromo-2-oxo-benzoxazol-3-yl)-acetylamino]-4-

methylsulfanyl-butyric acid methyl ester (ABMO-Br)
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Fig. 4.37: HPLC profile of ABMO-Br

MS (ESI) m/z: 439.3 [M+Na"], Calculated m/z: 439.0 [M+Na'] (Fig. 4.34)

'H-NMR (CDCl5, 600 MHz): 2.03 (s, 3H), 2.49-2.66 (m, 4H), 3.80 (s, 3H), 4.43 (s,
2H), 5.00-5.04 (t, 1H), 6.89-6.96 (m, 1H), 7.25-7.33 (m, 2H) (Fig. 4.35)

BC-NMR (CDCl; 150 MHz): 15.4, 27.1, 30.9, 51.7, 52.3, 53.2, 112.4, 121.1, 125.5,
126.9, 131.6, 149.8, 155.6, 168.9, 169.0 (Fig. 4.36)

HPLC: T3 column, 4.6 x 250 mm; MeCN/H0, 6/4-8/2 (v/v); flow rate: 0.8 ml/min;

A= 254 nm; tr= 4.348 min (Fig. 4.37)

4.4 In vitro toxicity evaluation

The extent of toxicity was quantified using MTT assay. RAW 264.7 cell line has been

chosen for the study because it demonstrated increase in TSPO level 24 h post
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stimulation with LPS (Shao et al., 2013). All the analogues of ABEO-Br/CI

demonstrated significant viability upto 10 uM concentration.
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Fig. 4.38: Effect of ABEO-Br/Cl analogues on cell viability in RAW 264.7 cell line
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4.5 Conclusion

The designed acetamidobenzoxazolone based analogues using amino acid esters have
been synthesized. Initially four-stepped reaction was successfully tried for
synthesizing the trptophan methyl ester analogue. In process of optimization, three
steps reaction was tried. This demonstrated improvement in terms of yield, time and
cost due to the parallel approach followed as compared to linear synthetic protocol in
initial approach. All the intermediates as well as final compounds were characterized.
For characterization purpose, mass spectroscopy, ‘H-NMR, **C-NMR and HPLC
were used. The evaluation of toxicities showed their potential for application under in

vivo condition.
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CHAPTER 5

RADIOSYNTHESIS AND BIOLOGICAL EVALUATION
OF *™Tc-ABEO-Br/Cl

The previous chapter contains the synthesis and characterization of the molecules
designed as TSPO ligands through in silico means. In order to validate the results of
the virtual screening, the synthesized ligands were complexed with radionuclide *™Tc
and studied for specificity towards TSPO using in vitro, ex vivo and in vivo means.
This part of the chapter contains radiosynthesis and biological evaluation of **™Tc-
ABTO-Br/CIl. Uptake and specificity were demonstrated on human lung tumor cell
line A549. Balb/c mice were used for biodistribution studies (ex vivo as well as in
vivo). New Zealand rabbits were utilized for biodistribution (in vivo) as well as blood
kinetic studies. In order to prove specificity of radioligands towards TSPO, lung
tumor xenograft model (Nude mice) and lung inflammation models (Balb/c mice),
known to have increased TSPO concentration, were used. Blocking studies were
performed with known TSPO ligand PK11195 to demonstrate specificity in cell line,

normal and modelled mice.

5.1.1 Radiosynthesis and stability studies of radiocomplexes

The ABTO-Br/Cl analogues were radiolabelled with *™Tc and were studied for their
stabilities in saline as well as in serum as per procedures mentioned in chapter 2. After

radiosynthesis, biological evaluation was performed through tracer technique.
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Fig. 5.1.1: Labelling efficiency (%LE) of a) ABTO-Br and b) ABTO-CI with *"Tc
NaTcO, at pH 7 was used for labelling. 0.1 cm segment of ITLC were used after
developing it in acetone and PAW (pyridine, acetic acid and water in 3:5:1.5
ratio) solvents for count measurement.

100 - (a) 100 (b)
98 - 98 1
9 - . 96 -
w94 4 94 4
X 92 - x 92 +
90 - 90 -
88 - 88 -
86 - 86 -
05 1 2 3 4 24 30 60 120 180 240 1440
Time (h) Time (h)

Fig. 5.1.2: Serum stability studies in terms of labelling efficiency (%LE) of a) *™Tec-
ABTO-Br and b) *"Tc-ABTO-Cl over 24 h
Studies were performed in fresh human serum from healthy volunteers at
physiological conditions i.e. 37°C.

The purified compounds ABTO-Br and ABTO-CI were radiolabelled with >96%
radiochemical yields. The stability of both the radiolabelled compounds were
observed to be >94% in saline after 24 h reflecting that radiocomplexes were

stable (Fig. 5.1.1).

Serum stability studies under in vitro condition clearly demonstrated the stabilities
of radiocomplexes, *"Tc-ABTO-Br and *"™Tc-ABTO-CI, with no significant

transchelation to proteins present in serum such as albumin which were 93% and
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91% intact after 4 h (Fig. 5.1.2). Stability studies demonstrated stability of the

complexes required to find application as SPECT agents for both the ligands.

5.1.2 In vitro studies

5.1.2.1 Cell uptake of *™Tc-radioligand in A549 human lung tumor cells

The human lung carcinoma cells (A549) were used to evaluate specifity of *™Tc-
ABTO-Br/CI towards TSPO through in vitro assay. The results of in vitro uptake of
the radiocomplexes are shown in Fig. 5.1.3. They demonstrated that the uptake were
dependentent on time and increased till last time point of study i.e. 60 min for both
bromo and chloro analogues. PK11195 was used for blocking studies. The blocking
agent was incubated for 1 h before adding radiolabelled compound. The maximum
reduction was 43.6% and 41.1% for bromo and chloro analogues, respectively.
Increase in the uptake of blocked cells with time implied that the cells were not fully
blocked still it gave preliminary idea about the specificity aspect of *™Tc-ABTO-

Br/Cl towards TSPO.

140 - 3
(a) 120 | =99mTc-ABTO- (b) ~ H99mTc-ABTO-
Br blocked o Cl blocked
= 100 - = &
% 80 - .gB?nJ:kSI-cQE:dO_ g 3 ®99mTc-ABTO-
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Fig. 5.1.3: Uptake kinetics of a) *™Tc-ABTO-Br and b) *™Tc-ABTO-CI in A549 cells in
the presence (blue) and absence (red) of PK11195
Data are expressed as counts per well (mean with S.D. n=3)
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5.1.3 Ex vivo studies

5.1.3.1 Blood kinetic studies in New Zealand rabbits
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Fig. 5.1.4: Time activity curves showing blood clearance of a) " Tc-ABTO-Br and b)
¥MTc-ABTO-CI postinjection in New Zealand rabbits

The blood clearance was studied on normal rabbits as per procedure mentioned in
chapter 2. The blood samples were withdrawn from the ear vein at different time
points till 24 h. The radioactivities of the blood samples were measured in the gamma
counter to calculate the persistence of activity in the circulation. Both the trypophan
methyl ester analogues demonstrated a rapid radioactivity clearance from blood
circulation. *™Tc-ABTO-Br and *"Tc-ABTO-CI activity clearance were >62% and
>66% in 1 h; and >92% and >84% in 3 h. This reflected the fast release kinetics as

desired for diagnostic application (Fig. 5.1.4).

5.1.3.2 Biodistribtuion studies in Balb/c mice

Ex vivo biodistribution of radiocomplex was carried out to get an idea about its reach
to the organs of interest i.e. TSPO rich organs and its excretion from the body. The
distribution in different organs is represented as percentage of injected dose per organ
at different time points. Fig. 5.1.5 showed the distribution patterns of both radioactive
compounds at different time points post injection into the mice (n=3). One compound

at a time has been discussed in detail. Firstly, **"Tc-ABTO-Br was considered. At 5
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min, peak value of radioactivity was recorded in all the organs. Highest %ID/g was
observed in liver i.e. 28.87 followed by kidneys, spleen and lungs which were 11.19,
10.25, and 5.20, respectively. 15 min onwards spleen contained highest radioactivity
after liver i.e. 6.88, 5.18, 4.97, 3.42, and 1.72%ID/g at 15 min, 30 min, 60 min, 120
min, and 1440 min, respectively. Lungs and kidneys also had significant amount of
radioactivity present till 30 min i.e. 3.15 and 3.50%ID/qg, respectively. Thereafter,
there was a sharp decrease in radioactivity in lungs with 25.0% to 5.5% of uptake at 5
min from 60 min to 1440 min. Similar trend but steepest fall was observed in kidneys
i.e. 20% of the uptake at 5 min in 60 min and subsequent reduction to 8% in 1440
min. The biodistribution pattern demonstrated that the radioactivity was mainly
localized in TSPO-expressing organs such as lungs, liver, spleen, and kidneys. The
good uptake of radioactivity in requisite organs proved them as a TPSO targeting

ligand.

In brain, small uptake of 0.06%ID/g at 5 min was observed which reduced to 0.01% at
the last time point of observation. The small uptake in brain could be attributed to
moderate concentration of TSPO in the healthy brain. Maximum radioactivity
quantity in liver showed that the clearance of the radioligand was through

hepatobiliary route.

9mTc-ABTO-CI, chloro analogue of *™Tc-ABTO-Br, had also been evaluated for the
uptake in requisite organs and relative uptake through biodistribution studies as

shown in fig. 5.1.5b.
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Fig. 5.1.5: Biodistribution patterns of a) *™Tc-ABTO-Br and b) *™Tc-ABTO-CI in

normal Balb/c mice

Mice (n=3) received 100 pCi of *™Tc-ABTO analogues by tail vein injection.
Radioactivity uptake in different organs were measured by gamma counting and
expressed as %ID/g, Meanzstandard deviation

After 15 min, there were high uptake of radioactivity into organs having TSPO sites,
such as kidneys (29.57%ID/g), heart (5.16%I1D/g), spleen (2.87%ID/g), and lungs
(12.91%ID/g). The uptake in lungs and heart were approx 2.75 and 7 fold as
compared to ™ Tc-ABTO-Br uptake at 15 min showing better distribution pattern for
TSPO targeting (Fig. 5.1.5) which, in turn, would result in better SPECT ligand.
Uptake of *™Tc-ABTO-CI in liver was relatively lower than that of *™Tc-ABTO-Br
(19.74 vs 23.12%ID/g). Rate of reductions were high in heart and lungs which
reduced to 14.7% (5.16%ID/g to 0.76%ID/g) and 8.9% (12.91%ID/g to 1.12%ID/qg),

respectively between 15-120 min. Over same period kidneys, liver, spleen and blood
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uptake were reduced to 54.5%, 34.0%, 33.8% and 45.0%, respectively. The amount of
radiotracer in the blood and brain decreased with time. Uptake in kidneys and liver
reflected that the excretion occurred through renal and hepatobiliary tract as expected

for a compound with moderate lipophilicity.

5.1.3.3 Biodistribution studies of *™Tc-ABTO-Br in lung inflamed model of
Balb/c mice

Ex vivo biodistribution studies concluded that ™ Tc-ABTO analogues seemed to be
suitable for lung imaging applications. Both the analogues were studied in mice
model prepared by applying methods mentioned in chapter 2.

Firstly, blocking study was performed in lung inflammation model of Balb/c mice.
Lung inflammation model was prepared through intranasal administration of
Lipopolysaccharide. The saturation aspect of TSPO binding site by *™Tc-ABTO-Br
has been studied by blocking with PK11195 on lung inflamed mice model. Three
different concentrations of known TSPO ligand (PK11195) 2.5 mg/kg, 5 mg/kg, and
10 mg/kg were injected 10 min prior to *™Tc-ABTO-Br injection. PK11195 was
dissolved in 100 ul (DMSO and saline) which was injected intravenously. All the
experiments were performed in triplicate set (n=3). In vivo images were taken at 40

min post intravenous injection of radioligands.

¥mTc-ABTO-Br showed uptake in all the organs rich in TSPO. TSPO-rich peripheral
organs showed blocking which was not concentration dependent for all (Fig 5.1.6).
Blocking studies on TSPO ligands are complex as peripheral organs serve as a sink

for radiotracers and although blocking/displacement drugs can reduce uptake, the

135



Chapter 5: Radiosynthesis and Biological Evaluation of *™ Tc-ABTO-Br/Cl

varied TSPO density in these organs will see different reduction in the different

peripheral organs as their receptor density will vary.

Fig. 5.1.6: *™Tc-ABTO-Br ex vivo biodistribution in lungs, liver, spleen and kidneys of
lung inflamed mice at 40 min post iv. injection with 10 min
preadministration of 2.5/5/10 mg/kg PK11195 as blocking agent

5.1.4 Invivo studies

To find out the distribution under in vivo state, SPECT imaging was performed post
injection of radiolabelled *™Tc-ABTO-Br/Cl ligands in normal mice and rabbits. For
specificity, blocking studies were performed using a known TSPO ligand PK11195 in

normal and modelled mice.

5.1.4.1 Biodistribution and blocking studies of *™Tc-ABTO-Br/Cl in normal
Balb/c mice

The distribution under in vivo conditions in Balb/c mice for both the *™Tc-ABTO

analogues were mainly localized in TSPO rich organs in unblocked as well as in blocked

conditions.

The percentage blocking observed for *™Tc-ABTO-Br and **™Tc-ABTO-Cl were 30.9%

and 31.9% in main organs on preadministration of PK11195 (Fig. 5.1.7a, Fig. 5.1.7b).
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a(i) a(ii) b(i) b(ii)
Fig. 5.1.7: In vivo SPECT images of ®™Tc-ABTO-ClI a(i) without and a(ii) with PK11195

preadministration and *™Tc-ABTO-Br b(i) without and b(ii) with PK11195
preadministration at 40 min post injection of radioligand

These data proved the selectivity and specificity of the compounds towards TSPO. It
warrants further investigation on other mice models with increased TSPO

concentration.

5.1.4.2 Biodistribution studies of ™ Tc-ABTO-Br/Cl in New Zealand rabbits

In order to have better clarity about uptake pattern, New Zealand rabbits were used
for in vivo imaging. SPECT studies of both the analogues of *"Tc-ABTO were
carried out in New Zealand rabbits by intravenous injection of 300 uCi in 200 pl of
radiolabelled complex through ear vein. The acquisition was performed dynamically
for 30 min post injection. The biodistribution patterns shown in the images were
similar to ex vivo biodistribution observed for both the radioligands. Also uptake in
brains were observed at initial time points which reduced significantly within 15 min.
Uptake in spleen was visible in *™Tc-ABTO-Br but not in *™Tc-ABTO-CI which

was also reflected in ex vivo biodistribution of mice (Fig. 5.1.8).
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Fig. 5.1.8: In vivo biodistribution of a) *™Tc-ABTO-Br and b) *™Tc-ABTO-CI in New
Zealand rabbits (Dynamic studies for 30 min)
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5.1.4.3 Biodistribution and blocking studies of *™Tc-ABTO-CI in lung inflamed
model of Balb/c mice

Further, *™Tc-ABTO-Cl was studied for its specificity towards TSPO on

inflammation model of Balb/c mice. For this study, inflammation model was prepared

through intratracheal injection of lipopolysaccharide in Balb/c mice. Two different

concentrations, 5 mg/kg and 10 mg/kg, of PK11195 were taken for blocking.

Fig. 5.1.9: In vivo SPECT images showing activity distribution of *"Tc-ABTO-CI in
inflamed mice a) without and b), ¢) with blocking at 40 min post i.v. injection
with 10 min preadministration of 5/10 mg/kg PK11195 as blocking agent in
lung inflammation model of Balb/c mice

To prove the over expression of TSPO protein in lung model, the uptake of modelled
mice were compared with uptake in normal mice, specifically in the lungs region. The
uptake in the lungs region increased in the modelled mice. The uptake in modelled
mice in the upper area was 26.4% of the total uptake which was much higher than the
uptake in normal mice in the same area i. e. 8.0% which was comparable to the ex
vivo data of biodistribution in that area majorly comprising of uptake in heart and
lungs. The blockings observed were 28.1% and 77.6% for blocked mice with blocking
concentrations of PK11195 as 5 mg/kg and 10 mg/kg, respectively which can be seen
in the whole-body SPECT images taken 40 min post injection of *™Tc-ABTO-CI

(Fig. 5.1.9, Fig. 5.1.10).
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Fig. 5.1.10: ®*™Tc-ABTO-CI in vivo biodistribution in lungs, main organs (lungs, liver,
heart, kidneys and spleen) and total body uptake at 40 min post i.v.
injection with 10 min preadministration of 5/10 mg/kg PK11195 as blocking
agent in lung inflammation model of Balb/c mice

Similar findings of previous ligands used in nuclear medicine by other researchers
were reported. Literature reported ™ Tc-labelled 2-quinoline carboxamide ligands
showed only significant effect in uptake of lungs but not in remaining tissues on pre-
administration of PK11195 (Cappelli et al., 2008). PET TSPO ligands [*®F]-DPA-714
(Vicidomini et al., 2015) and [**F]VC701 (Di Grigoli et al., 2015) showed blockings

in the range of 46%-72% and 37%-88%, respectively.

As per these findings, these ligands have the potential to specifically target TSPO
with ™ Tc-ABTO-CI being better than *™Tc-ABTO-Br in terms of in vivo uptake of
the compound in tissues expressing TSPO. Further, the introduction of the chloro
group in place of bromo in ligand showed improved pharmacokinetic properties
which, in turn, could improve the image resolution in mice using the SPECT
modality. These data clearly indicated that ABTO-CI should be considered as a viable

SPECT ligand for further investigation in pathological conditions expressing TSPO.
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5.1.4.4 Biodistribution and blocking studies of *™Tc-ABTO-Br in lung tumor

xenograft model of nude mice

The other model studied for TSPO targeting was human lung tumor xenograft model.
The A549 human lung cell line was used for the model generation. The blocking

agents were PK11195 and benzoxazolone acetic acid, a MBMP precursor.

¥ 2

a(i) b(i) c(i)

a(ii) b(ii) c(ii)

Fig. 5.1.11: Localization of *™Tc-ABTO-Br in lung tumor xenograft models in a)
unblocked b) blocked with PK11195 and c) blocked with MBMP precursor
ati) lhandii)3 h

PK11195 is a well known TSPO agent and MBMB is TSPO ligand having same
skeleton as lead skeleton for ABO analogues. The concentration used for both the

blocking agents were 5 mg/kg.

141



Chapter 5: Radiosynthesis and Biological Evaluation of *™ Tc-ABTO-Br/Cl

The localization of *™Tc-ABPO-Br was more in tumor area than in any other organ.
This would result in better diagnosis through good contrast. Out of all the uptake,
percentage localizations of *™Tc-ABTO-Br in tumor at 1 h were 67.0%, 39.8% and
51.3% for unblocked, PK11195 blocked and benzoxazolone acetic acid blocked mice,
respectively.

When PK11195 and benzoxazolone acetic acid were used as blocking agents and
were injected 10 min prior to injection of radioligand, the blockings observed in

tumor were 42.0% and 53.2%, respectively at 1 h post injection (Fig. 5.1.11).

5.1.5 Conclusion

The goal of the study was to evaluate ™ Tc-ABTO based system for TSPO targeting.
Two analogues of this skeleton, *™Tc-ABTO-Br and *"Tc-ABTO-CI, were prepared
with more than 91% stability for 4 h. Both the radioligands were studied in normal
Balb/c mice and New Zealand rabbits. Some models were also chosen for validation
of specificity such as lung inflammation model in Balb/c for both the analogues and
tumor xenograft model in nude mice for " Tc-ABTO-Br. All the studies performed
on mice were also studied for blocking using PK11195, a known TSPO ligand.
Uptake in TSPO rich organs in normal mice and rabbits along with increased uptake
in inflamed/tumor models of mice with significant blocking demonstrated these
compounds as TSPO ligands for SPECT. ®™Tc-ABTO-CI, on comparison with *™Tc-
ABTO-Br, was found to have improved %ID uptake in peripheral organs and better
release rate. High uptake at early time point and fast kinetics suggest that *™Tc-
ABTO-Br/Cl may have potential as SPECT ligands for evaluation of TSPO-over
expression. Further studies with other TSPO ligands on unregulated TSPO systems

would be required to establish them as SPECT ligands for TSPO.
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This part of the chapter contains the radiolabelling of ABPO-Br/CI analogues, their
stabilities both in saline as well as in serum and validation for selectivity and
specificity towards TSPO through ex vivo/in vivo studies on New Zealand rabbits and

Balb/c mice.

5.2.1 Radiosynthesis and stability studies of radiocomplexes

The synthesized acetamidobenzoxazolone based phenylalanine methyl ester derivatives
were complexed with *™Tc for biological evaluation through tracer technique. The
radiolabelling was performed as per the procedure mentioned in chapter 2. Complexation
of the synthesized ligands with *™Tc gave 95.4% and 94.1% intactness of *™Tc-ABPO-

Br and *™Tc-ABPO-CI, respectively, over 24 h (Fig. 5.2.1).

=
D 0 O
o O O

N
o o

5 15 30 60 120 180 240 1440 5 15 30 60 120 180 240 1440

% Labelling Efficiency
oS
o

% Labelling Efficiency
N
o

Time (min) Time (min)

Fig. 5.2.1: Labelling efficiency (%LE) of a) ABPO-Br and b) ABPO-CI with *™Tc
NaTcO, at pH 7 was used for labelling. 0.1 cm segment of ITLC were used after
developing it in acetone and PAW (pyridine, acetic acid and water in 3:5:1.5
ratio) solvents for count measurement.

Serum stability under in vitro condition clearly demonstrated the stability of radio
complexes, ®"Tc-ABPO-Br and *™Tc-ABPO-CI, with no significant transchelation
to proteins present in serum such as albumin which were 92.4% and 91.4% intact after
24 h (Fig. 5.2.2). Stability studies demonstrated stability of the complexes required to

find application as SPECT agents.
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Fig. 5.2.2: Serum stability studies in terms of labelling efficiency (%LE) of a) *™Tc-
ABPO-Br and b) *"Tc-ABPO-Cl over 24 h
Studies were performed in fresh human serum from healthy volunteers at
physiological conditions i.e. 37°C

5.2.2 Exvivo studies

5.2.2.1 Blood kinetic studies in New Zealand rabbits
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Fig. 5.2.3: Time-activity curves showing blood clearance of a) *"Tc-ABTO-Br and

b) *™Tc-ABTO-CI postinjection in New Zealand rabbits

The blood clearance was studied as per procedure mentioned in chapter 2 on normal
New Zealand rabbits. Approximately, 74% and 55% of the activities of " Tc-ABPO-
Br and *™Tc-ABPO-CI were cleared within 1 h and more than 92% and 69% activity
clearance were observed in 4 h. This reflected the fast release kinetics as desired for
diagnostic application. The release kinetic was faster for bromo analogue than for

chloro analogue of *™Tc-ABPO (Fig. 5.2.3).
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5.2.2.2 Biodistribution studies in Balb/c mice
Biodistribution of ™ Tc-ABPO-Br/Cl were carries out as per the procedure mentioned
in chapter 2 in order to have an idea about the reach of radioligands in body and their

excretory pathways.
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Fig. 5.2.4: Biodistribution patterns of a) *™Tc-ABPO-Br and b) *™Tc-ABPO-CI in

normal Balb/c mice
Mice (n=3) received 100 uCi of *™Tc-ABPO by tail vein injection. Radioactivity

uptakes in different organs were measured by gamma counting and expressed as
%ID/g, Meanzstandard deviation

Firstly, bromo analogue, *™Tc-ABPO-Br, was discussed for its biodistribution pattern
(Fig. 5.2.4a). The uptake was observed in all TSPO rich organs with highest uptake in
liver. The uptake in liver at 5 min was 19.28%ID/g which gradually decreased to

9.50%I1D/g in 120 min. The second highest uptake was in spleen which was more than

145



Chapter 5: Radiosynthesis and Biological Evaluation of *™ Tc-ABPO-Br/Cl

uptake in kidney at all time points. In spleen, there were 9.16, 8.53, 5.71, 6.58, and
4.04%ID/g uptake at 5 min, 15 min, 30 min, 60 min, and 120 min, respectively. In
kidneys, these values were 7.35, 8.14, 6.30, 4.07, and 3.95%ID/g. In this case, highest
uptake was at 15 min, thereafter, gruadually decreased till last time point of
observation. In lungs and heart, the uptakes at 5 min were 1.25 and 0.87%ID/g,
respectively. In lungs, increase was observed upto 1.53%ID/g in 15 min then decrease
was shown till 0.94%ID/g in 120 min. However, in heart radioactivity gradually
decreased with time to 0.24%ID/g till 120 min. In stomach and intestine, there were
relatively low uptakes. In stomach the uptake reduced from 0.54%ID/g to 0.21%ID/g
in 5-30 min and then increased upto 0.48%ID/g at 120 min. In intestine this value
showed dip at 15 min (0.14%ID/g) and then increased till 120 min with 0.72%ID/g.
The uptake in blood was slightly higher at initial point of observation which reduced
drastically by 15 min to 1.22%ID/g and further demonstrated reducing trend till 120
min with 1.07 %ID/g at that time point. The uptake in brain was 0.11 %ID/g and it

stayed till this level upto 15 min which further reduced to 0.09%ID/g in 60 min.

As per biodistribution patterns of both the radioligands, the radioactivity was primarily
found in TSPO-rich organs such as lungs, liver, kidneys, and spleen demonstrating
selectivity of the radioligands towards TSPO. The release kinetics was the highest for
blood. In lungs, spleen and kidneys, the reduction was upto 49%, 44%, and 54% of the
uptake at 5 min. However, this percentage reduction was relatively low in brain with 64%

for same time span.

On comparing chloro analogue with bromo analogue of *™Tc-ABPO, it was found

that release kinetics of bromo analogue was much higher than chloro analogue for all
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the TSPO rich organs as well as for blood as can be seen in the Fig. 5.2.4. For lungs,
the highest uptake for both analogues were around 1.5%ID/g but at different time
points i.e. 15 min and 30 min for *"Tc-ABPO-CI and *™Tc-ABPO-Br, respectively.
The uptake in spleen and heart were 7 times higher at 5 min and 4.8 times higher at 15
min for *™Tc-ABPO-CI than for *™Tc-ABPO-Br. At 15 min, the uptake of *™Tc-
ABPO-CI was 1.8 times higher in heart than in lungs. This data was 0.29 times for
9MTc-ABPO-Br. In brain, the uptake was higher for *™Tc-ABPO-Br i.e. 0.13%ID/g
as compared to *™Tc-ABPO-Cl i.e. 0.11% (Fig. 5.2.4b).

Table 5.2.1: Ratio of uptake at 120 min with respect to highest uptake

Organs ¥mTc ABPO-Br %¥mTc-ABPO-CI
Blood 0.12 0.29
Brain 0.07 0.64
Heart 0.12 0.28
Lungs 0.27 0.61
Liver 0.24 0.49
Spleen 0.09 0.44
Kidneys 0.26 0.49

For *™Tc-ABPO-Br, the fastest release kinetic was for spleen which was reduced to
9% of highest uptake at 120 min. Next to the fastest release rate were for blood and
heart with ~12% of the highest uptake and ~23-26% for liver, lungs and kidneys. The
uptake in stomach and intestine were <1%ID/g. In brain, the highest uptake were
observed to be 0.06, 0.13, 0.10, 0.12, and 0.09%ID/g at 5, 15, 30, 60 and 120 min,
respectively. It showed good uptake, reasonable window for study and fast release

thereafter (Table 5.2.1).
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5.2.3 Invivo studies

To find out the distribution under in vivo state, SPECT imaging was performed post
injection of *™Tc-ABPO ligands in mice and rabbits. For specificity, blocking studies

were performed in normal mice using a known TSPO ligand PK11195.

5.2.3.1 Biodistribution and blocking studies of *™Tc-ABTO-Br/Cl in normal
Balb/c mice

The *™Tc labelled phenylalanine analogues of ABO were found to be localized in the

TSPO rich organs. The selectivity and specificity of these radioligands were further

studied with in vivo SPECT imaging with and without blocking using PK11195.

3&/\? ﬁ\/ (\;/( S\/f \J,j ﬁ\/ﬂ\)
(@) (@) - =
o | s =
}/\ﬁ > a6 A a(ii) ﬁ/\ A\ b(i) T (i

Fig. 5.2.5: In vivo SPECT images of *™Tc-ABPO-Br without a(i) and with a(ii)
PK11195 preadministration and *"Tc-ABPO-CI without b(i) and with b(ii)
PK11195 preadminstration at 40 min post injection of radioligand
Blockage was done with PK11195 (10 mg/kg), administered 10 min before
radioligand injection

The percentage blocking observed for *™Tc-ABPO-Br and *™Tc-ABPO-CI were 27.3%
and 22.2% in main organs on preadministration of PK11195 10 min prior to

radioligand administration (Fig. 5.2.5).
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5.2.3.2 Biodistribution studies of ™ Tc-ABPO-Br/Cl in New Zealand rabbits

Fig. 5.2.6: In vivo biodistribution of *™Tc-ABPO-Br in New Zealand rabbit (Dynamic
image for 30 min)

In order to get better idea of uptake in organs, relatively bigger animal than mice i.e.
New Zealand rabbit was chosen. During dynamic study after intravenous injection of
%M Tc-ABPO-Br, frames of 10 sec were captured. In these images, slight uptake in
lungs, spleen and brain were seen. As the duration of image capture was 10 sec
therefore, organs with relatively low uptake were not clearly visualized. Small uptake
at later time points could be due to the fast release kinetics of *™Tc-ABPO-Br as
demonstrated in Kkinetic data of blood in rabbit and all the organs in Balb/c mice (Fig.

5.2.6).
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Fig. 5.2.7: In vivo biodistribution of *™Tc-ABPO-CI in New Zealand rabbit (Dynamic
image for 30 min)

In dynamic image of ™ Tc-ABPO-CI, 1 min frames were taken after 4 min which
were sufficient to capture enough radioactivity signals to provide clear images of
biodistribution pattern. The uptake in lungs, liver, heart, kidneys, spleen and brain
were clearly seen. All these organs are TSPO rich. Uptake in brain was minimal
at early time point of 5 min which was washed out significantly in 20 min. The
uptake in brain was minimal as expected as brain contains minimal TSPO
concentration in healthy condition but uptake though minimal proved that the
radioligand was capable of crossing the blood brain barrier. This could be useful

in studying diseased/inflamed condition of brain. Uptake in lungs was clearly
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reflected at 5 min which seemed to be majorly out by 30 min. Spleen started
visualizing by 5 min and uptake was increased until last time point. Uptake of
¥MTc-ABPO-CI at early time points in all the TSPO rich organs and then fast
release in few of the organs such as lungs and brain demonstrated it as a potential
candidate for SPECT modality (Fig. 5.2.7).

On comparing dynamic studies of both the analogues of *"Tc-ABPO on rabbits,
it was found that both the radioligands were specific for TSPO but bromo
analogue was having faster release kinetics than chloro analogue. Similar result
has been demonstrated in case of ex vivo/ in vivo studies on mice and blood

kinetics on rabbits.

5.2.4 Conclusion

In this chapter *™Tc-ABPO-Br/Cl radioligands were synthesized through
radiochemistry. Both the radioligands were stable in saline as well as in serum
over 24 h. They showed selectivity and specificity towards TSPO under in vivo
studies on normal Balb/c mice with and without blocking using PK11195.
Further, validation of uptake in desired organs were performed on New Zealand
rabbits. The in vivo distribtution patterns in rabbits demonstrated uptake majorly
in TSPO rich organs. Release kinetics of both the analogues in blood and other
organs in mice as well as in rabbits were studied. There was fast release of both
the radioligands as desired by radioligands for diagnostic application. The release

kinetics of bromo was faster than chloro as seen in all the in vivo and ex vivo
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studies. Further studies in model reflecting increased concentration of TSPO in
localized organ and with other known TSPO ligands as blocking agent would be

required to establish them as SPECT ligands for TSPO.
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This part of the chapter contains the radiolabelling of ABMO-Br/Cl analogues, their
stabilities in saline and serum along with selectivity and specificity towards TSPO

through ex vivo/in vivo studies on Balb/c mice and New Zealand rabbits.

5.3.1 Radiosynthesis and stability studies of radiocomplexes

The synthesized acetamidobenzoxazolone based methionine methyl ester derivatives
were complexed with *™Tc for biological evaluation through tracer technique. The

radiolabelling was performed as per the procedure mentioned in chapter 2.

(@) || 100 - (b)
90 -
80 -
.70 . i 60 -
L -
90 < 40 -
S 30 - 20 -
10 - 0 -
5 15 30 60 120 180 240 1440 5 15 30 60 120 180 240 1440
Time (min) Time (min)

Fig. 5.3.1: Labelling efficiency (%LE) of a) ABMO-Br and b) ABMO-CI with *™Tc
NaTcO, at pH 7 was used for labelling. 0.1 cm segment of ITLC were used after
developing it in acetone and PAW (pyridine, acetic acid and water in 3:5:1.5
ratio) solvents for count measurement.
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; 50 - 5 90 -
30 - X 30 -
10 - 10 -

30 60 120 180 240 1440 30 60 120 180 240 1440

Time (min) Time (min)

Fig. 5.3.2: Serum stability studies in terms of labelling efficiency (%LE) of a) *™Tec-
ABMO-Br and b) ™ Tc-ABMO-Cl over 24 h

Studies were performed in fresh human serum from healthy volunteers at
physiological conditions i.e. 37°C
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The synthesized complexes of ®™Tc were 94.5% and 93.4% stable for ABMO-Br and

ABMO-ClI, respectively, at 24 h (Fig.5.3.1).

Serum stability under in vitro condition clearly demonstrated the stability of
radiocomplexes, **"Tc-ABMO-Br and *™Tc-ABMO-CI, with no significant
transchelation to proteins present in serum such as albumin which were 91.0% and

90.3% intact after 24 h (Fig. 5.3.2).

100 ——99mTc-ABMO-CI
99 ——99mTc-ABMO-Br
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Fig. 5.3.3: Comparative stability of " Tc-ABMO-Br and *"Tc-ABMO-Cl in saline
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Fig. 5.3.4: Comparative stability of *"Tc-ABMO-Br and ™ Tc-ABMO-Cl in human serum
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On comparing both the analogues of *™Tc-ABMO, it was found that the chloro
analogue was marginally stable in saline as well as in serum till 4 h. *™Tc-ABMO-Br
had relatively better intactness at 24 h. However, stability studies demonstrated
stability of the complexes required to find application as SPECT agent for both the

ligands (Fig. 5.3.3, Fig.5.3.4).

5.3.2 Exvivo studies
5.3.2.1 Blood kinetic studies in New Zealand rabbits

The blood clearance was studied on normal rabbits as per the protocol mentioned in
the chapter 2. The *™Tc-labelled methionine amino acid ester conjugates
demonstrated a rapid radioactivity clearance from blood circulation. Approximately
78% of *™Tc-ABMO-Br and 82% of *"Tc-ABMO-CI were cleared within 1 h and
more than 87% and 91% clearance of *™Tc-ABMO-Br and *™Tc-ABMO-CI,
respectively were observed in 4 h. Overall both the analogues reflected the fast release
kinetics with chloro being faster than bromo analogue. The fast release kinetics is

desirable for diagnostic application.

60.00 -
e 99MTc-ABMO-CI

50.00 1 ——99MTCc-ABMO-Br

40.00 -
30.00 -

20.00 -

% Radioactivity
remianing in blood
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0.00

0 500 1000 1500 2000
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Fig. 5.3.5: Time activity curves showing blood clearance of ™ Tc-ABMO-Br and **"Tc-
ABMO-CI postinjection in New Zealand rabbits
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5.3.2.2 Biodistribtuion studies in Balb/c mice

30.00 -
E5min m15min =30 min ®m60 min ™ 120 min

% ID/ gm Organ
o
o
o

blood brain  heart lungs liver spleen kidney stomach intestine
organ

20.00 1 E5min  ®15min 30min  ®m60min  ®m120 min
18.00

16.00
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blood brain  heart lungs liver  spleen kidney stomach intestine
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Fig. 5.3.6: Biodistribution patterns of a) *™Tc-ABMO-Br and b) *"Tc-ABMO-CI in
normal Balb/c mice
Mice (n=3) received 100 puCi of *™Tc-ABMO by tail vein injection.
Radioactivity uptake in different organs were measured by gamma counting and
expressed as %ID/g, Meantstandard deviation

Ex vivo biodistribution of *"Tc-ABMO-CI demonstrated that its highest uptakes for
all the organs were observed at 5 min. Major uptake was there in liver with
17.54%ID/g that reduced to 9.84%ID/g at 120 min. The second highest uptake was
demonstrated in spleen with 8.65%ID/g at 5 min that reduced to around 47% of 5 min

uptake at 120 min. The uptake in kidneys was around 1/3" the uptake of liver till 60
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min thereafter its release was slower. There were negligible uptake in stomach and
intestine. In blood, initial uptake was 2.95%ID/g at 5 min which reduced to 1/3" by
120 min. Overall, radioligand in lungs and kidneys reduced to 63% and 66% of the
uptake at 5 min by 120 min. Liver showed faster release with similar value as 56%.
Blood, brain and heart demonstrated relatively faster release with values at 120 min
being 34%, 30%, and 25%, respectively of the value at 5 min. The uptake in brain was

0.20%I1D/g at 5 min with significant value till 30 min.

The last radiocomplex studied for biodistribution was “"Tc-ABMO-CI. The
radiocomplex had the highest uptake in liver, spleen and kidneys with 20.23, 10.12,
and 8.31%ID/g, respectively at 5 min and reduced to 74%, 59%, and 50% of the
values by 120 min. In stomach and intestine, the uptake were less than 0.47%ID/g at
any time point of the study. The release rates in heart as well as in lungs were slow
with initial values at 5 min being 0.95 and 1.08%ID/g, respectively that demonstrated
reduction by 32% and 26%, respectively only in 120 min. However this reduction was
significant for brain i.e. 84%. In blood, the uptake of 3.24%ID/g was observed at 5

min and reduced by 55% at 120 min with 1.45%ID/qg.

On comparison of bromo and chloro analogues of *™Tc-ABMO, it was found that
release kinetics of " Tc-ABMO-CI was faster than that of ™ Tc-ABMO-Br for heart
(25% vs 68%), lungs (63% vs 74%), liver (56% vs 84%), and blood (34% vs 44%)
but comparable for spleen (47% vs 50%) and slower for brain (30% vs 16%) and
kidneys (66% vs 50%) for the percentage uptake at 120 min with respect to the
highest uptake observed in the organs. The blood kinetic studies on rabbits also

demonstrated faster release of chloro analogue as compared to bromo analogue.

157



Chapter 5: Radiosynthesis and Biological Evaluation of *™ Tc-ABMO-Br/Cl

5.3.3 Invivo studies

5.3.3.1 Biodistribution and blocking studies of *™Tc-ABMO-Br/Cl in normal
Balb/c mice

To find out the distribution under in vivo state, SPECT imaging was performed post
injection of radiolabelled **™Tc-ABMO ligands in normal mice. For specificity,
blocking was demonstrated using a known TSPO ligand PK11195. Qualitatively it
was observed that *™Tc-ABMO-CI demonstrated faster wash out from lungs and
heart than *"Tc-ABMO-Br. ®™Tc-ABMO-Br showed better blocking that *™Tc-

ABMO-CI. (Fig. 5.3.7)

Jelult

. a.li b.i b.ii
Fig. 5.3.7: In vivo SPECT images of *™Tc-ABMO-Br without (a.i) and with (a.ii)
PK11195 preadministration and *™Tc-ABMO-CI without (b.i) and with
(b.ii) PK11195 preadminstration at 40 min post injection of radioligand

5.3.3.2 Biodistribution studies of *"Tc-ABMO-Br/Cl in New Zealand rabbits

In order to get better idea of uptake in organs, relatively bigger animal than mice i.e.
New Zealand rabbit was chosen. Dynamic images of both the analogues of *™Tc-
ABMO were captured for 30 min post injection in three phases: 2 sec frame (30), 15

sec frame (8) and 60 sec frame (27). The uptake in lungs and heart were seen at initial
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time points which reduced with time. Initially radioactivity in bladder was minimal
which increased gradually over 30 min. Kidneys and liver were seen clearly. In brain,
significant uptake was observed for *™Tc-ABMO-Br which reduced with time. In a
nut shell, it was observed that the uptake was majorly observed in all the TSPO rich
organs such as lungs, heart and brain at initial time point which eventually decreased
with time. In excretory organs uptake were initially lower which increased with time

till the last time point of observation (Fig. 5.3.8).
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Fig. 5.3.8: In vivo biodistribution of a) *"Tc-ABMO-Br and b) *"Tc-ABMO-CI in New
Zealand rabbits (Dynamic studies for 30 min)

5.3.4 Conclusion

In this chapter, analogues of methionine derivatives of acetamidobenzoxazolone were
analysed for SPECT application. The selectivity and specificity of the radioligands
towards TSPO were analysed through tracer technique. **™Tc-labelled ABMO
analogues were stable over 24 h in saline as well as in serum. Biodistribution
represented uptake in TSPO rich organs under in vivo condition on New Zealand
rabbits and in ex vivo studies carried out on Balb/c mice. The specificity of both the
analogues of ABMO were demonstrated through blocking studies using PK11195 as
blocking agent. The release kinetics of both the analogues were found to be fast in
blood and other organs in mice as well as in rabbits as desired by radioligands for
diagnostic application. These studies proved potential of the *™Tc-ABMO-Br/CI for

SPECT application to target TSPO.
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In this part of the chapter comparative analysis of all the amino acid ester analogues
of acetamidobenzoxazolone (ABEO, E=trptophan methyl ester, phenylalanine methyl
ester and methionine methyl ester) were performed with respect to stability of

radiocomplexes with *™Tc, their uptake and kinetics in different organs.

5.4.1 Comparative analysis of stability of radiocomplexes

These TSPO ligands need complexation with radionuclide for nuclear medicine
application. The stability plays an important role. All the six analogues of ABO
demonstrated complexation with *™Tc in the range of 93-95.5% over 24 h in saline

(Fig. 5.4.1).

Serum stability studies under in vitro condition clearly demonstrated the stability of
radiocomplexes, with no significant transchelation to proteins present in serum such
as albumin which were 87%-92.4% intact after 24 h (Fig. 5.4.1). Stability studies
demonstrated stability of the complexes required to find application as SPECT agents

for all six the ligands.

Table 5.4.1: Stability in saline and serum at 24 h

TSPO ligand Stability in saline (%0) Stability in serum (%0)
%M Tc-ABTO-Br 93.4 91.2
%¥MTc.ABTO-CI 93.7 87.2
%M Tc.ABPO-Br 94.1 91.3
%M Tc.ABPO-CI 95.4 92.4
%M Tc-ABMO-Br 94.5 91.6
%M Tc-ABMO-CI 94.5 91.6
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5.4.2 Exvivo blood kinetic studies in New Zealand rabbits

There is requirement of fast release kinetics of the radioligand to get better contrast in
TSPO organs. All the amino acid ester conjugates demonstrated a rapid radioactivity
clearance from blood circulation. Approximately >80% of the activity clearance
within 1 h and > 90% clearance in 4 h were observed. The fast release kinetics is
desirable for diagnostic application. The fastest release kinetics was observed for

9MTe-ABPO-CI.

60.00 -

=¢=—ABMO-CI

50.00 - == ABMO-Br
== ABPO-Br

40.00 - —<=ABPO-CI

e =0-=ABTO-Br

% Radioactivity remaining in

-20 30 80 130 180
Time (min)

Fig. 5.4.1: Time-activity curves showing blood clearance of *™Tc-ABEO-Br/Cl
analogues in New Zealand rabbits

5.4.3 Exvivo biodistribtuion studies in Balb/c mice

On comparing biodistribution patterns of different analgues it was observed that all
the analogues were showing uptake in TSPO rich organs only with varied uptake in
different organs. This variation in uptake pattern could be utilized for diagnostic

application for specific organ.
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Fig. 5.4.2: Biodistribution (%1D/g, Mean) data of *"Tc-ABEO-Br/Cl for a) Kidneys and
b) Liver

Kidneys and liver are excretory organs and out of all the designed ligands excretion of
¥mTc-ABTO-CI was highest through kidneys and excretion of *™Tc-ABTO-Br was
highest through liver. *™Tc-labelled compounds showed preference for liver. In these
cases except for *"Tc-ABTO-Br, all other analogues had excretion less than 20%ID/g
through liver. Though %ID/g for ™ Tc-ABTO-Br was the highest i.e. ~30%ID/g at 5
min, its release kinetics was relatively faster bringing the limit lower than 20%ID/g in
60 min which was further reduced to <10% in 2 h. Even the release kinetics of *™Tc-

ABTO-CI was high in liver (Fig. 5.4.2).

For brain application, methionine analogues seemed to have preference over
phenylalanine and tryptophan analogues of ABO. Out of two analogues of *™Tc-
ABMO, bromo analogue demonstrated higher uptake than chloro. In case of *™Tc-
ABMO-Br, not only the release kinetics of liver was highest till 30 min but the uptake

value was also highest till that time (Fig. 5.4.3a).

0.4 - Brain @) 1(2) 7 Spleen (b)
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Fig. 5.4.3: Biodistribution (%1D/g, Mean) data of *"Tc-ABEO-Br/Cl for a) Brain and b)
Spleen
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For spleen, both the analogues of *™Tc-ABMO and bromo analogues of *™Tc-ABPO and

%¥MTc-ABTO showed better uptake and more or less similar release kinetics (Fig. 5.4.3b).

In case of heart, the highest uptake was considered for *™Tc-ABTO-CI with fastest
release kinetics. The second best molecule could be ®™Tc-ABPO-CI which was better

than *™Tc-ABTO-CI for 60 min study (Fig. 5.4.4a).

Both the tryptophan analogues were found suitable for lung application with chloro

analogue being better with the fastest release kinetics (Fig. 5.4.4b).
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Fig. 5.4.4: Biodistribution (%I1D/g, Mean) data of *™Tc-ABEO-Br/Cl for a) Heart and

b) Lungs
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Fig. 5.4.5: Biodistribution (%ID/g, Mean) data of **"Tc-ABEO-Br/Cl for a) Stomach
and b) Intestine

The uptake of these analogues were much low in case of stomach and intestine which

were < 1%ID/g for all the ligands except for *™Tc-ABTO-CI which showed less than
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3%ID/g for initial time points (Fig. 5.4.5a). For TSPO ligands uptake in intestine and
stomach must be minimal which are there in all the *™Tc-ABEO-Br/Cl ligands under

consideration (Fig. 5.4.5b).

57 Blood = ABTO-Br
4 e ABTO-CI
(=]

537 ABPO-Br
21 ™ ——ABPO-CI

\/\
1- =X, ——ABMO-Br
0 - - - - ABMO-CI

5 15 30 60 120
Time (min)

Fig. 5.4.6: Biodistribution (%1D/g, Mean) data of *"Tc-ABEO-Br/Cl for Blood

Uptake in blood was an important phenomenon for diagnostic application which was
related to better contrast image. *™Tc-ABTO-Br seemed to have least present in
blood (Fig. 5.4.6).

Further, designed radioligands were compared with the SPECT ligands reported in
literature. *Tc-ABTO-Cl uptake was found higher than %™Tc-labelled 2-
quinolinecarboxamide in heart (2.96%ID/g vs negligible uptake) and lungs
(6.16%ID/g vs 1.19 %ID/g) and comparable in spleen (2.18%ID/g vs 2.07%ID/qg) at
30 min as reported in CD-1 mice (Cappelli et al., 2008). Uptake of [**I]-CLINME
(Mattner et al., 2015), an iodine based SPECT ligand, in heart, lungs, and spleen of
SD rat were 3.53%ID/g, 3.53%ID/g, 2.65%ID/g at 15 min. This was also
lower/comparable with *™Tc- ABTO-CI in respective organs. The liver uptake was
lower for ™ Tc-ABTO-CI in comparison with *™Tc-labelled 2-quinolinecarboxamide
and ®™Tc-ABTO-Br. This accounted for better image visualization (target organ to

liver ratio) for *™Tc- ABTO-CI.
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Comparison of release rates among SPECT agents between 30-60 min for *™Tc-
ABTO-CI, [**31]-CLINME, *™Tc-labelled 2-quinolinecarboxamide and *™Tc-ABTO-
Br reflected better release rates of *™Tc- ABTO-CI in lungs, liver, heart and spleen.
Further, it was also compared with PET and SPECT ligands of ABO category. The
release Kkinetic rates between 15-60 min for *F-FEBMP, "'C-MBMP, ‘®F-2-(5-(6-
Fluoropyridin-3-yl)-2-oxobenzo[d]oxazol-3(2H)-yl)-N-methyl-N-phenylacetamide

and *™Tc-ABTO-CI were 0.175%ID/g/min, 0.150%ID/g/min, 0.070%ID/g/min and
0.085%ID/g/min in heart, this ratio became more comparable as 0.382%ID/g/min,
0.375%ID/g/min, 0.155%ID/g/min and 0.231%ID/g/min in lungs. In liver and
kidneys, release kinetic rates were faster in *™Tc- ABTO-CI which were found
interesting for further evaluation. These evaluations demonstrated release rates of
9mTc. ABTO-CI from different organs were comparable to known TSPO ligands,

therefore it can be further evaluated for TSPO targeting.

5.4.4 Invivo images of radiocomplexes in New Zealand rabbits

In vivo imaging of all the radiocomplexes were performed in rabbits from 3 min to 24
h. As the images taken at 24 h showed negligible uptake, only one representative
image is presented. All the images are at 0-100 scale, but for better representation,

one representative image is shown with 0-100 & 0-50 scales both.
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Fig. 5.4.7: In vivo images of *™Tc-ABEO-Br/Cl in New Zealand rabbits

Overall, all the ligands can be used for TSPO targeting in terms of release kinetics,
uptake in intestine, stomach and blood. However, keeping uptake in specific organs in
account, different analogues seems to applicable for different organs such as *™Tc-
ABTO-CI and *™Tc-ABTO-Br for lungs; *™Tc-ABTO-CI and *™Tc-ABPO-CI for
heart; ®“™Tc-ABMO and **"Tc-ABPO analogues for spleen; and *™Tc-ABMO

analogues for brain.
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5.45 Conclusion

This chapter analyzed different ligands of TSPO for their applicability in different
organs. Also stability of radiocomplexes with *™Tc in saline and serum as well as
release Kkinetics were compared. In a nut shell, it can be explained that tryptophan
analogues demonstrated preference for lungs, chloro analogues for heart,
phenylalanine for spleen and methionine analogues for brain. Further studies with
other TSPO ligands on unregulated TSPO systems would be required to establish

them as SPECT ligands for TSPO.
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CHAPTER 6

SUMMARY, DISCUSSION AND FUTURE PERSPECTIVE

Studies on TSPO demonstrated it as biomarker for inflammation and tumor. This
encouraged researchers to develop ligands for TSPO. Few of them were explored for
PET application. The current work has focused the development of SPECT agent
taking lead from third generation TSPO ligand. The acetamidabenzoxazolone was
chosen as the lead moiety for development of TSPO ligands for SPECT application.
The choice of the lead molecule was made due to its demonstration as TSPO ligand
for PET application with no intersubject variability effect of single nucleotide
polymorphism A147T by our group and other researchers world-wide. The
pharmacophore modelling demonstrated AAAR as desirable hypothesis for TSPO
affinity designed on the basis of acetamidobenzoxazolone based TSPO ligands
reported in literature. The amino acid esters were chosen for introducing
pharmacophoric features. The selection of three animo acid esters (tryptophan methyl
ester, phenylalanine methyl ester and methionine methyl esters) were as per the
required features of aromaticity/hydrophobicity and chelating arms for holding the
metal ions for complexation. Both chloro and bromo analogues were chosen to
introduce at 5 position of benzoxazolone for the better affinity pattern as per
literature. The eight designed molecules were validated through in silico ligand-metal
interaction. The chosen PDBs of TSPO were wild type (4RYQ and 2MGY) and
mutant (4UC1). These interactions through docking validated the designed molecules
as potential TSPO ligands as their G-scores were comparable to known TSPO ligands.

The facile synthetic protocol were used for the producing the six designed ligands
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involving reactions such as cyclization, acetylation and alkylation. Bromo and chloro
groups at 5™ position were introduced by taking the respective analogues as starting
material. '"H NMR, *C NMR, Mass, and HPLC were used for characterization and
purification. The synthesized molecules were further radiocomplexed with *™Tc for
SPECT application. All the six radiocomplexes demonstrated good stability in saline
as well as in serum over 24 h. The validation of molecules as TSPO ligands were
performed through tracer technique. Ex vivo (biodistribution), in vivo (SPECT
imaging) studies represented TSPO selectivity for all the six ligands. Ex vivo on
Balb/c mice and in vivo studies on New Zealand rabbits and Balb/c mice were
performed with all the six radioligands demonstrating uptake mainly in organs rich in
TSPO such as lungs, liver, heart, kidneys and spleen. Images taken in rabbits reflected
blood brain barrier crossing ability for all the radioligands as small amount of uptake
were there at initial time points of the study. Blocking studies on Balb/c mice using
PK111195 as blocking agent proved the specificity of radioligands towards TSPO as
uptake were significantly reduced with blocking. Uptake patterns and blocking studies
of %™ Tc-ABTO analogues on A549 human lung cell and lung inflammation models
also proved TSPO specificity of these compounds. In addition to this, tumor model
used for *™Tc-ABTO-Br demonstrated increased uptake in tumor and significant

reduction in uptake in tumor in presence of PK11195.

These results have made significant progress towards development of
acetamidabenzoxazolone based TSPO radioligands using *™Tc as SPECT imaging
agents. Till date no *™Tc based TSPO agent is in clinics for SPECT application.
9MTe (ty2=6.03 h, 140 keV) is better than *#I (t,,=13.08 h, 159 KeV) in terms of cost

and wide availability as there is a need of cyclotron for production of **| requiring
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specific intrastructure which could be overcome by the use of generator produced
%mTc. The cost of production of these synthetic TSPO ligands and easy chemistry
makes them potential candidates for further exploration as imaging agents. Though
few models have been used for validation, other TSPO expressing pathological
conditions can also be used for validation and quantification. These skeletons can also
be modified not only for other metal-based PET and SPECT agents but also for few
covalent bond formations for PET application using **C/*®F. The skeleton has the

potential to further conversion to PET ligands also.
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The translator protein (TSPO, 18 kDa), a transmembrane mitochondrial
protein, has been explored as an important biomarker by researchers
because of its involvement in inflammation, immune modulation and
cell proliferation. Recently, our group has explored a modified ben-
zoxazolone derivative for diagnostic applications that has overcome
few problems of first and second generation TSPO PET ligands. In this
study, a new skeleton acetamidobenzoxazolone-indole, a conjuga-
tion of two TSPO pharmacophoric moieties benzoxazolone and
indole, has been designed, synthesized and evaluated for TSPO tar-
geting for SPECT. The methyl-2-(2-(5-bromo benzoxazolone)acet-
amido)-3-(1H-indol-3-yl)propanoate (MBIP) ligand was designed on
the basis of pharmacophore modeling done on benzoxazolone based
TSPO ligands which was then validated computationally for TSPO
binding through docking studies (PDB ID: 4RYO, 4RYQ, and 4UC1)
which showed a comparable Glide Ggore as compared to known
ligands like PK11195, PBR28, and FGIN-127. MBIP was synthesized by
amidation reaction of 2-(5-bromo-benzoxazolone)acetic acid with
tryptophan methyl ester hydrochloride (yield 62%). The compound
was synthesized and characterized using spectroscopic techniques
like 'H-NMR, *C-NMR, and mass spectroscopy. Purification was
carried out by column chromatography and analytical HPLC (purity >
97%). The purified compound was labelled with °*™Tc (radiochemical
yield > 96%). The radiolabelled compound showed >94% stability in
solution and >91% stability in serum after 24 h indicating the stable
nature of the radio complex. A biodistribution study on BALB/c mice
showed uptake of °®™Tc-MBIP in TSPO rich organs and appropriate
pharmacokinetics of excretion and release for a SPECT agent. Further
evaluation of the 9°™Tc-MBIP may prove it as a potential candidate for
TSPO targeting using SPECT.
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1. Introduction

Inflammation is linked to the preliminary stage of many
complications of diseases associated with lung inflammatory
diseases, chronic obstructive pulmonary disease, acute liver
damage, immune response to heart, brain injury, neurodegen-
erative diseases, psychiatric disorders and cancer.'”® Peripheral
benzodiazepine receptor (PBR), renamed as translocator
protein (TSPO, 18 kDa),’ has been found to be an important
biomarker for inflammation in the TSPO enriched organs.
Recent investigations of TSPO in various biological processes
and its importance in certain pathological situations due to
altered concentration has led to development of various ligands
for diagnostic purposes.*®**

Various radionuclides have been tried for diagnostic appli-
cations by targeting TSPO such as ''C and "*F for positron
emission tomography (PET),**?* '**I and “*™Tc for single
photon emission computed tomography (SPECT).*>> Other
nuclides such as Eu** and Gd** have also been tried for optical
and magnetic resonance imaging (MRI), respectively.?*?°
Different classes of TSPO ligands, for example, isoquinoline
carboxamides, indoleacetamides, pyrazolopyrimidines, imida-
zolepyridines, benzodiazepines and benzoxazolone analogs
have been developed.**** Till date no ligand has been found
ideal for human application throughout the globe. Few first
generation ligands, such as PK11195 showed poor specificity
and poor signal-to-noise ratio. Although second generation
ligands, such as PBR28, DAA1106, DPA713, and PBR111
demonstrated improved signal-to-noise ratio but suffered from
inter subject variability. This inter subject variability was
attributed to rs6971 polymorphism in TSPO gene which results
into single amino acid substitution ie. Ala147Thr.**> This
amino acid substitution constitute three classes in terms of
binding affinity: high affinity binder (HAB) having alanine at
147, low affinity binder (LAB) having threonine at 147 and
mixed affinity binder (MAB) having alanine and threonine
both. Low-binding affinity TSPO is present in 30% of Cauca-
sians and 25% of Africans.?*
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"C and '®F labeling have their own limitations as they
require on site cyclotron to produce the radioisotopes. °*™Tc, an
ideal single photon of 140 keV emitting radionuclide with half
life of 6 h, has lesser radiation burden as compared to PET
radionuclide and is generated through *’Mo/**™Tc generator.
Although number of TSPO ligands have been synthesized but
few of them have been modified for diagnostic purposes using
metals for example *°™Tc, '**Re, Gd*" and Eu®" etc.>*>° As these
metal based ligands have been used for receptor targeting, this
aspect can be further explored for TSPO. Some modification on
quinoline carboxamide* and imidazolepyridines®**® have been
reported with *°™Tc for SPECT application which are the basis of
TSPO ligands like analogues of PK11195 and CB86, respectively.

Recently, acetamidobenzoxazolone based skeleton, devel-
oped from first generation ligand RoS-4864 has been used by
our group for the development of PET ligand ["'C]MBMP and
[**F]JFEBMP with improved TSPO targeting properties over (R)
["'C]JPK11195.*>* MBMP/FEBMP skeleton has shown favour-
able biodistribution pattern, high in vitro and in vivo specific
binding for TSPO and has overcome the problem of intersubject
variability. In our previous studies human postmortem brains
of HABs and LABs were used for in vitro autoradiographic
studies of MBMP/FEBMP. The binding ratios of (R)[''C]
PK11195, [''C]DAA1106, [*'C]AC-5216, and ["'C]PBR28, for HAB
to that of LAB were approximately 0.45, 1.19, 4.60, and 11.1,
respectively, showing excellent correlation with the K; ratios of
these ligands for LAB to that of HAB. The compound ['°F]
FEBMP has shown binding ratio of LAB to that of HAB as 0.9.
This study presents ['*FJFEBMP as a promising TSPO ligand
and skeleton for new ligands with negligible effect of rs6971
polymorphism on binding towards TSPO.*®

Taking lead from this work, we have developed a new SPECT
ligand using °*™Tc for TSPO imaging. We have introduced
a new skeleton acetamidobenzoxazolone indole propanoate as
a TSPO ligand by conjugating acetamidobenzoxazolone moiety
present in MBMP with indole moiety present in TSPO ligand,
FGIN-127.>** MBMP and FGIN-127 both display TSPO affinity in
nanomolar range. The affinity of MBIP towards TSPO has been
validated through docking studies using wild type as well as
mutant PDBs of TSPO. Thereafter, newly designed potential
TSPO ligand was synthesized through a simple and efficient
four steps synthetic procedure which was characterized by
NMR, mass and purified by HPLC. The purified compound was
radiolabelled with *™Tc for biological evaluation. Stability of
complex for in vivo application was evaluated in serum and
biodistribution study was performed to evaluate its % uptake
with time in TSPO enriched organs.

2. Materials and methods
2.1. Chemistry

2.1.1. Chemicals. All the chemicals and solvents were
purchased from Sigma-Aldrich and Merck. **™Tc was procured
from Regional Centre for Radiopharmaceuticals, Board of
Radiation and Isotope Technology (BRIT), Department of
Atomic Energy, India. Column chromatography was carried out
using silica MN60 having mesh 60-120, thin layer
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chromatography (TLC) on aluminium plates coated with silica
gel 60 F,5, and instant thin layer chromatography silica gel
(ITLC-SG) was used for identification of labeling, purity and R
of radiocomplex.

2.1.2. Instrumentation. 'H and *C NMR spectra were
recorded on Bruker Avance II 400 MHz system at 400 MHz and
100 MHz, respectively. Mass spectroscopy was done on 6310
system of Agilent using ESI positive mode. y-Scintigraphic
studies were done on Hawkeye Camera and a y-scintillation
counter was used for counting radioactivity. High performance
liquid chromatography (HPLC) was carried out on 1200 series of
Agilent using analytical T3 Waters column (4.6 x 250 mm) for
analysis and C-18 column (21.2 x 150 mm) for purification.
SPECT images were taken on GE Triumph system.

2.1.3. Animal models. Animal protocols were approved by
the Institutional Animal Ethics Committee (INM/DASQA/IAEC/
09/015). BALB/c mice (22-28 g) were used for animal
experiments.

2.1.4. Pharmacophore hypothesis generation. The phar-
macophore hypothesis was developed by aligning pharmaco-
phoric features of 51 TSPO ligands retrieved from the
literature®** using PHASE, Schrodinger, Maestro LLC 9.1 soft-
ware. Generation of conformers was carried out with the help of
MacromodelConfGen using OPLS2005 force field with rapid
torsional search. Geometric alignment of site points in the
active molecules to the site points in the hypothesis was the
basis of hypothesis score generation. Each active molecule
conformer generates hypothesis. Scores of the compounds were
determined by 3D-QSAR model developed from compounds by
aligning on the hypothesis. PLS analysis was carried out to
evaluate the pharmacophore hypothesis using atom-based
PHASE QSAR models generation with a maximum of three
PLS factors for each pharmacophore type. Best hypothesis was
further used for designing the TSPO ligand.

2.1.5. Docking studies. To design modified TSPO ligand,
docking studies for ligand-protein interaction were carried out
with extra precision (XP) mode of GLIDE, Schrédinger, Maestro
LLC 9.1 software. Structures of ligands were drawn using
ChemBioDraw. We have chosen wild type (4RYO and 4RYQ) as
well as mutant (4UC1) PDBs for docking studies from different
sources such as BcTSPO and RsTSPO. The rs6971 poly-
morphism in human resulting in A147T single amino acid
change is equivalent to A139T in RsTSPO. Ultra 10.0.LigPrep
and protein preparation modules were used for ligands and
protein preparation, respectively. Protein preparation module
consists of a series of steps that perform preprocess, optimi-
zation and minimization of protein structure. Receptor grids
generation were required for docking with ligands. OPLS2005
forcefield has been used for the receptor grid as well as ligand
grid generation. Docking simulation was performed in implicit
solvent.

The ligand strain energy is the difference between the energy
of the ligand as it is in the complex and the energy of the
extracted ligand, minimized, starting from the geometry in the
refined complex. This local strain energy is used for comparison
of different poses of the same ligand. Calculations to assess the
strain were performed in implicit solvent.

This journal is © The Royal Society of Chemistry 2016
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2.1.6. Synthesis

2.1.6.1 Synthesis of 2-(2-(5-bromo benzoxazolone)acetamido)-3-
(1H-indol-3-yl)propanoate, 5 (MBIP). 2-(5-Bromo-benzoxazolone)
acetic acid was synthesized as per Scheme 1 by following the
procedure reported in the literature.* To a solution of 2-(5-bromo-
benzoxazolone)acetic acid (250 mg, 0.92 mmol) in DMF (5 ml),
tryptophan methyl ester hydrochloride (351.2 mg, 1.38 mmol),
HOBt (124.2 mg, 0.92 mmol) and EDCI (264.3 mg, 1.38 mmol)
were added at room temperature and stirred for 7 h. Subse-
quently, water was added and the mixture was extracted using
a toluene and ethyl acetate (1 : 1). Water and brine were used for
washing of organic layer and subsequently anhydrous Na,SO, was
added for drying. After filtration, the solvent was removed in
vacuo and purification of residue was carried out on silica gel
column chromatography using CHCl;/EtOAc (4 : 1 v/v) as eluent
to give amide as a white solid (MBIP: yield 62%). Chemical purity
>97% by HPLC: T3 column, 4.6 x 250 mm; MeCN/H,0, 6/4-8/2
(v/v); flow rate: 0.8 ml min~"; 2,, = 254 nm; tr = 8.75 min.

'H-NMR (DMSO, 400 MHz): § (ppm) 3.10-3.16 (2H, m), 3.59
(3H), 4.47-4.53 (3H, s), 7.00-7.50 (8H, m), 8.85-8.87 (1H, d),
10.90 (1H, s).

3C-NMR (DMSO, 100 MHz): § (ppm) 28.72 (CH,-CH), 44.41
(CH3-0), 52.44 (NH-CH-C=O0), 53.91 (N-CH-C=0), 111-

Br NH2
—_—
OH
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141.52 (14 carbon of aromatic rings),
166.28 (NH-C=0), 172.35 (0-C=0).

MS (ESI) m/z: 496.3 [M + Nal’; calculated mass 496.38
[M + Na]".

2.1.6.2 Radiosynthesis. 200 pl solution of the compound
(0.03 nM) was added in SnCl,-2H,0 (1 x 10~* M) (purged
nitrogen 10% acetic acid (1 ml). Thereafter, 75 MBq, 100 ul
saline solution of sodium pertechnetate (freshly eluted NaTcO,)
was added. The pH was adjusted to 7.0 by addition of 0.1 M
NaHCO; solution to the reaction mixture and the contents were
shaken manually. Vial was kept at room temperature for 20-
30 min. *°™Tc complex's labeling, chemical purity and R were
determined by ITLC-SG strips by using developing solvents such
as acetone and PAW (pyridine, acetic acid and waterin3: 5 : 1.5
ratio) simultaneously. 0.1 cm segments of ITLC were taken for
count measurement to find out the percentage of free and
labeled ligand i.e. radiochemical purity.

2.1.7. In vitro serum stability assay. Blood was collected
from healthy volunteers and was made to clot in a humidified
incubator maintained at 5% carbon dioxide and 95% air at
37 °C for 1 h and was used to prepare serum. Centrifugation of
sample at 400 rpm was followed by filtration through 0.22 pm
syringe and filtrate was kept into sterile plastic culture tubes.

Br n
%o
(o]
2

154.15 (O-C=0-N),
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N
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Scheme 1 Chemical synthesis. Reagents and conditions: (i) CDI, THF, rt; (ii) ‘butylbromoacetate, K,COsz, DMF, 70 °C; (i) HCI, dioxane, AcOH,

50 °C; (iv) tryptophan methyl ester hydrochloride, EDCL, HOBt, DMF, rt.
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Incubation of the freshly prepared radiocomplex in fresh
human serum was done at physiological conditions i.e. at 37 °C
(concentration 100 nM ml~") and then it was analyzed by ITLC-
SG to detect any dissociation of the complex at different time
intervals. Percentage dissociation of the complex was deter-
mined by calculating percentage of free pertechnetate at
a particular time by using saline and acetone as mobile phases.
This represents percentage dissociation of the complex at that
particular time point in serum.

2.1.8. Biodistribution studies. Tissue distribution studies
were performed on BALB/c mice. All the guidelines of the
Institutional Animal Ethics Committee were followed during
animal handling and experimentation. Radiolabelled
compound was injected in mice through tail vein (10 pCi). Mice
were sacrificed at six time intervals (5 min, 15 min, 30 min,
60 min, 120 min, and 1440 min), blood was collected and
different organs (brain, heart, lung, liver, spleen, kidney,
stomach and intestine) were dissected for analysis. Radioac-
tivity was measured in the gamma counter. Radioactivity
injected in each mouse was found out by subtracting the activity
left in tail from the activity injected. Radioactivity found in each
organ was expressed as percentage administered dose per gram
(% ID per g) of tissue. Blood volume was calculated as 7% of the
total body weight. Decay correction was applied to radioactivity
measurements.

2.1.9. Preparation of mice model. The inflammatory model
was prepared as per previous literature.***? 10 weeks old male
BALB/c mice of 22-25 g weight were taken to develop inflam-
mation model. 40 pl of E. coli lipopolysaccharide (5 mg kg™ ') in
PBS was administered intranasally in each mouse. Mice were
housed under a 12 h dark-light cycle and were allowed free
access of food pellets and water. After 24 h the mice were used
for animal studies.

For ex vivo biodistribution blocking evaluation, three
different concentration of TSPO ligand (PK11195) 2.5 mg kg™,
5 mg kg, and 10 mg kg~ were injected 10 min prior to **™Te-
MBIP injection (100 pl of 1 mg kg™ "). All the experiments were
performed in triplicate set (n = 3). During this study 5 mg kg™
blocking was found most appropriate that is why it was taken
for in vivo imaging at 40 min post radioligand intravenous
injection.

3. Result and discussion

MBIP, acetamidobenzoxazolone-indole based ligand designed
on the basis of pharmacophore modeling and docking studies,
has been synthesized as per Scheme 1 and radiolabelled with
99MT¢ for its evaluation as a diagnostic agent for TSPO targeting
whose concentration is perturbed during inflammation in TSPO
enriched organs. The stability of °™Tc complex, biodistribution
and serum stability studies of the ligand were found appro-
priate for SPECT application.

Ligand based drug design makes use of the knowledge of
other known ligands for same target. These ligands could
provide information about minimum structural characteristics
necessary for binding with biological target in terms of phar-
macophoric model. This model/hypothesis could be useful in
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designing new ligands. Pharmacophore model was developed
with TSPO ligands having benzoxazolone to understand the key
features responsible for affinity. K; values taken for all the
ligands were studied against TSPO of the kidney membrane.

As per our previous findings about acetamidobenzoxazolone
pharmacophore based skeleton was found suitable for new
TSPO ligand which is not affected by intersubject variability.
Besides that Fukaya and others®® have also confirmed that
appropriate hydrophobic/acceptor groups attached with ben-
zoxazolone and acetamide have potential to bind TSPO selec-
tively in nM concentration.

Different pharmacophoric features like hydrogen bond
donor (D), acceptor (A), hydrophobic group (H), and aromatic
ring (R) were chosen to generate the hypothesis. The 51 TSPO
ligands were divided into test set and training set with 13 and 38
ligands, respectively. Ligands of these sets were aligned with
each other to find the pharmacophore and thereafter PLS
analysis was performed. Hypothesis AAAR showed best result in
terms of predictive ability and internal validation (Fig. 1) with R?
= 0.95 and standard deviation in the range of 0.237 to 0.760.
This hypothesis was further utilized for designing of new
ligand.

Based on these concepts we have designed MBIP as TSPO
ligand. A substituent on the benzoxazolone derivative specifi-
cally at C-5 position of phenyl ring plays an important role in
TSPO binding. Substitution by halogen in place of aromatic ring
system at this position provides sub-nanomolar binding
affinity.*® This is the rationale behind selecting Br for C-5
position for designing the benzoxazolone ring. This has also
been mentioned in literature that compound suffered from
poor solubility due to phenyl substituent at acetamida side. We
have tried biocompatible amino acid analogue at this position

Title: AAAR.32

Fig. 1 Pharmacophore model AAAR used for designing TSPO ligand
derived from the benzoxazolone derivatives. Pharmacophoric features
with colour code: A-hydrogen bond acceptor (pink) and R-aromatic
moiety (orange).

This journal is © The Royal
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to solve solubility issue for better prospect of clinical applica-
tion in future. The R contained in MBIP is also present in TSPO
ligands-FGIN-127 which has nanomolar binding affinity for
TSPO. Its limited in vivo use is due to its high lipophilicity. The
designed ligand MBIP showed decreased computational log P
(2.31) value as compared to FGIN-127 (computational log P =
6.94).%°

The intersubject variability issue for MBIP has been studied
computationally by taking 2 wild type PDBs (4RYO and 4RYQ)
and one mutant PDB (4UC1) representing required SNP for
docking studies. MBIP has shown good interactive score (Gscore)
for wild type and mutant PDBs similar to PK11195 and FEBMP
which are successful ligands against intersubject variability
(ESIT). The validation of docking protocol was done before
docking the compounds with PDB. The ligand present in co-
crystallized PDB was removed and docked with binding site.
The root mean square deviation between predicted and
observed X-ray crystallographic conformers was found to be
around 0.5 A predicting the reproduction of binding mode of
docked compound using this docking protocol.

After designing, the next step is validation for TSPO binding/
affinity which was carried out through docking studies to gain
better insight of its interaction with TSPO as compared to other
known TSPO ligands. MBIP demonstrated comparable or better
affinity with TSPO in terms of Ggcore (—10.448 for MBIP > —7.451
to —10.15 for other known ligands) (Table 1). Both the parent
ligands FEBMP and FGIN-127 have Ggcore —10.151 and —9.319,
respectively on docking with TSPO. The MBIP interaction with
4RYO has been reflected in their interactions shown in 2D and
3D interaction diagram (Fig. 2). Various interactions were
observed in docking including pi-pi interaction with Phe90 and
Phe95, hydrogen bonding with Gly44 and Ser22. Both the
aromatic rings were participating in pi-pi interactions. One
hydrogen bond was observed due to NH of indole moiety in the
ligand. These interactions were different from interactions of
MBMP and its fluoro analog with TSPO (Try27, Tyr28, Phe19
and Try99)."

Table 1 Glide Ggcore Of MBIP and other known TSPO ligands on
docking with TSPO (PDB ID: 4RYO). Docking was performed using
extra precision mode of GLIDE, Schrédinger, Maestro LLC 9.1 software

Ligand G-Score
MBIP —10.448
DAA1106 —9.493
DIAZEPAM —7.451
DPA713 —6.180
FEBMP —10.151
FEDAA1106 —9.809
FGIN-127 —9.319
FPBMP —9.633
PBR28 —9.658
PBR111 —7.475
PK11195 —9.881
RO5-4864 —9.034
SSR180575 —7.992
XBD173 —9.406

This journal is © The Royal Society of Chemistry 2016
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Fig.2 3D (A) and 2D (B) interaction diagram of MBIP on docking with
TSPO (PDB ID: 4RYO). Docking was performed using extra precision
mode of GLIDE, Schrédinger, Maestro LLC 9.1 software. MBIP formed
pi—pi interactions of aromatic rings with Phe90 and Phe95 and
hydrogen bond interactions with Gly44 and Ser22.

BcTSPO-PK11195 model showed interaction between oxygen
of carbonyl group of PK11195 with indole groups of Try51 and
Try138, van der Waal interaction with Ser22, Tyr32, Pro42, Ile47,
Phe55, Phe90, Ser91, GIn94, Cys107, Ala142 and Leu145. Few of
the interaction of PK11195 as on Ser22 and Phe90 were similar
to MBIP interactions with TSPO protein.** MBIP and FEBMP
both the compounds have shown similar binding modes. The
C=0 of benzoxazolone forms H-bond with the Try51 in 4RYQ.
This is in agreement with the interaction of PK11195 with
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4RYQ. Few more interaction sites are common to MBIP in 4RYO
and 4RYQ such as Ser22, Phe55, Phe90, Ser91, GIn94, Cys107,
Ala142. Their glide Ggcore and their contribution from different
sub interactions were found comparable (ESIt).

The precursor 2-(5-bromo-benzoxazolone)acetic acid of
compound MBIP was synthesized in three steps starting from 4-
bromo-2-amino phenol by the procedure reported in the liter-
ature.* In the last step, the ligand 2-(2-(5-bromo benzoxazolone)
acetamido)-3-(1H-indol-3-yl)propanoate = was  synthesized
through amidation reaction of 5-bromo-benzoxazolone acetic
acid and tryptophan methyl ester hydrochloride in the presence
of HOBt and EDCI. The yield of the final product was 62% and
was purified using column chromatography and preparative
HPLC. The retention time of final product MBIP was found to be
8.75 min. The chemical purity of the compound was determined
using analytical HPLC and purity was found to be >97%. In the
"H-NMR, two singlet NH peaks of same intensity were observed
at 8.8 and 10.9 ppm which correspond to NH of amide and NH
of indole, respectively. This indicates the successful synthesis of
the proposed structure. All the eight aromatic protons of ben-
zoxazolone and indole moieties were observed in the region 6-
8 ppm. "*C-NMR reflected appropriate peaks as per its formula.
Three C=0 peaks were observed at 172.3, 166.2 and 154.1 ppm
which correspond to ester C=O0, amide C=O and
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benzoxazolone C=0, respectively. MS run in the positive mode
has peak at 496.3 [M + Na]" which was in accordance with the
proposed structural formula. After synthesis, biological evalu-
ation was performed by tracer method using *°™Tc. The radio-
labelling study was carried out with the procedure reported in
our previous work.** Stability of the complex is one of the most
important criteria for use of the ligand in vivo as it avoids
metabolite formation and transchelation which changes the
desired property for SPECT application. Complexation of the
synthesized ligand with **™Tc gave sufficient stability over 24 h
(Fig. 3). In vitro serum stability clearly indicates the stable
nature of radio complex without any transchelation to serum
protein like albumin which was observed to be >91% intact after
24 h (Fig. 4). Stability studies showed requisite stability of the
complex to act as a SPECT agent.

Biodistribution using radiocomplex was carries out to have
an idea whether the radioligand is reaching the organs of
interest which are rich in TSPO and its excretion from the body.
The distribution in different organs is represented as
percentage of injected dose per organ at different time points.
Table 2 showed the distribution of radioactive compound at six
different time points post injection into the mice (n = 3). At
5 min, peak value of activity was recorded in all the organs.
Highest % ID per g was observed in liver i.e. 28.87 followed by

100
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Fig.3 Labeling efficiency (% LE) of MBIP with °°™Tc. NaTcO, at pH 7 was used for labeling. 0.1 cm segment of ITLC were used after developing it
in solvents acetone and PAW (pyridine, acetic acid and water in 3 : 5 : 1.5 ratio) for count measurement.
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Fig. 4 Serum stability study in terms of labeling efficiency (% LE) of °*™Tc-MBIP over 24 h. Studies were performed in fresh human serum from

healthy volunteers at physiological conditions i.e. 37 °C.
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Table 2 Biodistribution of ®*™Tc-MBIP in normal BALB/c mice. Mice (n = 3) received 10 uCi of **™Tc-MBIP by tail vein injection. Radioactivity
uptake in different organs were measured by gamma counting and expressed as % ID per g, mean =+ standard deviation

Organ/tissue 5 min 15 min 30 min 60 min 120 min 1440 min
Blood 2.23 + 0.11 1.62 + 0.08 1.84 £ 0.09 1.02 £+ 0.09 0.98 + 0.05 0.65 + 0.05
Brain 0.06 £+ 0.01 0.04 £+ 0.01 0.04 £+ 0.01 0.03 £ 0.02 0.03 £ 0.01 0.01 £+ 0.01
Heart 0.72 + 0.04 0.72 £ 0.04 0.49 £+ 0.02 0.37 £+ 0.02 0.02 £+ 0.02 0.16 £+ 0.01
Lungs 5.20 £ 0.26 4.70 + 0.23 3.15 £ 0.16 1.33 £ 0.16 0.94 £+ 0.07 0.29 £+ 0.05
Liver 28.87 +1.44 23.12 + 1.16 21.50 + 1.07 18.21 + 1.07 12.07 £+ 0.91 9.62 + 0.60
Spleen 10.25 + 0.51 6.88 £+ 0.34 5.18 £ 0.26 4.97 4+ 0.26 3.42 £+ 0.25 1.72 £ 0.17
Kidney 11.19 £ 0.56 4.57 + 0.23 3.50 £ 0.17 2.27 £ 0.17 1.09 £ 0.11 0.90 £+ 0.05
Stomach 0.55 4+ 0.03 0.29 £+ 0.01 0.46 £+ 0.02 0.30 £ 0.02 0.04 £+ 0.02 0.23 £+ 0.01
Intestine 0.53 + 0.03 0.45 £+ 0.02 0.45 £+ 0.02 0.30 + 0.02 0.02 £+ 0.02 0.08 £+ 0.01
14.000
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Fig. 5 2°™Tc-MBIP ex vivo biodistribution in lung, liver, spleen and kidney at 40 min post i.v. injection with 10 min preadministration of 2.5/5/

10 mg kg~* PK11195 as blocking agent.

kidney, spleen and lung which were 11.19, 10.25, and 5.20,
respectively. 15 min onwards spleen contained highest radio-
activity after liver i.e. 6.88, 5.18,4.97, 3.42, and 1.72% ID per g at
5 min, 15 min, 30 min, 60 min, 120 min, and 1440 min,
respectively. Lung and kidney also have significant amount of
radioligand present till 30 min ie. 3.15 and 3.50% ID per g,
respectively. Thereafter, radioactivity decreased sharply in lungs
with 25% to 5.5% of uptake at 5 min from 60 min to 1440 min.
Similar trend was observed in kidney i.e. 20% of the uptake at
5 min in 60 min and subsequent reduction to 8% in 1440 min.
The biodistribution pattern revealed that the radioactivity is
mainly localized in TSPO-expressing organs such as lung, liver,
spleen, and kidney. The good uptake of radioactivity in requisite
organs proves it as TPSO targeting ligand. In literature, highest
uptake in liver, after intestine, has been reported for *°™Tc
labelled 2-quinoline carboxamide analogs.® °*™Tc-MBIP
demonstrated negligible uptake in intestine which is desir-
able for TSPO ligand.

In brain, small uptake of 0.06% ID per g at 5 min was
observed which decreased to 0.01% at the last time point of
observation. The small % ID in brain could be attributed to
moderate expression of TSPO in the healthy brain. Maximum
quantity of radioactivity in liver showed that the clearance of the
radioligand is through hepatobiliary route.

The saturation aspect of TSPO binding site by **™Tc-MBIP
has been studied by blocking with PK11195 on lung inflamed

This journal is © The Royal Society of Chemistry 2016

mice model. *°™Tc-MBIP showed uptake in all the TSPO
enriched organs. Blocking percentage in lungs and other
peripheral organs was found in the range of 23-60% as per ROI
derived data (ESIT) which is similar to the findings of previous
ligands used in nuclear medicine. Literature reported °*™Tc-
labelled 2-quinoline carboxamide ligands showed only signifi-
cant effect in uptake of lung but not in remaining tissues on pre-
administration of PK11195. PET TSPO ligands [**F]-DPA-714 V7
and [*®F]VC701 ** showed blocking in the range of 46-72% and
36-88%, respectively.

TSPO enriched peripheral organs have shown blocking but it
was not concentration dependent for all (Fig. 5), which could be
attributed to small sample size or staging of inflamed condi-
tion. Further studies with different animal models may clarify
the saturation trend once blocked with cold reference like
PK11195.

In summary, in silico studies on modified MBMP skeleton
followed by facile synthesis and biological evaluation were
carried out for TSPO target for SPECT application.

4. Conclusion

This work resulted in the synthesis of a new TSPO ligand 2-(2-(5-
bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate
(MBIP) for diagnostic application using SPECT. The ligand
binding interaction with TSPO was calculated through MM

RSC Adv., 2016, 6, 114491-114499 | 114497
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analysis and subsequently synthesized in four steps. MBIP
formed a stable complexation with °*™Tc which remained >91%
stable at 24 h in serum alongwith favorable ex vivo bio-
distribution in TSPO expressing organs. Stable nature of
complex, high uptake at early time points in desired organs with
fast kinetics proved MBIP as potential candidate for SPECT.
Further studies are required to prove its efficiency as TSPO
ligands for human clinical application.
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Abstract

The high expression of the TSPO makes it an ideal target for imaging and therapy. The pre-
sent study aims to optimize acetamidobenzoxazolone based TSPO ligands by modification in
its structures which may overcome the limitations of two generation TSPO ligands such as
non-specificity and polymorphism. Herein, we have selected three different TSPO PDBs
2MGY, 4RYQ and 4UC1 in native and mutated form. The acetamidobenzoxazolone modi-
fied with phenylalanine methyl ester (methyl 2-(2-(5-bromo/chloro-2-oxobenzooxazol-
3(2H)-yl)acetamido)-3-phenylpropanoate, ABPO-Br, ABPO-CI) through better/comparable
dock scores than known TSPO ligands such as MBMP, FEBMP, FPBMP and PK11195 are
identified as potential TSPO ligands. The ABPO-CI and ABPO-Br were synthesized by using
methyl ester of phenylalanine as moiety for incorporation of desired pharmacophoric feature.
All the intermediates and final compounds were purified using column chromatography and
analytical HPLC (purity > 97%). The purified compounds were characterized using spectro-
scopic techniques such as *H-NMR, *C-NMR, and mass spectroscopy. Drug likeliness and
comparative bioactivity analysis were performed using QikProp through prediction of various
properties. Both the analogs follow all the five Lipinski rules and three Jogersen’s rules pre-
dicting its drug likeliness. Other important aspect related to TSPO ligands such as blood brain
barrier penetration and better contrast have been predicted through lipophilicity (QPlog
P=2.76 and 2.74 for ABPO-Br and ABPO-ClI, respectively) and serum binding (QPL0ogKsa =
-0.18 and -0.25 for ABPO-Br and ABPO-CI, respectively). Selectivity and distribution of
these TSPO ligands were confirmed by **™Tc-ABPO-Br dynamic image in New Zealand rab-
bit. These results have shown that the ABPO analogs would have the potential to act as better
ligand as compared to known acetamidobenzoxazolone derivatives and would be of interest

as promising starting point for designing compounds for TSPO targeting.

Key Words: TSPO, Acetamidobenzoxazolone, phenylalanine methyl ester, ADME, docking,
ABPO-CI, ABPO-Br



Introduction

The translocator protein (18 kDa, TSPO), previously named as the peripheral benzodiazepine
receptor (PBR), was identified as a diazepine’s peripheral binding site in 1977.! This was dis-
tinguished from central benzodiazepine receptor on the basis of functional role, unique struc-
ture and cellular location. The TSPO has 169 amino acid protein arranged in five transmem-
brane domains.® It is primarily located on the outer membrane of mitochondria and also pro-

posed to be located in non-mitochondrial site such as nuclear or microsomal in some cells.?

TSPO has been found as an important diagnostic and therapeutic target for inflammation and
tumor.*® Since TSPO was identified by diazepam, benzodiazepines, and Ro5-4864, several
classes of TSPO ligands with diverse structure including isoquinoline carboxamides, benzo-
azepine, benzothiazepines, indole acetamide, phenoxyphenyl acetamide, imidazopyridine ac-

etamides, and pyrazolopyrimidine acetamides have been developed.*"®

The isoquinoline carboxamide based ligand PK11195 is currently considered as the state-of-
the-art ligand for TSPO. Its most widely studied PET ligand “'C(R) PK11195 ligand from
first generation has limitation of high non-specific binding and low brain penetration result-
ing in low signal to background ratio. Some of the second generation TSPO ligands could
overcome these limitations with relatively higher signal to noise ratio than PK11195 for im-
proved imaging. Several radioligands of second generation TSPO ligands used in clinical
human studies are ['"C]DAA1106, [**F]DPA714, and ['C]PBR28 and ['C]AC-5216.7"2

Although second generation TSPO ligands have few advantages over PK11195, there is a
problem of intersubject variability due to single nucleotide polymorphism.** A new skeleton
acetamidobenzoxazolone (ABO)**™, derived through opening and reorganizing RoS-4864,
has been explored for PET application (MBMP, FEBMP and FPBMP) to overcome the prob-
lems of inter subject variability.'** ABO has been modified to ABO-Amino Acid (ABO-
AA) for SPECT application by conjugating it with methyl ester of tryptophan to maintain
affinity and biocompatibility.?*

This encouraged us to try conjugation of benzoxazolone with other amino acids. Moreover, in
a recent study, preference for amino acid transport system LAT1 over other LATs, A and
ASC in normal as well as tumor cells in the uptake of phenylalanine based radio tracers have
been demonstrated through competitive uptake inhibition using inhibitors specific for system

A, ASC and L.?* Therefore, phenylalanine can be better candidate for improving cell uptake.



Before synthesis, it is important to evaluate the molecule for drug likeliness and TSPO affini-
ty in silico. The literature of drug discovery gives emphasis to combinatorial chemistry and
the screening of compounds for its drugability involving ADME/toxicity as the screening of
millions of compounds results into limited number of drug-like compounds. Therefore, it has
been advocated that the drugability should be checked before screening for the receptor activ-
ity. In current scenario, there is a considerable increase in the application of computer aided
drug design methods to predict potential drugs for the diagnosis/treatment of several diseases.
In silico prediction of pharmacokinetic parameters like absorption, distribution, metabolism
and excretion (ADME) studies have become increasingly important for early screening of

potential drug candidates.?®

Around the beginning of 21% century, a simple thumb rule was reported by Lipinski et al. for
in silico prediction of oral absorption of a compound through solubility and permeability. As
per rule of five, ~90% of oral molecules clear three out of following four rules: MW < 500
Da, calculated LogP (cLogP) <5 and > 0, hydrogen bond acceptors (HBASs) < 10, and hydro-
gen bond donors (HBD) < 5.%*% The bioavailability of molecules are predicted by using
Jorgensen’s rule of 3 (LogSwa:>-5.7, Apparent Caco-2 permeability >22 nm/s and number of
primary metabolites <7).%?" Subsequently, few more in silico properties such as polar sur-
face area (PSA < 140 A?), the number of rotatable bonds (< 10-20), have been added to ex-

pand the correlations with ADME parameters.?

In silico approaches include docking, quantitative structure activity relationships, virtual lig-
and screening, pharmacophore modeling etc are other important tools in the discovery and
optimization of novel molecules with enhanced affinity and specificity for the selected thera-
peutic targets.?? Awvailability of different TSPO PDBs from wild type as well as mutants
such as 2MGY, 4RYQ and 4UC1 have enabled TSPO affinity screening through the docking

studies at design level. 3¢

In this study, in continuation of our effort to develop effective TSPO ligand a new skeleton
methyl2-(2-(5-bromo/chloro-2-oxobenzooxazol-3(2H)-yl)acetamido)-3-phenylpropanoate

has been designed by combining 5-bromo/chloro-benzoxazolone with phenylalanine methyl
ester and evaluated for its ADME properties as well as its affinity for TSPO in silico. Conju-
gating TSPO pharmacophore (acetamidobenzoxazolone) with methyl phenylalanine could be

promising strategy for drug design as it may improve efficacy. Thereafter, conjugation has



been carried out in three steps and characterized using NMR, Mass and HPLC for further ap-

plication as TSPO ligand in animal model.

Materials and methods
Chemicals:

The chemicals and solvents used in the reactions were purchased from Sigma-Aldrich and
Merck. The silica used for purification using column chromatography was MNG60 having
mesh 60-120 and aluminum plates coated with silica gel 60 F254 was used for thin layer

chromatography (TLC) for monitoring the reaction.
Instrumentation:

Nuclear Magnetic Resonance Spectroscopy (*H and **C NMR) were recorded on Bruker
Avance |1l 600 MHz system) at 600 MHz and 150 MHz, respectively. Mass spectroscopy
was performed on Agilent 6310 system using ESI. High performance liquid chromatography
(HPLC) was carried out on 1200 series of Agilent using analytical T3 Waters column
(4.6X250 mm) for analysis.

Gamma Camera Design

For scintigraphic images of *™Tc-labeled complexes in animal, a gamma camera (Symbia,
T2, True point SPECT/CT Siemens, INMAS, DRDO, Delhi) equipped with dual head, low
energy, high resolution and parallel-hole collimator was used which has an interface to a
computer network system. For image acquisition, animal was fixed on a mechanical support

for standardization of orientation and position.
Image Acquisition Parameters

Dorsal ear vein was used for injection in rabbit. Images were acquired at defined time point
in case of static imaging. For dynamic imaging, acquisition was done for 30 mins immediate-
ly after injection. Anterior images for 30 min with 2 sec/frame for 2 min, 15 sec/frame for 2
min and 60 min/frame for 26 min were acquired. A 15% window centered on 140 KeV i.e.
%mTe peak with zoom factor 1 was used. The matrices used for dynamic imaging was 128 X
128.

Image analysis:



The computational data of scintigraphy were extracted and analyzed on a Pegasys work-
station (ADAC laboratory). After image acquisition, region of interest (ROI) were drawn

over organ of interest and the total field of view.

Ligand preparation:

The lead skeleton was taken from our previous work which proved its potential for TSPO
targeting. Further new analogues were designed and drawn using chemdraw Ultra 10.0 and
were checked for drug likeliness using Lipinski rule. These analogs and few known TSPO
ligands in .mol format were used as input structures for processing in LigPrep, Schrodinger,
Maestro LLC 9.1 software. A series of steps in the LigPrep process are as follows: conver-
sions, corrections to the structures, generating variations on the structures, elimination of un-

wanted structures and finally the optimization the structures.

Protein Preparation:

Prior to docking, identification of the binding site in the target protein is important. This in-
formation is taken through the structures of the complexes of the TSPO proteins with its sub-
strate PK11195. The PDB structure files of the proteins are imported and prepared through
protein preparation wizard of the Schrodinger by applying the OPLS 2005 force field. The
steps involved in the process of protein preparation are processing, optimization and minimi-

zation of proteins.

The validation of docking protocol was performed through docking back after removing the
PK11195 from active site. For the current study PDB structures were taken from RCSB Pro-
tein Data Bank (PDB) and the PDBs used were 2MGY (wild type TSPO), 4RYQ (wild type
TSPO, resolution 1.7 A) and 4UC1 (Mutant TSPO, resolution 1.8 A).

Docking:

Docking is a computational simulation process to predict the preferred orientation of protein-
ligand interaction by forming a complex with high stability. Glide, Schrédinger, Maestro
LLC 9.1 offers the speedy and accurate high throughput virtual screening of several com-
pounds with extremely accurate binding mode predictions.

Both the newly designed analogs as well as few well known TSPO ligands were subjected to
docking with the protein using Glide. The molecules were docked to the active site of TSPO.
The molecules docked with negative G Score are suitable for further evaluation. Only the



TSPO ligands would have the accurate hydrophobic contact between ligand and protein re-

sulting to favorable docking scores.

ADME Prediction:

ADME properties were calculated with the help of Qikprop of Schrodinger. It predicts both
physicochemical descriptors and pharmacokinetic properties. QikProp provides ranges for all
the descriptors and properties of 95% of known drugs for comparison purpose. It also evalu-
ates the suitability of analogs on the basis of Lipinski’s rule of five which predicts drug like
pharmacokinetic profile for rational drug design. In the present study, QikProp derived phys-
ico chemical properties used for ADME analysis are molecular weight, number of hydrogen
bond donors, number of hydrogen bond acceptors, partition coefficients, number of rotatable
bonds and molecular volume etc which, in turn, predict the properties for assessing drug like-
liness, bioavailability, plasma protein binding, and metabolism. As the molecules are for
brain application, we have considered following predictive properties

a) QPlogP octanol/water

b) QPlogS aqueous solubility

¢) QPlogsS -Conformation independent aqueous solubility

d)QPlog Knsa Serum protein binding

e) QPlogBB for blood brain

f) No of primary metabolites

g) Apparent Caco-2 permeability (nm/s)

h) Apparent MDCK permeability (nm/sec)

1) % Human oral absorption in Gl

J) Qualitative model for human oral absorption

Synthesis and characterization:

Synthesis of 5-Chloro benzoxazol-2(3H)-one (1)

To a solution of 5-chloro-2-aminophenol (500.0 mg, 2.96 mmol) in 150 ml THF, 1, 10-
carbonyldiimidazole (576.0 mg, 3.55 mmol) was added. The mixture was refluxed with stir-
ring for 2 h. The reaction mixture was quenched by adding 2 M HCI solution after cooling to
room temperature. EtOAc was used for extraction which was washed with brine, dried over
anhydrous sodium sulphate and filtered. Thereafter, solvent was removed in vacuo to get the
product as white solid.

MS (ESI) m/z: 167.8 [M-H"], calculated m/z: 168.0 [M-H"]

'H-NMR (DMSO, 600 MHz): 7.11-7.31(m, 3H)



BC-NMR (DMSO 150 MHz):110.3, 111.3, 122.0, 128.2, 132.2, 142.6, 154.7

Synthesis of methyl 2-(2-chloroacetamido)-3-phenylpropanoate (2)

To a solution of L-phenylalanine methyl ester (500.0 mg, 2.32 mmol) in deionized water (10
ml), triethyl amine (360 pl, 2.52 mmol) was added with stirring under nitrogen atmosphere
on ice bath for 5 minutes. To the mixture, chloroacetyl chloride (205 pl, 2.52 mmol) in di-
chloromethane (10 ml) was added drop wise over 1 h and the reaction was carried out for 4 h.
Thereafter, the mixture was extracted with dichloromethane. The organic layer was washed
twice by deionized water and brine solution. After washing, organic layer was dried over an-
hydrous sodium sulphate. After filtration, the solvent was removed in vacuo, checked by
TLC using CHCI3/MeOH (9:1, v/v) as mobile phase and purified by silica gel column chro-
matography using 100% CHClI; as eluent.

MS (ESI) m/z: 254.0 [M-H"], calculated m/z: 254.1[M-H"]

'H-NMR (CDCl3 600 MHz): 3.11-3.20 (m, 2 H), 3.74 (s, 3H), 3.98-4.04 (m, 2H), 4.86-4.90
(m, 1H), 7.02-7.33 (m, 6H)

B3C-NMR (CDCl;3 150 MHz): 37.8, 42.4, 52.5, 53.4, 127.3, 128.7, 129.2, 135.4, 165.6, 171.3

Synthesis of methyl 2-(2-(5-chloro-2-oxobenzooxazol-3(2H)-yl)acetamido)-3-
phenylpropanoate, ABPO-CI(3)

To a solution of 5-Chloro benzoxazol-2(3H)-one (250.0 mg, 1.48 mmol) and K,COj3 (306.0
mg, 2.22 mmol) in DMF (5 ml), methyl 2-(2-chloroacetamido)-3-phenylpropanoate (415.2
mg, 1.63 mmol) was added with cooling on ice bath. The reaction mixture was stirred at 60-
70°C for 3 h. Thereafter, reaction mixture was cooled to room temperature before adding wa-
ter. Mixture of toluene and ethyl acetate in 1:1 ratio was used as extraction solvent. Water
and brine solutions were used for washing the organic layer and anhydrous sodium sulphate
for drying. Solvent was removed in vacuo after filtration and was purified by silica gel col-
umn chromatography using CHCIs/EtOAc (4:1, v/v) as eluent.

MS (ESI) m/z: 387.1 [M-H"], Calculated m/z: 387.1 [M-H"]

'H-NMR (CDCl3 600 MHz): 3.50-3.60 (m, 2H), 3.86 (s, 3H), 4.19-4.27 (m, 2H), 5.07-5.10
(m, 1H), 6.96-7.33 (m, 8H)

B3C-NMR (CDCl3 150 MHz): 34.0, 51.2, 53.2, 54.4, 121.3-148.8 (10 peaks), 155.3, 168.1,
168.6

Synthesis of 5-Bromo benzoxazol-2(3H)-one (4)



To a solution of 4-bromo-2-aminophenol (500.0 mg, 2.66 mmol) in 150 ml THF, 1,10-
carbonyldiimidazole (518.0 mg, 3.19 mmol) was added. The mixture was refluxed with stir-
ring for 2 h. The reaction mixture was quenched by adding 2 M HCI solution after cooling to
room temperature. EtOAc was used for extraction which was washed with brine, dried over
anhydrous sodium sulphate and filtered. Thereafter, solvent was removed in vacuo to get the
product as white solid.

MS (ESI) m/z: 211.7 [M-H"], Calculated m/z: 211.9 [M-H"]

'H-NMR (DMSO 600 MHz): 7.20-7.28 (m, 3H)

B3C-NMR (DMSO 150 MHz): 111.7, 112.9, 115.8, 124.8, 132.5, 143.0, 154.6

Synthesis of methyl 2-(2-(5-bromo-2-oxobenzooxazol-3(2H)-yl)acetamido)-3-
phenylpropanoate, ABPO-Br (5)

To a solution of 5-bromo benzoxazol-2(3H)-one (250.0 mg, 1.17 mmol) and K,COj3 (242.2
mg, 1.76 mmol) in DMF (5 ml), methyl 2-(2-chloroacetamido)-3-phenylpropanoate (328.2
mg, 1.29 mmol) was added with cooling on ice bath. The reaction mixture was stirred at 60-
70°C for 3 h. Thereafter, reaction mixture was cooled to room temperature before adding wa-
ter. Mixture of toluene and ethyl acetate in 1:1 ratio was used as extraction solvent. Water
and brine solutions were used for washing the organic layer and anhydrous sodium sulphate
for drying. Solvent was removed in vacuo after filtration and was purified by silica gel col-
umn chromatography using CHCI3/EtOAc (4:1, v/v) as eluent.

MS (ESI) m/z: 431.3 [M-H"], Calculated m/z: 431.0 [M-H"]

'H-NMR (CDCl3 600 MHz): 3.49-3.60 (m, 2H), 3.86 (s, 3H), 4.19-4.27 (m, 2H), 5.06-5.10
(m, 1H), 6.91-7.33 (m, 8H)

13C- NMR (CDCl3 150 MHz): 34.0, 51.2, 53.2, 54.4, 112.6-149.3 (10 peaks), 155.3, 168.0,
168.5

Radio labeling protocol:

Radioloabeling was performed as per the method mentioned in literature® %, 1 ml 1x10% M
SnCl,.2H,0 was added to 200 pl 3 mM cold ligand solution. Then 2 mCi sodium pertechne-
tate in 100 pl saline was added. 0.1 M NaHCO3; was used for pH adjustment to 7 and then
content was manually shaken and kept at room temperature for 20 min. ITLC-SG strip as sta-

tionary phase and acetone and PAW (pyridine, acetic acid and water in 3:5:1.5 ratio) as mo-



bile phase were used to determine complexation with *™Tc and purity of the labeled com-

pound. Count measurement was done by cutting ITLC into 0.1 cm segments.
Animal Studies:

Animals were supplied by experimental animal facility (EAF) of Institute of Nuclear Medi-
cine and Allied Sciences (INMAS), Delhi. The animals were maintained as per the regula-
tions of the Committee for the Purpose of Control and Supervision of Experiments on Ani-
mals (CPCSEA). All the animals were maintained on standard diet (Hindustan Lever Ltd.,
Mumbai, India) and water. They were kept in the animal house of the institute which was

maintained at 22 = 2°C and 50% humidity under a 12 h dark/light cycles.

Scintigraphy studies:
Scintigraphy studies of **™Tc-labeled complexes were carried out in New Zealand rabbit. 0.2
mCi of labeled complex was injected intravenously through the ear vein and images were ac-

quired for 30 min post injection of radiocomplex.

Results and Discussion:

A new series of ligands acetamidobenzoxazolone-phenylalanine, ABPO, (methyl 2-(2-(5-
bromo/chloro-2-oxobenzooxazol-3(2H)-yl)acetamido)-3-phenylpropanoate) have been de-
signed, evaluated for drug likeliness on the basis of predictive ADME properties in silico,
synthesized and assessed for their affinity towards TSPO through docking. ABPO comprises
of benzoxazolone and phenylalanine methyl ester coupled with acetamide group. Two halo-
gen analogues- chloro and bromo at 5™ position of benzoxazolone have been prepared. The
rational of choosing chloro analog was presence of chloro group in several TSPO ligands and
bromo analog can provide opportunity to further optimize property through substitution reac-
tion. The predictive affinity towards TSPO and drug likeliness properties of ABPO skeleton

was found appropriate for biomedical application in which TSPO are over expressed.

It is important to know the pharmacokinetic profile of any molecule to be used in vivo condi-
tions which can be studied through ADME properties in silico. Often drugs fail to enter the

market due to poor pharmacokinetic profile. Thus, it is imperative to design the compound



with easy transportability to desired site, proper interaction at desired site, not or minimally
metabolize before its action and finally excrete after expected action. The incorporation of
desired ADME properties at early stages of drug discovery using computer aided drug design
methods reduces the chances of failure of compound at later stages. This has further ad-

vantage of low cost and less time required over wet screening.

As we are targeting the receptors/proteins which are found on outer mitochondrial surface of
glial cells, our molecules should be able to reach glial cells of brain. This means their capa-
bility to crossing blood brain barrier is essential and their lipophilicity must be optimum as
lipophilic substances are required to cross the BBB. During this process, transporta-

tion/binding pattern with human serum is also important for consideration.

The ligands ABPO-CI/Br satisfy pharmacological properties of 95% available drugs available
in Schrodinger database. The drug-likeliness or capability for becoming a good drug candi-
date for clinical application was predicted by Lipinski rule of 5 which is normally used in
CADD analysis. ABPO-CI and ABPO-Br follow all the five rules of Lipinski reflecting its
drug like properties. Additionally, hydrogen bond acceptors are well within the acceptable
proposed limit of 10 for Lipinski rule. However, QPlogP, an important property for molecule
to cross blood brain barrier, is followed by both the designed ligands which are 2.74 and 2.76

for bromo and chloro analogs, respectively. (Table 1)

Bioavailability prediction:

The computed parameters useful for predicting oral absorption are aqueous solubility, con-
formation independent aqueous solubility, % of human oral absorption in Gl, qualitative

model for human oral absorption, compliance of Jorgensen’s rule of three.

Out of all known ligands taken for comparison purpose, only two are violating this rule for
QPlogS>-5.7 (-7.4 for FGIN-127 and -6.22 for PBR111). For designed ligands, the solubili-
ties with QPlogS -4.06 to -3.72 reflect better or comparable solubility than the known lig-

ands.

The Caco-2 permeabilities for designed ligands are 248 and 477 and for known ligands be-
tween 2290-6015 all are much >25 nm/s, the limit of poor permeability as mentioned by
software. The other parameter responsible for absorption, conformation independent QPlogS
value for designed molecules (-4.62 to -5.54 for chloro and bromo analogs, respectively) are

comparable to that of known ligand (-7.17 to -4.44). Reasonably good absorptions are also



reflected by % human oral absorption in GI which is >85 for proposed ligands and 100 for

known. Even qualitative model for human oral absorption are predicting high oral absorption.

Molecular flexibility is related to number of rotatable bonds which is connected to bioavaila-
bility (increases with the decrease in number of rotors). Their numbers in designed molecule
are 6 which is comparable to known TSPO ligands such as DAA1106, PBR06 and PBR28.
However, some known ligands have either high (12 for FGIN-127) or low (0 for RoS-4864).
There is requirement of optimum rotatable bonds to bind in the pocket of receptor for binding
as there is loss of entropy on binding because of conformational restriction in case of flexible
molecules. As the molecule is meant for diagnostic application, too low number of rotatable
bonds may lead to stickiness to the target receptor. Therefore, designed ligands with 6 rotata-
ble bonds as present in known ligands also seem to be reasonable for ligands for diagnostic

purpose. (Table 1)
Prediction of blood-brain barrier (BBB) penetration:

In the current study, the molecule proposed have potential application for brain that makes it
mandatory for them to cross the blood brain barrier. Too polar molecules may not be able to
cross the BBB. To assess the access of drug to the brain, blood-brain partition co-efficient
(QPlogB/B) is computed. The values for known TSPO ligands that are from first and second
generation and designed ligands are in between -1.09 to 0.362. This range is permissible limit

for crossing blood brain barrier. (Table 1)
Prediction of binding with plasma protein:

The degree of binding to the blood plasma proteins (like human serum albumin, glycoportein,
lipoproteins, alpha, beta and gamma globulins) affects the efficiency of a drug as it greatly
reduces the drug quantity in circulation of blood which passes through traverse cell mem-
branes or diffuses less efficiently. Therefore, the ability of all the designed ligands were pre-
dicted to act on human serum albumin through QPlogKhsa. For known ligands considered
this range is from 0.032 to 1.31. For PK11195, its value is quite high i.e. 0.65 resulting in its
non-specific binding which leads to poor signal to noise ratio in case of radiolabeled PET lig-
ands. Out of the ligands chosen for comparison purpose, DPA-713 and DAA1106 are better
with values being 0.03 and 0.35 which reflects their improved signal to noise ratio. The de-
signed skeletons ABPO-Br/CI (-0.18 &-0.26) have moderate interaction which is well within
limit (-1.5 to 1.5). (Table 1)



Molecular Volume

Another crucial factor for binding in the active site of receptor is molecular volume. The vol-
ume of ligand and that of active site should match for perfect interaction. To assess the struc-
tural compatibility of molecule at active site, molecular volume has been analyzed. For
known ligands its range was observed to be 941 and 1502 for RoS4864 and FGIN-127. How-
ever, molecular volume for rest of the known ligands are in the range 1129-1307. Both the
designed molecules fall in the range 1144-1172 in which most of the known ligands are ly-
ing. This predicts that proposed ligands have sufficient molecular volume for ligand-protein
interaction. (Table 1)

Further the ligands were synthesized in three steps as per scheme 1 and scheme 2. The paral-
lel synthesis of both the precursors 5-bromo/chloro benzoxazol-2(3H)-one and methyl 2-(2-
chloroacetamido)-3-phenylpropanoatewere carried out starting from commercially available
4-bromo/chloro-2-aminophenol and phenyl alanine methyl ester using cyclization reaction
and chloro acetylation reaction as per procedures reported in the literature with some modii-
fcation.'* % For cyclization reaction, CDI was used and for chloroacetylation reaction, chlo-
roacetyl chloride with triethyl amine as base were taken. The final compounds ABPO-Br/ClI
were synthesized through alkylation reaction of 5-bromo/chloro-benzoxazolone and methyl
2-(2-chloroacetamido)-3-phenylpropanoate in the presence of K,CO3;in DMF solvent. The
compounds were purified using column chromatography and preparative HPLC. The chemi-
cal purity of the compound was determined using analytical HPLC and purity was found to
be >97%. All the eight aromatic protons of benzoxazolone and benzene moieties were ob-
served in the region 6-8 ppm. *C-NMR reflected appropriate peaks as per its formula. The
C=0 of benzoxazolone, amide and ester were observed in the region 155-169 of **C-NMR of
both the analogs reflecting the synthesis of ABPO-CI/Br. The mass spectroscopy also con-
firmed the synthesis with the presence of [M-H"] peaks of ABPO-CI and ABPO-Br at 387.1
and 432.9, respectively.

The selection of phenylalanine based biocompatible ligand was on the basis of their prefer-
ence for LAT1 over other LATSs, A and ASC system in the uptake mechanism. Validation for
TSPO binding/affinity which was carried out through docking studies to know about interac-
tion with different amino acid residues of TSPO as compared to other known TSPO ligands.
ABPO-CI/Br demonstrated comparable or better affinity with TSPO in terms of Ggcore, When
compared with known ligand like PK11195 and MBMP. Various interactions were observed

in docking including pi-pi interaction and hydrogen bonding. Phenylalanine aromatic ring is



participating in pi-pi interactions while one hydrogen bond was observed due to NH of acet-

amidobenzoxalone moiety. (Fig. 1, 2)

Docking studies using mutated PDB 4UC1 (A139T) of RsTSPO, the ligands ABPO-CI/Br
showed similarity in interactions with FPBMP/FEBMP. Gge Were also found comparable
for FFBMP, FEBMP and MBMP. As FEBMP shows no intersubject variability, it can be
predicted that the ABPO-CI/Br could reflect the same. Further studies are required for its val-
idation. (Fig. 2, 3)

The radiolabeling study was carried out with the procedure mentioned in literature with some
modification. Complexation of the synthesized ligands with ®"Tc gave 95.4% stability of
%mTc-ABPO-Br over 24 h. In vitro serum stability clearly indicates the stable nature of radio
complexes without much transchelation to serum protein like albumin which was observed to
be intact with 92.4% of *™Tc-ABPO-Br.

Selectivity and distribution of these TSPO ligands were confirmed by tracer techniques in
New Zealand rabbit (Dynamic image for 30 min). (Fig. 4.a) In brain, significant uptake was
observed which reduced with time. In a nut shell it is observed that the uptake was majorly in
all the TSPO rich organs at initial time point which eventually decreased with time. In excre-
tory organs uptakes were initially lower which increased with time till the last time point of

observation.

During dynamic studies after intravenous injection of **™Tc-ABPO-Br, frames of 10 sec were
captured. In these images, slight uptake in lungs, spleen and brain is seen. As the duration of
image capture was 10 sec therefore, organs with relatively lower uptake were not clearly vis-
ualized. Small uptake at later time points was seen which may be due to fast release kinetics
of *™Tc-ABPO-Br. (Fig. 4.h)

In summary, in silico studies on modified MBMP skeleton i.e. ABPO for ADME properties
and interaction with TSPO protein followed by facile synthesis were carried out for over ex-
pressed TSPO targeting.

Conclusion: The goal of the study was synthesis, characterization and in silico evaluation of
acetamidobenzoxazolone-phenylalanine  methyl  ester, methyl 2-(2-(5-bromo-2-
oxobenzooxazol-3(2H)-yl)acetamido)-3-phenylpropanoate for TSPO targeting. Binding af-
finity towards TSPO was assessed through ligand-protein docking method and ADME prop-

erty through gikprop modules of Schrodinger software. Biodistribution of these ligans and



their selectivity towards TSPO were demonstrated under in vivo condition on New Zealand
rabbit. Further pre-clinical animal studies are required to prove its efficiency as TSPO mark-

er.
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Scheme 1: Synthesis of ABPO-CI, reagents: a) CDI, THF, Reflux; b) Chloroacetyl chloride, Et3N,
H,0/DCM,0°C-rt; ¢) K,CO3, DMF, 60°-70°C, 3h
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Scheme 2: Synthesis of ABPO-Br, reagents: a) CDI, THF, Reflux; b) Chloroacetyl chloride, Et3N,
H,0/DCM,0°C-rt; ¢) K,CO3, DMF, 60°-70°C, 3h



able 1: Predictive values of discussed properties of known and designed TSPO ligands

Predictions for

(Range 95% of
Drugs)

DAA1
106

DPA-
713

FGIN-
127

PBRO06

PBR28

PBR11
1

PK111
95

Properties:
Solute Molecu- (500.0 1161.7 1200.85 1501.22 1200.35 1124.07 1307.20 1129.76 941.48 1172.97 1144.621
lar Volume /2000.0) 2
(An3)

QP log P for (-2.0/ 6.5) 4.805 3.546 7.019 5.148 4.017 5.118 5.019 3.315 2.76 2.741
octanol/water

QP log K hsa (-1.5/ 1.5) 0.356 0.032 1.318 0.468 0.088 0.39 0.658 0.281 -0.181 -0.256
Serum Protein
Binding

QP log BB for (-3.0/ 1.2) 0.056 -0.193 -0.561 0.041 -0.211 0.068 0.102 0.362 -1.092 -0.808
brain/blood

No. of Primary ( 1.0/ 8.0) 4 4 1 5 5 2 0 1 3 3
Metabolites

QP log S for (-6.5/ 0.5) -4.046 -3.966 -7.376 -4.834 -4.093 -6.220 -5.319 -4.411 -4.060 3.723
aqueous solubil-
ity

QP log S - con- (-6.5/ 0.5) -6.230 -4.447 -7.174 -6.230 -4.884 -5.771 -5.670 -4.651 -5.541 -4.619
formation inde-
pendent

Apparent Ca- (<25 poor, 5888 2290 2441 6015 3854 3783 4561 2683 248 477
co-2 Permeabil-  >500 great)
ity (hm/sec)

Apparent (<25 poor, 6080 1889 3154M 6062 2126 10000 4375 8755 422M 719
MDCK Perme- >500 great)
ability (nm/sec)

Lipinski Rule of  (maximum is 0 0 1 1 0 1 1 0 0 0
5 Violations 4)

Jorgensen Rule  (maximum is 3) 0 0 1 0 0 1 0 0 0 0
of 3 Violations

% Human Oral  (<25% is poor) 100 100 100 100 100 100 100 100 86 91
Absorption in Gl
(+-20%)

Qual. Model (>8 0% is high) >80 >80 >80 >80 >80 >80 >80 >80 >80 >80

for Human Oral
Absorption




ABPO-CI

Fig 1: 2D and 3D interaction diagram of a) ABPO-Br and b) ABPO-CI with wild type PDBs

2MGY and 4RYQ

Fig 2: 2D interaction diagram of FEBMP, FPBMP with PDBs a) 2MGY, b) 4RYQ and c)

4UC1

Fig 3: 2D and 3D interaction diagram of ABPO-CI with mutant type PDBs 4UC1



Fig. 4: In vivo biodistribution of a) **™Tc-ABPO-CI and b) *™Tc-ABPO-Br in New Zealand

rabbit (Dynamic image)
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1 | INTRODUCTION

Abstract

Acetamidobenzoxazolone (ABO) has been modified to ABO-AA, 2-(2-(5-bromo/chloro
benzoxazolone)acetamide)-3-(1H-indol-3-yl)propionate to improve pharmacokinetics
and lipophilicity (log p = 2.04). The final compound was synthesized in better yield and in
fewer steps than previously reported MBIP-Br (70% vs. 62%). Computational docking
confirmed binding of MBIP-Cl with translocator protein (TSPO) as well as with mutant
TSPO (—8.99 for PDB: 4RYQ and —9.30 for PDB: 4UC1, respectively). Ex-vivo bio-
distribution and scintigraphy showed that *™Tc-MBIP-Cl is better than *°™Tc-MBIP-Br
in terms of uptake in TSPO-rich organs and release kinetics 0-120 min postinjection. At
15 min, uptake was 2.75-fold (12.91%ID/g vs. 4.69%ID/g) in lung and seven-fold (5.16%
ID/g vs. 0.72%ID/g) in heart for *™Tc-MBIP-Cl compared to that of **™Tc-MBIP-Br
which gives warrant to utilize this single photon emission computed tomography agent

in higher animals.

KEYWORDS

acetamidobenzoxazolone, inflammation, SPECT, tryptophan methyl ester, TSPO

respectively. All three of them showed compatibility to tetrapyrrole pro-

toporphyrin IX (PPIX) structure which is a well-known endogenous

Translocator protein (TSPO) first described as peripheral benzodiaze-
pine receptor (PBR) is a 18 kDa protein and initially identified in 1977
as peripheral binding site for the benzodiazepine. The name PBR
described its high affinity binding to benzodiazepine in peripheral tissues
(Chen & Guilarte, 2008; Fan, Lindemann, Feuilloley, & Papadopoulos,
2012; Milenkovic, Rupprecht, & Wetzel, 2015; Veenman, Vainshtein, &
Gavish, 2015). It is an intracellular protein which forms a complex with
voltage dependent anion channel (VCAD, 32 kDa) and adenine nucleo-
tide translocator (ANT, 30 kDa) in mitochondria. There are few classical
ligands available such as PK11195, RoS-4864, and FGIN-127 which are

isoquinoline carboxamide, benzodiazepine and indole derivatives,

TSPO ligand (Best, Ghadery, Pavese, Tai, & Strafella, 2019; Veenman,
Vainshtein, Yasin, Azrad, & Gavish, 2016). TSPO has been investigated
as biomarker for inflammatory conditions of lung, liver, kidney, and
brain, etc. Its role has also been studied in other disorders such as
depression, anxiety, and neurodegenerative disorders (Hatori et al.,
2014; Jean et al., 2015; Jones, Marino, Shakur, & Morrell, 2003; Kraus,
Kadriu, Lanzenberger, Zarate, & Kasper, 2019; Lagarde, Sarazin, &
Bottlaender, 2018; Veenman & Gavish, 2006; Vicidomini et al., 2015).
Therefore, high affinity TSPO ligands can find application for noninva-
sive diagnosis of pathologically affected tissues. This led to the develop-

ment of TSPO ligands as diagnostic ligands (Arlicot et al., 2012; Boutin

Drug Dev Res. 2019;1-9.
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et al., 2007; Dolle, Luus, Reynolds, & Kassiou, 2009; Hatori et al., 2014;
Kreisl et al., 2010; Trapani, Palazzo, de Candia, Lasorsa, & Trapani, 2013;
Veenman et al., 2016).

1C(R) PK11195 ligand is most widely studied PET TSPO ligand from
first generation which has limitation of high lipophilicity and low in vivo
specific binding. These limitations were overcome by second generation
TSPO ligands for improved imaging. Some of the TSPO ligands used in
clinical human studies are [®FIFEDAA, [*'CIDAA, [*'CIPBR28, [*®F]
DPA714, and [**CJAC-5216 (Arlicot et al., 2012; Boutin et al., 2007;
Dolle et al., 2009; Hatori et al., 2014; Kreisl et al., 2010; Trapani et al.,
2013; Veenman et al., 2016). These second-generation ligands have the
problem of intersubject variability (Owen, Yeo, & Gunn, 2012). A new
skeleton acetamidobenzoxazolone (ABO) which has been derived from
RoS-4,864 by opening the diazepine ring and reorganizing it (Fukaya
et al, 2012; Fukaya et al., 2013) to overcome the problems of inter-
subject variability and nonspecific binding (Tiwari, Yui, et al., 2015). In
recent past, our group has explored this skeleton for diagnostic
application using positron emission tomography (PET) with 1C and 8F
radionuclides such as 2-[5-(4-[*'C]Methoxyphenyl)-2-oxo-1,3-benzoxazol-
3(2H)-yl]-N-methyl-N-phenylacetamide (*!C-MBMP), 2-[5-(4-[8F]
fluoroethoxy/propoxyphenyl)-2-oxo-1,3-benzoxazol-3(2H)-yl]-N-methyl-
N-phenylacetamide (*3F-FEBMP and F-FPBMP) and using single photon
emission computed tomography (SPECT) with “°™Tc such as *"™Tc-MBIP
(Kumari et al., 2017; Srivastava, Kaul, Ojha, Kumar, & Tiwari, 2016; Tiwari,
Fujinaga, et al., 2014; Tiwari, Yui, et al., 2014; Tiwari, Ji, et al., 2015).

Here we compare two ligands of similar category acetamido-
benzaoxazolone, **™Tc-MBIP-Br, and °’™Tc-MBIP-Cl, in terms of
ex vivo biodistribution and in vivo radioactivity uptake in TSPO enriched
organs. The release kinetics of these tracers has been compared to see
their retention in different organs under in vivo conditions. Besides that,
computational ligand-protein interaction, synthetic yield and lipophilicity
have also been compared to get more insight about the complete phar-
macokinetics of ABO-AA skeleton for SPECT application.

2 | MATERIALS AND METHODS

2.1 | Instrumentation

Spectroscopic techniques used for the characterization were *H and
13C NMR spectroscopy (Bruker Avance Ill 600 MHz system) at
600 MHz and 150 MHz, respectively, and mass spectroscopy (Agilent
6310 system) using ESI. HRMS was recorded on Agilent 6520 Q-TOF
(ESI-HRMS) mass spectrometer having ESI source in positive mode.
Radioligand related studies were performed on Siemens Symbia Cam-
era for imaging and y-scintillation counter for radioactivity counting.
The lipophilicities of the compounds were calculated using the

ChemDraw software.

2.2 | Animal models

Institutional Animal Ethics Committee (INM/DASQA/IAEC/09/015)

approved protocols were used for studies. BALB/c mice (22-28 g,

10 weeks old, male) and New Zealand rabbit (2.3 kg, 1 year 5 months,
male) were used for biodistribution studies and imaging.

Animals were supplied by experimental animal facility (EAF) of
Institute of Nuclear Medicine and Allied Sciences (INMAS), Delhi. The
animals were maintained as per the regulations of the Committee for
the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA). All the animals were maintained on standard diet
(Hindustan Lever Ltd., Mumbai, India) and water. They were kept in
the animal house of the institute which was maintained at 22 + 2°C
and 50% humidity under a 12 hr dark/light cycles.

A lung inflammation model was prepared in balb/c mice by intra-
tracheal delivery of lipopolysaccharide (LPS). For this, 6-8 weeks old
balb/c (22-25 g, male) mice were anesthetized by isoflurane sedation.
While anesthetized, an incision was made around the thoracic region
in mice and 100 pL of 0.5 mg/mL of LPS solution was delivered intra-
tracheally into the mice. After 24 hr, the mice were used for experi-
mental purpose to validate the uptake of radioligand in inflamed
lungs, overexpressing TSPO receptors. The blocking studies were per-
formed in these models by preadministering 10 mg/kg unlabeled
PK11195, 10 min prior to 100 pCi **™Tc-MBIP-Cl injection and was
imaged 40 min postinjection of the radioligand. The lung model was
assessed by tracer technique by comparing biodistribution of radio-
complex in lung-modeled mice with and without blocking.

2.3 | In vitro cell uptake of **™Tc-MBIP-cl in A549
cells

Human lung carcinoma A549 cells were cultured as per protocol in lit-
erature (Dumoga et al., 2016). A549 cells were maintained in RPM1
medium supplemented with 10% (v/v) heat inactivated fetal bovine
serum, 2 mM L-glutamine and 100 U ml~2 penicillin-streptomycin in a
humidified incubator at 37°C in 5% CO,. The A549 cells (1 x 10° per
well) were incubated with **™Tc-MBIP-CI/Br (in 10% ethanol, 5%
tween 20 and water) for 10, 30, 60, and 120 min, respectively. In an
inhibition study for specificity, 300 mM solution of PK11195 was
added to the cells prior to incubation and the cells were washed with
PBS after 1 hr. Thereafter radiocomplex (°*™Tc-MBIP-CI/Br) was
added and its cell uptake was studied at 10, 30, 60, and 120 min with

the help of a gamma counter.

2.4 | Synthesis

2.4.1 | Synthesis of methyl 2-(2-chloroacetamido)-
3-(1H-indol-3-yl)propanoate

To a solution of L-tryptophan methyl ester (500 mg, 2.32 mmol) and
deionized water (10 mlL), triethyl amine (355 pL, 2.55 mmol) was
added with constant stirring under nitrogen atmosphere on ice bath
for 5 min. To the mixture, chloroacetyl chloride (203 pL, 2.55 mmol) in
dichloromethane (10 mL) was added drop wise over 1 hr and the reac-
tion was carried out for 4 hr. Thereafter, the mixture was extracted
with dichloromethane (3x). The organic layer was washed twice by

deionized water and brine solution. After washing, the organic layer
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was dried over anhydrous sodium sulfate. After filtration, the solvent
was removed in vacuo, and purified by silica gel column chromatogra-
phy using 100% CHCls as eluent (Yield = 75%).

1H-NMR (CDCls, 600 MHz): § (ppm) 3.3-3.4 (d, 2H), 3.7 (s, 3H),
4.0 (s, 2H), 4.9-5.0 (m, 1H), 7.0-7.6 (m, 5H), 8.5 (br s, 1H)

8C-NMR (CDCl;, 150 MHz): 6 (ppm) 27.5, 42.5, 52.6, 53.3,
109.3-136.3 (8 peaks), 166.0, 171.8

MS (ESI) m/z: 293.1 [M—H*], calculated m/z: 293.1 [M—H"].

2.4.2 | Synthesis of 5-chloro benzoxazol-2(3H)-one

To a solution of 4-chloro-2-aminophenol (5 g, 34.83 mmol) in 150 mL
THF, 1,1’-carbonyldiimidazole (5.65 g, 34.83 mmol) was added. The
mixture was refluxed with stirring for 2 hr. The reaction mixture was
quenched by adding 2 M HCI solution after cooling down to room
temperature. EtOAc was used for extraction which was washed with
brine, dried over anhydrous sodium sulfate and filtered. Thereafter,
solvent was removed in vacuo to get the product as a white solid
(yield = 91%).

1H-NMR (DMSO, 600 MHz): § (ppm) 7.1-7.4 (m, 3H)

3C-NMR (DMSO, 150 MHz): 5 (ppm) 110.3, 111.3, 122.0, 128.2,
132.2,142.6,154.7

MS (ESI) m/z: 167.8 [M—H*], Calculated m/z: 168.0 [M—H*].

2.4.3 | Synthesis of 2-(2-(5-chloro benzoxazolone)
acetamido)-3-(1H-indol-3-yl) propanoate (MBIP-CI)

To a solution of 5-chloro benzoxazol-2(3H)-one (250 mg, 1.48 mmol)
and K,CO; (306 mg, 2.22 mmol) in DMF (5 mL), methyl-2-(2-
chloroacetamido)-3-(1H-indol-3-yl) propionate (435 mg, 1.48 mmol)
was added with cooling on ice bath. The reaction mixture was stirred
at 60-70°C for 3 hr. Thereafter, the reaction mixture was cooled to
room temperature before adding water. A mixture of toluene and
ethyl acetate, in 1:1 ratio, was used as extraction solvent. Water and
brine solution were used for washing the organic layer and anhydrous
sodium sulfate for drying. Solvent was removed in vacuo after filtra-
tion and was purified by silica gel column chromatography using
CHCI3/EtOACc (4:1, v/V) as eluent (yield = 70%).

*H-NMR (CDCls, 600 MHz): 5 (ppm) 3.5-3.7 (m, 2H), 3.8 (s, 3H),
3.9-4.0 (m, 2H), 5.0-5.1 (m, 1H), 6.7-7.5 (m, 8H), 8.1 (br s, 1H)

13C-NMR (CDCI3, 150 MHz): 24.1, 51.2, 53.1, 54.3, 110.4-148.8
(14 peaks), 155.5, 168.2, 168.8

MS (ESI) m/z: 426.3 [M—H"], Calculated m/z: 426.1 [M—H"]

HPLC: T3 column, 4.6 x 250 mm; MeCN/H,0, 6/4-8/2 (v/v);
flow rate: 0.8 mL/min; A,y = 254 nm; tg = 7.214 min.

HRMS: m/z 428.1000 ([C2,H1gCIN3O5] + H)*.

2.4.4 | Synthesis of 2-(2-(5-bromo benzoxazolone)
acetamido)-3-(1H-indol-3-yl) propanoate (MBIP-Br)

MBIP-Br was synthesized by the procedure mentioned in our previous

paper (Srivastava et al., 2016).

*H-NMR (DMSO, 400 MHz): § (ppm) 3.1-3.2 (m, 2H), 3.6 (s, 3H),
4.4-4.6 (m, 3H), 6.9-7.5 (m, 8H)

13C-NMR (DMSO, 100 MHz): § (ppm) 28.7, 44.4, 52.4, 53.9,
111.0-141.5(14 C), 154.2, 166.3,172.3

MS (ESI) m/z: 470.2 [M—H"], calculated: 470.0 [M—H"]

HPLC: T3 column, 4.6 x 250 mm; MeCN/H,0, 6/4-8/2 (v/v);
flow rate: 0.8 mL/min; 4., = 254 nm; tg = 8.751 min

HRMS: m/z 474.0496 ([Co1H1gBrN3Os] + H).

2.5 | ?"Tc radiolabeling

To evaluate the stability, specificity, and biodistribution profile of
MBIP-Cl and MBIP-Br compounds, they were labeled with **™Tc
using procedure from literature with slight modifications (Kakkar
et al, 2012; Srivastava et al, 2013). Briefly, 100 pL of sterile sodium
pertechnetate (approximately 74-110 MBq of ™TcO,) was reduced
with 50 pL of stannous chloride solution (1 x 1072 M in 10% glacial
acetic acid) and pH was adjusted to 6.5 using 0.5 M sodium bicarbon-
ate. A solution of MBIP-Cl and MBIP-Br were added to this mixture
separately and after thorough mixing, incubated for 15 min at room
temperature (25°C). ITLC-SG strips as stationary phase and acetone
as mobile phase were used to determine complexation of MBIP-CI
and MBIP-Br with *°™Tc and purity of the labeled compound.

2.6 | In vitro human serum stability assay

In vitro human serum stability of the radiolabeled compounds was
evaluated using our previous approach with some modifications
(Kumar et al., 2010). Blood collected from healthy volunteers was
clotted in humidified incubator for 1 hr under 5% CO, and 95% air
and used to prepare serum. Sample was centrifuged at 400 rpm and
filtered through 0.22 um filter into sterile plastic culture tubes.

99MTc-MBIP-Cl and “?™Tc-MBIP-Br were incubated with freshly
prepared serum at 37°C. Samples were analyzed at different time
points using ITLC-SG strips. Acetone was used as mobile phase for
measurement to find out percentage dissociation of the complex in
serum with a function of time.

2.7 | Biodistribution studies

Balb/c mice were used for the initial in vivo assessment of “"™Tc-
MBIP-Cl and ?*™Tc-MBIP-Br (Srivastava et al., 2016). Radioactivity
uptake was measured in specific organs of the mice at different time
points, that is, 15 min, 30 min, 60 min, and 120 min postinjection of
100 pCi of both radioligands via a tail vein and results were expressed
as percentage of injected dose per gram (%ID/g) of tissue. The experi-
ments were performed in triplicate at each time point. Radioactivities
in organs were measured with the help of a gamma counter. Radioac-
tivity injected in each mouse was found out by subtracting the activity
left in tail from the activity injected. Total blood volume was calcu-
lated as 7% of the total body weight.
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3 | RESULTS AND DISCUSSION

Encouraged by the results of our recently developed TSPO ligands
having TSPO affinity in nanomolar range (Tiwari, Fujinaga, et al.,
2014; Tiwari, Yui, et al., 2014; Tiwari, Yui, et al., 2015), we directed
our efforts towards development of analogs of ABO for **™Tc labeling
to target 18 kDa TSPO. The basis of our research was the successful
outcome of radioligands [*'CIMBMP and [*®F]FE/FPBMP showing
promise for TSPO visualization and quantification. The new ligands
conjugate acetamidobenzoxazolone to tryptophan methyl ester. Fur-
ther, the ?*™Tc-MBIP-Cl showed fast clearance from the requisite
organs as well as from circulating blood. The **™Tc-MBIP-Cl exhibited
reasonable uptake in heart, lungs, kidney, and spleen, which are
known to express TSPO.

ADME analysis of both the analogs, MBIP-Cl and MBIP-Br, were
focused mainly on the issue of blood brain permeability and serum pro-
tein binding which were found to be in the range of 95% of well-
established drugs in computational studies using QikProp module of
Schrodinger. They do not violate any of the five Lipinski rules and three
Jorgensen rules. Both the ligands have lower lipophilicity (2.04 for
chloro and 2.31 for bromo analogs) than known TSPO ligands. Analogs
of ABO, [**CIMBMP and [*®FIFEBMP, demonstrated high specific bind-
ing with TSPO in ischemic rat brain but they have moderate brain kinet-
ics in higher animals. These PET ligands have been modified to other
ABO ligand 8F-2-(5-(6-Fluoropyridin-3-yl)-2-oxobenzo[d]oxazol-3(2H)-
yl)-N-methyl-N-phenylacetamide for reducing the lipophilicity for faster
brain kinetics.?’ Thereafter, TSPO binding/affinity of MBIP-CI was
found out through docking methods with TSPO proteins (Figure 1).
Score of MBIP-CI with 4RYQ and 4UC1 were —8.99 and —9.30, respec-
tively. The interaction of MBIP-Cl in terms of Gg.re Was found compara-
ble with other known TSPO ligands for 4RYQ and with TSPO ligands
not significantly affected by single nucleotide polymorphism such as
FEBMP and PK11195 for 4UC1 (Tables 1 and 2).

The final ligand was synthesized by the procedure mentioned in
Scheme 1 in three steps with modification in earlier used procedure
having four steps for MBIP-Br (Srivastava et al., 2016). The synthetic
procedure involved synthesis of methyl-2-(2-chloroacetamido)-3-(1H-
indol-3-yl)propanoate and 5-chloro benzoxazol-2(3H)-one, as interme-
diates which were combined in the final step. The precursor molecule
5-chloro benzoxazolone was prepared by cyclization reaction of
4-chloro-2-amino phenol in presence of CDI. Simultaneously,
chloroacetylation was performed on L-tryptophan methyl ester.
Thereafter, both the above-mentioned products were combined
through alkylation reaction in presence of K,CO3 in DMF. The synthe-
sized MBIP-Cl had good yield (70%). Column chromatography was
used for purification of the synthesized products and spectroscopic
methods were used for characterization of the intermediates as well
as the final products. The synthesis of final product was confirmed by
m/z = 426.3 [M—H"] peak present in mass spectroscopic data. The
synthetic scheme followed for MBIP-Cl is better than reported
scheme for its bromo analog in terms of yield and duration of overall

synthesis (Srivastava et al., 2016).

P

- 4RYQ-MBIP-CI

" 4UC1-MBIP-Cl

FIGURE 1 2D interaction diagram of MBIP-Cl on docking with
TSPO [PDB ID: 4RYQ (a) and 4UC1 (b)] MBIP-CI formed pi-pi
interactions of aromatic rings with Phe90 and H-bond interactions
with Try51 in 4RYQ interaction and Try50 is involved in H bond
interaction with 4UC1

TABLE 1  G... of TSPO ligands with PDB: 4RYQ"

Ligand Gscore
MBIP-CI -8.99
MBIP-Br -6.92
DAA1106 -7.06
PK11195 -7.17
PBR28 -7.14
DPA-713 -7.035

2Glide score is an empirical scoring function that approximates the ligand
binding free energy.

PARYO is wild TSPO X-ray crystal structure with resolution 1.7 A taken
from RCSB protein data bank.

Subsequently, radiochemistry of MBIP-Cl was optimized with
99MT¢e for maximum complexation stability (Srivastava et al., 2016;
Tiwari, Ji, et al, 2015). The stability of **™Tc-MBIP-Cl was found

>94% in saline solution and >91% in serum at 4 hr (Figure 2) indicating
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that both *™Tc-MBIP-Cl and *“™Tc-MBIP-Br are suitable for SPECT
application in terms of stability, the latter being relatively better (91%
vs. 93% in serum at 4 hr). This technetium-99 m labeled MBIP-Cl| was
then used to evaluate its binding affinity to TSPO expressing A549
human lung carcinoma cells by an in vitro assay. The results of the
in vitro uptake of the radiocomplex are shown in Figure 3. They demon-
strate that the uptake is time dependent and increases until last time
point of study, that is, 60 min for both bromo and chloro analogs. The
blocking studies were also performed in the presence of PK11195 as
blocking agent. The compound was incubated for 1 hr before adding
radiolabeled compound. The maximum reduction was 41.1% and 43.6%
for chloro and bromo analogs, respectively. Although there was an

increase in the uptake of blocked cells with time implying that the cells

TABLE 2 G score of TSPO ligands with PDB: 4UC1?

Ligand Gscore
MBIP-CI -9.30
MBIP-Br -9.61
FEBMP -8.07
PK11195 -8.25

34UC1 is mutant TSPO X-ray crystal structure with resolution 1.8 A taken
from RCSB protein data bank.

. X + Y
SCHEME 1 Synthesis of MBIP-C|

reagents: (a) CDI, THF, reflux;

(b) chloroacetyl chloride, EtsN,
H,0/DCM, 0°C-rt; and (c) K,COs, DMF,
reflux

are not fully blocked, still it gives preliminary idea about the specificity
of radiolabeled MBIP-CI towards TSPO.

Biodistribution studies were performed to determine how ?“™Tc-
MBIP-CI was distributed in TSPO enriched organs as well as in excre-
tory organs in terms of %ID/g of *™Tc-MBIP-Cl at four different time
points as shown in Figure 4 and was compared with biodistribution
studies of **™Tc-MBIP-Br. After 15 min, there was high uptake of

radioactivity into organs known to have TSPO sites, such as kidney

100. 1~
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=
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FIGURE 2 % intact *™Tc-MBIP-cl as a function of time

demonstrating stability in saline and human serum at 37° C over 24 h
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(29.57%ID/g), heart (5.16%ID/g), spleen (2.87%ID/g), and lungs
(12.91%ID/g). The uptake of *™Tc-MBIP-Cl in lungs and heart was
approximately 2.75 and 7 folds higher to that of °™Tc-MBIP-Br
uptake at 15 min showing better distribution pattern for TSPO
targeting (Figure 5) which, in turn, would result in a better SPECT
ligand. Uptake of **™Tc-MBIP-Cl in liver was relatively lower than that
of *”™Tc-MBIP-Br (19.74 vs. 23.12%ID/g).2* Rate of reduction was
high in heart and lungs, which was reduced to 14.7% (5.16%ID/g to
0.76%ID/g) and 8.9% (12.91%ID/g to 1.12%ID/g) between 15 and
120 min, respectively. Over the same period, uptake in kidney, liver,
spleen, and blood was reduced to 54.5%, 34.0%, 33.8%, and 45.0%,
respectively. The amount of radiotracer in the blood and brain
decreases with time. Uptake in kidney and liver reflected that the
excretion occurred through renal and hepatobiliary tract as expected
for a compound with moderate lipophilicity.

Further, *°™Tc-MBIP-Cl was also compared with the SPECT
ligands reported in literature. As compared to °’™Tc-labeled

2-quinolinecarboxamide, the uptake of **™Tc-MBIP-Cl, was found to
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FIGURE 3 Uptake kinetics of (a) 99mTc-MBIP-Cl and (b) 99mTc-
MBIP-Br in A549 cells in the presence (blue) and absence (red) of
PK11195. Data are expressed as counts per well (mean with SD n = 3)

be higher in heart (2.96%ID/g vs. negligible uptake) and lung (6.16%
ID/g vs. 1.19 %ID/g) and comparable in spleen (2.18%ID/g vs. 2.07%
ID/g) at 15 min as reported in CD-1 mice.3! Uptake of [*2%I]-CLINME,
an iodine based SPECT ligand, in heart, lungs, and spleen of SD rat
were 3.53%ID/g, 3.53%ID/g, 2.65%ID/g at 15 min. This was low-
er/comparable to the uptake of *™Tc-MBIP-Cl in respective organs.®?
The liver uptake was lower for **"Tc-MBIP-Cl in comparison with
99MTc-labeled 2-quinolinecarboxamide and “*™Tc-MBIP-Br (Cappelli
et al., 2008; Cumming et al., 2018; Srivastava et al., 2016). This
accounts for better image visualization (target organ to liver ratio) for
79mTc-MBIP-CI.

Comparison of release rate among SPECT agents between 30 and
60 min for **™Tc-MBIP-Cl, [*#[]-CLINME (Mattner et al., 2015), 7™ Tc-
labeled 2-quinolinecarboxamide and *™Tc-MBIP-Br reflected better
release rate of *™Tc-MBIP-Cl in lung, liver, heart, and spleen (Cappelli
et al., 2008; Srivastava et al., 2016). Further, it was also compared with
PET and SPECT ligands of ABO category. The release kinetic rates
between 15 and 60 min for *®F-FEBMP (Tiwari, Ji, et al., 2015), 1*C-
MBMP (Tiwari, Fujinaga, et al., 2014), 8F-2-(5-(6-Fluoropyridin-3-yl)-
2-oxobenzo[d]oxazol-3(2H)-yl)-N-methyl-N-phenylacetamide  (Fujinaga
et al,, 2017), and **™Tc-MBIP-Cl are 0.175%ID/g/min, 0.150%ID/g/min,
0.070%ID/g/min, and 0.085%ID/g/min in heart, this ratio became more
comparable as 0.382%ID/g/min, 0.375%ID/g/min, 0.155%ID/g/min and
0.231%ID/g/min in lungs. In liver and kidney, release kinetic rates were
approximately 3-30 folds faster in *”™Tc-MBIP-Cl which makes it inter-
esting for further evaluation. These evaluations demonstrated release
rate of *™Tc-MBIP-Cl from different organs are comparable to known
TSPO ligands, therefore it can be further evaluated for TSPO targeting.

In vivo specificity of MBIP-Cl was evaluated in lung inflammation
models of balb/c mice using PK11195. The preadministration of cold
PK11195 in these inflammation models demonstrated significant
reduction of uptake in the lung region as expected. This was clearly
evident in the whole-body SPECT image taken 40 min postinjection
of **™Tc-MBIP-CI (Figure 6).

In order to have better clarity about organs uptake, in vivo imaging
was performed in New Zealand rabbit. Scintigraphy study of “™Tc-
MBIP-Cl was carried out by intravenous injection of 300 uCi in
200 pL of radiolabeled complex through ear vein. The acquisition was
performed 4 min postinjection for 1 min. The biodistribution pattern

shown in the image (figure 7) is similar to ex vivo biodistribution

FIGURE 4 Biodistribution (%
ID/g, mean * SD) data for **™Tc-
MBIP-CI. Data are derived from
tissues taken from normal
BALB/c mice (n = 3) at different
time points after intravenous
injection of 100 Ci of **™Tc-
MBIP-Cl via tail vein in each
mouse. Radioactivity uptake in

different organs were displayed
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FIGURE 5 Time-activity curve
of *™Tc-MBIP-Cl and *"™Tc-MBIP-
Br in organs expressed as %ID/g

(y axis) versus time in min (x axis)
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FIGURE 6 Invivo SPECT image showing activity distribution of
99mTc-MBIP-Cl in (a) normal and (b) inflamed mouse without and with
blocking at 40 min postinjection. Blockage was done with PK11195
(10 mg/kg), administered 10 min before radioligand injection

observed for the radioligand. Also small uptakes in brains were
observed demonstrating its blood brain barrier crossing ability.

As per these findings, *™Tc-MBIP-Cl was found to be better than
79MTc-MBIP-Br in terms of in vivo uptake of the compound in tissues
expressing TSPO. This ligand therefore has the potential to specifically tar-
get TSPO. Further, the introduction of the chloro group in place of bromo

.‘-‘

FIGURE 7 In vivo biodistribution of *™Tc-MBIP-cl in
New Zealand rabbit

in ligand shows improved pharmacokinetic properties which in turn will
improve the imaging resolution in mice using the SPECT modality. These
data clearly indicated that MBIP-Cl should be considered as a viable SPECT

ligand for further investigation in pathological conditions expressing TSPO.
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4 | CONCLUSION

The goal of this study was to optimize acetamidobenzoxazolone-
tryptophan methyl ester based radiotracer for imaging inflammation in
TSPO enriched organs. In this work, a new modified SPECT ligand
99MTc-MBIP-Cl has been evaluated for TSPO expression imaging. This
ligand is able to form stable coordinated complex with *™Tc and
remains stable (>91%) in serum up to 4 hr (in vitro). It also has favor-
able pharmacokinetic properties especially in terms of lipophilicity and
biodistribution. The specificity of **™Tc-MBIP-Cl for TSPO was vali-
dated with the known TSPO ligand PK11195 in lung inflammation
models. The current ligand for SPECT, 99MTc-MBIP-Cl, on comparison
with 2°"Tc-MBIP-Br, has improved %ID uptake in peripheral organs,
better release rate and increased synthetic yield for ligand. High
uptake at early time point and fast kinetics suggests that *°™Tc-MBIP-
Cl may have potential as SPECT ligand for evaluation of TSPO-over
expression. in vivo studies on rabbit demonstrated selectivity of
99mTc-MBIP-Cl for TSPO as only TSPO rich organs are showing signif-
icant uptake. Further studies in comparison with other known TSPO
ligands are the next step to establish it as a promising TSPO ligand
for TSPO.
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An elevated translocator protein (18 kDa, TSPO) density is observed during inflammation in the brain and
peripheral organs making it a viable target for imaging. Recently, our group has explored a pharmaco-
phore skeleton acetamidobenzoxazolone for positron emission tomography (PET) and single photon
emission computed tomography (SPECT) applications to target TSPO. 2-(2-(5-Bromo/chloro benz-
oxazolone)acetamide)-3-(1H-indol-3-yl)propionate (MBIP-Br/Cl) were synthesized by using tryptophan
methyl ester and compared with 2-[5-(4-methoxyphenyl)-2-oxo-1,3-benzoxazol-3(2H)-yl]-N-methyl-N-
phenyl acetamide (MBMP) through tracer techniques. Computational docking showed similar results for
MBIP-Br/Cl in comparison to MBMP. Their ex vivo and in vivo biodistributions were assessed in TSPO-
rich organs as well as their release kinetics 0—120 min post injection. The ex vivo biodistribution showed
a 7 fold higher uptake (5.16%ID per g vs. 0.72%ID per g) in the heart and a 2.5 fold higher uptake
(12.91%ID per g vs. 4.69%ID per g) in the lungs for > Tc-MBIP-Cl compared to that of >°"Tc-MBIP-Br
at 15 min. These findings demonstrated that 99MTc-MBIP-Cl has improved pharmacokinetic properties
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1. Introduction

The 18 kDa translocator protein (TSPO), also known as peripheral
benzodiazepine receptor (PBR) and a highly conserved protein
during evolution, has been studied for its importance in various
life essential functions."™ TSPO is mainly found on the outer
surface of mitochondria in the central nervous system as well as
in peripheral tissues. TSPO is an intracellular protein which forms
a complex with adenine nucleotide translocator (ANT, 30 kDa)
and voltage dependent anion channels (VCAD, 32 kDa) in
mitochondria.

The molecular imaging of TSPO in neuroinflammation was
started by PET studies with isoquinoline carboxamide [*'C]PK11195,
the prototype ligand of translocator protein-18 kDa (TSPO); besides
that, RoS-4864 and FGIN-127, which are also isoquinoline carbox-
amides derivative, have been evaluated. These three ligands have
shown compatibility with the tetrapyrrole protoporphyrin IX (PPIX)
structure, a well-known endogenous TSPO ligand.>®
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compared to *°™Tc-MBIP-Br for SPECT application and is comparable to [*CIMBMP.

TSPO, a highly hydrophobic, five transmembrane domain
protein expressed in the outer mitochondrial membrane, has
been investigated as a biomarker for inflammatory conditions
in the brain, lungs, liver and kidneys etc. Its role has also been
studied in many neuro-disorders like depression, anxiety and in
about all types of neurodegenerative disorders.”'> Therefore,
high affinity TSPO probes were a prime focus for non-invasive
diagnosis of such conditions.®**”

MC(R) PK11195 is the gold standard for TSPO related studies
and has been the most widely studied ligand from the first
generation in the late eighties. The main limitations of this ligand
were high lipophilicity and low in vivo specific binding, which
were overcome by second generation TSPO ligands with improved
imaging. Some of the TSPO ligands used in clinical human
studies are [''C]DAA, ['®F]FEDAA, [''C]AC-5216, [''C]PBR28, and
[**FDPA714.%'>® These ligands were able to solve most of the
problems from the first generation but later showed the problem of
inter-subject variability due to single nucleotide polymorphism."”

Recently we have developed a new PET skeleton acetamido-
benzoxazolone (ABO) which has been derived from a ligand from
the first generation RoS-4864 by opening the diazepine ring and
reorganizing it.'*°

The first ligand which we explored in this category for diagnostic
application through PET was 2-[5-(4-["'C]methoxyphenyl)-2-oxo-
1,3-benzoxazol-3(2H)-yl]-N-methyl-N-phenylacetamide (*'C-MBMP),

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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which showed a promising result. Later two fluoro alkyl derivatives
were also synthesized by us named 2-[5-(4-[**F] fluoroethoxy/
propoxyphenyl)-2-oxo-1,3-benzoxazol-3(2H)-yl]-N-methyl-N-phenyl-
acetamide (**F-FEBMP and '°F-FPBMP). The same skeleton was
also analyzed through **™Tc-MBIP for SPECT.”*’ In this report
we are comparing **™Tc-MBIP-Br and *°™Tc-MBIP-Cl along with
" C-MBMP in terms of the ex vivo and in vivo properties in TSPO
enriched organs.

2. Materials and methods
2.1. Chemicals

All the chemicals and solvents were procured from Sigma-
Aldrich and Merck. Procurement of °*™Tc was from Regional
Centre for Radiopharmaceuticals, Board of Radiation and Isotope
Technology (BRIT), Department of Atomic Energy, India. Thin
layer chromatography (TLC), column chromatography and instant
thin layer chromatography (ITLC) were carried out during the
tracer study. HPLC separation and analysis were performed using
JASCO and Agilent HPLC systems. Effluent radioactivity was
monitored using a Nal (Tl) scintillation detector system, and
radioactivity measurement was performed with a Curiemeter
during the radiosynthesis and animal studies.

2.2. Instrumentation

The synthesized compounds were characterized by spectroscopic
techniques like "H and ">C NMR spectroscopy (Bruker Avance III
600 MHz system) at 600 MHz and 150 MHz, respectively.
An Agilent 6310 system mass spectrometer was used in ESI mode.
A Siemens Symbia camera was used for imaging and a y-scintilla-
tion counter for radioactivity counting.

2.3. Animal models

The Institutional Animal Ethics Committee (INM/DASQA/IAEC/
09/015) has approved the protocols for the studies. BALB/c mice
(2228 g) were used for the biodistribution studies and imaging.

The animals were housed under a 12/12 h dark/light cycle
under optimal conditions.

A lung inflammation model was prepared in balb/c mice by
intratracheal delivery of lipopolysaccharide (LPS) as per our
previous work.>® Saturation studies were performed in these
animal models by pre administering 5 mg kg™ unlabelled
PK11195, 10 min prior to tracer injection.

2.4 Synthesis

2.4.1 Synthesis of methyl 2-(2-chloroacetamido)-3-(1H-indol-
3-yl)propanoate. To a solution of r-tryptophan methyl ester
(500 mg, 2.32 mmol) and deionized water (10 mL), triethyl
amine (355 pL, 2.55 mmol) was added with constant stirring
under a nitrogen atmosphere in an ice bath for 5 min. To the
mixture, chloroacetyl chloride (203 pL, 2.55 mmol) in dichloro-
methane (10 mL) was added dropwise over 1 h and the reaction
was carried out for 4 h. Thereafter, the mixture was extracted
with dichloromethane (3x). The organic layer was washed twice
with deionized water and brine solution. After washing, the
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Scheme 1 Synthesis of 2-(2-(5-bromo/chloro benzoxazolone)aceta-
mido)-3-(1H-indol-3-yl) propanoate (MBIP-Br/Cl). Reagents and condi-
tions: (a) CDI, THF, reflux 2 h; (b) chloroacetyl chloride, EtsN, H,O/DCM,
0 °C-rt; (c) K,COsz, DMF, 60-70 °C, 3 h.

organic layer was dried over anhydrous sodium sulphate. After
filtration, the solvent was removed in vacuo, and purified by
silica gel column chromatography using 100% CHCl; as the
eluent (yield = 75%).

"H-NMR (CDCl;, 600 MHz): § (ppm) 3.3-3.4 (d, 2H), 3.7
(s, 3H), 4.0 (s, 2H), 4.9-5.0 (m, 1H), 7.0-7.6 (m, 5H), 8.5 (br s, 1H).

3C-NMR (CDCl;, 150 MHz): § (ppm) 27.5, 42.5, 52.6, 53.3,
109.3-136.3 (8 peaks), 166.0, 171.8.

MS (ESI) m/z: 293.1 [M — H'), calculated m/z: 293.1 [M — H'].

2.4.2 Synthesis of 5-chloro benzoxazol-2(3H)-one. To a
solution of 4-chloro-2-aminophenol (5 g, 34.83 mmol) in 150 mL
THF, 1,1’-carbonyldiimidazole (5.65 g, 34.83 mmol) was added.
The mixture was refluxed with stirring for 2 h. The reaction
mixture was quenched by adding 2 M HCI solution after cooling
down to room temperature. EtOAc was used for extraction, which
was washed with brine, dried over anhydrous sodium sulphate
and filtered. Thereafter, the solvent was removed in vacuo to get
the product as a white solid (yield = 91%).

'H-NMR (DMSO, 600 MHz): § (ppm) 7.1-7.4 (m, 3H).

BC-NMR (DMSO, 150 MHz): § (ppm) 110.3, 111.3, 122.0,
128.2, 132.2, 142.6, 154.7.

MS (ESI) m/z: 167.8 [M — H'], calculated m/z: 168.0 [M — H'].

2.4.3 Synthesis of 2-(2-(5-chloro benzoxazolone)acetamido)-3-
(1H-indol-3-yl)propanoate (MBIP-CI). To a solution of 5-chloro
benzoxazol-2(3H)-one (250 mg, 1.48 mmol) and K,CO; (306 mg,
2.22 mmol) in DMF (5 mL), methyl-2-(2-chloroacetamido)-3-(1H-
indol-3-yl)propionate (435 mg, 1.48 mmol) was added with cooling
in an ice bath. The reaction mixture was stirred at 60-70 °C

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 11288-11295 | 11289
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Scheme 2 Synthesis of [5-(4-hydroxyphenyl)-2-oxo-1,3-benzoxazol-3(2H)-yll-N-methyl-N-phenylacetamide and radiosynthesis of [**CIMBMP.
Reagents and conditions: (I) Pd(PPhs),, K,COs, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (when R = OH)/4-methoxyphenylboronic acid
(when R = OCHyz), 1,4-dioxane : water (v/v-3/1) reflux at 100 °C under a nitrogen atmosphere for 4-4.5 h (l1) [**CICHs3l, NaOH at 70 °C for 5 min in DMF.

for 3 h. Thereafter, the reaction mixture was cooled to room
temperature before adding water. A mixture of toluene and ethyl
acetate, in a 1:1 ratio, was used as the extraction solvent. Water
and brine solution were used for washing the organic layer and
anhydrous sodium sulphate for drying. The solvent was removed
in vacuo after filtration and was purified by silica gel column
chromatography using CHCL;/EtOAc (4:1, v/v) as the eluent
(yield = 70%).

'H-NMR (CDCl,, 600 MHz): & (ppm) 3.5-3.7 (m, 2H), 3.8 (s, 3H),
3.9-4.0 (m, 2H), 5.0-5.1 (m, 1H), 6.7-7.5 (m, 8H), 8.1 (br s, 1H).

BC-NMR (CDCl;, 150 MHz): 24.1, 51.2, 53.1, 54.3, 110.4-
148.8 (14 peaks), 155.5, 168.2, 168.8.

MS (ESI) m/z: 426.3 [M — H'], calculated m/z: 426.1 [M — H'].

2.4.4 Synthesis of 2-(2-(5-bromo benzoxazolone)acetamido)-
3-(1H-indol-3-yl)propanoate (MBIP-Br). MBIP-Br was synthesized
by the procedure mentioned in Scheme 1 as per our previous
paper.**

'H-NMR (DMSO, 400 MHz): § (ppm) 3.1-3.2 (m, 2H), 3.6
(s, 3H), 4.4-4.6 (m, 3H), 6.9-7.5 (m, 8H).

3C-NMR (DMSO, 100 MHz): § (ppm) 28.7, 44.4, 52.4, 53.9,
111.0 141.5 (14 C), 154.2, 166.3, 172.3.

MS (ESI) m/z: 470.2 [M — H'], calculated: 470.0 [M — H'].

2.4.5 Synthesis of 2{5-(4-methoxyphenyl)-2-oxo-1,3-benzoxazol-
3(2H)-yl}- N-methyl-N-phenylacetamide (MBMP). It was synthesised
as per Scheme 2. Briefly, a mixture of 2-(5-bromo-2-oxo-1,3-
benzoxazol-3(2H)-yl)-N-methyl-N-phenylacetamide (0.72 g, 2.0 mmol)
and 4-methoxyphenylboronic acid (365 mg, 2.4 mmol), K,CO3
(415 mg, 3.0 mmol) and tetrakis(triphenylphosphine)palladium(0)
Pd(PPh;), (230 mg, 0.2 mmol) in 1,4-dioxane/water (3/1, 4.0 mL)
was heated at 100 °C under a nitrogen atmosphere. The reaction
mixture was stirred for 4 h and cooled to room temperature.
Subsequently, the mixture was extracted with EtOAc. The organic
layer was washed with brine and dried over anhydrous sodium
sulphate. After filtration, the solvent was removed in vacuo, and the
residue was purified by silica gel column chromatography using
hexane/EtOAc (2/1, v/v) as the eluent to give MBMP (1.23 g, 79.9%
yield).

'H NMR (CDCl;, 8) 3.32 (3H, s), 3.86 (3H, s), 4.35 (2H, s),
6.96-7.00 (3H, m), 7.19-7.23 (2H, m), 7.34 (2H, d, J = 7.7 Hz),
7.41-7.54 (5H, m).

HRMS (FAB) calcd for C,3H,,0,N,, 389.4320; found, 389.1511.

2.7 Radiopharmaceutical efficacy of **™Tc-MBIP-Br/Cl

The compounds were labeled with **™Tc using a procedure from the
literature with slight modifications.”*>° Briefly, 100 uL of sterile
sodium pertechnetate (approximately 75-110 MBq of **™TcO,)

11290 | New J. Chem. 2019, 43, 11288-11295

was reduced with 50 pL of stannous chloride solution (1 x 107> M
in 10% glacial acetic acid) and the pH was adjusted to 6.5 using
0.5 M sodium bicarbonate. Solutions of MBIP-Cl and MBIP-Br
were added to this mixture separately and after thorough mixing,
incubated for 15 min at room temperature (25 °C). ITLC-SG strips
as the stationary phase and acetone as the mobile phase were
used to determine the complexation of MBIP-Cl and MBIP-Br with
9™Tc and the purity of the labelled compound.

The in vitro human serum stability of the radiolabeled
compounds was evaluated using our previous approach with some
modifications.”® Blood collected from healthy volunteers was
clotted in a humidified incubator for 1 h under 5% CO, and
95% air and used to prepare serum. The sample was centrifuged at
400 rpm and filtered through a 0.22 pm filter into sterile plastic
culture tubes. *™Te-MBIP-Cl and **™Te-MBIP-Br were incubated
with freshly prepared serum at 37 °C. The samples were analyzed at
different time points using ITLC-SG strips. Acetone was used as the
mobile phase for the measurement to find out the percentage
dissociation of the complex in serum as a function of time.

Balb/c mice were used for the initial in vivo assessment of
99MTe-MBIP-Cl and *°™Tc-MBIP-Br.>* The radioactivity uptake
was measured in specific organs of the mice at different time
points i.e. 15 min, 30 min, 60 min and 120 min post injection of
100 pCi of both radioligands via a tail vein and the results were
expressed as the percentage of the injected dose per gram (%ID
per g) of tissue (n = 3). The total blood volume was calculated as
7% of the total body weight.

2.8 Radiolabeling of 2-[5-(4"'C]methoxyphenyl)-2-oxo-1,3-
benzoxazol-3(2H)-yl|- N-methyl-N-phenylacetamide ([*'C]MBMP)

Cyclotron-produced [''C]CO, was bubbled into 0.4 M LiAlH, in
anhydrous tetrahydrofuran (THF, 0.3 mL). After the evaporation
of THF, the remaining complex was treated with 56% hydro-
iodic acid (0.3 mL) to give [''C]CH;l, which was distilled with
heating and transferred under N, gas flow to a solution of
desmethyl MBMP (1 mg) and NaOH (5 pL, 0.5 M) in DMF (0.3 mL)
at —15 °C. After trapping was completed, this reaction mixture
was heated at 80 °C for 3 min. HPLC separation was performed on
a Capcell Pack UG80 C;5 column (10 mm i.d. x 250 mm) using
MeCN/H,O/Et;N (6/4/0.01, v/v/v) at 5.0 mL min~".

3. Results and discussion

Encouraged by the outcome of our recently developed TSPO
ligands [ C]MBMP and [**F]FEBMP, [**FJFPBMP and **"Tc-MBIP-Br
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2022 we directed our efforts

having k; in the nanomolar range,
towards improvement of the acetamidobenzoxazolone (ABO)
skeleton for “*™Tc labeling to target 18 kDa TSPO. The new
ligand contains ABO conjugated to tryptophan methyl ester.
99™Tce-MBIP-Cl showed fast clearance from the TSPO enriched
organs as well as from circulating blood. **™Tc-MBIP-CI exhibited
reasonable uptake in the heart, lungs, kidneys and spleen, which
are known to express TSPO.

The two SPECT ligands MBIP-CI/Br were synthesized by the
procedure mentioned in Scheme 1 and MBMP and its carbon-
11 derivative were synthesized as per our previous work.”>>*

The synthesis of MBIP-Cl/Br was performed by synthesizing
two important intermediates, namely methyl-2-(2-chloroacetamido)-
3-(1H-indol-3-yl)propanoate and 5-chloro benzoxazol-2(3H)-one,
which were combined in the final step. The synthesized MBIP-Cl
had a good yield (70%). The synthetic scheme followed for MBIP-Cl
is better than the reported scheme for its bromo analog in terms of
the yield and duration of the overall synthesis.*

Subsequently MBIP-Br/Cl analogs were radiolabeled with
9™7c and studied for their stability in saline as well as in
serum (n = 5). The purified compounds MBIP-Br and MBIP-Cl
were radiolabeled with >96% radiochemical yields. Both the
radiolabeled compounds showed around 94% stability in saline
after 24 h indicating the stable nature of the radiocomplexes.
The in vitro serum stability clearly indicates the stable nature of
the radio complexes without any transchelation to serum
proteins like albumin, which were observed to have >91%
and >89% intactness, for **™Tc-MBIP-Br and °°™Tc-MBIP-Cl,
respectively, after 24 h (Fig. 1). The stability studies showed the
requisite stability of the complex to act as a SPECT agent.

The blood clearance was studied on normal rabbits of
weight in the range of 2-2.5 kg. 300 L of the complex having
4.3 MBq activity was administered intravenously through the
dorsal vein of the ear. Both the tryptophan methyl ester analogs
demonstrated a rapid radioactivity clearance from blood circu-
lation. The **™Tc-MBIP-Br and **™Tc-MBIP-CI activity clearance
were >62% and >66% in 1 h; and >92% and >84% in 3 h.
This reflects fast release kinetics, which is desirable for diag-
nostic imaging.

The time activity curve (TAC, n = 3) has been drawn for *™Tc-
MBIP-Br (Fig. 2), *"Tc-MBIP-CI (Fig. 3) and [''C] MBMP (Fig. 4).

O | F
95 : 1 . £ T
I ——
T +
iL
) 90 = \I
=
= J
N i
S
85 —— Stability of 99mTc MBIP-Br in saline

Stabilty of 99mTc MBIP-Br in Serum

80 Stability of 99mTc MBIP-Cl in saline

Stabilty of 99mTc MBIP-Cl in Serum
75

05 1 2 3 4 24
Time (Hr)
Fig. 1 Stability profile of °*™Tc MBIP-CI/Br.
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Fig. 4 Time activity curve (TAC) of [*'C] MBMP.

All three showed uptake in TSPO enriched organs, which was maxi-
mum in the liver for **"Tc-MBIP-Br, kidneys for *™Tc-MBIP-Cl and
lungs for [''C] MBMP.

All three showed rapid clearance in the lungs where
the initial uptake was high. The blood clearance was fast in
9™MTe-MBIP-Cl and [''C] MBMP. The main difference in the
SPECT and PET ligands was the uptake in the liver, which was
28.86%ID per g and 19.74%ID per g in °°™Tc-MBIP-Br and
99MTe-MBIP-Cl while in [''C]MBMP it was just 0.56%ID per g.
The maximum quantity of radioactivity in the liver showed that
the clearance of the SPECT radioligand is through a
hepatobiliary route.
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Biodistribution of [C]-MBMP/°°™Tc-MBIP-C|/Br
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Fig. 5 Comparative ex vivo biodistributions of °°™Tc-MBIP-Br, °*™Tc-MBIP-Cl and [*'C] MBMP. Data are derived from tissues taken from animal tissue
(n = 3) at different time points after intravenous injection via the tail vein in each mouse. The radioactivity uptake in different organs is displayed as the

mean of % injected dose per gram £SD.

In the brain, a small uptake was observed which decreased
with the time point of observation. The small %ID in the brain
could be attributed to the moderate expression of TSPO in a
healthy brain.

The comparative ex vivo biodistributions of **™Tc-MBIP-Br,
%™Te-MBIP-Cl and ["'C] MBMP are shown in Fig. 5, which
demonstrate that at 30 and 60 min the maximum radioactivity
is reached in the lungs, spleen and heart, which are supposed
to be TSPO organs. Only one unexpected outcome was found
for ™Tc-MBIP-Cl in terms of the kidneys, which was relatively
very high, and further investigation in this direction may help
to find the possible reason for it.

Further, **™Tc-MBIP-Cl/Br were compared with the ligands
reported in the literature. As compared to **™Tc-labeled 2-quinoline-
carboxamide, the uptake of **™Tc-MBIP-Cl was found to be higher in
the heart (2.96%ID per g vs. negligible uptake) and the lungs

a(i)

a(ii)

11292 | New J. Chem., 2019, 43, 11288-11295

(6.16%ID per g vs. 1.19%ID per g) and comparable in the spleen
(2.18%ID per g vs. 2.07%ID per g) at 30 min as reported in CD-1
mice.*' Comparison with ['**[-CLINME demonstrated higher uptake
of **™Te-MBIP-Cl in heart (5.15%ID per g vs. 3.53%ID per g) and
lungs (12.91%ID per g vs. 3.53%ID per g) and comparable for spleen
(2.87%ID per g vs. 2.65%ID per g).** This was lower/comparable to
the uptake of **™Tc-MBIP-CI/Br in the respective organs.”® The
liver uptake was lowest for **™Tc-MBIP-Cl in comparison with
%™ Telabeled 2-quinolinecarboxamide and **™Tc-MBIP-Br.>**" This
accounts for better visualization of target images for **™Tc-MBIP-CL.

In addition, the release kinetic rates between 15 and 60 min
for "*F-FEBMP,*° "'C-MBMP,** "®F-2-(5-(6-fluoropyridin-3-yl)-2-
oxobenzo[d]oxazol-3(2H)-yl)-N-methyl-N-phenylacetamide®” and
99™Te-MBIP-Cl are 0.175%ID per g per min, 0.150%ID per g per
min, 0.070%]ID per g per min and 0.085%ID per g per min in
the heart; 0.382%ID per g per min, 0.375%ID per g per min,

b(1)
Fig. 6 In vivo SPECT imaging of °"Tc-MBIP-Cl a(i) without and afii) with PK11195 preadministration and *°™Tc-MBIP-Cl b(i) without and b(ii) with

PK11195 preadministration at 40 min post injection of the radioligand (A to H are the points of higher uptake of radioactivity taken randomly by the
operator).

b(ii)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019


https://doi.org/10.1039/c9nj00180h

Published on 11 June 2019. Downloaded by Nottingham Trent University on 7/29/2019 7:10:51 PM.

Paper

(b)

Fig. 7 In vivo SPECT image showing the activity distribution of °™Tc-
MBIP-Cl in (a) normal and (b) inflamed mice without and with blocking at
40 min post injection.

0.155%ID per g per min and 0.231%ID per g per min in the lungs.
The faster release kinetic rates in liver and kidney than other TSPO
ligands taken for comparison makes it suitable for evaluation as
SPECT agent. The in vivo specificity of MBIP-Cl was analyzed by
saturation study with PK11195 in inflammation models. SPECT
images 40 min post injection in normal and inflamed mice
confirm uptake in TSPO enriched organs (Fig. 6 and 7).

As per the comparative evaluation, all the three ligands
9™ Te-MBIP-Br, *™Tc-MBIP-CI and ["'C] MBMP were found
suitable for TSPO targeting. In the SPECT ligands **™Tc-MBIP-Cl
was found to be better than **™Tc-MBIP-Br in terms of the in vivo
uptake of the compound in tissues expressing TSPO but has a
limiting factor of sustained activity in the kidneys. Further investiga-
tion in other specific models may warrant human clinical studies.
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4. Conclusion

The cost of production of these synthetic TSPO ligands and easy
chemistry make them potential candidates for further explora-
tion as imaging agents. Though few models have been used for
validation, other TSPO expressing pathological conditions can
also be used for validation and quantification. These skeletons
can also be modified for other metal-based PET and SPECT
agents.

Conflicts of interest

There is no conflict of interest among the authors of this
manuscript.

Acknowledgements

We extend special thanks to the Director, INMAS and Dr A. K.
Mishra, Head, Division of Cyclotron and Radiopharmaceutical
Science, INMAS, Delhi, for providing us the facility to carry out
experiments. Besides that we also thank Dr Sonia Gandhi, and
Mr Sunil Pal, INMAS for their technical support. This work was
supported by INMAS, Delhi under Task Project ST/15-16/INM-03.

References

1 ]J.Fan, P. Lindemann, M. G. Feuilloley and V. Papadopoulos,
Structural and functional evolution of the translocator
protein (18 kDa), Curr. Mol. Med., 2012, 12, 369-386.

2 V. M. Milenkovic, R. Rupprecht and C. H. Wetzel, The
Translocator Protein 18 kDa (TSPO) and Its Role in Mito-
chondrial Biology and Psychiatric Disorders, Mini-Rev. Med.
Chem., 2015, 15, 366-372.

3 L. Veenman, A. Vainshtein and M. Gavish, TSPO as a target
for treatments of diseases, including neuropathological
disorders, Cell Death Dis., 2015, 6, e1911.

4 M. K. Chen and T. R. Guilarte, Translocator protein 18 kDa
(TSPO) molecular sensor of brain injury and repair, Pharmacol.
Ther., 2008, 118, 1-17.

5 A. Batarseh and V. Papadopoulos, Regulation of trans-
locator protein 18 kDa (TSPO) expression in health and
disease states, Mol. Cell. Endocrinol., 2010, 327, 1-12.

6 L. Veenman, A. Vainshtein, N. Yasin, M. Azrad and M. Gavish,
Tetrapyrroles as Endogenous TSPO Ligands in Eukaryotes and
Prokaryotes: Comparisons with Synthetic Ligands, Int. J. Mol
Sci., 2016, 17, ES80.

7 C. Vicidomini, M. Panico, A. Greco, S. Gargiulo, A. R. D. Coda,
A. Zannetti, M. Gramanzini, G. N. Roviello, M. Quarantelli,
B. Alfano, B. Tavitian, F. Dolle, M. Salvatore, A. Brunetti and
S. Pappata, In vivo imaging and characterization of [**F]DPA-
714, a potential new TSPO ligand, in mouse brain and
peripheral tissues using small-animal PET, Nucl. Med. Biol.,
2015, 42, 309-316.

8 R. Jean, E. Bribe, L. Knabe, A. F. Petit, I. Vachier and
A. Bourdin, TSPO is a new anti-inflammatory target in the
airway of COPD, Rev. Mal. Respir., 2015, 32, 320.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 11288-11295 | 11293


https://doi.org/10.1039/c9nj00180h

Published on 11 June 2019. Downloaded by Nottingham Trent University on 7/29/2019 7:10:51 PM.

NJC

9

10

11

12

13

14

15

16

17

18

19

20

11294 | New J. Chem., 2019, 43, 11288-11295

H. A. Jones, P. S. Marino, B. H. Shakur and N. W. Morrell,
In vivo assessment of lung inflammatory cell activity in
patients with COPD and asthma, Eur. Respir. J., 2003, 21,
567-573.

L. Veenman and M. Gavish, The peripheral-type benzodia-
zepine receptor and the cardiovascular system. Implications
for drug development, Pharmacol. Ther., 2006, 110, 503-524.
A. Hatori, J. Yui, L. Xie, T. Yamasaki, K. Kumata,
M. Fujinaga, H. Wakizaka, M. Ogawa, N. Nengaki,
K. Kawamura and M. R. Zhang, Visualization of Acute Liver
Damage Induced by Cycloheximide in Rats Using PET with
['®F]JFEDAC, a Radiotracer for Translocator Protein (18 kDa),
PLoS One, 2014, 9, €86625.

N. Arlicot, J. Vercouillie, M. J. Ribeiro, C. Tauber, Y. Venel,
J.-L. Baulieu, S. Maia, P. Corcia, M. G. Stabin, A. Reynolds,
M. Kassiou and D. Guilloteau, Initial evaluation in healthy
humans of ['*F]DPA-714, a potential PET biomarker for
neuroinflammation, Nucl. Med. Biol., 2012, 39, 570-578.

F. Dolle, C. Luus, A. Reynolds and M. Kassiou, Radiolabeled
molecules for imaging the translocator protein (18 kDa)
using positron emission tomography, Curr. Med. Chem.,
2009, 16, 2899-2923.

W. C. Kreisl, M. Fujita, Y. Fujimura, N. Kimura, K. J. Jenko,
P. Kannan, J. Hong, C. L. Morse, S. S. Zoghbi, R. L.
Gladding, S. Jacobson, U. Oh, V. W. Pike and R. B. Innis,
Compar ison of [(11)C]-(R)-PK 11195 and [(11)C]PBR28, two
radioligands for translocator protein (18 kDa) in human
and monkey: implications for positron emission tomo-
graphic imaging of this inflammation biomarker, Neuro-
image, 2010, 49, 2924-2932.

A. Trapani, C. Palazzo, M. de Candia, F. M. Lasorsa and
G. Trapani, Targeting of the translocator protein 18 kDa
(TSPO): a valuable approach for nuclear and optical imaging
of activated microglia, Bioconjugate Chem., 2013, 24,
1415-1428.

H. Boutin, F. Cahuveau, C. Thominiaux, M. C. Gregoire,
M. L. James, R. Trebossen, P. Hantraye, F. Dolle, B. Tavitian
and M. Kassiou, ''C-DPA-713: a novel peripheral benzo-
diazepinereceptor PET ligand for in vivo imaging of
neuroinflammation, J. Nucl. Med., 2007, 48, 573-781.

D. R. Owen, A. ]J. Yeo and R. N. Gunn, An 18 kDa translo-
cator protein(TSPO) polymorphism explains differences in
binding affinity of the PET radioligand PBR28, J. Cereb.
Blood Flow Metab., 2012, 32, 1-5.

T. Fukaya, T. Kodo, T. Ishiyama, H. Nishikawa, S. Baba and
S. Masumoto, Design, synthesis and structure-activity rela-
tionship of novel tricyclic benzimidazolonederivatives as
potent 18 kDa translocator protein (TSPO) ligands, Bioorg.
Med. Chem., 2013, 21, 1257-1267.

T. Fukaya, T. Kodo, T. Ishiyama, H. Kakuyama, H. Nishikawa,
S. Baba and S. Masumoto, Design, synthesis and structure-
activity relationships of novel benzoxazolone derivatives as
18 kDa translocator protein (TSPO) ligands, Bioorg. Med. Chem.,
2012, 22, 5568-5582.

A. K. Tiwari, B. Ji, M. Fujinaga, T. Yamasaki, L. Xie, R. Luo,
Y. Shimoda, K. Kumata, Y. Zhang, A. Hatori, J. Maeda,

21

22

23

24

25

26

27

28

29

30

31

View Article Online

Paper

M. Higuchi, F. Wang and M. R. Zhang, ["*F]FEBMP: Posi-
tron Emission Tomography Imaging of TSPO in a Model of
Neuroinflammation in Rats, and in vitro Autoradiograms of
the Human Brain, Theranostics, 2015, 5, 961-969.

A. K. Tiwari, M. Fujinaga, J. Yui, T. Yamasaki, L. Xie,
K. Kumata, A. K. Mishra, Y. Shimoda, A. Hatori, B. Ji,
M. Ogawa, K. Kawamura, F. Wang and M. R. Zhang, Synthesis
and evaluation of new (18)F-labelled acetamidobenzoxazolone-
based radioligands for imaging of the translocator protein
(18 kDa, TSPO) in the brain, Org. Biomol. Chem., 2014, 12,
9621-9630.

A. K. Tiwari, J. Yui, M. Fujinaga, K. Kumata, Y. Shimoda,
T. Yamasaki, L. Xie, A. Hatori, ]J. Maeda, N. Nengaki and
M. R. Zhang, Characterization of a novelacetamidobenzox-
azolonebased PET ligand for translocator protein (18 kDa)
imaging of neuroinflammation in the brain, J. Neurochem.,
2014, 129, 712-720.

A. K. Tiwari, J. Yui, Y. Zhang, M. Fujinaga, T. Yamasaki,
L. Xie, Y. Shimoda, K. Kumata, A. Hatori and M. R. Zhang,
[**F]JFPBMP- a potential new positron emission tomography
radioligandfor imaging of translocator protein (18 kDa) in
peripheral organs of rats, RSC Adv., 2015, 123, 101447.

P. Srivastava, A. Kaul, H. Ojha, P. Kumar and A. K. Tiwari,
Design, synthesis and biological evaluation of methyl-
2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl}-
propanoate: TSPO ligand for SPECT, RSC Adv., 2016, 6, 11449.
N. Kumari, N. Chadha, P. Srivastava, L. K. Mishra, S. Bhagat,
A. K. Mishra and A. K. Tiwari, Modified benzoxazolone derivative
as 18-kDa TSPO ligand, Chem. Biol. Drug Des., 2017, 90,
511-519.

P. Srivastava, A. K. Tiwari, N. Chadha, K. Chuttani and
A. K. Mishra, Synthesis and biological evaluation of newly
designed phosphonate based bone-seeking agent, Eur.
J. Med. Chem., 2013, 65, 12-20.

G. Shukla, A. K. Tiwari, D. Sinha, R. Srivastava, H. Cahndra
and A. K. Mishra, Synthesis and assessment of 99mTc
chelate-conjugated alendronate for development of specific
radiopharmaceuticals, Cancer Biother. Radiopharm., 2009,
24(2), 209-214.

N. Kumar, D. Kakkar, A. K. Tiwari, N. Saini, M. Chand and
A. K. Mishra, Design, synthesis and fluorescence lifestime
study of benzothiazole derivatives for imaging of amyloids,
Cancer Biother. Radiopharm., 2010, 25, 571-575.

D. Kakkar, A. K. Tiwari, K. Chuttani, R. Kumar, K. Mishra,
H. Singh and A. K. Mishra, Polyethylene-glycolylated iso-
niazid conjugate for reduced toxicity and sustained release,
Ther. Delivery, 2011, 2(2), 205-212.

F. Mattner, M. Quinlivan, I. Greguric, T. Pham, X. Liu,
T. Jackson, P. Berghofer, C. J. R. Fookes, B. Dikic,
M. C. Gregoire, F. Dolle and A. Katsifi, Radiosynthesis,
in vivo biological evaluation, and imaging of brain lesions
with ['**I]-CLINME, a new SPECT tracer for the Translocator
Portein, Dis. Markers, 2015, 729698.

A. Cappelli, A. Mancini, F. Sudati, S. Valenti, M. Anzini,
S. Belloli, R. M. Moresco, M. Matarrese, M. Vaghi, A. Fabro,
F. Fazio and S. Vomero, Synthesis and biological characterization

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019


https://doi.org/10.1039/c9nj00180h

Published on 11 June 2019. Downloaded by Nottingham Trent University on 7/29/2019 7:10:51 PM.

Paper

of novel 2-quinolinecarboxamide ligands of the peripheral
benzodiazepine receptors bearing technetium-99m or rhenium,
Bioconjugate Chem., 2008, 19, 1143-1153.

32 M. Fujinaga, R. Luo, K. Kumata, Y. Zhang, A. Hatori,
T. Yamasaki, L. Xie, W. Mroi, Y. Kurihara, M. Ogawa,

View Article Online

NJC

N. Nengaki, F. Wang and M.-R. Zhang, Development of a
8p-labeled radiotracer with improved brain kinetics for
positron emission tomography imaging of translocator
protein (18 kDa) in ischemic brain and glioma, J. Med.
Chem., 2017, 60, 4047-4061.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 11288-11295 | 11295


https://doi.org/10.1039/c9nj00180h

Name: Pooja Srivastava
Position: Scientist D, INMAS, DRDO
Email id: pushreel4@gmail.com

Mobile: +91-9899537382

Curriculum Vitae

Pooja Srivastava is currently working as Scientist D with INMAS, DRDO. She joined
DRDO as Scientist B in the year 2003 through all India competitive examination. She
is an alumna of IIT Kanpur, IIT Kharagpur and Krannert School of Management,
Purdue University, USA.

Educational background

Education Year | University/Institute Discipline | Marks/Recognition
Ph.D. DTU Biotechnology Pursuing
Purdue University, General L
MBA 2010 USA Management Distinction
M. Tech. 2002 | 1T Kanpur Material 8.32/10
Science
Integrated M.Sc. .
(5 years) 2000 IIT Kharagpur Chemistry 7.77/10
Professional details
Post From To Establishment /Lab
Scientist D 01 Jul 2015 Till date INMAS, Delhi
Scientist C 01 Jul 2008 30 Jun 2015 INMAS, Delhi
Scientist B 10 Sep 2007 30 Jun 2008 INMAS, Delhi
Scientist B 1 Aug 2003 9 Sep 2007 TBRL, Chandigarh
Scientist B 6 Mar 2003 31 Jul 2003 DIAT, Pune

Awards and honours

1. Director’s commendation for contribution in the area of Project Management

(Group award) (2019) (Lab level)

2. Third prize in poster presentation, Recent approaches and innovations in

Chemical Sciences (RAICS), Nov 2018

3. Second prize in Hindi workshop (2012) (Lab level)




Curriculum Vitae

4. Laboratory Technology group award for significant contribution towards
implementation of quality management system ISO 9001-2008 (2011) (Lab
level)

5. Membership in Beta Gamma Sigma, the International honor society for
collegiate schools of business, Purdue University Chapter, 2010, in recognition
of high scholastic achievement

6. Dean’s list, in recognition of excellent work and academic achievement during
MBA, 2010

7.  GATE qualified 2000

8.  NET qualified 1999

9.  Awards from Governor of UP & Education Minister for 9" position among girls
and 19" in general in UP state in class X

10. National Talent Search Examination (NTSE) scholar

Publications

1. Srivastava, P., Kumari, N., Kakkar, D., Kaul, A., Kumar, P., & Tiwari, A. K.
(2019). Comparative evaluation of **"™Tc-MBIP-X/11 [C] MBMP for
visualization of 18 kDa translocator protein. New Journal of Chemistry,
43,11288-11295. (IF: 3.069)

2. Srivastava, P., Kakkar, D., Kumar, P., & Tiwari, A. K. (2019). Modified
benzoxazolone (ABO-AA) based single photon emission computed tomography
(SPECT) probes for 18 kDa translocator protein. Drug Development Research,
2019, 1-9. (IF: 1.742)

3. Srivastava, P., Kumar, P., & Tiwari A. K. (2019). Design, synthesis and in
silico evaluation of methyl 2-(2-(5-bromo/chloro-2-oxobenzooxazol-3(2H)-yl)
acetamido)-3-phenylpropanoate for TSPO targeting, Radiochemistry, Accepted

4.  Kumari, N., Chadha, N., Srivastava, P., Mishra, L. C., Bhagat, S., Mishra, A.
K., & Tiwari, A. K. (2017).Modified benzoxazolone derivative as 18-kDa TSPO
ligand. Chemical Biology & Drug Design, 90(4), 511-519. (IF: 2.256)

5. Srivastava, P., Kaul, A., Ojha, H., Kumar, P., & Tiwari, A. K. (2016). Design,

synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)
acetamido)-3-(1H-indol-3-yl) propanoate: TSPO ligand for SPECT.RSC
Advances, 6(115), 114491-114499. (IF: 3.049)



Curriculum Vitae

10.

Srivastava, P., Tiwari, A. K., Thukral, D. K., Kumar, V., & Mishra, A. K. (2014).
Bis (histidine) with N2 Vehicle: An Important Skeleton for MR/Chelation
Therapy. Chemical Biology & Drug Design, 83(6), 682-687. (IF: 2.256)

Srivastava, P., Tiwari, A. K., Chadha, N., Chuttani, K., & Mishra, A. K.
(2013). Synthesis and biological evaluation of newly designed phosphonate
based bone-seeking agent. European Journal of Medicinal Chemistry, 65, 12-20.
(IF: 4.833)

Srivastava, P., Kumar, V., Tiwari, A. K., & Mishra, A. K. (2013). Quantitative
structure activity relationship of tetraaza macrocyclic vehicle DO3A with
lanthanide relaxivity and hydrophobicity. Medicinal Chemistry
Research, 22(12), 5861-5867. (IF: 1.720)

Aggarwal, S., Tiwari, A. K., Srivastava, P., Chadha, N., Kumar, V., Singh, G.,
& Mishra, A. K. (2013). Investigation for the Interaction of Tyramine-Based
Anthraquinone Analogue with Human Serum Albumin by Optical Spectroscopic
Technigque. Chemical Biology & Drug Design, 81(3), 343-348. (IF: 2.256)

Tiwari, A. K., Ojha, H., Kaul, A., Dutta, A., Srivastava, P., Shukla, G., &
Mishra, A. K. (2009). Quantitative Structure—Property Relationship (Correlation
Analysis) of Phosphonic Acid-Based Chelates in Design of MRI Contrast
Agent. Chemical Biology & Drug Design, 74(1), 87-91. (IF: 2.256)

Conferences Abstract (Oral and poster presentation)

1.

Evaluation of acetamidobenzoxazolone derivatized biomarkers for assessing
translocator protein in brain and peripheral organs, 50" Annual Conference of
the Society of Nuclear Medicine, India (SNMICON2018), 22-25 Nov, 2018,
Chandigarh

Modified third generation translocator protein-selective positron emission
tomography radiotracer to access microglial activation in ischemic rat brain, 50"
Annual Conference of the Society of Nuclear Medicine, India
(SNMICON2018), 22-25 Nov, 2017, Chandigarh

Synthesis of biocompatible hydrogel based on CMCNa salt-system crosslinked
with EDTA and enhances the absorbing property by PEG, Recent approaches
and innovations in Chemical Sciences (RAICS), Nov 2018, Lucknow (Third
Prize)



Curriculum Vitae

10.

11.

Acetamidobenzoxazolone (ABO) based derivative for assessment of
Translocator Protein (18 kDa) for brain injury/inflammation, 49™ Annual
Conference of the Society of Nuclear Medicine, India (SNMICON2017), 14-17
Dec, 2017, New Delhi

N4 vehicle based acetamidobenzoxazolone derivative forimaging of
Translocator Protein (18 kDa) during inflammatory condition, Indian J Nucl
Med. 2015 Dec; 30(Suppl 1): S29-S72, Lucknow

Evaluation of DO3MPEA as bifunctional bone imaging agent for PET
application, 2" World Congress on Galium-68, 23 Feb-3 Mar 2013, Chandigarh

Hands on Gallium-68 generators, Post congress workshop on germanium-
68/gallium-68 generator, 4-5 Mar 2013, Delhi

Design, synthesis and evaluation of *™Tc-DO3MPEA as bifunctional bone
imaging agent, Annual Congress of the European association, 26-30 Oct, 2012,
Milan, Italy

Design and synthesis of a novel gadolinium based MR contrast
Gd(DOBAPATA) and its derivative for MR imaging, International conference
on radiation biology, 2010, Chennai

Synthesis and characterization of novel SPECT/PET radiopharmaceutical based
on methionine with macrocyclic chelating agent, 9" Asia Oceania Congress of
nuclear medicine and biology, 2008, Delhi

A Novel Bifunctional pH Sensitive Contrast Agent for Targeted MR, Special
symposium on Advanced MR Applications and 14™ National Magnetic
Resonance Society Meeting, 16™ — 19" January, 2008, Delhi

Continuation of Education Programme

Combating neurological Disorders: Approaches and Methods, 17-19 Sep 2019
Nanomaterial and life, 19-23 Aug 2019

Alternatives to animal research, 13-15 Mar 2019

Non-invasive imaging of small animals: An insight to minimal use of small
animals, 4-8 Sep 2017

Neuroimaging in cognitive research, 2016

Application of metabolomics in Biomedical Research, 23-25 Nov 2016



Curriculum Vitae

10.

Process Safety Audit, 28-30 Jul 2015
Computational Chemistry and Bioinformatics, 26-28 Aug 2015

Quality management and laboratory management for NABL accreditation,
Delhi, 30-31 Mar 2012

Internal quality auditor course, Training from STQC, Delhi 14-16 Mar 2011

Techno-managerial assignments

1.

Member Secretary, Specialist penal “Soldier Health &Drug Development
(SHDD)”, Life Science Research Board(LSRB), DRDO

Programme coordinator of workshops to create awareness on “funding research
proposals under LSRB of DRDO”

1. Jadavpur University on 06 Mar 2018
ii.  Banaras Hindu University on 17 Jan 2019

Organizing member of course “Quality control and quality assurance
requirements for medical testing laboratory, 11-12 Oct, 2012, Delhi

Organizing member, Quality management system and laboratory management
for NABL accreditation, 30-31 Mar, 2012, Delhi

INMAS representative, India International Trade Fair, Nov 2012, Delhi

Organizing member, Brig S. K. Mazumdar Memorial Lecture, 14 Aug 2012,
Delhi

Internal 1SO Auditor for INMAS

Membership of professional society

1.

2.

3.

Member, Society of Nuclear Medicine, India
Member, Indian Science Congress

Member, Indian Society of Nanomedicine



	14-10-2019 Arun Corrected Front pages (8-10-2019)_12Oct2019
	14-10-2019 Arun Corrected Full Text (8-10-2019)_12Oct2019_13 Oct2019
	Paper 1.pdf
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h

	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h
	Design, synthesis and biological evaluation of methyl-2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl)propanoate: TSPO ligand for SPECTElectronic supplementary information (ESI) available. See DOI: 10.1039/c6ra19514h


	Paper 3.pdf
	Modified benzoxazolone (ABO-AA) based single photon emission computed tomography (SPECT) probes for 18 kDa translocator protein
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Instrumentation
	2.2  Animal models
	2.3  In vitro cell uptake of 99mTc-MBIP-cl in A549 cells
	2.4  Synthesis
	2.4.1  Synthesis of methyl 2-(2-chloroacetamido)-3-(1H-indol-3-yl)propanoate
	2.4.2  Synthesis of 5-chloro benzoxazol-2(3H)-one
	2.4.3  Synthesis of 2-(2-(5-chloro benzoxazolone)acetamido)-3-(1H-indol-3-yl) propanoate (MBIP-Cl)
	2.4.4  Synthesis of 2-(2-(5-bromo benzoxazolone)acetamido)-3-(1H-indol-3-yl) propanoate (MBIP-Br)

	2.5  99mTc radiolabeling
	2.6  In vitro human serum stability assay
	2.7  Biodistribution studies

	3  RESULTS AND DISCUSSION
	4  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	REFERENCES



	Click for updates and to verify authenticity: 
	CrossMarkLinkButton: 


