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The 18 kDa translocator protein (TSPO) is an evolutionarily conserved transmembrane protein found embedded in the
outer mitochondrial membrane. A secondary target for the benzodiazepine diazepam, TSPO has been a protein of interest
for researchers for decades, particularly owing to its well-established links to inflammatory conditions in the central and
peripheral nervous systems. It has become a key biomarker for assessing microglial activation using positron emission
tomography (PET) imaging in patients with diseases ranging from atherosclerosis to Alzheimer’s disease. This Account
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Introduction

The 18 kDa translocator protein (TSPO, formerly referred to as
the peripheral benzodiazepine receptor) is a highly conserved
mitochondrial protein predominantly expressed in the outer
mitochondrial membrane in steroid-synthesising tissues.['! It
forms part of a larger transmembrane complex (Fig. 1) that
facilitates cholesterol translocation across the mitochondrial
membranes (the rate-limiting step in steroid synthesis). TSPO is
thought to be involved in myriad other cellular processes,
although we still lack a precise understanding of the full scope of
its functions.!)

TSPO is upregulated in immune cells in response to harmful
stimuli, and is therefore a reliable and translatable biomarker for
innate immune response to disease and injury. It has long been
a target of interest for non-invasive in vivo PET (positron
emission tomography) imaging of both microglial activation
in the central nervous system (CNS) and macrophage activity in
the periphery.[z] Low levels of chronic microglial activation in
the CNS have been touted as signposts of the pre-symptomatic
stages of neurodegenerative disease. It is critical that researchers
have access to techniques that can quantify small changes in
expression of neuroinflammatory biomarkers, such as TSPO, in
a clinically relevant context. Furthermore, researchers have
attempted to target TSPO for therapeutic purposes in several
CNS and peripheral indications that comprise inflammatory
processes, though no therapeutics that specifically target TSPO
are currently available. Understanding how TSPO ligands
produce their therapeutic effects remains an important challenge
for medicinal chemists and beyond. Our group has been study-
ing the TSPO for nearly two decades, using medicinal chemistry
and an array of in vitro and in vivo models to better understand
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its role in human health and disease. This Account summarises
the majority of our work in this area, making reference to
significant contributions from other groups where appropriate.

For many years, the isoquinoline carboxamide [''C](R)-
PK11195 was the gold standard ligand for use in PET studies
for assessing and quantifying expression of TSPO.!! Over
time, however, its limitations as a radiotracer have been better
understood. These include poor blood-brain barrier (BBB)
permeability, low bioavailability (a consequence of high plasma
protein binding), and high lipophilicity and non-specific
binding, making it an insensitive probe for detecting subtle
changes in TSPO expression in vivo.!

In the mid-2000s, our group was one of several that took on
the challenge of designing new and improved TSPO PET
tracers. Inspired by a previous study performed by Selleri and
co-workers,'* we reported the synthesis (Scheme 1) and in vivo
evaluation (baboon) of a new pyrazolopyrimidine radiotracer:
[''C]DPA-713.5°) Maximal brain uptake took 20 min, staying
consistent for the duration of the hour-long PET imaging
experiment, compared with extremely fast uptake and clearance
for [''C](R)-PK11195 (35 and 15min respectively). These
improved kinetics and BBB penetration versus [''C](R)-
PK 11195 were attributed to the new tracer’s lower lipophilicity
and plasma protein binding. In vivo selectivity of [''C]DPA-713
for TSPO over the central benzodiazepine receptor (CBR) was
confirmed using blocking studies with PK11195 and CBR-
selective ligand flumezanil. This initial investigation motivated
follow-up validation studies. In 2006, radiolabelling protocols
were significantly improved to facilitate automated synthesis. !

Buoyed by these efforts, our group proceeded to synthesise
and assess an 'F-labelled analogue of DPA-713, named ['8F]

www.publish.csiro.au/journals/ajc


https://orcid.org/0000-0002-6655-0529
https://orcid.org/0000-0002-6655-0529
https://orcid.org/0000-0002-6655-0529

750

DPA-714' (Scheme 2), to take advantage of fluorine-18’s
longer radioactive half-life in a clinical setting (109.8 versus
20.4 min for carbon-11)./*1 Ex vivo biodistribution and blocking
studies in rats with quinolinic acid-induced lesions showed high
levels of TSPO-specific uptake into the lesion-containing brain
areas. An in vivo biodistribution PET study in a healthy baboon
also confirmed specific TSPO binding, as well as rapid and
persistent brain uptake.'”) Furthermore, unlabelled DPA-714
acted as an agonist of TSPO, stimulating biosynthesis of
pregnenolone —an endogenous precursor to key steroid hormones —
at levels 80 % above observed baseline in vitro.!”!

The success of these studies laid the foundations for a host of
follow-up studies investigating the applicability of [''C]DPA-
713 and ['®F]DPA-714 in a multitude of animal models of
disease, as well as in pre-clinical and clinical settings. Studies
such as these have been carried out by dozens of researchers
worldwide, many of whom we continue to support by supplying
radiotracer precursors and cold standards. We have also carried
out traditional medicinal chemistry investigations to probe the
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Fig.1. Representative illustration of TSPO interacting with other proteins
as part of a complex transmembrane assembly that facilitates passage of
lipophilic molecules into the mitochondria. L, ligand that binds to a cytosol-
facing binding site of TSPO, e.g. cholesterol, porphyrins, PET tracers;
VDAUC, voltage-dependent anion channel; ANT, adenine nucleotide trans-
porter; OMM, outer mitochondrial membrane; IMM, inner mitochondrial
membrane.
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structure—binding and structure—activity relationships of TSPO
ligands, investigating their potential use as diagnostics and
therapeutics in CNS diseases. The following sections discuss a
collection of key contributions made in these areas by our and
other groups over the past 12 years. Attempts have been made to
focus on topics of interest to readers from a chemistry background.

DPA-713 and DPA-714 in Animal Models of Disease

In 2007, the utility of [''C]DPA-713 for imaging TSPO
in AMPA-induced (AMPA = a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate) rat models of neuroinflammation was
shown through a series of in vivo PET and ex vivo auto-
radiography experiments.!'” [''C]DPA-713 displayed improved
signal-to-noise ratio versus [M'CIPK11195 (attributed to lower
non-specific binding). A follow-up head-to-head study pub-
lished in 2009 compared these two tracers with ['8F]DPA-714 in
the same rat models.!""! Tt concluded that ['*F]DPA-714 per-
formed best in terms of binding potential and bioavailability. A
separate study that compared the same three tracers in a less
invasive rat model of herpes encephalitis was published around
the same time.['*) It confirmed that specific binding and utility
of [''C]DPA-713 were far superior to that of [''CJPK 11195 for
assessing small changes in TSPO levels. Lower specific binding
of ['®F]DPA-714 than expected was attributed to its agonistic
activity and potential heterogenous affinity states of TSPO
depending on the activated microglial phenotype. This pointed
to the possibility of using different PET tracers to image
different aspects of neuroinflammation. Our group has since
published several further studies using [''C]DPA-713 and ['*F]
DPA-714 to successfully image neuroinflammation in rat models
of focal cerebral ischemia,['*~'" arthritis,“ﬁl and LPS-induced
(LPS = lipopolysaccharide) neuroinflammation.!'” It must be
mentioned that other groups have also performed proof-of-
principle animal studies using these tracers.!'* 2!

DPA-713 and DPA-714 in Human Studies

The road from pre-clinical to first in-human studies is typically
less convoluted and onerous for radiotracers than for therapeutics.
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Scheme 1.  Our first reported synthesis of DPA-713 and its ''C-radiolabelled analogue, adapted from ref. [5]. Reagents and
conditions: (i) MeCN, NaOMe, reflux, 24 h, 17 %; (ii) N,N-diethylchloroacetamide, Nal, NaOH (aq), EtOH, room temperature
(rt), 7h, 64 %; (iii) NH,NH,.H,0, AcOH, EtOH, reflux, 4 h, 68 %; (iv) 2,4-pentadione, EtOH, reflux, 12 h, 93 %; (v) 48 % HBr,
tributylhexadecylphosphonium bromide, reflux, 7 h, 45 %; (vi) (a) [''C]CHsl, BuyNOH, DMF, rt, 3 min; (b) HPLC purification,

9 % non-decay-corrected radiochemical yield.
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['®1°FIDPA-714

Our first reported synthesis of DPA-714 and its '*F-radiolabelled analogue, adapted from ref.

[7]. Reagents and conditions: (i) 2-fluoroethanol, PPh;, DMF, rt, 48 h, 47 %; (ii) (a) 2-fluoroethyl-4-
methylbenzenesulfonate, PPhs, DMF, 1t, 20 h, 85 %; (b) ['*F]KF, Ka,,, K,CO3, MeCN, 85°C, 5 min; (c)
HPLC purification, 16 % non-decay-corrected radiochemical yield.

Unlike a therapeutic drug, the dose of a radiotracer required for
PET imaging is very low (typically in the nano- to picogram
range), minimising the likelihood of encountering toxicity
issues.[®! We reported the first dosimetry, biodistribution, and
imaging studies in healthy humans for [''CIDPA-713 and ['*F]
DPA-714 between 2009 and 2012.°"**) Sufficient in vivo
stability, brain uptake, and TSPO selectivity were observed and,
despite accumulation in other organs (e.g. lungs, spleen, kidneys),
these investigations concluded that these tracers were safe and
could potentially be useful tools for assessing neuroinflammation
in human patients pending further studies.

Our group has engaged with several collaborators over the
past decade who have continued to validate the use of these
tracers in humans in a diverse range of conditions. For ey
DPA-713, these have included individuals with HIV ¥ systemic
lupus erythematosus,'*”! and post-treatment Lyme disease
syndrome.”®) A complementary pair of studies used [''C]
DPA-713 to investigate the link between microglial activation
(inferred from TSPO uptake) and brain injury and repair in
control groups versus active and recently retired NFL
players.?”?81 ['8F]DPA-714 has been used to study post-stroke
neuroinflammation,*”) as well as patients with amyotrophic
lateral sclerosis (ALS)P”! and progressive multiple sclerosis.l*!]
An additional study pitted [''C]DPA-713, ['*F]DPA-714, and
[''C](R)-PK 11195 against each other in a proof-of-concept study
imaging the wrists and hands of rheumatoid arthritis patients.
Background uptake of both DPA tracers was lower than for
[''C](R)-PK 11195, with [''C]DPA-713 yielding the highest-
quality imaging results.

A recent search for ‘DPA-714° on ClinicalTrials.gov
(accessed 19 July 2021) showed 24 results comprising 2 com-
pleted, 14 recruiting, 3 not yet recruiting, 1 withdrawn, and 4
whose status is undefined (start dates ranged from October 2009
to June 2022). These trials indicate use of ['8F]DPA-714 to
assess inflammation in disorders including but not limited to
multiple sclerosis, Alzheimer’s disease, Parkinson disease, post-
traumatic stress disorder (PTSD), ALS, myocardial infarction,
and triple-negative breast cancer. This a clear additional indication
of the extensive uptake of [le]DPA-714 by the medical
community, although it must be noted that other radiotracers
targeting TSPO are also being used for in human studies of
diseases with neuroinflammatory components, including [1 1C]
PBR-28,3% [''C]-ER176,%%! ['®F]FEPPA,** and ['8F]-GE-
180.5°1 For more detailed discussion of contributions to TSPO
PET tracer development from other research groups, we refer
readers to an excellent review that was recently published by
Zhang et al.l")

Limitations of ['""CIDPA-713 and ['®FIDPA-714 as
Radiotracers

A critical finding from early PET imaging studies targeting
TSPO was an inherent binding variability across human patients
when using second-generation radiotracers, compromising
imaging sensitivity and clinical usefulness of the data
acquired.*® It was eventually deduced that this was the result of
a co-dominantly expressed single nucleotide polymorphism
(rs6971) in the human TSPO gene that results in a non-
conservative alanine to threonine substitution at residue
147.57) The consequence of this substitution is the presence of
three distinct binding statuses in humans for second-generation
TSPO ligands: Ala/Ala (wild type, high-affinity binding), Ala/
Thr (mixed-affinity binding), and Thr/Thr (low-affinity binding).
It is therefore necessary to genotype patients before commencing
imaging studies, accounting for sensitivity differences in high- and
medium-affinity binders when analysing data and excluding low-
affinity binders from participating entirely.!"! This discovery has
hastened the search for third-generation TSPO radiotracers that
bind to both isoforms of the protein with excellent affinity and
target specificity, while also maintaining desirable pharmaco-
kinetic properties for PET imaging. It has also been shown that this
polymorphism has functional consequences, affecting steroido-
genic pathways in rats and humans®®! and potentially being
causally associated with bipolar disorder.”*”)

Investigating the Structure-Binding and Structure—Activity
Relationships of TSPO Ligands

In 2012, we published a new, scalable synthetic route to DPA-
714 that allowed access to multigram quantities of key inter-
mediate phenol 1.1 This efficient, chromatography-free route
not only underpinned our ability to generate plentiful supplies of
PET tracer precursors for radiolabelling, but also facilitated our
early efforts to probe how DPA-like ligands interact with the
TSPO through traditional structure-binding and structure—
activity relationships studies. We first chose to explore the
effects of different alkyl substitutions on TSPO binding and
function. Williamson ether reaction conditions were employed
using a variety of alkyl halides to generate several small libraries
of DPA analogues (Table 1). Our first study compared alkyl and
propargyl derivatives 2-5 with DPA-713, DPA-714, and
PK11195.1*! Binding affinities for TSPO consistently ranged
between 1 and 10nM, while DPA-714, 3, 4, and 5 were all
shown to increase pregnenolone biosynthesis in rat C6 glioma
cells between 80 and 175 % above baseline levels. All com-
pounds tested also showed complete selectivity over the CBR.
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Table 1. Structures and binding affinities of TSPO ligands synthesised by alkylation of DPA phenol intermediate 1 (PK11195 included for
comparison)
Reagents and conditions: (i) R-Br/R-I, K,CO3;, DMF, 40-50°C. Competitive binding affinity measurements were performed using [3 H]PK11195 as
radioligand and either mitochondrial fractions from rat kidney (a, b) or human glioblastoma TG98G cells as TSPO source (c)

/%\
X
N

Compound R TSPO K; [nM] Compound R TSPO K; [nM]
DPA-713 N 474024 12 }1\0 2.1+£02°
DPA-714 w~_F 7.0+£04% 13 },_\O 3.6+0.5°
2 IO 57405 14 :Hl\@ 0.99 +0.09"
3 N 1.4+02% 15 F 0.31+£0.05%
4 I NN L1£+0.1" 16 %\Q/F 0.47£0.05"
5 b 48405 17 0.77+0.08®
o QL
F
6 J\ 224028 18 CF, 144025
s h\@
7 }LLY 2.4+03" 19 GRS : CF, 0.67+0.07°
8 »D 0.86 +0.08" 20 Y 1.6+0.2°
x L
CFj
9 Q 154028 21 0.134£0.01%
e e
10 }iw 3.0£0.3° 24 AN 16.9 +6.3¢
1.44+02° PK11195 - 9.5+0.5%

11 }{\Q

AData extracted from ref. [41].
BData extracted from ref. [42].
“Data extracted from ref. [44].

A follow-up study used a similar approach to synthesise branched
alkyl (6-7), cycloalkyl (8-13), benzyl (14-20), and phenethyl (21)
derivatives, which all possessed higher affinity for TSPO than
DPA-713 and DPA-714 and increased pregnenolone biosynthesis
by up to 331 %.1** With this glut of new data available, propargyl
DPA (5), DPA-713, and DPA-714 were used as tool compounds to
probe the effect of TSPO ligands on levels of microglial activation
ina quinolinic acid rat model of excitotoxic neurodegeneration.**!

All three pyrazolopyrimidine ligands outperformed PK11195,
inhibiting microglial activation and promoting survival of neurons
(though DMSO, the drug vehicle, also exhibited some neuro-
protective effects via a different signalling pathway).

A selection of DPA-based compounds (4-7, 9, 14, and 24)
was later screened for binding and anti-proliferative/pro-
apoptotic activity against human T98G glioblastoma and foetal
astroglial SVG pl2 cell lines.*¥ While binding affinities
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remained similar (although lower than when measured against
rat TSPO in previous studies), a diverse array of functional
behaviour was observed across this series. Compounds 4, 7, and
9 modestly decreased proliferation in both cell lines. However,
the most potent compounds were 14 (ICso 71.5 4+ 0.5 uM) and 24
(ICs59 64.6 £ 1.6 uM), which decreased proliferation only in
TI98G cells. All compounds except 5 induced significant levels
of apoptosis in T98G cells, with evidence pointing to a role in
mitochondrial membrane potential dissipation. At the time, we
proposed that residence time, rather than binding affinity, could
be the driving factor for this range of activity.[*>*! Further
experiments are required to investigate this hypothesis more
thoroughly.

In a proof-of-concept collaboration with the Rendina group,
we showed that the DPA scaffold could be appropriated for a
new purpose — development of boron-rich compounds for use in
boron neutron capture therapy (BNCT)."*”! Two new carborane-
containing ligands were synthesised starting from propargyl
compound 5, as depicted in Scheme 3. The 1,2-closo-DPA (25)
and 7,8-nido-DPA (Cs-26) analogues bound TSPO with high
affinity, though the latter displayed behaviour indicative of a
two-site binder. Good uptake and low cytotoxicity were
observed in T98G cells, making these compounds promising
tumour-targeting agents for BNCT. A follow-up study reported
two carborane-containing indole carboxamide TSPO ligands
with even better uptake and toxicity profiles; plans for in vivo
studies are currently in the pipeline.[**!

TSPO K;= 0.6 + 0.5 nM”

Scheme 3.
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Over the years, we have also reported on the synthesis of
TSPO ligands not based on the pyrazolopyrimidine scaffold.
Taking inspiration from a 1996 study by Campiani and
co-workers,**! we synthesised a library of 10 pyrrolobenzox-
azepines to better understand their binding and functional
properties at TSPO through systematic in vitro investigations
(structures of three of these compounds that are shown in
Fig. 2).5% Scarf and co-workers succeeded in exposing some
of the many complexities associated with scrutinising this high-
value target, in particular highlighting the differences in ligand
behaviour at human and rat TSPO. This is exemplified by
compounds 27, 28, and 29 (Fig. 2). Small changes to the
composition of the western aromatic ring (C to N), carbamate
N-substitution (Me to Et) or para-position of the southern
phenyl ring (F to OMe) result in significant changes to binding
affinities, even reversing preference entirely. Furthermore, the
associated Hill slopes for compounds 28 and 29 (among others
not shown here) suggested complex binding profiles at human
and/or rat TSPO. As with our previous studies, functional assay
results did not correlate with these binding affinities. For
example, while 27 and 29 had no effect on pregnenolone release
in rat C6 glioma cells, 28 increased it by 100 % versus baseline
production. This is despite the fact that 28 possesses the lowest
binding affinity of the three for rat TSPO. Finally, all three
compounds displayed similar anti-proliferative properties in
MCF-7 human breast cancer cells, inhibiting proliferation by
65-80%. We concluded that accounting for ligand binding

TSPO K;=3.0 £ 0.2 nM

Synthesis of boron-rich carboranyl DPA analogues, adapted from ref. [47]. Reagents and conditions: (i) BjoHa4,

MeCN, PhMe, reflux, 35 %; (ii) CsF, EtOH, reflux, 60 %. Competitive binding affinity measurements were performed using [*H]
PK 11195 as radioligand and HEK293 cells as the source of TSPO. * Value refers to binding at a high-affinity binding site; 25 also
purportedly bound to a second, low-affinity site (K; = 101.0 +26.3 nM).

e
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// O 7/ /
SUTANNGH =
o /) o //

27

rTSPO K;=0.33 +0.33 nM
Hill Slope = 1.09 £0.12

hTSPO K;=0.55 + 0.06 nM
Hill Slope = 1.07 £0.12

rTSPO K;=68.52 £2.0 nM
Hill Slope = 1.09 £0.12

hTSPO K;=12.93 £ 1.41 nM
Hill Slope = 0.66 +0.05

N// Oy,}
o
o4 /
o— o—
29

rTSPO K; = 0.45 +0.06 nM
Hill Slope = 2.34 £0.15

hTSPO K; = 30.41 +2.72 nM
Hill Slope = 2.11 +0.50

Fig. 2. Selected pyrrolobenzoxazepine-based TSPO ligands with associated binding affinities for rat and human TSPO.
Data extracted from ref. [50]. Competitive binding affinity measurements were performed using [PH]PK11195 as
radioligand and either rat kidney or HEK293 cells as the source of TSPO.
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cooperativity and obtaining a better understanding of which
binding site residues are most important for binding in different
species were key considerations for future rational design of
TSPO-based therapeutics.

We also conducted a separate study wherein the number and
arrangement of nitrogen atoms on DPA-713 were altered to
further probe complex binding events at and function of TSPO in
HEK?293 and T98G cells.”"! The four compounds that were

N0, ﬁl@
o) ol

(1 (M

HEK K;=28.13 +8.18 nM HEK K;=224.46 + 131.50 nM
T98G K; = 806.00 + 96.77 nM T98G K;=398.18 + 99.99 nM

o{ o{
(¢ ()

HEK K;=29.11 £ 21.39 nM HEK K;=>10000 nM
T98G K;= 144.33 £ 66.79 nM T98G K;=>10000 nM

Fig.3. Library of ligands synthesised to explore how number and arrange-
ment of nitrogen atoms in the DPA-713 scaffold affects TSPO binding in
HEK and T98G cells. Data extracted from ref. [51].
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WT K;=54.3£8.4nM
A147T K;=123.4£16.3 nM

WT K;=96.1 £ 30.4 nM
A147T K;=100.4 £ 22.5 nM
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synthesised are shown in Fig. 3. Key differences in both binding
affinity and binding mode (inferred from Hill slopes) were
observed. Purine derivative 33 did not bind to TSPO in either
cell line, while imidazopyridine 32 bound preferentially to
TSPO in HEK293 cells in a one-site manner. Indole-based
compound 30 bound to TSPO nearly 30 times more weakly in
the human glioblastoma (T98G) cells than in HEK293 cells.
Moreover, with a Hill slope more negative than —1, it appeared
that 30 was displaying positive ‘allosteric-type’ modulatory
behaviour in the presence of tritiated PK11195 used in radi-
oligand binding assays. Benzimidazole analogue 31 bound to
TSPO with similar affinity in both cell lines but curiously had a
Hill slope more shallow than —1 in T98G cells. This indicated
either negative modulation of PK 11195 (a hypothesis seemingly
refuted by 31’s antiproliferative properties) or the presence
of a heterogenous receptor with multiple binding sites or
protein—protein interfaces to which ligand could bind in
glioma-like conditions. It was proposed that this could be
congruent with the ligand interacting heterogeneously with
monomeric, dimeric, and higher-order TSPO oligomers that
form dynamically in response to the surrounding cellular
environment.[*?

Solving the Single Nucleotide Polymorphism (SNP) Problem

In order to address the issue facing second-generation TSPO
ligands such as DPA-713 and DPA-714, our group established
isogenic cell lines (HEK-293T) that stably overexpress either
wild-type (WT) or A147T TSPO as a basis for a series of
structure—binding relationship studies.”*! As part of the same
study, a series of N-acetamide-substituted carbazole ligands was
synthesised and evaluated using membranes from this new cell
line. Compound 34 displayed 2.3-fold binding discrimination
between the two isoforms of TSPO (Fig. 4), representing the best
result from this series. In 2019, we reported the synthesis and
in vitro binding assessment of a more diverse series of carbazole

WT K;=9.3+2.3nM
A147T K;=27.3+ 3.6 nM

WT K;=>10000 nM
A147T K;=2570 + 731 nM

Fig. 4.

WT K;=1496 £ 177 nM
A147T K;=761 £ 149 nM

WT K;=>10000 nM
A147T K;= 983 £ 234 nM

Selected examples of molecules designed to bind indiscriminately to WT TSPO and A147T TSPO (34-36) or bind

preferentially to A147T TSPO over WT TSPO (37-39). Data extracted from refs [53-56].
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ligands containing dialkyl and alkyl/benzyl N-acetamide-sub-
stitutions.>* For the first time, we were pleased to observe that
one of our compounds, 35, bound with high affinity (K; =
100 nM) to both WT and A147T TSPO. Notably, few of the
compounds from these two studies induced increased pregnen-
olone biosynthesis or showed significant antiproliferative
effects in functional assays.

In 2020, we published another systematic structure—binding
relationship study wherein four different heterocyclic scaffolds
(pyrazolopyrimidines, carbazoles, pyrazolobenzodiazepines,
and dibenzodiazepines) were decorated with four different
pendant acetamide groups (Me/Me, Et/Et, Me/Bn, Et/Bn).l>”!
Unsurprisingly, the DPA-like pyrazolopyrimidine series proved
the highest-affinity binders, with Me/Bn derivative 36 display-
ing 2.9-fold discrimination with both K;s below 30 nM (Fig. 4),
approaching the binding affinity required for effective imaging
of TSPO using PET. In contrast, the Et/Bn derivative displayed
13-fold discrepancy between isoforms (WT K;=6.2 £ 1.0 nM;
Al147T K;=80.6+4.3nM). Me/Bn acetamide substitution
across all four scaffolds tended to display lower-discrepancy
profiles, while Me/Me substitution conferred relatively poor
binding across the entire series. In the same year, a thorough
investigation of three more scaffolds (benzimidazole-2-carbox-
amides, indole-2-carboxamides, and acetanilides) with various
pendant moieties yielded several compounds that bound prefer-
entially to A147T rather than WT TSPO.®! Three examples of
these (37-39) are shown in Fig. 4, with up to 10-fold selectivity
for A14T7 reported for compound 39.

It should be mentioned that there are a small number of third-
generation, non-discriminating TSPO ligands being used
in preliminary human PET studies. Notable examples are
[''C]-ER1767 and ["*F]GE-180,%3% though the latter report-
edly suffers from poor brain uptake and high activity in blood
vessels."” In summary, the race is still on for our group
and others to develop a truly useful one-size-fits-all TSPO
ligand. Improved understanding of structure-binding and
structure—activity relationships will allow the development of
new imaging agents and therapeutic drug candidates going
forward.

Summary and Future Directions

The TSPO continues to be a target of great interest for drug
discovery researchers from both fundamental and application-
based perspectives. Since 2005, our group has published and
patented work surrounding the synthesis and validation of two
widely used TSPO PET tracers in [ 'C]DPA-713 and ['*F]DPA-
714. Despite the discovery of countless new TSPO ligands in
recent years, these tracers remain widely used for assessing
neuroinflammation. We have also reported several structure—
binding and structure—activity relationship studies that have
probed how ligands bind to and affect the function of TSPO.
However, the consensus remains that even after decades of
research, we are still unravelling the complexities of its role
as a biomarker of neuroinflammation and its functional role
in healthy and unhealthy humans alike. For example, recent
publications have challenged longstanding assumptions by
proposing that an increase in TSPO PET signal under pro-
inflammatory conditions correlates to increased microglial
density rather than the upregulated expression of the protein in
humans.[>®") Moreover, the longstanding assertion that
increased TSPO expression is correlated only with microglial
activity has been repeatedly challenged, with several studies
also detecting its presence in astrocytes and endothelial cells.[®?)
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Furthermore, a key gap in our knowledge is the lack of an atomic
structure of human TSPO, with many researchers relying on
structures of mouse!®! or bacteriall®! TSPO to construct
homology models to guide their work. Improved insights into
the key structural features of TSPO that influence ligand binding
and its function under pathological conditions will also guide
medicinal chemists in their attempts to rationally design drugs
that have potent and predictable neuroprotective effects.!®>! For
those of us focusing our efforts on targeting TSPO, there are
undoubtedly more adventures ahead.
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