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Abstract

The first phase of molecular brain imaging of microglial activation in neuroinflammatory conditions began some 20 years
ago with the introduction of [''C]-(R)-PK 11195, the prototype isoquinoline ligand for translocator protein (18kDa)
(TSPO). Investigations by positron emission tomography (PET) revealed microgliosis in numerous brain diseases, despite
the rather low specific binding signal imparted by [''C]-(R)-PK11195. There has since been enormous expansion of the
repertoire of TSPO tracers, many with higher specific binding, albeit complicated by allelic dependence of the affinity.
However, the specificity of TSPO PET for revealing microglial activation not been fully established, and it has been difficult
to judge the relative merits of the competing tracers and analysis methods with respect to their sensitivity for detecting
microglial activation. We therefore present a systematic comparison of 13 TSPO PET and single photon computed
tomography (SPECT) tracers belonging to five structural classes, each of which has been investigated by compartmental
analysis in healthy human brain relative to a metabolite-corrected arterial input. We emphasize the need to establish the
non-displaceable binding component for each ligand and conclude with five recommendations for a standard approach to
define the cellular distribution of TSPO signals, and to characterize the properties of candidate TSPO tracers.
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However, important aspects of the neurobiology of
TSPO, including its specificity for microglia, remain
unelucidated. In addition, the proper quantitation of
the TSPO PET signal presents certain difficulties, a
problem compounded by the plethora of competing
tracers that have become available in the past five
years. The purpose of this review is to draw attention
to some neglected aspects of TSPO neurobiology, and
to discuss systematically the various approaches
applied for TSPO quantitation, based upon literature
reports for a series of 13 tracers characterized in human
PET studies.

Microglial activation occurs in diseases of funda-
mentally different actiologies, now commonly sub-
sumed under the term neuroinflammation, although
this concept may be somewhat ill-defined.'*
Neuroinflammation is often considered synonymous
with microglial activation, irrespective of any categor-
ical differences in the expressed transcriptome of differ-
ent inflammatory disease conditions.” However,
astroglial reactions and infiltration of immunologically
active cells, such as CD4+ T cells arising from the per-
iphery,® may also contribute to inflammatory reactions
and TSPO binding in the brain. Small increases in the
PET signal from TSPO ligands, assuming high process
specificity of the analysis,” may in some circumstances
be attributable to perivascular cells.® Thus, neuroin-
flammation is per se a complex process involving vari-
ous cells type and the activation of intercellular
communication pathways not universally linked to
TSPO expression de novo in activated microglia.®’
Due to the imperfect specificity of TSPO as a microglial
marker, any finding of increased cerebral TSPO expres-
sion properly constitutes a generic measure of disease
pathology or progression. For example, axotomy in the
rat hippocampus was followed by synchronous
increases in TSPO binding sites to autoradiography,
along with parallel increases in the mRNA for TSPO
and the microglial marker CD11b, indicating a close
affiliation between TSPO and microgliosis in that
lesion model.'"” On the other hand, the very rapid
increases in TSPO signal observed after challenge
with bacterial lipopolysaccharide (LPS'') seem more
consistent with infiltration of monocytes or other
blood cells into the brain parenchyma, rather than
microgliosis. Furthermore, increased TSPO binding in
a rodent neuroinflammation model has been linked to
elevated expression in reactive astrocytes, with no such
increase in microglia.'” Thus, the attribution of TSPO
PET signals specifically to microglial activation must be
established for each disease model and condition, and
may change as a function of time.

As a measure of the importance now attributed to
the concept of TSPO expression as a marker of neu-
roinflammation, TSPO PET has attracted considerable

attention, despite the caveats noted above. PET
studies have investigated TSPO in patients with
Alzheimer’s dementia,13 14 multiple sclerosis,'” ischemic
stroke,'>'® epilepsy,'® herpes virus infection,? trau-
matic brain injury,>! major depression,?* bipolar disor-
der®® and schizophrenia.”** 2" As we shall see below,
the findings in schizophrenia remain contentious, and
the disparate results may exemplify the need to
adopt standard procedures for analysis. In addition to
revealing neuroinflammation, TSPO PET can monitor
trans-synaptic activation of microglia in relation to
physiological neuroplasticity and synaptic remodel-
ing.*®? Indeed, preclinical studies with minocycline,
an inhibitor of microglial activation, indicate an essen-
tial role for microglia in neurogenesis and synaptic
pruning in the immature brain, possibly standing in
contrast to deleterious effects of microglial activation
in inflammation of the adult brain.*® On the other
hand, TSPO expression is altered by exposure to ioniz-
ing radiation,’' suggesting an involvement of microglial
activation in the sequelaec of radiotherapy. Overall,
TSPO expression is now considered a diagnostic bio-
marker and a therapeutic target for a broad range of
inflammatory, neurodegenerative and psychiatric dis-
orders (as reviewed by Liu et al.?).

The first phase of TSPO PET research was driven by
the prototype isoquinoline ligand [''C]-(R)-PK 11195,
which revealed microglial activation in patients suffer-
ing from glioma,* Rasmussen’s encephalitis, stroke'¢
and multiple sclerosis.'> The pharmacological selectiv-
ity of (R)-PK11195 as well as that of the second-gen-
eration ligand PBR111 has been confirmed in TSPO
knock-out animals.” However, [''C]-(R)-PK11195
PET shows relatively low specific signal even in the
clinical conditions noted above, where microglial acti-
vation is often a prominent and well-established fea-
ture. This limitation motivated a concerted search for
PET ligands with higher specific binding in living brain.
The next phase of TSPO PET research was heralded by
the development of [''C]JPBR28* and other second
generation ligands, now numbering in the dozens, and
belonging to at least five structural classes (Figure 1).
As shall be seen, many of the new TSPO ligands impart
manifestly higher in vivo binding signals in normal and
diseased brain as compared to [''C]-(R)-PK11195.

Despite this progress in PET tracer development,
several key issues related to TSPO quantitation
remain to be resolved. In particular, the TSPO PET
signals measured in healthy young subjects reveal con-
stitutive TSPO protein expression throughout brain,
such that there is no perfectly valid non-binding refer-
ence region for calculating the specific binding in
regions of interest. Consequently, there are ground
for undertaking quantitative analysis of TSPO ligand
uptake relative to a metabolite-corrected arterial input
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Figure 1. Structures and structural classes of 13 TSPO PET or SPECT tracers investigated by compartmental analysis.
PET: positron emission tomography; SPECT: single photon emission computed tomography; TSPO: translocator protein.

function. In this circumstance, which entails consider-
able logistic and technical difficulties, as well as discom-
fort for the subject, the endpoint for TSPO PET
quantitation is the total distribution volume for the
tracer (Vr; ml g~'), which is the composite of specific
binding (¥Vs) and non-specific or non-displaceable bind-
ing (Vnp). Increases in the magnitude of V't reveal
microgliosis, but the relative proportions of Vg and
Vnp are difficult to ascertain experimentally, in the
absence of a non-binding reference region where the
entire equilibrium binding is due to Vyp alone. In add-
ition, there is no general agreement if V' quantitation
should properly entail correction for the free fraction of
tracer in plasma. Finally, the aberrantly low TSPO
binding in some humans individuals, first described
for [''C]JPBR28,** is now understood to reflect a func-
tional polymorphism of the TSPO gene with respect to
binding of many of the newer ligands. The allelic abun-
dance in humans is approximately 5:2 in favour of the
high affinity binding allele (HAB),*” such that 10% of
humans will show little or no TSPO specific binding,
and approximately 40% will show intermediate bind-
ing. The design of most PET studies using the available
TSPO ligands accommodates this phenomenon,

although the prototypic tracer [''C]-(R)-PK11195 is
indifferent to allelic status.

In our systematic literature review, we have identi-
fied 13 TSPO ligands belonging to five structural
classes (Figure 1), each of which has been character-
ized with respect to binding in healthy human brain
using compartmental analysis relative to a metabolite-
corrected arterial input (Table 1) and for binding
affinity and metabolite profile (Table 2). We intend
our compilation to help identify which among the
available tracers are best suited for human PET stu-
dies, based on the criterion of high specific binding
relative to the nonspecific background. By considering
this and other criteria, we aim to define a framework
for systematic comparison of multiple candidates for
this molecular target, and by extension for the general
problem of tracer optimization. In other words, what
information is necessary to inform a rational decision
between candidate radiotracers? To develop this
framework, we first present a brief history of the bio-
chemistry and pharmacology, and evolutionary biol-
ogy of the TSPO site. We then present an account
of the functional properties attributed to TSPO, fol-
lowed by a review of the cellular distribution of TSPO
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Table 1. Compartmental analysis of binding of 13 TSPO ligands in brain in relation to allelic status.”

K VD BPnD Vr
Tracer N (mlg7'min™")  (Kitkys mlg™")  (kalks) (mlg™" Notes
[''CI-(R)-PKI1195 I3 0.06 +0.01 0.38+0.09 1.6+04 09£02 Large forebrain volume, not
genotyped. Kropholler
etal'”
6 0.07 £0.02 0.30+0.08 1.6+04 0.69+0.17 Whole grey matter, not geno-
typed.
Jucaite et al.'®
3 (LAB) 0.42 0.5 0.60+£0.18 Whole brain, common Vyp cal-
8 (MAB) 0.42 0.9 0.74+0.16 culated by Lassen plot.
5 (HAB) 0.42 08 0.74+0.14  Kobayashi et al.'**
[''CIDAAI 106 9 0.06 +0.01 07402 48+10 37+09 Not genotyped.
Ikoma et al.'*
['®F]FEDAI 106 7 0.25+0.09 33104 49+1.0 154+40 Not genotyped.
Fujimura et al.'3
[''C]PBR28 I 0.86 2.6 1.9 160 Putamen in rhesus monkey.
Imaizumi et al.”
3 14.3 3.5 63+ 18 Rhesus monkey, common Vyp
(2TCM) estimated from Lassen plot.
Mitsui et al.'*
12 0.11+0.04 1.10£0.04 35£07 46=x1.6 Caudate, not genotyped.
Fujita et al.''?
3 (MAB) 0.9 27 26£1.1 Cortical grey matter. Vyp and
3 (HAB) 0.9 5.1 43+18 BPnp assume no contribution
of non-binding allele to V.
Collste et al.'?’
10 (MAB) 1.55 0.9 29+03 Cortical grey matter. Vyp and
16 (HAB) 1.55 1.8 43103 BPnp assuming (upper) no
10 (MAB) 2.0 0.47 contribution of non-binding
16 (HAB) 2.0 1.2 allele to Vrand (lower) from
Lassen plot.
Owen et al.'**
['®F]FEPPA 12 0.17 £0.05 3.0+0.7 51+£1.7 11.8+3.1 Not genotyped.
Rusjan et al.'*'
6 (MAB) 5 0.6 8 Common Vyp assumes no con-
13 (HAB) 5 1.2 Il tribution of non-binding allele
to V&
Mizrahi et al.''®
['®FIPBRO6 7 0.06 +0.02 0.28 +0.08 50424 21406 No genotyping. Fujimura et al.'3?
['SF]FEMPA 3 (MAB) 0.57 I.1 1.17+£0.46  V\p and BPyp assuming no con-
4 (HAB) 0.57 2.2 1.85£0.12 tribution of non-binding allele
to VT.
Varrone et al.'*®
[''CIDPA-713 5 0.27 +0.05 4.11+£0.84 Not genoytyped.
(ITCM) (ITCM) Endres et al.'*
5 (MAB) 0.3 6 22403 Common Vyp assumes no con-
9 (HAB) 0.3 14 4.1£1.1 tribution of non-binding allele
to V. Coughlin et al.'*’
3 (LAB) 0.44 1.8 1.21 £0.15  Whole brain, common Vp from
5 (MAB) 0.44 34 1.94+£0.17 Lassen plot.
14 (HAB) 0.44 7.3 3.61 £0.56  Kobayashi et al.'**

(continued)
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Table |. Continued

K, VD BPnD Ve
Tracer N (mlg™'min™")  (Ki/ky; mlg™")  (kslky) (mlg™") Notes
['®F]DPA-714 6 0.18+£0.05 1.0+£0.5 1.7+08 28+08 Not genotyped.
Golla et al.'*®
3 (MAB) 0.40 +£0.08 0.46 +0.20 27+1.1 28+03 Quantified by 2TCM (upper), or
7 (HAB) 031 £0.17 1.24+0.9 28+13 42+23 using common Vp, from
3 (MAB) 1.4 I graphical analysis of HAB and
7 (HAB) 1.4 2 MAB Vr data (lower), assum-
ing no contribution of non-
binding allele to V.
Lavisse et al.'?
['®FIPBRI I | 4 (LAB) 0.27 +0.04 1.0£0.2 .0£05 2224057 Cortical grey matter, quantified
8 (MAB) 0.24 +£0.02 1.24+0.2 1.0£05 271+£048 by 2TCM (upper), or using
9 (HAB) 0.29 £0.04 2.1+0.8 20£1.0 4.03+1.30 common Vyp from graphical
4 (LAB) 0.93 1.4 analysis of HAB and MAB V¢
8 (MAB) 0.93 1.9 data (lower), assuming no
9 (HAB) 0.93 3.3 contribution of non-binding
allele to V&
Guo et al.'”.
['*I]CLINDE 4 (MAB) 0.23 +£0.06 1.3+0.4 12£05 35+08 Cerebral cortex quantified by
5 (HAB) 0.27 £0.06 1.9+£0.7 224+05 58+07 2TCM (Dr Ling Feng, personal
5 (MAB) 1.2 1.9 communication), and
3 (HAB) 1.2 38 common Vyp from graphical
analysis of HAB and MAB V1
data (lower), assuming no
contribution of non-binding
allele to V¢
Feng et al.””
[''CIERI76 2 (LAB) 0.65 1.5 1.6+£0.5 Grey matter. Common Vp, esti-
3 (MAB) 0.65 35 29+1.0 mated from the Lassen plot.
3 (HAB) 0.65 44 3.5+09 Ikawa et al.'?®
['®FIGE180 5 (MAB) 0.0102 0.053 4.6 0.27+0.08 2TCM results for pooled HAB
5 (HAB) 0.28+0.10 and MAB groups, mean Vr
(Logan) results reported separately.
Feeney et al.'?’
4 (MAB) 0.50 1.0 0.10+£0.04  Vup and BPyp from graphical
6 (HAB) 0.50 2.0 0.15+0.06 analysis of HAB and MAB data

assuming no contribution of
non-binding allele to V4.
Fan et al.'*®

LAB: low affinity binders; MAB: mixed affinity binders; HAB: high affinity binders.

*The analysed brain region was frontal cortex in healthy humans (except where noted). Compartmental analysis was made using a two-tissue
compartment model (2TCM) for estimation of the unidirectional blood-brain clearance (K,), the apparent non-displaceable binding (Vnp; Ki/k,),
and binding potential (BPnp; ki/ks); where noted, the compartmental analysis was made using a one tissue compartment model (I TCM). The total
distribution volume (V1) was calculated by the Logan analysis, relative to a metabolite-corrected arterial input function. Where noted, Vp and BPyp
were also estimated using a population mean Vyp obtained by blocking studies (i.e. Lassen method) or using an algebraic/graphical analysis of Vras a
function of allelic status. Each result is reported as the mean (+SD) of N determinations, except for the case of population-based estimates.

expression, and some details on the natural abundance
of the site in normal brain tissue. We devote the main
part of the review to the comparative approaches for
quantitation of TSPO binding, ranging from simple
uptake measurements to complex compartmental ana-
lysis. Here, we give special consideration to the issue

of allelic dependence of the binding of most TSPO
PET ligands. We next discuss matters related to
plasma protein binding and metabolism of PET tra-
cers, and conclude our review with five suggestions
towards adoption of standard criteria for judging the
relative merits of TSPO tracers.
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Table 2. Summary of binding affinity and plasma metabolism for 13 TSPO ligands.”
% unmetabolized Plasma metabolite Plasma free
Tracer Affinity parent Retention factors (Ry) fraction (f,)
[''CIPK11195 Kp of [*H]-R-PK11195 in rat brain ~ 80% at 10 min At 20 min p.i. in humans: 0.066
tissue: 7 nM. 50% at 60 min 10% MI at R¢ 0.0, Owen et al.'"?
Venneti et al.'*’ Endres et al.'* 10% M2 at R 1.5, 0.0
Kp of [PH]PKI1195 in human brain 80% parent eluting at R 4.0 Endres et al.'*
tissue De Vos et al.'*®
29nM (HAB)
31 nM (LAB).
Owen et al.®
[''CIDAAII06  Kp [PH]DAALI 106 for rat brain 90% at 10 min R of plasma metabolites not ~ Not reported

['®FIFEDAAI 106

[''CIPBR28

['®F]FEPPA

['®FIPBRO6

['®FIFEMPA

mitochondrial fraction: 0.12 nM

Chaki et al."®'

Ko [PH]DAAI 106 in rat brain tissue:
0.4nM.

Venneti et al.'*’

K; against [H]PK 11195 in human
brain tissue:

3nM (HAB)

13nM (LAB)

K; in rat mitochondrial fraction:
0.043nM

K; in monkey mitochondrial fraction:
0.19nM

Owen et al.'"

ICso relative to [''C]DAAI106
binding in rat brain: 0.8 nM, i.e.
two-fold higher than DAAI 106

Zhang et al.!®?

Kp of [*H]PBR28 in human brain
tissue according to two-site
model: 1.3nM and 135nM.

Owen et al.®

K; against [*H]PK 11195 in human
brain tissue:

2.9nM (HAB)

237nM (LAB)

Owen et al.'’®

K; against [*H]PK11195 in rat mito-
chondrial fraction: 0.07 nM.

Wilson et al.'"?

K; against [*H]PK 11195 in human
brain tissue:

9nM (HAB)

149 nM (LAB).

Owen etal.'"?

K; against against [°H]PK11195 in
human phagocyte mitochondrial
fraction: 3.7 nM (allelic status not
specified, Piramel Brochure)

25% at 60 min
Ikoma et al.'*

80% at 10 min
20% at 60 min
Varrone et al.''®

60% at |0 min
9% at 60 min

Hannestad et al.'?

70% at |0 min
10% at 60 min
Rusjan et al."?'

45% at 10 min
18% at 60 min
Fujimura et al.'®

35% at 10 min
8% at 60 min.
Varrone et al.''®

reported, but main

metabolite in monkey
reported to be DAAI 123

Maeda et al.'?!

R¢ of plasma metabolites not

reported.

R of plasma metabolites not

reported.

At 60 min p.i.:

40% at R=0,

5% at Re=3

35% at Rr=4

10% parent at Ry=6.
Rusjan et al."*"'

At 30 min p.i.

47% at Ry=0

16% at Ry=1.3

37% parent at Ry=2.
Fujimura et al.'*

At 60 min p.i.

45% at Rr=0

35% at Re=1.2

5% at Re=1.5

10% parent at Ry=2.5.

Varrone et al.''®

Not reported

0.03 (HAB)
0.05 (LAB)
Owen et a
0.11

Collste et al.'?’

83
l.

Not reported

0.02
Fujimura et al.'*?

0.05

(Piramel
Investigator’s
Brochure;
confidential)

(continued)
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Table 2. Continued

% unmetabolized

Plasma metabolite

Plasma free

Tracer Affinity parent Retention factors (Ry) fraction (f,)

[''CIDPA-713 K; against [*H]PK 11195 in human 95% at 10 min R¢ of plasma metabolites not  0.09
brain tissue: 60% at 60 min. reported in literature Endres et al.'*

I5nM (HAB) Endres et al.'*
66nM (LAB).
Owen etal.'"

['®FIDPA-714 K; against 2nM [PH]PKI1195 in rat  90% at 10 min At 60 min p.i. (baboon) 0.05 (baboon).
heart membranes: 0.9 nM, allelic 70% at 60 min. 40% at R¢=0.2 Saba et al.”!
dependence unknown. Golla et al.'*® 10% at Rr=2.4

Damont et al.'** 55% at 90 min. 10% at R;=3.0
Lavisse et al.'% 25% parent at Rg=3.5
15% bound to pellet.
Peyronneau et al.'®
['®FIPBRI I | K; against [*H]PK 11195 in human 40% at 10 min At 60 min p.i. (baboon), ana-  0.05 4 0.02
brain tissue: 20% at 60 min lysed by solid phase Guo et al.'”
16 nM (HAB) (baboon; Eberl extraction:
62nM (LAB). etal.'® 70% hydrophilic
Owen etal.'"? 60% at 10 min with  10% lipophilic metabolite
blocking 20% unchanged parent.
(baboon; Katsifis Katsifis et al.'>®
etal.'*®
['*I]CLINDE Kp 4nM rat brain cortex 37% at 10 min At 60 min p.i. 0.024
membranes. 21% at 90 min. 30% at Rr=0 Dr Ling Feng,
Mattner et al.'*® Feng et al.'”’ 23% at R;=6.3 personal
41% parent at Re=9.5 communication
Dr Ling Feng, personal
communication
[''CIERI76 K; against [*H]PK 11195 in human 90% at 10 min Plasma metabolites (rhesus ~ 0.033
cerebellum: 25% at 60 min monkey) eluting at 3.6, 4.8, lkawa et al.'?®
1.9nM (LAB) (rhesus 5.9 and 7.2 min, and parent  0.080 at baseline
1.5nM (HAB). monkey). at 9.4 min. Percentages and 0.12 after
Zanotti-Fregonara et al.'*® Zanotti-Fregonara unspecified, R¢ unknown. pre-blocking in
etal.'” Zanotti-Fregonara et al.'*® baboon.
Zanotti-Fregonara
etal'?
['®FIGEI80 Kp rat brain 0.9 mM. 85% at 10 min At 15min p.i. 0.03

Wadsworth et al.'*

K; against [H]PK 11195 binding,
human platelets:

2.5nM (HAB)

38nM (LAB)

(GE Investigator’s Brochure)

75% at 60 min.
Fan et al.'3®

5% at Ry=0.0

20% at Rg=0.2

15% at Rr=0.4

70% parent at Rr=0.9.
Fan et al.'*®

Feeney et al.'’

HAB: high affinity binding; LAB: low affinity binding.
?Findings in human unless otherwise specified. The dissociation (Kp) and inhibition constants (K;) were measured in vitro using preparations as specified.
Findings for percentage unmetabolized parent in plasma at different circulation times, and the retention factors (R¢) of the labelled compounds are
(except where specified otherwise) obtained by HPLC analysis of plasma extracts from human subjects. Plasma free fractions (f,) were measured by
rapid membrane centrifugation of spiked plasma samples.

History of PBR/TSPO

The binding of [*H]diazepam in membranes prepared
from brain tissue mainly represents the gamma-amino-
butyric acid (GABA)-A receptor complex. However, its

binding sites in peripheral tissues are pharmacologically
distinct, being highly sensitive to displacement by Ro-

4864, which is inactive at displacing [*H]diazepam from
brain membranes.>® Ro 5-4864 (4-chlorodiazepam) and
subsequently the isoquinoline carboxemide PK11195
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were identified as selective ligands for the [*H]diazepam
binding site in peripheral tissues.*®* Originally termed
PBR, this site was long something of an enigma, with
no clearly established function or endogenous sub-
strate. However, some studies implicated PBR in chol-
esterol transport and steroid synthesis.***' In 2006,
PBR was renamed TSPO™* to reflect its functional attri-
bution in the transport of cholesterol across the mito-
chondrial membrane.** Indeed, the TSPO binding
site is highly expressed in steroidogenic tissues such as
the adrenal cortex* and Leydig cells of the testes.
However, membrane binding studies with [PH]Ro 5-
4864 also revealed the presence of TSPO in the central
nervous system, albeit at concentrations less than 5%
of that found in peripheral tissues.*’” This and several
other early studies indicated an upregulation of TSPO
in seizure models, which may be considered the initial
phase of what has since become an extensive literature
on TSPO as a marker for pathology of epilepsy'® and
by extension a wide range of neuroinflammatory
conditions.

The gene encoding TSPO was cloned,*®* and
proved to be highly conserved across many living
organisms.’” >? Indeed, TSPO has homologues in bac-
teria,* insects,> plants,53 and mammals.®!' In 2015, the
TSPO homologs from Rhodobacter (RsTSPO)’* and
Bacillus cereus (BcTSPO)>® were crystalized for high
resolution X-ray diffraction studies. This confirmed
the presence of five structural transmembrane domains,
as had been predicted from the amino acid sequence,
and revealed the position of the PK11195 binding
pocket.>* 37 Furthermore, the structural studies of bac-
terial TSPO revealed the nature of the dimer interface,
and elucidated an important functional polymorphism
(Ala(147) — Thr(147); A147T) of human TSPO with
respect to affinity changes for PK11195, as well as
potential endogenous substrates cholesterol and proto-
porphyrin IX (PpIX). As shall be seen below, this poly-
morphism has important consequences for the
interpretation of TSPO-PET results.

TSPO function

The ubiquity of TSPO in so many tissues of diverse
organisms implies a key role in basic cellular processes.
An initial attempt to knockout the TSPO gene in mice
failed due to embryonic lethality.® While this suggested
an essential role for TSPO in embryogenesis, that study
did not report details of the techniques, including the
genetic constructs employed. Subsequently, TSPO
knockout mice were successfully generated, and in
long-term observations’ showed no conspicuous loss
of wvitality or any aberrant physical phenotype.
Viability of TSPO conditional and global knockout
mice has been confirmed by numerous other

studies.””” % As noted above, TSPO had initially
been reported to be critical for cholesterol transport
across the mitochondrial membranes, as required to
initiate the first step of steroid biosynthesis.*> The
A147T polymorphism of human TSPO lies adjacent
to the cholesterol recognition consensus sequence
(CRACQC), suggesting a mechanistic basis for impaired
steroid metabolism attributed to that allele.®’
However, studies of TSPO knockout mice under
normal physiological conditions did not reveal overt
phenotype alterations in steroid metabolism.>®
These observations require confirmation in TSPO
knockout mice under conditions of physiological
stress, where steroid homeostasis may be perturbed.

Other postulated functions for TSPO include an
interaction with the mitochondrial permeability transi-
tion pore (mPTP),****%® the production of reactive
oxygen species (ROS), as well as participation in
aspects of cell proliferation,®” apoptosis,®® immune
modulation,*® and  mitochondrial  respiration.*
Indeed, mitochondrial ATP production is attenuated
in microglia cultured from TSPO knockout mice, con-
sistent with some role for TSPO in mitochondrial
energy production.” This aspect of TSPO is also sup-
ported by results of a recent study involving insertion of
the TSPO gene into a human T-lymphocytic leukaemia
cell line (Jurkat), which normally have little TSPO
expression due to extensive methylation of the promo-
tor region.®”’" The TSPO gene insertion increased tran-
scription of genes involved in the mitochondrial
electron transport chain, thus elevating mitochondrial
ATP production, as well as cell excitability. These func-
tional changes were accompanied by increased cell pro-
liferation and motility in vitro, which were inhibited by
PK11195 treatment.®® Furthermore, fibroblasts from
TSPO knockout mice have decreased oxygen consump-
tion rate and lower mitochondrial membrane poten-
tial.”! There was an energy production shift from
glycolysis to mitochondrial fatty acid oxidation, and a
concomitant increase in ROS production in MA-10
Leydig cells after knockout of TSPO by CRISP/Cas9
method, which supports a specific role for TSPO in
cellular metabolism of steroidogenic tissues.’”

Cellular location and abundance

Binding sites of TSPO ligands such as [PH]R05-4864
and [PHJPK 11195 are primarily located in mitochon-
dria, but some binding is also reported in other subcel-
lular organelles and in the plasma membrane.”
Similarly, immunostaining has shown the presence of
TSPO sites in the nucleus and perinuclear area within
human cancer cells.”*”® Here, the extent of nuclear dis-
tribution of TSPO correlated positively with the degree
of tumour aggressiveness. Immunostaining has also
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revealed nuclear and perinuclear localisation of PBR/
TSPO in rat microglia and astrocytes.”® Subcellular
locations of TSPO expression in cultured astrocytes
include the outer mitochondrial membrane, plasma
membrane, endoplasmic reticulum, nuclear membrane
and centrioles.”” On the other hand, recent studies
entailing stable transfection and transient transfection
of organelle-CellLight in human cells showed that
TSPO localised only in the mitochondria.® Double
immunohistochemical analysis reveals TSPO expres-
sion in microglia and astrocytes of rats with cupri-
zone-induced neuroinflammation.”® However, the
relative contribution of the two cell types to TSPO
expression is unknown, nor is it certain that this pro-
portion is the same in healthy brain and a neuroinflam-
matory condition. Furthermore, Lavisse used lentiviral
gene transfer of the cytokine ciliary neurotrophic factor
(CNTF) to induce astrocytosis into the rat striatum,
without causing neurodegeneration.'” In that study,
double immunofluorescence, also with GFAP and
IBA1, revealed elevated TSPO expression in astrocytes,
but little increase in microglia, leading the authors to
conclude that increased TSPO binding to ['**FIDPA714
small animal PET was in the main due to astroglial
activation.

In addition to TSPO expression in cells native to the
brain parenchyma, immunologically active cells such as
monocytes and polymorphonuclear neutrophils express
TSPO.” Monocytes and polymorphonuclear neutro-
phils, although normally excluded from brain, may
gain access following brain injury or as part of a sys-
temic immunological reaction.®® In addition, there is
concordance between TSPO binding measured by
brain PET and in lymphocytes from healthy individ-
uals, indicating a shared regulation of expression, and
raising the possibility of a physiological infiltration of
lymphocytes to brain.®!' In the circumstance of an acute
inflammatory reaction, arrival of blood-derived cells
may account for rapid increases in brain TSPO binding,
as in the case of LPS intoxication cited above.
However, TSPO expression increases substantially in
rodent-derived macrophages and microglia upon pro-
inflammatory stimulation, but not in primary human
microglia.®? Indeed, pro-inflammatory activation of
human monocyte-derived macrophages reduced TSPO
gene expression.

In general, an effective PET ligand should have high
affinity and specificity for its intended binding site,
which in turn should have high abundance in the
target tissue. The absolute abundance or concentration
(Bmax) of ligand binding sites in brain tissue and the
dissociation constant (Kp) are assessed by saturation
binding studies in membrane preparations, or by
quantitative autoradiography using a range of radioli-
gand concentrations, ideally extending one order

of magnitude above and below the Kp. In vitro binding
assays with [PH]-(R)-PK11195 in normal mammalian
brain concur in showing a single binding site with
approximately two-fold range in the B,,,, between the
highest (thalamus) and lowest (white matter) binding
regions, with cortical B.. typically in the range
60-600pmol g~', and Kp in the range of
2-31nM.'%%3%7 While saturation binding results vary
considerably due to procedural and species differences,
these findings indicate abundant constitutive expression
of TSPO throughout healthy mammalian brain at a
density similar to that of well-known targets such as
dopamine D; and D, receptors®® and dopamine trans-
porters in rat and primate striatum.®® Thus, the ubi-
quity of TSPO sites throughout healthy brain
emphasises the lack of a reference region devoid of
displaceable binding, and indicates that any TSPO
increases due to inflammation project upon a back-
ground of constitutive expression.

The in Vitro Bpma/Kp ratio for [PH]-(R)-PK11195
predicts an in vivo binding potential (BPnp) in the
range of 13-100, again similar to estimates for striatal
dopamine markers, which should favour the detection
of TSPO by PET. However, the low [''C]-(R)-PK 11195
binding to PET (BPnp < 1) suggests that factors such
as low free fraction of the radioligand in brain and/or
competition from endogenous ligands conspire to
reduce the specific binding signal in molecular imaging
studies.®> Furthermore, TSPO ligands can evoke allo-
steric modulation of their own binding, and unknown
factors may influence the equilibrium for TSPO in its
dimeric and trimeric states, with possible consequences
for ligand affinity in vivo.”® Alternately, temperature-
dependent changes in affinity state might influence
ligand binding in laboratory conditions, as is reported
for binding of [’H]diazepam to GABA-A binding sites
in rat brain membranes.*® Some similar phenomenon
might conceivably render TSPO binding assays highly
sensitive to laboratory temperature or other experimen-
tal factors, such as the particulars of buffer composition
or even pharmacological effects of anaesthetic agents.
For example, the By, of ["* F]DPA-714 in homogen-
ates from baboon brain (32pmol g~!) increased by
33% in the presence of propofol, whereas the affinity
decreased five-fold, but isoflurane had no such effect.”!
As such, when undertaking and assessing quantitative
PET studies, anaesthesia or other pharmacological
treatments may alter the binding properties of TSPO
sites by mechanisms unrelated to microglial reactions
per se.

Approaches to PET quantitation

In the present context, the objective of quantitative
PET analysis is to obtain an index of the abundance



Cumming et al.

213

or concentration of the TSPO binding site in living
brain, i.e. the B.x. The saturation binding parameters
Bnax and Kp can be estimated separately from serial
PET studies entailing a range of ligand specific activ-
ities, as in a rat PET study with the MAO-A ligand
['"*F]-fluoroethylharmine.”®> However, this fully quanti-
tative approach is technically very demanding, and an
initial attempt for the case of [''CJ-(R)-PK 11195 failed
due to the low specific binding in brain of living pigs.®
The simplest form of quantitation for routine PET stu-
dies consists of scaling the regional uptake at some
time-window after tracer administration to the total
injected dose (standard uptake value: SUV). The SUV
may be preferred as a matter of convenience or logis-
tics, as it is obtained non-invasively, while using stand-
ard procedures for nuclear medicine evaluations.
However, SUV scores reflect the composite of many
dynamic processes, and are most indicative of TSPO
concentration in brain for tracers with inherently low
non-specific binding, such as is the case for [''CJPBR28,
which was apparently 95% displaceable from brain of
living baboon.”® Thus, the [''C]JPBR28 V1 in healthy
humans correlated well with SUV, but not reference
region normalized standardized uptake value ratio
(SUVR), leading the authors to conclude that dividing
by a denominator region removed most of the biologic-
ally relevant signal.”* Others however report that meas-
urements of an occipital cortex SUVR index captured
the increases in [''CJPBR28 V1 in brain of patients with
an neuroinflammatory condition, i.e. amyotrophic lat-
eral sclerosis.”> Likewise, SUV analysis of [''C]PBR28
uptake in baboon brain failed to indicate the immuno-
logical activation of TSPO by LPS treatment that could
be discerned by a more physiologically defined metric,
the Logan V1.2® Furthermore, an SUV index was scar-
cely fit to discriminate binding of the SPECT ligand
['*I-CLINDE in brain of healthy high binders
(BPnp 3.8) and low binders (BPnp 1.9).°7 The authors
attributed this failure of SUV to the confounding
effects of binding to blood and other peripheral cells,
but did not explore the possibility of scaling SUV to
some pseudo reference region.

At issue is the need to separate indices of the
TSPO-specific (Vs) and non-displaceable (V'np) binding
components in the PET SUV signal. The sensitivity of
SUYV scores for detecting pathology is often improvable
by globally scaling brain uptake to some pseudo-
reference region (SUVR) where TSPO binding is rela-
tively low, and unaffected by any disease process. For
example, scaling [''C]-(R)-PK 11195 SUV to the white
matter radioactivity concentration revealed diffuse
increases in patients with HIV, irrespective of their
dementia status.”® While the SUVR signal was low in
magnitude, the effect size in that study was considerable
(Hedges g>1), suggesting that precision had been

enhanced by the scaling procedure. However, the
physiological interpretation of SUV/SUVR is subject
to various caveats, and the selected time frame should
coincide with the transient equilibrium of the radioli-
gand binding to TSPO sites in brain, in consideration of
possible blood flow effects on tracer delivery, binding
and washout.

A more quantitative approach is to record an
extended dynamic PET sequence, and then estimate
the specific binding component relative to a reference
region assumed to be devoid of specific binding. The
dynamic time-activity curve in the region of interest
can then be decomposed into its specific and non-spe-
cific binding components, from which can be calculated
a dimensionless index of the specific binding, known as
the binding potential (BPnp). This is a steady-state
index, corresponding to the ratio of the two rate con-
stants (k3/k4) describing the reversible binding of the
free radiotracer in brain. Here, k5 is the rate constant
for association of the PET ligand with the binding site
(which is proportional to the local concentration of the
binding site), and k4 is the dissociation rate constant.
The most widely used approaches for estimating BPnp
are the Logan reference tissue method and the simpli-
fied reference tissue method (SRTM).” In general, the
validity of a non-binding reference region is best sup-
ported by prior knowledge of the distribution of the
binding site in question, or confirmed by formal dem-
onstration of its resistance to pharmacological displace-
ment. This condition is demonstrably met for molecular
targets such as dopamine transporters, which are nearly
absent from cerebellum.®® On the other hand, the pres-
ence of a small specific binding component for dopa-
mine D2/3 receptors in cerebellum (1% of striatum
values'”) brings considerable bias to the quantitation
of BPyp in some brain regions.'"!

Although the cerebellum and the white matter have
relatively low TSPO density, there is no brain region
totally devoid of TSPO binding sites.®> As such, refer-
ence tissue methods will systematically underestimate
the true BPnp. Efforts have been made to approximate
the requirement for a valid non-binding reference
region by using a pseudo-reference region, contami-
nated to some unknown extent by a specific binding
signal. In a representative case of that approach,
the cerebellum was used as a pseudo-reference region
for calculating [''C]-(R)-PK 11195 BPyp in brain of
patients with schizophrenia.'> As above, it must be
recalled that the BPnp calculated in this manner will
vary inversely with the real specific binding present in
the pseudo-reference region, which may be considerable
in the case of the ubiquitous TSPO site. Furthermore,
the extent of this violation may change with disease or
treatment history, if these factors perturb TSPO expres-
sion in the pseudo-reference region.
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Data-driven procedures present an alternate to such
an arbitrary selection of a pseudo-reference region.
In the supervised clustering approach, voxel-wise time
activity curves are grouped into a small set of tissue
types, aiming to isolate voxels in which the signal is
contaminated by ligand binding in then vascular com-
partment, a possibility which must be considered in
quantitative TSPO studies.'® In that study, scaled vox-
elwise [''C]-(R)-PK 11195 dynamic data were assigned
to one of six predefined kinetic classes: grey matter,
white matter, pathological TSPO binding (i.e.
Huntington’s disease), blood pool, skull and muscle.
BPnp was then estimated by a procedure of rank shap-
ing exponential spectral analysis (RS-ESA). This pro-
cedure gave a BPnp of about 0.5 in normal cerebral
cortex versus approximately 1.0 in pathological tissue.
This is somewhat lower in magnitude than the physio-
logical BPnp defined by the Lassen plot (Table 1), sug-
gesting a certain bias due to imperfect identification of
the non-specific binding. When applied to dynamic
["'C]-(R)-PK 11195 data from healthy subjects, another
algorithm assigned voxelwise dynamic data to one of 10
clusters according to shape, and identified a pseudo-
reference cluster for its similarity to control data;
maps of BPnp calculated relative to this population-
based reference input revealed foci of elevated binding
in patients with multiple sclerosis.'®> So calculated, the
BPNp was as high as 1.0 on some demyelinating lesions,
indicating a substantial elevation of specific TSPO
binding in association with neuroinflammation.
In other applications, the cluster analysis approach
has revealed disease-specific patterns of microglial acti-
vation in patients with multiple system atrophy,'®* and
tracked the spread of inflammation in patients with
herpes encephalitis.”?’ In the latter condition, where
the pathology is largely confined to the hippocampus,
there was a high correlation (r > 0.94) between regional
BPnp values estimated using reference tissue cluster
analysis compared with BPyp calculated from a cere-
bellum reference tissue template. However, the scatter
plot of the results by method showed an offset favour-
ing BPnp calculated by the cluster reference method.

In another [''CJ-(R)-PK 11195 PET study, a cluster-
derived pseudo-reference region gave good separation
of the BPnp estimates between healthy controls and
patients with Alzheimer’s disease.'”® Putting aside the
potential for circularity due to selecting a method based
on its discriminative power, the latter study highlights
how group differences supposedly indicative of discase
pathology are vulnerable to bias arising from subtle
factors, such as the criterion for defining the reference
region, and the possible contribution of intravascular
binding to the PET signal, noted above. While the data-
driven approach may seem preferable to using cerebel-
lum or white matter templates as a pseudo-reference

region, the resultant BPyp results are vulnerable to
bias from uncorrected contamination of the reference
cluster by specific binding. Supervised cluster analysis
of ["* FIDPA-714 uptake in healthy human brain shown
the preponderance of reference voxels to be within
the cerebellum; the forebrain BPnp was the range of
0.2-0.6, with little effect of TSPO allele.'” This magni-
tude of BPnp is low compared to other reports with
[''CIDPA-713 and ['®F]DPA-714 (Table 1), suggesting
that the reference cluster indeed underestimates the spe-
cific binding.

We have thus far considered non-invasive PET ana-
lyses, where one obtains the index of TSPO binding
sites from consideration of the brain uptake only.
However, compartmental analysis relative to the meta-
bolite-corrected arterial input function is in general the
gold standard method for the evaluation of tracer
uptake in brain. In the simplest instance of the one
tissue-compartment model (1 TCM), the tracer in arter-
ial blood is assumed to enter brain at a rate defined by
the unidirectional clearance (K;), which has the same
units as a cerebral blood flow (CBF) (ml g~'min™").
The unbound tracer in brain returns to circulation by
a simple diffusion process (k; min~'). Knowing the
brain TAC and the arterial input function, the two
microparameters can be estimated by non-linear fitting
of the 1I'TCM. Their ratio K;/k, represents the steady-
state partitioning of the tracer between brain and blood
(Vr; ml g7'), which can be calculated from lineariza-
tions such as the Logan arterial input plot. This pro-
cedure conflates the specific binding component with
the total distribution volume. Thus, the global mean
Vr for ["'CJ-(R)-PK11195 in brain of healthy volun-
teers (1.08ml g~') is the composite of Vs, the TSPO
specific binding, and Vnp, the non-specific binding of
the tracer in brain.'”’” Compartmental analysis or dis-
placement studies can identify the proportions of these
two binding components, as discussed below.

The two-tissue compartment model (2TCM) opti-
mizes the fitting of the brain time-activity curve for
all four microparameters, Ki/k,/ks/k4. This approach
has face validity, in that it accommodates something
of the real complexity of the dynamic process of
tracer distribution. Indeed, in most of the compartmen-
tal analysis studies for TSPO tracers summarized in
Table 1, the 2TCM was superior to the ITCM based
on the Akaike information criterion, which calculates
the trade-off between model complexity and likelihood
(goodness of fit) for models using a given set of data.
Nonetheless, the 2TCM is vulnerable to model over-
specification, as reported for the opioid receptor
ligand ['Flcyclofoxy,'®™ whereas estimation of the
macroparameter Vr is inherently more stable than
attempts to separate its constituent microparameters.
It is by no means certain that the 2TCM gives an
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optimal trade-off in the independent estimation of all
four parameters. A ‘truth test’ for the results of a
2TCM analysis is that the ratio of the microparameters
K, /k> should be equal to the magnitude of Vyp, were
that known from experiments with displacement. Based
on Monte Carlo simulations for [''C]-(R)-PK11195
binding, the stability of the main parameter of interest
(BPnp; ks/ks) is improved by globally constraining
Vnp (Ki/k>) to the observation in cerebral cortex.!?’
In general, this constraint approach yields higher
BPNp In brain than is typically found with the
pseudo-reference tissue methods noted above, suggest-
ing that bias due to specific binding in the reference
region can be partially averted. The stability of a
2TCM for identifying the parameter of main interest
(BPnp) can be ascertained when gold standard esti-
mates of Vyp are available, either from Lassen plots
or by graphical analysis relative to allelic status. By this
criterion, the fitness of the 2TCM can only be judged for
7/13 cases presented in Table 1; the 2TCM estimate of
BPynp roughly matched a constrained Vyp result in the
case of [''C]JPBR28. However, the 2TCM BPnp was
two-fold overestimated in four cases ([''C]JPK11195,
['"*FIFEPPA, [''CIDPA714, ['*FIGEI80), and was
about 50% underestimated for [''C]JPB111 and
['**I]CLINDE. In effect, the 2TCM gives an unpredict-
able trade-off between estimates of Vnp and BPnp,
unless some constraint is applied to Vyp.

In consideration of TSPO binding sites purportedly
present in the vascular compartment, Rizzo et al. have
introduced a modified 2TCM with an additional par-
ameter describing the binding of [''C]JPBR28 to
the endothelium, i.e. the 2TCM-1K model.''® This fit-
ting procedure suggested that less than 50% of the spe-
cific PET signal corresponds to binding sites in
the brain parenchyma. A more recent test of the
2TCM-1K model indicated that some 20% of the
SF-DPA-714 V¢ in healthy humans could be asso-
ciated with an endothelial compartment, and that
this binding component correlated with library results
for the expression of endothelial mRNA markers.'"!
The addition of the endothelial binding compartment
brings a risk of over-specification, but the veracity of
the interpretation could be determined though displace-
ment studies with a TSPO blocker confined to the vas-
cular compartment in vivo, were such a compound
available.

As noted above, the allelic dependence of TSPO
binding in human brain was discovered fortuitously in
a [''CJPBR28 study, where aberrantly low binding was
noted in one individual,>* and confirmed in a subse-
quent study showing absence of specific binding in
two of 12 healthy human subjects.''> Homogenate
binding studies using post mortem human brain tissue
showed two populations of binding sites of ['H]PBR2S,

with Kps of approximately 1 and 100 nM.*? In contrast,
binding studies with [’H]PK 11195 in the same material
showed only a single population of binding sites
(Table 2). These observations have subsequently been
extended to several other new generation TSPO ligands
(i.e. DAA1106, DPA713, and PBR111), all of which
indicated distinct affinity states, albeit not always with
the same affinity ratio.''® The binding affinity of PBR28
in platelets from a series of humans showed a relation
to a single nucleotide polymorphism of the TSPO gene
on chromosome 22q13.2, namely rs6971, which gives
rise to Alal47Thr.''* This polymorphism accounts
for the stratification of [''CJPBR28 FV¢!''> and
['"SFIFEPPA''® in groups of healthy human subjects.
By convention, individuals carrying two HABs, as dis-
tinct from heterozygotes or mixed affinity individuals
(MABs) and homozygotic low affinity bindings (LABs).
In a ['"®F]DPA-714 study of baboons, two animals had
low binding (Vy=6ml g'), whereas three animals had
high binding (Vy=20ml~"'"7). This study did not
report genotyping, but the implication is that allelic
variants is a general aspect of TSPO binding sites in
primates, as distinct from rodents, which are not
thought to have functional alleles.

For TSPO quantitation, the correct estimation of the
non-displaceable binding component is of paramount
importance. Some have estimated Vyp for the case of
["®FIFEDA1106 from a Logan plot of the first 15 min
of the PET recording, during which time equilibrium is
not attained,''® this Vyp proved to be systematically
25% lower than that calculated from 2TCM. The
ground truth might best be determined by experiment,
in which brain uptake is measured at baseline and in a
condition of complete pharmacological blockade of
TSPO. However, this approach is invalid for SUV ana-
lyses, as pharmacological blockade of TSPO sites in
peripheral tissues greatly increases the bioavailability
of tracer in circulation. Thus, the SUVs of
[''CIPBR28 and ['*F]FEPPA in brain of rats measured
ex vivo were seemingly unaffected by treatment with
blocking doses of non-radioactive FEPPA and
PBR28, respectively.''” Upon correcting the SUV for
the actual plasma radioactivity concentration there was
seen a 75% displacement for the case of [''C]JPBR28
and 90% displacement for ["*F]JFEPPA. A more quan-
titative approach for estimating specific binding is
obtained by testing effects of pharmacological blockade
on the magnitude of ¥, which is inherently robust to
changes in bioavailability, although it requires the inva-
sive arterial sampling approach. In one such study, the
Vr of [''C]-(R)-PK 11195 in brain of non-human pri-
mate was reduced by approximately 50% after pre-
treatment with PBR28 at a dose of 5mg/kg, indicating
a BPnp close to unity.'*® Other displacement studies
in vivo have suggested 80% specific binding in
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[''C]DA1106 in brain of non-human primate, indicat-
ing a BPnp of approximately 3.'%!

Complete pharmacological blockade of TSPO sites
may not be convenient in clinical PET studies (although
acute toxicity has not been reported), but the magni-
tude of V'np can also be estimated by extrapolation of
the Lassen plot, where V't is measured in a setting with
two PET scans, i.e. a baseline condition and in a par-
tially blocked condition. Here, [''C]-tracers bring a dis-
tinct advantage in that the brief physical half-life
enables two PET recordings in a single session. Only
a few TSPO PET studies have so far undertaken the
Lassen analysis. In one such investigation using the
TSPO blocker ONO-2952, the Vnp for [''C]PBR28
was 14.2ml g~ in brain of non-human primates, indi-
cating a BPnp of approximately 4 in monkey frontal
cortex.'?* The recent report of Frankle et al. may set a
new standard for the quantitation TSPO sites in living
human brain.'* Here, the V7 of [''C]JPBR28 was mea-
sured in brain of healthy volunteers at baseline and
after challenge with ONO-2952. By applying the
Lassen plot, the authors established the Vs-to-Vyp
ratio, calculating a cortical BPnyp of 0.5 in MABs and
1.3 in HABs relative to Vynp of 2ml g='.'** This
approach has become accessible with the advent of
TSPO blockers approved for human use. It is unclear
why the Lassen-based Vyp and BPnp results differ
so greatly between human and non-human primates,
or indeed why the human BPynp falls so short of the
expectation based on the nearly complete pharma-
cological blockade of [''CJPBR28 in non-human
primates, but there is clearly a need for more displace-
ment studies. In another study employing Lassen ana-
lysis, the [''C]-(R)-PK 11195 Vnp in human brain was
close to 0.4,'** matching the estimate obtained by fit-
ting a 2TCM, and consistently indicating a BPnp esti-
mate of about 0.8, irrespective of TSPO allelic status
(Table 2). In the same study, Lassen analysis showed
the [''C]JDPA713 Vnp to be 0.42 in human brain, pre-
dicting a cortical BPnp of 7.3 in HAB subjects, versus
1.8 in LAB subjects; the relatively high binding in the
LABs is consistent with the incomplete allelic selectivity
reported for this ligand in vitro (Table 1).

Recently, a series of 4-phenylquinazoline-2-carboxa-
mides have been developed which substantially lack
allelic sensitivity to the human single nucleotide poly-
morphism rs6971 in vitro.'?> This property may be
related to the structural similarity of [''C]JER176 and
related compounds with the prototype TSPO ligand
PK 11195, which is likewise indifferent to allelic status.
Lassen analysis of [''C]JER176 binding changes in
human brain upon displacement by XBD173 indicated
a Vnp of 0.65ml gfl, suggesting a cortical BPyp of
about 3.5 in a group of three HAB subjects.'?®
Despite its low allelic sensitivity in vitro, [''C]ER176

PET indicated a somewhat lower BPnp in LAB sub-
jects, albeit this difference being based on only two
subjects.

With certain caveats, the existence of TSPO poly-
morphisms in human populations affords an alternate
to blocking studies for the estimation of Vyp, at least
for those tracers with very high selectivity for the HAB
allele in vitro (and with the assumption that this select-
ivity is preserved in vivo). In this scenario, V't in a HAB
individual represents the sum of Vyp and the specific
binding contribution of two HABs, whereas V't in a
MAB individual has only one unit of V5. Hence, one
can estimate the population mean Vyp by algebra or
graphical analysis of VT as a function of allelic status,
without necessitating a pharmacological displacement.
Using the population-based and indirect V'yp estimate,
BPnp 1s then calculated from the individual Vet esti-
mates. Several instances of this approach are presented
in Table 2. For the case of ['*F]DPA-714, this proced-
ure gives a two-fold higher BPnp in the HAB group
than in MAB, a difference that was not evident using
the ordinary unconstrained (and over-specified) 2TCM.
This typical instability of the 2TCM is also evident
from the disparate estimates of Vyp for the case of
["®FIPBR111, which ranged from 1.0 to 2.0ml g~'
depending on the allelic status.'?” A graphical/algebraic
analysis of cortical V't measurements in the HAB and
MAB groups gave a Vyp of 0.93ml g~', which suggests
a spuriously high BPnp of 1.4 in the LAB group
(Table 2). Graphical analysis of the cortical V't data
from the HAB and LAB groups gave a Vyp of 1.4ml
¢~ !, from which one calculates a more plausible BPnp
of 0.6 in the LAB group. However, the whole validity of
this approach for estimating the non-displaceable bind-
ing rests on the premise that the LAB allele has negli-
gible specific binding. While this assumption is likely
valid for [''CJPBR28, which has a 100-fold difference
in affinity in vitro, the four-fold affinity difference of
["®FIPBR111 likely results in some specific binding
signal for LABs. Displacement studies could resolve
this conundrum by giving an unambiguous estimate
of Vnp, irrespective of the extent of specific binding
inherent to the LAB allele.

There have been relatively few test-retest studies of
the quantitation of TSPO, which is unfortunate, as this
is the only means to separate biological variation from
experimental variance. Knowledge of test-retest covari-
ance (%COV) supports power calculations, and thus
the prediction of adequate group size for detecting a
treatment effect. Furthermore, % COV can constitute
an objective basis for choosing one TSPO tracer or
endpoint over another. For the case of [''CJ-(R)-
PK11195, the %COV of the endpoint BPnp in grey
matter calculated by 2TCM was 18%.'?® In contrast,
the V1 of ["*)FJFEDAA1106 had a %COV of only 3%
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in grey matter, versus 7% in white matter,''® predicting
substantially higher power for detecting upregulation
of TSPO. For the case of [''CJPBR28 in humans, the
interclass correlation of the endpoint V1 was at least 0.9
in all grey matter regions, and the absolute variance
within the population was 15-18% depending on the
particulars of the study; variability was two-fold higher
in white matter regions.'?”” The intraclass correlation
coefficient for repeat measures of ['**IJCLINDE Vi
was 0.58 in a group of healthy MABs versus 0.80 in
HABs.”’ Thus, the precision of the estimate is higher in
those with higher binding.

Metabolism and plasma protein binding

There are relatively few detailed characterizations of
the metabolism of TSPO ligands. In one such study,
incubation of PBR102 and PBRI111 with rat micro-
somes showed dealkylation and hydroxylation to be
the predominant pathways, with lesser metabolism by
human microsomes.'*® We summarize the metabolism
of 13 tracers that have been employed in quantitative
molecular imaging studies of TSPO in healthy human
brain (Table 1). There is substantial metabolism of
most of these tracers during a dynamic PET/SPECT
examination, such that proper quantitation of brain
uptake entails chromatographic analysis of extracts
from plasma derived from serial arterial blood
sampling. However, the plasma metabolism of
["'C]-(R)-PK 11195 is relatively slow, with 80% of
plasma radioactivity remaining as unmetabolized
parent tracer at the end of 1h in humans; two main
metabolites were detected, of which the relatively lipo-
philic metabolite eventually constituted 10% of plasma
radioactivity.'*® Even if entering brain, this metabolite
could contribute only slightly to the non-specific bind-
ing signal. In many cases, the predominant plasma
metabolites of PET tracers are hydrophilic species
(Table 1), which are less likely to cross the blood—
brain barrier (BBB).

Plasma metabolites with high retention factor (Ry) to
reversed phase high performance liquid chromatog-
raphy (HPLC) are likely to have significant BBB per-
meability. Unfortunately, radiochromatograms
allowing Ry calculations are only available for eight of
the 13 tracers presented in Table 2. Some of these
(("*F]FEPPA, ["*F]JFEMPA, ['*F]PBRO6, ['*FIGEI180,
and ['®IJCLINDE) come to have substantial amounts
of plasma metabolites with Ry at least one half that of
the parent compound; indeed, a moderately lipophilic
metabolite of ['*F]-FEPPA represented 40% of plasma
radioactivity in humans later than 30 min post injec-
tion."*! Especially in this case, the lipophilic plasma
metabolite may well comprise some relevant proportion
of the brain PET signal. In the case of ['*F]JPBRO6,

distortion of the late phase of brain time activity
curves has been attributed to the presence in brain of
plasma metabolites.'*

Radio-HPLC analysis of brain extracts from experi-
mental animals is required to confirm the presence of
brain-penetrating metabolites, with the caveat that spe-
cies differences may have unpredictable effects of
metabolite profiles. If a tracer metabolite is present in
plasma and brain extracts from rodents, and if radio-
HPLC analysis reveals the same compound in non-
human primate or human blood samples, then one
may predict for contamination of the brain signal in
human PET studies by that metabolite. Although
metabolites with high Ry may have favoured access to
the brain, polar metabolites of certain PET tracers may
come to constitute up to 30% of the total radioactivity
in rat brain extracts,'*>'** which would certainly result
in biased quantitation of specific binding. In the case of
['"®)FIDPA714, a carboxylic acid metabolite constituted
as much as 15% of the radioactivity in rat brain,'*
whereas ['*F]JGE180 metabolites constituted less than
10% of brain radioactivity.'*® While there is no defined
upper limit for acceptable brain levels of peripheral
metabolites, their presence will also result in bias and
reduced accuracy of endpoints related to specific
binding.

Many PET tracers in circulation are substantially
bound to serum albumin. In the case of [PH]-(R)-
PK11195, the predominant binding component is with
al-acidic glycoprotein.'®” Since expression of this pro-
tein increases with infection, it follows that systemic
inflammatory status may alter the plasma kinetics of
the PET tracer [''C]-(R)-PK11195. Furthermore, the
physiologically-defined endpoint V't should arguably
be corrected for the fraction of unbound, freely
exchangeable tracer in the plasma compartment, f,.
As such, the uncorrected binding of TSPO ligands to
plasma proteins in inflammatory conditions has been
invoked as a limitation of a study of [''C]JPBR28 bind-
ing in schizophrenia.?” The authors of the original
report responded by noting that the magnitude of f,
is too low for reliable measurement, in effect thus
arguing in favour of precision over accuracy. Indeed,
TSPO ligands have plasma free fractions generally less
than 5% (Table 2), and there is sometimes considerable
discrepancy between research groups. When both V't
and Vy/f, are reported, the substantial scaling can be
accompanied by an apparent increase in the variance,
as in the case for [''C]JPBR28."*” While scaling to o
increased the gap between mean V't results for HAB
and MAB groups, this difference was not significant,
suggesting an unfavourable trade-off between precision
and accuracy. On the other hand, there was no consist-
ent effect of scaling to f, on the precision of V't for the
case of [''C]JER176.!%¢
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The magnitude of f,, is measured at steady-state, usu-
ally by centrifugation of a plasma sample through a
membrane that is impermeable to plasma proteins,
although dialysis membrane methods can afford greater
sensitivity. One then calculates the free fraction from
the radioactivity concentration in the protein-free fil-
trate. However, the binding of a PET ligand to serum
proteins is a reversible and saturable process. At issue is
the kinetics of the binding; if the on/off rates are of
comparable magnitude to the transit time through the
brain capillary bed (about one second), then the pro-
tein-bound tracer is still available for entry into brain.
That this is in fact the case is attested by the high K; seen
for most TSPO tracers, which are calculated relative to
the whole blood tracer input function without and cor-
rection for f,,. Extraction fraction (EF) is defined as K;
divided by CBF, which has a canonical value in human
grey matter of 0.5ml g~ 'min~"'. As such, the EF of 11 of
the 12 tracers considered in the present study is approxi-
mately 50% (Table 2). An exception is presented by
['"®F]GE180, which had an EF of only 3%, which may
well account for its low specific binding in human
brain."*®'* The ['*F]GE180 Jp in human plasma (3%)
is typical of other TSPO tracers with better brain pene-
tration, but it may be that the dissociation kinetics for
['"®FIGE180 binding to human plasma proteins dis-
favour uptake during transit across the BBB.
["*F]GE180 is an admirably fit tracer for TSPO imaging
in glioma, a condition with BBB disruption,'*’ and is a
sensitive tracer for TSPO activation in rodent brain,'*!
thus suggesting an important species differences in per-
meability of that tracer to the BBB.

The great bulk of TSPO sites are found in peripheral
tissues; as such, substantial amounts of PET tracers are
rapidly ‘removed from play’ after intravenous injection,
but may be mobilized back into circulation after sys-
temic pharmacological blockade, as noted above.
Thus, TSPO blockade increased the unmetabolized
parent fractions of the corresponding ['*F]-labelled
TSPO tracers in baboon blood samples.'** This is a gen-
eral phenomenon for TSPO tracers, likely depending on
individual allelic status. Consequently, the significantly
lower f, of [''C]JPBR28 seen in HAB individuals''® pre-
dicts for a larger bound pool in peripheral organs, which
will be mobilized in the circumstances of a blocking
study. This phenomenon also raises a red flag about
the SUV method, since bioavailablity of tracers may
then depend upon allelic status. For similar reasons,
the f;, of [''C]JER176 increased from 3.3% to 4.1%
upon treatment with a blocking dose of XBD173, sug-
gesting partial saturation of the plasma protein binding.
However, this may be a moot point, since correction for
Jp was without much systematic effect on the precision of
the estimate of VT, or the distinguishability of binding in
relation to TSPO allelic status, as noted above.'?¢

Conclusions

PET and SPECT studies of TSPO play a crucial role in
the fledgling study of neuroinflammatory components
in many neuropsychiatric disorders. However, several
important caveats emerge from our systematic review
of the 13 TSPO ligands so far investigated by compart-
mental analysis in humans. These caveats highlight the
need for caution when undertaking translational
molecular imaging of TSPO-based tracers, and may
have broader applicability to the general question of
how to select from among a range of available tracers
for a given molecular target. The minimum require-
ments of pharmacological specificity and high affinity
in vitro should be established at the earliest phase of
tracer development. While [''C]-labelled tracers are
preferable in terms of radiation dosimetry, they are
not widely available for routine use, in part due to
the 20 min physical half-life. The allelic insensitivity of
[''C]-(R)-PK 11195 binding can be advantageous for
research studies, although [''C]JPBR28 has a consider-
ably higher BPnp. The logistics for distribution of
['®F]-labelled tracers are favoured by the 109 min phys-
ical half-life. Among the various ['®F]-labelled TSPO
tracers documented to date in humans, ['*F]DPA-714
apparently has the highest specific binding (based on
one report). The three tracers ['°F]FEPPA,
["®FJFEMPA, and ['*F]PBR111 seem roughly equiva-
lent, with BPnp in the range of 2—4 in cortex of healthy
HAB subjects. ['**I|CLINDE has admirably high
BPnp,”” and the 13h physical half of the SPECT radio-
nuclide should favour its widespread use. However,
there has been no ‘industry standard’ for the character-
ization of molecular imaging tracers, and comparison
of the merits of tracers remains difficult due to the dif-
fering analytical methods and endpoints. This issue
may best be resolved through head-to-head compari-
sons of two tracers; several such reports are available
in rodents, but there is so-far only one such comparison
of TSPO ligands in humans. In that study, [''C]DPA-
713 PET proved to be a more sensitive indicator of age-
related increases in TSPO and Alzheimer’s disease
pathology than was [''C]-(R)-PK11195,'* consistent
with its higher specific binding component. However,
we note that the endpoint in that study was a BPnp
calculated relative to an (idiosyncratic) reference input
derived from healthy young subjects. Age or disease-
dependent changes in TSPO tracer metabolism or non-
specific binding may compromise this approach.

The present synopsis of the TSPO PET literature
draws attention to two main deficiencies in the litera-
ture, that might be remedied in future studies. First, the
wide range of endpoints makes the comparison of
TSPO ligands difficult. Second, in the absence of a
true non-binding reference region, there is a need to
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define the non-specific binding component by displace-
ment or graphical analysis. Overall, this review sup-
ports five specific recommendations for arriving at a
better understanding of the cellular nature of TSPO
binding, and for optimal quantitation.

1. Caution is necessary in the attribution of cerebral
TSPO binding exclusively to microglia. The contri-
butions of other glial cell types, vascular endothe-
lium, and blood-derived monocytes to the PET
signal in healthy brain or in acute inflammatory con-
ditions should be confirmed by experiment.

2. For the present, report plasma free fraction of new
tracers, despite the absence of compelling evidence
that this parameter can bias TSPO binding results.
Furthermore, publishing a representative radiochro-
matogram of plasma extracts for new tracers can aid
in the identification of potentially brain-penetrating
metabolites.

3. First-in-human reports should present results of
2TCM analysis. Even if over-specified, the micro-
parameters can inform and constrain efforts to ascer-
tain the specific binding component, i.e. the
decomposition of Vt into Vg and Vyp.

4. Since reference tissue methods tend to introduce a
bias in the estimation of TSPO binding, confirm the
non-specific binding of new ligands by plotting V't as
a function of allelic status or by pharmacological
displacement.

5. Assess the fitness of more convenient metrics such as
SUV, SUVR, or pseudo-reference tissue analyses for
new tracers relative to the known specific binding
component.
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