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Abstract Positron emission tomography (PET) alone or
in combination with MRI is increasingly assuming a cen-
tral role in the development of diagnostic and therapeutic
strategies for brain tumours with the aim of addressing
tumour heterogeneity, assisting in patient stratification, and
contributing to predicting treatment response. The 18 kDa
translocator protein (TSPO) is expressed in high-grade
gliomas, while its expression is comparatively low in
normal brain. In addition, the evidence of elevated TSPO in
neoplastic cells has led to studies investigating TSPO as a
transporter of anticancer drugs for brain delivery and a
selective target for tumour tissue. The TSPO therefore
represents an ideal candidate for molecular imaging stud-
ies. Knowledge of the biology of TSPO in normal brain
cells, in-depth understanding of TSPO functions and
biodistribution in neoplastic cells, accurate methods for
quantification of uptake of TSPO tracers and pharmacoki-
netic data regarding TSPO-targeted drugs are required
before introducing TSPO PET and TSPO-targeted treat-
ment in clinical practice. In this review, we will discuss the
impact of preclinical PET studies and the application of
TSPO imaging in human brain tumours, the advantages and
disadvantages of TSPO imaging compared to other
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imaging modalities and other PET tracers, and pathology
studies on the extent and distribution of TSPO in gliomas.
The suitability of TSPO as molecular target for treatment
of brain tumours will also be the appraised.
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Introduction

PET imaging has increasingly been explored in the field of
neuro-oncology for pre-operative prediction of tumour
grade, monitoring of disease progression and response to
treatment, and to acquire information about the expression
and distribution of molecules that can be targeted for
treatment [1].

The mitochondrial translocator protein (TSPO) is one of
the PET imaging target molecules that has been investi-
gated in the last two decades [2, 3]. The TSPO offers
several advantages in the study of brain tumours, because
its expression is increased in tumour cells but low in the
normal brain and the expression can be visualized and
quantified with PET imaging [4]. The first studies looking
at the density and distribution of TSPO with autoradiog-
raphy in mouse and postmortem human brain sections date
over two decades [5—8]. The first preclinical and clinical
PET imaging studies suggested an application of TSPO
imaging in clinical practice [9, 10], but during the 20 years
that followed, research almost exclusively focused on
gliomas despite the great variety, heterogeneity and com-
plexity of tumours of the central nervous system (CNS).

This review aims to appraise the literature and discuss
the advantages and challenges of investigating the TSPO as
a target of molecular imaging for CNS tumours.
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The complexity and heterogeneity of CNS tumours

An accurate classification of CNS tumours is essential for
the planning, development and interpretation of molecular
imaging studies, validation of tracers, correlations with
outcome, response to treatment and translation of preclin-
ical studies into clinical application.

Tumours of the CNS comprise more than 120 types.
They are classified and graded according to the World
Health Organization (WHO) (WHO Blue Book) [11]. The
WHO blue book represents a set of consensus guidelines
aiming at establishing criteria for clinical practice. The
Blue Book distinguishes clinico-pathological entities,
variants and histological patterns. An entity has distinctive
morphology, location, age distribution and biologic beha-
viour. Variants can be identified histologically and have
some relevance for clinical outcome, but are mostly parts
of a defined entity. Patterns of differentiation are visually
identifiable by nature without distinct clinical or patho-
logical features [11].

The WHO Blue Book also recommends a histological
grade. Grading is a ‘malignancy scale’ intended to predict
the natural biological behaviour of a neoplasm. In general,
grade I applies to lesions with low proliferative potential
and often cured with surgery. Grade II defines tumours that
are usually infiltrative and often recur despite their low
growth potential. Some grade II tumours progress to higher
grade. Grade III defines lesions with histological evidence
of malignancy and WHO grade IV is assigned to tumour
associated with rapid progression and a fatal outcome. The
WHO grade is not an absolute predictor of outcome. Other
factors such as age, performance status, location, extent of
surgical resection and genetic alterations are relevant to an
overall estimate of prognosis [11].

An in-depth understanding of the molecular and genetic
basis of CNS tumours has led to a significant improvement
of diagnostic accuracy and ability to estimate the outcome
and to guide the treatment of several tumour entities [12].
In addition to the histotype and grade, molecular and
genetic features should be considered in molecular imaging
studies that are designed to stratify patients or identify
measures of outcome.

Preclinical models: in vivo imaging models
and in vitro studies

PET imaging in small animals became available at the end
of the 1990s [13, 14], about 10 years after the initial studies
on TSPO. The recent introduction of small animal devices
with high resolution and the possibility of co-registering
PET and MRI have boosted preclinical research on CNS
tumours [14]. So far, preclinical imaging studies on TSPO
in CNS tumours have focused mostly on assessing the
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suitability of second-generation TSPO ligands in glioma
models.

Buck et al. first tested ['®F] PBRO6 in rat implanted
with the C6 glioma cell line [15]. The signal was fourfold
higher than in the normal brain and its accumulation in
neoplastic tissue closely reflected TSPO protein levels
measured in the tissue. The authors attempted to fit a
compartmental model (the classic two-tissue compartment
model with four rate constants) to the dynamic PET data,
but did not obtain meaningful estimates of the volume of
distribution (Vt) and had to adopt simplified graphical
approaches to obtain stable Vt estimates. This aspect of
their work is relevant, because it highlights the complexity
of the quantification for TSPO tracers. The heterogeneity
of cellular distribution of TSPO that is already present in
the normal brain (vascular, parenchyma) is compounded in
and around tumours by the variability of vascularization,
perfusion and cellularity, typical of high-grade gliomas.
Interestingly, Buck and colleagues reported slightly higher
uptake in the peripheral regions of the tumour and sug-
gested that PET imaging can identify the proliferative and
infiltrative components of gliomas. This result contrasts
with studies based on serial stereotactic biopsies that
demonstrated decreased proliferation in the infiltrative
edge of gliomas compared to the tumour centre, while
adhesion molecules were more abundant at the periphery
to confer a migratory, infiltrative phenotype [16]. The
same group at the Vanderbilt University subsequently
evaluated ['*FIDPA-714 in a similar rat model [17]. Like
['SFIPBRO6, ['®F]DPA-714 uptake correlated with TSPO
protein levels in the tissue, but a head-to-head comparison
of the two tracers showed better retention of [ISF]DPA-
714. More recently, they generated the novel ligand ['*
F]JVUIIS1008 showing 36-fold higher affinity than its
parent compound ['®*F]DPA-714 [18]. ['®*F]VUIIS1008
had greater tumour avidity, lower uptake in the normal
brain, better tumour-to-background ratio and higher
binding potential than ['®F]DPA-714. However, the per-
fusion rate of ['®F]DPA-714 (K1) was much higher than
['SF]VUIIS1008, suggesting that more tracer crossed the
blood brain barrier (BBB) while the affinity for TSPO was
higher for [18F]VUHSlOOS. This evidence indicates that
["®FIDPA-714 performed slightly better if the simple
SUVs (integrated radioactivity) was used as a measure of
uptake. A kinetic modelling should have been applied to
see an improved ratio for [ISF]VUIISIOOS. [18'
F]JVUIIS1008 and its parent compounds have limitations
such as the still too high accumulation in the normal brain
that could obscure gliomas with low TSPO expression. In
addition, in vivo metabolism requires a corrected plasma
input function for modelling, long dynamic PET acquisi-
tions and compartmental analysis that are not always
possible in a routine clinical practice.
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['FIDPA-714 was also evaluated by Winkeler and
colleagues in an intracranial rat glioma model where the 9L
glioma cell line was implanted into three different rat
strains, including Fischer, Wistar and Sprague—-Dawley
[19]. In keeping with the previous study, the results showed
satisfactory uptake at the site of glioma as compared to the
contralateral brain hemisphere and cerebellum. Immunos-
tains on tissue demonstrated that TSPO was mostly
restricted to tumour cells with a contribution of glioma-
associated microglial/macrophages (GAMs), but not reac-
tive astrocytes around the lesion. 'SF-DPA-714 was also
tested in the same model to monitor the efficacy of eru-
fosine on gliomas [20].

Finally, the recent preclinical study by Buck and col-
leagues is of potential relevance to the progress of
molecular imaging in human gliomas [21]. They used
human low- and high-grade glioma samples established
orthotopically in NOD/SCID mice and then passaged into
athymic rats. Unlike conventional models, this xenotrans-
plants allowed evaluation of invasion along the white
matter tracts into the hemisphere contralateral to the
tumour site. ['*FJPBRO6 showed uptake beyond the region
identified with MRI T2-weighted images and highlighted
the infiltrative growth in the contralateral hemisphere. This
result suggests that TSPO PET imaging could potentially
serve as a non-invasive tool to evaluate the disease extent.
Similar to our previous study [22], ['SFIPBRO6 imaging
reflected TSPO expression in neoplastic cells rather than
GAMs.

In vitro models

The TSPO has been widely studied in glioma cell lines, but
it is still unclear whether this molecule has causative or
contributory role in tumorigenesis or whether up-regulation
represents an epiphenomenon accompanying cancer [23].
Providing a detailed summary of preclinical research is
beyond the scope of this review; we will therefore discuss
studies that may contribute to a more accurate interpreta-
tion of molecular imaging results.

The work by Bode and colleagues [23] can be relevant
to PET imaging, as it suggests that the down-regulation of
TSPO correlates with an aggressive phenotype. The
authors exploited the human glioma cell line U118MG to
look at the effects of TSPO knockdown and exposure to
increasing doses of PK11195 on tumourigenesis. Tspo gene
silencing resulted in a reduction in adhesion molecules,
increased migration in the Boyden chamber, bigger lesions
with ragged margin when implanted in chorioallantoid
membrane, reduced cell death, increased proliferation,
decreased contact inhibition and increased angiogenesis.
Implants of TSPO-negative U118MG cells in xenografts
were much larger than controls. Bode and colleagues’ data

contrasts with the work discussed above [21] and our study
[22] that observed high TSPO level in the infiltrative front
of gliomas. Such discrepancies reiterate the fact that dif-
ferent preclinical models and studies based on clinical
samples can produce inconsistent results.

The residence time, which is defined as the ratio
between injected activity and accumulated ligand in a
target organ, is an important parameter to characterize
radiolabeled ligands and even more so when imaging
ligands that need to be exploited as anti-cancer drugs. PET
imaging studies have examined the residence time of TSPO
tracers in the brain of healthy adults and children [24] and
subjects with neuroinflammation [25], but little is known of
the effect of long-term stable occupancy. To date, only one
preclinical study has addressed this question [26]. Costa
and colleagues used the synthetic compound irDE-MPIGA
that is designed to bind TSPO covalently and permanently
at nanomolar doses, alongside the reversible TSPO ligand
PIGA to investigate the effects of stable and transient
residence time in the human glioma cell line US7MG cells.
A nanomolar dose of irDE-MPIGA induced the early
phases of apoptosis, but 24 h treatment caused only a 40 %
abolition of the [3H]PK11195 binding and RT-PCR anal-
ysis showed that TSPO mRNA levels increased indicating
restoration of TSPO synthesis. These results suggest that
direct pharmacological targeting of TSPO may not be
effective in gliomas.

Although unrelated to CNS tumours, two studies have
provided valuable data to TSPO imaging in neuro-oncology.
The experiments by Klubo-Gwiezdzinska and colleagues [27]
in thyroid carcinoma cell lines knocked down for TSPO
showed sixfold increase of TSPO transcript following expo-
sure to valproic acid. Induction of TSPO by valproic acid was
also associated with increased sensitivity to oxidative stress
after challenge with H,O,. In this model, proliferation, cell
viability and migration were not different between TSPO-rich
and TSPO-deficient cells and were unaffected by silencing of
the 7SPO gene. By exploiting the dataset available in Geo
Profiles  (http://www.ncbi.nlm.nih.gov/geoprofiles), the
authors observed a reduction in TSPO expression in aggres-
sive and recurrent tumours. The data presented in this study
can be relevant to patients with CNS tumours. Evidence-based
guidelines suggest that levetiracetam is the best first-line agent
for treatment of seizures in patients with low-grade glioma,
but approximately one-third of such patients have refractory
epilepsy requiring other agents including valproic acid [28].
Similar to Bode et al. [23], the evidence of a positive corre-
lation between low TSPO and aggressive behaviour suggests
that increased binding of TSPO ligands to tumour tissue is not
always a prognostic indicator of poor outcome as previously
widely believed.

Little is known about the regulation of TSPO synthesis.
Gene amplification does not appear to be sufficient to
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explain the increased TSPO in cancer cells. Batarseh and
colleagues [29] published the first in-depth description of
the human 7SPO gene promoter and its transcriptional
regulation. With the breast cancer cell lines MCF-7 and
MDA-MB-231 performing as models of high and low
TSPO gene promoter methylation, they demonstrated that
promoter silencing was not the only epigenetic mechanism
regulating the expression and that the transcription factors
Spl, Sp3 and Sp4 also contribute to the overall levels of
expression. The authors also proposed that multiple
potential transcription factor binding sites are represented
in the T7SPO gene promoter, leading to the suggestion of a
different regulation of this gene in different cell types and
tissues. The histone deacetylase inhibitor TSA induced
TSPO promoter activity and reduced the methylation sig-
nature, suggesting that epigenetic modification of chro-
matin and DNA can contribute to the regulation of
promoter activity. An effort should be made to clarify
epigenetic regulation of 7SPO gene in CNS tumour entities
before embarking on TSPO imaging studies.

TSPO and brain metastases

Brain metastases are the most common intracranial neo-
plasms. Their prevalence outnumbers primary CNS
tumours by around ten times and represents a leading cause
of death in cancer patients [30, 31]. The incidence of brain
metastases has been increasing steadily over the last decade
as a result of more effective treatments for primary cancer,
thereby increasing the duration of patient survival. All
types of cancer can potentially metastasize to the CNS,
with lung, breast and renal carcinomas and melanomas
representing more than 90 % of deposits [30]. Despite the
extensive screening of TSPO in cancer types outside the
CNS [32] and the association of high TSPO with disease
progression and diminished survival [33], TSPO in brain
metastases from solid cancer is still unexplored territory.
The only brain metastasis model has recently been
published by O’Brien and colleagues [34]. The mouse
mammary carcinoma 4T1 known to express negligible
TSPO was injected into the brain or heart of the animals to
explore the early changes occurring in astrocytes and
microglia. To do so, they used 123I.DPA713 SPECT
imaging, immunohistochemistry and ex vivo autoradiog-
raphy. Following both intracerebral and intracardiac
injection, the authors observed an association between
metastases and reactive astrocytosis in the surrounding
tissue that persisted across the 28-day time course. Astro-
cytosis positively correlated with the volume of the deposit
in intracerebral implants with a constant ratio between
tumour cells and reactive astrocytes described. In contrast,
the ratio of reactive astrocytosis and tumour area increased
significantly following intracardiac injection, which results
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in haematogenous spread. Both models showed microglial
activation at the sites of the deposit. Astrocytes and
microglia expressed TSPO, but the degree of expression
varied between the different types of implants. The con-
clusion that microglial and astrocytic TSPO represent a
surrogate marker of metastatic deposit when neoplastic
cells are negative or express low TSPO level is relevant to
imaging studies. Interestingly, ex vivo autoradiography
'23.DPA713 highlighted glial activation in the intracardiac
model, but in vivo SPECT failed to demonstrate individual
metastases. The reason for such a discrepancy is unclear.
The heterogeneity of cell types expressing TSPO in
metastatic deposits was also proved by Zheng and col-
leagues [35] after subcutaneous inoculation of the high
TSPO MDA-MB-231 breast cancer line and low TSPO
MCEF-7. The tissue was examined autoradiographically
with the TSPO ligand ['®F]DPA-714 and by immunohis-
tochemistry. Both neoplastic cells and macrophages con-
tributed to the overall TSPO load. TSPO did not directly
correlate to the tumour growth rate, metastatic potential or
drug responsiveness. Unlike gliomas, the majority of
macrophages associated with metastases were TSPO pos-
itive, but differences existed among the cell types, with one
having the lowest macrophage density and one triggering
the highest macrophage response. Lymphocytes and neu-
trophils were also shown to contribute to TSPO signal.

The TSPO in gliomas: clinical studies
and methodological consideration

The quantification of TSPO in PET imaging studies is
challenging and brain tumours are not an exception. Pre-
clinical models have not been successfully translated into
clinical studies, due to the differences between human and
animal biology and the fact that animal studies are per-
formed in controlled conditions. An overview of methods
for quantification of binding potentials has recently been
provided by Hinz [36].

Quantification of binding potentials generally requires
an “input function”, providing an estimate of kinetic tracer
delivery to the tissue. It can be achieved by multiple
arterial blood samples with correction of tracer activity due
to metabolites, but this is not always practically possible.
Alternatively, the time-activity curve (TAC) of an unaf-
fected region or tissue can be used as a reference under the
general assumption that the tissue selected as reference has
very low TSPO expression, while perfusion is similar to
tumour tissue. Another option is the use of pseudo-refer-
ence regions derived from kinetic tracer analysis in brain
tissue, the “supervised cluster input function” [37].

Reference region approaches may have limitations in
patients with CNS tumours. No data are available on the
extent of microglial TSPO density in the tissue distant from
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the tumour epicentre. Patients with intrinsic brain tumours
often suffer from epilepsy, which is known to trigger
widespread microglial activation [38]. Badie and Schartner
[39] documented microglial activation in the tissue distant
from the tumour in their glioma mouse model, indicating
widespread inflammation. They observed that macrophages
were concentrated within the glioma tissue and its
periphery, while microglia were distributed throughout the
CNS including the hemisphere opposite to that of the
implanted tumours. The authors suggested that such a
distinctive distribution could be explained by the differ-
ences in the migratory capacity and possibly the CNS
immune surveillance function of microglia, as compared to
macrophages.

The TSPO is ubiquitously expressed in endothelial and
smooth muscle cells of vessels and such expression might
potentially obscure the signal from neoplastic cells. Bind-
ing to vascular TSPO appears to be particularly relevant for
tracers with very high affinity, such as 11C-PBR28 and
other “second-generation” tracers. It may require the
introduction of a specific irreversible vascular binding
compartment into the kinetic model [40], a problem which
has not been encountered in preclinical studies. Also, there
is no precise information on TSPO in newly formed vessels
in high-grade astrocytomas and oligodendrogliomas and on
whether the altered conformation of normal vessels that are
distorted by tumour growth might affect the modelling. The
polymorphism rs6971 leading to the amino acid substitu-
tion A147T represents an additional problem, as it causes a
variation in the binding affinity of new compounds [41].
Genotyping for this polymorphism in patients with CNS
tumours would therefore be required before enrolment in
TSPO imaging studies. Finally, methodological approaches
and interpretation of results are hampered by the lack of
understanding of TSPO functions and the inconsistency of
results obtained in in vitro and in vivo experiments. To
stress such uncertainty, Selvaraj and Stocco [42] even
questioned the word ‘ligand’ for TSPO studies. They
remind the readers that ‘ligand’ refers to a small molecule
that binds to a target and elicits or modulates a specific
agonist or antagonist response directly associated with the
function of the target molecule. The evidence that
PK11195 can bind the FOF1 ATP synthase [43] within the
hydrophobic chain region of lipid membranes [44] adds
further complexity.

Despite the limitations discussed above, our work [22,
44] proved the suitability of [''C]-(R)-PK11195 in
molecular imaging of low- and high-grade gliomas, and
its potential to identify anaplastic transformation
(Fig. 1). Binding was modelled using the cerebellum as
the reference, providing more robust results in this
patient group than the supervised cluster input function.
Using this approach, negative binding potentials were

recorded in most WHO grade II gliomas, indicating that
TSPO binding in the cerebellum was higher than in
those tumours. We observed only limited impact of the
blood-brain barrier disruption on the profiles of tracer
kinetics and our results indicated that TSPO PET could
be more sensitive than structural imaging in the early
detection of anaplastic transformation. By quantifying
the intensity and surface of TSPO-positive cytoplasm in
the tissue removed at surgery from the same patients
who underwent ''C-(R)-PK11195 PET imaging, we
could correlate tissue expression with imaging data and
determine the threshold below which ''C-(R)-PK11195
uptake does not appear to be detectable at imaging
(Fig. 2a, b). Notably, cells in the infiltrative component
were as positive as cells in the tumour centre (Fig. 2c,
d). We also proved that TSPO is predominantly
expressed in neoplastic cells, with GAMs only partially
contributing to PET signal and, similar to Winkeler et al.
[19], we found no expression in reactive astrocytes
(Fig. 3a, b). Oligodendrogliomas demonstrated higher
""C-(R)PK11195 binding than expected from tissue
analysis. Their vascular density is evident in rCBV maps
and the tortuosity of vessels [45] may account for such
discrepancy (Fig. 3c, d). In addition, the higher micro-
glial TSPO and perhaps a varying affinity across oligo-
dendrogliomas may contribute to the distinct kinetic.

Three other PK11195 PET studies have been conducted
in a small number of glioma patients. Juncket al. [8] per-
formed the first [''C]-PK11195 PET study in human
astrocytomas. They showed increased uptake in the late
images in eight out of ten patients and suggested that such
accumulation of ['!C]-PK11195 represented saturable
high-affinity binding to TSPO. However, they did not
investigate the cellular sources of the binding, nor did they
observe any correlations between tumour grade and tumour
radioactivity or in the ratio of tumour over normal grey or
white matter. The low specific radioactivity of [''C]-
PK11195 in some cases and the use of racemic tracer might
have led to underestimation of the binding. Subsequently,
Pappata et al. [46] demonstrated in a patient with GBM that
[''C]-PK11195 binding was twofold higher in the tumour
than in the normal grey matter and that 30 % of binding in
the tumour could be displaced by a large excess of unla-
belled ligands. Their finding confirmed that [''C]-PK 11195
retention in the tumour was in part due to specific binding.
Again, the cellular source of the binding was not men-
tioned. Later on, in a PET investigation of two patients
with anaplastic astrocytoma, Takaya et al. [47] pointed out
that [''C]-R-PK11195 binding was markedly lower in the
tumours than in the contralateral grey matter. Tissue
examination revealed that GAMs failed to express TSPO,
although both tumours contained a substantial number of
microglia.
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Fig. 1 a Co-registered and fused post-contrast T1-weighted MRI
(greyscale) and parametric BPyp images (spectrum colour scale) of
representative cases of LGA, LGO and HGG; note that BPyp is low in
LGA, whilst high BPyp foci are found in LGO and high BPyp areas
in GBM. b Co-registered post-contrast T1-weighted MRI and
parametric BPyp images in HGGs showing little or no contrast

TSPO and SPECT

The availability of radiolabelled TSPO ligands for SPECT
could potentially allow the clinical application on a larger
scale because of its relatively low cost [48]. Ro5-4864 was
radiolabelled with iodine-125 to yield a SPECT tracer [49].
Subsequently, a '*I-labelled analogue of PK11195 dis-
played selective binding to the TSPO in human GBM cells
[50]. A ['*I]-iodo-PK11195 is currently used in human
SPECT as it has sufficient specific activity for quantitative
studies [51]. Feng et al. [52] scanned four patients with
GBM and six patients with stroke, aiming to streamline the
best '**I-CLINDE quantification approaches for clinical
studies. They reported a 1.8- to 3.4-fold higher distribution
volume of the tracer in the GBMs compared with that in the
cerebellum, and no significant changes in 123_CLINDE
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enhancement, and high ["'C]-(R)-PK11195 binding within the
tumours. The colour bars denote BPyp values; the white arrows
indicate tumour location. LGA low-grade astrocytoma, LGO low-
grade oligodendroglioma, AA anaplastic astrocytoma, AO anaplastic
oligodendroglioma, GBM glioblastoma, HGG high-grade glioma

binding parameters in areas of gadolinium leak. They
concluded that '**I-CLINDE binding was not importantly
affected by BBB disruption, and '*’I-CLINDE SPECT
could be used for quantitative assessment of TSPO
expression in vivo.

The SPECT study by Jensen and colleagues [53] is of
interest. They addressed the clinical application of TSPO
imaging in GBM patients by comparing the second-gen-
eration tracer '*’I-CLINDE with 'F-FET PET and con-
trast-enhanced structural MRI. The authors studied three
patients with advanced GBM previously genotyped for the
rs6971 polymorphism. None of the subjects received anti-
angiogenesis drugs for 6 weeks before the scans or had any
radio-chemotherapy between scans. They observed limited
volumes of interest (VOI) overlap, indicating that imaging
of "8F-FET and TSPO binding reflects different aspects of
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Fig. 2 Analysis of the tissue from the surgery of patients who had
[''C]-(R)-PK11195 demonstrates high TSPO expression in high-
grade astrocytomas; the images document a case of anaplastic
astrocytoma, WHO grade III (a haematoxylin-eosin; x10) and the
extent of TSPO expression in neoplastic cells (b TSPO

the tumour. In addition, 18E_FET uptake was shown to be
not entirely specific to glioma cells, although it should not
bind to GAMs. In this respect, the authors suggested that
the TSPO-negative/'*F-FET—positive areas represent
reactive astrocytosis. '*F-FET VOIs gave a better overlap
with contrast-enhanced VOIs than '*’ICLINDE VOIs and
the signal of '**I-CLINDE was not increased in the areas of
contrast enhancement where the BBB was disrupted.
Finally, the VOIs of increased '*’I-CLINDE at baseline
appeared to be a good predictor of tumour progression,
suggesting a potential for TSPO imaging to provide clini-
cally relevant information regarding areas of proliferation.

What have we learnt from pathology?

The extent and distribution of TSPO in the tissue of human
gliomas has been evaluated in a few studies.

immunoperoxidase; x20); TSPO expression is much lower in low-
grade astrocytoma (WHO grade II) (¢ haematoxylin—eosin; x 10), but
retained in the infiltrative component (d TSPO immunoperoxidase;
x20)

It is now 20 years since Miettinen et al. [54] first doc-
umented an association between TSPO level and WHO
grade in a series of 86 surgically removed adult supraten-
torial astrocytomas. Tumours were classified and graded
according to the 1993 edition of the WHO Blue Book; on
WHO grade IT and III may not therefore be directly com-
parable with more recent studies. The authors showed that
transcript and protein are undetectable in the normal brain
and found negligible expression in pilocytic astrocytomas.
With the caveat of classification, grade II and III tumours
showed moderate expression without significant difference
between the two grades and with some cases being nega-
tive. Expression in GBM was the highest and uniform in all
but 5 of the 37 cases examined. Similar to our recent study,
Miettinen et al. proved that TSPO increased irrespective of
cell density and found that increased protein levels
depended on increase in gene expression. Vlodawsky et al.
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Fig. 3 The double immunofluorescence staining for TSPO and the
microglial/macrophage marker Ibal showed that only some micro-
glial cells were TSPO positive (a anaplastic astrocytoma; TSPO green
Alexa Fluor 546 and Ibal red Alexa Fluor 488; x10); there was no
colocalization of TSPO green Alexa Fluor 546 and GFAP-positive
reactive astrocytes (b anaplastic astrocytoma; TSPO green Alexa

[55] found similar levels and distribution of expression in
their series of 130 astrocytomas classified according to the
1999 edition of the WHO classification. There was no
detectable expression in the normal control brains or in the
normal brain tissue that was present in surgical samples.
Pilocytic astrocytomas were virtually negative. Interest-
ingly, none of these studies mentioned endothelial TSPO or
its expression in microglia and macrophages. An interest-
ing discovery of endogenous TSPO ligand diazepam-
binding inhibitor in the same cells expressing TSPO sug-
gests an autocrine loop [54].

Both studies documented a statistically significant
association between TSPO levels and cell proliferation
determined with MIB-1, leading to the suggestion that
TSPO activity is somehow related to the latter. However,
the effect of tumour grade was not considered in the
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Fluor 546 and Ibal red Alexa Fluor 488; x20); endothelial cells
express TSPO in a leptomeningeal artery (¢ low-grade astrocytoma;
TSPO green Alexa Fluor 546 and CD31 red Alexa Fluor 488; x20)
and in a capillary (d, low-grade oligodendroglioma; TSPO green
Alexa Fluor 546 and Ibal red Alexa Fluor 488; x40)

analysis. Vlodawsky and colleagues also found a linear
correlation between TSPO expression and number of cells
in apoptosis with an increase of both in the cells lining
necrotic areas. Though interesting, this observation did not
consider the presence of macrophages at the edge of the
necrotic tissue; which can be TSPO positive and present to
scavenge apoptotic cells [56]. In addition, the macrophages
themselves can undergo apoptosis as shown in
atherosclerotic plaques [57].

Both studies observed a positive and significant associ-
ation between TSPO expression, WHO-designated tumour
grade and survival. To understand if the association
between TSPO expression and patient survival simply
reflected the association with WHO grade, Mittienen et al.
[54] looked separately at the WHO grade II astrocytomas
group and confirmed that lesions with higher TSPO had a
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tendency for shorter survival time. Analysis of the GBM
group did not reveal any difference. Results on low grades
are interesting, but based on few cases and potentially
flawed by the grading of these lesions based on the 1993
criteria that did not allow reliable distinction between
pilocytic and diffuse astroctyomas.

Buck et al. [21] corroborated their preclinical work with
the evaluation of TSPO in cohort of low- and high-grade
astrocytomas using immunohistochemistry on tissue
microarrays. The extent and distribution of expression were
similar to the previous studies. They found the TSPO
confined to the cytoplasm with only occasional nuclear
expression.

Our recent results [22] are in line with the studies
discussed above. We observed cytoplasmic, granular
immunolabelling for TSPO consistent with mitochondrial
localization. TSPO-positive cells were evenly distributed
throughout the tumour tissue as well as in its peripheral,
infiltrative component as seen by Buck and colleagues in
their preclinical model [21]. The intensity of TSPO
immunolabelling ranged from weak and limited to a
perinuclear cytoplasm in low grades to intense in the
entire cytoplasm anaplastic astrocytomas and GBMs. As
mentioned before, only a proportion of GAMs were
positive and no expression was observed in reactive
astrocytes.

Does TSPO offer advantages over other imaging
modalities?

The question on whether TSPO molecular imaging offers
any advantages over structural, physiological and meta-
bolic imaging, and over other existing molecular imaging
modalities, remains open.

The results from preclinical and clinical studies seem to
suggest an advantage of TSPO PET imaging over structural
and physiological MRI in detecting early transformation
and the infiltrative edge of gliomas. Longitudinal studies
are nevertheless necessary to confirm this suggestion and
investigate the potential of PET in discriminating between
disease progression and radiation necrosis.

TSPO imaging may also offer advantages over
["®FIFDG PET as image interpretation is not affected by
high uptake in the normal brain. Future studies are required
to compare TSPO imaging with amino acid PET. Amino
acid tracers, such as [“C]MET, [18F]FET and [lgF]—
FDOPA, depend on an active transport through the
endothelium which is already increased in most low-grade
gliomas in the absence of BBB disruption [58]. Interest-
ingly, FDG and amino acid tracers also demonstrate higher

uptake in oligodendrogliomas than in astrocytomas of the
same grade [59, 60].

The TSPO in the treatment of brain tumours

It is our opinion that molecular imaging can play a role in
developing personalised treatment strategies for patients
with CNS tumours by exploiting the substantially increased
levels of TSPO in high-grade gliomas compared to the
normal brain. However, we agree with Selvaraj and Stocco
[42] that a considerable effort is still necessary to untangle
the functions of TSPO before considering the TSPO as a
primary treatment target.

The use of anticancer drug conjugated to TSPO ligands was
suggested for selective brain delivery, particularly in lesions
where the BBB is preserved [61]. Polyethylene glycol-phos-
phatidyl ethanolamine micelles [62] and dendrimers loaded
with chemotherapeutics and coated with TSPO ligands [63]
were also proposed to enhance the delivery in tumour tissue.
The supposed role of TSPO in maintaining and reestablishing
cell homoeostasis following oxidative stress could also be
exploited in TSPO-positive tumours to increase radio and/or
chemosensitivity to compounds that are routinely used in the
treatment of patients with CNS cancer. However, caution
should be exercised while planning studies that target TSPO,
due to its widespread expression outside the CNS and adrenals,
kidney liver and thyroid, in particular.

The development of nanoparticles and vehicles that
could exploit TSPO to increase the bioavailability and
selective delivery of radiosensitizers into tumour tissue and
enhance the effect of conventional fractionated radiation
seems promising. In fact, selective target of neoplastic cells
with sparing of normal tissue, recognition of intracellular
targets and stability of delivered chemical components
remain one of the most difficult challenges in the clinical
application of radiosensitizers that have not completely
been resolved [64-66].

Conclusion

Research on TSPO in CNS tumours is still at its early
phase. The results obtained in gliomas are promising and
suggest that TSPO imaging can predict anaplastic trans-
formation and progression, allow better delineation of the
infiltrative component and stratification of patients in view
of individualized treatment (see highlights). Research
should address the understanding the functions of TSPO in
human CNS tumours and the evaluation of the extent of
expression in the various entities.
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Highlights

TSPO modelling is challenging; more
work is required to introduce second
generation compound into clinical
practice to image CNS tumours

TSPO PET-imaging may contribute to
distinguish low-grade astrocytomas and
oligodendrogliomas

High TSPO uptake can be predictive of
anaplastic transformation in gliomas

TSPO-imaging might allow better
delineation of tumour extension in
gliomas

TSPO-imaging may help Identifying early
metastatic deposits

TSPO functions in neoplastic cells must
be clarified before targeting TSPO for
treatment

Acknowledgments We thank the Imperial College Healthcare
Tissue Bank at Imperial College, London UK for supplying cases. We
also thank Mr Dominic Mosses for editing the manuscript and helpful
comments.

Compliance with ethical standards

Funding The research leading to these results received funding
from the European Union’s Seventh Framework Program (FP7/2007-
2013) under grant agreement no. HEALTH-F2-2011-278850
(INMiIND). This work was also partly supported by the Brain Tumor
Research Campaign (BTRC) charity.

Conflict of interest The authors Federico Roncaroli, Zhangjie Su,
Karl Herholz, Alex Gerhard and Federico Turkheimer declare that
they have no conflict of interest with regard to this manuscript. This
article does not contain any original studies with human or animal
subjects performed by the authors.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Puttick S, Bell C, Dowson N, Rose S, Fay M (2015) PET, MRI,
and simultaneous PET/MRI in the development of diagnostic and
therapeutic strategies for glioma. Drug Discov Today
20(3):306-317. doi:10.1016/j.drudis.2014.10.016

2. Austin CJ, Kahlert J, Kassiou M, Rendina LM (2013) The
translocator protein (TSPO): a novel target for cancer
chemotherapy. Int J Biochem Cell Biol 45(7):1212-1216. doi:10.
1016/j.biocel.2013.03.004

3. Janczar K, Su Z, Raccagni I, Anfosso A, Kelly C, Durrenberger
PF, Gerhard A, Roncaroli F (2015) The 18-kDa mitochondrial

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

translocator protein in gliomas: from the bench to bedside. Bio-
chemSoc Trans. 43(4):579-585. doi:10.1042/BST20150064

. Venneti S, Lopresti BJ, Wiley CA (2013) Molecular imaging of

microglia/macrophages in the brain. Glia. 61(1):10-23. doi:10.
1002/glia.22357

. Starosta-Rubinstein S, Ciliax BJ, Penney JB, McKeever P, Young

AB (1987) Imaging of a glioma using peripheral benzodiazepine
receptor ligands. Proc Natl Acad Sci USA 84(3):891-895

. Benavides J, Cornu P, Dennis T, Dubois A, Hauw JJ, MacKenzie

ET, Sazdovitch V, Scatton B (1988) Imaging of human brain
lesions with an omega 3 site radioligand. Ann Neurol.
24(6):708-712

. Broaddus WC, Bennett JP Jr (1990) Peripheral-type benzodi-

azepine receptors in human glioblastomas: pharmacologic char-
acterization and photoaffinity labeling of ligand recognition site.
Brain Res 518(1-2):199-208

. Junck L, Olson JM, Ciliax BJ, Koeppe RA, Watkins GL, Jewett

DM, McKeever PE, Wieland DM, Kilbourn MR, Starosta-Rubin-
stein S, Mancini WR, Kuhl DE, Greenberg HS, Young AB (1989)
PET imaging of human gliomas with ligands for the peripheral
benzodiazepine binding site. Ann Neurol. 26(6):752-758

. Ikezaki K, Black KL, Toga AW, Santori EM, Becker DP, Smith

ML (1990) Imaging peripheral benzodiazepine receptors in brain
tumors in rats: in vitro binding characteristics. J Cereb Blood
Flow Metab 10(4):580-587

Bergstrom M, Mosskin M, Ericson K, Ehrin E, Thorell JO, von
Holst H, Norén G, Persson Halldin C, Stone-Elander S, Collins
VP (1986) Peripheral benzodiazepine binding sites in human
gliomas evaluated with positron emission tomography. Acta
Radiol Suppl 369:409-411

Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC,
Jouvet A, Scheithauer BW (2007) Kleihues P (2007) The 2007
WHO classification of tumours of the central nervous system.
Acta Neuropathol 114(2):97-109

Louis DN, Perry A, Burger P, Ellison DW, Reifenberger G, von
Deimling A, Aldape K, Brat D, Collins VP, Eberhart C, Figarella-
Branger D, Fuller GN, Giangaspero F, Giannini C, Hawkins C,
Kleihues P, Korshunov A, Kros JM, Beatriz Lopes M, Ng HK,
Ohgaki H, Paulus W, Pietsch T, Rosenblum M, Rushing E,
Soylemezoglu F, Wiestler O, Wesseling P; International Society
Of Neuropathology—Haarlem (2014) International Society Of
Neuropathology—Haarlem consensus guidelines for nervous
system tumor classification and grading. Brain Pathol
24(5):429-435. doi:10.1111/bpa.12171

Fine EJ, Herbst L, Jelicks LA, Koba W, Theele D (2014) Small-
animal research imaging devices. SeminNucl Med 44(1):57-65.
doi: 10.1053/j.semnuclmed.2013.08.006 (review)

Koba W, Jelicks LA, Fine EJ (2013) MicroPET/SPECT/CT
imaging of small animal models of disease. Am J Pathol
182(2):319-324. doi:10.1016/j.ajpath.2012.09.025

Buck JR, McKinley ET, Hight MR, Fu A, Tang D, Smith RA,
Tantawy MN, Peterson TE, Colvin D, Ansari MS, Baldwin RM,
Zhao P, Guleryuz S, Manning HC (2011) Quantitative, preclini-
cal PET of translocator protein expression in glioma using 18F-
N-fluoroacetyl-N-(2,5-dimethoxybenzyl)-2-phenoxyaniline.

J Nucl Med 52(1):107-114. doi:10.2967/jnumed.110.081703
Schiffer D, Cavalla P, Dutto A, Borsotti L (1997) Cell prolifer-
ation and invasion in malignant gliomas. Anticancer Res. Jan-Feb
17(1A):61-69

Tang D, Hight MR, McKinley ET, Fu A, Buck JR, Smith RA,
Tantawy MN, Peterson TE, Colvin DC, Ansari MS, Nickels M,
Manning HC (2012) Quantitative preclinical imaging of TSPO
expression in glioma using N, N-diethyl-2-(2-(4-(2-18F-fluo-
roethoxy)phenyl)-5,7 -dimethylpyrazolo[1,5-a]pyrimidin-3-
yl)acetamide. J Nucl Med 53(2):287-294. doi:10.2967/jnumed.
111.095653


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.drudis.2014.10.016
http://dx.doi.org/10.1016/j.biocel.2013.03.004
http://dx.doi.org/10.1016/j.biocel.2013.03.004
http://dx.doi.org/10.1042/BST20150064
http://dx.doi.org/10.1002/glia.22357
http://dx.doi.org/10.1002/glia.22357
http://dx.doi.org/10.1111/bpa.12171
http://dx.doi.org/10.1053/j.semnuclmed.2013.08.006
http://dx.doi.org/10.1016/j.ajpath.2012.09.025
http://dx.doi.org/10.2967/jnumed.110.081703
http://dx.doi.org/10.2967/jnumed.111.095653
http://dx.doi.org/10.2967/jnumed.111.095653

Clin Transl Imaging (2016) 4:145-156

155

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Tang D, Nickels ML, Tantawy MN, Buck JR, Manning HC
(2014) Preclinical imagingevaluation of novel TSPO-PET ligand

2-(5,7-Diethyl-2-(4-(2-[(18)F]fluoroethoxy) phenyl)pyrazolo
[1,5-a]pyrimidin-3-yl)-N, N-diethylacetamide
([(I8)FIVUIIS1008) in glioma. Mol Imaging Biol.

16(6):813-820. doi:10.1007/s11307-014-0743-2

Winkeler A, Boisgard R, Awde AR, Dubois A, Thézé B, Zheng J,
Ciobanu L, Dollé F, Viel T, Jacobs AH, Tavitian B (2012) The
translocator protein ligand ['*F]DPA-714 images glioma and
activated microglia in vivo. Eur J Nucl Med Mol Imaging
39(5):811-823. doi:10.1007/s00259-011-2041-4

Awde AR, Boisgard R, Théz¢é B, Dubois A, Zheng J, Dollé F,
Jacobs AH, Tavitian B, Winkeler A (2013) The translocator
protein radioligand 18F-DPA-714 monitors antitumor effect of
erufosine in a rat 9L intracranial glioma model. J Nucl Med
12:2125-2131. doi:10.2967/jnumed.112.118794

Buck JR, McKinley ET, Fu A, Abel TW, Thompson RC,
Chambless L, Watchmaker JM, Harty JP, Cooper MK, Manning
HC (2015) Preclinical TSPO ligand PET to visualize human
glioma xenotransplants: a preliminary study. PLoS ONE
10(10):e0141659. doi:10.1371/journal.pone.0141659

Su Z, Roncaroli F, Durrenberger PF, Coope DJ, Karabatsou K,
Hinz R, Thompson G, Turkheimer FE, Janczar K, Du Plessis D,
Brodbelt A, Jackson A, Gerhard A, Herholz K (2015) The 18-kDa
mitochondrial translocator protein in human gliomas: an 11C-
(R)PK11195 PET imaging and neuropathology study. J Nucl Med
56(4):512-517. doi:10.2967/jnumed.114.151621

Bode J, Veenman L, Caballero B, Lakomek M, Kugler W, Gavish
M (2012) The 18 kDatranslocator protein influences angiogene-
sis, as well as aggressiveness, adhesion, migration, and prolifer-
ation of glioblastoma cells. Pharmacogenet Genomics
22(7):538-550. doi:10.1097/FPC.0b013e3283539cdc

Kumar A, Muzik O, Chugani D, Chakraborty P, Chugani HT
(2010) PET-derived biodistribution and dosimetry of the benzo-
diazepine receptor-binding radioligand (11)C-(R)-PK11195 in
children and adults. J Nucl Med 51(1):139-144. doi:10.2967/
jnumed.109.066472

Hirvonen J, Roivainen A, Virta J, Helin S, Nagren K, Rinne JO
(2010) Human biodistribution and radiation dosimetry of 11C-
(R)-PK11195, the prototypic PET ligand to image inflammation.
Eur J Nucl Med Mol Imaging 37(3):606-612. doi:10.1007/
$00259-009-1298-3

Costa B, Da Pozzo E, Giacomelli C, Taliani S, Bendinelli S,
Barresi E, Da Settimo F, Martini C (2015) TSPO ligand residence
time influences human glioblastomamultiforme cell death/life
balance. Apoptosis 20(3):383-398. doi:10.1007/s10495-014-
1063-3

Klubo-Gwiezdzinska J, Jensen K, Bauer A, Patel A, Costello J Jr,
Burman KD, Wartofsky L, Hardwick MJ, Vasko VV (2012) The
expression of translocator protein in human thyroid cancer and its
role in the response of thyroid cancer cells to oxidative stress.
J Endocrinol 214(2):207-216. doi:10.1530/JOE-12-0081
Piotrowski AF, Blakeley J (2015) Clinical Management of Sei-
zures in Patients with Low-Grade Glioma. SeminRadiatOncol
25(3):219-224. doi:10.1016/j.semradonc.2015.02.009

Batarseh A, Barlow KD, Martinez-Arguelles DB (2011) Papa-
dopoulos V (2012) Functional characterization of the human
translocator protein (18 kDa) gene promoter in human breast
cancer cell lines. Biochim Biophys Acta 1819(1):38-56. doi:10.
1016/j.bbagrm.09.001

Gril B, Evans L, Palmieri D, Steeg PS (2010) Translational
research in brain metastasis is identifying molecular path-
ways that may lead to the development of new therapeutic
strategies. Eur J Cancer 46(7):1204-1210. doi:10.1016/j.ejca.
2010.02.033

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Gallego Pérez-Larraya J, Hildebrand J (2014) Brain metastases.
Handb Clin Neurol 121:1143-1157. doi:10.1016/B978-0-7020-
4088-7.00077-8

Han Z, Slack RS, Li W, Papadopoulos V (2003) Expression of
peripheral benzodiazepinereceptor (PBR) in human tumors:
relationship to breast, colorectal, and prostate tumor progression.
J Recept Signal Transduct Res 23(2-3):225-238

Mukherjee S, Das SK (2012) Translocator protein (TSPO) in
breast cancer. Curr Mol Med 12(4):443-457

Zheng J, Boisgard R, Siquier-Pernet K, Decaudin D, Dollé F,
Tavitian B (2011) Differential expression of the 18 kDatranslo-
cator protein (TSPO) by neoplastic and inflammatory cells in
mouse tumors of breast cancer. Mol Pharm 8(3):823-832. doi:10.
1021/mp100433c

Hinz R (2016) ClinTransl Imaging (in press)

Turkheimer FE, Edison P, Pavese N, Roncaroli F, Anderson AN,
Hammers A, Gerhard A, Hinz R, Tai YF, Brooks DJ (2007)
Reference and target region modeling of [11C]-(R)-PK11195
brain studies. J Nucl Med 48(1):158-167

Vezzani A, French J, Bartfai T, Baram TZ (2011) The role of
inflammation in epilepsy. Nat Rev Neurol 7(1):31-40. doi:10.
1038/nrneurol.2010.178

Badie B, Schartner JM (2000) Flow cytometric characterization
of tumor-associated macrophages in experimental gliomas.
Neurosurgery 46(4):957-961

Rizzo G, Veronese M, Tonietto M, Zanotti-Fregonara P, Tur-
kheimer FE, Bertoldo A (2014) Kinetic modeling without
accounting for the vascular component impairs the quantification
of [(11)C]PBR28 brain PET data. J Cereb Blood Flow Metab
34(6):1060-1069. doi:10.1038/jcbfm.2014.55 Epub 2014 Mar
26

Owen DR, Yeo AJ, Gunn RN, Song K, Wadsworth G, Lewis A,
Rhodes C, Pulford DJ, Bennacef I, Parker CA, StJean PL, Cardon
LR, Mooser VE, Matthews PM, Rabiner EA, Rubio JP (2012) An
18-kDa translocator protein (TSPO) polymorphism explains dif-
ferences in binding affinity of the PET radioligand PBR28.
J Cereb Blood Flow Metab 32(1):1-5. doi:10.1038/jcbfm.2011.
147

Selvaraj V, Stocco DM (2015) The changing landscape in
translocator protein (TSPO) function. Trends EndocrinolMetab
26(7):341-348. doi:10.1016/j.tem.2015.02.007

Seneviratne MS, Faccenda D, De Biase V, Campanella M (2012)
PK11195 inhibits mitophagy targeting the F1Fo-ATPsynthase in
Bcl-2 knock-down cells. CurrMol Med 12(4):476-482

Hatty CR, Banati RB (2015) Protein-ligand and membrane-ligand
interactions in pharmacology: the case of the translocator protein
(TSPO). Pharmacol Res 100:58-63. doi:10.1016/j.phrs.2015.07.
029

Su Z, Herholz K, Gerhard A, Roncaroli F, Du Plessis D, Jackson
A, Turkheimer F, Hinz R (2013) ! 1C]—(R)PK11195 tracer
kinetics in the brain of glioma patients and a comparison of two
referencing approaches. Eur J Nucl Med Mol Imaging
40(9):1406-1419. doi:10.1007/s00259-013-2447-2

Cassoni P, Gaetano L, Senetta R, Bussolati B, Molinaro L,
Bussolati G (2008) Histology far away from Flatland: 3D roller-
coasting into grade-dependent angiogenetic patterns in oligo-
dendrogliomas. J Cell Mol Med 12(2):564-568. doi:10.1111/j.
1582-4934.2007

Pappata S, Cornu P, Samson Y, Prenant C, Benavides J, Scatton
B, Crouzel C, Hauw JJ, Syrota A (1991) PET study of carbon-11-
PK 11195 binding to peripheral type benzodiazepine sites in
glioblastoma: a case report. J Nucl Med 32(8):1608-1610
Takaya S, Hashikawa K, Turkheimer FE, Mottram N, Deprez M,
Ishizu K, Kawashima H, Akiyama H, Fukuyama H, Banati RB,
Roncaroli F (2007) The lack of expression of the peripheral

@ Springer


http://dx.doi.org/10.1007/s11307-014-0743-2
http://dx.doi.org/10.1007/s00259-011-2041-4
http://dx.doi.org/10.2967/jnumed.112.118794
http://dx.doi.org/10.1371/journal.pone.0141659
http://dx.doi.org/10.2967/jnumed.114.151621
http://dx.doi.org/10.1097/FPC.0b013e3283539cdc
http://dx.doi.org/10.2967/jnumed.109.066472
http://dx.doi.org/10.2967/jnumed.109.066472
http://dx.doi.org/10.1007/s00259-009-1298-3
http://dx.doi.org/10.1007/s00259-009-1298-3
http://dx.doi.org/10.1007/s10495-014-1063-3
http://dx.doi.org/10.1007/s10495-014-1063-3
http://dx.doi.org/10.1530/JOE-12-0081
http://dx.doi.org/10.1016/j.semradonc.2015.02.009
http://dx.doi.org/10.1016/j.bbagrm.09.001
http://dx.doi.org/10.1016/j.bbagrm.09.001
http://dx.doi.org/10.1016/j.ejca.2010.02.033
http://dx.doi.org/10.1016/j.ejca.2010.02.033
http://dx.doi.org/10.1016/B978-0-7020-4088-7.00077-8
http://dx.doi.org/10.1016/B978-0-7020-4088-7.00077-8
http://dx.doi.org/10.1021/mp100433c
http://dx.doi.org/10.1021/mp100433c
http://dx.doi.org/10.1038/nrneurol.2010.178
http://dx.doi.org/10.1038/nrneurol.2010.178
http://dx.doi.org/10.1038/jcbfm.2014.55
http://dx.doi.org/10.1038/jcbfm.2011.147
http://dx.doi.org/10.1038/jcbfm.2011.147
http://dx.doi.org/10.1016/j.tem.2015.02.007
http://dx.doi.org/10.1016/j.phrs.2015.07.029
http://dx.doi.org/10.1016/j.phrs.2015.07.029
http://dx.doi.org/10.1007/s00259-013-2447-2
http://dx.doi.org/10.1111/j.1582-4934.2007
http://dx.doi.org/10.1111/j.1582-4934.2007

156

Clin Transl Imaging (2016) 4:145-156

48.

49.

50.

51.

52.

53.

54.

55.

56.

benzodiazepine receptor characterises microglial response in
anaplastic astrocytomas. J Neurooncol 85(1):95-103

Van Dort ME, Ciliax BJ, Gildersleeve DL, Sherman PS,
Rosenspire KC, Young AB, Junck L, Wieland DM (1988)
Radioiodinated benzodiazepines: agents for mapping glial
tumors. J Med Chem 31(11):2081-2086

Gildersleeve DL, Lin TY, Wieland DM, Ciliax BJ, Olson JM,
Young AB (1989) Synthesis of a high specific activity 125I-
labeled analog of PK 11195, potential agent for SPECT imaging
of the peripheral benzodiazepine binding site. Int J Rad ApplIn-
strum B 16(4):423-429

Stevenson L, Tavares AA, Brunet A, McGonagle FI, Dewar D,
Pimlott SL, Sutherland A (2010) New iodinated quinoline-2-
carboxamides for SPECT imaging of the translocator protein.
Bioorg Med ChemLett. 20(3):954-957. doi:10.1016/j.bmcl.2009.
12.061

Feng L, Svarer C, Thomsen G, de Nijs R, Larsen VA, Jensen P,
Adamsen D, Dyssegaard A, Fischer W, Meden P, Krieger D,
Mgller K, Knudsen GM, Pinborg LH (2014) In vivo quantifica-
tion of cerebral translocator protein binding in humans using
6-chloro-2-(4'-1231-iodophenyl)-3-(N,  N-diethyl)-imidazo[1,2-
a]pyridine-3-acetamid e SPECT. J Nucl Med 55(12):1966-1972.
doi:10.2967/jnumed.114.143727

Jensen P, Feng L, Law I, Svarer C, Knudsen GM, Mikkelsen JD,
de Nijs R, Larsen VA, Dyssegaard A, Thomsen G, Fischer W,
Guilloteau D, Pinborg LH (2015) TSPO imaging in glioblas-
tomamultiforme: a direct comparison between 123I-CLINDE
SPECT, 18F-FETPET, and gadolinium-enhanced MR imaging.
J Nucl Med 56(9):1386-1390. doi:10.2967/jnumed.115.158998
Miettinen H, Kononen J, Haapasalo H, Helén P, Sallinen P,
Harjuntausta T, Helin H, Alho H (1995) Expression of peripheral-
type benzodiazepine receptor and diazepam binding inhibitor in
human astrocytomas: relationship to cell proliferation. Cancer
Res 55(12):2691-2695

Vlodavsky E, Soustiel JF (2007) Immunohistochemical expres-
sion of peripheral benzodiazepine receptors in human astrocy-
tomas and its correlation with grade of malignancy, proliferation,
apoptosis and survival. J Neurooncol 81(1):1-7

Seimon T, Tabas I (2009) Mechanisms and consequences of
macrophage apoptosis in atherosclerosis. J Lipid Res
50(Suppl):S382-S387. doi:10.1194/jlr.R800032-JLR200

Tabas I (2009) Macrophage apoptosis in atherosclerosis: conse-
quences on plaque progression and the role of endoplasmic

@ Springer

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

reticulum stress. Antioxid Redox Signal 11(9):2333-2339.
doi:10.1089/ARS.2009.2469

Herholz K (2010) Amino acid PET and clinical management of
glioma patients. Eur J Nucl Med Mol Imaging 37(4):683-684.
doi:10.1007/s00259-009-1366-8

Shinozaki N, Uchino Y, Yoshikawa K, Matsutani T, Hasegawa
A, Saeki N, Iwadate Y (2011) Discrimination between low-grade
oligodendrogliomas and diffuse astrocytoma with the aid of 11C-
methionine positron emission tomography. J Neurosurg
114(6):1640-1647. do0i:10.3171/2010.11.JNS10553

Derlon JM, Petit-Taboué MC, Chapon F, Beaudouin V, Noél
MH, Creveuil C, Courtheoux P, Houtteville JP (1997) The in vivo
metabolic pattern of low-grade brain gliomas: a positron emission
tomographic study using 18F-fluorodeoxyglucose and 11C-L-
methylmethionine. Neurosurgery 40(2):276-287

Yamaguchi S, Kobayashi H, Hirata K, Shiga T, Tanaka S, Murata J,
Terasaka S (2011) Detection of histological anaplasia in gliomas with
oligodendroglial components using positron emission tomography
with (18)F-FDG and (11)C-methionine: report of two cases. J Neu-
rooncol 101(2):335-341. doi:10.1007/s11060-010-0262-1

Guo P, Ma J, Li S, Guo Z, Adams AL, Gallo JM (2001) Targeted
delivery of a peripheral benzodiazepine receptor ligand-gemc-
itabine conjugate to brain tumors in a xenograft model. Cancer
ChemotherPharmacol 48(2):169-176

Musacchio T, Laquintana V, Latrofa A, Trapani G, Torchilin VP
(2009) PEG-PE micellesloaded with paclitaxel and surface-
modified by a PBR-ligand: synergistic anticancer effect. Mol
Pharm. Mar—Apr 6(2):468-479

Samuelson LE, Dukes MJ, Hunt CR, Casey JD, Bornhop DJ
(2009) TSPO targeted dendrimer imaging agent: synthesis,
characterization, and cellular internalization. Bioconjug Chem
20(11):2082-2089. doi:10.1021/bc9002053

Bergs JW, Wacker MG, Hehlgans S, Piiper A, Multhoff G, Rodel
C, Rodel F (2015) The role of recent nanotechnology in
enhancing the efficacy of radiation therapy. BiochimBio-
physActa. doi:10.1016/j.bbcan.2015.06.008

Werry EL, Barron ML, Kassiou M (2015) TSPO as a target for
glioblastoma therapeutics. BiochemSoc Trans 43(4):531-536.
doi:10.1042/BST20150015

Zhang S, Yang L, Ling X, Shao P, Wang X, Edwards WB, Bai M
(2015) Tumor mitochondria-targeted photodynamic therapy with
a translocator protein (TSPO)-specific photosensitizer. Acta
Biomater. doi:10.1016/j.actbio.2015.09.033


http://dx.doi.org/10.1016/j.bmcl.2009.12.061
http://dx.doi.org/10.1016/j.bmcl.2009.12.061
http://dx.doi.org/10.2967/jnumed.114.143727
http://dx.doi.org/10.2967/jnumed.115.158998
http://dx.doi.org/10.1194/jlr.R800032-JLR200
http://dx.doi.org/10.1089/ARS.2009.2469
http://dx.doi.org/10.1007/s00259-009-1366-8
http://dx.doi.org/10.3171/2010.11.JNS10553
http://dx.doi.org/10.1007/s11060-010-0262-1
http://dx.doi.org/10.1021/bc9002053
http://dx.doi.org/10.1016/j.bbcan.2015.06.008
http://dx.doi.org/10.1042/BST20150015
http://dx.doi.org/10.1016/j.actbio.2015.09.033

	TSPO expression in brain tumours: is TSPO a target for brain tumour imaging?
	Abstract
	Introduction
	The complexity and heterogeneity of CNS tumours
	Preclinical models: in vivo imaging models and in vitro studies
	In vitro models
	TSPO and brain metastases
	The TSPO in gliomas: clinical studies and methodological consideration
	TSPO and SPECT
	What have we learnt from pathology?
	Does TSPO offer advantages over other imaging modalities?
	The TSPO in the treatment of brain tumours

	Conclusion
	Acknowledgments
	References




