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Abstract. Non-invasive molecular imaging techniques can enhance diagnosis of neurological
diseases to achieve their successful treatment. Positron emission tomography (PET) imaging
can identify activated microglia and provide detailed functional information based on
molecular biology. This imaging modality is based on detection of isotope labeled tracers,
which emit positrons. The review summarizes the developments of various radiolabeled
ligands for PET imaging of neuroinflammation.

Inflammation is involved in a variety of neurological diseases including stroke, Alzheimer disease,
multiple sclerosis, Parkinson’s disease, neurodegenerative dementias, epilepsy, psychiatric disorders
such as schizophrenia, and oncologic diseases [1-6]. The inflammatory during most chronic
neurodegenerative disease is dominated by the microglia [7]. Microglia are brain macrophages that
emerge from early erythro-myeloid precursors and migrate to the brain mesenchyme before the blood
brain barrier is formed [8]. Microglia constitute up to 10% of the total cell population of the brain. As
resident macrophages of the central nervous system (CNS), the cells of microglia phagocytose cellular
debris, present foreign antigens, and are the sensors of pathological events including inflammation [9].
Microglial cells can upregulate synthesis and release of various mediators, including translocator
protein (TSPO), chemokines (e.g. CCL2), cyclooxygenase 1 (COX1), and cannabinoid receptor 2
(CB2) in the presence of inflammation. Blood-borne leukocytes including monocytes/macrophages,
neutrophils, T-lymphocytes and B-lymphocytes extravasate into the brain through the interaction of
cell surface integrins with specific endothelial adhesion molecules (e.g., ICAM-1, VCAM-1, P-/E-
selectins). Stimulated cells then secrete effector molecules (e.g., matrix metalloproteinases [MMPs]
and myeloperoxidase [MPO]), which trigger axonal damage and/or demyelination. Cell-to-cell
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interaction between the antigen-presenting cells (APCs, e.g., B-lymphocytes, microglia, dendritic
cells) is mediated via CD40 among other molecules [10].

To date, the most promising imaging techniques to visualize neuroinflammation include the
methods of positron emission tomography (PET) and single photon emission computed tomography
(SPECT). Identification of neuroinflammation markers using PET is a promising area of research
aimed to improve the accuracy of diagnosis of these diseases, specify the prognosis and assess the
effects of the therapeutic interventions [4]. PET is an imaging technology that assays the distribution
of ligands labelled with positron emitters (e.g., 18F, 11C, 150) in vivo, by measuring the emitting
annihilation photons with a ring of detectors. It is a functional imaging technology that best suits the
three principles of tracer measurements because PET instrumentation (1) allows absolute
quantification, (2) PET labels do not modify tracer properties, and (3) PET ligands are administered at
trace concentrations. These properties stem from the unique ability of the technology to utilize high
energy radiation emitted from the nucleus as opposed to lower energy modalities, such as computed
tomography, where X-rays are emitted by the orbiting electrons. PET labels radiate positrons, the anti-
matter counterpart of the electron that annihilate with slowly moving electrons emitting two y-rays at
an 1800 angle that are detected by the ring of detectors. Once a study is completed, the coincident
detections of the y-rays are reconstructed into a set of time frames that measure the distribution of the
radioligand during the acquisition [11].

Molecular imaging techniques that non-invasively visualize specific targets of the inflammation
cascade using sensitive and specific probes may be powerful tools to evaluate neuroinflammation in
the pre-clinical and clinical settings [12]. To date, a range of novel radioligand tracers for microglia
inflammatory activation is under development. Imaging with 18F-fluorodesoxyglucose (FDG) PET is
used to determine sites of abnormal glucose metabolism and can be used, for example, to characterize
and to localize many types of tumors [13]. However, lack of specificity of 18F-FDG PET limits its
application for visualization of sites of infection and inflammation.

Several radioligands have been developed to image the activation of microglia in experimental
models and in various CNS diseases using PET techniques [14]. For example, translocator protein
(TSPO) is consistently elevated in activated microglia of the CNS in response to a variety of adverse
factors as well as in the presence of neurodegenerative and psychiatric conditions. 11C-PK11195 PET,
aimed at imaging the expression of the TSPO on activated microglia in the brain, has been used in
preclinical and clinical research to investigate neuroinflammation in vivo in patients with brain
diseases. Increased 11C-PK11195 uptake has been observed around the ischemic lesions for several
days after the onset, but also in the regions distant from the lesion [14]. However, 11C-PK11195
suffers from two major limitations: low brain permeability and high nonspecific signal due to plasma
binding resulting in a low signal-to-noise ratio [4].

Significance of brain immunity as a primary or comorbid factor of illness has sparked great
interest in the TSPO as a biomarker. In recent years, novel tracers such as [11C]-DAA1106, [11C]-
vinpocetine, [11C]-DPA-713, [11C]-PBR28, [I18F]-FEDAA1106, [18F]-PBR0O6, [I18F]-PBRI111,
[18F]-DPA-714, and [18F]-FEPPA have been developed as the second-generation TSPO radioligands
aimed at improving the quality of TSPO imaging through the higher affinity of novel radioligands [2,
15]. However, such major developments have not yet resulted in the expected improvement of image
quality [5]. There are some challenges: for example, the second-generation TSPO ligands show high
level of vascular binding, which makes it difficult to separate the normal gray matter from other
tissues [16].

Apart from TSPO, other targets, involved in the neuroinflammatory process in neurodegenerative
disease, have been identified and currently are evaluated using PET ligands. One promising target is
the cannabinoid receptor type 2 (CB2R), which is involved in peripheral immune system function, and
is also upregulated in CNS disorders showing microglial activation [17]. This has led to the
development of specific ligands, such as [11C]-NE40, which show binding to the human CB2R
overexpressed in rodent striatum in preclinical PET studies [18]. First-in-man study of [11C]-NE40
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showed a swift brain uptake [19], however, at this time, no clinical data on CB2R PET studies in
neuronal disease have been published yet [6].

PET tracers like [64Cu]DOTA-etanercept and [64Cu]pegylated dimeric ¢(RGDyK) have been
developed to target tumor necrosis factor (TNF) in both acute and chronic inflammation in mice. TNF
may be a target for multiple sclerosis imaging in the future [10]. Another marker participating in the
neuronal damage is inducible nitric oxide (NO) synthase (iNOS). The number of tracers for iNOS is
minimal and the current [18F|NOS (6-(1/2)(2-[18F]fluoropropyl)-4-methylpyridin-2-amine) requires
further modification and improvement [10]. The expression of another proinflammatory cytokine
mediator, cyclooxygenase-2(COX-2), is extensively increased in multiple sclerosis lesions and it has
been tightly linked to increase in iNOS expression [20]. PET tracers for COX-2 have been developed,
but the in vivo imaging properties have not been very effective [21]. The most promising COX-2
tracer so far is [11C]Rofecoxib (4-(4-methylsulfonylphenyl)-3-phenyl-5H-furan-2-one) demonstrating
in vitro usability, but lacking necessary affinity for in vivo studies [22].

Formyl peptide receptors (FPRs) are the G protein-coupled receptors (GPCR) that play an
important role in leukocyte activation and chemotaxis [23]. These receptors were originally identified
for their ability to bind and be stimulated by N-formyl peptides, which are produced by bacteria but
can also be released from damaged mitochondria during tissue injury. The FPR are abundantly
expressed on the surface of macrophages and neutrophils [23]. Moreover, FPR2 could represent an
interesting target for monitoring in vivo the onset and progression of neuroinflammation in Alzheimer
disease [24]. In recent years, 64Cu isotopes have been linked to FPR ligands for preclinical and
clinical imaging of inflammation sites by PET. The FPR-specific peptide, cinnamoyl-F-(D)L-F-(D)L-
FK (cFLFLF), was sequentially conjugated with a bifunctional polyethylene glycol moiety (PEG) and
a2,2',2".2"-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid (DOTA) through a lysine
(K) spacer and finally labeled with 64Cu2+ to form cFLFLFK-PEG-64Cu [25]. In vitro assays for
binding of the synthesized ligand to the neutrophil FPR yielded a dissociation constant of 17.7 nM.
PET imaging with cFLFLFK-PEG-64Cu revealed that lung standardized uptake values correlated with
lung neutrophil activity in Klebsiella-infected mice [25]. This construct represents more effective PET
agent for macrophage detection compared with 18F-FDG for detection of macrophages in the
pancreatic islets and aorta [26]. However, the in vivo use of peptides for neurovisualization is
hampered by their low ability to cross blood—brain barrier (BBB) unless they interact with specific
transport systems. Thus, non-peptidic small molecules may have some advantages because they can be
suitably designed to modulate properties, such as potency, selectivity, lipophilicity, and cell
permeability, which are pivotal for a potential radiotracer [27]. Recently, a series of non-peptidic
potent agonists for FPR1/2 with 3-(1H-indol-3-yl)-2-[3-(4-nitrophenyl)ureido]propanamide structure
was reported [28]. On the basis this scaffold compound (S)-1 was selected as a candidate for
visualization of FPRs in the activated microglial cells in vivo [27]. However, (S)-[11C]-1 showed very
poor BBB penetration and, thus, was unable to accumulate in the brain [27].

Therefore, at the present time, searching for new neuroinflammation markers for PET detection
remains a relevant problem and requires further research efforts.
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