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Abstract
Purpose The aim of this study was to examine whether the translocator protein 18-kDa (TSPO) PET
ligand [ 18 F]FEPPA has the sensitivity for detecting changes in microglial activation in hemiparkinsonian
rhesus macaques treated with allogeneic grafts of induced pluripotent stem cell-derived midbrain
dopaminergic neurons (iPSC-mDA).
Methods In vivo positron emission tomography (PET) imaging with [ 18 F]FEPPA was used in conjunction
with postmortem CD68 immunostaining to evaluate neuroinflammation in the brains of
hemiparkinsonian rhesus macaques (n = 6) that received allogeneic iPSC-mDA grafts in the putamen
ipsilateral to MPTP administration.
Results Based on visual inspection of the imaging data and assessment of radiotracer uptake,
nonhuman primates with allogeneic grafts showed increased [ 18 F]FEPPA binding at the graft sites
relative to the contralateral putamen. From PET asymmetry analysis of the images, the mean asymmetry
index of the monkeys was AI = -0.110 ± 0.025. Evaluation and scoring of CD68 immunoreactivity by an
investigator blind to the treatment identified significantly more neuroinflammation in the grafted areas of
the putamen compared to the contralateral nucleus (p = 0.0004). [ 18 F]FEPPA PET standard uptake
values normalized to the contralateral putamen (SUV norm ) showed a positive correlation with CD68
immunoreactivity ratings in the monkeys (Pearson’s r = 0.83; p = 0.0008).
Conclusion These findings reveal that [ 18 F]FEPPA PET is an effective marker for detecting increased
microglial activation and demonstrate sufficient sensitivity to detect small changes in neuroinflammation
in vivo following allogeneic cell engraftment.

Introduction
Stem cell therapy shows great promise as a therapeutic strategy for many degenerative diseases such as
Parkinson’s disease (PD) [1, 2]. Specifically, use of induced pluripotent stem cell-derived dopaminergic
neurons (iPSC-mDA) as opposed to embryonic stem cells is envisioned as a sustainable, less
controversial method to obtain cell lines [3, 4]. Use of same-species donor (allogeneic) iPSC lines,
presents the advantage of ready availability, yet the cells can trigger an immune response in the host
following engraftment, as a result of expression of major histocompatibility complex (MHC) molecules by
the iPSCs [5, 6]. Thus, a method of monitoring the severity of the immune response following stem cell
therapy is warranted, which may be achieved in vivo through positron emission tomography (PET)
targeting activated microglia.
The mitochondrial translocator protein 18-kDa (TSPO) is highly expressed in activated macrophages and
microglia in the brain and is considered a biomarker for neuroinflammation [7–9]. As a result, TSPO has
become a popular target for various radioligands in PET neuroinflammation studies [10]. PET imaging of
neuroinflammation provides an excellent opportunity to track in vivo changes in inflammatory response
without requiring invasive surgery or tissue biopsy. However, there are some limitations in the
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interpretation of microglial activation via TSPO imaging [11]. Specifically, microglial activation, like
macrophage activation, is classically described as pro-inflammatory (M1) or anti-inflammatory (M2) [12].
Yet this concept is being challenged, as the inflammatory state of cells can be fluid, changing in response
to the microenvironment [13]. Upregulation of TSPO has been associated with both the M1 and M2
activation state, with TSPO-specific radioligands being unable to distinguish the different states [14],
possibly because transition between states is a continuum [13, 15, 16]. It is also suggested that PET
radiotracers targeting TSPO only provide a measure of microglial density rather than increased microglial
activation [12]. Preclinical imaging studies designed to include direct measure of microglial changes by
postmortem histological analysis can provide a basis to validate whether increases in TSPO PET signal
correspond to increased microglial activation.
The prototypical TSPO radioligand [11C]-PK11195 and its enantiomer [11C]®PK11195 have been used in
neuroinflammation studies but suffer from low brain penetration, high nonspecific binding, and high
plasma protein binding [17, 18]. Thus, a variety of second-generation TSPO radioligands have been
developed to circumvent the drawbacks of their predecessors and improve PET quantification of targetspecific binding [19, 20]. Notable radioligands include [11C]PBR28, [11C]DPA713, [11C]ER176, [18F]PBR111,
[18F]DPA714, and [18F]FEPPA [21, 22] which provide higher TSPO-specific signal, although a drawback is
varied sensitivity to the binding affinity state determined by the single nucleotide polymorphism rs6971
[23, 24]. The feasibility of producing [18F]-fluoride from commercial cyclotrons has motivated the
development of fluorine-18 labelled radioligands for PET studies, such as the TSPO radioligand
[18F]FEPPA. Fluorine-18 labelled compounds introduce the benefits of improved counting statistics and
image quality compared to carbon-11, as well as a longer half-life (109.8 minutes compared to 20.3
minutes) which can allow for eased experimental logistics and the opportunity to transport radiotracer
from production sites to imaging centers [18]. FEPPA (Ki ≈ 0.07 nmol/L) in particular shows higher
affinity to TSPO compared to some of the carbon-11 radioligands and its affinity is three times higher
than PBR28 (Ki ≈ 0.22 nmol/L) and over ten times higher than DPA713 and PK11195 (Ki ≈ 0.87 and
1.29 nmol/L, respectively) [18]. While FEPPA displays higher binding affinity to TSPO compared to
PBR28, there is no increase in brain PET signal [18, 25] due to its larger non-displaceable distribution
volume [26].
The aim of this study was to assess whether [18F]FEPPA PET can be used as an in vivo measure of
microglial activation in the brain, using a monkey model with stem cell-derived neuronal grafts. Taking
advantage of an ongoing project in which hemiparkinsonian rhesus macaques were treated with
allogeneic stem cell therapy, we compared in vivo [18F]FEPPA PET uptake to postmortem CD68 brain
expression (a marker of microglia/macrophages) to validate imaging findings.

Materials And Methods

Animals
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Rhesus monkeys (Macaca mulatta) from the Wisconsin National Primate Research Center (WNPRC) at
the University of Wisconsin-Madison, an AALAC accredited facility, were used in this experiment. All
procedures were performed in strict accordance with the recommendations in the National Research
Council Guide for the Care and Use of Laboratory animals (2011) and were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Wisconsin-Madison (experimental protocol
G00673). All efforts were made to minimize the number of animals used and to ameliorate any distress
caused by the experimental procedures outlined in this report.
Six adult male rhesus macaques (9–13 years old; 8–19 kg) were rendered hemiparkinsonian by the
administration of a unilateral (right) intracarotid artery injection of the neurotoxin 1-methyl-4, phenyl1,2,3,6-tetrahydropyridine (MPTP) under sterile surgical conditions and isoflurane anesthesia, as
previously described [27]. Three to 12 months later, the monkeys received injections of allogeneic iPSCmDA into the putamen nucleus ipsilateral to the MPTP dosing under sterile surgical conditions and
isoflurane anesthesia, using validated methods [28]. iPSC-mDA were generated from rhesus fibroblasts
[29], genomic edited to express mCherry and intracerebrally delivered using Real Time-Intraoperative
Magnetic Resonance Imaging (RT-IMRI) in a 3-T GE SIGNA MRI scanner [28]. Each animal received
approximately 15–20 million iPSC-mDA, distributed across three needle tracts with 2–3 deposits of 20–
30 µL per deposit. Twenty four months following brain surgery, the monkeys underwent [18F]FEPPA PET
scans (details below) under isoflurane anesthesia, as previously described [30]. Approximately 72 hours
after [18F]FEPPA PET, animals were anesthetized with sodium pentobarbital (25 mg/kg iv) and
transcardially perfused with heparinized saline, followed by 4% paraformaldehyde (PFA). The brains were
retrieved and processed for immunohistochemistry as previously described [27, 31].

Radiochemistry
The synthesis of [18F]FEPPA was modified from previous methods [32, 33] to reduce precursor mass and
improve high performance liquid chromatography (HPLC) separation of product from impurities.
Radiolabeling was performed on an automated chemistry process control unit (CPCU). Aqueous [18F]fluoride was produced with a 16 MeV GE PETtrace cyclotron in a silver target via the 18O(p,n)18F reaction
using enriched [18O]H2O. The solution was passed through an Accel Plus QMA Light Sep-Pak and eluted
into a reaction vessel with 700 µL of a 20% water in acetonitrile solution of potassium carbonate and
kryptofix222, and rinsed with 700 µL acetonitrile. Anhydrous acetonitrile was added to the solution and
dried by azeotropic distillation. FEPPA tosylate precursor (2.0 mg) was dissolved in 0.4 mL anhydrous
acetonitrile and added to the dry [18F]-fluoride vial. Nucleophilic substitution was performed by heating at
90ºC for 10 minutes to produce [18F]FEPPA. The reaction mixture was taken up in 1.0 mL ethanol and
passed through an Alumina N Plus Light Sep-Pak to remove free [18F]-fluoride and kryptofix222. The
solution containing [18F]FEPPA was diluted with 0.5 mL H2O and injected onto semipreparative HPLC for
purification (Column: Phenomenex Luna C18, 10 µm, 250 × 10 mm; Mobile phase: 20/80 Acetonitrile/H2O
+ 0.5% Formic acid; Flow rate: 10 mL/min; UV wavelength: 254 nm). The collected fraction was diluted
with 50 mL sterile water for injection, passed through a C18 Light Plus Sep-Pak, and eluted with 1.0 mL
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ethanol and 9.0 mL bacteriostatic saline through a 0.22 µm filter into a sterile, pyrogen-free vial. 30 µL of
the final product was injected onto analytic HPLC (Column: Intersil ODS-4, 5 µm, 150 × 4.6 mm; Mobile
phase: 40/60 Acetonitrile/0.1 N Ammonium Formate; Flow rate: 2.5 mL/min; UV wavelength: 254 nm) to
assess the impurity profile of the final product. The radiochemical yield of [18F]FEPPA was 25 ± 8% not
corrected for radioactive decay (ndc) from a total synthesis time of 78 ± 4 minutes. The retention time of
[18F]FEPPA on semipreparative HPLC was 30.7 ± 1.0 minutes. The original method of FEPPA production
reported yields of 50–60% ndc using a precursor mass of 5 mg [33]. After modifications to their synthesis
with addition of a cartridge-based SPE step, the same group reported yields of 30 ± 6% ndc using 5 mg of
precursor [32]. With our new method, reducing the precursor mass by 60% produced similar yields to the
previously published reports. From analytic HPLC, the retention time of product was 6.60 ± 0.01 minutes
with a molar activity of 751.1 ± 162.8 MBq/nmol (at the end of synthesis) and radiochemical purity >
99%. The total impurity mass excluding peaks from the formulation vehicle was 2.51 ± 0.44 nmol
determined through analytic HPLC. The radiotracer displayed no radiolysis for at least 4 hours post
formulation and required no stabilizing agents.

PET imaging
Twenty four months following brain surgery, all animals underwent [18F]FEPPA scans in a microPET
Focus 220 scanner under isoflurane anesthesia, (1–3% in 100% O2, 1 L/min); vital signs (respiration,
temperature, heart rate) were monitored throughout as described elsewhere [30]. The monkeys were
placed in the prone position and their head secured in a stereotaxic frame. After a 15-min transmission
scan, radioligand was injected as an i.v. bolus (~ 185 MBq) over 30 s. Dynamic PET images were
obtained for 2 h with conventionally increasing frame durations (6 × 30 s, 3 × 60 s, 2 × 120 s, 22 × 300 s).
Time-activity curves were generated from the raw 4D PET data. Image frames from the 90–120 min
duration were averaged, smoothed with a 4 mm Gaussian kernel, and registered to the IMRI scan. Region
of interest (ROI) masks were generated for each iPSC-mDA graft site through segmentation of static
frames of the IMRI data collected during iPSC-mDA delivery. Masks for the cerebellum and contralateral
(left) putamen were generated from an in-house rhesus atlas [34, 35]. The IMRI data was spatially
normalized to the rhesus template, and the resulting deformation fields were used to transform the ROI
masks into the native IMRI space. PET voxel activity concentrations were normalized to the injected dose
and NHP weight to generate standard uptake value (SUV) images. The ROI masks were applied to the
PET image to extract mean SUVs for each region. An asymmetry index (Eq. 1) was calculated for the
graft sites (CR) and the contralateral putamen (CL) to assess asymmetry in glial activation between
hemispheres. Using the cerebellum as a pseudo-reference region, an asymmetry index was calculated for
the ipsi- and contralateral cerebellum to assess whether any asymmetry was a global artefact of the
image.

Postmortem brain tissue processing and analysis
After the brains were post-fixated and cryoprotected, the tissue was cut frozen (40 µm sections) on a
sliding knife microtome. Serial coronal brain sections spanning the putamen nucleus from all monkeys
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were immunostained with antibodies against mCherry (1:2000; Thermo Fisher Scientific, Waltham, MA,
USA) or CD68 (1:3000; DakoCytomation, Glostrup, Denmark) and counterstained with Nissl.
Immunostaining of tissue sections from all animals was performed in parallel and included negative and
positive controls for each antibody [27, 31].
Coronal brain sections immunostained against mCherry and CD68 were evaluated in a Zeiss Axioplan 2
imaging photomicroscope hard-coupled to a MAC5000 high precision computer-controlled x-y-z
motorized stage, and a MicroFire CX9000 camera. To minimize potential bias, an independent
investigator evaluated mCherry immunostained tissue and selected the commissural and postcommissural putamen for evaluation of microglia/macrophage cell response. A different investigator,
blind to the treatment, assessed the ipsi- and contralateral putamen of all subjects in three coronal brain
sections (starting at the level of the anterior commissure and 960 µm apart) per subject. Tissue sections
were first evaluated at low magnification (10X) to identify areas of CD68-ir. High magnification (40X) was
then used to assess microglia morphology.
CD68-ir microglia were defined as resting when the cells were small with thin ramifications; activated cells
presented an amoeboid conformation with dense rounded cell bodies and no or small thickened
processes [36, 37] (Fig. 1). Based on these criteria, the ipsi- and contralateral putamen of each brain
tissue section was rated from 0 to 4 using a semi-quantitative rating scale. The scoring system was: 0 =
None, no more than 4 individual, small amoeboid CD68 labeled microglia throughout the entire putamen;
1 = Weak, small amoeboid microglia forming no more than 2 small, sparsely populated clusters, with no
other microglia scattered in the putamen; 2 = Minimal, small amoeboid microglia forming no more than 5
small, more dense clusters, with some amoeboid microglia scattered individually throughout a localized
area of the putamen; 3 = Moderate, slightly larger amoeboid microglia, more numerous, may form small
clusters, mostly spread throughout a localized area of the putamen; 4 = Strong, large, dark, rounded
microglia forming dense clusters that accumulate into distinct, localized areas of dark CD68
immunoreactivity with some spread of smaller microglia outside of the clusters. The final score for the
ipsi- and contralateral putamen of each subject was obtained by averaging the results of the three tissue
sections.

Statistics
Data collection and analysis were performed by investigators blind to the treatment. Statistical analysis
was performed with R v3.5.3. Results are presented as mean ± SEM. The p-values for data sets were
calculated using a two-tailed, paired samples Student’s t-test. The relationship between [18F]FEPPA SUVs
and CD68-ir scores was analyzed using Pearson’s correlations. A p < 0.05 was considered significant.

Results

PET image analysis
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From visual inspection of the data, putamen asymmetry of [18F]FEPPA uptake was observed in the rhesus
with allogeneic iPSC-mDA (Fig. 2). Average time-activity curves revealed disparity in the uptake of
[18F]FEPPA at the site of the grafts relative to the control, untreated putamen (Fig. 3). To analyze this
finding, an asymmetry index comparing the ipsilateral (right) and contralateral (left) regions was
generated for the putamen and cerebellum (control region anticipated to be unaffected by the grafts) of
each animal (Table 1). The monkeys showed increased asymmetry of [18F]FEPPA uptake in the putamen
(-0.110 ± 0.025), and no difference (-0.007 ± 0.020) in uptake between the ipsi- and contralateral
cerebellum, confirming that the putamen asymmetry observed was not a result of global image artifacts.
Table 1
Asymmetry index (AI) results for monkeys with
allogeneic iPSC-mDA. Putamen asymmetry is
detected due to the unilateral placemeallogeneic
grafts, while no asymmetry is noticed in the
cerebellum.
Monkey ID

Putamen AI

Cerebellum AI

R1

-0.167

0.045

R2

-0.159

-0.035

R3

-0.017

0.055

R4

-0.165

-0.071

R5

-0.049

-0.033

R6

-0.103

0.000

Mean ± SEM

-0.110 ± 0.025

-0.007 ± 0.020

Postmortem brain analysis
Evaluation of mCherry immunostaining by an independent investigator confirmed the unilateral presence
of grafted cells in the IMRI-targeted putaminal areas of all animals. mCherry positive cells with neuronallike morphology were found forming dense dark clusters, with minimal, short neurite extensions towards
the rest of the host putamen (Fig. 4).
The pattern of CD68-ir presented differences within and between individuals. In all analyzed sections, the
grafted ipsilateral putamen had CD68 positive cells that ranged from a couple of small clusters with few
amoeboid microglia (score 1) to strong CD68-ir clusters of large, dark, amoeboid microglia and variable
spread of smaller CD68 positive cells outside of the clusters (score 4; Fig. 4). In contrast, the untreated
contralateral putamen had no CD68-ir, except one case (R1) in which 2 sections showed a couple of weak
CD68-ir cell clusters with a few spread out amoeboid microglia (score 1). Blind quantification of CD68-ir
with the rating scale identified significant differences in activated microglia levels between the ipsilateral
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(3.33±0.38 (mean±SEM)) and contralateral (0.11±0.11) putamen (p = 0.0004). Comparison between the
mean CD68 rating and [18F]FEPPA SUV normalized to the contralateral putamen (SUVnorm ) showed a
significant positive correlation (Pearson’s r = 0.83, p = 0.0008; Fig. 5).

Discussion
The goal of this nonhuman primate project was to assess whether TSPO PET imaging with [18F]FEPPA
can be used in translational studies as a sensitive in vivo measure of microglial activation in the brain. As
a study platform, we took advantage of an ongoing project in our lab in which hemiparkinsonian rhesus
macaques were treated with allogeneic iPSC-mDA and we compared the in vivo [18F]FEPPA PET uptake to
postmortem CD68 brain expression to further validate the PET imaging results. We chose to focus on
[18F]FEPPA because, compared to the first-generation TSPO ligand [11C]PK11195, it has an increased
signal-to-noise ratio due to greater specific binding [38–40], plus the fluorine-18 labelling improves image
quality and increases half-life of the radioligand compared to carbon-11 [18].
Of significant translational interest is that [18F]FEPPA has been used to evaluate inflammatory cell
recruitment in the brains of PD patients [41–43]. The imaging studies successfully captured the mild
neuroinflammatory changes induced by the disease, yet they did not identify a direct relationship between
the amount of microglial activation observed by [18F]FEPPA and PD progression. The results likely reflect
stable activated microglia recruitment over time, although nucleotide polymorphism in the TSPO gene
(rs6971) found in humans of European heritage may complicate the interpretation of the results [24]. The
monkeys in this study were rendered with stable hemiparkinsonism by intracarotid artery administration
of the neurotoxin MPTP. Mild neuroinflammation is observed in the nigrostriatal system after a MPTP
challenge [31] and persists for many years [44]. The ongoing MPTP-induced neuroinflammation may
have contributed to the clear unilateral inflammatory response triggered by the allogeneic grafts and
detected by [18F]FEPPA signal in all animals.
A critical first step for preclinical application was to improve and standardize radioligand production. A
method reported by Vignal et al (2018) produced high yields of [18F]FEPPA (34 ± 2% ndc) using an
ethanol-based separation and 5 mg of precursor without an SPE step [45]. A similar method using an
ethanol-based separation but a lower reaction temperature (70C for 20 minutes) produced yields of 13 ±
8% ndc [46]. Compared to these methods and the initial synthesis by Wilson et al (2008), our
radiochemical synthesis optimization allowed high yield production of [18F]FEPPA (25 ± 8% ndc) with a
60% reduction in precursor mass, thus decreasing the cost of production and reducing the analyte mass
load on the HPLC column. With our method, the use of an additional cartridge-based SPE step prior to
semipreparative HPLC ensured no free [18F]-fluoride or residual kryptofix222 appeared in the final product,
while further reducing the HPLC analyte mass load. The use of acetonitrile in the semipreparative HPLC
mobile phase resulted in a clearly defined separation of product from impurities. Although the retention
time of [18F]FEPPA increased with this semipreparative HPLC separation, the final product solution
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contained very low impurity mass, making it suitable for use in nonhuman primates and potential human
studies.
The [18F]FEPPA data was analyzed using SUVs of static images averaged across the 90–120 minute
image frames. Analysis was restricted to static images rather than use of kinetic modeling on the
dynamic data since arterial metabolite sampling was not performed and [18F]FEPPA, among many other
second-generation TSPO radioligands, does not have a validated reference region [47]. Variability in the
uptake of [18F]FEPPA in the monkeys was also observed, making direct comparisons of SUVs between
the monkeys difficult to interpret. Thus, use of an asymmetry index was chosen as the metric to best
interpret the data since each monkey contained a control region without the presence of iPSC-mDA grafts
to compare against. To assess the SUVs at the graft sites, ROIs of the precise graft locations were
generated to assess the levels of TSPO present around the grafts. The segmentation of these ROIs were
performed on the MRI data acquired during the brain surgery, in which the iPSC-mDA delivery vehicle
provided enough contrast in the image to allow for segmentation. The extent of contrast provided was
indicative of the volume within the putamen that the iPSC-mDAs occupied.
Increased [18F]FEPPA SUV correlated with higher CD68 ratings, suggesting that increased TSPO
expression measured by PET corresponds to increased recruitment of activated microglia due to the
allogeneic nature of the grafts. Numerous mCherry positive rhesus iPSC-mDAs successfully survived 24
months after brain surgery without immunosuppression. The grafted cells were localized in the targeted
putamen areas, forming tight clusters with short neurite extensions (a full description of the grafts is out
of the scope of this paper and will be published elsewhere). These results differ from our previously
reported poor survival of human-derived embryonic SC-mDAs in cyclosporine-immunosuppressed PD
monkeys [48]. In that study, three months after brain surgery, the xenograft recipients presented signs of
neuroimmune rejection observed as copious amount of CD68-ir, with activated microglia in areas of
necrosis and spread across the basal ganglia.
In the current study, the CD68 immunostaining was blindly analyzed using a semi-quantitative rating
scale for microglial assessment. We chose this method because the inflammatory reaction was minimal
and attempts to obtain optical density standardized measures of CD68 expression in the putamen were
not sensitive enough to detect the subtle differences in cellular morphology and number. Since the CD68
ratings considered the accumulation of microglia with activated morphology, these results further
suggest that [18F]FEPPA signal in these regions correspond to the presence of activated microglia rather
than just an increase in microglial density. The neuroinflammation associated with the allogeneic grafts
was subtle and mostly localized, yet [18F]FEPPA PET demonstrated sufficient sensitivity to detect it. An
interesting finding was the discordance between R5’s high CD68-ir score and the relatively low [18F]FEPPA
uptake. It should be noted the intense CD68-ir in this subject was distributed in a very narrow band
(Fig. 1b) compared to, for example, the large tear drop clusters present in R4 (Fig. 4), suggesting that
[18F]FEPPA uptake may be affected by the pattern of microglia accumulation.
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The correlation between TSPO PET and CD68-ir is not unique to this study, as English et al (2014)
showed that increased uptake of [11C]PBR28 corresponded with a higher CD68 rating in a rat model of
aortic aneurysm [49]. Hannestad et al (2012) reported that baboons treated systemically with E. coli
lipopolysaccharide presented an increase in [11C]PBR28 uptake that positively correlated with serum
cytokines IL-1β and IL-6 levels. This finding was associated with increased TSPO-ir that was mainly
present in activated CD68 positive microglia [50]. These studies provide further evidence that the increase
in [18F]FEPPA uptake observed in the putamen with allogeneic grafts is a result of increased microglial
activation.
With iPSC-derived lines taking center stage in translational studies aiming to replace cells lost to
neurodegeneration, needs have emerged for in vivo methods to assess the host’s immune response
against grafted cells. Kikuchi et al (2017) reported that human iPSC-derived dopaminergic progenitors
survived and induced functional recovery in FK506-immunosuppressed monkeys with MPTP-induced
parkinsonism [51]. When evaluating the immune response to these cells via [11C]PK11195 PET, the
authors described either no inflammation or mild inflammation in grafted areas [51]. Additionally, use of
S-[11C]KTP-Me PET to monitor cyclooxygenase-1 (COX-1) revealed no change in uptake, suggesting
absence of microglial response. The postmortem analysis found none to minimal CD45 hematopoietic T
cell immunoreactivity, but abundant MHC II expressing microglia, indicating the lack of sensitivity of
[11C]PK11195, as well as S-[11C]KTP-Me to detect recruitment of microglia and its metabolic activity [51].
In that regard, it has been reported that [11C]PK11195 has low brain uptake in both humans and
nonhuman primates [38, 52], low sensitivity to detect TSPO, and high lipophilicity, resulting in nonspecific
binding to lipids in the brain which can interfere with PET quantification [53]. Compared to second
generation TSPO radioligands such as [11C]PBR28, [11C]PK11195 specific binding in the brain is 80-fold
lower in rhesus macaques [39]. Our study has demonstrated that the second generation TSPO
radioligand [18F]FEPPA has the sensitivity to detect changes in neuroinflammation following grafting of
allogeneic iPSC-mDA while showing high uptake in the brain, holding promise for clinical applications in
monitoring immune response.

Conclusion
PET imaging with [18F]FEPPA is a sensitive method for evaluating in vivo microglial activation in the
brain as demonstrated by the correlation between in vivo uptake of the radioligand and postmortem
CD68 immunoreactivity. These findings in rhesus macaques with allogeneic grafts of iPSC-mDA suggest
that [18F]FEPPA holds promise for in vivo monitoring of immune response in clinical applications.
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Figure 1
Brain tissue sections of the putamen immunostained against CD68 and counterstained with Nissl
showing examples of (a, a1) resting/ramified microglia (white arrowhead) and (b, b1)
activated/amoeboid microglia (white arrow). Insets (a1) and (b1) are higher magnification images of the
regions demarcated by the squares. Scale bar: a, 200 m; a1, 50 m.

Figure 2
Representative [18F]FEPPA PET brain image of a rhesus macaque (R1) with allogeneic iPSC-mDA. Visual
asymmetry in uptake is detected in the putamen of monkeys with allogeneic grafts. Images were
overlayed to MRI obtained during RT-IMRI delivery of the iPSC-mDA. Arrow in sagittal slice points to the
cannula used for cell delivery. Arrows in coronal/axial slice point to contralateral (left; black arrow) and
ipsilateral (right; white arrow) putamen.
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Figure 3
Mean [18F]FEPPA time-activity curves for primates (n=6) receiving allogeneic iPSC-mDA. Error bars
represent the standard error of the mean. Higher uptake is observed in the graft sites with allogeneic
iPSC-mDA compared to the contralateral (control) putamen
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Figure 4
mCherry (a-c) and CD68 immunostained (d-f) brain tissue sections counterstained with Nissl from the
hemiparkinsonian monkey R4 with unilateral allogeneic grafts in the postcommisural putamen. Images
(a, c) and (d, f) correspond to higher magnification of the squares in coronal brain sections (b) and (e)
respectively. Insets (a1, c1, d1,f1) are higher magnification of the square in panels (a, c, d, f) respectively.
Scale bars: d, 1 mm; e, 10 mm ; d1, 50 m.
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Figure 5
Pearson’s correlation between [18F]FEPPA standardized uptake values normalized to the contralateral
putamen (SUVnorm) and ratings of CD68 immunoreactivity (CD68-ir) for each of the six monkeys
(Pearson’s r = 0.83, p = 0.0008). Data points for the graft sites and contralateral putamen (SUVnorm =
1.0) are plotted for each monkey.
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