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ARTICLE INFO ABSTRACT

Keywords: Background and objectives: Neuroinflammation contributes to the severity of various neurological disorders,
Tuberous sclerosis complex including epilepsy. Tuberous sclerosis complex (TSC) is a condition that results in the overactivation of the
TSPO-PET mammalian target of rapamycin (mTOR) pathway, which has been linked to the activation of microglia

ge};romﬂammatmn responsible for neuroinflammation. To clarify the involvement of neuroinflammation in the neuro-
11eps . . .. .
TpAN]g v pathophysiology of TSC, we performed a positron emission tomography (PET) study using the translocator

protein (TSPO) radioligand, ['c] DPA713, and investigated microglial activation in relation to neurological
manifestations, especially epilepsy and cognitive function.

Methods: This cross-sectional study included 18 patients with TSC (6 in the no-seizure group, 6 in the refractory
seizure group, and 6 in the mTOR-inhibitor [NTOR-i] group). All participants underwent ['!C] DPA713-PET.
PET results were superimposed with a 3D T2-weighted fluid-attenuated inversion-recovery (FLAIR) and T1-
weighted image (T1WI) to evaluate the location of cortical tubers. Microglial activation was assessed using
the standardized uptake value ratio (SUVr) of DPA713 binding. The volume ratio of the DPA713-positive area to
the intracranial volume (volume ratio of DPA713/ICV) was calculated to evaluate the extent of microglial
activation. A correlation analysis was performed to examine the relationship between volume ratio of DPA713/
ICV and severity of epilepsy and cognitive function.

Results: Most cortical tubers with hyperintensity on FLAIR and hypo- or isointensity on TIWI showed microglial
activation. The extent of microglial activation was significantly greater in the refractory seizure group than in the
no-seizure or mTOR-i groups (p < 0.001). The extent of microglial activation in subjects without mTOR-i
treatment correlated positively with epilepsy severity (r = 0.822, P = 0.001) and negatively with cognitive
function (r = -0.846, p = 0.001), but these correlations were not present in the mTOR-i group (r = 0.232, P =
0.658, r = 0.371, P = 0.469, respectively).

Conclusion: Neuroinflammation is associated with the severity of epilepsy and cognitive dysfunction in brains
with TSC. mTOR-i may suppress the extent of neuroinflammation in TSC. Investigating the spread of microglial
activation using TSPO-PET in these patients may help to predict the progression of neuropathy by assessing the
degree of neuroinflammation and therefore be useful for determining how aggressive the treatment should be
and in assessing the effectiveness of such treatment in patients with TSC.

Abbreviations: TSC, Tuberous Sclerosis Complex; mTOR, mammalian target of rapamycin; PET, positron emission tomography; TSPO, translocator protein; SUVr,
standardized uptake value ratio; AML, angiomyolipoma; ASD, autism spectrum disorder; ID, intellectual disability; WI, weighted images; FLAIR, fluid-attenuated
inversion-recovery; DEE, developmental and epileptogenic encephalopathy; IQ, Intelligence Quotient; DQ, Developmental Quotient; LST, Lesion Segmentation
Toolbox; ICV, intracranial volumes; IL, interleukin; SEN, subependymal nodules; SEGA, subependymal giant-cell astrocytoma; AED, anti-epileptic drug; GASE, Global
Assessment of Severity of Epilepsy; EEG, electroencephalography; KSPD, Kyoto Scale of Psychological Development; VABS, Vineland Adaptive Behavior Scales.
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1. Introduction

Tuberous sclerosis complex (TSC) is a hereditary multiorgan disorder
attributed to mutations in TSCI (9q34, hamartin) or TSC2 (16pl3,
tuberin) (Dabora et al., 2001). TSCI and TSC2 form complexes that
inhibit the mammalian target of rapamycin (mTOR) cascade and Rheb-
GTP. In normal cells, mTOR plays a central role in regulating cell growth
and proliferation (Saxton and Sabatini, 2017), as well as innate immune
homeostasis (Weichhart et al., 2008). TSC results in constitutive over-
activation of the mTOR pathway (Crino et al., 2006).

Patients with TSC may develop hamartomas or malignant neoplastic
tumors in multiple organs. Neuroimaging can detect structural alter-
ations, such as subependymal nodules (SEN), cortical tubers, and sub-
ependymal giant-cell astrocytoma (SEGA) in >95 % of patients with TSC
and contribute to early diagnosis (Roach et al., 1998). Although clinical
manifestations and their severity are diverse, neurological symptoms,
such as epilepsy and TSC-associated neuropsychiatric disorders
(TANDs), including autism spectrum disorder (ASD), intellectual
disability (ID), attention-deficit/hyperactivity disorder, anxiety disor-
der, and depressive disorder, have a significant impact on patients’
prognosis and quality of life (de Vries et al., 2015).

Some predictive factors of neurological manifestation have been
reported, such as TSC2 mutation (Chu-Shore et al., 2010), larger cortical
abnormalities on MRI (Jesmanas et al., 2018), and early onset refractory
epilepsy (Chu-Shore et al., 2010). Cortical tubers typically appear
hypointense on T1-weighted images (WI) and hyperintense on fluid-
attenuated inversion-recovery (FLAIR) images (Grajkowska et al.,
2010). Although many researchers have examined the relationship be-
tween cortical tubers and neurological deficits, it remains controversial;
several studies have reported that the number of cortical nodules has no
relationship to neurological severity (Chifari and Schiavella, 2020;
Kaczorowska et al., 2011), while others have not (O’Callaghan et al.,
2004).

Another major factor of neurological manifestation in patients is
epilepsy, which manifests in over 80 % of patients with TSC (Nabbout
et al., 2019). Most seizures (63.2 %) appear within the first year of life,
including focal epilepsy and/or developmental and epileptogenic en-
cephalopathy (DEE). Although most seizures originate from or near a
cortical tuber (Major et al., 2009), not all cortical tubers are epilepto-
genic. In addition, as visual characteristics of cortical tubers are less
obvious in the immature brain (Baskin, 2008; Grajkowska et al., 2010),
it is difficult to detect the extension of cortical tubers before 2 years of
age. Greater hypometabolism of the lesion on'®F-fluoro-2-deoxyglucose
(FDG)-PET compared to MRI was reported to detect epileptogenic
cortical tubers (Chandra et al., 2006). However, epileptogenic lesions
were also reported to be hypermetabolic on FDG-PET when the seizures
are very frequent (Sakaguchi et al., 2018; Schur et al., 2018).

In recent studies, neuroinflammation was highlighted as the patho-
physiological basis of epilepsy. Reactive microglia have especially been
reported to be the main contributor to neuroinflammation in various
epilepsy types, such as temporal lobe epilepsy with hippocampal scle-
rosis (Beach et al., 1995), focal cortical dysplasia (Boer et al., 2006),
encephalomalacia, and Rasmussen’s encephalitis (Choi et al., 2009). In
the TSC brain, microglial infiltrations within the surgical specimens of
cortical tubers have been reported (Sun et al., 2016; Wirenfeldt et al.,
2009).

The 18 kDa Translocator protein (TSPO), which accumulates in the
outer mitochondrial membrane of activated microglia, has been
described as a clinical biomarker of neuroinflammation. The radio-
tracers for TSPO positron emission tomography (TSPO-PET) are asso-
ciated with the severity of clinical manifestations and are biomarkers for
various neurological conditions, such as multiple sclerosis (Cosenza-
Nashat et al., 2009; Herranz et al., 2016), chronic fatigue syndrome
(Nakatomi et al., 2014), Alzheimer disease (Golla et al., 2015; Lyoo
et al., 2015), and Huntington disease (Rocha et al., 2021).

Patients with temporal lobe epilepsy also showed significant uptake
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of TSPO in the ipsilateral hippocampus (Gershen et al., 2015; Hirvonen
et al., 2012). In addition, we have previously reported that TSPO-PET
detects the epileptogenic foci in children with various etiologies of ep-
ilepsy, including TSC, and microglial accumulation in surgical speci-
mens correlated with the regions of uptake in TSPO-PET (Kagitani-
Shimono et al., 2021).

The inhibition of the mTOR pathway is an adjunctive treatment for
several manifestations of TSC (Franz, 2011). Among mTOR-inhibitors
(mTOR-i), everolimus has been approved for the treatment of angio-
myolipoma (AML), SEGA (Bissler et al., 2016; Franz et al., 2013), and
epilepsy (Mizuguchi et al., 2019).

In focal ischemic stroke model rats, mTOR-i (rapamycin) signifi-
cantly suppressed proinflammatory cytokines and chemokines, resulting
in reduced lesion volume (Xie et al., 2014). However, there are no re-
ports examining the extent to which mTOR-i suppresses neuro-
inflammation in TSC patients across the brain. We hypothesized that
neuroinflammation is strongly associated with the severity of epilepsy
and cognitive dysfunction and that mTOR-i could alter the epileptic
seizure threshold by suppressing neuroinflammation.

Therefore, the purpose of this study was to evaluate neuro-
inflammation in TSC using TSPO-PET and determine whether TSPO-PET
can be a biomarker for TSC pathology by identifying its association with
neurological manifestations and treatment.

2. Methods
2.1. Standard protocol approvals, registrations, and patient consent

This cross-sectional study was approved by the Institutional Review
Board of Osaka University Hospital (N0.16092-6) and conducted ac-
cording to the principles of the Declaration of Helsinki. All participants
and/or their guardians provided written informed consent to participate
in this study.

2.2. Participants

Patients who met the diagnostic criteria for TSC based on the In-
ternational Tuberous Sclerosis Complex Diagnostic Criteria (Northrup
etal., 2021) and were aged > 1 year were recruited at the Department of
Pediatrics, Osaka University Hospital, between May 2017 and December
2021. In total, a cohort of 20 patients with TSC was examined; however,
two patients with a history of surgical intervention for refractory sei-
zures were excluded from further analysis. A total of 18 TSC patients
were analyzed: 6 without seizures for the 6 months preceding the study
(No-seizure group); 6 with seizures within the previous 6 months (Re-
fractory seizure group); 6 treated with mTOR-inhibitors (mTOR-i)
(mTOR-i group). None of the patients, except for the 6 treated with
mTOR-i, took any immunosuppressants, including steroids (e.g., adre-
nocorticotropic hormone), within the 3 months of the DPA713-PET
study. Clinical information was obtained retrospectively from the par-
ticipants’ medical records, including the type of epilepsy, age at epilepsy
onset, type and frequency of seizures, seizure types, number of current
antiepileptic drugs (AEDs), and information on mTOR-i treatment
(indication, duration, and concentration). The severity of epilepsy was
assessed by neurologists (SN, KT, and KKS) using the Global Assessment
of Severity of Epilepsy (GASE) scale (Speechley et al., 2008), which
consists of seven categories, including frequency of seizures, intensity of
seizures, falls or injuries during seizure, duration/severity of the pos-
tictal period, total dose/number of AEDs, side effects of AEDs, and
interference of epilepsy or drugs with daily life activities, using 7-point
Likert scales for each of the 7 items (higher score indicates more severe).

Electroencephalography (EEG) (EEG1200; Nihon Kohden) was per-
formed on all patients. To evaluate spike frequency, EEG data during
sleep stage II were isolated, and automated spike detection was per-
formed using Persyst 14 software (Persyst Development Corp., San
Diego, CA). Then, an experienced pediatric neurologist (YI) examined all
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detected spikes, confirmed the precision of the analysis, and added spike
markings if they were detected manually. In TSPO-PET, the affinity for
ligands varies greatly among genetic polymorphisms (Owen et al.,
2011), so all participants were checked for TSPO-binding poly-
morphisms by genotyping re6971. Cognitive scores used were the In-
telligence Quotient (IQ) or the Developmental Quotient (DQ), calculated
using a suitable test for age and cognitive function, such as the Wechsler
Intelligence Scale for Children IV (WISC-IV) or the Kyoto Scale of Psy-
chological Development 2001 (KSPD). For participants who could not
complete the WISC-IV or KSPD due to severe ASD traits, the estimated IQ
was calculated using the Japanese version of the Vineland Adaptive
Behavior Scales (VABS)-Second Edition. The VABS is a standardized
questionnaire that measures adaptive behavior through semi-structured
interviews with guardians.

2.3. MRI acquisition

We performed 3-T MRI with a 24-channel-head coil (Discovery
MR750W or SIGNA Architect; GE Healthcare, Milwaukee, WI, USA)
using the following parameters: silent T1-weighted (repetition time
(TR)/echo time (TE), 880/0.016 ms; field of view (FOV), 240 mm;
matrix, 240 x 240; slice thickness, 1.0 mm; gap, 0.5 mm) and T2-
weighted FLAIR (TR/TE, 6302/104.274 ms; inversion time, 1765 ms;
matrix, 512 x 512; slice thickness, 1.0 mm; gap, 0.5 mm; flip angle,
90°). Children unable to keep still were sedated with either oral seda-
tives, such as risperidone and triclofos, or intravenous sedatives, such as
pentobarbital, thiopental, pentazocine, levomepromazine, diazepam,
midazolam, or a combination thereof.

2.4. MRI data analysis

To estimate the extent of cortical tubers, hyperintense lesions in
FLAIR images were identified using the Lesion Segmentation Toolbox
version 3.0.0 (LST) (Schmidt et al., 2019) in SPM12 (https://www.fil.
ion.ucl.ac.uk/spm/software/spm12/) running in MATLAB R2017b
(MathWorks Inc., Natick, MA). In addition, intracranial volumes (ICV,
total volume with gray matter, and white matter) were calculated using
LST in 3D-T1 images. The volume ratio of the FLAIR high-intensity area
was calculated using the formula: high-intensity lesion (em®)/ICV (cm®)
x 100. Two patients (Pt 7 and Pt 9) could not be evaluated due to the
absence of their 3D FLAIR images.

2.5. TSPO-PET imaging

['1C] DPA713 was prepared using a SUMITOMO gas-phase synthe-
sizer C-GPS 100 system at the Radiopharmaceutical Laboratory of Osaka
University Hospital. The mean molar activity at the end of synthesis was
141.0 + 36.6 GBgq/mmol (range, 53.5 — 192.1 GBq/mmol). ['!C]
DPA713, with a trace dose of approximately 7 MBq/kg, was adminis-
tered intravenously within 30 s using an infusion pump. PET images
were acquired for 20 min from 40 min to 60 min after administration of
the tracer using an Eminence SOPHIA SET-3000 BCT/X (Shimazu Co.) in
three-dimensional acquisition mode. For attenuation correction, trans-
mission data were acquired using a rotating Cs-137-point source
following the emission scan. Based on our previous protocol (Kagitani-
Shimono et al., 2021), PET images acquired for 40 to 60 min were used
for visual assessment.

2.6. PET data analysis

The standardized uptake values (SUVs), which were corrected for
body weight and injected activity for each patient, were used for the
static PET images and co-registered to the individuals’ 3D T1-weighted
(all patients) and 3D FLAIR images (all but Pt 7 and Pt 9) using the Image
Registration and Fusion Tool in the PMOD 3.6 software package (PMOD
Technologies 1td., Switzerland). The distribution of increased TSPO
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uptake was visually identified, then compared with the location of focal
spikes in EEG. If the EEG spikes were in areas with increased TSPO
uptake, it was defined as “concordant”.

The MRI images were examined for the absence of obvious cerebellar
lesions, and DPA713 images were inspected for the absence of abnormal
uptake in the cerebellum. To account for inter-participant differences,
the standardized uptake value ratio (SUVr) was calculated using the
cerebellum as a reference using PMOD 4.1 (PMOD Technologies 1td.)
(Kagitani-Shimono et al., 2021; Lyoo et al., 2015). Then, the SUVr in the
regions of interest in the cortical tubers was obtained. In addition, to
estimate the extent of neuroinflammation, the areas where DPA713 le-
sions surpassed the threshold, which was set as the maximum SUVr in
both cerebellar lobes, were measured. The volume ratio of the increased
DPA713/ICV was also calculated.

2.7. Statistical analysis

The association between descriptive variables was compared using
the chi-square (3) test. Since our small sample size made it difficult to
estimate the data distribution, nonparametric tests were used for other
analyses. Comparisons between the three groups were made using the
Kruskal-Wallis test. In addition, post-hoc analysis (Dunn’s pairwise
comparison test) was used to determine the significant differences
among group pairs. Correlation analysis between the volume ratio of the
hyperintensity areas on FLAIR and GASE or IQ/DQ was performed using
Spearman’s rank-order correlation analysis. Correlation analysis be-
tween the volume ratio for increased uptake of [*'c] DPA713 and spike
frequency or the estimated IQ/DQ was performed using Spearman’s
rank-order correlation analysis. Statistical significance was set at P <
0.05. In addition, multiple linear regression was performed to evaluate
the association between the volume ratio for increased DPA713/ICV and
independent variables such as age, GASE, and use of mTOR-i. Statistical
analyses were performed using STATA version 15.1 (Stata Corp LLC,
College Station, Texas, USA).

3. Results
3.1. Patients and clinical evaluation

A summary and each of the participants’ demographics is shown in
Table. 1 and Table 2, respectively. There was no significant difference
between the three groups in terms of age and sex (P = 0.36, P = 0.2,
respectively). Most participants who had the TSPO genotype Alal47/
Alal47 were classified as high-affinity binders. Only one participant (Pt
9) had Ala147/Thr147 (mixed affinity binder), while none had Thr147/
Thr147 (low-affinity binders). Additionally, most of the participants,
except two, had a history of epilepsy and DEE, and the number of AEDs
did not show significant differences (p = 0.1, p = 0.4, p = 0.1, respec-
tively). The severity of epilepsy, evaluated by GASE, was highest in the
refractory seizure group (P = 0.001) compared to the no-seizure (P <
0.01) and mTOR-i groups (P < 0.05). Participants in the mTOR-i group
had severe manifestations before treatment: GASE before the mTOR-i
treatment was higher than after treatment (P = 0.02), with no differ-
ence compared to the refractory seizure group (P = 0.31). The average
spike frequency in EEG was evaluated in all participants except one in
the refractory seizure group, who could not achieve sleep during EEG.
Although the average spike frequency was lower in the no-seizure group
(12.1 £ 16.9) and mTOR-i group (10.9 + 16.5) than in the refractory
group (20.8 £+ 16.5), there was no significant difference between the
groups (P = 0.23). In addition, the volume ratios of FLAIR high-intensity
area/ICV were 2.2 + 1.4 for the no-seizure group, 3.0 + 2.0 for the re-
fractory seizure group, and 1.5 + 1.2 for the mTOR-i group, which
tended to be lower than those of the other groups, but not significantly
(P = 0.34). The correlation analysis between the volume ratios of FLAIR
high-intensity area/ICV and GASE showed no correlation (r = 0.26, p =
0.331). The estimated cognitive score (IQ/DQ) was highest (77.6 +


https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

K. Kagitani-Shimono et al.

Table 1
Summary of participant characteristics.
No Seizure Refractory mTOR-I (N = P
(N=6) Seizure (N = 6) Value
6)
Age, y, (range) 7.0 (4-11) 9.5 (3-16) 11.5 (1-22) 0.36%
Sex distribution (M:F) 5:1 3:3 2:4 0.2°
TSPO genotype, n (%)
Thr147/Thr147 0 0 0
Alal47/Thr147 0 1 (16.6) 0
Alal47/Alal47 6(100) 5(83.3) 6(100)
History of Epilepsy 4(66.6%) 6 (100 %) 6 (100 %) 0.1°
History of DEE 2(33.3 %) 4 (66.6 %) 4 (66.6 %) 0.4°
Number of AEDs 1.3 (0-2) 2.8 (1-4) 2.2(1-4) 0.1%
GASE 9 (7-11) 24.2 (21-30) pre mTOR-i, 0.02¢
xx 18.8 (7-25)
On_mTOR-i, 0.001°¢
14.5*% (10-20)
EEG (spike 12.1 + 20.8 + 16.5° 10.9 + 16.5 0.23%
frequency/min) 16.9
Volume ratio of FLAIR 2.2 + 1.4 3.0 + 2.0° 1.5+ 1.2 0.34
hyperintensity
area/ICV
Estimate cognitive 77.6 24.8 (5-57) 54.6 (40-82) 0.02%
score (21-127)
SUVr in DPA713 hot 1.36 + 1.36 £ 0.51 1.39 £ 0.14 0.367
area 0.07 a
Volume ratio of 3.79 £ 11.62 + 4.42 2.62 £+ 2.58 0.007
DPA713/ICV 1.74 a

Abbreviations: mTOR-i, mTOR-inhibitor; DEE, developmental and epilepsy en-
cephalopathy; AED, antiepileptic drug; GASE, Global Assessment of Severity of
Epilepsy; FLAIR, fluid-attenuated inversion-recovery; ICV, intracranial volume.
a, Kruskal-Wallis test; b, Pearson ){2 test; ¢, Kruskal-Wallis followed by Dunn’s
Pairwise comparisons test: ** No seizure group vs Refractory seizure group, P <
0.01, *Refractory group vs mTOR-i group, P < 0.05; §, n = 4; d, Paired t-test (pre
GASE > On_mTOR-i GASE).

40.4) in the no-seizure group, followed by the mTOR-i group (54.6 +
15.3), and was significantly low (24.8 + 19.9) in the refractory seizure
group (p = 0.02). The correlation analysis between the volume ratios of
FLAIR high-intensity area/ICV and the cognitive score showed a mild
negative correlation (r = -0.549, p = 0.027). Comparison of pre- and
post-treatment cognitive scores in the mTOR-i group showed mainte-
nance (n = 2) or improvement (n = 2). One patient showed mild
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deterioration with age. As Pt 18 started treatment in the neonatal period,
a comparison could not be made.

3.2. Increased microglial activation in the TSC brain

Fig. 1 shows that the representative TSC patient with refractory
seizures (Fig. 1B) demonstrated high [*'Cc] DPA713 SUVr in broad
cortical lesions, which was consistent with the cortical tubers indicated
by the hyperintensity lesions on FLAIR. However, a few lesions with
hyperintensity on FLAIR did not show increased uptake of [11C] DPA713
(squares in Fig. 1B). In contrast, the propagated area, such as the ipsi-
lateral hippocampus and area of isointensity, also demonstrated
increased uptake of DPA713 (arrow in Fig. 1B). TSC patients without
seizures also demonstrated high [HC] DPA713 SUVr lesions, which were
strictly localized to a part of the cortical tubers (Fig. 1A). Patients with
TSC treated with mTOR-i showed a mildly increased [''C] DPA713 SUVr
lesion, which corresponded to the cortical tubers (Fig. 1C).

The average SUVr in the DPA713 increased area was not significantly
different between the groups (P = 0.367, Fig. 2A). On comparing the
locations of spikes on EEG and the DPA713-increased regions, all sub-
jects except three without spikes were defined as concordant. The vol-
ume ratio of ['!C] DPA713-PET/ICV was significantly higher in the
refractory seizure group with respect to that in the no-seizure (P =
0.007) and mTOR-i groups (P = 0.007, Fig. 2B).

3.3. Correlation of microglial activation with neurological manifestation
and mTOR-i treatment

The volume ratio of [''C] DPA713-PET/ICV in the no-seizure and
refractory seizure groups (not treated with mTOR-i) was significantly
correlated with the GASE score (r = 0.822, P = 0.001, Fig. 2C). However,
the mTOR-i group did not show a correlation between the volume ratios
of [*1C] DPA713-PET/ICV and GASE (r = 0.232, P = 0.658). The spike
frequency did not show a correlation with the volume ratios of *c]
DPA713-PET/ICV (r = 0.238, p = 0.357). In addition, the volume ratio
of [''C] DPA713-PET/ICV in the no-seizure and refractory seizure
groups was negatively correlated with the estimated IQ/DQ (r = -0.843,
P =0.001), but not in the mTOR-i group (r = 0.371, P = 0.469, Fig. 2D).
Multiple linear regression showed that age had no effect on the volume
ratio of DPA713/ICV (t = -0.62, P = 0.546). However, the volume ratio

Table 2
Patient characteristics.
Group Pt. Age Sex  Type of Age of Sz Frequency (Sz- MRI (availability of EEG (spike/ mTOR-i GASE (pre Estimated IQ (pre
No (672) Epilepsy Onset (y) free period) 3D FLAIR) min) (ng/mL) mTOR-i) mTOR-i)
No Sz 1 11 M FE 1.6 - (7.5y) CT, SEN 27.1 - 11 45
2 6 F FE 2.4 - (6y) CT, SEN 0.0 - 9 115
3 5.7 M FE — DEE 0.08 - (4.7y) CT, SEN 39.1 - 9 74
4 4 M FE 0.5 - (4y) CT, SEN 0.4 - 7 84
5 7 M - - - CT, SEN 0.0 - 7 127
6 8 M DEE 0.4 -(7y) CT, SEN 5.8 - 11 21
Ref Sz 7 4 M DEE 0.5 daily CT, SEN, NA 43.9 - 30 10
8 3 F DEE 0.3 daily CT, SEN 10.2 - 29 15
9 9 M DEE 1 daily CT, SEN, NA 8.2 - 22 22
10 16 F FE 4 daily CT, SEN 8.8 - 21 57
11 15 M FE 1.6 daily CT, SEN 32.8 - 21 5
12 10 F DEE — FE 5 daily CT, SEN 0 (awake) - 22 40
mTOR- 13 22 F FE 2.3 monthly (1.5 m) CT, SEN 8.4 2.5 (25) 20 (46) 49
i 14 14 F FE 5 monthly (1 m) CT, SEN 2.6 2.5 (23) 18 (42) 61
15 M DEE - FE 0.7 monthly (1 m) CT, SEN 0.0 3 2D 15 (44) 43
16 9 F FE — DEE 0.6 -(10m) CT, SEN 43.5 4.3 (18) 10 (82) 82
— FE
17 14 M DEE - FE 0.4 monthly (1 m) CT, SEN, SEGA 1.2 5 (19) 14 (46) 40
18 F DEE 0.4 -9 m) CT, SEN, SEGA 9.4 2.5 (7) 10 (NA) 53

Sz, seizure; mTOR-i, mammalian target of rapamycin inhibitor; FE, focal epilepsy; DEE, developmental and epileptic encephalopathy; EEG, electroencephalography;
CT, Cortical tubers; SEN, subependymal nodule; SEGA, subependymal giant cell astrocytoma; AML, angiomyolipoma; NA, not available.
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Fig. 1. Association of cortical tubers and microglial activation. Representative cases from the three groups are shown. The upper rows represent FLAIR-MRI,
while the lower rows represent [*'C] DPA713-PET. ['!C] DPA713-PET images of SUVr show massive microglial activation that mainly overlaps with cortical tu-
bers. The severity of the increased microglial activation was higher in the refractory seizure group (B) than in the no-seizure (A) or mTOR-i groups (C). Some cortical
tubers do not show microglial activation (dashed box), while increased microglial activation is shown in the FLAIR isointensity area (arrow).

of DPA713/ICV was strongly affected by GASE (t = 4.52, P = 0.000) and
mTOR-i (t = -2.33, P = 0.035) (adjusted R% = 0.628).

4. Discussion

Using [*'C] DPA713-PET, we first evaluated the microglial activa-
tion in the TSC whole brain and found that prominent microglial acti-
vation was mainly associated with cortical tubers, even without
seizures. However, compared with the MRI findings, there were some

inconsistencies, such as no microglial activation in some cortical tubers
with hyperintensity on FLAIR and strong microglial activation even in
the cortical tubers without hyperintensity on FLAIR. The extent of
microglial activation was strongly associated with the severity of epi-
lepsy and negatively associated with cognitive function. In addition, in
the mTOR-i group, which showed refractory epilepsy before mTOR-i
treatment, the extent of microglial activation was reduced compared
with that in the refractory seizure group. These findings suggest that
mTOR-i suppresses the extent of microglial activation.
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Fig. 2. Extension of microglial activation is associated with epilepsy and cognitive deficit. The mean SUVr in the DPA713 hot area did not differ among the
groups (p = 0.367, A). The volume ratio of DPA713/ICV was significantly higher in the refractory seizure group than in the no seizure (p = 0.007) and mTOR-i (p =
0.007) groups (B). The volume ratio of DPA713/ICV was associated with high GASE in subjects without mTOR-i (blue circle: mTOR-i(-)) (r = 0.822, p = 0.001), but
not in the mTOR-i group (orange circle: r = 0.232, p = 0.658) (C). In contrast, the volume ratio of DPA713/ICV was negatively correlated with low estimated IQ/DQ
in subjects without mTOR-i (blue circle: r = -0.843, p = 0.001) but not in the mTOR-i group (orange circle: r = 0.371, p = 0.469)(D). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

In the TSC brain, neuroinflammation is associated with the over-
activation of the mTOR pathway and seizures. Especially, the over-
activation of the mTOR pathway was suggested to be associated with
cortical tubers. In the surgical tissues from the epileptogenic cortical
tubers, the most prominent microglial activation was observed in giant-
cell dysmorphic neurons with calcifications, followed by a high density
of giant cells or dysmorphic neurons (Miihlebner et al., 2016). In gene
expression analysis using human TSC brain tissues obtained via surgery
or post-mortem, both cortical tubers and SEN/SEGA showed significant
neuroinflammation, such as major histocompatibility class II (Martin
et al.,, 2017) and toll-like receptors, which are involved in innate im-
munity and oxidative stress (Dombkowski et al., 2019). Meanwhile,
CD47 and CD200, which inhibit proinflammatory cytokines, were
downregulated in the epileptogenic foci of TSC (Sun et al., 2016).

Moreover, all types of tubers and peri-tuber tissue showed prominent
mTOR activation. However, there was no association between the tuber
types according to MRI characteristics (Gallagher et al., 2010) and the

histological classification. In the present study, not only cortical tubers
visualized with FLAIR hyperintensity or calcification but also those in
the cortex without FLAIR high intensity and only with the blurring of the
gray and white matter junction showed significant TSPO uptake. Even in
the no-seizure group, the average SUVr of TSPO uptake in the cortical
tubers was the same as that in the refractory seizure group. In TSC1-
GFAP conditional knock-out mice, inflammatory markers were
increased in astrocytes before the onset of epilepsy, and hence, not
secondary to seizures (Zhang et al., 2015). These findings indicate that
microglial activation is associated with proinflammatory features orig-
inally caused by mTOR pathway hyperactivation regardless of seizures.

In contrast, patients with refractory epilepsy showed broader
microglial activation, affecting not only the cortical tubers but also the
surrounding tissue. In fact, experimentally induced seizures in rodents
demonstrate dynamic microglial activation (Eyo et al., 2014), which
persists in the chronic phase (Amhaoul et al., 2015). In a human study,
post-seizure TSPO-PET, compared with a TSPO scan during the seizure-
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free period, showed greater inflammation, suggesting induced micro-
glial activation following a single seizure (Butler et al., 2016). Therefore,
recurrent, persistent seizures could induce microglial activation in the
surrounding and/or propagated areas of the refractory seizure group.
Furthermore, proinflammatory mediators have been reported to induce
neuronal excitation, reduce seizure threshold (Galic et al., 2012), and
activate astrocytes, which have epileptogenic properties (He et al.,
2013). These findings are consistent with our result of a strong corre-
lation between the severity of epilepsy and microglia extension.
Therefore, we hypothesize that the overactivation of the mTOR-pathway
causes the initial neuroinflammation and triggers the onset of epilepsy,
but that repeated epileptic seizures trigger further neuroinflammation.

Previous studies have reported close associations between neuro-
inflammation and cognition. Neuroinflammation using TSPO-PET was
significantly correlated with cognitive dysfunction in Alzheimer’s dis-
ease (Yokokura et al., 2017) and multiple sclerosis (Herranz et al.,
2016). In epilepsy, the levels of proinflammatory cytokines such as
interleukin (IL)-6 and IL-1p increase after seizures (Lehtimaki et al.,
2004; Lehtimaki et al., 2010), while inflammation can increase neuronal
excitability, ultimately facilitating psychiatric comorbidities (Vezzani
et al., 2013). Mazarati et al. (Mazarati et al., 2017) have suggested that
the induction of inflammation in early life can precipitate both epilepsy
and psychiatric comorbidities. In patients with TSC, refractory epilepsy,
which develops in 62.5 % of cases, has been correlated with poor
cognitive outcomes (Chu-Shore et al., 2010). Those findings are
consistent with our result that the extent of microglial activation was
significantly correlated with cognitive disability.

The effects of mTOR inhibitors in the TSC brain have been proposed
based on animal studies. The First is an anti-inflammatory effect: mTOR
inhibitors directly inhibited microglial accumulation in the
lipopolysaccharide-induced neuroinflammation model (Yang et al.,
2017), a focal ischemic stroke model (Guden et al., 2021), and a kainic
acid-induced seizure model (Huang et al., 2021). The second is the effect
on epileptogenicity: in the TSC1l-knockout mouse model, an mTOR-
inhibitor rescued the excitation/inhibition imbalance by changing the
multiple ion channels in the hippocampus (Koene et al., 2021). Abs et al.
(Abs et al., 2013) reported that mTOR overactivation by acute biallelic
deletion of TSC1 in healthy adult mice facilitated the development of
seizures without obvious cortical tubers within a few days and that
rapamycin treatment completely stopped the seizures. The third is an
effect on cognitive function by suppressing mTOR overactivity. In
TSC1?/*P mice, rapamycin treatment during the early postnatal days
normalized aberrant arborization (Cox et al., 2018).Furthermore,
cognitive deficits in TSC2+/- mice emerged by hyperactive hippocam-
pal mTOR-signaling, even in the absence of neuropathology and sei-
zures, and mTOR inhibitors rescued synaptic plasticity, behavioral
deficits, and social behavior (Ehninger et al., 2008).

In a human clinical trial for TSC-associated refractory epilepsy,
everolimus significantly reduced seizure frequency, with a high
response rate and good seizure reduction of 57.7 % and 56.9 % at 2
years, respectively (Franz et al., 2018). However, evidence that mTOR-i
suppresses microglial activation in vivo is lacking. Although TSPO-PET is
a potential biomarker for anti-inflammatory therapeutics, it remains
unclear whether the effectiveness of treatment can be determined (Scott
et al., 2017). The results of this study indicate that mTOR-i suppresses
microglial activation on tissues surrounding cortical tubers directly and/
or indirectly by reducing seizures. These findings suggest that the effect
of mTOR-i on epilepsy could be partially mediated by the suppression of
microglial activation and the formation of epileptic networks by inhib-
iting abnormal neuronal connections.

In a human clinical trial, although mTOR-i showed a favorable trend
of ASD symptoms (Mizuguchi et al., 2019), evidence for cognition and
psychiatric comorbidity improvement with mTOR-i is lacking. Petrasek
et al. (Petrasek et al., 2021) proposed a likely explanation that mTOR-i
could improve the social deficit induced by TSC2 haploinsufficiency but
not the deficits associated with developmental status epilepticus. In this
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study, although mTOR-i significantly reduced the severity of epilepsy
and extension of microglial activation, the volume ratio DPA713/ICV
did not correlate with GASE and IQ/DQ. This is because while mTOR-i
treatment improved seizure frequency/severity and suppressed neuro-
inflammation, patients in the mTOR-i group maintained multidrug
therapy. Furthermore, despite a mild increase or no decline in cognitive
function, they already had irreversible cognitive dysfunction before
mTOR-i, which might be a consequence of previous seizures and a ge-
netic impact of TSC.

Even though the causality of neurological burden in TSC is complex
and still unsolved, with multiple factors, TSPO-PET could be a potential
biomarker that may help to evaluate the severity of neuroinflammation
and provide an indication for mTOR-i therapy.

This study had several limitations. First, absolute radioligand values
were not calculated. Since our participants were children, obtaining
blood samples from arterial blood was difficult. We used the cerebellum
as the reference tissue for comparisons among patients. Although the
patients had no cerebellar lesions and semi-quantitative evaluation of
the cerebellum has been proven reliable in previous studies (Lyoo et al.,
2015), the cerebellum could be influenced by epileptic activity and
overactivation of the mTOR pathway. Second, the sample size was
insufficient to evaluate the pathophysiology of TSC. In addition, we used
three types of cognitive scales because the ranges of the participants’
intellectual ability and age were too large to be assessed using a single
test. Since we recruited participants with TSC who were diagnosed
during childhood and all participants had at least one cortical tuber, it is
necessary to study adult patients without neurological symptoms in the
future. Third, due to this being a cross-sectional study, the results for the
mTOR-i group are for different treatment periods and without pre-
treatment [!'C] DPA713-PET. Therefore, we could not draw any con-
clusions regarding the causal relationships with mTOR-i treatment. A
longitudinal study of the therapeutic effects of mTOR-i on neuro-
inflammation is required.

In conclusion, this study indicates that DPA713-PET can be used to
evaluate microglial activation in patients with TSC. Microglial activa-
tion is strongly associated with epilepsy severity and has a negative
impact on cognitive function in TSC patients who are not on mTOR-i.
Treatment with mTOR-i may reduce microglial activation. We antici-
pate that the evaluation of microglial activation using DPA713-PET
could be an important determinant in the clinical care of patients with
TSC.
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