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ARTICLE INFO ABSTRACT

Keywords: Uncontrolled microglial activation is a central driver of neuroinflammatory brain diseases. The mitochondrial

Mitochondria translocator protein (TSPO) is a well-established molecular signature of brain inflammation and serves as a

m?urognﬂammatlon diagnostic marker. However, despite this strong association, it remains unclear whether TSPO acts as a positive
itophagy

or negative regulator of microglial function and how it influences the inflammatory and healing responses that
follow brain injury. Moreover, recent evidence of species-specific differences in TSPO expression underscores the
need to better define its biology in brain-resident macrophages. Here, using a murine microglial model, we
demonstrate that TSPO is required for the mitochondrial priming of inflammation and acts as a conduit for its
amplification. This function relies on the engagement of multiple intracellular pathways and can be effectively
counteracted by the tricyclic indole compound GE-180. Specifically, in response to inflammatory stimuli, TSPO
(i) stabilizes on the mitochondrial membrane where it binds and sequesters NOD-like receptor (NLR) proteins,
(ii) represses PARK2-mediated mitophagy, and (iii) promotes nuclear retrograde signaling through NF-«kB
accumulation, thereby enhancing the expression of pro-inflammatory genes. Sustained TSPO-dependent
inflammation further drives cellular demise and excitotoxicity. Collectively, these findings advance our under-
standing of TSPO’s molecular physiology in microglia, highlight its pivotal role in mitochondrial control of
inflammation, and identify TSPO as a promising target for the pharmacological modulation of neuro-
inflammatory responses.

NLRP3 and TSPO

1. Introduction

Microglia are the CNS resident immune cells which respond rapidly
to external stimuli by switching from a “resting state” to a surveillance
mode, to various states of activation [1]. This evolution is accompanied
by a radical cellular morphological change and release of a specific
subset of cytokines that vary from pro-inflammatory (e.g. IL-1f, IL-6,
IL-12, TNFa, CD86 and iNOS) [2,3]to anti-inflammatory (e.g. IL-4,

IL-10, IL-13, TGF-p and CD206) [4].

A prerequisite for microglial activation is the intracellular accumu-
lation and assembly of the nucleotide oligomerization domain (NOD)-
like receptor family pyrin domain-containing 3 (NLRP3) inflammasome.
The inflammasome is a complex composed of NLRP3 (i), the adaptor
molecule apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC) (ii) and caspase 1 (CASP-1) (iii). The
abnormally increased formation of this complex is implicated in the
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pathogenesis of several chronic pathologies (e.g. Alzheimer’s disease
[AD], Parkinson’s disease [PD], multiple sclerosis [MS] and amyo-
trophic lateral sclerosis [ALS]).

Upon its assembly, the inflammasome triggers the autocleavage of
the Caspase-1 protein, activating it. Once cleaved and active, CASP-1
can then process the proinflammatory cytokines pro-IL-1p and pro-IL-
18 into their biologically active mature forms [5], thereby enhancing
inflammation and leading to an inflammatory pyroptotic cell death.

Studies have demonstrated that mitochondria are crucial for NLRP3
inflammasome activation [5,6]. Mitochondrial damage induced by
NLRP3 activators mediates the externalization of mitochondria-derived
molecules, including cardiolipin and mtDNA.

This event allows the mitochondrial recruitment and assembly of
NLRP3, leading to inflammasome activation [7,8]. Consequently, the
autophagic removal of damaged mitochondria reduces NLRP3-mediated
inflammatory response [9].

The translocator protein (TSPO) is an evolutionarily conserved five-
transmembrane domain protein that localizes to the outer mitochondrial
membrane (OMM) [10]. While TSPO is ubiquitously expressed in
mammalian systems, the protein is found at high levels in tissues with
active lipid metabolism [11]. TSPO is primarily involved in regulating
mitochondrial cholesterol influx and steroidogenesis[12]. More
recently, biochemical and pharmacological studies have unveiled that
TSPO takes part in a plethora of cell pathways encompassing mitophagy
@), Ca®t signalling (ii) and reactive oxygen species (ROS) generation
(iii).

The protein level of TSPO is upregulated in several disease-
associated conditions including cancer and central nervous system
(CNS) inflammation [13,14]. TSPO-binding drugs are enrolled on a vast
spectrum of therapeutic interventions ranging from
anti-neuroinflammatory treatments [15,16] to chemotherapy [17-19]
and anxiolysis [3]. TSPO-ligands, such as the isoquinoline PK11195
have been applied for the diagnostic imaging of brain injury, during
which increased TSPO expression is associated with neuroinflammatory
damage. Targeting of TSPO is therefore used to measure brain inflam-
mation both in experimental models and human patients [20,21].

Recent findings suggest that reduced autophagic competence pro-
motes pro-inflammatory microglial polarisation [22]. Taken together,
the above evidence raised the speculation that TSPO is involved in
inflammasome signalling pathways as TSPO is indicated to counteract
mitochondrial autophagy. Alternatively, early work suggested that
TSPO modulates mitochondrial retrograde signaling, between mito-
chondira and the nucleus, thereby changing the dynamics of transcrip-
tion factors, such as the NF-xB which is key to he inflammatory
signalling cascade [23,24].

However, the molecular details, especially the interplay between
TSPO, mitochondria and NLRP3 inflammasome activation, are still
elusive. Therefore, it remains difficult to elaborate on the role of TSPO
during microglial activation.

In the current study, we demonstrate that TSPO mediates inflam-
masome signalling in microglia cells. Along with the repression of
mitophagy, TSPO sustains the scaling of the inflammatory response in
microglial cells via the stabilization of the NLRP3 on the mitochondria
and exploitation of the retrograde signalling. A complex scaling of
inflammation which irreversibly drives microglial cells to death.

2. Material and methods
2.1. Cell culture and transfection

BV2 microglial cells (ATCC) were maintained in a temperature-
controlled, humidified incubator at 37 C with 5 % CO, (Hera Cell 240,
Thermo Scientific, Essex, UK). TSPO KO microglia were generated using
GeneArt™ CRISPR Nuclease Kit (Invitrogen, A21174) and maintained
like the Wild Type (WT) BV2. The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing High Glucose (25 mM), L-
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Glutamine (4 mM) and Sodium Pyruvate (1 mM) (Thermo Fisher,
11995065), supplemented with 10 % Fetal Bovine Serum (FBS) (Thermo
Fisher, 10082147) and 1 % of 100 U/mL Penicillin and 100 mg/mL
streptomycin (Thermo Fisher, 15140122). GE-180 was a gist by General
Electric Healthcare. Transfection was performed using Lipofectamine
3000 transfection reagent (Thermo Fisher, L3000015) according to the
manufacturer’s instructions and following optimization.

2.2. Immunocytochemistry (ICC)

Cells were seeded onto Nunc™ Lab-Tek™ II Chamber Slide™ System
(Thermo Fisher, 154534PK) treated and/or transfected as described.
After treatment, cells were washed twice using 0.01 M Phosphate
Buffered Saline (PBS 1X) and fixed using 4 % paraformaldehyde (PFA)
solution for 15 min at RT. After 3X washes with PBS permeabilization
was made with 0.3 % Tritonx-100 for 15 min. The cells were subse-
quently washed with PBS (3X) for 10 min incubation periods. The slides
were blocked for 1 h in 5 % FBS (blocking buffer) at RT and incubated
overnight at 4°C in a humidified chamber after the addition of primary
antibody diluted in blocking buffer. The slides were then washed
3x15mins using PBS-T (PBS with 0.2 % Tween) and then incubated with
secondary antibody in PBS-T for 1-2 h at RT. The secondary antibodies
were conjugated to Alexa Fluor dyes (Life Technologies, UK). Following
washing (3 x15 min using PBS-T) in the dark slides were mounted using
4’, 6-diamidino-2-phenylindole (DAPI) mounting solution (Abcam,
ab104139).

2.3. Immunohistochemistry (IHC)

For the THC, a total of 8 adult, 10-week-old male mice, weighing
30-34 g (Charles River Laboratories, Margate, UK), were used. Mice
were housed in an Individually Ventilated Cage (IVC; Allentown Europe,
UK), in a 12 h light-dark cycle, with controlled room temperature
(21 + 1°C) and relative humidity (40-60 %) and with diet and water ad
libitum. All animal procedures were carried out under a Project Licence
approved by the Animal Welfare and Ethical Review Body, at Queen
Mary University of London and the UK Home Office, by the EU Directive
2010/63/EU. Animals were subjected to controlled cortical impact
(CCI) injury. Briefly, animals were acclimatised for 1-week after arrival
to the animal unit. Mice were anaesthetised (ketamine 50 mg/kg and
medetomidine 0.5 mg/kg; IP) and placed in a stereotaxic frame. A right
lateral craniotomy was carried out, 2.0 mm behind bregma and 2.5 mm
lateral to the midline and a CCI injury was induced using a 3 mm
impactor tip with a speed of 3 m/s, a depth of 2.2 mm and a dwell time of
100 ms, applied with the PCI3000 Precision Cortical Impactor™ (Hat-
teras Instruments, Inc., US). After the injury, the skull flap was placed
back unfixed to allow for expansion, and the skin was sutured. Bupre-
norphine (0.05 mg/kg, s.c.) was used in all animals pre-operatively for
pre-emptive analgesia and post-operatively every 12 h for 3 days post-
surgery. Naive animals were used as controls. Slides were scanned at
x40 using the In Cell Analyser 2200 (INCA2200) System (Cytiva, Marl-
borough, United States) and the In Cell Developer Toolbox v1.9.2
(Cytiva, Marlborough, United States) was used to quantify the signal.
Image processing was done using ImagelJ software (National Institutes of
Health, Bethesda, USA).

2.4. Proximity ligation assay (PLA)

PLA assay was performed according to manufacturer’s instructions.
Cells were seeded in 8-well chamber slides and fixed in 4 % PFA in PBS
after 24 h. PLA was performed by using the Duolink® PLA Red reagents
(Sigma-Aldrich, DU0O92008). Cells were permeabilised with 0.2 %
Triton X-100 in PBS for 10 min at RT. Blocking was performed with the
Duolink® Blocking Solution for 1 h at 37 °C. Cells were incubated with a
primary antibody solution containing anti-NLRP3 (Adipogen, AG-20B-
0014-C100) and anti-SDHA (Cell Signaling Technology, 5839S)
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prepared in Duolink® Antibody Diluent overnight at 4'C in a humidified
chamber. After primary antibody incubation, cells were washed twice in
1x Wash Buffer A for 5 min at RT and then incubated with PLA probe
solution containing Duolink® In Situ PLA® Probe Anti-Rabbit PLUS and
Probe Anti-Mouse PLUS for 1 h at 37 °C, followed by two washes with 1x
Wash Buffer A for 5 min. Ligation was performed for 30 min at 37 °C
After two washes with 1x Wash Buffer A for 5 min, amplification was
performed in a humidity chamber for 100 min at 37 °C in dark.
Amplification was followed by two washes with 1x Wash Buffer B for
10 min, and then one wash with 0.01x Wash Buffer B for 1 min. A cover
glass was then mounted using a mounting medium with DAPI (Abcam,
ab104139). Three negative control samples (anti-NLRP3 only, anti-
SDHA only and no antibody, respectively) were also included to verify
the specificity of the PLA signal.

2.5. RT-gPCR

RNeasy Plus mini kit (Qiagen, 74134) was employed to extract the
RNA according to the manufacturer’s instructions and then quantified
using NanoDrop spectrophotometer (ThermoFisher Scientific). Quanti-
nova Reverse Transcription Kit (Qiagen, 205413) was used according to
the manufacturer’s instructions to transcribe the RNA to cDNA. The 2X
Quantinova SYBR green master mix (Qiagen, 204141). The qPCR reac-
tion was performed in 384 well plates in triplicate reactions. The mean
Ct was normalized to the Ct for a housekeeping gene (GAPDH). The delta
Ct (ACt) was calculated: gene of interest Ct — housekeeping gene Ct.
From this, the relative mRNA content is calculated using the following
formulae: 2 22Ct. The mean 2 2“Ct was calculated from the 4-5 inde-
pendent experiments. Sequences of Primers are reported in Table 1.

2.6. Immunoblotting

Protein concentrations were quantified using the Detergent
compatible (DC) protein assay (Bio Rad, 5000112) according to manu-
facturer instructions. The absorbance was subsequently read using a
plate reader (Tecan Infinite M200 Pro, UK) at 695-750 nm with a BSA
standard curve used to determine the protein concentration (pg/pL) of
the samples. The volume of protein required to achieve 20 pg of sample
was loaded onto 12 % polyacrylamide gels. Bio-Rad Mini-PROTEAN
tetra system electrophoresis unit was used. After transfer the blots were
blocked in 5 %(w/v) solution of milk powder in TBS-T (50 mM Tris,
150 mM NacCl, 0.05 % Tween 20 (Sigma, P9416)) for 1 h at RT. The
membrane was incubated with antibodies diluted in milk at 4°C over-
night. Following primary antibody incubation, the membranes were

Table 1
Caption.

Gene Forward Primer Reverse Primer

Tspo ACTGTATTCAGCCATGGG ACCATAGCGTCCTCTGTGAAA
GTA

1L-6 GATGGATGCTACCAAACT CCAGGTAGCTATGGTACTCC
GGAT AGA

iNos CTTTGCCACGGACGAGAC TCATTGTACTCTGAGGGCTGA

Nlrp3 TGCTCTTCACTGCTATCAA ACAAGCCTTTGCTCCAGACC
GCCCT CTAT

Gapdh CCATGGAGAAGGCTGGGG CAAAGTTGTCATGGATGACC

Atp5p GGCACAATGCAGGAAAGG TCAGCAGGCACATAGATAGC

C

TNF-a AAATGGGCTCCCTCTCATC TCTGCTTGGTGGTTTGCTACG
AGTTC AC

IL-1B CACCTCTCAAGCAGAGCA GGGTTCCATGGTGAAGTCAA
CAG C

Caspase 1 CCCAGAAGTTATGGAAAG GGATACCATGAGACATGAATA
AAAATCCTTCAG CAAGGAAAG

ASC CAGAGTACAGCCAGAACA GTGGTCTCTGCACGAACTGC
GGACAC CTG

IL-10 ATAACTGCACCCACTTCCC GGGCATCACTTCTACCAGGT
A
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washed 3x5min with 5 % (w/v) solution of milk powder in TBS-T at RT.
The membrane was incubated for 2 h with the corresponding
peroxidase-conjugated secondary antibody diluted in milk. Membranes
were washed (3x5min) in TBS-T. To visualize the blot, the ECL western
blotting detection kit (Amersham, RPN2133) was utilized. Imaging and
visualization were performed using a ChemiDoc™ MP System (Bio-Rad,
1708280).

2.7. Co-Immunoprecipitation

Microglia BV2 WT cells and BV2 TSPO KO cells were seeded in 6-well
plates and treated with LPS 100 ng/mL for 24 h or LPS 100 ng/mL for
24 h + 2.5 mM ATP for 30 min. After treatment, the cells were washed
twice in PBS and subsequently lysed with standard Lysis buffer (150 mM
NaCl, 1 % Triton in 50 mM Tris-HCL, pH 8) and protein concentrations
were determined via DC protein assay as described above. For the
immunoprecipitation assay, 1 ug of TSPO antibody (abcam, ab108489)
has been added to 50 pl of magnetic beads linked to Protein A (Ther-
moFisher Scientific, 10001D) for 15 min at RT to induce the binding.
After the incubation, the beads were washed twice with PBS and incu-
bated overnight with 100 ug of total protein from the samples obtained
above. The next day, the Flow Through (FT) fraction was collected, and
the beads were washed twice with PBS. Finally, the proteins attached to
the beads and the TSPO antibody have been eluted by adding 60 pL of
Loading Buffer (375 mM Trsi-HCL pH 6.8, 6 % SDS, 4.8 % Glycerol, 9 %
B-mercaptoethanol, 0.03 % bromophenol blue) and boiling the samples
for 10 min, obtaining this way the IP fraction for the Western Blot
analysis.

2.8. Cholesterol assay

The Amplex Red Cholesterol Assay Kit (Thermo Fisher, A12216 was
used to quantify cholesterol levels. Cells were resuspended in the 1X
reaction buffer (0.1 M potassium phosphate, pH 7.4, 0.05 M NaCl, 5 mM
cholic acid, 0.1 % Triton X-100) that was supplied with the kit. The
suspension was aliquoted in triplicate in 96-well plates. Amplex Red
reagent containing 2 U/mL HRP, 2 U/mL cholesterol oxidase, and 0.2 U/
mL cholesterol esterase was prepared according to the kit instructions.
The reaction was incubated at 37 °C for 30 min (in the dark). The sub-
sequent change in fluorescence was measured in a Tecan M200 Pro Plate
Fluorescence microplate reader (Tecan, UK) using excitation at 544 nm
and emission at 590 nm.

2.9. Reactive oxygen species (ROS) analysis

Dihydroethidium (DHE) is sensitive to 0% and oxidises to 2-hydrox-
yethidium and the rate at which the nuclear signal rises in intensity
correlates with cytosolic levels of superoxide. Cells were seeded on
22 mm glass coverslips and treated for 24 h with Vehicle or LPS. 24 h
post-treatment cells were washed using room temperature PBS 1X and
transferred to Attofluor Cell Chamber (Sigma Aldrich, A7816), 5 pM of
DHE was added in HBBS medium (Hanks’ Balanced Salt Solution,
Thermo Fisher, 24020117), and the increase in intensity measured
continuously over time using a UV Nikon microscope.

2.10. Nitric oxide (NO2) levels analysis

The Griess reaction allows for the spectrophotometric detection of
nitrite formed by the oxidation of NO, quantified using a microplate
reader at an absorbance of 548 nm. Cells were seeded and treated in
triplicate on 96-well plates 48 h prior to the experiment. Sample media
was used alongside photometric references made using the Griess re-
agent diluted in deionised water and sodium nitrite standards (1 —
100 pM) and quantified according to the manufacturer’s instructions.
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2.11. Cytotoxicity assessment

LDH (lactate dehydrogenase) activity assay (Merck) is a colorimetric
assay used to measure the concentration of LDH in the cell culture me-
dium. Microglial BV2 cells were seeded in 25 cm? flasks and either
cultured for 48 h or cultured for 24 h and then treated using LPS for
another 24 h. The microglial conditioned medium was collected,
filtered, and used to treat neuroblastoma N2a cells for 24 h. N2a cells
were also treated with complete medium and complete medium sup-
plemented with 5 uM glutamate. N2a cells seeded in triplicate in the
same plate and treated with complete medium only were used as a
negative control, whereas N2a cells seeded in triplicate in the same plate
and treated with glutamate were used as a positive cytotoxicity control.
The average absorbance values of the triplicate samples were calculated.
Cytotoxicity % for each of the conditions was calculated using the for-
mula recommended by the kit company: (experimental value -negative
control)/(positive control - negative control) *100. Cytotoxicity % was
further normalised to be expressed as a percentage to the WT + Vehicle
condition. The experiment was repeated 6 times, with BV2 and N2a cells
being seeded on 6 different days. LDH activity was assessed following
the manufacturer’s instructions. Sample absorbance was read at 409/
492 nm with a Tecan Sunrise plate reader.

2.12. Transcriptome data analysis

Total RNA samples were extracted using Quick-RNA Miniprep (Zymo
Research, USA) according to the manufacturer’s instructions and then
quantified with an Agilent 2100 bioanalyzer. The quantified RNA sam-
ples were used for NEBNext® rRNA-depleted (Human/Mouse/Rat)
stranded library preparation. Library preparation and RNA sequencing
were conducted at the UCL Genomics. Libraries were prepared using
non-strand specific Illumina TruSeq Sample Preparation Kits followed
by Illumina sequencing. FASTQ files were aligned using TopHat and
Cufflinks. Normalization and differential analyses were carried out using
R software Bioconductor[61] package DESeq2 [62], and gene set
enrichment analysis (GSEA) was carried out using EGSEA [63]. For gene
expression profiling, the lists of genes belong to NLRP3 inflammasome
complex and autophagosome were retrieved with Gene Ontology
accession GO:0072559 and GO:0005776 respectively. Genes involved in
mitophagy were retrieved from GO:0000423 and Reactome accession
R-HSA-5205647.

Methods for the assessment of Ca2*' signalling, Oxygen Con-
sumption Rate (OCR), mitochondrial membrane potential (A¥y,),
cellular viability, and GE-180 binding are reported in the Supple-
mentary Material.

2.13. Statistical analysis

Three biological and technical replicates have been attained for each
of the experiments. All statistical analyses were performed in GraphPad
Prism 9.0 (GraphPad software, USA). Data are presented as mean +
standard error of the mean (SEM). Variations between three or more
independent groups were determined using one-way analysis of vari-
ance (ANOVA). Two-way ANOVA with randomized block was used to
evaluate differences between groups while accounting for the day block
effect. Tukey’s post hoc test was used to reveal all possible pairs of
means within the data sets. P values of less than 0.05 was considered
significant (P < 0.05 *; P < 0.01 **; P < 0.001 ***; P < 0.0001 ™).

3. Results

3.1. TSPO regulates the pro-inflammatory activation capacity of immune
cells

Our previous data further demonstrated that treatment of BV2
microglial cells with lipopolysaccharides (LPS) significantly increased
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TSPO protein levels, suggesting a close link between TSPO expression
and pro-inflammatory (M1) polarization of microglia under infection
conditions [25]. In our current study, we additionally found that when
BV2 cells were treated with anti-inflammatory cytokine interleukin-4
(IL-4) [26], TSPO expression was significantly reduced compared to
untreated cells (Figure 1ac, bd). Together, these findings demonstrate a
robust correlation between TSPO expression and microglial activation.
The immunohistochemistry (IHC) results showed that in mice with
traumatic brain injury, TSPO was markedly enriched in Ibal-positive
microglial cells (Supplementary Figure 1a, b). To further elucidate the
role of TSPO in microglial activation, we generated a TSPO-knockout
(KO) BV2 cell line using CRISPR/Cas9 technology (Supplementary
Figure 1c-f). The knockout efficiency was confirmed by western blotting
and by assessing intracellular cholesterol distribution (Supplementary
Figure 1 g), given that TSPO functions as an established intracellular
cholesterol transporter [27]. KO cells exhibited higher mitochondrial
metabolic activity than wild-type (WT) cells under basal conditions
(Fig. 1e-f). Upon LPS stimulation, the mitochondrial oxygen consump-
tion rate (OCR) decreased in both WT and KO cells. However, KO cells
maintained significantly higher OCR levels compared to untreated WT
cells. In parallel, DHE staining revealed that LPS-treated WT cells
exhibited higher cytosolic ROS levels compared with KO cells (Fig. 1g).

Consequently, we measured the expression levels of key pro-
inflammatory markers, including the mRNA levels of interleukin-1p
and iNOS, as well as the protein level of NLRP3 (Fig. 1h-k, Supp.
Figure 1j-m). In WT cells, all three markers were significantly upregu-
lated following LPS treatment, indicating effective priming of the
inflammasome pathway. In contrast, such induction was abolished in
TSPO-deficient cells. Finally, immunocytochemistry (ICC) analysis
showed colocalization between TSPO and NLR family pyrin domain
containing 3 (NLRP3) (Fig. 1n).

3.2. TSPO modulates pro-inflammatory signalling by regulating
inflammasome assembly

Based on the results described above, we next investigated how TSPO
regulates the behaviour of NLRP3 during inflammation activation.

It has been widely reported that BV2 cells can be stimulated into a
reactive, inflammatory phenotype by multiple stimulators, including
lipopolysaccharide (LPS) [28-30].To track the subcellular dynamics of
NLRP3 throughout the priming and activation stages, BV2 cells were
first treated with LPS for 24 h (priming) and subsequently exposed to
ATP for 30 min (activation). Immunocytochemistry (ICC) analysis
revealed that in WT BV2 cells, LPS treatment not only induced an
upregulation of NLRP3 but also promoted its recruitment to mitochon-
dria (Fig. 2a), as evidenced by a significant increase in the colocalization
coefficient between NLRP3 and ATPB (Fig. 2b). ATP stimulation further
triggered the clustering of NLRP3, consistent with inflammasome for-
mation. In contrast, in TSPO-KO BV2 cells, the expression level of NLRP3
remained unchanged after both LPS and LPS + ATP treatments. More-
over, the LPS-induced mitochondrial recruitment of NLRP3 observed in
WT cells was abolished in the absence of TSPO. These results indicate
that TSPO is required for the mitochondrial localisation of NLRP3 during
inflammatory  activation. = Supporting the ICC findings,
co-immunoprecipitation analysis in WT BV2 cells revealed a dynamic
interaction between NLRP3 and TSPO: a minor basal interaction was
detected under resting conditions, which markedly increased upon LPS
stimulation. When the LPS-primed cells were subsequently triggered by
ATP, NLRP3 dissociated from TSPO, consistent with its release for
inflammasome assembly (Fig. 2¢, d). Unlike NLRP3, the mitochondrial
localisation and aggregation of ASC were not affected by TSPO knockout
(Supp. Figure 2a, b), indicating that TSPO specifically mediates the
recruitment of NLRP3 to mitochondria.

To further visualise NLRP3 translocation during inflammation acti-
vation, a proximity ligation assay (PLA) was performed to detect spatial
proximity between NLRP3 and the mitochondrial marker SDHA (Fig. 2e,
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The representative blot (j) indicates that both LPS and LPS/ATP-induced activation result in a significant upregulation in NLRP3 protein expression in WT cells only,
while NLRP3 levels don’t change when TSPO is ablated, as quantified (k). 1) Inmunocytochemistry analysis showing the co-localisation of TSPO (green) and NLRP3
(red) in BV2 cells. Nuclei were counterstained with DAPI (blue).
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Fig. 2. TSPO ablation prevents NRLP3 stabilisation on mitochondria and represses Ca>* accumulation in the cytosol. a, b) Immunocytochemistry analysis of oc-
cupancy of mitochondria by NLRP3 in LPS- and LPS/ATP-activated WT and TSPO KO BV2 cells (as previously described). The representative images (a) show BV2
cells stained with anti-NLRP3 (red) and anti-ATP synthase subunit beta (ATPB) (green) antibodies. The quantification of the co-localisation between the two
fluorescent signals is reported in panel b. Knocking out TSPO inhibits pro-inflammatory mitochondrial recruitment of NLRP3. ¢, d) Co-Immunoprecipitation between
TSPO and NRLP3 in LPS- and LPS/ATP-activated BV2 cells (n = 4). Panel d highlights the quantification of the interaction between the two proteins under LPS
treatment. e, f) Proximity Ligation Assay (PLA) between Succinate dehydrogenase A (SHDA) and NLRP3 in BV2 WT and TSPO KO cells, untreated, primed with LPS
(100 ng/mL LPS, 24 h) or activated with LPS followed by ATP (2.5 mM, 30 min). Relative quantifications in panel f g, h) Representative western blot analysis of full-
length and cleaved GASDMD in WT cells following LPS or LPS+ATP treatment (g). Relative quantification of cleaved GASDMD is shown in panel h. i) Live-cell
imaging analysis of intracellular Ca®>" dynamics in resting and primed (100 ng/mL LPS, 24 h) BV2 cell lines. Intracellular Ca>* levels were monitored by using
the ratio metric fluorescent Ca%* indicator Fura-2 AM, before and after the addition of ATP (100 uM). Representative traces of the Fura-2 ratio at rest (spontaneous
activity) and after ATP administration are specifically reported in untreated and LPS-treated cells. j) Quantification of the intracellular Ca®>* peak response in the
conditions described above. k) Quantification of the percentage of oscillating cells in BV2 WT and TSPO KO cell lines in resting conditions or activated by LPS after

the addition of ATP.

f). Consequenly, NLRP3 translocation induced the cleavage of GASDMD
following ATP stimulation, indicating the full activation of the NLRP3
signalling [31] (Fig. 2g, h).

WT BV2 cells exhibited more abundant PLA puncta compared to KO
BV2 cells across all treatment conditions. LPS treatment induced a
pronounced increase in the number of puncta, which moderately
decreased after ATP stimulation. In contrast, LPS failed to promote
NLRP3 accumulation at mitochondria in KO cells. Collectively, these
results demonstrate that TSPO modulates inflammatory signalling by
mediating the mitochondrial recruitment of NLRP3 during the priming
stage, which is a critical step in inflammasome assembly [32].

In addition to changes in NLRP3 subcellular localization, inflam-
masome assembly is also regulated by intracellular Ca®* dynamics [3,33,
34]. Previous studies have demonstrated a critical role for calcium
mobilisation in NLRP3 inflammasome activation [35]. Dolmetsch et al.
showed that the expression of pro-inflammatory transcription factors
was regulated by Ca?* oscillation [36]. More recently, it is reported that
Ca?* oscillations can be transduced into downstream signalling cascades
that drive the transcription of pro-inflammatory genes such as TNF and
IL8[37]. Consistent with this, our live-cell results recording revealed
that cytosolic Ca®* oscillation is an intrinsic feature of WT BV2 cells,
which is significantly intensified following LPS treatment (Fig. 2i-k),
indicating WT BV2 cells are primed for inflammatory activation. In
contrast, KO cells exhibited only weak Ca?* oscillations, which remained
low even after LPS treatment. This suggests that in the absence of TSPO,
inflammatory signalling remains in an inactive state despite the pres-
ence of inflammatory cues.

3.3. TSPO deletion enhances mitophagy during pro-inflammatory
activation in BV2 cells

To obtain a global overview of transcriptional changes induced by
TSPO depletion, we performed RNA-Seq analysis of WT and TSPO
knockout (KO) BV2 cells under basal and LPS-stimulated conditions. The
results revealed a distinct transcriptomic profile in KO cells, particularly
involving genes related to the NLRP3 inflammasome and autophagy/
mitophagy pathways (Fig. 3a, Supp. Figure 3a). Overall, TSPO
knockout led to downregulation of NLRP3 inflammasome components
and upregulation of autophagy- and mitophagy-related genes.

To validate these findings, we looked into the mitochondria network
in WT and KO BV2 cells and examined autophagy and mitophagy
markers. At the basal level, WT cells displayed a greater mitochondrial
network compared to KO cells, as revealed by mitoTracker staining
(Fig. 3b, ¢). Upon LPS stimulation, the LC3-II/LC3-I ratio was signifi-
cantly increased in KO cells, whereas WT cells remained unchanged
(Fig. 3d, e), indicating enhanced autophagic flux in KO BV2 cells. Both
FCCP and LPS treatment induced p62 accumulation on mitochondria,
but the extent was markedly stronger in KO cells (Fig. 3f, g), suggesting
restrained mitophagy initiation in the presence of TSPO. Consistently,
PARK2 (Parkin) levels were elevated basally and further increased upon
LPS or FCCP treatment in KO cells compared to WT (Fig. 3h, i).
Consequently, extensive mitochondrial ubiquitination was also detected

in KO cells upon LPS and LPS+ATP treatment (Supp. Figure 3b,c). In
response to LPS treatment, we checked the autophagy flux which proved
unmodified by the absence or presence of TSPO despite modfications in
the mitochondrial content.

In parallel, MTCO1, a mitochondrial inner membrane protein,
remained stable in WT cells but was significantly reduced in KO cells
following LPS or LPS+ATP treatment (Fig. 3j, k), reflecting enhanced
mitophagic clearance of mitochondria in the absence of TSPO. Collec-
tively, these results demonstrate that TSPO depletion enhances
mitophagy and mitophagy-mediated mitochondrial clearance, while WT
cells maintain mitochondrial integrity.

3.4. TSPO is required for the LPS-induced nuclear retro-translocation of
NF-xB

The results described above indicate that TSPO indeed affects both
the expression and subcellular localisation of NLRP3. Given previous
reports showing that NF-xB is a major upstream regulator of NLRP3
[32], we hypothesised that TSPO deficiency may also impact NF-kB. We
first observed that during LPS-induced inflammatory activation, TSPO
expression correlated positively with NF-kB, particularly during the
priming phase, where LPS treatment induced synchronous upregulation
of both TSPO and NF-kB (Fig. 4a—c). TSPO deletion abolished the
LPS-induced NF-xB upregulation, suggesting that LPS-induced NF-xB
upregulation is TSPO-dependent.

We then examined NF-«xB translocation during BV2 cell activation.
ICC results showed that in resting cells, NF-xB remained cytoplasmic in
both WT and KO cells. LPS treatment induced spontaneous perinuclear
accumulation of mitochondria and NF-kB in WT cells, whereas in KO
cells, NF-kB remained a cytoplasmic distribution (Fig. 4d, e). Subcellular
fractionation further confirmed prominent nuclear translocation of NF-
kB in WT cells, as evidenced by a significant shift of signal from the
cytosolic to the nuclear fraction (Fig. 4f~h). This translocation was ab-
sent in KO cells unless they were challenged with combined LPS and
ATP. Together, these results demonstrate that TSPO is necessary for the
retro-translocation of NF-kB, a key event during the priming stage of
inflammatory activation.

We next investigated the role of TSPO in neuroinflammation, spe-
cifically in microglia—neuron interactions, using a conditioned media
(CM) assay. As illustrated in Fig. 4i, both WT and KO BV2 cells were
treated with vehicle or LPS for 24 h, and the resulting microglial
conditioned media (Mic-CM) were applied to N2a neuroblastoma cells
for 24 h. LDH assays revealed that Mic-CM from LPS-treated WT BV2
cells induced more N2a cell death than Mic-CM from LPS-treated TSPO
KO cells (Fig. 4j. k), indicating that TSPO loss reduces microglia-
mediated neurotoxicity, likely through suppression of pro-
inflammatory cytokine release. Additionally, KO cells showed reduced
sensitivity to LPS-induced cell death (Fig. 4k), suggesting that TSPO
ablation mitigates pro-inflammatory forms of cell death, such as
pyroptosis.
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Fig. 3. TSPO represses macro and targeted autophagy during microglial cell activation. a) Heat maps of the RNA-seq profiles in BV2 WT and BV2 TSPO KO cells in
resting condition and after LPS treatment (100 ng/mL, 24 h), highlighting the genes differently expressed related to NLRP3 inflammasome complex, autophagosome
or mitophagy. b, ¢) Mito-tracker staining of mitochondrial network WT and TSPO KO BV2 cells (n = 3)(b). Relative quantification is shown in panel c d, e) Mea-
surement of LC3 lipidation (LC3-II formation) in WT and TSPO KO BV2 cells following 24 h treatment with LPS (100 ng/mL, 24 h) or FCCP (10 pM, 24 h). Both LC3
bands (d) were quantified and the LC3-II: LC3-I ratio of expression was calculated (e) to compare LC3 lipidation (LC3-II formation) between samples before and after
treatment. TSPO KO cells have a higher LC3-II: LC3-I ratio both at rest and following LPS-induced activation, suggesting that the autophagic flux increases in the
absence of TSPO. f, g) Representative co-immunocytochemical analyses of SQSTM1/P62 and ATPB in BV2 WT and BV2 TSPO KO microglial cells, untreated, exposed
to LPS or LPS+ATP (f). Panel g shows the histogram reporting the relative quantification. h, i) Representative immunoblot (h) and densitometry analysis (i) of
mitochondrial Parkin levels in WT and TSPO KO BV2 cells at rest and following treatment with either FCCP (10 uM, 24 h) or LPS (100 ng/mL, 24 h). TSPO KO cells
are characterised by increased basal expression of Parkin. j, k) Western blotting analysis of MTCO1 protein levels in WT and TSPO KO BV2 cells at rest and following
treatment with either FCCP (10 uM, 24 h), LPS (100 ng/mL, 24 h) or LPS (100 ng/mL, 24 h)/ATP (2.5 mM, 30 min). As presented in panel j and quantified in panel k,
TSPO KO cells have an overall decreased expression of MTCO1, the level of which does not change following treatments. MTCO1 expression is instead greatly induced

by FCCP in WT cells.

3.5. TSPO as a pharmacological target for controlling inflammatory
responses

Previous studies have highlighted TSPO as a potential in vivo
biomarker of mitochondrial pathology for PET imaging. To further
evaluate its potential as a pharmacological target for mitigating patho-
logical neuroinflammation, we tested the effects of a recently developed,
highly specific TSPO ligand,18F-GE-180 (S-N, N-diethyl-9-[2-18F-fluo-
roethyl]-5-methoxy-2,3,4,9-tetrahydro-1H-carbazole-4-carboxamide).
GE-180, the lead compound from a new series of tricyclic indoles with
high TSPO affinity, has been developed as a PET tracer for in vivo TSPO
imaging [38,39] (Fig. 5a-c). GE180 displayed high specific binding af-
finity to TSPO with low noise nonspecific noise [38,39]. GE-180 has
been used for detecting TSPO in mice and human brain [40,41]. GE-180
treatment didn’t alter mitochondria morphology (Fig. 5d, e).In
LPS-stimulated cells, GE-180 attenuated microglial activation in WT
cells, as reflected by CD68 and nitrite ions level (Fig. 5f-h), as well as the
rescue of mitochondria membrane potential (Supp. Figure 4a, b). In
contrast, TSPO KO cells showed no response to GE-180, indicating that
GE-180 specifically targets TSPO-mediated signalling. Consistently,
GE-180 reduced LPS-induced NF-kB retro-translocation in WT cells
(Fig. 5i, j). Together, these results demonstrate that TSPO is a critical
mediator of microglial pro-inflammatory activation, which can be
selectively inhibited by GE-180.Integrating our findings, we propose a
model in which TSPO functions as a multi-level regulator of the
microglial inflammatory cascade (Fig. 6).

4. Discussion

Our study identifies TSPO as a mitochondrial regulator of murine
microglial activation, via the recruitment of NLRP3 and the assembly of
the inflammasome complex through NF-kB-dependent retro-
translocation.

TSPO, which strongly upregulates in Iba-1 positive microglia of
injured mouse brain (SFig. 1a,b), is markedly enriched upon LPS stim-
ulation in BV2 microglial cells, whereas it is suppressed by the anti-
inflammatory cytokine IL-4 (Fig. 1a,b). These results resemble previ-
ous findings on TSPO upregulation as a distinctive feature of activated
glial cells across both neurodegenerative and neurotraumatic conditions
[42], but a novel underlying regulatory mechanism is proposed.

Here, we demonstrate thatTSPO-deficient BV2 cells show an
increased basal mitochondrial respiration, which isn’t remodelled in
response to the LPS-induced metabolic shift, as recorded in the wild-type
counterpart (Fig. 1c-f). The bioenergetic profile, dictated by the loss of
TSPO, was also associated with lower cytosolic ROS levels and reduced
expression of pro-inflammatory markers such as IL-1, iNOS, and NLRP3
(Fig. 1g-k) [43,44]; indicative of a metabolic rewiring necessary for
microglial activation [45-48]. Additionally, our imaging analyses
revealed TSPO as a binding partner of NLRP3 (Fig. 11), suggesting a
mechanistic link. Inflammasome activation is a two-step process
involving priming (I), during which NLRP3 and pro-IL-1f are tran-
scriptionally upregulated by NF-kB, and activation (II), during which

NLRP3 assembles into multimolecular complexes at mitochondria and at
the mitochondrial sites of contact with the associated organelles in
response to secondary danger signals such as ATP [49]. Our data reveal
that TSPO is required for the first of these two steps: the mitochondrial
recruitment of NLRP3. In WT BV2 cells, LPS treatment induced coloc-
alization of NLRP3 and mitochondria thus promoting the subsequent
inflammasome clustering upon ATP stimulation (Fig. 2a,b). Consistent
with the ICC results, the co-immunoprecipitation assays showed that
TSPO physically associates with NLRP3 under inflammatory conditions
(Fig. 2¢,d). Such interaction peaks during the LPS-priming phase but is
released further upon ATP stimulation, supporting the role of TSPO as
the transient mitochondrial docking site that facilitates the spatial
organisation of inflammasome components [50,51]. This function may
parallel the role of other mitochondrial adaptors, such as MAVS and
TOM70, which regulate immune signalling through localised
protein-protein interactions [52,53]. Notably, the localisation and
clustering of ASC, another essential inflammasome adaptor, were not
affected by TSPO deletion, underscoring the specificity of the
TSPO-NLRP3 interplay (Fig. 2 c-f). The latter was sufficient to the
activation of the downstream cascade, as it is well exemplified by Gas-
dermin cleavage (Fig. 2 g,h).

Inflammasome activation is known to be modulated by cytosolic
Ca?* flux and oscillations [36,37]. Live-cell Ca®* imaging experiments
revealed that WT BV2 cells display robust cytosolic Ca** oscillations,
which become even higher upon LPS stimulation, whereas
TSPO-deficient cells do not exhibit a similar pattern (Fig. 2 i-k). Given
that TSPO has been implicated in the regulation of mitochondrial Ca*
uptake through its interaction with the voltage-dependent anion chan-
nel (VDAC) and TOM40 [54,55], the lack of cytosolic Ca** oscillations in
KO cells indicates that the mitochondrial compartment in these cells
handles the cation better than the WT nterpart. TSPO acts therefore as a
rheostat of Ca?*-dependent signaling cascades [56], contributing to the
activation and tonicity of inflammasome signalling [57].

In keeping with this, RNA-seq revealed that repression of TSPO
expression leads to transcriptional upregulation of autophagy and
mitophagy pathways at both the basal level and under LPS treatment
(Fig. 3 a). Correspondingly, WT cells displayed a greater mitochondrial
network compared to KO cells (Fig. 3 b,c) thereby implying that through
regulating mitophagy, TSPO maintained a bigger platform for the rapid
execution of the inflammatory signalling via the mitochondria [48,54,
58,59]. Substantiating this notion, depletion of TSPO resulted in higher
mitophagy, evidenced by enhanced LC3 lipidation, elevated mitochon-
drial recruitment of p62 (Fig. 3 d-g). This phenotype was further sup-
ported by increased PARK2 expression, ubiquitination and reduced level
of mtDNA encoded protein MTCO1 (Fig. 3 h-k). A key reduction of
mitochondrial content, triggered by both FCCP and LPS, which is in-
dependent of autophagy flux (SFig. 3 b-f).

Mitophagy serves as a quality control mechanism that eliminates
damaged mitochondria to prevent excessive ROS and inflammation [54,
56]. However, excessive mitophagy can also deplete the mitochondrial
pool necessary for innate immune signalling [60,61]. Our findings
suggest that by maintaining mitochondrial activity at an optimal level
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Fig. 4. TSPO engages NF-kB in microglial pathogenic signalling. a, b, ¢) Western blotting analysis of NF-kB and TSPO protein levels in WT and TSPO KO BV2 cells at
rest and following treatment with either LPS (100 ng/mL, 24 h) or LPS (100 ng/mL, 24 h)/ATP (2.5 mM, 30 min). As presented in panel a and quantified in panel b,
LPS treatment induces an increase in the expression levels of NF-kB. Moreover, panel c illustrates the correlation between the expression levels of TSPO and NF-kB
proteins. d, e) Fluorescence ICC analysis of LPS-induced NF-kB nuclear translocation in WT and TSPO KO BV2. Cells were treated with 100 ng/mL LPS for 24 h.
Representative images (d) showing NF-kB immunostaining (red) in combination with DAPI nuclear counterstain (blue). The levels of NF-kB nuclear fluorescence,
reported in panel e, indicate that TSPO ablation inhibits LPS-mediated nuclear translocation of NF-kB. f, g, h) Analysis of NF-kB cytosolic and nuclear translocation in
WT and TSPO KO BV2 cells following pro-inflammatory stimuli. Cells were treated with either FCCP (10 pM, 4 h), LPS (100 ng/mL, 24 h) or LPS/ATP (100 ng/mL
LPS for 24 h followed by 2.5 mM ATP for 30 min). Cytosolic and nuclear fractions were then used to monitor the relocation of NF-kB between the two compartments
via Western blotting. The representative blots (f) and respective densitometry analyses (g, h) show that treatment with LPS or LPS/ATP causes a significant
translocation of NF-kB into the nucleus in WT cells, which is hampered by the lack of TSPO. i, j) Analysis of microglia-induced neurotoxicity in mouse N2a cells
exposed for 24 h to Mic-CM media from either untreated or LPS-treated (100 ng/mL, 24 h) WT and TSPO KO BV2 cells. WT BV2 cell Mic-CM media induced neuronal
cytotoxicity, which was measured through quantification (j) of LDH released in the extracellular environment. N2a cells treated with TSPO KO cell Mic-CM did not
show signs of cytotoxicity. k) Quantification of changes in cell death as measured by PI inclusion between WT and KO BV2 cells treated with LPS (24 h using 100 ng/
TL) or LPS ATP (24 h using 100 ng/mL followed by 30 min using 2.5 mM ATP) to induce pyroptosis. TSPO KO protects from LPS-induced pyroptosis.

for signalling rather than degradation, TSPO sustains inflammatory continued use of TSPO as a surrogate marker of human neuro-
activation. inflammation, on the other, these findings prompted a re-evaluation of

Nuclear translocation of NF-kB represents a central event in the the TSPO role during immune cell activation.
priming phase of inflammatory activation [62] In recent years, accu- In the present study, by using a TSPO-deficient immunogenic mouse
mulating evidence has indicated that mitochondrial retrograde signal- model, we demonstrate that TSPO functions as a mitochondrial medi-
ling functions as the underlying orchestrator of NF-kB nuclear ator during immune activation, contributing predominantly to the
translocation during microglial activation [24,63]. Our data show that priming phase. In this sense, TSPO potentially modulates immune
TSPO is required for NF-kB upregulation and nuclear translocation in responsiveness through orchestrating mitonuclear communication and
microglia during the LPS-induced priming phase (Fig. 4 a-h). Upon LPS signalling competence, rather than through activation-induced upre-
stimulation, WT BV2 cells exhibited pronounced perinuclear accumu- gulation. Hence, we propose a putative mechanistic framework to
lation of mitochondria, which was concomitant with marked NF-xB explain why TSPO, despite being an active participant in immune acti-
nuclear translocation. On the other hand, TSPO-deficient cells failed to vation, its expression level does not closely correlate with the overall
show such a redistribution, providing evidence for a coordinated activation state.
spatiotemporal interplay between mitochondria and the nucleus likely TSPO ligands can therefore allow for functional modulation mini-
to occur at the domains of contacts between these two organelles. TSPO mising confounding effects associated with variable protein expression.
content is suggested to be essential for microglial upscaling of the This will also corroborate further the substantial promise TSPO holds as
inflammasome pathway. a pharmacological target [76].

The functional relevance of TSPO-dependent microglial activation However, our findings must be interpreted in the context of species-
was further validated using a conditioned media assay to predict in vivo specific differences between murine and human microglia. Indeed,
toxicity. Media from LPS-treated WT microglia caused substantial murine and human microglia exhibit divergent activation Kkinetics,
neuronal death in N2a cells, whereas media from LPS-treated TSPO-KO metabolic demands, and gene expression programs [77,78]. Therefore,
cells elicited minimal neurotoxicity (Fig. 4 i-k). This indicates that to rigorously assess the necessity of TSPO in human immune cell acti-
TSPO-dependent inflammatory activation in microglia directly con- vation, besides generating TSPO-deficient models, integrated studies
tributes to neuronal injury, likely through cytokine and nitric oxide combining both murine and human systems will be critical. They will
release. Moreover, TSPO deletion conferred protection against LPS- allow the dissection of the stage-specific roles of TSPO and identification
induced microglial cell death, suggesting that it may also modulate of TSPO-associated downstream partners and co-regulators.
pyroptotic pathways [64]. These findings underscore the dual role of In summary, our study identifies TSPO as a central mitochondrial
TSPO in both amplifying inflammatory signaling and sensitising regulator that integrates metabolic, structural, and transcriptional
microglia to inflammatory stress [65]. pathways to control microglial activation and neuroinflammatory out-

While acute neuroinflammatory responses can be protective, chronic comes. By linking mitochondrial function with inflammasome assembly
or excessive neuroinflammation contributes to neurotoxicity [66,67]. and retro-translocation of NF-kB, TSPO strengthened the role of mito-
Given the importance of TSPO in promoting pro-inflammatory activa- chondria as the hub that ensures a coordinated inflammatory response.
tion, fine-tuning TSPO activity is particularly critical for maintaining the Future investigations should focus on resolving the molecular interfaces
homeostasis and functional integrity of the nervous system [68,69]. between TSPO, NLRP3, and associated mitochondrial proteins, as well

The pharmacological inhibition experiments with GE-180 further as determining whether TSPO-dependent signalling is conserved in

consolidate TSPO’s role as a druggable target. GE-180, a high-affinity other CNS-resident immune cells. Finally, it will be important to assess
TSPO ligand originally developed as a PET imaging tracer (Fig. 5 a,b), the long-term effects of TSPO ligands for interventional strategies in

effectively reduced microglial activation, nitric oxide release, and NF-xB neurological diseases.

nuclear translocation in WT but not in TSPO-deficient cells, confirming

both effectiveness and specificity of action (Fig. 5 d-h). Meanwhile, in Authors Contribution

the current study, we demonstrate that depletion of TSPO leads to a

divergent pattern of cytosolic Ca?* handling in BV2 KO cells compared to M.C. conceived, designed, and coordinated the project together with
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role of TSPO in coordinating mitochondrial and cytosolic Ca** homeo- their analyses and curation including the data points attained with GE-
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by which TSPO ligands may modulate neuroinflammation by modifying have run the work on animal tissues. M.R. conducted the biochemical

Ca?* signalling critical for the NLRP3 cascade activation [50]. assessment of mitochondrial ubiquitination, assisted A.S. in the auto-
In recent years, a growing body of evidence has demonstrated that, in phagy/mitophagy  experiments and  conducted the  co-

the human brain, microglia-mediated immunomodulation is not neces- immunoprecipitation analysis, its analysis and presentation. The data

sarily associated with increased TSPO expression [72-75]. This on intracellular Ca® * signalling which were conceived by M.C., D.F, A.S.
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Fig. 5. TSPO is a pharmacological target to prevent pro-inflammatory microglial cell activation and associated demise. a, b, ¢) Molecular structure and improved
standard uptake values (SUV) of the binding of TSPO ligand, GE-180. The figure shows the chemical structure of the compound (a) and representative PET-magnetic
resonance imaging (MRI) scans with and without PMOD-generated “masks” on the carotid (b). Panel c contains quantifications demonstrating significant upregu-
lation in the binding of ligand in the diseased patient (DP) over the healthy patient (HP). [18 FIGE-180 activity was evaluated around the maximal TSPO increase.
Total disease activity measured for both groups of patients (HP: healthy patients; DP: diseased patients), normalised to standard uptake value (SUV) measured in
carotid arteries (highlighted in multicolour rectangles at the bottom). d, e) Representative skeletonised images of mitochondrial morphology read via green mito-
tracker in BV2 cells treated with GE-180 and relative analysis (e). f, g) Immunoblotting analysis of CD68, Actin B and TSPO levels expression in WT and TSPO
KO BV2 cells treated with LPS (100 ng/mL, 24 h), or GE-180 (100 nM, 24 h) with quantification in (g) that demonstrates a significant downregulation in CD68
accumulation in KO cells after LPS treatment. h) Griess reagent assay displays the changes in nitrite levels between WT and TSPO KO cells treated with LPS (100 ng/
mL, 24 h), or GE-180 (100 nM, 24 h). The panel reiterates the reduction in the profile of neuroinflammatory markers in KO cells even after LPS administration. i, j)
Immunocytochemical data on NF-kB retro-translocation on the nucleus in response to LPS (100 ng/mL, 24 h) alone or combined with GE-180 (100 nM, 24 h) in WT
End TSPO KO cells. Nuclear intensity measured via co-localisation is reported in j.
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Fig. 6. NLRP3 inflammasome assembly and activation according to TSPO expression. Upon pro-inflammatory stimulation (e.g., LPS), TSPO is upregulated and
facilitates mitochondrial recruitment of NLRP3 and retrograde translocation of NF-kB, driving transcriptional priming of pro-inflammatory genes. Concurrently,
TSPO suppresses excessive mitochondrial integrity required for inflammasome assembly. In the absence of TSPO, this integrated network collapses, leading to
enhanced mitophagy, defective inflammasome assembly and attenuated NF-kB translocation, collectively making microglia incapable of mounting a full pro-
inflammatory response. Lack of TSPO promotes autophagic clearance of mitochondria, thereby impeding mitochondrial recruitment of NLRP3 and inflammasome
assembly. TSPO ligand suppresses TSPO, ensuring an optimal level of inflammatory activation of BV2 cells.
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