Free Radical Biology and Medicine 181 (2022) 1–13

Contents lists available at ScienceDirect

Free Radical Biology and Medicine
journal homepage: www.elsevier.com/locate/freeradbiomed

The constitutive activation of TLR4-IRAK1- NFκB axis is involved in the
early NLRP3 inflammasome response in peripheral blood mononuclear cells
of Rett syndrome patients
Valeria Cordone a, Francesca Ferrara b, Alessandra Pecorelli c, Anna Guiotto a, Antonio Vitale d,
Fernanda Amicarelli e, Carlo Cervellati f, Joussef Hayek g, Giuseppe Valacchi a, c, h, *
a

Dept. of Environment and Prevention, University of Ferrara, 44121, Ferrara, Italy
Dept. of Neuroscience and Rehabilitation, University of Ferrara, 44121, Ferrara, Italy
c
Animal Science Department, Plants for Human Health Institute, N.C. Research Campus, North Carolina State University, 28081, Kannapolis, NC, USA
d
Paediatric Unit, “San Giuseppe Moscati” National Hospital (AORN), 83100, Avellino, Italy
e
Dept. of Life, Health and Environmental Sciences, University of L’Aquila, 67100, L’Aquila, Italy
f
Dept. of Morphology, Surgery and Experimental Medicine, University of Ferrara, 44121, Ferrara, Italy
g
Toscana Life Science Foundation, 53100, Siena, Italy
h
Dept. of Food and Nutrition, Kyung Hee University, 02447, Seoul, South Korea
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
MeCP2
p65
Oxinflammation
Interleukin-18
Interleukin-1β

Rett syndrome (RTT), a devastating neurodevelopmental disorder, is caused in 95% of the cases by mutations in
the X-chromosome-localized MECP2 gene. To date, RTT is considered a broad-spectrum disease, due to multi
system disturbances affecting patients, associated with mitochondrial dysfunctions, subclinical inflammation and
an overall OxInflammatory status.
Inflammasomes are multi-protein complexes crucially involved in innate immune responses against pathogens
and oxidative stress mediators. The assembly of NLRP3:ASC inflammasome lead to pro-caspase 1 activation,
maturation of interleukins (IL)-1β and 18 and proteolytic cleavage of Gasdermin D leading eventually to
pyroptosis and systemic inflammation.
The possible de-regulation of this system, in parallel with upstream nuclear factor (NF)-κB p65 pathway, were
analyzed in peripheral blood mononuclear cells (PBMCs) and plasma isolated from RTT patients and matching
controls.
RTT PBMCs showed a constitutive activation of the axis TLR4 (Toll-like receptor 4)-IRAK1 (interleukin-1
receptor associated kinase 1)-NF-κB p65, together with augmented ROS generation and enhanced IL-18 mRNA
levels and NLRP3:ASC co-localization. The deregulation of inflammasome components was even found in THP1 cells silenced for MECP2 and importantly, in plasma compartment of RTT subjects, from the earliest stages of
the pathology or in correlation with the severity of MeCP2 mutations.
Taken together, these data provide new insights into the mechanisms involved in RTT sub-clinical inflam
matory status present in RTT patients, thus helping to reveal new targets for future therapeutic approaches.

1. Introduction
Rett syndrome (RTT; OMIM #312750), a devastating neuro
developmental disorder mainly affecting the female gender (approx. 1
per 10,000–20,000 live births) [1], is predominantly a monogenic pa
thology caused by loss-of-function mutations in the X-linked MECP2
gene, which encodes methyl-CpG binding protein 2 [2]. After a

6-18-month phase of apparently normal development, the disease leads
to developmental regression (i.e., loss of purposeful hand skills,
communication and motor skills) [3], and a variety of co-morbidities,
including periodic breathing disorder, sleep disturbances, electrocar
diograms with prolonged cardiac QT interval, gastrointestinal problems,
osteopenia, and recurrent infections (especially at gallbladder, respira
tory and urinary tract) or bouts of unexplained fever [4,5]. Indeed, to
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date RTT is considered a broad-spectrum pathology with multisystem
signs [6].
Nevertheless, the complete pathogenic mechanisms able to explain
how mutations affecting a single protein can cause all the aforemen
tioned clinical manifestations are still not clear.
In addition, a vast number of papers reported compromised meta
bolic processes including unbalanced redox homeostasis, dysfunctional
mitochondrial bioenergetics, and chronic subclinical inflammatory state
(a condition defined as ‘OxInflammation’) in brain and peripheral
compartments of both RTT patients and animal models [7].
Inflammasomes, cytosolic multi-protein complexes crucially
involved in innate immune responses, are recently acquiring importance
as common denominators in the interplay between inflammation and
impaired redox homeostasis [8]. The recognition of multiple exogenous
and endogenous signals such as “pathogen-associated” or “danger-
associated molecular patterns” (PAMPs or DAMPs, respectively) can
trigger the inflammasomes response [9]. Once activated the intracel
lular sensors, such as NLRP3 (nucleotide-binding domain and
leucine-rich repeat-containing (NLR) protein 3), the oligomerization
and the recruitment of the adaptor protein ASC (apoptosis-associated
speck like protein containing a caspase recruitment domain) occurs; this
latter in turn is able to interact with the effector protein pro-caspase 1
[10]. After the proximity-induced pro-caspase 1 auto-cleavage, the
active caspase 1 (CASP1) can both convert pro-IL-1β and pro-IL-18 into
their mature forms, and cut the N-terminus of gasdermin D (GSDMD).
GSDMD N-terminal fragments can re-distribute into ring-shaped pores in
cell membranes, through which cells can passively release their cyto
plasmic content in a size-dependent manner (i.e., small proteins like
IL-1β) or initiate a pyroptotic death [10].
Although still a source of debate [11,12], it is recognized that NLRP3
inflammasome activation usually requires fine regulated mechanisms,
consisting of two different signals. ‘Priming’ molecules (e.g., lipopoly
saccharide, LPS) induce the over-expression of IL-1b, IL-18, and NLRP3
mRNA via Toll-like receptors (TLRs)-NF-κB axis [9]. Then, a wide range
of ‘activation’ stimuli (e.g., ATP, K+ ionophores, pathogen-associated
RNA, heme, particulate matter, etc) induces NLRP3 inflammasome as
sembly. However, NLRP3 has not been found to directly interact with
these agonists, thus it is hypothesized that they induce common cellular
signalling events, including ionic flux (e.g., K+, Na+, chloride fluxes and
Ca2+ signalling), mitochondrial dysfunction, the production of reactive
oxygen species (ROS), and lysosomal damage, able to activate the
NLRP3 inflammasome [13]. Besides its involvement in innate immune
responses, NLRP3 inflammasome plays a role in inflammatory diseases,
cancer, metabolic and autoimmune disorders, neurodegenerative and
neurodevelopmental pathologies, like autistic spectrum disorders
(ASDs) [14–18]. Our previous paper revealed for the first time an
alteration of the inflammasome system in primary dermal fibroblasts
isolated from RTT patients [19]. In particular, we found a challenged
inflammasome machinery in RTT fibroblasts, characterized by increased
levels of NF-κB p65 into the nucleus, and NLRP3:ASC co-localization,
together with high levels of serum ASC oligomers and IL-18 cytokine
in RTT subjects [19].
Based on this study and the potential role of inflammasome system in
participating and perpetuating the OxInflammatory status typical of
RTT, this work aimed at further investigating the activation state of the
inflammasome components in immunocompetent cells, such as periph
eral blood mononuclear cells (PBMCs), and in plasma samples collected
from 20 RTT patients at different stages of the disease and with different
MECP2 mutations. We found a dysregulated inflammasome activation in
RTT PBMCs, increased plasma levels of IL-1β that positively correlate
with MECP2 mutation severity and, interestingly, the augmented levels
of IL-18 that negatively correlate with the stage of the pathology.

2. Methods
2.1. Antibodies
A detailed list of used antibodies and corresponding information can
be found in Table S1.
2.2. Subjects population
Subjects enrolled in the study included 20 patients with clinical
diagnosis of typical RTT (15.2 ± 7.4 years, expressed as mean ± SD) and
11 healthy controls (CTR) of similar age (25.9 ± 4 years, expressed as
mean ± SD). Patients’ characteristics are summarized in Table 1.
Diagnosis of Rett syndrome and inclusion/exclusion criteria were based
on the revised RTT nomenclature consensus [3]. The patients were
consecutively admitted to the Rett Syndrome National Reference Centre
of the University Hospital of Siena (Azienda Ospedaliera Universitaria
Senese). The study was performed according to the Code of Ethics of the
World Medical Association (Declaration of Helsinki). The protocol of the
study was approved by the Ethics Committee of Institutional Review
Board of University Hospital, Azienda Ospedaliera Universitaria Senese
(AOUS), Siena, Italy. Written informed consents were signed from either
the parents or the legal tutors of the participants.
2.3. Plasma isolation
About 12 mL of venous blood was collected in sodium citrate
(0.129 M)-containing tubes for each patient, and all manipulations were
carried out within 2 h after sample collection. 0.8 mL of blood was
transferred in a new tube for plasma isolation, and after a centrifugation
at 2,000×g for 15 min at +4 ◦ C, plasma was collected and then stored at
− 80 ◦ C for subsequent analysis.
2.4. Peripheral blood mononuclear cells (PBMCs) isolation
Blood was carefully placed on a Ficoll density gradient (Lympho
lyte®-H, #CL5015, EuroClone, Milan, Italy) and centrifuged (800×g for
20 min at room temperature, without brakes). PBMCs (lymphocytes and
monocytes) were transferred in a new tube and washed twice in D-PBS
(Dulbecco’s Phosphate Buffered Saline, #ECB4004, EuroClone), by
centrifuging at 400×g for 10 min at room temperature (with brakes).
The last wash was performed in culture medium, consisting of 10% (v/v)
foetal bovine serum (FBS)-supplemented Roswell Park Memorial Insti
tute 1640 medium (RPMI 1640) (#ECS0180L and #ECM0505L,
respectively, both from EuroClone), containing L-glutamine (2 mM) and
antibiotics (100 IU/mL penicillin, 0.1 mg/mL streptomycin)
(#ECB3000D and #ECB3001D, respectively, both from EuroClone).
Finally, PBMCs were counted in a hemocytometer chamber by Trypan
blue 0.4% (w/v) staining (#15250-061, Life Technologies Italia, Monza,
Italy). The cells were incubated in humidified atmosphere (5% CO2) at
37 ◦ C.
2.5. PBMCs treatment with LPS and ATP
CTR and RTT PBMCs were seeded in 12- or 24-well plates (2.5 x
106 cells/well or 2.5 x 105 cells/well, respectively) in complete medium
and after an overnight resting, cells were incubated with or without
10 ng/mL lipopolysaccharide (LPS, dissolved in D-PBS), for 1 h, 3 h, 6 h
and with 5 mM adenosine triphosphate (ATP, dissolved in water) for
additional 30 min (#L2630 and #A6419, respectively, Sigma-Aldrich,
St. Louis, MO, USA). At the end of pro-inflammatory challenge, both
cells and culture medium were collected for subsequent experiments. As
shown in Supplementary Fig. S1, the LPS concentration was calculated
based on the evaluation of cell viability, IL-18 and IL-1b gene expression
and IL-1β protein release, in response to different concentrations of LPS
(0, 10, 100 and 1,000 ng/mL for 6 h), while the ATP treatment was
2
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Table 1
Clinical characteristics of Rett syndrome patients included in this study. AA, aminoacid.
Code

Age

Mutated gene

Type of mutation

Nucleotide change

AA change

Stage of disease

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20

18
21
6
17
8
27
18
5
13
12
9
16
19
27
20
3
14
4
16
27

MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2
MECP2

Late truncating
Early truncating
Late truncating
Missense
Missense
Late truncating
Missense
Missense
Early truncating
Missense
Late truncating
Missense
Missense
Missense
Late truncating
Early truncating
Missense
Missense
Late truncating
Early truncating

979_1216del239ins24
808C > T
1164_1207del
916C > T

T327fs
R270X
P389X
R306C
R145C (Zappella with preserved speech)
P388fs
R106C
T158 M
R270X
S134F
Late truncating
T158P
P152R
T158 M
Late truncating
R180X
R133C
T158 M
Late truncating
R270X

4
4
3
4
2
3
4
2
3
3
3
4
4
3
3
2
3
2
3
4

1163del17
316C > T
473C > T
808C > T
401C > T
1164_1189del
472A > C
455C > G
473C > T
1072_1186del
538C > T
397C > T
473C > T
1164_1189del
808C > T

established based on literature papers [19–21]. The chosen LPS con
centration (10 ng/mL) was able to trigger an inflammasome-related
response and poor cell death was noticed (Supplementary Fig. S1).

(objective 63 × , zoom 2.5 × ; Leica TCS SP5, Carl Zeiss S.p.A.). Digital
images were analyzed by using Java-based Fiji-ImageJ software and
coloc2 or JACoP plug-in for co-localization. Results were given as mean
gray values for the analysis of fluorescence intensity and Pearson co
efficients, for the evaluation of co-localization.

2.6. THP-1 cell culture and siRNA transfection
The monocytic cell line THP-1 (ATCC, #TIB-202) was cultured in
RPMI 1640 medium, supplemented with 10% (v/v) FBS, L-glutamine
(2 mM), antibiotics (100 IU/mL penicillin, 0.1 mg/mL streptomycin),
and sodium pyruvate (1 mM) (#25-000-CI, Corning, New York, NY,
USA). The cells were kept at 37 ◦ C, in humidified atmosphere of 5% CO2.
Transient transfection with siRNA against human MECP2
(#SI02664893) or negative control siRNA (scrambled siRNA; Cat.
#1027280) was performed according to the HiPerFect transfection re
agent handbook (#QG301705, all from Qiagen, Milano, Italy). Briefly, a
suspension of THP-1 cells (2 x 106 cells/mL) was seeded in a 24-well
plate, and was diluted with an equal volume of serum-free RPMI con
taining transfection mix, consisting of HiPerFect transfection reagent (6
μl/well) and scrambled or MECP2 siRNA (final concentration 200 nM).
After 6 h, the cell suspension was diluted with further fresh, complete
culture medium. Transfected cells were maintained in culture for up to
48 h before being used for the subsequent analysis of gene and protein
expression.

2.8. Mitochondrial ROS measurement
Mitochondrial ROS production in PBMCs was determined by using
the fluorescent probe MitoSOX™, a cell-permeant indicator of mito
chondrial superoxide (#M36008, ThermoFisher Scientific). Briefly,
PBMCs, seeded the day before on poly-L-lysine-coated coverslips were
incubated with MitoSOX (5 μM diluted in D-PBS) for 10 min at 37 ◦ C.
Cells were then washed twice with D-PBS and fixed in 4% (w/v) para
formaldehyde solution for 10 min. After further washes in PBS, PBMCs
were mounted with DAPI-containing mountant medium, observed and
photographed by fluorescence microscopy (objective 40 × , Axio Imager
A2 with Leica camera DFC350FX, Carl Zeiss S.p.A., Milan, Italy).
2.9. Western immunoblot analysis
PBMCs were lysed in RIPA buffer, supplemented with 1% (v/v)
phosphatase inhibitors and 1% (v/v) protease inhibitors (#sc-24948,
Santa Cruz Biotechnology, Dallas, Texas, USA). After three freezing/
thawing cycles, cell lysates were centrifuged at 16,000×g for 30 min at
+4 ◦ C. The evaluation of total protein concentration in the supernatants
was performed by using the Pierce™ BCA Protein Assay Kit (#23225,
ThermoFisher Scientific) and bovine serum albumin (BSA) as standard.
Samples (both whole cell lysates and cell culture medium) were dena
tured and run on 9.5–15% polyacrylamide gels, as previously reported
[22]. After protein transferring to nitrocellulose membranes,
non-specific binding sites were blocked at room temperature for 1 h with
5% (w/v) non-fat dry milk or BSA (#sc-2324, Santa Cruz Biotechnology,
and #A3294, Sigma-Aldrich, respectively), in Tris-buffer saline con
taining 0.05% (v/v) Tween-20 (TBS-T). Membranes were incubated
overnight with primary antibodies (see Table S1), and then with
peroxidase-conjugated secondary antibodies for 2 h at room tempera
ture (see Table S1). The protein bands were detected by using ECL Star Enhanced Chemiluminescent Substrate Kit (#EMP001005, EuroClone)
and Alliance Q9 system (UVItec Limited, Cambridge, UK). Images of
bands were analyzed by the Nonlinear Dynamics TotalLab software
(TotalLab Ltd, Newcastle upon Tyne, UK). Data were normalized against
β-actin or GAPDH for whole cell lysates and Coomassie blue staining for
cell culture medium. Results were given as arbitrary units.

2.7. Immunofluorescence analysis
Cells were seeded in a 24-well plate containing poly-L-lysine (#P1399; Sigma-Aldrich)-coated coverslips. After the overnight resting,
CTR and RTT cells were treated with LPS + ATP, as described in the
“PBMCs treatment with LPS and ATP” subsection. At the end of treat
ment, cells were washed twice with D-PBS, then fixed in 4% (w/v)
paraformaldehyde solution for 10 min, and permeabilized with PBS
containing 0.2% (v/v) Triton X-100 for 10 min at 4 ◦ C. Non-specific
binding sites were blocked with 3% (w/v) bovine serum albumin
(BSA, #A7906, Sigma-Aldrich) in PBS for 30 min. Cells were then
incubated overnight with primary antibodies diluted in 1% (w/v) BSAcontaining PBS at 4 ◦ C (see Table S1). After three washes with PBS, cells
were incubated with fluorescent dye-cross adsorbed secondary anti
bodies at room temperature for 2 h (see Table S1). After further washes
with PBS, cells were mounted with ProLong™ Diamond antifade
mountant with DAPI (#P36966, ThermoFisher Scientific, Waltham,
Massachusetts, USA). Cells were observed and photographed by fluo
rescence microscopy (objective 40 × ; Axio Imager A2 with Leica camera
DFC350FX, Carl Zeiss S.p.A., Milan, Italy), or by confocal microscopy
3
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2.10. RNA extraction and real time RT-PCR analysis

increased ROS production [24]. To investigate the possible impairment
of redox homeostasis in RTT PBMCs, we evaluated both superoxide
anion and extracellular hydrogen peroxide (H2O2) levels, two key
molecules involved in redox responses. As shown in Fig. 1, RTT lym
phomonocytes showed an increased oxidation of the fluorescent dye
Mitosox Red (panel A), which is able to mainly detect mitochondrial
superoxide [25], together with a significant increase of H2O2 levels, as
compared to CTR cells (panel B; p < 0.01). These data demonstrate that
PBMCs present an impaired redox homeostasis, as observed in other
compartments and experimental models of RTT [26–30].

The extraction of total RNA was performed by using Total RNA Pu
rification Micro Kit, and contaminating genomic DNA was removed by
DNase I digestion (#35300 and #25710, Norgen Biotek Corp, Thorold,
Canada). RNA (1 μg) was reverse transcribed into complementary DNA
by using First Strand cDNA Synthesis Kit (#NP100041, OriGene Tech
nologies, Inc., Rockville, MD, USA). The cDNA (diluted 1:5) was used for
the real time PCR step with SensiFast™ SYBR kit (#BIO-92005, Bioline,
London, UK) in a ViiA™ 7 system (ThermoFisher Scientific). Primers
were synthetized by Sigma-Aldrich (see Supplementary Table S2). The
amplification protocol was set as follows: polymerase activation at 95 ◦ C
for 2 min, then 40 cycles of 95 ◦ C for 5 s and 60 ◦ C for 30 s. The presence
of possible co-amplification of unspecific targets was verified by melting
curves (95 ◦ C for 15 s, 60 ◦ C for 1 min, 95 ◦ C for 15 s with 0.05 ◦ C/s
increment). Gene expression was calculated through the 2− ΔΔCt method
[23], by using 18S as the reference and one of the controls as the internal
calibrator. Each sample was processed by analyzing three replicates.

3.2. Constitutive alteration of NF-κB-related pathway in RTT PBMCs
Nuclear factor (NF)-κB is an ubiquitously expressed redox-sensitive
transcription factor; it is retained in an inactive form in the cytoplasm
by IκB (inhibitor of nuclear factor kappa B), and can be activated by a
variety of extracellular signals, allowing it to translocate into the nu
cleus, where it can bind to consensus response elements and initiate the
transcription of target genes [31]. As shown in Fig. 1C, RTT PBMCs
showed higher translocation of NF-κB p65 (also known as RelA) into the
nuclear compartment, as compared to CTR. RelA is reported to be the
subunit responsible for the strong transcription activating potential of
NF-κB complex [32]. NF-κB activation can arise upon the stimulation of
different cytokine receptors, like TNFRs (Tumor necrosis factor re
ceptors), IL-1Rs (Interleukin 1 receptors), and PRRs (pattern recognition
receptors), such as TLRs, among many others [31]. In particular, the
protein expression levels of TLR4 (toll-like receptor 4) were significantly
enhanced in RTT PBMCs (Fig. 1D and E; p < 0.05), as compared to CTR
cells. Then, since IRAK1 (interleukin-1 receptor associated kinase 1) is
known to function downstream of TLRs as a signalling kinase in the
NF-κB signalling pathway, and since the phosphorylation of IKK (IκB
kinase) complex at S176 of IKKα and S177 of IKKβ subunits is a key event
in the IκB degradation and NF-κB nuclear translocation [33], we decided
to investigate whether even these proteins could be altered in RTT cells.
We noticed that protein levels of IRAK1, together with the phosphory
lation state of IKKα/β complex were augmented in RTT PBMCs (Fig. 1F
and G, respectively; p < 0.05). Taken together, these data reveal a
constitutive activation of NF-κB p65 up-stream signalling pathway in
RTT lymphomonocytes.

2.11. Measurement of H2O2 levels
The amount of H2O2 was measured in cell culture medium of CTR
and RTT PBMCs, by using the H2O2 Assay kit (#ab102500, Abcam
Cambridge, UK), a fluorometric OxiRed-based assay for evaluating H2O2
in biological samples. Proteins were precipitated with 4 M perchloric
acid, and supernatants were neutralized with 2 M KOH until pH was
comprised between 6.5 and 8.0. After centrifugation, 50 μL of super
natants were incubated with OxiRed probe and horseradish peroxidase,
according to the manufacturer’s instructions. The content of H2O2 was
determined through a 4P-logistic regression curve by comparing the
fluorescence at Ex/Em 531/595 nm with that of H2O2 standard curve.
Readings were performed by a microplate reader Victor3 (PerkinElmer,
Inc., Waltham, MA, USA). Results were expressed as H2O2 concentration
(μM).
2.12. Enzyme-linked immunosorbent assay (ELISA)
Plasma and cell surnatant concentrations of IL-18 and IL-1β were
determined by ELISA using commercial kits (#ELH-IL18-1, RayBiotech
Life, Peachtree Corners, GA, USA and #DY201–05, R&D Systems, Inc.,
Minneapolis, MN, USA, respectively), according to the manufacturers’
instructions. All samples were analyzed in duplicate. The calibration
curves were performed using IL-18 and IL-1β as standards and the
derived 4P-logistic regression curve. The optical absorbance was
measured by a microplate reader Victor3 (PerkinElmer, Inc.) at 450 nm,
and results were given as pg/mL.

3.3. Deregulated priming step in RTT PBMCs, upon LPS + ATP challenge
Priming step is considered the first critical phase of inflammasome
activation, consisting in the transcriptional over-expression of
inflammasome-related cytokines IL-18 and IL-1b, through NF-κB sig
nalling [10]. As shown in Fig. 2A and B, RTT PBMCs revealed a statis
tically significant increase of nuclear RelA levels in basal condition (p <
0.05), as compared to unstimulated CTR. While CTR cells exhibited a
trend in increased nuclear translocation of p65 subunit, upon LPS (1 h
and 3 h) + ATP treatment and a significant difference at 6 h of LPS
stimulation (p < 0.01), RTT PBMCs did not show further augments of
RelA levels into the nucleus, after pro-inflammatory challenge (Fig. 2A
and B).
In light of this, we then investigated the transcriptional levels of two
key pro-inflammatory cytokines involved in the inflammasome
pathway, IL-18 and IL-1β. RTT PBMCs revealed a constitutive 3-fold
increase of IL-18 transcriptional levels, as compared to CTR cells
(Fig. 2C; p < 0.01). LPS + ATP treatment was able to induce a stable
increase of IL-18 gene expression in CTR lymphomonocytes during 1 h-,
3 h- and 6 h-stimulation (p < 0.01), while the pro-inflammatory chal
lenge could trigger a significant IL-18 mRNA increase in RTT (about 1.5fold over basal RTT) only after a 6 h-treatment (Fig. 2C; p < 0.05).
Moreover, CTR and RTT PBMCs showed a comparable profile of IL-1b
gene expression levels, following LPS + ATP stimuli, with a strong in
crease of the cytokine mRNA after 6 h-treatment (Fig. 2D; p < 0.001).
Taken together, we were able to demonstrate an augmented NF-κB p65

2.13. Statistics
Statistical analyses were performed by using GraphPad Prism 6 and
Statsoft
Statistica10
softwares.
Data
were
expressed
as
means ± standard deviations (SD). Non-parametric Mann–Whitney
statistical test, One-way, Two-way, or factorial analysis of variance
(ANOVA), with post-hoc Tukey’s tests were applied. Correlations were
analyzed using Spearman’s correlation coefficient. A p value of <0.05
was considered statistically significant for all the tests.
3. Results
3.1. Augmented ROS production in RTT PBMCs
RTT patients are known to present an ‘OxInflammatory’ condition at
both systemic and cellular level [7]. Moreover TEM ultrastructural
analysis revealed an altered cellular morphology of RTT PBMCs, which
showed enlarged mitochondria and disarrangement of cristae, suggest
ing an impaired mitochondrial function that can be related to the
4
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Fig. 1. Augmented ROS levels and NF-κB-related
signalling proteins in RTT PBMCs.
(A) MitoSOX™ Red fluorescence staining of control
and RTT PBMCs. Objective 40 × . Bar = 20 μm. (B)
Extracellular hydrogen peroxide levels in PBMCs
supernatants. (C, D) Representative confocal im
ages of NF-κB p65 (C) and TLR4 (D) in basal CTR
and RTT PBMCs. Nuclei are stained with DAPI.
Objective 63 × , zoom 2.5 × . Bar = 10 μm. (E–G)
Protein expression levels of TLR4 (E), IRAK1 (F),
phosphor-IKKα/β (G) in CTR and RTT PBMCs.
Representative Western blot images were shown
(bottom right). Data were expressed as means ± SD.
CTR, control; RTT, Rett Syndrome. *p < 0.05; **p
< 0.01. Results were analyzed by Mann–Whitney
statistical test. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the Web version of this article.)

translocation, in parallel with increased IL-18 mRNA levels in RTT
PBMCs. These data on one hand may mirror the OxInflammatory status
typical of the syndrome [7], on the other hand suggest a possible role of
NF-κB pathway in the perpetuation of RTT inflammatory condition
[34–36].

performed a co-localization analysis of NLRP3 and ASC signals, as an
estimation of the inflammasome assembly process. As expected, we were
able to detect an increased co-localization coefficient in CTR lympho
monocytes, upon 6 h-LPS + ATP stimulation (Fig. 3E; p < 0.05), while
RTT cells displayed an enhanced inflammasome assembly already in
basal condition (Fig. 3E; p < 0.001 vs untreated CTR), and seemed to be
unable to induce a further response to LPS + ATP challenge. Consistently
with our previous work [19], these findings demonstrate an activation of
NLRP3:ASC inflammasome already at basal condition in RTT PBMCs.

3.4. Augmented levels of NLRP3 inflammasome components and their colocalization in basal RTT PBMCs
The sensor (NLRP3) and the adaptor (ASC) proteins are key players
in the inflammasome scaffolding and subsequent response [37]. As
shown in Fig. 3A, B, C and D, both NLRP3 and ASC fluorescence signals
were highly enhanced in RTT PBMCs already in basal condition, as
compared to CTR cells (p < 0.001). This critical result was further
confirmed by Western blot analysis (Supplementary Figs. 2 and S2). Of
note, the increase of NLRP3 protein in RTT PBMCs did not occur at the
transcriptional level (Supplementary Figs. 3 and S3).
CTR PBMCs exhibited an increase of NLRP3 and ASC fluorescence
intensity, upon 6 h- and 1 h-, 3 h-LPS + ATP treatment, respectively
(Fig. 3B, C, D; p < 0.05). While RTT cells revealed an opposite trend,
with a statistically significant early decrease of NLRP3 fluorescence
levels (p < 0.001, LPS (1 h and 6 h)+ATP vs Vehicles; p < 0.01, LPS (3
h)+ATP vs Vehicles) and late decrease of ASC signal (Fig. 3B, C, D; p <
0.001, LPS (6 h)+ATP vs Vehicles and p < 0.05, LPS (6 h)+ATP vs LPS (1
and 3 h)+ATP).
To investigate the formation of inflammasome scaffold, we

3.5. Altered release of inflammasome-dependent pro-inflammatory
cytokines IL-18 and IL-1β, and cell death in RTT PBMCs, upon LPS + ATP
challenge
NLRP3:ASC assembly culminates in the recruitment of pro-CASP1,
followed by self-cleavage and activation of CASP1 that, finally leads to
the processing of substrate proteins, which include the proinflammatory
cytokines IL-1β and IL-18, as well as gasdermin D (GSDMD), a protein of
the gasdermin family [38].
RTT PBMCs did not show any alteration of pro-CASP1 (Fig. 4A),
however they exhibited a nearly significant increase in active CASP1
p20 at the basal conditions (Fig. 4B), and a trend in increasing ratio of
active/inactive CASP1 forms, as compared to untreated CTR cells
(Fig. 4C).
GSDMD represents the key substrate of inflammatory caspases, able
to induce pyroptosis, a pro-inflammatory form of cell death [39]. In
5
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Fig. 2. Increased nuclear translocation of
NF-κB p65 and altered gene expression of
IL-18 and IL-1b cytokines in RTT PBMCs.
(A, B) Representative immunofluorescence
images and analysis of NF-κB p65 signal in
CTR and RTT cells treated with LPS 10 ng/
mL for 1 h, 3 h, 6 h and ATP 5 mM for
30 min. Nuclei are stained with DAPI.
Bar = 20 μm. (C, D) IL-18 and IL-1b gene
expression levels in CTR and RTT cells
treated with LPS 10 ng/mL for 1 h, 3 h, 6 h
and ATP 5 mM for 30 min. Data of real-time
PCR were expressed as 2− ΔΔCt, using one of
the controls as the internal calibrator. Data
were given as means ± SD. CTR, control;
RTT, Rett syndrome; LPS, lipopolysaccha
ride; ATP, adenosine triphosphate. *p <
0.05; **p < 0.01; ***p < 0.001. Results were
analyzed by factorial ANOVA (with 2 × 2 ×
4 design), with post-hoc Tukey’s multiple
comparisons test.

particular, gasdermin pores (constituted by its N-terminal domain,
generated after the cleavage of full length gasdermin D by CASP1) can
allow the release of IL-18 and IL-1β, as well as cause cell swelling and
lysis, leading to the release of other intracellular proteins that may act as
alarmins to perpetuate inflammation [40]. Our results demonstrated a
trend in increased ratio of GSDMD N-terminal fragment over the
full-length form (GSDMDFL) in RTT PBMCs already in basal condition, as
compared to CTR cells (Fig. 4D; p = 0.0758). As expected, LPS (6 h)+
ATP treatment increased this ratio in CTR cells, while the
pro-inflammatory stimulation was not able to trigger a further increase
in RTT PBMCs (Fig. 4D). However, LPS (6 h)+ATP challenge induced an
higher release of mature IL-18 and IL-1β cytokines, as well as an
increased percentage of cell death in RTT lymphomonocytes (vs LPS +
ATP-treated CTR cells; Fig. 4E–G; p < 0.05). Taken together, the data
show that proteins down-stream of NLRP3:ASC inflammasome activa
tion (CASP1 p20 and N-terminal domain of gasdermin D) seem to be
up-regulated in basal RTT lymphomonocytes, consistently with the
constitutive assembly of inflammasome machinery in RTT PBMCs. We
hypothesize that this activated inflammasome response is crucial in the
higher release of pro-inflammatory cytokines and cell death of RTT cells,
following the pro-inflammatory challenge.

[41–43]. Consequently, cells of RTT subjects exhibit a mosaic pattern,
where ~ 50% of wild-type (WT) or mutated X-chromosomes are silenced
[44]. Thus, we decided to perform our MECP2-knockdown experiments
with a silencing efficiency of approximately 50%, trying to recapitulate
in vitro the Rett syndrome condition.
As shown in Fig. 5C, MECP2-knockdown determined an increased
translocation of NF-κB p65 into the nuclear compartment in THP-1 cells
(as compared to scrambled cells; p < 0.05), together with an augment of
IL-18, but not IL-1b and NLRP3, gene expression levels (Fig. 5D,
p < 0.05; Fig. S3). Even ASC was up-regulated at both mRNA and protein
levels (Fig. 5D and E, respectively), following MECP2-silencing in THP1 cells. Taken together, these data reveal that the lack of MeCP2 can be
responsible for the deregulated expression of several inflammasomerelated proteins.
3.7. Increased plasma levels of both IL-1β and IL-18 inflammasomerelated cytokines
We then wanted to investigate whether the deregulated inflamma
some activation in RTT PBMCs could lead to an alteration of plasma proinflammatory IL-1β and IL-18 molecules, or whether high levels of
circulating inflammasome-linked cytokines could act as DAMPs for
lymphomonocytes and other peripheral cells. As shown in Fig. 6A and D,
RTT patients showed an increase of IL-1β levels, and a nearly significant
increase of IL-18 levels in the systemic compartment (p < 0.05 and
p = 0.0548, respectively). We next analyzed the correlation among these
cytokines and MECP2 mutation severity or the stage of disease of RTT
subjects. Several evidence have reported genotype-phenotype correla
tions in girls with Rett syndrome, and there has been consensus in
recognizing MECP2 mutations, like R133C, R294X, R306C, and late
truncations as less severe, while R106T, T158 M, R168X, R255X, R270X
and large deletions as more severe [45–48]. Our analysis showed that
only plasma IL-1β levels, but not IL-18, were positively correlated with
MECP2 mutation severity (Fig. 6B, r = 0.5295 and p < 0.05; Fig. 6E,
r = 0.0876 and p = 0.721). While, intriguingly, we found a negative
correlation between the stage of the disease and systemic IL-18 levels,

3.6. MECP2-knockdown of monocytic cell line revealed a deregulation of
inflammasome-related hallmarks
To investigate the role of MECP2 in the alteration of inflammasome
response noticed in RTT PBMCs, we decided to knockdown MECP2 by
using transient siRNA transfection in THP-1 monocytic cell line. In the
experiments shown in Fig. 5, cells were transfected with scrambled or
MECP2 siRNA for 48 h. Data presented in Fig. 5A, B and C indicated a
~50% silencing efficiency of MECP2 expression (as compared to
scrambled cells) at both protein and mRNA level, evaluated by immu
nofluorescence assay and real-time PCR, respectively.
Since MECP2 gene is located on X-chromosome and since RTT pa
tients are mainly females, their cells are subjected to the phenomenon of
gene dosage compensation, termed X-chromosome inactivation
6
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Fig. 3. Augmented levels of the sensor (NLRP3)
and adaptor (ASC) proteins and their co-localization
in RTT PBMCs.
(A) Confocal images showing NLRP3 (green) and
ASC (red) in basal CTR and RTT PBMCs. Nuclei are
stained with DAPI. Objective 63 × , zoom 2.5 × .
Bar = 10 μm. (B) Representative immunofluores
cence images of NLRP3 (green) and ASC (red) in
CTR and RTT cells treated with LPS 10 ng/mL for
1 h, 3 h, 6 h and ATP 5 mM for 30 min. Nuclei are
stained with DAPI. Objective 40 × . Bar = 20 μm.
(C–E) Analysis of fluorescence intensity of NLRP3
(C) and ASC (D) signals, and Pearson’s correlation
values for co-localization of the two inflammasome
components (D), visualized in pictures of panel B.
Data were given as means ± SD. CTR, control; RTT,
Rett syndrome; LPS, lipopolysaccharide; ATP,
adenosine triphosphate. *p < 0.05; **p < 0.01;
***p < 0.001. Results were analyzed by factorial
ANOVA (with 2 × 2 × 4 design), with post-hoc
Tukey’s multiple comparisons test. (For interpreta
tion of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)

but not IL-1β levels (Fig. 6F, r = − 0.4879 and p < 0.05; Fig. 6C,
r = 0.0762 and p = 0.75).
Taken together, these results support the idea that an aberrant
inflammasome response could be involved in Rett Syndrome patho
physiology, even from the early stages of disease.

nuclear RelA protein, and IL-18 gene expression (Figs. 1 and 2). After
LPS + ATP challenge CTR cells activated an early inflammasome
response, while RTT cells were not able to further induce p65 nuclear
translocation, although an increase in IL-18 and IL-1b mRNA upon 6 htreatment was detected. A dysregulated NF-κB signalling was also re
ported by Colak and colleagues that, through transcriptomic analysis in
whole blood, first demonstrated that the NF-κB signalling pathway was
disrupted in RTT and RTT-like patients [49]. We recently confirmed
these findings by a proteomic approach on fibroblasts isolated from RTT
patients. In this work among the over 2000 proteins identified, over
1200 proteins were common between control and RTT patients and the
majority were clustered in the inflammatory responses [50]. The
absence of MeCP2 in PBMCs and THP-1 made deficient with a lentiviral
shRNA MeCP2 vector resulted in elevated expression of tumor necrosis
factor alpha (TNFα), IL-6, and IL-3, due to the involvement of NF-κB
signalling [51]. Consistently, in the present study, we also demonstrated
that MeCP2 knockdown induced a higher nuclear translocation of RelA,
together with IL-18 mRNA over-expression in silenced THP-1 (Fig. 5C
and D). Noteworthy, increased NF-κB signalling has been shown to
contribute to the reduction of dendritic complexity of callosal projection
neurons of Mecp2-null mice [52]; indeed, the genetical decrease of this
aberrant NF-κB signalling was able to ameliorate the dendritic pheno
type. Furthermore, Kishi and colleagues revealed that this abnormal
activation of NF-κB pathway in Mecp2-null cortex is correlated with the
overexpression of Irak1 mRNA, and that it was specific to the central
nervous system (CNS) [52]. MeCP2 may also regulate IRAK1 levels

4. Discussion
In our previous work, we have reported a deregulation of the
inflammasome system in primary dermal fibroblasts isolated from RTT
patients [19]. In particular, we found a challenged inflammasome ma
chinery in RTT fibroblasts, characterized by increased levels of nuclear
NF-κB p65, ASC protein, IL-1b mRNA, and NLRP3:ASC co-localization,
with the inability to further respond to the LPS + ATP stimuli. More
over, high levels of circulating ASC oligomers and IL-18 cytokine were
observed in serum of RTT patients [19].
As a follow up of our previous study, the aim of the present work was
to further investigate whether and how the inflammasome pathway may
be altered in RTT immunocompetent cells, and may perpetuate the
subclinical inflammatory state observed in this condition. To this pur
pose, we collected blood and isolated PBMCs from 20 patients with Rett
Syndrome, which represents a consistent cohort for such rare disease.
In the present work, RTT lymphomonocytes showed an altered NF-κB
signalling pathway, involving both up-stream and downstream mole
cules. In particular, RTT PBMCs exhibited in basal condition increased
levels of TLR4 and IRAK1 proteins, phosphorylation of IKKα/β complex,
7
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Fig. 4. Increased release of pro-inflammatory cy
tokines IL-18 and IL-1β, and cell death in RTT
PBMCs, upon LPS + ATP stimulation.
(A–C) Pro-caspase 1 (A), and mature caspase 1 p20
(B) protein levels, together with ratio between the
active and inactive forms (C) in CTR and RTT cells.
Representative Western blot images were shown on
the right. (D) Gasdermin D protein levels, expressed
as N-terminal fragment (GSDMDN-term) over full
length-Gasdermin D (GSDMDFL) in CTR and RTT
PBMCs. Representative Western blot pictures were
shown on the right. (E, F) Mature forms of IL-18
and IL-1β pro-inflammatory cytokines released by
lymphomonocytes, upon LPS + ATP stimulation,
and evaluated by ELISA assay. (G) Cell death per
centage of CTR and RTT PBMCs following LPS +
ATP challenge. All the cell treatments were set as
follows: LPS 10 ng/mL for 6 h and ATP 5 mM for
further 30 min. Data were given as means ± SD.
CTR, control; RTT, Rett syndrome; LPS, lipopoly
saccharide; ATP, adenosine triphosphate. *p < 0.05;
**p < 0.01; ***p < 0.001. Results were analyzed by
Two-way ANOVA, with post-hoc Tukey’s multiple
comparisons test.

indirectly: one of the down-regulated microRNA in the brains of
Mecp2+/− heterozygous mice is miR-146a. The transfection of miR-146a
was able to downregulate IRAK1 levels, suggesting that the defect of
miR-146a in RTT mouse brains may be responsible for the upregulation
of Irak1 mRNA levels [53]. Here, we demonstrated increased levels of
IRAK1 protein in RTT PBMCs, thus suggesting that this serine/threonine
protein kinase, besides CNS, could play a major role even in
non-neurological aspects of the disease.
Upstream of IRAK1-NF-κB pathway, there is Toll-like receptor 4
(TLR4) (besides other TLRs and IL-1 receptors -IL-1Rs) [54]. We have
shown an increased constitutive level of TLR4 in PBMCs of RTT patients,
which is mainly localized on cell membranes (Fig. 1D and E). About the
possible non-pathogenic triggers of TLR4, it was found that hydrogen
peroxide could trigger TLR4 translocation to cell surface in
C57BL6-derived macrophages in an Src kinase-dependent manner [55].
Moreover, Dias-Melicio and co-workers revealed that even
interleukin-18 was able to induce an over-expression of TLR4 and
modulate cytokine production in human primary monocytes [56]. Be
sides the already demonstrated altered redox homeostasis in RTT pa
tients at both cellular and systemic levels [7,29,57,58], here we detected
an increased ROS production in RTT PBMCs, in parallel with enhanced
IL-18 levels in plasma of RTT individuals, which may act as DAMPs, able
to trigger an increase of TLR4 levels (Fig. 1A and B; Fig. 6D). Nadeem
and colleagues recently described that increased TLR4 expression levels
on T-cells of children with Autism Spectrum Disorders (ASDs) was
associated with enhanced NADPH oxidase 2 (NOX-2)/ROS signalling,
via NF-κB activation [59]. Primary fibroblasts from RTT patients, who
shares several clinical features with ASDs (e.g., withdrawal from social
interaction, loss of speaking ability, lack of social interest, communi
cation problems, repetitive behaviours, anxiety and seizures), have a

constitutive NOX-2 activation and nuclear NF-κB p65 localization [19,
28]. Thus, thanks to the ability of NOX-2 to generate superoxide anions,
a hyper-activation of this enzyme could likely be involved in the
observed RTT PBMCs ROS over-production. Furthermore, TLRs, and
specifically TLR4 is crucial even in central nervous system, where can
regulate glutamate release from activated microglial cells [60]. Hence,
we
hypothesize
that
the
constitutive
up-regulation
of
TLR4-IRAK1-NF-κB p65 and oxidative stress axis on one hand is
dependent on compromised MeCP2 protein and on the other hand can
be fuelled by the impaired ROS production and affect peripheral tissues
and likely CNS.
Besides being the basis of inflammatory processes and immune re
sponses, NF-κB p65 is crucial in regulating the inflammasome response,
by modulating the expression of NLRP3, IL-1b and IL-18 [9,11]. There
fore, based on the constitutive activation of TLR4-IRAK1-NF-κB p65
pathway in RTT lymphomonocytes, we continued our study by ana
lysing the main components of NLRP3 inflammasome machinery, the
sensor protein NLRP3 and the adaptor protein ASC.
RTT PBMCs showed a strong increase of both NLRP3 and ASC protein
levels in basal condition, as compared to control (Fig. 3). The proinflammatory challenge was able to induce an over-expression of these
molecules only in CTR cells, and not in RTT cells. Moreover, we found
that the increase of NLRP3 did not occur at transcriptional level
(Fig. S3), thus suggesting that other post-translational modification
(PTM) could likely be involved in protein stabilization. PTMs of NLRP3
and ASC (i.e., phosphorylation, ubiquitination, S-nitosylation, alkyl
ation, or SUMOylation), some of which occur during the early stages of
inflammasome activation, have emerged as a major regulatory mecha
nism for inflammasome-related signalling [61,62]. Recently, TRIM28,
an E3 SUMO ligase, exhibited a role as enhancer of inflammasome
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Fig. 5. Alterations of inflammasome components in
MECP2-knockdown THP-1 cells.
(A–C) Representative immunofluorescence images
(A) and analysis of MeCP2 (B) and nuclear NF-κB
p65 (C) signals in MECP2 siRNA-transfected THP1 cells. Nuclei are stained with DAPI. Bar = 20 μm.
(D) MECP2, ASC, IL-18 and IL-1b gene expression
levels in MECP2-silenced cells. (E) ASC protein
expression levels in scrambled and MECP2 siRNAtransfected THP-1 cells, and representative West
ern blot images. Data of real-time PCR were
expressed as 2− ΔΔCt, using scrambled siRNA sam
ples as the internal calibrator. Data were given as
means ± SD. *p < 0.05; ***p < 0.001. Results were
analyzed by Mann–Whitney statistical test.

activity by promoting NLRP3 stabilization through protein SUMOyla
tion [63]. Unfortunately, this hypothesis could not be investigated in the
present work due to limitations of our cellular model. Moving forward,
as already mentioned, we found a constitutive increase of ASC protein
levels in RTT PBMCs that most likely starts at transcriptional level as
demonstrated in MECP2-silenced THP-1 (Figs. 3 and 5). It is known that
ASC may undergo methylation of its promoter region [64] and impor
tantly, ASC was found to be sensitive to MeCP2 activity [65]. Therefore,
we hypothesize that the differential binding affinity of mutated MeCP2
protein, often consisting in the loss of its transcriptional repression ac
tivity [66], could help to explain the increase of ASC levels in RTT
lymphomonocytes and MECP2-silenced THP-1 cells.
In addition, beside the increase in NLRP3 and ASC protein levels,
RTT PBMCs revealed also their enhanced co-localization at basal con
ditions (Fig. 3). Only CTR cells, but not RTT cells, could respond to LPS
+ ATP challenge by triggering the assembly of inflammasome machin
ery. As already described, PTMs of NLRP3 and ASC are crucial not only
in protein turn-over, but even in the rapid activation of inflammasome

machinery [61]. Several papers reported that Syk, a non-receptor pro
tein tyrosine kinase, and JNK (c-Jun N-terminal kinases) were able to
stimulate caspase 1 activation through NLRP3 inflammasome, by cata
lysing ASC phosphorylation at Y144, Y146 and Y187 residues,
enhancing ASC oligomerization and increasing the formation of an
active macro-complex [67–69]. In addition, Juliana and co-workers
showed
that
TLR4-MyD88
signalling
can
rapidly
and
non-transcriptionally prime NLRP3 in mouse macrophages by stimu
lating its deubiquitination, likely activating a deubiquitinating enzyme
[70]. Importantly, this process is dependent on mitochondrial ROS
production and can be inhibited by antioxidants, such as N-ace
tyl-L-cysteine and MitoTEMPO. Intriguingly, Syk plays a critical role
even in regulating both the activity and transcriptional levels of IRAK1;
in particular, Syk knockout in RAW264.7 macrophages, completely
blocked IRAK1 activity after LPS treatment, while transfection of
constitutively expressed Syk into silenced cells re-established IRAK1
levels [71]. Thus, future investigations are needed to clarify the possible
role of theses kinases in RTT inflammasome deregulation.
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Fig. 6. Augmented plasma levels of IL-1β
and IL-18 and correlation over mutation
severity and stage of disease.
(A, D) Levels of circulating IL-1β (A) and IL18 (D) evaluated by ELISA assay. (B, E)
Correlation of plasma IL-1β (B) and IL-18 (E)
vs MECP2 mutation severity (1 is considered
as ‘less severe MECP2 mutations’ and 2 is
considered as ‘more severe MECP2 muta
tions’). (C, F) Correlation of plasma IL-1β (C)
and IL-18 (F) vs stages of the pathology.
Data in panels A and D were given as means
± SD and analyzed by Mann–Whitney sta
tistical test; *p < 0.05. All the correlations
were analyzed by using Spearman’s corre
lation coefficient.

IRAK1 was even implicated in transcriptional-independent priming
on NLRP3 in murine macrophages, while ERK-1 (Extracellular signalRegulated Kinase 1) was required for NLRP3 priming in human mono
cytes, and similarly to NLRP3 deubiquitinases, both these enzymes,
depend on ROS production to exert their activities [72–74]. Taken
together, all these findings highlight the importance of ROS and
oxidative stress which is a well characterized condition in RTT (Fig. 1)
and that could play a key role not only in the inflammasome activation
but also in NLRP3 priming.
In order to reach an effective inflammasome-mediated response, the
adaptor protein ASC interacts specifically with pro-caspase 1 via CARDCARD (Caspase Activation and Recruitment Domain) interactions,
facilitating caspase-1 auto-proteolytic activation, and the assembly of a
fully functional inflammasome. Caspase-1 can then cleave pro-IL-1β into
a 17 kDa mature fragment, IL-18 into a 17.2 kDa mature protein, and the
N-terminus of Gasdermin D [75]. Our results showed that CASP1 p20
and N-terminal domain of gasdermin D seemed to be up-regulated in
basal RTT PBMCs, consistently with the constitutive activation of
NLRP3:ASC inflammasome response in RTT PBMCs (Fig. 4). This acti
vated inflammasome response is critical in the higher IL-1β and IL-18
release, as well as in cell death of RTT cells, upon pro-inflammatory
challenge. However, since the basal release of cytokines are compara
ble between CTR and RTT cells, cleaved GSDMD could follow a different
fate in RTT cells. Indeed, we may hypothesize that a sufficient amount of
GSDMD does get cleaved but that the N-terminus of GSDMD is prevented
from inserting into the plasma membrane and forming pores. Indeed
GSDMDN-term can bind and permeabilize with apparently higher affinity
the mitochondrial outer membranes, thus disrupting mitochondrial
function, and leading to ROS generation, loss of transmembrane po
tential and eventually cytochrome c release [76–78]. It has been pre
viously shown that mitochondrial dysfunctions in both in vitro and in
vivo models are strictly related to RTT pathogenesis (as reviewed by
Ref. [79]), in addition an altered mitochondrial morphology with
enlarged size and disarrangement of cristae were found in RTT PBMCs
[24]. However, little is known about the apoptotic cell death in RTT.
Another hypothesis about the role of cleaved GSDMD is in cell hyper
activation. Indeed in certain conditions, macrophages, lymphomono
cytes, dendritic cells and neutrophils resist to inflammasome-activated
GSDMDN-term without membrane lysis and pyroptosis, and are termed
‘hyperactivated cells’ because they both stimulate and perpetuate
inflammation, and preserve their other functions [80]. Although we did
not notice alterations of mature IL-1β and IL-18 release in medium of
basal RTT PBMCs (Fig. 4), we found increased IL-1β and IL-18 levels in
plasma of RTT patients (Fig. 6), therefore we could speculate that the
cell culture timing can likely be too brief to evidence a detectable

alteration of these inflammasome-related cytokine in the medium, while
a continuous hyperactivated state of lymphomonocytes and other im
mune cells can lead to increased levels of IL cytokines in the systemic
compartment of RTT patients.
Moreover, the binding of extracellular/circulating IL-1β and IL-18 to
their membrane receptors (IL-1R1 and IL-18Rα, respectively) may act as
endogenous triggers for the activation of NF-κB p65 pro-inflammatory
cascade [38]. Interestingly, we here showed that IL-1β plasma levels
were positively correlated with the severity of MeCP2 mutations
(Fig. 6B), which is consistent with several papers reporting
genotype-phenotype link in RTT patients [47,48,81]. Even more
intriguing, IL-18 levels in plasma of RTT patients were negatively
correlated with the stage of disease, therefore the levels of this cytokine
were significantly higher in the early stage respect to last stages
(Fig. 6F). Indeed, the stage 2 of the pathology is characterized by a rapid
and destructive regression (duration up to 1 year) of the acquired
communication and motor skills, by the appearance of stereotypic and
repetitive hand movements, breathing irregularities and seizures; while
in the stage 3 (duration of decades), stabilization and potentially even
improvement of the symptoms usually occur, with some individuals
partially regaining skills; in the stage 4 the hallmarks (duration of years)
are severe motor deterioration and physical disability [3,82]. Cortelazzo
and colleagues found a subclinical inflammatory state, with a deregu
lation of acute phase response (APR) proteins, either positive or negative
in plasma of stage 2 RTT patients [34]. Moreover, other papers evi
denced the appearance of oxidative stress markers (plasma 4-hydroxy
nonenal-protein adducts) starting from stage 2 of the syndrome, and
actually even in the pre-symptomatic phase of both Mecp2-null and
Mecp2-308 mouse models [26,27]. Thus, the augmented IL-18 levels in
the systemic compartment may represent another crucial player in the
vicious circle of OxInflammation, since the earliest stages of the
syndrome.
5. Conclusions
Taken together, our findings in RTT lymphomonocytes evidenced a
deregulated cytosolic inflammasome response to pro-inflammatory
stimuli, due to a constitutive alteration of inflammasome complex,
which in turn was able to induce a higher release of pro-inflammatory
cytokines. We even hypothesized that, besides the role of MeCP2 defi
ciency in regulating the expression of some inflammasome components,
several sterile insults found in RTT patients (i.e., the early ROS and
plasma IL-18, as well as IL-1β) can lead to chronic stimulation of NLRP3
inflammasome system in PBMCs, thus suggesting a role of this ma
chinery in the subclinical inflammatory status, present in the disease
10
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[34]. An appropriate inflammasome activation is vital for the host to
cope with pathogens or tissue damage, while an uncontrolled and pro
longed inflammasome activation can cause an aberrant tissue response,
that may contribute to a wide variety of human diseases (i.e., auto
inflammatory disorders, cardiometabolic diseases, cancer and neuro
degenerative diseases) (as reviewed by Ref. [8]). Therefore, it is crucial
to orchestrate a fine-tuned regulation between inflammasome activation
and inhibition. Importantly, the dysregulation of inflammasome system
found in PBMCs is critical since these cells can reach and affect other
tissues and organs due to their circulating nature. Furthermore, PBMCs
share neuronal non-synaptic biochemical environment and present all
the machinery and epigenetic enzymes, found in both neurons and pe
ripheral nucleated cells [83,84]. Hence, RTT PBMCs pathway signatures
could both mirror the neurologic alterations of the disease, offering a
unique perspective to better understand the syndrome, and perpetuate
the subclinical inflammation to peripheral tissues.
In conclusion, we here revealed a new potential therapeutic target to
possibly improve the symptomatic conditions of RTT patients.
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