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Inflammasome

The persistent subclinical inflammatory condition was first defined ten years ago, as a previously unrecognized
feature of RTT, playing a role in the pathology progress and modulation of phenotypical severity. In light of this,
the present work aims at reviewing the current knowledge on the chronic inflammatory status and the altered
immune/inflammatory functions in RTT, as well as investigating the emerging mechanisms underlying this
condition with a special focus on the latest findings about inflammasome system, autoimmunity responses and
intestinal micro- and mycobiota. On these bases, although further research is needed, future therapeutic stra-
tegies able to re-establish an adequate immune/inflammatory response could represent potential approaches for
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RTT patients.

1. Introduction

In recent years, Rett syndrome (RTT; OMIM 312750), a genetic
disorder mostly due to de-novo loss-of-function mutations in the X-linked
methyl-CpG-binding protein 2 gene (MECP2), has been increasingly
defined as a broad-spectrum pathology with multifaceted clinical
appearance, rather than just a neurodevelopmental disease [1-3]. RTT
has a prevalence rate of 7.1 out of every 100,000 females, and an inci-
dence rate of 1 case per 10,000-15,000 female live births worldwide,
without substantial regional or ethnic variability [4,5]. After a period of
normal development (6-18 months of life), RTT patients typically un-
dergo a rapid deterioration of the learned psychomotor skills, leading to
severe intellectual disability, repetitive hand movements, seizures,
motor abnormalities, irregular breathing, absent or very limited speech,
cardiac problems, ataxia, autistic-like features, in parallel with a
plethora of peripheral co-morbidities [6]. Indeed, although neurological
signs are prominent, RTT affects also non-neurological organs and tis-
sues (i.e., gastrointestinal tract, respiratory, skeletal, endocrine, car-
diovascular and urinary systems), evolving throughout the patients’ life

span [7].

Most literature papers are focused on the functions of MeCP2 in the
central nervous system (CNS), an ubiquitous epigenetic reader and
multifunctional protein, involved in regulating transcriptional activity,
microRNA processing, chromatin compaction, and RNA splicing; how-
ever, the different manifestations identified in both RTT subjects and
Mecp2-mutant animal models elucidate the importance of MeCP2 role in
peripheral tissues [3]. In particular, Ross and colleagues, by using a
knock-out (KO) mouse model in which Mecp2 is silenced exclusively in
peripheral tissues, were able to demonstrate that, although most signs
are from neural origin, several RTT symptoms (e.g., exercise fatigue,
hypo-activity, and bone abnormalities) occur independently of defects
in the nervous system [8].

In addition to the above illustrated organs and tissues affected in
RTT, at molecular level, the patients exhibit compromised metabolic
processes and signalling pathways, which comprise a perturbed lipid
metabolism, an impaired redox homeostasis, dysfunctional mitochon-
drial bioenergetics and altered mitochondrial quality control, and a
persistent subclinical inflammatory condition [9-13]. The cross-talk
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among all these abnormalities may explain the complexity and the
broad-spectrum nature of this pathology.

In 2014, RTT was first associated with a subclinical inflammatory
state, characterized by different immune dysregulations (see section 3)
as a consequence of a likely impaired regulatory system of inflammatory
processes. This deregulated control of inflammatory responses was
defined as an unrecognized characteristic of RTT, closely related to
oxidative stress (in a vicious circle termed ‘OxInflammation’), and able
to probably affect the development of the disorder [11].

In light of this and the progress made over the last ten years, the
present review will summarize the current knowledge on the chronic
subclinical inflammatory status and the altered immune/inflammatory
responses in RTT, with a special focus on the emerging players involved
in this complex picture. Furthermore, this work aimed at stimulating
researchers to deepen the topic of aberrant inflammatory pathways in
light of their involvement in RTT pathogenesis/progression, as well as in
finding new therapeutic approaches for the patients.

2. Inflammation-related clinical signs in Rett syndrome: a brief
overview

The spectrum of RTT clinical signs is broad and the onset of the
different co-morbidities occurs at various stages of the syndrome [2].

RTT co-morbidities often include gastrointestinal (GI) problems,
breathing disturbances, orthopaedic, endocrine, urinary and cardiac
issues, which in combination make the management of RTT individuals
extremely problematic [1]. Importantly, part of these peripheral dys-
functions has a common denominator, represented by a prominent in-
flammatory status [1-3].

Breathing abnormalities, like hyperventilation, breath-holding, ap-
neas, respiratory arrhythmia, and spontaneous Valsalva manoeuvres are
the most prevalent co-morbidities in RTT patients, starting before the
age of 4 [14,15]. It is known that several neuronal mechanisms are likely
to play a role in RTT breathing phenotype, principally deriving from
severe autonomic and brainstem dysfunctions [16]. However, De Felice
and colleagues, by using a high-resolution computed tomography
(HRCT) on RTT patients, described ‘ground glass opacities’ (i.e., radio-
logical signs of alveolar inflammation), micronodules (i.e., inflamma-
tory infiltrates in the smaller airways), and thickening of bronchiolar
walls (i.e., a radiological sign of inflammatory infiltrate in the terminal
bronchioles), thus suggesting an unrecognized inflammatory lung dis-
ease in RTT subjects [17]. In addition, non-specific lymphocytic bron-
chiolitis associated with lymphocytic vasculitis were found in about 50
% of Mecp2-null mice [18], together with other macroscopic and his-
tological abnormalities particularly at the anterior right pulmonary
lobes, and the presence of infiltrating cells (i.e., lymphocytes, mono-
cytes, eosinophils, and segmented neutrophils) in both the bron-
choalveolar lavage fluid (BALF) and the epithelial layer of the alveoli
[16]. Noteworthy, swallowing disturbances and oropharyngeal
dysfunction typical of RTT subjects can result in aspiration, which in
turn can lead to increased respiratory infections and lung inflammation
[19]. Hence, these data strongly support the hypothesis that RTT
breathing phenotype can be considered as the result of not only
neurological dysfunctions, but also previously unrecognized inflamma-
tory processes/abnormal immune responses.

Gastrointestinal and nutritional troubles are also frequently reported
in RTT patients. Chewing and swallowing dysfunctions (as already
mentioned above), gastroparesis, gastroesophageal reflux, gas bloating,
and constipation can complicate the clinical phenotype of this pathology
and predispose RTT girls to nutritional deficits and growth failure [20].
A study by Millar-Biichner and colleagues [21] reported GI dysmotility
in Mecp2-null mice, characterized by a large increase in transit time, as
compared to wild-type (WT) animals. While, from a morphological point
of view, the intestine of Mecp2-null mice showed a significant reduction
of the colon and crypt length, together with severe changes in colon
epithelium and abnormal localization of key membrane proteins
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involved in electrolytes absorption. These alterations are also charac-
teristic of animal models of colitis and inflammatory bowel disease, as
well as high-fat diet mice presenting dyslipidemia [21,22]. This latter is
known to be a metabolic impairment of both RTT patients and
Mecp2-null animal models [12,23].

RTT individuals can also experience abdominal pain often due to
gallbladder disease [20,24]. In particular, dysmotility of the gallbladder
and/or obstruction of the cystic duct in conjunction with gallstones
formation have been described in RTT patients [25], resulting in bile
stasis and subsequent inflammation of the gallbladder, which can be
further aggravated by starvation and dehydration. Moreover, recurrent
obstruction together with inflammatory processes can progressively scar
the gallbladder of girls and women with RTT, leading to additional
gallbladder loss of function and worsening of biliary dyskinesia [25].

Then, besides the recurrent infections at respiratory system, frequent
infections at urinary tract and kidney stones are also reported in RTT
girls, therefore other sources of pro-inflammatory responses in the
syndrome [26,27].

Taken together, the combination of all these clinical aspects pre-
senting an overt inflammatory component causes significant pain to RTT
girls. Thus, a better understanding and management of these multi-
system inflammatory processes are needed to provide better care for
patients.

3. Subclinical inflammation in Rett syndrome

A subclinical inflammation can be defined as a status of low-grade
inflammation that is imperceptible to the ‘naked eye’, thus not leading
to noticeable signs typical of acute inflammation, such as redness,
swelling, or pain [28,29]. A subclinical inflammation is characterized by
an alteration of several inflammatory markers and/or immune system
response, that can be detected through biochemical and molecular an-
alyses. Due to the lack of clear symptoms or clinical signs of inflam-
mation, a subclinical inflammatory state may often become a chronic
process, contributing to the pathogenesis and progression of several
neurological and non-neurological pathologies (i.e., neurodegenerative
and neurodevelopmental disorders, atherosclerosis and cardiovascular
diseases, obesity, and type 2 diabetes) [30]. In addition to the afore-
mentioned hallmarks of acute inflammation, a chronic subclinical in-
flammatory condition can differ from the former in terms of duration,
site, absence of an ongoing acute infection or injury, intensity of the
cellular response, types of involved mediators (i.e., long-term increase of
reactive oxygen species (ROS), cytokines, and hydrolytic enzymes vs
vasoactive amines and eicosanoids), as well as outcome [31].

Over the past ten years, immune system dysfunctions and persistent
subclinical inflammation have been characterized as contributing fac-
tors of RTT broad-spectrum manifestations [9,11,32,33].

Indeed, some of RTT clinical features may have developed/pro-
gressed due to immune cell dysregulation and pro-inflammatory signals
within the brain and throughout the peripheral tissues [34,35].

3.1. Altered inflammatory markers in patients and ex-vivo human
models: an update

The first paper reporting a chronic subclinical inflammatory condi-
tion in RTT was published by Cortelazzo and colleagues [11]. The au-
thors, by using a 2-DE/MALDI-TOF approach to perform a plasma
proteome analysis, identified an up-regulation of several positive acute
phase response (APR) proteins (e.g., serum amyloid A-1 protein (SAA1),
alpha-1 anti-trypsin (A1AT) and complement factor B (CFAB)), as well
as the down-regulation of some negative APR proteins (e.g., albumin and
Retinol binding protein 4 (RET4)) in samples obtained from RTT girls at
an early stage of the disease [11]. Then, an altered cytokine profile was
also reported in RTT [36,37]. Indeed, T helper Type 2 (Th2)-cytokine
response was increased (in particular the levels of interleukin (IL)-4,
IL-5, IL-6, IL-9, IL-13 and IL-33 were higher than controls), while most of
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the T helper Type 1 (Thl)-related cytokines were either lower or un-
changed in plasma of RTT subjects. This Th2-shifted balance on one
hand may be due to a possible compensatory effect of immune response
related to a defective Th1 differentiation, on the other hand may trigger
an autoimmune response (this aspect will be deepened in section 4.2)
[36,38]. For example, IL-9, produced by mast cells and many T cell
subsets besides Th2, such as Th-9, Th-17, and Treg cells, is able to induce
the secretion of several pro-inflammatory cytokines, contributing to
allergies, inflammation and autoimmune diseases [39]. IL-9 has been
also related to cardiovascular and inflammatory lung diseases [40],
whose compartments are involved in typical manifestations of RTT.

Moreover, RTT peripheral blood mononuclear cells (PBMCs) pre-
sented ultrastructural abnormalities, characterized by retracted and
irregular nuclei, decreased nucleus/cytoplasm ratio, enlarged mito-
chondria, with membranous electrondense deposits and loss of cristae
[371. These cells also showed increased levels of arachidonate 15-lipox-
ygenase (ALOX15) mRNA, an enzyme implicated in the oxidation of
polyunsaturated fatty acids including linoleic acid and generation of
bioactive lipid metabolites such as 13-hydroxyoctadecadienoic acid
(13-HODEs), whose levels were found augmented in RTT serum [41].

Recently, as a possible and alternative indicator of immune dysre-
gulation in RTT, also salivary cytokines were investigated [42].
Consistently with the findings obtained in serum samples, higher levels
of IL-1p, IL-6, IL-8, IL-10, granulocyte-macrophage colony-stimulating
factor (GM-CSF), tumor necrosis factor-a (TNF-a), and vascular endo-
thelial growth factor (VEGF) were noticed in saliva from RTT subjects, as
compared to the controls [42].

3.2. Altered inflammatory markers in animal models: an update

Cortelazzo and co-workers showed for the first time that the persis-
tent unresolved inflammation was present also in plasma of a symp-
tomatic Mecp2-308 female mouse model [43], paving the way to further
studies on the molecular cascade of events that leads to RTT phenotype.

Indeed, the use of animal models allows to investigate the inflam-
matory response both in pre-symptomatic and symptomatic stages of the
disease. For example, a transcriptomic study on microglia isolated from
Mecp2-deficient female mice revealed a deregulated expression of genes
associated with innate immunity and cellular stress response already at
pre-phenotypic stage, suggesting an early potential role of microglia in
the later onset of neurological symptoms [44], which was consistent
with other papers showing the importance of an aberrant activation of
microglia (the primary brain-resident macrophages) in the onset and
progression of RTT [45-48].

Several findings on in vivo and ex-vivo animal models also evidenced
a role for astrocytes in RTT pathogenesis. In particular, Mecp2-mutant
astrocytes, as well as their conditioned medium, can induce pathological
alterations on neuronal development and overall maturation, and
reduce dendritic outgrowth [49-51]. Coherently, the rescue of Mecp2
expression exclusively in astrocytes ameliorated RTT manifestations, by
leading to synaptic improvements [52]. A recent and elegant paper
studied the cross-talk between Mecp2-KO astrocytes and WT neurons in a
co-culture system, since RTT is characterized by a mosaic of cells, with
part of them expressing either the WT or mutant MECP2 allele [53]. The
authors reported that mutant astrocytes can secrete molecules (like
pro-inflammatory cytokines) able to affect synaptogenesis in WT neu-
rons. Specifically, an augment of IL-6 levels, produced by these KO glial
cells, was found in the co-culture medium; whereas, the blockade of this
cytokine, by an anti-IL-6 antibody in cell culture medium, rescued the
number of pre-synaptic dendritic terminals in WT neurons, induced by
KO astrocytes. Intriguingly, this IL-6 over-production by Mecp2-lacking
astrocytes occurs only in the co-culture system with WT neurons and is
not present when KO astrocytes are cultured alone [53], suggesting that
IL-6 plays a role as a synaptotoxic molecule in RTT.

Lastly, even meninges (characterized by a wide pool of immune cells
taking part in CNS immune surveillance) from symptomatic Mecp2-
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deficient male mice exhibited a dysregulated activity of both innate and
adaptive immune response [54], thus revealing new players in neuro-
immune interactions in RTT.

4. Emerging potential mechanisms related to subclinical
inflammation in Rett syndrome

Understanding the contributing factors to the subclinical inflamma-
tory state in RTT is crucial for both elucidating the mechanisms un-
derlying the complex picture of persistent inflammation and identifying
potential therapeutic targets for symptomatic interventions. The
following sections will focus on the latest evidence about inflammasome
system, autoimmune responses, as well as gut microbiota and mycobiota
in RTT.

4.1. Dysregulation of inflammasome response

The innate immune system is able to identify infections and alter-
ations in cellular homeostasis in order to initiate responses to eliminate
pathogens and repair tissue damages. One of the major players involved
in these processes is the inflammasomes system, a group of intracellular
multimeric protein complexes, characterized by the activation of in-
flammatory caspases (caspase-1, -4, -5, and -11), which are then
responsible for the cleavage of multiple substrates including the pro-
inflammatory cytokines IL-1f and IL-18 [55]. The inflammasomes can
also initiate an inflammatory form of cell death defined as ‘pyroptosis’,
where the N-terminal fragment of gasdermin D, cleaved by the
afore-mentioned caspases, can form pores into the plasma membrane,
thus acting as the trigger molecule of pyroptosis. Multiple distinct
inflammasome complexes has been identified so far, however the
best-characterized is the NLRP3 system, which was first linked with
hereditary autoimmune diseases, termed cryopyrin-associated periodic
syndromes [55,56]. It consists in its canonical form of the sensor protein
‘NOD-, LRR- and pyrin domain-containing protein 3’ (NLRP3), the
adaptor protein ‘apoptosis-associated speck-like protein containing a
caspase activation and recruitment domain’ (ASC), and the effector
protein pro-caspase-1 [57]. NLRP3 activation generally occurs via a
two-step model. The priming step (signal 1) is characterized by both the
up-regulation of NLPR3, IL-1b and IL-18 gene products (upon the acti-
vation of different receptors, like TLRs, TNFR, and IL1R, by pathogen- or
damage-associated molecular patterns (PAMPs and DMAPs, respec-
tively) and the subsequent NF-kB p65 nuclear translocation), and
post-translational modifications of NLRP3, such as phosphorylation,
ubiquitination, and SUMOylation, leading to the licensing of the sensor
protein already present in the cells [58]. During the activation step
(signal 2), triggered by a multitude of signals (PAMPs/DAMPs, potas-
sium efflux, calcium mobilization, lysosomal damage, excessive ROS
production and mitochondrial dysfunctions), the assembly of the NLRP3
inflammasome machinery occurs, followed by the auto-catalytic cleav-
age of pro-caspase-1 into its active forms p20 and pl0O, and the
pro-inflammatory response, described above [57]. A prolonged and
abnormal inflammasome response can participate in the onset/prog-
ression of chronic inflammatory conditions associated with pathologies,
like autoimmune, metabolic, and infectious diseases, cancer, as well as
neurodegenerative and neurodevelopmental disorders [59-65].

In this regard, an ex-vivo cellular model of RTT (i.e., fibroblasts)
exhibited a challenged NLRP3 inflammasome system, as compared to
cells derived from control subjects, consisting of enhanced levels of
nuclear NF-xkB p65 (RelA), IL-1b mRNA, and ASC protein, as well as
NLRP3:ASC interaction. RTT fibroblasts were also unable to induce a
further response to LPS + ATP treatment, two well-known triggers of
NLRP3 inflammasome response [66]. A trend of altered NLRP3
inflammasome machinery was detected also in primary PBMCs, a more
immunocompetent cell model. Particularly, RTT patients-derived
PBMCs showed augmented NF-xB p65 nuclear translocation and
related up-stream pathway (i.e., Toll-like receptor 4, and IRAK1), IL-18
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mRNA levels, and NLRP3, ASC, and caspase-1 p20 protein amounts,
together with the increased co-localization of the sensor and adaptor
proteins in basal condition, as compared to PBMCs from control subjects
[67].

The investigations of the role played by MECP2 loss in these dysre-
gulations revealed that it seems to account for several, although not all,
pro-inflammatory and inflammasome-linked responses. Indeed, MECP2
silencing in PBMCs and monocytic THP-1 cell line promoted an
augmented expression of IL-6, IL-3, TNF-a, ASC and IL-18 mRNA, in
parallel with enhanced NF-«xB p65 signalling [67,68]. About the adaptor
protein, its promoter region is known to be subjected to methylation
[69] and notably, ASC was reported to be sensitive to MeCP2 activity
[70]. Therefore, a possible decrease of MeCP2 transcriptional repression
activity due to protein mutations could help to explain ASC
over-expression in MECP2-knock down THP-1 cells and RTT lympho-
monocytes. The major hypotheses for the aforementioned alterations of
NLRP3 inflammasome activation in RTT models could be represented by
the persistent impairment of redox homeostasis (in terms of augmented
levels of hydrogen peroxide, superoxide anion, total ROS, and 4-hydrox-
ynonenal protein adducts both in human/mouse primary cells and sys-
temic compartment, in parallel with a reduction of the main antioxidant
defence systems) [13,67,71-73] and mitochondrial dysfunctions (like a
deregulated energetic profile and mitochondrial quality control system,
characterized by an almost complete absence of Parkin and an impaired
Pinkl/Parkin-mediated mitophagy; an atypical structure of lympho-
monocyte mitochondria; an altered gene expression of factors related to
oxidative phosphorylation) [10,13,74,75]. Increasing evidence eluci-
dated the broad roles played by mitochondria in innate immune re-
sponses against pathogens, like their functioning as signal transduction
platforms, providing energy and metabolites for inflammation, and
generating ROS as modulators of immune response. On the other hand,
mitochondrial-DAMPs (mtDAMPs), such as excessive ROS production,
cardiolipin/mtDNA release, and/or mitochondrial damage, may drive
hyperactivation of innate immunity in absence of microorganisms’
infection (i.e., sterile inflammation), and play a key role upstream of
NLRP3 inflammasome activation [76]. However, a mechanistic
connection between the aberrant NLRP3 inflammasome response and
ROS over-production/mitochondrial dysfunctions in RTT, with a spe-
cific focus on which ROS/mitochondrial elements are mainly impli-
cated, has still to be elucidated.

NF-xB signalling cascade was also investigated in previously pub-
lished papers by our group and others [35,68,77,78]. A proteomic
analysis on RTT primary fibroblasts revealed that most of the RTT
unique proteins, out of 2000 identified proteins, were enriched in im-
mune function and inflammatory responses, showing also a positive
regulation of NF-xB activity [35]. A deregulation of this transcription
factor and its downstream protein interleukin-1 receptor-associated ki-
nase 1 (IRAK1) was described to contribute to the decrease of dendritic
complexity in cortices and purified cortical callosal projection neurons
derived from Mecp2-null mice [78]. In addition, the inhibition of RelA
pathway by direct (i.e., knock-out mouse and cellular models) and in-
direct (e.g., vitamin D supplementation; glycogen synthase kinase-3b
(Gsk3b) inhibition; IRAK1 inhibition through Pacritinib; induction of
NRF2 nuclear translocation, by dimethyl fumarate) mechanisms resul-
ted in rescuing neuronal dendritic arborization, alleviating the clinical
symptoms and improving lifespan of Mecp2-null mice, reducing several
inflammatory cytokines in Mecp2-KO cerebellum, and up-regulating
brain-derived neurotrophic factor (BDNF) expression in Mec-
p2-silenced microglial cells [78-81]. Hence, the roles played by NF-xB
pathway seem to be crucial for RTT neuro- and peripheral inflammation,
as well as overall pathogenesis.

Besides the augmented expression of TLR4 onto cell membranes of
RTT PBMCs (likely due increase ROS generation and IL-18 systemic
levels) [82,83], the expression of another receptor upstream of NLRP3
inflammasome trigger was found to be deregulated. P2X7 receptor
(P2X7R) is a ligand-gated non-selective channel, activated by
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extracellular ATP and largely expressed in immune cells of myeloid
lineage. Garré et al. demonstrated that Mecp2 loss induced an accumu-
lation of monocytes and macrophages expressing P2X7R specifically in
the border of mouse cerebral cortex. In addition, P2X7R knock out in
Mecp2°°8/Y mice diminished cortical inflammation and dendritic spine
loss, and ameliorated social behavioural deficits. Interestingly, both the
transplantation of P2x7r/~ peripheral leukocytes into WT mice and the
pharmacological blocking of P2X7R (by using Brilliant Blue G molecule)
principally in peripheral tissues has been showed to partially recapitu-
late the beneficial effects of total P2X7R knock out [84]. Hence, these
findings elucidate the contribution of non-microglial cells and P2X7
receptor to CNS deficits in RTT.

About the inflammasome-related inflammatory molecules, our group
found high levels of IL-18 and IL-1f cytokines, together with ‘ASC
specks’ (which are the catalytically active oligomeric form of the
adaptor, able to be internalized by bystander cells, escape from endo-
somes and propagate inflammasome activation in the recipient cells) in
the systemic compartment of RTT patients [66,67]. Intriguingly, plasma
IL-18 levels were augmented mostly in the first stages of the syndrome,
where the most severe modifications, in terms of clinical manifestations
onset and deterioration, commonly arise [67]. The enhanced systemic
levels of IL-1p in RTT girls were positively correlated with the severity of
MeCP2 mutations, whereas the augmented salivary levels of this cyto-
kine showed a strong association with clinical severity scores of the
enrolled patients [42,67]. Noteworthy, Tomasoni and colleagues re-
ported that this cytokine plays a role also on neuronal plasticity, by
following a U-shaped dose-response curve, where excessive or very low
levels of IL-1f can be deleterious to neuronal functions [85], thus sug-
gesting that further cognitive deteriorations may derive from the
hyperactivation of the IL-1 signalling pathway and related enhanced
inflammation.

Taken together, despite further in vitro and pre-clinical insights
implying the use of NLRP3 inflammasome inhibitors are still needed,
data on inflammasome-related dysregulations (Table 1) seem to indicate
an involvement of this machinery in subclinical inflammatory condition,
as well as pathogenesis and progression of RTT.

4.2. Presence of autoimmunity-related responses

An abnormal response of the adaptive immune system towards self-
antigen recognition (which is the definition of autoimmunity) leads to
multiple clinical manifestations, which are often debilitating and
significantly affect patients quality of life [86]. Hence, subclinical
inflammation and the presence of an autoimmune condition seem to be
distinct concepts. Nevertheless, they can overlap in certain circum-
stances: indeed, as recently reviewed by Xiang et al. [87], chronic
inflammation may contribute to the development of autoimmune dis-
eases by promoting immune dysregulation and tissue damages. For
example, the cytokine IL-1p can affect both innate and adaptive immune
responses: on one hand, as already mentioned in the section ‘Dysregu-
lation of inflammasome response’, an excess of this pro-inflammatory
cytokine can cause innate immune abnormalities and contribute to
persistent subclinical inflammation, whereas on the other hand, IL-1p
may induce an augmented proliferation of lymphoid T and B cells,
potentially enhancing the adaptive immunity. If this cascade of events is
excessive or dysregulated, it may result in the onset of autoimmune
disorders [87].

In this context, a possible role played by autoimmunity in RTT was
first hypothesized about twenty years ago, where two different research
groups found increased levels of brain-directed autoantibodies (AAB)
against the neurotrophin nerve growth factor (NGF), as well as AAB
against folate receptor (FR) in serum of RTT patients [88,89]. In
particular, the levels of anti-NGF AAB were not dependent on the stage
of the disease, whereas interestingly they were negatively correlated
with the severity of the pathology (i.e., girls with a more severe RTT
phenotype exhibited lower levels of anti-NGF AAB). About this latter,
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Table 1
Deregulated NLRP3 inflammasome components and responses in Rett syndrome
subjects and human/animal-derived models.

Sample type/experimental model Ref

Dysregulated priming step/upstream pathways of NLRP3 inflammasome in RTT cells/
tissue

1 nuclear NF-xB p65 levels Human primary fibroblasts [35,66-68,
and signalling Human primary PBMCs 78-81]
MECP2-silenced PBMCs
MECP2-silenced THP-1 cells
1 TLR4 protein levels Human primary PBMCs [67]
1 IRAK1 protein levels Human primary PBMCs [67,78,81]
Cortex and neurons from Mecp2-null
mice
MECP2-silenced human microglial
and neural stem cells
1 P2X7 receptor Cerebral cortex from Mecp2-null [84]
mice
1 IL-1b mRNA Human primary fibroblasts [66]
1 IL-18 mRNA Human primary PBMCs [67]
MECP2-silenced THP-1 cells
1 ASC mRNA MECP2-silenced THP-1 cells [671
= NLRP3 mRNA Human primary PBMCs [67]
Aberrant activation of NLRP3 inflammasome system in RTT cells
1 NLRP3 protein levels Human primary fibroblasts [66,671]
Human primary PBMCs
1 ASC protein levels Human primary fibroblasts [66,67]
Human primary PBMCs
MECP2-silenced THP-1 cells
t NLRP3:ASC co- Human primary fibroblast [66,67]
localization Human primary PBMCs
| pro-CASP1 protein levels Human primary fibroblasts [66]
1 CASP1 p20 protein levels ~ Human primary PBMCs [67]
1 GSDMDN*™/GSDMD Human primary PBMCs [671
ratio
Systemic/peripheral inflammasome-dependent alterations in RTT
1 levels of ASC monomers Serum of RTT patients [66]
and oligomers
1 IL-1p levels Plasma/saliva of RTT patients [42,67]
1 IL-18 levels Serum/Plasma of RTT patients [66,67]

Legend: RTT, Rett syndrome; MeCP2, methyl-CpG binding protein 2; NLRP3,
nucleotide-binding ~ domain, leucine-rich-containing  family,  pyrin
domain-containing-3; NF-kB, nuclear factor kappa B; PBMCs, peripheral blood
mononuclear cells; TLR4, Toll-like receptor 4; IRAK1, interleukin 1 receptor
associated kinase 1; IL-1b/IL-1p, interleukin-1f; IL-18, interleukin-18; ASC,
apoptosis-associated speck-like protein containing a CARD domain; CASP1,
caspase-1; GSDMDN"*™, N-terminus of gasdermin D; GSDMD'™", full length-
gasdermin D.

the authors speculated that in these RTT patients, a more active binding
of anti-NGF AAB into immune complexes may occur, thus likely
resulting in a serious autoimmune damage of brain structures. The
reduction of NGF (mainly due to AAB reaction) may significantly impair
the CNS development and preservation of nerve cells [88]. The other
work reported low concentrations of 5-methyltetrahydrofolate (SMTHF)
in the cerebrospinal fluid of RTT patients from North-Western Europe,
that could be explained by the presence of serum anti-FR AAB (found in
24 % of the RTT examined population) [89]. Systemic anti-FR AAB can
be also associated with the infantile-onset cerebral folate deficiency
(CFD) syndrome, whose hallmarks may partially overlap with those of
RTT (e.g, irritability, sleep disturbances, psychomotor retardation).

In 2014, Papini and colleagues [90] found that RTT individuals
presented high levels of IgM AAB against N-glycopeptide epitopes, as
measured by an antibody recognition method based on a validated
mimetic antigenic probe, termed CSF114(Glc), that has an N-glucosy-
lation on its moiety [91], thus suggesting an alteration of protein
N-glycosylation rate and a chronic activation of autoimmunity processes
in the syndrome. The relevance of a deregulated N-glycosylation pattern
in RTT pathogenesis was confirmed by a study on Mecp2-null mice,
showing a reduced N-glycosylation of the N-linked brain nucleotide
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pyrophosphatase-5 (a protein involved in neuronal cell communication)
in both pre-symptomatic and symptomatic mice. Importantly these
N-glycosylation modifications were rescued by Mecp2 reactivation [92].

Other literature papers described a connection between MeCP2 and
autoimmunity or autoimmune disorders, like rheumatoid arthritis, sys-
temic lupus erythematosus, and primary Sjogren’s syndrome [38,
93-97]. MeCP2 also exhibited a role in maintaining stable the expres-
sion of Foxp3, by binding the conserved non-coding sequence 2 region of
the foxp3 locus, and so the immunosuppressive activity of natural CD4 ™"
CD25" regulatory T cells (Tregs) during inflammatory processes. Foxp3,
indeed, is a master regulator of Treg gene expression pattern, being
responsible for immune homeostasis, peripheral tolerance, and pre-
vention of autoimmunity [98]. Mice with Treg-specific Mecp2 gene
deletion showed diminished Foxp3 levels over time, resulting in
increased IL-17 and interferon y (IFN-y) generation, colon leukocyte
infiltration and tissue damages, as well as inability to prevent autoim-
munity [98]. More recently, in order to better characterize the auto-
immune response and concurrent neuroinflammatory condition,
Zalosnik and co-workers used Mecp23°®/Y male mice, treated with
myelin oligodendrocyte glycoprotein peptide (MOGss_ss), as a model of
experimental autoimmune encephalomyelitis (EAE). As compared to
WT-EAE mice, Mecp23°8/Y animals exhibited a persistent inflammatory
response in CNS, with infiltration of immune cells and enhanced mRNA
expression levels of Tnf-a, Ifn-g, and II-1b in the spinal cord [99].

Taken together, despite not all studies were able to demonstrate the
presence of AAB in RTT [100], these findings (summarized in Table 2)
show that MeCP2 deficiency and RTT are associated with an increased
vulnerability to develop autoimmune responses.

Table 2
Autoimmunity-related alterations in Rett syndrome individuals and animal
models.

Sample type/experimental model  Ref

Autoimmunity-related observations in RTT

1 levels of AAB against the Serum of RTT patients [88]
neurotrophin NGF
1 levels of AAB against folate Serum of RTT patients [89]

receptor (found in 24 % of the
RTT population)

1 levels of IgM AAB against N- Plasma of RTT patients; Mecp2- [90,92]
glycopeptide epitopes — leading null mice
to alteration of protein N-
glycosylation rate
= levels of AAB against Serum of RTT patients [100]
thyroglobulin, thyroid
peroxidase, and thyroid-
stimulating hormone receptor
MeCP2 roles in autoimmune-related pathways/pathologies
Mecp2lack | Foxp3levels — 1t IL-17  Treg-specific Mecp2-deficient [98]
and IFN-y levels, colon leukocyte  mice
infiltration, and failure in
protecting against autoimmunity
Mecp2 deficiency 1 autoreactive Mecp2°°%/Y male mice, treated [99]
responses and susceptibility to with myelin oligodendrocyte
develop EAE, 1 immune cells glycoprotein peptide (MOGss_ss)
infiltration and mRNA expression
of Tnf-a, Ifn-g, and II-1b in the
spinal cord
MECP2 gene polymorphism is - [93-97]

associated to SLE, RA and
Sjogren’s syndrome

Legend: RTT, Rett syndrome; MeCP2, methyl-CpG binding protein 2; AAB, au-
toantibodies; NGF, nerve growth factor; Foxp3, Forkhead box P3; Treg, regu-
latory T cells; IL-17, interleukin 17; IFN-y/Ifn-g, interferon y; EAE, experimental
autoimmune encephalomyelitis; Tnf-a, tumor necrosis factor-o; Il-1b, inter-
leukin-1f; MOG, myelin oligodendrocyte glycoprotein; SLE, systemic lupus er-
ythematosus; RA, rheumatoid arthritis.
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4.3. Alterations in gut microbiota

As already mentioned in section 2 ‘Inflammation-related clinical
signs in Rett syndrome: a brief overview’, GI dysfunctions accompany
RTT subjects throughout their entire life [1]. The phenomenon of gut
dysmotility noticed in RTT individuals may possibly arise from im-
pairments in the enteric nervous system (ENS) due to MeCP2 lack [101].
Nonetheless, the causes of all GI dysfunctions are still not well clarified,
and in recent years, the role played by gut microbiota in this scenario is
attracting growing attention. Indeed, as known, gut microbiota is crucial
in the integrity and functionality of the GI tract, in the maintenance of
immune homeostasis and energy metabolism. In particular, modifica-
tions of commensal bacterial composition can lead to a chronic
inflammation, which involves hyperactivation of T-helper 1 and 17 cell
immune responses [102], thus also inducing subjects to be more prone
to fungal infections [103]. Dysbiosis of gut microbiota is associated with
a multitude of health conditions, including gastrointestinal pathologies,
such as irritable bowel syndrome [104], and complex neurodegenera-
tive and neurodevelopmental disorders, like autism spectrum disorders
(ASD) [105-108]. Thus, the microbiota-gut-brain axis is becoming a
central target to reduce or mitigate progression of these neurological
diseases [109,110]. In light of this, several research studies have been
conducted in both patients and animal models of RTT [111-116].

A work by Strati and colleagues (2016) reported increased values of
faecal calprotectin and erythrocyte sedimentation rate (ESR) in RTT
subjects, which were correlated to serum IgA titre, indicating an intes-
tinal sub-inflammatory status [112]. A state of intestinal inflammation is
also related to loss of intestinal barrier functionality in RTT, as reported
above [21]. Elevated levels of IgA antibodies against gluten, gliadin, and
casein in RTT subjects, suggestive of an increased gut permeability and
protein uptake due to a damaged bowel epithelium, were first observed
in 2006 [117]. RTT patients also exhibited a reduction in bacterial gut
microbiota richness and diversity, as compared to healthy individuals,
together with modified faecal short-chain fatty acid (SCFA) profiles,
which are part of microbial metabolome, produced as fermentation
byproducts from dietary components not properly absorbed/digested in
the small intestine, and are important players for both colon health and
neuronal physiology [112,118].

A following work by Borghi et al. [113] was partially in agreement
with these findings; however, the authors detected enhanced levels of
branched-chain fatty acids (BCFAs), like iso-butyrate and iso-valerate,
and unchanged levels of SCFAs. The decrease in Firmicutes and the in-
crease in Bacteroidetes in RTT microbial population is suggestive of a
pro-inflammatory status of the gut microbiota [113]. Then, the reported
microbiota dysbiosis was correlated to pubertal status (i.e., bacterial
diversity and richness decreased from pre- to post-puberty in RTT pa-
tients) and disease severity (i.e., subjects with higher clinical severity
score exhibited a reduced microbial diversity) [113,114]. These initial
studies indicate that alterations in the gut microbiota and metabolome
may underlie the intestinal dysfunctions typical of RTT patients.

However, to answer the question whether these changes of RTT
subjects’ microbiota are a consequence of their altered feeding behav-
iour/diet or important contributors to developmental regression, the
researchers used animal models, since they allow the exclusion of the
diet variable, and the manipulation of the microbiota [115,116].
Mecp2”"N/* female rats showed modifications in the diversity, but not
number, of the gut microbial populations, as compared to WT rats,
starting at postnatal day (PND) 49 (after the appearance of the first
social abnormalities, while before the peak of motor and metabolic
symptoms), and persisting until PND196. Whereas no changes in SCFAs
were reported between the RTT and control animals [115]. Another
paper compared faecal microbiota and metabolome of male and female
Mecp2el-mutant mice, demonstrating that alterations of metabolites
(SCFAs, like butyrate, isovalerate, and propionate) in the female model
were evident before the onset of neuromotor signs (at 5 weeks of age),
and highly correlated with lipid brain deficiencies, suggesting that a
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reduced lipid absorption in the GI tract may negatively influence brain
lipid content in RTT. Intriguingly, these results were not noticed in male
animals [116]. Furthermore, the alterations of gut microbial population
and the inflammatory profile of female Mecp2el-mutant mice were more
reliable with those of RTT patients, than male mice [116]. Hence, these
pre-clinical evidence support the hypothesis of the possible role of
host-microbiota interactions in RTT inflammatory status and overall
pathogenesis.

In parallel with the gut bacterial population dysbiosis, fungal
opportunistic infections or impairments of mycobiota can often occur
and are generally attributed to a defective host immunity. In this regard,
studies on the gut mycobiota in RTT reported a distinct genotypic profile
of Candida parapsilosis in girls with the disorder, as compared to control
subjects, with the capacity to be more resistant to azole antifungals
[112,119]. Moreover, PBMCs exposed to heat-killed RTT C. parapsilosis
isolates showed a higher production of IL-1f and IL-10, suggesting an
augmented fungal tolerance towards this strain, and the capacity of RTT
C. parapsilosis to persist within the host, being likely involved in chronic
inflammatory responses [119].

Taken together, dysbiotic intestinal microbiota and mycobiota
contribute to RTT subclinical inflammation at gut, systemic and brain
levels, being likely able to worsen several traits of the disorder (Fig. 1).
Studies on the transplantation of faecal microbes from control donors to
RTT models would be crucial to deepen the role of these gut microbial
alterations in RTT pathogenesis and to individuate new therapeutic
targets.

5. Anti-inflammatory therapies for Rett syndrome

Numerous possible treatments for RTT have been developed over the
last few decades, thanks to research advances. Three broad categories
encompass therapeutic options for RTT: 1) pharmacological compounds
targeting downstream MeCP2 pathways, 2) symptom management, and
3) genetic approaches [120]. In regard to the second group, several
anti-inflammatory options (with a direct or indirect action) are being
evaluated both in pre-clinical studies and clinical trials.

Trofinetide is the first US FDA-approved treatment for RTT, and
consists of the N-terminal tripeptide product of the cleavage of insulin-
like growth factor 1 (IGF-1) in the brain. This molecule is able to
improve synaptic functions and structure, decrease the effects of pro-
inflammatory cytokines in the brain, augment antioxidant response
and IGF-1 concentration in CNS, thus resulting in improvements of lo-
comotor function, breathing, and lifespan of Mecp2-null mice
[121-124]. Another compound in phase I/II clinical trial seems to show
anti-inflammatory properties: although the results are still unavailable,
NTI164, composed by cannabidiolic acid (CBDA) and other rarer can-
nabinoids, has been proposed as a powerful neuro-anti-inflammatory
modulator, likely able to reduce various inflammatory cytokines, and
improve neuronal health.

Different pre-clinical studies on animal models focused on the vali-
dation of new therapeutic targets and alternatives for RTT neuro-
inflammation. One of the first paper by Derecki and colleagues, showed
that WT Mecp2-expressing microglia obtained through the trans-
plantation of WT bone marrow in male Mecp2-null mice could reverse
several signs of the pathology, including normalization of breathing
patterns and decreased apneas, as well as increased lifespan, locomotor
activity and body weight [125]. On this basis other authors investigated
possible therapeutic approaches targeting microglia/glia. For example,
the treatment of 6-month-old female Mecp2-heterozygous (Het) mice
with N-acetyl cysteine conjugated to dendrimer (D-NAC) was able to
significantly reduce microglial pro-inflammatory cytokine generation
(e.g., IL-1p and TNF-a) and improve the phenotype, like fear memory,
epileptiform activity burden, mobility, and REM, as compared to
saline-treated group [126]. Another molecule termed leriglitazone, a
peroxisome proliferator-activated receptor (PPAR) y agonist, was
administered to Mecp2-Het mice (75 mg/kg/day orally delivered with
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Fig. 1. Schematic representation of gut micro/mycobiota alterations in Rett syndrome, as evidenced from human and animal studies.
Dysbiotic gut microbiota, impaired fermentation by-product profile, together with increased intestinal permeability and dysmotility can contribute to the subclinical
inflammation observed in Rett syndrome, at gut, systemic and brain levels. The affected microbiota-gut-brain axis seem to be involved in worsening several traits of

the disorder.

SCFA, short-chain fatty acid; BCFA, branched-chain fatty acids; ESR, erythrocyte sedimentation rate.

the food from weaning until sacrifice at 7 months of age) in order to
study the modulation of mitochondrial performance and the effect on
neuroinflammation [127]. Leriglitazone, besides ameliorating the bio-
energetic profile and the mice exploratory activity, exhibited an
anti-inflammatory effect in cortices of RTT mice, by NF-kB modulation
and subsequent reduction of IL-1a, IL-6, IL-10, IL-23, IFN-f, IL-17A, and
TNF-a, as well as the decrease of Iba-1 and GFAP levels (markers of
activated microglia and astrocytes, respectively), thus proposing this
compound as a potential treatment for RTT clinical studies [127].
Lastly, as already discussed, a dysbiotic gut microbiota may be a
potential contributor to RTT manifestations and chronic subclinical
inflammation, so a likely target for new therapies. In addition to treating
gastrointestinal problems, strategies aimed at re-establishing a healthy
gut microbiota, through supplementation with pre- or probiotic, may be
a non-pharmacological approach also for the behavioural and neuro-
physiological abnormalities observed in RTT. In a randomized pilot
study, the probiotic L. plantarum PS128 (or placebo) was administered
for 16 weeks to RTT patients, and it seemed to enhance overall cognitive
developmental level, and improve dystonia, as compared to the placebo
group, hence paving the way for future research exploring the potential
of probiotics as a complementary therapy for RTT individuals [128].

6. Conclusions and future directions

In conclusion, this review has shown the latest works on new
emerging players in the subclinical inflammatory state characterizing
RTT, which was first reported ten years ago. From the current available
knowledge on the altered pro-inflammatory cytokine profile, as well as
the recent findings on inflammasome dysregulation, presence of
autoimmunity-related responses and modifications of intestinal micro-
biota, it is clear that RTT clinical manifestations are strictly related to
this persistent low-grade inflammatory state, which in turn contribute to
the pathogenesis of this disorder. These alterations are only in part
dependent on MECP2 gene loss-of-function mutations. Therefore, future
challenges for the treatment of RTT symptoms could be represented by

the development of new therapeutic strategies able to restore an
adequate immune/inflammatory response.
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