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Abstract

Mutations in X-linked gene methyl-CpG-binding priote2 (MECP2), a key transcriptional

regulator, account for most cases of Rett syndr@R¥T), a devastating neurodevelopmental
disorder with no known cure. Despite extensive asde to elucidate MeCP2 functions, the
mechanisms underlying RTT pathophysiology are sfiitlear. In addition to a variety of

neurological symptoms, RTT also includes a plethofaadditional phenotypical features
including altered lipid metabolism, redox imbalan@g@mune dysfunction and mitochondrial
abnormalities that explain its multisystemic natilere, we provide an overview of the current
knowledge on the potential role of dysregulatedaminatory and immune responses in RTT.
The findings show that abnormalities of humoral adl-mediated immunity together with

chronic low-grade inflammation in multiple orgarepresent not only clinical manifestations of
RTT but rather can contribute to its developmerd deteriorating course. A future research
challenge could be to target therapeutically immdysfunction as a novel means for RTT

management.

Keywords: neurons; cytokines; NkB; hydroxyoctadecadienoic acids; inflammasome;

autoantibodies.



Rett syndrome a multisystem disorder

Rett syndrome (RTT; OMIM 312750) is a complex nelenelopmental disorder characterized
by a wide range of neurological and physical impaints with an incidence ranging from
1/10,000 to 1/15,000 live births, making RTT them®l most frequent cause of intellectual
disability in females after Down Syndrome. In apgneately 90% of patients, classic RTT is
due to ade novo mutation in the X-linked methyl-CpG-binding prate?2 gene MECP2), a
multifunctional protein implicated in the regulatioof transcriptional activity, chromatin
organization, microRNA processing, and RNA splicihp

Typically, after a period of normal developmentgig from 6 to 18 months of life, RTT
patients experience a rapid deterioration of thguaed psychomotor skills that leads to a
characteristic clinical phenotype that includestégwye hand movements, absent or very limited
speech, seizures, irregular breathing, cardiacrateldies, ataxia, and autistic features [2].
Although the hallmarks of RTT are mainly neuroladjan the last few years, several alterations
in other tissues and organs including lungs, borfesart, microvascular system, and
gastrointestinal tract have been identified [3].dddition, RTT patients show compromised
signaling pathways and metabolic processes inajudimbalanced redox homeostasis,
dysfunctional mitochondrial bioenergetics, pertarbipid metabolism and abnormal immune-
inflammatory responses [4,5]. These combined abalities can explain the complexity and the
global nature of RTT. Despite significant progresshe understanding of MeCP2 functions, to
date it remains to be clarified how the mutatioradingle protein can cause such a wide variety

of clinical manifestations.



Immune dysfunction and chronic subclinical inflammation as pathophysiological-
contributing factorsto RTT development and progression

Over the last decade, it has become increasinglgr dhat immune dysfunction and chronic
subclinical inflammation can be involved in RTT#,While RTT is primarily a central nervous
system (CNS) disorder, a dysregulated functionnofune cells and a propagation of pro-
inflammatory signals within the brain as well asthie body's periphery could contribute to the
development and progression of some clinical festwf RTT, thus also explaining its multi-
systemic nature [6]. On the other hand, an abnoimaiune function occurs also in other
neurodevelopmental disorders such as Autism Spadisorder (ASD), in which category was

also classified RTT until few years ago [7].

Involvement of RTT microgliain CNSinflammation

In mammals, MeCP2 is widely expressed throughoaitoibdy, especially in the nervous system
but also in other tissues. Within the brain, MeG®2eported at high levels in neurons, but is
also expressed by all types of glial cells, inahgdimicroglia, the primary brain-resident
macrophages.

Research over the last 10 years highlighted a plesedle for an altered microglia function in
RTT during brain development (Table 1) [8]. In ianvitro study, microglia fromMecp2-null
mice demonstrated to be involved in the releasabsformal high levels of glutamate with
neurotoxic effects on hippocampal neurons includlagage to dendrites and synapses [9]. In a
successive study, the mechanism for the over-reledisglutamate by RTT microglia and
neurotoxicity has been clarified. Indeed, Jin e{E0] shown that MeCP2 acts as transcriptional

repressor for the glutamine transporter SNAT1. Adiract consequence of SNAT1 aberrant



expression Mecp2-deficient microglia show increased glutamine uptdkat induces, at the
same time, overproduction of glutamate and mitodnahoxidative stress [10]. Interestingly, in
anin vivo study, restoring wild type microglia by bone mavrtransplantation was able to
prolong lifespan and to rescue RTT phenotype irhboiale and female RTT mice [11].
However, a study by Wang et al. [12] was not ableeplicate these results, showing that using
bone marrow transplantation or genetics to resMeep2 in microglia did not improve the
pathological status iMecp2-null mice. In addition, Schafer et al. [13] demivated that the
involvement of microglia in the impairment of nenab circuits by engulfing the presynaptic
inputs in late phenotypidlecp2-null mice is a secondary event, independent ofrogi@-
specific loss of Mecp2 expression.

Nevertheless, other evidence supports a possibirilootion of altered inflammatory and
phagocytic functions of microglia in RTT. Indeed, Mecp2-null mice, microglia develop an
inflammatory activation, showing increased mRNA regsion of the pro-inflammatory cytokine
TNFa, and then they are lost with disease progresdiéh [n addition, a transcriptomic study on
microglia from heterozygoullecp2-null female mice at pre-phenotypic and phenotygtages
revealed a dysregulated expression of genes asmb@igth innate immunity and cellular stress
responses, suggesting that an increased vulngyadfilimicroglia to cellular stressors during the
pre-phenotypic phase could be the prelude to a ¢ateet of neurological symptoms [15]. In a
study aimed to evaluate the therapeutic efficacyafidrimer-N-acetyl-L-cysteine conjugates
(D-NAC) in counteracting RTT immune dysfunction bgrgeting activated glial cells, the
authors found that mixed astrocyte-microglia c@tufromMecp2-null mice show an increased
release of pro-inflammatory cytokines in restingnaitions, which worsens further after

lipopolysaccharides (LPS) stimulation [16]. It isteresting to note that, after systemic



administration, the specific accumulation of D-NAEndrimers in microglia was coupled with
an improved behavioral outcome Mkecp2-null mice, highlighting the possible participatioh
these cells in the pathogenic mechanisms of RTT. [M®reover, the pathological role of
MeCP2-null microglia on neuronal toxicity was also pravey the improvement in disease
phenotype and survival dflecp2-null mice following the ablation of CX3CR1, a ckine
receptor involved in neuron—microglia interactid’]. Finally, in a recent paper, analyzing the
DNA methylation in post-mortem cerebral cortex frqratients affected by RTT, ASD, and
Dupl5q syndrome, the authors [18] identified a @vgent epigenomic signature between the
three neurodevelopmental disorders. In particidpigenetic modifications affected neuronal
and microglial genes known to be essential for bedily nervous system development and
immune system, specifically microglia and, theref@uggesting a role for the immune system
in mediating epigenetic influences on neuronal typreent [18].

Based on these evidences it is possible to assumharty alteration of the microglial activity, as
a consequence dfIECP2 mutation, during the early postnatal period coptdfoundly affect
neural development, leading to defective maturatibsynaptic circuits and, thus, contributing

to RTT pathogenesis and progression [19].

Contribution of peripheral immunecellstoRTT

In addition to the CNS, an aberrant activated imensystem in RTT have been also described in
the periphery (Table 1). Since the body's immurstesy is known to actively interact with CNS
and vice versa, it is possible that any imbalances and dysfunstiof innate and adaptive

immune cells may then be translated into alteratiarbrain development and function [20].



Based on the report of Cronk et al. [14], MecpZaikeficy affected not only microglia function
but also induced abnormalities in several perighmecrophage populations and correlated with
an increased number of circulating neutrophils.this study, Mecp2-null mice in the pre-
phenotypic phase showed a loss of resident morn®eytd intestinal macrophages, while other
peripheral macrophage populations were lost pregrely at the late-phenotypic stage of the
disease. By using RNAseq analysis, the authors @dgealed that peritoneal macrophages
isolated fromMecp2-null mice displayed changes in genes related teaglorticoid signaling
and hypoxia responses. Furthermore, when stimulatedvivo with TNFa, peritoneal
macrophages frovlecp2-null mice exhibited an altered inflammatory respocharacterized by
up- or down-regulated expression of several dN€sponsive genes [14,21]. Based on these
results, Mecp2 could play an important role in tagng macrophage functions, the alteration of
which could contribute in part to RTT pathophys@lp also considering that the postnatal
Mecp2 re-expression in different populations ofues-resident macrophage and monocyte has
been shown to increase the lifespaMetp2-null mice [14,21].

On the other hand, as shown in a recent paper,oplagge-selective ablation of Mecp2 alone
was not sufficient to generate a RTT phenotypdarsiead induced obesity in mideg( enlarged
livers, as well as more abundant visceral and gabewus adipose tissue) [22]. This metabolic
imbalance was related to a compromised sympathetervation of brown adipose tissue with a
resulting disruption in energy expenditure [22,28]though no sign of inflammation was
evident {.e. no difference in INOS and TNF gene expression, Ihetp protein levels), pre-
obese mutant mice showed higher serum levels tihlepcytokine that can contribute to a low-
grade chronic inflammation in obese individuals aheady found increased in RTT patients

[24,25]; however, in this case, the translatiorthafse data to humans should be cautious since



RTT are not obese. Collectively, these findingsgasg) that also dysfunctionilecp2-deficient
macrophages could contribute to the metabolic corapbobserved in RTT patients [26].

Unlike Mecp2-null mice, no difference in microglia and macrogeanumbers or localization
was detected in mecp2-null zebrafish model that, nevertheless, showedrcsigns of systemic
inflammation {.e. overexpression of C reactive proteifilb andil10 genes) with increased
neutrophil infiltration in the gastrointestinal ¢ta[27]. Furthermore, deficiency of Mecp2 was
associated with decreaséafa expression, which did not even respond to an nmfhatory
stimulus, suggesting a direct role of Mecp2 asramunological modulator during zebrafish
development and inflammation [27].

In addition to the innate immune system, also ceflthe adaptive immune system such as
lymphocytes showed some abnormalities in RTT. While difference in lymphocyte
populations or activation status was revealed lypBis et al. [28] in 8 RTT patients, in a later
study, Fiumara et al. [29] reported different resulvith a reduced percentage of CD8
suppressor-cytotoxic T cells and a consequent aserén CDZ/CDS’ ratio in 20 RTT females.
Of note, patients under the age of 6 years hadewels of CD57 cytotoxic natural killer (NK)
cells and increased levels of soluble interleukie@ptor. These results could be indicative of a
defective defense against foreign antigens in RA9].[MECP2 mutation not only negatively
affectsin vitro growth of lymphocytes [30], but also alters thenscript levels of genes related
to their immune function including, for example, BZ(C-C motif chemokine ligand 5) that
induces lymphocytes and monocytes migration or NGR&ural cytotoxicity receptor3)
important for NK cell activity [31]. In addition, yomaintaining the stable expression of the
transcription factor Foxp3, Mecp2 has been impédatalso in the regulation of the

immunosuppressive activity of regulatory T (Treglls an indispensable T-cell subset



responsible for peripheral tolerance and prevengbrautoimmunity during inflammation or
infection [32]. Indeed, mice with Treg-specific eiébn of Mecp2 gene showed spontaneous
CD4" T-cell activation with increased IL-17 productiorgsulting in the development of
autoimmunity, skin lesions and wide tissue inflantoma infiltration [32]. On the other hand,
specific deletion of MeCP2 in CD4T cells impaired their differentiation into T helptype 1
(TH1) and TH17 cells due the failure in the MeCPiR124-SOCS5 axis required for the
activation of signal transducer of activation (STApathway [33]. Therefore, these results
support the evidence of the critical role playedhsy epigenetic regulator MeCP2 in influencing
the delicate balance between the different T-cddbsts.

As further evidence of the involvement of MeCP2he regulation of immune cell functions,
O'Driscoll et al. [34,35] have shown that MeCP2idehcy was associated with an enhanced
NF-xB signaling in human peripheral blood mononucledlsg(PBMCs) and human monocyte
line THP1. Moreover, NkB activation was also coupled to increased glutamaease as well
as upregulated expression levels of BINH-6, and IL-3 mMRNAs [4,5,35]. In line with these
studies, our recent work reinforced the idea obsasible role of Mecp2 deficiency in immune
dysfunction as suggested by a perturbed cytokieeickine profilej.e. high serum levels of IL-
8, IL-9, and IL-13, together with an abnormal ckdfumorphology observed in PBMCs isolated
from RTT patients [36]. In particular, the ultrasttural abnormalities with enlarged
mitochondria and disarranged cristae in RTT PBM@dd be indicative of a status of cellular
hyperactivation and impaired energy metabolismsuipport of these findings, a microarray
study on RTT PBMCs indicated an overexpressioneasfeg related to mitochondrial function
and organization, indicating a possible alteredrggneequirement in the immune cells [37].

Moreover, in a recent study, RTT PBMCs showed adso upregulated expression of



arachidonate 15-lipoxygenase (ALOX15), an enzymeplicated in the oxidation of
polyunsaturated fatty acids including linoleic aeitld generation of bioactive lipid metabolites
such as 13- and 9-hydroxyoctadecadienoic acids h8- 9-HODES) [38]. Indeed, ALOX15
transcript levels correlated with increased serewels of 13-HODE in patients, confirming the

involvement of PBMCs in RTT subclinical inflammati¢38].

Role of non-immune cellsin RTT immunological dysfunction

It is now generally accepted that also non-immuedisclike fibroblasts possess immune
properties and can participate in immune processeseleasing pro- and anti-inflammatory
mediators such as cytokines, chemokines, growtiof@nd antimicrobial agents. In particular,
a growing body of research suggests the involveréfibroblasts in pathological conditions
characterized by persistent chronic inflammatid.[3

In line with this evidence, recently our group dersioated an aberrant activation of NLRP3
inflammasome system in primary dermal fibroblastdated from RTT patients (Table 1) [40].
Inflammasomes are multi-protein complexes with atre role in innate immune responses to
microbial infection and cellular damage. Neverths]éhe abnormal expression and/or activation
of the inflammasomes have been associated with nuaffigrent human disorders. After
activation and assembly, NLRP3-ASC-caspase-1 cotapliead to the cleavage and release of
interleukin-B (IL-1B) and IL-18, proinflammatory cytokines linked to variety of innate
immune responses [41]. In our study, RTT fibroldasthibited a constitutively activated state of
NLRP3/ASC complex associated with increased celllgaels of both the components of the
inflammasome and IL{f4 Concomitantly, there was also a constitutive @arckranslocation of

NF-xB p65, mediator of the priming signal of inflammas® corroborating previous data from
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humanMECP2-deficient PBMCs and RTT mouse models (see nextosetor a more detailed
description of NFR¢B signaling in RTT) [34,35,40,42]. However, inflarasome machinery and
NF-xB p65 were unable to respond to pro-inflammatorgilehge in RTT fibroblasts [40]. It is
likely that the redox imbalance — linked to mitooddal dysfunction, NADPH oxidase
activation as well as defective antioxidant deferszan constitute the source of cellular stress-
signals that constantly stimulate inflammasome Tl Ribroblasts [40,43]. On the other hand,
the absence of response to proinflammatory stinmatould be explained by the fact that the
steady state in the activity of the inflammasome aleady reached its plateau in RTT cells.
These results obtained from patients primary defibnedblasts, which has been confirmed to be
a good model to study this disease [44], could Xieapolated to immune cells, justifying the
chronic inflammatory state and immune impairmergesbed in the disorder [4,5]. Indeed, an
inflammasome machinery constantly activated butthat same time inefficient, can cause
collateral damage to tissues and organs, incredisengulnerability of RTT patients to unknown
endogenous factors or infections such as thosealiy observed in the lower respiratory tract

and intestine [45,46].

NF-kB signaling pathway in RTT

As mentioned above, there is growing evidence sdimgpa role for NF¢<B signaling in RTT.
This pleiotropic transcription factor carries owykfunctions not only in innate and adaptive
immune responses, but also in inflammation. An eased NReB activity coupled with
upregulated gene expression of some pro-inflammatgtokines (.e. TNFa, IL-6, and IL-3)
was first demonstrated in MeCP2 deficient immunksdge. human PBMCs and THP1 cell

line) [34,35]. Recently, we also corroborated thessults, showing an increased nuclear
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translocation of NReB p65 coupled with high IL{1levels that could be related to a constitutive
activated state of NLRP3 inflammasome in primarynt# fibroblasts obtained from RTT
patients (see previous section) [40]. In addit@rranscriptome profile analysis of whole blood
samples from classic RTT and RTT-like patients idiexd in NF«B a shared altered pathway in
both subtypes of the syndrome [47]. In line witledé results, a microarray study on primary
cortical astrocytes from Mecp?” mice showed a dysregulated expression of someBF-
target genes, although no significant variationNif-kB DNA binding activity was detected
[48].

The molecular mechanisms underlying the activataté ©f NF«B in RTT could be explained
by the study of Kishi et al. [42] that detected abyerrant p65/RelA signaling linked toakl
overexpression in the cortex bfecp2-null mice. In particularMecp2 loss-of-function resulted
in loss of its transcriptional repression loakl levels, a kinase involved in the Toll-like recapto
(TLR) signaling pathway and N&B activation. InterestinglyMecp2-null cortical callosal
projection neurons displayed also a reduced dendamplexity that could be rescued by the
modulation of NF<B pathway, improving also health and lifespan ofer{42].

Similarly, nuclear p65/RelA levels were upregulaieaerebellar primary neurons frolhecp2-
null mice that also exhibited increased total pé%els in the brain [49]. In this study, the
dysregulated NReB signaling was linked to a cerebellum-specific agadation of glycogen
synthase kinase-3 beta (GSK}a&ctivity, since its inhibition could attenuatectear activity of
NF-xB and inflammation markers.€. I1L-1, IL-4, IL-12p70, and IL-17 levels) in the adyellar

area, increasing the lifespan of the animals [49].
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Taken together, these results suggest thakBlFeould play a significant role in RTT and
modulation of this signaling pathway by inhibitioh IRAK1 and/or GSK-B could be a future

therapeutic approach for improving patient quadityife (Figure 1).

Inflammatory mediatorsin biological fluidsof RTT patients

Alterations of immunological biomarkers in biologicfluids provide further evidence of
immune dysfunction in RTT. Several studies haveashohanges in circulating cytokines and
chemokines in RTT patients (Table 2). Recently,eByiet al. [50] first demonstrated the
predictive value of salivary testing to assess imeanflammatory alterations in RTT, showing
increased concentrations of 113;1IL-6, IL-8, IL-10, GM-CSF, TNFe. and VEGF in saliva
samples of affected patients. The authors alsoda@ustrong correlation between the cytokine
concentration and clinical severity score, furthaghlighting the potential negative impact of
immune deregulation in RTT clinical phenotype [50].

Previously, other two studies evaluated the cytlarpression patterns in RTT blood samples,
specifically plasma and serum [36,51]. Increasaetlte of IL-8, IL-9, and IL-13 have been
detected in serum samples of 12 RTT patients tisat ghowed a probable activated status of
PBMCs with abnormal morphology (see previous sagti®@6]. In particular, the increased
concentrations of IL-9 and IL-13 could be indicatiof a switch to Th2-related cytokines
involved in immune humoral responses such as afipooduction. A Th2-shifted balance with
increased plasma levels of several cytokings TNF-u, IL-4, IL-5, IL-6, IL-8, IL-17A, IL-33
and IL-37) was also proved in another study of &Bemts with classic RTT [51]. Contrariwise,
plasma levels of IFN?, IL-12p70, IL-22, TGF??1, IP-10, I-TAC, and RANTES were

significantly reduced in RTT compared to the confgooup. Cytokine changes were also
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associated with a proinflammatory status, as eweenby elevated values of erythrocyte
sedimentation rate [51], a prognostic marker oferall inflammation that depends on the
concentration of acute-phase response (APR) pst#ioulating in the blood.

In line with these data, a proteomic study confidntiee occurrence of a subclinical persistent
inflammation in RTT, revealing an altered abundaoL@&PR proteins in plasma of patients in
pseudo-autistic phase (stage K)g( upregulation of positive APR proteins, such ashaip-
antitrypsin and serum amyloid A-1 protein, and doegulation of negative APR proteins,
including apolipoprotein A1 and retinol-binding pem 4) [52]. Similar results with changed
expression of some APR proteinsg( alpha-1-antitrypsin and apolipoprotein Al) wersoal
obtained by examining the plasma proteome of symatic Mecp2-308 female mice [53], thus
making them an excellent model for future reseamctinderstanding the underlying molecular
mechanisms of the persistent low-grade inflammaitioRTT. In a different RTT mouse model,
i.e. Mecp2-null mice, the increased plasma levels of the Ap&tein “serum amyloid P
component” could be indicative of a severe systemilammatory response associated with
inflammatory lung injury due to aspiration pneunafB4]. Since also RTT patients have shown
some evidence of an underlying lung disease agsdciaith greater vulnerability to lower
respiratory tract infections [45], it is possibteltypothesize that this condition may contribute, a
least in part, to their systemic inflammatory ssatu

As previously mentioned, recently our group foumtréased levels of HODEs, oxidized
derivatives of linoleic acid, in serum samples fret® patients with classic syndrome. In
particular, the high concentrations of 13-HODE nugpend on the upregulation of ALOX15
transcript levels in RTT PBMCs [38]. It is knowrathALOX15 is strongly upregulated by IL-4

and IL-13, the levels of which are also increase®TT [36,51,55]. By contrast, 9-HODE can
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be generated by multiple enzymes and non-enzyrogitation of linoleic acid under oxidative
stress, a condition well established in RTT [4A4ting through the GPR132 receptor, 9-HODE
promotes proinflammatory events such as the relea$ie-6 and IL-8, which are increased in
RTT [36,51]. On the other hand, 13-HODE is a ligaftd PPAR/ and displays anti-
inflammatory and pro-resolving functions. Therefosence HODEs show both pro- and anti-
inflammatory properties [56], these results sugdiest the immune/inflammatory responses in
RTT could be more complex than expected.

A further aspect to be considered in RTT immuneetyglation is the involvement MECP2
gene polymorphism as a candidate risk factor fdoieumune conditions such as systemic
sclerosis, juvenile idiopathic arthritis and sysietapus erythematosus [33]. In this context, a
possible relationship between RTT and autoimmumigs demonstrated by an early study
showing an increase in serum levels of brain-de@autoantibodies specifically targeting the
neurotrophin nerve growth factor, the loss of whicbuld affect the development and
maintenance of nerve cells in both the periphandl@NS [57]. Furthermore, a later work found
low concentrations of folate in the cerebrospinaldf of RTT patients living in Northwest
Europe that could be explained by the presenceenins autoantibodies against the folate
receptor [58]. Finally, a study from Papini and cokers [59] observed in RTT patients a
significant increase in serum IgM autoantibodiegated against N-glycosylated targets which,
by influencing protein N-glycosylation rate, coydlhy a pathogenic role in the disorder.

Despite these results, other studies failed to destnate autoimmune processes in RTT,
reporting no differences in the levels of anti-thigr antibodies such as anti-thyroglobulin and
anti-thyroid-stimulating hormone receptor autoamdiles [60]. Nevertheless, the fact that

humoral immunity is aberrant in RTT is clearly baglodoubt. For example, RTT patients
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showed high serum levels of IgA antibodies agamisten, gliadin and casein proteins, a
phenomenon that could probably be linked to ane@mee in the uptake of some proteins from a
damaged intestinal epithelium [61]. Confirming thig/pothesis, alterations in intestinal
morphology and microbiota have been demonstrateMego2-null mice and RTT patients,
respectively [46,62]. In particulaklecp2-null mice showed abnormalities in the colon simita
those detected in colitis including colon and cryghtortening together with an aberrant
expression of membrane proteins involved in elégige absorption on intestinal epithelial cells
[62]. Moreover, a recent study suggested thatdiet microbiota diversity with enrichment in
pro-inflammatory species detected in the gut of TRd¥atients could correlate with a more
susceptibility to developing intestinal inflammataonditions able to alter the intestinal barrier
permeability [46]. It's worth mentioning at thisipbthat an altered gut microbiota in RTT could
act not only locally but also systemically, inflogmg immunity in other tissues and organs
including the brain. In this context, future stiglia RTT animal models could shed a light on
the role of the crosstalk between intestinal mimtzband immune function on the gut-brain

axis.

Conclusions

It is evident that immune/inflammatory dysfunctiansSRTT are not only clinical manifestations
and alterations of their parameters nor biomarkbtg rather can contribute to the
pathophysiology of this syndrome. From the studlescribed in this review, it is clear that
MECP2 mutation, resulting in the impairment of a myriafisignaling pathways and cellular
processes, affects the immune system sigdaberrant immune and non-immune cells, triggers

atypical phenomena of humoral and cell-mediatedumity in different tissues and organs with
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both local and systemic manifestations. Therefiris, plausible that alterations of the immune
system, starting from critical prenatal and posthdévelopmental windows, could participate in
the onset of the clinical symptoms of RTT and, thianits deteriorating course. Within this
context, the imbalance of redox homeostasis, aghenon widely documented in RTT, could
exacerbate the derangement of immune/inflammataocgsses, fueling the production of
proinflammatory mediators. The establishment of ¢hesstalk between a persistent low-grade
inflammatory response and oxidative stress leada tacious circle of chronic disturbance
known as oxinflammation that has been shown to pathophysiological mechanism involved
in this pathology [5,5,38,40].

A future challenge in the treatment of RTT, for @ahithere is currently no cure, could be the
development and identification of new therapeugerds able to modulate the compromised
immune response and, therefore, preventing therplate of oxidative and inflammatory
pathways. In this regard, some interesting resdtee from some studies evaluating the effects
of omega-3 polyunsaturated fatty acids3 PUFAS) supplementation on RTT immune function.
Dietary supplementation with-3 PUFAs for 12 months in a total of 24 RTT pateemas able

to partially rescue the altered plasma proteoneed|to APR (see previous section) [63]. In an
another study, a beneficial modulatory effectsne8 PUFAs on the altered profile of plasma
cytokines in RTT was observed associated with imgadoredox homeostasis and inflammatory
status [51]. The beneficial impact af3 PUFAs dietary intake is attributed mainly to ithe
bioactive metabolites such as resolvins and protedeneratedn vivo by cyclooxygenases,
lipoxygenasesand cytochrome P450 monooxygenases. In this cqntle&tdecreased serum
levels of HODEs detected by our groupwf8 PUFAs-supplemented RTT patients respect to the

not supplemented group could indicate a shift fribie production ofw-6 metabolites toward
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competitive and proresolving lipid mediators dedv®y -3 PUFAs [38]. Future investigations
could help to better clarify the molecular mecharssnvolved in the action af-3 PUFAs in
RTT, supporting their use in this rare disordert thi#ll do not have any effective treatment

options.
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Figurelegends

Figure 1. Proposed mechanisms of dysregulated NF-kB pathway in Rett syndrome. In
Mecp2-null mice, loss of Mecp2 function is associatedhwipregulated expression bfakl,
which is involved in NFR¢B activation [42]. Inhibition of increased activitgf GSK-3 in
Mecp2-null mice can attenuate NEB activation [49]. Increased nuclear translocatidMNF-«xB
can indirectly influence the expression of inflansm@ae components in primary dermal
fibroblasts of RTT patients [40]. Dashed lines aade indirect actions, while solid lines indicate
direct actions. IRAK1, interleukin 1 receptor asated kinase 1; TLR, toll-like receptor; IL,
interleukin; IL-1R, interleukin-1 receptor; MeCP®&ethyl-CpG binding protein 2; GSKB3

glycogen synthase kinase-3 beta; TNF, tumor nexfastor.
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Table 1. Cdlular specificinflammatory responsesin RTT.

In vitroand in vivo

Cytokine/chemokine/inflammatory Cellular /tissue effects

References

model /sour ces protein expression
Microglia Mecp2-null mice T glutamate release [9]
T tnf-o MRNA [14]
Dysregulated expression of genes [15]
related to innate immunity
T TNF-o release [16]
T CXCL1release [16]
T IL-10 release [16]
{IL-1B release [16]
No changesin IL-6 release [16]
No changesin INF-y release [16]
No changesin IL-12p70 release [16]
Mecp2-null zebrafish No changes [27]
Peripheral Mecp2-null mice Loss of resident monocytes [14]
immune cells
Loss of peripheral macrophages [14]
with disease progression
Mecp2-null zebrafish T C reactive protein mRNA No changes in macrophages; [27]
T il-1b mRNA T neutrophil infiltration [27]
1 il-10 mRNA [27]
{ tnf-o MRNA [27]
Human PBMC No changesin lymphocytes [28]
! CD8" suppressor-cytotoxic T
cells [29]
! CD57" cytotoxic natural killer
cels [29]
T NF-«xB signaling [34,35]
T glutamate release [34]
T tnf-a MRNA [35]
T il-6 mRNA [35]
T il-3 mRNA [35]
Abnormal cellular morphology [36]
with mitochondrial
ultrastructural alterations
1 il-8 MRNA [36]
1 il-13 mRNA [36]
1 il-15 mRNA [36]
 i1-9 mRNA [36]
T aox15 mRNA [38]
Non-immune Human fibroblasts T activation of NLRP3/ASC [40]
cells inflammasome
T NF-«B signaling [40]
Gut microbiota of { microbiota diversity [46]
patients
T pro-inflammatory microbial [46]

species

TNF, tumor necrosis factor; CXCL1, C-X-C motif chemokine ligand 1; IL, interleukin; IFN, interferon; NF-
kB, nuclear factor kappa-light-chain-enhancer of activated B cells; alox15, arachidonate 15-Lipoxygenase;
NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; ASC, apoptosis-associated speck-like protein

containing a CARD



Table 2. Evidence of dysregulated immune markersin RTT biological fluids.

Cytokine/chemokine/

inflammatory protein expression Peripheral biological fluids References
Altered APR proteins Human plasma, plasma from Mecp2-308 mice, plasma from [52, 53, 54]
Mecp2-null mice

T 13-HODE Human serum [38]

T GM-CSF Human saliva [50]

T IgA against gluten, gliadin and casein ~ Human serum [61]

T IgM AAB against N(Glc) Human serum [59]

T brain-directed AAB against NGF Human serum [57]

T IL-1p Human saliva [50]
TIL-4 Human plasma [51]
TIL-5 Human plasma [51]
TIL-6 Human plasma, human saliva [50, 51]
TIL-8 Human serum, human plasma, human saiva [36, 50, 51]
TIL-9 Human serum [36]

T IL-10 Human saliva [50]

{ IL-12p70 Human plasma [51]
TIL-13 Human serum [36]

T IL-17A Human plasma [51]

L IL-22 Human plasma [51]

T IL-33 Human plasma [51]

T IL-37 Human plasma [51]

T soluble IL-2 receptor Human serum [29]

T TNF-a Human plasma, human saliva [50, 51]

T VEGF Human saliva [50]

! IFN-vy Human plasma [51]

L IP-10 Human plasma [51]
VI-TAC Human plasma [51]

! RANTES Human plasma [51]

! TGF-B1 Human plasma [51]

APR, acute-phase response proteins; HODE, hydroxyoctadecadienoic acid; GM-CSF, granulocyte-
macrophage colony-stimulating factor; AAB, autoantibodies; N(GIc), N-glucosylation; IL, interleukin; TNF,
tumor necrosis factor; VEGF, vascular endothelial growth factor; IFN, interferon; I1P-10, interferon gamma-
induced protein 10 (aias CXCL10); I-TAC, Interferon-inducible T-cell alpha chemoattractant (aias
CXCL11); RANTES, regulated on activation, normal T cell expressed and secreted (alias CCL5); TGF,
transforming growth factor.
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Highlights

* Lossof MeCP2 function has profound impact on RTT immune system.
» Dysfunctiona immune responses can participate in onset and progression of RTT.

» Targeting aberrant immune function as a therapeutic strategy for RTT management.
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