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Abstract 

Methyl-CpG binding protein 2 (MeCP2) was one of the first methyl-CpG binding 

proteins identified. Since its discovery, MeCP2 has been shown to be an essential 

regulator of gene transcription via its role in orchestrating transcriptional complexes 

associated with methylated CpG islands in the genome. In 1999, mutations in MeCP2 

were identified as the primary cause of Rett syndrome. Several years later, another 

MeCP2-related neurodevelopmental disorder was identified, called MeCP2 duplication 

syndrome. Due to the clear association of both disorders with neurologic pathology, and 

the high levels of MeCP2 expressed by neurons, it was largely assumed that the complete 

etiology of disease in both disorders was explained by defects in neuronal function. 

However, it has since become clear that many cells throughout all tissues express and 

require MeCP2 for their normal function. Thus, understanding both the basic biology and 

disease relevance of MeCP2 in non-neuronal cell types has become an important 

question. This is particularly true for the immune system, where nearly every cell 

expresses MeCP2. 

 Presented here is evidence for the importance of MeCP2 in function of the 

immune system; 1) MeCP2 regulates microglia and macrophage gene expression in 

response to multiple stimuli, and 2) overexpression of MeCP2 leads to a dysfunctional 

immune response and mortality upon influenza A infection. Together, these results 

demonstrate that MeCP2 is an important regulator of immunity in multiple contexts, and 

thus immune roles for MeCP2 should be considered as a fundamental aspect of MeCP2 

function. 
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Chapter 1 

Introduction 

 

The discovery and function of MeCP2  

Methyl-CpG binding protein 2 (MeCP2) was discovered and characterized in the lab of 

Adrian Bird in 1992 (Lewis et al., 1992; Meehan et al., 1992). It was one of the first 

proteins discovered that specifically bound methylated CpG sites in the genome, and thus 

at the time, the function of these proteins was not well understood. Methyl-CpG binding 

proteins have since become known as one of the most important epigenetic regulators of 

gene expression in eukaryotic cells (Jaenisch and Bird, 2003). Typically, such regulation 

occurs in CpG islands, which are on average 1000 base pairs long and contain a high 

density of cytosine and guanine, and thus a high density of CpG sites (Deaton and Bird, 

2011). CpG islands are usually located within or proximal to the promoter of mammalian 
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genes in the 5’ region and, when methylated, allow for methyl-CpG binding proteins to 

bind the site (Deaton and Bird, 2011). Methyl-CpG binding proteins, including MeCP2, 

have been shown to mediate transcriptional repression when bound to the methylated-

CpG islands proximal to the gene in question (Boyes and Bird, 1991, 1992; Jones et al., 

1998; Nan et al., 1998; Yu et al., 2000). MeCP2 binds to a single methylated-CpG, unlike 

other methyl-CpG binding proteins/complexes that require multiple methylated-CpG sites 

for their binding to DNA (Meehan et al., 1992). Thus, MeCP2 is poised as a high-affinity 

and sensitive DNA binding partner, which coats the genome at nearly any available 

methyl-CpG (Skene et al., 2010). 

 MeCP2 exerts transcriptional control via recruitment of binding partners. The first 

identified binding partner was the co-repressor Sin3a (Jones et al., 1998; Nan et al., 

1998), and has since been shown to interact with additional binding partners in 

conjunction with Sin3a, such as PU.1 (Suzuki et al., 2003). The recruitment of Sin3a by 

MeCP2 is also associated with recruitment of histone deacetylases (HDACs), which 

mediate chromatin remodeling, and thus transcriptional repression of the targeted locus 

(Jones et al., 1998; Nan et al., 1998). It was also shown that MeCP2 binds the 

NCoR/SMRT co-repressor complex (Kokura et al., 2001; Lyst et al., 2013), and that this 

interaction can be controlled in an activity-dependent manner via phosphorylation of the 

MeCP2 protein (Ebert et al., 2013). MeCP2 additionally interacts with c-Ski (Kokura et 

al., 2001) and the REST/CoREST repressor complexes (Lunyak et al., 2002). In all, 

MeCP2 has been well established as a key binding partner for many transcriptional 

repressors, and this list may continue to grow. 
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While transcriptional repression is a clear primary function of MeCP2, it has also 

been shown to mediate transcriptional activation (Chahrour et al., 2008). This came as a 

surprise, because it had previously been thought that MeCP2, like other methyl-CpG 

binding proteins, functioned only to repress transcription via its binding to methylated 

CpG sites in promoter regions. However, the evidence in this work suggests that MeCP2 

can also serve as a transcriptional activator when CREB1 functions as a binding partner 

(Chahrour et al., 2008). 

 The potential roles of MeCP2 in epigenetic regulation have been further 

expanded, as additional nucleotide binding partners (Mellen et al., 2012) and evidence for 

a more global role in chromatin structure (Skene et al., 2010) have been uncovered. The 

discovery that MeCP2 binds 5-hydroxymethylcytosine (5hmC) in addition to its classical 

binding of 5-methylcytosine (5mC) was not only surprising due to the fundamentally new 

function for MeCP2, but also the fact that genes with high 5hmC content are generally 

transcriptionally active (Mellen et al., 2012). This gives support to evidence that MeCP2 

can mediate transcriptional activation (Chahrour et al., 2008), and suggests that 5hmC 

binding by MeCP2 may represent an important component of transcriptional activation 

by MeCP2. 

 Although the evidence is strong that MeCP2 is a central regulator of transcription, 

studies examining the overall effect of MeCP2 on gene transcript levels gave the 

surprising result that relatively small variations are seen when MeCP2 is deleted or 

overexpressed, typically no more than two-fold up or down (Ben-Shachar et al., 2009; 

Tudor et al., 2002). This result is surprising not only because of MeCP2’s involvement in 
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a wide-array of transcriptional complexes and ubiquitous binding across the genome 

(Skene et al., 2010), but also the fact that disruption of MeCP2 leads to severe 

neurodevelopmental disorders (Amir et al., 1999; Van Esch et al., 2005). This relatively 

small effect on individual gene transcription is an unsatisfying answer to the question of 

not only what the role of MeCP2 is in the larger-scale function of the cell, but also how 

alterations of its expression can lead to such severe health consequences.   

 

Clinical features and natural history of Rett syndrome 

Rett syndrome was first described by the Austrian neurologist Andreas Rett in 1966 

(Rett, 1966), although the syndrome was not coined as such until 1983 when Bengt 

Hagberg made the connection between Rett’s findings and the clinical features of a 

population of 35 patients (Hagberg et al., 1983).  Part of this delay in the recognition of 

Rett syndrome may have been due to the fact that Rett’s initial publication was written in 

German, while Hagberg’s was in English; regardless, Hagberg was kind enough to give 

Rett credit for first recognizing the syndrome which now bears his name. 

 Rett syndrome can be best characterized as a progressive neurodevelopmental 

syndrome, whereby early development is apparently normal, with a sharp decline or 

delay in developmental progress occurring between 6-18 months of age (Chahrour and 

Zoghbi, 2007).  As the disease progresses, patients continue to experience additional and 

both accelerating and/or diminishing symptoms with age, until progression may 

eventually plateau (Chahrour and Zoghbi, 2007). One of the first symptoms is a reduction 

of head growth, potentially leading to microcephaly by two years of age (Chahrour and 
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Zoghbi, 2007; Hagberg, 2002). In general, once symptoms begin, there is significant 

developmental delay, and while some patients may have begun to learn to walk, or speak 

some words, regression or failure to progress in these areas ensues (Chahrour and 

Zoghbi, 2007).  In addition to microcephaly, patients experience general growth deficit 

accompanied by muscle hypotonia, which compounds the growth problems. As the 

disease progresses, patients will manifest additional neurologic phenotypes, such as hand 

stereotypies characterized by hand wringing, flapping, patting, clapping etc., which are 

unique to each patient (Chahrour and Zoghbi, 2007; Hagberg, 2002; Neul et al., 2010). In 

addition to hand motor deficits, patients also develop both ataxia and gait apraxia, which 

make typical ambulation difficult, leading to many patients being wheelchair bound 

(Chahrour and Zoghbi, 2007; Hagberg, 2002). Breathing abnormalities are also prevalent. 

Girls may experience episodic hyperventilation, breath holding spells, and waking apneas 

(Chahrour and Zoghbi, 2007; Hagberg, 2002). 

One of the most variable, but potentially severe complications is seizure. 

Compared to other mental retardation syndromes, Rett syndrome has a relatively late 

onset of epileptic seizures at a median of 4 years in Rett versus 0.8 years of age in other 

mental retardation (Hagberg, 2002; Steffenburg et al., 2001). Patients may experience 

partial complex or tonic-clonic seizures, and the severity may range from an easily 

controlled seizure disorder to intractable epilepsy (Chahrour and Zoghbi, 2007). 

Although there is significant variability in the severity of seizures, they are particularly 

penetrant throughout the Rett syndrome population, with one study finding a history of 

epilepsy in 94% of Rett subjects (50 out of a cohort of 53 Swedish patients) (Steffenburg 
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et al., 2001).  Interestingly, seizures typically decrease after the teenage years, and may 

be a minor problem in adulthood (Chahrour and Zoghbi, 2007). 

Girls suffering from Rett syndrome experience impaired social interaction, which 

is of course exacerbated by deficits in language development. These features were 

originally characterized as autistic in nature, and thus Rett syndrome was originally 

included in the autism spectrum disorders (ASD). However, as of the diagnostic and 

statistical manual of mental disorders 5 (DSM-5), Rett syndrome is no longer included in 

ASD (American Psychiatric Association. and American Psychiatric Association. DSM-5 

Task Force., 2013). This was accompanied by a significant reorganization in the 

classification of ASD, which included the removal of other previously unique diagnoses, 

such as Asperger’s syndrome, and their lumping into a single ASD diagnosis. Due to the 

unique nature of Rett syndrome, the decision was made in the DSM-5 not to include Rett 

syndrome under the single ASD diagnosis. 

Additional peripheral features develop as the disease progresses. Scoliosis and 

osteoporosis are prominent (Chahrour and Zoghbi, 2007; Hagberg, 2002; Motil et al., 

2014). In addition, gastrointestinal problems are common, including chewing difficulties, 

gastroesophageal reflux, constipation, and occasional biliary tract disorders (Hagberg, 

2002; Motil et al., 2012). These gastrointestinal complications may significantly 

contribute to the general growth deficit and nutritional deficiencies observed in Rett 

syndrome patients (Motil et al., 2012). Autonomic function is also disrupted, including 

peripheral vascular/vasomotor dysfunction and cardiac abnormalities, with prolonged QT 

interval and abnormal heart rate representing prominent manifestations of this aspect of 
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disease (Chahrour and Zoghbi, 2007; Ellaway et al., 1999; Glaze, 2005; Hagberg, 2002; 

Neul et al., 2010; Sekul et al., 1994). Patients may also experience bruxism, air 

swallowing, laughing spells, elevated anxiety, and even Parkinsonian features by the late 

stages of disease (Chahrour and Zoghbi, 2007; Hagberg, 2002, 2005; Neul et al., 2010; 

Roze et al., 2007). 

Although Rett syndrome results in many severe complications, most patients do 

survive into their adult years, although these individuals suffer from increasing 

debilitation and diminished quality of life (Chahrour and Zoghbi, 2007). A British survey 

found an annual mortality rate of 1.2%, with 26% sudden, unexpected deaths. 48% of 

deaths occurred in debilitated patients and were not sudden or unexpected (Kerr et al., 

1997). A potential explanation for the high number of sudden unexpected deaths may be 

the development of prolonged QT intervals, and thus subsequent catastrophic cardiac 

arrhythmia may represent a significant cause of mortality (Ellaway et al., 1999; Sekul et 

al., 1994). Regardless of the specific cause of death in these patients, the majority of girls 

suffering from Rett syndrome may survive well into their teen and adult years, and must 

endure the progressive complications of this devastating neurodevelopmental disorder 

throughout their lives. 

 

The genetic basis of Rett syndrome 

Rett syndrome is primarily caused by mutations in MeCP2 (Amir et al., 1999), which 

resides on the X-chromosome. This was discovered in the lab of Huda Zoghbi by 

screening for mutations within Xq28, a region of the X chromosome that had been 
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previously linked to Rett syndrome (Amir et al., 1999). Due to its X-linked nature, Rett 

syndrome patients are overwhelmingly female, because the relatively rare males with 

MeCP2 mutations (Jan et al., 1999) tend to suffer much more severe outcomes, with 

death typically occurring within the first year of life (Chahrour and Zoghbi, 2007). This 

can most likely be explained by genetic differences between males and females due to X-

inactivation. Females inheriting MeCP2 mutations will possess both normal and MeCP2-

mutant cells. Due to random inactivation of X chromosomes, each individual female cell 

will only express one allele of MeCP2. Therefore, any given female cell will only express 

either the normal or mutant version of the protein, creating a situation where MeCP2-

normal and MeCP2-mutant cells coexist in the same individual. However, males possess 

only one X chromosome. Thus, males with mutation of MeCP2 will express the mutant 

gene product in all cells, making the mutation fully penetrant throughout the body. This 

results in the most severe potential disease outcomes, including death within 1 to 3 years 

of age (Chahrour and Zoghbi, 2007). 

Interestingly, it has been shown that MeCP2 expression increases during brain 

development in rodents, and correlates with neuronal maturation (Jung et al., 2003; Kishi 

and Macklis, 2004; Mullaney et al., 2004; Shahbazian et al., 2002). This finding has been 

corroborated in human samples as well (Balmer et al., 2003). This suggests that the early 

normal development observed in Rett syndrome patients may be explained by lower 

levels of MeCP2 expression in all female patients until about 6-18 months of age, when 

MeCP2 expression may normally increase and be required for development from that 

point forward. However, in patients with Rett syndrome, the lack of functional MeCP2 
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expression when it would normally be required likely results in a failure to effectively 

continue healthy development, and pathology ensues. 

Since the discovery that mutations in MeCP2 are the major cause of Rett 

syndrome, over 300 different mutations have been identified (Christodoulou et al., 2003). 

This may help to explain the significant phenotypic variability observed in Rett syndrome 

patients, and in support of this concept, it has been shown that specific mutations are in 

fact predictive of disease outcome and severity (Cuddapah et al., 2014; Neul et al., 2014). 

This complicates the scientific study of Rett syndrome, because it suggests significant 

complexity in the function of MeCP2 that cannot be elucidated by simply deleting the 

protein in its entirety. Thus, it might be prudent to consider the study of MeCP2 and Rett 

syndrome as related, but not identical pursuits. However, as with many things in science, 

the most logical approach may be to first understand what MeCP2 does in its totality 

within a cell, with either concurrent or follow up studies employing such basic science 

knowledge to unravel the increased complexity present in the human disorder. 

On top of the complexity introduced by the hundreds of MeCP2 mutations, one 

must also consider the fact that the majority of patients, who are females, will contain 

within their tissues both cells expressing normal MeCP2 protein and other cells 

expressing mutant MeCP2 protein. Thus, the study of Rett syndrome in female patients is 

not only a study of the effects of MeCP2 mutation, but it is also a study of the interaction 

between MeCP2-normal and MeCP2-mutant cells in a single organism. In addition, the 

degree of X inactivation skewing can further influence disease outcomes by either 

increasing or decreasing the ratio of MeCP2-mutant to MeCP2-normal cells in the 
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patient. These additional layers of complexity highlight the need to both study the basic 

functions of MeCP2 in a more “pure” system (such as complete removal or 

overexpression of the protein in all cells), and to simultaneously utilize this knowledge to 

inform studies of the more complex situation which exists in Rett syndrome patients. 

 

MeCP2 duplication syndrome 

While MeCP2 mutations were identified as the genetic cause of Rett syndrome in 1999, it 

was not until years later that duplication of the gene was found to also result in a 

neurodevelopmental disorder, now termed MeCP2 duplication syndrome (Van Esch et 

al., 2005). In more rare instances, triplication of MeCP2 has been identified, resulting in a 

more severe form of the disease (del Gaudio et al., 2006). The exact genetic defect has 

been identified as a duplication of the Xq28 region of the X chromosome, which contains 

the MeCP2 gene (del Gaudio et al., 2006; Friez et al., 2006; Meins et al., 2005; Ramocki 

et al., 2009; Ramocki et al., 2010; Sanlaville et al., 2005; Smyk et al., 2008; Van Esch et 

al., 2005). 

A disorder due to MeCP2 gene overexpression was actually predicted based on 

mouse models prior to its discovery in humans, as overexpression of the human MeCP2 

protein in mice resulted in neurologic abnormalities, including seizures, spasticity, 

kyphosis, and hypoactivity (Collins et al., 2004; Ramocki et al., 2010). Interestingly, 

these mice displayed increased motor learning and synaptic plasticity (Collins et al., 

2004), although humans with MeCP2 duplication syndrome do not display any cognitive 
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or learning advantages, with negative consequences of gene duplication dominating in 

patients (Ramocki et al., 2010). 

 Unlike Rett syndrome, MeCP2 duplication syndrome is typically found in males 

(Ramocki et al., 2010). However, similar to Rett syndrome, the X-linked nature of 

MeCP2 explains the sex-based demographics of the disease. Following the same 

principles leading to more severe outcomes in males with MeCP2 mutations, males 

inheriting MeCP2 duplication will express the duplicated X chromosome in all cells, due 

to the fact that males possess only one X chromosome. However, a curious dichotomy 

between mutation and duplication of MeCP2 exists in the fact that females inheriting 

MeCP2 duplication have been shown to skew almost 100% towards the normal X 

chromosome (Ramocki et al., 2009; Ramocki et al., 2010). This means that, unlike 

MeCP2 mutation and Rett syndrome, females with MeCP2 duplication will not display 

severe symptoms, and thus will go through life unaware that they are carriers of a genetic 

abnormality capable of causing severe problems in their male offspring (Ramocki et al., 

2009; Ramocki et al., 2010). On close examination, however, females with MeCP2 

duplication are found to have more subtle abnormalities which are not specifically 

diagnostic for MeCP2 duplication, such as depression, compulsivity, anxiety, and autistic 

features (Ramocki et al., 2009; Ramocki et al., 2010). An outstanding question remains as 

to why MeCP2 duplication results in favorable X skewing, while MeCP2 mutation does 

not. The fact that MeCP2 duplication induces such changes in X skewing suggests that 

intrinsic mechanisms for detecting abnormalities of MeCP2 within the cell (and/or 
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proximal genetic regions) may exist, and if understood might represent an avenue for 

therapeutic exploitation. 

 While the study by Ramocki et al. demonstrated overall favorable X-skewing in 

females with MeCP2 gene duplications (Ramocki et al., 2009), more recent case studies 

have identified females with symptomatic MeCP2 duplication syndrome and either 

random X skewing (Grasshoff et al., 2011; Makrythanasis et al., 2010; Mayo et al., 2011; 

Shimada et al., 2013a), or in one case, an unfavorable skewing pattern (a ratio of 12:88 in 

one case, with the X chromosome containing the duplication dominating) (Shimada et al., 

2013b). Interestingly, in the case of the female with an unfavorable skewing pattern, the 

mother was also assessed for X inactivation, and it was found that she had a random X 

inactivation pattern, but did not display disease phenotype (Shimada et al., 2013b). 

Although it is still assumed that most females will be asymptomatic carriers due to 

favorable X skewing, these cases highlight the fact that in some instances, symptomatic 

females with MeCP2 duplication syndrome will occur, and therefore such a potential 

diagnosis should not be automatically ruled out. 

 The clinical features of MeCP2 duplication syndrome somewhat mirror those of 

Rett syndrome, however there are several distinguishing features that change the focus of 

treatment for these patients. MeCP2 duplication syndrome, like Rett syndrome, will result 

in epileptic seizures, motor dysfunction including hypotonia and ataxia, growth 

deficiencies including microcephaly, bruxism, and speech impairment may all be present 

(Chahrour and Zoghbi, 2007; Friez et al., 2006; Ramocki et al., 2009; Ramocki et al., 
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2010; Van Esch et al., 2005). MeCP2 duplication patients are also characterized by 

progressive spasticity, facial dysmorphia, and severe mental retardation. 

Unlike Rett syndrome, patients with MeCP2 duplication syndrome experience 

significant mortality, with almost 40% of patients dying before the age of 25 (Ramocki et 

al., 2010). The major cause of mortality is recurrent respiratory infections, although 

patients will also experience ear and sinus infections, with an overall incidence of 

recurrent infection in 75% of patients (Friez et al., 2006; Ramocki et al., 2010; Van Esch 

et al., 2005). This differentiates MeCP2 duplication syndrome from Rett syndrome, as no 

known susceptibility to infection occurs in Rett and the risk of mortality is substantially 

less (Chahrour and Zoghbi, 2007). While recurrent infections, especially in the 

respiratory tract, represent a major cause of morbidity and mortality, few scientific 

investigations have been performed towards understanding the etiology of this aspect of 

disease. 

Neurologic failures may contribute to infections via esophageal dysfunction 

(which may lead to aspiration pneumonia). However, several groups have identified 

primary defects of the immune response in the context of MeCP2 overexpression. In mice 

and patients, it was shown that T helper 1 (Th1) skewed T cells, which are important for 

clearance of many pathogens, are deficient in production of an important canonical 

cytokine, interferon gamma (IFNγ) (Yang et al., 2012). This was postulated to explain a 

failure to clear infections in patients. Another group observed that MeCP2 overexpressing 

mice naturally develop anti-nuclear antibodies, which are associated with autoimmune 

disease (Koelsch et al., 2013). An analysis of the immune status in patients did not 
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measure any baseline T cell abnormalities, including a finding of normal IFNγ 

production, however they did measure significant abnormalities of antibody production 

and an excessive acute phase response in the context of infection (Bauer et al., 2015). 

Interestingly multiple groups have identified antibody abnormalities, including a 

deficiency of immunoglobulin A (IgA) (Bauer et al., 2015; Friez et al., 2006). This may 

be an important finding, as the infections seen in patients all share in common a mucosal 

site (respiratory tract, ear, sinus), and IgA is central to mucosal immunity (Macpherson et 

al., 2008). Additional work is needed to further understand the picture of immune 

function in the context of MeCP2 duplication. Given the fact that respiratory infections 

are the major cause of death (Ramocki et al., 2010), infection control represents one of 

the most pressing unmet needs of patients. A better mechanistic understanding of the 

immune failures leading to recurrent infection in patients may realistically lead to 

treatments, which will greatly improve lifespan and quality of life. 

 

Mouse models of Rett syndrome and the role of MeCP2 in neurons 

From the initial discovery that mutations in MeCP2 lead to Rett syndrome (Amir et al., 

1999), it was expected that the protein would play a critical role in neuronal function. 

This was a logical assumption due to the severe neurologic sequelae inherent to Rett 

syndrome, as previously discussed. Mecp2-null mouse models were developed in the labs 

of Rudolph Jaenisch and Adrian Bird, two prominent figures in the study of methyl-CpG 

binding proteins, with the latter having discovered MeCP2 nearly a decade earlier (Lewis 

et al., 1992; Meehan et al., 1992). The features of both Mecp2-null mouse lines 
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confirmed neurologic pathology is associated with deletion of Mecp2 in mice (Chen et 

al., 2001; Guy et al., 2001). Primary features of Mecp2-null mice included hindlimb 

clasping (thought to arise from central nervous system (CNS) impairment in mice), 

impaired gait, abnormal weight, tremors, breathing disturbances, tooth and jaw 

misalignment, and peripheral autonomic dysfunction including cold extremities (Chen et 

al., 2001; Guy et al., 2001). In both models, the Mecp2-null male mice died between 6-12 

weeks of age, whereas Mecp2-heterozygous female mice lived several months prior to 

the onset of comparatively mild symptoms, and did not exhibit early mortality. The 

severe outcome in Mecp2-null male mice as compared to Mecp2-heterozygous female 

mice agreed with findings in humans with MeCP2 loss-of-function mutations, because 

males generally die very young and have a much more severe form of the disease, as 

previously discussed (Chahrour and Zoghbi, 2007). 

 A curious finding was the fact that in the Mecp2-null model developed in the Bird 

lab, animals were assessed on both a pure C57BL6 and C57BL6/129 F1 background. On 

the C57BL6 background, the animals were smaller than their wild type littermates, with 

an average peak weight between 10-15g (versus ≥20g for wild type littermates). 

However, Mecp2-null mice on the C57BL6/129 F1 background were the same size as 

wild type littermates initially, and even began to exceed the weight of wild type mice due 

to increased fat deposition (Guy et al., 2001). This raises an important aspect of working 

with a complex epigenetic regulator, because although MeCP2 clearly plays a role in 

growth and development, the exact outcome of Mecp2 perturbation in mice may depend 

heavily upon the genetic background strain selected, since the core function of MeCP2 is 



 
 
 
 

Chapter 1: Introduction  16 

 

to regulate the expression of a plethora of other genes (Chahrour et al., 2008; Tudor et al., 

2002). Thus, epigenetic or allelic differences between different strains of mice may 

significantly alter how Mecp2 interacts with any other number of transcriptional targets, 

resulting in apparently opposing phenotypes, as seen in this example. There may be 

similar background strain-dependent phenotypes, many of which researchers are 

completely unaware of, littered throughout the MeCP2 literature, and thus the proper 

reporting and consideration of background strain is absolutely essential for the 

responsible conduct of research in this arena to avoid confusion over such apparent 

inconsistencies. 

 In the original studies, both groups reported that NestinCre mediated excision of 

Mecp2 resulted in similar disease phenotype to Mecp2-null animals (Chen et al., 2001; 

Guy et al., 2001). These experiments were taken as evidence that neurons are the primary 

drivers of pathology, although it was acknowledged that Nestin is in fact expressed in 

glial cells as well (Guy et al., 2001). No survival data was presented for NestinCre mice, 

so it is unclear whether lifespan was comparable to Mecp2-null. In the study from 

Jaenisch’s lab, a second cre thought to be more specific to neurons was used, CamKCre93. 

This resulted in a milder, delayed form of disease, with animals remaining healthy for up 

to three months, a time point when Mecp2-null mice have all died (Chen et al., 2001). 

However, between the NestinCre and CamKCre93 models of Mecp2 deletion, a conclusion 

was drawn that disease caused by Mecp2-deficiency in mice is due to loss of Mecp2 in 

neurons, and not glia or other somatic cell types (Chen et al., 2001). 
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Importantly, it has since been found that key populations of cells in the periphery 

also express nestin, such as mesenchymal stem cells in the bone marrow (Mendez-Ferrer 

et al., 2010), thus conclusions that the effects of NestinCre are solely due to loss of Mecp2 

in neurons and glia can no longer be considered valid. When this is coupled with the fact 

that the more neuron-specific cre, CamKCre93, resulted in a much milder form of disease, 

the neuron-only model of disease begins to appear overly simplistic. Indeed, while some 

models were able to ameliorate symptoms in otherwise Mecp2-null mice via expression 

of Mecp2 under Tau, Nestin, or, CamKII promoters (Giacometti et al., 2007; Luikenhuis 

et al., 2004), another group was unable to recapitulate any benefit from Mecp2 expression 

under the CamKII promoter, which was confirmed to result in widespread Mecp2 

expression throughout the forebrain, or the neuron-specific Eno2 promoter, which was 

confirmed to result in Mecp2 expression throughout the striatum, hippocampus, superior 

colliculus, and cerebellum (Alvarez-Saavedra et al., 2007). These conflicting studies 

bring into question whether or not disease is truly driven by Mecp2 deficiency in neurons 

alone, or if an experimental artifact, such as unexpected expression of Mecp2 in cells that 

were not interrogated in specific studies, may point to a more complex etiology of 

disease. 

 Regardless as to whether or not disease is caused by Mecp2-deficiency in neurons 

alone, a large body of literature has supported the importance of MeCP2 in neurons of 

many subtypes (Guy et al., 2011). It was reported in the original study of Mecp2-null 

mice from Jaenisch’s lab that the overall brain size and neuronal soma size was reduced 

in Mecp2-null mice (Chen et al., 2001). Since then, many cre-mediated approaches have 
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removed the protein from specific neuronal subtypes, and have found limited deficits 

throughout the brain (Guy et al., 2011). Loss of Mecp2 from aminergic neurons in mice 

using ThCre or Pet1Cre resulted in no change in lifespan, but changes in activity level 

(hypo- or hyperactivity, respectively), increased aggression in Pet1Cre conditional 

knockouts, and an overall reduction in neurotransmitter production by the targeted 

neuronal subtypes in each model were observed (Samaco et al., 2009). Sim1Cre 

conditional Mecp2 knockout in hypothalamic neurons resulted in normal life span with 

enhanced physiologic response to stress, hyperphagia and obesity accompanied by 

increased levels of leptin in later life, and increased aggression (Fyffe et al., 2008). 

Importantly, these mice were bred to a 129/FVB F1 background, which as previously 

discussed (Guy et al., 2001), may have significantly affected the obesity phenotype 

observed in Sim1Cre conditional Mecp2 knockout mice. Conditional knockout was also 

performed in parvalbumin and somatostatin–positive neurons, also resulting in partial 

disease phenotypes (Ito-Ishida et al., 2015). As previously mentioned, CamKIICre 

mediated deletion of Mecp2 results in mild phenotypes compared to Mecp2-null animals 

(Chen et al., 2001), and further characterization revealed that specific deficits include 

hindlimb clasping, impaired coordination, increased anxiety, and impaired social 

behavior with relatively normal lifespans (Gemelli et al., 2006).  

Viaat-mediated deletion of Mecp2 from GABAergic neurons resulted in reduction 

of Gad1, Gad2, and GABA expression in those neurons, with reduced survival (~50% by 

26 weeks), repetitive behavior, self-injury, coordination impairment, progressive 

hypoactivity, increased social behavior, and breathing dysfunction (Chao et al., 2010). In 



 
 
 
 

Chapter 1: Introduction  19 

 

the same study, Dlx5/6-mediated Mecp2 deletion in forebrain GABAergic neurons alone 

resulted in some of the functional impairments, but did not affect lifespan. This was 

interpreted to indicate that hindbrain GABAergic neurons targeted in the ViaatCre 

conditional Mecp2 knockout may drive mortality, specifically through respiratory 

dysfunction (Chao et al., 2010), however the possibility still exists that some off-target 

deletion of Mecp2 in ViaatCre mice may contribute to differences with Dlx5/6-mediated 

excision. 

In addition to cre-mediated manipulation of Mecp2 expression in mice in vivo, 

specific neuronal functional defects have also been measured. Synaptic plasticity has 

been implicated as a major altered function in either the case of Mecp2-deletion (Asaka et 

al., 2006), or overexpression (Collins et al., 2004). In the case of Mecp2-null mice, 

hippocampal long-term potentiation (Guy et al., 2007; Weng et al., 2011) and long-term 

depression were impaired in an age and disease-dependent manner (Asaka et al., 2006). 

Reduced long-term potentiation was also observed in another mouse model of Rett 

syndrome in which a human loss-of-function mutation was inserted into mice 

(Mecp2308/y) (Moretti et al., 2006). MeCP2 also directly regulates the number of 

glutamatergic synapses in hippocampal neurons (Chao et al., 2007). In this study, Mecp2-

null neurons were shown to have an almost 50% reduction in their excitatory synaptic 

response, while MeCP2Tg1 neurons, which have an inserted human MeCP2 gene resulting 

in approximately two-fold overexpression of MeCP2, displayed a two-fold increase in 

synaptic response (Chao et al., 2007). This reciprocal relationship between glutamatergic 
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synapse number, and consequential change in synaptic response, gives strong evidence 

that MeCP2 directly regulates glutamatergic synapse number in hippocampal neurons. 

Together, these studies demonstrate that MeCP2 is required for healthy neuronal 

function. MeCP2 appears to regulate several functions, including neurotransmitter 

production, synaptic plasticity, and excitatory/inhibitory balance (Dani et al., 2005; Guy 

et al., 2011; Nelson et al., 2006). Importantly, loss of MeCP2, and thus Rett syndrome, is 

not a neurodegenerative process (Chahrour and Zoghbi, 2007), and thus significant 

neuron loss is not a feature of the disease. 

Regardless as to the specific role of MeCP2 in neurons, and the overall 

importance of neuronal MeCP2 in the etiology of disease, an important study 

demonstrated that postnatal re-expression of Mecp2 in all cells throughout the body can 

mediate significant symptomatic improvement and survival in mice (Guy et al., 2007). 

Even mice that were already symptomatic showed improvement. Therefore, in theory, 

disease caused by MeCP2 deficiency, and thus Rett syndrome, may be at least partially 

reversible. Conversely, it was shown that Mecp2 removal from adult mice results in 

development of symptoms and reduced survival, remarkably similar to Mecp2-null mice 

(McGraw et al., 2011). Based on these studies, the important conclusion can be made that 

re-expression or deletion of Mecp2 in adulthood can either ameliorate or induce 

symptoms caused by loss of Mecp2. Therefore, recent work has focused on genetic 

therapy (Garg et al., 2013) or control of X chromosome inactivation (Bhatnagar et al., 

2014) in order to correct MeCP2 levels postnatally in Rett syndrome patients. 
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The role of MeCP2 in astrocytes and oligodendrocytes 

Although the importance of MeCP2 in neurons is clear, its role in other cell types has 

only become a subject of scientific inquiry within the last decade. This is in large part 

because early antibodies against MeCP2 were unable to detect MeCP2 in non-neuronal 

cell types due to their lower level of MeCP2 expression (Guy et al., 2011). However, a 

study from the lab of Gail Mandel in 2009 using a novel antibody against Mecp2 was 

able to detect the protein in mouse glia, although it was expressed at significantly lower 

levels than in neurons (Ballas et al., 2009). In this study, Mecp2 was detected in all glial 

subtypes, including astrocytes, oligodendrocyte precursor cells, oligodendrocytes, and 

microglia, although the data for microglia was not shown. Later publications have 

recapitulated these findings in astrocytes (Maezawa et al., 2009; Song et al., 2014), 

oligodendrocytes (Nguyen et al., 2013), and microglia (Cronk et al., 2015a; Maezawa and 

Jin, 2010). 

 In the first study where Mecp2 expression was demonstrated in mouse glia, it was 

also demonstrated that Mecp2-deficient glia contribute to pathology (Ballas et al., 2009). 

The authors showed that neither Mecp2-null astrocytes nor their conditioned media were 

able to support neuronal growth in vitro, and inversely, wild type astrocytes and their 

conditioned media were able to rescue dendritic morphology of Mecp2-null neurons 

(Ballas et al., 2009). This was the first evidence that mechanisms outside cell-

autonomous impairment of neurons may account for symptoms of Rett syndrome. 

 Another study in the same year also identified detrimental consequences of 

Mecp2 deficiency in astrocytes (Maezawa et al., 2009). Here, it was shown that Mecp2-
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deficient astrocytes are impaired in brain-derived neurotrophic factor (BDNF) 

production, cytokine production, and the failure of Mecp2-deficient astrocytes to support 

normal neuronal dendritic growth was repeated (Maezawa et al., 2009). In addition, the 

claim was made that Mecp2-deficient astrocytes actually spread Mecp2 deficiency via 

gap junctions. This claim was not substantiated by direct measurement of Mecp2 protein 

transfer, but rather by pharmacologic blockade of gap junctions and siRNA treatment 

against a key gap junction component, connexin 43. No groups have reported on such 

phenomena since, but it is an intriguing possibility that Mecp2-deficient astrocytes may 

in fact spread disease directly to other cells (Maezawa et al., 2009). 

 The failure of Mecp2-deficient astrocytes to support neuronal dendrites in mice 

was also recapitulated using induced pluripotent stem cell (iPSC)-derived astrocytes from 

human Rett syndrome patients (Williams et al., 2014), thus providing yet more support 

for the role of astrocytes in neuronal dendritic pathology in Rett syndrome. Interestingly, 

this study also found that insulin-like growth factor 1 (IGF-1) treatment was able to 

correct neuronal dendritic deficiencies in the context of Rett syndrome iPSC-derived 

astrocytes (Williams et al., 2014). This is of particular interest, as it was previously 

shown that IGF-1 treatment significantly ameliorated disease in both Mecp2-null male 

and Mecp2-heterozygous female mice (Castro et al., 2014; Tropea et al., 2009). Clinical 

trials of IGF-1 in Rett syndrome patients are promising, demonstrating no negative 

effects (Pini et al., 2012), and early data suggests improvements in behavior and 

breathing parameters (Khwaja et al., 2014), although additional subjects in the next 

phases of clinical trial will be needed to confirm these findings. 
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 Multiple groups have performed transcriptome-level analysis of astrocytes from 

mouse models of Rett syndrome, finding significant changes in gene expression 

(Delepine et al., 2015; Yasui et al., 2013), and confirming Mecp2 binding to the 

promoters of predicted target genes via chromatin immunoprecipitation (ChIP)-seq 

(Yasui et al., 2013). It was also demonstrated that Mecp2-null astrocytes have abnormal 

glutamate clearance (Okabe et al., 2012), a finding that has also been observed in Mecp2-

null microglia (Maezawa and Jin, 2010), and which may have direct effects on neurons. 

 Possibly the most important study regarding astrocytes came in 2011, when it was 

demonstrated that postnatal-inducible expression of Mecp2 in astrocytes using a glial 

fibrillary acidic protein (GFAP) promoter was able to not only improve symptoms, but 

also significantly increased lifespan of otherwise Mecp2-deficient mice (Lioy et al., 

2011). Behavioral outcomes were improved, including locomotion, anxiety, and 

breathing. In addition, cellular defects predicted to be impaired by Mecp2-deficient 

astrocytes (Ballas et al., 2009; Maezawa et al., 2009; Williams et al., 2014) were also 

improved, including increased dendritic branching, increased neuronal soma size, and 

VGLUT1 expression was increased in neurons (Lioy et al., 2011). It is important to point 

out that when the reverse experiment was performed, where Mecp2 was specifically 

removed from astrocytes, very little pathology was observed (Lioy et al., 2011). This 

suggests that astrocytes are either not the major driver of disease, or that Mecp2 must be 

deficient in multiple cell types in order for significant disease to be observed. This is a 

finding that has been noted in many other models when Mecp2 was only removed from 

individual cell populations, or specific neuronal subtypes (as previously discussed), 
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suggesting that the disease resulting from whole-organism MeCP2 deficiency (i.e. Rett 

syndrome) is the result of pathology in multiple cell types, and cannot likely be explained 

by simplistic models equating to a “one molecule, one cell, one disease” hypothesis. 

 More recently, the role of MeCP2 in oligodendrocytes was assessed by either 

removing or re-expressing Mecp2 in otherwise Mecp2-null mice (Nguyen et al., 2013). 

While the effects were overall mild, it was observed that removal of Mecp2 from 

oligodendrocytes alone resulted in the hindlimb clasping phenotype classically observed 

in Mecp2-null mice (Chen et al., 2001; Guy et al., 2001), suggesting that Mecp2 

deficiency in oligodendrocytes may be the causative factor behind this phenotype. When 

Mecp2 was restored in the oligodendrocytes of otherwise Mecp2-null animals, pathology 

observed upon Mecp2 removal from oligodendrocytes, such as hindlimb clasping, was 

improved, and lifespan was mildy increased (approximately 3 weeks) (Nguyen et al., 

2013). It is important to mention, however, that the cre used in this study was under the 

promoter for the gene encoding neuron-glial antigen 2 (Ng2), which is also expressed by 

other cells, such as some grey matter astrocytes (Zhu et al., 2008a; Zhu et al., 2008b), and 

pericytes (Armulik et al., 2011). Therefore, it is possible that the effects seen in this study 

were due to the expression of Mecp2 in other cells types, or some combination of Mecp2 

expression in multiple cell types. However, MeCP2 was also shown to regulate 

transcription of myelin genes in rats, providing evidence of a potential mechanism for 

MeCP2 in oligodendrocyte function (Sharma et al., 2015). 
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MeCP2 and microglia 

The first immune cell to be implicated in Rett syndrome was microglia (Maezawa and 

Jin, 2010). We, and others, have demonstrated that Mecp2 is expressed by and 

functionally important for microglia (Cronk et al., 2015a; Derecki et al., 2012; Horiuchi 

et al., 2016; Jin et al., 2015; Maezawa and Jin, 2010).  

Microglia are the resident immune cells of the brain, which have garnered 

significant attention from neuroscientists and immunologists alike in recent years (Prinz 

and Priller, 2014). Microglia are now thought to be important for not only immune 

responses upon injury or infectious insult, but also play important roles in brain 

homeostatic maintenance (Cronk and Kipnis, 2013). Specifically, it has been shown that 

microglia are involved in synaptic pruning (Bialas and Stevens, 2013; Ji et al., 2013; 

Paolicelli et al., 2011; Schafer et al., 2012), synaptic stripping (Trapp et al., 2007), 

neuronal precursor growth and numbers during brain development (Cunningham et al., 

2013; Ueno et al., 2013), regulation of neural progenitor cells (NPCs) via both 

phagocytosis of apoptotic NPCs and production of growth factors to regulate their 

development (Butovsky et al., 2006; Sierra et al., 2010), and promotion of learning-

dependent synapse formation via BDNF (Parkhurst et al., 2013). Based on these findings, 

the idea that microglia may in fact be important players in neurologic and psychiatric 

disease has gained traction (Prinz and Priller, 2014). 

The first evidence that microglia are impaired in the absence of Mecp2 came in 

2010, when it was shown that Mecp2-null microglia produce excessive levels of 

glutamate, resulting in neuronal synapse and dendrite damage (Maezawa and Jin, 2010). 
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Another group later recapitulated the finding of enhanced glutamate release in human 

peripheral blood mononuclear cells (PBMC), another myeloid cell type (O'Driscoll et al., 

2013b). Interestingly, it was also shown that Mecp2-null astrocytes produce excessive 

glutamate, raising the possibility that MeCP2 may play a more global role in glutamate 

metabolism (Okabe et al., 2012). The same group of scientists that originally described 

enhanced glutamate release by Mecp2-null microglia later provided mechanistic evidence 

to explain this finding in 2015 (Jin et al., 2015). In this follow up publication, it was 

demonstrated that Mecp2 is a transcriptional repressor of sodium-coupled neutral amino 

acid transporter 1 (Snat1), a glutamine transporter. Thus, in the absence of Mecp2, Snat1 

was overexpressed, resulting in excessive glutamate production via dysregulation of 

glutamine transport. This also resulted in proliferation of mitochondria and mitochondrial 

reactive oxygen species (ROS) production, which was accompanied by increased oxygen 

consumption and reduced production of ATP (Jin et al., 2015). The authors also 

postulated that in addition to neuronal damage, microglia were also lost in Mecp2-null 

brains due to Snat1 overexpression and the subsequent metabolic defects (Jin et al., 

2015). 

In the most recent publication from the same group, chemokine (C-X3-C motif) 

receptor 1 (Cx3cr1) was deleted in the Mecp2-null mouse (Horiuchi et al., 2016). Cx3cr1 

is an important chemokine receptor expressed highly on microglia (Jung et al., 2000), 

thus it is not surprising that its manipulation may alter microglial function. Deletion of 

Cx3cr1 in Mecp2-null mice resulted in improvement of symptoms, including increased 

weight, improved neurologic scores, normalized breathing, and a moderate increase in 
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survival. Importantly, the authors also found that Cx3cr1 deletion in Mecp2-null mice 

normalized microglia numbers (Horiuchi et al., 2016), suggesting a role for Cx3cr1 or 

downstream signaling in mediating microglia loss that had been previously observed in 

Mecp2-null mice (Cronk et al., 2015a; Jin et al., 2015). As a potential explanation for 

improvement in Cx3cr1-null / Mecp2-null mice, the authors found that Igf1 expression 

was increased (Horiuchi et al., 2016), a molecule which had already been shown to 

mediate benefit in both mice (Castro et al., 2014; Tropea et al., 2009) and potentially 

human Rett syndrome patients (Khwaja et al., 2014; Pini et al., 2012). 

In sum, the literature of the past several years has revealed that MeCP2 is 

expressed by and important for all glia, including microglia, astrocytes, and 

oligodendrocytes. These works demonstrating an important role for MeCP2 in glia 

fundamentally changed the scientific approach to MeCP2 and its related disorders, as it 

had been previously assumed that MeCP2 was, essentially, a neuronal protein. The 

discovery of MeCP2 in glia was quickly followed by the study of MeCP2 in other cell 

types entirely outside of the CNS. Roles for Mecp2 in skeletal muscle (Gold et al., 2014), 

cardiac and skeletal tissue during development (Alvarez-Saavedra et al., 2010), 

osteoblasts (Blue et al., 2015), and cholesterol metabolism (Buchovecky et al., 2013) 

have been demonstrated. Importantly, MeCP2 is also expressed by and required for the 

proper function of many immune cells (Cronk et al., 2015b), as will be discussed in the 

next section. 

 

 



 
 
 
 

Chapter 1: Introduction  28 

 

MeCP2 in adaptive immunity 

The study of MeCP2 in the immune system has only become a topic of interest within the 

last several years, again likely because of the heavy focus on the role of MeCP2 in 

neurons following the discovery that mutations in MeCP2 cause Rett syndrome. 

However, evidence suggests that MeCP2 is not only related to Rett syndrome and MeCP2 

duplication syndrome, but may also contribute to primary immunologic disorders, such as 

systemic lupus erythematosus (SLE) (Kaufman et al., 2013; Koelsch et al., 2013; 

Sawalha et al., 2008; Webb et al., 2009), primary Sjogren’s syndrome (Cobb et al., 2010), 

systemic sclerosis (Carmona et al., 2013), and rheumatoid arthritis (Han et al., 2013). 

Importantly, all of these diseases are autoimmune disorders, which are caused by 

improper targeting of the adaptive immune system against self. This association of 

MeCP2 allelic variants with autoimmune disorders points towards a direct role for 

MeCP2 in the development of autoimmune disease. Indeed, it was found that 

overexpression of MeCP2 in mice leads to development of autoantibodies against nuclear 

antigens (Koelsch et al., 2013), which are a prominent feature of SLE (Lerner and Steitz, 

1979). These non-biased, independent genetic studies by separate groups identifying an 

association between MeCP2 variants and autoimmune disease provide some of the 

strongest evidence that MeCP2 is in fact important for cells other than neurons in human 

disease, and that the study of MeCP2 and its functions should be considered outside of 

the brain. Moreover, functional roles for MeCP2 should be considered outside of the 

context of Rett and MeCP2 duplication syndromes. 
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 One of the cell types thought to play a critical role in autoimmune disease is T 

cells, especially through regulatory T cells (Treg) which are potent suppressors of 

autoreactive effector T cells (Sakaguchi et al., 2010). One clue as to how MeCP2 may 

play a role in autoimmune disease came from a recent study in which it was shown that 

MeCP2 is required to maintain forkhead box P3 (Foxp3) expression in Tregs (Li et al., 

2014). Foxp3 is a critical transcription factor for the suppressive function of Tregs (Wu et 

al., 2006), and is one of the canonical markers used to identify these cells. In this work, 

the authors demonstrated that in the context of Treg-specific deletion of Mecp2 in mice, 

Tregs lose Foxp3 expression over time, are unable to control effector T cell-mediated 

colitis, and develop spontaneous immune activation (Li et al., 2014). They further 

showed that Mecp2 binds to the Foxp3 genetic locus, and directly controls its expression 

(Li et al., 2014). 

 Other groups have also investigated the role of MeCP2 in T cells. A very early 

study in lymphocytes from Rett syndrome patients demonstrated that MeCP2-mutant T 

cells were underrepresented and had a growth disadvantage after mitogenic stimulation in 

vitro (Balmer et al., 2002). More recent work has demonstrated a role for Mecp2 in T cell 

skewing and cytokine production in mice (Jiang et al., 2014). More specifically, Mecp2 

was shown to be critical for T helper 17 (Th17) and Th1 skewing, and IFNγ production 

by Th1 T cells. This was mediated by a loss of miR-124 in Mecp2-null CD4+ T cells. 

Loss of miR-124 led to an accumulation of suppressor of cytokine signaling 5 (Socs5), 

which in turn inhibited signal transducer and activator of transcription 1 (Stat1) and 
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signal transducer and activator of transcription 3 (Stat3), which are critical for Th1 and 

Th17 skewing and cytokine production, respectively (Jiang et al., 2014). 

As was previously discussed within the section entitled “MeCP2 duplication 

syndrome,” impaired IFNγ production was observed in Th1 CD4+ T cells in both mice 

and humans with MeCP2 overexpression/duplication syndrome, respectively (Yang et al., 

2012). Due to the prominent infection component present in MeCP2 duplication 

syndrome (Ramocki et al., 2010), deficiency of IFNγ was postulated to explain 

susceptibility to infection in these patients (Yang et al., 2012). These findings agree with 

the concept that MeCP2 is critical for T cell skewing and cytokine production (Jiang et 

al., 2014), and provides a second point of evidence that MeCP2 is directly involved in 

IFNγ production. As was also previously mentioned, a recent study of the immune status 

in MeCP2 duplication patients did not find evidence of T cell deficits, but rather 

implicated impairment of abnormal antibody isotype production and elevated acute phase 

responses upon infection (Bauer et al., 2015). Specifically, deficiency of IgA and 

immunoglobulin G (IgG) subtype IgG2 was observed, while IgG1 and IgG3 were 

elevated, suggesting that antibody class switching may be impaired in patients with 

MeCP2 duplication syndrome. Although the exact immune deficits leading to chronic 

infections in MeCP2 duplication patients remain unresolved, it is clear that MeCP2 

overexpression leads to significant abnormalities of immune responses. The current 

immunologic evidence in the context of MeCP2 overexpression warrants further 

investigation to better understand the etiology of immune disease in these patients. 
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Thesis rationale 

Subsequent to the first published work demonstrating a role for MeCP2 in microglia 

(Maezawa and Jin, 2010), our group demonstrated that bone marrow transplant mediated 

significant symptomatic and survival improvement in Mecp2-null mice (Derecki et al., 

2012). We concluded that engraftment of wild type microglia-like cells into the brains of 

Mecp2-null mice after bone marrow transplant accounted for the majority of benefits. At 

the time, it was thought that the cells engrafting into the brain after bone marrow 

transplant were essentially microglia; however, based on the discovery of unique 

microglial markers since publication of this work, it is now becoming clear that the 

“microglia-like cells” taking up residence in the brain after bone marrow transplant are in 

fact unique engrafting macrophages, separate from microglia (Butovsky et al., 2014; 

Waisman et al., 2015). This gives a new perspective on the benefits mediated by bone 

marrow transplant in Mecp2-null mice. It may be the case that some novel function of 

unique engrafting CNS macrophages after bone marrow transplant may account for the 

observed benefits, as opposed to restoration of endogenous microglial functions via 

replacement of true microglia by peripheral bone marrow-derived cells. 

We also observed a significant improvement in survival and disease phenotypes 

when Mecp2LoxStop/y mice were crossed to LysmCre, resulting in Mecp2 re-expression in 

only Lysm-expressing cells in an otherwise Mecp2-null mouse (Derecki et al., 2012). 

LysmCre targets only a fraction of microglia, and actually recombines peripheral myeloid 

cells with greater efficiency (Clausen et al., 1999; Prinz and Priller, 2014), thus it is 

possible that peripheral myeloid cells may have played a larger role in disease 
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amelioration than was previously recognized. In the context of bone marrow transplant, 

the peripheral immune system, including peripheral myeloid cells, were also replaced by 

wild type cells. The fact that both LysmCre / Mecp2LoxStop/y and wild type bone marrow 

transplant into Mecp2-null mice both result in significant genetic correction of Mecp2 

expression in peripheral myeloid cells led us to consider their possible contribution to 

disease in Mecp2-null mice. Further, we did not explore the transcriptional role of Mecp2 

in microglia in our original work (Derecki et al., 2012). 

Given these unanswered questions, we decided to study both the functional role of 

Mecp2 in microglia and macrophages, and to examine the effects of Mecp2 deficiency on 

both microglia and peripheral macrophages during disease progression. The resulting 

work was published in the journal Immunity under the title “Methyl-CpG binding protein 

2 regulates microglia and macrophage gene expression in response to inflammatory 

stimuli” (Cronk et al., 2015a). In this study, we found that Mecp2 is an important 

regulator of macrophage transcriptional response to multiple stimuli, including 

glucocorticoids, hypoxia, and inflammatory stimulation. In addition, we show that Mecp2 

is expressed in a multitude of macrophage populations throughout the body, and that 

Mecp2-null mice lose microglia, macrophages, and resident monocytes.  Finally, we 

demonstrate that Mecp2-null mice develop neutrophilia due to overproduction of 

granulocyte-colony stimulating factor (Gcsf), and that neutralization of Gcsf both 

corrects neutrophilia and mildly increases lifespan of Mecp2-null mice (Cronk et al., 

2015a). This work is presented as a major focus of this dissertation in Chapter 3, and the 

original publication can be found in the Appendix. 
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 In the second part of this dissertation, we investigated the etiology of respiratory 

infection in the context of MeCP2 overexpression. As was previously discussed, MeCP2 

duplication syndrome patients frequently succumb to respiratory infections. This, 

combined with the fact that very little literature exists examining this prominent cause of 

morbidity and mortality in patients, led us to develop a model of respiratory infection in 

MeCP2 overexpressing mice.   In sum, we found that MeCP2 overexpressing mice are 

highly susceptible to influenza A/PR/8/34 infection, and experience complex pathology 

during infection, including excessive innate inflammatory responses, defective adaptive 

immunity, and a prominent role for non-hematopoietic cells in mortality. These findings 

are presented in Chapter 4. 

 In sum, the work presented in this dissertation provides multiple points of 

evidence that MeCP2 is an important player in immune function, both in the context of 

homeostasis and infection. Further, these cumulative findings suggest that many cell 

types express and require MeCP2 for their proper function within the immune system. 

Therefore, MeCP2 should be considered an essential immune molecule, and its role in 

immune interactions should continue to be a focus of future research. 
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Chapter 2 

Materials and methods 

*NOTE: Materials and methods for experiments described in Chapter 3 can be found in the Appendix* 

 

Mice 

FVB-Tg(MECP2)3Hzo/J, B6.Cg-Tg(Nes-cre)1Kln/J, C57BL/6-Tg(UBC-GFP)30Scha/J, 

B6.129P2(C)Mecp2tm1.1Bird/J, B6.129P2-Mecp2tm2Bird/J, C57BL/6J (Jackson 

Laboratories) and B6.129S7-Rag1tm1Mom Tg(TcraTcrb)1100Mjb (Taconic) were 

maintained by in-house breeding. For experiments involving Mecp2-null mice (Chapter 

3), mice were maintained on a pure C57BL6/J background. The background strain for all 

mice used in influenza infection experiments (Chapter 4) was first-generation F1 

C57BL6 x FVB (MeCP2Tg3 female on FVB background bred to C57BL6 background 

male) to allow for use of transgenes and materials only available on and for the C57BL6 
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background. All experiments and procedures complied with rules and regulations of the 

Institutional Animal Care and Use Committee at the University of Virginia. 

 

Mecp2 staining by flow cytometry in Mecp2-heterozygous female mice 

The identical protocol previously described (Cronk et al., 2015a) was used, and can be 

found in this dissertation in the Appendix. 

 

Mcsf injection into Mecp2-null mice 

Mecp2-null mice were either injected with vehicle (saline) or Mcsf, carrier-free 

(Biolegend) at 10ng/µl concentration, 100µg/kg, intraperitoneally (i.p.). Injections were 

performed weekly starting at 4-5 weeks of age. 

 

Wild type monocyte transfer into Mecp2-null mice 

Wild type bone marrow monocytes were magnetically sorted using the Miltenyi 

monocyte isolation kit (BM), mouse per manufacturer instructions. 1.5-3 million 

monocytes or saline control were injected into Mecp2-null mice via tail vein weekly. 

 

Culture and in vitro stimulation of BMDM 

Bone marrow was isolated from femurs and cells were plated into macrophage media 

(DMEM/F12 media containing 10% FBS, and Anti-Anti (Gibco)), and supplemented 

with 10ng/ml Mcsf (eBioscience) at a density of 400k cells in 10ml media. Cells were 

grown in 100mm non-TC treated petri dishes. After three days in culture, 5ml of 
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macrophage media supplemented with 20ng/ml Mcsf was added to each dish. On day 6, 

mature macrophages were harvested by aspirating non-adherent cells, briefly washing 

with 5ml ice-cold PBS, aspirating, and then incubating with another 5ml ice-cold PBS for 

5min. Cells were gently scraped with a rubber policeman, and harvested into 50ml 

conical tubes. Cells were spun down at 300g, 10min, 4ºC, resuspended in fresh 

macrophage media containing 10ng/ml Mcsf, and plated at a density of 500k cells in each 

well of a non-TC treated 6 well plate. Cells were allowed to adhere overnight, and then 

were either treated with 50ng/ml IFNγ or media control for 6 hours. Cells were then 

treated with either 50ng/ml LPS or media control for an additional 6 hours. At the 

conclusion of the experiment, RNA was harvested using Rneasy mini kit (Qiagen) per 

manufacturer instructions. qPCR was performed using Taqman reagents (Applied 

Biosystems). The Mecp2  probe used was Mm01193537_g1. 

 

Influenza infections 

Mice used for infection experiments were typically 12 weeks of age, with a range of 10-

15 weeks, and were age-matched within each experiment. Mice were anesthetized via 

intraperitoneal injection of ketamine/xylazine prior to intranasal infection with influenza 

A/PR/8/34 in 50µl serum-free IMDM (Gibco). Unless otherwise specified, the standard 

dose used was LD100 for MeCP2Tg3 mice, 3500 egg-infectious doses (EID50). 
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Preparation of mouse blood for flow cytometry 

Blood samples for flow cytometry were collected after animal sacrifice via blood 

collection from the eye. Briefly, the eye was removed, and several drops of blood were 

collected into a heparinized tube to be used for whole blood cell count, and then the 

majority of blood was collected into heparin flow cytometry buffer containing heparin 

(1% BSA, 2mM EDTA, 0.1% sodium azide, 10u/ml heparin in PBS), centrifuged at 4ºC 

for 10min, 300g, supernatant was aspirated, and 5ml ACK lysis buffer was used to lyse 

red blood cells by incubation for 5min, room temperature. ACK buffer was washed by 

addition of 45ml 4ºC PBS, and centrifugation at 4ºC for 10min, 300g. Samples were then 

decanted and used for flow cytometry staining. Whole blood cell counts were obtained by 

1:20 dilution of heparinized whole blood into acridine orange / propidium iodide staining 

solution in PBS and analysis on a Nexcelom Cellometer Auto 2000. Absolute blood cell 

counts were obtained by multiplication of the percentage of each population among total 

live cells measured via flow cytometry by the total live cell count. 

 

Preparation of lung tissue for flow cytometry 

After animals were euthanized, mice were transcardially perfused with 4ºC PBS to 

remove blood both systemically (via left ventricle) and within the pulmonary vasculature 

(right ventricle). Lungs were placed into 4ºC IMDM (Gibco) until tissue collection was 

completed. Lungs were then minced and incubated at 37ºC for 40min, on a shaker, in 

petri dishes filled with 5ml IMDM containing penicillin, streptomycin, and 183u/ml 

collagenase type II (Worthington). Digested lungs were gently pressed and filtered 
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through a 70µm filter, washed in 50ml flow cytometry buffer, centrifuged at 4ºC for 

10min, 300g, decanted, RBC lysis was performed with ACK buffer (same method as 

described in Preparation of blood for flow cytometry), and cells were used for flow 

cytometry staining. Lung cell counts were obtained by acridine orange / propidium iodide 

staining solution in PBS and analysis on a Nexcelom Cellometer Auto 2000. Total lung 

cell counts were obtained by multiplication of the percentage of each population among 

total live cells measured via flow cytometry by the total live cell count. 

 

Flow cytometry of mouse samples 

After tissue preparation, cells were stained for 30min at 4ºC in flow cytometry buffer (1% 

BSA, 2mm EDTA, and 0.1% sodium azide in PBS). All flow cytometry antibodies used 

were purchased from BD pharmingen or eBioscience, except for CD115 (Biolegend), and 

CCR2 (R&D Systems). Tetramers were from MBL (OTI tetramer) or the Trudeau 

institute (NP and PA tetramers). For tetramer staining, samples were incubated for 30min 

at room temperature. Samples were washed with 5ml flow cytometry buffer, centrifuged 

for 10min at 300g, 4ºC, and decanted. For intracellular staining, samples that had already 

been stained with extracellular antibodies were fixed and permeabilized using IC fixation 

buffer (eBioscience) and stained/washed using permeabilization buffer (eBioscience), 

according to manufacturer instructions. Samples were either fixed in 1% PFA for later 

analysis or immediately run on a flow cytometer. Cytometers used were an LSR Fortessa 

(BD) in the University of Virginia Flow Cytometry Core, and a Gallios (Beckman 

Coulter) in the Center for Brain Immunology and Glia, University of Virginia. 
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Transfer of OTI T cells and assessment of proliferation during infection 

OTI+/- CD8+ T cells were sorted by positive selection from either wild type or MeCP2Tg3 

/ OTI+/- donors using CD8+ selection magnetic beads (Miltenyi) per manufacturer 

instructions. Sorted OTI+/- CD8+ T cells were CFSE labeled and 2 million cells were 

injected via tail vein into each host. 1 day later, mice were infected with OVA-expressing 

influenza A/PR/8. On day 3.5, mice were sacrificed and mediastinal lymph nodes were 

collected to assess for OTI+/- CD8+ T cell proliferation by CFSE dilution. 

 

Culture of BMDC and re-stimulation of T cells with virus loaded BMDC 

Bone marrow was collected from femurs and resuspended in DC media (RPMI without 

L-glutamine, 10% FBS, Pen/Strep, 0.05mM beta mercaptoethanol, and 2mM L-

glutamine) at a concentration of 107 cells per ml. 10ml of DC media containing 20ng/ml 

GM-CSF (eBioscience) was placed in a non-TC treated 100mm petri dish, and 200µl of 

the concentrated bone marrow (2x106 bone marrow cells) were carefully pipetted as a 

colony in the middle of the petri dish. After resting for 10min to allow cells to settle, petri 

dishes were moved to a tissue culture incubator at 37ºC, with care taken not to disperse 

the concentrated bone marrow cells in the center of the dish. On day 3, an additional 

10ml of DC media containing 20ng/ml GM-CSF was slowly added to each petri dish so 

as not to disturb the cells. On days 6-9, BMDC were harvested by collecting floating and 

semi-adherent cells in each petri dish. Cells were washed with serum-free media (RPMI) 

twice. BMDC pellets were resuspended in 200µl serum-free media, and mixed with 

500µl stock influenza A/PR/8/34 virus for 5min on ice, followed by incubation at 37ºC 
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for 30min. Then 20ml of pre-warmed 37ºC DC media containing 20ng/ml GM-CSF was 

added, and cells were incubated at 37ºC for 5hrs. BMDC were then washed with DC 

media, counted, and mixed with effector cells (prepared via lung digestion, as described) 

at a ratio of 1:1, in a 6 well non-TC treated plate. Cells were incubated at 37ºC for 1hr, 

and then Brefeldin A (eBioscience) was added to each well, followed by an additional 

4hr incubation at 37ºC. Cells were then collected and stained for cytokine production by 

flow cytometry. 

 

Anti-PR8 antibody ELISA 

96-well ELISA plates were coated with influenza A/PR/8/34 virus stock diluted 1:100 in 

PBS (7x107 EID50 per ml) overnight at 4ºC. Plates were then washed three times with 

PBS containing 0.05% Tween-20 (PBST). Plates were then blocked with 2% BSA in 

PBST for 1hr, room temperature, and washed three times with PBST. BAL fluid was then 

added to each well (50µl volume) starting at 1:10 BAL diluted in PBS and then serially 

diluted 1:5. Samples were incubated at room temperature for 2hrs, and then wells were 

washed three times with PBST. Anti-mouse IgG or IgM conjugated to horseradish 

peroxidase (HRP) (SouthernBiotech) was diluted 1:10,000 in PBS and 50µl was added to 

each well for 1hr at room temperature. Wells were again washed three times with PBST, 

and TMB substrate was added to each well. 100µl 2N H2SO4 stop solution was added to 

each well to stop the enzymatic reaction, and OD was measured at 450nm on a 96-well 

plate reader. 
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TCID50 assay 

Madin-Darby canine kidney cells (MDCK) were grown in MEM supplemented with 10% 

FBS and 1% Pen/Strep. Once cells reached 80% confluency, they were harvested by 

trypsinization (5min, 37ºC) and washed twice with media to quench trypsin. MDCK were 

then counted, split 1:4, and cultured overnight. The next day, cells were again harvested 

as described above, replated into 96-well plates, and allowed to adhere overnight at 37ºC. 

The following day, serum was washed off the cells using serum-free media, twice. 

Positive control virus, negative control (PBS), or BAL fluid was prepared by mixing an 

initial 20µl of sample with 180µl of serum-free media containing trypsin, and serially 

diluting 1:10, 7 times. Serial dilutions were added to MDCK in 96-well plates, in 

triplicate, and incubated for 3 days. 96-well plates were spun down, and 50µl supernatant 

was pipetted into new 96-well round bottom plates. 50µl of 1% chicken red blood cells in 

PBS were added and mixed. Plates were allowed to incubate at room temperature for 

30min and hemagglutination was assessed. TCID50 was reported as the average number 

of wells with hemagglutination between technical replicates for each sample. 

 

Complete blood count (CBC) in mice 

For serial complete blood counts (CBC), lateral tail veins were lanced every other day 

and a minimum amount of blood was taken for analysis (~50µl). Samples were collected 

into EDTA tubes for anti-coagulation and analyzed on a VetScan Abaxis HM5 CBC 

analyzer. 
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Bronchoalveolar lavage 

After mice were euthanized, skin and muscle over the trachea was removed, a small 

incision made in the trachea, a 25G needle sheathed with soft plastic tubing was inserted 

into the trachea, secured with sutures, and used to administer 0.5ml PBS to lavage the 

lungs. Supernatants from the first lavage were used for cytokine, viral titer, and antibody 

titer analysis. For flow cytometry analysis, an additional 1ml of PBS was used to lavage 

the lungs a second time, and cells from both lavages were used for flow cytometry 

staining. 

 

Luminex analysis of mouse BAL fluid 

BAL fluid samples were collected as described and stored at -80ºC until analysis. BAL 

fluid samples were submitted to and analyzed by the University of Virginia Flow 

Cytometry Core using Milliplex reagents per manufacturer’s instructions (EMD 

Millipore). 

 

Corticosterone measurement 

Serum samples were collected after animal sacrifice via blood collection from the eye. 

Briefly, the eye was removed, and blood was collected in a BD microtainer serum gel 

tube. Blood was allowed to fully clot for 45min at room temperature and serum was 

collected by centrifugation at 15,000g for 90sec and collection of supernatant (serum). 

Serum samples were frozen at -80ºC until analysis by the University of Virginia Ligand 

Assay and Analysis Core using a mouse and rat corticosterone ELISA (IBL). 
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Celecoxib and mifepristone treatment  

Celecoxib (LKT laboratories) and/or mifepristone (Sigma) was suspended in 0.4% 

carboxymethylcellulose, low-viscosity (Sigma) in PBS. Suspensions were prepared by 

vortexing followed by brief sonications in a water bath sonicator.  Doses used were 25 or 

100mg/kg for celecoxib, and 25mg/kg mifepristone, given by daily intraperitoneal 

injection starting 1hr prior to infection.  

 

Bone marrow transplant 

4-5 week old mice were lethally irradiated with 1000 rad, and injected with 5 million 

bone marrow cells via tail vein 5 hours post irradiation. Hosts were C57BL6 x FVB F1 

hybrids (either MeCP2Tg3 or wild type), and donor bone marrow was of the identical 

background strain. Donor mice were either MeCP2Tg3 or wild type, and all donors were 

additionally UBCGFP/+ in order to allow for assessment of engraftment efficiency prior to 

use of mice in downstream experiments. Mice were given water containing 

sulfamethoxazole and trimethoprim for two weeks post-transplant. Infection experiments 

were performed 10 weeks post-transplant after verification of robust GFP+ peripheral 

immune cell engraftment (typically >90%). 

 

Evans blue assay for assessment of vascular permeability 

Mice were injected intraperitoneally with 400µl 2% Evans Blue solution in PBS 1 hour 

prior to collection. Mice were euthanized by Euthasol, and transcardially perfused with 

ice cold PBS both systemically (left ventricle) and throughout the pulmonary vasculature 
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(right ventricle) to remove vascular blood and Evans Blue dye. After weighing and 

photographing organs and BAL fluid, samples were mixed with one volume of 50% 

trichloroacetic acid and incubated overnight at 4ºC to precipitate out proteins and other 

particulates. Samples were centrifuged at 15,000g for 30min, 4ºC. Supernatants were 

analyzed by 96-well plate reader at 620nm (Multiskan FC, Fisher Scientific) and a 

standard curve was generated using known concentrations of Evans Blue dye in PBS 

mixed 1:1 with 50% trichloroacetic acid. 

 

Histology 

Tissues were collected either with or without vascular perfusion and inflation of lungs 

with 4% PFA as indicated in each figure. Tissues were placed in 4% paraformaldehyde 

(PFA) for 2 days, followed by transfer to 70% EtOH. Tissues were submitted to the 

University of Virginia Research Histology Core, where they were paraffin embedded, 

sectioned, mounted, and stained for hematoxylin and eosin (H&E). 

 

Pulmonary function measurement 

We measured the lung function using a buffer-perfused mouse lung system (Hugo Sachs 

Elektronik). Briefly, mice were anesthetized with ketamine and xylazine and ventilated 

with room air at 100 strokes/min with a tidal volume of 7 µl/g body weight with a 

positive end expiratory pressure of 2 cm H2O using the MINIVENT mouse ventilator 

(Hugo Sachs Elektronik). The animals were exsanguinated by transecting the inferior 

vena cava. The pulmonary artery was cannulated via the right ventricle, and the left 
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ventricle was immediately tube-vented through a small incision at the apex of the heart. 

The lungs were then perfused at a constant flow of 60 µl/g body weight/min with Krebs-

Henseleit buffer containing 2% albumin, 0.1% glucose, and 0.3% HEPES. The perfusate 

buffer and isolated lungs were maintained at 37°C throughout the experiment. Isolated 

lungs were allowed to equilibrate on the apparatus during a 5-min stabilization period. 

After equilibration, data were recorded for an additional 10 minutes. Hemodynamic and 

pulmonary parameters were continuously recorded during this period by the 

PULMODYN data acquisition system (Hugo Sachs Elektronik). 

 

Statistics and analysis of data 

Flow cytometry data was analyzed using FlowJo (TreeStar). All statistics were performed 

in Prism 5 or 6 (GraphPad) using the statistical tests described in each figure legend. 
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Chapter 3 

MeCP2 regulates transcriptional response 

to stimuli in macrophages 

*NOTE: The original publication and figures discussed in this chapter can be found in the Appendix. 

Figures appearing in the original publication are referred to with an “A” before the figure number, e.g. Fig. A1, 

to denote their appearance in the appendix as opposed to the main chapters.* 

 

We had previously shown that wild type bone marrow transplant into Mecp2-null mice 

mediates significant improvement in both phenotype and survival via the CNS 

engraftment of new microglia-like macrophages (Derecki et al., 2012). This was 

demonstrated by comparing survival of mice that had their heads covered with a lead 

shield during irradiation, or not, prior to bone marrow transplant. When the head is 

covered with a lead shield during lethal irradiation, no engraftment of peripheral-derived 
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macrophages occurs in the CNS, as we confirmed in our original study (Derecki et al., 

2012). When Mecp2-null mice were protected from head irradiation, and thus CNS 

engraftment of peripheral macrophages was prevented, survival benefit from bone 

marrow transplant was abolished. Based on this, we concluded that engraftment of wild 

type peripheral-derived macrophages into the CNS was essential for benefits in Mecp2-

null mice. At the time, we called these engrafting cells “microglia,” however today we 

know this term is incorrect, as peripheral-derived engrafting CNS macrophages are 

unique from microglia (Butovsky et al., 2014; Waisman et al., 2015). Likewise, we 

demonstrated similar survival and phenotypic improvements in LysmCre / Mecp2LoxStop.y 

mice, which re-express Mecp2 in some microglia and peripheral myeloid cells. 

 While we demonstrated that engraftment of macrophages into the CNS after bone 

marrow transplant into Mecp2-null mice was critical for survival and phenotypic 

improvement (Derecki et al., 2012), we did not explore the potential contribution of 

peripheral immunity to disease pathogenesis in Mecp2-null mice. Further, in the context 

of both bone marrow transplant and LysmCre / Mecp2LoxStop/y mice, peripheral myeloid 

cells were genetically rescued for Mecp2 expression, raising the possibility that 

peripheral myeloid cells play a role in disease and require Mecp2 for their proper 

function. Further, we found in our own experiments that contrary to previous claims 

(Chen et al., 2001; Guy et al., 2001), NestinCre / Mecp2Flox/y mice, while sick and 

demonstrating reduced lifespan, had significantly increased lifespan above complete 

Mecp2-null mice (Fig. 1). This indicated to us that neurons and non-immune glia do not 

account for the full extent of disease in Mecp2-null mice, leaving open the possibility that 



 
 
 
 

Chapter 3: MeCP2 regulates transcriptional response to stimuli in macrophages  

 

48 

other cells, such as microglia and macrophages, may contribute to disease pathogenesis. 

We therefore endeavored to answer two questions; 1) do peripheral macrophages, in 

addition to microglia, express Mecp2, and 2) what is the functional role of Mecp2 in 

microglia and macrophages? 

 In our publication entitled “Methyl-CpG binding protein 2 regulates microglia 

and macrophage gene expression in response to inflammatory stimuli” we demonstrated 

that not only do microglia require Mecp2 for their proper health and function, but that 

macrophages throughout the body express Mecp2, and that Mecp2 regulates 

transcriptional responses to stimuli in macrophages, including glucocorticoid, hypoxic, 

and inflammatory signaling (Cronk et al., 2015a). The full publication can be found in the 

Appendix, and the results of this study are summarized below. 

 In Fig. A1 and Fig. AS1 in the original publication, we demonstrated that 

microglia express Mecp2, and that Mecp2-null mice lose microglia with disease 

progression. This is in agreement with a contemporaneous publication, which also 

showed loss of microglia in Mecp2-null mice (Jin et al., 2015). In unpublished 

experiments, we also confirmed that Mecp2 was expressed in a chimeric fashion by 

microglia in Mecp2-heterozygous female mice, as expected (Fig. 2). In addition, wild 

type mice always expressed Mecp2 in nearly all microglia, while Mecp2-null mice 

always demonstrated clear lack of Mecp2 expression in microglia. 

In Fig. A1, we also demonstrated that microglia from late-phenotypic Mecp2-null 

mice have reduced process complexity and increased soma size, consistent with an 

inflammatory “activated” microglial state. This was corroborated by qPCR measurement 
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of both increased tumor necrosis factor (Tnf) expression and decreased transforming 

growth factor beta 1 (Tgfb1) expression, which indicated that Mecp2-null microglia 

become activated in the late-phenotypic disease state. Finally, we found that while pre-

phenotypic Mecp2-null mice had normal microglia numbers, late-phenotypic Mecp2-null 

mice developed a pronounced deficit of microglia throughout the brain. 

 In Fig. A2 we continued our investigation of myeloid cells in the context of 

Mecp2 deletion by examining the most proximal population of macrophages to 

microglia: meningeal macrophages. Like microglia, perivascular meningeal macrophages 

were lost with disease progression, suggesting that Mecp2 may be important to 

macrophages outside of the CNS parenchyma. However, we found that non-perivascular 

meningeal macrophages were not significantly depleted, potentially indicating 

population-specific effects of Mecp2 among macrophage populations. 

 Since we had observed loss of both CNS macrophages (microglia) and a 

peripheral macrophage population (perivascular meningeal macrophages), we 

investigated the status of other peripheral macrophage populations (Fig. A3). Here, we 

demonstrated that every peripheral macrophage population examined (including bone 

marrow resident macrophages, splenic red pulp macrophages, peritoneal resident 

macrophages, and intestinal lamina propria macrophages) and resident Ly6CLo 

monocytes all express Mecp2. Interestingly, we found that neither neutrophils nor Ly6CHi 

monocytes expressed detectable Mecp2 as measured by flow cytometry, which we 

interpreted to indicate that Mecp2 might be preferentially expressed by longer-lived, 

differentiated monocytes/macrophages, as opposed to short-lived inflammatory myeloid 



 
 
 
 

Chapter 3: MeCP2 regulates transcriptional response to stimuli in macrophages  

 

50 

cells. We continued on to demonstrate that like microglia and perivascular meningeal 

macrophages, both intestinal lamina propria macrophages and resident Ly6CLo 

monocytes are also lost in Mecp2-null mice. Together, these cumulative pieces of 

evidence suggested that in the absence of Mecp2, multiple macrophage/monocyte 

populations are lost. We initially hypothesized that Mecp2-null macrophages may be 

impaired in their ability to proliferate, however analysis of bone marrow-derived 

macrophage (BMDM) proliferation from bone marrow monocytes in vitro revealed no 

such deficit (Fig. AS2). Some explanation for microglia and macrophage loss may be 

found in the work of others that was previously discussed in Chapter 1, in which it was 

demonstrated that abnormal glutamine metabolism and subsequent mitochondrial 

pathology, including increased ROS production, may account for microglia loss in 

Mecp2-null mice (Jin et al., 2015). It would be logical that a similar mechanism may 

affect other macrophages in the absence of Mecp2. 

 Based on our observations that Mecp2-null mice were deficient in monocytes and 

macrophages, we attempted to correct this deficit in unpublished experiments by either 

treatment with macrophage-colony stimulating factor (Mcsf), the major macrophage 

growth and survival factor (Fig. 3), or weekly injection of wild type monocytes into 

Mecp2-null mice (Fig. 4). However, neither treatment resulted in significant survival 

benefits in Mecp2-null mice. We hypothesized that Mcsf treatment may have been 

insufficient because even if we rescued macrophage numbers in Mecp2-null mice, those 

cells would still be functionally impaired due to lack of Mecp2. Similarly, since we had 

previously demonstrated that engraftment of peripheral macrophages into the CNS of 
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Mecp2-null mice was critical for benefit (Derecki et al., 2012), we hypothesized that 

infusion of wild type monocytes into the periphery alone may be insufficient to mediate 

benefits without concurrent rescue of microglia. We thus decided to pursue genetic 

rescue of both microglia and macrophages, since this would avoid problems inherent to 

both of these therapeutic paradigms. 

 In our previous work, no tool to specifically target microglia and macrophages on 

the genetic level existed (Derecki et al., 2012). The LysmCre model we had previously 

used does target some microglia and peripheral monocytes/macrophages, but is also 

expressed significantly in other myeloid cell populations, such as neutrophils (Clausen et 

al., 1999). This model was therefore insufficient to claim for either microglia, or even 

macrophage, mediated rescue alone. Since then, a new mouse model became available: 

the Cx3cr1CreER mouse. When treated with tamoxifen, this mouse demonstrates cre 

activity in nearly all microglia, and selected peripheral macrophage and dendritic cell 

populations (Goldmann et al., 2013; Yona et al., 2013). In order to more specifically 

measure the effect of genetic correction of microglia, and some peripheral macrophages, 

in the context of global Mecp2 deficiency, we crossed Cx3cr1CreER mice to Mecp2LoxStop/y 

mice, as presented in Fig. A4. Here, we showed that genetic re-expression of Mecp2 in 

microglia and peripheral macrophages, including intestinal macrophages, mediated 

significant lifespan extension in otherwise Mecp2-null mice, supporting our previous 

assertions that genetic rescue of microglia (and based on this new evidence, potentially 

other macrophages) mediates significant benefits in otherwise Mecp2-null mice. 
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 Although we had measured expression of Mecp2 throughout macrophage 

populations, and loss of macrophages in Mecp2-null mice, the functional role of Mecp2 

in macrophages and microglia remained an outstanding question.  To address this, we 

performed RNA-Seq on microglia and peritoneal macrophages derived from late-

phenotypic Mecp2-null mice and their wild type counterparts (Fig. A5). Analysis of 

RNA-Seq profiles from microglia and peritoneal macrophages revealed common 

perturbed pathways, which included glucocorticoid signaling and hypoxia signaling, 

which were both confirmed to be dysregulated in Mecp2-null macrophages in vitro using 

wild type and Mecp2-null BMDM. We found that Hdac3 and Ncor2 were bound to the 

promoter of FK506 binding protein 5 (Fkbp5), a key glucocorticoid response gene (Fig. 

AS3). Importantly, Ncor is an important Mecp2 binding partner, as was previously 

discussed (Kokura et al., 2001; Lyst et al., 2013). In Fig. A5 we also found that Mecp2 

was bound to the Fkbp5 promoter. Together, these results suggested that Mecp2 is 

involved in transcriptional regulation of signaling pathways in macrophages. 

 Our RNA-Seq analysis also indicated that Mecp2 may regulate inflammatory 

signaling; specifically, Tnf pathways. In support of this, we had already measured 

inflammatory activation of microglia from late-phenotypic Mecp2-null mice in Fig. A1. 

Therefore, in Fig. A6, we tested inflammatory response of Mecp2-null BMDM to Tnf 

stimulation. As expected, we found that Mecp2-null macrophages were hyper-responsive 

to Tnf stimulation, overproducing inflammatory cytokines, chemokines, and growth 

factors. We also stimulated resident peritoneal macrophages with Tnf in vivo, and found 

dysregulation of Tnf response genes in this paradigm as well. Importantly, this was in 
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direct response to Tnf, and not baseline outside inflammatory stimulation due to genetic 

disease, as saline treated Mecp2-null mice showed no significant changes in Tnf-induced 

transcripts (Fig. AS4). 

In unpublished results, we also found that lipopolysaccharide (LPS) substantially 

increased expression of Mecp2 by BMDM approximately 3-4 fold (Fig. 5). Interestingly, 

6 hours of incubation with IFNγ prior to LPS treatment attenuated the early (6hrs post 

LPS) increase in Mecp2 expression, although by 18hrs post LPS Mecp2 transcript levels 

had equalized with BMDM exposed to LPS alone (Fig. 5). These findings implicated that 

Mecp2 itself is dynamically regulated upon inflammatory stimulation, and that 

combinatorial signaling by additional cytokines, such as IFNγ, may confer temporal 

regulation of Mecp2 expression during an inflammatory process.  

In both in vitro and in vivo experiments, the gene encoding granulocyte-colony 

stimulating factor (Csf3) was overexpressed upon Tnf stimulation (Fig. A6). This 

correlated with a previous unexplained finding in our immunologic analysis of Mecp2-

null mice; Mecp2-null mice develop a profound neutrophilia with disease progression 

(Fig. AS5). We hypothesized that overexpression of granulocyte-colony stimulating 

factor (Gcsf) protein in vivo may occur due to loss of Mecp2. Indeed, in Fig. A6 we 

found that phenotypic Mecp2-null mice had significantly elevated serum Gcsf levels. 

Moreover, when we neutralized Gcsf with a Gcsf neutralizing antibody, not only were 

neutrophil levels normalized, confirming Gcsf as the cause of neutrophilia in Mecp2-null 

mice, but also a moderate lifespan extension of approximately two weeks was observed.  
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 One finding that may help explain some of the benefit observed in our previous 

bone marrow transplant experiments in Mecp2-null mice (Derecki et al., 2012) may lie in 

the fact that Mecp2-null mice progressively lose hematopoietic stem cells (HSC) with 

disease progression, as was demonstrated in Fig. AS5. It is possible that in addition to 

new macrophage engraftment into the CNS (and in light of the findings discussed here, 

replacement of peripheral macrophages), rescue of the hematopoietic niche with a new 

infusion of wild type HSC may have also accounted for an important aspect of disease 

rescue in the context of wild type bone marrow transplant into Mecp2-null mice. 

 Overall, the findings presented in this work demonstrated that 1) Mecp2 is 

broadly expressed in macrophages and resident monocytes; 2) re-expression of Mecp2 in 

only microglia and select peripheral macrophages results in significant lifespan 

extension; and 3) Mecp2 regulates glucocorticoid, hypoxia, and inflammatory signaling 

pathways in macrophages. These findings significantly advanced our understanding of 

the role of Mecp2 in microglia and macrophages, and more globally, the potential role of 

these cells in disease. 
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Figures 

 

                  Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

NestinCre mediated deletion of Mecp2 does not fully recapitulate the reduced 

survival observed in Mecp2-null mice. Mecp2Flox mice were crossed to NestinCre mice 

and survival was compared to wild type, Mecp2-null, NestinCre, and Mecp2Flox/y. Log-rank 

(Mantel-Cox) test, ***, p<0.001. n=8 NestinCre / Mecp2Flox/y, n=9 Mecp2-null, n=5 

NestinCre, n=8 Mecp2Flox/y, and n=4 wild type. 
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Figure 2. 

 

Flow cytometric staining for Mecp2 in microglia of Mecp2-heterozygous female 

mice reveals chimeric expression of Mecp2 in microglia. (A) Example gating strategy 

for microglia. (B) Intracellular flow cytometry staining of microglia from wild type 

female, Mecp2-heterozygous female, and Mecp2-null male mice demonstrating Mecp2 

expression in all wild type microglia, lack of Mecp2 expression in microglia from 

Mecp2-null mice, and chimeric expression of Mecp2 in microglia in Mecp2-

heterozygous females, as expected for all groups. Results are representative of at least 

three independent experiments with at least 3 mice per group for all groups. 
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   Figure 3. 

 

 

 

 

 

 

 

 

Mcsf treatment does not improve survival in Mecp2-null mice. Mecp2-null mice were 

injected weekly with either saline or 100µg/kg Mcsf and survival was assessed. Log-rank 

(Mantel-Cox) test, not significant. n=10 Mcsf treated and n=9 saline treated Mecp2-null 

mice. 
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Figure 4. 
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Wild type monocyte transfer does not improve survival in Mecp2-null mice. Total 

bone marrow monocytes from wild type mice were MACS sorted using the Miltenyi 

mouse bone marrow monocyte kit and transferred 1:1 into Mecp2-null hosts. Average 

total monocytes injected into each mouse was 1.5-3 million per week. (A) Schematic of 

the experiment; mice received up to 7 injections of monocytes or PBS. (B) Example flow 

cyotmetry plots of monocyte MACS sort demonstrating 90%+ pure monocytes. (C) 

Survival curve demonstrating no significant effect, Log-rank (Mantel-Cox) test; n=4 

monocyte injected and n=5 PBS injected Mecp2-null. (D) No significant difference in 

weight. (E) No overall difference in total phenotypic score except at 3 weeks; two-way 

ANOVA with Bonferroni post test, **, p<0.01. (F) Individual phenotype scores. 5= wild 

type phenotype, 1= moribund/end stage phenotype with numbers in between representing 

progression of disease; two-way ANOVA with Bonferroni post test, *, p<0.05; **, 

p<0.01; ***, p<0.001. 
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Figure 5. 

 

 

 

 

 

 

 

 

 

 

LPS induces Mecp2 expression in BMDM, which is attenuated by priming with 

IFNγ. Wild type BMDM were either primed with 50ng/ml IFNγ or control media for 6 

hours, followed by stimulation with 50ng/ml LPS for either 6 or 18hrs. At the conclusion 

of the experiment, RNA was collected and qRT-PCR performed for Mecp2 transcripts. 
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Chapter 4 

Lethal outcome and dysfunctional immune response to influenza 

A in an animal model of MeCP2 overexpression 

 

Background 

MeCP2 duplication syndrome is in part characterized by chronic respiratory infections, 

which cause significant morbidity and mortality in these patients (Friez et al., 2006; 

Ramocki et al., 2010). It was previously shown by ourselves and others that MeCP2 plays 

an important role in immune cells, including T cells (Balmer et al., 2002; Jiang et al., 

2014; Li et al., 2014; Yang et al., 2012) and myeloid cells (Cronk et al., 2015a; Derecki 

et al., 2012; Jin et al., 2015; Maezawa and Jin, 2010; O'Driscoll et al., 2013b; O'Driscoll 

et al., 2015), and thus it was hypothesized that chronic infections seen in MeCP2 
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duplication syndrome may be explained by the direct role of MeCP2 in immune cells. In 

2012, Yang et al. demonstrated that CD4+ T cells overexpressing MeCP2 in both mice 

and humans were deficient in IFNγ production after skewing to Th1 in vitro, and that 

MeCP2Tg3 mice (Collins et al., 2004), which have a human MeCP2 gene inserted into 

their genome and overexpress MeCP2 at 3-5 fold normal levels, also demonstrate 

impaired IFNγ levels during infection in vivo (Yang et al., 2012). This defect in IFNγ 

production was hypothesized to account for the chronic infections seen in MeCP2 

duplication syndrome (Yang et al., 2012). Importantly, Yang et al. demonstrated that 

transfer of wild type CD4+ T cells into MeCP2Tg3 mice decreased footpad swelling and 

increased IFNγ levels during Leishmania major infection (Yang et al., 2012), suggesting 

that CD4+ T cells expressing normal levels of MeCP2 have the potential to ameliorate 

immune pathology in an MeCP2 overexpressing host. 

 More recently, defects in antibody production have been implicated in MeCP2 

overexpression. In mice, it was shown that MeCP2 overexpression leads to development 

of anti-nuclear antibodies (Koelsch et al., 2013). In patients, deficiency of IgA and IgG2 

and excessive levels of IgG1 and IgG3 were found, in addition to an elevated acute phase 

response (Bauer et al., 2015). Interestingly, this same study of MeCP2 duplication 

patients did not detect any obvious T cell abnormalities, including normal IFNγ 

production (Bauer et al., 2015). 

 Here, we demonstrate that MeCP2Tg3 mice are significantly more susceptible to 

influenza A infection compared to their wild type counterparts. All MeCP2Tg3 mice 

succumbed between days 6-9 post-infection at a viral dose where the majority of wild 
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type mice survive. We further demonstrate that although MeCP2Tg3 mice had an 

uneventful early response to infection, by day 5 a host of detrimental processes began to 

be manifested, including cytokine storm, peripheral and pulmonary neutrophilia, and 

excessive corticosterone levels. In mice that survived to days 7-8, defective adaptive 

immune responses were observed with failure of virus clearance and excessive virus 

accumulation in the lungs. Pharmacologic targeting of neither cytokine storm nor 

corticosterone was effective in preventing mortality, although some improvement in 

weight loss was observed. Despite the prevalence of immune defects, bone marrow 

transplant revealed that the MeCP2Tg3 hematopoietic system was insufficient to explain 

mortality. Further investigation revealed that MeCP2Tg3 mice experience significant 

vascular pathology during infection, including pulmonary hemorrhage, reduced 

accumulation of fluid/proteins/cells into the airways by days 7-8, and high pulmonary 

artery pressure with histologic evidence of pulmonary arterial edema and luminal 

narrowing. Together, these results suggest that susceptibility to influenza A infection in 

the context of MeCP2 overexpression involves pathologic responses of both immune 

cells and non-hematopoietic cells, and that non-hematopoietic cells play a key role in 

infection-related mortality. 
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Results 

MeCP2Tg3 mice are highly susceptible to influenza A infection, with a normal initial 

immune response followed by adaptive immune failure. We chose to breed MeCP2Tg3 

mice, which are commercially available on the FVB background, on a first generation 

C57BL6/J x FVB F1 cross to facilitate the use of genetic tools and reagents available for 

C57BL6 mice. Importantly, MeCP2Tg3 mice only began to die of natural causes after 200 

days, with over 50% of mice surviving to one year (Fig. 6A). No defects were observed 

in the baseline immune status of MeCP2Tg3 mice, as measured by flow cytometry of 

peripheral blood (Fig. 6B-D). Because MeCP2Tg3 mice did not begin to die of natural 

causes until approximately 28 weeks of age and appeared healthy for the first several 

months of life, we performed our experiments in adult MeCP2Tg3 and wild type 

littermates between the ages of 10-15 weeks, with most experiments performed at 12 

weeks of age. 

It was previously demonstrated that MeCP2 overexpressing mice (MeCP2Tg3) and 

humans exhibit impaired IFNγ production by Th1 CD4+ T cells, and this was suggested 

to be the primary etiology of chronic infection in MeCP2 duplication syndrome patients 

(Yang et al., 2012). However, it has also been shown that IFNγ-null mice are able to 

effectively respond to, and clear, primary influenza A infection (Graham et al., 1993). 

Thus, we hypothesized that if IFNγ accounts for the major immune deficit in MeCP2Tg3 

mice, they should effectively clear primary influenza A infection. Surprisingly, 

MeCP2Tg3 mice infected at 12 weeks of age universally succumbed to infection 

approximately 6-9 days post-infection (p.i.), demonstrating significantly increased 
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mortality as compared to wild type mice infected with the same dose of virus (Fig. 7A). 

The percentage of body weight loss was similar between MeCP2Tg3 and wild type mice 

(Fig. 7B).  

Analysis of the host response in the lungs on day 3 p.i. revealed that immune cell 

counts were overall comparable between MeCP2Tg3 and wild type mice (Fig. 7C).This is 

a time when the innate immune cells have entered the lungs in response to infection but 

prior to the onset of the adaptive immune response in the lungs, i.e. when the adaptive 

response is being initiated  in the lung draining lymph nodes. In order to assess the ability 

of MeCP2Tg3 T cells to mount an antigen-specific CD8+ T cell response, we crossed 

MeCP2Tg3 mice to TCR transgenic OTI mice to produce MeCP2Tg3 :: OTI+/- and wild 

type :: OTI+/- littermates. OTI mice express, on CD8+ T cells, a transgenic TCR specific 

for chicken ovalbumin (OVA) (Hogquist et al., 1994), and thus these T cells can be used 

to assess antigen-specific CD8+ T cell responses to the OVA antigen. In order to assess 

the antigen-specific CD8+ T cell response in the context of influenza infection, 2 million 

wild type or MeCP2Tg3 :: OTI+/- T cells were transferred into wild type or MeCP2Tg3 

hosts. Twenty-four hours following T cell transfer, mice were infected with Influenza 

A/PR/8 virus engineered to express the OVA epitope recognized by OTI T cells, and the 

antigen-specific T cell response in the draining mediastinal lymph node was assessed on 

day 3.5 p.i. We found that there was no difference in T cell proliferation based on 

genotype of the T cells, however MeCP2Tg3 hosts actually had an increased number of 

OTI T cells and increased proliferation of OTI T cells on day 3.5 (Fig. 8A-C), suggesting 
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that host genotype, rather than T cell genotype, may be driving any differences in 

influenza A response. 

Although we found increased antigen-specific OTI T cell proliferation in 

MeCP2Tg3 hosts on day 3.5, we were surprised to find that the entire adaptive immune 

cell and antibody compliment in the lungs appeared to be blunted by day 8 p.i. T and B 

cell numbers in the MeCP2Tg3 lung parenchyma were reduced, while innate immune cell 

numbers were normal or elevated at day 8 (Fig. 7D, Fig. 8D). Influenza A-specific 

antibody titers were greatly reduced in bronchoalveolar lavage (BAL) fluid (Fig. 7E and 

F), and influenza A virus titers were significantly elevated above wild type, in which no 

virus was detectable on day 8 (Fig. 7G). In addition to the reduced overall number of T 

cells, there was also a decreased percentage of influenza A-specific CD8+ T cells among 

total CD8+ T cells as measured by NP and PA tetramer staining (Fig. 8E). In agreement 

with this finding and previously published data (Yang et al., 2012), we found that both 

CD4+ and CD8+ MeCP2Tg3 T cells exhibited significantly reduced IFNγ production upon 

restimulation by influenza A virus loaded bone marrow-derived dendritic cells (BMDC), 

with minimal differences based on the genotype of BMDC used as antigen presenting 

cells (APC), i.e. wild type or MeCP2Tg3 bone marrow origin (Fig. 8F and G). Therefore, 

there was both a reduced percentage of IFNγ producing T cells and a reduced overall T 

cell numbers, which likely combine to explain IFNγ deficiency observed in the context of 

MeCP2 overexpression. Although this finding is consistent with previous published data 

(Yang et al., 2012), IFNγ-null mice have been shown to clear and survive primary 
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influenza A virus infection (Graham et al., 1993), therefore it is unlikely that this 

explained the death of these mice in the context of influenza A infection. 

 

Influenza A infection of MeCP2Tg3 mice results in severe lung pathology by five days 

post infection. Because the innate immune response appeared normal in these mice at 

day 3 p.i., but the adaptive response in the lungs was defective at day 8, we decided to 

perform serial complete blood count (CBC) measurements on peripheral blood to detect 

any obvious global changes occurring during the course of infection. These data revealed 

a robust and specific increase in granulocytes on day 5 p.i. (Fig. 9A). Interestingly, those 

mice that succumbed prior to blood collection on day 7 had a significantly elevated 

granulocyte count at day 5 p.i., while those that survived to day 7 did not have 

significantly elevated granulocyte counts on day 5 (Fig. 9B). Flow cytometric analysis of 

peripheral blood and BAL fluid on day 5 demonstrated that neutrophils were significantly 

elevated in both compartments (Fig. 9C and D). This widespread neutrophilia suggested 

global exacerbation of innate inflammation in MeCP2Tg3 mice on day 5 p.i., that is prior 

to the onset of the adaptive response in the infected lungs. In agreement with this, 

Luminex analysis of day 5 BAL fluid revealed a widespread increase in inflammatory 

cytokines and chemokines (Fig. 10A and Table 1), consistent with infection–induced 

“cytokine storm” resulting in excess inflammation and enhanced pulmonary injury. 

Accordingly, we attempted to reduce inflammation via the use of the cycolooxygenase-2 

(COX-2) specific inhibitor, celecoxib. Daily celecoxib treatment normalized neutrophil 

levels (Fig. 10B), and weight loss was attenuated (Fig. 10C) without any effect on 
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survival (Fig. 10D). Importantly, there was no difference in weight loss (Fig. 10C) or 

neutrophil levels (Fig. 10B) after celecoxib treatment in wild type mice, demonstrating a 

specific role for excessive inflammation in MeCP2Tg3 mice. 

Previous reports, including ours, have implicated MeCP2 in the control of 

glucocorticoid response (Braun et al., 2012; Cronk et al., 2015a; Nuber et al., 2005). In 

addition, MeCP2 overexpressing mice have been shown to have an enhanced response to 

stress (Samaco et al., 2012). Therefore, we measured serum corticosterone levels during 

infection, and found a significant increase starting on day 5 and persisting through day 8 

(Fig. 11A). Importantly, glucocorticoids are potent inhibitors of both T and B cells 

(Coutinho and Chapman, 2011), and could explain adaptive immune suppression 

observed between day 3 and 8. However, similar to celecoxib treatment, treatment with 

either the glucocorticoid inhibitor mifepristone or combination treatment with 

mifepristone and celecoxib resulted in attenuated weight loss (Fig. 11B) but with no 

effect on MeCP2Tg3 survival after influenza A infection (Fig. 11C). These results suggest 

that glucocorticoids play a role in the pathology observed in MeCP2Tg3 mice exposed to 

influenza A virus, but are insufficient to explain the full extent of disease. 

 

Non-hematopoietic cells are essential for influenza A-induced mortality in 

MeCP2Tg3 mice. Based on these cumulative results, we questioned the overall role of 

hematopoietic cells in explaining influenza A-induced mortality in MeCP2Tg3 mice. 

Towards this end, we transplanted wild type or MeCP2Tg3 mice with either wild type or 

MeCP2Tg3 bone marrow and infected with influenza A/PR/8/34. Survival was not 
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improved by wild type bone marrow, nor was survival impaired by MeCP2Tg3 bone 

marrow, regardless of host genotype (Fig. 12A). This strongly suggested that the immune 

system alone does not account for mortality in MeCP2Tg3 mice, because the MeCP2Tg3 

immune system was insufficient to cause death in wild type hosts, and a wild type 

immune system was unable to rescue survival in MeCP2Tg3 hosts. Thus, we concluded 

that non-hematopoietic cells must play an essential role in mortality upon influenza A 

infection in MeCP2Tg3 mice. 

We had previously noted that BAL fluid from infected MeCP2Tg3 mice was 

bloody suggesting increased vascular leak. When we measured BAL red blood cell 

(RBC) numbers via flow cytometry on day 5 p.i., we found significantly more RBCs in 

BAL fluid of infected MeCP2Tg3 mice (Fig. 12B). In agreement with these findings, we 

observed that MeCP2Tg3 lungs appeared grossly erythematous on day 7 (Fig. 12C). 

Analysis of BAL fluid from uninfected, day 5, and day 7 p.i. MeCP2Tg3 mice revealed a 

progressive increase in airway hemorrhage. By contrast there was no blood evident in 

BAL fluid from infected wild type mice (Fig. 12D). As an additional measure of vascular 

leak, Evans Blue dye accumulation was measured in the BAL fluid  of infected mice 1 hr 

after i.p. dye injection. Interestingly, while wild type mice demonstrated Evans Blue in 

their airways only on day 7 (as would be expected with increasing pulmonary 

inflammation), some MeCP2Tg3 mice had Evans blue in their airway starting on day 5, 

but had significantly less than wild type by day 7 (Fig. 12D). This suggested that 

although airway hemorrhage was occurring on day 5, transport of protein/fluid from the 

vasculature to the airways was impaired by day 7 p.i. In agreement with this finding, on 
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day 7 MeCP2Tg3 lungs displayed significant areas of vascular congestion even after 

pulmonary vascular perfusion with PBS (Fig. 12E). We also found that in contrast to 

results on  day 3 p.i. the number of infiltrating airway cells was significantly reduced in 

MeCP2Tg3 BAL fluid on day 8, (Fig. 12F), again supporting the possibility that access to 

the pulmonary vascular compartment  is compromised in MeCP2Tg3 mice after day 5 of 

infection. 

Histologic analysis of lungs from mice day 7 p.i. revealed capillary congestion 

and alveolar hemorrhage, likely reflecting damage occurring on and after day 5 p.i. (Fig. 

13A). Importantly, overall tissue integrity as detected by histology was comparable 

between wild type and MeCP2Tg3 mice, suggesting that the observed vascular defects 

represented the major tissue damage leading to death upon infection in MeCP2Tg3 mice. 

Because we had observed defects of pulmonary perfusion, we decided to measure 

pulmonary function, which includes pulmonary artery pressure. While resistance and 

compliance were similar to that of wild type (as expected, since no increased tissue 

destruction was evident in H&E stains), pulmonary artery pressure was significantly 

elevated in MeCP2Tg3 mice on day 8 (Fig. 12G). H&E analysis revealed both perivascular 

edema and pulmonary arterial narrowing in MeCP2Tg3 mice (Fig. 12H and 13B), 

consistent with pulmonary arterial hypertension (Fig. 12G) and inability to effectively 

perfuse the infected MeCP2Tg3 lungs (Fig. 12E). Interestingly, this vascular abnormality 

potentially extended to other tissues, as all MeCP2Tg3 mice had regions of blood in the 

brain that could not be cleared following perfusion of the brains of MeCP2Tg3 mice on 
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day 7 p.i. (Fig. 13C), suggesting that severe respiratory infection leads to systemic 

vascular pathology in the context of MeCP2 overexpression. 

 

Discussion 

Here we demonstrated that influenza A infection in MeCP2 overexpressing mice results 

initially (up to day 3 p.i.) in a normal immune response, but abnormally progresses into 

excessive innate inflammation, high corticosterone levels, defective adaptive immunity, 

uncontrolled virus replication, vascular defects, and death approximately 6-9 days post 

infection. Most pathologic findings began on day 5 post-infection, indicating this as a 

critical turning point. Much of our data regarding adaptive immune system function 

agrees with previous reports (Bauer et al., 2015; Koelsch et al., 2013; Yang et al., 2012), 

and suggests that the adaptive immune response is significantly impaired in the context of 

MeCP2 overexpression. We have also identified multiple other pathologic processes 

during infection in MeCP2Tg3 mice, suggesting that the impairment of the adaptive 

immune response is just one of a complex set of abnormalities occurring during infection 

in the context of MeCP2 overexpression. 

In addition to defects in immune cells, non-hematopoietic cells were also essential 

to infection-associated lethality. Bone marrow transplant revealed no effect of immune 

system genotype on mortality, and significant vascular impairment (including 

perivascular edema, pulmonary arterial hypertension, impaired perfusion, and alveolar 

hemorrhage) was observed in MeCP2Tg3 mice. These results suggest that either direct 

response of vasculature, or upstream response by other non-hematopoietic cells, play an 
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important role in disease pathogenesis. In order to identify which cell type(s) are 

responsible for susceptibility to respiratory infection in MeCP2 overexpressing mice, it 

would be necessary to either overexpress or correct MeCP2 expression levels in specific 

non-hematopoietic cell types. Unfortunately, such genetic tools to target specific cell 

types do not currently exist. Future work should endeavor to both create and utilize cell-

specific tools to better understand which pulmonary cell types are critical to mortality 

associated with respiratory infection in the context of MeCP2 overexpression. 

It was previously shown that MeCP2 overexpressing mice have increased 

corticosterone release after stress (Samaco et al., 2012), and multiple groups have directly 

linked MeCP2 to glucocorticoid response (Braun et al., 2012; Cronk et al., 2015a; Nuber 

et al., 2005), which may explain the increased corticosterone we observed during 

influenza infection in MeCP2Tg3 mice. In addition, glucocorticoids can suppress the 

function of and cause apoptosis in lymphocytes (Coutinho and Chapman, 2011), 

potentially helping to explain the deficiency and impairment of lymphocytes seen late 

during infection. However, glucocorticoids have a complex effect during infection, as 

they can both impair the adaptive immune response but also help control innate 

inflammation. Thus, pharmacologic intervention may be equally complex, as excessive 

innate inflammation seen in the context of MeCP2 overexpression may be exacerbated by 

glucocorticoid blockade. Regardless, the role of MeCP2 in the glucocorticoid response 

continues to be an outstanding unresolved question that warrants further investigation. 

The excessive innate inflammation seen in this study may correlate to excessive 

acute phase responses observed in MeCP2 duplication syndrome patients (Bauer et al., 
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2015), and could represent a common defect in the immune response when MeCP2 is 

overexpressed. Interestingly, significant levels of chemokine (C-X-C motif) ligand 5 

(Cxcl5) were observed in MeCP2Tg3 BAL fluid, whereas wild type mice had little to no 

Cxcl5, potentially implicating respiratory epithelial cells in inflammation as these cells 

are the major known producer of Cxcl5 in the lung (Jeyaseelan et al., 2005; Koltsova and 

Ley, 2010; Mei et al., 2010; Nouailles et al., 2014). Although inhibition of innate 

inflammation did not improve survival, we did see symptomatic improvement in the form 

of normalized neutrophil levels and attenuated weight loss. It is therefore possible that 

excessive innate inflammation represents a significant cause of morbidity in MeCP2 

duplication syndrome, and should be investigated as a potential target for amelioration of 

symptoms during infection in these patients. This may be of particular interest in the 

context of less severe infections, where symptomatic treatment may be the most salient 

consideration. 

Our findings could inform future work on respiratory infections in MeCP2 

duplication syndrome by suggesting that some potential therapies focusing only on the 

hematopoietic system, such as bone marrow transplant, may not be viable. Treatment of 

respiratory infection in MeCP2 duplication syndrome may require therapies either 

targeting or genetically correcting non-hematopoietic cells. It was recently shown that 

antisense oligonucleotides can effectively knockdown MeCP2 expression in MeCP2 

overexpressing mice, and ameliorates neurologic symptoms (Sztainberg et al., 2015). A 

similar strategy could be employed in the context of infection in order to correct non-

hematopoietic defects. Such an approach may represent the most promising therapy for 
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MeCP2 duplication patients, given our results demonstrating the importance of non-

hematopoietic cells in the context of infection. 

In sum, this work provides evidence that influenza A infection-related morbidity 

and mortality in the context of MeCP2 overexpression is a complex process involving 

defects of both immune and non-hematopoietic cells. Future studies should endeavor to 

further understand which cell types drive mortality upon respiratory infection in MeCP2 

overexpression, which may lead to targeted therapies for these patients. 
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Figures and tables  

               Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Luminex analysis of BAL fluid in wild type and MeCP2Tg3, day 5 p.i. BAL fluid from 

wild type and MeCP2Tg3 mice on day 5 pi.i. was assessed for cytokine, chemokine, and 

growth factor levels. Values are displayed as pg/ml +/- SEM. Two-tailed Student’s T test 

was performed for statistical analyses. 

Wild type MeCP2Tg3

IL-17 1.606 ± 0.2453 2.630 ± 0.4033 0.0619
IL-15 21.55 ± 1.742 43.26 ± 3.210 0.0003
IL-13 Not detected Not detected N/A
IL-12p70 5.366 ± 0.5995 11.12 ± 1.127 0.002
IL-12p40 3.412 ± 0.5398 7.082 ± 1.236 0.0262
IL-10 39.68 ± 19.36 14.14 ± 2.959 0.2285
IL-9 72.20 ± 7.842 157.2 ± 11.89 0.0003
IL-7 0.4960 ± 0.1437 1.682 ± 0.2160 0.0018
IL-6 2058 ± 186.2 8623 ± 800.1 < 0.0001
IL-5 28.78 ± 5.473 130.7 ± 22.27 0.0022
IL-4 0.9500 ± 0.2524 1.764 ± 0.2816 0.0635
IL-3 1.778 ± 0.2475 3.634 ± 0.3583 0.0028
IL-2 3.292 ± 0.2591 4.634 ± 0.2328 0.0049
IL-1β 21.70 ± 2.000 44.59 ± 4.538 0.0017
IL-1α 10.82 ± 2.318 26.18 ± 2.795 0.0029
IFNγ 996.6 ± 477.5 538.4 ± 141.8 0.3845
TNFa 37.81 ± 2.808 73.43 ± 7.207 0.0017
CXCL10 2770 ± 405.6 5412 ± 587.7 0.006
CXCL9 2610 ± 628.5 3485 ± 250.8 0.2318
CXCL5 4.808 ± 1.805 55.90 ± 12.97 0.0045
CXCL2 131.1 ± 3.970 174.1 ± 15.35 0.0267
CXCL1 804.9 ± 60.80 1372 ± 155.4 0.0094
CCL5 48.91 ± 3.036 100.9 ± 14.23 0.0073
CCL4 643.9 ± 87.99 1552 ± 327.5 0.028
CCL3 225.2 ± 12.51 406.9 ± 30.69 0.0006
CCL2 1451 ± 199.0 4007 ± 419.2 0.0006
LIF 182.2 ± 9.589 1179 ± 211.6 0.0015
VEGF 21.99 ± 5.641 56.67 ± 6.091 0.0031
Eotaxin 125.4 ± 16.57 488.8 ± 73.97 0.0014
MCSF 19.48 ± 1.389 40.43 ± 3.524 0.0006
GMCSF 50.18 ± 5.760 109.4 ± 12.78 0.0029
GCSF 1606 ± 140.2 5473 ± 752.1 0.001

Concentration (pg/ml ± SEM)

Molecule p-value

Luminex of BAL fluid, day 5 post infection
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       Figure 6. 

 

 

 

 

 

 

 

 

MeCP2Tg3 mice naturally start to die after 200 days of age, and have no obvious 

baseline peripheral immune defects. (A) Survival curve of C57BL6/J x FVB F1 wild 

type and MeCP2Tg3 mice (n=20 wild type, 19 MeCP2Tg3 mice, Log-rank (Mantel-cox) 

test, **,p<0.01). (B) Representative flow cytometry plots of baseline myeloid cells, gated 

on live/singlet/CD45+ blood cells. (C) Representative flow cytometry plots of baseline T 

cells, gated on live/singlet/CD45+ blood cells. (D) Representative flow cytometry plots 

of baseline B cells, gated on live/singlet/CD45+ blood cells. 
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      Figure 7.  
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MeCP2Tg3 mice are highly susceptible to influenza A infection, with late adaptive 

immune failure and uncontrolled virus titers. (A) Survival of 12 week old 

FVB/C57BL6 F1 male MeCP2Tg3 and wild type littermates infected with a dose of 

influenza A/PR/8/34 previously determined as LD100 for MeCP2Tg3 mice (n=4 mice per 

group, Log-rank (Mantel-Cox) test, **, p=0.0091). (B) Weight loss kinetics as measured 

by percentage of body weight lost during infection. (C) Lung immune cell counts as 

measured by flow cytometry on day 3 p.i. (n=3 mice per group, two-tailed Student’s t-

test; CCR2+ monocytes, p=0.0225). (D) Lung immune cell counts as measured by flow 

cytometry on day 8 p.i. (n=3 mice per group, two-tailed Student’s t-test for B cells, 

p=0.0051; CD4+ T cells, p=0.0155; CD8+ T cells, p=0.0013; CCR2+ monocytes, 

p=0.0329). (E and F) Influenza A/PR/8-specific IgG and IgM antibody titers as measured 

by ELISA in BAL fluid from day 8 p.i. (n=3 mice per group, Two-way ANOVA with 

Bonferroni post test; *, p<0.05, **, p<0.01, ***, p<0.001). (G) Viral titers from day 8 

BAL fluid measured by TCID50 (n=4 mice per group, Mann Whitney test, p=0.0211). 
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Figure 8. 
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MeCP2Tg3 T cells display strong activation early during infection, but by day 8 both 

total and influenza-specific T cells are deficient, in addition to reduced IFNγ 

production. (A) 2 million OTI T cells, either on MeCP2Tg3 or wild type genetic 

background, were CFSE labeled and transferred into wild type or MeCP2Tg3 hosts, which 

were then infected with OVA-expressing influenza A/PR/8 24 hours later. Mediastinal 

lymph nodes were collected on day 3.5 post infection and OTI proliferation was 

analyzed. Histograms of CFSE fluorescence and average number of divisions by OTI T 

cells are displayed, n=3-6 mice per group. (B) Quantification of average number of 

divisions by transferred wild type or MeCP2Tg3 OTI T cells in wild type or MeCP2Tg3 

hosts at day 3.5 post infection with OVA-expressing influenza A/PR/8 (n=3-6 mice per 

group, Two-way ANOVA with Bonferroni post test; **, p<0.01). (C) Quantification of 

wild type or MeCP2Tg3 OTI cell numbers in wild type or MeCP2Tg3 hosts at day 3.5 post 

infection with OVA-expressing influenza A/PR/8 (n=3-6 mice per group, Two-way 

ANOVA with Bonferroni post test; **, p<0.01). (D) Representative flow cytometry plots 

of T and B cells on day 8 post infection. (E) Representative flow cytometry plots and 

quantification of PA and NP tetramer staining in wild type and MeCP2Tg3 CD8+ T cells 

on day 8 post infection  (n=3 mice per group, two-tailed Student’s t-test; ns, not 

significant; *,p<0.05). (F) IFNγ staining among CD4+ T cells taken from mice day 8 post 

infection and restimulated with A/PR/8/34 virus-loaded wild type or MeCP2Tg3 BMDC 

(n=3 mice per group, Two-way ANOVA with Bonferroni post test; **, p<0.01, ***, 

p<0.001). (G) Same as in (F), however CD8+ T cells are displayed (n=3 mice per group, 

Two-way ANOVA with Bonferroni post test; *, p<0.05, **, p<0.01, ***, p<0.001). 
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         Figure 9. 
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Peripheral and pulmonary neutrophilia associated with mortality occurs on day 5 

p.i. in MeCP2Tg3 mice. (A) CBC granulocyte counts from serial tail blood samples taken 

on days 0, 3, 5, and 7 p.i. (n=4 wild type and 9 MeCP2Tg3 mice, Two-way ANOVA with 

Bonferroni post test; **, p<0.01, ***, p<0.001). (B) Comparison of granulocyte count on 

day 5 p.i. between wild type, MeCP2Tg3 that succumbed prior to day 7, and MeCP2Tg3 

that survived to day 7 (One-way ANOVA with Tukey’s multiple comparisons test; **, 

p<0.01). (C) Percentage of blood neutrophils out of all live/singlet/CD45+ blood cells on 

day 5 p.i. (n=3-6 mice per group, Two-way ANOVA with Bonferroni post test; ***, 

p<0.001). (D) Percentage of BAL neutrophils out of all live/singlet/CD45+ BAL cells on 

day 5 p.i. (n=3-6 mice per group, Two-way ANOVA with Bonferroni post test; ***, 

p<0.001). 
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        Figure 10. 
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MeCP2Tg3 mice develop pulmonary cytokine storm, and COX-2 inhibition corrects 

neutrophilia and reduces weight loss but does not improve survival. (A) Luminex 

analysis of BAL fluid from day 5 p.i., presented as fold of wild type protein levels (n=5 

mice per group, two-tailed Student’s t-test; ns, not significant; *, p<0.05; **, p<0.01; 

***, p<0.001). (B) Blood neutrophil percentage out of all live/singlet/CD45+ cells after 

25mg/kg celecoxib or vehicle treatment on day 5 p.i. (n=3-4 mice per group, Two-way 

ANOVA with Bonferroni post test; *, p<0.05, **, p<0.01). (C) Weight loss kinetics 

during infection with 25mg/kg celecoxib treatment (n=3-5 mice per group, Two-way 

ANOVA with Bonferroni post test; *, p<0.05, ***, p<0.001). (D) Influenza A/PR/8/34 

survival with 25mg/kg celecoxib or vehicle treatment (n=3-5 mice per group, Log-rank 

(Mantel-cox) test, not significant). 
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Figure 11. 

 

Corticosterone is significantly elevated starting day 5 post infection, however does 

not explain mortality. (A) Serum corticosterone levels from mice mock infected, day 3, 

5 and 8 post infection. (n=3-7 mice per group, Two-way ANOVA with Bonferroni post 

test; **, p<0.01, ***, p<0.001). (B) Weight loss during infection with daily 25mg/kg 

mifepristone (MFP), 100mg/kg celecoxib (CXB), or combination treatment (MFP+CXB) 

(n=3 mice per group for all groups except MFP+CXB, for which n=9, Two-way ANOVA 

with Bonferroni post test; ***, p<0.001). (C) Survival curves for  daily 25mg/kg 

mifepristone (MFP), 100mg/kg celecoxib (CXB), or combination treatment (MFP+CXB) 

in wild type and MeCP2Tg3 mice (n=3-6 mice per group). 
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Figure 12. 
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The MeCP2Tg3 immune system is insufficient to cause enhanced mortality to 

influenza A infection, and influenza A infection in MeCP2Tg3 mice leads to vascular 

pathology. (A) Survival curve for mice infected with Influenza A/PR/8/34 that were 

given bone marrow transplant with MeCP2Tg3 or wild type bone marrow (n=3 or 4 mice 

per group for wild type hosts, and 2 mice per group for MeCP2Tg3 hosts, Log-rank 

(Mantel-cox) test, *, p<0.05). (B) Flow cytometry of RBCs in BAL fluid on day 5 p.i. 

(n=3-6 mice per group, Two-way ANOVA with Bonferroni post test; ***, p<0.001). (C) 

Gross appearance of wild type and MeCP2Tg3 lungs on day 7 p.i. (D) Images and 

quantification of Evans Blue in BAL fluid taken from uninfected, day 5, and day 7 p.i. 

Mice were injected with Evans Blue dye one hour prior to harvest (n=3-5 mice per group, 

Two-way ANOVA with Bonferroni post test; **, p<0.01). (E) Gross appearance of lungs 

from mice given Evans Blue dye and analyzed one hour later.  Lungs were perfused to 

remove remaining vascular dye and blood, and BAL fluid was taken. Images are 

representative of n=3 mice per group for uninfected, and n=4 mice per group for day 7 

p.i.. (F) Total BAL cell counts on day 3 and day 8 p.i. (n=3 mice per group, Two-way 

ANOVA with Bonferroni post test; ns, not significant; **, p<0.01). (G) Resistance, 

compliance, and pulmonary artery pressure measured on day 8 p.i. (n=5 for wild type and 

3 for MeCP2Tg3, two-tailed Student’s t-test, p=0.0074 for pulmonary artery pressure). (H) 

H&E staining of day 7 p.i. lungs that were not perfused or inflated demonstrates both 

arterial narrowing and perivascular edema (black arrowheads, pulmonary arteries). Scale 

bar = 200µm for large images, and 50µm for insets. 
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Figure 13. 

 

Vascular pathology at day 7 post infection in MeCP2Tg3 mice. (A) H&E staining of 

day 7 post infection lungs that were not perfused or inflated demonstrates capillary 

congestion and alveolar hemorrhage in MeCP2Tg3 mice. Scale bar = 50µm. (B) H&E 

staining of day 7 post infection lungs that were perfused and inflated demonstrates both 

arterial narrowing and perivascular edema (black arrowheads, pulmonary arteries). Scale 

bar = 200µm. (C) Evidence of hemorrhage in the brains of day 7 post infection MeCP2Tg3 

mice  (yellow arrowheads). Evans Blue dye injected mice were systemically perfused to 

remove blood and remaining vascular dye. Images are representative of n=3 mice per 

group for uninfected, and n=4 mice per group for day 7 post infection. 
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Chapter 5 

Summary discussion and future directions 

 

A reassessment of MeCP2 in health and disease 

MeCP2 is a complex regulator of transcriptional responses. It has been shown to interact 

with a plethora of molecules in the control of gene transcription, and is both a repressor 

and activator of gene transcription (Guy et al., 2011). In addition, its loss- or gain-of-

function results in widespread, relatively small transcriptional changes (Ben-Shachar et 

al., 2009; Tudor et al., 2002). Indeed, the scientific community is still discovering novel, 

fundamental functions for MeCP2, such as new DNA binding motifs beyond 5mC 

(Mellen et al., 2012). Given the complexity of understanding MeCP2, work to explain 

how it might regulate cellular function on a basic level, much less how malfunction of 

MeCP2 might mediate disease, has been slow, and far too often, incomplete or 
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inconclusive. This frustration has led to attempts by the scientific community to simplify 

the concepts and biological processes being examined by focusing only on single organ 

systems (the CNS) and cell types (neurons) (Chahrour and Zoghbi, 2007; Guy et al., 

2011; Lombardi et al., 2015). While such an approach can be helpful in making progress 

towards understanding a highly complex system, in this case a failure to consider the 

pleiotropic roles for MeCP2 may instead lead to further difficulties in understanding 

disease pathogenesis of MeCP2-related pathologies. At worst, this closed mindset could 

even lead to misguided conclusions based on incorrect presumptions regarding the roles 

and functions of MeCP2. 

 The pathogenesis of Rett and MeCP2 duplication syndromes has long been 

assumed as an essentially neuronal process (Chahrour and Zoghbi, 2007; Guy et al., 

2011; Lombardi et al., 2015). Even in the case of MeCP2 duplication syndrome, in which 

chronic, life-threatening infections are a recognized feature of the disease, the direct role 

of MeCP2 in causing immunologic pathology was initially questioned (Ramocki et al., 

2010). It was thought that a neighboring gene, encoding interleukin-1 receptor-associated 

kinase 1 (IRAK1) may be responsible for immunologic aspects of MeCP2 duplication 

syndrome, because it is frequently duplicated along with MeCP2 (Ramocki et al., 2010). 

However, studies using mice that specifically overexpress only MeCP2, and not IRAK1, 

have demonstrated that MeCP2 significantly influences immune function on its own 

(Koelsch et al., 2013; Yang et al., 2012). While it is entirely possible that IRAK1 

duplication contributes to immune failures in MeCP2 duplication syndrome, recent 

evidence, including the results presented in this dissertation, demonstrates that MeCP2 
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plays a direct role in not only the immune function in MeCP2 duplication syndrome 

(Koelsch et al., 2013; Yang et al., 2012), but also MeCP2 loss-of-function / Rett 

syndrome (Cronk et al., 2015a; Cronk et al., 2015b; Derecki et al., 2012; Horiuchi et al., 

2016; Jiang et al., 2014; Jin et al., 2015; Li et al., 2014; Maezawa and Jin, 2010; 

O'Driscoll et al., 2013b; O'Driscoll et al., 2015), and potentially even other immunologic 

disorders outside of either Rett or MeCP2 duplication (Carmona et al., 2013; Cobb et al., 

2010; Han et al., 2013; Kaufman et al., 2013; Koelsch et al., 2013; Sawalha et al., 2008; 

Webb et al., 2009). 

 The immune system expresses and utilizes MeCP2 within many cell types. 

Evidence for this from both our lab and others has been accumulating in recent years 

(Cronk et al., 2015a; Cronk et al., 2015b; Derecki et al., 2012; Horiuchi et al., 2016; Jiang 

et al., 2014; Jin et al., 2015; Li et al., 2014; Maezawa and Jin, 2010; O'Driscoll et al., 

2013b; O'Driscoll et al., 2015). In this body of work, we have demonstrated that MeCP2 

plays important roles for immune homeostasis and response in multiple contexts. First, 

we showed that macrophages, including microglia, utilize Mecp2 for control of 

transcriptional responses to stimuli (Chapter 3, Appendix). Second, we investigated the 

pathogenesis of respiratory infection in a mouse model of MeCP2 duplication syndrome, 

elucidating dysfunction of both immune and non-hematopoietic cells during influenza A 

infection (Chapter 4). These results, combined with the mounting body of published 

evidence, make clear that MeCP2 is required for proper function of the immune system. 
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Regulation of responses to stimuli in immune cells by MeCP2 

Given the results of these studies, it can be concluded that MeCP2 is playing cell-intrinsic 

roles in immune functions. We demonstrated that Mecp2 regulates multiple stimulus-

induced transcription pathways in microglia and macrophages by both measuring their 

abnormal expression in vivo, and their abnormal expression in vitro (Cronk et al., 2015a). 

Thus, we verified that Mecp2 is required for control of macrophage transcriptional 

responses in the context of disease, and that Mecp2 regulates macrophages in a cell-

intrinsic manner (Cronk et al., 2015a). Others have also measured cell-intrinsic roles for 

Mecp2 in microglia (Jin et al., 2015; Maezawa and Jin, 2010) and other myeloid cells 

(O'Driscoll et al., 2013b; O'Driscoll et al., 2015). One of our key findings was that Mecp2 

acts as a transcriptional repressor of inflammatory responses upon Tnf signaling in 

macrophages (Cronk et al., 2015a); a finding that another group replicated in other 

myeloid cells shortly after we published our results (O'Driscoll et al., 2015). Beyond 

macrophage response to stimuli, it is also becoming clear that MeCP2 regulates T cell 

skewing and subsequent cytokine production (Jiang et al., 2014; Li et al., 2014; Yang et 

al., 2012), and may play a role in antibody production and/or class switching (Bauer et 

al., 2015; Koelsch et al., 2013). 

 In addition to inflammatory transcriptional responses, we also found that Mecp2 

regulates glucocorticoid signaling in macrophages (Cronk et al., 2015a). This was not an 

entirely surprising finding, as MeCP2 had been previously demonstrated to regulate 

glucocorticoid signaling and bind to the promoters of key glucocorticoid response genes 

(Braun et al., 2012; Nuber et al., 2005). This finding becomes more interesting when 
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considered alongside our observation that MeCP2Tg3 mice experienced large elevations in 

circulating glucocorticoids during infection (Fig. 11). Precedent also existed for this 

finding, as it had been shown that MeCP2 overexpressing mice have an exaggerated 

stress response, including increased corticosterone release (Samaco et al., 2012). The 

evidence thus shows that MeCP2 regulates glucocorticoid responses in multiple cell 

types, and that both overexpression and deletion of Mecp2 leads to perturbation of the 

glucocorticoid system. Therefore, a global role for MeCP2 may be the control of 

response to, and release of, glucocorticoids. If this is the case, then it may be expected 

that abnormalities of the glucocorticoid system will be a common feature of any MeCP2 

disorder. This could have complex downstream ramifications, as glucocorticoids have 

potent effects in a multitude of body systems, especially the immune system (Coutinho 

and Chapman, 2011). Glucocorticoids are one of the strongest anti-inflammatory drugs 

used in the clinic, capable of both dampening inflammatory responses and even inducing 

apoptosis of immune cells (Coutinho and Chapman, 2011). Therefore, if MeCP2 is a 

central regulator of glucocorticoid signaling, then this may represent a core function for 

MeCP2 in the immune system. 

 Given that MeCP2 regulates glucocorticoid responses across cell types (Braun et 

al., 2012; Cronk et al., 2015a; Nuber et al., 2005), MeCP2 may regulate other common 

pathways. As an example, Tnf has been shown to regulate sensory neuron development 

(Wheeler et al., 2014) and synaptic scaling (Stellwagen and Malenka, 2006). Thus, if 

MeCP2 regulates neuronal Tnf signaling, as it does in macrophages/myeloid cells (Cronk 

et al., 2015a; O'Driscoll et al., 2015), it may represent yet another pathway that is 
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commonly regulated by MeCP2 in very different cells. MeCP2 may in fact function to 

regulate common pathways throughout the body, but the downstream effects due to 

dysregulation of the same pathway in different cell types may result in unique, cell-type 

specific outcomes. Thus, common molecular etiologies of MeCP2 dysfunction may 

remain elusive based on phenotypes alone, as the phenotypic effects of signaling 

abnormalities in the same pathways within neurons and immune cells may be entirely 

different, regardless of commonalities in molecular etiology. As an example, enhanced 

Tnf signaling in immune cells might result in excessive inflammatory responses (Cronk 

et al., 2015a; O'Driscoll et al., 2015), whereas enhanced Tnf signaling in neurons might 

result in abnormal neurodevelopmental outcomes (Stellwagen and Malenka, 2006; 

Wheeler et al., 2014). In isolation, no clear link between these phenotypes would be 

evident, thus investigation of the underlying molecular etiologies would be key to 

realizing a common cell-intrinsic causation. 

Another layer of complexity can be found in our observation that expression of 

MeCP2 is dynamically regulated upon inflammatory stimulation (Fig. 5). We found that 

LPS stimulation not only increases Mecp2 expression 3-4 fold in macrophages, but that 

IFNγ priming attenuates this response. Interestingly, it was found that TNF induces 

MeCP2 expression in an embryonic cell line upon neuronal differentiation, suggesting 

such induction of MeCP2 by inflammatory signaling may also cross cell type boundaries 

(O'Driscoll et al., 2013a). This suggests that expression of MeCP2 itself is dynamically 

regulated in macrophages, and potentially other cells. Dynamic regulation of MeCP2 
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levels within a cell may therefore represent an additional layer of transcriptional control, 

superimposed upon the direct effects of MeCP2 on gene expression. 

A model including dynamic control of MeCP2 expression may help to explain 

why, for instance, MeCP2 duplication syndrome results in such a devastating disease 

(Ramocki et al., 2010). If MeCP2 literally binds every methylated CpG at all times in the 

normal condition, then MeCP2 duplication should not result in disease, as excess protein 

should have no appreciable effect. However, given the significant pathology induced by 

MeCP2 overexpression (Alvarez-Saavedra et al., 2010; Bodda et al., 2013; Collins et al., 

2004; Friez et al., 2006; Koelsch et al., 2013; Ramocki et al., 2010; Samaco et al., 2012; 

Yang et al., 2012), the idea that MeCP2 always binds every methylated CpG seems 

increasingly unlikely. Tightly controlled, dynamic expression of MeCP2 better fits the 

observed phenotypes. The expression patterns of MeCP2 during development also 

support this concept, as MeCP2 is progressively expressed in a temporal manner (Balmer 

et al., 2003; Kishi and Macklis, 2004). Additional studies are needed to better understand 

how MeCP2 expression might be dynamically regulated within cells, and what stimuli 

regulate its expression. 

In sum, the combined evidence builds a case for MeCP2 as a broad regulator of 

stimulus response in immune cells. Although researchers have analyzed different cell 

populations, stimuli, and experimental models, all have found in common that response 

to inflammatory stimuli is affected when MeCP2 function is altered (Cronk et al., 2015a; 

Jiang et al., 2014; Li et al., 2014; O'Driscoll et al., 2013b; O'Driscoll et al., 2015; Yang et 

al., 2012). With this in mind, understanding how MeCP2 will regulate an immune 
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response becomes a complex question. This is for three reasons: 1) multiple populations 

of disparate immune cell types will be simultaneously affected by MeCP2 perturbation on 

a cell-intrinsic level upon initiation of an immune response; 2) the utilization of MeCP2 

by multiple disparate cell types makes determination of cell-intrinsic effects versus 

downstream cell-extrinsic effects difficult; and 3) it may not be only immune cells, but 

indeed non-hematopoietic cells that also experience MeCP2-mediated transcriptional 

regulation of their response to immunologic insult. This emerging understanding of 

where MeCP2 fits into a functional immune system suggests that there is much work to 

do if we are to understand both the role of MeCP2 on a per-cell basis, and also how those 

cell-intrinsic functions relate to the complex, multi-cellular events comprising an 

inflammatory immune response. 

 

A complex network of cell-intrinsic and extrinsic functions 

Cell-intrinsic functions can be classically claimed via isolation of a cell from its 

environment, or targeted genetic manipulation of a single cell type. However, 

understanding the relative cell-extrinsic effects of a genetic disease affecting many cell 

types in many tissues (such as Rett or MeCP2 duplication syndromes) is not such a 

straightforward endeavor.  

 The complexity inherent to studying Rett and MeCP2 duplication syndromes 

partly stems from the fact that MeCP2 is expressed in cells throughout the body, and 

therefore likely plays a role in many functions, depending on the cell type being 

considered (Alvarez-Saavedra et al., 2010; Ballas et al., 2009; Blue et al., 2015; 
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Buchovecky et al., 2013; Conti et al., 2015; Cronk et al., 2015a; Cronk et al., 2015b; 

Gold et al., 2014; Jiang et al., 2014; Li et al., 2014; Lioy et al., 2011; Nguyen et al., 2013; 

O'Connor et al., 2009; Song et al., 2014; Yang et al., 2012). Therefore, it is likely that 

given any in vivo scenario, one could measure a complex network of cell-intrinsic effects 

of MeCP2 perturbation, which in turn lead to cell-extrinsic effects, which then result in 

additional cell-intrinsic effects, and so on. In other words, the response of nearly every 

MeCP2-mutant cell type may be affected on a cell-intrinsic level, thus altering nearly 

every cell-cell interaction, and resulting in a cumulative “snowball” effect on the whole-

organism level. Even if MeCP2 perturbation is isolated to a specific cell type, this only 

answers the question as to whether or not MeCP2 is utilized by that specific cell in a cell-

intrinsic manner. Such evidence does not predict how a cell will respond in the context of 

a whole-organism abnormality of MeCP2 expression. There may in fact be phenotypes 

that are not unmasked without the occurrence of upstream events. For example, Mecp2-

null macrophages are unlikely to induce any pathology until they experience a stimulus, 

such as Tnf or glucocorticoids. Such phenotypes would be “silent” until the correct 

context was present. 

 Based on our data, and the work of others, it is likely that such a “snowball” effect 

is indeed initiated by the loss of MeCP2 in neurons (Chen et al., 2001; Cronk et al., 

2015a; Cronk et al., 2015b; Giacometti et al., 2007; Guy et al., 2011; Guy et al., 2001; 

Luikenhuis et al., 2004). This does not indicate, however, that MeCP2 is irrelevant in 

other cell types. Instead, it implicates neurons as central drivers of pathologies that span 

the entire organism. For instance, dysfunctional stress responses of neurogenic origin 
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might lead to increased circulating glucocorticoids. MeCP2-mutant immune cells, or 

other non-neuronal cell types, might in turn respond improperly to the excessive release 

of glucocorticoids. Their improper response could then feed back to neurons, driving 

additional neurologic pathology. In such a model, non-neuronal cells would act as 

“amplifiers” of pathology, while neurons act as initiators (Fig. 14) (Cronk et al., 2015b). 

Thus, correction of MeCP2 expression in non-neuronal cell types might ameliorate 

symptoms by blunting amplification of disease. Replacement or correction of non-

neuronal cells via transplant is a much more realistic prospect than correction of neuronal 

MeCP2 expression given currently available tools and technology. Therefore, while 

correction of non-neuronal cells is unlikely to fully rescue disease, it may represent one 

of the most realistic near-term treatment strategies for patients. 

 

MeCP2 as a multifunctional orchestrator of immune response 

Our results regarding influenza A infection in the context of MeCP2 overexpression also 

suggest a network of cell-intrinsic and extrinsic effects for MeCP2. While we saw 

significant increases in innate inflammation, neutrophilia, and a defective adaptive 

immune response, bone marrow transplant failed to indicate that hematopoietic cells 

alone lead to infection-related mortality (Fig. 12). In addition, differences in early 

antigen-specific T cell responses were driven by the genotype of the host, and not the 

genotype of the T cells (Fig. 8). However, others have measured a cell-intrinsic defect of 

IFNγ production by MeCP2 overexpressing T cells (Yang et al., 2012), a finding that our 

data supports (Fig. 8). In addition, data indicated that vascular failures may account for 
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the major non-hematopoietic contribution to mortality (Fig. 12 and 13), and molecular 

analysis of BAL fluid during infection revealed a signature implicating respiratory 

epithelial cells via a fold-increase in Cxcl5 well above wild type levels, and far greater 

than any other molecule analyzed (Fig. 10 and Table 1). Together, these results paint a 

picture of combined failures in both non-hematopoietic and immune cell responses to 

infection, which cumulatively create the overall failure to clear and resolve infection and 

inflammation (Fig. 15).  

 The observed vascular defects during infection could result from multiple 

potential sources. The first potential explanation is primary vasculature dysfunction. 

Second, neurogenic failure to properly regulate vascular tone could contribute to the 

increased pulmonary artery pressure and luminal narrowing we observed. Third, 

vasoconstriction may be directly induced by hypoxia in the lungs (Weir and Archer, 

1995). Regardless of the etiology, the vasculature is critical for normal immune function, 

as it serves as both the route by which immune cells travel to an inflamed site and a direct 

signaling partner to immune cells (Biedermann, 2001; Butcher and Picker, 1996; Cook-

Mills and Deem, 2005; Danese et al., 2007). Without proper vascular response to 

inflammation, a normal immune response cannot take place. Thus, regulation of the 

vascular response to immunologic insult may represent an additional way in which 

MeCP2 orchestrates immune responses, outside of hematopoietic cells themselves. Thus, 

the role of MeCP2 in vascular function is an important area for future investigation. 

One indication of cell-extrinsic effects during influenza A infection in MeCP2Tg3 

mice was the fact that anti-inflammatory treatment corrected neutrophilia and reduced 
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weight loss in MeCP2Tg3 mice (Fig. 10), thus suggesting that neutrophilia is driven by 

inflammation, and is not a primary neutrophil defect. While it did not prevent mortality, 

anti-inflammatory treatment may represent a potential avenue for symptom management 

in patients with MeCP2 duplication syndrome if similar excessive innate inflammation is 

confirmed in the human disease. 

Interestingly, we also observed neutrophilia in Mecp2-null mice (Cronk et al., 

2015a); whether or not these are interraleted phenotypes between MeCP2-overexpressing 

and Mecp2-null mice remains to be determined. However, neutrophilia in Mecp2-null 

mice might represent a relatively uncomplicated, truly cell-extrinsic effect of Mecp2 loss-

of-function. We found that neutrophils were one of the only immune cell types we 

measured which do not express detectable levels of Mecp2 (Cronk et al., 2015a). 

Therefore, any changes in neutrophils were expected to be in response to extrinsic 

factors. We found that loss of Mecp2 in macrophages directly led to increased Gcsf 

production upon stimulation. By neutralizing Gcsf in Mecp2-null mice, we were able to 

not only correct neutrophilia, but also moderately improve lifespan (Cronk et al., 2015a). 

This may represent at least one example of a straightforward cell-intrinsic dysfunction 

(Gcsf overexpression) leading to a cell-extrinsic pathology (neutrophilia), which can be 

corrected by direct inhibition of a single molecular defect (Gcsf neutralization). While 

most pathology in the context of MeCP2 loss-of-function is likely much more complex, 

this gives hope that at least some disease phenotypes might be corrected by simple 

interventions. 
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The loss of microglia and macrophages throughout Mecp2-null mice with disease 

progression also represents a significant failure of immune homeostasis. The exact cause 

of this phenomenon remains unknown, however it was suggested by others that impaired 

glutamine/glutamate metabolism and ROS production may be involved (Jin et al., 2015). 

Based on our findings that Mecp2 primarily functions to regulate response to stimuli in 

macrophages (Cronk et al., 2015a), it is likely that these phenotypes are primarily driven 

by some aberrant stimulus response due to the lack of Mecp2 in macrophages. This is an 

outstanding avenue for research that should be pursued in future work.  

 

MeCP2 and the immune system in human disease 

While our findings in mouse models of MeCP2 loss- and gain-of-function demonstrated 

an important role for MeCP2 in regulation of immune function, the question still remains 

as to how this may relate to human health and disease. Interestingly, one group recently 

reported that both patients and mice with MeCP2 loss-of-function demonstrate an 

inflammatory lung process upon radiologic or histologic examination of the lungs (De 

Felice et al., 2014). This points to the possibility that immunologic disease processes may 

be occuring in Rett syndrome, and further raises the possibility that the lungs are an 

important site of immune regulation by MeCP2, as was demonstrated in Chapter 4. In 

addition, it lends support to our findings that Mecp2 loss-of-function leads to excessive 

inflammatory responses (Cronk et al., 2015a). In order to further elucidate the possibility 

of aberrant inflammatory response in Rett syndrome, a formal study of the response by 
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Rett patients to infection/inflammation would be necessary. Such a study may help 

towards understanding how the immune system may be contributing to Rett syndrome. 

 Rett syndrome patients in general may experience symptoms related to immune-

based dysfunction, however their inability to effectively communicate may represent a 

major hurdle towards the acknowledgement of their existence. In MeCP2 duplication 

syndrome, the immunologic defects are impossible to miss, because they represent an 

obvious, life-threatening aspect of disease (Bauer et al., 2015; Friez et al., 2006; Ramocki 

et al., 2010; Yang et al., 2012). These immunologic aspects of MeCP2 duplication 

syndrome also represent clear evidence that MeCP2 is, in fact, critical to normal immune 

function. However, patients with Rett syndrome may suffer from more subtle issues, such 

as chronic inflammatory disease. Indeed, Rett syndrome patients experience frequent 

bowel complications (Motil et al., 2012), which in theory could be related to a chronic 

inflammatory process. Additionally, Rett syndrome patients experience significant bone 

pathology, including scoliosis and osteopenia (Chahrour and Zoghbi, 2007; Motil et al., 

2014). It was recently shown that osteoblasts, the cells responsible for creating bone, are 

impaired in the absence of Mecp2 (Blue et al., 2015), and thus their failure to properly 

build bone may contribute to bone pathology in Rett syndrome. Immune cells are also 

key to the regulation of bone mass; osteoclasts are the major cells responsible for 

homeostatic bone breakdown, and are formed via the fusion of multiple macrophages 

(Teitelbaum, 2000). Thus, based on our findings that Mecp2 directly regulates 

transcriptional response in macrophages (Cronk et al., 2015a), it is entirely possible that 
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aberrant transcriptional responses by MeCP2-mutant osteoclasts may result in excessive 

bone breakdown in Rett syndrome patients, and thereby contribute to osteopenia. 

 Further, the connection between MeCP2 and autoimmune disease represents an 

interesting potential window to better understand how MeCP2 interacts with the immune 

system versus the nervous system in isolation. The functional comparison between 

MeCP2 alleles associated with autoimmune disease (Carmona et al., 2013; Cobb et al., 

2010; Han et al., 2013; Kaufman et al., 2013; Koelsch et al., 2013; Sawalha et al., 2008; 

Webb et al., 2009), MeCP2 mutations resulting in Rett syndrome (Christodoulou et al., 

2003), and Xq28 duplication in MeCP2 duplication syndrome (Ramocki et al., 2010) may 

lead to a better understanding of how different perturbations of MeCP2 affect cellular 

function. For instance, assessment of alleles associated with autoimmune disease may 

reveal preserved neuronal function, with impaired immune cell function, and indicate 

regions of the MeCP2 gene or protein that are more or less important to function in 

specific cell types. Such an approach could both advance our understanding of MeCP2 as 

a molecule, and also its role in human disease. 

 

Conclusion 

The role of MeCP2 in the immune system, like the nervous system, is complex, nuanced, 

and will likely take years of work before its many levels of immunologic regulation can 

be confidently explained. Here, it was demonstrated that MeCP2 is an important regulator 

of not only transcription within immune cells, but also that its overexpression leads to 

multi-point failures of response to infection, involving both immune and non-
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hematopoietic cell types. These results show that MeCP2 is an important regulator of 

immune function on multiple levels, and that in its absence or overexpression, proper 

control of the immune system is lost. Future work should endeavor to further understand 

both the molecular pathways influenced by MeCP2, and how these MeCP2-regulated 

pathways contribute to effective orchestration of the immune system. 

 This dissertation significantly contributes to a growing understanding that MeCP2 

is not limited to its function in neurons. Due to the dominant neurologic symptoms of 

Rett syndrome (Chahrour and Zoghbi, 2007), research on MeCP2 has likewise been 

dominated by the study of neurons (Guy et al., 2011), with very little consideration given 

to any other cell types. Even in the first publications detailing mouse models of Mecp2 

deletion, it was suggested that neuronal MeCP2 alone accounts for disease (Chen et al., 

2001). However, subsequent publications demonstrated that MeCP2 is, in fact, expressed 

in not only other CNS cell types (Ballas et al., 2009; Cronk et al., 2015a; Maezawa and 

Jin, 2010; Nguyen et al., 2013), but also that re-expression of MeCP2 in non-neuronal 

cells leads to significant amelioration of disease (Cronk et al., 2015a; Lioy et al., 2011; 

Nguyen et al., 2013). 

 Prior to the work presented here, it was known that microglia express Mecp2 

(Maezawa and Jin, 2010), and that replacement of the immune system with wild type 

cells, including engraftment of the CNS with peripheral-derived macrophages, improves 

outcomes in Mecp2-null mice (Derecki et al., 2012). However, the functional role of 

Mecp2 in macrophages and microglia was unknown. In addition, the physiologic effects 

of Mecp2 deletion on macrophages and microglia were unexplored. The data presented in 
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this dissertation answered these questions by demonstrating that 1) Mecp2 regulates the 

transcriptional response to multiple stimuli in macrophages, and 2) Mecp2-null mice 

develop macrophage, microglia, and resident monocyte deficiency, in addition to 

inflammatory activation of microglia with disease progression (Cronk et al., 2015a). 

Unexpectedly, we also found that Mecp2 deficiency leads to neutrophilia in mice, which 

is driven by an overproduction of Gcsf. This phenotype was likely related to our finding 

that Mecp2 represses expression of inflammatory gene products, as Mecp2-null 

macrophages overexpressed Gcsf upon inflammatory stimulation (Cronk et al., 2015a). 

These findings present some of the first evidence that MeCP2 loss-of-function may be 

directly associated with immunologic pathology. Tissue-resident macrophages are critical 

for tissue homeostasis and repair (Davies et al., 2013). Therefore, the role of MeCP2 in 

macrophage function may in fact represent a significant aspect of pathology in Rett 

syndrome, and even other immunologic disorders associated with MeCP2, such as SLE 

(Kaufman et al., 2013; Koelsch et al., 2013; Sawalha et al., 2008; Webb et al., 2009). The 

relative role of macrophages in these disorders of MeCP2 has yet to be fully understood. 

However, given the fact that essentially every tissue in the body contains a resident 

macrophage population (Davies et al., 2013), these cells may represent a previously 

unrecognized contributor to disorders of MeCP2 throughout the body. 

 In addition, the etiology of chronic, lethal respiratory infection in MeCP2 

duplication syndrome had received little attention prior to this work. Previous groups had 

identified impaired IFNγ production (Yang et al., 2012), and impaired antibody responses 

(Bauer et al., 2015), however a full investigation of respiratory infection in the context of 
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MeCP2 overexpression had yet to be done. Here, we demonstrated that MeCP2Tg3 mice 

are not only highly susceptible to influenza A infection, but we also identified multiple 

novel disease processes during the course of respiratory infection in the context of 

MeCP2 overexpression. These included neutrophilia, cytokine storm, excessive 

glucocorticoid release, defects of both T and B cell responses, and, importantly, non-

hematopoietic pathology, including pulmonary hemorrhage. This knowledge may help to 

both explain, and eventually treat, respiratory infection in MeCP2 duplication patients. 

Although anti-inflammatory COX-2 inhibitor treatment did not rescue mortality in 

MeCP2Tg3 mice, it was effective in ameliorating disease symptoms, and might be utilized 

in patients for symptomatic treatment, especially in the context of non-lethal infection. 

Future work should aim to recapitulate our findings of excessive innate inflammation 

during infection and explore the efficacy of anti-inflammatory treatments. 

The cumulative results presented here demonstrate that MeCP2 is an essential 

molecule for proper immune function. If one summary statement could be made 

regarding this body of work, it would be that MeCP2 is critical for the control of response 

to immunologic stimuli. In a healthy environment, little outward immunologic 

dysfunction may be expected from MeCP2 mutant or overexpressing cells. However, 

once that cell is stimulated, its hidden malfunction is revealed. Further, it is likely that a 

combination of many malfunctions by multiple cell types lead to the full disease observed 

in both Rett and MeCP2 duplication syndromes. Although neurologic dysfunction is core 

to both disorders, the importance and relevance of the immune system, and indeed non-

neuronal cells of many types, should be a major focus of future work. 
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Figures 

 

    Figure 14. 

 

*Adapted from “Unexpected cellular players in Rett syndrome pathology,” Cronk et al. 2015* 
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Schematic of potential pathologic synergy between neuronal and non-neuronal cell 

types during disease progression of Mecp2-deficient mice. Neurons initiate and drive 

pathology in MeCP2-deficient mice, which is further amplified and exacerbated by 

aberrant responses from MeCP2-deficient cells throughout the body. MeCP2 is critically 

important for neuronal function, and in its absence, multiple neurologic impairments lead 

to downstream negative systemic events, such as glucocorticoid release and apneas 

(leading to hypoxia). MeCP2-deficient cells throughout the body, impaired in their 

function without MeCP2, in turn respond in a maladaptive fashion, either failing to 

support or actively exacerbating pathology. This results in amplification of disease by 

causing further neuronal dysfunction. In turn, further neuronal pathology results in 

exacerbation of peripheral dysfunction, ultimately resulting in a positive feedback loop, 

which drives perpetual amplification of the disease. Specific examples include the 

presence of inflammatory processes in the lung; impaired bone density; impaired 

response to stimuli and stressors and loss of peripheral macrophages; progressive bone 

marrow collapse and neutrophilia; impaired nutrient absorption in the intestines; impaired 

lipid metabolism in the liver; progressive loss and impaired response to stimuli and 

stressors by microglia; impaired ability of oligodendrocytes to support neuronal function; 

and impaired ability of astrocytes to support neuronal health and growth. 

 

Figure and legend adapted from: 

Cronk, J.C., Derecki, N.C., Litvak, V., and Kipnis, J. (2015b).  

Unexpected cellular players in Rett syndrome pathology. Neurobiology of disease. 

doi: 10.1016/j.nbd.2015.05.005 



 
 
 
 

Chapter 5: Summary discussion and future directions 

 

109 

Figure 15. 
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Schematic of pathologic events during influenza A infection in MeCP2Tg3 mice. Wild 

type mice have an innate immune response early during infection, which tapers off as the 

adaptive immune response arrives in the lungs approximately one week post-infection, 

with resolution of infection and inflammation underway by 10 days post-infection. In 

contrast, influenza A infection in MeCP2Tg3 mice is characterized by excessive innate 

inflammation, increasing through day 5. This includes both peripheral and pulmonary 

neutrophilia, cytokine storm, excessive corticosterone levels, and pulmonary hemorrhage 

starting on day 5. By one-week post infection, when the adaptive immune response 

should undertake clearance and neutralization of virus and infected cells, MeCP2Tg3 mice 

demonstrate defective adaptive immunity, including reduced T and B cell numbers with 

impaired influenza-specific antibody in the airways and uncontrolled virus replication. 

Ultimately, MeCP2Tg3 mice succumb to infection between days 6-9 post-infection, with 

pulmonary hemorrhage as a probable cause of death.  
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