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Abstract

Rett syndrome (RTT) has enjoyed remarkable progress in achieving specific therapies. RTT, a unique neurodevelopmental
disorder first described in 1966, progressed slowly until the landmark paper of Hagberg and colleagues in 1983. Thereafter,
rapid advances were achieved including the development of specific diagnostic criteria and the active search for a genetic
etiology, resulting 16 years later in identification of variants in the methyl-CpG-binding protein (MECP2) gene located at
Xq28. Shortly thereafter, the NIH Office of Rare Diseases funded the RTT Natural History Study (NHS) in 2003, initiating
the acquisition of natural history data on clinical features from a large population of individuals with RTT. This information
was essential for advancement of clinical trials to provide specific therapies for this disorder. In the process, the International
Rett Syndrome Association (IRSA) was formed (now the International Rett Syndrome Foundation—IRSF), which partici-
pated directly in encouraging and expanding enrollment in the NHS and, subsequently, in developing the SCOUT program
to facilitate testing of potential therapeutic agents in a mouse model of RTT. The overall objective was to review clinical
characteristics developed from the NHS and to discuss the status of specific therapies for this progressive neurodevelopmental
disorder. The NHS study provided critical information on RTT: growth, anthropometrics, longevity, key comorbidities includ-
ing epilepsy, breath abnormalities, gastroesophageal dysfunction, scoliosis and other orthopedic issues, puberty, behavior
and anxiety, and progressive motor deterioration including the appearance of parkinsonian features. Phenotype—genotype
correlations were noted including the role of X chromosome inactivation. Development of clinical severity and quality of
life measures also proved critical for subsequent clinical trials. Further, development of biochemical and neurophysiologic
biomarkers offered further endpoints for clinical trials. Initial clinical trials prior to the NHS were ineffective, but advances
resulting from the NHS and other studies worldwide promoted significant interest from pharmaceutical firms resulting in
several clinical trials. While some of these have been unrewarding such as sarizotan, others have been quite promising includ-
ing the approval of trofinetide by the FDA in 2023 as the first agent available for specific treatment of RTT. Blarcamesine has
been trialed in phase 3 trials, 14 agents have been studied in phase 2 trials, and 7 agents are being evaluated in preclinical/
translational studies. A landmark study in 2007 by Guy et al. demonstrated that activation of a normal MECP2 gene in a
null mouse model resulted in significant improvement. Gene replacement therapy has advanced through translational studies
to two current phase 1/2 clinical trials (Tayshal02 and Neurogene-401). Additional genetic therapies are also under study
including gene editing, RNA editing, and X-chromosome reactivation. Taken together, progress in understanding and treating
RTT over the past 40 years has been remarkable. This suggests that further advances can be expected.

1 Introduction

Specific treatment for rare neurodevelopmental disorders has
been slow to develop. Rett syndrome (RTT) may represent
an exception. First recognized in the late 1950’s by Andreas
Rett, a developmental pediatrician in Vienna, Austria and
by Bengt Hagberg, a child neurologist in Uppsala, Swe-
den, RTT languished in medical literature after the original
University of Alabama at Birmingham, Lowder Bldg 416, description by Rett in 1966 [1]. Sufficient differences existed
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Rett syndrome (RTT) is a rare, progressive
neurodevelopmental disorder occurring mainly in
females but also noted in males.

Methyl-CpG-binding protein 2 (MECP2) variants
underly > 95% of individuals with RTT including classic
and atypical RTT as well as males with a progressive
neonatal encephalopathy and classic RTT due to somatic
mosaicism or Klinefelter syndrome (47XXY).

Clinical trials have been conducted since the 1990s but
emerged dramatically in the last 10-15 years including
numerous pharmaceuticals, two gene-based replacement
therapies, and several other gene therapies including
DNA and RNA editing and X chromosome reactivation.

Trofinetide is the first US Food and Drug Administration
approved product for the specific treatment of RTT.

seen by Hagberg that further information did not appear
until the latter was encouraged by other child neurologists
in Europe to describe his experience and that of fellow child
neurologists. Following a chance meeting of Hagberg and
Rett around 1980, Hagberg decided that this unique neu-
rodevelopmental disorder should be called Rett syndrome.
The landmark publication of Hagberg et al. in the Annals of
Neurology in 1983 [2] resulted in the worldwide recogni-
tion of RTT, and with it, an intensive search for a definitive
etiology was launched. As RTT was seen almost exclusively
in females, these efforts pointed to a genetic causation and
focusing on the X chromosome. In stepwise fashion over the
next sixteen years, the search was increasingly restricted to
the distal portion of the long arm of the X chromosome at
Xq28 [3, 4]. In 1999, Ruthie Amir et al. [5] presented their
findings which linked RTT to variations in the gene, methyl-
CpG-binding protein 2 (MECP2) at Xq28.

In the intervening years between 1983 and 1999, much
emphasis was placed on identifying individuals with RTT,
aided by the first set of clinical criteria generated at a confer-
ence organized by Rett in 1984 [6]. Further, recognition of
variant presentations became evident differentiating classical
(typical) RTT and variant (atypical) RTT. In addition, other
presentations emerged including an early-onset seizure vari-
ant [7] and a variant with exceptionally early neurodevelop-
mental delay [8]. These latter two were subsequently associ-
ated with their own individual genetic signatures: CDKLS5
variants were identified in the early-onset seizure variant [9],
now called CDKLS deficiency disorder and FOXG1 vari-
ants [10], were identified in those with early developmental
delay, now called FOXGI disorder. A much smaller number
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of males was also recognized, expressing a wide variation in
features ranging from early onset neonatal encephalopathy
[11] to significant developmental delay. Some of these males
appeared to have features typical of RTT. This is now known
to result from somatic mosaicism or Klinefelter syndrome
(47XXY), each expressing two X chromosomes with one
having an MECP2 variant [12].

Even before identification of MECP2 variants, treat-
ment trials were developed for RTT syndrome, but with the
expansion of clinical diagnoses throughout the world and
the identification of a genetic marker by Amir et al. [5], a
search for effective therapies rapidly intensified including
both pharmaceutical products and specific gene strategies.
Increased diagnosis of RTT was aided by progressive revi-
sions of the diagnostic criteria in 2002 [13] and 2010 [14],
the first responding to the recent identification of the specific
gene, and the second representing a simplification and strati-
fication of the prior criteria based on the rapid expansion
in clinical diagnoses over the intervening eight years and
advocated by the need to be certain that the terminology
used was clearly understood across the world.

Simultaneously with the Hagberg report in 1983, diag-
noses were made for the first time in the US: in Washington
DC, Seattle, and Houston. The diagnosis of RTT in three
girls in Washington led their mothers to form the Interna-
tional Rett Syndrome Association [IRSA, now the Interna-
tional Rett Syndrome Foundation (IRSF)]. IRSA rapidly
mobilized parent engagement and patient recruitment, which
created a national presence in the US and greatly facilitated,
through the support of travel clinics across the US, the sub-
sequent US Natural History Study (USNHS), which was
founded in 2003 and began enrollment in 2006. IRSF also
developed a drug-testing feasibility program called the Steve
Kaminsky Scout program, which facilitated the testing of
potential therapeutic agents in an animal (mouse) model of
RTT (Rettsyndrome.org foundation Scout Program and per-
formed by PsychoGenics, Inc.). This program, which was
begun in 2013, has been utilized as an essential forerunner
in moving pharmaceutical agents to human trials and has
tested more than 33 compounds (see below).

The objective of this review was to understand the clinical
features of RTT derived from the USNHS, the largest study
to date, and to provide an overview on the status of specific
pharmacologic and genetic therapies for RTT.

2 Literature Search

This review covers the history of Rett syndrome from its
first recognition by Andreas Rett and Bengt Hagberg more
than 60 years ago through the initial studies assessing clini-
cal criteria and genetic etiology to the USNHS of RTT. The



Treatment Strategies for Rett Syndrome

853

NIH-sponsored RTT USNHS provided the largest clinical
repository of individuals with RTT and RTT-related disor-
ders gathered over 16 years. Individuals were seen semian-
nually, annually, or biannually depending on their age. More
than 1600 individuals with RTT were evaluated, with a mean
of 5.4 visits and a range of 1 to 18 visits. Literature derived
from the USNHS was surveyed to address the relevant issues
related to RTT including clinical trial readiness. With these
advances in understanding RTT, specific therapeutic initia-
tives were also reviewed. These included a search of litera-
ture relative to translational studies and clinical trials for
specific agents, assessment of ClinicalTrials.gov, the Inter-
national Rett Syndrome Foundations report on “Companies
Investing in Clinical Trials for Rett” (rettsyndrome.org), and
the 2023 report from Medgadget, “Rett Syndrome Pipeline
Insights” (https://www.medgadget.com/2023/rett-syndrome-
pipeline-insights-20-key-companies-investigating-their-lead-
candidates-to-improve-the-treatment-space-by-Delvelnsig
ht).

3 Rett Syndrome Natural History Study

The RTT USNHS was funded by the Office of Rare Diseases
at the NIH in 2003, with data first being acquired in 2006.
The resulting data were utilized to underscore the accuracy
and suitability of the 2010 diagnostic criteria revision and
created a rich reservoir of clinical information essential for
developing subsequent clinical trials. The USNHS ended
in 2021 with more than 1600 individuals with RTT having
been enrolled.

The information derived from this study together with a
broad increase in publications worldwide greatly expanded
the depth and breadth of understanding of RTT and encour-
aged advances in drug discovery and clinical trials, as
described below.

Growth failure was recognized as an early feature of RTT.
Abnormal deceleration in the rate of head growth was noted
as early as the second month of life and overall reduction in
height and weight growth rates was remarkable in compari-
son with those in typically developing females. Data from
the USNHS underscored these features and led to the devel-
opment of specific growth charts (height, weight, body mass
index, and head circumference) for RTT [15]. The initial
clinical criteria for RTT included microcephaly, which was
subsequently removed as a criterion, as up to 20% may have
head circumferences in the normal range despite undergoing
an abnormal deceleration in head growth after birth. Anthro-
pometric measurements were provided on 1154 females with
RTT demonstrating significant reductions compared to typi-
cally developing individuals [16]. Of interest, muscle area
measurements were significantly greater in those individuals
with independent arm and hand use and gait.

Longevity was assessed using Kaplan—-Meier methodol-
ogy in the North American database [17] and in the USNHS
[18] indicating that 50% survival exceeded 50 years of age.
When the original group described by Rett was reassessed
in 2010 [19], the median age of survival was less than 14
years and the likelihood of reaching 25 years of age was
21%. These dramatic differences in survival over the last 30
years were related both to earlier diagnosis and to improved
healthcare including better dietary management, increasing
recognition of the need for improved overall health main-
tenance, the expansion of the clinical care teams, and the
increased emphasis on physical and occupational therapies.

4 MECP2 Variants

The discovery of MECP?2 variants as the principal etiology
for RTT by Amir et al. [5] was fundamental in the expansion
of clinical investigations in RTT. This gene product pre-
dominantly activates or inhibits methyl-binding domains in
the nuclei of neurons and glia in the CNS [20, 21]. The com-
plete roster of genes regulated by MECP2 is not completely
evident, but this ability to regulate other genes is crucial in
producing the neurodevelopmental abnormalities in RTT.

The identification of MECP2 variants in > 96% of those
meeting the clinical criteria for RTT led to the identifica-
tion of clear genotype—phenotype correlations with three
specific recurrent point variations (R133C, R294X, and
R306C) and distal carboxy-terminal truncations having
overall milder features than four recurrent point mutations
(R106W, R168X, R255X, and R270X), deletions or inser-
tions, or the so-called large deletions involving one or more
exons [22-24].

In most individuals with RTT, the MECP2 variant is
de novo, arising as a new mutation in the rapidly dividing
germinal cells of the sperm. However, the identification of
mothers who shared the same variant with their daughters
but were phenotypically normal or had mild-to-moderate
developmental delays suggested that variations in X chro-
mosome inactivation (XCI) could be responsible [3, 25, 26].
In addition, the occurrence of identical twins with the same
variant and differing clinical features could be explained by
similar variations. Fang et al. [27] noted significant skew-
ing of XCI in blood in up to 36% of individuals in the NHS.
Clearly, these analyses do not necessarily reflect the XCI
pattern in the CNS but do suggest a possible explanation for
the observed clinical variability.

The distribution of the MECP2 variant in the CNS is a
random process and could vary from individual to individ-
ual, also serving as a basis for clinical variation.

Another issue is the potential association between
parental age and the increased incidence of RTT. How-
ever, detailed analysis of the NHS data failed to identify a
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relationship between parental age and the diagnosis of RTT
[28]. Interestingly, other X-linked disorders (Duchenne mus-
cular dystrophy and hemophilia A and B) also do not show
a relationship with parental age [29-31].

Males with MECP2 variants were also enrolled in the
NHS. Thirty males were reported with the broad array of
clinical features noted above including the early neonatal
encephalopathy. Two males had somatic mosaicism and met
clinical criteria for RTT, whereas more than a dozen males
had the male RTT encephalopathy [12].

4.1 Clinical Features

Seizures and breathing issues have also received increased
diagnostic and management attention over the past 30 years.
Seizures in RTT are relatively infrequent at least until 30
months of age but do increase in frequency over the next
8-10 years. The presence of seizures not only was assessed
by EEG reports in most cases but also were accepted by par-
ent report of physician’s assessment. It is recognized in RTT
that breath holding events can be interpreted as seizures.
Where a question arises, the recommendation is for a video-
EEG assessment. When viewed across time, seizures were
noted in the NHS in about 90% of individuals but did occur
in varying patterns [32, 33]. Some individuals had seizures
that were relatively short term and did not recur, other indi-
viduals had seizures that waxed and waned, and still others
had seizures that remained lifelong. Overall, management of
seizures with pharmaceutical agents has been effective. In a
small percentage (~5%), antiseizure medications have been
insufficiently effective, that is, the individuals were refrac-
tory to medical management. Their treatment was supple-
mented by the ketogenic diet or by installation of a vagal
nerve stimulator.

Awake breathing issues, that is breath holding or hyper-
ventilation or both, are also extremely prominent and may
be quite disruptive, perhaps more so in specific settings as
they can interfere with daily living such as feeding, therapy
sessions, and general interaction with parents or caregivers
[34]. These breathing issues were typically not prominent
before age 5 years; although, some individuals demon-
strated these before this. When assessed longitudinally, these
breathing issues may occur in 95% of individuals with RTT.
Remissions were common, often lasting up to 1 year, and
terminal remission was seen in 15%. The greatest difficulty
was between age 5-15 years, often interfering with eating,
therapy sessions, and general communication with fam-
ily and therapists. After age 15 years, the breathing issues
tended to be less prominent. The lack of effective treatment
is overwhelming in many, indicating the need for effective
therapies.
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The assessment of purposeful hand function underscores
the slowly progressive nature of RTT as these abilities
decrease steadily during childhood and adolescence [35].
Specific MECP2 variants may result in significantly differ-
ent skill levels, but over time, a steady decline in functional
skills is noted with the steepest decline being seen in the
variant group with the highest initial skill level.

Hand skills are significantly affected by the presence of
the characteristic stereotypies. These occur in 100% of those
with classic RTT but are variable from individual to indi-
vidual and may change in frequency in each individual due
to many factors including mood and environment [36]. Spe-
cific stereotypies may include hand wringing, hand tapping
or clapping, finger rubbing, or hand mouthing. Hand mouth-
ing was reported in nearly 50% at their baseline assessment.
These stereotypies interfere with activities of daily living
that include hand use specifically. Overall, increased hand
stereotypies were associated with worse voluntary hand
function. When viewed across time, these stereotypic activi-
ties remained relatively unchanged even as hand function, as
noted above, declined.

4.2 Quality of Life Assessments

Individuals with RTT and their parents or caregiver have
specific alterations in the quality of life (QOL). In the NHS,
97% of individuals with RTT lived at home although for
a small number their care was provided by other siblings
or relatives. QOL assessments of individuals with RTT
revealed that those with worse motor skill had lower behav-
ioral issues whereas those with better motor skills were able
to cause their parents more difficulties due to worse behav-
ioral issues. Behavioral challenges include being physically
aggressive or the ability to create significant safety issues
such as turning on the stove or water, climbing on furniture
or even exiting the house [37]. This led to the concern that
any therapy that improved motor performance could poten-
tially create other issues for the parents.

QOL of the parents or caregivers also revealed specific
issues. For most, the mental or psychological aspects of
dealing with their child with RTT greatly exceeded the
physical issues, at least in the early years after diagnosis
[38]. Factors such as dealing with the diagnosis itself plus
the worry and anxiety about what was in store for them
were almost overwhelming. However, as time passed, the
parents/caregivers gradually adapted or accommodated to
these issues, but their own physical health became increas-
ingly problematic, particularly as they had to lift or move
their daughter multiple times from place to place throughout
the day. Thus, the burden of illness had a definite negative
impact on their overall QOL [39].
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4.3 Multiple Comorbidities

The many medical comorbidities of RTT raised significant
issues. Among these gastrointestinal (GI) problems, dis-
rupted sleep, progressive scoliosis, and occasional cardio-
logic problems stand out.

GI issues can span the length of the digestive tract [40].
Chewing and swallowing are often quite difficult, gastroe-
sophageal (GE) reflux is very common, and constipation
is present in most. In addition, gastroparesis and gall blad-
der dysfunction [40] may occur. These require constant
vigilance.

Sleep concerns include both difficulty going to sleep and
maintaining sleep [41]. Often, the sleep difficulties reflect
the many GI issues in that GE reflux, constipation, or even
hunger may be involved. Before utilizing sleep aids, these
specific issues should be addressed.

Scoliosis is present in 85% or more of individuals with
RTT and is generally more severe in those with lower muscle
tone or inability to ambulate [42, 43]. Scoliosis may begin
in the preschool period and may progress steadily through
adolescence. Surgery may be required in nearly 20% due to
progression of the curvature greater than 40°. Scoliosis is
often accompanied by truncal rotation, which also requires
vigilance. Bracing and better positioning may be helpful in
reducing the rate of progression. When surgical correction
is required, the outcome is strongly endorsed by the parents
or caregivers in improving the outlook of their daughters.

In addition, joint contractures, dystonia, and hip deformi-
ties also require attention. Currently, the degree of skeletal
deformities is markedly less than seen 30 years ago or more,
due to an increase in vigilance and earlier intervention by
orthopedists and physiatrists.

Cardiologic issues are less common but could represent a
significant problem if not assessed at least annually [44-46].
Prolongation of the corrected QT (QTc) interval beyond 450
ms is seen in about 20% of individuals with RTT [47]. If this
is noted, a cardiologist should be consulted. Medications uti-
lized include beta blockers and mexiletine. An animal study
in a RTT mouse model indicated that the sodium channel
blocker, phenytoin, was more effective than beta-blockers,
but this has not been trialed in humans [44]. Extreme pro-
longation beyond 500 ms is unusual but in some has led to
installation of a cardiac pacemaker. Multiple medications are
associated with the potential for extending the QTc interval.
However, this should not be regarded as an absolute prohibi-
tion and the use of these medications should be monitored
by ECG assessments.

Anxiety and other behavioral issues have received
increasing attention over the past twenty years [48, 49].
Behavioral issues include both internalizing (anxiety and
social withdrawal) and externalizing (self-abuse and physi-
cal aggression) components. The former are very common,

seen in virtually all with RTT, whereas the latter are gen-
erally less common and milder but still deserve attention.
Anxiety is particularly problematic when the individual is
out in crowds such as at a mall or restaurant or simply rid-
ing in a car. Selective serotonin reuptake inhibitors such as
escitalopram or sertraline have been effective in improving
such problems [49].

4.4 Caregiver Concerns and Clinical Trial Metrics

An important aspect of care for individuals with RTT is
based on the top concerns as perceived by their parents or
caregivers. In the last segment of the NHS, the top five con-
cerns of those with RTT were assessed at each visit [50].
These assessments revealed the top concern to be the inabil-
ity to communicate with their daughters in terms of what
they would like or what they were requesting. The next four
were seizures, inability or impairment in walking, poor hand
use, and constipation. Two of the top concerns, seizures and
constipation, are the most concerning comorbidities. Over-
all, these five factors serve as important outcome mark-
ers in judging the efficacy of specific treatments for these
individuals.

In this regard, the development of clinical trial metrics is
crucial. The Clinical Global Inventory of Severity (CGI-S)
and of Improvement (CGI-I) were developed for assessment
of clinical trial outcomes [51]. Specific RTT benchmarks
were utilized for the CGI-S and both measures utilized a
seven-point Likert scale. The CGI-S scales rated levels of
severity from normal or 1 to most significantly affected or
7. The CGI-I was based on improvement or decline, with
4 being no change; 3, 2, and 1 being progressively better;
and 5, 6, and 7 being progressively worse. The CGI scales
were initially utilized by clinician raters following care-
ful training and assessment of ability to judge the poten-
tial changes. More recently, the CGI-I has been utilized by
parents/caregivers.

For the caregivers, the Rett Syndrome Behavioral Ques-
tionnaire (RSBQ) has been utilized widely. The RSBQ was
not developed as an outcome measure and offers some chal-
lenges that require specific education of the caregivers who
will be using this questionnaire. The RSBQ is not without its
concerns, as reported recently, with nearly half the questions
revealing floor or ceiling effects [52]. Importantly, however,
both the CGI scales and the RSBQ are accepted by the FDA
as suitable outcome measures.

In addition, other outcome measures have been developed
and could be employed in future following suitable assess-
ment. In the USNHS, the Motor Behavioral Assessment
(MBA), originally developed by Fitzgerald et al. [53, 54]
in the 1990s, was assessed at each visit. The outcomes were
assessed for core validity via factor analysis [55]. The result
was a five-factor grouping along with three specific RTT
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behaviors that constituted the revised MBA (R-MBA) [55].
The R-MBA still needs to be reassessed in a separate group
of individuals with RTT to establish validity and reliability.

More recently a separate caregiver reported assessment
has been reported [56]. This measure provides parent or car-
egiver assessment of problem severity in RTT, referred to
as the Rett Syndrome Caregiver Assessment of Symptom
Severity (RCASS). The RCASS will also require additional
study to establish validity and reliability.

In addition to the development of outcome measures, the
NHS also engaged in work to identify neurophysiological
[57, 58] and molecular biomarkers [59]. Although additional
validation work is needed to determine if they are suitable
biomarkers, eventually such biomarkers could be incorpo-
rated into clinical trials in RTT.

5 Assessment of Specific Pharmacologic
Agents

RTT is a complex disorder with multiple touchpoints for
intervention. It is likely that a combination of therapies will
be necessary to address these issues. The progress noted
below underscores this perception in view of the incremental
improvements noted with trofinetide.

The current treatment options for the common clini-
cal issues related to RTT are summarized in Table 1.
These include specific pharmaceutical agents for epilepsy,

gastroesophageal reflux, delayed stomach emptying, consti-
pation, sleep, anxiety, self-abuse, muscle rigidity/hyperto-
nia, drooling, pain, prolonged QTc, bone health, menstrual
management, and health maintenance. These products have
proved effective overall but may require continued oversight
to be certain that they remain effective over the lifetime.

In terms of specific agents directed at improving overall
outcomes in RTT, an increasing number of pharmacologic
agents have entered testing at the translational or clinical
level over the past twenty years. To some extent, this was
aided by the Scout program developed by the IRSF in 2013,
initially under the initiative of Dr Steve Kaminsky, IRSF’s
chief scientific officer at that time and named for him.

The agents are described in three sections. The first deals
with early clinical trials with two conducted before the iden-
tification of MECP?2 variants as the principal etiologic cause
of RTT. The second deals with more recent clinical trials and
is separated into three sections. The first covers completed
trials, the second deals with a number of agents being stud-
ied at the preclinical level, and the third involves the current
gene therapy trials as well as the preclinical studies of gene
editing, X-chromosome reactivation, and RNA editing.

5.1 Clinical Trials
5.1.1 Early Trials

Three investigator-initiated early trials were conducted, one
involving the opiate antagonist (naltrexone), one involving

Table 1 Rett syndrome: current landscape of symptomatic pharmaceuticals

Clinical issue

Pharmaceutical therapies

Epilepsy

GE-reflux
Stomach emptying
Constipation
Sleep

Anxiety

Self-abuse

Muscle rigidity/hypertonia
Drooling

Pain

Prolonged QTc

Breathing

Bone health

Menstrual management

Health maintenance

Multiple medications including valproic acid/sodium valproate; oxcarbazepine; lamotrigine; ketogenic diet; vagal
nerve stimulator
Rescue medications: rectal and intranasal diazepam; intranasal midazolam

Proton pump inhibitors (preferred); H,-blockers
Erythromycin; bethanecol
Polyethylene glycol; magnesium sulfate, magnesium citrate; senna

Melatonin; trazodone (> 6 years); gabapentin (up to 6 years); clonidine; antihistamines (only short-term as lose
efficacy)

SSRIs: escitalopram; sertraline

Risperidone

Baclofen; botulinum toxin

Atropine ophthalmic drops (under tongue); glycopyrrolate
Ibuprofen; acetaminophen

Beta-blockers; mexiletine

None universally effective: buspirone; topiramate

Vitamin D (800 IU, at least); calcium; denosumab; bisphosphonates

Oral contraceptives including progestin-only products; recommend avoiding medroxyprogesterone injection due to
adverse bone issues and weight gain

Multivitamins; complete immunizations

QTc corrected QT interval
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L-carnitine prior to the identification of MECP2 variants,
and the third utilizing folate-betaine shortly after the identi-
fication of MECP2 variants.

5.1.2 Naltrexone

Naltrexone, an opiate antagonist, was utilized in a double-
blind, crossover phase 2 trial in RTT prior to the identi-
fication of MECP?2 variants [60]. Twenty-five individuals
meeting the established criteria for RTT were entered into
this trial, which involved a 4-month trial of naltrexone or
placebo, a 1-month washout period, and a second 4-month
period featuring a crossover to the alternative of naltrexone
or placebo. The hypothesis being tested was that naltrexone
would improve breathing characteristics, one of the princi-
pal comorbidities in RTT, based on the finding of elevated
B-endorphins in cerebrospinal fluid (CSF) of individuals
with RTT [61]. Data from the first period not only suggested
improvements in disorganized breathing during wakefulness
but also indicated that four individuals receiving naltrexone
progressed one or more clinical stages versus none receiving
placebo. The more rapid progression including a decline in
motor function suggested a deleterious effect. However, this
decline could have been due to failure to control for clinical
progression in the study design. Another potential issue was
that the FDA Investigational New Drug application (IND)
limited the amount of naltrexone allowed to 1 mg/kg/day.
Nevertheless, naltrexone has not proved to be consistently
beneficial subsequently.

5.1.3 r-Carnitine

A trial of L-carnitine was conducted in 35 individuals with
RTT due to the recognition of plasma carnitine deficiency
in some individuals with RTT [62]. This double-blind, pla-
cebo-controlled study involved eight weeks each for placebo
and L-carnitine. Improvements were noted but was limited
by the study power and the specific benefits were limited to a
subset of individuals. The study failed to identify significant
improvement in functional ability but raised the question
whether a specific subset of individuals could benefit from
L-carnitine.

5.1.4 Folate-Betaine

This trial was based on the hypothesis that features of RTT
could be improved by increasing methyl group availability in
affected individuals through the administration of the folate
and betaine combination [63]. A total of 68 participants
who were randomized in this placebo-controlled, double-
blind, phase 2 study completed the 12-month protocol with
assessments at baseline, 3, 6, and 12 months. No objective
improvement was noted in any of the outcome measures:

breathing, hand movements, growth, anthropometry, the Rett
syndrome Motor Behavioral Assessment, parent question-
naires, or EEGs. One potential adverse effect in study design
was the failure to balance individuals in the placebo and
folate-betaine study groups based on their specific MECP2
variant or maintain similar levels of clinical severity between
the two groups.

5.2 Completed Trials (Table 2)

5.2.1 Trofinetide

Trofinetide, the first drug approved by the FDA (March
2023) for treatment of individuals with RTT, was the result
of a series of studies first initiated more than fifteen years
ago with insulin-like growth factor (IGF-1).

The initial translational (preclinical) study utilized the
terminal tripeptide of IGF-1, the active component of IGF-1
known to be important in developmental biology in the brain
[64]. In a mouse model of RTT, this tripeptide was shown
to increase survival, reduce breathing and cardiac issues,
and improve motor performance. At the biologic level, the
tripeptide yielded partial increases in spine density, synaptic
amplitude, and cortical plasticity. Based on the hypothesis
that synaptic development and maturation is deficient in
RTT, the results of this translational research provided the
initiative to test both IGF-1 as well as the terminal tripeptide
in humans with RTT.

Based on the ground-breaking results of Tropea et al. [64],
recombinant IGF-1 (mecasermin) [65, 66] was evaluated in
a phase 1 trial in 12 individuals with MECP2 variants, 9 of
whom met diagnostic criteria for RTT (NCT012253317).
The trial, which consisted of 4-week ascending dose and
20-week open label components revealed improvements in
apnea and mood and revealed no adverse effects. This led
to a double-blind, placebo-controlled crossover study in
30 girls with RTT, which revealed no differences between
placebo and control groups and, thus, was deemed to indi-
cate no overall improvement despite demonstrating safety
(NCTO01777542) [66].

The pharmaceutical company, Neuren, then developed
a synthetic terminal tripeptide of IGF-1, trofinetide, which
increased the half-life compared with the unmodified IGF-1
tripeptide and could be given by the oral or gastrostomy
routes [67]. Informed by the findings of Tropea et al., phase
2 trials of trofinetide were initiated in adolescents and adults
(NCT01703533) and children (NCT02715115). The first
trial involved 56 adolescent and adult females with RTT syn-
drome and variants in MECP2 in a double-blind, placebo-
controlled trial involving a 2:1 ratio of individuals receiving
35 mg/kg of trofinetide for 14 or 28 days or 70 mg/kg twice
daily for 28 days [68]. Those receiving trofinetide had no
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Table 2 Rett syndrome: current landscape of treatment strategies

Product Preclinical

Phase 1

Phase 2 Phase 3 FDA approval

Trofinetide
Blarcamesine
Sarizotan
Ketamine
Triheptanoin
Fingolimod
Cannabidiol
Cannabidivarin
Glatiramer acetate
Dextromethorphan
Desipramine
Statins
Antioxidant cocktail
Vatiquinone
Donepezil
Creatine

AMO-04

BHV 5000

GXV 001

NLX 101
RVLO001

REL 1017
Pridopidine

XX R X X XX

Gene therapies
TSHA102 X
NGN-401 X
Gene editing X

o

X-chromosome reactivation
RNA editing X

X

T T I R i I S o I

safety or tolerability issues and those at the higher dose dem-
onstrated efficacy. The second phase 2 trial was conducted in
girls or adolescents from 5 to 15 years of age and involved a
double-blind, placebo-controlled study of safety, tolerability,
and efficacy [69]. A total of 62 females were randomized
equally to placebo for 14 days and then placebo, 50, 100, or
200 mg/kg twice daily for 42 days. A further 20 individuals,
10 each receiving placebo or 200 mg/kg twice daily, were
studied for 42 days after review of safety data in the original
groups. Outcome measures included the CGI-I completed
by the clinicians and the RSBQ completed by the parents
of caregivers. Again, safety and tolerability were accept-
able. Trofinetide at the 200 mg/kg twice daily dose showed
statistically significant improvement in both the CGI-I and
the RSBQ.

The absence of safety and tolerability issues in the two
phase 2 trials is remarkable considering the issues of diar-
rhea, vomiting, and occasional weight loss noted in the
phase 3 trial. Possible reasons could be the much shorter
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treatment period or the lower doses utilized in the phase 2
trials or possibly a change in the medication vehicle in the
phase 3 trials as some increases in diarrhea and vomiting
were also noted in the placebo group.

To mount a phase 3 study involving sufficient subjects,
Neuren Pharmaceuticals entered into an agreement with
Acadia Pharmaceuticals to allow the latter to conduct this
phase 3 trial in the USA. The initial trial called Lavender
(NCT04181723) involved 187 females, aged 5-20 years, in
a randomized double-blind, placebo-controlled study with
the CGI-I and RSBQ as coprimary outcome measures, along
with secondary outcomes measures of hand function, ambu-
lation, expressive and receptive communication, quality of
life and caregiver burden [70, 71]. The dose was weight-
based and involved BID dosing. The double-blind portion of
the study was 12 weeks followed by a 40 open label follow-
on study [70]. After 12 weeks, both the CGI-I (p = 0.003;
effect size 0.47) and RSBQ (p = 0.0175; effect size 0.37)
revealed statistically significant differences for trofinetide
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versus placebo. Further, the secondary outcome measure of
communication and symbolic behaviors was significantly
improved (p = 0.0064; effect size 0.43) [72]. While trofinet-
ide demonstrated acceptable safety, the incidence of diarrhea
(80.6% for trofinetide and 19.1% for placebo) provided some
concerns and led to withdrawal of 14 participants. Increased
vomiting was also noted in 26.0%. Lilac open label trials
(NCT04279314 and NCT04776746) were also conducted
until trofinetide received FDA approval (Cell Press in press,
2024). In addition, an open label Daffodil trial was initi-
ated in 15 females aged 2-5 years (NCT04988867) using
the same weight-based, twice daily dosing (manuscript in
preparation). These latter studies continued to demonstrate
persistent, even increased efficacy, until termination and
transition to the FDA approved product.

Subsequently, Health Canada has recently agreed to
accept a New Drug Submission for trofinetide, granting it
priority review for the treatment of RTT. In Europe, Neuren
retains the rights to trofinetide and the path forward for RTT
there is currently unclear.

5.2.2 Blarcamesine

Blarcamesine is a sigma 1 receptor agonist that was shown
to have positive effects in the mouse model of RTT tested
through the IRSF Scout program (Rettsyndrome.org founda-
tion Scout Program and performed by PsychoGenics, Inc.).
In animal models, the sigma 1 receptor agonist improved
homeostasis in the CNS with increased synaptic develop-
ment, increased GABA (gamma aminobutyric acid) and
BDNF (brain-derived neurotrophic factor), and led to a
reduction in seizures and markers of neurodegeneration [73].

This led to three human trials: a phase 2 trial in adults
in the US (NCT03758924), a phase 3 trial named the AVA-
TAR trial in adults in Australia (NCT03941444) and a
phase 2/3 trial in children, the EXCELLENCE trial, in
Australia, UK, and Canada (NCT04304482). The AVA-
TAR trial involved 20 adults receiving Anavex 2-73 and
13 receiving the placebo. The primary outcome measure
was the RSBQ scale and secondary measures included the
CGI-I and the ADAMS scale of emotional behavior. The
RSBQ demonstrated clinically meaningful improvement
[(p = 0.037; Cohen’s d effect size of 1.91 (very large)] in
72.2% on Anavex 2-73 versus 38.5% on placebo. In terms
of the secondary endpoints, the ADAMS scales showed
meaningful improvement in 52.9% on treatment versus
8.3% on placebo (p = 0.010; Cohen’s d effect size of 0.61).
The CGI-I showed similar meaningful improvement to the
RSBQ (p = 0.037; Cohen’s d effect size of 1.91). Safety
data revealed no significant adverse effects versus placebo
other than lethargy or sedation.

The third trial with this product, the EXCELLENCE
trial in children with RTT, was a phase 2/3 study

conducted in Australia, UK, and Canada. The primary
outcome measure was the RSBQ completed by the car-
egivers whereas the secondary outcome measure was the
clinician-completed CGI-I. This trial ended in June 2023
and according to a media release on 2 January 2024, the
RSBQ failed to achieve significant differences between
placebo and study groups, perhaps related to a higher
response in the placebo group (https://www.anavex.com/
post/Anavex-life-sciences).

5.2.3 Sarizotan

Sarizotan binds to serotonin and dopamine receptors and
in mouse models of RTT was shown to increase serotonin
levels and significantly improve breathing patterns known
to be common in RTT [74]. That is, sarizotan showed a
75% reduction in apnea and a substantial correction of
periodic breathing patterns in an animal model. Produced
by Newron Pharmaceuticals, sarizotan was utilized in a
phase 2 trial (NCT02790034) termed the STARS study in
adolescents and adults with RTT in the US, Italy, India,
UK, and Australia. As a randomized, double-blind study,
the goal was to examine sarizotan’s effect on respiratory
issues including its efficacy, safety, and tolerability. Sub-
jects with RTT were required to demonstrate at least 10
episodes per hour of breathing abnormalities in the form of
episodes of breath holding (apnea) lasting > 10 s. Unfortu-
nately, the final results revealed no reduction in apnea with
sarizotan versus placebo. In addition, secondary outcomes
related to caregiver response of effectiveness and motor
performance in those on sarizotan were also not different
from those on placebo. Thus, this study was deemed a
failure.

5.2.4 Ketamine

Ketamine is a nonselective N-methyl-p-aspartate receptor
(NMDAR) antagonist shown to improve features of RTT in
female mouse models of RTT and extend their lifespan [75].
These improvements were related to inhibition of GABAer-
gic interneurons and reduction of adverse synaptic activity in
brainstem centers affecting respirations and autonomic con-
trol [76]. An initial exploratory trial (NCT02562820) was
not initiated, but a subsequent investigator-initiated phase
2 trial (NCT03633058) was begun in children aged 6-12
years. This trial involved a 4-week placebo-controlled, cross-
over design with 12 unique individuals with RTT in each
cohort and four ascending dose levels (0.75, 1.5, 3.0, and
4.5 mg/kg BID) at four sites in the USA. Outcome measures
included the CGI-I, the Motor Behavior Assessment scale,
a separate clinician and caregiver seven-point Likert scale
clinical measure assessing domains such as hand function,
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walking, behavior, and communication skills, the caregiver-
completed RSBQ, sleep habits, Caregiver Burden of Illness
scale, and biosensor and EEG assessments at selected sites.
The trial enrollment was limited by the coronavirus disease
2019 (COVID-19) pandemic and enrollment was stopped
after the first two dose cohorts were completed. No signifi-
cant adverse effects were noted at either dose. The outcome
analysis of these results is currently pending.

A new study is planned in combination with donepezil
and vorinostat supported by Department of Defense funding,
but FDA approval is needed.

5.2.5 Triheptanoin

Triheptanoin (Dojolvi) has been utilized in two clinical
trials in RTT. Triheptanoin is a medium chain triglycer-
ide approved for use in individuals with long chain fatty
acid oxidation defects. It was utilized in individuals with
RTT based on information that mitochondrial function is
diminished in RTT. The current status of the two trials listed
below is described as unknown in ClinicalTrials.gov.

The first trial (NCT02696044) was an open label study
in females with RTT aged 3-21 years in a single site in the
USA [77]. Nine were enrolled based on the criteria of four
seizures/month and/or four episodes of dystonia in the month
prior to enrollment. The dose was 1-4 mg/kg/day based on
age of the participant. One participant stopped due to vom-
iting and diarrhea, and one stopped due to diarrhea. Of the
four individuals with intractable seizures, two had greater
than 50% reduction in seizures, one was unchanged, and one
was worse. Two participants had dystonia; one improved and
one was unchanged. No signs of adverse effects were noted.
This trial was supported by Ultragenyx Pharmaceuticals.
Further study is unknown.

The second trial (UX007) was investigator initiated in
Israel and was also supported by Ultragenyx Pharmaceuti-
cals. This was also a single site study involving ten individu-
als with RTT, aged 5-18 years (NCT03059160). Criteria
included either two seizures per month or breathing abnor-
malities and ability to ambulate with or without support.
Individuals were scheduled for a 4-week baseline assess-
ment, a 20-week drug exposure, and a 4-week washout.
Triheptanoin was given three times per day. No results are
available.

5.2.6 Fingolimod

Fingolimod (Gilenya) was employed in a phase 1 trial
(NCT02061137) in Basel, Switzerland. Based on evidence
that fingolimod increased BDNF levels and volume of deep
gray and cortical gray matter in a mouse model of RTT
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[78], this trial involved six girls with mean age of 11.3 years
in a 1-year study supported by Novartis. Using a dose of
0.25-0.5 mg/day based on weight, BDNF levels in blood
and CSF and gray matter volume by MRI were assessed
[79]. Despite excellent safety and tolerability responses, this
trial failed to demonstrate an increase either in BDNF levels
(blood and CSF) or increases in gray matter volume. Inter-
estingly, BDNF levels were correlated inversely with the
Rett Syndrome Severity Scale (RSSS) and the Hand Apraxia
Scale with worse (higher) scores associated with lower
BDNF levels. The Vineland Adaptive Behavior Scale was
directly related to the BDNF levels, that is, higher BDNF
levels were associated with higher scores on the Vineland.

5.2.7 Cannabidiol

Cannabidiol (Epidiolex) was utilized in two phase 3 trials
(NCT03844832 and NCT4252586), the first being a pla-
cebo-controlled, double-blind study with three study groups
(5 mg/kg/day, 15 mg/kg/day, and placebo) and the second
being an open label follow-on study. Both studies were
supported by Jazz Pharmaceuticals (initially GW pharma-
ceuticals prior to being acquired by Jazz). While the study
aim was to address the overall clinical issues in RTT, the
principal impact of this agent had been on seizure control.
The outcome measures included the CGI-I, the CGI-S, the
RSBQ, the Children Sleep Habit Questionnaire, and the
Motor Behavioral Assessment-9 (MBA-9). The first study
succeeded in enrolling 11 participants in the 5 mg/kg/day
group, 9 participants in the 15 mg/kg/day group, and 10
participants in the placebo group; the second study enrolled
21 individuals. Although some results were achieved, both
studies were terminated due to diminished enrollment amidst
the COVID-19 pandemic. Further, diminished enrollment
could also have been due to competition with the on-going
trofinetide trial. No publication emerged from this study.

In a separate study [80] from France, ten participants
were enrolled in a study of cannabidiol with a median dura-
tion of 13 months and a median dose of 15 mg/kg/day at the
last visit. Five of these participants were treated simulta-
neously with clobazam. Seizure frequency was reduced in
seven subjects, one being seizure-free and six having seizure
reduction of > 75% (two subjects) or > 50% (four subjects).
No adverse effects were noted. Additional improvements
were noted in reduced agitation or anxiety (five subjects)
and reduction in spasticity (four subjects). Additionally, it
was suggested that cannabidiol improved the efficacy of
clobazam.
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5.2.8 Cannabidivarin

Cannabidivarin is a phytocannabionoid and analogue of can-
nabidiol. This compound, which does not have psychoactive
properties seen with tetrahydrocannabinol, was shown to be
efficacious in animal models of RTT. In a study with male
Mecp2-null mice, cannabidivarin improved memory deficits
and delayed neurological features in association with nor-
malizing BDNF and IGF-1 levels along with the PI3K/AKT/
mTOR pathway [81]. A prior study showed similar results
in male Mecp2-deficient mice [82].

Based on these animal findings, a small phase 1 trial
was initiated in five individuals, aged 6 years and older
with RTT in Australia [83]. Each subject was treated with a
maximum dose of 10 mg/kg/day resulting in a 79% reduction
in monthly seizure frequency. Outcome measures included
seizure type and frequency, EEG, the RSBQ, the RSSS, and
adverse events. Side effects were mild or moderate, none
associated with cessation of the medication, and included
increased sleepiness and drooling. Neither EEG recordings
nor clinical features of RTT were altered. Further study
seems warranted, but nothing suggests this.

5.2.9 Glatiramer acetate

Glatiramer acetate (Copaxone), a peptide copolymer
involving a random sequence of four amino acids, was
studied in two clinical trials, one in Israel (NCT02023424)
and one in New York at the Montefiore Medical Center
(NCTO02153723). These studies were based on the findings
that glatiramer acetate is known to increase BDNF levels
in individuals with multiple sclerosis and was shown to do
the same in a null-male mouse model of RTT [84]. The two
trials had dramatically different results.

The first (NCT02023424) involved a phase 1 open label
trial of this agent in 14 girls of 5-15 years of age with
RTT. The primary outcome measure was improvement in
the 24-h EEG and the secondary outcome measures were
breath-holding and hyperventilation, behavior, communica-
tion, motor skills, and feeding; decreased seizure frequency,
improved sleep; and changes in height and weight. The
trial was halted after four individuals developed significant
postinjection reactions. One individual had a few minutes of
difficulty breathing and mild edema whereas the three other
subjects had more significant reactions ultimately leading to
the decision to halt the trial [85].

The second (NCT02153723) was a phase 2 open label
trial involving ten individuals aged 10 years of age or older.
Nine were < 18 years and one was > 18 years. The clini-
cal endpoints were gait velocity, breath-holding, and visual
memory by eye tracking. All ten subjects had improved gait
velocity ranging from 13% to 95% (p = 0.03). Breath-hold-
ing and visual memory also improved (p = 0.03). While

these results suggested the need for a larger trial, no formal
report was provided, and nothing more has developed over
the past 8 years, perhaps related to the conflicting outcomes
of the two trials.

5.2.10 Dextromethorphan

Dextromethorphan is an approved pharmaceutical used in
cough suppressant medications. It is known to be an NMDA
receptor antagonist. As NMDA receptor density is known to
be increased in the prefrontal cortex in girls aged 28 years
with RTT, while being reduced in those older than 10 years,
the subsequent finding of similar features in female mice
heterozygous for MeCP2 confirmed the regional and age-
dependent findings. As such, dextromethorphan was trialed
in females with RTT. Three trials were conducted at the
Kennedy Krieger Institute in Baltimore.

The initial trial (NCT0069550) involving children and
adolescents aged 1-15 years also included the medication,
donepezil, approved for use in individuals with dementia.
Donepezil was included as a cholinesterase inhibitor to
counter the known abnormality of reduced choline acetyl-
transferase activity in individuals with RTT. Unfortunately,
no information is available on this open label trial.

A second trial (NCT00593957) in children and adoles-
cents aged from 2 to less than 15 years examined the effects
of escalating does of dextromethorphan in three groups:
0.25 mg/kg/day, 2.5 mg/kg/day, and 5.0 mg/kg/day. The trial
covered 6 months with 13 completing the lowest dose, 12
completing the intermediate dose, and 10 completing the
highest dose. The primary outcome measure was EEG spike
frequency. Individuals in each of the groups failed to show
improvement. In addition, receptive language assessment
failed to demonstrate any improvement.

The third trial NCT01520363) involving dextromethor-
phan was also limited to testing in girls from 1 to less than
10 years with RTT. This trial was a placebo-controlled,
double-blind study lasting 3 months with dextrometho-
rphan provided at 5 mg/kg/day in divided doses. A total
of 26 individuals began the trial; of whom, 24 completed
it. The primary outcome measure was the Mullen scale of
visual reception, fine motor, receptive language, and expres-
sive language. Secondary outcome measures were the RSBQ
and the Vineland. In the outcome analysis, those completing
the study failed to demonstrate improvement in any of the
four Mullen elements. No publications resulted from any of
the three trials.

5.2.11 Desipramine
Desipramine is a tricyclic antidepressant approved for treat-

ment of depression. In a male mouse model of RTT, abnor-
mal breathing patterns were seen by 1 month of age and
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reduced tyrosine hydroxylase (TH) neurons as well as lower
norepinephrine (NE) levels [86]. In this model, desipramine
improved both to wild-type levels [87]. These results led to
a 6-month phase 2 clinical trial (NCT00990691) in 36 girls
and adolescents with RTT, ages 4—18 years, conducted in
France. The study examined changes in respiratory altera-
tions in a randomized, placebo-controlled double-blind
study [88]. Desipramine was dosed on a weight-based
strategy using 2-3 mg/kg/day, 1-2 mg/kg/day, or placebo.
The primary outcome measure was the Apnea hypopnea
index (AHI). The high dose group had an AHI of —31, the
low dose AHI was —17.5, and the placebo group was —13.
The changes were not significant (p = 0.78); although, the
plasma concentration of desipramine and the AHI registered
a significant inverse correlation (p = 0.0002). The investiga-
tors suggest that the significant relationship between desipra-
mine concentration and improved AHI provided a rationale
for further studies of the NE pathway in RTT.

5.2.12 Statins

Buchovecky et al. [89], using a suppressor screen, identified
elevated cholesterol as a potential issue in a mouse model of
RTT. Based on this information that excess neuronal cho-
lesterol is involved in the pathophysiology of RTT, it was
postulated that inhibiting cholesterol synthesis would benefit
individuals with RTT. This led to a single site (Montefiore
Medical Center) phase 2 open label of lovastatin in girls with
RTT (NCT02563860). This study involved girls aged 3 years
and older who were ambulatory, in a dose escalating trial of
10 mg for eight weeks, 20 mg for eight weeks, and 40 mg
for 16 weeks. A total of 20 girls began, and 19 completed the
study. The primary outcome measure was gait velocity with
the secondary measure being visual memory via eye track-
ing. Unfortunately, no results have been provided. Further,
Villani et al. [90] reported subsequently that lovastatin failed
to affect motor skills and survival in a mouse model of RTT.

5.2.13 Antioxidant cocktail

De Felice et al. [91] reported significant evidence of oxida-
tive stress in RTT. Considering mitochondrial dysfunction
to have an important role in the pathogenesis of RTT, a rand-
omized double-blind crossover trial was initiated in Toronto
(NCT04041713). This trial involved girls and women with
RTT, aged 2-21 years, who were at least partially ambula-
tory. The subjects were treated with an antioxidant cocktail,
RETT-T, at 4 g for those < 30 kg and 8 g for those > 30 kg.
This was a double-blind crossover design of 8 weeks on
RETT-T or placebo, a 2-week washout period, and then a
further 8 weeks on the alternate arm (RETT-T or placebo).
The primary outcome measure was the RTT Motor Behav-
ioral Assessment, the secondary measures being the Rett
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Syndrome Gross Motor Scale, the CGI-I, the Top 3 con-
cerns, the RSBQ, the Children’s Sleep Habits Questionnaire,
and the Anxiety, Depression, and Mood Scale (ADAMS).
No results are available from the trial. However, Baroncelli
et al. [92] recently reported that a cocktail of vitamin E,
N-acetylcysteine, and a-lipoic acid in male and female mice
did improve head growth and hippocampal synaptic plas-
ticity but failed to improve behavior, breathing issues, or
overall survival.

5.2.14 Vatiquinone

Edison Pharmaceuticals announced a phase 2a randomized,
placebo-controlled trial of vatiquinone conducted in Siena,
IT (NCTO01822249). This was a 6-month trial of individuals
with RTT in stage 1 or 2 and abnormalities of at least two
disease biomarkers. The trial was 6 months in duration. The
treatment group received 15 mg/kg three times per day. The
primary outcome measure was the Rett Syndrome Clinical
Severity Score (CSS). The secondary measures were the oxi-
dative stress biomarkers (although not specified in Clinical-
Trials.gov), head circumference, RSBQ, PedsQL, adverse
events, and respiratory disturbance index (RDI) determined
at polysomnography. No results are reported in clinical tri-
als.gov, but the company noted that the product did not meet
the efficacy outcome measures. Further, Hayek presented an
abstract at the 4th European Congress on Rett Syndrome (1
November 2015; Rome, Italy) noting that the primary out-
come measure was not met but did note better head growth
in this trial [93].

5.2.15 Donepezil

Donepezil was proposed in NCT05625568, but no sites are
listed and no results reported. This was to be a phase 2,
multicenter double-blind, placebo-controlled trial involving
adults, aged 18—45 years, with CSS between 10 and 35. A
total of 48 subjects were anticipated, 16 each in placebo, 5
mg/day or 10 mg/day for 14 weeks. The primary outcome
measure was safety and tolerability, and the secondary meas-
ures included the RSBQ, MBA, CGI-S, CGI-I, quantitative
EEGs, and evoked responses. This product was discontinued
as the parent company, Vyant Bio, was dissolved in Decem-
ber 2023.

A new study is planned in combination with ketamine and
vorinostat supported by Department of Defense funding, but
FDA approval is needed.

5.2.16 Creatine Supplementation
Based on the importance of DNA methylation on the role

of MECP2 in RTT, a trial of creatine supplementation
was initiated in Vienna (NCTO01147575). The study was a
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double-blind, crossover design of creatine monophosphate
(200 mg/kg/day) in three doses compared with placebo. The
trial involved 6 months on drug or placebo, a 4-week wash-
out, and a second 6 months on the alternative preparation.
Individuals receiving folic acid, B12, or vitamin fortified
food were excluded. The primary outcome measure was
DNA methylation; the secondary measures were methio-
nine, homocysteine, S-adenosyl methionine, and S-adenosyl
homocysteine, as well as the MBA. No results were reported
in clinicaltrials.gov. However, Freilinger et al. [94] reported
results of the trial in 18 individuals with RTT, stages 3 and 4
and aged 3-25 years. Creatine supplementation did provide
a statistically significant increase in DNA methylation, but
the total and subscores of the MBA did not improve signifi-
cantly. The authors did propose longer term use of creatine
in a multicenter effort.

5.3 Preclinical Studies

The following agents, AMO-04, BHV 5000, GXV 001,
NLX 101, RVLO01, REL 1017, and pridopidine, have been
mentioned in relation to RTT treatment strategies, all in the
preclinical space for RTT. AMO-04, a product of AMO
Pharma, is a glutamate modulator that showed promise in
the IRSF-sponsored Scout program. BHV 5000, a product
of Biohaven, is a glutamate receptor antagonist. GXV 001,
a product of GEXVal, modulates the G-protein coupled
receptor (GPCR). NLX101, a product of Neurolixis, inter-
acts with the 5-hydroxytryptamine 1A receptor and improves
breathing in a RTT mouse model [93]. RVL001, a prod-
uct of Unravel Therapeutics, is a small molecule with an
unknown target at present. REL 1017, a product of Relmada
Therapeutics, is a D-methadone, a nonopioid analgesic, and
an NMDA receptor antagonist. Pridopidine, a product of
Prilenia, a dopamine modulator that selectively inhibits D2
dopamine receptors, is currently being trialed with amyo-
trophic lateral sclerosis and has been mentioned in relation
to potential therapy for RTT.

5.3.1 Genetic Intervention Therapy

The goal of genetic intervention therapy has been under con-
sideration for more than 15 years since the landmark paper
of Guy et al. [96]. Using a mouse model of RTT, reactivation
of an MECP2 gene under the control of a tamoxifen pro-
moter reversed many of the features of RTT. Interestingly,
it appeared that the reversal was independent of age in the
animal studies, that is, whether the animals were presympto-
matic or were older animals with significantly abnormal fea-
tures. This result led to the crafting of a replacement MECP2
gene in the AAV9 vector to correct the abnormal gene in
individuals with RTT. However, MECP?2 is a tightly modu-
lated gene in that over-expression can lead to the well-known

MECP?2 duplication disorder. This is an equally difficult dis-
order. To prevent such over-expression, methodologies were
developed to limit the gene expression within a safety mar-
gin that would prevent such unwanted consequences.

Initially developed by AveXis (subsequently acquired by
Novartis), this platform demonstrated good expression of the
AAV-vector gene transmission in animals, including nonhu-
man primates, and led to the initial gene therapy clinical trial
(NCT03633058) in RTT. However, for independent reasons,
Novartis elected to discontinue this program. Subsequently,
the gene replacement model was elaborated separately by
Taysha Gene Therapies in Dallas and Neurogene in New
York. Steven Gray (Taysha Gene Therapies) and Stuart Cobb
(Neurogene) were strongly involved in developing the initial
methodologies under AveXis and are currently leading these
two clinical trials.

5.3.2 Taysha 102

In late 2022, Taysha Gene Therapies activated their gene
replacement clinical trial (NCT05606614) in adults in Can-
ada. More recently, a separate clinical trial NCT061522237)
has been activated in children in the USA.

The first trial, NCT05606614, was initiated in Canada as
a phase 1/2, open-label, dose escalation study of TSHA-102.
This REVEAL study was approved for adults as a safety and
tolerability study examining the efficacy of TSHA-102 at two
sequential dose levels. This study, with an estimated enroll-
ment of 18 participants, is limited to adults who have clas-
sic RTT and whose parents agreed for them to receive blood
or blood products, if necessary. The agent is a recombinant,
nonreplicating, self-complementary AAV9 (scAAV9) vector
carrying a miniMECP?2 gene [95] and 3’ UTR features to limit
overexpression of the virally delivered miniMECP2. This is a
single, one-time administration of the minigene product. The
mode of entry is via intrathecal delivery. The primary outcome
measures are adverse events/serious adverse events, the CGI-I,
the revised Motor Behavioral Assessment (R-MBA), the Rett
Syndrome Hand Function Scale (RSHFS), the CGI-S, seizure
frequency, adaptive behavior (Vineland-3), quantitative EEG
from visual evoked responses, and auditory evoked responses.
Initial treatment was begun in 2023.

Subsequently, Taysha gained approval for
NCTO061522237, the REVEAL Pediatric Study, to study
children aged 5-8 years in the USA (the pediatric trial may
expand to children aged 3-8 years). Up-to-date immuniza-
tions are required at least 42 days in advance of entry into
the trial. The same requirement regarding parents’ approval
for subjects to receive blood or blood products is stated.
As with the adult trial, this is a phase 1/2 open-label trial
involving a single, one-time administration of the minigene.
Two dose levels will be trialed sequentially in separate sub-
jects depending on the outcome of the first dose level. The
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primary outcome measures are nearly the same as in the
adult trial except for exclusion of the Hand Function Scale.

According to a recent press release, the first subject began
treatment at the end of 2023 and three subjects have now
been enrolled, three adults and one child.[97]

5.3.3 Neurogene

In 2023, Neurogene activated a clinical trial
(NCT05898620). This trial, NGN-401, was approved for
children aged 4-10 years. It is a phase 1/2 safety, tolerabil-
ity, and efficacy open-label trial using the AAV9 vector with
a proprietary transgene regulation technology. In this trial,
the MECP2 gene is full length, designed to provide thera-
peutic levels without over-expression provided in a single,
one-time administration. In this trial, the mode of treatment
is via the intracerebroventricular (ICV) delivery route. Two
dose levels are anticipated with approval to the higher dose
depending on the outcome in the lower dose group. The
primary outcome measures are treatment-emergent adverse
events, serious adverse events, adverse events, clinical labo-
ratory abnormalities, and any change in the physical and
neurological examination.

According to a press release, the first treatment began in
2023 [98]. In addition, Neurogene was selected by the FDA
for the Start program to provide enhanced communication
with the regulatory agency [99].

5.3.4 Additional Genetic Interventions in Preclinical
Studies

Additional genetic interventions are under study, but all
remain in the preclinical arena. These include gene editing,
X chromosome reactivation, and RNA editing [100-103].
Additionally, read-through therapy to address nonsense
mutations by correcting missing amino acid has been stud-
ied, but, to date, no positive outcomes have been reported.

One gene editing study is listed under Clinicaltrials.gov
(NCTO05740761). This is being conducted in Siena, Italy,
utilizing the CRISPR/Cas9 methodology combined with
the AAV9 vector mediated delivery aimed at correcting
the four most common MECP2 point variants: ¢.473C>T,
p-T158M; ¢.503C>T, p.R168X; ¢.763, p.R255X; and
c.916C>T, p.R306C. The methodology is being testing
in vitro in human fibroblast models from individuals with
these MECP?2 variants. The primary aim is to determine
the percentage of gene editing obtained in cells represent-
ing the above variants. The secondary aim is to determine
what, if any, off-target editing is noted. Namely, this seeks
to determine the specificity of the methodology. The proto-
col was initiated in 2023. No results have been presented.

Gene editing is also being explored by BEAM Thera-
peutics. X chromosome reactivation is being examined
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by Alcyone Therapeutics (ACTX-101) and Herophilus
(HRP-12975). RNA editing is being studied by Shape
Therapeutics in collaboration with Roche and by VICO
Therapeutics.

Although these efforts are in the preclinical arena, we
do anticipate continued progress in bringing these poten-
tial therapies to human trial.

6 Conclusions

The last quarter century has brought a virtual explosion
of new therapies being examined in clinical trials for
RTT. One product, trofinetide, was approved by the FDA
in March 2023. In as much as trofinetide produces incre-
mental improvement rather than completely reversing the
adverse effects of RTT completely, it is anticipated that
other agents will be necessary to lead to even better treat-
ment outcomes.

At the same time, the long-anticipated advent of gene
therapy trials has now begun with two separate treatment
strategies being explored. It is recognized that these trials
may require substantial patience before they can be fully
deployed. Further, the study of additional gene replacement
strategies is even farther in the future as they attempt to
move from preclinical study to active clinical trials.

Nevertheless, the relatively rapid advance in therapeutic
intervention in RTT is noteworthy. One can only anticipate
further advances in the coming years to achieve the goals of
parents, caregivers, scientists, and physicians.
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