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The AAV9 gene therapy vector presented in this study is safe in
mice and non-human primates and highly efficacious without
causing overexpression toxicity, a major challenge for clinical
translation of Rett syndrome gene therapy vectors to date.
Our team designed a new truncated methyl-CpG-binding pro-
tein 2 (MECP2) promoter allowing widespread expression of
MECP2 in mice and non-human primates after a single injec-
tion into the cerebrospinal fluid without causing overexpression
symptoms up to 18 months after injection. Additionally, this
new vector is highly efficacious at lower doses compared with
previous constructs as demonstrated in extensive efficacy studies
performed by two independent laboratories in two different
Rett syndrome mouse models carrying either a knockout or
one of the most frequent human mutations of Mecp2. Overall,
data from thismulticenter study highlight the efficacy and safety
of this gene therapy construct, making it a promising candidate
for first-in-human studies to treat Rett syndrome.

INTRODUCTION
Rett syndrome (RTT) is a neurodevelopmental disorder affecting
approximately 1 in 10,000 girls.1 The disease is caused by deficiency
of the X-linked transcription factor methyl-CpG-binding protein 2
(MECP2), a key regulator of gene expression in the CNS.2–4 X chromo-
some inactivation (XCI) plays an important role in RTT. XCI is a
developmentally regulated process in females, wherein one X chromo-
some per cell is randomly inactivated per cell causing a mosaic expres-
sion of X-linked genes in females. Since males are hemizygous for
X-linked genes, the MECP2 mutations leading to full loss of MECP2
function in males would typically result in approximately 50% expres-
sion in females. Thus, manyMECP2mutations are neonatally lethal in
males or lead to a far more severe presentation of RTT syndrome.5,6

Approximately 6–18 months after birth, RTT patients experience loss
of previously established developmental milestones, including motor
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function, speech, and purposeful hand movement, which is often re-
placed with stereotypic hand gestures.7 RTT does not seem to cause
neurodegeneration.8 Only minor neuronal loss was reported in the
brain and spinal cord from animal models and patient autopsy sam-
ples.9,10 Thus, it is generally thought that RTT neurons survive and,
therefore, would be available for therapeutic targeting.11

An initial proof of concept for the therapeutic effect of restoring
MECP2 function was shown in an animal model of RTT in 2007 by
the Bird laboratory.11 In this experiment, endogenous MECP2 was
re-introduced at physiological levels using a Cre-lox system in a
post-symptomatic mouse model. The study showed that several
RTT-like phenotypes, including behavioral abnormalities and
reduced survival, were reversed when MECP2 expression was acti-
vated.11 Since the initial proof of concept study, several groups
including ours, began developing adeno-associated virus (AAV)
gene therapy approaches to express healthy MECP2 in the CNS12–16

AAV-based gene therapy constructs have a favorable clinical safety
profile and lead to long-lasting transgene expression in non-dividing
cells, including neurons.17 Several clinical trials have recently reported
clinical efficacy of these vectors in other disorders.18–22

Proper regulation of MECP2 expression is pivotal because overex-
pression can be detrimental. Duplication of the gene causes MECP2
duplication syndrome (MDS) with variable psychiatric and autism
spectrum disorder symptoms in females.23 Moreover, a handful of
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cases with MECP2 triplication syndrome have also been reported
with the indication that MECP2 triplication is similar or more severe
than MDS.24,25 Thus, it is crucial for any gene therapy-based
approach introducing MECP2 to express it at physiological levels.
With packaging restrictions for self-complementary AAV (scAAV),
the endogenous Mecp2 promoter (approximately 1,080 bp)26,27

does not fit into the vector alongside the MECP2 cDNA sequence
and hence cannot be used to achieve physiological levels of MECP2
expression. Previously, we showed that systemic delivery of an
scAAV9 vector expressing MECP2 under the P738 Mecp2 promoter
fragment results in physiological levels of MECP2 in brain and im-
proves the disease phenotypes, including survival and phenotypic
score in an RTT animal model.10 However, the size of the previous
construct was still outside the optimal packaging range of scAAV.
Here, we have further optimized the construct with use of a novel,
even shorter, truncated Mecp2 promoter (P546) expressing human
MECP2 coding sequence and a shorter synthetic poly A terminator
to decrease the risks of partial or excessive empty particle production
during AAV manufacturing.

Here we show that neonatal CSF delivery of the clinically optimized
vector, scAAV9.P546.MECP2, is highly efficient in driving MECP2
expression in CNS and ameliorating RTT disease phenotype in two
mouse RTT models at much lower vector doses than any previous
studies reported.28–30 Additional rigor was added to the efficacy study
by testing the vector in two independent laboratories in the
United States and the UK. Moreover, long-term safety studies indi-
cate a favorable safety profile in both wild-type (WT) mice
and healthy non-human primates (NHPs) (cynomolgus macaques)
for up to 18 months after injection. In conclusion, this vector
seems to be both effective at ameliorating disease phenotypes in
RTT mouse models and safe in both rodents and NHPs. Therefore,
scAAV9.P546.MECP2 is a strong candidate for clinical translation
as a gene therapy treatment for RTT patients.

RESULTS
Intracerebroventricular delivery of scAAV9.P546.MECP2

prolongs survival and ameliorates behavioral abnormalities

in KO mice

Early analysis of the mouse Mecp2 promoter revealed the presence
of the core promoter at �309/–179, an enhancer region from
�1071/–847, silencer regions from �681/–533 and �307/–309, and
a positive regulatory element at �64/–46.26,27 Previously, we used
P738, an MECP2 promoter fragment spanning �677/+56 of the 50

untranslated region, while the Cobb and Gray laboratories generated
a series of different MECP2 promoter truncations used in their collab-
oration and by the Roux and Bird laboratories.12–16,26,31,32 To further
optimize our previous vector for clinical translation, we developed the
P546 promoter, a further truncation from the P738 promoter omit-
ting the silencer element at �681/–533 for potentially better expres-
sion. At the same time, we replaced the mouse Mecp2 coding
sequence with human MECP2 sequence and added a short synthetic
poly A terminator sequence, thus shortening the total vector genome
size for better packaging in scAAV9 vector (Figure S1). Also, based on
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our previous studies in multiple mouse models of neurological and
neurodegenerative disorders, we chose to use an intra-CSF delivery
route via intracerebroventricular (ICV) administration of the AAV9
vector in neonatal mice targeting majority of neurons as well as astro-
cytes in CNS as compared with adult systemic delivery.33–36

In studies performed by the Nationwide Children’s Hospital
(NCH) team, Mecp2-/Y (knockout [KO]) male mice, the mouse
model most frequently used in RTT research (female mice display
only very mild disease phenotypes and are thus less suited) received
a single ICV injection of scAAV9.P546.MECP2 into the CSF on
postnatal day 2 (P2). Mice received one of the six doses of
scAAV9.P546.MECP2 or no treatment (negative control). Dose
escalation was performed starting at 1.50 � 109 viral genomes
(vg)/animal increasing by 2-fold steps: 3.75 � 109 vg/animal,
7.50 � 109 vg/animal, 1.50 � 1010 vg/animal, 3.00 � 1010 vg/animal,
and 6.00 � 1010 vg/animal. Each KO dosing group contained
11–18 mice. Untreated KO controls (n = 43) are represented at higher
numbers as they were tracked over the multi-year course of the study,
during testing of all individual vector dosing groups. This ensured
that baseline phenotypes did not change over the period of the study.
Note that the vector doses in the figures are based on the original
silver staining titration performed by the virus manufacturer SAB
Tech Inc, (Philadelphia, PA). Post-study initiation, vector batches
were re-analyzed using digital droplet PCR (ddPCR). Both titers are
summarized in Table S1. Importantly, all mouse studies used the
same viral vector, NHPs received a different vector batch.

At NCH, animals were followed until humane endpoint or final
endpoint of the study (540 days), when remaining animals were sacri-
ficed. Untreated KO animals had a median survival of 68 days. Single
ICV injection of scAAV9.P546.MECP2 in KO mice on P2 improved
survival at every dose tested and only mice with the lowest dose
(1.50� 109 vg/animal) were not significantly different from untreated
mice (Mantel Cox statistical analysis). Interestingly, the second lowest
dose, 3.75 � 109 vg/animal, and the highest dose, 6.00 � 1010 vg/an-
imal, led to a less pronounced improvement in survival than doses in
the midrange. The optimal dose was 1.50 � 1010 vg/animal based on
the strongest improvement in survival from 68 days (untreated) to
225 days (3.3-fold improvement). No statistically significant differ-
ence was observed between 1.50� 1010 vg/animal and the next lower
and higher doses (7.50 � 109 vg and 3.00 � 1010 vg; p = 0.8404),
indicating a wide range of doses have approximately equivalent ther-
apeutic potential (Figure 1A).

scAAV9.P546.MECP2-treated and untreated control mice were
scored weekly for RTT-like phenotypes (Figure 1B) using an estab-
lished aggregate severity scoring method.11 Each phenotype is scored
as 0 (unobserved/WT), 1 (symptom present), or 2 (symptom severe)
for a maximum score of 12. Brief details of the scoring system are ex-
plained in the materials and methods section. Untreated KO males
progressed from 0 to a mean peak score of approximately 5 by
92 days, at which point most untreated animals reached humane
endpoint. In contrast, scAAV9.P546.MECP2-treated animals stayed



Figure 1. ICV delivery of scAAV9.P546.MECP2 prolongs survival and ameliorates behavioral abnormalities in KO mice

(A) Survival was significantly improved in KO mice treated with most doses of vector vs. untreated KO mice (log rank/Mantel Cox test). p values vs. untreated KO: untreated

WT, p < 0.0001; 1.50� 109, p = 0.2511; 3.75� 109, p < 0.0001; 7.50� 109, p < 0.0001; 0, 1.50� 1010, p < 0.0001; 3.00� 1010, p < 0.0001; 6.00� 1010 vg, p = 0.0005.

There is no difference between survival curves for 3.75� 109 and 6.00� 1010 vg, p = 0.2650. There is no difference in survival curves for KO 7.5� 109 to KO 3.00� 1010 = ns,

p = 0.8404. (B) Severity score is ameliorated in treated KO vs. untreated KO at all doses. (C) At 60 days, all doses significantly improved severity score in treated KO vs.

untreated KO animals (p < 0.0001). (D) At 90 days, all doses significantly improved severity score in treated KO vs. untreated KO animals, KO 1.50� 109, p = 0.0062; all other

doses, p < 0.0001. (E) Vector treatment ameliorated open field velocity in KOmice treated with most doses. p values vs. untreated KO: untreatedWT, p < 0.0001; 1.50� 109,

p = 0.0287; 3.75 � 109, p = 0.9832; 7.50 � 109, p = 0.0002 0; 1.50 � 1010, p < 0.0001; 3.00 � 1010, p < 0.0001; 6.00 � 1010 vg, p = 0.6557. (F) Vector treatment only

corrected deficits in open field distance for KO animals treated with 3.00� 1010 vg. p values vs. untreated KO: untreatedWT, p = 0.0037; 1.50� 109, p = 0.6534; 3.75� 109,

p < 0.9999; 7.50 � 109, p = 0.1464; 1.50 � 1010, p = 0.3728; 3.00 � 1010, p = 0.0081; 6.00 � 1010, vg p = 0.8895. Value representations are mean ± SEM. Statistical

significance was determined via ANOVA with Tukey’s honest significance post hoc test (Tukey’s test). Significance is in relation to untreated KO animals. The 60 and 90-day

average severity scores were taken ±2–4 days to account variability in biweekly scoring intervals. Open field assay was performed at 49–63 days. Vertical dashed lines

indicate median survival for each dose: WT untreated WT n = 40; KO untreated, n = 43; KO-1.50 � 109, n = 14; KO- 3.75 � 109, n = 17; KO-7.50 � 109 n = 17; KO-

1.50 � 1010, n = 18; KO- 3.00 � 1010, n = 11; KO- 6.00 � 1010, n = 13. *p < 0.05; ***p < 0.001; ****p < 0.000. ns, not significant.
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within the score range of 0–3 throughout the study. Although we
analyzed the cumulative aggregate severity score, it was evident that
scAAV9.P546.MECP2-treated mice at all doses showed the most
improvement in mobility, gait and breathing phenotypes, followed
by clasping, tremors, and general body condition. For statistical anal-
ysis, we compared the severity scores for untreated KO animals vs.
treated KO animals at two different timepoints—60 days and
90 days. Severity score for treated KO animals vs. untreated KO
animals were significantly different at respective timepoints. This
indicates that scAAV9.P546.MECP2 is able to ameliorate RTT-like
phenotypes at a wide range of doses (Figures 1C and 1D). However,
the severity scores treated KO at all doses were still different from the
untreated WT animals, indicating that the scAAV9.P546.MECP2
treatment did not fully restore the normal phenotype.

We also performed open field testing of treated and untreated KO an-
imals at 49–63 days of age to examine velocity and distance traveled.12

Overall, objective assessment in the open field analysis revealed
relatively small differences between untreated KO and untreated WT
animals. The lowest dose, 1.50 � 109 vg, and midrange doses,
7.50� 109 vg – 3.00� 1010 vg, were able to significantly improve veloc-
ity in treatedKOmice as comparedwithuntreatedKOmice (Figure 1E)
while only 3.00 � 1010 vg-treated KO animals showed improved dis-
tance traveled as compared with untreated KO mice (Figure 1F).
Molecular Therapy Vol. 31 No 9 September 2023 2769
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Figure 2. ICV Delivery of scAAV9.P546.MECP2 does not affect survival or behavioral phenotypes in WT mice

(A) Survival inWTmice treated with any vector dose is not significantly different from survival in untreatedWTmice (p = 0.1525) (log-rank/Mantel Cox test). (B) Severity score of

untreated WT- and vector-treated WT mice shows that treatment overwhelmingly does not affect score. (C) At 60 days, vector-treated WT mice do not have statistically

different severity scores vs. untreated WT. p values: untreated KO, p < 0.0001; WT 1.50 � 109, p > 0.9999; WT 3.75 � 109, p = 0.9992; WT 7.50 � 109, p > 0.9999; WT

1.50� 1010, p = 0.9512;WT 3.00� 1010, p = 0.9876;WT 6.00� 1010, p > 0.9999. (D) At 90 days, vector-treatedWTmice do not have statistically different severity scores vs.

WT, except 3.00 � 1010 vg. p values: untreated KO, p < 0.0001; 1.50 � 109, p > 0.9999; 3.75 � 109, p = 0.9911; 7.50 � 109, p > 0.8146; 1.50 � 1010, p = 0.9983;

3.00� 1010, p = 0.0442; 6.00� 1010, p > 0.4566. (E and F) Open field assay for distance and velocity was performed at 49–63 days. (E) Vector-treatedWTmice do not have a

significantly different open field velocity compared with untreated WT mice. p values vs. untreated WT: untreated KO, p < 0.0001; 1.50 � 109, p > 0.9999; 3.75 � 109,

p > 0.9999; 7.50� 109, p = 0.9959; 1.50� 1010, p = 0.9991; 3.00� 1010, p > 9999; 6.00� 1010, p > 0.9999. (F) Vector-treatedWTmice do not have a significantly different

open field distance compared with untreated WT mice. p values vs. untreated WT: untreated KO, p = 0.0037; 1.5 � 109, p > 0.9999; 3.75 � 109, p > 0.9999; 7.5 � 109,

p = 0.4199; 1.5 � 1010, p = 0.9998; 3.0 � 1010, p = 9976; 6.0 � 1010, p = 0.7980. 60 and 90-day average severity scores were taken ±2–4 days to account for slight time

point variability in biweekly scoring intervals. WT untreated, n = 40; KO untreated, n = 43; WT- 1.50 � 109, n = 11; WT- 3.75 � 109, n = 32; WT-7.50 � 109, n = 16; WT-

1.50 � 1010, n = 36; WT- 3.00 � 1010, n = 20; WT- 6.00 � 1010, = 18. Statistical significance was determined via ANOVA with Tukey’s test. Significance is in relation to

untreated WT mice. *p < 0.05; ***p < 0.001; ****p < 0.000. ns, not significant.
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Weights were recorded for untreated WT, untreated KO, and vector-
treated KO mice (Figure S2) until 92 days, when the majority of un-
treated KO have reached the endpoint. The overall difference in mean
weight of untreated WT and KO animals was highest at early time
points (6–8 weeks) when KO mice trail behind by 10 g. Later at
13 weeks, the difference between untreated WT and KO mice
decreased to only 3.5 g. Importantly, treated KOmice showed a highly
significant improvement in weight at these critical early time points of
6–8 weeks for most treatment groups (p < 0.0001) as compared with
untreated KO mice.

ICV delivery of scAAV9.P546.MECP2 does not affect survival or

behavioral phenotypes in WT mice

To assess safety, Mecp2+/Y (WT) mice received a single ICV injection
of scAAV9.P546.MECP2 using the same protocol as for the KOmice.
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Each treated dosing group contained 11–36 animals. Untreated WT
controls (n = 40) are represented at higher numbers since they
were tracked over the entire multi-year course of the study during
testing of individual dosing groups.

Mantel Cox analysis revealed no significant difference in survival be-
tweenmice treated with any dose of vector and untreatedWT animals
through the study’s end at 18 months (Figure 2A).

Mice were scored weekly for RTT-like phenotypes using the Bird
aggregate severity scoring system.11WT animals treated with all doses
of scAAV9.P546.MECP2 maintained a WT behavioral profile. At
60 days, there were no differences between treated and untreated
WT animals regardless of dose (Figure 2C). At 90 days, only WT
mice treated with the 3.0 � 1010 vg dose showed a slightly different
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severity score. Since the higher dose of 6.0� 1010 vg did not show any
difference, this observation likely indicates random fluctuation. As
the current scoring system is designed to score a number of symptoms
arising from Mecp2 deficiency but not caused by Mecp2 duplication,
it is not possible to determine the direct effect of MECP2 overexpres-
sion in WT mice.

We also performed open field testing at 49–63 days to examine veloc-
ity and distance covered.12 We observed a significant deficit in un-
treated KO mice compared with untreated WT animals. We did
not observe any significant alterations in velocity (Figure 2E), or dis-
tance traveled (Figure 2F) in WT animals treated with any vector
doses. In summary, treatment of scAAV9.P546.MECP2 was well
tolerated in WT mice over a wide range of doses.

ICV delivery of scAAV9.P546.MECP2 in KO and WT mice does

not cause significant overexpression of MECP2 protein in the

brain

To assess MECP2 protein levels in the brain of treated animals, we
homogenized brain hemispheres from KO mice and WT mice
approximately 28 days after injection and performed western blot.
Expression was normalized to MeCP2 levels in untreated WT brains.
The two lowest doses (1.50 � 109 and 3.75 � 109 vg/animal) were
below the detection threshold using this method. At our midrange
doses, 7.50 � 109, 1.50 � 1010, and 3.00 � 1010 vg/animal, MECP2
protein expression ranged from 4%–13% of that of WT MECP2 pro-
tein levels. At 6.00 � 1010 vg/animal, expression of human MECP2
reached 54% of WT mouse Mecp2 levels (Figures 3A and 3B).

We also evaluated expression of MECP2 in brains of treated WT
mice. Values in scAAV9.P546.MECP2-treated WT mice ranged
from 1.13- to 2.45-fold of normal Mecp2 protein levels. Importantly,
only the two highest doses exceeded a 2-fold increase in expression of
total MECP2 protein (Figures 3C and 3D).

To test the upper limit of dosing range of our vector, we injected three
additional WT mice with 1.20 � 1011 vg/animal (2-fold higher than
the highest dose in our study). MECP2 protein levels of injected an-
imals were compared with WT mice injected with our optimal dose
(1.50 � 1010 vg/animal) and TG3 mice, modeling MDS.37 Further-
more, to determine whether region specific hot spots were masked
by total hemisphere homogenization, we dissected brains into cere-
bral cortex, medulla oblongata, cerebellum, hippocampus, and
midbrain for analysis. Treatment with 1.50 � 1010 vg/animal led to
MECP2 protein levels between 1- and 1.5-fold of those measured in
WT brain regions for all areas (Figures 3E and 3F). Although we
did observe certain regional hot spots like the cortex and midbrain re-
gions of 1.50 � 1010 vg-treated WT animals with a higher fold in-
crease (approximately 1.5-fold) compared with other regions, it was
clear that the region-specific hot spots were not masked by the total
hemisphere homogenization; instead, it took into account the
reginal differences. The highest dose (1.20 � 1011 vg/animal) yielded
MECP2 expression ranging from 1.3- to 2.6-fold ofWT levels. Impor-
tantly, MECP2 levels for all scAAV9.P546.MECP2 doses including
1.20 � 1011 vg remained below levels found in the corresponding
brain regions of TG3mice, thus suggesting the scAAV9.P546.MECP2
treatment did not surpass the MECP2 expression threshold indicative
of MDS in mice.

Independent evaluation of scAAV9.P546.MECP2 in two RTT

mouse models at the University of Edinburgh, UK, confirms the

efficacy of the construct

To independently confirm efficacy of scAAV9.P546.MECP2, the vec-
tor was tested in theMecp2–/YKO model (same one as used at NCH)
and in a second mouse model carrying a mutant Mecp2 gene
(T158M) at a collaborating independent laboratory (Dr. S. Cobb,
University of Edinburgh, UK). For this study, neonatal KO mice
received a single scAAV9.P546.MECP2 dose of 3.00� 1010 vg/animal
at P1 via ICV injection or received vehicle (saline). All animals
were followed until humane endpoint or until the final endpoint
(280 days), when remaining animals were sacrificed. Notably,
vehicle-treated KO mice in this colony displayed a higher median
survival time (86.8 days) vs. the KO colony at NCH (68 days). This
variability likely reflects slight differences in housing conditions
and/or phenotypic drift of these geographically distant sub-strains.
Nonetheless, the median survival in the vector-treated KO animals
was 200.9 days, a 2.3-fold improvement in lifespan vs. vehicle-
treated KO controls (Figure 4A). The average severity scores of
scAAV9.P546.MECP2-treated KO mice were less than 4 through
140 days after injection vs. scores approaching 7 in vehicle-treated
control animals (Figure 4C). Baseline severity scores differed between
the two laboratories because of the qualitative nature of the assay;
nevertheless, improvements with the treatment were observed and
were consistent within both laboratories. We performed statistical an-
alyses of aggregate severity score at 60 and 90 days. At 60 and 90 days,
vector-treated KO mice had a significantly improved severity score
compared with vehicle-treated KO mice. Additionally, at 60 days,
there was no significant difference in severity score between vector-
treated KO mice and vehicle-treated WT mice, suggesting the resto-
ration of normal phenotype (Figure 4D). However, unlike the 60-day
time point, at 90 days, there was a significant difference between vec-
tor-treated KO mice and vehicle-treated WT mice (Figure 4E).

In addition to KO mice, the University of Edinburgh assessed the
therapeutic potential of scAAV9.P546.MECP2 in a mouse model
harboring the most common MECP2 missense mutation (T158M)
seen in RTT patients. This model shows a milder disease phenotype
and longer survival than the KO model. Treatment of T158M mice
with 3.00 � 1010 vg significantly improved survival and ameliorated
the neurological phenotype similarly to the KO model. The median
survival of the vehicle-treated T158M group was 140 days. Approxi-
mately 80% of T158M mice treated with scAAV9.P546.MECP2 sur-
vived to 280 days, when surviving animals were euthanized to termi-
nate the study, indicating that the lifespan was greatly improved by
treatment (Figure 4B).

At 175 days, vehicle-treated T158M mice reached a score of approx-
imately 7. while scAAV9.P546.MECP2-treated animals had a score of
Molecular Therapy Vol. 31 No 9 September 2023 2771
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Figure 3. ICV scAAV9.P546.MECP2 treatment of RTT mice and WT mice does not cause strong overexpression of MECP2 protein in the brain

(A) Western blot shows MECP2 protein expression in brain of untreated WT, untreated KO, and treated KOmice with ICV vector doses from 1.50� 109 to 6.0� 1010 vg. (B)

No dose results in MeCP2 expression in excess of endogenous WT levels. (C) MECP2 expression in of brain of untreated WT and vector-treated WT mice with ICV vector

doses from 1.50� 109 to 6.0� 1010 vg. (D) MECP2 expression exceeds 2-fold of endogenous levels at only the two highest doses. (E) Western blot for MeCP2 expression in

untreated WT vs. WT treated with extended vector dosing and untreated TG3 in discrete brain regions. (F) All vector doses express MECP2 below corresponding regional

levels in the Tg3 mouse. Blotting was performed on left brain hemispheres or discrete brain regions from the right hemisphere at 21 days after injection. For blots A/C,

untreatedWT n = 2, untreated KO n = 1, vector-treated KO n = 2 per dose, and vector-treated WT n = 2 per dose. For blot E, untreatedWT n = 3, vector-treated WT n = 3 per

dose, TG3 n = 1. Cb, cerebellum; Ctx, cerebral cortex; Hipp, hippocampus; Med, medulla oblongata; Mid, midbrain. Tg3 indicates samples taken from a severe mouse

model of MDS.
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only approximately 4 (Figure 4F).We performed statistical analysis of
aggregate severity score at 60 and 90 days. At both time points, vector-
treated T158M mice showed a significant improvement in severity
score vs. vehicle-treated T158M mice (p = 0.0004 at 60 days,
p < 0.0001 at 90 days). The improvement was so pronounced that
vector-treated T158M mice were not statistically different from
vehicle-treated WT mice at either timepoints (p = 0.0771 at
60 days, p = 0.1086 at 90 days) (Figures 4G and 4H).
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The University of Edinburgh performed open field analysis at 56 days
(Figures S3A–S3D) and 105 days (Figures 4I and 4J), analyzing veloc-
ity and distance traveled in both mouse models.12 With respect to the
KO model, no improvement was seen in vector-treated KO animals
vs. vehicle-treated KO animals at 56 days (Figures S3A and S3B).
By 105 days, most vehicle-treated KO animals reached the endpoint
and hence were not available to compare with the treated KO animals
to systematically assess the difference in mobility. The remaining
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vehicle-treated KO mice were not included in the statistical analysis
because of the low number of surviving animals. However, comparing
the vector-treated KO mice with vehicle-treated WT mice at 56 days
(Figures S3A and S3B) and at 105 days (Figures 4I and 4J), unlike our
study at NCH, we did not observe any improvement in velocity and
distance traveled at either timepoint.

The same open field testing regimens were used for the T158Mmouse
model as the KO. At 56 days of age, no improvement was observed in
velocity for scAAV9.P546.MECP2-treated T158M animals vs. vehicle-
treated T158M animals, but there was a decrease in the distance
moved in treated T158M animals vs. vehicle-treated T158M animals
(Figures S3C and S3D). Also, both vehicle- and scAAV9.P546.-
MECP2-treated T158M animals performed worse in velocity and dis-
tance traveled than vehicle-treated WT animals at 56 days of age
(Figures S3C and S3D). However, open field testing performed at the
later disease progression time of 105 days, revealed a significant
improvement in both the measures in scAAV9.P546.MECP2-treated
T158M mouse group vs. vehicle-treated T158M animals. Moreover,
no significant difference was found between scAAV9.P546.MECP2-
treated T158M mice and vehicle-treated WT mice at 105 days, under-
lining the positive effect of the treatment (Figures 4K and 4L). Overall,
objective data acquired in two independent laboratories from large co-
horts of two RTT mouse models strongly support the efficacy of
scAAV9.P546.MECP2 for restoring MECP2 levels in the CNS and
for improving neurological function.

Intrathecal delivery of scAAV9.P546.MECP2 in NHPs results in

widespread vector RNA expression throughout the CNS and is

safe and well tolerated

To further advance this program toward the clinic, we performed
safety studies in NHPs, cynomolgus macaques (Macaca fascicularis),
following the intrathecal (IT) delivery of scAAV9.P546.MECP2 via
lumbar infusion and Trendelenburg tilting.We chose this route of de-
livery for its potential for being the likely route of injection in a first-
in-human clinical trial for RTT. However, unlike in-human studies,
Figure 4. ICV delivery of SCAAV9.P546.MECP2 prolongs survival and ameliora

Independent testing of scAAV9.P546.MECP2 treatment at University of Edinburgh sho

with a 3.00� 1010 vg/animal. (A and B) Treatment significantly improves lifespan for both

treated WT, vehicle-treated KO, and vector-treated KO mice shows that treatment ame

fromWTmice (p = 0.4172). Each had a significantly lower score than vehicle-treated KO

treated WT mice. Each had a significantly lower score than vehicle-treated KO mice (v

statistical difference between vehicle-treated WT and vector-treated KO mice (p =

scAAV9.P546.MECP2-treated T158M mice shows that vector treatment ameliorates

from vehicle-treated WT mice (p = 0.771). Each had a significantly lower score than ve

p = 0.0004). (H) At 91 days, vector-treated T158M mice were not significantly different f

T158Mmice (p < 0.0001). (I and J) Open field assay was performed at 105 days and vehi

have significantly different velocity in the open field than vehicle-treatedWTmice (p < 0.0

than vehicle-treatedWTmice (p < 0.0001). (K and L) Vector treatment significantly impro

vector-treated T158M mice each had a significantly higher velocity than vehicle-treated

and were not significantly different from each other (p = 0.9387). (L) Vehicle-treated WT
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****p < 0.000. ns, not significant.
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none of the animals received any steroid treatment prior, at the
time of infusion, or throughout the study.

Five juvenile NHPs (cynomolgus macaques) were treated with
scAAV9.P546.MECP2. Two 12-month-old male NHPs were treated
with scAAV9.P546.MECP2 at 1.3 � 1013 vg/animal and 1.8 � 1013

vg/animal and followed for short-term analysis (35 days). For long-
term analysis, three male NHPs (6–12 months old) received
scAAV9.P546.MECP2 at 1.6 � 1013 vg/animal (two 12-month-old
animals) or 9.2 � 1012 vg/animal (one 6-month-old animal) and fol-
lowed up to 18 months after injection. Vector doses were based on
previous dosing studies in NHPs and are sufficient to target the brain
and spinal cord.33,38 The injections and in-life portion of the study
were performed at Mannheimer Foundation, Homestead, Florida.

In situ hybridization was performed to confirm that vector derived
human MECP2 transcript was present and actively expressed in the
CNS of treated NHPs. All CNS regions examined showed expression
of vector-derivedMECP2mRNA transcript that was absent in histor-
ical (saline injected) control tissues of animals from the same colony
(Figures 5 and S4). Furthermore, vector-derived mRNA was widely
distributed in the tissues analyzed, indicating effective targeting of
many CNS regions located at a considerable distance from the IT in-
jection site.

CNS regions were also examined for MECP2 protein distribution by
immunohistochemistry (IHC). Importantly, no antibody distin-
guishes NHP endogenous MECP2 protein from human protein.
The goal of protein analysis was to ensure that no overexpression
was observed. All examined regions of scAAV9.P546.MECP2-treated
NHPs showed similar levels of MECP2 expression as compared with
the historical control tissue (Figure 6). Furthermore, western blots
performed on homogenized tissue from scAAV9.P546.MECP2-
treated NHPs confirmed that no brain or spinal cord region showed
a more than 2-fold increase in MECP2 expression as compared with
the historical controls (Figure 7).
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Figure 6. Immunohistochemical assessment of

MECP2 expression in NHPs at 5 weeks after injection

Similar levels of MECP2 is expressed throughout

scAAV9.P546.MECP2-treated and control NHP CNS. Anti-

MECP2 IHC revealed no gross structural abnormalities or

obvious differences in MeCP2 expression. Cb, cerebellum;

Hipp, hippocampus; LSc, lumbar spinal cord; OC, occipital

Cortex; Thal, thalamus, TC, temporal cortex.
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We also performed a long-term safety analysis on the animals that were
followed up to 18months after infusion. Bodyweight, hematology, and
serum chemistry data were collected monthly for the first 6 months af-
ter injection and every 2 months thereafter. No abnormal clinical signs
were noted during daily cage-side observations throughout the study
duration. Overall, weight (Figure 8), serum chemistry (Figures S5 and
S6), and hematology (Figure S7) from vector-treated animals were
normal. Neither serum chemistry nor hematology values for any vec-
tor-treated animal substantially deviated from controls for more than
two consecutive observations, except serum amylase activity in two an-
imals, which was already higher at baseline (i.e., before treatment).
Notably, platelet values and liver function tests (alanine and aspartate
aminotransferase, gamma-glutamyl transferase, albumin, globulin,
and bilirubin) always remained within the normal ranges.

Tissue specimens from treated NHPs of both short- and long-term
groups were sent for pathology examination via independent ACVP
board-certified veterinary pathologist. In the short-term treated ani-
mals, analysis revealed no substantial microscopic lesions in proto-
col-specified major tissues: adrenal gland, heart, kidney, liver, lung,
inguinal lymph node, 19 brain and spinal cord regions, dorsal root
ganglia, eye, pancreas, skeletal muscles, small intestine, testis, spleen,
thymus, and urinary bladder. In long-term treated animals, only two
pathological findings were described: one animal showed minimally
diffuse hypertrophy in the liver and another animal displayed perivas-
cular lymphoplasmacytic infiltrates, both of which were interpreted as
non-adverse. This shows that scAAV9.P546.MECP2 treatment via IT
injection was safe and well tolerated in large NHPs commonly used
for evaluating potential risk to patients.

DISCUSSION
RTT is a devastating condition affecting the quality of life of many
patients and their families. There is an urgent need for treatment
Figure 5. ISH in CNS from control and SCAAV9.P546.MECP2-treated NHPs at 18 months after inject

ISH shows vector-derived RNA transcripts in multiple key regions from brains of SCAAV9.P546.MECP2-treate

aldehyde 3-phosphate dehydrogenase (GAPDH) (red), vector-derived humanMECP2mRNA (green), and nucle

Lumb, lumbar spinal cord; OC, occipital cortex; TC, temporal cortex.
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options that ameliorate or even reverse the dis-
ease phenotype. Groundbreaking work from the
Bird laboratory showed that restoration of
MECP2 expression is capable of reversing RTT-
like phenotypes in mice, indicating that MECP2
gene therapy holds great potential for RTT pa-
tients.11 RTT gene therapy must maintain a narrow MECP2 expres-
sion window to achieve therapeutic efficacy and avoid toxic overex-
pression.23–25,37,39–45 Within the past 15 years, several gene therapy
approaches have been published.12–16,22,30,32

It is important to note that most of these RTT studies use male
Mecp2-/Y (KO) mice to determine the therapeutic effects of the
treatment, despite the fact that majority of RTT patients are female.
This is because male mice are the superior model for RTT research.
Both male and female mice feature phenotypes that overlap with
RTT patient symptoms, including locomotive features such as
decreased mobility, ataxic gate, dystonia, rigidity, tremors, and
neurological symptoms, such as decreased brain volume, learning
delays, and aberrant social behavior, among others. Yet in addition
to these RTT-like phenotypes, females have a unique, severe obesity
phenotype, that is not recapitulated in the majority of RTT pa-
tients.43 Generally, obesity in mice is itself linked to a host of
problems including neurological phenotypes44 and locomotor ab-
normalities.45 Thus, it is difficult to separate obesity-linked pheno-
types in RTT female mice from those linked to Mecp2 deficiency.
Additionally, symptom onset in male mice begins at approximately
4 weeks of age, while it does not begin for females until approxi-
mately 6 months of age. Furthermore, female X chromosome mosa-
icism results in a population with continuous range of phenotypes
vs. the comparably discrete phenotypes of hemizygous males.46

Overall, obesity, later disease onset, and variability of Mecp2 expres-
sion make efficacy studies in female RTT mice much more chal-
lenging, time consuming, and expensive, making the male KO
mouse an attractive and commonly used alternative.

Previous work by our laboratory in collaboration with the Mandel
laboratory demonstrated phenotypic improvement in Mecp2–/Y KO
mice with a 2.5-fold increase in median lifespan by intravenous
ion

d NHPs but not untreated controls. Probes against glycer-

ar labeling (Dapi, blue). Cb, cerebellum; Hipp, hippocampus;
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Figure 7. Western blot expression of CNS from scAAV9.P546.MECP2 injected NHPs at 5 weeks after injection

Similar MECP2 protein levels are expressed in scAAV9.P546.MECP2-treated and control primate tissue. (A) OC, occipital cortex; TC, temporal cortex; Hypo, hypothalamus;

LSc, lumbar spinal cord. (B) Thal, thalamus; Amyg, amygdala; Hipp, hippocampus; Cb, cerebellum. (C) Quantification of blot A. (D) Quantification of blot B. Relative fluo-

rescent units (RFU) are normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), treated NHP tissue is normalized to control tissue. scAAV9.P546.MECP2-

treated (+/black) n = 2, and control (-/white), n = 1–3 NHPs.
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delivery of a vector using a longer MeCP2 promoter fragment
(P738).12 This study offered proof of concept, but the modest survival
improvement and high vector dose required via IV delivery were
insufficient for clinical translation. Thus, our new approach focused
on three areas important for translation: the (1) new vector design,
(2) direct CSF delivery route allowing for reduction of vector dose,
and (3) extensive dose ranging studies.

We previously showed that IT delivery efficiently allows for wide-
spread CNS delivery with significantly lower vector doses than IV de-
livery and reduced overexpression risk in peripheral organs.33 Of
note, vector CNS biodistribution in NHPs after IT delivery has
been published by several groups with varying results.47–50 Many var-
iables complicate a direct comparison between individual studies
including differences in injection volume and speed, vector formula-
tion, tilting of the animal, anesthetics, and vector titration methods.
IT injections are standard procedures in hospitals and display a
preferred safety profile over cisterna magna or ICV injection in hu-
man patients.46,51–54

Here, we developed a novel, optimized, clinical ready vector,
scAAV9.P546.MECP2, for the treatment of RTT. We completed
scAAV9.P546.MECP2 mouse efficacy studies featuring large sample
sizes of two different mouse models of RTT (KO and T158M), per-
formed independently by two separate laboratories at NCH in the
United States and at the University of Edinburgh in the UK. We un-
equivocally show that scAAV9.P546.MECP2 is highly effective at
ameliorating RTT-like phenotypes in both mouse models.10,55

For each model, we saw an improvement in open field performance,
severity scores, and survival. Differences in disease course between
different laboratories were likely the reason for slight variability in ef-
fects observed (open field testing). Importantly, such differences are
not uncommon and likely arise from variations in the genetic back-
ground and housing conditions for the two colonies. The fact that
University of Edinburgh saw differences in open field testing in
both mouse models at later stages of the disease supports this
hypothesis.

The aggregate severity scoring system, assessing several neurological
phenotypes arising from Mecp2 deficiency, is a key assessment
in RTTmodels. Notably, NCH found that every dose of scAAV9.P546.
MECP2 led to an improvement in severity score as compared with un-
treated KOmice. This improvement was also seen in in the University
of Edinburgh for KO and T158Mmice, indicating high therapeutic po-
tential for amelioration of RTT-like phenotypes.

Importantly, we achieved unprecedented levels of increase in survival
in both RTT mouse models. The improvement of median survival of
3.3-fold in KOmice treated with 1.5� 1010 vg scAAV9.P546.MECP2
Molecular Therapy Vol. 31 No 9 September 2023 2777
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Figure 8. Effect of IT dosing with scAAV9.P546.MECP2 on Weight of NHPs

Weight expressed as percent change from baseline. Weight gains from vector-treated animals were consistent with untreated controls through 18 months after treatment.
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at NCH is the largest improvement in survival ever achieved through
gene therapy in this model. Variation in survival improvement be-
tween the two laboratories arise primarily due to variation between
mouse colonies (median survival of 68 days at NCH vs. 86.8 days at
University of Edinburgh). Among previously published studies, the
closest survival increase compared with our data is a study by the
Cobb and Gray laboratories that yielded a promising 3.1-fold exten-
sion of survival in KO mice after ICV injection.15,32 However, the
effective doses of scAAV9.P546.MECP2 are 3- to 13-fold lower
(7.5� 109 to 3.00� 1010), than the effective dose (1� 1011 vg/animal)
of the Cobb/Gray second-generation vector.32 Additionally, while the
Cobb/Gray second-generation vector leads to only a marginal
improvement in the weight of treated animals, scAAV9.P546.MECP2
significantly improves weight during critical time points in the early
disease course, when weight difference between KO and WT animals
are highly pronounced. scAAV9.P546.MECP2 did not lead to overex-
pression toxicity at any therapeutic dose tested and achieved more
robust phenotypic amelioration than other recently published vectors
at doses more than two orders of magnitude lower, which might be a
significant safety advantage from an immunological perspective.

To verify the safety of the vector, we performed extensive dose-
ranging studies in mice and NHPs. We verified that overexpression
phenotypes were predominantly absent inWTmice with a maximum
MECP2 protein expression of approximately 2-fold relative to un-
treatedWT levels, which was considerably lower than levels expressed
2778 Molecular Therapy Vol. 31 No 9 September 2023
by the TG3 MDS mouse model. Thus, suggesting that, with the cur-
rent vector and the dosing regimen, we were able to achieve the ther-
apeutic benefit without crossing the MECP2 expression threshold for
duplication/triplication syndrome.

In NHPs, no clinical symptoms were observed at any time point. In
situ hybridization of vector-derived RNA shows strong vector target-
ing and expression throughout the entire CNS, indicating effective
distribution along the neuraxis. The lack of overt MECP2 overexpres-
sion shown via western blot and IHC suggest that healthy neurons
maintain physiological levels of MECP2 expression in the context
of a relatively broad dose range of scAAV9.P546.MECP2. Patholog-
ical examination of major organs and large samples of tissue from
treated NHPs did not show evidence of toxicity. In contrast with re-
ports by Wilson et al.,56 we did not observe pathology in the DRGs.
Possible explanations for this discrepancy are differences in
manufacturing/purification process of the viral vector, dose, formula-
tion, injection procedures, time points of analysis. among others. Our
data are in line with the recent meta-analysis by theWilson laboratory
comparing 33 studies with more than 250 NHPs in which no AAV
vectors expressing therapeutic transgenes lead to more than minimal
or mild findings in DRGs with no clinical symptoms observed
throughout all studies.57

Overall, our data establish scAAV9.P546.MECP2 as a strong candi-
date for clinical trials. The vector backbone and serotype (AAV9)
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has already been successfully and safely translated to clinic for
several other neurological and neuromuscular disorders.18,58–60

While our data are compelling and clearly indicate the potential of
this therapeutic vector for treatment of RTT, safety in human patients
must be established. It is possible that species-specific differences
might lead to a narrower window for dosing in human patients or
that additional side effects might be observed in humans that were ab-
sent in animal models. Additionally, while minimal neurodegenera-
tion was observed in human patient postmortem samples,9,10 it re-
mains to be proven that symptoms are reversible in humans after
the patient has suffered from MECP2 depletion during key develop-
mental windows. Likely, the most significant impact on disease symp-
toms will be achieved by treating RTT patients as early as possible,
similar to other gene replacement therapies.18,58–60

MATERIALS AND METHODS
scAAV9.P546.MECP2 preparation

AAV9 was produced using three plasmids: a double-stranded AAV2-
ITR-based CAG-Cre or Mecp2 minimal promoter-Mecp2 (E1) vec-
tor, and a plasmid encoding Rep2Cap9 sequence described previ-
ously, with the adenoviral helper plasmid pHelper (Stratagene) in
293 cells61–63 with double cesium chloride density gradient ultracen-
trifugation purification. Virus was titered by silver staining and
ddPCR.

University of Edinburghmouse handling, care, and observations

Experiments were performed in accordance with the European Com-
munities Council Directive (86/609/EEC) and within terms of a proj-
ect license under the UK Scientific Procedures Act (1986). The KO
and T158M (B6.129P2[Cg]-Mecp2tm4.1Bird/J) mice were main-
tained on a C57BL/6J background; Het female T158M females were
crossed with WT C57BL/6J males. Animals were housed in a room
with temperature: 20�C–24�C, 45%–65% humidity, and 12-h:12-h
light/dark cycles, with free access to pelleted rodent chow and water.
Mice were genotyped as described.11,64 Vector (2 mL per site; dose =
3 � 1010 vg per mouse) was injected bilaterally into unanesthetized
P1males as described.13 Control groups were injected with the same
volume of PBS (vehicle). Injected pups were returned to the home
cage and assessed weekly for development and progression of the
RTT-like phenotypes as described before with the observer masked
to animal genotype and treatment.10 Motor function was assessed
at 56 and 105 days after injection in the open field. Briefly, mice
were allowed to ambulate freely in a 40-cm-diameter arena for
40 min. Digital tracks were analyzed for various motor parameters us-
ing Ethovision XT 11.5 tracking software (Noldus, Leesburg, VA).

NCH mouse handling, care, and observations

Procedures performed were in accordance with US National Insti-
tutes of Health guidelines and approved by the Research Institute at
NCH (Columbus, OH), Institutional Animal Care and Use Commit-
tee (IACUC) Protocol (#AR14-00019). Female Mecp2 heterozygous
(B6.129P2(C)-Mecp2tm1.1Bird/J, The Jackson Laboratory, Bar Harbor,
ME) were bred with C57BL/6J (The Jackson Laboratory) males.
Housing temperatures: 20.6�C–23.9�C and humidity at 30–70%.
Genotyping was performed as described.12 ICV injections of mice
(P2) was performed with a Hamilton syringe (Catalog No. 80330
700RN 10 mL SYR [26s/2”/2] REV M Lot #324603 11/08/2005 Ham-
ilton, Reno, NV) and needles (Catalog No. 7803-05NDL. NDL 6pk 33
GA RN 750020 DEG PT S/0# 83521 02/17/2005 Hamilton). Vectors
were diluted in phosphate-buffered saline (PBS, pH 7.4) for lower
doses up to 4 mL. Mouse RTT behavior phenotype was assessed via
Bird scoring system as described in Guy et al.11 Scoring was per-
formed by a blinded observer. Aggregate severity score is a cumulative
score of 6 different symptoms observed in Mecp2 mice arising from
Mecp2 deficiency in comparison with wildtype mice (Table 1).
Briefly, each of six symptoms were scored as 0 (absent or as WT), 1
(symptom present), or 2 (symptom severe). Mice were also weighed
at each scoring session. Locomotor behavior was evaluated using
open field assessment.12 Open field was performed on a photobeam
activity system (PAS) at approximately 49–63 days after birth as
described.12 Data were analyzed via PAS access software. TG3 tissue
(FVB-Tg[MECP2]3Hzo/J) was donated by Kevin Foust.

NHP handling, care, and delivery of vector to the CNS at the

Mannheimer Foundation

All procedures performed were in accordance with the US National
Institutes of Health guidelines and approved in advance by the Man-
nheimer Foundation (Homestead, FL) IACUC. Monitoring of overall
health and weight was performed before and at least monthly after in-
jections to assess welfare. IT injections in NHPs were performed as
described.33

MECP2 IHC

MECP2 IHCwas outsourced to theMorphology Core at NCH. Tissue
was fixed in 4% methanol-free formaldehyde (pH 7.4) for approxi-
mately 72 h at 4�C then processed into paraffin blocks. We mounted
and treated 40-mm-thick coronal sections (1) deparaffinized with cit-
rate (pH 6) washes, (2) water washes (3) DAKO washes (Carpenteria,
CA), Background Sniper and SuperBlock reagents (ThermoFisher,
Waltham, MA), (4) 4�C incubation for 72 h with rabbit monoclonal
anti-MECP2 D4F3 (1:500) (Cell Signaling, Danvers, MA) in DAKO
solution, (5) DAKO, MACH2 detection reagent washes, (6) water
washes, (7) DAKO DAB incubation, (8) Shandon hematoxylin, tap
water, ammonia, and xylene washes, and (9) coverslip using
Permount.

In situ hybridization

Fluorescent in situ hybridization (ISH) was performed by Reveal Bio-
sciences using a probe designed by Affymetrix (Santa Clara, CA)/
ThermoFisher (Waltham, MA) specific for human MECP2 mRNA.
ISH was performed according to the RNA ISH Assay using Affyme-
trix ViewRNA ISH Tissue 2-Plex Assay Protocol. The following con-
ditions were used: heat treatment for 10 min and protease digestion
for 20 min. Probe sets used were M. fascicularis GapD (# VF6-
19786; Affymetrix, Santa Clara, CA) as a housekeeping gene, type 6
detected using Fast Blue; humanMEPC2 (#VA1-300656; Affymetrix)
as the gene of interest, type 1 detected using Fast Red; Bacillus subtilis
DapB (#VF6-10407; Affymetrix) as the negative control gene, type 6
Molecular Therapy Vol. 31 No 9 September 2023 2779
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Table 1. Aggregate behavioral scoring system

Symptom

Severity score

0 1 2

Mobility as WT reduced movement (extended freezing) no spontaneous movement

Gait as WT waddling gate
more severe abnormalities (bunny hops, more severe
waddling/diagonal gait, etc.)

Hindlimb clasping legs splayed outwards one or both hindlimbs drawn toward each other or body both legs pulled in tightly touching each other or body

Tremor No tremor intermittent or mild tremor continuous or intermittent violent tremor

Breathing normal breathing short periods of rapid breathing or pauses in breathing very irregular breathing (gasping or panting)

General condition
clean shiny coat, clear eyes,
normal stance

dull eyes, dull coat/ungroomed, somewhat hunched stance crusted or narrowed eyes, piloerection, hunched posture

Molecular Therapy
detected using Fast Blue, B. subtilis DapB (#VF1-11712, Affymetrix)
used as a negative control, and type 1, detected using Fast Red.
Whole-slide imaging was performed with 3DHistech Panoramic
SCAN 150 using fluorescence to image DAPI, TRITC, and Cy5
fluorophores.

Tissue homogenization and western blot

Snap frozen tissue was resuspended in 0.2 mL elution buffer (20 mM
HEPES, pH 7.2, 450 mM NaCl, 0.5 mM EDTA, 1.5 mM MgCl2,
0.5 mM DTT, 10% glycerol), containing complete protease inhibitor
cocktail (Cat. # 11697498001; Sigma-Aldrich, St. Louis, MO)/0.04 g.
Samples were mechanically homogenized and sonicated. We
loaded 10 mg protein onto NuPAGE 4%–12% Bis Tris 1.0 mm Gels
(Cat. # NP0302BOX, ThermoFisher) and separated at 180 V for
35 min. Gels were transferred to PVDF membrane (Immobilon FL,
Cat. # IPFL00010; Millipore, Burlington, MA) in NuPAGE
transfer buffer (Cat. # NP0006-T; ThermoFisher) at 60V for 95 min.
Membranes were blocked with Odyssey Blocking Buffer PBS (Cat. #
927–40000; Li-Cor, Lincoln, NE) and incubated overnight at 4�C
with rabbit monoclonal anti-MeCP2 antibody (1:500, Cat. # 3456S,
Cell Signaling) and mouse anti glyceraldehyde 3-phosphate dehydro-
genase (1:15,000, Cat. # MAB374; Millipore). Membrane was incu-
bated with IRDye secondary antibodies: 680LT goat anti-mouse LT
(Cat. #926-68020, Li-Cor, Lincoln, NE) and 800 CWdonkey anti-rab-
bit (Cat. # 925–32213, Li-Cor) (1:25,000) for 60 min at room temper-
ature. Fluorescence was quantified with Image Studio Lite.

Statistical analyses

The mean aggregate severity scores were plotted over time with the
SEM. Survival was monitored and plotted in a Kaplan-Meier survival
curve from weaning at 21–540 days (18 months) of age. Median sur-
vival, if reached before 18 months, was calculated for each group. Sig-
nificance was determined via log-rank test.

The mean open field scores for distance traveled and average velocity
were plotted on a bar graph with SEM. ANOVA was performed with
all doses compared with untreated KO scores except WT, which
was calculated via unpaired T test. Significance was calculated with
Dunnett’s post hoc multiple comparisons test. For all statistical tests,
2780 Molecular Therapy Vol. 31 No 9 September 2023
values represent means ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.
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Fig. S1: Schematic of the P546 and P738 Promoters and Vector Constructs. (A) Schematic shows representative 

drawing of the P546 and P738 promoters relative to the annotated Mecp2 mouse promoter region. (B) Representative 

drawing of the P738.mMECP2 vector f rom Garg et al, 2013 and the P546.hMECP2 vector used in the current study.   
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Fig. S2: scAAV9.P546.MECP2 Treatment Improves KO Weight During Early Disease Course.  

(A) Weight is plotted for untreated WT, untreated KO and vector treated KO mice with a table showing the decreasing 

dif ference in weight between untreated WT and KO mice between week 6-13. (B-I) Average weight per treatment group is 

shown in for week 6-13. (B) Week 6: all vector treated KO groups have significantly higher weight than untreated KO mice 

(p<0.0001). (C) Week 7: All vector treated KO groups have significantly higher weight than untreated KO mice (p<0.0001 

for all except 3.00 x 1010, p=0.0036). (D) Week 8: half of the vector treated KO groups have significantly higher weight 

than untreated KO mice (untreated WT, p<0.0001; 1.50 x 109, 7.50 x 109, 6.00 x 1010, p<0.0001; KO 3.75 x 109, p=0.2121; 

KO 1.5 x 1010, p=0.9998; KO 3.0 x 1010, p=0.3615). (E) Week 9: half of the vector treated KO groups have significantly 

higher weight than untreated KO mice (untreated WT, p<0.0001; 1.50 x 109, p=0.0282; 3.75 x 109, p=0.9745; 7.50 x 109, 

p=0.0008; 1.5 x 1010, p>0.9999; 3.00 x 1010, p>0.9999; 6.00 x 1010, p<0.0001). (F) Week 10: KO mice treated with the 

highest dose of vector had significantly higher weight than untreated KO mice (untreated WT, p<0.0001; 1.50 x 109, 

p>0.9999; 3.75 x 109, p>0.9999; 7.50 x 109, p=0.1470; 1.5 x 1010, p>0.9999; 3.00 x 1010, p>0.9999; 6.00 x 1010, 

p<0.0001). (G) Week 11: KO mice treated with the highest dose of vector had significantly higher weight than untreated 

KO mice (untreated WT, p<0.0001; 1.50 x 109, p>0.9999; 3.75 x 109, p>0.9999; 7.50 x 109, p=0.0951; 1.5 x 1010, 
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p>0.9999; 3.00 x 1010, p=0.9866; 6.00 x 1010, p<0.0001). (H) Week 12: KO mice treated with the highest dose of vector 

had significantly higher weight than untreated KO mice (untreated WT, p<0.0001; 1.50 x 109, p>0.9999; 3.75 x 109, 

p>0.4738; 7.50 x 109, p=0.5593; 1.5 x 1010, p>0.9999; 3.00 x 1010, p>9999; 6.00 x 1010, p=0.0068). (I) Week 13: KO mice 

treated with the highest dose of vector had significantly higher weight than untreated KO mice (untreated WT, p=0.0050; 

1.50 x 109, p>0.9999; 3.75 x 109, p>0.7524; 7.50 x 109, p>0.9999; 1.5 x 1010, p>0.9918; 3.00 x 1010, p>9999; 6.00 x 1010, 

p=0.0068). Statistics applied show the mean of each group compared with the mean of untreated KO via ANOVA with 

Tukey’s honest significance post hoc test. Weights of 1.5 x 1010vg were not recorded prior to week 8. 
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Fig. S3: ICV Delivery of SCAAV9.P546.MECP2 Does not Improve Open Field Measures in KO and T158M Mice at 

56 Days. Open f ield performance is not ameliorated in vector treated KO and T158M mice at 56 days. (A)  Vehicle treated 

WT mice had a significantly higher velocity than vehicle treated KO mice or vector treated KO mice (vehicle treated KO, 

p=0.0261; vector treated KO, p=0.0068) and there was no difference between vehicle treated KO mice and vector treated 

KO mice, p=0.9428. (B) Vehicle treated WT mice had a significantly higher distance than vehicle treated KO mice or 

vector treated KO mice (vehicle treated KO, p=0.0001; vector treated KO, p<0.0001) and there was no difference between 

vehicle treated KO and vector treated KO, p=0.9876. (C) Vehicle treated WT mice had a significantly higher velocity than 

vehicle treated T158M mice or vector treated T158M mice (vehicle treated T158M mice, p=0.0006; vector treated T158M 

mice, p=0.0342) and there was no difference between vehicle treated T158M and vector treated T158M mice, p=0.3613. 

(D) Vehicle treated WT mice had a significantly higher distance than vehicle treated T158M mice and vector treated 

T158M mice, p<0.0001 for both comparisons, and there was a significant difference between vehicle treated T158M mice 
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and vector treated T158M mice, p=0.0141. Statistical significance was determined via ANOVA with Tukey’s honest 

significance post hoc test. Values represent means ± SEM, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.    
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Fig S4. In Situ Hybridization Analysis in Brain Tissue from Control and SCAAV9.P546.MECP2 Treated NHPs at 18 

Months After a Single Intrathecal (IT) Dose of SCAAV9.P546.MECP2 In situ hybridization analysis shows vector-
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derived RNA transcripts in additional key brain regions from brains of SCAAV9.P546.MECP2-treated WT animals but not 

untreated controls. The figure shows probes against Gapdh (red) and vector-derived human MECP2 mRNA (green) along 

with nuclear labeling (Dapi, blue).  TC = Temporal Cortex; Med = Medulla; Inf. Col. = Inferior Colliculus; PV. WM. = 

Periventricular White Matter; Cor. Cal. = Corpus Callosum; CSc = Cervical Spinal Cord, TSc = Thoracic Spinal Cord.  
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Fig. S5: Serum Chemistries Following Intrathecal Delivery of scAAV9.P546.MECP2 in NHPS up to 18 Months Post 

Injection. Serum chemistry values are graphed over 18 months post-injection: alanine (ALT), total protein, aspartate 

(AST), urea, creatinine, blood urea nitrogen/creatinine ratio (BUN/CREAT ratio), alkaline phosphatase activity (ALK 

PHOS), gamma-glutamyl transferase (GGT), total bilirubin, albumin, globulin, and albumin/globulin ratio (A/G ratio).  
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Fig. S6: Serum Chemistries following Intrathecal Delivery of scAAV9.P546.MECP2 in NHPs up to 18 months Post 

Injection. Blood serum chemistry is graphed over 18 months post injection: sodium (Na+), potassium (K+), 

sodium/potassium ratio (Na/K ratio), chloride (Cl-), calcium, magnesium, phosphorus, creatine kinase (CK), amylase, 

glucose, cholesterol, and triglycerides.  
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Fig. S7: Hematology Following Intrathecal Delivery of scAAV9.P546.MECP2 in NHPS up to 18 months Post 

Injection. Hematology parameters are graphed over 18 months post injection: white blood cells (WBC), red blood cells 

(RBC), hemoglobin, hematocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean 
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corpuscular hemoglobin concentration (MCHC), platelets, neutrophils, lymphocytes, monocytes, eosinophils, and 

basophils. 
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Table S1: Vector Titer 

 Silver Staining Titer ddPCR Titer 

scAAV9.P546.MECP2 
preparation 

Viral 
Titer 

(vg/mL) 
Dose Range 

Viral 
Titer 

(vg/mL) 
Dose Range 

Mouse Preparation 1.5x1013 1.5x109 vg – 6.00x1010 vg 1.2x1013 1.2x109 vg – 4.00x1010 vg 

NHP Preparation 1.1x1013 9.2x1012 vg – 1.7x1013 vg 2.1x1013 1.8x1013 vg – 3.2x1013 vg 

 

 

Table S2: Aggregate Behavioral Score Untreated WT vs. Treated KO Comparison 

Time 
point 

Tukey's Honest Significance 
Test 

Mean 
Diff. 95.00% CI of diff. Significance 

Adjusted P 
Value 

60 Days WT Untreated vs. KO Untreated -3.228 -3.879 to -2.577 **** <0.0001 

60 Days WT Untreated vs. KO 1.5e9vg -1.409 -2.299 to -0.5193 **** <0.0001 

60 Days WT Untreated vs. KO 3.75e9vg -1.159 -1.920 to -0.3983 **** <0.0001 

60 Days WT Untreated vs. KO 7.5e9vg -1.1 -1.940 to -0.2590 ** 0.0011 

60 Days WT Untreated vs. KO 1.5e10vg -0.8322 -1.612 to -0.05226 * 0.0242 

60 Days WT Untreated vs. KO 3.0e10vg -1.455 -2.281 to -0.6279 **** <0.0001 

60 Days WT Untreated vs. KO 6.0e10vg -1.359 -2.215 to -0.5034 **** <0.0001 

90 Days WT Untreated vs. KO Untreated -4.088 -5.007 to -3.170 **** <0.0001 

90 Days WT Untreated vs. KO 1.5e9vg -1.945 -3.593 to -0.2974 ** 0.0062 

90 Days WT Untreated vs. KO 3.75e9vg -1.792 -2.498 to -1.086 **** <0.0001 

90 Days WT Untreated vs. KO 7.5e9vg -1.345 -1.943 to -0.7477 **** <0.0001 

90 Days WT Untreated vs. KO 1.5e10vg -1.036 -1.614 to -0.4588 **** <0.0001 

90 Days WT Untreated vs. KO 3.0e10vg -1.89 -2.512 to -1.268 **** <0.0001 

90 Days WT Untreated vs. KO 6.0e10vg -2.279 -3.008 to -1.549 **** <0.0001 
 
 
 
 
Table S3: Non-human Primate Injection Parameters 
 

Material Injected 
Animal 

ID 
Age at 

Injection 
IT Infusion 

Date 
Bodyweight at 
Infusion (kg) 

Viral Dose 
(vg) 

OmnipaqueTM 

scAAV9.P546.MECP2 15C38 12 Months 04/06/2016 1.68 1.7x1013 0.4mL 
scAAV9.P546. MECP2 15C49 12 Months 04/06/2016 1.30 1.3x1013 0.4mL 
scAAV9.P546. MECP2 15C40 12 months 04/06/2016 1.79 1.6x1013 0.4mL 
scAAV9.P546. MECP2 15C48 12 months 04/06/2016 1.83 1.7x1013 0.4mL 
scAAV9.P546. MECP2 15C34 6 months 10/23/2019 1.23 9.2x1012 0.4mL 
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