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Megalencephalic leukoencephalopathy with subcortical cysts
(MLC) is an ultrarare, infantile-onset leukodystrophy charac-
terized by white matter edema for which there is no treatment.
More than 75% of diagnosed cases result from biallelic loss-of-
function mutations in the astrocyte-specific gene MLCI, lead-
ing to early-onset macrocephaly, cerebellar ataxia, epilepsy,
and mild cognitive decline. To develop a gene therapy for
MLC, we administered an adeno-associated viral vector capable
of crossing the murine blood-brain barrier, delivering the hu-
man MLCI cDNA under the control of a human astrocyte-spe-
cific promoter, to 10-month-old Mic1 '~ mice. We observed
long-term astrocyte-driven expression of MLCI up to 1 year af-
ter viral vector administration in all brain areas analyzed.
Despite the late-stage intervention, in vivo magnetic resonance
imaging revealed normalization of water accumulation.
Notably, our therapy successfully reversed locomotor deficits
in Mlc1~'~ mice, as evidenced by improved performance in mo-
tor tests assessing cerebellar ataxia-like behaviors. Collectively,
these findings not only demonstrate the sustained efficacy of
our gene therapy but also highlight the reversibility of vacuola-
tion and motor impairments in Mlc1 '~ mice, suggesting that
MLC patients could benefit from treatment even after symptom
onset.

INTRODUCTION

Megalencephalic leukoencephalopathy with subcortical cysts (MLC,
also known as Van der Knaap disease) is an infantile-onset leukodys-
trophy characterized by cerebral white matter edema.’ It is considered
an ultrarare disorder with an estimated prevalence of fewer than one
in 1 million newborns, although it is more frequent in certain predis-
posed populations.” ® Two different clinical phenotypes have been re-
ported: classic and remitting MLC. Classic MLC is associated with
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brain swelling and progressive white matter vacuolation, leading to
early-onset macrocephaly, delayed-onset cerebellar ataxia, epileptic
seizures, spasticity and muscle stiffness (presenting with dysphagia,
athetosis, and dystonia), and mild cognitive decline with or without
autism (including learning difficulties and dysarthria).”® Classic
MLC is caused by biallelic loss-of-function mutations in MLCI
(MIM #605908)° and GLIALCAM (also known as HEPACAM,
MIM #611642),'>"" as well as dominant mutations in GPRC5B
(MIM #605948) found only in three unrelated patients.'” The disease
caused by these mutations in MLCI, GLIALCAM, and GPRC5B is
named MLCI (MIM #604004, accounting for ~75% of MLC pa-
tients), MLC2A (MIM #613925, ~7% of patients), and MLC3
(MIM #620447), respectively.'” Early stages and disease progression
of remitting MLC resemble classic MLC, but most symptoms improve
or even normalize during childhood.>'* This second phenotype is
associated with dominant-negative mutations in GLIALCAM,'>"
and one recessive mutation in AQP4 (MIM #600308) limited to
two siblings.'> Subtypes associated with these mutations in
GLIALCAM and AQP4 are known as MLC2B (MIM #613926,
~16% of patients) and MLC4 (MIM #620448), respectively. Muta-
tions in noncoding elements, namely an intronic deletion and muta-
tions upstream of the transcription start site, have been demonstrated
to diminish MLCI expression and, although their pathological impact
is still uncertain,'” splicing variants identified in one patient led to
decreased MLCI levels and an eventually remitting phenotype.'®
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MLCI encodes an integral oligomeric membrane protein that is spe-
cific to the astrocytic lineage and is found in the Bergmann glia, peri-
vascular astrocytic endfeet, and astrocyte-astrocyte and astrocyte-
oligodendrocyte cell junctions."””'” Human tissue is scarce, but
in vitro studies have demonstrated that most disease-related muta-
tions in MLCI hinder protein stability and result in its proteolytic
degradation at the endoplasmic reticulum (ER) or lysosomes.zo’21
Glial CAM is an immunoglobulin-like cell adhesion molecule encoded
by GLIALCAM that is highly expressed by astrocytes and oligoden-
drocytes.”” GlialCAM has not only adhesive functions, but also acts
as an ER chaperone for MLC1* and assists its trafficking to cell junc-
tions, where both proteins colocalize.”** Glial CAM monomers
establish homophilic interactions within the same cell and between
different cells, creating a scaffold to which MLC1 and other proteins
interact with. Most GLIALCAM variants found in patients harbor
missense mutations in their extracellular domains that impair their
homophilic interactions as well as the Glial CAM-dependent MLC1
membrane targeting.'>*® Although the physiological roles of MLC1
and GlialCAM have yet to be fully elucidated, it is established that
they form a functional unit. Deficiency in either protein affects the
stability and location of the other, causing MLC.? The Glial CAM/
MLC1 complex operates as an interaction hub for transporters,
ion and water channels (e.g., Kir4.1,”® CIC-2,>*° AQP4,”® NaK-
ATPase’”; connexin 43),”** and G protein-coupled receptors (e.g.,
GPRC5B, GPR37L1),23’33 regulating their localization, activity, or
derived intracellular signaling pathways. MLC1 or GlialCAM defi-
ciencies impair this critical interaction network, disturbing water
and ion homeostasis mechanisms and prompting white matter

. - 34-36
swelling and vacuolation.” "

Diagnosis of MLC relies on brain magnetic resonance imaging (MRI)
and is confirmed by genetic testing of MLCI, GLIALCAM, GPRC5B,
and AQP4. MLC is associated with distinctive neuroimaging features,
including signal abnormalities in cerebral white matter tracts and the
presence of cerebrospinal fluid (CSF)-filled subcortical cysts in tem-
poral and frontal lobes.”®*” Systematic and longitudinal studies
have shown high variability of disease severity and progression in
related or unrelated individuals with identical loss-of-function muta-
tions, at least in MLCI1 patients, so no genotype-phenotype correla-
tions can be proposed.®***°

Rarity, pathophysiological complexity, and clinical heterogeneity
complicate the search for an effective therapy for MLC. Current ap-
proaches are based on supportive interventions, such as antiepileptic
drugs to reduce seizures, speech therapy, or physiotherapy to improve
motor skills.”>*' To address the underlying molecular basis of MLC1,
we previously developed a preclinical gene therapy strategy using ad-
eno-associated viral vectors (AAVs) consisting of the intra-CSF
administration of vectors into the cerebellar subarachnoid space in
Mlc1™'~ mice.*” This murine model recapitulates certain clinical fea-
tures reported for MLCI patients, such as cerebellar white matter
(CWM) vacuolation, but is devoid of subcortical cysts or cognitive
decline. Consequently, this knockout mouse is considered a model
for early stages of classic MLC.”* We found that the local delivery

of AAVrh10-gfa2-MLCI to MicI™'~ mice, either before or after the
onset of white matter vacuolation, rescued this phenotype to control
levels as well as MLC1 and GlialCAM colocalization in Bergmann
glia, irrespective of the age of administration.*> However, while cere-
bral pathology in MLC1 patients is severe, associated with the devel-
opment of subcortical cysts, and responsible for most disease symp-
toms, the cerebellum is relatively spared.>** Hence, any translatable
gene therapy for MLC1 should not target the cerebellum, but the
whole brain. Here, as a proof of principle, we present a novel gene
therapy for MlcI ™'~ mice based on the AAV9P31 serotype, an engi-
neered capsid with enhanced brain tropism and capable of crossing
the murine blood-brain barrier (BBB) upon intravenous administra-
tion.** The results presented herein not only demonstrate the long-
term therapeutic efficacy of this updated strategy at different levels,
but also bring closer the pathophysiology observed in MicI™'~ mice
to that of MLC patients.

RESULTS

Intravenous administration of AAVOP31-gfa2-EGFP results in
brain-wide astrocyte-specific expression of GFP

AAV9IP31 efficiency in transducing astrocytes following intravenous
injection was evaluated by administering increasing doses (3.2 x 10",
4.8 x 10",9.7 x 10", and 1.5 x 10" vg/kg) of a vector encoding
enhanced green fluorescent protein (EGFP) under the control of
the full-length human glial fibrillary acidic protein (GFAP) promoter,
gfa2 (AAV9P31-gfa2-EGFP),* to wild-type (WT) mice. Four weeks
after intravenous administration, most EGFP" cells exhibited
morphological features typical of astrocytes, such as a complex, bushy
shape, and were distributed throughout both gray and white matter
structures, with the highest density observed in the olfactory bulb,
cortex, and brainstem (Figures 1A and 1B). Astrocyte specificity of
EGFP expression was confirmed and quantified at the lowest dose
cohort (3.2 x 10" vg/kg) using glutamine synthetase (GS) co-immu-
nostaining, which demonstrated high levels of transduction in the
GS" astrocytic population (Figure 1C). These levels varied across
different brain structures. In the olfactory bulb, we achieved over
60% astrocyte transduction, whereas in the Bergmann glia and fibrous
astrocytes of the CWM, transduction levels were only around 20%.
This pattern is consistent with previous reports on AAV diffusion
in the brain following intravenous administration.”® No significant
colocalization of EGFP was observed with either neurons (Figures
S1A and S1D) or oligodendrocytes (Figures SIE-S1H).

AAV9P31 drives long-term MLC1 expression in the mouse brain

Gene therapy based on the intravenous administration of 3.2 x 10"
vg/kg of AAVIP31-gfa2-MLC1 was performed in 10-month-old
MIcl™'~ mice (from now on referred to as treated Mic1™'~ mice),
7 months after CWM vacuolation onset.”**> This post-symptomatic
strategy is consistent with our previous findings on the effectiveness
of local administration of therapeutic AAVrh10 vectors at the cere-
bellum in this MLC mouse model even at 15 months of age.*’
Mlc1™'~ mice injected with an identical dose of a null AAV
(AAV9P31-Null, from now on referred to as untreated mice) and
WT mice, injected with any of both vectors, were used as controls.
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Figure 1. Astrocyte transduction using AAV9P31 vectors
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(A) Immunoreactive EGFP (green) biodistribution in a sagittal mouse brain slice 4 weeks after intravenous administration of AAVOP31-gfa2-EGFP (3.2 x 108 vg/kg). Scale bar
corresponds to 1 mm. EGFP biodistribution quantified as (B) percentage of EGFP* area relative to that of different neuroanatomic regions (MOB, main olfactory bulb; CTX,
cortex; cc, corpus callosum; HIP, hippocampal formation; TH, thalamus; SC, superior colliculi; IC, inferior colliculi; P, pons; MY, medulla oblongata; CB, cerebellum; BG,
Bergmann glia; CWM, cerebellar white matter) and as (C) percentage of EGFP™ GS™ cells relative to total GS* cells (n = 4). High magnification micrographs illustrating EGFP
and GS (red) colocalization in (D) the olfactory bulb, (E) cortex, (F) corpus callosum, (G) hippocampus, (H) pons, and () molecular layer of the cerebellum. Nuclei were

counterstained with Hoechst 33342 (blue). Scale bar corresponds to 100 um.

First, we assessed long-term astrocyte-mediated expression of human
MLCI 12 months after intravenous administration of AAV9P31-
gfa2-MLC1. MLCI expression was confirmed by RT-qPCR and im-
munodetection assays in brain samples from 22-month-old WT
and MlcI™'~ mice following gene therapy. Human MLCI mRNA
was detected in all brain structures analyzed in both Mlc1™~ and
WT mice administered with AAV9P31-gfa2-MLC1, while no expres-
sion was observed in null-treated animals, irrespective of their geno-
type (Figures 2A and S2A; Table S1). As expected, transcription of
murine Mlcl was absent in both MlcI~/~ mice cohorts, validating
the species-specific amplification of the primer set used. Interestingly,
endogenous Mlcl mRNA levels showed slight modulation in WT in-
jected with the therapeutic vector, with minor upregulation in the ol-
factory bulb, cortex and cerebellum, and downregulation in the pons
(Figures 2B and S2B; Table S1).

To evaluate global transcription levels, we used a non-species-specific
primer set to quantify both human and murine MLCI orthologs
(Figures 2C, S2C, and S3; Table S1). In treated Miel™'~ mice, global
MLCI mRNA levels were significantly elevated compared with con-
trols, except in the hippocampus, where they remained within the
physiological range, and the cerebellum, where expression was detect-
able but below physiological levels. Similarly, treated WT mice dis-
played markedly higher total MLCI mRNA compared with null-
treated WT animals, with a distribution across brain structures
similar to treated MilcI™'™ mice, except in the cerebellum, which
showed the lowest astrocyte transduction rate following intravenous
AAV931 injection at our therapeutic dose (Figure 1A).
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Western blot confirmed viral vector-mediated MLCI expression.
First, we compared the affinity of the antibody generated against hu-
man MLC1?° for both human and murine MLC1 protein extracts ob-
tained from transfected HEK293 cells (Figure S4). MLC1 western blot
signal was 2.99 times higher for the human than for the murine MLC1
protein. Accordingly, we adjusted the quantification of human MLC1
protein levels in treated Mlc1™'~ mice and found that, across brain
regions, protein levels remained below the physiological range
observed in WT animals (Figures 2D, 2E, and S5). RNA and protein
levels did not correlate precisely, as demonstrated by the 6.5-fold in-
crease in total MLC1 mRNA in the cortex of treated MlcI™'~ mice
compared with controls, translating into ~65% of normal MLC1
protein levels, significantly higher than the ~5% detected in the cer-
ebellum. This discrepancy may stem from post-translational mecha-
nisms, such as translational efficiency,” as well as local cellular or
regional-specific differences in gene expression regulation across
the brain.*®

Given the reduced MLC1 expression in the cerebellum, we performed
tyramide signal amplification-based immunostaining to verify its dis-
tribution and compare it with controls (Figure 3). Gene therapy
restored MLCI expression in Bergmann glia and in the astrocytic
endfeet surrounding small blood vessels, while also rescuing the
proper localization of GlialCAM.

Gene therapy fully rescues CWM vacuolation in Mic1”~ mice
Histopathology of untreated 22-month-old MlcI™'~ mice revealed
prominent CWM vacuolation (Figure 4A), while other white matter
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Figure 2. Analysis of MLC1 mRNA and protein levels after astrocyte transduction using AAV9P31 vectors

Relative expression of (A) human MLC1, (B) murine Mic1, and (C) total human and murine MLC7 mRNA in selected neuroanatomic regions (MOB, olfactory bulb; CTX, cortex;
HIP, hippocampal formation; P, pons; MY, medulla oblongata; CB, cerebellum) determined by the Pfaffl method. Expression ratios were log,-transformed with an offset of +1
(Iogy, (Pfaffl ratio +1)) to normalize the data and prevent undefined values for ratios equal to zero, particularly in the Mic1~/~ + AAVOP31-Null experimental group (see statistical
analysis in the materials and methods section for further details). (D) Relative abundance of MLC1 protein in cortex, pons, and cerebellum, quantified by western blot. (E)
Detection of MLC1 dimers in western blot of membrane protein-enriched fractions from the cortex and cerebellum, alongside with Ponceau S staining. Note the distinct
electrophoretic mobility of murine MLC1 dimers (purple arrowhead) and human MLC1 dimers (orange arrowhead), with the latter exhibiting a higher apparent molecular
weight due to the HA tag at its N terminus. Due to the higher affinity of the antibody for human MLC1 compared with murine MLC1, raw band intensities overestimate human
MLC1 abundance. After adjusting for antibody affinity (see protein extraction and western blot in the materials and methods section for further details), MLC1 protein levels in
treated Mic1~/~ mice are below the physiological range (n = 6 per group in RT-gPCR and 4 in western blot; o < 0.05, **p < 0.01, *p < 0.001, ***p < 0.0001).

tracts, including corpus callosum and anterior commissure, were
devoid of vacuoles (not shown), a finding that is consistent with pre-
vious reports regarding this model.”*** Administration of AAV9P31-
gfa2-MLC1 fully rescued this vacuolating phenotype to control levels,
similar to our previous study on local administration of therapeutic
AAVTh10 vectors,”” demonstrating the long-term effect of MLC1
astrocyte-targeted gene therapy regarding white matter vacuolation,
despite that MLC1 expression in the cerebellum was below the phys-
iological range. Overexpression of MLC1 has been found to be dele-
terious in mice, leading to a more severe vacuolating phenotype than
that observed in Mlc1~'~ mice,*’ but administration of the therapeu-
tic dose did not result in any detrimental effect on WT mice
(Figures 4A and 4B). Despite the extraordinarily high levels of
MLCI mRNA in the olfactory bulb of treated WT and Micl ™'~
mice, we did not observe any histopathological alteration in this
structure following gene therapy (Figure S6).

AAV-driven MLC1 expression normalizes neuroimaging features
in Mic1™~ mice

Initial histopathological analyses of the MlcI™'~ mouse model re-
vealed that vacuolation was mostly restricted to CWM,** as later vali-
dated by T,-weighted imaging (T5,),” suggesting that this model
developed a milder phenotype than MLC1 patients. To identify novel
neuroimaging markers in Mlc1~'~ mice, we performed in vivo
endpoint T,,, T, relaxometry, and diffusion tensor imaging (DTI)
in 22-month-old mice, 12 months after gene therapy.

While T,,, simply validated previously described findings on CWM
lesions in untreated MlcI ™'~ mice (Figure 5),°° T, relaxometry re-
vealed that water content was not only increased in the CWM, but
also in other brain areas, including cerebral cortex or corpus callosum
(Figures 5 and 6A), which interestingly do show vacuolation in
Glialcam™'~ mice (an MLC2A model).*® While, as expected, CWM
displayed the highest increase in T,, it is uncertain whether the
smaller, but significant changes in water abundance detected in other
areas might have any relevant impact at the physiological level, espe-
cially considering the absence of vacuoles in these regions in histolog-
ical sections. However, all neuroanatomic regions where differences
in T, were detected did exhibit a full normalization in treated MlcI '~
mice, providing additional evidence that the treatment drove a global
and continued expression of MLC1 after administration, but also
pointing out that these differences in T, were likely caused by the
lack of MicI. Moreover, we found a strong correlation between vacu-
olation observed in histological sections and in vivo CWM T, (Fig-
ure 6B), validating MRI as an appropriate in vivo readout to assess
vacuolation upon gene therapy. Importantly, WT mice administered
with the therapeutic vector showed no significant differences with
null-treated WT animals, further confirming the absence of MLCI-
dependent toxicity.

In addition, white matter microstructure was assessed using DTL
Compared with WT mice (irrespective of the treatment they
were administered), untreated Mic1~’~ mice exhibited a significant
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Figure 3. Immunostaining of MLC1 and Glial CAM

Gene therapy provided a sustained expression of MLC1 (green) in the Bergmann glia of treated Mic7 '~ mice and rescued Glial CAM (yellow) membrane targeting. MLC1 and
GlialCAM were also detected in the cortical region, most notably surrounding and close to blood vessels, as validated by collagen IV (magenta) immunostaining (indicated with
arrowheads). Nuclei (blue) were counterstained with Hoechst 33342. Scale bar corresponds to 25 um.

increase in mean diffusivity (MD, Figures 5 and 6C) across multiple
brain regions, pointing to an enlargement of extracellular spaces due
to water accumulation. This increase in MD was primarily related to a
concurrent rise in radial diffusivity (RD, Figures 5 and 6D), which in
turn suggests a reduction in myelin integrity.’"”> No significant
changes in axial diffusivity (AD, Figures 5 and 6E) were detected
on any of the examined neuroanatomical regions, although a notice-
able increase in AD was observed in the prefrontal cortex of untreated
MlcI™'~ mice, potentially reflecting chronic axonal and myelin dam-
age in this cortical subregion.”” In the corpus callosum, fractional
anisotropy (FA, Figures 5 and 6F), which reflects the proportion of
the diffusion tensor associated with anisotropic diffusion, was signif-
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icantly reduced in untreated MlcI~’~ mice. Notably, FA was not
significantly reduced in the CWM of untreated MlcI™'~ mice
compared with controls, despite the prominent vacuolation of this
structure. This outcome could be attributed to the small sample size
(n = 3 mice per group) and the challenges of conducting in vivo
DTT in animals. We found no significant differences between treated
Mlc1™'~ mice and controls for MD and RD across all brain regions,
except for RD in hippocampus and CWM. However, there were no
significant differences between treated and untreated MlcI™'~ mice
in a few regions, with treated animals displaying intermediate values
between controls and untreated mice (e.g., MD in corpus callosum
and hippocampus). These findings are consistent with widespread
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0.0001).

and long-term expression of MLC1. Nevertheless, the level of diffu-
sion correction achieved was not as pronounced as that observed
with T, relaxometry, suggesting that, although water balance was
restored, some microstructural damage may persist in white matter
fibers.

Intravenous AAV9P31-gfa2-MLC1 halts and reverts motor
impairment in Mic1™~ mice

Finally, we addressed whether gene therapy could rescue motor def-
icits in MlcI™'~ mice. This model exhibits hindlimb clasping when
suspended from the tail,”> a behavior commonly used to assess disease
onset and progression in mouse models of several neurological dis-
eases, including cerebellar ataxias.”"” Therefore, we tested both hin-
dlimb clasping (evaluated by direct observation after tail suspension)
and the hanging wire test, which is frequently used to analyze limb
strength and motor coordination.”®>®

Untreated MlcI™'~ mice, compared with healthy controls, developed
a significant progressive clasping reflex (Figure 7A), but did not show
a full retraction of both hindlimbs even at the last age analyzed.
Hanging wire test provided further and new evidence of motor dete-
rioration in this mouse model from at least 8 months of age. Forelimb
strength and coordination, in terms of latency to fall from the hanger
and distance traveled along the hanger (Figures 7B and 7C), steadily
diminished with age. Additionally, untreated Mlc1~'~ mice failed at
hanging at least one of their hindpaws from the bar (Figure 7D), again
reinforcing the idea that this model suffers from a modest, but pro-
gressive hindlimb impairment. Noticeably, both motor tests already
discriminated between WT and untreated MlcI '~ mice at 8 months
of age, 2 months before treatment. Late administration of AAV9P31-
gfa2-MLC1 at 10 months reverted this motor phenotype as early as 2
to 4 months after the injection depending on the parameter analyzed
(Figures 7A-7E). To quantify these results, overall motor perfor-
mance was represented as a neuroscore (Figure 7E) by summing
the contribution of the four parameters described above, providing
a comprehensive phenotypic index for each animal in our preclinical
trial. Treated Mlc1™'~ mice showed rapid normalization of this rat-
ing, underscoring the potential of our therapeutic strategy to restore
motor function and mitigate disease symptoms in this mouse model
despite the late treatment age.

DISCUSSION

Most MLC patients exhibit biallelic loss-of-function of MLCI (~75%)
and are diagnosed with MLCI, the most prevalent form of classic
MLC.® Over 150 unique MLCI variants have been reported, primarily
affecting MLC1 membrane targeting or reducing its stability due to
defective folding or oligomerization.'*'”*****%** Current therapeu-
tic approaches, including antiepileptic drugs or physiotherapy, alle-
viate some symptoms, but do not address the underlying molecular
defect causing MLC1: the absence of MLCI1 at astrocytic endfeet
and cell-cell junctions. As the exact physiological function of MLC1
remains unknown, specific treatment options are limited, aside
from the administration of a correct copy of the MLCI gene. In this
study, we describe the long-term therapeutic effect of a new gene
therapy strategy in MlcI~'~ mice based on the intravenous adminis-
tration of AAV9P31-gfa2-MLC1 long after vacuolation onset.
Compared with our previous approach, which involved the local sub-
arachnoid administration of therapeutic AAVrh10 vectors at the cer-
ebellum,*” this novel noninvasive strategy resulted in brain-wide
expression of MLC1, which is essential for any gene therapy aiming
at clinical relevance.

In mice, Mlc1 deficiency causes glial cell dysfunction, leading to brain
water accumulation and megalencephaly as early as 1 month of age,
preceding the onset of white matter vacuolation.’® Here we per-
formed in vivo T, relaxometry and DTI at our experimental endpoint,
22 months of age, to analyze and quantify brain edema and white
matter microstructure in Mlc1™'~ mice following late-stage gene
therapy. T, relaxometry revealed significant increases in water con-
tent across all brain structures in untreated Mlc1~'~ mice compared
with controls, which were associated with elevated MD and RD
values. In this regard, increases in MD (i.e., overall water diffusion)
and RD (i.e., water diffusion perpendicular to axonal fibers) are often
indicative of tissue damage or loss of myelin integrity.”">>* In Mlc1 ™'~
mice, these alterations can be linked to intramyelinic edema and
vacuolation. Conversely, impaired axonal transport reduces AD
(i.e., water diffusion parallel to axonal fibers), while inflammation
(e.g., astrogliosis) and swelling can increase its value in chronic situ-
ations,*® probably explaining the subtle increase in AD observed in
the prefrontal cortex of untreated Mlci1™'~ mice. In MLC patients,
white matter edema presents a challenge for DTI quantification, but
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Figure 5. Magnetic resonance imaging
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0.0001).

some clinical reports note significant increases in MD compared with
healthy individuals,”™** consistent with our findings in Mlcl ™/~
mice. Remarkably, here we demonstrate that gene therapy normalized
T, relaxometry values in both gray and white matter structures in
Mic1™'~ mice, and improved, or even normalized, diffusion parame-
ters in most cerebral regions. Hence, while brain water content was
restored to normal levels, DTI metrics still reflected a few microstruc-
tural abnormalities (partial correction of MD and RD, particularly in
hippocampus and corpus callosum), although they were generally
improved compared to untreated animals.

On the other hand, a progressive locomotor deficit, based on coordina-
tion and limb strength, was detected in MilcI™'~ mice of at least
8 months of age (the earliest time point analyzed), but the treatment

succeeded at reverting the progression of this crucial phenotype. Remit-
ting MLC associated with dominant mutations in GLIALCAM presents
with an improvement or, in some cases, normalization of neuroimag-
ing features (i.e., brain edema is reduced or abolished). Even though
some patients exhibit autistic features, persisting learning difficulties
or ambulatory clumsiness,” hence indicating water accumulation is
reversible, but other symptoms might not. Here, despite following a
late-stage therapeutic approach, we rescued motor function in MicI~'~
mice, suggesting that gene therapy could eventually address at least one
of the symptoms with the greatest impact on the quality of life of MLC
patients: loss of independent walking.

Overcoming the BBB has traditionally slowed down the develop-
ment of translatable gene therapies for diseases involving the central
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63
nervous system.

Knowledge on BBB structure and its receptor-
mediated internalization pathways led to the engineering or evolu-
tion of new viral and nonviral gene transfer systems capable of tack-
ling this issue. Traditional strategies based on the intraparenchymal
administration of AAV, although effective for models with a focal-
ized pathology (e.g., striatum for Parkinson’s disease models),***°
do not result in a widespread expression of the gene of interest,
but a rather limited one. Intravenous administration of AAV re-
quires higher doses than local injections to recoup for the loss of
effective dose due to peripheral organ transduction, while increasing
the risk of adverse effects related to immune activation (e.g., high
transaminase levels, cardiac toxicity, sensory loss due to degenera-
tion of dorsal root ganglia).("”c‘7 Here, therapeutic vectors were
administered at a dose of 3.2 x 10'? vg/kg, a value which lies signif-
icantly below the threshold that previous gene therapy assays have
demonstrated to be toxic to mice, nonhuman primates (NHPs), or
559 AAV9P31 vectors were designed to cross the mu-
rine BBB, and, in fact, surface plasmon resonance assays have
demonstrated that they cannot bind to the primate ortholog of its
putative receptor, carbonic anhydrase IV.”” Nonetheless, our pre-
clinical gene therapy studies are still very relevant as a proof of
concept, since other newly generated AAV serotypes are reported
to be efficient in crossing the NHP BBB,”! thus the successful trans-
lation of our therapy for MLC may be feasible using these new en-
gineered AAV capsids with enhanced BBB crossing in primates.
On the other hand, further preclinical studies in bigger animal

even humans.
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models will allow us to scale up doses and evaluate longevity of
astrocyte-driven transgene expression (so far, our data back at least
1 year in mice).

The gliovascular unit is fundamental in preserving the homeostasis of
the BBB. MLC1 and Glial CAM play a key role in the development of
perivascular astrocytic endfeet and their coverage of blood vessels.””
Mlc1™~ mice exhibit neurovascular phenotypes associated with
lack of MLC1 that precede vacuolation onset, such as delayed post-
natal BBB coverage, impaired maturation of vascular smooth muscle
cell contractibility, and disorganization of perivascular astrocyte pro-
cesses, among others.” In fact, specific ablation of MlcI-expressing
astrocytes causes defects in endothelial tight junctions and BBB
breakdown, leading to premature death in mice.”* Aside from its de-
layed postnatal maturation, BBB integrity is not compromised in
Mic1™'~ mice, but it is uncertain whether the gliovascular alterations
found in this model promote or impede AAV penetration when
administered systemically. In any case, intravenous delivery of
AAV may be of particular interest in neurological disorders caused
by primary astrocytic defects, since perivascular astrocytes surround
blood vessels and are close targets for AAV after extravasation. We
hypothesize these considerations, combined with the enhanced trans-
duction properties of AAVIP31 compared with other AAV serotypes
suitable for intravenous infusion in adult mice (e.g., AAV9, AAVPH-
P.eB),””’° may explain the supraphysiological levels of MLCI mRNA
we detected a year after gene therapy.
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Dose-response studies in Mlc1™'~ mice may also help us define the
minimal MLCI1 levels necessary to correct the neuroimaging and,
most importantly, motor hallmarks of the disease. A recent case report
of a patient carrying two MLCI variants affecting mRNA splicing re-
vealed that expression of low amounts of MLCI, corresponding to
~25% of control levels, resulted in a significant improvement of
most symptoms over time, notably motor function.'® This suggests
that such a level might represent a therapeutically relevant protein
threshold in humans. Defining a minimal efficient dose is crucial for
translating gene therapy into clinical studies, but this may be of partic-
ular interest in MLC. In this context, our biodistribution and histopath-
ological studies demonstrate that transduction of around 20% of
fibrous astrocytes in CWM is sufficient to correct vacuolation in
mice, even at protein levels well below the physiological range. In hu-
mans, MLCI expression peaks in the first year of life and then rapidly
declines to a plateau within 5 years.” This age-dependent decline in
MLC1 levels, combined with the reversibility of vacuolation and motor
function that we have demonstrated, could pave the way for late-stage
therapeutic interventions in MLC patients at lower, safer AAV dosages.

In conclusion, we show that intravenous gene therapy not only re-
stores the histological and neuroimaging alterations in Mlcl ™'~
mice but also stalls and reverts progressive motor impairment. Over-
all, our findings emphasize the reversibility of both white matter vacu-
olation and locomotor deficiencies, validating this approach at a func-
tional level and underscoring its strong translational potential.

MATERIALS AND METHODS

Animals

MicI™'~ mice were generated as previously described,”* and WT
C57BL/6] mice were used as healthy controls in all experiments. An-
imals were housed in a light/dark cycle of 12 h in temperature-
controlled (22°C) facilities with food and water available ad libitum.
All experimental procedures reported herein were approved by the
Ethics Committee on Animal Experimentation of the Universitat
Autonoma de Barcelona and fulfill Directive 2010/63/EU of the Euro-
pean Parliament and of the Council on the protection of animals used
for scientific purposes and its national transposed laws and decrees.

AAV production and intravenous administration

AAVs were manufactured at the Viral Vector Production Unit of the
Universitat Autdbnoma de Barcelona-Vall d'Hebron Institut de Re-
cerca Joint Unit (www.viralvector.eu). Viral vectors were produced
in AAV-293 cells (Agilent, Santa Clara, CA) using the triple transfec-
tion method with pRep2Cap9P31, helper plasmid pXX6, and an
expression cassette-containing plasmid, either gfa2-EGFP, gfa2-
MLCI, or a null stuffer. Culture supernatants and cells were harvested
48 h after transfection. AAVs were purified in an iodixanol gradient
(OptiPrep, Thermo Fisher Scientific, Waltham, MA) and titrated us-
ing a Quant-iT PicoGreen-based assay (Thermo Fisher Scientific,
Waltham, MA).””

Ten-month-old MilcI ™'~ and WT mice were immobilized in a restrainer
and administered, via lateral tail vein, a dose of 3.2 x 10%° vg/kg

of AAV9P31-gfa2-MLC1 or AAV9P31-Null diluted in 0.9% NaCl up
to a final volume of 200 pL. Biodistribution was assessed in 2-month-
old WT mice, which were injected with the same dose of AAV9P31-
gfa2-EGFP and evaluated 4 weeks post-administration.

Behavioral tests for motor function

Motor coordination and limb strength were evaluated bimonthly us-
ing the hanging wire and hindlimb clasping tests. Experimental
groups were sex-balanced and behavioral performance was assessed
blindly. In the hanging wire test, mice were suspended by their fore-
paws on a wire (@ 2 mm) for up to 60 s. The time until the mouse fell,
the distance traveled along the wire, and the ability to use forelimbs,
hindlimbs, and/or tail were recorded. Hindlimb clasping was assessed
by suspending the mice from the base of their tails for 10 s, with a
score from zero to three assigned to each trial, as previously
reported.”®

Overall motor performance of each mouse was quantified using a
composite phenotypic index, or neuroscore, ranging from zero to
10 points, with higher scores indicating poorer performances. The to-
tal score was derived from four equally weighted parameters, each
contributing a maximum of 2.5 points. The first three parameters
were based on the hanging wire test: (1) time until fall, where zero sec-
onds corresponded to 2.5 points and 60 s corresponded to zero points
(inverse linear relationship); (2) distance traveled along the wire,
where the smallest distance recorded at a given time point earned
2.5 points and the largest distance earned zero points (inverse linear
relationship); and (3) use of limbs, where the score was based on the
following scale: 2.5 points for using only forelimbs, 1.5 points for us-
ing one hindlimb, 1 point for using one hindlimb and the tail, 0.5
points for using both hindlimbs and not the tail, and 0 points for us-
ing both hindlimbs and the tail. The final parameter was the (4) mean
score of three independent hindlimb clasping trials, scaled to a
maximum of 2.5 points.

MRI

In vivo "H-MRI experiments were conducted at the joint nuclear
magnetic resonance facility of the Universitat Autonoma de Barce-
lona and the Biomedical Research Networking Center for Bioengi-
neering, Biomaterials, and Nanomedicine (CIBER-BBN), Unit 25 of
ICTS NANBIOSIS (Bellaterra, Spain), using a Bruker BioSpec 70/30
small animal scanner (Bruker BioSpin MRI GmBH, Ettlingen, Ger-
many) equipped with a mini-imaging gradient set (400 mT/m), a
linear transmitter whole body volume coil (72 mm of inner diameter)
and a circular polarized receive-only mouse head surface coil and
controlled with Paravision 5.1 (Bruker BioSpin MRI GmBH, Ettlin-
gen, Germany; RRID:SCR_001964). Mice were anesthetized during
image acquisition using isoflurane (IsoVet; B. Braun, Melsungen,
Germany). Body temperature and respiration rate were continuously
controlled with a small animal monitoring and gating system (Model
1025; SA Instruments, Stony Brook, NY).

High-resolution sagittal and axial (T,,,) were captured using a Rapid
Acquisition with Relaxation Enhancement (RARE) pulse sequence
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with the following parameters: effective echo time (TE.y) = 36 ms,
repetition time (TR) = 3,000 ms, RARE factor = 8, number of averages
(NA) = 16, number of slices = 23 for axial view and 25 for sagittal
view, matrix size = 256 x 256 pixels, field of view (FOV) =
19.2 x 19.2 mm?, slice thickness = 0.3 mm. Axial T, relaxometry
maps were acquired using a multi-slice multi-echo (MSME) pulse
sequence using the following parameters: TE = 10-160 ms (in
10 ms steps), TR = 3000 ms, NA = 2, number of slices = 11, matrix
size = 128 x 128 pixels, FOV = 19.2 x 19.2 mm?, slice thickness =
0.5 mm T, relaxometry maps were processed in Paravision 5.1 and
quantified in Tmage] (RRID:SCR_003070).”

Axial DTI was acquired using a segmented echo-planar sequence
(TR/TE = 3,000 ms/24 ms) with the same geometry as T, relaxometry
maps. For each slice, five non-diffusion-weighted (b = 0 s/mm?) and
diffusion-weighted images along 30 different diffusion gradient direc-
tions at b = 800 s/mm” were acquired with diffusion gradient time =
5 ms and time between diffusion gradients = 10 ms. Diffusion-
weighted images were processed with DSI Studio (Carnegie Mellon
University, Pittsburgh, PA; RRID:SCR_009557) to obtain diffusion
tensor maps for metrics (mean, radial, and axial diffusivity and
FA)® which were subsequently quantified in Image].”’

Histological analyses

Mice were anesthetized by intraperitoneal injection of 10 mg/kg of ke-
tamine (Ketamidor; Richter Pharma AG, Wels, Austria) and 5 mg/kg
of xylazine (Rompun; Bayer AG, Leverkusen, Germany). Brains were
harvested following transcardiac perfusion with 10 mL of cold PBS
and 20 mL of 4% paraformaldehyde (PFA). After a 24-h post-fixation
period in PFA, left hemispheres were dehydrated and embedded in
paraffin, while right hemispheres were cryopreserved in 30% sucrose
for at least 72 h prior to embedding in Tissue-Tek O.C.T. Compound
(Sakura Finetek Europe B. V., Barcelona, Spain).

Five micrometer-thick sagittal sections were obtained from paraffined
hemispheres and stained with hematoxylin and eosin (H&E). Cere-
bellum images were reconstructed from bright field micrographs by
semi-automatic stitching in Image].””*"** Vacuoles in CWM were
quantified in three nonconsecutive sections in Image] discarding par-
ticles smaller than 50 pm?

Twelve micrometer-thick sagittal sections were obtained from frozen
hemispheres and used for immunodetection assays. Immunostaining
of samples from biodistribution assays with AAV9P31-gfa2-EGFP
was performed using anti-GFP (1:100; ab6673, or ab290 for colocal-
ization assays with Olig2, Abcam, Cambridge, United Kingdom),
anti-GS (1:100; G2781, Merck KGaA, Darmstadt, Germany), anti-
NeuN (1:100; ABN91, Merck KGaA, Darmstadt, Germany), and
anti-Olig2 (1:100; AF2418, Bio-Techne R&D Systems, Minneapolis,
MN) primary antibodies and Alexa Fluor-conjugated secondary anti-
bodies (1:200; A-11055, A-11057, A-21206, A21207, Thermo Fisher
Scientific, Waltham, MA; ab150155, Abcam, Cambridge, United
Kingdom). On the other hand, MLC1 was labeled using anti-MLC1
(1:300, polyclonal; raised in rabbits against the amino-terminal pep-
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tide TQEPFREELAYDRM of the human protein, but cross-reactive
with the TREGQFREELGYDRM peptide of the murine protein)*’
and GlialCAM using anti-murine Glial CAM (1:300, polyclonal,
raised in rabbits)'® combined with the Alexa Fluor 488 Tyramide
SuperBoost Kit (Thermo Fisher Scientific, Waltham, MA). Small
blood vessels were stained using anti-collagen type IV (1:100;
C1926, Merck KGaA, Darmstadt, Germany) and an Alexa Fluor-con-
jugated secondary antibody (1:200; A-11004, Thermo Fisher Scienti-
fic, Waltham, MA). Micrographs were acquired using a Zeiss LSM
980 confocal laser scanning microscope (Carl Zeiss AG, Oberkochen,
Germany) at the Microscopy and X-Ray Diffraction Service of the
Universitat Autdnoma de Barcelona (Bellaterra, Spain). EGFP bio-
distribution following AAV9P31-gfa2-EGFP administration was
evaluated in three low-magnification (20 x) micrographs and quanti-
fied as the relative EGFP™ area within each neuroanatomic region, as
well as the percentage of EGFP™ GS™ cells relative to the total GS cell
population.

RNA extraction and RT-gPCR

Mice were euthanized by cervical dislocation, and several brain regions
were retrieved and frozen for RNA- and protein-based expression as-
says. Total RNA was extracted using the acid guanidinium thiocya-
nate-phenol-chloroform method with PRImeZOL Reagent (Canvax
Reagents, Boecillo, Spain). mRNA was then reverse transcribed (RT)
using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and
qPCR was performed with TB Green Premix Ex Taq (Takara Bio Eu-
rope, Saint-Germain-en-Laye, France) on a CFX384 Touch Real-Time
PCR Detection System (Bio-Rad, Hercules, CA). Relative gene expres-
sion of human MLCI and murine MlcI was determined by the Pfaffl
method® using the housekeeping gene m36B4 as reference. Human
MLCI was amplified using primer sequences TCCCGGCTGAGAT
GGATTAC (Fw) and GTTGGGAATCACATTGGCGT (Rv), murine
MicI using TTCGCTCTACTTGGGGAACG (Fw) and CTCCCTACA
GCGAAGCTCAC (Rv), and m36B4 using ATGGGTACAAGCGCG
TCCTG (Fw) and AGCCGCAAATGCAGATGGAT (Rv). Primers
for both orthologs were designed to amplify the junction between exons
3 and 4. Primer efficiencies were assessed using serial 1:2 dilutions of
cDNA samples, generating a standard curve by plotting Cq values
against the logarithm of starting cDNA concentrations. Amplification
factors were calculated from the slope of this standard curve, as
previously described,” yielding values of 2.05 for murine Micl, 2.11
for human MLCI, and 2.14 for m36B4.

Global expression of MLCI was quantified using a non-species-spe-
cific primer set TTCTCTGTGCTAATGGGGAGCT (Fw) and
GAGCAGGATGAGGTTGAAGTTAATGTT (Rv). This additional
primer set is capable of amplifying both human MLCI and murine
Micl, while the two species-specific primer pairs were used to target
each form individually. The amplification factor for these non-spe-
cies-specific primers was determined separately for human and mu-
rine MLCI cDNA, yielding 2.15 and 1.98, respectively. As these values
fell within the acceptable qPCR range and showed minimal variation,
the mean amplification factor (2.05) was used for MLCI expression
quantification in samples from WT mice administered with the
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therapeutic vector (only experimental group showing expression of
both orthologs).

Protein extraction and western blot

Frozen samples were homogenized in RIPA lysis buffer supplemented
with Nonidet P40 Substitute (Thermo Fisher Scientific, Waltham,
MA) and Protease Inhibitor Cocktail Set I (Merck kGaA, Darmstadt,
Germany). Homogenates were cleared by centrifugation at 4,000 x g
and the supernatant was further centrifuged at 100,000 x g to sedi-
ment plasma membranes. The resulting pellet was resuspended in
membrane buffer (PBS 1x, HEPES 25 mM, EDTA 4 mM, sucrose
250 mM) and protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA).

Brain protein extracts (40 pg) were partially denatured at 56°C for
3 min and separated in a 4%-20% Mini-PROTEAN TGX Precast Pro-
tein Gel (Bio-Rad, Hercules, CA). Upon transference, polyvinylidene
membranes were incubated ON at 4°C with diluted anti-MLC1
(1:1,000, polyclonal; raised in rabbit against the amino-terminal pep-
tide TQEPFREELAYDRM of the human protein, but cross-reactive
with the TREGQFREELGYDRM peptide of the murine protein).”’
Chemiluminescent detection was performed after incubation with a
horseradish peroxidase-conjugated secondary antibody (1:10,000;
P0399, Agilent-Dako, Santa Clara, CA) using Westar nC Ultra 2.0
(Cyanagen, Bologna, Italy). To assess antibody affinity for murine
and human MLC1, HEK293 cells were transiently transfected with
equimolar amounts of plasmids encoding either murine or HA-
tagged human MLC1 under the control of the CMV promoter. Pro-
tein extracts from transfected cells were prepared as described above,
and western blots were performed using 10% acrylamide gels with
protein loads ranging from 10 to 40 pg (Figure S4A).

MLC1 was quantified by band densitometry and normalized to total
protein levels across the entire lane, as determined by Ponceau S
staining,”* in GelAnalyzer 23.1.1. Since the anti-MLCI antibody we
used exhibited different affinities for human and murine MLC1, raw
band intensities corresponding to the human protein were adjusted
before Ponceau S normalization by multiplying them by the ratio of
the linear regression slopes obtained from western blot quantifications
of transfected HEK293 cells, ensuring for accurate quantification of
global MLCI1 levels (Smurine MLCl/Shuman MLC1 = 0.33, Figure S4B)
Given the oligomeric nature of MLCI, protein abundance in brain
samples was calculated based on the band corresponding to dimeric
MLCI (migrating at ~55 kDa, the most abundant form in these sam-
ples), whereas in transfected cells, MLCI quantification was based on
the monomeric form (migrating at ~30 kDa, the most abundant
form in this second set of samples).

Statistical analysis

Values are presented as mean + standard error of the mean and were
analyzed using Prism 9 (GraphPad Software, La Jolla, CA; RRID:
SCR_002798). Motor performance data were analyzed by a mixed-ef-
fects model and post hoc Tukey’s multiple comparisons test. T, relax-
ometry, DTI, white matter vacuolation, RT-qPCR, and western blot

data were analyzed by ordinary one-way ANOVA and post hoc Tu-
key’s multiple comparisons test. Correlation between T, and CWM
vacuolation was assessed by the Pearson correlation coefficient. Dif-
ferences in means were considered statistically significant if p < 0.05.

Pfaff] ratios from RT-qPCR experiments, representing relative MicI
and/or MLCI expression to housekeeping gene m36B4 and normal-
ized to a control group, were log,-transformed with an offset of +1
(log, (Pfaffl ratio +1)) prior to statistical analysis. This transformation
was applied to normalize the data and reduce skewness. The addition
of +1 addresses undefined values for ratios equal to zero in the
Mlc1™'~ + AAV9P31-Null cohort, ensuring that all data points can
be included in the subsequent statistical analysis. The WT +
AAV9P31-Null group served as the control for assessing murine
Micl and global MLCI expression, while the WT + AAV9P31-gfa2-
MLCI group was used as the control for human MLCI expression
to avoid undefined values resulting from normalization with null-
treated WT mice, which lack expression of the human MLCI
ortholog.
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