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Type 4C Charcot-Marie-Tooth (CMT4C) demyelinating neu-
ropathy is caused by autosomal recessive SH3TC2 gene muta-
tions. SH3TC2 is highly expressed in myelinating Schwann
cells. CMT4C is a childhood-onset progressive disease without
effective treatment. Here, we generated a gene therapy for
CMT4C mediated by an adeno-associated viral 9 vector
(AAV9) to deliver the human SH3TC2 gene in the Sh3tc2™/~
mouse model of CMT4C. We used a minimal fragment of the
myelin protein zero (Mpz) promoter (miniMpz), which was
cloned and validated to achieve Schwann cell-targeted expres-
sion of SH3TC2. Following the demonstration of AAV9-
miniMpz.SH3TC2myc vector efficacy to re-establish SH3TC2
expression in the peripheral nervous system, we performed
an early as well as a delayed treatment trial in Sh3tc2 ™/~
mice. We demonstrate both after early as well as following
late treatment improvements in multiple motor performance
tests and nerve conduction velocities. Moreover, treatment
led to normalization of the organization of the nodes of
Ranvier, which is typically deficient in CMT4C patients and
Sh3tc2~/~ mice, along with reduced ratios of demyelinated fi-
bers, increased myelin thickness and reduced g-ratios at both
time points of intervention. Taken together, our results provide
a proof of concept for an effective and potentially translatable
gene replacement therapy for CMT4C treatment.

INTRODUCTION

Type 4C Charcot-Marie-Tooth (CMT4C) disease has emerged as the
most common type among the rare autosomal recessive (AR) demy-
elinating neuropathies collectively known as CMT4."* Among undi-
agnosed Italian CMT4 patients, SH3TC2 mutation frequency reached
30%,” while among 612 index cases with different CMT types (AD, X,
AR), SH3TC2 mutations were found in 9.9%, and in 29.3% of the AR
cases.* The disease typically appears during the first 10 years of life

(range 1-14 years) with manifestations including pes cavus defor-
mities, distal muscle weakness, areflexia, and sensory loss, as well as
progressive scoliosis.”® Involvement of the cranial nerves is common
presenting with hearing impairment, slow pupillary light reflexes, and
tongue fasciculations.” " Electrophysiological studies in CMT4C pa-
tients are consistent with a demyelinating pathology, showing median
motor nerve conduction velocity (MNCV) of approximately 22.6 m/s.
Biopsied CMT4C nerves reveal excessive basal membranes surround-
ing thinly myelinated or demyelinated axons, and large extensions of
Schwann cell cytoplasm, while there is also a characteristic elongation
of the node of Ranvier.”*'>"?

SH3TC2 gene mutations described to date include mostly premature
stop codons and single amino acid (aa) substitutions.'> They may be
more common among certain ethnic groups'* likely due to founder
effects.” The full transcript of SH3TC2 cDNA measures 3,864 bp en-
coding a 1,288-aa protein that includes 2 Src homology 3 (SH3) and
10 tetratricopeptide repeat domains, and differs from any other func-
tionally characterized protein. This structure indicates a scaffolding
function.'” The SH3TC2 gene is well preserved between vertebrate
species, while non-vertebrate orthologs have not been discovered.
The SH3TC2 protein is a component of the intracellular pathway
of early and late endosomes with clathrin-coated vesicles, near the
trans-Golgi network and cell membrane. CMT4C mutations change
this cellular expression of SH3TC2."

Recapitulating the major aspects of human disease, a CMT4C mouse
model has been generated by deleting the Sh3tc2 gene. Sh3tc2™'~
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mice are characterized by slow motor and sensory nerve conduction
velocities, as well as progressive hypo- and demyelination from age 2
to 12 months.'>'® Sh3tc2 is highly expressed in murine Schwann cells
with localization to the cell membrane and endocytic recycling vesicles,
indicating a functional role in myelin formation and in axon-glial
interactions.'” As also observed in biopsied nerves from CMTA4C pa-
tients, myelinated fibers from Sh3tc2~'~ mice present a characteristic
widening of the node of Ranvier, indicating an important role of
SH3TC2 in the organization of the nodal region."* Thus, the Sh3tc2™'~
mouse provides an appropriate model to test potential CMT4C
treatments.

The effectiveness of SH3TC2 gene replacement therapy for CMT4C
was previously shown using an intrathecally injected lentiviral vector
expressing SH3TC2 cDNA along with myc tag driven by the full-
length 1.2-kb rat myelin protein zero (Mpz) promoter.'® Neverthe-
less, lentiviral-mediated expression levels in Schwann cells led to a
partial phenotype rescue. To achieve a stronger therapeutic effect,
better vector biodistribution and gene expression rates are needed.
Therefore, we tested as an alternative an adeno-associated viral
(AAV) vector'”~** that could provide higher expression levels, while
its episomal persistence without integration into the host genome in-
creases the safety of in vivo delivery.”*** We chose the AAV9 serotype
already used in other clinical application including for the treatment
of spinal muscular atrophy (SMA) after extensive safety evaluation
in pre-clinical’>*” and in phase 1 (NCT02122952) and phase 3
(NCT03461289) clinical trials. AAV9 has shown effective Schwann
cell targeting in our previous applications for CMT1X** and
CMT1A.*® Here, we demonstrate that AAV9 provides Schwann
cell-specific expression of SH3TC2 driven by a minimal version of
the Mpz promoter (miniMpz) leading to significant functional and
morphological improvements in the Sh3tc2~'~ mouse when delivered
at early as well as at late stages of the neuropathy. However, improve-
ment in most outcome measures was modest and did not reach the
level of age-matched wild-type (WT) animals.

RESULTS

Cloning and in vivo validation of a minimal Mpz promoter

To exploit the high potential of the AAV9-mediated gene therapy
approach for clinical translation to treat CMT4C, we first had to over-
come the limitation of smaller transgene capacity of AAV vectors. To
facilitate an AAV-mediated SH3TC2 coding sequence delivery, we
used the 1.2-kb full-length rat Mpz promoter previously shown to
drive Schwann cell-specific gene expression®”° for cloning a minimal
Mpz promoter version to achieve targeted Schwann cell-specific
expression while remaining within the carrying capacity of AAV vec-
tor. Since enhancer/ChIP-seq data indicate that essential functional
regulatory elements (Egr2 and Sox10 binding sites) of the full-length
Mpz promoter are located within 400 bp upstream of the start
codon,” we PCR amplified the distal 410-bp sequence from the
Mpz promoter. We further cloned this miniMpz promoter into the
AAV transfer plasmid along with downstream EGFP as a reporter
gene, to produce the AAV9-miniMpz.EGFP vector (Figure 1A).
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The AAV9-miniMpz.EGFP vector was delivered by lumbar intrathecal
injection into 2-month-old WT mice. Vector biodistribution and EGFP
expression were analyzed 5 weeks after injection. High vector genome
copy numbers (VGCNs) were detected in DNA extracted from periph-
eral nervous system (PNS) tissues with a gradient from injection site to-
ward the sciatic nerves, reaching 2.41 + 0.31 in lumbar roots and 0.48 +
0.33 in sciatic nerves (n = 5 mice; Figure 1B). Examination of fixed lum-
bar spinal root sections attached to the spinal cord, and of bilateral
sciatic nerve sections and teased fibers revealed widespread expression
of EGFP reporter gene in the perinuclear cytoplasm restricted to myeli-
nating Schwann cells in PNS tissues of the injected mice, in contrast to
non-injected controls (Figures 1C-1G). The percentage of EGFP-ex-
pressing cells reached an average of 56.93% + 3.21% in anterior lumbar
roots and 55.17% + 6.88% in sciatic nerves (n = 5 mice; Figure 1H).

Immunostaining for EGFP combined with CNS cell markers was car-
ried out in lumbar spinal cord sections to validate the cell specificity of
the Mpz promoter. This analysis showed that EGFP expression was
present in a very low percentages of oligodendrocytes (2.58% =+
0.96%) and neurons (1.92% =+ 0.25%), while it was undetectable in as-
trocytes (Figure S1).

AAV9-miniMpz-SH3TC2myc vector cloning and SH3TC2
expression in Sh3tc2”~ mice

The novel AAV9-miniMpz-SH3TC2myc therapeutic construct was
cloned by ligating the SH3TC2myc sequence'® downstream of the min-
iMpz promoter, while the woodchuck hepatitis virus post-transcrip-
tional regulatory element (WPRE) and bovine growth hormone poly-
adenylation sequence (bGHpA) elements were replaced by a small
synthetic poly(A) (Figure 2A). This expression cassette was successfully
packaged into the AAV9 capsid with vector production achieving titers
of 5 x 10" vg/mL. A total of 2 x 10'! vgin a volume of 20 uL was deliv-
ered by lumbar intrathecal injection into 2-month-old Sh3tc2™'~ mice
(n = 5 mice). Vector biodistribution and expression was examined
5 weeks after injection. DNA extracted from spinal roots and sciatic
nerves of injected mice showed high levels of vector biodistribution
throughout the PNS with VGCNs reaching 2.41 + 0.93 in spinal roots
and 2.06 + 1.34 for sciatic nerves (Figure 2B). Immunostaining for hu-
man SH3TC2 in lumbar spinal root sections, as well as in sciatic nerve
sections and teased fibers confirmed the presence of virally expressed
SH3TC2 in the perinuclear Schwann cell cytoplasm in all PNS tissues,
in a characteristic perinuclear granular appearance, and occasionally
along the entire length of the Schwann cell, while it was absent from
tissues of non-injected Sh3tc2™'~ mice stained as negative controls
(Figures 2C-2G). Quantification of the percentage of SH3TC2-immu-
noreactive Schwann cells showed average expression rates of 54.67% +
4.72% in spinal roots and 45.39% =+ 3.39% in sciatic nerves (Figure 2H).
Thus, we were able to achieve adequate therapeutic vector bio-
distribution and high SH3TC2 expression rates in Schwann cells.

Functional improvements following early treatment in the
CMT4C model

After confirming the high expression efficiency of the novel ther-
apeutic vector AAV9-miniMpz-SH3TC2myc, we performed a
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(A) Generation of the AAV9-miniMpz.EGFP vector (mock vector driving reporter gene expression) through cloning of the distal 412 fragment of the full-length rat myelin protein
zero (Mpz) promoter. (B) Biodistribution of the AAV9-miniMpz.EGFP in PNS tissues including sciatic nerves (S) and lumbar roots (R) of WT mice 5 weeks following lumbar
intrathecal injection (vector genome copy numbers represent the ratio of vector to host genome in each tissue). Expression of EGFP in Schwann cells in lumbar roots (C),
sciatic nerve sections (F), and sciatic nerve teased fibers (E) following intrathecal injection of the AAV9-miniMpz.EGFP vector. EGFP shows the characteristic perinuclear
cytoplasmic immunoreactivity in most myelinating Schwann cells, while EGFP expression was absent from corresponding tissues of non-injected mice (D and G). (H)
Quantification of expression rates (% EGFP-positive cells) in bilateral sciatic nerves and lumbar spinal roots from n = 5 injected mice showed an average of 56.93% expression
rates in roots and 55.17% in sciatic nerves. Values represent mean + SEM. Scale bars, 20 pm.

randomized, mock vector-controlled treatment trial at early (age
1 month) stages of neuropathy. The level of phenotypic rescue
in treated animals was compared with mock-treated littermates
(injected with the mock vector AAV-miniMpz-EGFP) by motor-
behavioral, electrophysiological, and morphological
2 months after treatment. For the early gene therapy trial, two
groups (n = 20 per group) of Sh3tc2™'~ mice and age-matched
WT mice (n = 10-12 mice) were assessed by behavioral testing
at age 1 and at 3 months (2 months after injection) and sacrificed
afterward either for quantitative morphometric analysis (n = 10

studies

per group) or for electrophysiological evaluation (n = 10 per treat-
ment group and n = 5-6 mice for WT controls) (Figure 3A).
VGCNss determined 8 weeks after injection reached 0.48 + 0.1 in
lumbar roots and 0.18 + 0.05 in the sciatic nerves (n = 7; Fig-
ure 3B), while the percentage of SH3TC2-expressing cells reached

an average of 58.95% * 2.6% in anterior lumbar roots and 43.1% +
4.7% in sciatic nerves (n = 4 mice; Figure 3C).

We have focused our behavioral analysis of treated and mock-treated
animals on testing motor strength and coordination. Time course
analysis of the rotarod tests showed improved motor performance
in AAV9-miniMpz.SH3TC2myc-treated Sh3tc2™'~ mice approaching
the performance of age-matched WT mice at lower but not at higher
speed tested, whereas AAV9-miniMpz. EGFP-treated Sh3tc2™'~ mice
showed deterioration over time (Figures 3D-3I). Foot grip strength in
early-treatment groups at age 1 month, at baseline before starting
treatment, detected no difference between them. At age 3 months
(2 months post-injection) muscle strength improved in fully treated
mice compared with the mock group and reached WT levels.
Longitudinal comparison also demonstrated that the strength
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Figure 2. Cloning and expression of the therapeutic vector AAV9-miniMpz.SH3TC2myc

(A) Cloning of the AAV9-miniMpz.SH3TC2myc vector for expression of the humal

n SH3TC2 gene under the control of miniMpz promoter to treat CMT4C. To generate

the size-optimized therapeutic vector plasmid the WPRE element has been removed and the bGHpA (270 bp) has been replaced by a minimal synthetic poly(A)
(72 bp) to a final total size of 4,793 bp from ITR to ITR. (B) Biodistribution of novel AAV9-miniMpz-SH3TC2myc therapeutic vector in sciatic nerves (S) and lumbar
roots (R) of Sh3tc2~'~ mice 5 weeks following lumbar intrathecal injection (vector genome copy numbers represent the ratio of vector to host genome in each tissue).

Analysis of SH3TC2 expression in lumbar roots (C), sciatic nerve sections (F),

and sciatic nerve teased fibers (E) following intrathecal injection of the AAV9-mini-

Mpz.SH3TC2myc vector shows the characteristic granular perinuclear cytoplasmic immunoreactivity of SH3TC2 in the perinuclear cytoplasm of myelinating Schwann
cells, while SH3TC2 expression is absent from the corresponding tissues of non-injected Sh3tc2~'~ mice (D and G). (H) Quantification of expression rates
(% SH3TC2-expressing cells) in bilateral sciatic nerves and lumbar spinal roots from n = 5 mice showed an average of 54.67% expression rates in roots and 45.4% in

sciatic nerves. Values represent mean + SEM. Scale bars, 20 pm.

produced by the hindlimbs improved with time in treated mice in
contrast to mice treated with the mock vector (Figures 3J-3L).

Nerve conduction studies in 3-month-old mice (2 months after
treatment) (Figures 3M and 3N) revealed significantly improved
sciatic nerve MNCVs in AAV9-miniMpz.SH3TC2myc-treated
mice (29.41 = 2.5 m/s) compared with the mock-treated group
(23.78 + 2.01 m/s), although not reaching those of age-matched
WT animals (43.69 + 0.48 m/s). There was also a trend for higher
compound muscle action potential (CMAP) amplitude in AAV9-
miniMpz.SH3TC2myc-treated mice (2.29 + 0.31 mV) compared
with the mock group (1.97 + 0.26 mV), but without reaching statis-
tical significance and also remaining below WT levels (4.6 +
1.88 mV). In addition, pre-onset treatment with AAV9-mini-
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Mpz.SH3TC2myc improved the hindlimb clasping phenotype char-
acteristic of Sh3tc2~/~ mice (Figures 30 and 3P).

Improved nodal morphology in early-treated CMT4C model

Given that nodal widening is already present in 1-month-old
Sh3tc2™'~ mice as well as in biopsied nerves from CMTA4C patients,"”
we further evaluated nodal pathology to assess if gene replacement
could improve this early onset pathological finding of CMT4C.
Immunofluorescent staining of sciatic nerve teased fibers in
3-month-old mice (2 months after vector injection) for Navl.6, a
nodal marker, and for Caspr, a paranodal axonal protein, showed
the typical nodal widening in nerve fibers from mock-treated
Sh3tc2™'~ mice, while nodal length was reduced in fully treated
Sh3tc2™'~ mice approaching that of WT animals (Figure 3Q).
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Quantification of 50 nodes per mouse from n = 10 Sh3tc2~'~ mice per
treatment group along with 50 nodes from n = 3 WT mice, confirmed
a complete rescue of nodal length in treated animals (Figure 3R).
Thus, even this early onset abnormality caused by the loss of
SH3TC2 can be reversed following gene replacement.

Improved PNS myelination in early-treated CMT4C mice

Morphological examination was carried out in transverse toluidine-
stained semithin sections of motor lumbar roots and mid-sciatic
and femoral motor nerves of 3-month-old Sh3tc2™'~ mice injected
with the therapeutic or mock vector at age 1 month (n = 10 per group)
and WT mice (n = 5). In all PNS tissues evaluated, improvement of
myelination in treated in contrast to mock-treated Sh3tc2™'~ mice
was observed but without reaching WT levels. In lumbar roots
(Figures 4A-M), g-ratios of all myelinated fibers in the treated group
were 0.72 + 0.02 compared with 0.78 + 0.01 in the mock-treated
group and 0.64 + 0.01 in WT mice, while in fibers >4 um in diameter
g-ratio reached 0.80 + 0.01 in treated compared with 0.84 + 0.01 in the
mock group and 0.70 + 0.004 in WT. Average myelin thickness in
treated mice was 0.50 = 0.03 pm, in the mock group 0.40 +
0.02 pum, and in the WT 0.64 + 0.01, while the subset of fibers
>4 um reached myelin thickness of 0.55 + 0.04 um in treated
compared with 0.40 = 0.03 pm in mock-treated mice and 0.70 +
0.01 in WT mice. Furthermore, the percentage of demyelinated fibers
was significantly reduced in treated mice to 0.02 + 0.003 compared
with 0.04 + 0.004 in the mock group (0.0003 + 0.0003 in the WT

group).

In femoral motor nerves (Figures 4N-4Z), g-ratios reached 0.66 +
0.02 in treated compared with 0.70 + 0.02 in mock-treated mice
(0.65 £ 0.01 in WT mice), while in fibers >4 um in diameter the
corresponding g-ratios were 0.77 + 0.01 (treated), 0.81 + 0.01
(mock), and 0.70 + 0.01 (WT). Average myelin thickness was
0.57 = 0.03 pm in the treated group, 0.42 + 0.02 mm in the
mock group (0.74 + 0.02 in WT group) and, in fibers >4 pm,
0.62 + 0.03 um in the treated group compared with 0.49 =+
0.03 pm in the mock group (0.98 + 0.03 in the WT mice). As in
the lumbar roots, the ratio of demyelinated fibers decreased to
0.02 + 0.002 in treated compared with 0.04 £ 0.0l in the mock
group (0.00 £ 0.00 in WT).
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Finally, morphological analysis of mid-sciatic nerves (Figure S2)
confirmed improvement in g-ratios in treated mice (0.68 + 0.01)
compared with mock group (0.72 + 0.01) (0.65 + 0.01 in WT). In
the fibers with diameter >4 pm, fully treated mice showed improved
g-ratio of 0.78 + 0.02 compared with 0.83 + 0.01 in the mock group
without reaching WT levels (0.67 + 0.01). Average myelin thickness
in treated mice was 0.44 = 0.02 um and in the mock group 0.40 +
0.02 pum, both significantly lower than in WT mice (0.83 =+
0.13 pm), while fibers >4 pm in diameter showed increased myelin
thickness of 0.51 + 0.01 pum in treated compared with mock-treated
animals (0.42 = 0.01 um) but did not reach WT thickness (1.2 +
0.1 pm). As observed in other PNS tissues, complete demyelination
was significantly decreased in the treatment group reaching a ratio
of 0.01 + 0.002, in contrast to 0.02 + 0.01 in the mock-treated mice
(0.005 + 0.01 in WT). Axonal profiling analysis revealed a shift of
axonal diameter distribution toward the population of smaller axons
(<2 pm) in Sh3tc2~/~ sciatic nerves compared with WT nerves, and
this shift was significantly reduced in treated compared with mock-
treated Sh3tc2™/~ mice (Figure S2N). The observed profile changes,
likely reflecting hypomyelination, did not lead to significant axonal
loss in either treated or mock-treated animals compared with WT,
as determined by similar total number of axons per nerve in all groups
(Figure S20).

Late treatment improves functional outcomes in older CMT4C
mice

Following the completion of the early-treated trial in 1-month-old
Sh3tc2~'~ mice, and to confirm that therapeutic intervention at later
stages of the neuropathy could also be beneficial in the CMT4C
model, we also performed a randomized, mock-vector controlled
treatment trial in 4-month-old Sh3tc2™'~ mice. The level of pheno-
typic rescue in treated animals was compared with mock-treated lit-
termates and age-matched WT mice by motor-behavioral, electro-
physiological, and morphological studies 4 months after treatment
in two groups (n = 20 per group) of Sh3tc2™'~ mice and WT mice
(n = 4-6 per group). Behavioral testing was carried out before treat-
ment as well as at age 6 and 8 months (2 and 4 months after injection,
respectively). At 8 months of age, mice were evaluated either by elec-
trophysiological study or for quantitative morphometric analysis (n =
10 for each outcome measure per group and n = 4-6 WT mice)

Figure 3. Functional improvements after early treatment in Sh3tc2”~ mice

(A) Early treatment trial design and outcome measures used. (B) Vector genome copy numbers following intrathecal injection obtained from Sh3tc2™/~ mice 2 months after
injection (n = 7 per group) (R, lumbar roots; S, sciatic nerve). (C) Quantification of gene expression rates (% SH3TC2-expressing cells) in bilateral sciatic nerves and lumbar
spinal roots of full vector injected mice (n = 4 mice). (D-I) Improved behavioral performance of Sh3tc2~/~ mice treated at age 1 month with the full (SH3TC2) compared with
the mock vector approaching WT levels, including time spent on rotarod at 20 (D-F) and 32 (G-I) rotations per minute (rpm), as well as hindlimb foot grip strength (J-L). (M and
N) Electrophysiological analysis in 3-month-old Sh3tc2 /= mice injected at age 1 month shows improved sciatic nerve motor conduction velocities (MNCV) (M) and a trend for
improved compound muscle action potentials (CMAP) (N) in treated compared with mock-treated mice (n = 10/group), although not reaching WT levels (n = 6). (O and P)
Trend forimprovement of hindlimb clasping phenotype of treated Sh3tc2~'~ mice compared with mock-treated littermates and age-matched WT, as shown in representative
images in (O) and by quantification of hindlimbs opening angle in (P). (Q) Improvement of nodal phenotype in treated Sh3tc2~~ mice. Immunostaining of sciatic nerve teased
fibers from mock- or full vector-treated Sh3tc2 '~ and WT Sh3tc2*/+ mice, as indicated, shows the normal appearance of Nav1.6 (red, white arrows)-labeled node of Ranvier
surrounded by Caspr immunoreactivity at paranodes (green, white open arrowheads) in the fibers from fully treated Sh3tc2~/~ similar to WT mice, as opposed to the
elongated nodal profile in fibers from mock-treated Sh3tc2 /=, (R) Quantification of nodal length in groups of mice (>50 nodes counted per animal) confirms the correction of
nodal pathology in treated Sh3tc2~'~ mice. Values represent the mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001 (unpaired, one-tailed Student’s t test in B and C; all other
comparisons one-way ANOVA with Tukey’s multiple-comparison test). Scale bar, 10 pm.
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(Figure 5A). Examiners were blinded to the treatment status in all
outcome measures.

To confirm vector biodistribution in older mice, VGCNs were deter-
mined 4 months post-injection in PNS tissues (n = 5 mice) and
reached 0.92 + 0.41 in anterior lumbar roots and 0.49 + 0.25 in sciatic
nerves (Figure 5B). The percentage of SH3TC2-expressing cells
reached an average of 67.38% + 3.4% in anterior lumbar roots and
67.04% = 2.7% in sciatic nerves (n = 4 mice; Figure 5C). Comparison
of rotarod test performance over time showed that AAV9-
miniMpz.SH3TC2myc treatment improved motor performance in
Sh3tc2™’~ mice compared with mock-treated littermates without
reaching the level of WT mice. (Figures 5D-5K). Foot grip strength
was also significantly increased 4 months post-injection in fully
treated mice compared with the mock group approaching WT perfor-
mance (Figures 5L-50). Moreover, late treatment with AAV9-mini-
Mpz.SH3TC2myc fully reversed the hindlimb clamping abnormality
of Sh3tc2™'~ mice (Figures 5P and 5Q).

Nerve conduction studies in the S$h3tc2 ™/~ group at the age of 8 months,
4 months after treatment (Figures 5R and 5S), revealed significantly
increased sciatic MNCVs in AAV9-miniMpz.SH3TC2myc-treated
mice (32.34 + 1.61 m/s) compared with the mock group (25.35 +
1.35 m/s) but without reaching WT levels (39.59 + 0.84 m/s). More-
over, the sciatic nerve CMAP amplitude was significantly higher in
treated (4.75 + 0.39 mV) compared with mock-treated Sh3tc2™/~
mice (3.08 + 0.30 mV) approaching WT values (5.23 + 0.33 mV).

Nodal pathology in CMT4C mice improves also after late
treatment

Given the functional improvements, we further examined whether
the early-onset nodal pathology that is characteristic of CMT4C could
also be improved following delayed gene replacement. Morphometric
analysis of sciatic nerve teased fibers from 8-month-old Sh3tc2™/~
mice (4 months after vector injection) which were double labeled
for axonal nodal and paranodal markers Nav1.6 and Caspr, respec-
tively. We observed that the typical nodal elongation found in nerve
fibers from mock-treated Sh3tc2~'~ mice was improved in treated lit-
termates and did not differ from nodal morphology in WT nerves
(Figure 5T). Quantification of nodal length of 50 nodes per mouse
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from n = 10 mock and n = 10 fully treated Sh3tc2™'~ mice, as well
as from n = 3 WT mice confirmed these observations (Figure 5U).

Late treatment improves myelination in the model of CMT4C

As in early-treatment groups, morphological examination in trans-
verse semithin sections of anterior lumbar roots and femoral motor
and mid-sciatic nerves from 8-month-old Sh3tc2™'~ mice treated at
age 4 months showed improved myelination in all PNS tissues of
treated in contrast to mock-treated Sh3tc2™'~ mice but without
reaching WT levels. In anterior lumbar roots (Figures 6A-M) the
g-ratio of myelinated fibers of >1 in diameter in fully treated mice
was 0.73 £ 0.01 in comparison with 0.76 + 0.01 in the mock group
and 0.64 + 0.01 in the WT group, while the subset of fibers >4 pm
in diameter showed a g-ratio of 0.83 + 0.01 in treated compared
with 0.85 + 0.01 in the mock-treated mice and 0.69 + 0.02 in WT
mice. Average myelin thickness in treated mice reached 0.45 +
0.01 pm and in the mock group 0.39 + 0.02 pm compared with
0.86 + 0.06 in WT, while in fibers >4 um myelin thickness improved
to 0.46 + 0.01 pm in treated mice compared with 0.40 + 0.02 um in
the mock group but remained lower that in WT mice (1.08 + 0.04).
Furthermore, treated mice showed reduced ratios of demyelinated fi-
bers reaching 0.05 + 0.01 compared with 0.08 + 0.01 in the mock
group although remaining higher than in WT (0.02 + 0.003).

Moreover, in femoral motor nerves of late-treated Sh3tc2~'~ mice
(Figures 6N-6Z) g-ratios reached 0.68 + 0.01 compared with 0.72 +
0.01 in the mock group and approached WT values (0.64 + 0.01),
while in fibers with diameter >4 um g-ratio in treated mice was
0.78 + 0.01 and in mock-treated mice 0.81 + 0.01 compared with
0.7 £ 0.01 in WT. Average myelin thickness improved in the treated
group (0.56 + 0.02 pm) compared with the mock group (0.47 +
0.02 pm) but did not reach WT thickness (0.8 + 0.04), while in the
subset of fibers >4 pm the myelin thickness increased to 0.63 +
0.02 pm in treated compared with 0.52 + 0.03 um in mock-treated
mice again without reaching WT levels (1.04 + 0.06). The demyeli-
nated fiber ratio decreased to 0.02 + 0.002 as opposed to 0.04 +
0.004 in mock-treated animals (0.00 + 0.00 in the WT group).

Finally, morphological analysis of mid-sciatic nerves (Figure S3)
confirmed significant improvement in late-treated mice reaching

Figure 4. Improved PNS myelination in early-treated CMT4C mice

Toluidine blue-stained semithin sections of anterior lumbar spinal roots attached to the spinal cord (A-F) and femoral motor nerves (N-S) at low (upper panels) and higher
(lower panels) magnification from 3-month-old Sh3tc2~'~ mice injected at age 1 month with AAV9-miniMjpz.SH3TC2myc or with AAVO-miniMpz.EGFP (mock) vector and WT
mice as indicated. (G—M) Morphometric analysis of anterior lumbar roots (n = 10 mice per treatment group and n = 6 mice for WT group) including scatterplots displaying as
indicated g-ratios (G) and myelin thickness (H) of individual axons versus axonal diameter (red points, mock-treatment group; blue points, full-treated group; gray points, WT
group; each point corresponds to one fiber). Comparison of g-ratios from all fibers >1 pm in diameter (1), as well as from the subset of fibers >4 um diameter (J), shows a trend
for reduction in >1 pm and significant reduction in >4-pm fibers from treated compared with mock-treated mice, while the corresponding myelin thickness is increased (K and
L), without complete correction to WT levels. The ratio of completely demyelinated fibers (M) is also reduced in treated compared with mock-treated Sh3tc2~'~ mice. (N-2)
Morphometric analysis of femoral motor nerves (n = 10 per treatment group and n = 7 for WT) including scatterplots of g-ratios (T) and myelin thickness (U) of individual axons
versus axonal diameter and comparison of g-ratios from all fibers >1 um in diameter, as well as from the subset of fibers >4 um, shows a trend for g-ratio reduction in fibers
>1 pm (V) and significant reduction in >4-um fibers (W) in fully treated compared with mock-treated mice, while the corresponding myelin thickness is increased (X and Y). The
ratio of completely demyelinated femoral fibers (Z) is also reduced in treated compared with mock-treated Sh3tc2~/~ mice. None of the myelination improvements reaches
the level of WT tissues. Values represent mean + SEM; one-way ANOVA with Tukey’s multiple-comparison test. Scale bars, 50 pm in (A-C and N-P) and 25 pm in (D-F and
Q-9).

8 Molecular Therapy Vol. 31 No 11 November 2023



Please cite this article in press as: Georgiou et al., AAV9-mediated SH3TC2 gene replacement therapy targeted to Schwann cells for the treatment of
CMT4C, Molecular Therapy (2023), https://doi.org/10.1016/j.ymthe.2023.08.020

www.moleculartherapy.org

A Late treatment B C
o ®
i 6 8 g 251 2.
[onset” > - s .le 8
OrEel — SH3TC2 © 201 o
4 y > 704
group Foot grip g % 70
Foot grip Rotarod % 1.54 [5) 8_
Rotarod MNCV o - =601
* Morphology % 1 S
* Nodal pathology o o
Y 2 £ 054 I 50
- > I
* Footgrip g 00 » w0l
* Rotarod 6 group 8  Monthsofage R S ° R S
D Rotarod20rpm E 4 months H Rotarod 32rpm | 4 months L Grip Strength M 4 months
=00 -~ SH3TC2 200 40 © .
400 - MOCK 4 e "o .,_| % o .I
8 -+ WT S 250 5 Ew
3300 . 8 L e C)
rY § 100 2100 g0 g 20 e
g2 2 e e £ £
100 g 50 & 10 e o 10 W
| 50 o .
02 4 6 8 10 WT SH3TC2 MOCK 2 4 6 8 10 *"WT sHsTcZ MOCK 2 4 6 8 10 WT  SH3TC2 MOCK
Months of age Shatcar- Months of age ~ Sh3teas- Months of age Sh3tc2-/-
F 6 months G 8 months J  6months K 8 months 6months ©  8months
500 — 2 . e
100- | e | 50 Py
,‘400 % .l—{
9 80 P
3 o 5 5 00 01 o
%m 2 g 80 Sy
£ 200 o 2,0 5 3 9,
. E £ fid S
100 = = 2 10 w
10-
WT SH3TC2 MOCK 0
Shatc2-/- WT SheTez MOCk WT  SH3TC2 MOCK T SeTEEMOCK WT  SH3TC2 MOCK “"WT sHaTc2MocK
Sh3tc2-/- _ Shatc2-/-
Sh3tc2-/- Sh3tc2-/- Sh3te2-/-
Q R S
ol as

3
8

Hind limbs angle (degrees)
8 8 8
(e}
o (]
(<]
o
MNCV(m/s)
3 8 8 8
g.
.:I:
K
CMAP(mMV)
o N & &
(<)
o

WT SH3TC2 MOCK
Sh3tc2-/-

WT SH3TC2 MOCK
Sh3tc2-/-

WT SH3TC2 MOCK
Sh3tc2-/-

T Sh3tc2-/- AAV9.miniMpz. EGFP

c

IS

Sh3tc2-/- AAV9.miniMpz.SH3TC2.myc

w

' 4

Nodal width (um)

=3

WT

SH3TC2 MOCK
Sh3tc2-/-

(legend on next page)

Molecular Therapy Vol. 31 No 11 November 2023 9



http://www.moleculartherapy.org

Please cite this article in press as: Georgiou et al., AAV9-mediated SH3TC2 gene replacement therapy targeted to Schwann cells for the treatment of
CMT4C, Molecular Therapy (2023), https://doi.org/10.1016/j.ymthe.2023.08.020

g-ratios of 0.69 + 0.01 compared with 0.72 + 0.06 in mock-treated lit-
termates remaining above WT values of 0.64 + 0.02, while in the fibers
with diameter >4 um, fully treated mice showed a g-ratio of 0.8 +
0.0042 compared with 0.83 + 0.004 in the mock group, whereas
WT showed values of 0.68 + 0.01. Average myelin thickness reached
0.46 = 0.01 um in treated and 0.40 = 0.01 um in mock-treated
Sh3tc2™'~ mice without reaching WT levels (0.68 + 0.03), while in
the subset of fibers >4 pm in diameter myelin thickness reached
0.51 + 0.02 um in the treatment group in comparison with 0.42 +
0.01 um in the mock-treated mice but did reach WT levels (1.02 +
0.04). Moreover, a significant reduction in the ratios of completely de-
myelinated fibers was found in the sciatic nerves of the treated group
(0.01 £ 0.002) in comparison with the mock group (0.02 + 0.005) ap-
proaching the WT (0.008 + 0.001). As in early-treated groups, sciatic
nerve axonal profiling revealed a shift toward smaller axons (<2 pm)
in Sh3tc2™'~ sciatic nerves compared with WT nerves, with a trend
for improvement in the treated mice while the total number of axons
per nerve was similar in all groups (Figures S3N-S30).

Plasma NF-L levels in CMT4C mice over time and after treatment
Blood samples were obtained from 3- and 8-month-old untreated
Sh3tc2™'~ and age-matched WT mice (n = 5 per genotype), as well
as from fully treated and mock-treated mice in both early- and late-
treatment trials (n = 4 per time point and treatment condition) and
from age-matched WT (n = 4), prior to sacrificing using standard
methods. Baseline assessment in untreated Sh3tc2™'~ mice showed
significant NF-L elevation compared with WT mice at age 3 months.
Interestingly, although this NF-L elevation in Sh3tc2™'~ mice per-
sisted at age 8 months, it showed no progression, but instead a signif-
icant drop compared with the 3-month-old group (Figure S4A).
Comparison of NF-L levels in early-treated mice (n = 4 per group)
showed a trend for improvement in treated compared with mock-
treated 3-month-old Sh3tc2~'~ mice but did not reach WT levels
(Figure S4B), and a similar trend for NF-L reduction in late-treated
8-month-old animals compared with the corresponding mock group
approaching WT levels (Figure S4C).

DISCUSSION
CMTA4C is the most prevalent recessively inherited demyelinating
neuropathy and arises from loss-of-function mutations in the
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SH3TC2 gene. In this study, we have developed a gene therapy
approach to treat CMT4C by using a minimal version of the
myelin-specific rat Mpz promoter (miniMpz) to drive human
SH3TC2 gene expression restricted to Schwann cells. In previous
work, we developed a lentiviral vector system to express the
SH3TC2 coding sequence under the control of the full-length Mpz
promoter. LV-Mpz.SH3TC2myc was delivered only at early stages
of the neuropathy into 3-week-old Sh3tc2™'~ mice by lumbar intra-
thecal injection leading to adequate Schwann cell-specific gene
expression and therapeutic benefit.'"® However, the limitations of
in vivo lentiviral vector delivery”® motivated us to explore as a clini-
cally more translatable approach the possibility of delivering the ther-
apeutic SH3TC2 gene using the AAV9 vector that has shown better
biodistribution, improved safety profile, and higher expression levels
in the PNS.”>** Here, the AAV9-mediated approach resulted in wide-
spread Schwann cell targeting throughout the PNS leading to signif-
icant functional and morphological improvements in the Sh3tc2™/'~
mouse model of CMT4C, not only with early treatment at age
1 month, but also when delivered at much later stages of the neurop-
athy at the age of 4 months. The efficacy of this gene therapy approach
was demonstrated using multiple functional and pathological
outcome measures that are relevant not only for the phenotype of
this model'” but also for the human disease CMT4C.>>"?

Our results confirm that a minimal version of the rat Mpz promoter
can provide strong gene expression specifically in myelinating
Schwann cells. Minimal promoters are short sequences that retain
transcriptional control elements allowing for the formation of the
initiation complex, and can maximize the transgene capacity of re-
combinant AAV vector genomes (Vgs).3 3735 previous work has indi-
cated that most of the functional regulatory elements and crucial tran-
scription factor binding sites, including that of SOX10 and EGR2, are
located within this distal promoter fragment downstream of the AvrII
site.”’ Thus, we PCR amplified this 412-bp-long sequence and vali-
dated its efficacy and fidelity initially through evaluation of the re-
porter gene expression. Similar to the full-length Mpz promoter tested
previously,]8’22’32’36
Schwann cells was expressing EGFP in the PNS. At the same time, in
the CN, less than 2% of neurons in the lumbar spinal cord and a very
low percentage of oligodendrocytes were EGFP positive, confirming

we showed that a high percentage of myelinating

Figure 5. Functional improvements after late treatment in Sh3tc2”~ mice

(A) Delayed treatment trial design and outcome measures used. (B) Vector genome copy numbers obtained from Sh3tc2™/~ mice 4 months following intrathecal injection
(n =5 per group) (R, lumbar roots; S, sciatic nerve). (C) Quantification of SH3TC2 expression rates in bilateral sciatic nerves and lumbar spinal roots from n = 4 mice injected
with the full vector. (D-O) Improved behavioral performance of Sh3tc2~/~ mice treated with the full (SH3TC2) compared with the mock vector, including time spent on rotarod
at 20 (D-G) and 32 (H-K) rpm, and hindlimb foot grip strength (L-O), although not reaching the level of WT mice performance in most tests. (P-Q) Improvement of hindlimb
clasping phenotype of late-treated compared with mock-treated Sh3tc2 /= and WT mice, examined at age 8 months, as shown in representative images in (P) and by
quantification of hindlimbs opening angle in (Q). (R and S) Electrophysiological analysis in 8-month-old Sh3tc2~~ mice injected at age 4 months shows improved sciatic
MNCYV (R) as well as CMAPs (S) in treated compared with mock-treated mice, although velocities remain lower than in WT controls (n = 10/treatment group and n = 6 for WT).
(T) Improvement of nodal phenotype in late-treated Sh3tc2 ™~ mice. Immunostaining of sciatic nerve teased fibers from mock- or full vector-treated Sh3tc2~'~ and WT mice,
as indicated, shows the normal appearance of Nav1.6 (red, white arrowheads)-labeled node of Ranvier surrounded by Caspr immunoreactivity at paranodes (green, white
open arrowheads) in the fibers from fully treated Sh3tc2~'~ similar to WT mice, as opposed to the elongated nodal profile in fibers from mock-treated Sh3tc2~~ animals. (U)
Quantification of nodal length in groups of mice (>50 nodes counted per animal) confirms the correction of nodal pathology in late-treated animals. Values represent the
mean = SEM. *p < 0.05, **p < 0.01, **p < 0.001 (unpaired, one-tailed Student’s t test in B and C; for all other comparisons one-way ANOVA with Tukey’s multiple-
comparison test). Scale bar, 10 um.

10 Molecular Therapy Vol. 31 No 11 November 2023



Please cite this article in press as: Georgiou et al., AAV9-mediated SH3TC2 gene replacement therapy targeted to Schwann cells for the treatment of
CMT4C, Molecular Therapy (2023), https://doi.org/10.1016/j.ymthe.2023.08.020

www.moleculartherapy.org

SH3TC2 * Full vector
. v * Mock vector
v SWE
[22)
o
(@]
e
—
®
_g 9
=)
-
ie;
famy
()
A
C
<
9
Axon diameter (pm)
[ Mo
=]
P | Ew — §12 (W.LEESN) EOJS I * .|
I dkxk I =3 =2 [ | k3 |
.¢ ®o0s8 2 0 g 0.10
Qo o
o v @ S 08 =
= o6 S 3
© =4 = 06 ®
o = E @ 005
? £04 £ o4 £
2 o| S ° =
06— : - =0270T smercamook - 2w } ' B oy ; '
g e WT SH3TC2 MOCK WT SH3TC2MOCK A WT SH3TC2 MOCK
oot bnta bt A3 Sh3tc2-/- Sh3tc2-/- Sh3tc2-/-
Sh3tc2-/- Sh3tc2-/-

* Full vector

* Mock vector

SH3TC2 MOCK

- WT
2
[0)
C
—
[e] 9
©
S
©
[ &8
£
(0]
L
1 ) § 7 9
Axon diameter (um)
>4uM Z
Sekk k. 8 Fkkk
. R EO-OB I HHKK l
ok k ko iy |_i '
o gw [ E gm °
2 % Eo‘e a 1 " f:‘ )
208 e == 2 os —— LTIV QR B
o Jos 5 9 2]
< 06
E o E _g 002
- % N T; 0.4 00 E
04— : : . . ) g > 0.00
WT  SH3TC2 MOCK WT SHSTC2MOCK =02 e e Mook — . WT sHaTcamock 5 WT SHSTC2MOCK
Sh3tc2-/- Sh3tc2-/- Sh3tc2-/- Sh3tc2-/- o Sh3tc2-/-

(legend on next page)

Molecular Therapy Vol. 31 No 11 November 2023 11


http://www.moleculartherapy.org

Please cite this article in press as: Georgiou et al., AAV9-mediated SH3TC2 gene replacement therapy targeted to Schwann cells for the treatment of
CMT4C, Molecular Therapy (2023), https://doi.org/10.1016/j.ymthe.2023.08.020

the largely preserved specificity of this reduced promoter version to
restrict expression in Schwann cells. Thus, we provide strong evidence
for the usefulness of this minimal PNS myelin-specific promoter to
facilitate packaging of larger coding sequences into the AAV expres-
sion cassette that can be utilized not only for CMT4C treatment, but
also for various gene therapy approaches to treat other demyelinating
CMT neuropathies.

AAV vectors have emerged as leading tools for delivering in vivo gene
therapies to treat a variety of diseases'******"*" due to their efficient
biodistribution and proven safety profile.** Many AAV-based gene
therapy clinical trials are underway or have been completed with
more than 3,000 patients treated in the past 20 years, providing accu-
mulating clinical experience in AAV gene therapy.*' Among AAV se-
rotypes, AAV9 is one of the most frequently used serotypes in gene
therapy programs for neurological disorders, due to its ability to cross
the blood-brain barrier (BBB) and to diffuse within the brain paren-
chyma, leading to efficient transduction of neural cells.”” This vector
has been used to accomplish extensive and long-lasting expression of
therapeutic transgenes through intra-CSF delivery in various models
including those of SMA and Krabbe’s disease.***’ Furthermore, it
efficiently crosses the BBB when administered intravenously, at least
in infants, and has been applied in preclinical and clinical treatments
for SMA****™*® and Canavan disease.”” Efficient CNS targeting has
also been demonstrated in large animals at different ages.*® Impor-
tantly, AAV9 has been shown to target efficiently the PNS via intra-
thecal’zz,zx,sz
high degree of tropism for myelinating Schwann cells leading to ther-
apeutic GJBI gene expression controlled by the Schwann cell-specific
Mpz promoter to treat CMT1X neuropathy,”>”* or to PMP22 gene
silencing by sSERNA*’ or microRNA*® under ubiquitous promoters.

s 32 . P . 49 .
intravenous, or intraneural admlnlstratlon, with

In this study, we achieved widespread expression of EGFP or SH3TC2
in Schwann cells in various PNS tissues following lumbar intrathecal
injection of AAV9 vector. Both the analysis of VGCNs biodistributed
to the PNS tissues, as well as the percentage of transduced Schwann
cells expressing the reporter or the therapeutic gene in lumbar roots
and in sciatic nerves indicates a gradient of biodistribution from
the site of injection, as in our previous studies.’”** Nevertheless,
the lumbar intrathecal delivery provides important advantages for
clinical translation of PNS treatments, due to the five times lower
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amount of vector needed compared with intravenous delivery,’
and minimal invasiveness with more widespread expression
compared with the direct intraneural injection.’>*’ In addition, we
demonstrate that AAV9-delivered SH3TC2 localizes correctly to
the perinuclear cytoplasm of myelinating Schwann cells of the PNS
as shown before with lentiviral delivery.'® Although the overall
VGCNs and SH3TC2 expression rates were not very high in the
sciatic nerves, they were still sufficient to produce significant thera-
peutic effects in the CMT4C model. However, we acknowledge that
phenotype rescue was not complete, similar to the results obtained
previously in the CMT4C, CMT1X, and CMTIA models.'8?%28:36:50
In fact, both in the functional and electrophysiological outcome mea-
sures, as well as in the morphological analysis of myelination, treated
Sh3tc2™'~ mice mostly failed to reach the levels of age-matched WT
control mice. This may reflect the severity and early onset of the pa-
thology in this model, as well as the partial Schwann cell correction by
gene delivery.

The Sh3tc2~'~ mice develop a gradually worsening peripheral neu-
ropathy characterized by hypomyelination and slowing of motor
and sensory nerve conduction velocities.'"> This mouse model repro-
duces the major phenotypic features of the human disease, while re-
taining fertility and normal lifespan. To evaluate functional improve-
ment after treatment, we applied both rotarod and foot grip strength
analysis, which were shown to be treatment responsive in our previ-
ous experiments using this mouse model'® and in other models of pe-
ripheral neuropathy.”>***>*° Both of these tests confirmed significant
improvement in the motor performance of treated compared with
mock-treated Sh3tc2~'~ mice both at the early as well as at the late
treatment time points. Consistent with these behavioral improve-
ments, sciatic MNCV was also increased in treated Sh3tc2~'~ mice.
Although early- and late-treatment groups were not examined in par-
allel, thus precluding a direct comparison, their functional improve-
ments were of similar magnitude, albeit not reaching WT levels, sug-
gesting that even with delayed treatment some of the pathological
changes already established in aged animals can be at least partially
reversed. Interestingly, the CMAP improvement was only significant
in the late-treatment groups, likely because at this age secondary
axonal pathology and muscle denervation is more pronounced than
in 3-month-old CMT4C mice, allowing for a clearer treatment effect
to be obtained. In addition, late-treated mice were evaluated 4 months

Figure 6. Improved PNS myelination in late-treated CMT4C mice

Toluidine blue-stained semithin sections of anterior lumbar spinal roots attached to the spinal cord (A-F) and femoral motor nerves (N-S) at low (upper panels) and higher
(lower panels) magnification from 8-month-old Sh3tc2~'~ mice injected at age 4 months with AAV9-miniMpz.SH3TC2myc or with AAV9-miniMpz.EGFP (mock) vector as
indicated as well as age-matched WT mice as controls. (G—M) Morphometric analysis of anterior lumbar roots (n = 10 mice per group and n = 4 for WT group) including
scatterplots displaying as indicated g-ratios (G) and myelin thickness (H) of individual axons versus axonal diameter (red points, mock-treatment group; blue points, full-
treated group; gray points, WT group; each point corresponds to one fiber). Comparison of g-ratios from all fibers >1 pm in diameter (I), as well as from the subset of fibers
>4 pum (J) shows reduction in treated compared with mock-treated mice, while the corresponding myelin thickness tends to increase (K and L), although all parameters
remain below WT levels. The ratio of completely demyelinated fibers (M) is also reduced in treated compared with mock-treated Sh3tc2~'~ mice but still higher than in WT
animals. (N-S) Morphometric analysis of femoral motor nerves (n = 10 per treatment group and n = 6 for WT) including scatterplots of g-ratios (T) and myelin thickness (U) of
individual axons versus axonal diameter and comparison of g-ratios shows reduction of g-ratios in both >1-um (V) and in >4-um fibers (W) in treated compared with mock-
treated mice, while the corresponding myelin thickness is increased (X and Y). The ratio of completely demyelinated fibers (2) is also reduced in late-treated compared with
mock-treated Sh3tc2~'~ mice. None of myelination parameters reaches WT levels. Values represent mean = SEM (one-way ANOVA with Tukey’s multiple-comparison test).
Scale bars, 50 um in (A-C and N-P) and 25 pm in (D-F and Q-S).
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after treatment, as opposed to 2 months in early groups, which may
account for clearer CMAP response.

Functional improvements in treated CMT4C mice were reflected in
the improvement of key morphological abnormalities, including the
nodal pathology. Elongation of the nodes of Ranvier in peripheral
myelinated fibers is a characteristic pathological feature of CMT4C
neuropathy revealed by patient nerve biopsies, and has also been
observed in as early as postnatal day 8 in Sh3tc2~'~ mice, along
with disrupted axon-glial junctions.'>'® The observed elongation of
the nodes is predicted to contribute to the reduction of conduction
velocity in myelinated axons in CMT4C patients and in this model,”
while reversal of this abnormality likely accounts in part for the
improved sciatic nerve conduction velocities. The organization of
the nodal region during which sodium channel clustering is the
main objective, relies on a dual cellular mechanism. First, the interac-
tion of adhesion molecules neurofascin186, NrCAM, and gliomedin
at the node, and, second, the formation of paranodal axon-glial junc-
tions by Caspr, contactin, and NF155 preventing the lateral move-
ment of sodium channels away from the node.”>*” In CMT4C-asso-
ciated nodal pathology, Nav1.6 channels remain clustered within the
elongated nodes, indicating that the above mechanisms are not dis-
rupted, but rather a defect in the lateral growth of Schwann cells is
likely to cause the observed nodal widening during myelination.'?
SH3TC3 has been shown to interact with Rab11 and to play a crucial
role in the endocytic recycling system.”*” During myelination,
specialized microtubule networks are observed in Schwann cells, sug-
gesting increased rates of vesicle transport.”>”” For myelin membrane
formation, various proteins have to be sorted and guided to distinct
plasma membrane domains using endosomal pathways.”® Thus,
disruption of the endocytic recycling system in CMT4C may lead
to impaired Schwann cell elongation and wider nodal gap, while
myelin growth and thickness is also defective. Interestingly, in this
study we observed that this early nodal phenotype improves not
only in Sh3tc2™'~ mice treated early in the disease course, but also af-
ter late treatment, confirming that developmental Schwann cell de-
fects can be reversible. Thus, re-establishing SH3TC2 expression led
to a considerable remodeling of the nodal architecture reaching that
of WT nerves. This may in fact be a more responsive therapeutic
outcome and could account in part for the functional improvements
such as increased nerve conduction velocities observed in our study.
In contrast, myelin thickness remained well below WT levels, likely
accounting for the lack of full MNCV correction.

The morphometric evaluation of lumbar motor roots and femoral
and mid-sciatic nerves focused on assessment of the hypomyelination
phenotype of Sh3tc2™'~ mice and revealed improvement in g-ratios
as well as in the average myelin thickness, in addition to reduced ra-
tios of completely demyelinated fibers. Sh3tc2™'~ mice present with
hypomyelination as early as 1 month of age, with slowly progressive
demyelination ensuing overtime,” indicating that a combination of
developmental and progressive abnormalities in myelination create
the neuropathy in this model. Here we demonstrate significant but
only partial improvement compared with WT in most myelination

parameters both in early- as well as in late-treatment groups. As in
our previous work,'® these improvements were more significant in
the subset of myelinated fibers >4 um in diameter, which are known
to be more affected in this CMT4C model."* As with the nodal pathol-
ogy, improvement in these early developmental myelin defects
following the replacement of SH3TC2 function in Schwann cells con-
firms the potential for reversing myelin pathological abnormalities in
CMTA4C. However, it should be noted that axonal pathology is gener-
ally mild in this model,'> in contrast to CMT4C patients who are
likely to have accumulated axonal loss by early adulthood. Thus, in
contrast to myelin pathology, reversal of axonal degeneration may
be much more difficult to achieve in the clinical application.

Plasma NF-L levels are elevated in patients with several types of CMT
neuropathies with notable exception of CMT2E.®” Elevated NF-L
levels were also found in CMT mouse models, and showed respon-
siveness to at least early treatment,”>*® suggesting that this may be
a valuable biomarker for CMT neuropathies. In our previous study,
we demonstrated that plasma NF-L was increased in Sh3tc2™'~
mice with increasing age from 6 to 25 weeks.'® This study essentially
replicates those findings in older age groups at 12 and 32 weeks. How-
ever, we also observed here a significant drop in NF-L levels in older
mice not previously appreciated, indicating that NF-L levels do not
necessarily continue to increase with age in a predictable manner
but may rather reflect the degree of active axonal pathology at any
given age. A similar observation was made in the CMT1X model
with peak NF-L levels at age 6 months and a decrease up to the age
of 10 months (our unpublished observations), as well as in patients
with various types of CMT neuropathies who showed a plateau or
even reduction of initially elevated plasma NF-L levels over the
years.”” In this study, both the early as well as the late treatment
groups showed a trend for reduction in NF-L levels compared with
the mock groups, but without reaching statistical significance likely
due to variations in and small numbers of animals examined. Never-
theless, our study further supports the use of plasma NF-L as a
biomarker in CMT subtypes including CMT4C disease, which, de-
pending on the stage of the neuropathy, may show an early response
to treatment, if not a stable amelioration in the long term.

In conclusion, we demonstrate that lumbar intrathecal injection, a
clinically translatable route of administration, of a novel AAV9-
miniMpz.SH3TC2myc vector, provides a significant albeit partial
therapeutic benefit in the CMT4C model. The AAV9 vector
achieves a better biodistribution to the PNS and higher expression
rates in Schwann cells compared with the previously used lentiviral
vector, while offering an established safety profile of clinical applica-
bility. Moreover, we show that the minimal version of the Mpz pro-
moter largely retains efficacy while preserving cell specificity,
providing a useful tool to design treatments for other demyelinating
neuropathies as well. Improved functional and morphological out-
comes were achieved both with early as well as with late treatment
in the CMT4C model, confirming that myelination defects can be
partially reversible even at advanced stages of the neuropathy. While
this research provides encouraging data for a potential gene
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replacement approach to treat CMT4C, further studies are needed
to evaluate the optimal vector dose as well as to demonstrate the
scale-up potential in larger animals.

MATERIAL AND METHODS

Cloning of the AAV9-miniMpz.EGFP and AAV9-
miniMpz.SH3TC2myc vectors

For the cloning of the AAV9-miniMpz.EGFP (mock) vector the
expression plasmid pAAV-Mpz.EGFP described previously”” was
modified for the current research. A shorter version of myelin-specific
promoter had to be generated because the SH3TC2 coding sequence
together with the full-length Mpz promoter would exceed the capacity
of the AAV vectors (4.7 kb ITR to ITR). At first, we PCR amplified
from the full rat Mpz promoter sequence the fragment that includes
the distal 412-bp downstream of the AvrlII site. This is the area where
most of the functional regulatory elements of the promoter are
located.”" The fragment was ligated to the pAAV-Mpz.EGFP vector
after excision of the full-length Mpz promoter using the KpnI and
Agel restriction sites (Figure 1A).

For the cloning of the therapeutic (full) vector AAV9-mini-
Mpz.SH3TC2myc, the SH3TC2myc sequence'® was ligated down-
stream of the miniMpz promoter after excision of the reporter
EGFP sequence. To optimize the expression cassette size for more
efficient AAV packaging capacity, we performed further cloning to
reduce the size of the construct. The ~3.9-kb cDNA of the human
SH3TC2/KIAA1985 coding sequence along with a C terminus myc-
tag was inserted downstream of the miniMpz promoter. The WPRE
and the bGHpA elements were excised and replaced by a small syn-
thetic poly(A) (72 bp), which was ligated using the NotI/HindIII sites:
GGAGCTCTCGAGAGGCCTAATAAAGAGCTCAGATGCATCG
ATCAGAGTGTGTTGGTTTTTTGTGTGAGATCT (Figure 2A).
Correct assembly of the expression cassettes was confirmed by re-
striction digest mapping and by sequencing.

Vector productions

The pAAV-miniMpz.EGFP and pAAV-miniMpz.SH3TC2myc plas-
mids were cross-packaged into the AAV9 capsid as described previ-
ously.” In brief, HEK293T cells were transfected using the co-pre-
cipitation method with the adenovirus-helper plasmid, the transfer
plasmid, and rep2 and cap9 plasmids. Forty-eight hours later the
cells were pelleted by centrifugation and re-dissolved in lysis buffer
and incubated at 37°C for 1 h. The lysate was filtered with the
supernatant through 0.45-um Millipore filters. RN Ase A and a pro-
tease inhibitor cocktail were added to both the lysate and the super-
natant and incubated for 2 h at 37°C. The virus-containing aqueous
layer was transferred to a Beckmann UltraClear SW41 tube
and centrifuged at 149,000 x g for 3 h. The aqueous layer was dis-
carded and the viral pellet re-suspended in 200 pL pellet suspension
buffer. Vector titers in vg/mL were determined by qPCR targeting
either the WPRE sequence®’ in the mock vector reaching
15 x 10" vg/mL, or the human SH3TC2 coding sequence
(Hs00226194_m1, Applied Biosystems) in the full vector reaching
8 x 10" to 1.02 x 10" vg/mL.
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Experimental mice

The intrathecal gene delivery experiments were conducted using WT
C57BL/6 or Sh3tc2™'~ mice. The generation and characterization of
the Sh3tc2™'~ mouse model has been described previously.'>'® All
animals were kept under specific pathogen free, standard controlled
conditions of temperature (21°C-23°C), humidity, air exchange
and light cycle (12/12 h light/dark) and provided with standardized
mouse diet and drinking water ad libitum. All experimental proced-
ures were conducted in accordance with animal care protocols
approved by the Cyprus Government’s Chief Veterinary Officer
(project license CY/EXP/PR.L3/2017) according to national law and
European guidelines (EC Directive 86/609/EEC).

Lumbar intrathecal injections

Vector delivery was performed under anesthesia by slow intrathecal
injection into the L5-L6 intervertebral space of 1-, 2-, or 4-month-
old mice as described previously.”>****®* In brief, following a small
skin incision along the lower lumbar spine level to visualize the spine,
the AAVY vector was injected into the L5-L6 intervertebral space. A
50-pL Hamilton syringe connected to a 26-gauge needle was used to
inject 20 pL of the vector stock containing an estimated total amount
of 2 x 10" vg. A flick of the tail was considered indicative of success-
ful intrathecal administration.

Tissue processing and expression analysis

For immunofluorescence staining, mice were anesthetized with avertin
according to institutionally approved protocols, and then transcar-
dially perfused with phosphate-buffered saline (PBS) followed by fresh
4% paraformaldehyde (Merck, NJ) in 0.1 M PB buffer. The lumbar spi-
nal cord with all roots attached as well as sciatic nerves were dissected
and frozen for cryosections. Sciatic nerves were also teased into fibers
under a stereoscope. Teased fibers or sections were permeabilized in
cold acetone and incubated at room temperature with a blocking solu-
tion of 5% bovine serum albumin (Sigma-Aldrich, MO) containing
0.5% Triton X (Sigma-Aldrich) for 1 h. Mouse monoclonal primary
antibodies used were: NeuN (1:400; Millipore, MA), CC1 (1:50; Milli-
pore), GFAP (1:400; Abcam, Cambridge, UK), Caspr (1:100; Milli-
pore). Rabbit polyclonal antibodies were used against SH3TC2 (1:50;
Abcam), EGFP (1:1,000; Invitrogen, MA), Nav1.6 (1:100; Alomone,
Jerusalem, Israel). Primary antibodies were incubated at 4°C overnight
followed by appropriate secondary antibodies at room temperature.
Slides were then washed in PBS and incubated with mouse cross-
affinity fluorescein-conjugated (1:3,000; Invitrogen, A21202), rabbit
fluorescein-conjugated (1:1,000; Jackson ImmunoResearch, 111-486-
003), rabbit cross-affinity purified rhodamine-conjugated (1:3,000;
Jackson ImmunoResearch, 111-026-003), and mouse cross-affinity
purified rhodamine-conjugated (1:1,000; Jackson ImmunoResearch,
115-026-068) Slides were mounted with fluorescent mounting me-
dium (DAKO) and images photographed under a fluorescence micro-
scope (Nikon Eclipse Ni) with a digital camera (DS-Qi2) using NIS-
Elements software.

Quantification of reporter gene EGFP (mock vector) or SH3TC2 (full
vector) expression was performed at 5 weeks post-injection in ventral
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lumbar spinal root sections and in sciatic nerve teased fibers (n = 5
mice) in images taken from five different areas in each slide. The
number of EGFP- or SH3TC2-positive Schwann cells as well as
the total number of cells in each picture was counted to determine
the average expression ratio.

Determination of VGCNs

To assess vector biodistribution, genomic DNA was extracted from
different PNS tissues (i.e., lumbar roots, proximal and distal sciatic
nerves, and femoral motor nerves) of mice 8 or 16 weeks after intra-
thecal vector delivery using the MagPurix Tissue DNA Extraction Kit
(Zinexts Life Science). The extracted DNA was analyzed for yield and
purity using a NanoDrop 1000 spectrophotometer. DNA (5 pL) was
used as a template for a duplex digital droplet PCR assay targeting
either the EGFP or SH3TC2 gene of the transgene cassette and in par-
allel TFRC as a reference gene. Following droplet generation on a Bio-
Rad QX200 AutoDG ddPCR system (Bio-Rad, France), the emulsion
was transferred to a PCR plate and cycled using the following thermal
cycler conditions: predenaturation at 95°C for 5 min, 40 cycles at
95°C for 30 s, 60°C for 1 min, and 4°C for 5 min, and a final step
at 60°C for 10 min. Data acquisition and analysis were performed
on a QX200 Droplet Reader and QuantaSoft Software (Bio-Rad).
The VGCN was calculated from absolute ddPCR quantification as a
ratio of the number of target copies to half the number of reference
gene copies.

Treatment trial design at early and late time points

The aim of this study was to examine whether a gene addition therapy
can improve the manifestations of peripheral neuropathy in the
mouse model of CMT4C both at early as well as at late stages of
the disease. Sh3tc2™/~ mice were treated at the age of 1 month for
the early treatment or at age 4 months for the late treatment. Litter-
mate mice were randomized to either receiving the full vector AAV9-
miniMpz.SH3TC2myc treatment (treatment group, n = 20 per time
point) or mock-vector AAV9-miniMpz.EGFP (lacking the SH3TC2
gene; serving as control group, n = 20 per time point) and were as-
signed a coding number for further identification. Randomization
was based on animal numbering after tailing (mice with odd numbers
randomized to full and mice with even numbers to mock treatment).
To assess the level of correction, groups of age-matched WT mice
were similarly evaluated as controls in all outcome measures.

In the early-treatment trial, 1-month-old mice were evaluated by
behavioral testing by an examiner blinded to the treatment condition
before treatment, and again at the age of 3 months, 2 months after
treatment. In the late treatment trial 4-month-old mice were evalu-
ated before treatment, and at the age of 6 and 8 months, 2 and
4 months after treatment, respectively. At the end of each trial mice
were either evaluated by electrophysiology (n = 10 per treatment con-
dition) or for quantitative morphometric analysis of semi-thin sec-
tions (n = 10 per treatment condition). Animals subjected to evalua-
tion of nodal pathology were not used for morphological analysis.
Analysis of physiological and morphological results was also per-
formed blinded to the treatment condition.

Primary endpoint was considered the rescue of pathological changes
in lumbar roots and peripheral nerves. Secondary endpoints were
considered improvements in MNCVs and in motor test performance.
Sample size estimation (individual animals) was based on minimum
number that would enable robust non-parametric statistical analysis

. . Lo 18,30,32,36
based on our previous studies using similar models. ’

Motor behavioral analysis

Rotarod analysis

Each animal was placed daily for 1 week on a 3.5-cm diameter rod.
The initial rod speed was 4 rpm and with acceleration every 30 s.
The time it took for the animal to fall off was recorded. Mice were
trained by performing three trials on each of 3 consecutive days prior
to testing. Mice were placed on the rod, and the speed was gradually
increased from 4 to 40 rotations per minute (rpm). The trial lasted un-
til the mouse fell from the rod or until the mouse remained on the rod
for 600 s. Testing was performed on the fourth day using two different
speeds, 20 and 32 rpm. The latency to fall was calculated for each
speed.

Grip strength test

We focused only on hindlimb strength based on our treatment level.
Mice were held by the neck skin and lowered toward the apparatus
(Ugo Basile) until they grabbed a grid with both hindlimbs. Mice
were gently pulled forward until they released their grip from the
grid. Each session consisted of five consecutive trials. The equipment
automatically measures the grams of force required to pry the mouse
from the grid.

Electrophysiological evaluation

Bilateral sciatic nerves were stimulated in anesthetized animals (n =
10 per treatment group) at the sciatic notch and distally at the knee
via bipolar electrodes with supramaximal square-wave pulses (5 V)
of 0.05 ms. The latencies of CMAPs were recorded by a bipolar elec-
trode inserted between digits 2 and 3 of the hind paw and latencies
were measured from the stimulus artifact to the onset of the negative
M wave deflection. MNCVs were calculated by dividing the distance
between the stimulating and recording electrodes by the result of sub-
tracting the distal latency from the proximal latency.

Evaluation of nodal pathology

To examine whether the characteristic nodal widening that occurs in
Sh3tc2™~ mice can be rescued by the gene therapy, sciatic nerve
teased fibers from WT (n = 3) as well as from full vector-injected
(n = 10) and mock vector-injected Sh3tc2~'~ mice (n = 10) from
each treatment time point were examined. Nodal length was assessed
by directly measuring the width of Nav1.6 immunoreactive area using
Image] software. A total of 50 nodes from each animal were measured
and average values per animal compared.

Morphometric analysis of myelination

For quantitative analysis of myelination, we obtained toluidine blue-
stained transverse semithin sections (1 pm) of PNS tissues following
perfusion with 2.5% glutaraldehyde and resin embedding, as
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described previously.'***® We calculated the g-ratios for all myelin-
ated fibers in all treatment groups using Image-Pro software and a
custom-made macro, which detects the axons and their myelin sheath
according to color. This macro calculates g-ratio by dividing the
average inner perimeter of the axon by the average outer perimeter
of the axon, as well as the average myelin thickness for each myelin-
ated fiber. Because more pronounced myelination deficits were
observed in fibers >4 pm in diameter in the original characterization
of this model,'® we also analyzed the subset of fibers >4 um in diam-
eter separately along with the analysis of all fibers >1 pum, as described
previously.'® In addition, completely demyelinated fibers (defined as
axons >1 pm in diameter devoid of myelin sheath) in anterior lumbar
roots and mid-sciatic nerves were manually counted and compared
with the total fiber numbers to obtain the ratio of demyelinated fibers.

Measurement of NF-L concentration

Blood samples were collected retro-orbitally from the mice groups
subsequently used for morphometric analysis. Blood samples were
processed within 1 h. Blood was collected into EDTA-containing
tubes and centrifuged at 20°C at 3,500 rpm for 10 min. Plasma was
aliquoted and stored at —80°C until testing. Plasma NF-L concentra-
tion was measured at University College London (UCL) using a
commercially available NF-Light kit on a single molecule array (Si-
moa) HD-1 instrument (Quanterix, Billerica, MA).®***

Statistical analysis

The percentage of EGFP or SH3TC2-positive Schwann cells in immu-
nostained lumbar roots and sciatic nerves of WT and Sh3tc2™/~ mice
injected with the mock or full vector, respectively, were compared
with Student’s t test. Behavioral testing results, electrophysiological
results, NF-L levels, and morphological analysis data including nodal
length obtained from mock and fully treated groups and WT controls
were compared by one-way ANOVA with Tukey’s multiple-compar-
ison test (significance level for all comparisons, p < 0.05). Each set of
data is presented as the mean + SEM. All statistical analyses were per-
formed using GraphPad Prism, version 6 (GraphPad Software).

DATA AND CODE AVAILABILITY
All the data are present in the manuscript or in the supplemental
figures.
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Supplemental information can be found online at https://doi.org/10.
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