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Abstract.

Background: GNE myopathy is a unique adult onset rare neuromuscular disease caused by recessive mutations in the GNE
gene. The pathophysiological mechanism of this disorder is not well understood and to date, there is no available therapy
for this debilitating disease. We have previously established proof of concept that AAV based gene therapy can effectively
deliver the wild type human GNE into cultured muscle cells from human patients and in mice, using a CMV promoter driven
human wild type GNE plasmid delivered through an adeno associated virus (AAV8) based platform.

Objective: In the present study we have generated a muscle specific GNE construct, driven by the MCK promoter and
packaged with the AAVrh74 serotype for efficacy evaluation in an animal model of GNE Myopathy.

Methods: The viral vector was systemically delivered at 2 doses to two age groups of a Gne—/— hGNED207V Tg mouse
described as a preclinical model of GNE Myopathy, and treatment was monitored for long term efficacy.

Results: In spite of the fact that the full described characteristics of the preclinical model could not be reproduced, the
systemic injection of the rAAVrh74. MCK.GNE viral vector resulted in a long term presence and expression of human wt
GNE in the murine muscles and in some improvements of their mild phenotype. The Gne—/— hGNED207V Tg mice are
smaller from birth, but cannot be differentiated from littermates by muscle function (grip strength and Rotarod) and their
muscle histology is normal, even at advanced age.

Conclusions: The rAAVrh74.MCK.GNE vector is a robust tool for the development of GNE Myopathy therapies that supply
the intact GNE. However, there is still no reliable animal model to fully assess its efficacy since the previously developed
Gne—/- hGNED207V Tg mice do not present disease characteristics.
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INTRODUCTION

GNE myopathy is a unique adult onset rare neu-
romuscular disease caused by recessive mutations
in the UDP-N-acetylglucosamine-2-epimerase/N-
acetylmannosamine-kinase (GNE) gene, which
encodes for an essential bifunctional enzyme in sialic
acid biosynthesis [1-4]. To date, no therapy is avail-
able for this debilitating disease. GNE mutations
only partially diminish sialic acid synthesis and it
remains controversial whether decreased sialic acid
production directly results in the characteristic mus-
cle dysfunction and atrophy of this disorder [5-11].
Recently, a Phase Il sialic acid supplementation clin-
ical trial has failed [12]. Accumulating data point
to other postulated functions of GNE that may be
impaired, leading to the human myopathy [13-22].
Therefore, a comprehensive approach for treatment,
such as gene therapy, could result in amelioration of
this myopathy. This approach intends to address the
notion that GNE myopathy is not driven by the pres-
ence of the mutated GNE protein, but because of the
lack of normal GNE protein. Therefore, a supply of
normal GNE protein into patients’ muscles should
overcome this deficiency and allow the muscle cell
to function normally, while providing higher levels
of sialic acid but also the additional, still unknown,
functions essential for normal muscle physiology. We
have established proof of concept that AAV based
gene therapy can effectively deliver the wild type
human GNE into cultured muscle cells from human
patients and into mouse muscle cells and tissues
[23]. CMV promoter-driven human wild type GNE
delivery, through an adeno associated virus (AAVS)-
based platform, was shown in vitro to infect normal
mouse muscle cells as well as muscle cells from
GNE myopathy patients with efficient expression. In
vivo, we have demonstrated that this AAVCMVGNE
viral vector when administered intravenously, incor-
porates GNE in muscle cells with mRNA expression
detected for at least 12 months [23].

In the present studies we have generated an MCK
promoter-driven GNE construct packaged with the
AAVrh74 serotype. This viral vector was system-
ically delivered to two age groups of the Gne-/—
h GNED207V Tg mice, described as a preclinical
mouse model of GNE Myopathy [24]. To test the
efficacy of the vector to prevent disease symptoms,
a young asymptomatic mice cohort was injected
at 10 weeks of age, and an expected symptomatic
mice cohort was treated at 50 weeks of age. GNE
expression was monitored and treatment efficacy was

followed up to one year post injection for the first
cohort and up to 85 weeks of age for the second one,
by functional and histopathological assays. In spite
of the fact that the fully described characteristics of
the preclinical model could not be reproduced, sys-
temic injection of the viral vector resulted in the long
term presence and expression of wt human GNE in
the murine muscles and some improvements of their
mild phenotype.

MATERIALS AND METHODS
Mice maintenance

Breeding pairs of the Gne(-/—~)hGNED207V-Tg
mice, carrying a transgene encoding a frequent muta-
tion in the Japanese cluster of GNE Myopathy
patients, on a mouse endogeneous Gne KO back-
ground were provided by Dr Nishino’s laboratory
[24] and were used to establish a colony for our
studies. All animals, including C57B1 mice, were
maintained at the facilities of the Authority for Bio-
logical and Biomedical Models at the Faculty of
Medicine of the Hebrew University of Jerusalem.

All animal procedures were performed in accor-
dance with institutional guidelines under protocols
approved by the Institutional Committee for Animal
Care of the Hebrew University-Hadassah Medical
Center.

Vector generation

We have constructed an AAV based vector by
cloning the MCK promoter instead of the CMV
promoter of our previous used construct ITR
AAV2.CMV.GNE vector using the full-length human
GNE cDNA (NM_005476) ATG to TAG, (2169bp)
[23]. In our final construct (AAV.MCK.GNE), we
replaced the entire sequences between the 5> AAV2
ITR and the SV40 polyA signal with a cassette includ-
ing the MCK promoter+a consensus Kozak sequence
(CCACC)+ an SV40 chimeric intron -that was
derived from the pAAVmck human microdystrophin
plasmid (a kind gift of Dr Mendell, Nationwide Chil-
dren’s Hospital, Columbus, Ohio), and GNE cDNA.
Packaged viral vector particles with the AAVrh74
serotype, that was isolated at Nationwide Children’s
Hospital, were generated at large scale at the Viral
Vector Core laboratory of the Research Institute
at Nationwide Children’s Hospital, Columbus Ohio
(Fig. 1A).
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Fig. 1. rAAVrh74MCKGNE plasmid functionality in C57BI1 mice. A. Schematic representation of the generated AAVMCKGNE plasmid
showing the human wt GNE cDNA driven from the MCK muscle specific promoter, the SV40 polyadenylation signal (polyA) and the 5" and
3’ AAV2 inverted terminal repeats (ITR); B. rAAVrh74MCKGNE viral copy number in liver and tibialis anterior (TA) of C57BI mice 45
days after systemic delivery of rAAVrh74MCKGNE viral vector at 5.10'3 vg/kg. C. Relative expression of wt human GNE mRNA in liver,

tibialis anterior (TA), heart and kidney in C57BI mice 45 days after systemic delivery of 5.10'3 vg/kg. D. Expression of wt human GNE
mRNA relative to copy number in liver and tibialis anterior of injected mice.
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Fig. 2. Schematic representation of the experimental design for AAVrh74MCKGNE systemic delivery to the Gne(—/—) hGNED207V-Tg

young and old mice.
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Mice injections

C57Bl mice 5-6 weeks old were injected at a dose
of 1.10'? viral vector genomes/mouse (equivalent of
5. 10'3 vg/kg body weight). Experiments with the
Gne(—/-) hGNED207V-Tg mice were designed as
follows (see schema, Fig. 2): a first set of experi-
ments was designed to examine whether human GNE
wt injection can prevent the appearance of mus-
cle pathology in mice. Three groups of 18 mice
each (9 males and 9 females), aged 10 weeks, were
injected with a total of either 2.10'! (low dose-LD-
1.10"3 vg/kg), 2.10'2 (high dose-HD-1.10'* vg/kg)
viral vector genomes, or PBS respectively. A sec-
ond set of experiments was designed to inject mice
at 50 weeks (after the phenotype will be established)
to examine whether the gene therapy approach can
stop or even ameliorate muscle damage progression.
Three groups of 18 mice each (9 males and 9 females),
aged 50 weeks, were injected with a total of either
2.10'? (high dose-HD-1.10'* vg/kg), 1.10'3 (higher
dose-HHD-5.10'* vg/kg) viral vector genomes, or
PBS respectively. Viral vectors were diluted in PBS.
All mice were injected in the tail vein with a 250
microliters solution volume.

Mice follow up

The mice were followed up for diverse parame-
ters: weight (once a week); hindlimb grip peak force
(in grams) using an Electronic Grip Strength Meter
(Columbus Instruments, Columbus, OH, USA). Five
measurements were made for each animal, and the
three highest measurements were averaged to give
the strength score. Measurements were not nor-
malized relative to weight. Rotarod performance
measurements (time in seconds till fall) were per-
formed in a USB Rota-Rod treadmill. Grip strength
and Rotarod measurements were performed every 2
weeks alternately. All strength tests were performed
at a similar time of day in identical environmen-
tal conditions. After sacrifice, mice were evaluated
by histology examination and analysis of expression
of the introduced human wt GNE. Three timepoints
were determined for sacrifice of the young injected
mice: 1 month post injection- at 15 weeks of age-
when no muscle defects are expected; the second one
-at 50 weeks of age- with expected presence of symp-
toms; the third at 66 weeks of age, after the phenotype
would have been well established. The older mice,
injected at 50 weeks of age, were euthanized at 2
time points: 11 weeks and 37 weeks post injection.

At each time point 6 mice of each group (3 males and
3 females) were euthanized and tissues specimens
were immediately collected, fixed in paraformalde-
hyde (4 %) and paraffin embedded for histological
examination. Tissue sections (5 wm) were stained
with H&E following standard procedures. Different
muscles (gastrocnemius, quadriceps, tibialis anterior)
were snap frozen in liquid nitrogen cooled in isopen-
tane and stored at —80°C till processing for tissue
sections (8 wm). For RNA and DNA analyses, the dif-
ferent organs and muscle specimens were snap frozen
in liquid nitrogen and stored at —80°C till further
processing.

Relative human wt GNE expression
determination

Total RNA from tissues stored in liquid nitrogen
was extracted with Tri-Reagent (Sigma, St. Louis,
MO, USA) according to the manufacturer’s proto-
col. The Tri-Reagent containing the non RNA sample
fractions were stored at —80°C for further DNA
processing. After DNAse (Invitrogen) treatment,
RNA was reverse transcribed using random hex-
amer primers (Roche, Germany) by the Superscript
III reverse transcriptase enzyme (Invitrogen) fol-
lowing the protocol supplied by the manufacturer.
The cDNA products were amplified by PCR.
To detect wild type human GNE cDNA trans-
gene expression in C57Bl mice tissues, we used
quantitative real time PCR with a TagMan set
(h7-8) consisting of primers and probe specifi-
cally designed for human GNE cDNA detection
solely (human GNE exons 7-8): hF7-5 TCTTG-
GCGGGACGAACCTCCGA 3'; hR8-5 ACACA-
CATCTGTAGGATTAAAT 3’; hGNE probe-FAM-
TTGCAATAGTCAGCATGAAG-BQ. Endogenous
mouse GNE expression was simultaneously mea-
sured in the same samples with a TagMan set
consisting of primers and probe specifically designed
for mouse endogenous GNE cDNA detection, in the
very same region (mouse GNE exons 7-8):

mF7-5 TCTTGGCGGGACAAACCTGAGG 3';
mR8-5'CACACATCTGCAGGATTAAAC 3';
mGNE probe FAM- TGGCAATAGTTAGCATG
AAG-BQ.

All measurements were done in duplicates and
normalized relative to the endogenous mouse Gne
expression of the corresponding tissues and mouse.
In addition, as an internal control, the mouse
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Hprt gene was also quantitated with the Hprt,
Mm00446968_m1 probe assay (Thermo-Fisher Sci-
entific USA). Expression was calculated relative to
the corresponding tissue of the PBS injected mice.
Indeed, running the reaction for 50 cycles did allow
faint detection of amplification with the human
primers in the mouse control.

For detection of wild type hGNE expression
driven by the injected viral vector in the Gne(—/-)
hGNED207V-Tg mice, we designed a primers/probe
set (wthGNE) detecting specifically sequences
expressed only from the rAAVrh74. MCK.GNE vec-
tor at the 3’ end of GNE: a forward primer F: 5’
GGTTTCGGATTTGGTTGACC 3'; areverse primer
specific to the plasmid AAV.MCK.GNE, AAVR:
5" TGGTTTGTCCAAACTCATCAA 3'; a Tagman
probe specific for the viral vector which does not
detect the transgenic construct, CGGCCGCTTC-
GAGCAGACATGAT. Transgenic expression of
the mutant GNE in the Gne(—/—-)hGNED207V-Tg
mice was also measured, with the same forward
primer F: 5 GGTTTCGGATTTGGTTGACC 3'; a
reverse primer specific for the transgenic construct:
5'CCAGGAGCTCTGGAGAGAAG 3’; a Tagman
probe specific for the transgenic construct which does
not detect the viral vector: ACCTCCAGGAACAGA-
CATGGACC.

Quantification of human wt GNE (hGNE) expres-
sion was relative to the lowest value detected among
the low dose injected mice, since even when running
the reaction for 50 cycles, no amplification could
be detected for the human wt injected GNE in the
control samples, injected with PBS, thus confirm-
ing the high specificity of the primers/probe set used.
All measurements were done in duplicates and nor-
malized relative to mouse Gne exons 7—8 expression
(present also in endogenous Gne KO- the missing
exon is exon 3) of the corresponding tissues and
mouse.

Copy number determination

Vector copy number was evaluated by quan-
titative PCR of the tissue DNA (in duplicate)
versus a standard curve established from the
plasmid AAV.MCK.GNE DNA with the same
primers/probe set designed to detect sequences
expressed from hGNE (h7-8) for evaluation in C57B1
mice. For evaluation in the transgenic mice, the
primer/probe set specifically detecting sequences
from the rAAVrh74 MCK.GNE vector, as above,
wthGNE, was used. All copy number and expression

experiments were run in a StepOnePlus Real time
PCR system (Applied Biosystems, UK).

Statistical analysis

Statistical analysis for the comparison between
groups was performed by the Student’s two tailed
unpaired 7 test.

RESULTS

rAAVrh74.MCK.GNE vector functionality and
experimental design

The AAV.MCK.GNE plasmid was generated by
replacing the CMV promoter of our original plas-
mid (23) by the MCK promoter, and packaged in the
AAVrh74 serotype capsid, as detailed in the Material
and Methods section (Fig. 1 A). To assess vector func-
tionality, rAAvVRh74.MCK.GNE viral vectors were
injected at the tail vein of C57BI mice at a dose of
1.10'2 viral vector genomes/mouse (equivalent of 5.
103 vg/kg body weight). Mice were euthanized 45
days postinjection. Vector copy number (Fig. 1B) and
human wt GNE mRNA expression (Fig. 1C) were
evaluated by quantitative PCR. As expected, most
viral vectors accumulated in the liver, but also reached
muscle. However, the expression of hGNE relatively
to copy number was much higher in muscle than in
liver -up to 1.10%fold, as the MCK promoter highly
enriches muscle expression (Fig. 1D). Notably, no
abnormal phenotype could be detected in the treated
mice.

The next step was to assess the efficacy of this
vector in a GNE Myopathy mouse model.

The Gne—/~ hGNED207V Tg mice, carrying
a transgene encoding a frequent mutation in the
Japanese cluster of GNE Myopathy patients, on
a mouse endogeneous Gne KO background, were
described as presenting muscle disease symptoms
from week 40 [24], including reduction in motor
performance and appearance of muscle pathological
findings recapitulating muscle histology from GNE
Myopathy patients. We obtained few breeding pairs
and established a colony of these mice in our labora-
tory, to evaluate the effect of the human wt GNE to
either prevent disease onset by injecting the vector at
early age, well before the appearance of symptoms,
or/and to stop or even ameliorate muscle pathology
and function by treating the mice after the appearance
of symptoms. The experimental design is illustrated
in Fig. 2.
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Fig. 3. Functional efficacy of gene therapy and wild type hGNE expression in Gne(—/—) hGNED207V-Tg 10 week old treated mice. A.
Weight, grip strength and rotarod performance of Gne(—/—) hGNED207V-Tg mice were monitored at different time points after systemic
delivery of low dose (LD-1.10'3 vg/kg) and high dose (HD-2.10'* vg/kg) rAAVrh74MCKGNE viral vector to 10 week old mice; * =p
value <0.05; ** =p value <0.01; ns =not significant. LM, non transgenic littermate mice; PBS, Gne(-/~) hGNED207V-Tg mice injected
with PBS. B. human wt GNE mRNA relative expression in muscle of the LD and HD treated 10 week old Gne(—/—) hGNED207V-Tg mice
in liver, tibialis anterior (TA) and quadriceps. C. Representative H&E gastrocnemius histological section of a 10 week old treated Gne(—/-)
hGNED207V-Tg mouse, 56 weeks after injection of HD rAAVrh74MCKGNE viral vector. Littermate: untreated wt mice.

rAAVrh74.MCK.GNE injections to 10 week old
Gne—/— hGNED207V Tg mice

First, young mice aged 10 weeks (before the
appearance of any symptom is expected) were
infected by systemic injection of the viral vector at
either low dose (LD-1.10'3 vg/kg) or high dose (HD-
1.10" vg/kg). A third group of mice was injected
with PBS. The mice were followed up for diverse
parameters, weight, grip force and rotarod perfor-
mance measurements, histology examination and
expression of the injected human wt GNE, up to 70
weeks of age.

Follow up of Gne(—/-) hGNED207V-Tg young
mice injected with AAVrh74. MCK.GNE at 10
weeks

Once the presence of the rAAVrh74. MCK.GNE
vector was assessed in the tissues of the injected mice
(data not shown), all mice were observed for gen-
eral behaviour, weight and muscle function up to 70
weeks of age (Fig. 3). As described, the transgenic
mice are smaller and weigh less than their litter-
mates (Fig. 3A, higher panel). However, in males we
noted that from the age of 50 weeks, the male trans-

genic untreated mice (PBS) decreased the weight gap
progressively and reached the weight of their lit-
termates (LM) at 60-70 weeks. The weight of the
treated male mice did not change significantly, while
in female mice, the GNE viral vector improved weight
with age, compared to the PBS injected ones, which
stayed smaller than littermates during the entire fol-
low up period. There was no significant change in
grip strength of the injected male mice with age,
also both untreated (PBS) and littermate (LM) mice
displayed similar values (Fig. 3A, middle panel). In
contrast grip strength of the GNE vector injected
female mice improved progressively with age: the
treated and littermate groups begin to differentiate
from the untreated PBS injected model mice after 20
weeks of age, and this difference increased at least
till age 70 weeks. Beginning at age 60 weeks, the
GNE viral vector injected mice reached a level of
grip strength similar to their littermate healthy mice.
In the rotarod assay (Fig. 3A, lower panel), we see a
strong improvement of muscle motor performance in
male mice injected with both LD and HD viral vec-
tors, during the 30 to 50 weeks period, and then a
sharp decrease reaching the values of both untreated
(PBS) and littermates (LM) mice (which could not
be differentiated along the entire 20 weeks to 70
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weeks of age period). In female, there is a difference
between untreated and littermate mice, but inverse
to the expected behaviour (untreated mice performed
better than the healthy littermates). The GNE viral
vector injected female mice performed similarly to
their untreated littermates during the entire examined
period.

Human wt GNE expression in the
Gne(—/-)hGNED207V-Tg mice injected with
rAAVrh74.MCK.GNE at 10 weeks of age.

To assess expression of the injected human wt
GNE, mice in each group were sacrificed simulta-
neously at each time point, at 15, 50 and 66 weeks
of age. Human wt GNE expression was measured
in various tissues by real time PCR, with a Tagman
probe specifically designed to differentiate between
the mutated human GNE transgene present in the
mice and the wt human GNE injected with the viral
vector. For each tissue, the level of human wt GNE
mRNA present in the low dose (LD) injected ani-
mals examined at 15 weeks was used as the reference
(1fold) to which the level of expression of human
wt GNE mRNA in all samples analyzed was com-
pared (Fig. 3B). There is a clear difference between
the expression level of human wt GNE between the
low dose and the high dose injected animals at the
3 time points, in both liver and muscle tissue, but
the difference is more pronounced in muscle tissue.
As expected, in the mice injected with PBS, human
wt GNE mRNA is undetectable. All measurements
have been normalized to the level of expression of
the corresponding endogenous mouse GNE mRNA.
Injected GNE is expressed in liver and muscles. The
level of expression correlates with the dose injected.
The expression level remains stable for the period
analyzed, from injection at 10 weeks of age, up to
66 weeks of age, thus for more than one year after
injection.

Histology of Gne(—/—) hGNED207V-Tg mice
injected with rAAVrh74MCKGNE at 10 weeks

Different organs of sacrificed mice were pro-
cessed for histological examination at the different
time points. Microscope examination of the different
sections did not detect any consistent pathological
change in the untreated model mice compared to lit-
termates, in any of the organs examined, including
muscle sections of tibialis anterior, gastrocnemius,

quadriceps or diaphragm, nor at age 15 weeks,
as expected, but neither at week 50 or 66, where
severe pathological changes in the untreated Gne(—/—)
hGNED207V-Tg mice should have been present.
Similarly, no pathological changes were observed in
the human wt GNE viral vector injected mice as illus-
trated for gastrocnemius in Fig. 3C.

AAVrh74.MCK.GNE injection to 50 week old
Gne(—/-) hGNED207V-Tg mice

Concomitantly with the first experiment, we
injected the rAAVrh74.MCK.GNE viral vector in
mice aged 50 weeks. At this age, the transgenic
mice should have shown clear myopathy symp-
toms. We expected to evaluate whether the treatment
would be able to stop or even ameliorate the muscle
pathology of the diseased mice. Since the low dose
injected young mice showed low GNE expression, we
decided to increase the dose injected in mice aged 50
weeks to a higher dose (5.10'* vg/kg-HHD), in addi-
tion to the 1.10'* vg/kg high dose (HD). Low dose
(1.10"3 vg/kg-LD) was not injected. These mice were
evaluated for body weight, grip strength and Rotarod
performance up to the age of 84—85 weeks (Fig. 4A).
Male body weight was shown to slightly improve
upon treatment with the high dose (HD) viral vector,
but the higher dose (HHD) did not show the same pat-
tern. In females no improvement was observed with
either dose. Grip force strength and Rotarod tests did
not show any significant difference between the dif-
ferent groups of animals. To note, no significant dif-
ferences were observed between the untreated model
mice (PBS) and their wt littermates (LM). Mice were
sacrificed at 2 time points, 11 and 37 weeks after
injection, thus at age 61 and 87 weeks, to assess GNE
expression and histology, particularly in muscle.

Human wt GNE expression was measured in vari-
ous tissues by real time PCR, with the same Tagman
differential probe (Fig. 4B). As before, all measure-
ments were normalized to the level of expression of
the corresponding endogenous mouse Gne mRNA.
The level of human wt GNE mRNA present in the
low dose (LD) injected animals examined at 15 weeks
was used as the reference (1fold) to which the level of
expression of human wt GNE mRNA in all samples
analyzed was compared. There was a very signif-
icant difference in the level of expression of the
human wt GNE between the 1.10'4 vg/kg (HD) and
the 5.10'* vg/kg (HHD) dose in liver and even larger
differences in the various muscles examined. More
importantly, the level of expression increased with
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Fig. 4. Functional efficacy of gene therapy and GNE expression in Gne(—/—) hGNED207V-Tg 50 week old treated mice. Weight, grip force
and rotarod performance follow up of Gne(—/~) hGNED207V-Tg mice after systemic delivery of high dose (HD-1.10'* vg/kg) and higher
dose (HHD-5.10'* vg/kg) of rAAVTth74MCKGNE viral vector to 50 week old mice; LM, littermate; PBS, Gne(~/—) hGNED207V-Tg mice
injected with PBS. ** =p value <0.01; ns =not significant. B. human wt GNE mRNA relative expression of the HD and HHD treated 50
week old Gne(—/—) hGNED207V-Tg mice (right panel), 11 and 37 weeks post injection, compared to the 10 week old injected mice (left
panel); C. Representative H&E gastrocnemius histological section of a 50 week old treated Gne(—/—) hGNED207V-Tg mouse, 37 weeks

after injection of an HHD dose of rAAVrh74MC.GNE viral vector.

time and was highest at the last time point exam-
ined, 37 weeks after injection. To note, in liver,
at long term (37 weeks pi), the high dose injec-
tion (HD) results in higher expression of human wt
GNE than injection at young age. However in gas-
trocnemius and quadriceps, the high dose injection
results in higher expression when performed at young
age.

Histology. Microscopic examination of the vari-
ous processed tissues could not detect any consistent
pathological changes in any organ examined, includ-
ing muscle, in any of the 3 mice groups. More
importantly no muscle changes could be detected
between the untreated model mice and the wt litter-
mates (Fig. 4C).

Follow up of the Gne(—/—) hGNED207V-Tg
colony

In parallel with the viral vector injections experi-
ments, we have thoroughly observed the Gne (—/-)
hGNED207V-Tg mouse model colony from birth,
compared to their littermates (either Gne+/- or
Gne+/+with or without hGNED207V transgene).
As described in the original publication [24], we
observed that these mice were much smaller than their
littermates and there was some decrease in their grip
strength (Fig. 5A), but no significant differences in
the Rotarod performance. However, unlike the find-
ings reported in the original report, we were unable
to replicate the histological changes. This colony of
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Fig. 5. Muscle performance follow up of Gne(—/—) hGNED207V-Tg mice. A. Weight, grip force and rotarod performance follow up
of Gne(—/—) hGNED207V-Tg mice; MLM, male littermate; FLM, female littermate; MhGNEtrg, male Gne(—/—) hGNED207V-Tg mice;
FhGNEtrg, female male Gne(—/—) hGNED207V-Tg mice. B. Representative H&E gastrocnemius histological section of an 80 week old

Gne(—/-) hGNED207V-Tg mouse and an 80 week old wt littermate.

GNE transgenic mice showed no consistent changes
in muscle pathology and no histological findings of
atrophy or rimmed vacuoles for up to 80 weeks of
age (Fig. 5B).

DISCUSSION

The objective of these studies was to develop a
viral vector that could efficiently target expression
of wild type human GNE in diseased muscles and
restore normal GNE related functions in a previously
described GNE Myopathy preclinical model, Gne
(-/-) h\GNED207V-Tg. Our previous studies [23] had
assessed gene delivery and shown long term expres-
sion of wt human GNE transcripts in healthy mice:
taking advantage of the relative small size of GNE
cDNA driven by the CMV promoter, to be accom-
modated in the AAVS serotype, we have shown that
AAVS delivery of GNE leads to robust expression
in muscle of the intact transcript by both intramus-
cular and vascular routes for a long period of time.
Here we expanded this approach to deliver the same
GNE cDNA driven by a striated muscle specific pro-
moter -the MCK promoter- that was packaged into the

capsid of the AAVrh.74 serotype. This serotype trans-
duces muscle very efficiently when delivered via the
vascular system (IV injection) and has been used in
various preclinical studies [25-30] and even clinical
trials in patients with DMD [31] and with limb-girdle
muscular dystrophy types2E/R4, 2D/R3, and 2B/R2
(NCT02376816, NCT03769116, NCT03652259,
NCT01976091, NCT02710500). This serotype has
also the advantage to have a relatively low prevalence
in the general population, thus allowing its potential
delivery to more patients [32]. Since we intended to
use this vector for preclinical studies prior to request-
ing regulatory agencies approval for human use, we
did not include a tag that would have facilitated the
monitoring of the production of the wt hGNE protein
but could affect approval for human usage.
Currently, there is no reliable antibody against
GNE that can be used for muscle immunohistolog-
ical or Western blot testing. Therefore to evaluate
GNE expression we relied on the presence of
human wt GNE mRNA transcripts, as a marker for
gene delivery and expression success. To measure
the expression of the injected human wt GNE in
the Gne—/— hGNED207V Tg mice, which carry the
human mutated cDNA GNE transgene, we had to
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develop a Tagman probe system that differentiates
between this “endogenous” human GNED207V
cDNA and the wt human GNE introduced via the
viral infection. We took advantage of a sequence
difference existing at the 3’ end of the GNE gene
between the human transgene in the mouse model
and the injected AAVrh74. MCK.GNE viral vector.
Both primers and probe were designed to detect
sequences expressed specifically and solely from the
rAAVrh74. MCK.GNE vector (and not detecting the
human mutated GNE expressed from the transgene
present in the mice). Since we wanted to assess the
expression level of the injected human wt GNE in
every tissue, and particularly in muscle- and not com-
pare its expression between tissues- even if mouse
Gneisexpressed at different levels at different tissues,
we decided to normalize the measurements relative to
mouse Gne expression of the corresponding tissues
and mouse, and not to a housekeeping gene such as
Hprt. Once we assessed the presence of the injected
vector in muscle of the Gne—/~hGNED207V Tg at the
first time point, we did not determine viral copy num-
ber in each organ at each time point since it has been
shown that there is no clear correlation between this
number and the expression level of the AAV packaged
transgene mRNA [33].

In our mouse studies, the MCK muscle specific
promoter does not absolutely restrict GNE expres-
sion solely to muscle tissue: the expression of GNE
in other tissues is not completely shut off as we can
still see a certain level of expression in the liver,
although very low relatively to the high number of
viral vectors accumulating in this organ. In contrast,
in muscles, the expression of GNE is much higher
relative to the number of viral vectors reaching the
tissue. Although it is difficult to compare the abso-
lute numbers with the ones obtained in C57BI mice
injected withrAAV8.CMV.GNE in our previous stud-
ies(a different AAV serotype- AAV8- was used at a
different dose-4.10'3 vg/kg body weight), the expres-
sion of human wt GNE relatively to copy number was
then up to 1.103 fold higher in muscle than in liver
[23], and it is up to 1.10° fold in our present stud-
ies. Thus, the use of a muscle specific promoter in
this set up seems to be justified to maximize gene
expression in muscle tissue and minimize it in other
organs, in particular the liver since systemic delivery
targets mostly this organ. In the present studies, the
rAAVrh74. MCK.GNE viral vector has proved as a
robust tool since it infects muscle cells when injected
to Gne (—/-) hGNED207V-Tg mice and allows con-
stant expression of the wild type human GNE gene for

a long period of time (at least one year) in this tissue,
with no obvious safety concerns, even at high doses
(5.10" vg/kg). This is in line with other reports of
such high doses of the same backbone viral vector that
have been injected in various mice models and found
to be safe [34]. However, dosing of patients must be
carefully evaluated for each disease, to avoid possible
adverse effects as recently two fatal cases resulting
from liver disease were reported in a gene therapy trial
for myotubular myopathy in a patients’ cohort receiv-
ing high dose AAVS based vectors (3. 1014 vg/kg), in
spite of the lack of safety concerns in a canine model
injected with 5. 10'* vg/kg [35, 36]. We have also
observed that injection at younger age allows higher
mRNA expression of human GNE in muscles com-
pared with injection at older age. These findings could
have important implications regarding the time win-
dow for treatment of patients. Among the parameters
examined, we could see, mostly at high dose, some
slight functional improvement in the young injected
Gne (-/-)hGNED207V-Tg mice for weight and grip
force in the female mice group only. Indeed, bet-
ter motor performance of females has been observed
recently in a study on calpain 3 deficient mice [30].
This theoretically could be attributed to the different
muscle fiber type distribution observed in humans
between males and females [37], males presenting a
more glycolytic phenotype and females a more oxida-
tive phenotype, as also seen in transcriptome analyses
[38]. In contrast, for several parameters measuring
muscle function or muscle histology, the determi-
nation of any effect of human wt GNE delivery is
very difficult to assess: indeed, except for weight, we
could not see significant differences between the Gne
(=/-) hGNED207V-Tg mice and their healthy litter-
mates, making difficult to truly evaluate the effect
of the treatment on muscle function. In the animals
injected at 50 weeks, no significant changes could be
detected in either parameter, even at the higher dose
(5.10" vg/kg). In parallel to our experimental injec-
tions of the rAAVrh74.MCK.GNE viral vector, we
followed up the Gne(—/—) hGNED207V-Tg and wt lit-
termates colony for as long as 80 weeks. We could not
detect significant differences between the transgenic
model and the wt littermates. The first publication
describing this model [24] reported that mice had
progressive muscle pathology appearing from 30—40
weeks of age. We received few breeding pairs of these
mice from the original lab, expanded the colony and
experimented with them. We decided not to wait and
see the development of the described muscle phe-
notype, after a 40 weeks roughly, but rather inject
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young mice at age 10 weeks to examine whether
the rAAVrh74. MCK.GNE could prevent the appear-
ance of those symptoms. Surprisingly, at around 50
weeks of age, we could not see a muscle pheno-
type in the model mice. Assuming it could appear
slightly later, we decided to continue the experiment
and injected 50 week old mice with the viral vec-
tor. However, compared to the original description,
the Gne(—/—) hGNED207V-Tg mice did only show
a minimal phenotype (lower weight from birth), but
no muscle phenotype at any time point during their
lifespan, thus not allowing a reliable evaluation of
any treatment effect for GNE Myopathy. Later publi-
cations from the laboratory that originally developed
the model have shown ‘dilution’ of the phenotype:
mice showed significant weight changes only from
week 50 and became weak even later, at 70-80 weeks,
as their more recent study shows [39]. Other labs
also had difficulties in establishing a consistent model
based on the original breeding pairs (Dr P. Martin,
2019, personal communication; [40]). The disappear-
ance of most of the disease features in these mice
could be due to changes in the transgene copy num-
ber, as it may occur in transgenic models, however
in the Gne(—/-) hGNED207V-Tg model, since Gne
KO is lethal and the transgene is supposedly rescu-
ing the mice from death, we would expect that a lower
expression of the transgene would at least shorten the
lifespan of the mice. Although the lack of a clear, mus-
cle related phenotype in the transgenic mice could
be interpreted as a suggestion that mutated GNE is
not the cause of the disease in humans, it should be
pointed out that the GNE D207V mutation is consid-
ered to be very mild in humans too [41]. Thus it seems
more likely that the cause of the lack of phenotype
in the transgenic mice is due to a different response
between humans and mice to the mutations found in
GNE Myopathy patients.

Therefore, not surprisingly, no significant clin-
ical and histological differences were observed
before and after treatment with the viral vector.
The functional parameters for muscle activity and
their pathology were not consistently different either
between the different injected groups, nor the controls
Gne(—/-)hGNED207V-Tg mice and wt littermates.
The present studies determine that the viral vector
rAAVrh74. MCK.GNE allows the long term expres-
sion of wt human GNE in muscles. However, the
efficiency of this vector for the treatment of GNE
Myopathy could not be evaluated since the mouse
model studied is not a reliable model for GNE
Myopathy. To date, there is no animal model con-

sistently recapitulating even some of the features of
human GNE Myopathy. Gne KO mice are lethal
in utero [42] and die from brain hemorrhages [43].
Knock in mice models have been generated to intro-
duce common mutations prevalent in the human
disease, by homologous recombination. Both the
knocked in M743T [44,45] and V603L [46] mice
died few days or weeks from severe renal failure. A
surviving subcolony of the M743T mice present no
renal or muscle pathology during their entire healthy
normal lifespan (>1.5 years). Their “protective” tran-
scriptomic profile includes expression enrichment of
muscle related genes [47]. Therefore it seems that
the response of mice to the mutations found in GNE
Myopathy patients is totally different than in humans.
Some attempts for novel animal models in mice and
in zebrafish are in progress (Mitrani-Rosenbaum et
al., unpublished results). Development of different
mouse models may be one avenue to solve the current
model deficiency in GNE myopathy. Any successful
model would be relevant also for evaluating thera-
peutic approaches other than gene therapy. Indeed,
currently an additional clinical trial is underway with
substrate replacement, using ManNAc supplementa-
tion (NCT02346461; [48]). However such model may
take a long time to develop and, it is possible that it
will still be unsuccessful in mimicking the human dis-
ease. The issue is whether regulatory agencies will
allow human trial based on safety of this vector in
larger animals and experience gained by very simi-
lar vectors in other human myopathy trials. Recently,
gene editing based techniques have gain popularity as
they show a strong potential for mutation correction
in several disorders, including neuromuscular dis-
eases [49-51]. This approach could be much harder to
implement in the clinic, specifically for GNE Myopa-
thy where hundreds of pathologic mutations have
been detected spanning the entire gene sequence,
since an experimental system would have to be devel-
oped and more importantly fully validated for each
mutation separately. Also it will take a long time
till the off target issue as well as potential collat-
eral damage extent will be reliably evaluated [52].
Alternatives to animal models could be considered to
allow implementation of this rAAVrh74. MCK.GNE
viral vector or any other treatment to clinical trials
for GNE Myopathy patients. However human mus-
cle cell lineages derived from GNE patients have
not been very informative in terms of biomarkers
for assessing GNE Myopathy treatments [53-55],
certainly not for functional improvement assess-
ment, where at least an entire organ is necessary.
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It is very likely that iPSCs cells derived from
patients would have the same non informative
patterns.

Our present long-term follow-up studies one
year post TAAVrh74. MCK.GNE treatment in GNE
mutated mice demonstrate some functional improve-
ment that can be attributed to sustained wt GNE
expression. Thus, there is a solid basis for the devel-
opment of GNE Myopathy therapies that supply the
intact GNE, but still no reliable animal model is avail-
able to fully assess its efficacy.
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