N

N

Gene therapy with secreted acid alpha-glucosidase
rescues Pompe disease in a novel mouse model with
early-onset spinal cord and respiratory defects
Pasqualina Colella, Pauline Sellier, Manuel J Gomez, Maria G Biferi,
Guillaume Tanniou, Nicolas Guerchet, Mathilde Cohen-Tannoudji, Maryse

Moya-Nilges, Laetitia van Wittenberghe, Natalie Daniele, et al.

» To cite this version:

Pasqualina Colella, Pauline Sellier, Manuel J Gomez, Maria G Biferi, Guillaume Tanniou, et
al.. Gene therapy with secreted acid alpha-glucosidase rescues Pompe disease in a novel mouse
model with early-onset spinal cord and respiratory defects. EBioMedicine, 2020, 61, pp.103052.
10.1016/j.ebiom.2020.103052 . hal-03163331

HAL Id: hal-03163331
https://hal.sorbonne-universite.fr /hal-03163331
Submitted on 9 Mar 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.sorbonne-universite.fr/hal-03163331
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

EBioMedicine 61 (2020) 103052

EBioMedicine

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom

Research paper

Gene therapy with secreted acid alpha-glucosidase rescues Pompe N
disease in a novel mouse model with early-onset spinal cord and
respiratory defects

Check for
updates

Pasqualina Colella®*, Pauline Sellier?, Manuel ]. Gomez®, Maria G. Biferi¢, Guillaume Tanniou?,
Nicolas Guerchet?, Mathilde Cohen-Tannoudji¢, Maryse Moya-Nilges*,

Laetitia van Wittenberghe?, Natalie Daniele?, Bernard Gjata®, Jacomina Krijnse-Locker®,
Fanny Collaud®, Marcelo Simon-Sola®, Severine Charles®, Umut Cagin®, Federico Mingozzi*““*

2 INTEGRARE, Genethon, Inserm, Univ Evry, Université Paris Saclay, Evry, France

b Bioinformatics Unit, CNIC, Madrid, Spain

€ University Pierre and Marie Curie Paris 6 and INSERM U974, Paris, France

9 Pasteur Institute, Paris, France

€ Spark Therapeutics, Philadelphia, PA, USA

ARTICLE INFO

ABSTRACT

Article History:

Received 15 June 2020

Revised 2 September 2020
Accepted 15 September 2020
Available online 9 October 2020

Keywords:

Pompe disease
Mouse model
Respiratory function
Spinal cord

Muscle

AAV

Background: Pompe disease (PD) is a neuromuscular disorder caused by deficiency of acidalpha-glucosidase
(GAA), leading to motor and respiratory dysfunctions. Available Gaa knock-out (KO) mouse models do not
accurately mimic PD, particularly its highly impaired respiratory phenotype.
Methods: Here we developed a new mouse model of PD crossing Gaa KOB%'2° with DBA2/J mice. We subse-
quently treated Gaa KOP®*?/ mice with adeno-associated virus (AAV) vectors expressing a secretable form of
GAA (secGAA).
Findings: Male Gaa KOP®*?! mice present most of the key features of the human disease, including early
lethality, severe respiratory impairment, cardiac hypertrophy and muscle weakness. Transcriptome analyses
of Gaa KOP®A?J compared to the parental Gaa KOB%'2° mice, revealed a profoundly impaired gene signature
in the spinal cord and a similarly deregulated gene expression in skeletal muscle. Muscle and spinal cord
transcriptome changes, biochemical defects, respiratory and muscle function in the Gaa KOP®42/ model were
significantly improved upon gene therapy with AAV vectors expressing secGAA.
Interpretation: These data show that the genetic background impacts on the severity of respiratory function
and neuroglial spinal cord defects in the Gaa KO mouse model of PD. Our findings have implications for PD
prognosis and treatment, show novel molecular pathophysiology mechanisms of the disease and provide a
unique model to study PD respiratory defects, which majorly affect patients.
Funding: This work was supported by Genethon, the French Muscular Dystrophy Association (AFM), the Euro-
pean Commission (grant nos. 667751, 617432, and 797144), and Spark Therapeutics.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

converting glycogen to glucose [1, 2]. GAA deficiency leads to
pathological glycogen accumulation that mainly affects the neuro-
muscular system [1-4]. Based on the onset and severity of patho-

Pompe disease (PD) or glycogen storage disease type Il (GSDII, !ogica! manifestations, PD is broadly categorized in classic:fll
OMIM #232300) is a rare (~1 in 40,000 births) autosomal reces-  infantile-onset PD (IOPD) and late-onset PD (LOPD) [1]. IOPD is
sive condition caused by mutations in the gene encoding acid  caused by severe GAA deficiency (GAA activity < 1%) and presents

alpha-glucosidase (GAA),
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a constitutive

lysosomal hydrolase at birth with cardiac hypertrophy, muscle hypotonia and severe
respiratory impairment, leading to premature death, if not treated
[5]. LOPD is characterized by diverse levels of residual GAA activ-
ity (up to ~20%) and can present in children and adults with
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Research in Context

Evidence before this study

Pompe disease (PD) is a metabolic neuromuscular disorder
caused by the deficiency of the lysosomal enzyme acid alpha-
glucosidase (GAA), which leads to pathological glycogen accu-
mulation in virtually every cell of the body. Based on onset and
severity, PD is broadly categorized in: classical infantile-onset
PD (IOPD) and late-onset PD (LOPD). Respiratory insufficiency
represents the most life-threatening manifestation and the
leading cause of morbidity in IOPD and LOPD, in addition to
IOPD-specific cardiomyopathy. Available Gaa-deficient mouse
models of PD mostly lack a respiratory phenotype and show
late-onset neuropathology, thus limiting research efforts
towards the characterization and treatment of PD respiratory
and neurological defects. Previous studies have shown that the
genetic background modifies the severity of muscle phenotype
in Gaa-deficient mice, a feature of PD that can be found also in
affected humans. For example, Gaa knock-out (KO) mice in a
C57BL/6;129;FVB background showed milder muscle disease
compared to mice in a C57BL/6;129 background (abbreviates as
Gaa KOPBS129) Other studies have reported that the DBA2/]
background increases the severity of muscular dystrophy (MD)
in mice. The Latent TGF-S—binding protein 4 (Ltbp4), a modifier
gene present in the DBA2/J background, was also found to be a
relevant genetic variant in human diseases, such Duchenne
Muscular Dystrophy (DMD).

Added value of this study

In our study we show that the DBA2/] background worsens the
phenotype of the Gaa KO mouse model of PD. Specifically, Gaa
KO mice in a C57BL/6;129;DBA2/] background (abbreviates as
Gaa KOPPA) showed more severe respiratory defects and more
profoundly altered spinal cord transcriptome than Gaa
KOB%12°  possibly associated with reduced survival. The Gaa
KOPB” mouse also presented all key PD disease manifestations
including cardiac hypertrophy and muscle weakness, which
provides a unique and stringent model of the disease. The acti-
vation of neuroinflammation, neuronal cell death, and patho-
logical demyelination and remyelination processes found in the
Gaa KOPB? spinal cord also possibly explains muscle stimula-
tion defects and white matter abnormalities observed in PD
patients, which are linked with respiratory defects and cogni-
tive abnormalities, respectively.

Implications of all the available evidence

While a treatment based on enzyme replacement therapy (ERT)
is available, PD remains an unmet medical need, particularly
when considering the rescue of respiratory symptoms and
emerging central nervous system (CNS) manifestations,
increasingly documented in IOPD. Our work provides a unique
and highly stringent animal model to test the efficacy of novel
therapies aimed at improving key PD manifestations. It also
provides novel insight to the understanding of molecular mech-
anisms underlying neuromuscular disease and the crosstalk
between the muscular and nervous system and suggests a role
for Latent TGF-B—binding protein 4 (Ltbp4) as possible modifier
gene for PD. Finally, the correction of skeletal muscle and spinal
cord transcriptome changes (90.5% and 62.5% of genes, respec-
tively) and the improvement of the respiratory function of
symptomatic Gaa KOPB?, following gene transfer with investi-
gational AAV vectors expressing secretable GAA, support the
therapeutic potential of this approach for PD.

cardiac disease is typically absent [3,4]. Due to the diverse onset
and severity of disease manifestations in LOPD subjects carrying
the same GAA mutation, several studies have also suggested the
impact of modifying factors on PD phenotype [6,7]. For example,
cis-acting single nucleotide polymorphism (SNP) in the GAA gene
and trans-acting polymorphisms in the angiotensin-converting
enzyme (ACE) and alpha Actinin 3 (ACTN 3) genes have been
reported to impact on the disease onset in LOPD [8—10]. How-
ever, the ACE polymorphism did not justify the heterogeneity of
disease onset and response to treatment in other LOPD cohorts
[11,12]. The identification of PD modifying factors, still mostly
unknown, would therefore represent an important step forward
in the understanding of PD, allowing to improve both its progno-
sis and treatment.

The availability of the Gaa knock-out (KO) mouse [13], the most
used animal model of PD, has been crucial to study and characterize
the disease pathophysiology, the underlying molecular mecha-
nisms, disease biomarkers and, not least, to test therapeutic
approaches [14, 15]. The most severe and used Gaa KO mouse model
was generated by Raben and colleagues in a mixed C57BL/6;129
background (Gaa®nec/6neoB6:129-GaatmiRabn/l.  jphreviated in this
study as Gaa KOB®129) [13] and recapitulates key PD features like
the i. whole body glycogen accumulation (including cardiac muscle,
skeletal muscle and nervous tissue) [13,16]; ii. impaired autophagic
flux in skeletal muscle [17,18]; iii. neuropathology [19-21]; iv. car-
diac defects [22]; v. and muscle weakness [13,18]. However, despite
being Gaa null, the Gaa KOB%12° mouse shows late onset, slowly
progressive muscle weakness, mildly affected locomotor activity
[13], and normal breathing in normoxic conditions [18,21,22]. In
particular, the lack of important respiratory defects represents a
key limitation of the Gaa KO®%12° mouse as model for PD [18,21,22],
and hypercapnia has been widely exploited to challenge the respi-
ratory phenotype [23-27]. Respiratory insufficiency indeed repre-
sents the most life-threatening disease manifestation and the
leading cause of morbidity in both IOPD and LOPD [5,28-32],
despite the advent of Enzyme Replacement Therapy (ERT) with
recombinant human GAA (rhGAA) [14]. ERT, typically consisting of
bi-weekly intravenous infusions of rhGAA, is the standard of care
for PD since 2006 [14]. However, while ERT allows to extend the
lifespan of IOPD subjects by effectively addressing the cardiac dis-
ease, and stabilizes disease progression in LOPD [14], it provides
small benefits to the PD respiratory phenotype [5,14,32—-37]. Addi-
tionally, white matter abnormalities and varied cognitive decline
have emerged as secondary disease traits in long survivor IOPD sub-
jects undergoing ERT [38,39]. The short plasma half-life of rhGAA,
its inefficient uptake in key affected tissues, such as skeletal muscle
and nervous tissue, and its high immunogenicity, are some of the
hurdles that currently limit ERT efficacy [40,41].

In the present study, we report the generation, characterization,
and phenotypic rescue of a novel Gaa KO mouse model of PD that
recapitulates the main key disease manifestations in humans, includ-
ing severe respiratory impairment at early age. The novel mouse
model was generated by exploiting the DBA2/] genetic background
and in particular, the Latent TGF-B—binding protein 4 (Ltbp4) modifier
gene, which has been described to act as a modulator of the severity
of dystrophies in mice [42,43] and humans [44—-46]. Interestingly,
the observed severe respiratory phenotype in the novel Gaa KO
model was accompanied with early and profound transcriptome
changes in the spinal cord, supporting a substantial role of neurologi-
cal involvement in the aetiology of PD. Using this model, we showed
that the restoration of GAA enzyme activity by optimized adeno-
associated virus (AAV) vector gene transfer [21,47] effectively
improves the disease phenotype. Our study describes a stringent
mouse model of PD, and provides novel insights into pathogenetic
mechanisms, biomarkers, and potential novel therapeutic approaches
to the disease.
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2. Methods
2.1. Mouse studies

2.1.1. Mouse model

The original Gaa knock-out mouse strain (Gaa
RabnJ 3]s0 known as Gaa®"¢°/®"e°) [13] was purchased (Jackson Labora-
tory, MSR Cat# JAX:004154, RRID:IMSR_JAX:004154) and thoroughly
characterized in our previous works [21,47,48]. Wild type DBA2/] mice
were purchased (Jackson Laboratory, MSR Cat# JAX:000671, RRID:
IMSR_JAX:000671). The original Gaa knock-out mouse strain (abbrevi-
ated in this work as Gaa®%'2) was crossed with DBA2/J mice to gener-
ate the novel Gaa mouse strain homozygous for the Ltbp443° allele
(abbreviated in this work as GaaP®?). Details about mouse breeding
and selection are depicted in Supplementary Figure S1a. Crossing of
Gaa™~ Ltbp4439/43% x Gaa”~ Ltbp4“3943¢ was used to maintain the
colony. Littermate mice were used, either affected (Gaa KO) or healthy
(Gaa WT) from the two different strains: Gaa WTPB” vs. Gaa KOP®A and
Gaa WTB5129 ys, Gaa KOB®12° (Fig. S1a). Mice were housed in Center
for Exploration and Experimental Functional Research facility (CERFE,
Evry, France) in a pathogen-free environment.

Study design. Mouse experimental groups were sized at n>2;
based on data generated in previous studies [21,47] all the samples/
animals analysed were included in the data and none was excluded.
For each data set, the exact number of mice (n), age, sex and genotype
are detailed in the respective figure legend. To characterize the phe-
notype of male and female Gaa KOP®” mice, sex- and age-matched
Gaa WTPBA mice were used as controls. Readouts of the study were
non-invasive functional tests (grip test, plethysmography, rotarod
and wire hang), quantitative biochemical analyses (glycogen content,
Western blot for biomarkers) and tissue weight. Histological and
RNA-seq analyses of muscle and spinal cord were performed in age-
matched male mice. The endpoint of 4-5 months was selected to
assess and compare adult mice before the death of an important frac-
tion of male affected animals. To compare the phenotype of GaaP5*
mice to the original Gaa®®!?° strain, sex- and age-matched Gaa
WTB6129 and Gaa KOB%12° were used. Gene therapy was performed
in age-matched male GaaP®* mice. The random allocation of mice to
the experimental groups (WT vs. KO) was driven by Mendelian inher-
itance, the date of birth and sex were the variables considered to gen-
erate control and treatment groups. Neonate animals from separate
litters were randomised to the treatment groups at postnatal day 1
(untreated WT, vs untreated KO vs. AAV-secGAA administered KO) to
have an n>3, n<5 mice/group, representative of the different litters,
and each animal was assigned a random number from 1 to 13. Read-
outs of the study were quantitative biochemical analyses (glycogen
assay, Western blot for human GAA and biomarkers) and gene
expression analyses (RNA-seq; 3 mice/group, randomly selected).
Adult animals from separate litters were randomised to the treat-
ment groups at 2 months of age (untreated WT vs. untreated KO vs.
AAV-secGAA administered KO) to have an n=5 mice/group, represen-
tative of the different litters; each animal was assigned a random
number from 1 to 15. The AAV vector administration was performed
by the same operator to minimise potential confounders. The study
of mouse survival was performed based the observation of the GaaP®*
and Gaa®%'?° colonies over the indicated time periods. Late end-
points (6-10 months) were used during the manuscript revision
phase to evaluate the respiratory phenotype of Gaa®%12° in compari-
son to sex- and age-matched GaaP®4, as Gaa®%12° have been reported
to have a mild late-onset respiratory phenotype [21]. The experi-
menters were blind to group assignment during data generation and
collection for all the experiments.

6neo/6neoB6;129-Gaatm1-

2.1.2. Mouse genotype
Genotyping for the Gaa allele was performed by PCR on genomic
DNA following Protocol 23640 (Jackson Laboratory, Genotyping

Protocols Database) and the following primers: GaaEx6 5’-ATGT-
CATCCTGCAACCCAG-3’, oIMR7077 5’-ATTGTTGCACAACGCTCTTG-3',
and oIMR7297 5’-CGTTGGCTACCCGTGATATT-3". PCR products were
analysed by gel electrophoresis using 1.5% agarose. Genotyping of
the Ltbp4 allele was performed by PCR on genomic DNA using the fol-
lowing primers: DBA2/]-Fw 5'- GGCTTTCTGCCTACTCGTCG -3’ and
DBA2/]-Rev 5'- CCCGCAACCAACCTCTGATTC-3'. PCR products were
analysed by gel electrophoresis using 3% agarose.

2.1.3. AAV delivery and sample collection

AAV2/9 vectors (abbreviated ad AAV9) were delivered to: 1. adult
mice via the tail vein in a volume of 0.2 mL; 2. neonate mice at postna-
tal day 2 via the temporal vein in a volume of 0.03 mL. The AAV stock
preparation was diluted in 0.001% Pluronic acid as surfactant (Thermo
Fisher Scientific, Waltham, MA). All of animals were anesthetized and
perfused with PBS before sacrifice; the operators that harvested sam-
ples from mice were blind to the sample group allocation.

2.2. Ethics

Mouse studies were performed according to the French and Euro-
pean legislation on animal care and experimentation (2010/63/EU)
and approved by the institutional ethics committee of the Centre for
Exploration and Experimental Functional Research facility (CERFE,
Evry, France; protocols 2015-008, 2016-019).

2.3. Measurement of GAA activity and glycogen content

Snap-frozen tissues were homogenized in UltraPure™ DNase/
RNase-Free Distilled Water (Thermo Fisher Scientific, Waltham, MA),
using FastPrep lysis tubes (2 mL, 116910500, MP Biomedicals, Irvine,
CA) according to manufacturer’s instructions (1 min, 6 m/s) and tis-
sue debris was removed by centrifugation 10 min at 10,000 x g. GAA
activity was measured as previously described [49]. Briefly, the enzy-
matic reaction was set up using 10 uL of tissue homogenate appro-
priately diluted and 20 uL of 3 mM 4-methyl-umbelliferyl-c-d-
glucoside substrate (4MUx-D-glucoside, Sigma Aldrich, Saint Louis,
MO) in Sodium Acetate pH 4.65. The reaction mixture was incubated
at 37 °C for one hour in black 96-well plates (PerkinElmer, Waltham,
MA), and then stopped by adding 150 w1 of Sodium Carbonate buffer
pH 10.5. A standard curve (0—2500 pmol/ul of 4MU) was used to
measure released fluorescent 4MU from individual reaction mixture
in duplicate, using the EnSpire alpha plate reader (2390-0000, Per-
kin-Elmer, Waltham, MA) at 449 nm (Emission) and 360 nm (Excita-
tion). The protein concentration of the tissue homogenates was
quantified using the BCA Protein Assay (Thermo Fisher Scientific,
Waltham, MA). To calculate the GAA activity, released 4MU concen-
tration in each sample was divided by the respective protein concen-
tration and activity was reported as nmol/hour/mg protein. Glycogen
content was measured indirectly in tissue homogenates as the glu-
cose released after total digestion with Aspergillus Niger amylogluco-
sidase (Sigma Aldrich, Saint Louis, MO). Samples were incubated for
5 min at 95 °C and then cooled at 4 °C; 25 uL of amyloglucosidase
diluted 1:50 in 0.1 M potassium acetate pH 5.5 were then added to
each sample. A control reaction without amyloglucosidase was pre-
pared for each sample. Both sample and control reactions were incu-
bated at 37 °C for 90 min. The reaction was stopped by incubating
samples for 5 min at 95 °C. The glucose released was determined
using a glucose assay kit (Sigma Aldrich, Saint Louis, MO) and by
measuring resulting absorbance with the EnSpire alpha plate reader
(Perkin-Elmer, Waltham, MA) at 540 nm.

2.4. Western blot analyses

Snap-frozen tissues were homogenized in UltraPure™ DNase/
RNase-Free Distilled Water (Thermo Fisher Scientific, Waltham, MA),
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using FastPrep lysis tubes (2 mL, 116910500, MP Biomedicals, Irvine,
CA) as described above. Protein concentration was determined using
the BCA Protein Assay (Thermo Fisher Scientific, Waltham, MA). SDS-
page electrophoresis was performed in a 4-15% gradient polyacryl-
amide gel. After transfer, the membrane was blocked with Odyssey
buffer (Li-Cor Biosciences, Lincoln, NE) and incubated with an anti-
human GAA antibody (Cat# ab137068, RRID:AB_2687584, rabbit
monoclonal, Abcam, Cambridge, MA), anti-p62 (Cat# ab56416, RRID:
AB_945626 mouse monoclonal, Abcam, Cambridge, MA), anti-Vincu-
lin (Cat# V9131, RRID:AB_477629, mouse monoclonal, Sigma Aldrich,
Saint Louis, MO), anti-Gapdh (Cat# PA1-988, RRID:AB_2107310, rab-
bit polyclonal, Thermo Fisher, Waltham, MA), anti-Parkin (ab77924,
mouse monoclonal, Abcam, Cambridge, MA), anti LC3b (Cat# sNB-
100-2220, RRID:AB_10003146, rabbit polyclonal, Novus Biologicals) .
The membrane was washed and incubated with the appropriate sec-
ondary antibody (Li-Cor Biosciences), and visualized by Odyssey
imaging system (Li-Cor Biosciences). Band intensity was quantified
by Image] software.

2.5. Histological evaluation

For muscle histology, immediately after euthanasia heart, dia-
phragm, quadriceps and triceps brachii were snap-frozen in isopen-
tane (—160 °C) previously chilled in liquid nitrogen. Serial 8 um
cross-sections were cut in a Leica CM3050 S cryostat (Leica Biosys-
tems). To minimize sampling error, 2—3 sections of each specimen
were obtained and stained with haematoxylin-eosin (HE) or and
periodic acid-Schiff (PAS) according to standard procedures. Muscle
images were acquired using an Axioscan slide scanner (ZEISS,
Munich, Germany), using a plan-apochromat 10x magnitude 0.45 NA
objective. For spinal cord histology, after being explanted spinal cords
were fixed in 4% PFA and then transferred in a 30% PBS-sucrose solu-
tion. Spinal cords were divided in cervical, thoracic and lumbar seg-
ments and then embedded in Tissue-Tek OCT (Sakura Finetek,
Alphen aan den Rijn, the Netherlands), and frozen in cold isopentane
(=50 °C). Fourteen micrometre-thick cryosections were serially cut
using a cryostat (Leica Biosystems, Nussloch, Germany). Spinal cord
sections were fixed with 4% PFA, permeabilized in 0.1% Triton X-100
in PBS and stained with the primary antibodies: anti-ChAT (Choline
acetyltransferase, Cat# AB144P, RRID:AB_2079751, Merck Millipore,
Billerica, MA), rabbit anti GFAP (glial fibrillary acidic protein, Cat#
70334, RRID:AB_10013382, Agilent Technologies, Santa Clara, CA).
After washing, tissues were incubated with the appropriate fluores-
cent-dye conjugated secondary antibodies (Thermo Fisher Scientific,
Waltham, MA) combined with 4/,6-diamidino-2-phenylindole (DAPI)
staining. ChAT-positive motor neurons (with a diameter > 20 pm)
were manually counted in the grey matter of the cervical spinal cord
segments using an epifluorescence microscope (Leica Microsystems,
Buffalo Grove, IL). A total of 24 sections per mouse were counted in
the entire cervical spinal cord (regions C1—-C7), the 24 counted sec-
tions were distributed in 3 separate serial slides (8 sections/slide).
Periodic acid-Schiff (PAS) staining was performed according to stan-
dard procedures using in the entire cervical spinal cord (C1-C7; 20
sections/mouse). Astroglial reaction was evaluated by measuring the
fluorescence intensity of the GFAP staining in the grey matter of the
spinal cords using the Image] software. The operators performing cell
counting and morphological analyses were blind to the sample group
allocation.

2.6. Electron microscopy analyses

Muscle samples were fixed with 2.5% glutaraldehyde (Sigma
Aldrich, Saint Louis, MO) in 0.1M PHEM buffer, pH 7.2 immediately
after euthanasia. Post fixation was done with 1% osmium tetroxide
(Merck) and 1.5% ferrocyanide (Sigma Aldrich, Saint Louis, MO) in
0.1 M Hepes. After dehydration by a graded series of ethanol, the

tissue samples were infiltrated with epoxy resin. Polymerized resin
blocks were thin sectioned longitudinally using a Leica UC 7 micro-
tome (Leica microsystems). The 70 nm sections were collected on for-
mvar coated slot grids (EMS) and were contrasted with 4% uranyl
acetate and Reynolds lead citrate. Stained sections were observed
with a Tecnai spirit FEI operated at 120 kV. Images were acquired
with FEI Eagle digital camera. The quantification of lysosome
length was performed as previously described [50] using Image] soft-
ware. Lysosomes were measured in multiple sections for a total of
10 fields (Gaa KOPBA) and 25 fields (Gaa KOB®129), The operator per-
forming the lysosome measurements was blind to the sample group
allocation.

2.7. Functional mouse analyses

Respiratory function during quiet breathing was evaluated as
already reported [21]. Briefly, a flow-through (0.5 L/min) plethys-
mograph (EMKA technologies, Paris, France) was used to measure
the breathing pattern in mice. Before the assessment, the instru-
ment was calibrated with known airflow and pressure signals for
optimal data collection. Signals were analysed using the 10X2
software (EMKA technologies). Animals were allowed for acclima-
tion into the plethysmograph chamber before testing. During
both acclimation and data acquirement, mice were breathing nor-
moxic air (21% 02, 79% N2). Forelimbs wire-hanging test was per-
formed as already reported [21]. A 4-mm wire was used to record
the number of falls over a period of 3 minutes. The number of
falls per minute was reported. Rotarod coordination test was per-
formed as already reported [21] using a LE8200 apparatus (Har-
vard Apparatus, Holliston, MA). An accelerating protocol
4-40 rpm in 5 min was used. The test was repeated three times,
the maximum and average time spent on rod for each animal
was reported. A null time represents the inability of mice to stand
on the rod even at the minimum acceleration used (4 rmp). Grip
strength was measured using a grip strength meter, (Bioseb Grip
test 25N) as previously reported [21]. Briefly three independent
measurements of the four limbs strength were averaged. Mean
values of grip strength were reported. The operators performing
the tests were blind to the mouse group allocation.

2.8. RNA Isolation, RNA-seq library construction and sequencing

Total RNA was isolated from snap-frozen quadriceps muscle and
whole spinal cord preserved at —80 °C. Samples were homogenized
in Trizol and total RNA was purified on-column using the PureLink™
RNA Mini Kit (Invitrogen, Waltham, MA) according to manufacturer’s
protocol and including an on-column DNase digest (PureLink™
DNase Set DNAse set, Invitrogen, Waltham, MA). All samples used for
RNA-seq were randomized and processed in parallel to reduce
extraction variability. The quality of the extracted RNA was evaluated
using the Agilent 2100 Bioanalyzer and the Eukaryote Total RNA
Nano chip (Agilent, Santa Clara, CA). 200 ng of total RNA were used to
generate barcoded RNA-seq libraries using the NEBNext Ultra RNA
Library preparation kit (New England Biolabs, Ipswich, MA). Briefly,
poly A+ RNA was purified using poly-T oligo- attached magnetic
beads followed by fragmentation and then first and second cDNA
strand synthesis. Next, cDNA 3’ ends were adenylated and the adapt-
ers were ligated followed by PCR library amplification. Finally, the
size of the libraries was checked using the Agilent 2100 Bioanalyzer
DNA 1000 chip and their concentration was determined using the
Qubit® fluorometer (Life Technologies). Libraries were sequenced on
a HiSeq2500 (Illumina) to generate 60 bases single reads. FastQ
files for each sample were obtained using CASAVA v1.8 software
(Illumina).
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2.9. Bioinformatics analysis of RNA-seq data

RNA-seq data analysis was performed by the Bioinformatics Unit
of Centro Nacional de Investigaciones Cardiovasculares (CNIC,
Madrid, Spain). Sequencing reads were processed with a pipeline
that used FastQC to evaluate their quality (http://www.bioinformat
ics.babraham.ac.uk/projects/fastqc/, developed by Babraham Insti-
tute), and cutadapt to trim sequencing reads, eliminating Illumina
adaptor remains, and to discard reads that were shorter than 30 bp.
Resulting reads were mapped against mouse transcriptome
GRCm38.91, and gene expression levels were estimated with RSEM.
Around 91% of the reads from any sample participated in at least one
reported alignment. Expression count matrices were then processed
with an analysis pipeline that used Bioconductor package limma for
normalization [using the trimmed mean of M-values normalization
(TMM) method] and differential expression testing, focusing on genes
expressed with at least 1 count per million (CPM), in at least three
samples. Changes in gene expression were considered significant if
associated to Benjamini and Hochberg (BH) adjusted p-value < 0.05.
To identify and classify groups of genes with different degrees of
restored expression towards wild type levels after AAV treatment,
we averaged expression values from untreated Gaa KOPBA Gaa
WTPBA and AAV-treated Gaa KOPBA samples, in skeletal muscle and
spinal cord, for collections of DEGs identified in contrast untreated
Gaa KOP®A vs, Gaa WTPBA, DEGs were selected using abs(logFC) > 0.5,
on top of the standard adjusted p-value < 0.05 filter. The resulting
expression profiles, consisting of 2573 and 137 genes in skeletal mus-
cle and spinal cord, respectively, were clustered using K-Means with
n=6. Clusters with complementary expression profiles were com-
bined to define three metaclusters. Each metacluster contained genes
with expression levels that had been fully rescued, partially rescued
or not rescued in animals receiving the AAV9-secGAA vector.

Differentially expressed and metacluster gene collections were
processed with Ingenuity Pathway Analysis (IPA, Qiagen) to identify
associations with Canonical Pathways, Diseases and Biofunctions.
Functional associations provided by IPA are characterized by two
parameters: p-values to describe enrichment test significance and z-
scores to indicate predicted activation state. Enrichments were con-
sidered significant if associated to p-value < 0.05. Calculation of z-
score for a given pathway, or regulator, is based on the fold change
value of associated genes and can only be applied, by definition, to
pairwise contrast results. Positive and negative z-scores suggest
higher activity in the first or the second condition being compared,
respectively. Abs(z-score) values higher than 2 are considered rele-
vant. To identify potential changes in cell populations in both Gaa
KOPB” and Gaa KO®%12° spinal cords, we used CTen [51], an algorithm
to perform enrichment analyses with a database of highly expressed,
cell-type specific genes. Input files consisted in collections of 434 and
129 DEGs with logFC > 0.5, upregulated in Gaa KOPPA and Gaa
KOBS129 " respectively, relative to their WT counterparts. Scores
reported by CTen are Benjamini-Hochberg-adjusted enrichment p-
values, and the recommended threshold of significance is -log10(BH
p-value) >= 2. Lists of mouse genes associated to fibrosis, necrosis
and inflammatory response were recovered from IPA’s knowledge-
base. Genes associated to muscular regeneration were recovered
from Ensembl/BioMart, associated to GO term G0:0043403 (skeletal
muscle tissue regeneration).

2.10. GAA expression cassettes and AAV vector generation

The GAA transgene expression cassettes containing the codon-
optimized coding sequence encoding for the secretable form of
human GAA were previously described [21,47]. The AAV9 vectors
used in this study were produced using an adenovirus-free transient
transfection method as described earlier [52]. Titres of AAV vector
stocks were determined using quantitative real-time PCR (qPCR) and

confirmed by SDS-PAGE followed by SYPRO Ruby protein gel stain
and band quantification using Image] software. All vector prepara-
tions were quantified at least 2 times before use and tested in our
previous work [47]. Two secGAA expression cassettes under the con-
trol of tandem promoters were selected based on our previous publi-
cation [47]. The LiNeuP (Liver Neuron Promoter: ApoE-hAAT-hSYN)
[47] was used in adult mice (study depicted in Figs. 6 and 7) to
restore GAA enzyme activity in muscle and spinal cord. The LiMP pro-
moter (Liver Muscle Promoter: ApoE-hAAT-spC5.12) [47] was used in
the study depicted in Figs. 4 and 5 based on its ability to drive long-
term body-wide restoration of GAA enzyme activity in neonate mice.
Conversely, due to AAV vector genome dilution, gene transfer with
the LiNeuP promoter in neonate mice does not lead to long term sys-
temic correction of PD [47]. The detailed characterisation of the
LiNeuP and LiMP promoters is reported in Colella et al. [47].

2.11. Statistics

All the data showed in the present manuscript are reported as
mean =+ standard deviation of the mean. The number of sampled
units, n, upon which we reported statistic is the single mouse for the
in vivo experiments (one mouse is n = 1). GraphPad Prism 7 software
(GraphPad Software) was used for statistical analyses. Parametric
tests were used with data having a normal distribution (evaluated
using the Shapiro—Wilk test). The statistical tests used were:
unpaired Student’s t-test for two-group comparisons, One-way
ANOVA with Tukey post hoc for comparisons with more than two
groups, Two-way ANOVA with Tukey or Sidak post-hoc for multiple
variable comparisons. For all the data sets analysed by parametric
tests, alpha=0.05. All statistical tests were performed two-sided.
p-values <0.05 were considered significant. The statistical analysis
performed for each data set is indicated in the figure legends. For all
figures *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05,
##p < 0.01, ##4#p < 0.001, ####p < 0.0001.

2.12. Role of the funding source

The funders had no role in study design, data collection, data anal-
yses, interpretation, or writing of report.

3. Results
3.1. Male Gaa KO mice homozygous for the Ltbp443® allele show early
lethality, reduced muscle strength and early respiratory impairment

To generate Gaa~/~ mice homozygous for the Lthp443° allele, we
crossed Gaa™/~ mice from our original colony (having a mixed C57BL/
6;129 background) [21] with wild type DBA2/] mice. Upon breeding
and selection (Fig. S1a), we obtained mice that were homozygous for
the Ltbp43¢ allele and either wild type or knock-out for Gaa: Gaa*”*
Ltbp443%/43¢ (abbreviated as Gaa WTPBA) or Gaa™/~ Ltbp443%/436
(abbreviated as Gaa KOPB*), respectively (Fig. 1a). Mice from the orig-
inal colony used in the present study as comparison were: Gaa**
Ltbp4™3%/*3¢ (abbreviated as Gaa WT®%12%) or Gaa /-~ Ltbp4*36/*36
(abbreviated as Gaa KOB%129) (Figs. 1a and S1b). Genotyping for the
Lthp4 allele by PCR confirmed that all mice from the original Gaa
mouse colony (Gaa®®%12°) were homozygous for the Lthp4*3¢ allele
(Fig. S1c), as expected based on the B6;129 background [42]. Since
we have observed that the PD phenotype in Gaa KOB%12° mice is less
severe in females than males [48], in the present study we mainly
focused on the phenotype of the latter. Upon establishing the colony
(Figs. 1a and S1a), we observed that the survival of male Gaa KOP®A
was reduced compared to unaffected Gaa WTPB” (~50% survival at 6
months of age, Fig. 1b). The mortality of male Gaa KOP®* was antici-
pated compared to Gaa KOB%12° mice, which showed ~50% survival
at 10 months of age (Fig. 1b), as observed in our previous Gaa®¢12°
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Fig. 1. Gaa KOP®* mice show reduced survival, muscle weakness and early impairment of the respiratory function.(a) Gaa*’* Ltbp4®3¢/23¢ (abbreviated as Gaa WTPP*) or Gaa~/~
Ltbp4~36/436 (abbreviated as Gaa KOPP*), Gaa*/* Ltbp4*3¢/*3® (abbreviated as Gaa WT?%'2%) or Gaa~/~ Ltbp4*36/*3% (abbreviated as Gaa KOB%'2%) were used throughout the study. (b)
Lifespan curve of male Gaa®* and Gaa®®'?° mice during the observation time, the number of alive mice out of total analysed is depicted in brackets. (c) Diagram for the 5-month
GaaPP? characterization study. SkM: skeletal muscle; SC: spinal cord. (d) Muscle strength measured by 4-limb grip strength test in male GaaP®* at 2 months (2M) and 4.5 months
(4.5M) of age; male Gaa®%12° at 4.5M were used as comparison. Percentage values relative to the respective Gaa WT controls are depicted. (e-f) Respiratory function measured by
whole body plethysmography during quiet breathing in: (e) male Gaa®* mice at 2 and 4.5 months (M) of age, (f) male Gaa®®* and Gaa WTP®" at 6 months of age. Percentage values
relative to the respective Gaa WT controls are depicted. (e-f) Inspiratory time (Ti), expiratory time (Te), peak inspiratory and expiratory flow (PIF, PEF, respectively), tidal volume
(TV), retention time (RT), minute volume (MV), frequency of breathing (f), end expiratory pause (EEP), mid expiratory flow (EF50). (d-e) Gaa WTPBA' n = 7; Gaa KOP®*n = 7 at 2
months, Gaa KOP®n = 6 at 4.5 months due to the death of 1 out of 7 mice. (d) Gaa WT?%'2n = 6 and Gaa KO®%'2°n = 5, (f) The study diagram is depicted, the number of alive mice
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studies [21,48]. We then evaluated muscle strength and respiratory
function in male GaaP®* mice at 2 and 4.5 months of age (Fig. 1c—e),
to perform the analyses in juvenile and adult mice, respectively,
before the death of an important fraction of affected animals
(Fig. 1b). A reduction in muscle strength of ~26% was observed at
both time points in affected Gaa KOP®* compared to Gaa WTPBA
(Fig. 1d). No significant differences in muscle strength were observed
comparing the GaaP® to the Gaa®®'?° strain (Fig. 1d). A ~26.6%
decrease in muscle strength in 4-month-old Gaa KO®%12% was also
reported in our previous Gaa®®'2° publications [21,47,48]. Impor-
tantly, we found that the respiratory function measured by whole-
body plethysmography during quiet breathing, was significantly
affected in male Gaa KOPB? compared to Gaa WTPB? (Fig. 1e and Table
S1). Most of the plethysmography parameters were significantly
altered in male Gaa KOPB* mice compared to Gaa WTPBA at 2 and 4.5
months, with no significant progression (Fig. 1e and Table S1). In par-
ticular, Gaa KOP®* mice showed increased expiratory time (Te) and
retention time (RT) while decreased peak inspiratory and expiratory
flow (PIF, PEF), minute volume (MV), frequency of breathing (f) and
mid expiratory flow (EF50) (Fig. 1e and Table S1). Plethysmography
analyses at 6 months of age, when a sufficient number of Gaa KOPB”
mice were still alive, also showed statistically significant defects in
Gaa KOPBA but not Gaa KOB®12° (Fig. 1f). No statistically significant
alteration of the respiratory function was measured in affected
Gaa®%12° mice even at older ages (7 and 9 months) (Fig. S2a), consis-
tent with what we observed in previous studies [21]. Interestingly,
differently from Gaa KOB®%12° mice, Gaa KOPPA mice showed
decreased performance in the rotarod test, suggesting coordination
defects (Fig. S2b, Table S2) [53]. Conversely, hind limb strength mea-
sured by wire hang test was not significantly impaired in Gaa KOPB*
mice and Gaa KO®%1?9 (Fig. S2c, Table S2), as we observed in previous
GaaB®%12? studies [21]. At the end of the characterization study (5
months, Fig. 1b), we confirmed pathological glycogen storage in mus-
cle and nervous system of Gaa KOP®* compared to Gaa WTPBA (Fig.
S3a). The measurement of glycogen storage also showed similar accu-
mulation in tissues of Gaa KOPBA vs. Gaa KOB%12° mice (Fig. S3b).
Autophagy block, a hallmark of PD in skeletal muscle [17,54], was
also readily observed by measuring the accumulation of p62 (Fig.
S3c-d) and the ratio LC3blI/I (Fig. S3e-f), which together reflect the
block of the autophagic flux [55]. Cardiac hypertrophy, another well-
recognized phenotype of Gaa KO mice and IOPD subjects, was present
in male Gaa KOP®? compared to Gaa WTPPA and was not different
from that observed in Gaa KOP%'2° (Fig. S3g, Table S3). During the
observation period, the body weight of male Gaa KOP®A remained
stably lower than Gaa WTPBA by ~14% (Table S3).

The survival of female Gaa KOP®* and Gaa KO®%12° mice was not
different from unaffected Gaa WT controls (Fig. S4a). Female Gaa
KOPBA showed a slight reduction in muscle strength (~18% at 4.5
months, Fig. S4b and c), which was not different compared to female
Gaa KOP%129 (Fig. S4c). In the 5-month study, we observed a mild
alteration of some respiratory parameters (Te, f and EEP; Fig. S4d,
Table S4), glycogen storage in tissues (Fig. S4e), and no cardiac hyper-
trophy (Table S4). The long-term survival of female Gaa KOB%12° and
Gaa KOPPA mice (Fig. S4a) allowed us to do analyses at late time
points. Plethysmography analyses at 9 months of age showed statisti-
cally significant alteration of respiratory parameters in Gaa KOP” but
not Gaa KO®%12° females (Te, RT, MV, f, EEP and EF50; Fig. S4f). Late
onset cardiac hypertrophy was also observed and was similar in
female Gaa KO mice from both strains (Fig. S4¢g). Pathological glyco-
gen accumulation was also not different in age-matched tissues of
female Gaa KOPB* and Gaa KOB%12° (Fig. S4h). These results empha-
size the key unique features of the Gaa KOPPA phenotype, in

particular its increased severity in terms of respiratory defects and
reduced survival in male mice.

3.2. Muscle is similarly affected in Gaa KOP®* and Gaa KO%'2° mice

To further characterize the disease phenotype of Gaa KOPBA in
muscle, we performed histological (Fig. 2a), ultrastructural (Fig. 2b-c)
and transcriptomic analyses (Fig. 2d—f) in male animals between 4
and 5 months of age. Cross-sections of quadriceps skeletal muscle
stained by haematoxylin and eosin (HE) showed a similar structure
when comparing unaffected (Gaa WTPPA vs. Gaa WTP%129) and
affected (Gaa KOPBA vs. Gaa KOPBS12%) mice at 5 months of age
(Fig. 2a), with no apparent signs of necrosis, fibrosis, calcification or
important inflammatory infiltrates. Periodic acid Schiff (PAS) staining
clearly reflected glycogen accumulation in quadriceps of Gaa KOPBA
and Gaa KO®%12% compared to the unaffected controls (Fig. 2a). Histo-
logical HE and PAS analyses of cardiac muscle, diaphragm and triceps
from Gaa KOPB” at 5 months also did not show any apparent defect
other than glycogen and autophagic inclusions (Fig. S5a), similar to
what also reported in the original Gaa KO®%12° mouse strain [21,56].
The diaphragm, which is important for the respiratory function, pre-
sented similar histology in 5-month-old Gaa KOP®* and Gaa K0OB%12°
(Fig. S5a and b). High-resolution electron microscopy (EM) clearly
revealed the presence of expanded lysosomes, a PD hallmark [57],
only in the quadriceps of Gaa KOP®* and Gaa KOB%12° mice but not
Gaa WTPBA and Gaa WTPB%12 mice (Fig. 2b). The length of the
expanded lysosomes did not differ in Gaa KOP®A compared to Gaa
KOPBS129 (Fig. 2¢). To evaluate the patterns of gene expression change
in skeletal muscle of each mouse line, we performed transcriptome
analyses by RNA sequencing (RNA-seq) of 4-month-old GaaP®* and
Gaa®%1?%mice (Fig. 2d—f) and performed functional enrichment anal-
yses with IPA (Ingenuity Pathway Analysis) on the collections of
detected differentially expressed genes [DEGs, Benjamini and Hoch-
berg (BH) adjusted p-value < 0.05]. A similar number of DEGs was
detected in KO vs. WT comparisons of quadriceps samples from each
of the two mouse lines: 6196 DEGs in Gaa KOPBA vs. Gaa WTPBA, and
6230 DEGs in Gaa KOB®12%s, Gaa WTB®12° (Fig. 2d). Notably, 52% of
the DEGs were shared between the two mouse lines, suggesting a
similar gene expression profile in diseased skeletal muscle (Fig. 2d).
The activation profile of the most significantly enriched canonical
pathways detected by IPA [BH p value < 0.05 and absolute (z score)
>2, in at least one comparison] evidenced a similar disease-associ-
ated signature in the quadriceps of Gaa KOP2” and Gaa KO®%12° mice
(Fig. 2d). Interestingly, several of the pathways with the highest acti-
vation score values in Gaa KO mice are involved in the control of
inflammation, immune response and oxidative stress (Fig. 2e). We
then evaluated the differential expression of genes involved in
known muscle pathological processes such as fibrosis, inflammatory
response, muscle regeneration and necrosis (Fig. 2f, Fig. S6a). We
found that expression change patterns were similar in KO vs. WT
mice from each of the two lines (Fig. 2f). Accordingly, log fold change
(logFC) values were highly correlated, with Pearson coefficients
higher than 0.82 in all cases (Fig. S6a). Some example of genes simi-
larly deregulated in affected mice from both colonies and involved in
muscle degeneration and regeneration processes were foetal myosin
heavy chains 8 and 3 (Myh8 and Myh3 with approximately 4 and 10
fold expression increments, respectively, in Gaa KO vs. Gaa WT, BH
adjusted p-value<0.0001), Myogenin (MyoG, with approximately
~4-5 fold expression increase in Gaa KO vs. Gaa WT, BH adjusted p-
value < 0.0001) and Klotho (KI, with approximately 3-5 fold
decrease, respectively, in Gaa KO vs. Gaa WT, BH adjusted p-val-
ue<0.01), and, apoptosis, like Caspasel, 3 and 6 (Casp1, 3 and 6, with

at 6 months out of total originally included in the study is depicted in brackets. (d-f) Data are depicted as average+SD. Statistical analyses: (b) Log-Rank (Mantel-Cox) test:

Fkk

p<

0.0001 (Gaa WTPB” vs, Gaa KOPBA and Gaa WTB%129 vs, Gaa KOBS'12%), ** p < 0.01 (Gaa KOPBA vs. Gaa KOB®129); (d) One-way ANOVA with Tukey post-hoc; (e) Two-way ANOVA with
Tukey post-hoc (genotype, age); (f) Multiple t-test with Holm-Sidak post-hoc. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. Histological, ultrastructural and transcriptome analyses show a similarly affected skeletal muscle in Gaa KOP®* and Gaa KOB%'2° mice.(a) Haematoxylin-eosin (HE) and Peri-
odic acid-Schiff (PAS) staining of quadriceps skeletal muscle from 5-month-old male GaaP®* and Gaa®%'2° mice, n = 2 mice/sample. The scale bar is 20 m. (b-c). Electron micros-
copy analysis of tibialis anterior skeletal muscle from 4-month-old male Gaa®®* and Gaa®®'?° mice; n = 2 mice/sample; the number of lysosomes measured was 55 (10 fields) for
Gaa KOPBA, and 172 (25 fields) for Gaa KOB®12° mice. The scale bar is 5 ;um (left and middle panel), 500 nm (right panel). No expanded lysosomes are found in wild type mice (Gaa
WTPBA and Gaa WTB6129), (¢) Data are depicted as average+SD. (d-f) Downstream analysis of RNA sequencing (RNA-seq) data obtained from the quadriceps skeletal muscle of 4-
month-old male Gaa®® and Gaa®%'?° mice. Expression data from 17420 genes with at least 1 count per million (CPM), in at least three samples, were used to evaluate differential
expression in pairwise comparisons Gaa KOP®? vs. Gaa WTPBA and Gaa KOB%129 vs. Gaa WTP12%; nn = 3 mice/sample. (d) Venn diagram distribution of specific and shared differen-
tially expressed genes (DEGs), with Benjamini-Hochberg (BH) adjusted p-value < 0.05, in each of the comparisons. (e) Comparative view of Canonical Pathway analysis results
obtained with Ingenuity Pathway Analysis (IPA) for each DEG collection. The heatmap shows a selection of pathways detected as significantly enriched (p-value < 0.05) in at least
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approximately 2 fold expression increase in Gaa KO vs. Gaa WT, BH
adjusted p-value<0.05). We then determined whether the changes
in gene expression profiles observed here were similar to those found
in related public datasets. We compared the collections of DEGs iden-
tified here in KO vs. WT contrasts in 4-month-old Gaa®®* and
Gaa®®12° mice, with those identified by Lim and colleagues in 5-
month-old Gaa KOB%12° gastrocnemius and those previously identi-
fied by us in 18-month-old Gaa KO®%2° quadriceps [48] (Fig. S6b).
The fraction of shared DEGs with logFC > 0.5 was 50% or higher in all
pairwise comparisons, and logFC values for shared DEGs were highly
correlated in all cases, with Pearson coefficient values above 0.78
(Fig. S6¢ and d), suggesting a high similarity between the transcrip-
tome changes in GaaP®* and Gaa®®'2° skeletal muscle. Overall, these
results indicate that muscle is similarly affected in Gaa KOP®A and
Gaa KOB%12° mijce, then they also provide novel insights into key
pathways involved in muscle pathology in PD.

3.3. Profoundly deregulated gene expression and motor neuron loss is
observed in the spinal cord of Gaa KOP®A mice

Neurological defects caused by glycogen storage in the spinal
cord of Gaa deficient mice have recently emerged as important
determinants of the disease phenotype, drawing attention to PD
neuropathology [25,59]. To understand if spinal cord defects con-
tributed to the early and severe respiratory phenotype observed in
Gaa KOPB” mice (Fig. 1e, Table S1), we performed a transcriptome
analysis by RNA-seq. Whole spinal cords from 4-month-old mice
(Fig. 3a and b, Fig. S7a) were analysed to precisely parallel RNA
expression data obtained from muscle (Fig. 2d and e). Principal
component analysis (PCA) of the derived expression profiles dem-
onstrated distinct clustering of quadriceps and spinal cord samples
(Fig. S7a). In agreement with the observed clustering pattern, pair-
wise comparisons of spinal cord samples from both mouse lines
(Gaa KOPBA vs, Gaa WTPBA and Gaa KOBS12%s. Gaa WTB6:129)
revealed smaller collections of DEGs than those detected in skele-
tal muscle (Figs. 2d and 3a). In addition, in the spinal cord, the
number of DEGs detected in Gaa KOPPA vs. Gaa WTPBA (1338
DEGs) was higher than the number detected in Gaa KOB®12%s,
Gaa WTB5129 (185 DEGs, Fig. 3a). This is indicative of a more
severely deregulated gene expression profile in affected mice from
the DBA colony (Fig. 3a). Of the 185 DEGs found in the spinal cord
of Gaa KOB%12°) 8% was shared with age-matched Gaa KOPB” mice
(Fig. 3a). Canonical pathway analyses with IPA on the collections
of DEGs, suggested that the top shared enriched pathways, such as
the neuroinflammation signalling pathway, were more active in
Gaa KOPBA than Gaa KOB®%12°) relative to the corresponding WT
counterparts, at 4 months of age (Fig. 3b). Several other pathways
were uniquely enriched in Gaa KOP®* at 4 months (Fig. 3b). To fur-
ther characterize the severe alterations of the spinal cord tran-
scriptome observed in Gaa KOPPA mice at 4 months, we expanded
our analysis by incorporating data from public repositories. In par-
ticular, we applied the same RNA-seq data processing, differential
expression testing strategies, and subsequent functional enrich-
ment analysis with IPA, to data available from GEO entry
GSE82081, which describes transcriptome profiles for the spinal
cord of 6- and 16-month-old Gaa WT and Gaa KO mice, from an
independent Gaa®%12° colony [60] (Fig. 3b). A comparison of the
collections of enriched canonical pathways indicated substantial
differences between young and old Gaa KO®'2° (4 and 6 months
vs. 16 months) (Fig. 3b). Notably, the enriched pathway profile

associated to spinal cord DEGs detected in contrast Gaa KOPB” vs.
Gaa WTPBA at 4 months was similar to that observed for contrast
Gaa KOPB%129 ys. Gaa WTB®129 at 16-months (Fig. 3b). These data
therefore suggest that Gaa KOPPA mice present anticipated aber-
rant gene expression changes in the spinal cord compared to Gaa
KOB®129 mijce (Fig. 3a and b). Alterations of gene expression
included significant activation of biological processes involved in
neuroinflammation and immunity, among others (Fig. 3b). To
assess the contribution of the different cell types to the transcrip-
tomic changes we had observed in the spinal cord of Gaa KOPBA
relative to Gaa KOP®%12° at 4 months, we performed a cell-type
enrichment analysis using CTen (Fig. S7b). Highly significant
enrichment scores were obtained for microglial and several mac-
rophage cell populations, for both Gaa KOPB? and Gaa KO®%:129 spj-
nal cords, with enrichment scores [-log10 (Benjamini-Hochberg p-
value)| higher than 40 in all cases, suggesting the important con-
tribution of these cell types to the spinal cord disease (Fig. S7b).
The significant activation of the microglia/macrophage compart-
ment in Gaa KOPB? mice revealed by the RNA-seq at 4 months
included the upregulation of known markers such as the Allograft
inflammatory factor 1 (Aif1), also known as ionized calcium-bind-
ing adapter molecule 1 (Ibal), (with approximatively a 2 fold gene
expression increase relative to Gaa WTPBA BH adjusted p-
value=0.006), the phagocytic marker triggering receptor expressed
on myeloid cells 2 (Trem2, 2 fold increase relative to Gaa WTPBA,
BH adjusted p-value < 0.0001) and Cluster of Differentiation 68
(CD68, 2 fold increase relative to Gaa WTPBA BH adjusted p-
value = 0.004) among others (Fig S8). Significant upregulation of
microglial-derived lysosomal cathepsins (Cts) and cystatin F (Cst7)
was also common to the spinal cord of both Gaa KOP®? and Gaa
KOB%129 a5 compared to their respective WT control mice (Fig.
S8). Interestingly, specific defects of the Gaa KOPBA spinal cord
transcriptome consisted in the significant downregulation of gene
involved in synaptic transmission signalling such as serotonergic
(5-HTR) and glutamatergic (GluR) receptors and the upregulation
of pathways associated with neuronal cell death and pathological
demyelination/remyelination processes. Activation of pro-apopto-
tic caspases, such as Caspase 12 (Casp12), was also found only in
Gaa KOPB” but not Gaa KOP%'?° (2.6 fold increase in Gaa KOPBA
relative to Gaa WTPBA, BH adjusted p-value < 0.0003). These path-
ological changes may potentially model defects in diaphragm
stimulation and white matter abnormalities observed in infantile
PD subjects [59,61]. Histological analysis of the cervical GaaP®?
and Gaa®®12° spinal cord at 4 months also showed a more impor-
tant loss of Choline acetyltransferase positive (Chat+) motor neu-
rons (MN) in affected mice from the GaaP®* colony vs. Gaa
KOB®129 mice (Fig. 3¢ and d). Astrogliosis, another well-known dis-
ease biomarker in the cervical Gaa KO spinal cord was instead sim-
ilarly induced in Gaa KOPB* and Gaa K0®%12° mice, as reflected by
the expression of the glial fibrillary acidic protein (GFAP) by RNA-
seq (approximatively 2. fold expression increases in Gaa KO rela-
tive to Gaa WT mice, BH adjusted p-value < 0.0001) and immuno-
fluorescence analyses (Fig. S9). PAS staining of the cervical spinal
cord clearly showed glycogen accumulation in Gaa-deficient motor
neurons, which may include phrenic motor neurons (Fig. 3e), whose
axonal projections converge into phrenic nerves and innervate the
diaphragm. Overall, these findings show anticipated PD manifesta-
tions in the spinal cord of Gaa KOPB” mice, and indicate that pathways
involved in this process are mainly related to increased neuroinflam-
mation, cell death and activation of immunity.

one DEG set. Asterisks denote not-significant enrichments. The colour scale represents the predicted activation state of the pathways; positive z-score values indicate higher activity
in KO samples. Left column, Gaa KOP®A vs. Gaa WTPBA; right column, Gaa KOB%129 vs, Gaa WTP%129, (f) Comparison of log fold change (logFC) values for genes associated to fibrosis,
inflammatory response, muscle regeneration and necrosis, identified in KO vs. WT contrasts in GaaP®* and Gaa®®'?° mice. Only DEGs, with BH adjusted p-value < 0.05 and abs
(logFC) > 0.5 in at least one of the two contrasts, were included in the heatmaps (number depicted in brackets). Positive and negative logFC values (red and blue colours) indicate

higher expression in Gaa KO or WT, respectively.
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3.4. Gene transfer with secretable GAA rescues biochemical and
transcriptome defects in neonate Gaa KOPPA mice

Next, we asked whether the restoration of the missing GAA activ-
ity by AAV gene therapy was able to correct the gene expression
defects observed in the skeletal muscle and spinal cord of Gaa KOPBA
mice. To this aim, we used AAV9 vectors encoding for a secretable
version of the GAA enzyme (AAV-secGAA) [21] under the control of
our previously characterized liver-muscle promoter (LiMP, ApoE-
hAAT-spC5.12 in tandem) which results in long-term GAA restoration
in muscle and nervous tissue upon neonatal vector delivery [47].
Since profound transcriptomic changes were observed in affected
GaaPP? mice at 4 months of age, we administered AAV-secGAA vec-
tors to neonate Gaa KOP®* mice and analysed them 4 months later
(Fig. 4a). Untreated Gaa KOP®* and Gaa WTPBA [ittermates were used
as controls (Fig. 4a). Four months after vector administration, we
found significant restoration of GAA activity (Fig. 4b) and normalisa-
tion of glycogen storage (Fig. 4c, Fig. S10a) in the skeletal muscle of
Gaa KOPBA mice compared to controls. AAV-mediated restoration of
lysosomal GAA in the Gaa KOPBA skeletal muscle also resulted in the
normalisation of mitophagy and autophagy block as reflected by Par-
kin and p62 content (Fig. 4d—g). To evaluate the rescue of the tran-
scriptome signature after AAV-secGAA gene therapy, we averaged
the expression values from untreated Gaa KOPPA, Gaa WTPB” and
AAV-treated Gaa KOPPA, for the collection of DEGs identified in the
comparison untreated Gaa KOP* vs, Gaa WTPBA, and grouped the
genes into clusters, using K-mean. Clusters with complementary pro-
files were grouped into three metaclusters containing genes with dif-
ferent degrees of restored expression towards wild type levels
(measured in Gaa WTPPA), which are referred to as “fully rescued”,
“partially rescued”, and “not rescued” (Fig. 4h). Notably, the expres-
sion of ~90% of the DEGs found in the skeletal muscle of untreated
Gaa KOPB” mice was either fully (65.7%) or partially (24.8%) normal-
ized by AAV-secGAA (Fig. 4h). Only a minority of disease-associated
DEGs (9.5%) did not show a significant trend towards correction after
AAV treatment (not rescued, Fig. 4h). Functional enrichment analysis
with IPA indicated that metaclusters containing genes with fully res-
cued expression levels were associated to pathways involved in mul-
tiple cellular processes such as bioenergetics and metabolism (e.g.
glycogen degradation, mTOR and AMPK signalling, oxidative stress,
mitochondrial dysfunction), neuroinflammation, immunity, apopto-
sis and autophagy, among others (Fig. 4i).

Restoration of lysosomal GAA (Fig. 5a—c) and glycogen clearance
(Fig. 5d) was also observed in the spinal cord of AAV-treated Gaa
KOPPBA, Similar to what we observed in previous studies [47], the sen-
sitivity of the GAA activity assay in the CNS was lower compared to
the detection of the GAA transgene protein product by Western blot
with a human-GAA-specific antibody (Fig. 5a—c). Spinal cord gene
expression was either partially or fully normalised for approximately
62.5% of the identified disease-associated DEGs (Fig. 5e). The expres-
sion of 37.5% of the DEGs identified in Gaa KOP®” vs. Gaa WTPBA did
not show a significant trend towards correction at the time of analy-
sis (not rescued, Fig. 5e). Since neuroinflammation was found to be
significantly activated in Gaa KOPB” (Fig. 3b), we also focused on the
DEGs associated with this pathway and found that the expression of
63.7% of them was corrected by AAV-secGAA therapy (Fig. 5f; 24%
fully rescued, dark green lines; 36.4% partially rescue, light green
lines; 36.4% not rescued, orange lines). Functional enrichment analy-
sis with IPA indicated that metaclusters containing genes with fully
rescued expression levels were associated to multiple pathways
mainly involved in nervous system disease, neuroinflammation and

immunity, in addition to energy sensing (AMPK signalling pathway)
(Fig. 5g).

Overall, these results show that the efficient restoration of lyso-
somal GAA activity in skeletal muscle and spinal cord of Gaa KOPBA
mice by gene transfer with AAV-secGAA results in significantly rescue
of both biochemical and transcriptome defects.

3.5. Gene transfer with secretable GAA improves muscle and respiratory
phenotype in adult symptomatic Gaa KOPPA mice

Based on the significant rescue observed after treatment of
affected mice early after birth, we next tested if gene transfer with
AAV-secGAA could also improve the disease phenotype of Gaa KOPBA
mice with established muscle and respiratory disease. To this aim,
we used AAV9 vectors expressing secretable GAA (AAV-secGAA)
under the control of a previously characterized liver-neuron pro-
moter (LiNeuP: ApoE-hAAT-hSYN in tandem), which results in effi-
cient hepatic and CNS co-expression of GAA upon intravenous vector
delivery to adult mice [47]. The LiNeuP was chosen to achieve gene
expression in the liver and at the same time rapid expression of the
therapeutic GAA enzyme in the nervous tissue, to provide both a sys-
temic (via the circulation) and local supply of GAA to the affected tis-
sues. In this study, AAV-secGAA vectors were administered to 2-
month-old Gaa KOPB* mice, and the analyses were performed 3
months after gene transfer (5 months of age, Fig. 6a) to ensure
enough time for the secGAA transgene to reach plateau levels in the
circulation, as established in our previous studies [21], and to limit
the loss of untreated Gaa KOPB” due to premature death (Fig. 1b).
Untreated Gaa KOPB? and Gaa WTPBA littermates were used as con-
trols (Fig. 6a). At the end of the study, survival was 100% for Gaa
WTPBA 60% for untreated Gaa KOP®* and 80% for AAV-treated Gaa
KOPBA, Clear restoration of lysosomal GAA protein (Fig. 6b and c) and
normalization of glycogen storage (Figs. 6d and S10b) was found in
the heart, diaphragm, quadriceps and triceps of Gaa KOP®A compared
to untreated controls. AAV-mediated restoration of lysosomal GAA in
the Gaa KOPB” skeletal muscle was also associated with normalisa-
tion of muscle strength (Fig. 6e). Restoration of lysosomal GAA
(Fig. 7a—e) and glycogen clearance (Fig. 7f) was also observed in the
spinal cord and brain of Gaa KOP®* compared to controls (Fig. 7a—f).
Despite vector delivery being performed at a time of established
respiratory impairment, a significant amelioration of several parame-
ters such as Te, EF50, RT, f, EEP was measured by whole body plethys-
mography (Fig. 7g).

These results show that the efficient AAV-mediated restoration of
GAA in muscle and nervous tissue of Gaa KOP®* mice with estab-
lished muscle and respiratory defects provides significant therapeutic
benefit.

4. Discussion

Here we report the generation and characterization of a novel Gaa
knock-out (KO) model, the Gaa KOP®A mouse, homozygous for the
Ltbp443° allele in a mixed C57BL/6;129;DBA2/] background. In partic-
ular, male Gaa KOP®A mice recapitulate the main key manifestations
of PD including premature death, cardiac hypertrophy, muscle weak-
ness, locomotor impairment, and clear respiratory defects during
quiet breathing. A possible explanation of the early lethality observed
in the male Gaa KOPBA mouse colony could be the marked respiratory
phenotype, which is specific to these animals compared to Gaa
KOB%129 colony, combined with the muscle impairment that is simi-
lar across the two colonies. The respiratory phenotype is particularly

acetyltransferase-positive (Chat+) motor neurons (MN) in the cervical spinal cord of 4-month-old male Gaa®* and Gaa®%'2° mice: Gaa KOP®” n = 4, Gaa WTPBA, Gaa WTB%12° and
Gaa KOPB%12%n = 3 mice/sample. The scale bar is 200 ;xm (top panels and bottom panels). (d) Data are depicted as average+SD, Statistical analysis: Student’s t-test; **p < 0.01. (e)
Periodic acid-Schiff (PAS) staining of the cervical spinal cord (regions C3-C6), the scale bar is 200 .«m (top and bottom panels). The inset shows motor neurons in the ventral horn of

the cerival spinal cord grey matter.
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Fig. 4. Gene therapy with AAV vectors encoding for a secretable GAA variant rapidly rescues skeletal muscle defects in Gaa KOP®A mice.(a) Study diagram: Gaa KOP®A mice were
treated by intravenous injection of AAV9 vectors encoding for a codon-optimized secretable human GAA (secGAA) under the control of the tandem liver-muscle LiMP promoter
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(P2), analyses were performed 4 months (4M) later; SkM (skeletal muscle), SC (spinal cord). Biochemical (b-g) and downstream analysis of RNA sequencing (RNA-seq) data (h-i) of
skeletal muscle (SkM) at the end of the study. (b) Analyses of GAA enzyme activity in triceps muscle. (c) Analyses of glycogen storage in triceps muscle. (d) Western blot analyses of
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Gaa KOPB” +AAV (n = 4). Data are depicted as average+SD. (h) Gene expression clusters. Expression profiles for 2573 DEGs with abs (logFC) > 0.5, detected in contrast untreated
Gaa KOPPA vs. Gaa WTPBA were constructed by recovering averaged expression values from untreated Gaa KOP®A, Gaa WTP®” and AAV-treated Gaa KOP®* samples, and assigned to
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relevant to PD, since currently available Gaa KO mice present very
mild respiratory defects [18, 21—-27]. Respiratory problems instead
manifest in all forms of the disease, representing one of the leading
causes of morbidity, in addition to IOPD-specific cardiomyopathy [5,
28-32]. While cardiac problems have been widely reported to be
effectively treated by ERT [5], the effective treatment of the PD respi-
ratory phenotype still represents a medical need [14, 32]. Therefore,
the male Gaa KOPBA model we presented here is a useful tool to study
the pathophysiology of respiratory defects in PD and to test the effi-
cacy of novel therapeutic strategies. Interestingly, normal survival
with late-onset cardiac hypertrophy and respiratory defects were
observed in female Gaa KOP®#, in agreement with previous studies in
male and female mdx-DBA2/] mouse models of Duchenne muscular
dystrophy (DMD) [62], thus suggesting that male Gaa KOP®” mice are
a more stringent model of PD.

Interestingly, we found that the DBA2/] background (commonly
referred to as D2), harbouring the modifier Ltbp4436 allele [42] mod-
ulates the severity of the disease phenotype in the Gaa KO mouse. A
previous study by Raben et al. reported that the genetic background
modulates the severity of muscle disease in Gaa KO mice [63], show-
ing a milder muscle phenotype in GAA KO in a mixed C57BL/6;129;
FVB background compared to the most severe Gaa KO®%12° strain
[63]. Notably, here we report for the first time that the genetic back-
ground also modulates the severity of respiratory defects and neuro-
pathology in Gaa KO mice.

By comparing side-by-side the disease phenotype of the Gaa
KOB%129 mouse, the most used and severe PD model, to our newly
generated Gaa KOPBA mouse, we observed similar muscle disease
while more pronounced neuropathology and respiratory defects in
the Gaa KOPPA mouse. Muscle strength and ultrastructure were found
to be similarly affected in Gaa KO®%'1?9 and Gaa KOPPA, While the dis-
ease phenotype of Gaa KOP®” mice in the C57BL/6;129;DBA2/] back-
ground showed low variability, future work will be aimed at
obtaining a mouse colony fully backcrossed into DBA2/J to perform
additional studies on the impact of the Ltbp443° allele on PD.

In our study, in agreement with the other assessments, transcrip-
tomic analysis by RNA sequencing showed a similar deregulation of
muscle gene expression in the affected mice from both strains. Tran-
scriptional changes in the skeletal muscle of affected GaaP®* mice
were also found to be highly similar to those of affected Gaa®%12°
upon the analysis of public gene expression datasets from the
Gaa®%12® strain [48,58]. Both Gaa KOB%12% and Gaa KOP®” from the
present study showed a significant upregulation of cellular pathways
involved in inflammation, immunity, oxidative stress and the deregu-
lation of pathways involved in cellular energy sensing and metabo-
lism (e.g. mTOR, AMPK). Muscle regenerative processes were also
induced in affected mice, as reflected by the upregulation of fetal
Myosins (Myh 3 and Myh8) and Myogenin expression, which are rec-
ognized markers of muscle regeneration in several myopathies [64].
The upregulation of several caspases such as 1, 3, and 6 in skeletal
muscle also suggests the activation of a degenerative/regenerative
process, as reported in other forms of muscular dystrophy [65].
Recent studies reported that in PD mice the upregulation of genes
associated with muscle regeneration is accompanied to a low number
of regenerating myofibers due to reduced activation of muscle satel-
lite cells [66]. Interestingly, in the present study transcriptomic anal-
yses of Gaa KO skeletal muscle showed an important downregulation
of Klotho, whose deficiency has been linked to impaired muscle

regeneration due to defects in muscle progenitor cells [67]. Our find-
ings therefore shed light on novel mechanisms contributing to the
impairment of muscle regeneration in PD. Consistent with our obser-
vations, previous reports in mouse models of muscular dystrophy
(MD), such as the Dystrophin-deficient mdx mice, have shown that
the DBA2/] background does not worsen muscle grip strength and
the induction of regeneration-associated Myh3 and MyhS8, when
compared to the parental background [68]. In mdx mice, the DBA2/]
background also exacerbates muscle inflammation, permeability and
fibrosis, which are all prominent features of MD in mdx-C57BL/10
(and other MD strains), and are caused by the defects of dystrophin
glycoprotein complex (DGC) at the sarcolemma [68]. Here, we
observed that the increased activation of inflammation-associated
genes and the deregulation of genes associated with fibrosis and
necrosis was similar in the muscle of Gaa KOP®* compared to Gaa
KOPB5129 The deregulation of these pathways, however, was not asso-
ciated with muscle histopathological defects (e.g. muscle scars, fibro-
sis and infiltration of mononuclear cells) in any muscle analysed,
including the diaphragm, which is particularly relevant to the respi-
ratory function. This difference between MD and PD models may be
explained by the different nature, function and pathological conse-
quences of Gaa deficiency, which results in a mostly preserved mus-
cle fibre structure. Dystrophin deficiency and other DGC defects
instead result in the disruption of the muscle sarcolemma, muscle
necrosis, important infiltration of immune cells, and consequent
deposition of fibrotic tissue and calcifications [68]. Of note, our previ-
ous analyses in Gaa KOP%129 at late stages of the disease (18 months)
also failed to reveal skeletal muscle fibrosis and inflammatory infil-
trates, despite the inductions of fibrotic and inflammatory gene
expression [48]. Clinical studies in muscle of IOPD subjects also
showed that, differently from MD, fibrosis and chronic immune acti-
vation are not the main features of PD muscle, despite the activation
of the underlying signalling pathways [69,70].

Mildly altered respiratory function has been reported in mdx-
DBA2/] despite presenting a more severely affected diaphragm com-
pared to the mdx-C57BL/10 strain. Furthermore, TGFS inhibitors
have been reported to improve the respiratory function in mdx mice
[71]. Here we found that Gaa KOPBA show severe early-onset altera-
tions of the respiratory function but no apparent worsening of the
diaphragm histopathology. This suggests that increased TGFg release
in Gaa KOPB* mice, which are homozygous for the Ltbp443¢ allele,
may have an important role in the aetiology of the observed respira-
tory defects. Differently from PD, the high basal level of TGFS in the
mdx muscle [71] and the superior activation of the TGFS-SMAD2/3
signalling pathway in MD myotubes [72] may possibly synergize
with the increased TGF release in the DBA2/] background [42] to sig-
nificantly worsen MD. Notably, we also found that the early restora-
tion of the missing enzyme in skeletal muscle of Gaa KOP2* mice by
systemic administration of AAV-secGAA vectors was able to normal-
ize glycogen content, autophagy/mitophagy block and transcriptome
gene expression. The expression of 90.5% of the deregulated genes
identified in the Gaa KOP®A skeletal muscle was indeed fully or par-
tially corrected compared to Gaa WTP2A 4 months after AAV-secGAA
administration. Correction of pathological transcriptome changes
was observed in multiple cell pathways including glucose/glycogen
metabolism, energy sensing (mTOR and AMPK signalling), apoptosis,
autophagy, inflammation (NFkB signalling) and mitochondrial func-
tion, to cite some. The rescue of aberrant mTOR and AMPK signalling

6 clusters using K-mean. Clusters with complementary expression profiles were combined to define three metaclusters, containing genes whose expression levels had been fully
rescued (65.7% of DEGs), partially rescued (24.8% of DEGs) or not rescued (9.5% of DEGs) after treatment of Gaa KOP®* with AAV-secGAA. Normalized expression counts, averaged
for each condition and scaled for each gene, are represented on the Y-axis. Grey lines represent the expression profile of individual genes. Black lines represent average expression
profiles for each of the combined clusters. (i) Functional enrichment analysis with Ingenuity Pathway Analysis (IPA) for the set of fully rescued genes. The dot plot represents Benja-
mini-Hochberg (BH) adjusted p-values and activation z-scores, for the set of 30 canonical pathways associated to significant enrichment p-values (BH p-value < 0.05). Statistical
analysis: One-way ANOVA with Tukey post-hoc (b-c, e-g). Asterisks and hash marks on the bars show significant differences vs. mouse cohorts specified in the graph legends;

*p < 0.05,**p < 0.01, *p < 0.001, ****p < 0.0001, ##p < 0.01, ###p < 0.001.
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Fig. 5. Gene therapy with AAV-secGAA vectors improves the spinal cord disease phenotype in Gaa KOP®A mice.(a-g) Gaa KOP®* mice were treated by intravenous injection of AAV9
vectors encoding for a codon-optimized secretable human GAA (secGAA) under the control of the tandem liver-muscle LiMP promoter (AAV-secGAA, dose: 4 x 10'° vg/mouse,
~2 x 10" vg/kg); littermate untreated (no Tx) Gaa KOP®A and Gaa WTP” were used as controls. Vector was delivered at postnatal day 2, analyses were performed 4 months later
(study diagram in Figure 4a). Biochemical (a-d) and downstream analysis of RNA sequencing (RNA-seq) data (e-g) in spinal cord samples at the end of the study are shown. (a) Anal-
yses of GAA enzyme activity in the spinal cord. (b-c) Western blot analyses of spinal cord lysates with anti-human GAA antibody, anti-Vinculin antibody was used as loading control.
The molecular weight marker (kDa) is depicted. The lanes were run on the same gel but were non-contiguous. Western blot quantification is shown in panel c. (d) Analyses of glyco-
gen storage in the spinal cord. (a-d) Gaa WTPBA (n = 4), Gaa KOPBA (n = 5), Gaa KOPBA +AAV (n = 4). Data are depicted as average+SD. (e) Gene expression clusters. Expression profiles
for 137 DEGs with abs (logFC) > 0.5, detected in contrast untreated Gaa KOPB* vs. Gaa WTPBA, were constructed by recovering averaged expression values from untreated Gaa
KOPBA Gaa WTPBA and AAV-treated Gaa KOPP” samples, and assigned to 6 clusters using K-mean. Clusters with complementary expression profiles were combined to define three
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Fig. 6. AAV-secGAA gene transfer rescues glycogen accumulation and muscle strength in adult Gaa KOP®* mice with established disease.(a) Study diagram: Gaa KOP®* mice (n = 5)
were treated by intravenous injection of AAV9 vectors encoding for a codon-optimized secretable human GAA (secGAA) under the control of the tandem liver-neuron LiNeuP pro-
moter (AAV-secGAA, dose: 2 x 10'? vg/kg); littermate untreated (no Tx) Gaa KOP®” (n = 5) and Gaa WTP®” (n = 5) were used as controls. Vectors were delivered to 2-month-old
mice (2M), analyses were performed 3 months later in 5-month-old mice (5M). (b-c) Western blot analyses of heart, diaphragm, quadriceps and triceps muscle lysates with anti-
human GAA antibody, anti-Vinculin antibody was used as loading control. The molecular weight marker (kDa) is depicted. Western blot quantification is shown in panel c. (d) Anal-
yses of glycogen storage in of heart, diaphragm, quadriceps and triceps muscles. (e) Muscle strength measured by 4-limb grip strength test. (b-e) The number of alive mice at the
end of the study was: Gaa WTPBA (n = 5), Gaa KOPBA (n = 3), Gaa KOPBA +AAV (n = 4). Data are depicted as average+SD. Statistical analysis: Multiple t-test with Holm-Sidak post-hoc
(c), Two-way ANOVA with Tukey post-hoc (d), One-way ANOVA with Tukey post-hoc (e);*p < 0.05, **p < 0.01, ***p < 0.001.

is particularly relevant, since these pathways have been reported to
be difficult to correct by ERT in Gaa KO mice [73,74].

Different from muscle, transcriptomic analyses of the Gaa KOPBA
spinal cord showed more profound changes as compared to age-
matched Gaa KOB®12°, The number of significantly deregulated genes
was indeed ~7 times higher in the Gaa KOP2* spinal cord than Gaa
KOB%129 at 4 months of age. Microarray analyses of the mid-cervical
spinal cord from 6- and 16-month old Gaa KOB%12° mice, previously
reported by Turner et al., showed that the number of deregulated
genes increases with age, possibly reflecting disease severity and pro-
gression [60]. Interestingly, analysing side by side our gene expres-
sion data to that generated by Turner el al. [60], we found that the
disease-associated gene function signature in the spinal cord of 4-
moth-old Gaa KOPB* was similar to that of 16-month-old Gaa
KOP%129 mice. This finding suggests that Gaa KOP®A mice present

with an anticipated disease phenotype affecting the spinal cord. Our
RNA-seq analyses also showed that the transcriptomic signature of
the Gaa KOPP? spinal cord was characterized by the important upre-
gulation of neuroinflammation and contribution of the microglia/
macrophage compartment. A similar transcriptomic signature has
been observed in the nervous tissue of other mouse models of lyso-
somal storage disease (LSD) with a prominent neurologic disease
phenotype [75,76]. Notably, RNA-seq of the Gaa KOP® spinal cord
also revealed a significant upregulation of genes associated with neu-
ronal cell death and pathological demyelination/remyelination pro-
cesses. Consistent with the unique caspase upregulation we found in
Gaa KOPB? spinal cord by RNA-seq, a more important loss of motor
neurons was also found in these mice compared to age-matched Gaa
KOB5129 at 4-months by histological analyses. Glycogen storage was
also prominent in putative motor neurons in cervical spinal regions

metaclusters, containing genes whose expression levels had been fully rescued (24% of DEGs), partially rescued (38.5% of DEGs) or not rescued (37.5 % of DEGs) after treatment of
Gaa KOPBA with AAV-secGAA. Normalized expression counts, averaged for each condition and scaled for each gene, are represented on the Y-axis. Grey lines represent the expres-
sion profile of individual genes. Black lines represent average expression profiles for each of the combined clusters. (f) Combined representation of the three metaclusters depicted
in panel e, filtered to describe exclusively genes involved in neuroinflammation: fully rescued, dark green lines; partially rescued, light green lines; not rescued, orange lines. (g)
Functional enrichment analysis with Ingenuity Pathway Analysis (IPA) for the set of fully rescued genes. The dot plot represents Benjamini-Hochberg (BH) adjusted p-values and
activation z-scores, for the set of 31 canonical pathways associated to significant enrichment p-values (BH p-value < 0.05). (c-d) Asterisks on the bars show significant differences
vs. mouse cohorts specified in the graph legends; *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
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Fig. 7. AAV-secGAA gene transfer rescues glycogen accumulation in the spinal cord and improves respiratory function in adult Gaa KOP®A mice with established disease.(a-g) Gaa

KOPBA mice (n = 5) were treated by intravenous injection of AAV9 vectors encoding for a codon-optimized secretable human GAA (secGAA) under the control of the tandem liver-
neuron LiNeuP promoter (AAV-secGAA, dose: 2 x 10'? vg/kg); littermate untreated (no Tx) Gaa KOP®? (n = 5) and Gaa WTPBA (n = 5) were used as controls. Vector was delivered to
2-month-old mice (2M), analyses were performed 3 months later in 5-month-old mice (study diagram in Figure 6a). (a-d) Western blot analyses of spinal cord (a-b) and brain (c-d)
lysates with anti-human GAA antibody, anti-Vinculin antibody was used as loading control. The molecular weight marker (kDa) is depicted. Western blot quantification is shown in
panels b and d. (e) Analyses of GAA enzyme activity in spinal cord and brain. (f) Analyses of glycogen storage in in spinal cord and brain. (g) Analyses of respiratory function mea-
sured by whole body plethysmography during quiet breathing: expiratory time (Te), mid expiratory flow (EF50), frequency of breathing (f), end expiratory pause (EEP), retention
time (RT). (a-g) The number of alive mice at the end of the study was: Gaa WTPPA (n = 5), Gaa KOPB” (n = 3), Gaa KOPBA +AAV (n = 4). Data are depicted as average=SD. Statistical
analysis: Student’s t-test (b, d); Two-way ANOVA with Tukey post-hoc (e, f); One-way ANOVA with Tukey post-hoc (g). Asterisks and hash marks on the bars show significant differ-

ences vs. mouse cohorts specified in the graph legends; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, #p < 0.05, ##p < 0.01.

containing the phrenic motor neurons, which controls the respiratory
diaphragm. The activation of the cathepsin/cystatin axis we observed
in Gaa KO mice also reveals novel neuropathologic mechanisms
which may be important to further characterize since the deregula-
tion of these genes has been related to pathological demyelination/
remyelination processes and neuronal cell death in models of amyo-
trophic lateral sclerosis (ALS) [77] and other LSDs [78]. Notably, white
matter hypersensitive foci and demyelination have been observed in
IOPD and LOPD [59].

As observed in muscle, we showed that the systemic early admin-
istration of AAV-secGAA vectors to Gaa KOPB* mice restored lyso-
somal GAA and cleared pathological glycogen storage in the spinal
cord. At only 4 months after AAV-secGAA administration, the expres-
sion of about 63% of the DEGs in the spinal cord of Gaa KOPB* was
fully or partially corrected compared to Gaa WTPBA, The rescue of
pathological transcriptome changes in the spinal cord of PD mice is
an unprecedented observation that has important implications for
PD treatment. We have previously reported that the clearance of
pathological glycogen accumulation in the nervous system of PD
mice is a time-dependent process, therefore long-term follow-up
after AAV gene therapy is required to properly evaluate the effect of
GAA restoration in this tissue [21]. In the present study, the

expression of a large proportion of the deregulated genes found in
the Gaa KOPBA spinal cord was restored to wild type levels at an early
time point after neonatal administration of AAV-secGAA vectors.
These findings represent the first evidence that profound transcrip-
tomic defects occurring in the nervous system of Gaa-deficient mice
can be rapidly improved by restoring the missing enzyme activity.
The rescue of disease-associated transcriptome changes in the Gaa
KOPBA spinal cord included a significant decrease of neuroinflamma-
tion and immune activation, and the correction of disease-related sig-
nalling pathways (e.g. ALS and Huntington disease signalling), among
others.

ERT has been widely reported to effectively correct cardiomyopa-
thy in IOPD, slightly improve or stabilize muscle function in LOPD
while providing modest effects on the respiratory problems, likely
due to limited targeting of the CNS [5,14,32-37,41]. We have previ-
ously reported that liver AAV gene therapy using a secretable human
GAA results in a dose- and time-dependent restoration of lysosomal
GAA in the CNS of Gaa KO®%12° mice [21]. A faster restoration of lyso-
somal GAA in the nervous system can be achieved combining co-
expression of secretable GAA in both liver and neurons using a tan-
dem liver-neuron promoter (LiNeuP) [47]. In the present study, we
used this latter approach and showed for the first time that it allows
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to improve at the same time muscle strength and respiratory defects
after vector administration to mice with already established defects.
Treatment of PD by GAA gene transfer has intuitively higher thera-
peutic potential at early disease stages, however our findings suggest
that phenotype improvement can be achieved by restoring therapeu-
tic levels of enzyme activity even in a time of fully manifested dys-
functions of muscle and nervous system. Future studies will tell
whether early restoration of GAA activity in the nervous tissue is
needed to prevent irreversible disease manifestations linked to neu-
ronal cell death.

Seminal studies suggested that neuronal deficit contributes to
respiratory defects in mice and PD subjects [25,79]. Consistently, the
present study provides compelling evidence that profound transcrip-
tomic changes in the spinal cord are accompanied with severe respi-
ratory defects, as we observed in Gaa KOP®* mice, but not Gaa
KOPB%129 mice. Our findings thus show that in Gaa deficient mice the
spinal cord disease plays a key role in the aetiology of respiratory
impairment in PD, and that the genetic background, including the
Ltbp4 haplotype, impacts upon its onset and severity. The pro-
nounced neuroinflammation observed in the spinal cord of Gaa
KOPBA mice may be the underlying cause of the severe motor neuron
loss and respiratory dysfunction in these animals. This, would be a
direct effect of the increased release of TGFS associated with the
DBA2/J background, or other modifiers in addition to the Lthp443®
alleles. Future work will be aimed at dissecting the causative molecu-
lar mechanism underlying the early-onset spinal cord and respiratory
phenotype of Gaa KOPBA mice. The identification of modifier genes in
PD severity and response to ERT still represents an important chal-
lenge in the field [12]. Despite the current study being limited to a
mouse model, other genetic studies have shown that LTBP4 is a modi-
fier gene in human diseases such as DMD, allowing to predict the age
of ambulatory loss [44—46]. Therefore, based on our findings, it could
be of interest to evaluate the impact of LTBP4 as modifier gene in PD
subjects and its relevance as new therapeutic target. Interestingly,
multiple strategies could be exploited to counteract the increased
release of TGFB from the extracellular matrix, as determined by the
“detrimental” Ltbp443° allele [42,71,80—83].

In conclusion, this work provides a unique, highly stringent
mouse model of PD, which offers insights into mechanisms and bio-
markers of PD, and demonstrates novel proof-of-concept of the effi-
cacy of systemic AAV vector gene transfer in addressing the
neuromuscular pathology in PD.
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