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A myotropic AAV vector combined with skeletal
muscle cis-regulatory elements improve glycogen
clearance in mouse models of Pompe disease
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Pompe disease is a glycogen storage disorder caused by muta-
tions in the acid a-glucosidase (GAA) gene, leading to reduced
GAA activity and glycogen accumulation in heart and skeletal
muscles. Enzyme replacement therapy with recombinant
GAA, the standard of care for Pompe disease, is limited by
poor skeletal muscle distribution and immune responses after
repeated administrations. The expression of GAA in muscle
with adeno-associated virus (AAV) vectors has shown limita-
tions, mainly the low targeting efficiency and immune re-
sponses to the transgene. To address these issues, we developed
AAV capsids with improved skeletal muscle targeting and
reduced off-targeting. These capsids combined with codon
optimization, muscle-specific cis-regulatory elements, and a
synthetic promoter demonstrated a strong skeletal muscle
tropism, reduced liver targeting, and enhanced GAA trans-
gene expression and reduced glycogen accumulation in a
Gaa~'~ mouse model. However, increased muscle-specific
expression led to a robust anti-hGAA immune response. To
circumvent this, the AAVMYO2 capsid was tested in immuno-
deficient Gaa '~ Cd4'~ mice and compared to AAV9 at
different doses. The combination of AAVMYO2 with an opti-
mized transgene expression cassette provided a dose-depen-
dent advantage for glycogen reduction in skeletal muscles of
Gaa'~Cd4~'~ mice. These findings support the potential of
muscle-specific AAV gene therapy for Pompe disease at lower
doses with greater specificity.

INTRODUCTION

Pompe disease (PD), also known as glycogen storage disease type II
(GSDII, OMIM#232300), is a rare autosomal recessive disorder that
affects approximately 1 in 40,000 births. It is caused by mutations in
the GAA gene encoding the enzyme acid a-glucosidase (GAA). This
enzyme plays a crucial role in the breakdown of glycogen in lyso-

somes, converting it into glucose. In PD, GAA deficiency leads to
the abnormal accumulation of glycogen in lysosomes throughout
the body."” The most affected tissues being the cardiac and skeletal
muscles; the disease is characterized by cardiac insufficiency, muscle
weakness, and respiratory failure.” Neurological complications may
also arise due to glycogen accumulation in neurons and white matter
abnormalities, such as delayed motor skill, cognitive deficiencies, or
4-6

mildly delayed learning.

The standard of care for PD is enzyme replacement therapy (ERT) with
recombinant human GAA (thGAA)." ERT is used to treat both forms
of PD: infantile-onset (IOPD) and late-onset (LOPD). LOPD patients
are characterized by residual GAA activity (>1%) and experience
slower disease progression with limited heart involvement. Meta-
data analysis of multiple clinical studies has shown that ERT signifi-
cantly improves walking distance, stabilizes respiratory function, and
enhances muscle strength in LOPD patients.” Immune reactions to
rhGAA have minimal to no impact on the effectiveness of ERT in
LOPD patients.” In contrast, IOPD patients have no detectable GAA
activity (<1%). Without treatment, IOPD patients typically do not sur-
vive beyond the first few years of life.”'' ERT has significantly
increased IOPD patient’s lifespan by improving ventilator-free survival
and cardiac function.'” '® However, long-term evaluation has revealed
that respiratory and muscle functions decline over time, even in IOPD
patients positive to cross-reactive immune material (CRIM™) treated
from an early age.”'”"® This decline is particularly evident in CRIM ~
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patients, likely due to immune responses to rhGAA that greatly reduce
the efficacy of ERT.

In recent years, multiple gene therapy approaches have been
developed for PD, and many of them progressed to preclinical
and clinical phases.'” ** Most of those approaches use adeno-asso-
ciated virus (AAV) vectors to target either the liver or the muscle.
Early studies focusing on liver-targeted expression of GAA have
shown promising results in reducing pathological glycogen accu-
mulation in muscles.”” > Further studies in animal models of
the disease and in healthy non-human primates (NHPs) supported
safety and efficacy of the approach.”® The use of liver gene trans-
fer with AAV vectors for the treatment of IOPD patients is, how-
ever, limited by the replication of hepatocytes during liver growth
that may lead to transgene dilution and a loss of efficacy over
time.*®

On the other hand, muscle-specific approaches demonstrated effi-
cacy in expressing the hGAA enzyme and in reducing glycogen accu-
mulation in relevant muscles.”’ > However, the main limitation of
the muscle-targeted approach currently lies in the high doses of vec-
tors required to efficiently target muscles in humans often exceeding
1 x 10" vg/kg.”’~** This high dose poses a risk of acute liver toxic-
ities and complement activation.’*™*? Overall, while both liver and
muscle-directed gene therapy approaches have shown promises in
addressing PD, challenges remain related to long-term efficacy,
high doses, and potential side effects. Ongoing research aims at the
optimization of these approaches to provide safer and more effective
treatment for PD patients.

In this study, we took advantage of two recently developed AAV cap-
sids (AAVMYO2 and AAVMYO3) with known enhanced muscle
targeting,”** and we tested them in combination with the synthetic
SpC5-12 promoter (C512), a known skeletal muscle-specific pro-
moter.*® Comparison with AAV9 showed superior targeting of skel-
etal muscles with the two engineered AAV capsids, as well as robust
liver detargeting. The use of a muscle-targeted transcriptional cis-
regulatory elements (CREs)*>* coupled to the SPc5-12 muscle-spe-
cific promoter (CRE-C512), together with a codon-optimized
version of hGAA cDNA (hGAAco), further improved protein
expression in cardiac and skeletal muscles. However, as expected
from our recent works,”>*® the increased muscle specificity resulted
also in an increased humoral immune response to hGAA. To assess
vector efficacy while mitigating the effect of the potential immune
response to the transgene, a dose-response study was conducted in
Gaa~’~ immunodeficient mice.”° In this mouse model of PD, the
combination of the AAVMYO2 capsid with the optimized expres-
sion cassette (AAVMYQO2-CRE-C512-hGAAco) was tested at three
doses and compared to the original construct (AAV9-C512-
hGAAwt) as well as to the AAVMYO3-CRE-hGAAco vector. Inter-
estingly, the combination of the engineered capsid and promoter re-
sulted in a dose advantage with higher GAA expression in skeletal
muscle and complete clearance of glycogen content measured three
months after AAV administration.
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These findings underline the potential of improved muscle targeting
by combining engineered AAV capsids with enhanced expression
cassettes for the treatment of PD. While the reduction of the doses
is beneficial as it helps to minimize the risk of liver-related toxicities,
this work also supports the hypothesis that complete liver detargeting
may result in the activation of an anti-transgene immune response
that may be detrimental to the efficacy of the treatment itself.

RESULTS

Engineered AAV capsids combined with optimized transgene
expression cassettes result in superior glycogen clearance in
skeletal muscle of adult Gaa™~ mice

The high doses required to achieve efficacy by muscle-directed AAV
gene transfer in a murine model of PD*’ led us to exploit novel my-
otropic AAV capsids obtained by grafting shuffled AAV vectors with
integrin-targeting peptides.** The two capsids, named AAVMYO2
and AAVMYO3, were used to express wild-type or codon-optimized
human GAA (hGAAwt or hGAAco, respectively) under the tran-
scriptional control of the SPc5-12 muscle promoter or the same pro-
moter genetically linked to muscle-targeted transcriptional CREs
(CRE-C512)** (Figure S1).

To validate the muscle-specific tropism of the capsid-promoter com-
binations, a three-month efficacy study was performed in adult
Gaa~'™ mice. In this first study, AAVMYO2 and AAVMYO3 vectors
were compared to AAV9 for the expression of hGAAwt under the con-
trol of the SPc5-12 promoter. In parallel, the AAVMYO3 vector was
also used to express the hGAAco transgene under the control of the
SPc5-12 promoter and to evaluate the strength of the CRE-C512 pro-
moter in muscle tissues (Figure 1A). Three months after intravenous
injection of the five AAV vectors at the dose of 1 x 10" vg/kg, lower
vector genome copy numbers (VGCNs) were observed in the heart of
mice injected with AAVMYO2 and AAVMYO3 capsids compared to
AAV9 (Figure S2A). In line with the lower VGCN, the optimized vec-
tors had tendentially lower GAA activity, similar transgene expression
and glycogen clearance was observed in the heart when compared to
the AAV9 reference vector (Figures 1B, 1C, and S2B; Table S1).

Skeletal muscle tissue targeting as measured by VGCNs was increased
up to 5-fold in mice injected with the two engineered capsids compared
to AAV9 (Figure S2C; Table SI). Gaa~'~ mice treated with the
AAVMYO3 capsid showed increased VGCN in diaphragm while
AAVMYO?2 was enriched in triceps (Figure S2C; Table S1). A robust
increase in GAA activity and expression was observed in diaphragm,
quadriceps, triceps, and gastrocnemius when mice were treated with
AAVMYO2 compared to the AAV9 reference vector with the same
transgene expression cassette (Figures 1D and S2D-S2G). Interest-
ingly, an increase in GAA activity was observed in the diaphragm,
quadriceps, triceps, and gastrocnemius when the AAVMYO3 capsid
was combined with either a codon optimized transgene (GAAco) or
the CRE-C512 promoter (Figure 1D). In accordance with the increased
GAA activity, improved glycogen clearance was observed in muscles of
mice treated with the AAVMYO2-C512 compared to AAV9. The com-
bination of AAVMYO3 with different transgene codon optimization
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Figure 1. Optimized AAV capsids and expression cassettes improve glycogen

clearance in adult Gaa™~ mice

(A) Experimental design. Five-month-old Gaa /= mice received a single injection of 5 different vectors: AAV9-C512-hGAAwt, AAVMYO2-C512-hGAAwt, AAYMYO3-C512-
hGAAWt, AAVMYO3-C512-hGAACo, and AAVMYO3-CRE-hGAAwt, at 1 x 10" vg/kg (n = 4 per group). PBS-injected Gaa*’* (n = 4) and Gaa™’~ (n = 5) mice were used as
controls. Red drop symbols indicate the timing of blood collection in all cohorts. (B) GAA activity and (C) glycogen content measured in heart at sacrifice, three months after
vector injection. (D) GAA activity and (E) glycogen content in skeletal muscles (diaphragm, quadriceps, triceps, and gastrocnemius) at sacrifice. Data are shown as mean +

SD. Statistical analysis: (B-E): one-way ANOVA with Fisher’s LSD test; *, #,

and *p<0.05;*, " and **p <0.01"**, ** and *** p <0.001; and ***, **# and ****p <0.0001,

vs. PBS-treated Gaa™'* for *, vs. PBS-treated Gaa™~ for * and vs. AAVO-treated Gaa ™'~ for *.

or the CRE-C512 promoter improved glycogen clearance in triceps
compared to Gaa™ '~ mice treated with the AAVMYO3 capsid bearing
the non-optimized transgene expression cassette (AAVMYO3-C512-
hGAA, Figure 1E). Periodic acid-Schiff (PAS) staining confirmed the
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clearance of glycogen in heart achieved by AAV treatment (Figure
2A) and the improved clearance in triceps by treatment with
AAVMYO2-C512 and AAVMYO3-CRE-C512 vectors (Figure 2B).
Sirius red (SR) staining showed reduced fibrosis in the heart of
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Figure 2. Optimized AAV capsids and expression cassettes decrease glycogen accumulation and fibrosis in adult Gaa™~ mice

Five-month-old Gaa™/~

(SR) staining in heart (A) and triceps (B) three months after AAV vector injection.

AAV-treated mice (Figure 2A) and a better reduction of fibrosis in tri-
ceps of Gaa '~ mice treated with the AAVMYO2-C512 vector
compared to AAV9-treated mice (Figure 2B).

Cognitive function impairment was recently described in patients with
PD with an impact on the long-term quality of life in IOPD patients

mice were treated as described in Figure 1. (A and B) Representative picture of hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and Sirius red

treated with ERT.* ® We thus evaluated the expression profile of the
novel engineered capsids in the central nervous system (CNS). At the
dose of 1 x 10" vg/kg, both AAV9, a known capsid for CNS targeting,
and the engineered AAV vectors had very low VGCN and a GAA ac-
tivity similar to PBS-treated Gaa~'~ mice (Table S1; Figures S3A and
S3B). Interestingly, while no GAA expression was observed in the brain
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by western blot, GAA expression in the spinal cord was observed only
in mice receiving the AAVMYO2-C512 or AAVMYO3-GAAco vector
(Figures S3C and S3D). In line with GAA expression, while no reduc-
tion in glycogen content was observed in the brain (Figure S3E),
Gaa~'~ mice treated with AAVMYO2 and AAVMYO3 showed a par-
tial reduction of glycogen content in the spinal cord when compared to
AAV9-treated mice (Figure S3F).

AAVMYO2 and AAVMYO3 capsids are known to detarget the
liver.** We confirmed the extensive liver detargeting by measuring
VGCN in liver compared to AAV9. A more than 300-fold decrease
in genome copies was measured in the liver of Gaa™'~ mice treated
with the two engineered capsids compared to AAV9 (Figure 3A).
The use of the muscle-specific SPc5-12 promoter in the expression
cassette resulted in undetectable GAA activity in the liver of AAV-
treated mice (Figure 3B). A very low GAA expression was detected
by western blot in mice treated with AAV9 possibly due to the pro-
moter leakage in this tissue (Figure 3C). No GAA transgene product
was detected in the plasma of AAV-treated mice (Figure S4A).

The central role of the hepatic expression of a transgene in establish-
ing peripheral tolerance to antigens expressed in muscle was demon-
strated multiple times in PD.”***>' The use of a muscle-specific
promoter led to the development of high-titer anti-hGAA antibodies
in all the AAV-treated mice possibly due to the increased muscle
expression and the decreased liver targeting (Figures 3D and S4B).
Importantly, while simultaneous liver-muscle targeting is known
to induce an only transient humoral response to hGAA, specific
muscle targeting with extensive liver detargeting resulted in higher
IgG levels continuously increasing over time (Figures 3E and S4B).
Interestingly, mice treated with AAVMYO2-C512 and AAV9-
C512 vectors had very similar levels of anti-GAA antibodies.

These data suggest that both AAVMYO2-C512-hGAAwt and
AAVMYO3-C512-hGAAwt had better efficacy than AAV9-C512-
hGAAwt in skeletal muscle, with AAVMYO2 capsid showing
slightly better targeting of this tissue than AAV-MYO3. Interest-
ingly, Gaa™'~ mice treated with the AAVMYO?2 capsid showed levels
of anti-hGAA antibodies comparable to those receiving AAV9
despite the higher level of expression in muscle and the extensive
liver detargeting achieved in mice treated with the engineered capsid
(Figures 3D, 3E, and S4B).

Muscle-specific targeting with engineered AAV vectors

achieves efficacy at lower vector doses compared to AAV9 in
immunodeficient Gaa™~ Cd4™~ mice

Based on the previous efficacy results and on the anti-transgene anti-
body response formation, dose response experiment was performed
in immunodeficient Gaa~'~ Cd4~'~ double knockout mice” to eval-
uate the expression levels achieved by the engineered capsids and pro-
moter avoiding any confounding effect of the immune response. The
AAVMYO?2 vector expressing the human codon optimized GAA un-
der the control of the CRE-C512 promoter (AAVMYO2-CRE-
hGAAco) was injected at the dose of 3, 8, or 16 x 10'* vg/kg in Gaa™'~

Cd4™'~ mice. AAV9-C512-hGAAwt and AAVMYO3-CRE-hGAAco
vectors were injected at 8 x 10'*vg/kg and used as controls (Figure 4A).

Measurement of GAA activity in the heart showed supraphysio-
logical activity in mice treated with the AAV9-C512-hGAAwt, a
dose-dependent increase in GAA activity after treatment with
AAVMYO2-CRE-hGAAco, and a more variable GAA activity in
mice treated with the AAVMYO3-CRE-hGAAco vector (Figure
4B). Consistently, the highest glycogen reduction in the heart was
observed in mice receiving the AAV9 vector while animals treated
with the AAVMYO2-CRE-hGAAco vector showed a dose-depen-
dent decrease in glycogen accumulation superior to that achieved
by treatment with the AAVMYO3-CRE-hGAAco vector at the
same dose (Figure 4C).

In skeletal muscle, a dose-dependent increase of GAA activity was
observed after treatment with the AAVMYO2-CRE-hGAAco vector.
At the dose of 8 x 10"* vg/kg, GAA activity was higher compared to
Gaa™'~ Cd4™'~ mice treated with AAVMYO3-CRE-hGAAco and
AAV9 bearing the non-optimized cassette thus supporting the
choice of the candidate vector (Figure 4D). Importantly, in line
with the GAA activity data, glycogen levels measured in the same
muscle groups were generally lower in mice treated with the
AAVMYO2-CRE-GAAco vector in comparison to AAV9-treated
mice (Figure 4E). These data suggest that the combination of
AAVMYO?2 capsid with the improved transgene expression cassette
resulted in enhanced GAA activity and glycogen clearance in quad-
riceps and triceps and complete correction of glycogen accumulation
at the highest dose in all muscle tissues including heart.

Functional assessment was then conducted to investigate the poten-
tial correction of cardiomegaly and muscle strength in Gaa '~
Cd4™'~ mice after treatment with the engineered AAVs. As ex-
pected, cardiomegaly, measured as the ratio of the heart and body
weights, was present in PBS-treated Gaa~'~ Cd4~'~ mice. In line
with the results obtained on glycogen accumulation, the AAV-
treated mice exhibited lower heart/body weight ratios, similar to
those measured in PBS-treated Gaa™* Cd4~'~ mice (Figure 4F).
Measurement of grip strength revealed a tendency to a slight increase
in Gaa~'~ Cd4~'~ mice treated with the AAVMYO2-CRE-hGAAco
vector although it did not reach significance (p value = 0.11)
(Figure 4G). No differences in muscle strength were observed
in AAV-treated Gaa™'~ Cd4™'~ mice as compared to PBS-treated
Gaa™* Cd4™'~ and Gaa™'~ Cd4~'~ mice, possibly due to the short
duration of the protocol (Figure 4G).

As observed in the first study, liver detargeting was confirmed for the
engineered capsids by the lower VGCN measured in the liver
compared to AAV9 (Figure S5A). The use of muscle-specific pro-
moters resulted in the absence of GAA activity measured in the liver
of AAV-treated mice (Figure S5B).

The lungs, brain, and spinal cord were also analyzed, and the low
AAV copies observed in these tissues (Table S2) led to no detectable

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 5



Molecular Therapy: Methods & Clinical Development

A B .
Liver * vs Gaa™ PBS Liver 'vs Gaa*i PBS
+ x /-
1000y vs AAV9 30+ vs Gaa’" PBS
e P —_—
= - £ rras
3 100+ £ 60 T
8 £ |s
g 10 = 4o
3 3 g 1
5 ++++ 8
o 1 L 4+ & 5l
” ! i I:‘]H i E
. S
0.1 Ml rhl'h o 2 MRS In N
Capsid seaalavoz] Mo Capsid| - Asauvoz]  Mvos
Promoter | - - C512 CRE Promoter C512 CRE
Transgene | - | - ut [eo |[m Transgene | - wt [eo Jwt
Gaa* Gaa" Gaa*** Gaa™
c Liver " vs AAVY
Liver Gaa'- 15+
_] aAave l MYO2 I MYO3 Capsid 2: ‘
C512 CRE Promoter § 10
v
MW wt | co wt Transgene b
150 .; i : oan %- 5
2 i recursor 1
100 lo| [#@as ; & : ‘ precu <
7s (B [T IS ! | Lysosomal GAA )
¥ [ = e — -] GAPDH ol
_Capsid | an8 |mve | MYO3
Promoter c512 [ cre
Transgene wt [ o [ m
Gaa*
D E
Plasma 3 months * vs PBS I :
. gG over time
_ 500+ + vs AAV9 100
-t % ’_T 1
'g 4004 T * E -= PBS
2 . T . 2 a00d = PBS
300 < o B AAVO-CH12-GAAW
E 2004 f 200+ o ° -w MYO2-C512-GAAwt
3 = e -8 MYO3-C512-GAAwt
o 1001 'S 1001 o MY03-C512-GAACO
D “
- N o o MYO3-CRE-GAAW
Capsid asafvoz]  Myos =2
romoter | - - C512 CRE
Transgene | - | - wt [eo Jw
Gaa ™ Gaa* Months postinjection
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Five-month-old Gaa ™/~ mice were treated as described in Figure 1. (A) VGCN, (B) GAA activity, and (C) western blot analysis of GAA expression in liver at sacrifice. (D)
Circulating anti-hGAA IgG measured in plasma at sacrifice. (E) Mean circulating anti-hGAA IgG measured overtime. (A-D) Data are shown as mean + SD. Statistical analysis:
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GAA activity (Table S3) that invariably did not affect glycogen accu-
mulation (Table S4).

Overall, these data demonstrate that the AAVMYO2-CRE-hGAAco
capsid-promoter combination enhanced muscle gene transfer effi-
cacy, with a significant increase of GAA activity and a reduction of
glycogen content in skeletal muscles. Importantly, Gaa™'~ Cd4™'~
mice treated with medium and high doses of AAVMYO2-CRE-
hGAAco showed correction of glycogen accumulation in skeletal
muscle without overloading the heart and with a robust liver
detargeting.

DISCUSSION

PD is a rare inherited metabolic and muscle-wasting disorder with an
urgent medical need.'”*"** Children affected by the most severe
form of this disease suffer from progressive skeletal muscle weakness
and, without medical intervention, can die within their first year of
life from cardiorespiratory failure. Current treatment for PD in-
volves recurrent infusions with rhGAA or ERT. The introduction
of this treatment represented a major advance in the treatment of
PD, being lifesaving in infantile patients, although with only a
moderate effect in the late-onset forms of the disease.””'>*>>* Gene
therapy, by potentially overcoming the current limitations of ERT,

6 Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025



www.moleculartherapy.org

AAV9-C512-hGAAwt - 8 x 102 vg/kg
AAVMYO2-CRE-hGAAco- 3 ; 8 ; 16 x 10'2 vg/kg
AAVMYO3-CRE-hGAAco - 8 x 10'2 vg/kg

3 months post-injection
]

5-months-old Gaa /- Cd4"/-mice

o

Tissues sampling

Heart * vs Gaa’-Cd4”-PBS Heart #vs Gaa*/*Cd4- PBS
300 398 $ vs MYO2 - 8x10%2vg/kg s 4 * vs Gaa’"Cd47- PBS
2 E $ vs MYO?2 - 8x10'2vg/kg
E E 9
E 200 2
=
£ g
z £ 7
2 S
£ 100 c
® s 1
Z 8
o >
odreAa ., ©
Capsid| - | - |aave myoz  |mvos) Capsid - |aave myoz  [myos|
Promoter| - - | C512 CRE Promoter| - C512 CRE
Transgene| - | - | wt co Transgene| - | - | wt co
Dose[ - | - | 8| 3| 8 16] 8 |x10™vakg Dose 8 3[8][16] 8 |x10%vgkg
Gaa** Gaa™
Cd4a”
D Diaphragm Triceps * vs Gaa/-Cd4” PBS
20 1504 200 $ ys MYO2 - 8x10%2vg/kg
B * =l =)
£ 15- £ £ 150 T
° S 1004 ° T
£ £ £
< 10 < < 100
3 2 2
kil 5 504 g
g 5 ; % 50:
o o o
v
o 0- 0
Capsid| - AAVe myo2  [uvos| Capsid| - | - [ravo Myo2  |myos Capsid - |nave myo2  [myos
Promoter| - | - |C512 CRE Promoter| - C512 CRE Promoter| - C512 CRE
- w co Transgene| - wt co Transgene - wt co
Dose[ - | - | 8| 3] 8[16] 8 |x10™vgkg Dose[ - | - | 8| 3] 8] 16] 8 |x10”vgkg Dose -8 3]8[16] 8 |x10%vgkg
Gaa*"* Gaa™ Gaa*"* Gaa™ Gaa*"* Gaa™
- 7 Ty
Cd4” Cd4” cd.
E Diaphragm Quadriceps Triceps
20 s 0B 15 #vs Gaa*’*Cd4- PBS
> > = $$5% /- /-
£ #5959 £ 7+ 5555 g IS Ty Gaal-Cda” pas
2 2 o6 2 vs MYO2 - 8x10*?vg/kg
= X 2 10
- - - h
5 5 5
€ £ 04 €
] ] ]
o o o
c c e 05
) & 02 3 exntns
o o Q kkkk e (Sxe
o o o o
> > > -
(U] 0] o
X 0.0- 0.0
Capsid| - AAVY myoz  [mos| Capsid| - | - [aavo myoz  [mvos| Capsid - |aave myoz  [mvos|
Promoter| - C512 CRE Promoter| - C512 CRE Promoter| - c512 CRE
Transgene - | owt co Transgene| - | - | wt co Transgene - | owt co
Dose[ - | - | 8| 3| 8 16] 8 |x10™vgkg Dose| - 8 3] 8[16] 8 |x10vgkg Dose - | - | 8| 3| 8 [16] 8 |x10”vgkg
Gaa** Gaa™ Gaa** Gaa™ Gaa*"* Gaa™
- 7 Ty
Cd4’ Cd4 Cd4
F 1.01 ## . #vs Gaa*/*Cd4- PBS Strength (3 months)  nsvs Gaa”/-Cd4"- PBS
. * vs Gaa’"Cd4” PBS 4
=3
>“.§’ 0.8 T ___________________ Gaa™*
se = =
23 06 z
ET =
28 £
g = 04 H
t £
(8] =
3 ]
£ 0.2
0.04 o
Capsid| - | - |aave mMYoz  |myos Capsid Y02 Twvos
Promoter| - | - [C512 CRE Promoter| - | C512 CRE
T wt co
[Transgene wt o
Dose ~ 8| 3] 8168 |x10”vgkg Dosel - | 8 | 3 | 8 [ 16 | 8 |x10%vgke
Gaa*"* Gaa™ Gaa™
—f A
Cd. Cd4™"

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025

(legend on next page)

7



represents a promising alternative to treat skeletal muscles and CNS
involvement.

Over the last years, muscle-directed AAV-based gene therapies for
PD have shown great promise in preclinical evaluation, notably
due to their capability to transduce skeletal muscle, diaphragm,
heart, and CNS.”»** AAV9 is also being used in a phase 1/2 clinical
trial for heart and muscle targeting in patients with LOPD
(NCT06391736).

However, one limitation of AAV9 for muscle targeting via the sys-
temic route is that it requires doses of vector exceeding 1 x 10
vg/kg, requiring considerable production efforts, when addressing
an adult patient population. The use of such high vector doses
may also represent a considerable risk, due to off-target toxicities
and immune responses including complement activation observed
at these doses.’”*' As an example, in the ASPIRO clinical trial
(NCT03199469) for patients suffering from X-linked myotubular
myopathy, 4 out of 23 subjects who received the AAV treatment
showed signs of liver dysfunction, evolving into progressive liver fail-
ure and death possibly related to off-target tissue vector overload in
the context of a pre-existing liver disease.>

To address these two limitations, efforts have been focused on the en-
gineering of AAV capsids to improve skeletal muscle targeting while
reducing off-target tissues overload. Combinations of rational design
and directed evolution approaches have been employed to enhance
muscle targeting of AAV vectors.”®**~*>°*>" To further increase
muscle gene transfer efficacy and specificity, researchers are pursu-
ing the development of novel promoters driving muscle-specific
transgene expression at lower and safer vector doses.*>*”**

The results reported here underscore the potential of the combina-
tion of computationally designed promoters with evolved AAV cap-
sids to reduce the minimum effective dose of AAV gene therapy and
achieve a safer gene transfer in the context of myopathies, such as
PD. In particular, the combination of the potent muscle-specific
CRE/SPcC5-12 promoter*™* with the use of innovative muscle-
tropic AAV serotypes’>** derived from peptide display and directed
molecular evolution technologies resulted in a substantial dose
advantage as compared to a state-of-the-art AAV vector/promoter
combination. A dose 10-fold lower than the one currently used in
several clinical trials with AAV9 (1 x 10" vg/kg) seems to achieve
therapeutic efficacy in PD mice. However, in the absence of data
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about the translation of these results in humans or in other large an-
imal models, a clinically relevant starting dose may not be easily
defined. In addition, both myotropic AAV vectors showed lower car-
diac tropism than AAV9, which could also be beneficial in avoiding
excessive protein expression in the cardiac tissue, one potential
explanation for the cardiotoxicity was recently reported in clinical
trials of AAV gene therapy.*”>> We also confirmed that the novel
AAV vector/promoter combinations were markedly detargeted
from the liver. The reduced risk of liver overload was the result of
the combination of the specific design of these AAV variants and
the use of muscle-specific promoters. An important consequence
of the extensive liver detargeting of the engineered vectors is the for-
mation of a robust immune response to the hGAA transgene. hGAA
is immunogenic as shown in previous studies in mouse models of PD
using muscle-specific promoters,****>® but also in a phase 1/2 clin-
ical trial using the ubiquitous cytomegalovirus promoter.” An effec-
tive strategy to achieve immune tolerance to hGAA is to express the
transgene in hepatocytes. Successful prevention of antibody produc-
tion was achieved when employing a liver-specific promoter to ex-
press hGAA.”>"*® However, hepatic expression of hGAA with AAV
vectors can hardly be applied in IOPD patients due to the potential
vector genome dilution in the developing liver. Although strategies
for AAV vector readministration are being developed,®® **
directed gene transfer may represent a valid alternative to achieve
stable transduction in IOPD patients. Muscle gene transfer is likely
to provide better long-term stability compared to liver gene transfer
in the pediatric population. However, the current work, by showing
that highly specific muscle targeting led to anti-transgene immunity,
reinforces the idea that novel approaches aimed at the improvement
of muscle gene transfer may benefit from residual liver expression as
already proposed by our team.” Alternatively, transient immuno-
modulation may help to mitigate transgene immunogenicity.®>

muscle-

The control of the anti-hGAA immune response is a concern for
AAV-mediated gene therapy for PD, as the formation of neutralizing
antibodies can be associated with poor prognosis, particularly in
IOPD patients.”' !> Combination therapy, aimed at achieving im-
mune tolerance in this patients’ population after ERT treatment, is
being developed'”'® and may offer an opportunity to improve
both the safety and efficacy of AAV gene therapy for PD. One specific
limitation of our work is that we have not addressed the characteriza-
tion of the immune response to the transgene in the context of mus-
cle-specific gene transfer. However, such evaluations are complicated
by the absence of tools to ascertain the mechanisms underlying the

Figure 4. Combination of AAVMYO2 and muscle-targeted CRE lower the dose of vector needed to reduce glycogen accumulation in skeletal muscle as

compared to AAV9 in immunodeficient Gaa™~ Cd4™~ mice

(A) Experimental design. Five-month-old Gaa~'~ Cd4~'~ mice received a single injection of three different vectors: AAV9-C512-hGAAwt or AAVMYO3-CRE-hGAAco, at the
dose of 8 x 10'2 vg/kg or AAVMYO2-CRE-hGAAGo at three different doses: 3 x 102, 8 x 10'2, and 1.6 x 10"®vg/kg (n = 4 per group). PBS-injected Gaa™* Cd4 ™'~ (n = 4)
and Gaa™'~ Cd4~'~ (n = 4) mice were used as controls. Red symbols indicate the timing of blood collection in all cohorts. (B) GAA activity and (C) glycogen content measured
in heart at sacrifice, three months after vector injection. (D) GAA activity and (E) glycogen content in skeletal muscles (diaphragm, quadriceps, and triceps) at sacrifice.
(F) Cardiomegaly and (G) grip strength measure three months after AAV injection. Data shown as mean + SD. Statistical analysis: (B-G): One-way ANOVA with Fisher’s LSD
test; *, * and ® p < 0.05; **, **, and ¥ p < 0.01; **, ** and %% p < 0.001; ***, *#* and %% p < 0.0001, vs. PBS-treated Gaa™'* for *, vs. PBS-treated Gaa—~ for * and vs.

AAVMYO2-CRE-GAAco-treated Gaa '~ at 8 x 10'? vg/kg for ®.
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formation of immune responses in the muscle. In addition to this,
immune responses are dependent on the disease background and
the mouse models available recapitulate mainly the late-onset PD,
where the impact of immune responses on treatment efficacy is
limited when compared to the infantile form of the disease.®'**'

While the use of AAVMYO capsids led to slightly improved trans-
gene expression and glycogen reduction in spinal cord, complete
CNS correction was not achieved in this study. Based on previous re-
sults, this partial correction is likely not sufficient to have any impact
on the respiratory function.”* CNS targeting optimization may be
achieved through alternative injection routes, such as intrathecal

administration or a combination of intravenous and intrathecal
64,65

routes. Additionally, treatment of younger mice with a more
permeable blood-brain barrier has demonstrated enhanced
efficacy.*>%’

A formal dose finding study and further evaluations in NHP models
and/or in human cells may be crucial to support the dose advantage
shown in immunodeficient mice. Further evaluations are thus
needed to ensure successful translation of this muscle gene transfer
approach, supporting the biological potency and providing a
comprehensive safety assessment of these new muscle-tropic
capsid-promoter combinations. Altogether, the results obtained in
this study confirm the potential of myotropic AAV vectors to
improve the efficacy and safety of muscle-directed gene therapy for
PD. Optimization of liver targeting in combination with efficient
immunosuppression methods may enable safe and efficient gene
transfer in diseases, such as PD, where anti-transgene immunity rep-
resents a clear limitation.

MATERIALS AND METHODS

Plasmids

The GAA plasmid was composed of a SPcC5-12 muscle promoter™®
combined, or not, with muscle-targeted transcriptional CREs™"
and a human GAA wild-type (hGAAwt) or codon-optimized
(hGAAco) version of the native GAA described.”* The AAVMYO2
and AAVMYO3 capsids were engineered via a semi-rational combi-
nation of DNA shuffling and peptide display to maximize gene deliv-
ery in skeletal and cardiac muscle as well as diaphragm.**

AAV vector production

AAV vectors were produced by triple transfection in HEK293 cells
and purified using a double CsCl gradient-based purification proto-
col that renders vector preps of high purity with negligible amounts
of empty capsids.”® Titers of AAV vectors were determined by
PicoGreen (Quant-iT PicoGreen dsDNA assay kit, Invitrogen), us-
ing phage lambda DNA to generate the standard curve.®®

Mouse model

Comparative efficacy studies were performed in male Gaa knockout
mice (Gaa ~'~ and Gaa~'~Cd4~'” purchased from The Jackson
Laboratory (B6; 129-Gaa™ R3] stock no. 004154, 6neo) and orig-
inally generated by Raben et al.”’ and Cd4~'~ mice (B6.129S2-

Cd4"™ ™4k stock no. 002663) generated as described in the study
by Costa-Verdera et al.?°. Littermate male mice were used, either
affected (Gaa™'~ or Gaa™'~ Cd4™'~) or healthy (Gaa*'* or Gaa™"*
Cd4™'7). We have reported the phenotype of males Gaa™'~ versus
Gaa*'* from our colonies in previous work.”*

In-vivo studies in mice

In-vivo studies were performed in compliance with all relevant
ethical regulations for animal testing and research. Notably, they
were performed according to the French and European legislation
on animal care and experimentation (2010/63/EU) and approved
by Genethon’s ethical committee. In all mouse studies, animals
were randomly assigned to treatment groups. To minimize potential
bias during functional assessments in mice, operators were blinded
to the study design. Operators in charge of sample analysis were
blinded to study design.

Experiments in adult mice

Treatments with AAV vectors were performed in male Gaa™'~ mice
of five months of age, which received either intravenous injection of
vehicle (PBS), the AAV9, or the different AAV vector candidates.
Four animals per group were injected via tail vein infusion with
3% 10,8 x 10", 1 x 10", or 1.6 x 10" vg/kg of vector (in a vol-
ume of 200 pL). Age-matched and sex-matched Gaa™" littermates
were used as healthy controls in the studies. In the Gaa™~ study,
some PBS or AAV-injected mice died before the end of the protocol.

Grip test

Muscle strength was evaluated using a grip strength meter (Colum-
bus Instruments, Columbus, OH)."” Briefly, mice were lifted by the
tail to the level of the grip strength meter grid and moved horizon-
tally until they could grasp it. The mice were then gently pulled
away from the grid until they released their grip, and the force was
recorded by the device. Each mouse underwent three independent
measurements, and the mean value, expressed in Newtons, was
reported.

Anti-hGAA IgG measurement

Blood samples were collected by retro-orbital sampling into heparin-
ized capillary tubes and mixed with 3.8% w/v sodium citrate, fol-
lowed by plasma isolation. The concentration of anti-hGAA IgG an-
tibodies in mouse plasma was determined by enzyme-linked
immunosorbent assay (ELISA).**

GAA activity and western blot analyses

Snap-frozen tissues were homogenized in UltraPure DNase/RNase-
free water (Thermo Fisher Scientific, Waltham, MA) with FastPrep
lysis tubes (MP Biomedicals, OH, USA), followed by centrifugation
20 min at 10,000 x g to collect the supernatant. Protein content in ly-
sates was quantified by BCA Protein Assay (Thermo Fisher
Scientific). GAA activity measurement was performed as already
described.”* SDS-page electrophoresis was performed with
NuPAGE 4-12% Bis-Tris Protein Gels (Life technologies, Carlsbad,
CA). After transfer, the membrane was blocked with Odyssey buffer

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 9



(Li-Cor Biosciences) and incubated with an anti-hGAA antibody
(rabbit monoclonal, clone EPR4716(2), Abcam) and anti-Vinculin
(mouse monoclonal, clone V9131, Sigma-Aldrich). The membrane
was then washed and incubated with the appropriate secondary anti-
body (LI-COR Biosciences) and visualized with the Odyssey imaging
system (LI-COR Biosciences). Densitometry analysis was conducted
using Image Studio Lite (LI-COR Biosciences) version 4.0. The
quantification of the hGAA bands in mouse tissues was normalized
using housekeeping vinculin protein bands. Protein level was re-
ported as arbitrary units (AU).

Glycogen content measurement

Tissue homogenates samples were prepared as described for the
analysis of GAA activity. Glycogen assay was performed as already
described.”*

Vector genome copy number

Vector genome copies in mice were determined by qPCR on total tis-
sue DNA. Total DNA was extracted from tissues homogenates using
the NucleoMag Pathogen (Macherey-Nagel, Hoerdt, France) extrac-
tion method according to manufacturer’s instructions. The number
of vector copies per diploid genome was determined using primers to
amplify the 5'-ITR sequence (forward: 5-GGAACCCCTAGTGATG
GAGTT-3; reverse: 5-CGGCCTCAGTGAGCGA-3'; probe: 5'-CA
CTCCCTCTCTGCGCGCTCG-3'). The number of vector copies
was normalized by the copies of the titin gene, which was used as
an internal control for each sample (forward: 5'-AAAACGAGCA
GTGACGTGAGC-3'; reverse: 5'-TTCAGTCATGCTGCTAGCGC-
3’; probe, 5-TGCACGGAAGCGTCTCGTCTCAGT-3'). Data were
expressed as vector genome copies per diploid genome.

Histology and staining

Immediately after euthanasia, muscles were snap-frozen in isopen-
tane (—160°C) previously chilled in liquid nitrogen. Serial 8 mm
cross-sections were cut in a Leica CM3050 S cryostat (Leica Bio-
systems, Wetzlar, Germany). To minimize sampling error, two or
three sections of each specimen were obtained and stained with
hematoxylin and eosin, PAS, and SR, according to standard
procedures. Muscle images were acquired using an Axioscan slide
scanner (ZEISS, Munich, Germany), using a plan-apochromat
10 x magnitude 0.45 numerical aperture objective.

Statistical analysis

All data shown in the present manuscript are expressed as mean +
standard deviation (SD). GraphPad Prism 7.0 software (GraphPad
Software, San Diego, CA) was used for statistical analyses. p value
<0.05 was considered significant. The number of sampled units
(n), upon which we reported statistics is the single animal. Para-
metric tests were used for data having a normal distribution with
a=0.05. One-way ANOVA with Fisher’s Least Significant Difference
(LSD) test was used for comparisons of one variable between more
than two groups. All statistical tests were performed two-sided.
The statistical analysis performed for each dataset is indicated in
the figure legends.
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Figure S1
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Figure S1. Design of the hGAA expression cassettes. The transgene expression cassettes, flanked by
the two AAV2 ITRs, are composed of a SPc5-12 muscle promoter with or without the muscle-targeted
transcriptional cis-regulatory elements (CRE), the HBB2 intron, a wild-type (hGAAwt) or codon-

optimized human GAA cDNA transgene (hGAAco) and the bGH polyadenylation signal.
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Figure S2. Five-month-old Gaa” mice were treated as described in Figure 1. (A) VGCN and (B) Western
blot analysis of hGAA expression in heart at sacrifice. (C) VGCN in skeletal muscles (diaphragm,
quadriceps, triceps and gastrocnemius) measured at sacrifice, three months after vector injection. (D-
G) Western blot analysis of hGAA expression in diaphragm, quadriceps, triceps and gastrocnemius. The
quantification of hGAA protein bands is plotted on the right. Data shown as mean #* SD. Statistical

analysis; (A-G) One-way ANOVA with Fisher’s LSD test; * or * p<0.05, ** or ** p<0.01 and *** or ***

p<0.001, vs. PBS-treated Gaa” for * and vs. AAV9-treated Gaa™ for or *.
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Figure S3. Five-month-old Gaa” mice were treated as described in Figure 1. GAA activity quantified in
(A) brain and (B) spinal cord at sacrifice. (C-D) Western blot analysis of hGAA expression in brain and
spinal cord, measured at sacrifice, three months after vector injection. The quantification of hGAA
protein bands is plotted on the right. An aspecific band was observed around 85 kDa. (E-F) Glycogen

content in brain and spinal cord. Data shown as mean + SD. Statistical analysis; A-F: One-way ANOVA



with Fisher’s LSD test; * p<0.05 and **** or ## n<0.0001, vs. PBS-treated Gaa*/* for * and vs. PBS-

treated Gaa™ for *.



Figure S4
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Figure S4. Five-month-old Gaa” mice were treated as described in Figure 1. (A) Western blot analysis
of circulating hGAA in plasma at sacrifice, three months after vector injection. (B) Circulating anti-
hGAA IgG measured in plasma, 0.5, one and two months after vector injection. Data shown as mean +
SD. Statistical analysis; B: One-way ANOVA with Fisher’s LSD test; * or * p<0.05 and ** or ** p<0.01, vs.
PBS-treated Gaa*’* and Gaa™" for * and vs. AAV9-treated Gaa™ for or *.
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Figure S5. Five-month-old Gaa”" Cd4”- mice were treated as described in Figure 4. (A) VGCN and (B)
GAA activity in liver at sacrifice. Data shown as mean % SD. Statistical analysis; A-B: One-way ANOVA

with Fisher’s LSD test; *** p<0.001 and ****, #### o $3%% 520 0001, vs. PBS-treated Gaa*’* for #, vs. PBS-

treated Gaa” for * and vs. AAVMYO-CRE-GAAco-treated Gaa” at 8x10'? vg/kg for ®.



Table S1 : VGCN measured in heart, diaphragm, quadriceps, triceps, gastrocnemius, brain and spinal
cord three months after vector injection in mice treated as described in Figure 1.

VGCN (copies/cell)

Heart Diaphragm Quadriceps Triceps Gastrocnemius Brain Spinal Cord

Average Sl‘ﬂr:ldl?rd Average Star.'ld?rd Average Star.'ld?rd Average Star.'ld?rd Average Star.'ld?rd Average Star.'ld?rd Average Star.'ld?rd

deviation deviation deviation deviation deviation deviation deviation
Gaa'* PBS| 0,39 0,14 0,22 0,15 0,04 0,06 0,30 0,13 0,02 0,02 0,00 0,00 0,00 0,00
Gaa”/-PBS| 0,28 0,17 0,29 0,12 0,01 0,01 0,11 0,11 0,01 0,01 0,00 0,00 0,00 0,00
AAV9-C512-GAAwt| 5,51 2,62 2,07 0,64 0,68 0,47 0,73 0,53 0,50 0,48 0,50 0,03 0,06 0,07
AAVMYO2-C512-GAAwt| 2,99 1,83 3,49 2,51 1,17 0,49 2,99 3,00 1,27 0,42 0,00 0,01 0,05 0,08
AAVMYO3-C512-GAAwt| 2,52 0,88 9,40 7,81 0,28 0,13 1,15 0,89 0,24 0,12 0,00 0,00 0,00 0,00
AAVMYO3-C512-GAAco| 1,63 1,01 4,69 2,88 1,02 0,58 0,92 0,86 0,85 0,99 0,00 0,00 0,00 0,00
AAVMYO3-CRE-GAAwt| 1,52 0,42 3,64 1,22 1,10 1,03 0,91 0,98 1,13 0,95 0,00 0,00 0,00 0,00




Table S2 : VGCN measured in lungs, brain and spinal cord three months after vector injection in mice
treated as described in Figure 4.

VGCN (copies/cell)
Lungs Brain Spinal Cord
Standard Standard Standard
Average L. Average L. Average L.
deviation deviation deviation
Gaa+/ *PBS 0,27 0,29 0,87 0,60 0,00 0,00
Gaa'/' PBS 0,15 0,06 1,25 0,51 0,00 0,00
AAV9-C512-GAAwt
" 0,55 0,17 1,64 0,26 0,00 0,00
8x10 " vg/kg
AAVMYO2-CRE-GAAco
2 0,17 0,04 0,59 0,12 0,00 0,00
3x10 " vg/kg
AAVMYO2-CRE-GAAco
” 0,12 0,05 0,85 1,17 0,00 0,00
8x10“vg/kg
AAVMYO2-CRE-GAAco
I 0,32 0,42 0,00 0,00 0,00 0,00
16 x 10" vg/kg
AAVMYO3-CRE-GAAco 0,11 0,06 1,00 0,33 0,00 0,00
8x 1012 vg/kg » '’ » '’ » )




Table S3 : GAA activity measured in lungs, brain and spinal cord three months after vector injection in

mice treated as described in Figure 4.

GAA activity (nmol/hr/mg)
Lungs Brain Spinal Cord
Standard Standard Standard
Average L. Average L. Average L.
deviation deviation deviation
Gaa™* PBS 16,06 1,14 18,40 1,58 16,72 2,36
Gaa’ PBS 7,40 3,69 1,22 0,12 2,02 0,75
AAV9-C512-GAAwt
o 6,76 2,57 0,90 0,44 2,16 1,63
8x10“vg/kg
AAVMYO2-CRE-GAAco
B 5,96 1,92 1,13 0,10 1,62 0,32
3x10 " vg/kg
AAVIMYO2-CRE-GAAco 13,26 10,29 1,08 0,07 1,06 0,07
8x 1012 Vg/kg » '’ ] '’ ) /2
AAVMYO2-CRE-GAAco
" 12,67 12,28 1,06 0,09 1,30 0,14
16 x 10" vg/kg
AAVMYO3-CRE-GAAco 8,71 7,72 1,20 0,18 1,71 0,46
8x 1012 vg/kg » ’ » '’ ) )
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Table S4 : Glycogen content in lungs, brain and spinal cord three months after vector injection in mice

treated as described in Figure 4.

Glycogen content (umol/mg

Lungs Brain Spinal Cord
Standard Standard Standard
Average L. Average L. Average L.
deviation deviation deviation
Gaa'"* PBS 0,18 0,02 0,02 0,00 0,03 0,01
Gaa'/ "PBS 0,48 0,18 0,45 0,04 0,82 0,08
AAV9-C512-GAAwt
" 0,45 0,04 0,47 0,04 0,72 0,07
8x10“vg/kg
AAVMYO2-CRE-GAAco
B 0,44 0,05 0,46 0,00 0,70 0,08
3x10 " vg/kg
AAVMYO2-CRE-GAAco
12 0,47 0,07 0,44 0,03 0,71 0,05
8x10 " vg/kg
AAVMYO2-CRE-GAAco 0,43 0,05 0,45 0,01 0,76 0,03
16 x 1012 vg/kg 1) ’ 1) '’ » )
AAVIMYO3-CRE-GAAco 0,55 0,09 0,45 0,03 0,82 0,05
8x 1012 vg/kg » ’ y '’ » '’
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