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Abstract

Pompe disease (PD) is a neuromuscular disorder caused by acid α-glucosidase
(GAA) deficiency. Reduced GAA activity leads to pathological glycogen accu-

mulation in cardiac and skeletal muscles responsible for severe heart impair-

ment, respiratory defects, and muscle weakness. Enzyme replacement therapy

with recombinant human GAA (rhGAA) is the standard-of-care treatment for

PD, however, its efficacy is limited due to poor uptake in muscle and the devel-

opment of an immune response. Multiple clinical trials are ongoing in PD with

adeno-associated virus (AAV) vectors based on liver- and muscle-targeting.

Current gene therapy approaches are limited by liver proliferation, poor mus-

cle targeting, and the potential immune response to the hGAA transgene. To

generate a treatment tailored to infantile-onset PD, we took advantage of a

novel AAV capsid able to increase skeletal muscle targeting compared to

AAV9 while reducing liver overload. When combined with a liver-muscle tan-

dem promoter (LiMP), and despite the extensive liver-detargeting, this vector

had a limited immune response to the hGAA transgene. This combination of

capsid and promoter with improved muscle expression and specificity allowed

for glycogen clearance in cardiac and skeletal muscles of Gaa�/� adult mice.

In neonate Gaa�/�, complete rescue of glycogen content and muscle strength

was observed 6 months after AAV vector injection. Our work highlights the

importance of residual liver expression to control the immune response toward

a potentially immunogenic transgene expressed in muscle. In conclusion, the

demonstration of the efficacy of a muscle-specific AAV capsid-promoter com-

bination for the full rescue of PD manifestation in both neonate and adult

Gaa�/� provides a potential therapeutic avenue for the infantile-onset form of

this devastating disease.
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1 | INTRODUCTION

Glycogen storage disease type II, also named Pompe dis-
ease (PD) (GSD-II, OMIM#232300) is an autosomal reces-
sive disorder (1/40000 births) caused by mutations in the
gene encoding for acid α-glucosidase (GAA). This
enzyme plays a central role in the degradation of glyco-
gen to glucose in lysosomes. GAA deficiency leads to a
pathological glycogen accumulation in lysosomes and the
consequent autophagic impairment in all the tissues of
the body. Heart and skeletal muscles are particularly
affected in PD patients with cardiac insufficiency, mus-
cles weakness, respiratory failure, and neurological dam-
ages being the major symptoms.1 Enzyme replacement
therapy (ERT) with recombinant human GAA (rhGAA)
is the current treatment for PD. Two main forms of PD
are distinguished: the infantile-onset (IOPD) and the
late-onset (LOPD).

In LOPD patients, where the later onset is due to
residual GAA activity (>1%), one of the major difficulties
is the demonstration of the efficacy of ERT or other treat-
ments due to the slow disease progression. However, a
recent meta-data analysis conducted on multiple clinical
studies indicated significantly improved walking distance
and a stabilization of the respiratory function and muscle
strength after treatment with ERT.2 In LOPD, immune
reactions to rhGAA may have a potential impact on the
ERT efficacy, in particular in the presence of high anti-
body titers.3,4

IODP patients have no GAA activity (<1%) and, with-
out treatment, they die in the first years of age. ERT in
IOPD patients showed increased ventilator-free survival
and improved cardiac function.5–7 Long-term evaluation
of ERT efficacy clearly indicated that, despite sustained
cardiac benefits, both respiratory and muscle functions
declined with aging.8–13 Importantly, this decline was
also observed in patients positive for cross-reactive
immune material (CRIM+) treated from early age. In
CRIM- patients, that is, those patients without GAA
expression, immune responses to rhGAA greatly reduce
ERT efficacy.5,14–16

In the last years, a multitude of gene therapy
approaches were developed for PD, and some of them
reached either the preclinical or the clinical phase
(recently reviewed in Reference 17). Both ex vivo, with
genetically modified CD34+ cells, and in vivo gene ther-
apy approaches were pursued. In vivo gene therapy with
AAV vectors is mainly based on two distinct approaches,
targeting either the liver or the muscle. The liver

approach is based on early findings that demonstrated
that liver-targeted expression of hGAA improved glyco-
gen accumulation in muscle.18–20 The efficacy of this
strategy was further improved by increasing the levels of
GAA secretion by hepatocytes or combining gene therapy
with small molecules21–23 and recently tested in the clinic
in two distinct trials (NCT03533673 and NCT04093349).
Preclinical research in animal models of the disease has
clearly demonstrated a dose advantage for the liver as
well as a robust immune tolerance induced when hepato-
cytes were specifically targeted.21,24,25 However, one
important limitation of liver gene transfer is the high rep-
lication rate of hepatocytes during liver growth, which is
likely to result in transgene dilution and loss of efficacy
over time when the treatment is applied in young
individuals.26

On the other hand, the use of muscle-specific expres-
sion cassettes showed efficient expression of the hGAA
transgene in relevant organs as well as reduced glycogen
accumulation and significant improvement of muscle
function in mouse models of PD.27–37 Limitations associ-
ated to this approach include the need for high doses of
vector to efficiently target muscle in humans (> 1014 vg/
kg),38–40 the risk of liver-related toxicity due to capsid off-
targeting41 and the potential anti-hGAA antibody forma-
tion in particular in CRIM-patients.27,42 Recently, a liver-
muscle tandem promoter (LiMP) was proposed to control
the immunogenicity of hGAA.24 The use of LiMP to
express a secretable form of hGAA with AAV9 resulted
in the complete correction of glycogen accumulation in
neonate Gaa�/� mice, with total glycogen clearance, at
the dose of 6 � 1012 vg/kg.24 However, the use of AAV9,
a liver-tropic capsid, to express secretable hGAA in both
liver and muscle, complicates the evaluation of the con-
tribution of the two tissues to efficacy and immune
response control.

In the present study, we took advantage of a recently
developed muscle targeting capsid (AAV-MT) and of the
improved muscle-specific transgene expression of the
LiMP to express the native form of hGAA specifically in
muscle. We combined the advantageous biodistribution
profile of this AAV capsid with the LiMP. This promoter,
aside a robust expression in liver, has the main advantage
of having a robust expression in muscle, strikingly higher
than the parental SpC5-12 promoter. The use of such a
strong promoter in combination with the liver detarget-
ing properties of AAV-MT allowed us to achieve efficient
muscle targeting while expressing the transgene in liver
at levels that enabled immune tolerance without

2 SELLIER ET AL.

 15732665, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12625 by Inserm
 D

isc Ist, W
iley O

nline L
ibrary on [23/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



overloading the tissue. Comparison with a similar con-
struct expressed by AAV9 indicated a superior efficacy of
the muscle-specific approach despite a complete lack of
liver expression obtained by AAV-MT in adult Gaa�/�

mice. Complete liver detargeting by AAV-MT led to
increased humoral immune response to hGAA, while
very low liver targeting, achieved with higher doses of
the same capsid, was sufficient to reduce this immune
response. Treatment of neonate Gaa�/� mice with the
same approach confirmed the efficacy of specific muscle
targeting in PD.

2 | RESULTS

2.1 | AAV-MT mediated gene transfer
results in superior clearance of glycogen in
skeletal muscle of adult Gaa�/� mice

Simultaneous expression of an engineered hGAA (Δ8-
hGAAco) in liver and muscle with an AAV9 vector under
the transcriptional control of the LiMP has shown efficacy
in Gaa�/� mice.24 To evaluate the contribution of muscle-
specific hGAA expression by LiMP, we exploited the
muscle-targeting specificity achieved by grafting RGD-
containing peptides43–45 in an AAV capsid with enhanced
liver detargeting.46 We cloned the RGDLGLS peptide
(P1) between amino acids 586 and 602 of a new AAV cap-
sid generated by the combination of AAV9 and AAV-
RH74 (Figure S1A) following a previously described
method.45 The resulting capsid, named AAV-MT (for Mus-
cle Transduction,47), was used to express the native form
of codon-optimized (co), human GAA (hGAAco)21 under
the transcriptional control of the LiMP (Figure S1B). The
native secretion-peptide of hGAA was used to specifically
evaluate the advantage of improved muscle targeting with
AAV-MT by reducing circulating GAA derived from resid-
ual liver expression and avoid cross-correction.

In a first experiment performed in four-month-old
Gaa�/� mice, we compared the short-term efficacy of an
AAV-MT vector expressing hGAAco under the control of
the LiMP, to the efficacy obtained when the same trans-
gene was expressed by AAV9 either using SpC5-12, a
known muscle promoter, or LiMP (Figure 1A). One
month after injection of the three vectors at the dose of
3 � 1012 vg/kg, in line with what was previously
described,24 we observed a marked improvement of GAA
activity in heart and in different muscle groups in mice
treated with AAV9-LiMP, compared to mice treated with
AAV9-SpC5-12 (Figure 1B). When compared to AAV9,
the combination of AAV-MT capsid with the LiMP, while
resulting in similar heart transduction, led to a striking
increase in skeletal muscle targeting, as shown by GAA
activity (Figure 1B) and vector genome copy number

(VGCN) analysis (Figure S2A). Increased GAA activity
was invariably associated with improved glycogen clear-
ance (Figure 1C), supporting the potential of AAV-MT in
muscle targeting and rescue of phenotype in Gaa�/�

mice. One exception was represented by the diaphragm,
where, despite similar VGCN among the three vectors,
GAA activity was increased in Gaa�/� mice treated with
AAV-MT. This apparent discrepancy may be due to the
presence of unprocessed viral particles at one-month
post-injection or to the differential targeting of cell popu-
lating the diaphragm by the two vectors.

As expected, higher GAA activity was observed in the
liver of mice injected with AAV9-LiMP, whereas animals
receiving AAV-MT with the same promoter showed
lower hepatic GAA activity, comparable to that measured
in animals injected with AAV9-SpC5-12 (Figure 1D). The
extensive liver detargeting of the AAV-MT was also con-
firmed by the VGCN analysis in this tissue (Figure S2B).
Given the central role of the liver in establishing periph-
eral tolerance to antigens expressed in muscle,18,20,48,49

the increased muscle expression and the decreased liver
targeting, achieved by the combination of AAV-MT cap-
sid and LiMP, resulted in increased levels of circulating
anti-hGAA antibodies measured three and 4 weeks after
vector injection (Figure 1E). These data suggest that the
use of AAV-MT combined with LiMP can improve glyco-
gen clearance in Gaa�/� mice while reducing the dose
and detargeting the liver.

To confirm the increased muscle targeting of this
novel AAV-MT capsid compared to AAV9, and to assess
its therapeutic potential and immunogenicity when com-
bined with the LiMP, we extended the comparison at two
different doses. For this purpose, four-month-old Gaa�/�

mice were injected with the two vectors at 1 � 1012 or
3 � 1012 vg/kg and sacrificed 3 months later to compare
vector efficacy (Figure 2A). At the lower dose, while
GAA activity was similar in heart and diaphragm regard-
less of the treatment received by Gaa�/� mice, a ten-
dency for higher GAA activity was observed in skeletal
muscle of mice treated with AAV-MT vector (Figures 2B
and S3A). In the two groups treated at the higher vector
dose, a significantly higher GAA activity was measured
in cardiac and skeletal muscles of AAV-MT injected ani-
mals (Figures 2B and S3A), also confirmed by GAA quan-
tification by Western blot analysis in quadriceps and
soleus (Figure 2C,D). Consistently, increased GAA pro-
tein and activity was associated to better glycogen clear-
ance in skeletal muscle (Figure 2E). Treatment with
AAV-MT-LiMP resulted in complete clearance of glyco-
gen from heart and all the muscles tested at the dose of
3 � 1012 vg/kg (Figures 2E and S3B). Importantly, at this
dose, AAV9-LiMP was not able to clear glycogen from
diaphragm and soleus. At the lower dose, 1 � 1012 vg/kg,
AAV-MT showed a significantly better efficacy in
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glycogen clearance in quadriceps, with a tendency toward
a better clearance in EDL and triceps (Figures 2E and
S3B). The higher muscle targeting of AAV-MT capsid
was further confirmed by the tendency to achieve higher
VGCNs measured in heart and triceps of Gaa�/� mice
injected with this vector when compared to AAV9

(Figure S3C). Grip-strength assay performed 3 months
after AAV injection showed a tendency for an increased
muscle strength in all treated animals regardless of the
AAV vector, although none of the groups reached a sta-
tistical significance, possibly due to the low number of
mice used in this analysis (Figure S3D).

FIGURE 1 Combination of AAV-MT with LiMP leads to increased hGAA expression and a trend toward improved glycogen clearance

in adult Gaa�/� mice at short-term. (A) Experimental design. 4-month-old Gaa�/� mice received a single injection of

AAV9-SpC5-12-hGAAco, AAV9-LiMP-hGAAco or AAV-MT-LiMP-hGAAco at 3 � 1012 vg/kg (n = 4 per group). PBS-injected Gaa+/+

(n = 4) and Gaa�/� (n = 4) mice were used as controls. Red symbols indicate the timing of blood collection in all cohorts. (B) Analysis of

GAA activity and (C) glycogen content in heart and muscle, 1 month after vector injection. (D) GAA activity in liver. (E) Circulating anti-

hGAA IgG measured over time. Data are shown as mean ± SD. Statistical analysis; (B–E) One-way ANOVA with Tukey post hoc; * and
#p < 0.05, ** and ##p < 0.01, *** and +++p < 0.001, ****, ++++ and ####p < 0.0001. Statistical significance was reported as: # versus Gaa+/+,

* versus Gaa�/�, and with + versus the indicated group.
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FIGURE 2 Legend on next page.
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The insertion of the P1 peptide between amino acids
586 and 602 abolished the binding to heparan sulfate,
central to liver targeting in rodents,50 in an AAV capsid
that showed already a pronounced liver de-targeting.46

As expected, VGCN analysis in liver showed robust tar-
geting with AAV9 and reduced copies per cell when the
new capsid was used, regardless of the dose (Figure 3A).
The combination of LiMP and AAV9 allowed for a robust
expression of the transgene in liver, whereas with AAV-
MT very low GAA activity levels were measured
(Figure 3B). Western blot analysis confirmed the activity
results with a strong hGAA band in AAV9-LiMP-injected
Gaa�/� mice (Figure 3C). Importantly, Gaa�/� mice trea-
ted with AAV-MT-LiMP vector at the dose of
3 � 1012 vg/kg showed a faint band consistent with the
size of mature hGAA protein, thus indicating some resid-
ual liver expression in this treatment group (Figure 3C).
Circulating hGAA was relatively low across the different
groups, possibly due to the use of the native form of
hGAA,21 although we were able to measure circulating
hGAA by Western blot in animals treated with
AAV9-LiMP (Figure 3D). These results confirm a strong,
dose-dependent liver de-targeting by the AAV-MT.

AAV-mediated hepatocyte-specific expression of a
transgene induces a strong peripheral tolerance to trans-
genes expressed in muscle.18,20,48,49 Consistently, in our
previous work, we demonstrated that combined expres-
sion of hGAA in liver and muscle with LiMP resulted in
very low humoral immunity to hGAA in Gaa�/� mice,
compared with a muscle-specific promoter.24 To under-
stand how liver detargeting by AAV-MT impacts the
humoral response against the protein, we followed the
anti-hGAA IgG levels over time through an ELISA test
(Figure 3E). Gaa�/� mice treated with AAV9-LiMP
showed a low and transient humoral immune response
to hGAA that peaked at one-month post-injection and
almost completely disappeared at the end of the study,
3 months post-injection (Figures 3E,F and S3E). As
expected, a dose-dependent increase in the level of anti-
hGAA IgG was measured in AAV-MT treated mice at
1 month after injection (Figures 3E,F and S3E). Impor-
tantly, in animals injected with the lower dose, of AAV-
MT-LiMP vector the levels of circulating anti-hGAA IgG
increased over time, whereas at the higher dose, anti-

hGAA IgG decreased dramatically, possibly due to the
residual expression of hGAA in liver.

Taken together, these results indicate a dose advantage
in muscle correction in the use of a muscle specific AAV
capsid when combined with the LiMP. They also reinforce
the concept of residual liver expression as beneficial for
the control of immune responses to the transgene.

2.2 | Muscle-specific targeting achieves
long-term efficacy and functional rescue in
neonate Gaa�/� mice

Neonate Gaa�/� mice were injected right after birth
(post-natal day 0 to 2) with 1 � 1013 and 3 � 1013 vg/kg
of AAV9 or AAV-MT vectors expressing hGAAco under
the control of the LiMP. 6 months after vector injection,
mice were sacrificed to compare the efficacy of the two
vectors (Figure 4A). As expected, injection of neonate
mice resulted in AAV vector genome dilution over time
with low copies measured in liver at the end of the study,
regardless of the treatment (0.42 ± 0.3 and 2.17 ± 0.8 for
AAV9; 0.15 ± 0.2 and 0.46 ± 0.3 for AAV-MT, respec-
tively at 1 � 1013 and 3 � 1013 vg/kg). Activity and
expression of hGAA were observed in liver tissue in
Gaa�/� mice treated with AAV9-LiMP vector at both
doses (Figures 4B and S4A). Very low hGAA expression
was observed also in the liver of animals treated with the
AAV-MT-LiMP vector at the higher dose (Figure S4A).
The measurement of circulating hGAA by Western blot
confirmed the data of liver expression, with hGAA bands
detected in the blood of AAV9-treated Gaa�/� mice and
lower levels in the animals treated with AAV-MT at the
dose of 3 � 1013 vg/kg (Figure S4B). GAA activity in
heart was significantly higher in mice injected with
AAV9 compared with AAV-MT (Figure 4C), and this cor-
related with higher VGCN measured in this tissue
(Figure S5A). Despite the low GAA activity levels, com-
plete correction of glycogen accumulation was observed
in the hearts of all AAV-treated Gaa�/� mice, starting
from the lower dose (Figure 4D,E), confirming that low
levels of GAA are needed to clear glycogen from that tis-
sue.21 In skeletal muscle, increased GAA activity was
measured in diaphragm, quadriceps, and triceps of

FIGURE 2 Specific muscle-targeting with AAV-MT results in improved glycogen clearance in skeletal muscle in adult Pompe mice.

(A) Experimental design. 4-month-old Gaa�/� mice received a single injection of AAV9-LiMP-hGAAco or AAV-MT-LiMP-hGAAco at

1 � 1012 or 3 � 1012 vg/kg (n = 4 per group). PBS-injected Gaa+/+ (n = 4) and Gaa�/� (n = 4) mice were used as controls. Red symbols

indicate the timing of blood collection in all cohorts. (B) Analysis of GAA activity in muscles 3 months after vector injection. (C, D) Western

blot analysis of hGAA in (C) quadriceps and (D) soleus. The quantification of hGAA protein band is plotted on the right. (E) Analysis of

glycogen content in muscles 3 months after vector injection. Data are shown as mean ± SD. Statistical analysis; (B–E) One-way ANOVA
with Tukey post hoc; * and +p < 0.05, **, ++ and ##p < 0.01, *** and ###p < 0.001, ****, ++++ and ####p < 0.0001. Statistical significance was

reported as: # versus Gaa+/+, * versus Gaa�/�, and with + versus the indicated group.
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Gaa�/� mice injected with AAV-MT, which reached sig-
nificance at the higher dose (Figure 4F). In line with
these results, Western blot analysis showed enhanced

hGAA expression in triceps of AAV-MT-treated mice, at
3 � 1013 vg/kg (Figure 4G). Increased GAA activity
resulted in better glycogen clearance in all muscle groups

FIGURE 3 Residual liver

transgene expression with AAV-

MT combined with LiMP reduces

anti-hGAA humoral response in

adult Pompe mice. Four-month-

old Gaa�/� mice were treated as

described in Figure 2. (A, B)

Analysis of vector genome copy

number (VGCN) (A) and GAA

activity (B) in liver at sacrifice.

(C, D) Western blot analysis of

hGAA in (C) liver and (D) blood.

The quantification of the hGAA

protein band is plotted on the

right. (E) Circulating anti-hGAA

IgG measured overtime.

(F) Circulating anti-hGAA IgG

measured at 1- and 3-months

post-injection. Data are shown as

mean ± SD. Statistical analysis;

(A–F) One-way ANOVA with

Tukey post hoc; * and +p < 0.05,

** and ++p < 0.01, ***p < 0.001,

**** and ++++p < 0.0001.

Statistical significance was

reported as: * versus Gaa�/�, and
with + versus the indicated

group.
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FIGURE 4 Legend on next page.
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with a dose advantage for AAV-MT in quadriceps and tri-
ceps, and a tendency in diaphragm as measured by glyco-
gen content (Figure 4H) and PAS staining (Figure S5B).
Extensive glycogen clearance was also observed in soleus
and EDL muscles. Importantly, at the lower dose, com-
plete clearance of glycogen was observed in the soleus of
Gaa�/� mice treated with AAV-MT, whereas rodents
treated with AAV9 had levels comparable to those treated
with PBS (Figure 5A). In EDL, complete glycogen clear-
ance was measured in AAV-treated animals, all doses
and vectors confounded (Figure 5A). PAS staining per-
formed on these muscles confirmed the dose advantage
of the AAV-MT vector, with better glycogen clearance in
soleus at the higher dose (Figure 5B).

Assessment of functional improvements was per-
formed to explore potential correction of cardiomegaly
and improvement of muscle strength in AAV-treated
Gaa�/� mice. Heart weight measurement showed a ten-
dency to the increase in PBS-treated Gaa�/� mice
although it did not reach significance, possibly due to the
low number of animals considered. However, AAV-
treated animals showed, in general, lower heart weight
similar to PBS-treated Gaa+/+ mice (Figure 5C). In line
with the complete clearance of glycogen in skeletal mus-
cle, rescue of muscle strength was observed at four and
6 months after AAV-MT treatment at the higher dose
(Figure 5D). Gaa�/� mice treated with AAV9 vector at
the lower dose were not rescued at both time points, thus
confirming the dose advantage of muscle-specific target-
ing with AAV-MT vector.

Taken together, these data further support the use of
muscle-specific targeting for the complete rescue of the
Pompe phenotype in neonate Gaa�/� mice at doses rele-
vant for the clinical translation of the approach.

3 | DISCUSSION

Since 1998, year of the first report of AAV gene therapy
for Pompe disease,51 a number of different approaches
were reported to provide a curative treatment for this

devastating disease.52 Muscle being the primary tissue
affected by the lack of GAA activity, its targeting by gene
therapy was considered since the very beginning for the
treatment of the disease and one clinical trial is ongoing
using this approach (NCT04174105). As an alternative,
the use of the liver to secrete the hGAA protein in the cir-
culation has been proposed.36,53 We previously showed
that liver expression of a secretable hGAA effectively
reduced the dose of AAV vector needed to clear glycogen
from muscle cells and allowed for a complete rescue of
the muscle function at very low AAV doses.21–23 How-
ever, this approach is limited by liver growth during
infancy and the resulting AAV vector dilution. On the
other hand, muscle growth seems to have a lower effect
on AAV genome dilution thus making muscle-directed
gene therapy relevant for the treatment of classic
infantile-onset Pompe disease (IOPD). One important
limitation associated to muscle targeting with AAV vec-
tors, is that the high doses necessary to achieve efficient
transgene expression in muscle and the consequent liver
overloading due to non-specific targeting are responsible
for an important part of the severe adverse events
reported in neuromuscular gene therapy.54

Here, we demonstrated the potential of the use of an
AAV capsid grafted with an RGD-containing peptide to
transduce muscle tissues in vivo while de-targeting the
liver in a mouse model of PD. The efficacy of the new
capsid was compared side-by-side at multiple doses with
a state-of-the-art approach for the correction of neonate
mice recently developed in our laboratory.24 The combi-
nation of AAV-MT and LiMP resulted in a two-log
increase in hGAA expression and enhanced glycogen
clearance in different muscle groups when compared to
an AAV9 vector bearing a muscle-specific promoter,
SpC5-12. Importantly, due to the peculiar biodistribution
profile of the AAV-MT, only residual expression of the
transgene, comparable to that of SpC5-12, was observed
despite the use of LiMP, a strong promoter in liver.24

Extensive liver de-targeting with tremendously increased
muscle targeting resulted in a robust humoral response
to the transgene. To confirm the higher muscle targeting

FIGURE 4 Specific muscle-targeting with AAV-MT vector results in better skeletal muscle correction in neonate Pompe mice.

(A) Experimental design. Neonate (P0-P2) Gaa
�/� mice received a single injection of AAV9-LiMP-hGAAco or AAV-MT-LiMP-hGAAco at

1 � 1013 or 3 � 1013 vg/kg (n = 3 per group). Age-matched and sex-matched Gaa+/+ and Gaa�/� littermates were used as controls (n = 3–4
per group). Red symbols indicate the timing of blood collection in all cohorts. (B) Analysis of GAA activity in the liver at sacrifice, 6 months

after vector injection. (C, D) Analysis of GAA activity (C) and glycogen content (D) in heart at sacrifice. (E) Periodic Acid Schiff (PAS)

staining performed in heart sections. (F) Analysis of GAA activity in muscles at sacrifice. (G) Western blot analysis of hGAA in triceps. The

quantification of hGAA protein band is plotted on the right. (H) Analysis of glycogen content in muscles at sacrifice. Data are shown as

mean ± SD. Statistical analysis; (B–H) One-way ANOVA with Tukey post hoc; + and #p < 0.05, ** and ##p < 0.01, ***, +++ and ###p < 0.001,

****, ++++ and ####p < 0.0001. Statistical significance was reported as: # versus Gaa+/+, * versus Gaa�/�, and with + versus the indicated

group.
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and to further evaluate the humoral response against
hGAA after muscle-specific gene transfer, we performed
a multi-dose comparison in adult Gaa�/� mice. The use
of an AAV9 vector in combination with LiMP was very

efficient, the result of simultaneous muscle and liver tar-
geting. Interestingly, despite the specific muscle targeting
achieved by AAV-MT-LiMP, this vector demonstrated a
clear dose-advantage when compared with AAV9-LiMP.

FIGURE 5 Muscle-specific targeting with AAV-MT vector achieves long-term efficacy in neonate Pompe mice. Neonate (P0-P2) Gaa
�/�

and Gaa+/+ mice were treated as described in Figure 4. (A) Analysis of glycogen content in soleus and EDL at sacrifice. (B) Periodic Acid

Schiff (PAS) staining performed in soleus and EDL sections. (C) Western blot analysis of hGAA in soleus. The quantification of hGAA

protein band is plotted on the right. (D) Heart weight. (E) Grip strength measured 4 and 6 months after treatment. Data are shown as mean

± SD. Statistical analysis; (A–E) One-way ANOVA with Tukey post hoc; *, + and #p < 0.05, **p < 0.01, *** and ### p < 0.001. Statistical

significance was reported as: # versus Gaa+/+, * versus Gaa�/�, and with + versus the indicated group.
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Intriguingly, although AAV-MT-treated animals showed
greater humoral response to hGAA than AAV9-treated
Pompe mice at 1 month, residual liver expression of
hGAA, observed with the higher dose, resulted in
reduced humoral response at the end of the study,
3 months after treatment. Most importantly, despite this
apparently higher humoral response, specific muscle tar-
geting achieved by AAV-MT-LiMP, demonstrated a clear
dose-advantage in muscle correction when compared to
AAV9-LiMP.

Finally, to demonstrate the full potential of muscle-
specific targeting in PD, we performed an experiment in
neonate animals, where the liver transduction achieved
with AAV9 is diluted over time, thus allowing a direct
comparison of muscle transduction with little to no circu-
lating hGAA. Despite the fast liver growth, and due to
the high doses needed to target the muscle in neonate
animals, liver expression (corresponding to 50% of the
activity measured in Gaa+/+ animals) was reported in
AAV9-injected animals, whereas it was almost absent in
AAV-MT treated animals, in particular at the lower dose.
Despite this bias toward AAV9, the data in neonate
Gaa�/� mice indicate, as observed in adult animals, a
dose advantage for the AAV-MT-LiMP vector. Indeed,
6 months after treatment, our results showed almost
complete clearance of glycogen in multiple muscle
groups, starting from the lower dose of AAV-MT. More-
over, improved muscle strength at both four and six
months after vector injection in Gaa�/� animals treated
with 3 � 1013 vg/kg was observed.

One important open question in the use of AAV gene
therapy for PD is the development of anti-hGAA anti-
bodies in IOPD patients when they are CRIM. Although
we demonstrated that even low levels of hGAA liver
expression could reduce the humoral response to the
transgene, the robustness of the induction of peripheral
tolerance after liver gene transfer in humans is still ques-
tioned. However, protocols for tolerance induction are
being developed for IOPD patients55 and, in combination
with muscle-directed gene therapy, they may be able to
provide an alternative treatment to ERT in this patients'
population.

Noteworthy, the treatment in neonate Gaa�/� mice
required doses of vectors almost 10 times higher than the
treatment of adult mice to achieve complete correction of
the muscle phenotype 6 months after vector injection.
Although this could be related primarily to a potential
difference in efficacy of gene transfer in neonates com-
pared with adults, one intriguing hypothesis is that dur-
ing growth, the muscle mass increase may somehow
dilute the vector although with a transgene loss less spec-
tacular than that reported after liver growth.56–60 If this
growth-dependent vector dilution in muscle is confirmed

and given the formation of high titer anti-AAV antibodies
after the injection of AAV vectors, strategies may be
needed to be able to cope with vector re-administration.
Recently, the use of IdeS61–63 or AAV vector-specific plas-
mapheresis64,65 were proposed by different groups as
clinically-relevant approaches to reduce circulating anti-
AAV antibodies and allow for vector re-administration.

In our work, we used a muscle-tropic, liver de-targeted
AAV capsid to normalize glycogen accumulation and res-
cue muscle strength in a mouse model of PD. However, in
the last years, the efforts of researchers in the characteriza-
tion of the disease manifestation in IOPD treated with
Myozyme, reveal the emergence of white matter abnor-
mality that may be associated with cognitive function
impairment.66–68 Central nervous system targeting by the
new, RGD-based, muscle tropic capsids was not previously
reported and, it is likely that the RGDLGLS peptide
grafted will not confer better biodistribution to this tissue.
Another potential limitation of the current study is related
to the poor translatability of AAV vector biodistribution
across species. Although the main objective of the present
work was to demonstrate the advantages of the use of
AAV/promoter combination to tailor transgene expression
to the disease, confirmation of these results in large animal
preclinical models (e.g., primates23 or Pompe dogs69) may
be needed to further support clinical development.

To conclude, AAV vectors with enhanced muscle target-
ing and improved liver de-targeting represent an alternative
to the existing gene therapy approaches for IOPD. If these
results are confirmed in large animal models, AAV-MT may
represent a valid alternative to the existing AAV vectors to
reduce liver overload and the high vector doses accounting
for many of the serious adverse events recently reported in
AAV gene therapy for neuromuscular diseases. Combina-
tion of this approach with emerging methods to control the
immunogenicity against the vector and the transgene is
required to efficiently treat PD while ensuring safety.

4 | MATERIALS AND METHODS

4.1 | Plasmids

The hGAA transgene expression cassette used was
already described in Reference 24 and was used to
express a codon-optimized version of the native human
GAA (hGAAco) as in Reference 21.

4.2 | AAV vector production

AAV-MT-LiMP-GAAco and AAV9-LiMP-GAAco vectors
were produced by an adenovirus-free transient tri-
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transfection method of HEK 293 cells in suspension and
purified by affinity chromatography. Titers of AAV vec-
tors were determined using qPCR and all vector prepara-
tions used in the studies were quantified side by side.

4.3 | Mouse model

Comparative efficacy studies were performed in male
Gaa knockout mice (Gaa�/�), purchased from The Jack-
son Laboratory (B6;129-Gaatm1Rabn/J, stock number
004154, 6neo) and originally generated by Raben et al.70

Littermate male mice were used, either affected (Gaa�/�)
or healthy (Gaa+/+). We have reported the phenotype of
males Gaa�/� versus Gaa+/+ from our colonies in previ-
ous work.21

4.4 | In vivo studies in mice

In vivo studies were performed in compliance with all rel-
evant ethical regulations for animal testing and research.
Notably, they were performed according to the French
and European legislation on animal care and experimenta-
tion (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.

4.4.1 | Experiments in adult mice

Treatments with AAV vectors were performed in male
Gaa�/� mice of 4 months of age, that received either
intravenous injection of vehicle (PBS), AAV9-LiMP-
GAAco or AAV-MT-LiMP-GAAco. Four animals per
group were injected via tail vein infusion with 1 � 1012

or 3 � 1012 vg/kg of vector (in a volume of 200 μL). Age-
matched and sex-matched Gaa+/+ littermates were used
as healthy controls in the studies.

4.4.2 | Experiment in neonate mice

Male Gaa�/� mice from birth to 2 days of age were trea-
ted either with PBS, AAV9-LiMP-GAAco or AAV-MT-
LiMP-GAAco vectors. Three animals per group were
injected via tail vein infusion with 1 � 1013 or
3 � 1013 vg/kg of vector (in a volume of 20 μL). Age-
matched and sex-matched Gaa+/+ littermates were used
as healthy controls in the studies.

4.5 | Blood GAA activity and anti-hGAA
IgG measurement

Blood samples were collected by retro-orbital sampling
into heparinized capillary tubes and mixed with 3.8%
wt/vol sodium citrate, followed by plasma isolation. GAA
activity measurement was performed as already
described.21 The concentration of anti-hGAA IgG anti-
bodies in mouse plasma was determined by enzyme-
linked immunosorbent assay (ELISA).21

4.6 | Tissue GAA activity and Western
blot analyses

Snap-frozen tissues were homogenized in UltraPure
DNase/RNase-free water (Thermo Fisher Scientific, Wal-
tham, MA) with FastPrep lysis tubes (MP Biomedicals,
OH), followed by centrifugation 20 min at 10 000g to col-
lect the supernatant. Protein content in lysates was quan-
tified by BCA Protein Assay (Thermo Fisher Scientific).
GAA activity measurement was performed as already
described.21 SDS-page electrophoresis was performed
with NuPAGE 4%–12% Bis-Tris protein gels (Life Tech-
nologies, Carlsbad, CA). After transfer, the membrane
was blocked with Odyssey buffer (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). Membrane was then washed and incubated
with the appropriate secondary antibody (LI-COR Biosci-
ences) and visualized with the Odyssey imaging system
(Li-Cor Biosciences). Densitometry analysis was con-
ducted using Image Studio Lite (Li-Cor Biosciences) ver-
sion 4.0. The quantification of the hGAA bands in mouse
tissues was normalized using housekeeping Vinculin pro-
tein bands. Protein level was reported in units of arbitrary
unity (AU).

4.7 | Glycogen content measurement

Tissue homogenates samples were prepared as described
for the analysis of GAA activity. Glycogen assay was per-
formed as already described.21

4.8 | Vector genome copy number

Vector genome copies in mice were determined by qPCR
on total tissue DNA. Total DNA was extracted from tis-
sues homogenates using NucleoMag Pathogen
(Macherey-Nagel, Hoerdt, France) extraction method
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according to manufacturer's instructions. The number of
vector copies per diploid genome was determined using
primers to amplify the GAAco transgene sequence (for-
ward: 50-AGATACGCCGGACATTGGACTG-30; reverse:
50-GTTCAATCTGCTGGGCGTGC-30; probe: 50-
GTGTGGTCCTCTTGGGAGC-30). 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: 50-AAAACGAGCAGTGACGTGAGC-30;
reverse: 50-TTCAGTCATGCTGCTAGCGC-30; probe, 50-
TGCACGGAAGCGTCTCGTCTCAGT-30). Data were
expressed as vector genome copies per diploid genome.

4.9 | Histology and staining

Immediately after euthanasia, muscles were snap-frozen
in isopentane (�160�C) previously chilled in liquid nitro-
gen. Serial 8 mm cross-sections were cut in a Leica
CM3050 S cryostat (Leica Biosystems, Wetzlar, Ger-
many). To minimize sampling error, two or three sections
of each specimen were obtained and stained with peri-
odic acid-Schiff (PAS) according to standard procedures.
Muscle images were acquired using an Axioscan slide
scanner (ZEISS, Munich, Germany), using a plan-
apochromat �10 magnitude 0.45 NA objective.

4.10 | Grip test

Muscle strength was assessed using a grip strength meter
(Columbus Instruments, Columbus, OH).20 Briefly, mice
were lifted by the tail to the same height of the grip
strength meter grid. Mice were then moved horizontally
until they were within reach. Four-limb grip was
inspected visually to confirm the symmetry and the tight
grip. Mice were then gently pulled away from the grid
until the grasp was released. The Grip strength meter
recorded the value. Three independent measures were
performed for each mouse. Mean values of three inde-
pendent measures expressed in Newton were reported.

4.11 | 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 sig-
nificant. The number of sampled units (n), upon which
we reported statistics is the single animal. Parametric
tests were used for data having a normal distribution
with α = 0.05. One-way ANOVA with Tukey's post hoc

correction 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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