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INTRODUCTION
Pompe disease is an autosomal recessive disorder characterized by 
a deficiency of acid α-glucosidase (GAA), an enzyme responsible for 
the degradation of lysosomal glycogen. Mutations in the GAA gene 
cause a significant accumulation of lysosomal glycogen leading 
to swelling of the lysosome, displacement of myofibril contractile 
units, and impaired autophagy.1–6 Complete or near complete loss of 
GAA leads to the infantile-onset form of the disease resulting in car-
diac or respiratory failure within the first year of life.7,8 Patients with 
the late-onset form of the disease, often diagnosed as adults, retain 
some residual GAA activity, and display a less severe yet progressive 
phenotype, where skeletal muscle weakness and respiratory com-
plications occur later in life. The only Food and Drug Administration-
approved treatment is bimonthly infusions of human recombinant 
GAA (enzyme replacement therapy (ERT)), which has been shown 
to reduce cardiac dilation, lessen respiratory insufficiency, and 
improve overall survival rate in early-onset patients.9 However, 
the majority of early and late-onset patients receiving ERT even-
tually require ventilatory assistance.9 Factors including inefficient 
mannose 6-phosphate receptor-mediated uptake of circulating 
enzyme, antibody-mediated clearance of hGAA, or inability to cross 
the blood–brain barrier could be limiting ERT therapeutic potential. 
Failure to clear neuronal glycogen may be key as gene therapy stud-
ies in a Gaa–/– knockout mouse model have demonstrated improved 
respiratory capacity following depletion of lysosomal glycogen in 

motoneurons.10–13 Another limitation of the efficacy of ERT is ~25% 
of patients with infantile onset of Pompe do not demonstrate any 
detectable GAA protein by molecular methods and are classified 
as cross-reactive immunologic material (CRIM)-negative.14 CRIM-
negative patients receiving ERT treatment therefore produce high 
levels of anti-GAA circulating antibodies that may limit treatment. 
Several studies are currently underway investigating immunosup-
pression strategies in combination with ERT treatment; however, 
even with the use of immunosuppressants patient improvement is 
still limited.14

Successful gene therapy using recombinant adeno-associated 
virus (rAAV) vectors has been demonstrated in murine models of 
Pompe disease.15 We have shown that administration of rAAV-GAA 
greatly contributes to reducing lysosomal glycogen content and 
augmenting cardiac, respiratory, and motoneuron function in the 
GAA knockout mouse model (Gaa–/–).15 Initial studies were centered 
on rAAV1, which demonstrated high transduction in skeletal mus-
cle through direct diaphragm application or direct intramuscular 
(quadriceps or gastrocnemius) injection, resulting in a significant 
increase in GAA activity and reduction of glycogen.16 However, 
improvement in functional cardiac and skeletal muscle indices of 
Gaa–/– animals had only been reported after intravenous administra-
tion of rAAV1 in neonates.17,18

In comparison to other rAAV serotypes, rAAV9 exhibits a more 
robust expression pattern and improved biodistribution when 
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Pompe disease is an autosomal recessive genetic disorder characterized by a deficiency of the enzyme responsible for degrada-
tion of lysosomal glycogen (acid α-glucosidase (GAA)). Cardiac dysfunction and respiratory muscle weakness are primary features 
of this disorder. To attenuate the progressive and rapid accumulation of glycogen resulting in cardiorespiratory dysfunction, adult 
Gaa–/– mice were administered a single systemic injection of rAAV2/9-DES-hGAA (AAV9-DES) or bimonthly injections of  recombinant 
human GAA (enzyme replacement therapy (ERT)). Assessment of cardiac function and morphology was measured 1 and 3 months 
after initiation of treatment while whole-body plethysmography and diaphragmatic contractile function was evaluated at 3 months 
post-treatment in all groups. Gaa–/– animals receiving either AAV9-DES or ERT demonstrated a significant improvement in cardiac 
function and diaphragmatic contractile function as compared to control animals. AAV9-DES treatment resulted in a  significant reduc-
tion in cardiac dimension (end diastolic left ventricular mass/gram wet weight; EDMc) at 3 months postinjection. Neither AAV nor 
ERT therapy altered minute ventilation during quiet breathing (eupnea). However, breathing frequency and expiratory time were 
significantly improved in AAV9-DES animals. These results indicate systemic delivery of either strategy improves cardiac function but 
AAV9-DES alone improves respiratory parameters at 3 months post-treatment in a murine model of Pompe disease.
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injected systemically.19 Moreover, rAAV9 has been shown to trans-
duce the myocardium, skeletal muscle, as well as the central ner-
vous system, at high levels in nonhuman primates.20 Adequate 
expression in these tissues is advantageous for Pompe disease as 
patients accumulate glycogen in virtually all cell types. This is in con-
trast to what has been observed with ERT as it does not efficiently 
cross the blood–brain barrier and therefore limits the therapeutic 
efficiency for correction of neural-related pathology.

Initial reports determining the efficacy of rAAV vectors utilized 
the chicken β-actin or CMV promoter to drive transgene expres-
sion. We recently tested a modified Desmin promoter (DES) to fur-
ther increase tissue specific expression and potentially decrease the 
potential for promoter driven immunogenicity to the transgene. 
The DES promoter expression profile shows preferential expression 
in skeletal muscle and cardiac tissues, and is detectable in motor 
neurons.11,21 We have previously reported the biodistribution pro-
files following systemic administration at P0 in mice and similar pat-
terns were observed in the myocardium and in phenotypically fast 
or slow-twitch skeletal muscle regardless of CMV or DES promoter.21

In this study, we evaluated the therapeutic potential of AAV9-DES 
following a single intravenous administration versus the bimonthly 
ERT administration in adult Gaa–/– animals. Outcome measurements 
consisted of respiratory and cardiac outcomes at 1 and 3 months 
after treatment initiation. Here, we demonstrate that an AAV-vector 
based approach is similar to ERT and augments respiratory and car-
diac indices after a single administration with a marked improve-
ment at 3 months of age.

ReSUlTS
Weight gain and mortality
Animal mass was recorded at 1 and 3 months post-treatment 
administration. At 1-month postadministration of AAV or ERT, both 
treatments resulted in minor improvement in weight gain. However, 
the increase in mass was significantly improved at 3 months with 
both treatments (P < 0.05). Although it has not been formally docu-
mented, the Gaa–/– mouse strain displays higher mortality than 
wild-type animals (unpublished data), yet Gaa–/– are still capable 
of reaching normal lifespan expectancies of the strain (~21–24 
months). The survival of the initial group of Gaa–/– animals receiving 
ERT without diphenhydramine did not surpass a third ERT injection 
due to anaphylactic shock. This prompted a second ERT group that 
received diphenhydramine prior to ERT administration. No mortal-
ity was observed following diphenhydramine/ERT administration 
throughout the study protocol. In the present study, there was no 
incidence of mortality in Gaa–/–, wild-type, or AAV9-DES-treated ani-
mals (Figure 1a).

Impact of ERT or AAV9 therapy on cardiac function and 
morphology
The Pompe mouse model develops dilated cardiomyopathy, 
accompanied by alterations in electrophysiology as early as 6 
months of age. Neither ERT- nor AAV9-treated animals demon-
strated significant improvement in PR interval (i.e., elongation) at 
1-month post-treatment (data not shown). In AAV9-DES-treated 

Figure 1  Effects of AAV9-DES or continuous enzyme replacement therapy (ERT) on animal weight gain and cardiac characteristics at 1 and 3 months. 
(a) AAV9-DES or ERT did not significantly improve animals’ weights until 3 months after study initiation (P > 0.05). (b) Detection of ejection fraction 
(EF%) and (c) end diastolic cardiac mass/gram wet weight (EDM/c) at 4.7-T were not significantly altered compared to Gaa–/– following 1 month of 
therapy. (b) ERT and AAV9-DES resulted in a significant increase in EF% at 3 months. (c) EDM/c was significantly reduced at 3 months in AAV9-DES-
treated animals. (d) Elongation of PR interval was significant following AAV9-DES at 3 months post-treatment. Values indicated are the mean ± SEM. 
*P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001. ****P ≤ 0.0001. θ = wild-type at 6 months.
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animals, elongation of the PR interval was observed at 3 months 
post-treatment suggesting a correction of cardiac conductance 
((P < 0.05), Figure 1d).

To further evaluate the cardiac function, animals were sub-
jected to high-field cardiac magnetic resonance imaging (4.7T) to 
assess left ventricular mass and ejection fraction. No differences 
were observed at 1 month following the initiation of treatment, 
but significance was detected by increased ejection fraction and a 
reduction in left ventricular mass after 3 months in ERT and AAV9-
DES-treated groups compared to GAA-deficient mice (Figure 1b,c, 
respectively). There were no significant differences between the 
two treated groups.

Respiratory function following ERT or AAV9 therapy
Both the infantile and late-onset forms of Pompe disease cause 
respiratory insufficiency, resulting in a majority of patients requir-
ing mechanical ventilation. Assessment of ventilatory function by 
whole body plethysmography was performed at 3 months follow-
ing initiation of therapy. A period of normoxia followed by a brief 
hypercapnic challenge revealed significant variations in respiratory 
parameters in the AAV9-DES group when compared to Gaa–/– or ERT 
mice. At normoxic conditions, AAV9-DES animals demonstrated 
a significant increase in frequency (Figure 2a) and decrease in 
 expiratory time (TE) and timing of the total respiratory cycle (TI/TTOT) 
(Figure 2e,f ). No significant differences were detected in minute 
ventilation, tidal volume, or inspiratory time between all groups at 
this age (Figure 2b–d).

We have previously shown that Gaa–/– mice demonstrate a pro-
gressive decline in diaphragmatic contractile strength over time, 
and that administration of AAV1-CMV-GAA to the diaphragm 
can correct skeletal muscle dysfunction.16 Ex vivo isometric force-
frequency measurements were performed on diaphragm muscle 
from treated and untreated groups. Contractile data demonstrated 
an overall reduction in specific force in Gaa–/– mice compared to 

wild-type controls; however, both ERT and AAV9 treatment resulted 
in a significant increase in force generation compared to Gaa–/– mice. 
There was no significant difference in specific force production 
between ERT and AAV9 treated groups, and both groups demon-
strated a significant reduction in contractile force when compared 
to the wild-type group (Figure 3).

GAA immunogenicity of ERT or AAV9 therapy
Recently, modulation of immune responses following ERT therapy 
in Pompe patients has attracted much attention.14,22–24 Excessive 
antibody production against GAA may result in decreased circulat-
ing GAA following infusion and limiting receptor mediated enzyme 
uptake.

Serial serum collection was performed throughout the study 
to assess the long-term kinetics and degree of immune provoca-
tion of anti-GAA antibody production. Importantly, it was neces-
sary to treat Gaa–/– animals receiving ERT with diphenhydramine 
prior to injection in order to dampen the immune response. 
Initially, we did not administer diphenhydramine and none of the 
ERT treated animals survived past the third dose of ERT (data not 
shown). Anti-GAA titer was significantly higher in the ERT group 
when compared to the AAV9-DES group, however; all treatments 
resulted in significant elevation of anti-GAA titer when compared 
to untreated Gaa–/– (Figure 4).

Cardiac and diaphragm transduction
Others and we have previously shown that systemically deliv-
ered AAV9 effectively transduces cardiac and skeletal muscle in 
the murine model of Pompe disease.11,21,25,26 We confirmed these 
observations in the current study: we examined AAV9-DES trans-
duction efficiency in adult animals 3 months postinjection. High 
vector genome copy number was observed in the diaphragm and 
cardiac tissues from treated animals. AAV vector genomes were 
also detected in the spinal cord, suggesting either the travel of 

Figure 2 Whole-body plethysmography during eupnea. AAV9-DES resulted in significant changes in (a) breathing frequency when compared 
to Gaa–/– or enzyme replacement therapy (ERT). No significant change was detected in (b) minute ventilation, (c) tidal volume, or (d) inspiratory 
time. AAV9-DES treatment significantly decreases (e) expiratory time and increased the (f) total respiratory cycle time. Values indicated are the 
mean ± SEM. *P ≤ 0.05. **P ≤ 0.01.
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vector in a retrograde manner or travel across the blood–brain 
barrier (Figure 5).

Enzymatic activity and lysosomal glycogen following therapy
The primary goal following administration of an AAV vector or 
repeated ERT is to increase GAA levels in tissues to reduce the lyso-
somal glycogen load. Tissues lysates from cardiac, diaphragm, and 
costal muscles were assayed for GAA activity. As seen in Figure 6, 
AAV9 resulted in a significant increase of GAA activity in cardiac, 
diaphragm, and costal muscle when compared to Gaa–/– or ERT. 
No detection of GAA activity was detected in the ERT group and 
this was attributed to the time of tissue harvest following the final 
administration of ERT (12 days).27

To determine the extent of glycogen clearance in cardiac and 
respiratory muscles, the left ventricle and diaphragm were examined 
following Periodic Acid Schiff staining. When compared to Gaa–/–,  
AAV9 appeared to reduce glycogen deposition in both the heart 
(Figure 7i) and diaphragm (Figure 7j) compared to Gaa–/– and ERT, 
however this did not reach statistical significance.

DISCUSSION
Without adequate levels of GAA in the lysosome, excessive glyco-
gen accumulation occurs in virtually all tissues. Clinically, the only 
Food and Drug Administration-approved therapy to replace GAA is 
through ERT, which must be administered every other week for the 
entirety of the patient’s life. This strategy has been show to produce 

Figure 4 GAA antibody titers following systemic AAV9-DES or 
continuous ERT therapy. Continuous enzyme replacement therapy (ERT) 
administration resulted in significant elevation of GAA antibody titers at 
3 weeks, 2 months, and 3 months when compared to naive Gaa–/–. ERT-
generated GAA antibody titers were significantly increased at 2 months 
when compared to AAV9-DES treated Gaa–/– animals. Values indicated 
are the mean ± SEM. #ERT = P ≤ 0.05 versus Gaa–/–. ##ERT = P ≤ 0.01 versus 
Gaa–/–. ****AAV9-DES = P ≤ 0.0001 versus Gaa–/–. ####ERT = P ≤ 0.0001 
versus Gaa–/–. n.s., not significant; GAA, acid α-glucosidase.
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variable results in early and late-onset patients and has primar-
ily been attributed to antibody-mediated clearance of circulating 
GAA and low cation-independent mannose-6-phosphate receptor 
density.28,29 Moreover, recent evidence has suggested alternative 
mechanisms such as impaired intracellular trafficking of GAA may 
limit the effectiveness of ERT.1 Here, we utilized an AAV9 vector to 
produce widespread cell autonomous production of hGAA to con-
trast with the existing ERT methodology in the murine model of 
Pompe disease. Major findings include improved diaphragmatic 
and cardiac contractile function in Gaa–/– animals receiving ERT or 
AAV9-DES and improvement in respiratory function was limited to 
AAV9-DES therapy.

Significant advances have been made since the advent of 
AAV-based gene therapy for cardiac and skeletal muscle disease. 
Moreover, vector-mediated transgene delivery has been effective 
in resultant transgene expression in rodent, feline, canine, porcine, 
and nonhuman primate models. Specific to Pompe, numerous stud-
ies have independently shown that AAV-GAA vectors can efficiently 
transduce, clear glycogen, and improve skeletal muscle function at 
various stages of disease in the murine model.15,30 Work from our 
laboratory has shown that both AAV1 and AAV9 vectors enhance 
cardiac function and morphology when administered to neonate 
animals.17,18,25

Gene therapy as an alternative strategy may hold several advan-
tages over ERT for Pompe disease. For example, one inherent differ-
ence of ERT compared to AAV-directed therapies is the trafficking 
of GAA to the lysosome. ERT therapy relies on engagement of 

the cation-independent mannose 6-phosphate receptor and may 
be limited due to receptor density and a dampened efficiency in 
lysosomal targeting from the extracellular pathway.1,31–35 This is in 
contrast to AAV therapy where transduction of target tissues elicits 
endogenous production of GAA that is long-lasting and effective in 
clearance of glycogen.15

We tested and compared an AAV9 vector driven by a tissue-
restricted, nonviral promoter (DES) against the current approved 
therapy for replacement of GAA in Pompe disease (ERT; 20 mg/
kg bimonthly). Significant correction of cardiorespiratory mea-
sures was not detected at 1 month post-therapy but did emerge 
at 3 months after initiation of either AAV9 or ERT therapy. Although 
glycogen levels are immediately reduced in the cell, this may sug-
gest a mechanism where the tissue requires an extended period 
of time to stabilize cellular function. One of the more interesting 
findings is related to the disparate findings between the ERT and 
AAV9 groups by plethysmography. In contrast to ex vivo assessment 
of diaphragm contractile function, plethysmography allows the 
assessment of an intact neural-respiratory system in unanesthe-
tized animals. Significant changes in frequency (f), expiratory time 
(TE), and total respiratory cycle duration (TTOT), were observed in the 
AAV9-DES group and suggest partial correction of lower motoneu-
rons and improved respiratory timing that ultimately contributes 
to enhanced respiratory function. We have previously shown that 
Gaa–/– animals demonstrate decreased hypoglossal and phrenic 
motoneuron function as a result of disease manifestation10,13,16,36–38 
and that transduction limited to the cervical spinal cord improves 

Figure 7 Glycogen accumulation in the myocardium and diaphragm. At 6 months of age, significant accumulation of glycogen is apparent in 
the Gaa–/– (b) myocardium and (f) diaphragm when compared to control (a) and (e), ERT (d) and (h), respectively. Reduction of glycogen in the 
myocardium and diaphragm of AAV9-DES (c and g, respectively) was not significantly elevated compared to WT. Quantification of glycogen content 
in the fraction of region of interest is presented for the myocardium (i) and diaphragm (j). Inset = 2× magnification. *WT = P ≤ 0.05 versus Gaa–/– or 
ERT. **WT = P ≤ 0.01 versus ERT. ERT, enzyme replacement therapy; WT, wild type.
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respiratory function.12 Therefore, these results suggest an additional 
advantage of AAV9 therapy opposed to ERT due to the transduction 
properties of motoneurons by AAV9.39–42

Adequate substrate (i.e., lysosomal glycogen) reduction is the goal 
of therapy for Pompe disease. In this report, we observed persistent 
levels of GAA in the AAV group alone. We did not observe GAA levels 
in tissue lysates analyzed at 12 days postinjection. This is in contrast 
to previous reports where detection of GAA in tissues was observed 
12 (ref. 43) and 190 days post-adenovirus vector–mediated liver GAA 
secretion despite minimal detection of plasma GAA.44 This may be the 
result of stabilization of GAA once localized to the lysosome resulting 
in a longer half-life.44 Further studies will elucidate the mechanism by 
which stability of the enzyme may be enhanced by alternative mech-
anisms45 to allow persistence of GAA past the reported half-life.

Compared to ERT, a single administration of AAV9-DES significantly 
reduced modulation of anti-GAA antibody formation over the course 
of the study. Moreover, animals receiving ERT required preadministra-
tion of diphenhydramine HCL to survive the study. Antibody forma-
tion following ERT is common and may be dependent on CRIM status 
and play a role in clinical outcomes.14,29 High antibody titers have been 
linked to reduced gross motor function and increased cardiac dimen-
sion in patients. Furthermore, initiation of ERT therapy may play a role 
in antibody formation irrespective of CRIM-status.46 This has brought 
a new emergence of strategies to induce tolerance to GAA. In animal 
models, liver specific Gaa expressing Pompe models,2 vector-medi-
ated liver restricted GAA expression,47–50 or coadministration of AAV 
vector and anti-CD4 monoclonal antibody51 has shown an enhanced 
therapeutic benefit attributed to a dampened immune responses.

Gene therapy for cardiac and skeletal myopathies is an emerg-
ing field with a host of ongoing clinical trials and more currently 
in the stage of enrollment. Identification of serotype tropism and 
enhancement of transduction efficiencies is key in conferring a sin-
gle AAV-based strategy to address myopathies that affect both the 
myocardium and skeletal muscle. Factors that may limit transduc-
tion of specific cell types have not been closely studied and may 
elucidate whether disease severity and antibody formation limits 
treatment capacity. Clinical trials of AAV-based gene therapy have 
been well tolerated and shown to provide benefit in the presenting 
disease phenotype.

MATeRIAlS AND MeTHODS
Packaging and purification of rAAV9 vectors
Recombinant single-stranded AAV9 vector was produced using the triple 
plasmid transfection method, purified and titered as previously described 
at the Powell Gene Therapy Center Vector Core at the University of Florida.52 
The DES promoter21 and p43.2-GAA plasmid53 have been described previ-
ously. The AAV9 packaging plasmid pRep2/Cap9 was a kind gift from Dr. 
James Wilson (University of Pennsylvania, Philadelphia, PA).

Animals
All animals were group housed with littermates under controlled conditions 
of temperature and light/dark cycles (12 hours/12 hours). Food and water 
were provided ad libitum. Three-month-old male and female Gaa–/– mice 
(Taconic, Germantown, NY) originally developed by Raben et al.3 were out-
bred to a 129SVE background. All animal studies were approved in accor-
dance with the guidelines set forth by the University of Florida Institutional 
Animal Care and Use Committee.

In vivo delivery of drug
Mice were anesthetized using 2% isoflurane (1L O2). Under sterile condi-
tions, a 0.5 cm incision was made to expose the jugular vein. Viral vector was 
administered at day 0 of the study. ERT was administered at day 0 and every 
2 weeks following the initiation of the study. Recombinant AAV9 (1 × 1011 vg) 

was diluted in lactated ringers solution to a quantity sufficient volume of 150 
µl for intravenous delivery. Administration of ERT (20 mg/kg) was preceded 
by an intraperitoneal injection of diphenhydramine (5 mg/kg) 20 minutes 
prior to intravenous ERT (every other week) over the course of 3 months.

Biochemical assessment
At 3 months postinjection, tissue homogenates were assayed for GAA 
enzyme activity as described previously.53 Briefly, tissue lysates were assayed 
for GAA activity by measuring the cleavage of 4-methylumbelliferyl-α-D-
glucoside (Sigma M9766, Sigma-Aldrich, St. Louis, MO)  after 1 hour incuba-
tion at 37 °C.

Histological analysis
Cardiac and diaphragm samples were fixed immediately in 3% glutaralde-
hyde in 0.2 mol/l Na Cacodylate buffer (pH 7.3) before embedding in epon 
as described previously.11 Glycogen deposition was quantified in the left 
ventricle (n = 3/group) and diaphragm (n = 3/group) with Cellsens software 
(Olympus, Pittsburgh, PA). Images were obtained with a 40× objective. A ran-
dom region of interest (ROI) was placed on each image and glycogen was 
analyzed by performing threshold detection followed by count and mea-
sure on ROI. This resulted in a percent area occupied on each ROI.

Vector pharmacology
Real-time DNA polymerase chain recation detection was performed as 
previously described.16 An n = 6 for each group was analyzed and data are 
reported as AAV vector genome copies per μg DNA ± SE.

Cardiac measurements
Assessment of ejection fraction and cardiac mass. Cardiac magnetic reso-
nance imaging was performed on a 4.7 T Bruker Avance spectrometer 
(Bruker BioSpin Corporation, Billerica, MA) at the University of Florida AM-
RIS facility. The animals were anesthetized using 1.5% isoflurane and 1 L/
minute oxygen. The animals were placed prone on a home-built quadra-
ture transmit-and-receive surface coil, with the heart placed at the center 
of the coil. Images were acquired using IntraGate and were retrospectively 
reconstructed. The heart was visualized by acquiring single short-axis slices 
along the length of the left ventricle. Images were processed using CAAS 
MRV for mouse (Pie Medical Imaging, Maastricht, The Netherlands). Con-
tours were drawn for the epicardium and the endocardium for each slice 
along the length of the left ventricle at both end diastole and end systole. 
The results were exported and analyzed and ejection fraction % and end 
diastolic myocardial mass was calculated following normalization to animal 
weight. Data were collected at 1 and 3 months after initiation of therapy.

Electrocardiography. Five lead electrocardiogram tracings were acquired 
as described previously with modifications.20,25 Once animals reached an 
anesthetic plane, an electrode was placed in the left lower leg, tail, right 
scapula region, and right and left forelimb. Following steady acquisition of 
electrocardiogram tracings, data was recorded and averaged for 3 minutes 
using AD Instrument Chart software. Data were collected at 1 and 3 months 
after initiation of therapy.

Ventilation. These studies were undertaken to determine the impact of sys-
temic therapy on ventilation. Ventilation was quantified using whole-body 
plethysmography in unrestrained, unanesthetized mice as previously de-
scribed.13,36 Mice were placed inside a 3.5” × 5.75” Plexiglas chamber which 
was calibrated with known airflow and pressure signals before data collec-
tion. Data were collected in 10-second intervals and respiratory volumes 
including tidal volume and minute ventilation were calculated as described 
previously.36 During both a 30 minutes acclimation period and subsequent 
30–60 minutes baseline period, mice were exposed to normoxic air (21% O2, 
79% N2). At the conclusion of the baseline period, the mice were exposed 
to a brief respiratory challenge which consisted of a 10-minute hypercapnic 
exposure (7% CO2, balance O2). Experiments were conducted using naïve 
and Gaa−/− mice that had received systemic AAV or repeated ERT injection. 
Data were collected at 3 months after initiation of therapy.

Assessment of diaphragm contractile function. Isometric force-frequency 
measurements of costal diaphragm muscle bundles were performed as 
previously described.54 After determination of Lo, peak isometric tetanic 
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force was measured at 10, 20, 40, 80, 100, 150, and 200 Hz. Single 500-ms 
trains were used, with a 2-minute recovery period between trains. Data 
were collected at 3 months after initiation of therapy.

Detection of GAA antibodies. Briefly, plates were coated with 5 µg/ml of 
rhGAA in PBS and incubated at 4 °C overnight. Plates were washed three 
times with phosphate-buffered saline-tween 20 (PBS-T) (0.05%). Block-
ing was performed with 10% FBS in PBS at room temperature for 2 hours. 
Following three washes in PBS-T, serum samples were diluted in blocking 
buffer and incubated in the plate at 4 °C overnight. Plates were washed 
three times in PBS-T and then incubated with anti-mouse IgG-HRP conju-
gate (Amersham NA931, GE Healthcare, Piscataway, NJ) diluted 1:10,000 in 
blocking buffer for 2 hours at room temperature. Following three washes in 
PBS-T, 3,3’,5,5’-tetramethylbenzidine (Invitrogen 00-2023, Grand Island, NY) 
was added to each well for 3 minutes. Reaction was stopped following ad-
dition of 0.5M H2SO4 and absorbance was read at 450 nm. Samples were run 
in duplicate and reported as titer.

Statistical analysis
Statistical studies were performed using GraphPad Prism Software. 
Descriptive statistics were used for each group, and one-way or two-way 
analysis of variance, followed by Tukey’s post hoc comparison if necessary 
was used among groups. All results are presented as mean ± SE. P < 0.05 was 
considered significant.
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