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Pompe disease (glycogen storage disease type II; acid maltase deficiency) is a devastating myopathy
resulting from acid a-glucosidase (GAA) deficiency in striated and smooth muscle. Despite the availability
of enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA), the limitations of ERT
have prompted the preclinical development of gene therapy. Gene therapy has the advantage of contin-
uously producing GAA, in contrast to ERT, which requires frequent injections of rhGAA. An adeno-
associated viral (AAV) vector containing a muscle-specific promoter, AAV-MHCK7hGAApA, achieved high
GAA expression in heart and skeletal muscle in mice with Pompe disease. However, elevated GAA activity
was not sufficient to completely clear accumulated glycogen in skeletal muscle. The process of glycogen
clearance from lysosomes might require improved trafficking of GAA to the lysosomes in skeletal muscle,
previously achieved with the b2-agonist clenbuterol that enhanced glycogen clearance in skeletal muscle
without increasing GAA activity. Glycogen clearance was clearly enhanced by treatment with a nonde-
pleting anti-CD4 monoclonal antibody (anti-CD4 mAb) along with muscle-specific GAA expression in
cardiac muscle, but that treatment was not effective in skeletal muscle. Furthermore, anti-CD4 mAb
treatment along with clenbuterol achieved synergistic therapeutic efficacy in both cardiac and skeletal
muscle. This triple therapy increased both muscle strength and weight gain. Overall, triple therapy to
enhance GAA trafficking and to suppress immune responses significantly improved the efficacy of muscle-
targeted gene therapy in murine Pompe disease.

INTRODUCTION

POMPE DISEASE (glycogen storage disease type II;
acid maltase deficiency) is a lysosomal storage
disorder caused by a deficiency of lysosomal acid
a-glucosidase (GAA) activity that results in the
progressive intralysosomal accumulation of glyco-
gen. The most severely affected tissues are cardiac
and skeletal muscle. Symptoms of Pompe disease
include hypotonia, muscle weakness, cardiomyopa-
thy, and respiratory failure. Enzyme replacement
therapy (ERT) using recombinant human GAA
(rhGAA) was approved in 2006, which is currently
the only U.S. Food and Drug Administration
(FDA)-approved therapy for Pompe disease. Since
approval the limitations of ERT in Pompe disease
have become obvious. Even in patients with a good
response to ERT, residual motor weakness (neck
flexor weakness, dorsiflexor weakness, myopathic
facies, ptosis, and strabismus) has been observed.1–3

Thus, the correction of neuromuscular involvement
has not been possible in Pompe disease, despite
adherence to standard-of-care ERT.

Patients with Pompe disease without any resid-
ual GAA are deemed cross-reacting immune mate-
rial (CRIM) negative. CRIM-negative patients have
been shown to be poor ERT responders, who form
high sustained anti-rhGAA IgG antibody titers
(HSAT). Patients with HSAT have demonstrated
greatly increased mortality, in comparison with
CRIM-positive patients, who usually form no or only
low-titer antibodies.4 The poor outcome of CRIM-
negative infants occurs despite beginning ERT early
in life. Furthermore, suppressing the formation of
anti-rhGAA antibodies by immunosuppression sig-
nificantly prolongs the survival of CRIM-negative
infants.5,6 The relevance of antibody formation to
therapeutic efficacy in Pompe disease has been
emphasized by the poor response of CRIM-negative
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patients to ERT, which correlates with the onset
of HSAT.4,7

To overcome the obstacle posed by HSAT, we have
focused on developing tools for the suppression of
immune responses as well as induction of immune
tolerance against introduced GAA. A single admin-
istration of a nondepleting anti-CD4 monoclonal
antibody (mAb) before administration of an AAV2/9
vector encoding GAA significantly reduced forma-
tion of anti-GAA IgGs, including IgG1, IgG2a,
IgG2b, IgG2c, and IgG3.8 Anti-CD4 mAb along with
a vector containing a constitutive promoter, AAV2/9-
CBhGAApA, significantly increased GAA activity
in muscle, resulting in a significant reduction of
glycogen accumulation in the heart and to a lesser
extent in skeletal muscle.

ERT depends on the uptake of rhGAA at the
surface of the plasma membrane and trafficking
to lysosomes, which is mediated by the cation-
independent mannose 6-phosphate receptor (CI-
MPR). The paucity of CI-MPR in mammalian adult
muscle has underscored the concept that CI-MPR
expression is one of the factors limiting the efficacy
of ERT in Pompe disease.9,10 We demonstrated that
increased CI-MPR expression improved efficacy
from ERT in GAA-knockout (GAA-KO) mice, con-
firming the relevance of CI-MPR expression
in therapy for Pompe disease.11 Using GAA-KO
mice, we showed that clenbuterol, a selective
b2-adrenergic receptor agonist, increased the ex-
pression of CI-MPR in muscle, and increased the
efficacy of either ERT or gene therapy in murine
Pompe disease.11–13 The underlying mechanism
of the therapeutic action of clenbuterol might be re-
lated to insulin-like growth factor (IGF)-1-mediated
muscle hypertrophy, which has been correlated
with increased CI-MPR (also known as IGF-2 re-
ceptor) expression.14

In the present study, we evaluated a combination of
anti-CD4mAb and clenbuterol to induce immune tol-
erance and to increase CI-MPR-mediated uptake and
trafficking of GAA, respectively. A single injection of
anti-CD4mAb blocked anti-GAA antibody formation,
which was provoked by ubiquitous GAA expression
with an AAV vector in GAA-KO mice.8 Simultaneous
clenbuterol administration could induce CI-MPR
expression in striated muscle.13 The AAV vector
containing a muscle-specific promoter, AAV2/8-
MHCK7hGAApA, expressed GAA in both cardiac
and skeletal muscle.15 Combined anti-CD4 mAb and
clenbuterol with AAV2/8-MHCK7hGAApA, termed
triple therapy, revealed a synergistic therapeutic
effect on biochemical correction in cardiac and skel-
etal muscle, as well as improved muscle strength,
after AAV vector administration in GAA-KO mice.

MATERIALS AND METHODS
Preparation of AAV vectors

AAV2/8-MHCK7hGAApA is composed of the
MHCK7 (a-myosin heavy chain enhancer/muscle
creatine kinase enhancer-promoter) regulatory cas-
sette, human GAA cDNA, and a human growth
hormone polyadenylation sequence, flanked by the
AAV2 terminal repeat.16 The vector was produced
in HEK 293 cells and purified by centrifugation
through a cesium chloride gradient. Briefly, 293 cells
were transfected with an AAV vector plasmid, the
AAV8 packaging plasmid,17 and pAdHelper (Stra-
tagene, La Jolla, CA). After 48 hr cells were har-
vested and freeze–thawed three times. AAV vectors
were isolated by sucrose cushion pelleting followed
by two cesium chloride gradient centrifugation steps.
AAV stocks were dialyzed against three changes of
phosphate-buffered saline with 5% sorbitol added to
the third dialysis, and aliquots were stored at -80�C
until use. The numbers of vector particles were de-
termined by Southern blot analysis after digestion
with DNase I and extraction of the digested DNA
fragments. Viral vectors were handled under Bio-
hazard Safety Level 2 guidelines published by the
National Institutes of Health (Bethesda, MD).

Animal studies
All animal procedures were performed under the

guidelines of the Duke University (Durham, NC)
Institutional Animal Care and Use Committee.
Two-month-old GAA-KO mice were administered
200 ll of anti-CD4 antibody (0.1 mg/ml) via intra-
venous injection on day -1. The mice were injected
with 1.0 · 1011 vector particles (VP) of AAV2/8-
MHCK7hGAApA via the tail vein on day 1. Clen-
buterol (6 lg/ml) was continuously provided in the
drinking water from day 1. Rotarod and wirehang
testing were performed on day 0, week 6, and week
12. The mice were killed 13 weeks after AAV vector
injection for collection of tissues. GAA activity and
glycogen content from the collected tissues were
analyzed as described.18

Statistical analysis
Data analysis was performed with GraphPad

Prism 5 (GraphPad Software, San Diego, CA). Multi-
ple comparisons were performed by two-way analysis
of variance with Bonferroni’s comparison test. The
reference group was triple therapy (anti-CD4mAb
plus clenbuterol plus AAV2/8-MHCK7hGAApA), ex-
cept for CI-MPR quantification, which used both un-
treated and triple-therapy groups as the reference
(see Fig. 3). The statistical significance of compari-
sons is indicated as follows: *p < 0.05, **p < 0.01, or
***p < 0.001.
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RESULTS
Different patterns between cardiac muscle
and skeletal muscle in GAA activity
and glycogen clearance

Triple therapy was evaluated in 2-month-old
GAA-KO mice given clenbuterol (6 lg/ml in drink-
ing water) and a single treatment with anti-
CD4 mAb (20lg/mouse) administered 2 days before
administering the muscle-specific GAA expression
vector at a low dose (1.0 · 1011 VP). Triple therapy
increased GAA activity in the heart of GAA-KO
mice at 13 weeks, in comparison with each of the
other treatments ( p < 0.001; Fig. 1A). However,
GAA activity was not significantly elevated in
skeletal muscle by any of the treatments (Fig. 1A).

The administration of AAV2/8-MHCK7hGAApA
has reduced accumulated lysosomal glycogen in
Pompe disease; however, a low dose of the vector
was not sufficient to remove accumulated glycogen
in the heart and quadriceps, possibly because
of inefficient trafficking of GAA to lysosomes.15

We observed the same phenomenon in the cur-
rent study; however, the greatest clearance of the
accumulated glycogen in heart was observed by
adding anti-CD4 mAb treatment to suppress anti-
GAA formation. A synergistic effect on glycogen
clearance was demonstrated after triple therapy in
the heart, diaphragm, and quadriceps, which re-
duced glycogen content to the lowest concentration
observed in each of these muscles (Fig. 1B).

Therapeutic benefit from anti-CD4 mAb
is comparable to AAV-mediated liver-specific
expression of GAA

One of critical challenges in Pompe gene therapy
is antibody formation against introduced GAA re-
gardless of the source of GAA, either ERT or AAV-
based expression vectors. In our previous studies
immune tolerance was induced to GAA in mice by
a liver-specific GAA expression cassette, AAV2/8-
LSPhGAApA.19–21 Once immune tolerance was
induced by AAV2/8-LSPhGAApA, GAA-KO mice
did not form antibodies in response to an immune
challenge with rhGAA. Therefore, we compared the
immune-tolerogenic effects of the anti-CD4 mAb and
AAV2/8-LSPhGAApA, because a single injection
of anti-CD4 mAb was sufficient to prevent immune
responses against AAV-MHCK7hGAApA.21 In this
experiment, two AAV vectors were injected at a
modest dose: 1 · 1011 VP of AAV2/8-MHCK7hGAApA
and 5 · 1010 VP of AAV2/8-LSPhGAApA. The dual
vector-injected mice had increased GAA activity in
the heart that correlated with significantly reduced
glycogen content (Fig. 2). Similarly, anti-CD4 mAb
and AAV2/8-MHCK7hGAApA administration in-
creased GAA activity in the heart. Only in the liver
did dual vector administration significantly increase
GAA activity, in comparison with anti-CD4 plus
AAV2/8-MHCK7hGAApA (Fig. 2A). The result was
attributed to administration of the liver-specific GAA
expression vector that produced additional GAA ac-
tivity in liver. However, administration of anti-
CD4 mAb and AAV2/8-MHCK7hGAApA achieved a
comparable therapeutic effect regarding glycogen
clearance in all muscles, in comparison with dual
vector administration, except for the diaphragm,
where dual vector treatment was more effective (Fig.
2B). Overall, theadditionofanti-CD4 mAbwasalmost
as effective as administration of the additional liver-
expressing vector regarding biochemical correction.

Figure 1. Biochemical correction by muscle-targeted gene therapy with
clenbuterol and anti-CD4 monoclonal antibody (mAb). (A) Acid a-glucosidase
(GAA) activity and (B) glycogen content were analyzed to demonstrate
biochemical correction of Pompe disease by combinations of clenbuterol
(Clen), anti-CD4 mAb, and AAV2/8-MHCK7hGAApA (MHCK7) in GAA-knockout
(GAA-KO) mice. Group size was as follows: no-treatment control (n = 6),
clenbuterol only (n = 6), MHCK7 only (n = 4), MHCK7 with anti-CD4 mAb (n = 7),
triple therapy with MHCK7, clenbuterol, and anti-CD4 mAb (n = 7). Statistical
analysis was performed by two-way analysis of variance with Bonferroni’s
comparison test, using the triple-therapy group as the reference (*p < 0.05,
**p < 0.01, ***p < 0.001). Shown are means and standard deviation. Quad,
quadriceps; Gastroc, gastrocnemius; Diaphr, diaphragm.

SYNERGISTIC EFFICACY IN POMPE DISEASE 745



CI-MPR expression is increased
by GAA expression

Receptor-mediated uptake of GAA, like other
lysosomal enzymes, occurs mainly through a
receptor-mediated endocytosis mechanism using
CI-MPR,22,23 and clenbuterol treatment during
ERT or gene therapy increased CI-MPR expression
in the skeletal muscle of GAA-KO mice with posi-
tive therapeutic effects.11,13 In this study, clenbu-
terol significantly increased the expression of
CI-MPR in skeletal muscle (Fig. 3), including the
quadriceps ( p < 0.01) and gastrocnemius ( p < 0.05).
Surprisingly, the expression of CI-MPR was much
higher after AAV-MHCK7hGAApA administra-
tion, either alone or in combination with anti-
CD4 mAb (Fig. 3).

Effects of biochemical correction
on body weight and muscle strength

Over the course of this 13-week experiment, the
GAA-KO mice treated with triple therapy gained
significantly more body weight, in comparison with
untreated mice (Fig. 4A). Triple therapy also in-
creased weight gain, in comparison with anti-CD4
plus AAV2/8-MHCK7hGAApA ( p < 0.05) or AAV2/
8-MHCK7hGAApA alone ( p < 0.05; Fig. 4A). The
induction of immune tolerance was suggested by
the lack of anti-GAA antibody formation in mice
treated with anti-CD4, in contrast to treatment with
AAV2/8-MHCK7hGAApA alone, which provoked
anti-GAA (Fig. 4B). Triple therapy increased muscle
strength as evaluated by the wirehang test at week
12, but not Rotarod latency, in comparison with
AAV2/8-MHCK7hGAApA alone (Fig. 4C and D).
Wirehang testing has previously detected changes
in muscle strength with more sensitivity than Ro-
tarod testing.13 Treatment with clenbuterol alone
increased wirehang latency, in comparison with un-
treated mice (Fig. 4D). Similarly, the addition of
clenbuterol during triple therapy increased wirehang
latency, in comparison with anti-CD4 mAb plus
AAV2/8-MHCK7hGAApA (Fig. 4D). Anti-CD4 mAb
administration increased wirehang latency, in com-
parison with AAV2/8-MHCK7hGAApA alone (Fig.
4D). In summary, additive effects from clenbuterol
and anti-CD4 mAb administration were observed in
vector-treated mice regarding biochemical correction
(Fig. 1) and muscle function (Fig. 4), consistent with a
synergistic effect from this triple therapy.

DISCUSSION

Pompe disease is a neuromuscular disorder
caused by the deficiency of lysosomal enzyme GAA,
currently treated by ERT. However, ERT induces
severe immune responses to rhGAA that reduce
therapeutic efficacy, especially in infantile-onset
patients. The formation of HSAT blocked the up-
take of GAA and provoked fatal hypersensitivity
reactions in GAA-KO mice with Pompe disease.20

Although Nayak and colleagues demonstrated that
immune reactions were mediated by a helper T cell
type 2 response associated with high-titer IgG1
during ERT,24 we observed alterations in many
subclasses of immunoglobulins, implying a more
complex response to AAV vector-mediated GAA
expression in GAA-KO mice,8 Therefore, we have
developed coreceptor blockade to eliminate CD4+ T
lymphocyte help, and combined this immune toler-
ance induction with b2-agonists to enhance CI-MPR-
mediated uptake of GAA during gene therapy in
Pompe disease.

Figure 2. Comparison of biochemical correction after immune tolerance
induction with anti-CD4 mAb or liver-specific expression of GAA. Effects of
anti-CD4 mAb and the liver-targeted AAV vector, AAV2/8-LSPGAApA (LSP),
were compared. Biochemical correction was compared regarding (A) GAA
activity and (B) glycogen content in striated muscle, including cardiac
muscle and skeletal muscle. Group size was as follows: no-treatment
control (n = 6), LSP with MHCK7 (n = 7), triple therapy with MHCK7, clen-
buterol (Clen), and anti-CD4 mAb (n = 7), wild type (n = 5). *p < 0.05,
***p < 0.001. Shown are means and standard deviation. Quad, quadriceps;
Gastroc, gastrocnemius.
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Strategies to overcome the obstacles of immune
responses and inefficient uptake of GAA in skeletal
muscle were developed independently to enhance
Pompe therapy. Induction of immune tolerance was
achieved by two different approaches: one approach
was focused on the suppression of immune responses
through liver-specific expression of GAA25 and the
second acted through blockade of helper T lympho-
cyte activation with anti-CD4 mAb.8 At present the

need for the induction of immune tolerance is
greatest for patients with infantile-onset Pompe
disease. In the meantime, the need to induce CI-
MPR expression for improvement of GAA uptake in
skeletal muscle is greatest for patients with late-
onset Pompe disease. However, it is conceivable that
infantile-onset patients will require enhancement of
GAA uptake in skeletal muscle to address residual
neuromuscular defects despite ERT.26 Therefore,

Figure 3. Effects of therapy on cation-independent mannose 6-phosphate receptor (CI-MPR) expression in GAA-KO mice. Expression of GAA with AAV2/8-
MHCK7hGAApA induced CI-MPR expression in quadriceps and gastrocnemius. Western blotting was performed on three mice from each group, and signal
intensity was quantified with Quantity One (Bio-Rad, Hercules, CA) for quadriceps, gastrocnemius, heart, and liver. CI-MPR was normalized to the signal for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Statistical analysis was performed by two-way analysis of variance with Bonferroni’s comparison test,
using both the untreated and combination therapy groups as the reference in separate analyses (*p < 0.05, **p < 0.01, ***p < 0.001). Shown are means and
standard deviation. Clen, clenbuterol.

SYNERGISTIC EFFICACY IN POMPE DISEASE 747



the current triple therapy was evaluated to provide
a more comprehensive therapy for Pompe disease.
Surprisingly, we found a synergistic therapeutic
effect from treatment with clenbuterol and anti-
CD4 mAb in the context of muscle-directed gene
therapy, resulting in higher biochemical efficacy
that was comparable to the result produced by
the liver-specific GAA expression method using
AAV2/8-LSPhGAApA. The latter represents a well-
established strategy for immune suppression and
widespread correction of skeletal muscle in GAA-
KO mice. Our group has confirmed the induction of
immune tolerance using AAV vector-mediated
liver-specific GAA expression, but that method has
not been translated to clinical use. Therefore, the
development of alternative methods for immune
tolerance induction including blockade with non-
depleting anti-CD4 mAb is justified.

In the current study, we found that glycogen
clearance was dependent not only on increasing GAA
activity, but also on b-adrenergic receptor-mediated
endocytosis and trafficking to the lysosomes. We
previously found that receptor-mediated uptake of
GAA could be enhanced via increased CI-MPR ex-
pression, using b2-agonists including clenbuterol and

albuterol.11 However, a muscle-specific GAA ex-
pression vector, AAV2/8-MHCK7hGAApA, did not
clear accumulated glycogen from the heart and
skeletal muscles despite a large increase in the ob-
served GAA activity.15 We observed this phenome-
non again in the current study (Fig. 1). GAA activity
was dramatically elevated by treatment with vector
alone, but the elevated GAA activity was not suffi-
cient to remove accumulated glycogen in muscle.
Moreover, the efficiency of glycogen clearance was
clearly increased by treatment with clenbuterol in
skeletal muscle, including quadriceps, gastrocne-
mius, and diaphragm. As previously demonstrated,
clenbuterol alone reduced glycogen content in skel-
etal muscle in the absence of GAA replacement
by AAV vector administration in GAA-KO mice.15

Treatment with a b2-agonist was well tolerated and
efficacious in an open label clinical trial in combina-
tion with ERT,27 and this adjunctive therapy would
be feasible in the context of gene therapy. Further-
more, the reduction of glycogen in cardiac muscle
was dependent on immune tolerance induction with
anti-CD4 mAb. Therefore, immunosuppression im-
proved efficacy in cardiac muscle, whereas CI-MPR
induction was effective in skeletal muscle.

In previous studies using GAA-KO mice, clen-
buterol increased CI-MPR expression in a skeletal
muscle (gastrocnemius) during gene therapy with
a liver-specific GAA expression vector, AAV2/8-
LSPhGAApA.13 The current study demonstrated
increased CI-MPR expression in quadriceps and
gastrocnemius by a muscle-specific GAA expres-
sion vector, AAV2/8-MHCK7hGAApA (Fig. 3).
Furthermore, the ability of muscle-specific GAA
expression to increase CI-MPR expression was
unprecedented, and possibly resulted from the ef-
fect of biochemical correction on CI-MPR recycling.
Thus, the prevalence of CI-MPR was modulated by
both b2-agonist and AAV vector administration.

Liver-specific expression of GAA sustained im-
mune tolerance to subsequent administration of
rhGAA,28 and we observed a similar beneficial ef-
fect from the current strategy of anti-CD4 mAb
pretreatment combined with muscle-specific ex-
pression of GAA. In this study, we also demon-
strated that immune suppression by anti-CD4 mAb
could increase GAA activity in heart and skeletal
muscle, using a muscle-expressing AAV vector
(Fig. 1), which was similar to the effect of anti-
CD4 mAb accompanied by ubiquitous expression of
GAA.8 Thus, the prevention of anti-GAA formation
by any method might enhance the efficacy of GAA
activity in heart and skeletal muscles, regardless of
enzyme sources, either transgene-mediated from
gene therapy or from ERT.

Figure 4. Synergistic effects from clenbuterol (Clen) and anti-CD4 mAb on
weight gain and muscle function. The effect of each treatment on (A) body
weight, (B) anti-GAA, (C) Rotarod latency, and (D) wirehang latency was
evaluated. *p < 0.05, ***p < 0.001. Shown are means and standard deviation.
OD, optical density.
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Multiple approaches for the induction of im-
mune tolerance to a therapeutic protein (human
factor IX) have been demonstrated in models for
hemophilia, each of which might be adapted to the
treatment of Pompe disease, including (1) liver-
specific expression of therapeutic genes,29,30 (2)
neonatal exposure to the protein,31,32 (3) expression
of the therapeutic gene in precursor forms of im-
munologic cells33 or in tolerogenic B cells,34 or (4)
blockade of coreceptors.35 Coreceptor blockade has
advantages over transgene-mediated approaches,
at least regarding lack of toxicity from chromosomal
integration or vector-directed immune responses.36

Furthermore, coreceptor blockade by treatment
with a nondepleting anti-CD4 mAb has achieved
efficacy from low dosages of vector,8 which could
avoid T cell responses directed toward AAV capsid
proteins.37

Triple therapy with anti-CD4, clenbuterol, and
AAV2/8-MHCK7hGAApA enhanced biochemical
correction, which correlated with changes in body
weight and muscle strength of GAA-KO mice.
Clenbuterol treatment previously increased weight
gain by GAA KO mice, in comparison with un-
treated GAA-KO mice, over the course of a 4-week
experiment.13 In this experiment body weight in-
creased after 3 months of exposure to clenbuterol in

GAA-KO mice (Fig. 4A). In addition, we also ob-
served a synergistic effect on weight gain from tri-
ple therapy. Similarly, synergistic effects on muscle
function were observed, as demonstrated by the
increased latency in the wirehang test (Fig. 4D).
In this study, a combination therapy using anti-
CD4 mAb coreceptor blockade and clenbuterol for
activation of b-adrenergic receptors clearly en-
hanced muscle-targeted gene therapy in murine
Pompe disease.
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