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Abstract: Gene therapy for Pompe disease has advanced to early phase clinical trials, based upon proof-of-
concept data indicating that gene therapy could surpass the benefits of the current standard of care, enzyme 
replacement therapy (ERT). ERT requires frequent infusions of large quantities of recombinant human 
acid α-glucosidase (GAA), whereas gene therapy involves a single infusion of a vector that stably transduces 
tissues to continuously produce GAA. Liver-specific expression of GAA with an adeno-associated virus (AAV) 
vector established stable GAA secretion from the liver accompanied by receptor-mediated uptake of GAA, 
which corrected the deficiency of GAA and cleared the majority of accumulated glycogen in the heart and 
skeletal muscle. Liver depot gene therapy was equivalent to ERT at a dose of the AAV vector that could 
be administered in an early phase clinical trial. Furthermore, high-level expression of GAA has decreased 
glycogen stored in the brain. A unique advantage of liver-specific expression stems from the induction of 
immune tolerance to GAA following AAV vector administration, thereby suppressing anti-GAA antibodies 
that otherwise interfere with efficacy. A Phase I clinical trial of AAV vector-mediated liver depot gene therapy 
has been initiated based upon promising preclinical data (NCT03533673). Overall, gene therapy promises to 
address limits of currently available ERT, if clinical translation currently underway is successful.
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Current therapy for Pompe disease

With the advent of enzyme replacement therapy (ERT; 
alglucosidase alfa, Myozyme, Lumizyme), patients with 
Pompe disease are surviving longer with improved clinical 
outcomes and better quality of life. Importantly, ERT has 
resolved and/or reduced many complications associated with 
Pompe, such as cardiomyopathy (particularly in the classic 
infantile-onset form of the disease), respiratory insufficiency 
requiring ventilator support, and general muscle weakness/
motor disability status (1,2). Patients with infantile Pompe 
disease (IPD) are now surviving well into adolescence, and 
with advancements such as newborn screening (NBS), late-
onset Pompe disease (LOPD) patients are being identified 
and monitored for symptom presentation starting at a very 

young age. As such, a new phenotype is emerging across 
the disease spectrum. Although many great strides have 
been made throughout the field, more than a decade of 
experience in the treatment and management of Pompe 
patients has also demonstrated that many unmet needs 
remain. 

A better understanding of the pathophysiology of 
multisystem involvement in patients with Pompe has 
also provided valuable insight into the complications that 
still remain despite treatment with ERT. Postmortem 
identification of glycogen accumulation in many of the 
involved tissues can be correlated with persistent clinical 
symptoms and manifestations identified in patients living 
with Pompe disease. In IPD, cardiac arrhythmias have 
been correlated with vacuolation of the bundle of His as 
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well as in the sinoatrial and atrioventricular nodes (3,4). 
Glycogen accumulation in smooth muscle of muscular 
arteries, esophagus, GI tract, and urinary bladder may be 
associated with reports of basilar artery aneurysm, dilatation 
of the ascending aorta, dysphagia, urinary incontinence, and 
gastrointestinal involvement (3,5). Additionally, refractory 
errors such as strabismus, myopia, and astigmatism may be 
related to glycogen accumulation found in ocular structures 
such as the extraocular muscles, lens epithelial cells, and 
retinal ganglion cells (3,6). While the extent of cognitive 
and/or intellectual deficits in IPD are not yet well-defined, 
glycogen accumulation has also been found in tissues of the 
nervous system such as anterior horn cells, glial cells, and 
astrocytes of white matter, which may be associated with 
white matter changes and lesions observed in MRI studies 
of IPD survivors (3,5,7). 

There are relatively fewer autopsy reports available 
in LOPD patients treated with ERT. In one report, 
postmortem histological examination revealed severe 
glycogen accumulation in striated muscle, as well as 
severe fibrosis and vacuolar degeneration in intercostal, 
paravertebral, upper esophagus, and diaphragm muscles, 
associated with respiratory insufficiency that was identified 
as the primary cause of death alongside multi-system 
organ failure (8). No glycogen accumulation, however, was 
found in cardiac muscle, central nervous system, kidney, 
liver, spleen, or ileum. In another case report, postmortem 
examination similarly revealed extensive vacuolar myopathy 
in skeletal muscle (9). Other pathologic findings in this 
patient included glycogen-filled vacuoles within vascular 
smooth muscle, vacuolar change in the alimentary tract 
and urinary bladder, a moderate amount of glycogen 
accumulation present in Schwann cells of both central 
and peripheral nerves, and prominent lipofuscin pigment 
present within cardiomyocytes. 

Taken together, along with need for very high dose 
of ERT and the frequency of the infusions and the 
clinical and pathologic findings in patients with IPD 
and LOPD demonstrate the need for next-generation 
targeted therapies that are able to specifically resolve these 
persistent manifestations, as well as improved, standardized 
biomarkers and clinical endpoints to assess the efficacy of 
treatment in patients with varying degrees of involvement.

Introduction to liver depot gene therapy

The marketing approval of LUXTERNA™ by the United 
States in 2018 (10) constitutes the advent of gene therapy 

for the treatment of genetic disease. Other gene therapies 
are in late stage clinical trials with the potential for Food 
and Drug Agency (FDA) approval in the near future (11). 
Thus, the groundwork has been laid for the development 
of gene therapy in other genetic diseases, including Pompe 
disease, where preclinical studies predict safety and clinical 
efficacy (12). 

One well-validated approach to gene therapy in Pompe 
disease can be termed liver depot gene therapy (Table 1).  
The first report of liver depot gene therapy from Amalfitano 
and colleagues demonstrated the underlying principle of 
high-level liver expression of α-glucosidase (GAA), from a 
modified adenovirus vector in that study, accompanied by 
secretion to the blood stream and receptor-mediated uptake 
in the target tissues consisting of the heart and skeletal  
muscle (13). That study confirmed the presence of high 
molecular weight precursor acid GAA in the blood, which 
was taken up and processed to mature GAA in the heart 
and skeletal muscle where accumulated lysosomal glycogen 
was cleared very effectively. Although the GAA expression 
for liver proved to be transient, adenovirus vector-mediated 
GAA expression from the liver depot achieved high-level 
biochemical correction throughout the heart and skeletal 
muscle (23). The liver depot concept was further confirmed 
by other studies, which also revealed the complication 
of anti-GAA (IgG) antibodies that interfered with the 
biochemical correction of muscle by circulating GAA (23). 
Furthermore, anti-GAA antibodies could be reduced by 
including a liver-specific regulatory cassette to drive GAA 
expression (14). The strategy of gene therapy with adenovirus 
vectors has been further developed by constructing fully-
deleted adenovirus vectors that were less likely to provoke 
high titer anti-GAA antibody or cytotoxic T lymphocyte 
(CTL) responses,  and achieved longer term GAA  
expression (14). The fully deleted adenovirus was evaluated 
in a toxicology study in baboons and achieved GAA 
expression in plasma for over 6 months without significant  
toxicity (15). Overall, these studies confirmed that liver 
transduction to create a depot could achieve wide-spread 
biochemical correction including the heart and skeletal 
muscle through cation-independent mannose-6-phoshate 
receptor (CI-MPR) mediated uptake of precursor GAA and 
trafficking to the lysosomes, where GAA was processed and 
cleared accumulated glycogen stores (Figure 1).

More recently adeno-associated virus (AAV) vectors 
have been widely adopted for liver transduction to produce 
secreted proteins including coagulation factors and 
lysosomal enzymes (24-26), including in Pompe disease (16).  
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Table 1 Liver depot therapy in Pompe disease

Vector Regulatory cassette
GAA 
cDNA

Model Efficacy
Antibody 
response

CTL

Modified 
adenovirus (13)

Cytomegalovirus promoter Wildtype 
human

GAA-KO adult mice Yes Not 
reported

Not 
reported

Fully deleted 
adenovirus 
(14,15)

Phosphoenolpyruvate, carboxykinase 
promoter, apolipoprotein E enhancer

Wildtype 
human or 
baboon

GAA-KO adult mice and 
baboons

Yes (waning by 
180–300 days)

Yes No

AAV2/8 (16) CB (chicken β-actin promoter/
cytomegalovirus enhancer)

Wildtype 
human

GAA-KO adult mice No Present Yes

AAV2/8 hGAA 
(17)

Duck hepatitis B virus (nonspecific) Wildtype 
human

GAA-KO neonatal mice Yes, if seronegative Sporadic No  

AAV2/8 
(16,18,19)

LSP (liver-specific promoter, a thyroid 
hormone-binding globulin promoter 

sequence downstream from 2 copies of 
a α1-microglobulin/bikunin enhancer)

Wildtype 
human

GAA-KO adult mice Yes 
(immunomodulatory 

gene therapy)

Absent No

AAV2/8 (20) LSP Secreted 
human

GAA-KO adult mice Yes Absent No

AAV2/8 (21) DC190 (liver-specific promoter) Wildtype 
human

GAA-KO adult mice, 
including old mice

Yes (decreased in 
old mice)

Absent No

AAV2/8 (22) Human α1-antitrypsin promoter, 
apolipoprotein E enhancer 

Secreted 
human

GAA-KO adult mice, and 
non-human primates 
(Macaca fascicularis)

Yes Absent Not 
reported

GAA, α-glucosidase; CTL, cytotoxic T lymphocyte; GAA-KO, GAA-knockout; AAV, adeno-associated virus.

Figure 1 Liver depot gene therapy for Pompe disease. Liver depot gene therapy suppresses immune responses and corrects GAA deficiency 
in the muscle and brain through receptor-mediated uptake of secreted GAA precursor from the blood. The 110 kD precursor GAA is 
trafficked to the lysosomes with the CI-MPR, where it matures to the 76 kD activated GAA. Liver-specific expression activates GAA-specific 
regulatory T cells that suppress anti-GAA antibodies. GAA, α-glucosidase; CI-MPR, cation-independent mannose-6-phoshate receptor.
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The concept of AAV vector-mediated liver-specific 
transgene expression to suppress antibody responses against 
therapeutic proteins was developed first in hemophilia 
models (27,28) and later in Fabry (26) and Pompe disease 
(16,29). Immune challenges to ERT and other gene therapy 
approaches using a liver specific promoter confirmed that 
immune tolerance to GAA could be induced by liver-
specific expression (16,21,29). Furthermore, low-dose AAV 
vector administration could induce immune tolerance to 
GAA that enhanced the efficacy from simultaneous ERT 
(29,30), which both improved the biochemical correction 
from ERT and prevented hypersensitivity reactions by 
suppressing anti-GAA antibody formation. The latter effect 
has been termed immunomodulatory gene therapy (31), and 
the underlying mechanism is the activation of regulatory 
T cells that suppress antibody responses against GAA (18) 
(Figure 1).

Advantages of liver depot gene therapy for 
Pompe disease

The potential for liver depot gene therapy to surpass 
ERT was clear from early proof-of-concept studies that 
demonstrated correction of GAA deficiency and clearance of 
lysosomal glycogen in skeletal muscle (13,16,23). Importantly, 
liver depot gene therapy can correct type II myofiber muscles 
that resist correction from ERT (32,33). Later studies 
suggested the feasibility of clearing sequestered glycogen 
from the central nervous system following high-level hepatic 
GAA production (12,22). The latter effect can be attributed 
to CI-MPR mediated transfer of a lysosomal enzyme such 
as GAA across the blood-brain barrier (34). The minimum 
effective dose for an AAV vector to achieve biochemical 
correction from a liver depot has been reported as  
8E+10 vector genomes (vg) per kg body weight for the heart 
and diaphragm, and 8E+11 vg/kg for skeletal muscle (19), 
although these minimum effective dosages will depend upon 
vector design. One clear advantage of gene therapy over ERT 
stems from the continuous, low-level exposure of skeletal 
muscle to GAA from the liver depot, in contrast to periodic, 
high-level exposure from ERT (19). Additionally, liver depot 
gene therapy can prevent or suppress the complication of 
anti-GAA antibody formation following ERT that interferes 
with biochemical correction (19,29). 

Liver depot therapy has advantages due to the very high 
tropism of AAV vectors for the liver, which reduces the 
dose requirements for gene therapy in Pompe disease, in 
comparison with muscle-targeted gene therapy. Muscle-

targeted gene therapy has been attempted by incorporating 
a highly active muscle-specific regulatory cassette 
(MHCK7) in a vector encoding GAA (35). Although this 
vector expressed supraphysiologic GAA activity in skeletal 
muscle and substantially cleared lysosomal glycogen, dose 
requirements were high. The dose needed to substantially 
clear lysosomal glycogen from skeletal muscle was 
estimated at 2E+13 vg/kg for a recombinant (r) AAV9 
vector containing MHCK7 (at least >4E+12 vg/kg) in adult 
mice with Pompe disease (35), which was much higher than 
the highly effective dose for liver depot gene therapy that 
has been estimated to be 2E+12 vg/kg in the same strain 
of mice (19). A similar effect was achieved by a rAAV9 
vector containing a desmin promoter at a higher dose  
(approximately 4E+13 vg/kg), confirming the high dose 
requirements for direct muscle transduction in Pompe 
disease (36).

Immune responses against GAA can be suppressed by 
liver depot therapy, whereas non-specific GAA expression 
with systemic gene therapy provokes neutralizing immune 
responses in adult GAA knockout (KO) mice (16,18). The 
disadvantages of non-specific GAA expression were clearly 
demonstrated in a direct comparison of rAAV8 vectors 
containing a liver-specific promoter (LSP) or the CMV 
enhancer-chicken β-actin (CB) promoter (16). Whereas 
both vectors expressed GAA that was detected in plasma in 
the days following vector administration, GAA expressed 
from the CB-containing vector disappeared at day 14 when 
anti-GAA IgG antibodies appeared. The CB-containing 
vector also provoked CTL responses characterized by 
CD8+ lymphocytes in skeletal muscle, and a positive 
ELISPOT response against GAA at day 14. Intriguingly, 
immune responses against systemic GAA expression can 
be suppressed by simultaneous administration of an AAV 
vector expressing GAA specifically in the liver to induce 
immune tolerance to GAA (18,37).

Methods to enhance the benefits of liver depot 
gene therapy in Pompe disease

Efforts to enhance the efficacy from liver depot gene 
therapy have included increased GAA secretion from the 
liver and increased CI-MPR expression in skeletal muscle. 
These methods have been successful at improving the 
biochemical correction of skeletal muscle from low dosages 
of the AAV vector encoding GAA. Alternatively, increased 
vector dosing might increase efficacy from liver depot 
therapy.
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The initial study of enhancing secretion of GAA used a 
strategy that modified the signal peptide of GAA to that of 
a highly secreted protein to produce a chimeric, secreted 
GAA, replicating earlier work that illustrated feasibility for 
that technique (20,38). This strategy increased the secretion 
of chimeric GAA from transfected HEK 293 cells by up to 
26-fold. Receptor-mediated uptake of secreted, chimeric 
GAA corrected cultured Pompe disease patient cells. High-
level hGAA was sustained in the plasma of mice with Pompe 
disease for 24 weeks following administration of a rAAV8 
vector encoding chimeric GAA; furthermore, GAA activity 
was increased and glycogen content was significantly reduced 
in striated muscle and in the brain. Administration of only 
4E+11 vg/kg vector particles increased GAA activity in the 
heart and diaphragm for >18 weeks, whereas 1.2E+12 vg/kg 
vector particles increased GAA activity and reduced glycogen 
content in the heart, diaphragm, and quadriceps. These 
data confirmed the feasibility of modifying GAA to drive 
secretion from transduced hepatocytes, thereby increasing 
the availability of GAA for the cross-correction of skeletal 
muscle.

A more recent study of chimeric GAA confirmed the 
strategy of modifying the signal peptide, and that of deletion 
of at least eight amino acids in the N terminus of the 
propeptide region of the enzyme, to enhance the secretion 
from the liver (22). The GAA cDNA was codon-optimized 
to increase GAA expression; however, the investigators 
unexpectedly detected anti-GAA antibodies in response to 
liver expression of the codon-optimized GAA containing the 
native signal peptide at vector dosages of 5E+11 vg/kg and 
2E+12 vg/kg. The combined modifications of altering the 
signal peptide and codon-optimization prevented anti-GAA 
formation at those dosages. Overall, liver production of the 
modified GAA reduced accumulated glycogen in skeletal 
muscle and the brain, decreased cardiac hypertrophy, and 
improved muscle and respiratory function in mice with 
Pompe disease.

Another strategy to enhance the efficacy of liver depot 
therapy in Pompe disease consists of enhancing the 
expression of CI-MPR in skeletal muscle to increase the 
uptake of GAA from the blood stream (33,39). CI-MPR was 
increased by the administration of the long-acting, selective 
β2-agonist clenbuterol, repurposed from the treatment of 
asthma to provide an adjunctive therapy in Pompe disease. 
The efficacy of liver depot gene therapy was enhanced by 
the addition of clenbuterol, as demonstrated by increased 
Rotarod latency, in comparison with vector alone. Glycogen 
content was lower in skeletal muscles, including soleus 

(comprised of type I myofibers), extensor digitorum longus 
(comprised of type II myofibers) and tibialis anterior 
(type II myofibers) following combination therapy, in 
comparison with vector treatment alone. Glycogen was 
decreased but remained elevated in the muscles following 
clenbuterol alone, indicating an adjunctive effect with gene 
therapy. Elderly mice treated with combination therapy 
demonstrated increased wirehang latency, in comparison 
with vector or clenbuterol treatment alone, further 
demonstrating a synergistic effect of the combination 
therapy (33).

Clinical translation of liver depot gene therapy 
for Pompe disease 

Currently two major obstacles must be overcome to 
demonstrate the feasibility of using gene therapy to treat 
Pompe disease, and generally for gene therapy to become 
broadly applicable in the treatment of all genetic diseases. 
Pre-existing anti-AAV antibodies and the induction of a 
de novo antibody response remain an obstacle for initiating 
gene therapy, and for re-administration of AAV vectors that 
might be needed eventually to maintain efficacy (40). Re-
administration will be needed at least for young patients, 
who will eventually need to be re-treated due to cell division 
during growth and the gradual loss of episomal AAV 
genomes. Given that these are critical to the entire field, 
we have focused upon clinical development of liver depot 
gene therapy for Pompe disease, recently initiating a Phase 
I clinical trial (NCT03533673).

Dose requirements represent a critical factor in 
establishing clinical feasibility. Several factors determine 
the dose requirements for correction of GAA deficiency 
in Pompe disease. Patient characteristics include the 
degree of GAA deficiency, the age at which the patient 
receives treatment, the need for correction of the large 
mass of skeletal muscle, the stage of disease progression, 
and the immune response to GAA. Vector characteristics 
include the choice of AAV serotype, the promoter that 
determines the tissue from which GAA is expressed, and 
any modifications to the GAA coding sequence (such as the 
signal peptide). We have developed liver depot gene therapy 
with a rAAV8 vector containing an LSP to drive wildtype 
GAA expression. Rather than frequent infusions of a 
recombinant protein, as in ERT, gene therapy with a rAAV8 
vector will be performed once with long-lasting effects. 
For example, rAAV8 vector-mediated gene therapy in adult 
males with hemophilia B has had sustained, dose-related 
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benefits for greater than 3 years (41). The expectation is 
that the treatment of very young patients would have lower, 
possibly time-limited benefits due to the loss of episomal 
AAV vector genomes during growth (42). 

In the initial clinical application of immunomodulatory 
gene therapy, liver-specific expression of the therapeutic 
protein will prevent neutralizing antibody responses against 
the therapeutic protein even at low vector dosages (19). 
This strategy will induce specific immune tolerance to 
GAA in Pompe disease with a low dose of an rAAV8 vector 
containing a LSP that expressed GAA only in liver and 
induced immune tolerance to GAA, AAV2/8-LSPhGAA 
(29,30), thereby providing safe immune tolerance induction 
without the risk for immune suppression or other toxic 
effects of current drug regimens (43). Additionally, a low 
dose of AAV2/8-LSPhGAA improved the efficacy of 
concurrent ERT. Preclinical experiments optimized the 
dosing of AAV2/8-LSPhGAA in adult immunocompetent 
mice with Pompe disease in which biochemical correction 
of skeletal muscle was achieved most effectively with a 
moderate dose requirement (2×1012 vg/kg) (19). This 
dose was 10-fold higher than a minimum effective dose of  
2×1011 vg/kg that partially corrected GAA deficiency in 
skeletal muscle and induced immune tolerance to GAA 
ERT (19). This preclinical data justified a starting dose of 
1.6×1012 vg/kg for our Phase I clinical trial, given that the 
established threshold for safety was 10-fold higher (12). 
Further work is needed in establishing the right dose, and 
also the ability to treat infantile Pompe disease. 

Conclusions

The future for liver depot gene therapy looks promising, 
including the outlook for clinical development in Pompe 
disease. Currently available data predicts favorable outcomes 
from early stage clinical trials, given the advantages of liver 
depot gene therapy that promise to address the limitations 
of ERT. Strategies are available to enhance the effect of liver 
depot gene therapy. The dose requirements of liver depot 
gene therapy in Pompe disease are consistent with other 
successful gene therapies that are further along in clinical 
development. Remaining hurdles for the field include the 
presence of AAV antibodies in the population that exclude 
patients from clinical trials and prevent re-administration, 
as well as the need for enhanced methods to treat young 
patients. Overall, currently available data indicate that 
clinical trials evaluating the safety and efficacy of liver depot 
gene therapy are warranted in patients with Pompe disease.
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