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Abstract: Pompe disease (PD) is a monogenic disorder caused by mutations in the acid alpha-glucosidase 
gene (Gaa). GAA is a lysosomal enzyme essential for the degradation of glycogen. Deficiency of GAA results 
in a severe, systemic disorder that, in its most severe form, can be fatal. About a decade ago, the prognosis 
of PD has changed dramatically with the marketing authorization of an enzyme replacement therapy (ERT) 
based on recombinant GAA. Despite the breakthrough nature of ERT, long-term follow-up of both infantile 
and late-onset Pompe disease patients (IOPD and LOPD, respectively), revealed several limitations of 
the approach. In recent years several investigational therapies for PD have entered preclinical and clinical 
development, with a few next generation ERTs entering late-stage clinical development. Gene therapy holds 
the potential to change dramatically the way we treat PD, based on the ability to express the Gaa gene long-
term, ideally driving enhanced therapeutic efficacy compared to ERT. Several gene therapy approaches to 
PD have been tested in preclinical animal models, with a handful of early phase clinical trials started or about 
to start. The complexity of PD and of the endpoints used to measure efficacy of investigational treatments 
remains a challenge, however the hope is for a future with more therapeutic options for both IOPD and 
LOPD patients.
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Introduction

Pompe disease (PD, OMIM #232300) is an autosomal 
recessive disorder due to mutations in the gene coding for 
acid alpha-glucosidase (GAA). GAA is the enzyme that 
degrades lysosomal glycogen to free glucose. Mutations 
that decrease the activity of this enzyme lead to the 
accumulation of glycogen in the lysosomal compartment 
and to the impairment of lysosomal function and autophagy 
flux (1). In PD, glycogen accumulates virtually in all tissues 
but the disease manifestation is prominently muscular, 
with severe hypertrophic cardiomyopathy, respiratory 
function impairment and proximal muscle weakness (2). 

Accumulation of lysosomal glycogen in the central nervous 
system (CNS) is associated with white matter abnormalities 
and cognitive impairment in particular in patients with no 
residual GAA activity (3). Additional pathological changes 
associated with the disease have also been described, i.e., 
cerebral vessels abnormalities that are relatively frequently 
found in adult Pompe patients (4). The disease can be 
broadly classified into (I) infantile-onset PD (IOPD), with 
no residual GAA activity and associated with generalized 
hypotonia, and cardio-respiratory failure, leading to death 
in the first year of life; and (II) late-onset PD (LOPD), 
characterized by residual levels of GAA activity and a less 
severe phenotype with progressive limb muscle weakness 
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and respiratory insufficiency (5). 
PD is the first and probably the more comprehensively 

characterized lysosomal storage disease (LSD) that manifests 
as a metabolic myopathy. For this reason, over the course of 
the last few decades, several therapeutic approaches aimed 
at addressing the pathology were explored. 

Standard of care and next generation enzyme 
replacement therapy (ERT)

The discovery of the pathway of uptake of lysosomal 
enzymes mediated by mannose-6-phophate (M6P) receptor 
(6-8) allowed the introduction of the concept of cross-
correction, i.e., the possibility to replace a lysosomal 
enzyme by supplementing the enzyme in the extracellular 
media. 

The development of the ERT considerably changed the 
prognosis of PD and this treatment modality represents the 
current standard of care for the disease. Indeed, pioneering 
clinical studies in IOPD patients clearly demonstrated the 
efficacy of the ERT for the improvement of the cardiac 
and muscle function (9-11). These results led to the 
approval in 2006 of the first therapy for IOPD followed 
in 2010 by the approval of ERT for LOPD (alglucosidase 
alfa, Lumizyme® within the USA and Myozyme® outside 
of the USA; Sanofi Genzyme). Recombinant acid alpha-
glucosidase (rhGAA) is administered intravenously every 
other week at a recommended dose of 20 mg/kg, but higher 
dose regimens (up to 40 mg/kg) are also administered in 
IOPD patients. These doses are markedly higher than 
those required in other lysosomal storage disorders, 
possibly reflecting the higher threshold for correction of 
GAA deficiency in the skeletal muscle of Pompe patients. 
In addition, the liver takes up most of the rhGAA (up to 
85%) and considerably limits muscle targeting. ERT with 
recombinant human GAA has clearly demonstrated cardiac 
and respiratory function improvement and has significantly 
extended the lifespan of IOPD patients (12). However, the 
administration of rhGAA in IOPD is frequently associated 
with the development of neutralizing humoral immune 
responses against the enzyme and decreased treatment 
efficacy and survival. This is particularly relevant for cross-
reactive immune-material negative (CRIM–) patients with 
no residual GAA antigen, who therefore completely lack 
central tolerance to the protein (13). Another important 
shortcoming of ERT is related to its limited efficacy, for 
example, respiratory function is only partially rescued by 
the treatment, and approximately 30% of the rhGAA-

treated patients end up requiring assisted ventilation, either 
invasive or not, over the course of their life (14). Skeletal 
muscle function is also improved by ERT, although the 
effect of the treatment is quite variable with some subjects 
maintaining independent ambulation and others showing 
only minor improvements and eventually ending up being 
wheelchair bound (15,16). The majority of reports to date 
of clinical trials or investigator-initiated clinical studies in 
LOPD patients are concordant in concluding that, in most 
patients, ERT leads to an improvement of muscle function 
as measured by 6-minute walk test whereas long-term 
studies show that respiratory function is only stabilized (17). 
Available studies also show that ERT may stabilize or even 
slightly improve muscle strength and respiratory function 
among patients at advanced stages of the disease (18,19). In 
addition to the efficacy limitations, (I) the requirement for 
frequent intravenous infusions of high doses of rhGAA, (II) 
the possibility of severe and detrimental immune responses 
in both CRIM− and CRIM+ patients (9,16,20) and (III) 
the inability of the recombinant enzyme to cross BBB and 
correct the nervous system (21), make the development of 
new therapies for PD an urgent need. 

Since the development of ERT for PD, efforts were 
dedicated to overcoming some of the limitations of 
the treatment. Two main strategies, both aimed at the 
enhancement of the enzyme bioavailability in tissues, are 
now in late-stage clinical testing. The first approach consists 
in the modification of the recombinant enzyme to increase 
the M6P residue content (22); the second strategy involves 
the use of pharmacological adjuvants to enhance ERT 
efficacy (23,24).

A second generation ERT with rhGAA with higher 
affinity for the M6P receptors (25) is now under evaluation 
in a phase III clinical trial (avalglucosidase alfa, Neo-GAA; 
Sanofi Genzyme; NCT02782741). The study is designed 
to test doses ranging from 5 to 20 mg/kg of biweekly-
administered Neo-GAA with the possibility to switch doses 
during the study. This phase III clinical trial, aimed at the 
comparison of the efficacy and safety of bi-weekly infusions 
of avalglucosidase alfa and alglucosidase alfa in patients 
with LOPD, is still recruiting. Another experimental 
rhGAA called ATB200 (Amicus Therapeutics), with a 
higher content of M6P and bis-M6P glycan residues was 
developed and is being tested in a clinical trial in association 
with pharmacological chaperones (vide infra). In preclinical 
studies, GAA enzymes engineered with synthetic M6P 
residues improved muscle function in Pompe mice 
either alone (26) or in combination with chaperones (22)  
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and showed enhanced targeting in Pompe patients 
fibroblasts (27) when compared to first-generation rhGAA. 

Another strategy tested to improve bioavailability of the 
GAA enzyme in tissues, resulting in enhanced clearance 
of glycogen, consists in the use of uptake domains. Several 
chimeric GAA proteins carrying uptake domains were tested 
in preclinical animal models of PD (28-30). Among these, 
an engineered form of rhGAA carrying the glycosylation-
independent lysosomal targeting (GILT) domain for 
tissue uptake (29,31) was tested in LOPD patients and 
reached late-stage clinical development (NCT01924845, 
BMN 701, BioMarin Pharmaceutical). Unfortunately, 
concerns over the development of hypoglycemia following 
enzyme infusion resulted in the discontinuation of the 
development (32). More recently, a chimeric form of 
rhGAA containing a humanized Fab fragment derived 
from the murine 3E10 antibody (30) also entered phase 
I/II clinical testing (NCT02898753, VAL1221, Valerion 
Therapeutics, LLC).

The use of pharmacological agents is emerging as 
a potential strategy to improve the efficacy of ERT in 
PD. The combination of rhGAA with β2 agonists, e.g., 
clenbuterol or albuterol mediated increased M6P receptor 
expression, improved muscle function and reduced glycogen 
accumulation in muscle and brain when the enzyme is 
supplied by ERT (33,34) or by liver-mediated gene therapy 
(vide infra) (35). A phase I/II clinical trial for the evaluation 
of the combination of albuterol and rhGAA showed 
increased M6P receptor expression in muscle biopsies and 
motor function improvement (36). A second clinical trial 
on the effects of clenbuterol on the ERT efficacy showed 
improved motor function and the correction of molecular 
biomarkers of the disease in muscle (37). Both these early-
phase trials, realized in LOPD patients, showed signs of 
improved efficacy in combination with ERT with only mild 
secondary effects. Larger trials will be required to clearly 
demonstrate the advantage of the approach compared to 
ERT alone. 

Another combination approach for PD treatment is 
based on the use of pharmacological chaperone therapy 
(PCT). Chaperones are small molecules known to promote 
folding and improve stability of proteins and enzymes (38). 
In the case of PD, improved rhGAA bioavailability via 
enhancement of enzyme stability in blood was demonstrated 
in preclinical models (24,39). Different glucose analogues, 
acting as allosteric inhibitors of GAA, have been investigated 
e.g., 1-Deoxynojirimycin (1-DNJ; Duvoglustat®) (40), 
1-Deoxynojirimycin-HCl (DNJ-HCl; Duvoglustat®-HCl; 

AT2220) (41) or N-butyl-deoxynojirimycin (NB-DNJ, 
Miglustat®) (42) and demonstrated a beneficial effect when 
combined with ERT. Recent clinical studies sponsored by 
Amicus Therapeutics tested the combination of the AT2221 
chaperone with the engineered enzyme ATB200 in LOPD 
patients (NCT02675465, AT-GAA, Amicus Therapeutics).

Gene therapy

Given its monogenic origin, PD represents an ideal target 
for the development of gene replacement strategies. Since 
1998, year of the first in vivo gene therapy approach for 
PD (43), different in vivo and ex vivo approaches (Figure 1) 
were tested in animal models with the aim of correcting 
the PD phenotype (51-54). These approaches are reviewed 
elsewhere (55,56), and this article will mainly focus on the 
discussion of recent advances in the field of in vivo gene 
therapy with adeno-associated virus (AAV) vectors.

AAV vectors

AAV are small (25 nm) viruses composed by a non-
enveloped icosahedral capsid (protein shell) that contains a 
linear single-stranded DNA genome of about 4.7 Kb. AAV 
belongs to the family of Parvoviridae, genus Dependovirus, 
as it can replicate in the nucleus of target cells only in the 
presence of helper viruses such as adenovirus or herpes 
virus (57). The AAV genome is flanked by two palindromic 
inverted terminal repeats (ITR, 145 bp) and includes two 
open reading frames, rep and cap, which encode proteins 
involved in the replication and assembly of virions and 
capsid structural proteins, respectively (57). AAV viruses 
naturally infect humans; usually exposure to the wild-type 
virus occurs early in life (58-60) and is not associated with 
any known disease or illness (61). Importantly, the timing 
of human exposure to AAV viruses determines the host 
immunological response to the recombinant AAV vectors 
[for a comprehensive review, see (62)]. In the genome of 
recombinant AAV vectors, the only viral sequences that 
are retained are the two ITRs (cis packaging signals) while 
the sequences encoding rep and cap are replaced with the 
exogenous DNA of choice (that is flanked by the ITRs 
and it is referred to as the transgene expression cassette). 
Differently from the wild type virus, the genome of the 
recombinant AAV vectors does not undergo site-specific 
integration in the host DNA but mainly remains episomal 
in the nucleus of transduced cells, while random integration 
events are observed with a low frequency (0.1% to 1% of 
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transduction events) (61,63,64).
Several AAV serotypes have been identified and 

classified (57,65). The versatility of the AAV production 
system allows to easily generate pseudotyped AAV vectors 
composed by the same transgene flanked by the ITRs 
from serotype 2 (66) (so far the most commonly used) 
and any of the available AAV capsid (57). AAV vectors can 
be produced at high yields by transient triple transfection 
of mammalian cells (67) or infection of packaging 
eukaryotic (68) and insect cells (69). 

Experience with AAV vectors in PD

Intramuscular and systemic gene transfer

Gene therapy holds the potential for improving the standard 
of care for PD, addressing some of the key limitations of 
ERT (Table 1). Consistently, in recent years the landscape 
of gene therapy for PD has dramatically changed, with 
a pipeline of candidate therapeutics at various stages of 
development (Table 2).

Over the past two decades, the collective experiences 
across several research groups demonstrated the potential of 
AAV vectors encoding GAA to rescue PD in animal models, 
along with the potential for reducing GAA immunogenicity 
(45,48,76-80). Different AAV serotypes have been explored 

to develop gene transfer strategies to treat PD in animal 
models, including AAV1 (81-84), AAV2 (48), AAV5 (85,86), 
AAV6 (77), AAV8 (45,76,86-88) and AAV9 (49,84,89-93). In 
these strategies, the muscle (48,76,77,79,81-83,86,90,91,93), 
the liver (76,87,88), or the CNS (49,84,89,92) were 
targeted. 

First evidences of the efficacy of AAV-based gene 
transfer efficacy in a PD mouse model were obtained by 
intramuscular injection of AAV vectors (48,83,84,90). This 
route of administration was associated with increased GAA 
transgene immunogenicity and correction of the glycogen 
accumulation only locally at the level of the injected muscle 
groups (48). This initial work was followed by studies in 
which AAV vectors were given systemically or injected 
directly into the diaphragm. Intra-diaphragmatic injections 
of AAV vectors led to improvement in respiratory function 
in Gaa−/− mice. These studies also indicated the ability 
of AAV vectors to transduce efficiently the phrenic motor 
neurons that innervates the diaphragm (79,82,84). Based on 
these results a first-in-human trial of gene therapy for PD 
with direct injection of an AAV vector expressing GAA in 
the diaphragm was initiated. This trial, conducted in IOPD 
patients who required assisted ventilation, established 
the safety profile of the approach (94). Development of 
antibodies directed against both the AAV capsid and GAA 

Figure 1 Gene therapy modalities. In vivo gene therapy consists in the direct administration of a gene delivery vector (viral or non-
viral) directly into the recipient of gene transfer. In Pompe disease, most of the experience to date comes from AAV vector-mediated 
gene transfer. AAV vectors have been administered either directly into the bloodstream to target the muscle (44), the liver (45,46), or 
multiple tissues (47), or directly into muscle (48), or intracerebroventricular to target the central nervous system (49). Ex vivo gene therapy 
uses autologous CD34+ hematopoietic progenitors transduced with integrative vectors [e.g., lentiviral vectors (50)] and re-infused in the 
recipient following myeloablative bone marrow conditioning. This gene therapy modality has been shown to have the potential to efficiently 
deliver GAA to the central nervous system. AAV, adeno-associated virus vectors; GAA, acid alpha-glucosidase.
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were observed, in the absence of detectable T cell responses 
against the vector or the transgene, consistent with the 
fact that participants were immunosuppressed at the time 
of vector administration (94). Given the limited size of the 
trial, no definitive conclusions could be drawn from this 
study in terms of therapeutic efficacy, aside from a trend 
toward improved respiratory function (94-97). 

Currently, the intramuscular delivery of an AAV9 
vector expressing GAA is being tested in a phase I/II trial. 
In this study, the vector is given concomitantly with an 
immunosuppressive regimen based on sirolimus (rapamycin) 
and the B cell-depleting monoclonal antibody rituximab, 
in an effort to determine if the approach allows for two 
consecutive intramuscular administrations of AAV vectors 
while blocking humoral immune responses to the AAV 

capsid (NCT02240407). 
While intramuscular administration of AAV vectors 

allows to achieve highly efficient tissue transduction, 
concerns over transgene immunogenicity (98,99), and the 
systemic nature of the disease, make this route of vector 
delivery unsuitable to treat effectively PD. The recent 
advances in the ability to produce AAV at large scale, and 
the exciting results of clinical trials of systemic delivery 
of AAV vector to treat neuromuscular diseases (100), 
resulted in several preclinical studies of systemic delivery 
of AAV vectors containing muscle-specific expression 
cassettes for the GAA transgene. These studies demonstrated 
efficient clearance of glycogen accumulation in muscle and 
significant improvement of muscle strength as well as cardiac 
and respiratory function (48,76,77,79,81-83,86,90,91,93). 

Table 1 Comparison of enzyme replacement therapy with gene therapy for Pompe disease

Features Enzyme replacement therapy Investigational gene therapy

Safety and efficacy in 
patients

Safe and effective in Pompe patients;
long-term efficacy achieved in a subset of patients 
(5,10-12); hypersensitivity reactions sometimes 
observed (70)

Safety and efficacy not yet established in 
Pompe patients

GAA immunogenicity Observed in both IOPD and LOPD patients; 
associated with treatment failures in IOPD patients 
(13,71)

Potentially a concern for some gene therapy 
modalities targeting the muscle (72)

Whole-body correction Not achievable, rhGAA does not cross blood-brain 
barrier at the doses used

Potential for body-wide correction of the  
disease (45)

Cross-correction Feasible, highly dependent on levels of expression of 
mannose 6-phosphate receptor (73)

Feasible (45); potential for expressing GAA 
directly in target tissues

Immune tolerance induction Achievable but difficult and requires co-administration 
of immunomodulatory drugs (74)

Potentially achievable with liver gene transfer 
(45,46,72,75)

Table 2 Biotechnology companies currently developing gene therapies for Pompe disease

Company Gene therapy vector Transgene Target tissue Development status

Actus# AAV (in vivo) GAA Liver Phase I/II

Audentes AAV (in vivo) GAA Muscle and liver Clinical trial-enabling

Sarepta* AAV (in vivo) GAA Central nervous system Preclinical

Spark** AAV (in vivo) Secretable GAA Liver Clinical trial-enabling

Amicus AAV (in vivo) Secretable GAA? Liver Preclinical

Regeneron AAV (in vivo) CD63-GAA fusion Liver Preclinical

AvroBio Lentivirus (ex vivo) GILT-GAA fusion CD34+ HSC Preclinical
#, therapeutic candidate inlicensed from Duke University; *, therapeutic candidate inlicensed from Lacerta, Inc.; **, therapeutic candidate 
inlicensed from Genethon; HSC, hematopoietic stem cells; GILT, glycosylation-independent lysosomal targeting uptake domain; CD63, 
tetraspanin binding domain
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However, one limitation of the approach is that muscle 
targeting via the systemic route requires extremely high 
doses of vector [exceeding 1,014 vector genome/kg  
(101-103)] ,  not easily achievable when addressing 
the LOPD patient population. Furthermore, muscle-
specific expression of GAA is associated with an increased 
risk of anti-GAA antibody formation and potential 
immunotoxicities (73,86). One potential solution to the 
issue of transgene immunogenicity is the use of liver-muscle 
tandem promoters (47), although this approach is also more 
suitable for IOPD patients, due to the high vector doses 
required to transduce muscle in adults with AAV vectors 
delivered systemically.

Liver gene therapy for PD

The liver is a particularly attractive organ for the development 
of gene-based therapeutic approaches for PD and other 
genetic disease for a number of reasons including: (I) it 
is one of the body’s major biosynthetic organs, is highly 
vascularized and can efficiently secrete proteins into the 
bloodstream; (II) studies in small and large animal models 
and in humans have demonstrated that it is possible to 
target hepatocytes with high efficiency using AAV vectors 

administered intravenously (104-109); (III) despite the 
predominantly non-integrative nature of AAV vectors (64), 
multi-year transgene expression after gene transfer to the 
liver has been documented in large animals and humans 
(110,111); and (IV) expression of a transgene in hepatocytes 
induces antigen-specific tolerance mediated by regulatory 
T cells (75,112-114) and other mechanism (Figure 2), which 
has been shown to prevent and suppress humoral immune 
responses to GAA in Gaa−/− mice (45-47).

Liver gene transfer with AAV vectors has been tested 
in the clinic for a handful of indications, which include 
hemophilia A and B (105,107-109), acute intermittent 
porphyria (116), and other indications. A phase I/II trial 
of liver gene transfer in LOPD patients is currently 
undergoing (NCT03533673, Actus Therapeutics, Inc.), 
although results are not available to date. Results gathered 
thus far in other clinical trials demonstrate that it is possible 
to target the liver via the systemic administration of AAV 
vectors. Additionally, they support the favorable safety 
profile of the approach, as transient increases in liver 
enzymes, often managed with transient immunosuppression, 
were the only adverse events reported after hepatic gene 
transfer with AAV vectors. 

Liver gene transfer has been explored as a modality 

Figure 2 Induction of hepatic tolerance with AAV vectors [adapted from (115)]. Liver-directed gene transfer with AAV vectors induces 
immunological tolerance via multiple mechanisms. These include the deletion of reactive CD4+ T helper cells (e.g., by programmed cell 
death). Induction of FoxP3+ regulatory T cells plays a central role in the induction of hepatic tolerance. Similarly, antigen presentation 
by resident APCs in the liver draining portal and celiac lymph nodes is key to the induction of hepatic tolerance. MHC II, major 
histocompatibility complex class II; TCR, T cell receptor; BCR, B cell receptor; AAV, adeno-associated virus vectors; APC, antigen 
presenting cell.
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to treat PD. Early studies by Amalfitano and colleagues 
demonstrated that liver expression of GAA by adenoviral 
gene transfer mediated cross-correction in the skeletal 
muscle (53). However, the expression of the transgene in 
circulation was only transient likely due to the induction of 
an immune response against the transgene elicited by the 
vector used in the study. 

Stable expression of GAA in the liver was achieved 
via AAV vector-mediated gene transfer, resulting in 
cross-correction in peripheral organs with no evident 
immunogenicity against the transgene (72,78,117). Further 
studies confirmed the uptake of GAA in heart and skeletal 
muscle with glycogen clearance and improved muscle 
function (45,46,118). Collectively, the studies of GAA gene 
transfer to the liver confirmed the potential efficacy profile 
and protolerogenic potential of this strategy and, together 
with toxicology studies in mice (88), supported the initiation 
of a phase I/II clinical trial sponsored by Actus Therapeutics 
(NCT03533673, Table 2). The primary objective of this 
trial is to demonstrate the safety of AAV vector-mediated 

liver gene transfer for GAA in LOPD patients. Secondary 
outcome measures aim at the characterization of the 
biodistribution of the enzyme produced by the liver and at 
the evaluation of the muscle glycogen accumulation and 
rescue of muscle and respiratory function.  

A limitation of liver gene transfer for GAA is that the 
supply of the enzyme from the liver to peripheral tissues 
relies exclusively on cross-correction. Optimization of GAA 
secretion into the bloodstream therefore could represent 
an important step toward the development of a safe and 
efficacious liver-targeted gene therapy for PD. The use of 
a heterologous signal peptide to improve the secretion of 
GAA into the bloodstream was previously reported (119). 
We further improved this strategy by using an optimized 
signal peptide and a truncated version of the GAA protein 
with enhanced secretion [a modification determined 
using bioinformatics prediction (120)]. Using this second 
generation engineered secretable GAA transgene, we 
demonstrated a clear dose advantage when compared to 
the native version of the GAA transgene expressed in the  
liver (45). In particular, sustained circulating levels of 
the enzyme resulted in long-term correction of glycogen 
accumulation in tissues known to be refractory for GAA 
enzyme uptake (e.g., triceps and quadriceps), or tissue 
separated from the systemic circulation by physical 
barriers [spinal cord and brain, which are shielded from 
most circulating proteins by the blood-brain barrier 
(BBB)] (Figure 3). We also reported efficient rescue of 
muscle strength impairment and respiratory function (45).  
Interestingly, the use of secretable GAA also resulted 
in a better control of anti-transgene humoral immune 
responses, possibly via the efficient induction of regulatory 
T cells in draining lymph nodes (Figures 2,3) (121). Scale-
up of this approach in non-human primates demonstrated 
the uptake of the enzyme secreted by the liver in peripheral 
tissues, particularly the heart without associated toxicity and 
supported the translation of this approach into the clinic. 
Spark Therapeutics is currently engaged in the clinical 
translation of these proof-of-concept results (Table 2).   

Another potential limitation of liver gene transfer 
for PD is related to the fact that hepatic gene transfer 
with AAV vectors in neonate animals does not persist 
at long-term (122). This poses important challenges to 
the use of this therapeutic strategy in IOPD patients. In 
pediatric patients, indeed, liver growth is likely to decrease 
the treatment efficacy due to vector genome dilution, 
potentially resulting in progressive loss of transgene 
expression. The formation of a neutralizing antibodies 

Lack of anti-GAA 
antibody formation

AAV vector

Rescue of the 
cardiorespiratory 
phenotype

Rescue of 
muscle function

Cross BBB?

Figure 3 Investigational liver-directed gene therapy for Pompe 
disease. The graph exemplifies the potential for gene therapy as 
observed in preclinical studies in Gaa−/− mice (45). Targeting of 
the liver with AAV vectors expressing secretable forms of GAA 
can potentially transform the organ in a bio factory of GAA 
enzyme delivered to the entire body. Experiments in Gaa−/− 
mice show that the expression of secretable GAA results in the 
rescue of muscle and cardiorespiratory impairment with reduced 
GAA transgene immunogenicity. Partial correction of glycogen 
accumulation in the central nervous system is also observed. BBB, 
blood-brain barrier; GAA, acid alpha-glucosidase.
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after AAV vector administration would precludes any 
further administration of the vector. Ongoing work aimed 
at the identification of immunosuppressive treatments 
that would allow for vector re-administration yielded 
promising preclinical results (123-125), and some of 
them has been translated to the clinic (NCT02240407, 
University of Florida).  

A possible alternative to vector re-administration is 
based on the use of tandem promoters, which would allow 
for the induction of GAA transgene immune tolerance 
through liver expression, while driving persistent transgene 
expression in non-hepatic tissues (47). This strategy 
could potentially represent a path forward toward the 
development of a safe and long-lasting gene transfer 
approach for IOPD. 

Other gene therapy approaches to PD

CNS-targeted delivery of AAV vectors expressing GAA has 
been recently explored as a possible therapeutic strategy 
for IOPD, based on the growing evidence that the CNS 
is significantly affected by glycogen accumulation in this 
patient population. Results obtained to date demonstrated 
that the clearance of glycogen in the CNS resulted in the 
rescue of the functional impairment associated with PD 
(49,126). However, restricted targeting of CNS is associated 
with a limited correction of the muscle defect (85,127,128). 
One possible solution around this is the use of tandem liver-
neuron promoters driving simultaneous expression of GAA 
in liver and CNS after systemic administration of AAV 
vectors able to cross the BBB (47). 

Gene replacement therapy with the GAA transgene 
is the obvious approach to PD. Nevertheless, given the 
complexity of the disease, development of alternative 
therapeutic strategies might result in enhanced efficacy or in 
the development of adjuvant therapies to be combined with 
protein- or gene-replacement approaches. Overexpression 
of the transcription factor EB (TFEB) (129) has been 
explored as a possible avenue to treat PD. In Gaa−/− mice, 
the administration of AAV vectors encoding for TFEB in 
muscle were shown to induce lysosomal exocytosis that was 
associated with improved muscle performance and delayed 
disease progression in the absence of reduction of glycogen 
content in skeletal muscle (130). 

Substrate reduction therapy (SRT) has also been 
proposed for PD (131,132). This strategy is based on the 
reduction of the activity of the glycogen synthase enzyme 
acting in muscle (GYS1) to reduce the accumulation of 

glycogen. Accordingly, using transgenic mouse models, 
Douillard-Guilloux and colleagues demonstrated that 
the genetic suppression of the muscle-specific glycogen 
synthase in Gaa−/− mice was able to reverse cardiac 
impairment, reduce glycogen accumulation and improve 
muscle strength (132). Another study, designed to 
inhibit GYS1 using a phosphorodiamidate morpholino 
oligonucleotide (PMO) conjugated to a cell penetrating 
peptide (GS-PPMO), showed decreased glycogen 
accumulation in heart and skeletal muscle of Pompe 
mice (131). One caveat related to this approach is that 
excessive knockdown of GSD1 may lead to toxicities 
similar to those observed in GSD type 0, which is 
characterized by and increased risk of cardiac arrest (133). 
Another approach based on the use of PMO to promote 
exon inclusion and correct the common mutation c.-32-
13T>G has also been proposed (134). Tricyclo-DNA 
antisense oligonucleotides were also tested as a strategy 
to correct the aberrant splicing mutation commonly 
found in LOPD patients (135).

Gene therapy vs. ERT

An intriguing finding coming from the preclinical studies 
with secretable GAA, which are likely to be generalizable 
to all gene therapies, is the time-dependent clearance of 
glycogen in tissues (45). This is likely driven by the steady-
state, continuous exposure to the GAA enzyme expressed 
as a transgene as opposed to the administration of the 
recombinant form of the enzyme in the setting of ERT, 
which drives a transient increase in enzyme activity in 
peripheral tissues (Figure 4). This may provide an advantage 
for gene therapy, compared to the peak and trough kinetics 
observed after ERT administration. Notably, results 
from studies with rhGAA given in combination with 
pharmacological chaperones (23,24) support this concept, as 
the enhanced half-life of GAA mediated by the chaperone 
molecule results in improved efficacy (22). To this aim, gene 
therapy, when successful in driving sustained levels of GAA 
expression and uptake into peripheral tissues, is likely to be 
superior to any ERT, owing its unique pharmacokinetics 
profile characterized by a greater area under the curve 
(Figure 4). 

Concluding remarks

PD is a debilitating and potentially fatal disease. The 
development of ERT for the disease, more than a decade ago 
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(5,10,12), represented a breakthrough in the management 
of the disease, particularly for IOPD patients. Today, PD 
remains an unmet medical need, as immunogenicity of 
recombinant GAA and long-term outcomes of ERT point 
out to the need for better treatments, both for pediatric and 
adult patients. Next generation ERTs are in the pipeline 
(28-30), however, because they mostly rely on the same 
mechanism of action of the current ERT, they are likely to 
result in only incremental benefit for patients. 

Gene therapy holds the potential to revolutionize the 
way we treat PD, virtually providing a steady state supply of 
GAA enzyme to the entire body following a single medical 
intervention. Promising results obtained in preclinical 
studies in animal models of PD, along with results from 
clinical trials for various monogenic diseases, generated a lot 
of excitement about the prospect of a gene therapy for PD. 
As for any new investigational therapy, the primary goal of 
these early gene therapy trials should be focused on safety 
and on the potential limitations of the current gene transfer 
technologies (62,136). 

Additionally, PD is extremely challenging and diverse, 
with IOPD patients presenting with clinical features quite 
different from those in the adult LOPD patient population. 
Furthermore, even within a category of patients, and even 
in patients carrying the same GAA genetic background 
(like most of LOPD patients), inter patient variability is 

extremely high, making trial design complex, also in view 
of the fact that endpoints of efficacy have not evolved 
significantly since the approval of ERT for PD and are far 
from being sensitive.

These complexities constitute important disease-
specific challenges that will play an important role in the 
development of gene-based approaches for PD. Given 
the different mechanism of action of investigational gene 
therapy vs. ERT, future exploratory clinical work will likely 
help gaining a better understanding of whether the current 
measures of clinical outcomes used in ERT are best suited 
to capture the potential benefit of gene therapy.
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