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Pompe disease is caused by mutations in acid alpha glucosidase (GAA) that causes accumulation of lysosomal
glycogen aﬀecting the heart and skeletal muscles, and can be fatal. Enzyme replacement therapy (ERT) with
recombinant human GAA (rhGAA) improves muscle function by reducing glycogen accumulation. Limitations of
ERT include a short half-life and the formation of antibodies that result in reduced eﬃcacy. By harnessing the
immune tolerance induction properties of the liver, liver-targeted gene delivery (with an adeno-associated virus
vector containing a liver speciﬁc promoter), suppresses immunity against the GAA introduced by gene therapy.
This induces immune tolerance to rhGAA by activating regulatory T cells and simultaneously, corrects GAA
deﬁciency. Potentially, liver-targeted gene therapy can be performed once with lasting eﬀects, by administering
a relatively low dose of an adeno-associated virus type 8 vector to replace and induce immune tolerance to GAA.

1. Introduction
Pompe disease is an inherited rare disorder (approximately 1 in
every 20,000 births) caused by mutations in the gene for the enzyme
acid alpha glucosidase (GAA) that disables the heart and skeletal
muscles, and is often fatal [1–3]. Enzyme replacement therapy (ERT)
with recombinant human GAA (rhGAA) has been shown to decrease
heart size, maintain normal heart function, improve muscle function,
tone, and strength, and reduce glycogen accumulation. The recommended dose is 20 mg/kg every 2 weeks (Myozyme product insert;
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/
125141s219lbl.pdf), yet the dose used in the clinical setting is often up
to 40 mg/kg/week [4,5]. ERT is a lifesaving therapy, yet there are
several challenges at this time, including immunogenicity and hypersensitivity such that ERT carries a black-box warning about anaphylaxis in the labeling. Although ERT has prolonged survival in the
majority of patients with infantile Pompe disease, many long term sequelae are noted despite high dose ERT. Among the poor responders to
ERT are those who formed high, sustained anti-rhGAA IgG antibody
titers (HSAT). Patients with HSAT demonstrated greatly increased
mortality, in comparison with patients who formed no or low titer
antibodies [6]. Cross-reacting immune material (CRIM) negative patients, who lack any residual GAA protein are at highest risk for

developing HSAT, yet close to 30% of CRIM positive infantile patients
also develop HSAT. Some adult patients with late-onset Pompe disease
(LOPD) formed HSAT during ERT, which reduced eﬃcacy [7,8]. Immune modulation with immune suppressant drugs to prevent antirhGAA antibody formation has signiﬁcantly prolonged the survival in
CRIM-negative infants, when it was initiated at the time of ERT.
However, there are associated risks (such as increased infection and
cancer rate) with the currently used immune tolerance induction (ITI)
regimens [9,10].
2. Immunomodulatory gene therapy for Pompe disease
Liver-targeted gene therapy has been proposed to induce immune
tolerance to rhGAA and correct GAA deﬁciency systemically in patients
with Pompe disease (Fig. 1). The liver is an attractive target for gene
therapies because its contains specialized cells which mediate the tolerogenic response [11]. These tolerogenic properties can be harnessed
to prevent the immune system from destroying the foreign, yet beneﬁcial, elements introduced in gene therapy. To that end, an adeno associated virus (AAV) 2 vector has been used for liver-targeted delivery
of AAV factor IX vectors to treat hemophilia, but did not achieve stable
expression in the plasma of patients due to T cell response to the to the
vector capsid [12]. Changing the vector capsid to AAV8 had signiﬁcant
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Fig. 1. Immunomodulatory gene therapy for pompe disease. Liver depot with AAV2/8-LSPhGAA. Treatment with rAAV8 converts the liver to a depot for continuous secretion of GAA,
correcting GAA deﬁciency in the heart and skeletal muscle. Liver expression induces immune tolerance to rhGAA by reducing antibody formation through suppression by regulatory T
cells.

administration [16]. Preventing HSAT reduced mortality from hypersensitivity that had occurred during ERT in GAA-KO mice. One
tolerogenic vector, AAV2/8-LSPhGAA, induced immune tolerance by
expressing GAA exclusively in the liver and by activating regulatory T
cells (Tregs), which has consistently induced immune tolerance to
human GAA in preclinical experiments [15–18].
A model for immunomodulatory gene therapy recognizes the central
role of Treg cells and hepatic transgene expression [19]. The precise
mechanism of Treg cell stimulation has not been elucidated. It has been
proposed that naïve CD4+ T cells interact with liver sinusoidal endothelial cells to diﬀerentiate to an anti-inﬂammatory phenotype, secreting IL-4 and IL-10 [20]. Kuppfer cells and natural killer T (NKT)
cells also might be involved in stimulating Treg cells. Previously the
depletion of Kupﬀer cells prevented tolerance induction via portal vein
administration of an antigen [21]. Furthermore, stimulation of Kupﬀer
cells was associated with Treg activation in response to hepatic gene
expression [22], and this mechanism could play a role in immunomodulatory gene therapy. Additionally, NKT cells may also play a
role in stimulating Treg cells, because these cells were activated in liver
in the setting of immune suppression [20,23].
Several factors determine the ability to avoid immune responses
against the transgene through liver-speciﬁc expression [19]. Liver-

improvement in clinical outcomes [13]. In the latter study, Nathwani
and colleagues successfully controlled the anti-capsid T cell responses
against AAV8 with transient immune suppression, thereby preserving
transgene expression and achieving long-term beneﬁts [13]. AAV8
features enhanced liver tropism, with reduced oﬀ-target biodistribution, low seroprevalence and minimal cross-reactivity with other serotypes [14]. Liver depot gene therapy with a recombinant (r) AAV8
vector could treat hemophilia, lysosomal storage disorders, and metabolic diseases involving the liver, which could provide new therapy for
genetic diseases on a global scale. The strategy of inducing immune
tolerance with an AAV has been termed “immunomodulatory gene
therapy” [15]. Liver transduction with a high-expressing AAV vector
could eﬀectively cure Pompe disease by creating a stable liver depot for
GAA production and tolerizing the immune system to rhGAA.
3. Mechanism for immunomodulatory gene therapy for Pompe
disease
Preclinical experiments have be used demonstrated the ability of
gene therapy to modulate the immune response in mice with Pompe
disease. In GAA-knock out (KO) mice ERT was eﬃcacious only in the
setting of immune tolerance to GAA following AAV vector
2
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GAA deﬁciency in association with clearance of accumulated glycogen
and improved muscle function [17,26,35]. Liver-targeted gene therapy
has been much more eﬃcient than the direct transduction of muscle,
either vectors containing a muscle-speciﬁc or ubiquitous regulatory
cassette (Table 2). For example, direct transduction of striated muscle
with the vector containing a muscle-speciﬁc promoter featured 5–10fold higher dosage requirements than the liver depot strategy
[17,26,34]. Universal expression of GAA with the vector containing a
constitutive promoter provoked neutralizing immune responses
[17,26], which emphasized the unique advantages of a liver depot
strategy for gene therapy. If similar results are observed in clinical
trials, the liver-targeted gene therapy approach will surpass the beneﬁts
associated with ERT or muscle directed gene therapy for Pompe disease.

speciﬁc expression of human coagulation factor IX (hFIX) in mice with
hemophilia B prevented antibody formation in response to an immune
challenge with hFIX [24]. Furthermore, the adoptive transfer of
CD4+CD25+ cells (including Treg cells) to naïve recipient mice, following administration of the AAV vector expressing human hFIX to
donor mice, prevented antibody formation in response to an immune
challenge with hFIX [24]. An AAV2/8 vector containing a liver-speciﬁc
regulatory cassette to drive α-galactosidase expression induced immune
tolerance to α-galactosidase in Fabry disease mice, and the transfer of
splenocytes from vector-treated mice prevented the antibody response
against an α-galactosidase challenge in recipient Fabry mice [25]. Finally, anti-CD25 administration prevented the induction of immune
tolerance with our LSP-containing vector in GAA-KO mice, presumably
be depleting Treg cells [15]. Importantly, immune tolerance induced by
AAV2/8-LSPhGAApA prevented antibody responses against ERT with
rhGAA, when the AAV vector was administered simultaneously or even
shortly before ERT [15,16,26]. Taken together, these data strongly
support the ability of an AAV vector containing a liver-speciﬁc regulatory cassette to induce immune tolerance to an introduced foreign
protein in the form of ERT [15,16].

4.2. Minimum eﬀective dose
Liver-target gene therapy will more eﬀectively treat Pompe disease
as determined by reducing the amount of GAA required to show functional outcomes due to the immune tolerance induced – which in turn
will reduce the AAV dose required. Therefore, we evaluated the biochemical eﬃcacy of 3 lower dosages of AAV2/8-LSPhGAA in GAA-KO
mice, reduced to as low as 2 × 1010 vg/kg, either alone or in combination with ERT [30]. The minimum eﬀective dose (MED) of AAV2/8LSPhGAA was at least 10-fold lower than previously estimated [16,26],
because 8 × 1010 vg/kg signiﬁcantly reduced glycogen content in the
striated muscle of GAA-KO mice [30]. Thus, the MED was considered to
be the vector dose that signiﬁcantly decreased the glycogen content of
heart and diaphragm, without aﬀecting the glycogen content of skeletal
muscle. Importantly, the MED of rAAV8 without ERT signiﬁcantly reduced the glycogen content of heart (p < .01), and diaphragm
(p < .01), which demonstrated that the glycogen storage in muscle
associated with Pompe disease was substantially cross-corrected by
GAA secretion from liver accompanied by receptor-mediated uptake in
striated muscle [30]. The eﬃcacy of AAV2/8-LSPhGAA [26] at the low
dose (2 × 1010 vg, equivalent to 8 × 1011 vg/kg body weight) was
comparable to long-term ERT [36,37] with regard to biochemical correction. Furthermore, administering ERT by itself had no signiﬁcant
eﬀect on the glycogen content of quadriceps, but ERT following administration of the MED of AAV2/8-LSPhGAA signiﬁcantly reduced
glycogen content of quadriceps by 38% (p < .05) indicating that gene
therapy with AAV2/8-LSPhGAA made ERT eﬀective. In summary, the
MED for AAV2/8-LSPhGAA (8x1010 vg/kg) has been estimated at least
10-fold lower [30], in comparison with previous data [15,16].
A pharmacology/toxicology study with AAV2/8-LSPhGAApA was
completed under good laboratory practice (GLP) by the Gene Therapy
Resource Program (GTRP) Toxicology Laboratory at Lovelace
Respiratory Research Institute [38]. The experimental groups were
designed to detect early and late toxicity [38]. The data revealed no
early or late toxicity, and demonstrated biochemical correction [38].
Brieﬂy, intravenous administration of the AAV2/8LSPhGAA vector at
1.6 × 1013 vg/kg (8-fold higher than the proposed higher dose in the
Phase 1 trial) did not cause signiﬁcant short- or long-term toxicity. The
vector genome was sustained in all tissues through 16-week post
dosing, except for in blood with a similar tissue tropism between males

4. Improving treatment through liver-targeted
immunomodulation
ERT does not target skeletal muscle eﬃciently resulting in the need
for repeated dosing and a number of long term sequelae [27–29]. The
development of liver depot gene therapy for Pompe disease might advance a new paradigm for the treatment of genetic diseases with protein
replacement (Table 1). 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. 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. This strategy will induce speciﬁc immune tolerance
to GAA in Pompe disease with a low dosage of an rAAV8 vector containing a liver-speciﬁc promoter (LSP) that expressed GAA only in liver
and induced immune tolerance to GAA [15,16], thereby providing a
safe immune tolerance induction (ITI) without the risk for immune
suppression or other toxic eﬀects of current drug regimens [9]. Direct
comparisons of ERT with AAV vector-mediated production of GAA have
shown advantages for gene therapy [30,31].
4.1. Increased transduction eﬃciency for liver
Groups have proposed direct transduction of muscle with an AAV
vector [32] however the eﬃcacy of muscle-speciﬁc GAA expression was
blunted by antibody responses [33,34]. In preclinical experiments, gene
therapy that transduced the liver with an AAV2/8 vector continuously
secreted GAA into the blood, accompanied by receptor-mediated uptake
in the heart and skeletal muscle, and to a lesser extent the central
nervous system (CNS) with high eﬃcacy [17,18]. This strategy converted the liver into a depot organ for GAA production that essentially
performed continuous ERT, which markedly improved eﬃcacy in preclinical experiments that demonstrated the widespread correction of
Table 1
Comparison of ERT with immunomodulatory liver depot gene therapy.

Stability
GAA delivery to muscle
Immune responses
Population
Eﬃcacy

ERT

Potential beneﬁts of immunomodulatory gene therapy*

Short half-life in blood, requiring repeated administration (every week to 2 weeks)
Lack of eﬃcient uptake in skeletal muscle, especially type 2 ﬁbers
High titer antibody response in CRIM negative, ∼30%CRIM positive and 10 LOPD
Some patients fail to respond
Partial

Continuous GAA secretion in bloodstream
Increased delivery to muscle due to increased exposure
Immune tolerance induction
Larger patient population
More complete correction

* Based upon preclinical research.

3

Cellular Immunology xxx (xxxx) xxx–xxx

J.E. Bond et al.

Table 2
Regulatory cassette for AAV2/8 vectors evaluated in adult GAA-KO mice.
Vector

Regulatory Cassette

Minimum Eﬀective Dose

Highly Eﬀective Dose

IgG Antibody Responses to GAA

Reference

AAV2/8-LSPhGAA
AAV2/8-MHCK7hGAA
AAV2/8-CBhGAA

Liver speciﬁc
Muscle-speciﬁc
Constitutive

8 × 1011 vg/kg
4 × 1012 vg/kg
Not applicable*

4 × 1012 vg/kg
4 × 1013 vg/kg
Not applicable*

None detected
Antibody responses
Antibody and T cell responses

[17,26]
[34]
[17,26]

* AAV2/8-CBhGAA expressed GAA highly for two weeks, prior to onset of neutralizing immune responses.

ubiquitously active regulatory cassette [17], caused increased mortality
in response to ERT [15]. AAV2/8-LSPhGAApA administration enhanced
the eﬃcacy of ERT, as reﬂected by the increased time that vectortreated GAA-KO mice could run on the Rotarod apparatus [15]. Decreased Rotarod time indicates progressive loss of muscle function in
GAA-KO mice, which can be prevented by reducing the glycogen content of striated muscle [17]. Urinary hexose tetrasaccharide (Hex4), a
biomarker that was decreased in correlation with biochemical correction in Pompe disease mice, was reduced following AAV2/8LSPhGAApA administration, in comparison with GAA-KO mice that
received rhGAA injections only [15]. The negative impact of preexisting
anti-rhGAA antibodies was demonstrated by the persistent elevations of
urinary Hex4 following antibody formation. GAA-KO mice that were
immunized with two injections of rhGAA demonstrated elevated urinary Hex4 at week 10, in comparison with a group of PBS-injected
GAA-KO mice that had not yet formed anti-rhGAA antibodies [15]. The
formation of anti-rhGAA antibodies occurred uniformly in response to
ERT, if mice were not treated with AAV-LSPhGAApA [15]. In contrast,
tolerogenic AAV vector administration suppressed IgG titers, even when
vector administration followed the initial rhGAA injection by three
weeks [15]. These data predicted that administration of AAV2/8LSPhGAApA either prior to, simultaneously with, or three weeks after
initiation of ERT would prevent antibody formation and increase the
eﬃcacy from ERT in Pompe disease.
The importance of liver-speciﬁc GAA expression to induce immune
tolerance during gene therapy was corroborated by a study in which the
vector plasmid containing the liver-speciﬁc promoter was mixed with a
vector plasmid containing a ubiquitously active promoter during vector
production [40]. Co-packaging of the two vectors demonstrated expression in cardiac muscle, skeletal muscle, peripheral nerve, and the
spinal cord. Furthermore, high-level expression in the liver led to the
expansion of GAA-speciﬁc Tregs and induction of immune tolerance.
Transfer of Tregs into naïve recipients allowed repeated ERT challenges. This study was preceded by another study that co-administered
vector containing the liver-speciﬁc promoter mixed with a vector containing a ubiquitously active promoter, and demonstrated the immunodominant eﬀect of liver-speciﬁc expression over constitutive expression of GAA [26].

and females [38]. Administration of the vector alone, or combined with
the ERT, was eﬀective in producing signiﬁcantly increased GAA activity
and consequently decreased glycogen accumulation in multiple tissues,
in comparison with administration of vehicle. The urinary Glc4 was
reduced in association with the correction of glycogen accumulations
by 16 weeks following vector administration either with or without
concurrent ERT, in comparison with vehicle [38].
4.3. Decreased immunogenicity of rhGAA-ERT and GAA
To overcome the limitations in rhGAA-ERT, liver-targeted gene
therapy can be used for ITI to rhGGA. The potential role of immune
tolerance in mediating the response to ERT among CRIM-negative
Pompe subjects was evaluated in GAA-KO mice. A low, sub-therapeutic
dose of AAV2/8 vector particles was administered to 3 month-old GAAKO mice, 6 weeks prior to an immune challenge with rhGAA [16]. An
immune challenge consisting of rhGAA (20 mg/kg, the standard dose
for humans [39] was administered with modiﬁed Freund’s adjuvant to
4.5 month-old GAA-KO mice, either vector-treated or mock-treated
with PBS. Anti-hGAA antibodies were detected only in the mock-treated
GAA-KO mice at 6 and 7.5 months of age [16]. The anti-rhGAA antibody titer for mock-treated GAA-KO mice was signiﬁcantly elevated at
6 months of age, in comparison with AAV vector-treated GAA-KO mice.
The absence of anti-rhGAA antibody formation suggested immune tolerance to rhGAA following AAV2/8 vector administration at dosages
suitable for a Phase I clinical trial (< 2 × 1012 vector genomes/kg)
[30]. Immune tolerance to rhGAA could reduce serious adverse events,
improve tolerability to ERT and reduce frequency and dosing requirements of ERT.
The impact of immune tolerance upon long-term ERT was evaluated
in vector-treated and mock-treated GAA-KO mice [16]. ERT was administered every other week for 12 weeks starting at 4.5 months of age
(20 mg/kg/dose), consistent with recommended clinical doses [39].
Mock-treated GAA-KO mice died within hours following the second or
third dose of rhGAA consistent with anaphylaxis, as reported for nontolerant GAA-KO mice [36]. Endurance was signiﬁcantly improved for
the 10.5 month-old vector-treated GAA-KO mice following 12 weeks of
sustained ERT, in comparison with vector-treated GAA-KO mice that
received no ERT, as demonstrated by prolonged Rotarod times [16] The
eﬃcacy of 12 weeks sustained ERT was further evaluated in vectortreated GAA-KO mice through the evaluation of biochemical correction
of GAA deﬁciency and glycogen accumulations in muscle [16]. In
contrast to single infusion of high-dose rhGAA, sustained ERT signiﬁcantly increased the GAA activity in heart and skeletal muscle in
vector-treated GAA-KO mice two weeks following the last injection of
rhGAA. Glycogen content was reduced signiﬁcantly in the heart and
diaphragm only for vector-treated mice following ERT [16]. These data
indicated that eﬃcacy from ERT was achieved only in GAA-KO mice
rendered tolerant to rhGAA through gene therapy.
The timing of AAV vector administration relative to the immune
challenge with rhGAA was further evaluated in adult GAA-KO mice
[15]. AAV2/8-LSPhGAApA administration (2 × 1010 vg intravenously)
signiﬁcantly prolonged survival, if administered either prior to or three
weeks following initial rhGAA injection. Furthermore, other experiments showed that prior administration of an immunogenic AAV
vector, AAV2/8-CBhGAApA (2 × 1010 vg) that contained a

5. Conclusion
Treatment of GAA-KO mice with AAV2/8-LSPhGAApA achieved
stable GAA secretion from the liver into the bloodstream [17,41]
[15,16,30]. An analogous gene therapy approach resulted in successful
treatment of dogs with hemophilia B for up to 8 years [42]. If similarly,
eﬀective in patients with Pompe disease, gene therapy will address the
inherent limitations of long term ERT – i.e. the need for frequent repeated infusions and associated high costs of treatment [43]. If the
preclinical data translates to the clinic, by preventing anti-rhGAA formation, liver-targeted gene therapy with AAV2/8-LSPhGAA will increase GAA activity in muscle and subsequently will have beneﬁcial
eﬀects upon muscle strength and function. In addition, the immune
tolerance induced by liver targeted gene therapy to GAA and rhGAA
will permit ERT to be eﬀective with reduced with reduced immune
responses [10]. The ability to treat with lower AAV dose or ERT dose
will reduce the cost associated with manufacturing and treatment
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increasing patient and doctor acceptance. Potentially, AAV vectors can
be re-administered to maintain eﬃcacy lasting several decades, through
prophylactic immunosuppression before administration or by the development of diﬀerent serotypes, which will be critically important in
the setting of a pediatric population [44–46]. Liver targeted rAAV8
vector-mediated gene therapy has the potential to revolutionize the
treatment of genetic diseases and other disorders currently treated by
protein replacement, where antibody formation has complicated
available therapy.
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