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Improving the treatment of Pompe disease with enzyme replacement therapy:

current strategies and clinical evidence

Alberto Corsini

Dipartimento di Scienze Farmacologiche e Biomolecolari “Rodolfo Paoletti”, Universita degli Studi di Milano, Milano, Italy

ABSTRACT

Introduction: Pompe disease (PD) is a rare genetic disorder that leads to intralysosomal glycogen
accumulation because of a deficiency in the lysosomal enzyme acid a-glucosidase (GAA), which is
required to break down glycogen to glucose. Enzyme replacement therapy (ERT) with recombinant
human GAA (rhGAA) supplies exogenous GAA to reduce glycogen deposits, thereby improving motor
and respiratory functioning.

Area covered: The first approved ERT for PD was the rhGAA alglucosidase alfa. Limitations associated with
this treatment led to the development of two other rhGAAs: avalglucosidase alfa and cipaglucosidase alfa.
This review describes the limitations of alglucosidase alfa and focuses on the strategies used to overcome
these limitations, including the conjugation of multiple synthetic bis-M6P — containing hexasaccharides to
sialic acids present on the enzyme, thus enhancing M6PR targeting, enzyme uptake, glycogen clearance,
and therapeutic outcomes. Efficacy and safety of avalglucosidase alfa in late-onset and infantile-onset PD
are also discussed. A brief overview of the newest ERT, cipaglucosidase alfa, is also provided.

Expert opinion: While ERT for PD continues to improve with more effective enzymes like avalgluco-
sidase alfa, the future lies in integrated approaches that combine different therapeutic modalities (gene
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therapy, substrate reduction therapy) and the use of biomarkers to individualize treatment.

1. Introduction

Pompe disease (PD) is a rare, autosomal recessive genetic dis-
order caused by the loss or impairment of the activity of acid a-
glucosidase (GAA). This lysosomal enzyme hydrolyzes glycogen
to glucose, leading to the accumulation of glycogen within cells,
especially the myocytes of cardiac, respiratory, and skeletal mus-
cles [1]. Glycogen deposits disrupt muscle structure, resulting in
muscle atrophy and progressive loss of function [2].

PD is characterized by a broad spectrum of symptoms,
depending on the extent of GAA deficiency. Two forms of
PD are recognized: infantile-onset PD (IOPD) and late-onset
(juvenile/adult) PD (LOPD) [1]. The infantile classical form pro-
gresses very rapidly and, if untreated, is associated with death
within 1year of age, usually due to cardiorespiratory failure
[1]; even when treated, patients have long-term respiratory
problems requiring invasive ventilation or they become
wheelchair-bound [3,4]. The GAA gene leads to the production
of GAA protein; people who produce GAA protein (present in
~two-thirds of children with IOPD) are Cross Reactive Immune
Material (CRIM) positive, while those who do not express GAA
protein are CRIM negative [5,6]. LOPD can manifest at any age,
has a slower and more variable rate of progression than IOPD,
and its hallmarks are skeletal muscle weakness and respiratory
dysfunction [7]. Smooth muscle can also be affected in LOPD
and can cause arteriopathy, basilar dolichoectasia, and rarely,
cerebrovascular manifestations [6].

The only approved treatment for PD is enzyme replace-
ment therapy (ERT). The first ERT to receive approval was the
recombinant human GAA (rhGAA) alglucosidase alfa, in 2006
[8,9]. The clinical experience with alglucosidase alfa has shown
significant benefits in terms of increased survival in IOPD and
improved walking distance and pulmonary function stabiliza-
tion in LOPD [10-12]; however, a great proportion of patients
progress despite therapy with alglucosidase alfa [13]. The
treatment regimen has changed over the last 10 years with
higher ERT dosages and more frequent infusions (weekly vs
fortnightly) for IOPD [14,15].

This review provides a brief overview of the characteristics
of the ERT alglucosidase alfa and limitations to its use in PD,
and summarizes the strategies to address these limitations
that led to the development and recent approval of newer
ERTs for PD (avalglucosidase alfa and cipaglucosidase alfa),
with a focus on the evidence for the use of avalglucosidase
alfa in PD.

2. Alglucosidase alfa: characteristics and limitations

Alglucosidase alfa, which is administered by intravenous infu-
sion every 2weeks at a dose of 20 mg/kg body weight, is
approved by the European Medicines Agency (EMA) and the
United States Food and Drug Administration (US FDA) as ERT
in individuals with PD of all ages [16,17]. Clinical evidence for
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Article highlights

o The first approved enzyme replacement therapy (ERT) to treat Pompe
disease (PD) was a recombinant human acid a-glucosidase (rhGAA)
called alglucosidase alfa; however, there were limitations to the
treatment.

o This review focuses on pharmacologic and clinical data of a newer
engineered version of rhGAA, called avalglucosidase alfa.

o Avalglucosidase alfa enhances M6PR targeting, enzyme uptake, gly-
cogen clearance, and therapeutic outcomes.

e Robust clinical evidence of the efficacy and safety of avalglucosidase
alfa for both late-onset and infantile-onset PD has been presented.

¢ Several knowledge gaps remain with the newest ERT, cipaglucosidase
alfa, which has to be administered in combination with a stabilizer
(miglustat) to maximize therapeutic effect.

its use in PD is available from clinical trials, observational
studies, and meta-analyses [7,10,18-23].

ERT with alglucosidase alfa provides an exogenous source
of recombinant GAA. Recombinant GAA is delivered to lyso-
somes by the cation-independent mannose 6-phosphate
(M6P) receptor (CI-MPR), also known as the mannose-6-phos-
phate receptor (M6PR), through receptor-mediated endocyto-
sis at the plasma membrane [24,25]. It then exerts its
enzymatic effect in lysosomes by converting glycogen to
glucose.

The frequency of alglucosidase alfa administration takes
advantage of the persistence of the enzyme within lysosomes,
which is independent of plasma enzyme levels. Although the
mean plasma elimination half-life of alglucosidase alfa is
2.3-2.8 hours [16,17], in vitro studies using cultured human
muscle cells (predominantly myotubes) showed that endocy-
tosed alglucosidase alfa has a half-life of 6-9 days [26], thus
this ERT only requires administration once every 2 weeks.

Exogenous administration of rhGAA does not entirely
mimic the natural endocytic pathway, since intracellular high-
affinity binding of endogenous GAA to CI-MPR and transport
to lysosomes from the trans-Golgi network is facilitated by
post-translational modification [24], including glycosylation
and phosphorylation of mannose residues leading to the for-
mation of M6P-containing glycans [27]. In contrast, ERT relies
on CI-MPR - mediated uptake of the recombinant GAA at the
plasma membrane [28], not intracellularly. Furthermore,
recombinant GAA is poorly phosphorylated by endogenous
GIcNAc-1-phosphotransferase; alglucosidase alfa has only 1%
of bis-M6P and higher levels of the enzyme are produced/
engineered using a Chinese Hamster Ovary [CHO] cell line
[29,30]. Additionally, alglucosidase alfa contains mainly mono-
phosphorylated glycans, which have a much lower CI-MPR
binding affinity than bis-phosphorylated N-glycans that are
present in higher percentages in avalglucosidase alfa [24,31].
In one in vitro study by Tong and colleagues, the dissociation
constant (Kd) from M6PR for M6P was ~7 uM compared with 2
nM for a high-mannose oligosaccharide with two phospho-
monoesters (i.e. a bis-phosphorylated N-glycan, like bis-M6P)
[32]. These observations partially explain the limited uptake of
alglucosidase alfa in some cells such as skeletal muscles where
a low level of CIMPR is expressed. The variable rhGAA uptake
depends on muscle tissue type (skeletal vs cardiac), muscle

fiber type (type | vs type Il) [33], and muscle pathology [34].
For example, rhGAA uptake is markedly lower in skeletal mus-
cle compared with cardiac muscle; this poor uptake (at least in
murine models) is probably attributable to a lower density of
CI-MPR in skeletal muscle than cardiac muscle cells [35]. This
was demonstrated in a murine model of PD where glycogen
clearance by rhGAA produced in CHO cells was less effective in
skeletal muscles than in cardiac muscles [33].

An additional limitation to treatment with alglucosidase
alfa is its biodistribution: only a small proportion of alglucosi-
dase alfa that is distributed systemically reaches the skeletal
muscle tissue (the target tissue) [36]. In general, intravenously
administered enzymes have relatively limited accessibility to
skeletal muscle cells, which are separated from the circulatory
system by endothelial cells, basement membrane, and inter-
stitial tissues [33]. Skeletal muscle has a large tissue mass and
low levels of the CI-MPR, which presents a therapeutic chal-
lenge when a sufficiently high dosage of recombinant enzyme
is required to effectively treat accumulated glycogen and
reduce disease burden [33,34].

To assess the effect of alglucosidase alfa treatment on
survival, a systematic literature review was performed by
Schoser and colleagues [37]. Their findings showed a strong
effect on survival when compared to untreated patients, and
also reflected in improvement and/or stabilization in the
6-minute walk test (6MWT) and forced vital capacity percent
(FVC%) [37]. Nevertheless, data show that although the major-
ity of patients with LOPD and IOPD benefit from long-term
treatment, many experience some extent of secondary decline
after 3-5 years of treatment [7,38]. Patients with IOPD on long-
term ERT developed neurological decline (hyperreflexia, ence-
phalopathy, seizures) [39]. Taken together, these observations
explain the suboptimal efficacy of alglucosidase alfa in both
LOPD and IOPD. Thus, despite the availability of alglucosidase
alfa, unmet needs still exist in the management of patients
with LOPD and IOPD. This has led to the development of new
ERTs, namely avalglucosidase alfa and cipaglucosidase alfa.

3. The development of new ERTs: the role of
avalglucosidase alfa to treat PD

3.1. Evidence from in vitro and preclinical studies

The results achieved thus far with ERT for the treatment of PD
have highlighted the need for more efficient delivery of the
recombinant enzyme to affected tissues, particularly skeletal
muscles. As discussed above, several factors have been impli-
cated in the limited supply of alglucosidase alfa to muscle cells
and the uptake of recombinant GAA via the CI-MPR at the cell
surface.

To address the limitations of targeted cellular uptake,
research has focused on increasing the quantity of bis-
phosphorylated M6P-containing glycans (bis-M6P-glycans) on
the rhGAA glycosylation sites. This could be achieved through
conjugation of rhGAA with carbohydrate moieties, a strategy
that takes advantage of the extensive experience acquired
over the years in the engineering of carbohydrate moieties
in a variety of glycoproteins to improve their properties as
therapeutic agents [40-42]. Researchers also assessed whether



such an engineered version of rhGAA containing high levels of
bis-M6P would enhance cellular uptake and tissue glycogen
clearance in mouse models [33]. In theory, enhanced cellular
uptake in target skeletal muscle would lead to greater glyco-
gen depletion and improved clinical outcomes compared with
alglucosidase alfa treatment.

In 2011, Zhou and colleagues examined different methods
for conjugating glycans to rhGAA to achieve higher M6P con-
centrations [43]. Sialic acid-mediated (SAM) conjugation of bis-
M6P - containing glycans (oligosaccharides) was the most
successful conjugation strategy, achieving a M6P concentra-
tion of 13-17 mol/mol for SAM-conjugated rhGAA versus 0.9
mol/mol for unmodified rhGAA (i.e. alglucosidase alfa) [43].
The SAM-conjugated bis-M6P  oligosaccharide-containing
rhGAA may be considered, retrospectively, as the molecular
compound that informed the pharmaceutical development of
avalglucosidase alfa and is referred to hereafter as the aval-
glucosidase alfa predecessor; the unmodified recombinant
enzyme rhGAA is referred to as alglucosidase alfa. Figure 1(a)
shows this novel predecessor to avalglucosidase alfa, where
synthetic bis-M6P - containing glycans were chemically con-
jugated to sialic acid moieties present on the rhGAA molecule
[43]. The synthetic bis-M6P - containing glycan used by Zhou
and colleagues was designed based on the known structures
of N-linked high-mannose - containing oligosaccharides that
are found on other lysosomal enzymes [45]. The configuration

(a)
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of the bis-M6P residue (B-linker) is shown in Figure 1(b).
Among the important structural factors contributing to the
binding of bis-M6P moieties to the CI-MPR are not only the
number of terminal phosphates but also the number of man-
noses and the orientation/configuration of the linker, with
a clear improvement in contrast to the use of modified natural
glycan mixtures [25]. Moreover, improvement in the levels of
CI-MPR high-binding bis-M6P was achieved without impacting
protein aggregation [25,43].

An in vitro uptake study by Zhou and colleagues in rat
myoblasts indicated that conjugated rhGAA (the avalglucosi-
dase alfa predecessor) was internalized significantly more effi-
ciently than alglucosidase alfa [43], attributable to the
increased number of bis-M6P moieties in the conjugated
rhGAA. For example, the 50% maximal effective concentration
(ECsp) of uptake was ~5 nM (0.5 ug/mL) for the avalglucosidase
alfa predecessor but could not be determined for alglucosi-
dase alfa because of the low level of uptake [43].

Using in vivo animal studies, these authors also confirmed
better glycogen clearance from muscle tissue with the aval-
glucosidase alfa predecessor than alglucosidase alfa [34,43].
Glycogen clearance from cardiac muscle tissue was signifi-
cantly (p <0.05) greater with the avalglucosidase alfa prede-
cessor than alglucosidase alfa at the lowest dose levels
(glycogen reduction of 61% vs 17% at doses of 4 vs 20 mg/
kg, respectively), although the dose range tested for

F
O\/\)-L /N N ~_ _NeuAc
l/\o/ -

Figure 1. Avalglucosidase alfa (a) molecular structure [44] and (b) as a computer-generated three-dimensional model [43].

In (a), *indicates the 7th-position carbon atom of NeuAc. In (b), light green represents complex-type N-glycans and bis-Man-6-P neoglycans, light blue represents an aminooxy linker, red
represents a terminal glycan phosphate, and dark blue represents the acarbose substrate present in the MGAM structure [43]. Man-6-P, mannopyranosyl-6-phosphate; MGAM, human
intestinal maltase-glucoamylase; NeuAc, N-acetylneuraminic acid. Figure 1(b) is reproduced from Figure 1(d) in Zhou et al 2011. Inserted from ‘Strategies from Neoglycan Conjugation
Human Acid a-Glucosidase,’” Bioconjugate Chem. 2011, 22, 4, 741-751 2011 (Zhou et al), with permission of the American Chemical Society.



838 A. CORSINI

alglucosidase alfa had to be 5-fold higher than for the aval-
glucosidase alfa predecessor in order to obtain glycogen clear-
ance levels that could be compared [43]. In skeletal muscle,
there was an 81% reduction in glycogen with the avalglucosi-
dase alfa predecessor (at a dose of 12 mg/kg) versus 56% with
alglucosidase alfa (at a 5-fold higher dose) [43]. All of the
abovementioned research informed the development of aval-
glucosidase alfa, which is an rhGAA conjugated with seven bis-
M6P hexamannose structures, i.e. 7mol bis-M6P per mol of
avalglucosidase alfa, to the rhGAA [46].

The differences in trafficking between exogenous and
endogenous GAA are summarized in Figure 2. Endogenous
lysosomal hydrolases (including GAA) are synthesized and
glycosylated in the rough endoplasmic reticulum and then
transferred to the Golgi body network [27]. In the Golgi
body, these enzymes acquire M6P residues on their sugar
chains, which are then bound by CI-MPR, targeting them to
the lysosome [27]. In comparison, avalglucosidase alfa, with its
increased bis-M6P content, enters the cell and is targeted to
the lysosome through binding of the CI-MPR present on the
plasma membrane (alglucosidase alfa and cipaglucosidase alfa
also bind to the CI-MPR, but have different affinities for the
receptor).

3.2. Pharmacokinetics of ERTs

The increase in exposure to avalglucosidase alfa was propor-
tional to the increase in dose over the dose range of 5 to 20
mg/kg [2]. This dose range corresponds to 0.25-1.0 times the
approved recommended dosage of 20 mg/kg (in Europe, in
patients with LOPD [46]; in the US, in patients =30 kg [47]). No

@ Enzyme Replacement MPOR

drug accumulation was observed, consistent with the short
terminal elimination half-life (~1.0h) and every-other-week
dosing frequency [2]. The key pharmacokinetic parameters of
avalglucosidase alfa are summarized in Table 1 together with
those of alglucosidase alfa (see section 2) and cipaglucosidase
alfa (see section 6) for comparison.

4. Avalglucosidase alfa in PD: clinical evidence
4.1. Phase 1 trial

Avalglucosidase alfa was evaluated in the phase 1, open-label,
multi-center, multi-national, ascending dose NEO1 study,
which was designed to test the safety, tolerability, pharmaco-
kinetics, pharmacodynamics, and exploratory efficacy of this
novel ERT in patients with LOPD [2]. Patients were either naive
to ERT (n=10) or had been treated with alglucosidase alfa for
>9 months (n=14). Patients received avalglucosidase alfa
every 2 weeks at 5, 10, or 20 mg/kg over 25 weeks (a total of
13 doses from week 1 to 25). Most patients (n=21) completed
the study.

In NEO1, avalglucosidase alfa treatment was well tolerated
and most treatment-emergent adverse events (TEAEs) were of
mild-to-moderate severity. Overall, exploratory efficacy para-
meters (respiratory function, functional capacity, and walking
ability) remained stable or improved during treatment [2]. The
NEOT1 study had an extension phase that followed patients for
up to 6.5 years (NEO-EXT) [13]. Nineteen patients participated
in the extension phase, with all patients eventually receiving
avalglucosidase alfa at a dose of 20 mg/kg every 2 weeks.
Respiratory and motor function measures remained stable
during long-term avalglucosidase alfa treatment, and its safety

Therapy (ERT)

Lysosome

Enzymeo

Enzyme

Trans-Golgi secretion

network

(@Endogenous GAA synthesis

Figure 2. A schematic representation of the differences in trafficking between exogenous GAA (ERTs) versus endogenous GAA within a muscle cell.

In the ERT pathway, binding of avalglucosidase alfa to the MPR allows for internalization into the cell, where it is endocytosed and then transferred to the lysosome. In the endogenous
pathway, GAA is glycosylated in the ER and transferred to the Golgi body network, where it acquires M6P residues, binds to intracellular MPR, and is transferred to the lysosome. ER,
endoplasmic reticulum; ERT, enzyme replacement therapy; GAA, acid a-glucosidase; M6P, mannose-6-phosphate; MPR, mannose-6-phosphate receptor. Adapted from Figure 1 in Stevens,
D., Milani-Nejad, S. & Mozaffar, T. Pompe disease: a clinical, diagnostic, and therapeutic overview. Curr Treat Options Neurol. 2022:24:573-588. https://doi.org/10.1007/s11940-022-00736-1,
which was published under a Creative Commons CC BY 4.0 International License (http://creativecommons.org/licenses/by/4.0/). The original figure was adapted as follows: by removing
parts of the figure relating to other therapies in Pompe Disease (ERT that promotes better IGF-II receptor binding or binding through a monoclonal antibody to CD63 conjugated with the
enzyme; gene therapy (delivery of full GAA gene using a viral vector); enzyme stabilization thus protecting the catalytic activity from degradation; substrate reduction (targeted to glycogen
synthetase using either small molecule or genetic manipulation)) and by adding information relating to the endogenous pathway for GAA. The figure legend was revised accordingly.
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Table 1. Comparison of the pharmacodynamic and pharmacokinetic properties of three ERTs for pompe disease.

Alglucosidase alfa Avalglucosidase alfa Cipaglucosidase alfa References
Indication IOPD & LOPD IOPD & LOPD in EU LOPD =40 kg [16,17,46-
LOPD in US 49]
Production CHO cell line (contains ~1 mol of bis- CHO cell line (contains 15 mols of bis-M6P CHO cell line (contains 1.3 mols of bis-M6P [16,17,46—
source M6P per mol of enzyme) per mol of enzyme) per mol of enzyme) 49]
Recombinant GAA GAA GAA [16,17,46-
enzyme 49]
Molecular nature  Glycoprotein Glycoprotein Glycoprotein [16,17,46—
49]
Total mass 110 kDa 124 kDa 110 kDa [16,17,46—
49]
Conjugated None Synthetic bis-M6P—containing None [16,17,46—
moieties hexamannoses’ 49]
Conjugation Not applicable Sialic acid-mediated Not specified [16,17,46-
method 49]
Bis-M6P content 0.1 mol/mol of rhGAA 7 mol/mol of rhGAA 1.3 mol/mol of rhGAA [36,46,48]
Pharmacodynamic properties
Mechanism of ERT, provides an exogenous source of ERT, providing an exogenous source of a- ERT, providing an exogenous source of a-  [16,46,50]
action a-glucosidase that cleaves lysosomal ~ glucosidase. After cellular uptake and glucosidase. After cellular uptake and
glycogen by catalyzing hydrolysis of  lysosomal internalization it undergoes lysosomal internalization, it undergoes
a-1,4- and a-1,6-glycosidic links proteolytic cleavage before exerting its proteolytic cleavage and N-glycan
enzymatic activity (cleaving of trimming to produce the most mature
glycogen) and active form of GAA, which then
exerts enzymatic activity in cleaving
glycogen
In vitro M6PR Negligible? >95%2 NA [43]
binding affinity
In vitro muscle ECso could not be determined (uptake ECso ~5 nM? NA [43]
cell uptake too low)?
In vivo glycogen  56% from skeletal muscle (but at 81% from skeletal muscle? 73% from skeletal muscle [43,51]
clearance 5-fold higher dose than 61% from cardiac muscle (at 5-fold lower 85% cardiac muscle
(murine avalglucosidase alfa)? dose than alglucosidase alfa)?
studies) 17% from cardiac muscle?
In vivo 95% of myofibers had autophagic NA 30% of myofibers had autophagic build up [51]
autophagic build up after treatment after treatment
buildup
(murine
studies)
Biomarkers Reduced biomarker levels in patients with Reduced biomarker levels in patients with [52,53]
LOPD, including urinary Hex4 and LOPD, including urinary Hex4 and serum
serum CK levels CK levels

Drug administration
Dosage 20 mg/kg eow EU: 20 mg/kg eow 20 mg/kg eow [16,46,49]
US: 20 mg/kg eow (BW >30kg) OR 40 mg/
kg eow (BW <30 kg)

Route of Intravenous infusion Intravenous infusion Intravenous infusion [16,46,49]
administration

Coadministration  None None Co-administer with oral miglustat 65 mg in  [16,46,49]
requirements the fasting state

The cipaglucosidase alfa infusion should
start 1 hour after taking miglustat
capsules. In the event of infusion delay,
the start of infusion should not exceed
3 hours from taking miglustat.

If the cipaglucosidase alfa infusion cannot
be started within 3 hours of miglustat
administration, reschedule treatment of
cipaglucosidase alfa and miglustat at
least 24 hours after taking miglustat

Pharmacokinetics (at recommended dose)® [16,46,49]
Mean Cpnax 349 ug/mL 242 ug/mL 345 ug/mL*
Accumulation - None -
Mean Vg, 919 mlL/kg 341 20-47L*
Mean t; 24 h 16 h 1.6-2.6 h*
Mean CL 8.9 mL/h/kg 09 L/h -
Dose Yes, over 20-40 mg/kg dose range Yes, over 5-20 mg/kg dose range Yes*
proportional
exposure?

*Specifically, the oligosaccharides are hexamannoses, and each hexamannose contains two terminal M6P moieties [46]. Seven of these hexamannose structures are
conjugated to oxidized sialic acid residues on the rhGAA to form avalglucosidase alfa (i.e. avalglucosidase alfa is a SAM6 conjugate of rhGAA) [46].

PData from Zhou et al [43] are for an unmodified rhGAA and a synthetic bis-M6P oligosaccharide-containing rhGAA (formed by sialic acid-mediated conjugation),
respectively, and are not specifically for alglucosidase alfa and avalglucosidase alfa.

‘Pharmacokinetic data are from adult patients with late-onset Pompe disease; the data of cipaglucosidase alfa is given in combination with miglustat.

dPharmacokinetic data are for cipaglucosidase alfa in combination with miglustat.

Abbreviations: BW, body weight; CHO, Chinese hamster ovary; CK, creatinine kinase; CL, clearance; Cr.y, maximum concentration; ECso, 50% maximal effective
concentration; eow, every other week; ERT, enzyme replacement therapy; GAA, acid a-glucosidase; Hex4, hexose tetrasaccharide; IOPD, infantile-onset Pompe
disease; LOPD, late-onset Pompe disease; M6P, mannose-6-phosphate; NA, not available; PD, Pompe disease; rhGAA, recombinant human GAA; SAMS, sialic acid-
mediated bis-M6P hexasaccharide; t;/,, elimination half-life; Vs, volume of distribution at steady state.
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profile remained consistent with that observed in NEO1 [13].
The authors pointed out that given the progressive nature of
PD resulting in functional decline over time, the long-term
maintenance of respiratory function and walking ability
could be considered clinically meaningful [13]. Given the
encouraging results of the NEO1 study, clinical trial evaluation
of avalglucosidase alfa was continued.

4.2. Phase 3 trial in patients with LOPD

The efficacy and safety of avalglucosidase alfa was compared
with alglucosidase alfa in patients with LOPD in the pivotal
COMET trial (ClinicalTrials.gov identifier NCT02782741), an
international, multicenter, randomized, double-blind, phase 3
trial [52]. The study enrolled patients aged =3 years with treat-
ment-naive LOPD. The primary analysis of COMET included
100 patients who participated in the 49-week randomized,
blinded treatment period, which was reported in 2021 [52];
the trial was completed in 2024 (study participation of up to
5.5 years). In the primary analysis, patients had received an
intravenous infusion of either avalglucosidase alfa 20 mg/kg
every 2 weeks (n=51) or alglucosidase alfa 20 mg/kg every
2weeks (n=49). The primary outcome measure was the
change from baseline to week 49 in upright FVC% predicted,
which was used to assess respiratory muscle function. Key
secondary outcomes included the effect of treatment on func-
tional endurance (measured by the 6MWT) and quality of life
(Qol) [52].

At week 49, avalglucosidase alfa was associated with
a 243% (95% confidence interval [CI] —0.13, 4.99) greater
improvement in FVC% predicted compared with alglucosidase
alfa, with improvements versus baseline observed as early as
week 13 (Figure 3(a)) [52]. Non-inferiority of avalglucosidase
alfa versus alglucosidase alfa was met for improvement from
baseline in FVC% predicted at week 49 (p = 0.0074), but super-
iority was not demonstrated (p = 0.0626). Avalglucosidase alfa
treatment resulted in a significantly larger increase in 6MWT
distance (Figure 3(b)) and 6MWT distance percent predicted
(Figure 3(c)) than alglucosidase alfa. Respective between-
group differences in the least squares mean change from
baseline at week 49 were 30.01 m (95% Cl 1.33, 58.69; p=
0.040 [nominal]) and 4.71% (95% Cl 0.25, 9.17) [52].

Improvements from baseline to week 49 in motor function
(measured by the quick motor function test [QMFT]) and
health-related QoL (measured using the physical component
summary [PCS] scale and mental component summary [MCS]
scale of the 12-item Short Form Survey [SF-12]) were numeri-
cally greater with avalglucosidase alfa compared with algluco-
sidase alfa [52].

The authors concluded that improvements in respiratory
function, walking ability, and functional endurance achieved
with avalglucosidase alfa treatment were clinically relevant
[52]. Indeed, improvements in clinical biomarkers further rein-
forced the benefit of avalglucosidase alfa in increasing respira-
tory muscle function [52]. Urinary hexose tetrasaccharide
([Hex4]; a marker of glycogen metabolism) and serum creati-
nine kinase ([CK]; a marker of muscle integrity) levels
decreased from baseline to week 49 to a numerically larger
extent in the avalglucosidase alfa group than the

alglucosidase alfa group (mean [standard deviation] percent
change in Hex4 of — 53.90 [24.03]% vs — 10.76 [32.33]%, and in
CK of —38.02 [24.94]% vs — 14.13 [24.76]%).

Avalglucosidase alfa was generally well tolerated. Rates of
TEAEs (86% vs 92%), potentially treatment-related TEAEs (45%
vs 49%), and severe TEAEs (12% vs 14%) were broadly similar
between avalglucosidase alfa and alglucosidase alfa [52].
Serious TEAEs were reported in 16% and 25% of patients,
respectively. Protocol-defined severe infusion-associated reac-
tions were uncommon (0% vs 4%, respectively). Only one
patient died, in the alglucosidase alfa group (acute myocardial
infarction unrelated to study treatment), and five withdrew
from study treatment (all treated with alglucosidase alfa)
[52]. Immunogenicity results are discussed later in this review.

An open-label extension of the COMET trial was conducted,
in which patients who received alglucosidase alfa during the
49-week double-blind treatment period switched to avalglu-
cosidase alfa treatment. In an analysis of this extension, at the
data cutoff (10 February 2021), 46 patients had received
97 weeks of avalglucosidase alfa treatment, and 40 had
received 48 weeks of avalglucosidase alfa treatment after
switching at the end of the double-blind treatment period
[54]. In this analysis, no new safety concerns were identified,
and positive clinical outcomes were sustained in patients who
continued avalglucosidase alfa treatment. The same positive
outcomes were demonstrated to a lesser extent in patients
who had switched from alglucosidase alfa to avalglucosidase
alfa [54].

4.3. Phase 2 trial in patients with IOPD

Mini-COMET (NCT03019406) is an ongoing, multinational,
open-label, ascending-dose, phase 2 study evaluating the
safety, pharmacokinetics, and efficacy of avalglucosidase alfa
in patients aged <18years with IOPD. Results from the 25-
week primary analysis period have been reported [12].
Patients who showed clinical decline entered stage 1 of the
study and were divided between cohort 1 (avalglucosidase
alfa 20 mg/kg every 2 weeks [n =6]) and cohort 2 (avalgluco-
sidase alfa 40 mg/kg every 2 weeks [n =5]). After determining
the maximum tolerated dose of avalglucosidase alfa in stage
1, patients with a suboptimal response entered stage 2 (i.e.
cohort 3), and received either avalglucosidase alfa 40 mg/kg
every 2weeks (n=5) or continued at their stable dose of
alglucosidase alfa (20 or 40 mg/kg every 2 weeks [n = 6]) [12].

Table 2 summarizes key results from the 25-week primary
analysis period of Mini-COMET. At week 25, avalglucosidase
40 mg/kg every 2 weeks was associated with improvements in
disease biomarkers and exploratory efficacy assessments com-
pared with avalglucosidase alfa 20 mg/kg or alglucosidase alfa
up to 40 mg/kg, across all cohorts [12]. In total, 19 individuals
were  CRIM-positive and 2  were CRIM-negative.
Avalglucosidase alfa was well tolerated at both doses over
the 25-week treatment period, with no serious or severe treat-
ment-related TEAEs or deaths. Pharmacokinetic results indi-
cated a lack of drug accumulation with every other week
dosing.

All 22 patients entered the open-label extended treatment
period of Mini-COMET and had received treatment for at least
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Figure 3. Primary and key secondary objectives in the pivotal phase 3 COMET trial [52]. (a) Change from baseline to week 49 in upright FVC% predicted over time
(primary objective); (b) change from baseline to week 49 in 6MWT distance (m) over time; (c) change from baseline to week 49 in 6MWT distance percent predicted
over time. Data points denote least squares mean. Error bars indicate standard error. 6MWT, 6-minute walk test; FVC, forced vital capacity percent.

Inserted from ‘Safety and efficacy of avalglucosidase alfa versus alglucosidase alfa in patients with late-onset Pompe disease (COMET): a phase 3, randomized, multicenter trial,’ (Diaz
Manera et al); 2021 Dec;20(12):1012-1026, Lancet Neurology with permission of Elsevier.
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97 weeks, which at the time of cutoff (19 March 2021) was
avalglucosidase alfa 40 mg/kg (n=20) or 20mg/kg (n=2)
every 2 weeks [55]. Results from this extended treatment per-
iod are currently available only as an abstract, but showed that
no new safety signals emerged, with no deaths or treatment-
related serious or severe adverse events. Long-term efficacy
results were positive, with indicators of muscle damage (CK
levels) and glycogen burden (hexose tetrasaccharide levels)
trending toward the upper limit of normal and positive
increases in motor function and disability test scores [55].

Overall, the findings from Mini-COMET suggest that avalglu-
cosidase alfa 40 mg/kg can be considered an alternative treat-
ment option for patients with IOPD who experience a decline in
efficacy or suboptimal response to ERT with alglucosidase alfa.

Finally, avalglucosidase alfa is currently being evaluated as
ERT in infants (aged <6 months) with treatment-naive IOPD
(Baby-COMET, NCT04910776) [56]. The primary objective of
this study is to evaluate treatment effect on patient survival
and invasive ventilator-free survival after 52 weeks of treat-
ment. Although there are no published efficacy data to date,
it has emerged that there were no unexpected safety issues
reported at data cutoff [57].

5. Differences between ERTs

Cipaglucosidase alfa is a novel rhGAA, which is enriched with
1.3 mol of bis-M6P per mol of enzyme to improve cellular
uptake in skeletal muscles via CI-M6PR, although the glycan
structure has never been published to the author’s knowledge
[53]. Cipaglucosidase alfa has been evaluated in combination
with miglustat (N-butyl-deoxynojirimycin), a small-molecule
stabilizer of cipaglucosidase alfa due to its structural similarity
to the terminal glucose residue of glycogen, the natural sub-
strate of GAA [51,58], and therefore also a competitive rever-
sible inhibitor of the enzyme. The stabilizing action of
miglustat has been shown to improve the uptake of cipaglu-
cosidase alfain vitro in PD fibroblasts [59,60].

A study by Xu and colleagues demonstrated that, when
administered with miglustat, cipaglucosidase alfa was asso-
ciated with greater glycogen clearance from target muscle
tissue than alglucosidase alfa in a murine model of PD and
resulted in 2-fold higher exposure to cipaglucosidase alfa in
comparison to cipaglucosidase alfa alone [51]. Interestingly,
preclinical data have demonstrated no advantage to the coad-
ministration of miglustat with avalglucosidase alfa or

Table 2. Summary of the mini-COMET phase 2 trial in patients with infantile-onset Pompe disease [12].

Cohorts and treatments®

Cohort 1 Avalglucosidase alfa 20 mg/kg, n=6 (5 male, mean age 7.6 years); all CRIM positive
Cohort 2 Avalglucosidase alfa 40 mg/kg, n=5 (3 male, mean age 8.1 years); 4 CRIM positive + 1 CRIM negative
Cohort 3 Avalglucosidase alfa 40 mg/kg, n=5 (2 male, mean age 6.9 years); all CRIM positive
Alglucosidase alfa 20 or 40 mg/kg, n=6 (2 male, mean age 4.7 years); 5 CRIM positive + 1 CRIM negative
Safety No new safety signals were observed

Safety profile was consistent with the profile of avalglucosidase alfa and alglucosidase alfa for LOPD

No serious or severe TEAEs and no deaths

No TEAE led to treatment discontinuation
IARs were reported in 4 patients and were mild
Efficacy outcomes
Motor function
QMFT total score remained stable in cohort 1
Functional endurance

QMFT total score improved in cohort 2 and cohort 3

6MWT distance improved in avalglucosidase alfa 40 mg/kg recipients in cohorts 2 and 3

6MWT distance stabilized or declined in cohort 1 and in alglucosidase alfa recipients in cohort 3

Cardiac function

One CRIM-negative child had abnormal baseline LVM and LVMI z-scores at enrollment (z-score > 2).
Median LVM z-scores did not increase in any patient

Heart size remained within the normal range for the study duration in all but one patient with negative CRIM status (in whom heart
size improved [decreased] to within the normal range by study end)

Respiratory function
Disease biomarkers”
Serum CK level

Urinary Hex, level

Avalglucosidase alfa pharmacokinetic parameters (mean values)
Dose proportionality
20 mg/kg dose

t1/22 Single dose: 0.7 h
Multiple dose: 0.6 h
CL Single dose: 0.67 L/h
Multiple dose: 0.70 L/h
Vs Single and multiple dose: 3.5 L
40 mg/kg dose®
t1/22 0.8-1.2 h
CL 0.53-0.68 L/h
Ve 40-54 L

No new invasive ventilator use was reported (5 patients received ventilatory support at baseline)

Greatest decreases in avalglucosidase alfa 40 mg/kg recipients
Greatest decreases in avalglucosidase alfa 40 mg/kg recipients

Drug exposure increased in a dose-proportional manner

ERT was administered by intravenous infusion every 2 weeks.

PMedian CK is a biomarker for muscle damage and median Hex, is a biomarker for glycogen burden.
“Pharmacokinetic parameters were measured separately for recipients of avalglucosidase alfa 40 mg/kg dose in cohort 2 and cohort 3, but data are reported here for

the range across these cohorts, and across single and multiple doses.

Abbreviations: 6MWT, 6-minute walk test; CK, creatinine kinase; CL, systemic plasma clearance; ERT, enzyme replacement therapy; Hex,, hexose tetrasaccharide; IAR,
infusion-associated reactions; LOPD, late-onset Pompe disease; LVM, left ventricular mass; LVMI, left ventricular mass index; QMFT, Quick Motor Function Test; t;/,,
terminal elimination half-life; TEAE, treatment-emergent adverse event; Vss, steady-state volume of distribution.



alglucosidase alfa [58]. While miglustat stabilized avalglucosi-
dase alfa and alglucosidase alfa in vitro, it also inhibited their
enzymatic activity. Coadministration of miglustat with either
avalglucosidase alfa or alglucosidase alfa had no significant
effect on serum exposure or half-life, tissue distribution, and
glycogen clearance in any of the tissues tested [58]. On the
stability of the approved rhGAAs without the presence of
miglustat. Previous data reported the in vitro stability of alglu-
cosidase alfa and of cipaglucosidase alfa [51,61]. In vitro, cipa-
glucosidase alfa+ miglustat reaches the stability of
alglucosidase alfa alone in both pH 7.4 buffer and blood,
suggesting that cipaglucosidase alfa benefits greatly from
the presence of stabilization by miglustat (Figure 4).

It is also interesting to note that avalglucosidase alfa is diluted
in 5% dextrose infusion solution. D-glucose can function as
a stabilizer of the enzyme following the same mechanism of
action as miglustat, as it binds the active center of the enzyme.
As Bruckmann and colleagues demonstrated, increasing the
melting point of alglucosidase alfa to 70°C, another way of
assessing protein stability, requires a concentration of 41 uM of
miglustat and of 212mm of D-glucose [60]. For reference,
D-glucose concentration in a 5% dextrose infusion bag is
277 mm. Therefore, it would be expected that avalglucosidase
alfa would be even more stable in such an infusion buffer, which
seems a simple and elegant way of adding even more stability to
the enzyme, even within the infusion bag itself.

Despite the pharmacodynamic data, to the best of this
author’s knowledge, there are no published studies demon-
strating a clinical advantage of cipaglucosidase alfa + miglu-
stat over cipaglucosidase alfa alone in patients with PD.
Nevertheless, cipaglucosidase alfa is approved in Europe and
the US in combination with miglustat for the treatment of
adults with LOPD [48,50].

There are currently no published studies comparing the
pharmacokinetics, efficacy, or safety of avalglucosidase alfa
with cipaglucosidase alfa. However, the molecular and

In vitro stability of
cipaglucosidase alfa

In vitro stability of
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pharmacokinetic/pharmacodynamic  properties of these
agents can be indirectly compared (Table 1). Results from an
ongoing phase 1/2 study in adults with PD (NCT02675465),
which are described in the manufacturer’s prescribing infor-
mation for cipaglucosidase alfa, showed that administration of
miglustat + cipaglucosidase alfa increased the plasma total
GAA protein area under the concentration-time curve
24 hours post dose by 44% versus cipaglucosidase alfa alone
[49]. However, as mentioned above, it is not yet known
whether this leads to a clinical advantage of the combination
over cipaglucosidase alfa alone. Furthermore, whether expo-
sure to GAA with cipaglucosidase alfa+ miglustat as
a stabilizer reaches the same level as with avalglucosidase
alfa has not yet been investigated.

At the molecular level, avalglucosidase alfa has a higher
quantity of M6P moieties per mole GAA than cipaglucosidase
alfa (15 mol/mol rhGAA [43] vs 0.5-7.0 mol/mol rhGAA [62]).
Indeed, the preclinical study mentioned above [58] showed
that tissue glycogen clearance is correlated with M6P levels. In
theory, therefore, uptake by CI-MPR into target cells and tissue
glycogen clearance are expected to be lower with cipagluco-
sidase alfa compared with avalglucosidase alfa, and by exten-
sion cipaglucosidase alfa may not have a superior therapeutic
effect to avalglucosidase alfa. Randomized controlled trials in
patients with LOPD are required to establish the comparative
efficacy and tolerability of these two ERTs for PD. Current
clinical evidence is available from a study that compared
cipaglucosidase alfa with alglucosidase alfa, as discussed in
the next section.

6. Cipaglucosidase alfa: initial clinical evidence

The combination of cipaglucosidase alfa and miglustat was
compared with alglucosidase alfa in the PROPEL trial
(NCT03729362), a 52-week, multinational, randomized, dou-
ble-blind, phase 3 trial in patients aged =18 years with LOPD
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Figure 4. In vitro stability of alglucosidase alfa and cipaglucosidase alfa.

The alglucosidase alfa figures are reproduced from Figure 1 in Khanna R, Powe AC, Jr., Lun Y, Soska R, Feng J, Dhulipala R, et al. The pharmacological chaperone AT2220 increases the
specific activity and lysosomal delivery of mutant acid alfa-glucosidase and promotes glycogen reduction in a transgenic mouse model of Pompe disease. PLOS ONE. 2014;9:2102092.
https://doi.org/10.1371/journal.pone.0040776.9001, which was published under a Creative Commons CC BY 4.0 International License (http://creativecommons.org/licenses/by/4.0/). The
cipaglucosidase alfa figures are reproduced, with permission from Figure 1in Xu S, Lun Y, Frascella M, Garcia A, Soska R, Nair A, et al. Improved efficacy of a next-generation ERT in murine
Pompe disease. JCI Insight. 2019;4:e125358. https://doi.org/10.1172/jci.insight.125358.
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who were either naive to ERT or had been receiving algluco-
sidase alfa for =2 years [53]. Patients received either cipaglu-
cosidase alfa 20 mg/kg + miglustat every 2 weeks (n=85) or
alglucosidase alfa 20 mg/kg + placebo every 2 weeks (n =40).
ERT was administered via intravenous infusion. Miglustat and
placebo were administered orally 1 hour before ERT infusion,
with the miglustat dose dependent on body weight (195 mg
for patients weighing =40 to <50kg or 260 mg for patients
weighing =50kg). The primary endpoint was the mean
change from baseline to 52 weeks in the 6MWT distance.

At week 52, there was no significant between-group differ-
ence in the mean change in 6MWT distance (mean [standard
error; SE] change of 20.8 [4.6] vs 7.2 [6.6] m; p=0.097) [53].
However, cipaglucosidase alfa+ miglustat appeared to be
associated with a lower decline in sitting FVC% predicted
versus alglucosidase alfa + placebo, with a mean (SE) change
from baseline of —0.9 (0.7)% versus —4.0 (0.8)% (between-
group difference of 3.0%; 95% Cl 0.7, 5.3; p =0.023 [nominal]).
Other secondary efficacy endpoints assessing motor and pul-
monary function numerically favored cipaglucosidase alfa +
miglustat. Biomarker results indicated superior reductions in
CK and Hex4 levels, providing additional evidence of the
clinical benefit of this therapeutic approach. The majority of
TEAEs were mild or moderate in severity. Furthermore, the
safety profile of cipaglucosidase alfa + miglustat was concor-
dant with alglucosidase alfa + placebo [53].

7. Immunogenicity with rhGAAs

As with all therapeutic proteins, there is potential for immu-
nogenicity with all three rhGAAs described in this review.
A systematic review of clinical studies of alglucosidase alfa in
patients with LOPD concluded that although many patients
may experience elevated anti-drug antibody (ADA) titers, the
clinical significance of this was likely to be minimal since this
did not appear to be associated with a reduced treatment
response or increase incidence of TEAEs [10]. Pooled safety
data for avalglucosidase alfa in patients with PD similarly
indicated a high incidence of ADAs (in 95% of treatment-
naive patients and 55% of treatment-experienced patients)
and neutralizing ADAs (21% and 5%, respectively) [47].
A possible relationship with hypersensitivity reactions was
observed, with 31% of patients with higher ADA titers experi-
encing a hypersensitivity reaction versus 14% of patients with
lower ADA titers [47]. Although the proportions of patients
with ADA responses were similar in the avalglucosidase alfa
and alglucosidase alfa groups in the COMET trial (both 96%),
the proportion of patients with persistently high ADA titers
was lower in the avalglucosidase alfa group (24% vs 35%), as
was the proportion with a positive post-baseline neutralizing
ADA response (24% vs 40%) [52]. Fully published data on the
immunogenicity of cipaglucosidase alfa + miglustat are cur-
rently limited to the PROPEL trial [53]. ERT-experienced
patients in PROPEL entered the study with detectable ADA
titers that remained stable in both the cipaglucosidase alfa +
miglustat (83% of patients at baseline vs 74% at the last study
visit) and alglucosidase alfa + placebo (73% vs 70%) groups
during the trial. The majority of patients in the treatment-
naive cohort of PROPEL had developed ADAs by the study

end (88% of cipaglucosidase alfa+ miglustat recipients and
100% of alglucosidase alfa + placebo recipients). No apparent
association between ADA titers and TEAEs was observed [53].

Comparison between studies regarding the incidence of
ADAs with different rhGAA agents is difficult because the
observed incidence of ADAs and neutralizing antibodies may
be influenced by assay methodology, sample collection (tim-
ing of collection, handling), and patient factors, such as con-
comitant medications and other underlying diseases [47].
Clinicians should remain aware of the potential for the devel-
opment of ADAs, particularly neutralizing antibodies, and
monitor accordingly.

8. Discussion

A major step in the treatment of PD was the availability of
alglucosidase alfa, the first ERT that showed significant motor
and respiratory benefits in LOPD. However, a loss of therapeu-
tic effect over time was observed. Research is focused on
identifying the limitations of this treatment and investigating
strategies to overcome them. A key limitation is the poor
binding of alglucosidase alfa to CI-MPR, attributable to the
lack of bis-phosphorylated M6P in alglucosidase alfa, which
mainly contains mono-phosphorylated glycans. Poor binding
leads to limited intracellular uptake of alglucosidase alfa. While
evidence from multiple in vitro and in vivo studies for prede-
cessor molecules ultimately led to the development of aval-
glucosidase alfa, the molecular architecture of avalglucosidase
alfa has been proven to provide a highly effective ERT for PD
when administered as monotherapy (i.e. without the need for
a chaperone). Clinical studies demonstrated the efficacy and
safety of ERT with avalglucosidase alfa versus alglucosidase
alfa.

Cipaglucosidase alfa, a second next-generation ERT, is simi-
lar to avalglucosidase alfa in that both are composed of rhGAA
biochemically modified to increase the uptake of exogenous
enzyme by target tissues, but they differ in how this is
achieved. For avalglucosidase alfa, there is direct chemical
(sialic acid-mediated) conjugation of seven bis-M6P - contain-
ing hexasaccharides to the recombinant enzyme; cipaglucosi-
dase alfa, however, is produced naturally from CHO cells
selected for optimal rhGAA N-glycan profiles that include
high levels of bis-M6P [63,64]. Cipaglucosidase alfa has fewer
bis-M6P moieties per mole of GAA than avalglucosidase alfa
(Table 1) and it requires a stabilizer since in vitro data show
that it is an unstable enzyme (Figure 4). This may explain the
underperformance of cipaglucosidase alfa in clinical studies. In
the phase 3 PROPEL study, there was no statistically significant
therapeutic advantage of cipaglucosidase alfa + miglustat over
alglucosidase alfa + placebo in patients with LOPD [53]. Results
of additional ongoing studies of cipaglucosidase alfa + miglu-
stat are eagerly awaited to confirm the tolerability of this two-
component ERT therapy and whether it provides long-term
clinical benefits superior to standard of care with monother-
apy agents.

In contrast to cipaglucosidase alfa, positive preclinical data
for avalglucosidase alfa, which confirmed that the particular
strategy selected for its molecular structure to improve muscle
glycogen clearance and increase intracellular uptake by CI-



MPR, translated into successful therapeutic outcomes, with
avalglucosidase alfa providing a significant advantage over
standard-of-care alglucosidase alfa. The phase 3 COMET trial
in patients with LOPD demonstrated clinical evidence of sub-
stantial improvements in respiratory function, walking dis-
tance, and functional endurance (Figure 3), as well as
improved safety, immunogenicity, and health-related QoL
with avalglucosidase alfa versus alglucosidase alfa [52].

9. Expert opinion

ERT for PD has undergone significant evolution, with avalglu-
cosidase alfa representing an advancement in addressing the
limitations of first-generation treatment. This next-generation
therapy, with its enhanced bis-M6P content, demonstrates
superior cellular uptake and glycogen clearance, translating
to meaningful clinical improvements in respiratory function
and mobility as evidenced in the COMET trial [52]. While
avalglucosidase alfa represents a significant improvement
over alglucosidase alfa and will likely become the new stan-
dard of care, it remains an incremental advance rather than
a definitive solution.

There remain several unmet needs in clinical practice. Indeed,
a particularly challenging aspect of PD management is addres-
sing CNS involvement, especially in patients with infantile-onset
PD. Current ERTs cannot effectively cross the blood-brain barrier,
leaving neurological manifestations largely untreated [39].
Research into the precise pathophysiologic nature of CNS invol-
vement, such as white matter hyperintensities and deep gray
structures (detected via brain imaging) is ongoing, but the clin-
ical significance of these radiologic findings is not yet well estab-
lished [39]. In addition, there is well-known heterogeneity in
clinical and therapeutic response to ERT [65], highlighting the
need for personalized monitoring and therapeutic strategies. In
this scenario, future research should focus on identifying biomar-
kers of disease progression and factors predictive of
a therapeutic response. To this end, there must be a continued
concerted effort to continue the collection of detailed data on
cohorts of patients with PD [65].

Looking ahead, several promising research directions
could transform the management of patients with PD.
Gene therapy approaches using recombinant adeno-
associated virus (AAV) vectors to deliver functional GAA
genes are in clinical development for PD, and could poten-
tially provide a one-time treatment solution [66]. It is
encouraging to note that there are several ongoing phase
1/2 clinical trials evaluating gene therapy for LOPD
(ClinicalTrial.gov identifiers: NCT06391736; NCT04174105;
NCT04093349) and IOPD (NCT05793307; NCT05567627).
Genome editing technologies like CRISPR/Cas-associated
base editors offer the possibility of correcting the underlying
genetic mutations, although there would have to be conco-
mitant development of novel drug delivery technology to
achieve a wide biodistribution [66]. Additionally, substrate
reduction therapies targeting glycogen synthesis, such as
MZ-101 [67] and MZEOO1 [68] (both GYS1 inhibitors), and
regenerative medicine approaches using hematopoietic
stem and progenitor cell (HSPC) gene therapy [69] are in
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preclinical or early clinical development, and represent
emerging therapeutic avenues.

In this evolving therapeutic landscape, it is likely that the
treatment of PD will move toward an integrated approach, utiliz-
ing combination therapies that can target different pathogenic
mechanisms. In addition, treatment should ideally become
increasingly personalized, with therapy selection guided by
genetic, biochemical, and clinical parameters. Moreover, admin-
istration protocols will likely evolve to reduce treatment burden
and potentially include, with novel drug delivery systems e.g.
polymeric nanoconstructs, as recently described by Placci and
colleagues [70]. Drug Novel delivery systems that effectively
might emerge to target the CNS might emerge, addressing the
aforementioned neurologic involvement in PD. Furthermore,
earlier intervention through expanded newborn screening pro-
grams will allow treatment initiation before irreversible damage
occurs. The importance of expanding such screening programs
cannot be underestimated, given recent publication of an esti-
mate of PD prevalence based on over 11.6 million newborns
screened across eight countries and four continents that sug-
gests there is potentially a large number of patients with PD
missed due to under or misdiagnosis [71].

While ERT for PD continues to improve with more effective
enzymes like avalglucosidase alfa, the future lies in integrated
approaches that combine different therapeutic strategies and
biomarkers which can help tailor treatment to the individual
patient. In this context, not only are technological advances
required, but also adaptations within the healthcare system to
ensure these complex and costly treatments are accessible to
all patients who need them.

We are progressing toward more personalized, effective,
and comprehensive management strategies that address the
nature of this challenging condition, with the potential to
significantly improve long-term outcomes and QoL in patients
with PD.

10. Conclusions

The biochemical features of avalglucosidase alfa have
addressed the limitations identified with the standard-of-
care (alglucosidase alfa). There is also robust clinical evi-
dence from the phase 3 COMET trial of its efficacy and
safety in patients with treatment-naive LOPD, and evidence
from a phase 2 trial of its efficacy and safety in IOPD in the
first 25 weeks of avalglucosidase alfa treatment. Several
knowledge gaps remain with the newer ERT, cipaglucosi-
dase alfa, particularly whether it offers any clinically signif-
icant advantage over avalglucosidase alfa.
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