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Challenges in treating Pompe disease: an industry perspective
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Abstract: Pompe disease is a rare inherited metabolic disorder of defective lysosomal glycogen catabolism

due to a deficiency in acid alpha-glucosidase (GAA). Alglucosidase alfa enzyme replacement therapy

(ERT) using recombinant human GAA (rhGAA ERT) is the only approved treatment for Pompe disease.

Alglucosidase alfa has provided irrefutable clinical benefits, but has not been an optimal treatment primarily

due to poor drug targeting of ERT to skeletal muscles. Several critical factors contribute to this inefficiency.

Some are inherent to the anatomy of the body that cannot be altered, while others may be addressed with

better drug design and engineering. The knowledge gained from alglucosidase alfa ERT over the past 2

decades has allowed us to better understand the challenges that hinder its effectiveness. In this review, we

detail the problems which must be overcome for improving drug targeting and clinical efficacy. These

same issues may also impact therapeutic enzymes derived from gene therapies, and thus, have important

implications for the development of next generation therapies for Pompe.
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Introduction

Pompe disease, also known as glycogen storage disease
type II (GSD II) or acid maltase deficiency, is a rare and
typically fatal neuromuscular disease caused by mutations in
the GAA gene, which encodes the lysosomal hydrolase acid
alpha-glucosidase (GAA) (1,2). GAA functions to hydrolyze
glycogen to release free glucose units in lysosomes (3) that
are ultimately transported back to the cytosol for use in
various cellular pathways. Unlike cytoplasmic glycogen that
has a well-defined role for energy production, the biological
role of lysosomal glycogen has not yet been elucidated.
GAA deficiency results in glycogen accumulation within
lysosomes that significantly impairs cellular function,
particularly in smooth, cardiac, and skeletal muscle cells.
Patients with infantile-onset Pompe disease (IOPD) are
most severely affected and usually die by one year of age,
primarily due to cardiac or respiratory failure (4,5). Patients
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with late-onset Pompe disease (LOPD) have varying levels
of residual GAA activity that slows progression of disease
and present a much wider range of symptoms, age of clinical
presentation, and disease severity (2,6). All LOPD patients
experience progressive muscle weakness, impaired motor
function, and respiratory decline that ultimately leads to
their demise (1,7).

Alglucosidase alfa (Myozyme®/Lumizyme®, Sanofi
Genzyme, Cambridge, MA, USA) enzyme replacement
therapy (ERT) using recombinant human GAA (thGAA), is
currently the only approved treatment for Pompe disease.
Alglucosidase alfa irrefutably has provided clinical benefits,
particularly for increasing survival in IOPD patients
(8-13). The ERT appears to slow disease progression
but has not been shown to halt or reverse disease for the
majority of patients, and thus, significant unmet medical
needs remain (14-18). The most apparent limitation is
the poor response of skeletal muscles to alglucosidase alfa
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Figure 1 Depiction of thGAA ERT distribution from the systemic
circulation to the interstitial space surrounding muscle fibers.
High resultant plasma concentrations of rhGAA (blue circles) can
be attained post-intravenous administration but only a very small
fraction reaches skeletal muscle. Substantial clearance of rhGAA
from the circulation by non-muscle tissues and cells including
liver, spleen, fibroblasts, etc. and an inefficient transcytosis process
are believed to cause very poor distribution of rhGAA ERT to
the interstitia. Receptor-mediated endocytosis is required for
efficient cellular uptake of exogenous rhGAA in skeletal muscles
(Van der Ploeg et al. 1988; Zhu et al. 2009; Xu et al. 2019).
rhGAA, recombinant human acid alpha-glucosidase; ERT, enzyme

replacement therapy.

treatment (19). The majority of IOPD infants who survive
usually develop progressive myopathy in subsequent years
(20,21) despite initiation of treatment very early in life
(20-22). Accumulation of glycogen-filled autophagosomes
due to defective autophagy appears to contribute
significantly to disease pathology (3,23,24) and is not
resolved by alglucosidase alfa (20,25,26). The humoral
immune response to alglucosidase alfa may also interfere
with clinical outcomes, especially in cross reactive
immunologic material (CRIM)-negative infants (27).
CRIM-positive late onset adults can also develop high anti-
rhGAA antibody titers (28,29) but the impact of antibodies
is not clear since clinical efficacy does not appear to be
affected for the majority of LOPD patients (30).

The effectiveness of alglucosidase alfa is limited primarily
due to its poor drug targeting to skeletal muscles. There
are several main causes for this inefficiency which have
been gleaned from nearly three decades of rhGAA ERT
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development and are discussed in this article. We anticipate
that these issues would affect not just ERTs but also gene
products from cross-corrective gene therapies, and thus,
have important implications for future therapies for Pompe.

Lessons learned

Nonproductive clearance of rhGAA severely reduces
amount of ERT actually reaching skeletal muscles

In healthy individuals, GAA is expressed in the endoplasmic
reticulum and subsequently transported to lysosomes
to perform its vital biological function within most—
if not all—cells. In contrast, rhGAA ERT relies on the
import of exogenous lysosomal enzyme from the systemic
circulation. This process is typically very inefficient and
incurs substantial loss of therapeutic enzyme prior to
delivery to target muscles. Despite attaining high rhGAA
concentrations in blood post intravenous administration,
multiple competing pathways seize the vast majority of
the ERT such that only a tiny fraction of the total rhGAA
administered actually reaches the interstitial space for
cellular uptake by skeletal muscles, as depicted in Figure 1.
Nonproductive clearance by non-muscle tissues such
as liver, spleen, gastrointestinal tract, lymphatic system,
etc., removes the vast majority of thGAA ERT to cause
the so called “sink effect” (31-33). rhGAA is a complicated
glycoprotein containing various carbohydrate structures
that are ligands for several different carbohydrate receptors
on cell surfaces of many other cell types throughout
body (31-34). These cell types compete with muscles
for binding and uptake of ERT. Since there is significant
blood flow into these other tissues and the number of
competing carbohydrate receptors are numerous, this has
been shown to result in nonproductive clearance of ERT
to other unintended tissues and substantially decrease the
amount of ERT delivered to intended muscles (31,35).
The exact mechanism(s) for rhGAA egress out of the
vasculature and into the interstitial space are still largely
undefined. We are not aware of any documented reports
which comprehensively studied rhGAA transport out of the
circulation. We speculate that rhGAA is likely internalized
in endothelial cells, transported across cell layer within
caveolae, and released to the other side via a transcytosis
process. This process is known to mediate the transport
of albumin, certain hormones, antibodies, and various
other glycoproteins from the circulation to tissues (36-39).
This is in contrast to the typical endocytosis process that
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Table 1 Tissue distribution of thGAA in Gaa KO mice post-intravenous administration
Variable Liver Quad Tricep Gastroc Heart
Number of animals (n) 16 10 10 10
GAA activity in tissue homogenate (nmol 4-MU released/mg 776 8 8 11 50
protein/hr)?
mg total protein in homogenate/mg wet tissue 0.11 0.04 0.04 0.04 0.04
GAA activity (nmol/mg wet tissue/hr)° 0.32 0.32 0.44 2.0
Total wet tissue weight (mg) 1,077 125 81 148 110
Total GAA activity in tissue (nmol/tissue/hr)° 9.2x10* 40 26 65 220
% of rhGAA dose in tissue* 52.57 <0.03 <0.02 <0.04 <0.13

?, amount of GAA enzyme activity as measured by release of 4-MU fluorescence and normalized per milligram of total protein in
tissue homogenate; °, amount of GAA activity in 1 mg of wet tissue normalized using determined amount of total protein in tissue
homogenate/mg total protein in wet tissue; °, total amount of rhGAA normalized to the entire wet tissue weight; ¢, fraction of total rhGAA
dose in tissue determined by dividing the measured GAA activity in tissue by the total GAA activity from dosing solution (1.75x10° nmol 4-MU
released/hr) and expressed as percent of total rhGAA dose. rhGAA, recombinant human acid alpha-glucosidase.

ultimately fuses with lysosomes and retains hGAA within
cells. Transcytosis is thought to be an inefficient process
relative to endocytosis and likely accounts for transport
of only small fraction of rhGAA from endothelial cells
to the interstitial space (40). To understand the relative
amounts of rhGAA that is distributed from the systemic
circulation to muscles, we measured rhGAA levels in tissue
homogenates of Gaa KO mice 24 hrs after administration
of 20 mg/kg alglucosidase alfa. Our data indicate that less
than 1% of the total rhGAA dose actually reaches muscles
24 hrs after intravenous bolus administration as shown in
Table 1. Irrespective of the mechanisms responsible for
tissue biodistribution, these data highlight the intrinsic
challenges of rhGAA drug targeting from the systemic
circulation to muscles that undoubtedly contribute to the
suboptimal efficacy for alglucosidase alfa (Supplementary).
A less appreciated aspect that encumbers ERT delivery
to muscles is the instability of rhGAA at the neutral pH
of blood. This instability results in a loss of ERT prior to
reaching muscles. rhGAA is an acid hydrolase that is most
stable and active at acidic pH, but is substantially less stable
at the neutral pH environment of blood that ultimately
leads to irreversible enzyme inactivation (41). Damaged
proteins are thought to be identified and eliminated
from the circulation by C3b and other proteins of the
complement system (42). Stabilization of rhGAA at neutral
pH via small molecule pharmacological chaperones have
been shown to reduce irreversible enzyme inactivation for
delivery of active ERT in Pompe patient-derived fibroblasts
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and to muscles of Gaa KO mice (41,43-46).

rhGAA is inberently poorly phosphorylated which severely
limits cellular uptake in muscles

For cross-correction of muscles by rhGAA ERT, the
exogenous enzyme must be internalized efficiently at
clinically relevant doses. Reuser and colleagues conducted
the seminal research that conclusively showed exogenous
GAA requires the specialized carbohydrate structure
mannose 6-phosphate (M6P) for efficient cellular uptake
in Pompe patient derived fibroblasts and skeletal muscle
cells; GAA lacking M6P or dephosphorylated GAA was not
internalized (47,48). Similar results were observed in vivo
where only GAA containing M6P was efficiently targeted
to cardiac and skeletal muscles in Gaa knockout mice (49),
and thus, underscored the requirements and potential for
GAA ERT.

MG6P is the natural recognition marker that enables
newly synthesized soluble lysosomal proteins to bind
cation-dependent and cation-independent M6P receptors
(CD-MPR and CI-MPR, respectively) for their transport
from the rrans-Golgi network to lysosomes within
cells (50-53). The CI-MPR also cycles to the plasma
membrane for facilitating receptor-mediated endocytosis
of exogenous rhGAA containing M6P (48,52,54,55).
Most soluble lysosomal proteins are modified post-
translationally to contain M6P via two resident Golgi
enzymes: N-Acetylglucosamine-1-Phosphotransferase
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transfers an N-acetylglucosamine-linked phosphate
group from nucleotide sugar donor UDP-GIcNAc onto
certain terminal mannose residues of N-linked high
mannose-type oligosaccharides; N-Acetylglucosamine-1-
Phosphodiesterase o-N-acetylglucosaminidase removes the
“covering” N-acetylglucosamine sugar to expose the M6P
targeting moiety (56,57). However, unlike other soluble
lysosomal enzymes, GAA is an inherently poor substrate
for N-Acetylglucosamine-1-Phosphotransferase such that
only a small percentage of the total GAA produced contains
MG6P (58-61). Affinity chromatography using immobilized
CI-MPR revealed that alglucosidase alfa is a mixture of
rhGAA comprising both M6P-containing and -lacking
fractions (60,61). This is consistent with our internal data
as shown in Figure 2A. Since binding the CI-MPR is the
mandatory first step for receptor-mediated endocytosis,
only the minor rhGAA fraction containing M6P is capable
of efficient cellular uptake. Further, the type of M6P-
containing N-glycan structure critically impacts receptor
binding such that the bis-phosphorylated oligosaccharide
(2 M6Ps on same N-glycan) structure has very high
affinity for CI-MPR while the mono-phosphorylated
oligosaccharide (1 M6P on N-glycan) structure has
approximately 3,000-fold lower affinity (62) as highlighted
in Figure 2B. This disparity is particularly important at low
interstitial enzyme concentrations since only rhGAA with
bis-phosphorylated oligosaccharides would be able to bind
CI-MPR for cellular uptake in muscle cells under these
conditions. Matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF) mass spectroscopy analysis
of 2-anthranilic acid (2AA)-labeled released N-glycans
from alglucosidase alfa revealed that on average, this ERT
contained 0.1 mole sis-phosphorylated oligosaccharides per
mole rhGAA (63). The total amount of N-glycans from
alglucosidase alfa that contained the bis-phosphorylated
oligosaccharide structure was empirically determined to be
approximately 1% (59). It is therefore expected that only
this tiny fraction of alglucosidase alfa would be capable of
efficient cellular uptake at the anticipated low interstitial
enzyme concentrations. To compensate for low levels of
bis-phosphorylated oligosaccharides, significantly higher
alglucosidase alfa doses would be needed for optimal iz vivo
efficacy. This hypothesis is supported by the observation that
100 mg/kg of alglucosidase alfa with low bis-phosphorylated
oligosaccharide content was required to obtain the same
glycogen substrate reduction in skeletal muscles of Gaz KO
mice as was possible using only 20 mg/kg rhGAA ERT with
high bis-phosphorylated oligosaccharide content (61). While
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using 100 mg/kg ERT dose is feasible for establishing proof
of concept in preclinical rodent studies, utilizing such high
ERT doses for therapeutic treatment in humans is likely not
possible due to the limitations caused by significantly higher
manufacturing demand, drug costs, and most importantly,
to patient safety and tolerability to ERT.

Immune response to rhGAA can interfere with clinical
efficacy

Nearly all Pompe patients appear to form a humoral
immune response to rhGAA ERT and develop anti-rhGAA
antibodies (29,64). The most severely affected infantile
Pompe patients often do not produce detectable GAA [i.e.,
cross-reactive immune material (CRIM)-negative] and have
robust immune responses to ERT that result in very high,
sustained levels of anti-rhGAA antibodies (27). Most late-
onset CRIM-positive patients also form antibodies to ERT
but often tolerize with a concomitant decline in antibody
titres over the course of approximately 2 years (27,65,66).
The impact of anti-rhGAA antibodies on clinical efficacy
varies among patients. It can negate the benefits of ERT
in the following ways: (I) directly, by blocking catalytic
activity; or (II) indirectly, by faster clearance of ERT from
circulation to reduce muscle targeting; or (III) by blocking
receptor binding to prevent cellular uptake of ERT; or
(IV) by any combination of the above (27,67). Different
approaches—such as antibody-based and chemotherapy
regimens to ablate B cells—are being tested as potential
ways to address immune response to ERT, particularly
for the most vulnerable CRIM-negative patients (65,68).
Immune response to ERT undoubtedly complicates
treatment and is an enduring problem that needs significant
attention and resources to resolve in order to maximize the
benefits of rhGAA ERTS and other future treatments.

The cumulative effect of all these factors greatly
diminishes thGAA biodistribution to muscles, particularly
skeletal muscles. These issues can be partially mitigated
using intravenous (IV) bolus administration of ERT which
yields extremely high rhGAA levels in blood that saturates
binding of competing pathways in liver, spleen, and other
tissues and results in increased delivery of ERT to muscles
in preclinical studies involving small rodent models. By
comparison, IV infusion of the same dose over 4 hours
yields substantially lower thGAA concentrations in blood
that do not saturate binding of competing pathways in non-
target tissues and results in significant clearance of ERT
prior to reaching muscles (unpublished internal data).
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Figure 2 (A) Alglucosidase alfa was loaded onto a CI-MPR column to assess the relative proportion of the enzyme mixture that contains
MBG6P. rhGAA lacking M6P cannot bind to the CI-MPR and, therefore, flowed through the column, while rhGAA containing M6P binds
to the CI-MPR and was retained on the column. The bound rhGAA was then eluted from the column using a linear gradient of increasing
free M6P. The beginning of the linear gradient is indicated by the black arrows. Both fractions of rhGAA (unbound and bound/eluted)
were collected and assayed for GAA enzyme activity using the fluorogenic substrate 4-methylumbeliferyl-o-glucopyranoside (4-MU-raGlc)
to determine the relative percentage of thGAA in each peak. (B) Representative N-linked oligosaccharide structures and their respective
binding affinities for the CI-MPR. The binding affinities for radiolabeled &is- and 7zono-phosphorylated high mannose oligosaccharides and
complex-type oligosaccharides were experimentally determined by equilibrium dialysis as reported by Tong ez a/. [1989]. Bis-phosphorylated
high mannose oligosaccharides have very high affinity while #zono-phosphorylated high mannose oligosaccharides have moderate affinity for
the CI-MPR. Complex-type oligosaccharides and non-phosphorylated high mannose oligosaccharides (not shown) do not bind CI-MPR.
rhGAA has 7 potential N-glycosylation sites (Park ez 4/., 2018) and different enzyme preparations have varying amounts of bis- and mzono-
phosphorylated high mannose, non-phosphorylated high mannose and complex-type oligosaccharides. rhGAA, recombinant human acid
alpha-glucosidase.
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Increasing rhGAA distribution to muscles would be highly
beneficial but intravenous bolus injection of such high ERT
doses in humans is likely not feasible due to safety and
tolerability risks. It is therefore challenging to develop an
effective dosing strategy in humans to replicate preclinical
efficacy based on IV bolus dosing data from rodent studies.
Allometric scaling based primarily on metabolic rate and
body weight is reasonably effective for small molecule drugs
with uniform broad tissue distribution (69) but not accurate
for large glycoproteins such as rhGAA because of the
aforementioned complexities. It should also be noted that
recombinant enzymes with different N-linked carbohydrate
structures—particularly incomplete structures with terminal
mannose, galactose, or N-acetylglucosamine sugars—are
cleared substantially faster by non-muscle tissues and result
in very disparate pharmacokinetics (32,33,55) despite having
the identical amino acid sequence. Understanding the
pharmacokinetics of rhGAA ERT (i.e., C,,, and exposure
in blood and in muscle using the intended clinical route
and duration time for drug administration) are critical for
developing effective dosing strategies in humans.

Future therapies
Next generation ERTs

Alglucosidase alfa is a life-saving drug that extends survival
and slows disease progression, but it is not optimally
effective for treating Pompe disease. There is need for
development of next-generation ERTs that overcome the
aforementioned obstacles to improve clinical efficacy. IV
infusion of rhGAA ERT yields very low resultant ERT
concentrations in the interstitial space and it is unlikely
that this can be significantly improved without disrupting
the integrity of the vascular system. It is therefore critical
that ERT can be internalized by muscle cells at these low
enzyme concentrations. Towards this goal, drug companies
are developing new ways to increase binding affinities of
ERT for cell surface receptors or utilize other transport
mechanisms to improve cellular uptake at low enzyme
concentrations.

NeoGAA (Avalglucosidase alfa; Sanofi Genzyme,
Cambridge, MA, USA) is, in essence, alglucosidase alfa
that was chemically modified to attach synthetic bis-
phosphorylated oligosaccharides to improve binding to
CI-MPR (60,61). The resultant neoGAA glyco-conjugate
was shown to have significantly higher binding affinity
for CI-MPR and better muscle targeting, resulting in
greater glycogen reduction in Gaa KO mice as compared
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to alglucosidase alfa at equivalent dose (61). NeoGAA
was evaluated in human clinical trials and preliminary
results after 24 weeks of treatment from a phase 1/2 study
showed that naive patients treated with 20 mg/kg neoGAA
increased their mean distance walked in 6-minute walk
tests (6MW'T) by 24.3+23.0 m over baseline while ERT-
switch patients had a decline of -6.2+64.3 m (70). NeoGAA
was also shown to slightly improve pulmonary function
as measured by upright % predicted forced vital capacity
(FVC), maximum expiratory pressure (MEP) and maximum
inspiratory pressure (MIP) in naive patients and stabilized
pulmonary function in ERT-switch patients (70). More data
are needed to understand the clinical impact of neoGAA,
and whether it is a significant improvement over current
standard of care. A phase 3 pivotal study has been initiated
to evaluate the safety and efficacy of neoGAA for Pompe
disease NCT02782741).

AT-GAA (formerly known as ATB200/AT2221; Amicus
Therapeutics, Cranbury, NJ, USA) is a combination
product comprised of a novel rhGAA ERT (ATB200)
with high M6P content that is co-administered with a
small molecule pharmacological chaperone (AT2221) for
stabilizing ERT to maintain enzymatic activity at neutral
pH during dosing. MALDI-TOF mass spectroscopy
revealed that ATB200 contains on average 1.3 moles
bis-phosphorylated oligosaccharides per mole of rhGAA
indicating that each ATB200 contains at least one
bis-phosphorylated oligosaccharide structure for high
affinity binding to CI-MPR (63). Importantly, ATB200
was shown to be internalized substantially better in muscle
myoblasts than alglucosidase alfa at representative low
interstitial enzyme concentrations as shown in Figure 3.
The ATB200/AT2221 combination product (AT-GAA)
was shown to be better targeted to skeletal muscles and
more effective for clearing accumulated lysosomal glycogen
in Gaa KO mice than alglucosidase alfa at equivalent
dose (41) as shown in Figure 4. AT-GAA was shown to
reverse muscle damage and resolve defective autophagy
in majority of muscle fibers in this Pompe mouse model
as shown in Figure 4C—a feat that had not been achieved
with previous rhGAA ERTs or other treatments (26,41).
AT-GAA was also shown to increase functional muscle
strength and endurance for Gaaz KO mice over a 5-month
treatment period; no change or a decline was observed with
alglucosidase alfa treatment under identical experimental
conditions (41). AT-GAA was subsequently evaluated in
phase 1/2 clinical studies and shown to be generally well
tolerated with a low number of infusion-associated reactions
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Figure 3 The efficiency of cellular uptake for alglucosidase alfa
or ATB200 was evaluated using L6 rat skeletal muscle myoblasts.
Varying concentrations of each rhGAA preparation were added to
cell culture media and incubated for 16 hours. External rhGAA was
inactivated with high pH buffer, cells were then washed and lysed
with detergent buffer. The amount of internalized rhGAA within
cells was measured by enzyme activity assays using the fluorogenic
4-MU-a-Glc substrate and normalized relative to total cellular
protein. The amount of internalized rhGAA (y-axis) was graphed
relative to the amount of thGAA added (x-axis) to correlate the
uptake efficiency (i.e., competency) for each rhGAA preparation.
Results indicate that high alglucosidase alfa concentrations (i.e.,
>100 nM) are required for efficient cellular uptake in L6 myoblasts.
In contrast, substantially lower ATB200 concentrations are
needed for efficient cellular uptake in the same cellular assay. The
extrapolated efficiency coefficient for cellular uptake (Kuptake) for
ATB200 is approximately 5-15 nM and >125 nM for alglucosidase
alfa. It should be noted that saturation of cellular uptake was
not achieved for alglucosidase alfa with this concentration range
such that an accurate Kuptake for that thGAA ERT could not be
determined. rhGAA, recombinant human acid alpha-glucosidase;

ERT, enzyme replacement therapy.

(IARs) (71). AT-GAA improved muscle motor function as
evidenced by increased 6MW'T distance of 41.8£29.4 m for
ambulatory naive patients and by 23.9+£52.2 m for ERT-
switch patients after the 24-week treatment phase (72).
Further improvements in muscle motor function were
observed during the extension phase with a 54.8+34.7 m
increase in 6MW'T for naive patients and 53.6+36.4 m for
ERT-switch patients after 2 years (72). The magnitude
of improvement is surprising, particularly in ERT-switch
patients, since these patients had been on alglucosidase
alfa for a mean of ~5 years prior to switching to AT-GAA
and are typically observed to decline on standard-of-care
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ERT over this timeframe (15,73,74). AT-GAA improved
respiratory function for naive patients while generally
stabilizing pulmonary function in ERT-switch patients
in the same study (72). AT-GAA treatment also appeared
to improve muscle fatigue and various quality-of-life
parameters as monitored by patient-reported outcomes (75).
AT-GAA was also evaluated in non-ambulatory ERT-switch
patients and was shown to increase upper-body muscle
strength in that cohort as measured by various manual
muscle and quantitative muscle tests (72). The reported
clinical data for AT-GAA thus far are promising but more
data are needed to understand whether the observed low
rate of IARs and improved muscle function are maintained
in the long term. Initiation of a phase 3 pivotal study
has commenced for direct comparisons of AT-GAA and
alglucosidase alfa for improving muscle motor function and
other endpoints in naive and ERT-experienced late-onset
Pompe patients (NCT03729362).

VAL-1221 (Valerion Therapeutics, Concord, MA, USA)
is a recombinant fusion protein comprised of rhGAA and a
lupus anti-DNA antibody 3E10 that is believed to utilize the
nucleoside transporter ENT2 for cellular uptake of ERT
in a M6P-independent manner (76,77). VAL-1221 is being
developed for hydrolyzing glycogen in cytoplasm and in
extra-lysosomal compartments such as in autophagosomes,
since 3E10 antibody is known to transport cargo proteins
from the outside to cytoplasm and ultimately to nucleus (78).
Cytoplasmic glycogen is encapsulated within membranous
autophagic vacuoles via autophagy and requires subsequent
fusion with lysosomes and GAA hydrolysis for clearing
glycogen content. GAA deficiency somehow leads to
defective autophagy that impedes fusion of autophagosomes
with lysosomes (26,79) and thus, clearance of accumulated
glycogen within autophagosomes is a provocative therapeutic
approach. This presumably would require capturing both
cytosolic VAL-1221 and glycogen for direct substrate
degradation within autophagic vacuoles. Would the levels of
cytoplasmic VAL-1221 be sufficiently high for capture and
distribution in autophagosomes? Is VAL-1221 functionally
active in the higher pH environments of autophagosomes
and cytoplasm for hydrolyzing glycogen? It should be
noted that rhGAA is an acid hydrolase that is most active in
the low pH environment of lysosomes but has little to no
activity at neutral pH. It will also be important to understand
the impact of rhGAA-mediated glycogen hydrolysis in
cytoplasm, since phosphorylase b typically performs this
function and is not known to be defective in Pompe.
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alglucosidase alfa, or 20 mg/kg ATB200/AT2221 (10 mg/kg AT2221 was administered orally 30 minutes prior to ATB200 IV injection).
Tissues were collected 14 days after the last administration. (A) Glycogen levels in different skeletal muscles n=6-8 animals per group; ns:
not significant (P>0.05); **, 0.001<P<0.01; ***, 0.0001<P<0.001; ****, P<0.0001; Tukey’s multiple comparison under one-way ANOVA. (B)

Lampl1 (lysosome-associated membrane protein 1, lysosomal marker, upper panel) and LC3 (microtubule-associated light chain protein,

autophagosomal marker, lower panel)-stained sections of skeletal muscle (quadriceps). N=4-5 animals per group (n=2 for the WT), the

scale bars: 50 pm. (C) Immunostaining of single fibers from the white part of gastrocnemius with markers for lysosomes (Lampl; green),

autophagosomes (LC3; red), and nuclei (Hoechst dye; blue); the multicolored areas in the core of muscle fibers represent autophagic
buildup. n=141 fibers from 4 alglucosidase alfa-treated Gaa-KO mice; n=127 fibers from 4 ATB200/AT2221-treated Gaa-KO mice, the scale

bars: 20 pm.
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Gene therapies for Pompe

Whether it is the burden of frequent dosing, declining
benefit of alglucosidase alfa over time, intolerability to ERT,
or other factors, there is longing by the patient community
and clinicians for development of a one-time curative
treatment. Gene therapy is gaining significant attention
as a potential cure for Pompe based on recent successes in
other diseases such as spinal muscular atrophy, hemophilia B,
various oncology, and ocular diseases among others (80-84).
Multiple gene therapy approaches are being contemplated
and evaluated for Pompe such as: ex vivo approaches using
transduced bone marrow-derived stem cells to produce
hGAA for cross-correction of muscles, i vivo gene therapy
approaches to transduce muscle tissues for direct correction
of muscles, as well as in vivo gene therapy approaches to
transduce liver and other tissues for cross-correction of
muscles.

AVR-RD-03 (AVROBIO, Cambridge, MA, USA) is an
ex vivo gene therapy approach that employs transduced
bone marrow-derived hematopoietic progenitor stem cells
(HSCs) to secrete a fusion protein comprised of hGAA
and an insulin-like growth factor 2 (IGF2) peptide for
cross-correction of muscles. IGF2 peptide is a naturally
produced peptide growth hormone in humans that has
high binding affinity for a distinct domain on CI-MPR
(85-87). Therefore it is being utilized for lysosomal
targeting of therapeutic protein in lieu of M6P (88,89).
AVR-RD-03 is currently in pre-clinical stage of
development. Ex vivo gene therapy approaches have been
shown to significantly change the course of a disease for the
treatment of adenosine deaminase deficiency with severe
combined immune deficiency (90) and metachromatic
leukodystrophy, particularly when administered early prior
to irreversible damage (91,92). Current ex vivo gene therapy
approaches require ablation of existing host bone marrow
cells via chemotherapy or antibody-based regimens and
subsequent engraftment of autologous or allogeneic stem
cells that have been transduced with gene therapy (93,94).
Modified lentiviruses are typically used for delivery and
stable integration of genome into a specific locus within
genome of HSCs that is not believed to be oncogenic (95).
Transduced bone marrow stem cells ultimately differentiate
into various leukocytes in the circulation and tissues, and
secrete therapeutic enzyme for cross-correction of distal
cells. Proper ablation of bone marrow cells and engraftment
of transduced HSCs are critical for maintaining a perpetual
population of transduced progenitor stem cells for sustained
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production of therapeutic protein (96,97). Otherwise,
the transduced stem cell population would decline and
therefore, gene expression of the therapeutic enzyme would
be lost over time.

In vivo gene therapy approaches using recombinant
adeno-associated virus (rAAV)-based gene delivery are
being evaluated for ability to produce therapeutic levels
of hGAA for direct correction of muscles and other key
target cells. Keeler and colleagues recently showed that
systemic administration of AAVB1-GAA enabled efficient
transduction and high-level expression of hGAA resulting
in prolonged survival and robust glycogen clearance in
heart, gastrocnemius, tongue, and diaphragm in adult
Gaa KO mice (98). Further, AAVB1-GAA was also shown
to transduce motor neurons to improve respiratory
function—a key limitation with current ERT (98). AAVS-
LDes (AT845; Audentes Therapeutics, San Francisco, CA,
USA) is another in vivo gene therapy that utilizes a novel
hybrid liver/desmin promoter that enabled broad, robust
hGAA expression in liver, cardiac and skeletal muscles,
and the spinal cord in the Gaa™"" mouse model when
administered at high doses (99). AAV8-LDes administered
at doses >3x10" vg/kg was shown to produce hGAA in
muscles that exceeded WT mouse levels and to near-W'T
levels in spinal cord which normalized glycogen in these
tissues after 20 weeks (99). High levels of hGAA derived
from liver and presumably secreted into the circulation are
believed to help induce immunotolerization as measured by
reduced anti-GAA titres (99). To maximize the effectiveness
of this iz vivo gene therapy approach, transduction of nearly
all muscle cells would likely be needed. Is this achievable
in humans, and would the high AAV vector doses needed
to attain this goal in humans lead to safety issues? Further,
it will be important to understand if this approach is able
to maintain durable hGAA expression when terminally
differentiated myotubes are turned over. Conceivably,
transduction of satellite cells with gene therapy could
enable continued gene expression when they differentiate
into myocytes and myotubes. However, satellite cells are
typically quiescent and shown to be difficult to transduce
with rAAV gene therapies (100).

In vivo rAAV-based gene therapies for cross-correction
of muscles are also being developed and evaluated by the
biopharmaceutical industry such as SPK-3006 (Spark
Therapeutics, Philadelphia, PA, USA), ACTUS-101 (Actus
Therapeutics, Chapel Hill, NC, USA), and yet to be named
gene therapies from Sarepta Therapeutics (Cambridge, MA,
USA) and Abeona Therapeutics (New York, NY, USA).
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The main premise of this approach is systemic delivery of
rAAV gene therapies for transducing liver and a few other
tissues to produce and secrete hGAA into the circulation for
cross-correction of muscles. The ACTUS-101 gene therapy
is also being developed for immunotolerization to minimize
the impact of anti-GAA antibodies in patients receiving
ERT. Tropism and transduction efficiency of target tissues
are dictated largely by the serotypes of rAAV capsids
(101,102) used while promoters and codon optimization
can improve transgene expression (103,104). In some
cases, the native human GAA signal sequence was replaced
with more efficient signal sequences from other human
proteins to enable better protein expression and secretion of
hGAA (105). In our view, cross-corrective in vivo gene
therapies function as constitutive ERT. Thus, the
therapeutic enzyme derived from a gene therapy must deal
with the same problems of poor biodistribution resulting
in low interstitial enzyme levels and inherently inefficient
phosphorylation of hGAA that limits its cellular uptake in
skeletal muscles. We are not aware of any current in vivo
gene therapy approach that can modulate carbohydrate
processing in transduced cells to increase levels of bis-
phosphorylated oligosaccharides on hGAA. Hence, it
is far more likely that hGAA produced by current gene
therapies would be very similar to alglucosidase alfa where
only a small fraction of the total hGAA contains bis-
phosphorylated oligosaccharides (59) for enabling cellular
uptake at low interstitial enzyme concentrations as detailed
earlier. High rAAV doses are therefore likely needed to
produce substantial hGAA levels to compensate for this
limitation to enable uptake and glycogen clearance in
skeletal muscles of Gaa KO mice (105). Even higher rAAV
doses would presumably be needed to produce comparable
levels in higher species—such as non-human primates and
humans—for replicating in vivo efficacy as observed in
mouse models.

Concluding remarks

Alglucosidase alfa has provided undeniable benefits to
Pompe patients but is not optimally effective, and unmet
medical needs persist. The experience with alglucosidase
alfa has led to a better understanding of Pompe disease and
the challenges that need to be overcome for developing
improved treatments such as next generation ERTs and
gene therapies. Next generation ERTs must clear the
daunting hurdles of poor distribution from the circulation
to muscles, poor phosphorylation of rhGAA that reduce
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muscle uptake, and interference from anti-GAA antibodies.
Systemic administration of ERTs also does not effectively
penetrate the blood-brain barrier for treating the neuronal
aspects of Pompe. Significant advances have been made
in recent years towards development of next-generation
ERTS such that both neoGAA and AT-GAA have advanced
to the pivotal stage of clinical development. The latter was
recently granted breakthrough therapy designation from
the U.S. Food & Drug Administration which acknowledges
preliminary clinical evidence indicating that the drug
may demonstrate substantial improvement on a clinically
significant endpoint over other available therapies. These
developments suggest that the prospect of improved ERTs
for Pompe may be within reach in the not-too-distant
future.

The promise of gene therapy as a single-administration
curative treatment for Pompe disease is very appealing and
seemingly viable based on encouraging preclinical data.
However, gene therapies for Pompe are still in a nascent
stage of development where enduring challenges and
questions must be addressed to realize the full potential
and benefits of this approach. Can preclinical efficacy in
rodent models be successfully replicated in humans using
safe viral doses? How durable is transgene expression? Is
gene therapy safe and efficacious in the long term? We
anticipate that properly designed clinical studies would
be needed to directly compare the effectiveness of gene
therapy versus current standard of care to understand
if this approach is significantly improved over existing
approved therapies. Further, multi-year clinical studies
would likely be required to demonstrate long term safety
and durable gene expression—neither of which have been
established for Pompe. There are also questions about the
manufacturability of 744V gene therapies at large scale to
support use of high viral doses. This appears challenging
at the moment. In addition to the technical challenges
associated with scaling up to large-suspension cell culture
processes and downstream purification, there are also
major bottlenecks for obtaining needed equipment and
high quality plasmids. The analytical assays to support
their manufacture will also likely need improvement
and standardization to ensure consistent potency of viral
batches. We anticipate that substantial time, resources,
and effort by both academia and industry will be needed to
resolve these issues in the future. These combined factors
suggest that gene therapy is not around the corner and will
require significant time to fully understand their long term
safety and efficacy and for overcoming the manufacturing
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challenges before it becomes the standard of care for
Pompe.

We believe the primary role of the biopharmaceutical
industry is to develop efficacious medicines and provide
viable treatment options for patients and healthcare
providers to effectively manage rare genetic diseases. It is
unlikely that one treatment is optimal for all. For example,
a patient may opt for gene therapy because of intolerability
to ERT or their busy schedules cannot cope with the
burden of frequent infusions. Conversely, a patient with
pre-existing antibodies against viral capsid proteins may
preclude a subject from receiving 744V gene therapies.
Current 74AV gene therapies would also not be appropriate
for young children since their organs and tissues are actively
growing such that cell turnover would lead to loss of
transgene expression. In the future, it may be appropriate
to combine therapies for optimal clinical outcomes. For
example, one may contemplate next-generation ERT
treatments for addressing peripheral symptoms and
intrathecal administration of a gene therapy to address
the neuronal aspects. Potentially, systemic and intrathecal
administration of gene therapy may be utilized to address
both. We therefore believe that there is need for continual
development of more effective next generation therapies
to provide treatment options for proper management of
Pompe disease.
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Supplementary

Method for quantifying rhGAA levels in tissues
after intravenous bolus dosing (data in Table 1)

Gaa KO mice (~25 g) were dosed with a single intravenous
(IV) bolus injection of 20 mg/kg rhGAA via tail vein and
tissues were harvested 24 hours post-dosing according
to approved IACUC procedures. Individual tissues were
weighed and flash frozen. Each tissue sample was minced for
homogeneity and approximately 50 mg was homogenized
in 0.3 mL deionized H,O on ice and centrifuged at
13,000 xg at 4 °C for 10 minutes to remove cellular
debris. Cleared supernatants were then used to measure
GAA levels by enzymatic activity using the fluorogenic
substrate 4-methylumbeliferyl-oa-glucopyranoside
(4-MU-a-Glc) as previously described (Khanna ez a/.,
2012). Total protein concentrations from individual tissue

homogenates were determined using the Micro BCA
method per manufacturer’s procedures (Thermo Fisher).
A 4-methylumbelliferone (4-MU) standard curve ranging
from 14 nM to 30 pM was run in parallel for conversion
of fluorescence data to absolute GAA enzyme activity and
expressed as nmol 4-MU released per mg total protein in
tissue homogenate per hour (nmol/mg/hr). The measured
total protein in tissue homogenate/mg wet tissue was used
to convert the amount of rhGAA from tissue homogenate
to the amount of rhGAA in 1 mg of wet tissue. The total
amount of rhGAA in entire tissue was then calculated from
the wet weight of entire tissue. The amount of rhGAA
in each tissue was then divided by the starting amount
of rhGAA in dosing solution [1.75x10° nmol 4-MU
released/hr (for a 25 g mouse)] and expressed as percent of
rhGAA dose.



