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Abstract

Pompe disease is an inherited lysosomal storage disease that results from a deficiency in the enzyme acid a-glucosidase
(GAA), and is characterized by progressive accumulation of lysosomal glycogen primarily in heart and skeletal muscles.
Recombinant human GAA (rhGAA) is the only approved enzyme replacement therapy (ERT) available for the treatment of
Pompe disease. Although rhGAA has been shown to slow disease progression and improve some of the pathophysiogical
manifestations, the infused enzyme tends to be unstable at neutral pH and body temperature, shows low uptake into some
key target tissues, and may elicit immune responses that adversely affect tolerability and efficacy. We hypothesized that co-
administration of the orally-available, small molecule pharmacological chaperone AT2220 (1-deoxynojirimycin hydrochlo-
ride, duvoglustat hydrochloride) may improve the pharmacological properties of rhGAA via binding and stabilization.
AT2220 co-incubation prevented rhGAA denaturation and loss of activity in vitro at neutral pH and 37°C in both buffer and
blood. In addition, oral pre-administration of AT2220 to rats led to a greater than two-fold increase in the circulating half-life
of intravenous rhGAA. Importantly, co-administration of AT2220 and rhGAA to GAA knock-out (KO) mice resulted in
significantly greater rhGAA levels in plasma, and greater uptake and glycogen reduction in heart and skeletal muscles,
compared to administration of rhGAA alone. Collectively, these preclinical data highlight the potentially beneficial effects of
AT2220 on rhGAA in vitro and in vivo. As such, a Phase 2 clinical study has been initiated to investigate the effects of co-
administered AT2220 on rhGAA in Pompe patients.
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Introduction Enzyme replacement therapy (ERT) is currently the primary
treatment for Pompe disease [6]. ERT is based on the intravenous

Pompe disease (OMIM 23200), also referred to as glycogen administration of recombinant human GAA (rhGAA), of which
storage disease type II or acid maltase deficiency, is a lysosomal

storage disease (LSD) caused by mutations in the gene (GAA)
that encodes the lysosomal hydrolase acid o-glucosidase (GAA)
[1-2]. Deficiency of GAA activity results in progressive
accumulation and deposition of glycogen in the lysosomes of
heart, skeletal muscles, and other tissues. The disease encom-
passes a broad spectrum of phenotypes that range from the

Myozyme® and Lumizyme® (alglusidase alfa; Genzyme Corpora-
tion, Cambridge, MA) are the only two approved products. Infantile
Pompe patients treated with ERT show improvements on cardiac
hypertrophy and motor skills, with a substantial increase in life-span
[5,7-9]. Late-onset patients have shown mild improvements in
motor and respiratory functions following therapy with ERT,
PO ! though clinical efficacy in these patients still requires long-term
severe infantile-onset form to more slowly progressing late-onset evaluation [10-11]. Despite the clinical benefits of ERT, a number

forms [2-5]. Early or infantile-onset Pompe disease occurs of reports suggest that correction of the skeletal muscle phenotype is
before 12 months of age, has a rapid rate of progression, and is particularly challenging, and that not all patients respond equally
typically - characterized by severe muscle weakness, frequent well to treatment [2,7,12-13]. These limitations are at least partially
respiratory  infections, hepatomegaly, massive cardiomegaly, due to insufficient targeting/uptake into disease-relevant tissues, as
cardiomyopathy, and  cardiorespiratory failure that usually well as poor tolerability due to severe ERT-mediated anaphylactic
results in death between 1 and 2 years of age [l,3]. Late- and immunologic reactions [5,11,14-18].

onset forms of the disease occur between childhood and Small molecule pharmacological chaperones (PCs) have been
adulthood, have a slower rate of progression, and are typically proposed as a potential therapy for Pompe disease [19-22]. The
characterized by mu§culoskclcta1 and pulm.onary %nvolvc.mcnt iminosugar 1-deoxynojirimycin hydrochloride (AT2220, duvoglu-
that lead to progressive weakness and respiratory insufficiency stat hydrochloride) acts as a PC for GAA, selectively and reversibly

[1,3-5]. binding and stabilizing the endogenous enzyme, facilitating proper
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Figure 1. AT2220 increases the physical stability of rhGAA in vitro. (A) Time course of rhGAA denaturation in neutral and acidic buffer at
37°C in the absence and presence of 50 uM AT2220. Denaturation was monitored by changes in the fluorescence of SYPRO Orange as a function of
time. (B) Time course of rhGAA inactivation (i.e. loss of activity) in neutral and acidic buffer at 37°C in the absence and presence of 50 uM AT2220. (C)
Time course of rhGAA inactivation (i.e. loss of activity) in human whole blood at 37°C in the absence and presence of 50 uM AT2220. In both (B) and
(C), GAA enzyme activity was determined at the indicated time points using the fluorogenic substrate 4-MUG. To obtain relative enzyme activity
levels, measurements at the various time points were compared to the activity at the zero time point.

doi:10.1371/journal.pone.0040776.g001
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protein folding and trafficking to lysosomes [21]. AT2220 has been
shown to increase endogenous levels of many different mutant forms
of GAA [21-22]. PCs have also been identified that selectively bind,
stabilize, and increase the levels of the mutated enzymes that are
associated with several other LSDs, including Gaucher, Tay-Sachs,
Sandhoff, GM1-gangliosidosis, and Fabry disease [23].

Recently, the ability of PCs to improve the physical stability,
and to increase cellular and tissue uptake, has been demonstrated
for several exogenous recombinant enzymes that are used to treat
LSDs. Specifically, the PCs AT1001 (deoxygalactonojirimycin),
isofagomine, and MN-butyl-deoxynojirimycin were shown to
increase the i vitro cellular uptake and/or i vive tissue uptake of
the recombinant enzymes used to treat Fabry [24-26], Gaucher
[27], and Pompe [24] diseases, respectively. Furthermore, AT1001
co-administration with recombinant human o-galactosidase A
leads to greater substrate reduction in cells and tissues of Fabry
mice compared to administration of enzyme alone [25-26].

Here, we demonstrate that AT2220 stabilizes rhGAA wn witro,
minimizing protein denaturation and inactivation at neutral pH
and physiological temperature. Studies in rats and GAA4 knock-out
mice indicate that oral pre-administration of AT2220 increases the
circulating half-life of rhGAA, and leads to significant increases in
rhGAA activity in disease-relevant tissues. Most importantly, we
show that AT2220-mediated increases in rhGAA tissue levels
translate to greater glycogen reduction compared to administra-
tion of rthGAA alone, thus indicating a “boost” in the net
lysosomal activity from the exogenous recombinant enzyme.
Taken together, these data indicate that AT2220 can increase
the stability and improve the pharmacokinetic properties of
rhGAA, thereby leading to increased tissue enzyme activity and
greater substrate reduction. As such, a Phase 2 clinical study has
been initiated to investigate the effects of co-administered AT2220
on thGAA in Pompe patients.

Materials and Methods

Materials

All cell culture reagents were purchased from Invitrogen
(Carlsbad, CA), except for characterized fetal bovine serum
(FBS), which was purchased from HyClone (Waltham, MA).
AT2220 (1-deoxynojirimycin hydrochloride, duvoglustat hydro-
chloride) was synthesized by WuXi PharmaTech (Shanghai,
China). Recombinant human acid a-glucosidse (thGAA; algluco-
sidase alfa; Myozyme®) was purchased from Genzyme Corp.
(Cambridge, MA). The rabbit anti-human GAA polyclonal
antibody, FL059, was a kind gift of Dr. Barry Byrne (University
of Florida, Gainesville). Horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody was purchased from Thermo-
Pierce (Jackson Immunosearch Labs, West Grove, PA). GAA
knock-out (KO) mice were kindly provided by Dr. Barry Byrne.
Wild-type C57BL/6 mice and Sprague-Dawley rats (carotid artery
cannulated) were purchased from Taconic Farms (Germantown,
NY). Animal husbandry and all experiments were conducted
under Institutional Animal Care and Use Committee approved
protocols. All other reagents were purchased from Sigma Aldrich
(St. Louis, MO) unless noted otherwise.

Thermal Stability

The stability of rhGAA was assessed using a modified fluorescence
thermostability assay [28] on a Realplex Mastercycler qRT-PCR
system (Eppendorf, Hamburg, Germany) in either neutral pH buffer
(25 mM sodium phosphate, 150 mM sodium chloride, pH 7.4) or
acidic pH buffer (25 mM sodium acetate, 150 mM sodium chloride,
pH 5.2). For Fig. 1A, rhGAA (2.5 ug) was combined with SYPRO
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Orange and 50 uM AT2220 in a final reaction volume of 25 uL. For
time-dependent denaturation assay, reactions were incubated at
37°C for up to 24 hours, with SYPRO Orange fluorescence intensity
monitored at the indicated time points.

Enzyme Inactivation in Buffer or Whole Blood

For time-dependent loss of activity assays shown in Figs. 1B
and 1C, rhGAA (500 nM) was incubated with or without 50 uM
A'T2220 for 15 minutes on ice in various pH buffers (neutral or
acidic) or whole blood (Lampire; Pipersville, PA). Reactions were
then transferred to 37°C, with aliquots removed at the indicated
time points and measured for GAA activity. For GAA activity
measurements, samples were diluted 100-fold in 50 mM potassi-
um acetate (pH 4.0) prior to a further 10-fold dilution into a 96-
well plate containing reaction buffer (50 mM potassium acetate,
3.3 mM 4-methylumbelliferryl-o-D-glucopyranoside (4-MUG),
pH 4.0). Activity assays were performed for one hour at 37°C
and stopped by the addition of an equal volume of 0.5 M sodium
carbonate (pH 10.5). Liberated 4-MU was measured on a Victor”
plate reader (Perkin Elmer, Waltham, MA) at 355 nm excitation
and 460 nm emission. Normalized fluorescence data were plotted
as a function of time.

AT2220/rhGAA Co-administration Studies in Rats

The rat co-administration studies were designed to investigate
the effects of 3 and 30 mg/kg AT2220 on the circulating half-life
of 10 mg/kg rhGAA when administered as a bolus tail vein
injection or as an intravenous infusion. This dose of rhGAA
provided significant activity above the endogenous GAA levels in
normal rat plasma, and minimized the quantity of rhGAA
required to complete these studies. Furthermore, 3 and 30 mg/
kg AT2220 yield plasma exposures in rats that are comparable to
those seen in humans following oral administration of 50 and
600 mg AT2220, respectively [29]. For IV bolus study (Fig. 2A),
cight-week old male Sprague-Dawley rats were administered
either vehicle (water) or AT2220 (3 or 30 mg/kg) via oral gavage.
Thirty minutes later, vehicle (saline) or rhGAA (10 mg/kg) was
administered via bolus tail vein injection. Whole blood was
collected into lithium heparin tubes from the carotid artery
cannula at the indicated time points. Plasma was collected by
centrifuging blood at 2700 g for 10 minutes at 4°C, and was used
for measurement of GAA activity as described below. For the
infusion study (Fig. 2B), the same procedure was followed, except
that rhGAA was administered as an intravenous infusion over 60
minutes at a rate of 5 mL/kg/hour. Comparative descriptions of
the various doses, routes, and regimens for rhGAA and AT2220
administration are presented in Table 1.

AT2220/rhGAA Co-administration Studies in GAA KO
Mice

Studies in GA4 KO mice were designed to investigate the effects
of a higher, clinically-relevant dose of rhGAA (20 mg/kg), as the
focus was primarily efficacy (measured by rhGAA tissue uptake
and glycogen reduction). The doses of AT2220 were limited to 10
and 30 mg/kg, which yield plasma exposures in mice that are
comparable to those seen in humans following oral administration
of 200 and 600 mg A'T2220, respectively [29]. Our unpublished
data suggest that even larger doses of AT2220 result in high and
sustained muscle concentrations that have the potential for long-
term inhibition of rhGAA; hence, doses above 30 mg/kg were not
investigated [29]. In the studies shown in Figs. 3, 4, 5, and 6, 12-
week old male GA4 KO mice were administered vehicle (water) or
AT2220 (10 and/or 30 mg/kg) via oral gavage once every other
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Figure 2. AT2220 increases the circulating half-life of rhGAA in rats. (A) Eight-week old male Sprague Dawley rats were administered vehicle
(water) or AT2220 (3 or 30 mg/kg) via oral gavage. Thirty minutes later, vehicle (saline) or rhGAA (10 mg/kg) was administered via bolus tail vein
injection. Blood was collected at the indicated time points, and GAA activity (upper panel) and protein levels (lower panel) were measured in plasma
as described in ‘Materials and Methods'. (B) Eight-week old male Sprague Dawley rats were administered vehicle (water) or AT2220 (3 or 30 mg/kg)
via oral gavage. Thirty minutes later, vehicle (saline) or rhGAA (10 mg/kg) was administered via 60-minute intravenous infusion. Blood was collected
at the indicated time points, and GAA activity (upper panel) and protein levels (lower panel) were measured in plasma. PS: post-start infusion; PE:
post-end infusion. In both (A) and (B), each time point represents the mean=SEM of the activity measured from 3 rats; each lane on the Western blot
contains plasma from a single rat, and is representative of two rats in each group.

doi:10.1371/journal.pone.0040776.9002

week for 8 weeks. Thirty minutes after AT2220, rhGAA (20 mg/
kg) was administered via bolus tail vein injection. Diphenhydra-
mine (DPH; 10 mg/kg) was administered intraperitoneally 10
minutes before the 3™ and 4™ rhGAA injections to minimize
hypersensitivity reactions to thGAA. Tissues were collected 7 or
21 days following the last rhGAA administration. In all studies,
heart, diaphragm, tongue, skin (shaved and removed from the
lower ventral side of the neck), hindlimbs (for isolation of
quadriceps and gastrocnemius), and forelimbs (for isolation of
triceps) were quickly removed, rinsed in cold phosphate-buffered
saline, blotted dry, and stored on dry ice. Samples of heart and
quadriceps were stored in fixatives as described below for
immunohistochemical analysis. Comparative descriptions of the
various doses, routes, and regimens for thGAA and AT2220
administration are presented in Table 1.

Measurement of Plasma GAA Levels

For plasma GAA activity measurements, samples were diluted
400-fold with Lysis Buffer (1% Triton X-100, 150 mM NaCl,
25 mM Bis-Tris, pH 6.5) prior to assay. Plasma (20 pL) was added
to 50 pL. Assay Buffer (3 mM 4-MUG in 50 mM potassium
acetate, pH 4.0) and incubated for 1 hour at 37°C. Reactions were
stopped by addition of 70 uL. 0.4 M glycine, pH 10.8. Fluores-
cence at 460 nm was read on a Victor’ plate reader after
excitation at 355 nm. Raw fluorescence counts were background
subtracted (defined by Assay Buffer only). A 4-MU standard curve
ranging from 7 nM to 15 uM was run each day for conversion of
fluorescence counts to absolute GAA activity, expressed as
nanomoles of released 4-MU per milliliter of plasma per hour
(nmol/mL/hr). For Western blotting, diluted plasma (~10 pg
total protein) was subjected to SDS-PAGE on 12% polyacrylamide
gels (Bio-Rad, Hercules, CA), transferred to PVDF membranes
(Bio-Rad), and immunoblotted with the rabbit anti-human GAA
primary antibody FL059 (1:1000 dilution). Protein bands were
detected using peroxidase-conjugated goat anti-rabbit secondary
antibody in combination with enhanced chemiluminescence
(Pierce, Rockford, IL). Blots were scanned on an Image Station
4000R (Kodak, Rochester, NY).
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Figure 3. AT2220 increases the circulating levels of rhGAA in
GAA KO mice. Twelve-week old male GAA KO mice were administered
vehicle (water) or AT2220 (30 mg/kg) via oral gavage once every other
week for 8 weeks. Thirty minutes after each AT2220 oral administration,
vehicle (saline) or rhGAA (20 mg/kg) was administered via bolus tail
vein injection. Blood was collected after the last (ie, 4™ rhGAA
administration and, GAA activity (upper panel) and protein levels (lower
panel) were measured in plasma as described in ‘Materials and
Methods'. Each bar represents the mean=SEM of the GAA activity
measured from 5 mice per group. Statistically significant increases were
seen in plasma GAA activity compared to baseline (*p<0.05, t-test) and
compared to rhGAA administration alone (#p<0.05, t-test). Each lane
on the Western blot contains plasma from a single mouse, and is
representative of two mice in each group.
doi:10.1371/journal.pone.0040776.9g003

Measurement of Tissue GAA Levels

Tissue lysates were prepared by homogenization of ~50 mg
tissue for 3 to 5 seconds on ice with a micro-homogenizer (Pro
Scientific, Thorofare, NJ) in 200 pL Lysis Buffer. Lysates (20 pL)

Table 1. Description of the different doses, routes, and regimens utilized for rhGAA and AT2220 administration.

AT2220 Route of Administration/

Figure Species Age (weeks) rhGAA (mg/kg) (mg/kg) Timing Number of Administrations
2A SD rats 8 10 3 and 30 AT2220 PO 30 minutes prior to  Single

rhGAA IV bolus
2B SD rats 8 10 3 and 30 AT2220 PO 30 minutes prior to  Single

rhGAA IV infusion
3,4,and 6 GAA KO mice 12 20 30 AT2220 PO 30 minutes prior to  Four bi-weekly

rhGAA IV bolus
5 GAA KO mice 12 20 10 and 30 AT2220 PO 30 minutes prior to  Four bi-weekly

rhGAA IV bolus

SD, Sprague Dawley.
doi:10.1371/journal.pone.0040776.t001
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Figure 4. Co-administration of AT2220 promotes greater tissue uptake of rhGAA in GAA KO mice. Twelve-week old male GAA KO mice
were administered vehicle (water) or AT2220 (30 mg/kg) via oral gavage once every other week for 8 weeks. Thirty minutes after each AT2220 oral
administration, vehicle (saline) or rhGAA (20 mg/kg) was administered via bolus tail vein injection. Mice were euthanized 7 days after the last (i.e., 4t
rhGAA administration and tissue GAA activity was measured as described in ‘Materials and Methods'. Each bar represents the mean+SEM of the GAA
activity measured from 5 mice per group. Statistically significant increases were seen in GAA activity compared to baseline (*p<<0.05, t-test) and
compared to rhGAA administration alone (#p<0.05, t-test). For comparison, GAA levels in wild-type C57BL/6 mice were 152, 16+0.6, 213, 18=*2,
11%2, and 253 nmol/mg protein/hr in heart, diaphragm, gastrocnemius, quadriceps, triceps, and tongue, respectively (mean=SEM of 7 mice).

doi:10.1371/journal.pone.0040776.9g004

were added to 50 pL. Assay Buffer as described above. A Micro
BCA Protein Assay (Pierce) was used to determine total protein
concentration in tissue lysates according to the manufacturer’s
mstructions. A 4-MU standard curve was run each day, and GAA
activity was measured as described above and is expressed as
nanomoles of released 4-MU per milligram of total protein per
hour (nmol/mg protein/hr).

Measurement of Tissue Glycogen Levels

Tissue glycogen levels were measured as described previously
[30] with slight modifications. Briefly, tissue lysates from GAA
KO and wild-type mice were prepared by homogenization of
~50 mg tissue for 3 to 5 seconds on ice with a micro-
homogenizer in 200 ul. Lysis Buffer. Lysates were heat

@ PLoS ONE | www.plosone.org

denatured at 99°C for 10 minutes and centrifuged for 10
minutes at 4°C. Supernatants from GA44 KO and wild-type mice
were diluted 1:10 and 1:2, respectively, with Lysis Buffer. Diluted
lysates (40 uL) were incubated in duplicate with or without
10 pL of 800 U/mL amyloglucosidase for 1 hour at 50°C. The
reactions were stopped by heat inactivation at 99°C for 10
minutes, followed by cooling at 4°C for 1 hour. Finally, 200 pL
Glucose Assay Reagent was added and absorbance at 340 nm
was measured on a Spectramax M2e¢ (Molecular Devices;
Sunnyvale, CA). A glycogen standard curve ranging from 5 to
400 pg/mL was run each day for conversion of absorbance data
to absolute glycogen levels. Protein levels were measured in
lysates (before denaturing) using the Micro BCA Protein Assay
Kit according to the manufacturer’s instructions. Data were

July 2012 | Volume 7 | Issue 7 | e40776
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Figure 5. Co-administration of AT2220 promotes greater tissue glycogen reduction in GAA KO mice. Twelve-week old male GAA KO
mice were administered vehicle (water) or AT2220 (10 or 30 mg/kg) via oral gavage once every other week for 8 weeks. Thirty minutes after each
AT2220 administration, vehicle (saline) or rhGAA (20 mg/kg) was administered via bolus tail vein injection. Mice were euthanized 21 days after the
last (i.e., 4™) rhGAA administration and tissue glycogen levels were measured as described in ‘Materials and Methods'. Dotted lines show glycogen
levels in the respective tissues of wild-type C57BL/6 mice. The data presented are an average of two independent studies with each bar representing
the mean=SEM of the activity measured from 12 mice per group. Statistically significant reductions were seen in glycogen levels compared to
baseline (*p<<0.05, t-test) and compared to rhGAA administration alone (#p<0.05, t-test). In addition, the effect of AT2220 co-administration was also
found to be significant for a linear trend (p<<0.05; except in triceps), indicating a dose-dependent effect.

doi:10.1371/journal.pone.0040776.g005

expressed as micrograms of glycogen cleaved/milligram of
protein (ug/mg protein).

Histochemical Detection of Glycogen

Glycogen levels in heart and quadriceps were determined
histochemically using two different types of tissue processing and
PAS staining methods. For heart, tissues were fixed, processed,
and embedded in Epon-Araldite according to the protocol
described previously [31]. Staining was performed using a Periodic

@ PLoS ONE | www.plosone.org

Acid-Schiff (PAS) Kit (Sigma) according to the manufacturer’s
instructions. Briefly, 1 um sections were cut and mounted on
slides. Sections were hydrated in deionized water for 5 minutes
before immersion in 1% periodic acid for 5 minutes. After a brief
rinse in deionized water, slides were left in Schiff’s reagent for 15
minutes, rinsed under running tap water for 5 minutes, and air
dried. Counterstaining was performed with a 1:10 dilution of
Richardson stain at 45°C: for 30 seconds. Sections were washed in

July 2012 | Volume 7 | Issue 7 | e40776
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rhGAA + AT2220
" .

Figure 6. Co-administration of AT2220 promotes cell type-specific reduction of glycogen in GAA KO mice. Twelve-week old male GAA
KO mice were administered vehicle (water) or AT2220 (30 mg/kg) via oral gavage once every other week for 8 weeks. Thirty minutes after each
AT2220 oral administration, vehicle (saline) or rhGAA (20 mg/kg) was administered via bolus tail vein injection. Mice were euthanized 21 days after
the last (e, 4™) rhGAA administration and glycogen levels in heart and quadriceps were measured immunohistochemically as described in ‘Materials
and Methods'. A strong glycogen signal, represented as dark blue or pink spots (denoted with arrows) in heart and quadriceps, respectively, was
observed. (*) indicates glycogen reduction in individual skeletal muscle fibers of quadriceps. The data shown are representative photomicrographs

from 6 mice/group (magnification: 20X).
doi:10.1371/journal.pone.0040776.9g006

deionized water, air dried, and mounted in Acrytol (Surgipath
Medical Industries, Richmond IL).

Quadriceps were fixed in 3% glutaraldehyde for 48 hours at
4°C and post-fixed in 1% periodic acid/neutral-buffered formalin
(48 hours, 4°C) before processing and paraffin embedding. Tissues
were sectioned at 5 pm on an HM 325 microtome (MICROM
International, GmbH, Walldorf, Germany). Sections were then
dewaxed in xylene and treated with dimedone to reduce
background staining during the subsequent PAS reaction. Finally,
sections were counterstained in Mayer’s hematoxylin, cleared in
xylene, and mounted in Acrytol (Surgipath Medical Industries).

Data Analysis

Determinations of statistical significance were conducted using
Excel 2003 (Microsoft, Redmond, WA) or GraphPad Prism,
version 5 (San Diego, CA) as defined in the figure and table
legends. Linear trends for dose-dependence were calculated using
a one-way ANOVA in GraphPad Prism. The half-life of rhGAA in
plasma was calculated using a non-linear one-phase exponential
decay curve fitting function in GraphPad Prism.

Results

AT2220 Stabilizes rhGAA, Preventing Denaturation and
Loss of Activity

The effect of AT2220 binding on the stability of ThGAA was
assessed using a fluorescence-based denaturation assay described
previously [28]. At 37°C, rhGAA was significantly less stable at
neutral pH than at acidic pH, with increases in SYPRO Orange
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fluorescence occurring over 24 hours (Fig. 1A). Importantly, co-
incubation with 50 pM AT2220 at neutral pH significantly
stabilized rhGAA and prevented denaturation for up to 24 hours,
similar to observations made with the apo-enzyme at acidic pH
(Fig. 1A). Furthermore, incubation of hGAA at neutral pH/37°C
resulted in a time-dependent loss of GAA activity, with a half-life of
3 to 4 hours (Fig. 1B). In contrast, incubation in acidic buffer, or
in neutral pH buffer containing 50 uM AT2220, prevented loss of
rhGAA activity for up to 24 hours (Fig. 1B). Similarly, incubation
of ThGAA in human whole blood resulted in a time-dependent loss
of activity; co-incubation with 50 uM AT2220 stabilized the
enzyme and prevented loss of activity for up to 24 hours (Fig. 1C).
Taken together, these results demonstrate that AT2220 stabilizes
rhGAA, preventing pH-, temperature-, and time-dependent
denaturation and inactivation.

AT2220 Co-administration Increases the Circulating Half-
life of rhGAA in Rats

The effect of AT2220 co-administration on the stability of
rhGAA in vivo was assessed in 8-week old Sprague Dawley rats. A
single oral administration of either 3 or 30 mg/kg AT2220 (which
yield Ci.x values of approximately 4 and 40 uM, and are
comparable to the C,,., values seen in humans following oral
administration of 50 and 600 mg, respectively [29]), was given 30
minutes prior to bolus intravenous administration of thGAA to
maximize the physical interaction of the two in the circulation (z.e.,
at AT2220 T,,.,). In the absence of AT2220, rhGAA activity
declined rapidly in plasma, with a half-life of approximately 1.4
hours (Fig. 2A, upper panel). In contrast, oral administration of
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3 or 30 mg/kg AT2220 prior to rhGAA resulted in a dose-
dependent increase in the circulating half-life of thGAA to 2.1 and
3.0 hours, respectively (Fig. 2A, upper panel). Western blotting
of select time points indicated that AT2220 oral pre-administra-
tion leads to greater rhGAA protein levels in plasma compared to
rhGAA administration alone. Co-administration of AT2220
increased the quantity of the 110 kDa GAA protein band, with
the effect being more pronounced at the 8- and 24-hour time
points. Importantly, rhGAA protein was undetectable 24 hours
after administration of rhGAA alone, whereas AT2220 pre-
administration led to a substantial increase in circulating thGAA
protein at this time point (Fig. 2A, lower panel).

To more closely mimic the clinical setting, the effect of oral
administration of AT2220 prior to rhGAA was also investigated in
rats using a 60-minute méravenous infusion of rhGAA. In the absence
of AT2220, rhGAA showed a half-life of approximately 1.1 hours
(Fig. 2B, upper panel). Oral administration of 3 or 30 mg/kg
AT1001 30 minutes prior to the rhGAA infusion resulted in dose-
dependent and significant increases of 1.4- and 2.0-fold, respec-
tively, in the circulating half-life of rhGAA (Fig. 2B, upper
panel). A similar effect was seen on rhGAA protein levels
following oral pre-administration of AT2220, with the greatest
effects seen during the elimination phase (Fig. 2B, lower panel).

The effect of oral administration of AT2220 on rhGAA was also
investigated in GA4 KO mice. Twelve-week old male GA4 KO
mice were pre-administered AT2220 (30 mg/kg) every other week
for 8 weeks. Thirty minutes after each AT2220 oral administra-
tion, thGAA (20 mg/kg) was administered via bolus tail vein
injection. Plasma samples were collected 0, 1, and 4 hours after the
last (ze., 4‘}‘) rhGAA administration for measurement of GAA
activity. Similar to the observations in rats, AT2220 co-adminis-
tration to GA4 KO mice led to increases in plasma rhGAA activity
that were 2.5- and 2.0-fold greater than those seen following
administration of rhGAA alone at the 1 and 4 hour time points,
respectively (Fig. 3, upper panel). Concomitantly, an increase in
rhGAA protein levels was also seen in plasma (Fig. 3, lower
panel). Collectively, these data indicate that AT2220 co-
administration increases the circulating levels of thGAA in rats

and in GAA KO mice.

Co-administration of AT2220 Increases the Tissue Uptake
of rhGAA in GAA KO Mice

Preliminary studies demonstrated that a single bolus tail vein
mjection of ThGAA results in a dose-dependent increase in GAA
activity in disease-relevant tissues of GA4 KO mice 7 days post-
administration, with 40 mg/kg rhGAA showing the greatest
effects (Fig. S1). Subsequently, repeat-administration studies were
conducted in G44 KO mice in the absence and presence of
30 mg/kg AT2220, a dose that yields a C,,,, of ~40 pM, similar
to that seen in humans following oral administration of 600 mg
AT2220 [29]. Twelve-week old male GA4 KO mice were
administered either vehicle (water) or AT2220 via oral gavage
once every other week for 8 weeks. Thirty minutes later, vehicle
(saline) or rhGAA (20 mg/kg; the recommended clinical dose) was
administered via bolus tail vein injection. Mice were euthanized 7
days after the final (4™) administration of rhGAA and tissue GAA
levels were measured. Oral pre-administration of AT2220 resulted
in increased GAA activity that was 2.5-, 2.2-, 1.5-, 1.7-, 1.7-, and
2.0-fold greater in heart, diaphragm, gastrocnemius, quadriceps,
triceps, and tongue, respectively, compared to administration of
rhGAA alone (Fig. 4).
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Co-administration of AT2220 Leads to Greater Tissue
Glycogen Reduction in GAA KO Mice

Next, we determined the effect of AT2220 co-administration on
rhGAA-mediated glycogen reduction. Twelve-week old male GAA
KO mice were pre-administered either vehicle (water) or AT2220
(10 or 30 mg/kg) via oral gavage once every other week for 8
weeks. Thirty minutes after each oral administration of AT2220,
vehicle (saline) or thGAA (20 mg/kg) was administered via bolus
tail vein injection. Mice were euthanized 21 days after the final
(4™ administration of rhGAA and glycogen levels were measured.
Co-administration resulted in significantly greater tissue glycogen
reduction compared to rhGAA administration alone that was
generally dose-dependent (Fig. 5). Importantly, co-administration
with AT2220 resulted in maximally 1.6-, 1.3-, 2.6-, 2.0-, 2.4-, and
1.4-fold greater glycogen reduction in heart, diaphragm, quadri-
ceps, gastrocnemius, triceps, and tongue, respectively, compared
to thGAA administration alone (Table 2). Notably, 20 mg/kg
rhGAA co-administered with 30 mg/kg AT2220 resulted in
glycogen reductions that were comparable to or greater than
those reported previously following administration of 40 mg/kg
rhGAA alone [32]. Furthermore, immunohistochemical measure-
ments confirmed that co-administration of 30 mg/kg AT2220
with 20 mg/kg rhGAA results in greater substrate reduction as
detected by reduced glycogen in individual smooth muscle and
skeletal muscle fibers of the heart and quadriceps, respectively

(Fig. 6).

Discussion

Regular infusion of rhGAA is currently the primary treatment
for Pompe disease. However, rhGAA has some limitations
including a short circulating half-life [33], inefficient uptake into
key tissues [14—15,34], and generation of immune responses that
can affect tolerability and efficacy [17]. In addition to the above
limitations, our prior [22] and current studies demonstrate that at

Table 2. Effect of AT2220 co-administration on rhGAA-
mediated glycogen reduction (% change from Baseline) in
GAA KO mice.

+AT2220
Tissues —AT2220 (10 mg/kg) +AT2220 (30 mg/kg)
Heart —54+5% —68+5* —85+2+#
Diaphragm  —48+6* —49+5*% —60+6*"
Quadriceps  —20+4* —45+3%%# —52+ 457
Gastrocnemius —21+7 —41+4* — 45+ 5%
Triceps —10+4 —33+3%7% —24+3%%
Tongue —44+3% —54+6*7 —62+4*7

Twelve-week old male GAA KO mice were administered vehicle (water) or
AT2220 via oral gavage once every other week for 8 weeks. Thirty minutes after
each AT2220 oral administration, rhGAA (20 mg/kg) was administered via bolus
tail vein injection. Mice were euthanized 21 days after the last (i.e, 4™) rhGAA
administration, and tissue glycogen levels were measured as described in
‘Materials and Methods'. Baseline glycogen levels in untreated GAA KO mice
were 417+32, 34024, 405+27, 353+21, 44618, and 38910 pug/mg protein
in heart, diaphragm, quadriceps, gastrocnemius, triceps, and tongue,
respectively, and in wild-type C57BL/6 mice were 23+2, 50+6, 40£5, 45*2,
35+7, and 32+2 ug/mg protein, respectively (mean*=SEM of 7 mice). The data
shown represent the percent glycogen change from baseline in each tissue as
normalized between wild-type (0%) and GAA KO (100%) levels. Each value
represents the mean=SEM of 12 mice. Statistically significant reductions were
seen in glycogen levels compared to baseline (*p<0.05, t-test) and compared
to rhGAA administration alone (#p<0.05, t-test).
doi:10.1371/journal.pone.0040776.t002
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body temperature, rhGAA is significantly less stable at neutral pH
than at acidic pH, which can lead to rapid loss of activity. This
instability at neutral pH is noteworthy, but not surprising given
that the endogenous enzyme is a resident lysosomal hydrolase with
a reported lysosomal half-life of ~10 days [35]. AT2220 is a PC
that has been shown to selectively bind endogenous GAA,
increasing its physical stability, lysosomal trafficking, and activity
in cultured cells [21-22]. Our current studies indicate that the
binding of AT2220 to exogenous thGAA significantly increases the
physical stability and prevents denaturation of the enzyme at 37
°C in neutral pH buffer in vitro and in human blood ex vivo. The
binding and stabilization of rhGAA by a small molecule PC may
explain the increase in thGAA cellular levels and tissue uptake that
were reported in a previous study that utilized the AT2220
derivative A-butyl-DNJ in  combination with rhGAA [24].
Recently, PCs have also been shown to increase the stability and
to improve the cellular and tissue uptake of two other exogenous
recombinant enzymes that are used to treat LSDs, namely
recombinant human acid B-glucosidase [27] and a-galactosidase
A [24-26]. In the case of o-galactosidase A, greater substrate
reduction was also realized when used in combination with a PC
[25-26].

Similar to the stabilizing effects seen in blood ex vivo, AT2220
co-administration to mice and rats also prolonged the half-life of
rhGAA in the circulation. Importantly, these effects were seen at
doses (3 and 30 mg/kg) that result in plasma C,,,, concentra-
tions of approximately 4 and 40 uM in rodents, which are
comparable to those achieved in humans following oral
administration of 50 and 600 mg AT2220, respectively [29].
Furthermore, AT2220 co-administration also resulted in up to
2.5-fold higher levels of GAA activity in disease-relevant tissues
of GA4 KO mice compared to administration of rhGAA alone.
We hypothesize that the binding of AT2220 to rhGAA may
sufficiently increase the physical stability of the exogenous
enzyme to minimize or prevent thermally- and neutral pH-
mediated denaturation, as well as proteolysis, in the blood. A
longer circulating half-life of the stabilized, properly folded,
functional enzyme may increase the likelihood for recognition by
cation-independent mannose 6-phosphate receptors (CI-MPRs)
and subsequent uptake into disease-relevant cells and tissues
leading to improved substrate reduction. In addition, AT2220-
mediated stabilization of rhGAA in lysosomes, vesicles, and other
non-lysosomal compartments that are involved in the endocytic
pathway could lead to less or slower intracellular degradation of
rhGAA, and hence higher cellular/tissue levels. Importantly, co-
localization studies with fluorescent thGAA and LAMP2 have
shown that PCs can improve the delivery of both endogenous
and exogenous GAA to lysosomes, resulting in higher cellular
levels of the fully-processed, mature forms of GAA [22,24].
These mature, lysosomal forms with molecular weights of 70 and
76 kDa more effectively catalyze glycogen turnover compared to
the 110 kDa precursor form [36-37].

Notably, co-administration of AT2220 and rhGAA lead to
greater glycogen reduction in tissues of GA4 KO mice. Whereas
four injections of 20 mg/kg rhGAA showed little effect on the
glycogen levels of some skeletal muscles such as gastrocnemius and
triceps, co-administration with AT2220 resulted in significant
reductions. Furthermore, co-administration of 20 mg/kg rhGAA
with AT2220 resulted in glycogen reductions that were similar to
those reported previously with 40 mg/kg rhGAA alone [32],
suggesting that AT2220 can improve the potency of rhGAA.

While glycogen reduction was significantly greater following co-
administration of AT2220 and rhGAA, complete correction has
yet to be achieved (i.e., tissue glycogen levels do not reach the levels
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seen in wild-type mice). This may be due to a number of factors.
First, wild-type tissue GAA levels are not realized even upon co-
administration of rhGAA and AT2220 at the doses tested. In fact,
total GAA tissue levels achieved with co-administration of AT2220
were maximally 30% to 60% of wild-type levels for a limited
amount of time. Second, it has been shown that thGAA is often
mistrafficked in Pompe cells due to abnormal recycling of the CI-
MPR [15-16], which is essential for rhGAA uptake and delivery to
late endosomal/lysosomal compartments. Hence, while more
rhGAA is taken up into cells and tissues, and higher lysosomal
levels are achieved, it is possible that some of the exogenous
enzyme is delivered to inappropriate cellular compartments (z.e.,
not lysosomes), and hence is not accessible to some of the glycogen
pools [16]. Third, current commercial preparations of thGAA
have poor affinity for the CI-MPR due to low mannose 6-
phosphate (Man6-P) content [32,38]. This, combined with a
reduced abundance of the CI-MPR in skeletal muscles of Pompe
mice [39], may limit delivery of rhGAA to lysosomes. Currently,
we do not know if AT2220 can increase the affinity of rhGAA for
the CI-MPR. However, a new form of rhGAA that is conjugated
to synthetic oligosaccharides that carry high levels of Man6-P
(oxime-neo-ThGAA) showed increased affinity for the CI-MPR,
and approximately 5-fold greater efficacy for reducing glycogen
compared to the unmodified form [38]. Evaluation of this
chemically-modified form of thGAA, or other forms with modified
targeted motifs (NCT01435772; NCT01230801), in combination
with AT2220 is warranted to determine if increased physical
stability of high-affinity rhGAA may further improve tissue uptake
and glycogen reduction in GA4 KO mice. Lastly, rhGAA is highly
immunogenic, which may impact its activity n vivo.

To this end, repeat administrations of rhGAA to GA4 KO mice
leads to the development of a severe immune response due to the
development of anti-GAA antibodies. Due to the severity of the
immune response in these mice, the duration of the studies are
limited to four rhGAA administrations or less (due to mortalities
that arise beginning with the third rhGAA administration), again
potentially affecting the maximum long-term efficacy that can be
realized in a preclinical setting. An established line of immune-
tolerant mice [40] or a recently developed transgenic mouse model
that expresses low levels of a PC-responsive mutant form of human
GAA (P545L) on a GAA KO background [41] can be used for
future long-term rhGAA efficacy studies in combination with
AT2220.

Similar to the observations in mice, the cross-reactive immu-
nologic material (CRIM) status of Pompe patients can substantially
influence the efficacy and/or tolerability of ERT in the clinic [17].
Pompe patients who do not produce native enzyme (referred to as
CRIM-negative) are more prone to develop a sustained immune
response with high anti-GAA antibody titers (some of which can
be neutralizing), compared to CRIM-positive patients [18].
Treatment of patients with immunomodulatory agents such as
methotrexate has led to improved ERT-treatment outcomes in
CRIM-negative Pompe patients [42] and in mice [43]; similarly,
genetically- or chemically-induced immune tolerance has been
shown to significantly reduce IgG levels in GA4 KO mice [44-46].
Furthermore, misfolded, denatured, and/or aggregated therapeu-
tic proteins are known to be more immunogenic than correctly
folded, stable protein therapeutics [47]. Thus, it is possible that the
ERT-mediated immunogenicity observed in many Pompe patients
results from destabilization or denaturation of ThGAA in the blood
(and possibly in the infusion solution). By stabilizing rhGAA in its
correctly folded, monomeric, native conformation, we hypothesize
that AT2220 co-administration may attenuate rhGAA-mediated
immunogenicity. Future repeat-administration studies focused on
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measuring IgG levels with rhGAA in combination with AT2220 in
GAA KO mice will be needed to further investigate these
possibilities.

Recent studies indicate that there is also a neuropathological
component to Pompe disease that is characterized by widespread
CNS pathology [48-50]. However, motoneurons seem particular-
ly susceptible to glycogen accumulation in both patients and GAA
KO mice, and reduced motor output has been described [48-50].
Though AT2220-mediated increases in ER'T penetration into the
central nervous system are unlikely, it is possible that co-
administration could lead to greater rhGAA uptake into neurons
of the peripheral nervous system (e.g., phrenic nerves and sensory
ganglia) [48], potentially leading to greater glycogen reduction and
improved neuronal function. Future studies will be necessary to
evaluate this potential, particularly on phrenic nerve pathology
and overall respiratory function.

Collectively, our data indicate that AT2220 increases the
physical stability of rhGAA, and leads to higher cellular and tissue
activity as evidenced by greater substrate turnover i situ. As such,
co-administration may provide an improved therapeutic strategy
for the treatment of Pompe disease. Based on these encouraging
findings, a Phase 2 clinical study has been initiated to investigate
the combination of AT2220 with rhGAA in Pompe patients.

Supporting Information

Figure S1 Dose-dependent increases in tissue GAA
activity following administration of rhGAA to GAA KO
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mice. Twelve-week old male GA4 KO mice were administered
10, 20, or 40 mg/kg rhGAA via bolus tail vein injection. Mice
were euthanized 7 days later, and GAA activity was measured in
disease-relevant tissues (see “Materials and Methods” in the
original article). Administration of thGAA led to dose-dependent
and significant increases (¥p<<0.05 compared to baseline, via t-test)
in tissue GAA levels, with the greatest activity seen with the
40 mg/kg dose. Each bar represents the mean®*SEM for 4-7 mice
per group.
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