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in a mouse model of Pompe disease
Bryce D. Holt,1 Samuel J. Elliott,1 Rebecca Meyer,2 Daniela Reyes,2 Karyn O’Neil,2 Zhanna Druzina,2

Swapnil Kulkarni,2 Beth L. Thurberg,3 Steven G. Nadler,2 and Bartholomew A. Pederson4,5

1Department of Biology, Ball State University, Muncie, IN 47306, USA; 2Aro Biotherapeutics, Philadelphia, PA 19106, USA; 3Beth Thurberg Orphan Science Consulting

LLC, Newton, MA 02458, USA; 4Center for Medical Education, Ball State University, Muncie, IN 47306, USA; 5Department of Biochemistry andMolecular Biology, Indiana

University School of Medicine-Muncie, Muncie, IN 47303, USA
Pompe disease is caused by acid alpha-glucosidase (GAA)
deficiency, resulting in lysosomal glycogen accumulation. This
disease is characterized by progressive skeletal muscle weakness,
respiratorydistress, and in the infantile-onset form, cardiomyop-
athy. The only approved treatment is enzyme replacement ther-
apy (ERT) with human recombinant GAA. While ERT therapy
extends life span, residual symptoms remain, with poor muscle
uptake and immunogenicity limiting efficacy. We examined a
novel Centyrin protein—short interfering ribonucleic acid
(siRNA) conjugate targeting CD71 (transferrin receptor type 1,
TfR1) and GYS1, a key enzyme involved in glycogen synthesis.
Unlike existing ERTs designed to degrade aberrant glycogen de-
posits observed in Pompe patients, the CD71 Centyrin:Gys1
siRNA is designed to restore glycogen balance by inhibiting
glycogen synthesis. To this end, we administered the CD71
Centyrin:Gys1 siRNA conjugate to the 6neo/6neo Pompe mouse
model. Once bound to TfR1, siRNA-conjugated Centyrin is
internalized into cells to facilitate gene knockdown. We found
that treatment with this conjugate significantly reduced GYS1
protein expression, glycogen synthase enzymatic activity, and
glycogen levels in muscle. In addition, impaired treadmill exer-
cise performance of male Pompe mice was improved. These
data suggest that Centyrin-mediated delivery of Gys1 siRNA
may be an effective next generation therapy for late-onset Pompe
disease or, in combination with ERT, for infantile-onset Pompe
disease.
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INTRODUCTION
Pompe disease (PD), type II glycogen storage disease, is caused by the
nearly 600 currently known mutations of the Gaa gene, resulting in
deficient or missing acid alpha-glucosidase (GAA). GAA is present
in lysosomes and catalyzes hydrolysis of alpha-1,4-glycosidic bonds
in glycogen releasing glucose. This process, termed glycophagy, in-
volves membrane engulfment of cytosolic glycogen into an autopha-
gosome that fuses with lysosomes to form autophagolysosomes.1 In
PD, this mechanism for degrading glycogen is compromised, due to
Gaa insufficiency, resulting in dramatic lysosomal glycogen overaccu-
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mulation in multiple tissues. Phenotypically, PD shows a wide variety
of clinical symptoms that vary based on age of onset. PD is largely
split into two broad categories, late-onset (LOPD) and infantile-onset
(IOPD), that show symptoms after and before 12 months of age,
respectively. A majority of LOPD patients show hallmark symptoms
of proximal limb-girdle muscle myopathy. The progression of disease
symptoms is relatively slow but will ultimately lead to intense muscle
weakness and eventual wasting. Patients in later stages of the disease
will become wheelchair dependent and respiratory failure is common
due to the involvement of the diaphragm. IOPD is characterized by
comparatively more aggressive symptoms, such as progressive hyper-
trophic cardiomyopathy and left ventricular outflow obstruction.
Symptoms of muscle weakness, respiratory distress, and eventual
loss of independent ventilation, and feeding are also common. Motor
development is significantly delayed, and major developmental mile-
stones, such as the ability to roll over, sit, or stand, are often not
achieved. Without treatment, infants with this variation of the disease
rarely survive beyond 1 year of age due to cardiac and respiratory
complications resulting from severe muscle weakness.2,3

Currently the only approved form of treatment for PD is enzyme
replacement therapy (ERT)with human recombinant acid alpha-gluco-
sidase (rhGAA) which is typically administered biweekly over several
hours. The first clinical trials of ERT were conducted in IOPD patients
and showed relative success.4 In a study of 18 PD patients younger than
6months of age, all lived to age 18months. However, a 3-year extension
to the trial saw the survival rate and independent ventilation rate drop to
67.5% and 50% respectively. In another study of 20 infantile-onset
diseased patients, the survival rate was lower at 65%, with 30% of total
patients becoming ventilated.5 There is poor efficacy of this treatment
in skeletal muscle of a subset of IOPD patients that make no GAA
(CRIM-negative patients) and generate antibodies to the ERT enzyme.
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Figure 1. Model of CD71 Centyrin-Gys1 siRNA treatment strategy

(A) Normally (left panel), glycogen is synthesized in the cytosol and a portion is taken up into lysosomes where it is degraded to glucose by GAA. In PD (middle panel), glycogen

synthesis remains intact and glycogen accumulates in lysosomesdue to deficientGAAactivity. CD71Centyrin:Gys1 siRNAdecreases the amount ofGYS1protein expression,

leading to reduced glycogen synthesis in PD (right panel). The impact of this treatment on lysosomal glycogen accumulation will be dependent on the amount of cellular GYS1

and GAA activity. (B) CD71 Centyrin conjugated to Gys1 siRNA binds to transferrin type 1 receptor leading to internalization and expected inhibition of Gys1 expression.
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This has prompted the use of immunomodulators to obtain better
responses.6

Due to limitations of the currently available ERT, alternative treatment
strategies are being investigated.7 A new approach in PD is substrate
reduction therapy (SRT) to reduce glycogen synthesis. Inhibiting the
Gys1 isoform of glycogen synthase is an attractive target to reduce
glycogen availability for glyophagy. The appeal is enhanced by reports
that cytosolic glycogen synthesis is increased in a mouse model of PD,
mediated by an increase in several glycogenic pathway proteins
including Gys1.8–10 The utility of this SRT approach was first demon-
strated in a mouse model in which the disruption of Gys1 in Gaa-null
animals restored muscle function.11 More recently, administration of
a smallmolecule inhibitor ofGYS110 or antisense oligonuceotide-medi-
ated Gys1 knockdown12 reduced glycogen accumulation in a mouse
model of PD. In our studies, we tested the utility of an SRT strategy (Fig-
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ure 1A) that inhibits glycogen synthesis via decreases in Gys1 enzyme
using a novel CD71 Centyrin:Gys1 siRNA conjugate (Figure 1B).

Centyrins are small, engineered proteins derived from human Tenascin
C, a protein found in the extracellular matrix.13 Centyrins are�10KDa
proteins with high receptor binding affinity and specificity like anti-
bodies. Centyrins are produced in E. coli as soluble proteins with no di-
sulfide linkages, no glycosylation, and no Fc domains leading to a high-
ly stable homogeneous protein. Centyrins are produced with a single
Cysteine selectively introduced distal from the binding site that can
be site-specifically conjugated to produce homogeneous conjugates
with a defined Oligonucleotide to Centyrin ratio of 1 (OCR1). From
a library of trillions of created variants, CD71 Centyrin was chosen
for this study. This Centyrin binds with high specificity and affinity
to CD71, transferrin receptor type 1, which is highly expressed in mus-
cle. Once bound, Centyrin conjugated to Gys1 siRNA is internalized



Figure 2. ABXC-29 treatment reduces Gys1 mRNA levels in muscle

Gys1 mRNA expression was measured with qPCR in quadriceps, gastrocnemius, diaphragm, and heart harvested 6 months after treatment initiation from male (A–D)

and female (E–H) WT mice treated with vehicle (WT, red bars), and 6neo/6neo mice treated with vehicle (V, orange bars), ABXC-73 (73, green bars), or ABXC-29 (29, black

bars). All data are expressed as mean (SD). n = 3. One-way ANOVA with Tukey’s multiple comparison test. #p < 0.005 vs. all other groups.
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into the cell where it binds to the RISC complex and hybridizes toGys1
mRNA resulting in gene knockdown.13 The CD71 Centyrin and Gys1
siRNA used in this study are specific for themurine forms of CD71 and
Gys1. This Centyrin does not bind to the apical domain of CD71, which
is thought to be needed for brain penetration. However, the human-
specific molecule that is currently in clinical trials is not competitive
with transferrin and binds the apical domain, which may enable trans-
port across the blood brain barrier.

To test the efficacy of this Centyrin targeting and delivery platform in
PD, we utilized the well-characterized mouse model, 6neo/6neo, which
exhibits features of both IOPD and LOPD.14 Treated mice were tested
for impact on glycogenmetabolism as well as functional performance.
We found that treatment with the CD71 Centyrin:Gys1 siRNA con-
jugate significantly reduced glycogen accumulation in quadriceps,
gastrocnemius, diaphragm, and heart. Further, impaired treadmill
performance was restored in male mice and cardiomegaly was
reduced in female mice.

RESULTS
ABXC-29 treatment reduces glycogen synthesis

ABXC-29 treatment reduces Gys1 mRNA levels in skeletal and

cardiac muscle

To determine efficacy of ABXC-29 on Gys1 gene knockdown, Gys1
mRNA levels were monitored inmale and female quadriceps, gastroc-
nemius, diaphragm, and heart harvested 6 months after treatment
initiation. Gys1 mRNA levels were reduced by more than 80%
compared with vehicle-treated 6neo/6neo mice in quadriceps
(Figures 2A and 2E), gastrocnemius (Figures 2B and 2F), diaphragm
(Figures 2C and 2G), and heart (Figures 2D and 2H) indicating the
potency of the CD71 Centyrin:Gys1 siRNA conjugate at Gys1 gene
silencing in skeletal and cardiac muscle.

ABXC-29 treatment reduces GYS1 protein levels in skeletal and

cardiac muscle

GYS1 protein expression was monitored via immunoblot to measure
effects of ABXC-29 3, 6, and 9 months after initiation of treatment. In
quadriceps (Figures 3A and 3E), GYS1 protein levels were significantly
elevated (70% inmales, 150% in females) in 6neo/6neomice treated with
vehicle or scrambled siRNA as compared with wild type (WT). A
similar trend was observed in gastrocnemius (Figures 3B and
3F) and heart (Figures 3C and 3G), in some cases reaching statistical -
significance. ABXC-29 treatment reduced GYS1 protein expression in
quadriceps (Figures 3A and 3E), gastrocnemius (Figures 3B and 3F),
and heart (Figures 3C and 3G) R97% compared with vehicle or
scrambled-treated 6neo/6neo mice correlating with decreased Gys1
mRNA levels (Figure 2). In brain (Figures 3D and 3H), no reduction
in GYS1 protein expression was observed, indicating, as
expected, lack of efficacy of the CD71 Centyrin:Gys1 siRNA conjugate
in this organ. These data are consistent with data reported by other
groups.15–18

ABXC-29 reduces GYS1 enzymatic activity in skeletal and

cardiac muscle

Glycogen synthase enzymatic activity was measured in quadriceps,
gastrocnemius, heart, and brain 3, 6, and 9 months after treatment
Molecular Therapy Vol. 33 No 1 January 2025 237
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Figure 3. ABXC-29 treatment reduces GYS1 protein levels in muscle

GYS1 protein expression was monitored with western blot in quadriceps, gastrocnemius, heart, and brain harvested frommale (A–D) and female (E–H) WTmice treated with

vehicle (red circles), and 6neo/6neo mice treated with vehicle (V, orange inverted triangles), ABXC-73 (negative control, green squares), or ABXC-29 (active compound, black

triangles) 3, 6, and 9 months after treatment initiation. Percent decrease of 29 compared with V is indicated. All data are expressed as mean (SD). n = 3–5. One-way ANOVA

with Tukey’s multiple comparison test. Statistical analysis compares all groups at a given length of treatment. ap < 0.05 for comparison of each group with every other group

except V vs. 73, bp < 0.05 for comparison of each group with every other group, cp < 0.05 for comparison of 29 vs. V and 73, dp < 0.05 for comparison of each group with

every other group except V vs. 73 and WT vs. V, ep < 0.05 for comparison of each group with every other group except 73 vs. WT and V, fp < 0.05 for comparison of each

group with every other group except WT vs. V and 29 and V vs. 73, gp < 0.05 for comparison of each group with every other group except WT vs. V and 73 and V vs. 73, and
hp < 0.05 for comparison of 29 vs. other groups. Representative images of western blots shown in Figure S1.
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initiation. GYS1 enzymatic activity measured 3 months after
treatment, in the presence of added glucose-6-P, was elevated
(58%–87%) in male quadriceps (Figure 4A), gastrocnemius (Fig-
ure 4B), and heart (Figure 4C) from 6neo/6neo mice treated with
scrambled siRNA or vehicle. This elevation continued at 6 and
9 months in male muscle. A similar trend for elevated GYS1 enzy-
matic activity, in some cases reaching statistical significance, was
observed in female muscle tissues 3, 6, and 9 months after initia-
tion of treatment (Figures 4E–4G). Treatment with ABXC-29
decreased enzymatic activity 81%–97% in male and female quad-
riceps (Figures 4A and 4E), gastrocnemius (Figures 4B and 4F),
and heart (Figures 4C and 4G) but had no effect in brain
(Figures 4D and 4H), consistent with decreased GYS1 protein
expression (Figure 3). Glycogen synthase activity measured in
the absence of the allosteric effector, glucose-6-P, was not elevated
in 6neo/6neo mice compared with WT, while treatment with
ABXC-29 inhibited activity 74%–92% in muscle, but not brain
(Figure S2). The activity ratio, which provides an index of the
percent of active GYS1, suggested a trend for GYS1 to be less
active in muscle from 6neo/6neo mice as compared with WT
(Figure S3).
238 Molecular Therapy Vol. 33 No 1 January 2025
ABXC-29 treatment reduces glycogen levels in skeletal and

cardiac muscle

Glycogen levels weremonitored biochemically in quadriceps, gastroc-
nemius, diaphragm, heart, brain, and liver 3, 6, and 9 months after
treatment began. In all tissues, except for liver, glycogen levels were
significantly elevated in 6neo/6neo mice, regardless of treatment, as
compared with WT controls (Figure 5). ABXC-29-mediated reduc-
tion of glycogen occurred in quadriceps, gastrocnemius, diaphragm,
and heart. In quadriceps, female glycogen levels (Figure 5D) were
reduced 30%–40% compared with vehicle-treated 6neo/6neo mice at
all times tested, while males (Figure 5A) first showed a statistically sig-
nificant decrease after 6 months of treatment. Gastrocnemius
glycogen in female (Figure 5E) and male mice (Figure 5B) was
reduced 34%–63% by ABXC-29 treatment. Heart glycogen levels in
male 6neo/6neo mice (Figure 5G) after 3 months of treatment were
reduced �30% and remained at this reduced level at 6 and 9 months
after treatment. In contrast, heart glycogen levels in ABXC-29 treated
femalemice (Figure 5J) resembled vehicle-treatedmice after 3months
of treatment but after 9 months of treatment were decreased �40%
compared with 3-month levels. Heart weight, normalized to body
weight, after 9 months of treatment was reduced in female (Figure S4)



Figure 4. ABXC-29 treatment reduces GYS1 enzymatic activity levels in muscle but not brain

Glycogen synthase enzymatic activity was measured in tissues harvested from male (A–D) and female (E–H) WT mice treated with vehicle (red circles), and 6neo/6neo mice

treated with vehicle (V, orange inverted triangles), ABXC-73 (negative control, green squares), or ABXC-29 (active compound, black triangles) 3, 6, and 9 months after

treatment initiation. Percent decrease of 29 compared with V is indicated. All data are expressed as mean (SD). n = 3–5. One-way ANOVA with Tukey’s multiple comparison

test. Statistical analysis compares all groups at a given length of treatment. ap < 0.05 for comparison of each group with every other group except V vs. 73, bp < 0.05 for

comparison of each group with every other group, cp < 0.05 for comparison of each group with every other group except WT vs. V and 29 and V vs. 73, dp < 0.05 for

comparison of each group with every other group except V vs. 73 and WT vs. V, ep < 0.05 for comparison of each group with every other group except 73 vs. WT and V.
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but not male 6neo/6neomice (data not shown). Diaphragm glycogen in
female mice (Figure 5F) showed a similar pattern to female heart,
while male diaphragm glycogen (Figure 5C) was consistently reduced
>50% at all durations of treatment. Liver glycogen levels were similar
in all groups (Figures 5I and 5L). Brain glycogen levels in males (Fig-
ure 5H) were not reduced by ABXC-29 treatment while an �30% in-
crease was observed in females (Figure 5K) after 6 months of treat-
ment, which subsided at 9 months. Taken together, these results
indicate the efficacy of ABXC-29 at reducing glycogen levels in car-
diac and skeletal muscle. Lack of a treatment effect with ABXC-29
in liver was expected due to the expression of the Gys2 isoform of
glycogen synthase in this tissue.

ABXC-29 treatment does not improve muscle pathology

Quadriceps sections were evaluated for vacuolization (representing
lysosomal glycogen accumulation) after 3, 6, and 9 months of treat-
ment. Accumulation of glycogen was observed in myocytes (Figures
6E and 6F), vascular smooth muscle (Figures 6G and 6I), and Schwan
cells (Figures 6H and 6I) from 6neo/6neo mice. The average vacuoliza-
tion and PAS scores for all 6neo/6neo mice, regardless of treatment
were elevated compared with WT mice and treatment with ABXC-
29 did not reduce scores (Figures 6J–6M). These data indicate that
glycogen reduction by ABXC-29 did not improve vacuolization rep-
resenting lysosomal glycogen accumulation.
ABXC-29 treatment has mixed effects on functional

performance

Body weight for all groups of male mice (Figure 7A) were similar over
the course of the study while femaleWTmice were heavier than female
6neo/6neo mice regardless of treatment (Figure 7D). To determine effi-
cacy of ABXC-29 treatment on neuromuscular function, mice were
subjected monthly to grip strength, wire hang, and rotarod. Grip
strength of 6neo/6neo male and female mice was impaired, compared
with WT mice throughout the course of the study (Figures 7B and
7E). Similarly, wire hang analysis revealed stable performance of WT
mice over time, with 6neo/6neo showing a trend toward impairment
for females (Figure 7F) and dramatic impairment in males (Figure 7C).
6neo/6neomice were also impaired compared with WTmice as assessed
by rotarod, to amore significant extent inmale (Figure 7G) than female
mice (Figure 7I), with a trend toward improvement in males treated
with ABXC-29 at later times tested. Treadmill exercise performance
measured after 8 months of treatment showed no effects of disease
or treatment in female mice (Figure 7J); however, male 6neo/6neo

mice were significantly impaired compared with WT mice and
ABXC-29 treatment restored performance to WT levels (Figure 7H).

DISCUSSION
Here we showed the efficacy of a novel platform, a CD71
Centyrin:siRNA conjugate, to deliver Gys1 siRNA to skeletal and
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cardiac muscle and reduce glycogen accumulation in a mouse model of
PD. The CD71-Centyrin:siRNA conjugate mechanism is to lowermus-
cle glycogen levels by reducing the production of new glycogen; existing
lysosomal glycogen will not be affected by this approach. In addition,
since thesemice lack anyGAAactivity, itmay require an extended treat-
ment period to yield themaximumglycogen knockdown (see Figure 1).
Administration of CD71 Centyrin:Gys1 siRNA conjugate (ABXC-29),
which binds the transferrin type 1 receptor, effectively reduced Gys1
mRNA, GYS1 protein and enzymatic activity, and glycogen levels in
quadriceps, gastrocnemius, diaphragm, and heart. No effects were
seen on liver glycogen metabolism highlighting the siRNA selectivity
for the Gys1 vs. the Gys2 isoform of glycogen synthase.

The utility of Centyrins as a targeting and delivery strategy for siRNA
was first demonstrated by Klein et al.13 in studies targeting tumor
EGFR-expressing tumor cells. For this study, a surrogate Centyrin
that binds murine CD71 and an siRNA that recognizes murine
GYS1 were required. While the properties of the Centyrin murine
surrogate enable efficient siRNA uptake in muscle, we anticipate
that binding that is competitive with respect to transferrin is likely
to preclude efficient brain delivery.17

The 6neo/6neomouse model used in these studies has no GAA activity,
replicating the most severe form of PD. Glycogen levels in these mice
are elevated in several tissues at or soon after birth and progressively
increase over time in heart, brain, diaphragm, and type II skeletal
muscle.19 Glycogen levels appear to plateau by �4 months of age,
except for diaphragm. This is the age when treatment was initiated
in our current study. Therefore, the significant reduction (�30%–
60%) of glycogen stores we observed even under this worst-case sce-
nario, supports the potential of this therapeutic approach. However,
despite this significant reduction, glycogen levels in ABXC-29-treated
PD mice remained higher than WT throughout the course of the
study in all muscle tissues tested. Except for female heart and dia-
phragm, in which glycogen levels were progressively decreasing, the
amount of glycogen reduction is relatively constant 3, 6, and 9months
after treatment. This suggests that, at least in male mice, the maximal
glycogen reduction with this approach was reached. We have seen
Gys1 mRNA knockdown in skeletal muscle as early as 2 weeks after
dosing with ABXC-29 (data not shown). The effects of ABXC-29
treatment on GYS1 protein and enzyme activity over time suggest
that increasing treatment frequency would not significantly increase
efficacy; notably, even with the increased length of time (2 months,
see timeline in Figure 8) between last treatment and tissue harvest
9 months after treatment initiation, GYS1 protein levels and enzyme
Figure 5. ABXC-29 treatment reduces glycogen levels in heart but not brain or

Glycogen concentration was measured biochemically in tissues harvested from male (A

6neo/6neo mice treated with vehicle (V, orange inverted triangles), ABXC-73 (negative

9 months after treatment initiation. Percent change of 29 compared to V is indicated. Al

comparison test. Statistical analysis compares all groups at a given length of treatmen
bp < 0.05 for comparison of each groupwith every other group except 73 vs. V and 29, cp

group with every other group except V vs. 73 and 29, ep < 0.05 for comparison of each g

of each group with every other group except 73 vs. 29, gp < 0.05 for comparison of ea
activity remained reduced 87%–99% in muscle tissues. Ullman
et al.,10 using a small molecule inhibitor of GYS1, and Weiss
et al.,12 using a Gys1 antisense oligonucleotide, reported comparable
glycogen reductions to what we report here. Using metabolic tracer
analysis in 6neo/6neomice, Ullman et al.10 reported that 8 and 12 weeks
were required to clear 95% of glycogen in gastrocnemius muscle lack-
ing GAA. In contrast, the half-life of glycogen in gastrocnemius from
mice expressing GAA was about 16 h. This observation coupled with
the greater than 95% inhibition of GYS1 activity observed in skeletal
muscle with ABXC-29 suggests that we should see very little glycogen
remaining after even 3months of treatment. However, it is clear using
histology and biochemical measurements that significant lysosomal
glycogen stores remain. This residual glycogen may be cleared by
ERT or in patients who have some level of GAA activity. Consider-
ation of the biochemical and histology data together suggests that
the reduction of glycogen measured biochemically can be attributed
to cytosolic reduction and lysosomal glycogen turnover is very
slow. However, methods that can quantitatively distinguish cytosolic
and lysosomal glycogen stores would be required to answer this fully.

We observed increased GYS1 protein expression and glycogen
synthase activity in muscle of 6neo/6neo mice as compared with WT
controls. This seemingly counterproductive adaptation has also
been reported in whole or in part by others. Taylor et al.9 observed
unchanged Gys1 mRNA levels, elevated GYS1 protein expression,
and elevated GYS1 enzymatic activity in the presence of glucose-
6-P in 6neo/6neo mice. Canibano-Fraile et al.8 reported that GYS1 pro-
tein expression was elevated in 60-week-old 6neo/6neo mice. A trend
for increase of GYS1 protein expression was also observed in 6neo/
6neo mice by Ullman et al.10 with a significant increase in phosphor-
ylated GYS1. In a small group of five human subjects with PD, no
elevation of GYS1 protein expression was observed in one study8;
however, in a separate study we found that Pompe patients had an
elevated level of Gys1 protein vs. healthy (Mark Tarnopolsky, per-
sonal communication).

Sex differences were observed in both our functional and biochemical
studies, but not for Gys1 mRNA or protein decreases with ABXC-29.
Male mice with PD were more impaired on wire hang, rotarod, and
treadmill than female mice with the disease. This was seen most
dramatically in treadmill studies with the disease causing no impair-
ment in females but significant impairment inmales. Glycogen reduc-
tion mediated by ABXC-29 treatment in female heart and diaphragm
was progressive over the 9 months monitored, while in males,
maximal reduction was observed after 3 months of treatment and
liver

–C and G–I) and female (D–F and J–L) WT mice treated with vehicle (red circles), and

control, green squares), or ABXC-29 (active compound, black triangles) 3, 6, and

l data are expressed as mean (SD). n = 3–5. One-way ANOVA with Tukey’s multiple

t. ap < 0.05 for comparison of each group with every other group except V vs. 73,

< 0.05 for comparison ofWT vs. every other group, dp < 0.05 for comparison of each

roup with every other group except 29 vs. WT and V vs. 73, fp < 0.05 for comparison

ch group with every other group except 29 vs. V and 73.
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maintained. This difference occurred even though reductions of
GYS1 protein expression and enzymatic activity in heart were maxi-
mally reduced by 3 months in both sexes. Similar measurements were
not done in diaphragm due to tissue availability. A reduction in heart
size relative to body weight was only observed in female mice. Perigo-
nadal fat pads in female mice, but not male mice, as a percent of body
weight were lower in 6neo/6neo mice as compared with WT after
9 months of treatment (2.50 ± 0.32 (WT), 1.25 ± 0.12 (V), 1.25 ±

0.21 (73), 1.36 ± 0.21 (29), p < 0.05). Further studies would be
required to identify the mechanism(s) explaining these intriguing
sex differences. Human opposite-sex siblings with the same muta-
tion(s) have been observed to exhibit different phenotypes.20

While it may appear that there is discrepancy between the reduction
of GYS1 and limited improvement of pathological and functional
outcomes, the reduction of muscle glycogen we observed is maxi-
mally �60% compared with untreated diseased mice, which is still
dramatically elevated compared with normal levels. The reduction
of GYS1 protein and enzyme activity is greater than 87% in muscle,
indicating robust inhibition in this tissue by ABXC-29. However, the
mouse model used in these studies completely lacks GAA activity.
Therefore, while treatment with ABXC-29 dramatically reduces
the amount of “new” cytosolic glycogen available to accumulate in
lysosomes, glycogen accumulated in lysosomes prior to ABXC-29
treatment remains unable to be broken down, as we observed by his-
tological techniques. However, ABXC-29 treatment in LOPD, where
residual GAA remains, or in IOPD, in combination with ERT,
would have the potential to produce a more robust functional and
pathological outcome by both removing accumulated lysosomal
glycogen and reducing glycogen that is available to be degraded
through glycophagy. One potential strategy in patients would be
to first lower lysosomal glycogen load with ERT and then maintain
these levels with SRT. This would result in a respite from infusion,
thereby improving patient quality of life. Another factor for inter-
preting the modest functional improvements with ABXC-29 treat-
ment is the role of brain glycogen accumulation in PD. ABXC-29
lacks efficacy in brain; a tissue in which CNS-specific glycogen
reduction in a Pompe mouse model improved functional perfor-
mance.21 The reason for lack of efficacy in the CNS is being investi-
gated and appears to be related to the nature of binding of murine
Centyrin surrogate to the transferrin receptor. Potentially a Cen-
tyrin with different binding properties could provide efficacy to
this currently non-responsive tissue.

The effects of reducing glycogen synthetic ability have been investi-
gated inmice in both a whole bodyGys1 knockoutmodel and an adult
Figure 6. ABXC-29 treatment does not reduce vacuolization, i.e., lysosomal gl

Following treatment for 3, 6, or 9 months, quadriceps were harvested from WT mice tre

6neo/6neo (PD) mice treated with vehicle (B, E, G, and H; representative sections after 6 m

treatment) and scored (J, K, L, and M), as described in materials and methods. H&E (A–

cells in in vehicle (G) and ABXC-29 (I) treated 6neo/6neomice and Schwan cells in vehicle (H

5. One-way ANOVA with Tukey’s multiple comparison test ap < 0.05 for comparison of W

scale bar, 10 mm, total magnification �600.
muscle-specific Gys1 knockdown. The expectation was impaired
glucose tolerance and impaired exercise performance. In the first
model, no impairments in either were reported.22,23 However, these
mice went through fetal development lacking GYS1, with 90% dying
shortly after birth,24 and adults had changes in muscle fiber type.23 In
addition, in the former study, brain glycogen was absent while in the
current study brain GYS1 was not reduced. These factors may limit
the applicability of those findings to our current study in which inhi-
bition does not begin until adulthood. In contrast, the muscle-specific
Gys1 knockdown model exhibited both impaired glucose tolerance
and treadmill performance.25 In our current study, reducing GYS1
in the 6neo/6neo mice had no effect on treadmill performance in fe-
males and improved performance in males. We did not monitor
glucose tolerance in our study; however, knockout of Gys1 in the
6neo/6neo background restored glucose tolerance to normal levels11

mitigating concern that impaired glucose tolerance could result
from reducing glycogen synthetic capacity in muscle. In addition,
improved glucose tolerance and whole-body insulin resistance was
improved in Pompe mice by reducing GYS1 with a small molecule in-
hibitor.26 The translatability to humans of this substrate reduction
approach was recently discussed.10 The favorable tolerability of
reduced glycogen stores observed in patients with PP1r3A mutations
is encouraging.10,27 It is unclear how the greater muscle, as compared
with liver, glycogen stores in human vs. mouse will influence tolera-
bility.23 The lack of impact of SRT on brain glycogen stores limits
concerns about potential negative impacts in this organ but does
not reduce the high glycogen levels that accumulate in the PD brain.

While ERT with rhGAA reduces muscle glycogen content in PD, it is
ineffective in the brain. CNS-specific reduction of glycogen with gene
therapy was reported to improve rotarod performance in 6neo/6neo

mice,21 while monotherapy with a small molecule inhibitor of
GYS110 or ABXC-29 did not, indicating the role of the CNS in the dis-
ease pathology. Despite the ubiquitous expression of the transferrin
receptor, to which the CD71 is targeted, we did not observe a reduc-
tion in glycogen synthase protein or glycogen in brain with ABXC-29,
likely due to the epitope for the murine surrogate Centyrin. Further
studies will be required to determine if apical binding is required
for efficacy in neural tissue.

In conclusion, ABXC-29 reduced Gys1 mRNA, GYS1 protein
expression, and GYS1 enzymatic activity greater than 80% in skel-
etal and cardiac muscle in a mouse model of PD when treatment
was initiated at 4 months of age. This resulted in a 30%–60%
decrease in glycogen concentration in these tissues and was well
tolerated with no toxicity associated with the reduction of GYS1.
ycogen, in quadriceps

ated with vehicle (A and D; representative sections after 6 months of treatment), and

onths of treatment), and ABXC-29 (C, F, I; representative sections after 6 months of

C) and PAS (D–I) staining. Note glycogen accumulation in vascular smooth muscle

) and ABXC-29 (I) treated 6neo/6neomice. All data are expressed asmean (SD).n = 3–

T vs. every other group. (A)–(F): scale bar, 100 mm, total magnification�200. (G)–(I):
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Figure 7. ABXC-29 treatment does not mitigate GS, WH, or RR impairment but improves male treadmill performance

Body weight, grip strength, wire hang, and rotarod performance were monitored monthly and treadmill performance monitored 8months after treatment initiation in male

(A–C, G, and H) and female (D–F, I, and J) WT mice treated with vehicle (red circles), and 6neo/6neo mice treated with vehicle (V, orange inverted triangles), ABXC-73

(legend continued on next page)
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These studies indicate that a CD71 Centyrin:Gys1 siRNA conju-
gate is a promising modality for the treatment of patients with
PD, either as a monotherapy in LOPD patients with sufficient,
but lower levels of endogenous GAA activity, or perhaps using
combination therapy with rhGAA ERT to reduce existing lyso-
somal glycogen load and ABCX-29 to inhibit cytosolic glycogen
synthesis and its uptake and accumulation into lysosomes. This
combination could potentially reduce the frequency of multiple-
hour biweekly infusions, anaphylactic shock, and lead to improved
patient outcomes.

MATERIALS AND METHODS
Mouse model

6neo/6neo mice, a model of PD,14 and WT mice with the same genetic
background were purchased from Jackson Laboratories (strain
#004154). 6neo/6neo mice are homozygous for disruption of the acid
alpha-glucosidase gene (Gaa).Mice were housed (12 h light/dark cycle)
in temperature and humidity-controlled rooms with constant access to
both food (18% protein diet [Envigo, T20185X]) and water (type 3)
throughout the duration of the experiment. All procedures were
approved by Ball State University Animal Care and Use Committee.

Experimental design

Baseline functional measurements (described below) were made on
4-month-old male and female 6neo/6neo and WT mice prior to treat-
ment. After these measurements, treatment was administered every
28 days (described below) (Figure 8A). Grip strength, wire hang,
and rotarod were conducted monthly. Treadmill performance was
monitored 8 months after treatment was initiated. Tissue was har-
vested 3, 6, and 9 months after treatment initiation to measure
Gys1 mRNA, protein, enzyme activity, and glycogen.

Treatment

Treatment was delivered intravenously (lateral tail vein). WT mice
were injected with vehicle (25 mM HEPES, 150 mM NaCl, pH 7.4;
3.33 mL/kg body weight) to serve as a control (treatment group
WT) (Figure 8B). One group of 6neo/6neo mice was injected with
vehicle (treatment group V). Another 6neo/6neo group was injected
with CD71 Centyrin:Gys1 siRNA conjugate (ABXC-29; 17.8 mg/kg
body weight, treatment group 29). A last group of disease model
mice was injected with CD71 Centyrin:scrambled siRNA conjugate
(ABXC-73; 17.8 mg/kg body weight, treatment group 73).

Functional studies

Wire hang

Mice were placed on a wire grid that was gently waved three times
before inverting 30 cm above a cushioned surface. Each mouse was
allowed a maximum of 120 s to remain on the grid and 60 s to rest
between each of the three trials. Average latency was calculated.
(negative control, green squares), or ABXC-29 (active compound, black triangles). All d

comparison test. Statistical analysis compares all groups at a given length of treatment

WT vs. 29 and 73, cp < 0.05 for comparison of WT vs. 73, dp < 0.05 for comparison of

WT vs. V and 73, #p < 0.05 vs. 73, *p < 0.05 vs. WT.
Grip strength

To test forearm grip strength, mice were held by the base of the tail
and pulled horizontally while forepaws gripped testing bars (Linton
Instruments). The average grip strength for both forearms over three
trails was calculated.

Rotarod

Mice were tested on a six-lane rotarod (Maze Engineers) set to accel-
erate from 4 to 40 rpm over 180 s. Latency was determined by mice
meeting the earliest occurrence of one of the following criteria. First,
passive rotation, in which mice gripped the rod and completed two
full rotations without falling. Second, mice fell from the rotarod.
Third, mice remained on the rod for 180 s. Mice were subjected to
three trials and were returned to their cage for 5 min between each
trial. Average latency was calculated for the three trials.

Treadmill

Mice underwent 2 consecutive training days followed by 2 days of rest
and then were tested on a five-lane mouse treadmill (Maze Engi-
neers). Training days consisted of 17 min total on the treadmill
with 2 min to explore without the belt moving, 5 min at 3 m/min,
5 min at 6 m/min, and the last 5 min at 9 m/min. During training
and testing, the treadmill was set to a 20-degree incline and a
1.2 mA current was applied to the electrical grid at the bottom of
the instrument. Sound (120 db) and light (10,000 Lux) stimuli were
implemented to encourage running when the mice were in the fatigue
zone (mouse on shock grid or base of tail at belt/shock grid interface)
for 2 or more seconds. On the testing day, parameters were as follows:
5 min at 3 m/min, 5 min at 6 m/min, 20 min at 9 m/min, 15 min at
15 m/min, 15 min at 21 m/min, and 60 min at 27 m/min. Latency was
determined by mice meeting the earliest incidence of one the
following criteria: running for 120 min, remaining in the fatigue
zone for 10 s, or remaining on the shock grid for 10 s. Work
(J) was calculated as follows: body weight (kg) � running speed
(m/min) � running time (min) � incline � 9.8 (J/kg � m).

Tissue harvest

All tissuess were harvested in the morning from fed mice euthanized
via cervical dislocation. Tissue harvested for glycogen, glycogen syn-
thase activity, and GYS1 protein expression analysis were immedi-
ately frozen in liquid nitrogen and stored at �80�C. Tissue harvested
for Gys1 mRNA expression was placed in RNAlater. Quadriceps for
histological evaluation was placed in 10% neutral-buffered formalin
(NBF) for 48–72 h at room temperature and then transferred to
10% NBF containing 1% periodic acid (4 g) for 48 h at 4�C.28 After
washing in PBS for 10 min at room temperature three times, tissue
was moved to 70% ETOH and paraffin sections prepared and stained
with hematoxylin and eosin (H&E) or Periodic acid-Schiff (PAS; In-
diana University School of Medicine Histology Core).
ata are expressed as mean (SD). n = 3–15. One-way ANOVAwith Tukey’s multiple

. ap < 0.05 for comparison of WT vs. every other group, bp < 0.05 for comparison of

WT vs. 29 and V, ep < 0.05 for comparison of WT vs. V, fp < 0.05 for comparison of
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A

B

Figure 8. Experimental timeline and treatment groups

(A) Mice were injected every 28 days and grip strength (GS), wire hang (WH), and rotarod (RR) performance were monitored monthly. Treadmill (TR) performance was

monitored 8 months after treatment was initiated. Tissue harvest (TH) occurred 3, 6, and 9 months after treatment initiation and Gys1 mRNA expression, GYS1 protein

expression, GYS1 enzymatic activity, and glycogen concentration were measured in several tissues. (B) Treatment groups comprised 4-month-old male and female Gaa

disrupted mice (6neo/6neo) that were injected with vehicle or Centyrin conjugated to either Gys1 siRNA (ABXC-29) or scrambled siRNA (ABXC-73). Wild-type mice were

injected with vehicle.

Molecular Therapy
Histological analysis

H&E-stained paraffin sections contained numerous vacuoles repre-
senting lysosomal glycogen, and were scored 0, 1, 2, or 3 with 0 repre-
senting no vacuolization (normal) and 3 representing severe vacuoli-
zation. See Table S1 for further details.

PAS-stained sections highlighted the lysosomal glycogen present in
the vacuoles observed on H&E section and were scored 0, 1, 2, or 3
with 0 representing no vacuolization (normal), 1-mild vacuolization,
2-moderate, and 3-severe vacuolization.

Histology sections were not evaluated for cytosolic glycogen, due to
the variability of glycogen staining in this cellular compartment.

Glycogen concentration

Tissue glycogen concentration was determined by measuring amylo-
glucosidase-released glucose from glycogen as described by Canada
et al.29 (brain) or Suzuki et al.30 (other tissues).

Glycogen synthase enzymatic activity

Glycogen synthase activity was assessed in tissue homogenates by
monitoring the incorporation of glucose from UDP-[U-14C]glucose
into glycogen as previously described.30 Assays were performed in
the presence or absence of added glucose-6-P (7.2 mM). The activity
246 Molecular Therapy Vol. 33 No 1 January 2025
ratio for glycogen synthase was calculated by dividing activity
measured in the absence of glucose-6-P by activity measured in the
presence of this allosteric activator that induces maximal Gys1
activity.

Gys1 mRNA expression

RNA was extracted from tissue homogenates (RNeasy Fibrous Tissue
Mini Kit, Qiagen). RNA (1 mg) was reverse transcribed (TaqMan Fast
Advanced Cells-to-Ct RT kit, Invitrogen). Quantitative PCR was per-
formed using cDNA corresponding to 80 ng mRNA with Taqman
primer-probes targeting Gys1 and reference genes Pgk1, Ahsa1, and
Hprt (ThermoFisher Scientific). Gys1 expression relative to reference
transcripts was determined by the DDCt method and normalized to
vehicle-treated 6neo/6neo mice.

GYS1 protein expression

Tissue homogenates were subjected to SDS-PAGE followed by
transfer to PVDF membranes that were incubated (BlotBot, Next
Advance) with antibodies to GYS1 (1:2,000, Novus NBP3-
19957). Secondary antibody was anti-rabbit (1:2,000, Invitrogen
A32734). Fluorescence was imaged on a Typhoon 5 (Cytiva) and
quantified with ImageQuantTL (Cytiva). GYS1 expression was
normalized to total protein (No-Stain Protein Labeling Reagent,
Invitrogen).
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Statistical analysis

Analysis on all data was done using PrismR (GraphPad Software). All
data are expressed as mean (SD). Analysis of variance (ANOVA) with
Tukey’s multiple comparison test was used to determine statistical
significance between all groups. Unless otherwise noted, percent
changes shown in figures indicate comparisons between 6neo/6neo

mice treated with vehicle and 6neo/6neo mice treated with ABXC-29.

DATA AND CODE AVAILABILITY
The data that support the key findings of this study are available within the article and
supplemental material or upon request from the corresponding author, B.P.
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