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Gene therapywith an adeno-associated virus serotype 8 (AAV8)
vector (AAV8-LSPhGAA) could eliminate the need for enzyme
replacement therapy (ERT) by creating a liver depot for acid
a-glucosidase (GAA) production. We report initial safety and
bioactivity of the first dose (1.6 � 1012 vector genomes/kg)
cohort (n = 3) in a 52-week open-label, single-dose, dose-escala-
tion study (NCT03533673) in patients with late-onset Pompe
disease (LOPD). Subjects discontinued biweekly ERT after
week 26 based on the detection of elevated serum GAA activity
and the absence of clinically significant declines per protocol.
Prednisone (60 mg/day) was administered as immunoprophy-
laxis through week 4, followed by an 11-week taper. All subjects
demonstrated sustained serum GAA activities from 101% to
235% of baseline trough activity 2 weeks following the preced-
ing ERT dose. There were no treatment-related serious adverse
events. No subject had anti-capsid T cell responses that
decreased transgene expression. Muscle biopsy at week 24
revealed unchanged muscle glycogen content in two of three
subjects. At week 52, muscle GAA activity for the cohort was
significantly increased (p < 0.05). Overall, these initial data sup-
port the safety and bioactivity of AAV8-LSPhGAA, the safety of
withdrawing ERT, successful immunoprophylaxis, and justify
continued clinical development of AAV8-LSPhGAA therapy
in Pompe disease.

INTRODUCTION
Pompe disease, with an incidence of approximately one in every
16,000 births,1 is caused by mutations in the GAA gene coding for
the enzyme acid a-glucosidase (GAA) that leads to lysosomal
glycogen accumulation in many organs, especially striated and
smooth muscles, and is often fatal.2–4 A spectrum of severity has
been defined based upon the amount residual GAA activity present,
ranging from severe infantile-onset Pompe disease (IOPD) due to
complete GAA deficiency that causes cardiomyopathy, to less severe
late-onset Pompe disease (LOPD) that causes primarily skeletal and
respiratory muscle weakness. Treatment of patients diagnosed with
IOPD, in the form of enzyme replacement therapy (ERT) with recom-
binant human GAA (rhGAA), has reversed cardiomyopathy,
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improved muscle function, and increased life expectancy. Although
ERT has prolonged survival in the majority of patients with IOPD,
long-term sequelae have been reported including persistent skeletal
muscle weakness, ptosis, gait difficulties and in some instances the
need for ventilator support.5,6 Many of these poor responders formed
high, sustained anti-rhGAA IgG antibody titers (HSAT) that
occurred in up to one-third of patients.5,6 In contrast, only a few adult
patients with LOPD have formed HSAT during ERT that reduced
efficacy.7,8 Even in patients with a good response to ERT, however, re-
sidual motor weakness (neck flexor weakness, dorsiflexor weakness,
myopathic facies, ptosis and strabismus) has been observed.9–11

Furthermore, the benefits of ERT gradually wane over time as docu-
mented in patients with LOPD who had decreased 6-min walk test
(6MWT) distance and forced vital capacity (FVC) performance after
several years of treatment.12

Multiple preclinical experiments have demonstrated the ability of
liver-based gene therapy with wild-type human GAA to secrete
GAA into the bloodstream.13–16 This liver-basedgene therapywith un-
modified, wild-type GAA is conceptually similar to ERT with rhGAA
using receptor-mediated uptake into muscle; however, continuous
production of GAA that is secreted from a liver depot offers potential
advantages.17 Liver depot gene therapy induced immune tolerance to
rhGAA, prevented HSAT formation during ERT in GAA-knock out
(KO) mice, and decreased mortality from hypersensitivity associated
with ERT. Furthermore, ERT was efficacious in GAA-KO mice only
in the setting of immune tolerance to GAA following AAV vector
administration.14 The vector,AAV8-LSPhGAA, contained a liver-spe-
cific regulatory cassette that induced immune tolerance by expressing
GAA exclusively in the liver and by activating regulatory T cells, which
has consistently induced immune tolerance to humanGAA in preclin-
ical experiments.13–16 Importantly, AAV8-LSPhGAA corrected GAA
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Figure 1. Clinical laboratory testing for safety monitoring

Study design including summaries of eligibility andmonitoring with study visits illustrated by a timeline. Laboratory testing was performed at each study visit to monitor for liver

or muscle toxicity, including serum ALT, AST, GGT, and CK.
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deficiency in the heart and skeletalmuscle at aminimumeffective dose
feasible for early phase clinical trials, confirming its potential as a
stand-alone therapy to replace ERT.18 A GLP toxicology and bio-
distribution study demonstrated safety for AAV8-LSPhGAA at a
dose of 1.6� 1013 vg/kg in GAA-KOmice,19 which was 80-fold higher
than the minimum effective dose.18,20

While the obvious strategy to correct GAA deficiency in Pompe dis-
ease muscle would appear to be muscle-targeted gene therapy, liver-
targeted gene therapy has been more efficient due in part to the high
tropism of AAV vectors for the liver. As demonstrated in the
GAA-KO mouse model, liver-targeted gene therapy has achieved
the generalized correction of muscle using liver-specific expression
and secretion from a liver depot for GAA production with lower vec-
tor doses. For example, muscle-targeted gene therapy in GAA-KO
mice with an AAV vector containing a highly active muscle-specific
regulatory cassette required >10-fold higher doses, in comparison
with the liver depot strategy.13,21,22 Furthermore, the efficacy of mus-
cle-based GAA expression was blunted by anti-GAA antibody
responses.21

This is the initial report of the evaluation of safety and bioactivity
for the first (low-dose) cohort (n = 3) in a 52-week, open-label, sin-
gle-dose, dose-escalation study (NCT03533673) in patients with
LOPD (Figure 1). The primary study objectives were to evaluate
the safety as assessed by the incidence of adverse events (AEs),
serious AEs (SAEs), and clinical laboratory abnormalities and bioac-
tivity as assessed by serum GAA activity, and muscle GAA activity
and glycogen content of AAV8-LSPhGAA in adult subjects. Second-
ary objectives included evaluating the effects of treatment on motor
function by assessing 6MWT and on pulmonary function by assess-
ing upright FVC.
RESULTS
Three subjects with LOPD were screened and enrolled in cohort 1 of
the study at a dose of 1.6 � 1012 vg/kg (Figure S1). Eligible subjects
had LOPD, no detectable anti-AAV8 neutralizing antibodies,
>12 months stable ERT dosing, and ability to walk at least 100 m
on the 6MWT. Subjects continued biweekly ERT until ERT with-
drawal at week 26 based on the detection of quantifiable serum
GAA activity fromAAV8-LSPhGAA and the absence of clinically sig-
nificant declines in FVC or 6MWT performance. The detection of
serum GAA activity above baseline was attributed to transgene
expression following vector administration, given that serum GAA
was assayed at a trough level relative to ongoing ERT. Prednisone
(60 mg/day) was administered as immunoprophylaxis through
week 4, followed by an 11-week taper (5 mg/week). These subjects
were typical for the Duke University Metabolic Clinic population,
previously diagnosed with LOPD and having been treated with
ERT for more than 2 years (Table 1). All three subjects were male
and had decreased FVC consistent with eligibility criteria. Initial
safety of AAV8-LSPhGAA was assessed by the incidence of vector-
related AEs and SAEs. Related AEs included headaches, myalgias,
and elevated transaminases and were elicited at phone and in-person
research visits (Table 2). SAEs were unrelated to vector, and included
pulmonary embolism and osteomyelitis in subject 001 (Table 3).

The risk for T cell-mediated anti-capsid immune response was as-
sessed initially by safety laboratory assessments, including serum
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
g-glutamyltransferase (GGT), and creatine kinase (CK) at each study
visit and at weekly home visits from week 4 to week 16 (Figure S2).
Subject 001 had elevated concentrations of all four of these
biomarkers starting at week 28 that coincided with the onset and
treatment of osteomyelitis, whereas subjects 002 and 003 had normal
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concentrations of all four biomarkers. The elevations for 001 were
attributed to osteomyelitis and related drug therapy, as well as muscle
damage given elevated CK. An initial elevation of CK and AST for
subject 001, attributed to muscle damage, correlated with an illness
with dehydration prior to vector administration (Figure S2 and Ta-
ble 3). To further clarify whether T cell responses were the cause
for liver toxicity as reflected by elevated ALT and GGT, the anti-
AAV8 g-interferon ELISPOT was assessed (Figure 2). Anti-AAV8
ELISPOT signals were only slightly elevated, up to 90 spot forming
units (SFU) at week 16 (elevated: >40 SFU per million PBMCs and
at least 3x the DMSO control). Serum GAA fluctuated, but remained
increased above baseline without any downward trend at week 52 for
subject 001, indicating sustained transduction and stable transgene
expression with AAV8-LSPhGAA and a lack of significant destruc-
tion of transduced hepatocytes (Figure 2A). Thus, elevated transam-
inases were deemed by the principal investigator to be unrelated to
vector administration. Elevated capsid ELISPOT signals (40–120
SPF) were observed in subjects 002 and 003 after week 15 in absence
of any elevations of ALT, indicating a lack of associated hepatotoxic-
ity (Figures 2B and 2C).

Bioactivity of AAV8-LSPhGAA was evaluated by detection of serum
GAA activity, which was determined at the pharmacokinetic trough
2 weeks following the preceding ERT infusion (Figure 3). All subjects
demonstrated sustained serum GAA activities from 101% to 235% of
baseline activity. At week 24, all subjects met criteria for ERT with-
drawal, which included GAA activity above baseline and lack of
clinically meaningful decreases in the 6MWT and FVC. ERT was sub-
sequently stopped at week 26 per protocol. The serum GAA at week
52 remained above baseline levels 26 weeks following withdrawal of
ERT, which confirmed transgene expression and secretion of the
transgene protein, GAA. Immune responses against GAA were not
detected by anti-rhGAA quantification, which revealed stable or
decreased antibody formation following vector administration (Fig-
ure S2). GAA activity was significantly increased in muscle biopsies
obtained at week 52, in comparison with baseline muscle biopsy anal-
ysis that confirmed bioactivity of gene therapy (Figure 3B). Glycogen
content of muscle was not significantly elevated relative to baseline,
although one of three subjects had elevated muscle glycogen at
week 52 above the normal range following treatment for osteomyelitis
(subject 001; Figure 3C). Histology of the muscle biopsies revealed
increased vacuoles and glycogen staining at week 52 only for 001
(Table S1), consistent with the observed increase in glycogen content
(Figure 3C). Urinary Glc4, a biomarker for muscle glycogen accumu-
lation, remained stable at week 52 despite the increase observed for
subject 001 (Figure 3D).

Motor and pulmonary function testing relevant to LOPD was as-
sessed to detect changes following vector administration. The
6MWT and upright FVC performance were not significantly different
at week 52 from baseline (Figures 4A and 4B). The FVC done in the
supine position, which is decreased relative to upright FVC in LOPD,
was also stable at week 52 (Figure 4C). Similarly, patient-reported
scales were unchanged from baseline at week 52 (Figures 4D–4F).



Table 2. Adverse events related to study drug

Patient ID Adverse event term Outcome Severity Expectedness Relationship to study drug CTCAE grade Action taken Serious?

101002 Headache Resolved Mild Unexpected Possibly Grade 1 Not applicable No

101002 Headache Resolved Moderate Unexpected Possibly Grade 2 Not applicable No

101001 Myalgia Resolved Moderate Unexpected Possibly Grade 2 Not applicable No

101001 ALT Resolved Mild Unexpected Possibly Grade 1 Not applicable No

101001 AST Resolved Mild Unexpected Possibly Grade 1 Not applicable No

101001 GGT Resolved Mild Unexpected Possibly Grade 1 Not applicable No

www.moleculartherapy.org
Subsequently, all subjects met protocol-specified criteria to remain off
ERT at weeks 52 and 104, although one subject voluntarily opted to
resume ERT at week 97.

DISCUSSION
This Phase I clinical trial of liver depot gene therapy for Pompe dis-
ease is the first report of systemic gene therapy to treat Pompe disease.
A previous study evaluated the direct injection of the diaphragm with
an AAV2 vector to correct GAA deficiency locally.23We have demon-
strated initial safety and partial bioactivity for AAV8-LSPhGAA at a
dose of 1.6 � 1012 vg/kg in adult patients with LOPD. The lack of
glycogen lowering suggested that despite the presence of increased
GAA activity in skeletal muscle, the efficacy of gene therapy was
not sufficient to replace ERT at this vector dose. The absence of any
of the following all supported safety: dose-limiting toxicity based on
laboratory and clinical parameters, including the absence of treat-
ment-related SAEs, together with the observation that all subjects
met the protocol-specified definition of clinical stability. Function
of the AAV8-LSPhGAA vector in vivo was supported by the presence
of consistently elevated serum GAA levels relative to trough baseline
activities. Importantly, bioactivity was confirmed through the obser-
vations of elevated serum and muscle GAA activity above baseline at
week 52, following the cessation of ERT at week 26. Furthermore,
motor and pulmonary function remained stable for greater than
70 weeks following the withdrawal of ERT.

Themagnitude of the circulating peripheral concentrations of secreted
GAA that correlated with increased deposition of GAA in muscle tis-
sue surpassed initial expectations, based upon data from preclinical
studies. Given that the expected transduction of the human liver is
approximately 20-fold lower than for mouse liver,24 the current dose
of 1.6 � 1012 vg/kg translates to a dose for mice of 8 � 1010 vg/kg.
When GAA-KO mice were treated with 8 � 1010 vg/kg of AAV8-
LSPhGAA, biochemical correction of heart and diaphragm was
observedwithout any associated changes in skeletalmuscles, including
the quadriceps. It is well established that the heart and diaphragm are
more responsive to ERT or gene therapy than the skeletal muscle.14,25

The increased GAA activity in the quadriceps seen in this trial demon-
strated the ability of liver depot gene therapy to correct skeletalmuscle,
which is resistant to ERT due to low expression of the cation indepen-
dent mannose-6-phosphate receptor that takes up GAA in skeletal
muscle.26 However, the demonstrated increase in GAA activity did
not achieve glycogen content reduction in the quadriceps muscle
beyond the level previously achieved with ERT in two of three subjects
and the third subject had increasedmuscle glycogen. This discrepancy
emphasizes that higher GAA activity will likely be needed to suppress
muscle glycogen content over the long term, given that one of three
subjects had increased muscle glycogen above the normal range at
week 52.Muscle glycogen content is variable depending on the quality
and the exact location of the biopsy; however, we previously reported
statistically significant differences in muscle glycogen content
following an experimental therapy, indicating that biochemical quan-
tification of muscle glycogen content can be a robust endpoint in
LOPD.27 It is possible that higher vector dosages planned for later co-
horts will achieve higher serum GAA and muscle GAA activities.
Alternatively, adjunctive therapies have been developed to increase
the expression of the mannose-6-phosphate receptor in skeletal mus-
cle and to improve biochemical correction from low-dose gene ther-
apy, which could ameliorate the need for high vector dosages and
the accompanying risks for vector-related toxicity.28–30 A Phase I clin-
ical trial with clenbuterol revealed that adjunctive therapy with ERT
could further decrease muscle glycogen content by up to 50%.27

An earlier study of gene therapy with an AAV8 vector in hemophilia B
demonstrated the risk of T cell responses to the AAV8 capsid proteins
at a dose of 2� 1012 vg/kg, which was 25% higher than the dose for the
current study. Four of six participants who received the 2� 1012 vg/kg
dose in that study developed ALT elevations at weeks 7–10, with
concordant g-interferon ELISPOT responses directed toward capsid
proteins. In most patients, the administration of prednisone at onset
of ALT increases prevented loss of transgene expression, although hu-
man factor IX concentrations were generally lower after the observa-
tion of transient increases in ALT. Based on these data, we designed
our study to include prophylaxis with prednisone starting just prior
to vector administration and continued at a stable dose for 4 weeks,
followed by an 11-week taper, similar to the strategy used in the pivotal
trial for AAV9 vector-mediated gene therapy for spinalmuscular atro-
phy.31 The dose for our study was 80% of that used by Nathwani and
colleagues32 in hemophilia B, but only one of three subjects developed
mildly elevatedALT andELISPOT signals (001, Figure 2) that resolved
without further immune suppression and without an associated
decrease in serum GAA, indicating that these elevations were less
likely to be related to vector administration. However, the possibility
that anti-AAV8 T cell responses were present in this subject cannot
be excluded. This experience emphasizes the need for careful moni-
toring of AEs, such as osteomyelitis that occurred in subject 001, in
Molecular Therapy Vol. 31 No 7 July 2023 1997
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Table 3. Serious adverse events

Patient ID Adverse event term Outcome Severity Expectedness Relationship to study drug CTCAE grade Action taken Serious?

101001 Dehydrationa Resolved Severe Unexpected Not related Grade 3 None Yes

101001 Pulmonary embolism Resolved Moderate Unexpected Not related Grade 2 Not applicable Yes

101001 Osteomyelitis Resolved Severe Unexpected Not related Grade 3 Not applicable Yes

aPrior to vector administration.
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order to determine relatedness to the study interventions. Of note, as a
consequence of muscle damage, ALT is often elevated in LOPD,33

which decreases its reliability as a biomarker for anti-AAV8 T cell re-
sponses following vector administration. Thus, the initial immune
prophylaxis with prednisone might have helped to preserve transgene
expression in the current study despite the presence of anti-capsid
T cell responses. GAA expression did not provoke higher anti-rhGAA
responses, suggesting that liver depot gene therapy will avoid anti-
GAA immunity that could interfere with efficacy.9–11

The motivation for developing a liver depot gene therapy for Pompe
disease is to address an unmet need for advanced treatment of this
condition. The current study was guided by the design of an earlier
study of AAV8-mediated gene therapy for hemophilia B, which
achieved long-term benefits including savings from decreased need
for treatment with coagulation factor replacement,32 which has an
annual cost of �$300,000 for coagulation factor IX replacement.32,34

In Pompe disease, the benefits of gene therapy might include (1)
improved quality of life and savings due to the high costs of ERT in
Pompe that is administered at least every 2 weeks – estimated at
>$200,000 per year for ERT in Pompe disease35; (2) potentially
inducing immune tolerance to GAA in CRIM-negative patients and
CRIM-positive patients who form HSAT and fail to respond to
ERT36,37; and (3) potentially improving the ability to treat Pompe dis-
ease very early following early detection by newborn screening by
initiating pre-symptomatic treatment to prevent the complications
of Pompe disease entirely.38 Several of these potential benefits would
require the development of this treatment for IOPD, which would
require additional clinical trials in pediatric patients. However, even
a gene therapy limited to LOPD patients would provide treatment
for up to 90% of patients detected by newborn screening,1 if methods
become available to circumvent the effects of NAb against AAV8 that
occur in up to half of patients at older ages.39

Neurologic complications have been reported in both infantile-onset,
and more recently LOPD in association with accumulation of
glycogen noted in the central (CNS) and peripheral nervous systems
(PNS).40–46 Similarly, glycogen content is elevated in the CNS and
PNS ofGAA-KOmice,19,47–50 and has been correlatedwith behavioral
deficits detected by systematic behavioral testing.44,51 In the latter
study, an AAV vector cross-packaged as AAV-PHP.B corrected the
CNS phenotype, when administered early in life to GAA-KO mice.
Another study with an AAV8 vector encoding modified “secretable”
GAA significantly decreased accumulated glycogen in the CNS of
GAA-KO mice at the dose of 2 � 1012 vg/kg.42 An earlier study with
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an AAV8 vector encoding human GAAmodified only by substitution
of a human a1-antitrypsin signal peptide demonstrated significant
reduction of brain glycogen at a dose of 1 � 1012 vg/kg, indicating
that the wild-type GAA enzyme could penetrate the CNS following
cleavage of the modified signal peptide and secretion into the blood-
stream.47 However, neither of the two studies with an AAV8 vector
confirmed the correction of behavioral abnormalities.47,48 A formal
pharmacology-toxicology study of the AAV8-LSPhGAA vector used
in this clinical trial revealed significantly decreased glycogen content
in the CNS at the dose of 2� 1013 vg/kg, as well as a lack of toxicity.19

Overall, these data suggest that AAV8 vector-mediated expression of
GAA in the liver can correct the CNS involvement of Pompe disease in
GAA-KO mice at higher vector dosages,19,47,48 which would require
even higher dosages to achieve the same benefits in human patients.24

The current report is of a Phase I clinical trial for the initial low-dose
cohort. The study has several limitations, including the lack of blinding,
the lack of assessments for neurological (CNS/PNS) pathology or
response to vector, the small number of subjects enrolled, which is
typical for early phase clinical trials of gene therapy, and the fact that
the study was not powered adequately to detect efficacy. One subject
experienced SAEs unrelated to the study drug, which emphasized the
risks of Pompe disease and the potential for disease-related complica-
tions in the context of a clinical trial. The risks from Pompe disease
potentially may complicate participation in a clinical trial, and must
be weighed against potential benefits that cannot be expected from
participating in an early phase clinical trial. However, the lack of clinical
progression following the cessation of ERT suggests that gene therapy
might replace ERT for the treatment of LOPD, and justifies further clin-
ical development of liver depot gene therapy for Pompe disease.

MATERIALS AND METHODS
Study design

This was a 52-week Phase I open-label study of AAV8-LSPhGAA in
patients with LOPD. The study vector wasmanufactured per standard
protocols at the Nationwide Children’s Center for Gene Therapy. The
Duke Investigational Drug Service stored and dispensed the study vec-
tor, which was administered in the Duke Early Phase Research Unit.
AAV8-LSPhGAA contains a liver-specific promoter (LSP) consisting
of a thyroid hormone binding globulin promoter and two copies of an
a1-microglobulin/bikunin enhancer upstream of a wild-type GAA
cDNA without optimization or CpG depletion, which is upstream of
a human growth hormone polyadenylation signal.13–16 Study vector
was administered (1.6� 1012 vg/kg bodyweight, infused by controlled
intravenous infusion at a rate of 60 mL/h) approximately 3 days



Figure 2. Comparison of serum ALT and GAA with g-interferon ELISPOT assay for anti-AAV8 T cell responses

ELISPOTs were uniformly collected through week 38, and thereafter were not obtained for subject 003 due to inability to travel related to the COVID19 pandemic. Each graph

summarizes data for one subject: 001 (A), 002 (B), and 003 (C). The left y axis shows the ELISPOT in spot forming units (SFU), whereas the right y axis shows the scale for GAA

(mmol/min/mL) and ALT (units/mL). The x axis shows study days corresponding to the data shown.
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following a dose of ERT, and ERT continued every 2 weeks through
week 24. Thereafter, study visits occurred approximately 2 weeks after
the last dose of ERT, when the GAA concentration from ERT was at a
trough level. At week 26, subjects had ERT suspended based on the
following data relative to their screening values: (1) quantifiable
GAA catalytic activity (i.e., endogenously expressed GAA activity as
a result of dosing AAV8-LSPhGAA) in their serum at weeks 12, 16,
and 24; and (2) no clinically significant declines in two ormore param-
eters on two consecutive occasions (i.e., week 8 and week 24) in
6MWT, GSGC, QMFT, and FVC from pulmonary function testing
performed in the upright position. Criteria for re-initiation of ERT
were as follows: (1) serum GAA equivalent to or less than screening/
baseline, and (2) significant decline on 6MWT and FVC performance
on two consecutive visits, which included unscheduled visits at least
2 weeks apart. Significant 6MWT decline was defined as >30 m
decrease from baseline; significant FVC decline was defined as >3%
predicted performance decline from baseline. This study was
approved by the Duke University Institutional Review Board, and
written consent was obtained at study entry.

Patient selection

Inclusion criteria included the following: (1) Diagnosis of Pompe dis-
ease by blood or skin fibroblast GAA assay and two pathogenic variants
in the GAA gene. (2) Age: Greater than or equal to 18 years at enroll-
ment. (3) Ability to provide written informed consent. (4) FVC within
the range of 30% to less than 90% (inclusive) of predicted in the upright
position. (5) Ability to walk at least 100 m on the 6MWT (with assistive
devices permitted). (6) Receiving ERT for at least 104 weeks (inclusive)
immediately preceding screening and receiving a stable dose of ERT for
the 52-week period immediately preceding dosing. (7) Subjects must
use at least one acceptable birth control method throughout the study
and for 6 months after dosing with ACTUS-101. Exclusion criteria
included the following: (1) ELISA positive for neutralizing anti-
AAV8 capsid IgG antibodies (NAb) with a titer >1:5. (2) Invasive venti-
lation required or noninvasive ventilation required while awake and
upright. (3) FVC <20% of predicted (supine). (4) Clinically relevant
illness within 2 weeks of enrollment including fever >38.2�C, vomiting
more than once in 24 h, seizure, or other symptom deemed contrain-
dicative to new therapy. (5) Any condition that would interfere with
participation in the study as determined by the principal investigator.
(6) Received any live vaccination 4 months prior to study day 1. (Sub-
jects will also be prohibited from receiving any vaccination within the
4-month period after study day 1). (7) Pregnant or nursingmothers. (8)
Anti-rhGAA IgG with sustained titer >1:12,800 for >6 months at time
of enrollment. (9) Serology consistent with exposure to HIV, or
serology consistent with active hepatitis A, B, or C infection. Any active
liver disease. (10) GGT >1.2x upper limit of normal (ULN) adjusted for
age and gender. (11) Bilirubin >1.2x ULN adjusted for age and gender
(absent known history of Dubin-Johnson syndrome). (13) Active infec-
tion based upon clinical symptoms. (14) Having started respiratory
muscle strength training in the last 6 months prior to study day 1 or
having discontinued respiratory muscle strength training in the
6-month period preceding study day 1, or having started respiratory
strength training more than 6 months prior to study day 1 and unwill-
ing to continue for the first year of study participation. (15) Received an
investigational drug or participated in another interventional study
within 90 days of study day 1. (16) History of cardiomyopathy in first
year of life.

Endpoints

The primary endpoint was safety of AAV8-LSPhGAA, including
avoidance of the following stopping rules: if two subjects develop
Molecular Therapy Vol. 31 No 7 July 2023 1999
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Figure 3. Bioactivity evaluated by quantification of biochemical testing

Samples were obtained 2 weeks following an infusion of ERT, when GAA activity from ERT was at a trough. (A) Serum GAA activity. (B) Muscle GAA activity. (C) Muscle

glycogen content. (D) Urine Glc4. * = p < 0.05; ns = not significant as determined by a paired t test for the comparison indicated by connecting lines. # indicates when ERTwas

discontinued at week 26. The dotted line box indicates the normal range, although no normal range has been established for the experimental endpoint of serum GAA.
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the same Grade 3 AE, or for any subject that develops a Grade 4 AE
that in the opinion of the investigator is deemed related to the inves-
tigational product. Secondary endpoints included the 6MWT and
PFTs. Biochemical endpoints included muscle GAA and glycogen
content, and immune response as measured by anti-rhGAA antibody
formation and anti-AAV8 and anti-GAA ELISPOT.

Clinical laboratory testing for monitoring safety

Clinical laboratory testing was performed by Duke Clinical Labora-
tories (Durham, NC). Antibodies against rhGAA were quantified
by Sanofi Genzyme (Bridgewater, NJ).

NAb assay

NAb responses to the AAV8 capsid were analyzed using a cell-
based AAV8 NAb assay described previously.52 The AAV8
vector used in this assay contains the gene encoding b-galactosi-
dase (LacZ) driven by a cytomegalovirus (CMV) promoter
(AAV8.CMV.LacZ.bGH) and was made by the Vector Core Labo-
ratory at the University of Pennsylvania (Philadelphia, PA). The
NAb titer values are reported as the reciprocal of the highest sam-
ple dilution that inhibits AAV8.CMV.LacZ.bGH transduction
(b-gal expression) by R 50%, compared with a naive mouse serum
control. To determine the endpoint titer, samples were run in a
dilution series of either 7 or 14 dilutions until a negative result
was obtained. The highest concentration of sample tested in the
assay was a 1:5 dilution. The variability of the assay is ± one
2-fold sample dilution. Validation controls included metrics for
2000 Molecular Therapy Vol. 31 No 7 July 2023
the average signal from the cell only wells, the average level of
transduction obtained at every dilution tested, a human validation
test sample with a known AAV8 NAb titer, and a rabbit polyclonal
anti-AAV8 positive control serum sample.

Interferon-g ELISPOT assay

T cell responses to AAV8 capsid as well as the hGAA transgene
were analyzed by an interferon-g ELISPOT assay described previ-
ously.52 AAV8 capsid and hGAA transgene peptide libraries were
synthesized as 15-mers with a 10 amino acid overlap with the pre-
ceding peptides (Mimotopes, VIC, Australia). The resulting peptides
were dissolved in dimethyl sulfoxide (DMSO) to a concentration of
100 mg/mL. Peptide pools were aliquoted, stored at % �60�C, vali-
dated, and used at a final concentration of approximately 2 mg/mL
in the assay. The AAV8 capsid peptide library was grouped into
three peptide pools of approximately 50 peptides each and the
hGAA transgene peptide library was grouped into four peptide
pools of approximately 50 peptides each. Data were imaged and
analyzed on a CTL S6 Core Analyzer and the cutoff value for a pos-
itive response was >40 SFU per 1E+6 PBMCs and at least three
times (3x) the medium (DMSO) control value. Wells stimulated
with DMSO, peptide pools, CEF, and PHA contained 2E+5 cells
per well with data presented as the average spot forming units
(SFU) per million (1E+6) cells. A normal donor PBMC sample
was tested on every assay plate and had to meet the above listed
criteria for medium (DMSO), anti-CD3, and PMA + ION in order
for the assay to be considered valid.



Figure 4. Muscle function and patient-reported outcomes

Muscle function testingandpatient-reportedoutcomeswere assessed. (A) 6MWT, (B) FVC, (C) FVC in the supineposition, (D) FatigueSeverityScale, (E) PROMISFatigueScale,

and (F) Rasch-Built Pompe Specific Activity Scale. Statistical significance analyzed by paired t test, ns = not significant. # indicates that ERT was discontinued at week 26.
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Muscle function testing

Motor and pulmonary function was evaluated with the 6MWT and
FVC, which are validated endpoints for Pompe disease.7 The
6MWT was performed as described.53 Pulmonary function tests
were measured by electronic spirometer as described, including the
forced expiratory volume in 1 s (FEV1), FVC, maximum expiratory
pressure, and maximum inspiratory pressure.54 FEV1 and FVC
were assessed in both the supine and upright positions to increase
sensitivity for abnormalities detected in Pompe disease.55 All muscle
function assessments were performed at screening, and at weeks 8, 24,
30, 38, and 52; and will be performed every 4 months in years 2
through 5.

Muscle biopsy

The impact of vector-produced GAA was analyzed by evaluating the
biochemical correction of muscle in subjects with LOPD treated with
ERT, both prior to and following vector administration. Subjects un-
derwent a needle muscle biopsy of the quadriceps (vastus lateralis) at
baseline, week 24, and week 52 visits by a neuromuscular specialist
with expertise in Pompe disease. The needle muscle biopsy was per-
formed under local anesthesia. The muscle biopsy was evaluated for
biochemical correction by standard methods.56 Biopsy tissues were
also processed for high-resolution light microscopy and stained for
periodic acid-Schiff-positive glycogen.

Serum GAA assay

Serum samples isolated from standard serum separator tube were
stored in a�80�C freezer with remote temperature monitoring system
installed, until used for GAA activity determination as described.19

Briefly, serum samples were thawed on ice, while a 2.2-mM solution
of 4-methyllumbelliferyl (4-MU)-a-D-glucoside (Sigma M9766) stock
was boiled for 3 min and cooled at room temperature for more than
10 min. The reaction was set up in triplicate, consisting of 10 mL of
serum and 20 mL of 4-MU substrate, in a 96-well plate (Corning,
3650). The reaction mixture was incubated at 37�C for 1 h, and was
stopped by adding 130 mL of 0.5M sodium carbonate buffer
(pH10.5). A standard curve (0–1,000 pmol/ mL of 4-MU; Sigma
M1381) was used to measure the release of fluorescent 4-MU from in-
dividual reactions, using a TECANmicroplate reader at 465-nm emis-
sion and 360-nm excitation. GAA activity measured in patients’ serum
sample was reported by conversion of the artificial substrate
4-methylumbelliferyl (4-MU)a-D-glucoside to the fluorescent product
umbelliferone (relative fluorescent units-RFUs) at acidic pH 4.3 using
Magellan Software fromTECAN. To calculate the GAA activity inmil-
liliters, the released 4MU concentration was calculated based on the
concentrations in the standard curve and activity was reported as
nmol/h/mL.

Statistical analysis

Improvement in mean (±SD) values of each outcome at baseline and
last study visit were evaluated using one-sided paired t tests. A
p < 0.05 was considered statistically significant. All analyses were per-
formed using Graphpad Prism (San Diego, CA).
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