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A first-in-human trial of diaphragmatic gene therapy (AAV1-CMV-GAA) to treat respiratory and neural
dysfunction in early-onset Pompe disease was conducted. The primary objective of this study was to assess
the safety of rAAV1-CMV-hGAA vector delivered to the diaphragm muscle of Pompe disease subjects with
ventilatory insufficiency. Safety was assessed by measurement of change in serum chemistries and he-
matology, urinalysis, and immune response to GAA and AAV, as well as change in level of health. The
data demonstrate that the AAV treatment was safe and there were no adverse events related to the study
agent. Adverse events related to the study procedure were observed in subjects with lower baseline
neuromuscular function. All adverse events were resolved before the end of the study, except for one
severe adverse event determined not to be related to either the study agent or the study procedure. In
addition, an anti-capsid and anti-transgene antibody response was observed in all subjects who received
rAAV1-CMV-hGAA, except for subjects who received concomitant immunomodulation to manage reaction
to enzyme replacement therapy, as per their standard of care. This observation is significant for future
gene therapy studies and serves to establish a clinically relevant approach to blocking immune responses
to both the AAV capsid protein and transgene product.
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INTRODUCTION
POMPE DISEASE IS A NEUROMUSCULAR disease that re-
sults from mutations in the acid-a-glucosidase
(Gaa) gene encoding an enzyme (GAA) responsible
for the degradation of lysosomal glycogen.1,2 Lack
of GAA activity results in pathologic glycogen ac-
cumulation that ultimately disrupts cardiac and
skeletal muscle, as well as neural cellular archi-
tecture and function.1–4 The age of onset is deter-
mined by the severity of the genetic mutation, and
the rate of progression is typically inversely cor-
related with residual GAA activity.5,6 Children
with the most severe, early-onset form are usually
diagnosed in the first few months of life with severe
cardiomyopathy and cardiac hypertrophy.7 Pompe
disease also significantly affects the respiratory

system.8 The untreated natural history of early-
onset disease reveals that affected infants succumb
to cardiorespiratory failure in the first year of life.9

Pompe disease is an inherited myopathy with a
Food and Drug Administration/European Medi-
cines Agency (EMA)–approved cause-specific ther-
apy, with 10 years of clinical experience following
marketing approval in 2006. Enzyme replacement
therapy (ERT) relies on biweekly infusions of hu-
man GAA (Lumizyme�). Clinical studies of ERT
indicate that treatment extends patient survival
and partially corrects the associated cardiomyopa-
thy.10–15 However, it has also been observed that
most of the early-onset patients on ERT continue
to experience developmental delay and eventually
require support for ventilatory dysfunction and
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ambulatory assistance. A new natural history has
emerged in which 50% of early-onset patients on
ERT ultimately progress to respiratory failure,
full-time ventilatory dependence, and motor defi-
cits in childhood rather than in infancy (4 years
follow-up).9 Furthermore, murine and clinical stud-
ies have been done regarding the immunological
response to the therapy; early-onset patients with
little or no residual GAA activity typically have
a poor response to ERT, which is influenced by
anti-GAA antibody formation and the severity
of the mutation, which contributes to ineffective
treatment.16–21

One potential hypothesis for the limited efficacy
of ERT on neuromuscular function is that GAA is
not transported across the blood–brain barrier22,23

and therefore is unlikely to correct the progressive
accumulation of glycogen in the central nervous
system, especially in neurons. In fact, preclinical
work in GAA-deficient knockout mice and autopsy
reports on children treated with ERT confirm gly-
cogen accumulation in motoneurons.24–26 In addi-
tion, studies in a murine Pompe model (the Gaa–/–

mouse) demonstrate that delivery of rAAV1-GAA
to the diaphragm improves muscle health and may
improve phrenic neural output.27 Subsequent
studies by Elmallah et al. show that intramuscular
delivery of AAV can produce temporary correction
of motoneuron histopathology in Gaa–/– mice via
retrograde transport of the vector.8

Based on the results of preclinical work, the au-
thors’ team conducted the first-in-human trial
of diaphragmatic gene therapy (AAV1-CMV-GAA)
to treat respiratory and neural dysfunction in
infantile-onset Pompe disease.28,29 Smith et al.28,30

demonstrated that intramuscular delivery of AAV1-
CMV-GAA to the diaphragm improved dynamic
respiratory motor function, possibly via retrograde
transduction of phrenic motoneurons. Herein, the
safety outcomes for the Phase I/II clinical trial of
AAV1-CMV-GAA in children with Pompe disease
are reported. Further, we discuss the potential
benefits of the use of an immunomodulation regi-
men prior to AAV exposure to block immune re-
sponse to AAV vectors and the transgene product.

MATERIAL AND METHODS
Study design and subjects

Details of the study are described in Byrne
et al.29 and Smith et al.28 In summary, 11 subjects
were enrolled in the study: nine participants com-
pleted the trial, and two were withdrawn. The
participants were enrolled in an open-label, single-
center, sequential two-arm, Phase I/II study eval-

uating the safety and potential activity of a single
administration of rAAV1-CMV-hGAA vector in-
jected intramuscularly into the diaphragm.

Vector administration was accomplished by
video-assisted thoracoscopy conducted under gen-
eral anesthesia at UF Health Shands Hospital. All
study evaluations were conducted at the Clinical
Research Center and UF Health Shands Hospital
at the University of Florida, or at the study par-
ticipant’s home. Subjects were assigned to two
dosing groups and received either 1 · 1012 vg (n = 3)
or 5 · 1012 vg (n = 6) of rAAV1-CMV-hGAA (Tables 1
and 2). The selected doses were based on the pre-
clinical dose-escalation studies and were 100 times
lower than the maximal dose in murine biodis-
tribution studies.24,27,31,32

All participants had a confirmed diagnosis of
early-onset Pompe disease by whole-blood GAA as-
say and confirmatory sequence analysis. Inclusion

Table 1. Study design

Groups # 1 (n = 3) 2 (n = 6)

Substance rAAV1-CMV-GAA rAAV1-CMV-GAA
Vector concentration

(vg/mL)
2.2 · 1011 vg/mL 1.1 · 1012 vg/mL

Total dose 1.0 · 1012 vg 5.0 · 1012 vg
Total volume 4.5 mL 4.5 mL
Dosing regimen

(one time dosing,
two sites)

3 injections (max 0.75 mL
each) in each
hemidiaphragm

3 injections (max 0.75 mL
each) in each
hemidiaphragm

Route IM—diaphragm muscle IM—diaphragm muscle
Observation period

(years)
1 1

IM, intramuscular.

Table 2. Study events

Study day Safety labs1 Research labs2

Day -120 to -28: screening Yes Yes
Day -1: baseline visit N/A Yes
Day 0: dosing N/A N/A
Day 1 Yes Yes
Day 2 N/A N/A
Day 3 Yes Yes
Day 14 (–4 days) Yes Yes
Day 30 (–7 days) N/A Yes
Day 60 (–7 days) N/A Yes
Day 90 (–7 days) Yes Yes
Day 180 (–10 days) Yes Yes
Day 270 (–10 days) N/A Yes
Day 365: end of study N/A Yes

1Safety labs: hematology including complete blood count (CBC); coag-
ulation including PT/PTT; serum chemistry including sodium, potassium,
chloride, total protein, albumin, calcium, phosphorous, glucose, blood urea
nitrogen, creatinine, alkaline phosphatase, lactate dehydrogenase, serum
aspartate aminotransferase, serum alanine aminotransferase and gamma-
glutamyl transpeptidase, serum creatine kinase (CK) and urinalysis.

2Research labs: AAV and GAA antibody levels by enzyme-linked immuno-
sorbent assay, vector genome copy number by DNA-PCR, peripheral blood
mononuclear cell (PBMC), Enzyme-Linked ImmunoSpot (ELISPOT).
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criteria required chronic respiratory insufficiency
despite long-term use of ERT. All subjects received
standard of care ERT and had documented respi-
ratory dysfunction requiring varying levels of ven-
tilator assistance. Five subjects required 24 h
mechanical ventilation through an invasive airway,
and four subjects required partial-assisted ventila-
tion. Three subjects were receiving concomitant
standard of care medications to manage immune
responses to ERT clinically, included rituximab and
sirolimus, as described in Elder et al.33 and in Corti
et al.34 These three subjects were CRIM-negative
based on two severe mutations that were predicted
to result in no residual GAA expression. Steroids
prior and post administration of the study agent
were used to minimize the inflammatory risk re-
lated to the surgical procedure.

Anti-AAV1 antibody measurement
Serum samples were assayed by enzyme-linked

immunosorbent assay (ELISA) for circulating an-
tibodies to the AAV1 capsid proteins at baseline
and on days 14, 90, 180, and 365, and recombinant
human GAA at baseline and on days 14, 30, 60, 90,
180, 270, and 365. Ninety-six-well plates were
coated with 1.2 · 109 AAV1 particles/well overnight
at 4�C. A wash with phosphate-buffered saline
(PBS)–Tween was followed by blocking for 2 h at
37�C with 10% fetal bovine serum (Cellgro; Med-
iatech). After a wash with PBS–Tween, samples
and a known positive human standard were di-
luted between 1:10 and 1:10,240 and allowed to
bind overnight at 4�C. Washing was followed by the
addition of the detection antibody at a dilution of
1:50,000 (goat anti-human immunoglobulin, conju-
gated with horseradish peroxidase [HRP; BioSource
International]) for 2 h at 37�C. Finally, the plate was
washed and exposed to tetramethylbenzidine per-
oxidase detection substrate (KPL) and read at
450 nm with an ELISA plate reader (BioTekQuant
Plate Reader). Sample anti-AAV1 titers were then
read relative to a human standard curve derived
from the same plate.

Anti-hGAA antibody measurements
Immulon microtiter plates were coated over-

night at 4�C with 100 lL of 5 lg/mL hGAA in PBS
0.1 M NaHCO3, pH 8.4. Wells were washed three
times with 300 lL of PBS containing 0.05% Tween
20 (PBS/T) and blocked with 300 lL of 10% fetal
bovine serum in PBS for 2 h at room temperature.
Wells were washed three times, and serum sam-
ples (diluted 1:10 in blocking reagent) were added
to the wells in a total volume of 100 lL and serially
diluted. Serial dilutions of an anti-GAA antibody

standard were used to derive the standard curve.
Samples and standards were incubated overnight
at 4�C. Washing was repeated, and 100 lL of sheep
anti-human IgG-HRP conjugate (Amersham RPN
4101) diluted 1:20,000 in blocking buffer was added
to all wells and incubated for 2 h at room temper-
ature. After incubation, washing was repeated, and
100 lL of tetramethylbenzidine was added to the
wells for 3 min. The reaction was stopped with
100 lL of 0.5 M H2SO4 and absorbance was mea-
sured at 450 nm (BioTekQuant Plate Reader).

RESULTS
Toxicity events

Several laboratory tests were used to evaluate
the toxicity of the treatment (Table 3). Since most
of the patients had abnormal aspartate transami-
nase/alanine transaminase during the screening
visit, the toxicity grade was calculated based on
each subject’s baseline values. Table 3 reports the
cumulative number of times that the values ex-
ceeded the baseline value for each subject and the
grade of toxicity.

Other pathology tests, including comprehensive
metabolic panel (CMP), complete blood count
(CBC) with differential, gamma-glutamyl trans-
ferase (GGT), lactate dehydrogenase (LDH), total
creatine kinase (CK), urinalysis, prothrombin time
(PT), partial thromboplastin time (PTT), and in-
ternational normalized ratio (INR), are not in-
cluded in Table 3. These laboratory studies were
evaluated throughout the study and did not show
any significant change. Moreover, none of the ele-
ments reported below were considered as an ad-
verse event (AE) after an independent safety
monitor review.

AEs
At the end of the study, no AEs related to the

study agent were identified. Seven serious AEs
(SAEs) were found to be related (or possibly relat-
ed) to the study procedure (Table 4). Among these,
half were considered as anticipated occurrences.
Moreover, other non-serious AEs, including fever,
diarrhea, tracheitis, and urinary tract infection,
occurred but were not considered to be related to
the study agent or the study procedure. The most
frequent anticipated AE was pain within 1–2 days
post surgery, with a grade level ranging from 1 to 2,
except for one patient who experienced grade 3 AE-
related to pain. The localization of the discomfort
was typically in the shoulders and hips. In all
cases, the pain was managed and resolved with an
analgesic treatment (morphine or not narcotic).
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Six subjects (subjects 101, 102, 103, 301, 302, and
304) had anticipated procedure-related capnothorax/
pneumothorax that was resolved by a chest tube
insertion or with active surveillance due to the low
severity (first- and second-degree toxicity). Subject
302 also experienced a mild left-lung contusion,
which resolved with active surveillance. Subject 101
had a mild bilateral pneumothorax, which resolved
with supplemental oxygen.

Subject 201 had an acute episode of pericardial
and pleural effusion requiring hospitalization ap-
proximately 3 months post study agent dosing.
This unanticipated SAE was managed with chest
tube drainage and steroid medication. The cause of
the pleural effusion was determined to be caused
by partial obstruction of the thoracic duct second-
ary to transient use of a PICC catheter for admin-

istration of standard-of-care ERT. The temporary
catheter was inserted following Infusaport line
fracture. The subject recovered without sequelae
once the Infusaport was replaced.

Subject 102 experienced a mild right upper-lobe
lung contusion, related to preexisting lung adhe-
sion at the site of thoracospy port placement at the
time of study agent dosing. Direct visualization
revealed lung adhesions not identified preopera-
tively. This unanticipated AE was related to the
study procedure and was managed with conserva-
tively with chest tub insertion. Also at the time of
study agent dosing, subject 102 experienced bilat-
eral pneumothorax, which was considered proce-
dure related and was resolved with a chest tube. At
6 months post study agent dosing, subject 102 ex-
perienced acute right-side spontaneous pneumo-

Table 3. Modified toxicity scale

Labs Normal range Toxicity grade First cohort Second cohort Total

101 102 103 201 204 206 301 302 304
Total bilirubin 0–1 mg/dL Grade 1: 1.2–2.0 · subject’s baseline 1 2 0 1 4 0 2 5 0 15

Grade 2: 2.1–3.0 · subject’s baseline 0 0 0 0 1 0 1 0 0 2
Grade 3: 3.1–5.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 4: >5.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0

Gamma-GT 5–61 IU/L Grade 1: 1.3–2.0 · subject’s baseline 0 1 0 3 0 2 1 0 0 7
Grade 2: 2.1–3.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 3: 3.1–5.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 4: >7.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0

Alkaline phosphatase 75–271 IU/L Grade 1: 1.3–3.0 · subject’s baseline 0 0 0 0 0 0 0 0 4 4
Grade 2: 3.1–4.9 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 3: 5.0–6.9 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 4: >7.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0

Aspartate transaminase 0–37 IU/L Grade 1: 2.5–3.4 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 2: 3.5–5.4 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 3: 5.5–10.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 4: >10.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0

Alanine aminotransferase 0–41 IU/L Grade 1: 2.5–3.4 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 2: 3.5–5.4 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 3: 5.5–10.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 4: >10.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0

White blood cells 4.5–13.5 thou/cu mm Grade 1: 1.4–2.0 · subject’s baseline 0 0 0 0 1 0 0 0 0 1
Grade 2: 2.1–3.0 · subject’s baseline 0 1 0 0 0 0 0 0 0 1
Grade 3: 3.1–5.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0
Grade 4: >5.0 · subject’s baseline 0 0 0 0 0 0 0 0 0 0

Hemaglobin 11.5-13.5 g/dL Grade 1: 10.0–normal 0 0 0 1 3 6 2 0 2 14
Grade 2: 8.0–10.0 0 0 0 0 1 1 0 0 1 3
Grade 3: 6.5–7.9 0 0 0 0 0 0 0 0 0 0
Grade 4: <6.5 0 0 0 0 0 0 0 0 0 0

The numbers reported in the table reflect the occurrence of the toxicity events for each toxicity grade.

Table 4. Adverse events

Adverse events # of subject
Related to

study agent
Related to

study procedure Serious Resolved Treatment

Pain (shoulder/hip) 6 No Yes/possible No Yes Analgesic medication
Capnothorax/pneumothorax 6 No Yes No Yes Supplemental oxygen/chest tube placement/none
Lung contusion 2 No Yes No Yes Chest tube placement/none
Pleural effusion 1 No Possible Yes Yes Effusion evacuated, medication-steroid, hospitalization

SAFETY OF AAV1 IN POMPE DISEASE 211

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
FL

O
R

ID
A

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
0/

03
/1

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



thorax (considered not related to the study agent or
study procedure) while on positive pressure venti-
lation in the home setting that required emergency
evaluation and hospitalization. Subject 102 also
had other SAEs not related to either the study
agent or the study procedure that led to hospitali-
zation and death 1 year after the study participa-
tion was concluded. A summary of the death report
is included below.

SAE summary
Subject 102 died at 12 years of age, 44 months

post study agent dosing, from causes that were
considered not related to the drug administration
or study agent. The subject was a quadriplegic 12-
year-old male with a tracheostomy and ventilator
dependency since infancy. He also had a history of
dilated cardiomyopathy and developmental delay,
including mild cognitive impairment. He had re-
ceived enzyme replacement therapy since he was
15 months of age. The ERT dose at the time of study
enrollment was 40 mg/kg administered intrave-
nously, every 2 weeks. He enrolled in the study and
received AAV dosing via bilateral diaphragmatic
injections at 9 years of age. At 12 years of age, he
developed acute irritability, which was thought to
be related to a urinary tract infection. He was later
found to have unilateral pupillary dilation and was
brought to the Emergency Department for fur-
ther evaluation. A computed tomography (CT) scan
disclosed a large acute intraventricular hemor-
rhage centered in the right lateral ventricle, which
is likely secondary to right thalamus parenchymal
or ependymal hemorrhage with rupture into the

ventricle. There was also scattered acute subarach-
noid hemorrhage likely due to redistribution of in-
traventricular bleeding. Extensive intraventricular
hemorrhage resulted in obstructive hydrocepha-
lus with mild leftward shift of the midline struc-
tures, effacement of basal cisterns and cerebral sulci,
causing tonsillar herniation as well as brain-stem
compression and diffuse cerebral edema (Fig. 1). The
criteria for brain death were met, and the ventilator
was discontinued. The subject died of cardiopulmo-
nary arrest secondary to intraventricular hemor-
rhage and obstructive hydrocephalus, resulting in
tonsillar herniation and brain-stem compression.
The etiology of the massive intracranial hemorrhage
was believed to be secondary to glycogenosis of in-
tracranial vascular smooth muscle, which resulted
in arteriopathy and hypertension.

The postmortem examination confirmed marked
glycogenosis and widespread degenerative changes
of skeletal muscle with atrophy and extensive fatty
infiltration, free cytosolic glycogen. Muscle fibers
contained abundant lysosomal glycogen, typical of
Pompe disease (Fig. 2). The brain and spinal cord
(Fig. 2A and B) showed abnormal glycogen accu-
mulation, predominantly detected in neurons. The
diaphragm, quadriceps, and psoas (Fig. 2C, D, and
E) muscles also demonstrated abnormal glycogen
accumulation with compromised morphology and
extensive fat replacement with small residual
bundles of muscle fibers. The fibers varied in size
and many had marked cytoplasmic vacuolization,
consistent with glycogen storage. The liver also
showed abnormal glycogen accumulation and va-
cuolization (Fig. 2E).

Figure 1. Brain computed tomography (CT) scan. Axial (A) and sagittal (B) unenhanced CT head images obtained when the patient was 12 years old during
hospital admission demonstrates extensive acute intraventricular hemorrhage centered in the right lateral ventricle secondary to right thalamus parenchymal
hemorrhage with rupture to the right lateral ventricle. There is obstructive hydrocephalus with mild leftward shift of midline structures, effacement of basal
cisterns and cerebral sulci causing tonsillar herniation as well as brain-stem compression and diffuse cerebral edema. The head CT obtained when the patient
was 15 months old (C) demonstrates prominent bifrontotemporal extra-axial cerebrospinal fluid spaces with no acute abnormality or hydrocephalus.
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Anti-AAV1 and anti-hGAA circulating
antibody

Serum samples were assayed by ELISA for cir-
culating antibodies to AAV1 capsid proteins and
alpha-glucosidase. Three subjects receiving im-
mune modulation were compared to five subjects
who did not receive immunomodulation. The group
that did not receive immunomodulation demon-
strated an average 150-fold increase in anti-AAV1
titer after exposure to AAV1. However, the three
subjects who received immunomodulation had no
response to AAV capsid proteins through day 365 of
the study (Fig. 3).

DISCUSSION
Safety of AAV1-CMV-hGAA

The safety of the study agent was confirmed by
the absence of laboratory or clinical findings sug-
gesting an adverse response to the AAV vector used
at the two doses in this study. These findings are
consistent with the non-clinical studies, which
evaluated the study agent by the planned route of
delivery and established 10-fold dose safety margin
for the clinical dose.27,32

The intent to study just the diaphragmatic re-
sponse required an invasive delivery strategy,
which was adapted from the non-clinical studies
that showed positive effects of this regional deliv-
ery strategy on respiratory function. There were
AEs related to the delivery procedure, and in re-

cent studies, we have pursued systemic delivery in
lieu of the regional approach used in the current
study with AAV1.

Intracranial hemorrhage
Patient 102 died secondary to a large intracra-

nial hemorrhage resulting in brain herniation and
brain-stem compression. In the literature, it has
been confirmed by autopsy studies in late-onset
Pompe disease (LOPD) patients, who also demon-
strate glycogen deposition in the smooth muscle
cells of intracranial arteries, particularly involving
the small- and medium-sized vessels,35,36 resulting
in arteriopathy. Involvement of the cerebrovascu-
lar system in LOPD, including increased incidence
of dolicoectasia, intracranial aneurysms, micro-
hemorrhages, and intracranial hemorrhages, have
been found in sporadic cases36–53 and are summa-
rized in Pichiecchio et al.54 and Montagnese et al.55

Evidence of vertebrobasilar dolichoectasia was
found in 48% of patients, and 43% of patients had
a normal CT angiogram. Signs of lacunar enceph-
alopathy were detected in 62% of patients, two
of whom showed a former parietal and temporal
ischemic stroke. Sandhu52 reported a case with
LOPD, who presented mild sensory symptoms
and high blood pressure, with a subsequent head
CT demonstrating small acute left thalamic hemor-
rhage. However, follow-up magnetic resonance im-
aging (MRI) and magnetic resonance angiogram
(MRA) demonstrated extensive micro-hemorrhages,

Figure 2. Histopathology of tissues collected during autopsy and stained for glycogen (periodic acid–Schiff). (A and B) Abnormal glycogen accumulation in
the brain and spinal cord, respectively, predominantly detected in the neurons. (C) Diaphragm, (D) quadriceps, and (E) psoas, all exhibiting an abnormal
accumulation of glycogen with compromised morphology. (F) Abnormal glycogen accumulation and vacuolization in the liver. Images were taken at
20 · magnification.
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particularly in the central and posterior vascular
territory with dolicoectesia of the vertebrobasilar
system, which is thought to be secondary to small-
and middle-vessel intracranial arteriopathy. Simi-
larly, patient 102 in the present study likely had a
superficial thalamic or ependymal hemorrhage,
which resulted in extensive intraventricular exten-
sion that subsequently resulted in obstructive hy-
drocephalus and herniation. Patient 102 had no MRI
or MRA/CTA imaging to confirm possible other
micro-hemorrhages or dolicoectasia.

Glycogen accumulation is also believed to con-
tribute to diminished aortic compliance and hyper-
tension in non-classic infantile Pompe disease.56

Previous studies showed that more patients with
Pompe disease than volunteers had been diagnosed
with hypertension. Also, despite treatment with
antihypertensive medication, blood pressure con-
tinued to be high in 52% of the Pompe patients who
were treated for hypertension and in 65% of the
volunteers.56 Based on sporadic case reports36,37,39–53

and the Montagnese study,54,55 a causal relation of
cerebrovascular abnormalities to Pompe disease is
very likely. Shüller et al.57 presented cases with
cardiac and cerebrovascular alterations and pro-
posed the term ‘‘cardio-cerebrovascular pattern’’ to
define aortic stiffness, dilatation of thoracic aorta,
and dolichoectasias in cerebral arteries caused by
changes in the smooth-muscle cells associated with
glycogen accumulation. Therefore, screening for
intracranial parenchymal and vascular imaging
may be beneficial in patients with Pompe disease to
facilitate early diagnosis of cerebral pathology such
as dolicoectasia, micro-hemorrhages, or aneurysm
formation. To reduce the potential risk of cardio-
vascular and neurovascular diseases, blood pres-
sure and other common risk factors should be
monitored closely. Neurologic symptoms should
prompt urgent evaluation.

Further, there is limited non-clinical evidence to
evaluate the impact of ERT on the vascular smooth
muscle. Despite extensive exposure to the vascu-
lature during biweekly infusion, it seems the vas-
cular smooth muscle is not impacted by ERT. The
limited effect of ERT on the smooth muscle of large
conducting arteries and arterioles may be related
to the integrity of the endothelia or possibly low
M6P receptor density in vascular smooth muscle.

Immune response to gene therapy
and immunomodulation

The development of antibodies through natural
exposure to AAV is frequent early in life and may
influence the use of AAV as a gene therapy vec-
tor.58,59 In humans, it has been shown consistently
that administration of AAV in the dose range re-
quired for regional or systemic exposure leads to
development of anti-AAV antibodies.28,34,60 For
example, following intramuscular administration
of alipogene tiparvovec, all patients (n = 27) showed
treatment-emergent antibody responses to AAV1.61

Furthermore, the development of relatively low
neutralizing antibody (NAb) titers can completely
block transduction by AAV vectors.60 For example,
in mice and nonhuman primates (NHPs), NAb titers
as low as 1:5 can block AAV vector transduction of

Figure 3. Circulating antibodies against adeno-associated virus serotype
1 (AAV1) in three subjects with Pompe disease who received rituximab and
sirolimus. Data from one subject was published in Corti et al. (34). Three
children with Pompe disease (dashed lines, empty circles) received ad-
ministration of rituximab along with 10 mg/kg of methylprednisolone prior to
dosing with 5 · 1012 vg/kg of rAAV1-CMV-hGAA. Total rituximab dose ad-
ministered ranged from 1125 to 1500 mg/m2 in the three subjects. In two
subjects, the total induction dose was divided into two doses (750 mg/m2)
separated by 10–14 days. To limit the volume of the infusion, one subject
received three divided doses (375 mg/m2) separated by 1 week. All subjects
also received daily oral administration of 0.06–1 mg/m2 of sirolimus through
the study and continued B-cell depletion with rituximab every 12 weeks. Six
Pompe subjects (full lines, full circles) received 1–5 · 1012 vg/kg of rAAV1-
CMV-hGAA. Serum samples were assayed by enzyme-linked immunosor-
bent assay for circulating antibodies to the AAV1 capsid proteins. The
horizontal line represents +2SD population level. (A) Circulating antibodies
against AAV1. (B) Circulating antibodies against hGAA.
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liver completely.62–64 In addition, in an early clin-
ical trial of liver gene transfer with AAV2 encoding
coagulation Factor IX, no circulating Factor IX was
detected in a patient with a NAb titer of 1:17,
whereas the other subject in the same dose cohort
expressed peak levels of Factor IX at 11% and had a
NAb titer of 1:2.65 Therefore, management of the
host’s immune response to both the vector capsid
and transgene product remains a critical challenge
for the success of gene therapy.

It is possible that repeat AAV administration
may be required in some patients. For example, if a
subject was administered a dose below the optimal
therapeutic threshold in early-phase studies, re-
administration may be desirable. In addition,
many subjects may require re-dosing later in life,
as increasing muscle mass or loss of copy number
with age may reduce transgene expression to below
the effective levels. In Pompe disease, the in-
creasing frequency of early diagnosis by newborn
screening may necessitate early dosing that would
certainly require repeat exposure later in life.
There is strong evidence that potent humoral and
cellular memory responses to AAV may compro-
mise the subsequent use of the same vector and
may influence duration of gene transfer.60,66

The effect of immune response on re-dosing with
gene therapy has been demonstrated in non-
clinical studies with AAV-mediated gene transfer,
where pre-immunization of mice and rabbits with
AAV5, or pre-immunization of mice with AAV2/8,
substantially diminished the efficacy of a second
vector administration.67,68 The current strategy in
many gene therapy clinical trials is to exclude se-
ropositive subjects from study participation. How-
ever, this approach prevents a large proportion of
subjects from receiving potentially beneficial ther-
apies and does not address vector re-administration.
Therefore, it is essential to develop strategies to
manage immune response as a sustainable ap-
proach to deliver safe and long-term expression
of the therapeutic gene by AAV-mediated gene
therapy. One of the strategies to overcome the
presence of NAbs in rAAV-mediated gene therapy
is pharmacological modulation of the humoral im-
mune response.60 In this context, two approved
drugs, Rituxan� (rituximab) and Rapamune� (sir-
olimus), have both shown promising results in
preventing immune responses to gene therapy in
both non-clinical and clinical studies. Further-
more, the combination of rituximab and sirolimus
has been demonstrated to prevent immune re-
sponses to AAV-GAA gene therapy in the current
AAV1 study and previously reported in a single
subject.34

Rituximab is a monoclonal antibody that induces
B-cell depletion by binding CD20 found on the
surface of B cells. Due to its safety and efficacy
profile, rituximab has gained wide acceptance in
the clinic for the treatment of autoimmune disease.
In addition, rituximab has been investigated as a
potential immune modulation therapy for use in
gene therapy.69–72 Overall, B-cell depletion has
some effect in modulating a preexisting immune
response, and anti-CD20 treatment may facilitate
both tolerance to the transgene product and re-
administration of vector by preventing both bind-
ing and NAbs against the vector.

Sirolimus targets the mammalian target of ra-
pamycin (mTOR), which is responsible for regu-
lating cell survival, growth, and proliferation of
lymphocytes. In addition to its effect on T-cell
function, sirolimus is also an inhibitor of B-cell
proliferation.73 Sirolimus also selectively promotes
the survival and expansion of regulatory T cells
while allowing for programmed cell death of acti-
vated effector T lymphocytes.74–77 In the context of
gene therapy, sirolimus has been shown to be an
effective immunomodulator in non-clinical stud-
ies.78 Therefore, sirolimus represents an additional
immunomodulatory drug with a mechanism of ac-
tion complementary to rituximab.

As described above, rituximab and sirolimus are
immunomodulatory agents with complementary
mechanisms of action. To this end, non-clinical
studies and clinical studies have investigated the
safety and effectiveness of CD20 mediated B-cell
ablation combined with inhibition of mTOR. The
combination of B-cell ablation with sirolimus has
been investigated in hemophilia A mice following
non-viral gene transfer with pBS-HCRHPI-
FVIIIA.79 This study demonstrated that treatment
with interleukin (IL)-2/IL-2mAb complexes plus
sirolimus combined with anti-CD20 antibody had a
synergistic effect to reduce NAb titers. Further-
more, no increase in NAb titer was observed fol-
lowing a second gene transfer challenge. It was
demonstrated that anti-CD20 predominantly de-
pleted hFVIII-specific memory B cells, and IL-2/IL-
2mAb complexes + rapamycin helped reduce
hFVIII-specific antibody secreting cells.

Non-clinical studies in mice and rhesus ma-
caques were also conducted by our group to: (1)
assess the safety and biodistribution of the vector
following single and repeated intramuscular ad-
ministration, and (2) assess the efficacy these two
immunosuppressive agents, administered alone
and in combination, to attenuate neutralizing an-
tibody response to AAV9-Des-GAA and facilitate
effective cell transduction by a second dose of vec-
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tor.66 The NHP and mouse studies enable a human
clinical study to test the ability to re-administer
AAV9 (NCT02240407) directly.

In summary, the primary outcomes of safety and
tolerability of AAV1-GAA in the current study have
been established, since there were no AEs related
or possibly related to the investigational product.
Procedure-related AEs warrant the transition from
regional to systemic therapy with AAV vectors ex-
pressing GAA. The clinical outcomes, which we
have previously reported,28,30 support the contin-
ued development of AAV-mediated gene therapy
for Pompe disease.

Additional non-clinical studies have established
the need for systemic therapy to address deficits in
motor units, comprised of the lower motor neuron,
neuromuscular junction, and myofiber. Therefore,
clinical development of systemic delivery of AAV-
GAA has continued to include new developments in
neurotrophic capsids, as well as modification of the
expression cassette. To enhance safety of the vector
following systemic exposure further, the vector
expression cassette has been modified to include
tissue-restricted expression in neurons and stri-
ated muscle using a modified desmin promoter.
Ongoing studies will use systemic administration
of AAV9-GAA in early-onset Pompe patients.

Intravenous administration of AAV could be con-
sidered a greater risk then intramuscular adminis-
tration. However, the risk–benefit ratio should be
considered. The first study to use systemic delivery
of AAV9 has recently been published in a Phase I/II
study of spinal muscular atrophy (NCT02122952).
The study has confirmed a favorable safety profile,

with no treatment-related safety or tolerability
concerns identified, as well as important findings
of efficacy.80 An additional study of systemic AAV9
for MSP IIIA is underway with favorable results
thus far (NCT02716246). Further, two ongo-
ing trials are evaluating the safety of intrathecal
administration of AAV (in giant axonal neuropa-
thy, NCT02362438; and infantile Batten dis-
ease, NCT02725580). To date, none of the studies
has shown treatment-related safety or tolerability
concerns.

One of the most important challenges of sys-
temic AAV exposure is the potential for immune
responses to the experimental agent, especially in
subjects who were previously exposed to AAV. In
order to establish strategies that will allow all
candidates for AAV-medicated gene therapy to
benefit from this approach, the hypothesis is that
pharmacological modulation of the humoral im-
mune response will increase safety and long-term
expression of the therapeutic gene.
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