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Hereditary diseases are caused bymutations in genes, andmore
than 7,000 rare diseases affect over 30 million Americans. For
more than 30 years, hundreds of researchers have maintained
that genetic modifications would provide effective treatments
for many inherited human diseases, offering durable and
possibly curative clinical benefit with a single treatment. This
review is limited to gene therapy using adeno-associated virus
(AAV) because the gene delivered by this vector does not inte-
grate into the patient genome and has a low immunogenicity.
There are now five treatments approved for commercialization
and currently available, i.e., Luxturna, Zolgensma, the two
chimeric antigen receptor T cell (CAR-T) therapies (Yescarta
and Kymriah), and Strimvelis (the gammaretrovirus approved
for adenosine deaminase-severe combined immunodeficiency
[ADA-SCID] in Europe). Dozens of other treatments are under
clinical trials. The review article presents a broad overview of
the field of therapy by in vivo gene transfer. We review gene
therapy for neuromuscular disorders (spinal muscular atrophy
[SMA]; Duchenne muscular dystrophy [DMD]; X-linked myo-
tubular myopathy [XLMTM]; and diseases of the central ner-
vous system, including Alzheimer’s disease, Parkinson’s dis-
ease, Canavan disease, aromatic L-amino acid decarboxylase
[AADC] deficiency, and giant axonal neuropathy), ocular dis-
orders (Leber congenital amaurosis, age-related macular
degeneration [AMD], choroideremia, achromatopsia, retinitis
pigmentosa, and X-linked retinoschisis), the bleeding disorder
hemophilia, and lysosomal storage disorders.

Hereditary diseases are caused by mutations in genes. There are more
than 7,000 rare diseases affecting 30 million Americans, i.e., about
10% of the population. There are several hundred million patients
around the world, according to the National Organization for Rare
Disorders. Two-thirds of the patients are children. Currently, there
are no effective therapies for more than 95 percent of these patients.
The few drug-based treatments approved for genetic diseases at best
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manage or modify symptoms. However, they do not address the un-
derlying genetic cause of the disease. Thus, these drugs must be
administered for life.

Hundreds of researchers have dedicated their life to the pursuit of
what initially appeared as an impossible dream: the development of
gene therapies for hereditary diseases, i.e., a one-time curative repair
or change to an individual’s affected gene that minimizes or even
eliminates the symptoms for the entire life of the patient. This dream
is now a reality: gene therapy greatly improves the outlook for
currently incurable hereditary diseases!

This review is limited to gene therapy using adeno-associated virus
(AAV) because the gene delivered by this vector does not integrate
into the patient genome.

Glybera was approved by the US Food and Drug Administration
(FDA) in October 2012 as the first AAV-mediated gene therapy to
reach this milestone. Glybera corrected hereditary lipoprotein lipase
deficiency (LPLD), which manifests as pancreatitis, recurrent abdom-
inal pain, and eruptive fat-filled spots that result from very high tri-
glyceride levels. However, the rarity of the disease (1 per million),
the cost to the patient, and the expense to maintain therapeutic read-
iness by the company made it very difficult to continue gene delivery
commercially. This form of gene therapy was no longer made avail-
able after 2018, at which time, only 31 people in the world had
been treated.

There are now five treatments approved for commercialization and
are currently available, i.e., Luxturna, Zolgensma, the two chimeric
s.
vecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.ymthe.2020.12.007
mailto:jacques-p.tremblay@crchul.ulaval.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2020.12.007&domain=pdf
http://creativecommons.org/licenses/by/4.0/


www.moleculartherapy.org

Review
antigen receptor T cell (CAR-T) therapies (Yescarta and Kymriah),
and Strimvelis (the gammaretrovirus approved for adenosine deam-
inase-severe combined immunodeficiency [ADA-SCID] in Europe).
Dozens of other treatments are under clinical trials. The review article
presents a broad overview of the field of therapy by in vivo gene trans-
fer, which is based on direct administration of a gene-therapy vector
to the body rather than transplant of gene-corrected cells. Herein, we
will review in vivo gene therapy for neuromuscular disorders (spinal
muscular atrophy [SMA]; Duchenne muscular dystrophy [DMD]; X-
linked myotubular myopathy [XLMTM]; and diseases of the central
nervous system [CNS], including Alzheimer’s disease [AD], Parkin-
son’s disease [PD], Canavan disease [CD], aromatic L-amino acid de-
carboxylase [AADC] deficiency, and giant axonal neuropathy
[GAN]), ocular disorders (Leber congenital amaurosis [LCA], age-
related macular degeneration [AMD], choroideremia, achromatopsia
[ACHM], retinitis pigmentosa, and X-linked retinoschisis [XLRS]),
the bleeding disorder hemophilia, and lysosomal storage disorders
(LSDs). In each of these fields, the progress is fantastic, clinical trials
are underway, and in some cases, the treatments are approved by reg-
ulatory agencies and commercialized.

Clinical Gene Therapy in Neuromuscular Disorders

Clinical gene therapy in its various forms is rapidly evolving, offering
the glimpse of hope that the broader community of rare disorders has
long awaited. The most promising viral vector for gene transfer for
neuromuscular diseases is AAV, having an excellent safety profile
and efficiency in translation. We herein review three promising clin-
ical AAV gene-therapy approaches that show promise for patients
with severe and debilitating neuromuscular diseases.

SMA

SMA is a devastating neurodegenerative disease resulting from pro-
gressive loss of motor neurons.1 This autosomal recessive disorder re-
sults from a mutation in the survival motor neuron SMN1 gene with
an incidence of approximately 1:10,000 live births, 60% of whom have
SMA type 1.2,3 The human SMN gene is an inverted duplication on
chromosome 5q13.2. SMN1 is telomeric and the highly homologous
SMN2, lying in a centromeric position.1,4 An exon 7 point mutation of
SMN2 gene results in exon splicing and exclusion from the final
transcript, resulting in an unstable degradable protein.5 A full-
length functional SMN protein is primarily the responsibility of
SMN1 with a small contribution from SMN2.6 In the absence of
SMN1, the SMN2 copy number is the major determinant of the
clinical phenotype.7 Affected infants with 2 copies of SMN2 are
likely to develop severe type 1 (SMA1), characterized by rapidly
progressive weakness, inability to sit independently, respiratory insuf-
ficiency with progression to death, or permanent ventilation prior
to age 2.8

In preparation for human trials, a major step was demonstrating that
AAV9 reached the nerve cells of the brainstem and spinal cord. It was
confirmed in SMA murine models that systemically delivered self-
complementary AAV9 (scAAV9) crossed the blood brain barrier
and achieved high levels of neuronal transduction.9,10 Preclinical
studies, delivering scAAV9-SMN to SMA pups, demonstrated posi-
tive effects on survival, growth, and neuromuscular transmission.11,12

Two key observations from these studies worth noting were both time
of intervention and dose response effects on survival. Early treatment
at postnatal day 2 extended the lifespan from 15 days to >250 days.11

The investigational new drug (IND) provided for an open-label, dose-
ascending clinical gene-therapy trial starting May 13, 2014. A dose-
ranging study of scAAV9.chicken b-actin (CB).SMN (START trial)
at low (n = 3; 6.7 � 1013 vg/kg) and high (n = 6; 3.3 � 1014 vg/kg)
dose was approved.13

Enrollment included symptomatic SMA1 infants with 2 SMN2 copies
and onset of symptoms prior to 6 months of age in the absence of per-
manent ventilation. At trial start, prednisolone was not included in
the protocol. On day 9 after SMN gene delivery to the first patient,
serum chemistries showed the alanine aminotransferase (ALT)
increased 16� > normal. Based on these findings, protocol amend-
ments were submitted to the FDA and included prednisone, 1 mg/
kg per day begun 24 h prior to gene delivery and as a safety measure,
reduced viral load for high dose from 3.3 � 1014 vg/kg to 2.0 � 1014

vg/kg. This is now considered a “therapeutic dose” and adopted for
other gene-therapy clinical trials.

The SMA gene-therapy trial results perhaps exceeded expectations for
the 15 SMA subjects enrolled (low dose n = 3; high dose n = 12). At
study conclusion (December 2017), all infants were alive, and all 12
patients treated with the therapeutic dose were free of permanent
ventilation.14 Treatment benefit was rapid: Children’s Hospital of
Philadelphia Infant Test of Neuromuscular Disorders (CHOP-
INTEND) increased 9.8 points at 1 month and 15.4 points at
3 months. In the therapeutic dose, 11 sat unassisted, 9 rolled over,
11 fed orally and could speak, and 2 woke independently.13 Figure 1
shows mean CHOP-INTEND scores for 24 months for SMA patients
treated at the therapeutic dose compared to natural history. These
motor milestones are unprecedented in SMA1 infants and were a
clear indication of robust widespread transduction of the motor neu-
rons. A key clinical observation that distinguished patients treated
with therapeutic dose was preservation and recovery of respiratory
and oral motor skills. Efficacy correlated with early treatment and
high CHOP-INTEND.15 The single patient treated at 7.9 months
did not respond to therapy. Elevated serum aminotransferases were
seen in 4 patients and were attenuated by corticosteroids.

In April 2018, Novartis entered an agreement to acquire AveXis and
continued following the 15 subjects enrolled in the study. In May
2019, onasemnogene abeparvovec (Zolgensma) received FDA
approval as the first-ever systemically delivered AAV gene therapy.
Following approval, noteworthy events include the continued long-
term monitoring of subjects enrolled in the START trial. In the last
data cut December 31, 2019, 11 of 12 patients treated in the first trial
at the therapeutic dose survived without need for permanent ventila-
tion. New milestones were documented, and the CHOP-INTEND
score increased by 24.5 points. Two additional patients gained the
milestone of standing with assistance. At data cut, the oldest patient
Molecular Therapy Vol. 29 No 2 February 2021 465
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Figure 1. Maximum Longitudinal CHOP-INTENDScores Reached for AVXS-

101 Treated with the Therapeutic Dose Compared to the Prospective

Natural History (NN101) Cohort

Mean CHOP-INTEND scores by infant age are shown; shaded areas indicate the

standard deviation for each mean at each study visit. (Reprinted from Journal of

Neuromuscular Diseases 16 https://dx.doi.org/10.3233/JND-190403.
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receiving the therapeutic dose was 5.6 years of age, now 5.2 years since
gene transfer.

To further assess the impact of early intervention, a new multicenter
study of presymptomatic infants (%6 weeks of age) with 2 or 3 copies
of SMN2 has begun (SPR1NT). Treatment at a mean age of 20 days
shows improvement in CHOP-INTEND scores >50 in all subjects
with survival up to 18 months (Figure 2). In 2019, SMA was added
to the Recommended Uniform Screening Panel (RUSP), and
numerous states have adopted this policymaking gene therapy avail-
able to newborn infants within the first few weeks after birth. In Ohio,
5 presymptomatic patients have been treated with onasemnogene
abeparvovec, with the oldest now 12 months of age. The future looks
bright for SMA patients.

The success of SMA type 1 gene therapy was extended to SMA pa-
tients R6 months to <5 years with three copies of SMN2, and eligi-
bility required the ability to sit independently in the absence of
walking without support. Three doses of scAAV.CB.SMN were to
be administered intrathecally. Low- and mid-dose cohorts completed
enrollment, but the high dose was put on partial hold by the FDA.
This was in response to an AveXis reported preclinical study in
nonhuman primates (NHPs) receiving intrathecal vector. They found
dorsal root ganglia (DRG) mononuclear cell inflammation, some-
times accompanied by neuronal cell body degeneration or loss. The
hold did not affect intravenous Zolgensma clinical trials.

Recent studies from the Wilson lab18 provide some further insight.
Upon AAV vector infusion into the subarachnoid space in NHPs, pa-
thology in the DRG is a consistent finding in virtually all animals.
466 Molecular Therapy Vol. 29 No 2 February 2021
Similar findings have been seen, even in some studies when higher
doses are administered systemically. However, in these NHPs, there
is a notable absence of any clinical sequelae while using therapeutic
transgenes. Thus, in the context of risk benefit, the response to gene
delivery in clinical SMA disease13 outweighs concerns of the inflam-
matory infiltrate seen in DRG.

DMD

DMD is an X-linked, degenerative muscular dystrophy caused bymu-
tations in the DMD gene.19 The gene product, dystrophin, is an inte-
gral cytoskeletal protein, anchoring the contractile actin filaments to
the sarcolemma of both skeletal and smooth muscle cells. Over the
course of the disease, loss of dystrophin results in membrane fragility,
cycles of necrosis and regeneration, diminished regenerative capacity,
and muscle replacement by fibrosis.20 Clinically, progressive muscle
weakness results in loss of ambulation at 9�14 years of age and car-
dio-respiratory insufficiency leading to death in the second or third
decade.21 Elevation of muscle creatine kinase (CK) indicative of
ongoing dystrophic pathology is evident at birth.22 CK declines in
nonambulatory patients as skeletal muscle is replaced by fibrosis.

The large size of the DMD gene renders it susceptible to spontaneous
mutations. The incidence is 1:5,000 male births.22,23 Functional
dystrophin production of a varying amount results from targeting
specific mutations amenable to exon-skipping.24 Although some anti-
sense oligonucleotide (AON) therapies have FDA approval,25 the
applicable patient population and preservation of function remain
limited. Gene replacement therapy is potentially an improved strategy
for targeting a broader cohort of DMD patients. A major hurdle has
been packaging the large DMD gene in AAV vectors limited to <5 kb.
To circumvent this challenge, designs for miniaturizing the dystro-
phin gene have been developed. The adoption of a truncated version
of dystrophin as a possible treatment for DMD is based on a Becker
muscular dystrophy patient who remained ambulatory for seven de-
cades despite a deletion of nearly half his DMD gene.26 Currently,
transgenes incorporating diverse numbers of spectrin repeats (SRs)
and hinges and delivery using different AAV serotypes are undergo-
ing assessment of safety and efficacy in simultaneous systemic gene-
therapy trials (Table 1) sponsored by Sarepta Therapeutics, Pfizer,
and Solid Biosciences, summarized below.

Sarepta Therapeutics has recently reported the results of its phase 1/2
open-label, safety, and tolerability trial, conducted at Nationwide
Children’s Hospital (ClinicalTrials.gov: NCT03375164).27 Enroll-
ment included 4 DMD boys, mean age 4.8 years, with mutations be-
tween exons 18 and 58, taking prednisolone for R12 weeks, who
received rAAVrh74.MHCK7.micro-dystrophin (SRP-9001) delivered
through an extremity vein. Subjects with AAVrh74 total binding anti-
body titers >1:400 were excluded. The protocol included a single dose
of daily prednisone, 1 mg/kg, starting 1 day prior to gene delivery, and
continuing for 30 days (or more if needed). A single dose of SRP-
9001, 2.0 � 1014 vg/kg was infused. The AAVrh74 serotype in com-
bination with the tissue-specific MHCK7 promoter with an a-myosin
enhancer predicted high levels of expression in both skeletal and
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Figure 2. SMA Infants Recognized fromOhio Newborn Screening Receiving

Gene Therapy Prior toOnset of SymptomswithHighCHOP-INTENDScores

at Baseline Continued to Improve over Time
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cardiac muscle. The micro-dystrophin transgene contains SRs 1�3
that bind to the sarcolemma leading to improvement in sarcolemmal
binding and force production, as well as SR 24 and hinges 1, 2,
and 4.28 At 12 weeks, a gastrocnemius muscle biopsy with comparison
to baseline showed a mean micro-dystrophin expression of 81.2% of
muscle fibers, withmean intensity of 96%.Western blot (WB) showed
a mean expression of 74.3% without adjustment for fat or fibrosis and
95.8% with adjustment. Serum CK remained decreased in all subjects
(range 46%�85%) with functional improvement by a mean 5.5 points
in the North Star Ambulatory Assessment (NSAA) at 1 year. There
was also improvement in time to climb 4 stairs and run/walk 100.
Histological findings revealed absent central nucleation and ring my-
ofibers and reduction in percentage of collagen content in muscle
post-treatment compared with baseline (mean 26.7% ± 8.4%).

The adverse event (AE) profile was minimal. Three patients had tran-
sient elevation of g-glutamyltransferase that resolved with corticoste-
roids. A total 18 events were considered treatment related; most com-
mon was vomiting (50%). The cause for vomiting is unclear but did
not correlate with AAV immunity. The safety and efficacy profile
encouraged long-term follow-up and an ongoing phase 2, random-
ized, placebo-controlled, 96-week extension study with larger sample
size (ClinicalTrials.gov: NCT03769116).
Pfizer pharmaceutical company provided results of its ongoing
safety and tolerability trial of PF-06939926 at the recent American
Society of Gene and Cell Therapy (ASGCT) meeting, May 15,
2020. rAAV9.mini-dystrohin was delivered to 9 DMD boys, ages
6.2 to 12.8; all were taking daily glucocorticoids, without pre-exist-
ing neutralizing AAV9 antibodies. The dose-ascending schedule
included 1.0 � 1014 vg/kg (n = 3) or 3.0 � 1014 vg/kg (n = 6).
The muscle biopsies at baseline compared mini-dystrophin to
normal using liquid chromatography mass spectrometry (LCMS):
2 months 20% and at 12 months 24% (n = 3). At high dose, expres-
sion was 35% (n = 6) and 52% (n = 3), months 2 and 12, respec-
tively. Immunofluorescence (IF) results were in the same range
for samples tested at high and low dose with a slight decrease at
12 months. The NSAA for 3 subjects at 1 year showed a median in-
crease of 3.5 points from baseline. The fat fraction estimated by MRI
at 12 months showed a reduction of 8% at high dose (n = 3) and
was unchanged at low dose.

The AE profile was more complex. More than 40% of participants
experienced vomiting, nausea, decreased appetite, and pyrexia.
Because of the report of acute kidney injury involving atypical he-
molytic uremic syndrome (aHUS)-like with complement activation
requiring hemodialysis and eculizumab, the trial was originally put
on hold by Pfizer to enable protocol amendments (June 2019). In
another subject, thrombocytopenia with aHUS-like complement
activation required platelet transfusion and eculizumab. Pfizer has
announced a planned phase 3, randomized, multicenter, double-
blind, placebo-controlled trial inclusive of 99 subjects (C3391003)
registered in ClinicalTrials.gov: NCT04281485.

Solid Biosciences using SGT-001 (ClinicalTrials.gov: NCT03368742)
initiated a phase 1/2 open-label clinical trial using AAV9 and a CK8
muscle-specific promoter (SGT-001) targeting skeletal and cardiac
muscle, the IGNITE DMD study. This cassette includes the
neuronal nitric oxide synthase (nNOS)-binding domain, encoded
by SRs 16/17, to enhance muscle perfusion.29,30 Six subjects have
been enrolled and treated to date at the time of this review: low
dose (5.0 � 1013 vg/kg, n = 3) and high dose (2.0 � 1014 vg/kg,
n = 3). There have been repeated problems with complement acti-
vation resulting in 2 clinical holds by the FDA. The first in 2018 was
related to thrombocytopenia. The second was in October 2019
because of more widespread complement activation affecting red
blood cells (RBCs) and causing renal damage and cardiopulmonary
insufficiency. Clinical results for the Solid trial were reported from
the first cohort treated at low dose. In a single patient, microdystro-
phin was detected via WB below the 5% level of quantification and
via IF in approximately 10% of fibers. Colocalization of nNOS and
beta-sarcoglycan were also reported. In the other two subjects, mi-
crodystrophin was detected at very minimal levels by IF and none
by WB. In March 2020, it was announced that 3 months post-treat-
ment, the third patient, dosed at 2 � 1014 vg/kg, revealed 50%–70%
of muscle fibers expressed micro-dystrophin, with WB detection at
8% of normal. The clinical hold for the Solid trial was lifted as of
October 1, 2020.
Molecular Therapy Vol. 29 No 2 February 2021 467
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Table 1. Miniaturizing the Dystrophin Gene for Adaptation for Clinical Trials

for DMD

Company
Actin
Binding
Domain

Hinges
Rod Domain
Spectrin
Repeats

Hinges
Full Cystein-
Rich Domain
Required

Sarepta N-term 1, 2, 4
spectrin
repeats

1, 2, 3, 24
cysteine-rich
domain

Pfizer N-term 1, 3, 4
spectrin
repeats

1, 2,
23, 24

cysteine-rich
domain

Solid N-term 1, 4
spectrin
repeats

1,16,17, 24
cysteine-rich
domain
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XLMTM

The XLMTM is caused by mutations in the myotubularin 1 (MTM1)
gene, located at Xq28.31 Myotubularin, a ubiquitously expressed
phosphoinositide phosphatase, functions as a membrane enzyme
and plays a role in skeletal muscle development and homeostasis.32

Mutations in theMTM1, resulting in loss of function, impact the exci-
tation-coupling contraction mechanisms by disrupting the function
and organization of the T-tubule network.33 Severe XLMTM, the
most common form, presents at birth with hypotonia, external oph-
thalmoplegia, skeletal muscle weakness, and respiratory insuffi-
ciency.34 Signs of antenatal onset include reduced fetal movements
and polyhydramnios. Themuscle biopsy shows a uniform appearance
of small muscle fibers with large centrally placed nuclei. The RECEN-
SUS natural history study reported nearly all patients requiring respi-
ratory support at birth with a 64% mortality at %18 months of age.
Approximately 74% of patients surviving >18 months require trache-
ostomy and mechanical ventilation.34

Disruption ofMtm1 in mice resembles human XLMTM, with similar
pathology and early mortality.35 Intramuscular injections of the
Mtm1 delivered by AAV rescued muscle function, indicating that
restoration of functional myotubularin could ameliorate the disease
phenotype.36 Subsequently a series of studies from the Childers’
lab37–39 showed long-term therapeutic efficacy using systemic admin-
istration of an AAV8 vector expressing Mtm1 using the muscle-spe-
cific desmin (DES) promoter. In the Mtm1-deficient mice, rAAV8.-
desmin.Mtm1, at 3 � 1013 vg/kg corrected muscle pathology and
prolonged survival throughout the 6-month study. Low dose was
less effective in themouse. The canine model carrying theMTM1mu-
tation improved function from locoregional vascular delivery. These
studies prepared the way for a more extensive study in the canine
model with whole-body correction of myotubular myopathy.39 In a
dose-escalating intravenous study of rAAV8.desmin.cMTM1 (0.3 �
1014, 2 � 1014, and 5 � 1014 vg/kg) in the canine model (n = 3 per
dose) at 10 weeks of age, with the comparison of saline-treated,
age-matched mutants and normal littermates as controls, the two
higher doses led to a reversal of the disease with clinical findings indis-
tinguishable from normal without additional safety concerns.
Together, these preclinical studies showed the feasibility, safety, and
efficacy of gene therapy with AAV8 for long-term correction of
XLMTM.37,38
468 Molecular Therapy Vol. 29 No 2 February 2021
The ASPIRO trial is a phase 1/2 open-label, randomized, ascending-
dose study evaluating the safety and efficacy of AT132 (resamirigene
bilparvovec). In this two-part gene-transfer study, a single intrave-
nous dose is delivered in part 1, assessing two doses for safety and ef-
ficacy: 1 � 1014 vg/kg and 3 � 1014 vg/kg (ClinicalTrials.gov:
NCT03199469). In part 2 of the study, eight subjects are randomized
to either a treatment arm at 3 � 1014 vg/kg or to a delayed treatment
control arm. As of August 2019, 12 patients were enrolled in the study
with six (cohort 1) receiving low dose and cohort 2 (n = 4) treated at
high dose compared to untreated controls. Preliminary results shared
by Audentes showed a favorable response in safety and efficacy and
follow-up ranging between 4 and 72 weeks. All treated subjects but
one had a clinically meaningful improvement in respiratory function,
with a reduction in daily hours of ventilatory requirement as well as
improvement in the mean inspiratory pressure (MIP). A positive
response in motor function measured by CHOP-INTEND was also
seen. Muscle biopsies available for 9 subjects demonstrated robust
dose-dependent tissue transduction and myotubularin protein
expression with an improvement in overall muscle histology. This
contrasts with natural history data wherein XLMTM subjects had a
2.7-point annual decline from baseline in CHOP-INTEND scores
and a reduction in MIP over 12 months.40 In 2018, following an
acknowledgment of the progress made in this trial, the FDA granted
AT132 the regenerative medicine advanced therapy (RMAT) desig-
nation, equivalent to FDA’s Fast Track and Breakthrough Therapy.

Unfortunately, as the trial appeared to be proceeding in a favorable
manner, in May 2020, Audentes, the trial sponsor, reported in a letter
to patient groups that a participant in the trial died after receiving
AT132 at the higher dose of 3 � 1014 vg/kg. Subsequently, in June
2020, Audentes shared further details when a second of 3 in the
high-dose cohort also died. The two deaths followed a similar clinical
course, each suffering from progressive liver disease 4�6 weeks after
receiving the gene therapy. The direct cause of death was generalized
sepsis following the liver complications. None of the six patients who
received the lower dose experienced serious AEs (SAEs), despite four
of them having a history of hepatobiliary disease. Notable features
among the three patients with these SAEs include older age, heavier
weight, evidence of pre-existing hepatobiliary disease, and dosing
with the higher dose of 3 � 1014 vg/kg. The XLMTM trial is now
on clinical hold by the FDA and searching for further explanation.
Active data collection is ongoing.

In conclusion, in this review, we highlight gene-therapy clinical trials
in three neuromuscular disorders to illustrate the potential for the
broader application of systemic delivery. Undoubtedly, significant ad-
vances have been made in systemic gene delivery; however, several
limitations remain to be resolved. The efficacy and safety in each dis-
ease require further analysis and long-term follow-up. The severe
complications in the XLMTM trial require further study.

Gene Therapy for CNS Diseases

Gene therapy for CNS diseases using AAV vectors was initiated
nearly 2 decades ago using stereotaxic intracerebral delivery of
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AAV2 vectors. Early pioneering clinical trials were for CD, AD, and
PD. Whereas the approaches for AD and PD were focal bilateral in-
jections, the clinical trial for CD attempted stereotaxic AAV2 admin-
istration to 12 distinct sites to maximize vector distribution
throughout the brain. AADC deficiency disorder followed, again us-
ing AAV2, and was a pivotal demonstration of disease-altering effi-
cacy in a CNS gene-therapy trial. These early CNS gene-therapy trials
demonstrated the feasibility of AAV-based gene transfer to treat the
CNS safely.

AD

AD is neurodegenerative disorder that is the leading cause of age-
related dementia. A deep understanding of AD and the associated
neuropathology have led to development of numerous viral-mediated
gene-transfer approaches for AD, as reviewed by Raikwar et al.41 One
approach that has entered clinical trials is delivery of nerve growth fac-
tor (NGF), which is hypothesized to promote survival of cholinergic
neurons.42,43 A phase 1 study of bilateral intracerebral delivery
AAV2-NGF to the basal forebrain of patients with mild to moderate
AD-associated dementia showed promising results. The surgical deliv-
ery was safe and well tolerated, and there was lack of clinically relevant
progression of disease 2 years postinjection.44 However, in the subse-
quent randomized controlled phase 2 study (n = 49), efficacy endpoints
were not met.45 Despite this early failure, there are numerous addi-
tional applications in the gene-therapy pipeline for AD.

PD

PD is a neurodegenerative movement disorder characterized by bra-
dykinesia, gait impairment, and later cognitive decline that is caused
by a loss of dopaminergic neurons in the basal ganglia. Viral-medi-
ated gene-therapy approaches aimed at modulating GABAergic
neuronal signaling (AAV2-GAD [AAV2-glutamic acid decarboxy-
lase]) and increasing dopamine production (AAV2-hAADC, amino
acid decarboxylase) have been studied in early-phase clinical trials.

The initial open-label, dose-escalation phase 1 study explored the de-
livery of AAV-GAD injected unilaterally into the subthalamic nucleus
of 12 PD patients. There were no treatment-related AEs, and all sub-
jects demonstrated improvements in motor functioning with dimin-
ished thalamic metabolisms within the treated hemisphere.46 In the
phase 2 randomized controlled trial, patients with advanced PD
received either a sham procedure (n = 23) or bilateral infusion of
AAV2-GAD to the subthalamic nuclei (n = 22). The procedure was
again well tolerated, and patients in the treatment group demon-
strated improvement in motor function.47 These results were sus-
tained out to 12 months postinjection.48 It is postulated that delivery
of GAD to this brain region leads to formation of new functional
pathways between the subthalamic neurons and motor cortical re-
gions, termed “GAD-related pathways,” which correlate to clinical
improvements in the treatment group.49

In an alternative approach, AADC, an enzyme involved in the synthe-
sis of dopamine, is delivered to the putamen of PD patients, with the
goal of increasing dopamine production. In a phase 1 study of bilateral
intrastriatal infusion of AAV-hAADC in five patients with moderately
advanced PD, there was a 30% increase in AADC expression in the pu-
tamen and a modest clinical improvement in patients.50 A subsequent
dose-escalation study demonstrated similar results with a 30% increase
in AADC expression on positron emission tomography (PET) scan in
the low-dose cohort and 75% increase in the high-dose cohort.51 In this
study, three patients had a postoperative intracranial hemorrhage (one
symptomatic, two asymptomatic).51 In long-term follow-up, effects
persisted for up to 96 weeks.52Most recently, in a phase 1 gene-delivery
optimization study, gadoteridol is coadministered with AAV2-AADC
via MRI-guided infusion to the putamen to facilitate visualization of
the vector spread and coverage. In this three-level dose-escalation
study (n = 5 per dosing level), there was a dose-responsive increase
inAADC activity ranging from13% to 79% that correlated to improve-
ments in motor outcomes, including increased response to levodopa
without dyskinesia.53 Both approaches demonstrated favorable safety
profiles and promising clinical response, but larger, well-controlled
studies are needed.

CD

CD is a leukodystrophy caused by pathogenic variants of the aspar-
toacylase gene (ASPA). ASPA is expressed by oligodendrocytes and
is responsible for the degradation of N-acetylaspartate (NAA)
through deacetylation. Elevations of NAA in the CNS have variable
downstream effects that may explain the underlying pathophysiology
of CD, including aberrant myelination, parenchymal edema, and
vacuolation of the white matter (reviewed by Leone et al.54). The clin-
ical presentation of CD varies based on the residual activity levels of
ASPA and corresponding concentrations of NAA. It is a neurodegen-
erative disorder with hydrocephalus due to progressive spongy neuro-
degeneration, progressive neurologic disability, intractable epilepsy,
feeding intolerance, and premature death in adolescence or early
adulthood. The AAV2 approach evolved from earlier studies of
gene transfer using a lipid-entrapped polycation-condensed delivery
system (LPD) in conjunction with AAV-based plasmids containing
rASPA.55 Whereas this approach was well tolerated and led to both
biochemical and clinical improvements, improved viral-mediated
gene-transfer technologies using AAV2 were studied in a phase 1
study of intracranial infusions via six cranial burr holes in patients
with CD (n = 13).56 The procedure was well tolerated with only min-
imal systemic inflammation and a demonstrated, promising long-
term safety and clinical efficacy. Global CNS concentrations of
NAA, as measured by magnetic resonance (MR) spectroscopy, were
decreased after AAV2-ASPA delivery, especially in the basal ganglia.
Similarly, the T1 relaxation time decreased in white-matter tracts,
especially the splenium of the corpus callosum, and some patients
demonstrated a halting or reversal of brain atrophy. Finally, improve-
ment in these biochemical and imaging biomarkers was accompanied
by stabilization to improvements in gross motor functioning,
although social and cognitive recovery was less consistent. The
reversal of biochemical and structural biomarkers suggests that the
process is reversible; however, earlier intervention is suspected to
lead to a more robust clinical response.54 New technologies using
AAV-ASPA targeting oligodendrocytes are now being studied.57
Molecular Therapy Vol. 29 No 2 February 2021 469

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
AADC Deficiency

After promising results in the AAV2-AADC studies for PD, investiga-
tors sought to apply this technology to a rare neurogenetic disorder of
childhood. AADC deficiency disorder is a rare inherited disorder of
neurotransmitter synthesis caused by biallelic variants in the dopa de-
carboxylase (DDC) gene on chromosome 7.58 Although the clinical
spectrum can vary, 80% of patients are classified as severe and present
in infancy with hypotonia, growth retardation, and marked motor def-
icits. They never attain proper head control or the ability to sit indepen-
dently and suffer from frequent episodes of dystonia andoculogyric cri-
ses. Autonomic dysfunction and severe emotional irritability are
frequently reported.58 Individuals typically die by the age of 5 years
old.59

In 2012, the initial gene-transfer compassionate-use clinical trial of
AAV2/hAADC was performed in Taiwan. Hwu et al.59 selected
four subjects with confirmed diagnoses of AADC from the twenty
known living patients in Taiwan. On baseline assessment, all patients
were bedridden, lacked head control, and were unable to speak. Ocu-
logyric crises were reported every 2 to 3 days, and caregivers reported
marked irritability, excessive sweating, and unstable body
temperatures. Patients received AAV2/hAADC by direct bilateral in-
traputaminal injection and followed for up to 24 months. Transient
dyskinesias sufficient to interfere with feeding were reported in two
of four subjects, and one subject had significant apneic events that
subsided within 10 months of dosing. All four subjects demonstrated
improvements across both motor and cognitive developmental
outcomes, and caregivers reported a decrease in the frequency and in-
tensity of oculogyric crises, diminished irritability, and increased
temperature stability. Further, biomarker data were compelling,
demonstrating a 45% to 86% increase in uptake of dopamine on
PET scan as compared to baseline measurements, and all demon-
strated an increase in cerebrospinal fluid (CSF) levels of dopamine
and serotonin metabolites.59

In the first phase 1/2, open-label clinical trial at the National Taiwan
University Hospital (Taipei, Taiwan), an additional ten children, ages
24 months and up, with confirmed AADC deficiency diagnoses were
dosed with intraputaminal AAV2-hAADC. One subject died from an
unrelated cause, but the remaining survivors demonstrated remark-
able improvements in motor functioning (increase of 62 points on
the Peabody Developmental Motor Scale). Reported AEs included py-
rexia and transient orofacial dyskinesia that resolved with risperi-
done.60 Similar results were found in a second open-label phase 1/2
study of a more genetically diverse population (n = 6).61 Within
2 months, all had improvement in their voluntary movements, two
weaned off mechanical ventilation, four regained the ability to eat
by mouth, and all showed improvements in dystonic episodes, irrita-
bility, and autonomic dysfunction.61

GAN

GAN is an autosomal recessive neurodegenerative disorder of the
central and peripheral nervous system that typically presents with
progressive weakness and ataxia. Individuals also suffer sensory loss
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and loss of ambulation and succumb to respiratory failure.62 Based
on neuropathological studies, there is a loss of gigaxonin expression
that affects the cerebellar cortex, brainstem, and posterior columns
of the spinal cord, making it an ideal candidate disorder for intra-
thecal delivery of AAV9 gene transfer (reviewed by Bailey et al.63).
Gigaxonin is required to organize and degrade intermediate filaments
and leads to enlarged axons with densely bundled intermediate fila-
ments (reviewed by Bailey et al.63). A phase 1 dose escalation study
of intrathecal AAV9/GAN is underway at the National Institutes of
Health (NIH; ClinicalTrials.gov: NCT02362438).

Future Outlook

Nearly 2 decades after the initial intracerebral gene-transfer trials us-
ing AAV2, methods for gene transfer to the CNS have greatly
expanded. When focal gene transfer is desired, such as for PD and
AADC, more accurate gene transfer to a greater volume of brain
tissue can be achieved with AAV2 vectors using methods such as
MRI-guided convection-enhanced delivery.64–66 However, most
CNS disorders would ideally require broad and efficient gene transfer
to the entire CNS. The discovery of newer AAV capsids, such as
AAV9, have permitted a much wider degree of gene transfer than
multiple stereotaxic injections.9,10,67–69 Aside from numerous studies
in animal models, the application of AAV9 has been demonstrated in
clinical trials after an intrathecal injection (as for GAN) or by an
intravenous injection (as for SMA13). It is anticipated that the use
of AAV9 or similar AAV capsids will broaden the application of
gene therapy to more CNS disorders in the near future. However,
whereas AAV9 has greatly expanded the ability to treat a larger num-
ber of CNS disorders, it still targets a minority of cells throughout the
brain.70 Looking forward, a newer generation of AAV capsids with
greater CNS targeting efficiency would increase the effectiveness of
CNS-directed gene-therapy treatments, as well as expand the number
of diseases that could potentially be treated with gene therapy.

Clinical In Vivo Gene Therapy for Ocular Disorders

Gene therapy gained its place in mainstream medical practice
following FDA approval of Luxturna, an AAV2- based treatment
for the inherited retinal disease (IRD) retinal pigment epithelium
(RPE)65-LCA (LCA2). This success was based on decades of work
by multiple groups, one of which went on to commercialize the
product.71–76 Treated patients exhibited life-changing improvements
in light sensitivity and visually guided behavior. Detailed summaries
of RPE65 biology, preclinical studies in animal models, and the
treatment of LCA2 with gene therapy by multiple groups are already
published.77,78 The dramatic success of this program catalyzed
academia and industry alike to establish proof of concept that
gene therapy could restore or preserve vision in animal models of
other retinal diseases, including, but not limited to, AMD, choroi-
deremia, ACHM, retinitis pigmentosa, and XLRS.79–85 Interestingly,
however, these preclinical successes have not consistently translated
to clinical outcomes as robust as those observed in LCA2 pa-
tients.86–92 Whereas the reasons for this discrepancy have yet to
be fully elucidated, insufficient transgene expression mediated by
AAV in the target cells and/or immune response likely played a
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role. Future success in the retinal gene-therapy space and the
broader gene-therapy field will depend on identifying feasible ther-
apeutic dose ranges that are based on the proven ability to (1) target
the appropriate cell type in a primate retina and (2) drive sufficient
levels of therapeutic transgene expression. Whereas many factors
contribute to AAV’s tropism, transduction efficiency, and associated
immune response in retina, route of delivery is especially critical. A
summary of current and developing approaches, their advantages
and disadvantages, and relevant clinical examples are discussed
below.

Subretinal Injection (SRI)

SRI is employed in the majority of clinical trials because it allows for
placement of the therapeutic in situ (in a surgically created space be-
tween photoreceptors (PRs) and RPE referred to as a subretinal
“bleb”). The majority of IRDs are caused by mutations in PR-specific
genes. In addition to its proximity to the most common clinical target
cells (i.e., RPE and PR), SRI is attractive because of this compart-
ment’s immune privilege. Unlike systemically delivered AAV, subre-
tinally delivered vectors elicit a relatively reduced immune response
akin to anterior chamber-associated immune deviation (ACAID).93,94

However, SRI is a challenging technique, described as “almost a sub-
specialty unto itself.”95 It requires a vitrectomy (removal of vitreous
humor) and retinotomy (passage of needle through the retina), which
can be associated with complications, such as retinal tears, cataract
progression, or retinal/choroidal hemmorage.96 Creation of the sub-
retinal bleb requires detaching retina from the underlying RPE. The
cone-exclusive fovea is especially sensitive to detachment. SRI of vec-
tor under the fovea of some LCA2 patients led to central retinal thin-
ning and loss of visual acuity.75 Similar decreases in retinal thickness
were observed in choroideremia patients.96

The surgical technique of subretinal gene therapy is predicated upon
established subretinal procedures, such as subretinal tissue plasmin-
ogen activator (tPA) injection for subretinal hemorrhage associated
with neovascular AMD.96 However, specific considerations must be
made to adapt the technique to the particular characteristics of
retinal structure present in IRDs. Vitreoretinal surgeons well versed
in subretinal gene therapy have reported the utility of intraoperative
optical coherence tomography (OCT), allowing in vivo real-time
feedback during surgical cases.97 The creation of the subretinal
bleb with a microneedle (typically a 38- to 41-gauge, Teflon-tipped,
either extendable or nonextendable, cannula that is placed through a
pars plana trocar) is a challenging and critical step in the proced-
ure.98 The needle-penetration step has a narrow margin of error:
excessively deep penetration of the needle tip can result in hemor-
rhage, cannula tip obstruction, unintentional suprachoroidal deliv-
ery of vector, or permanent RPE injury; however, too shallow needle
penetration can create retinoschisis by intraretinal hydration during
bleb formation.97 Some surgeons create a “pre-bleb” made with
balanced salt solution (BSS) prior to the injection of the vector
into this space, which may prevent loss of vector into the vitreous
cavity during the bleb creation. Another surgical consideration is
the inherent difficulty of uniform and accurate volume delivery
associated with the current transvitreal subretinal delivery method.
Vector volume can be affected by use of a BSS pre-bleb, loss of vec-
tor from vitreous egress from retinotomy site, and incomplete target
vector volume delivery due to surgeon discretion (concern for foveal
stretching or macular hole formation or other safety consider-
ations). In clinical trials where dose-escalation decisions are being
made with small numbers of subjects, it may be challenging to
appropriately make safety or efficacy decisions unless confirmation
of precise and uniform vector volume delivery can be achieved in all
patients dosed.

It is also important to note that, despite its relative immune privilege,
AAV vectors are still capable of reaching an adverse effect level and
eliciting host-cell responses in the subretinal space. In phase I/II
clinical trials for RPE65-LCA at University College London
(ClinicalTrials.gov: NCT00643747), ocular inflammation was noted
following SRI of 1 � 1012 vg of AAV2-RPE65.71,99 There was no
inflammation noted in the University of Pennsylvania/University of
Florida trial (ClinicalTrials.gov: NCT00481546). In the Nantes
University Hospital trial (ClinicalTrials.gov: NCT01496040),
which notably used a different AAV capsid (AAV4), inflammation
was noted at 4.8 � 1010 vg.100 In Spark Therapeutics’ phase III trial
(ClinicalTrials.gov: NCT00999609), mild inflammation was observed
at 1.5 � 1011 vg.76,101 Significant inflammation was also observed at
1 � 1011 vg in clinical trials for choroideremia.90,102 The different
doses at which inflammation has been observed clinically may be
attributed to differences in vector production and characterization,
AAV capsid, and underlying retinal disease state.

As focus has now shifted to evaluating gene therapies for IRDs where
the target cells are PRs, it is worth considering the relationship be-
tween abundance of the gene-replacement product and vector dosing.
For any gene therapy to be successful, sufficient therapeutic transgene
expression (e.g., protein) levels must be achieved at doses that do not
cause unmanageable inflammation. Ideally, a sufficient range between
the minimum effective dose in animal models and the NOAEL (no
observable adverse effect level) should exist such that a phase I/II
dose-escalation study can be performed. Logic dictates IRDs caused
by defects in retinal proteins expressed at relatively low levels may
bemore easily addressed by gene therapy. A comparison of preclinical
findings in large animal models of IRD versus clinical outcomes sup-
ports this concept, although published clinical outcomes remain scant
to date. Preclinical studies sponsored by AGTC evaluated AAV-
RPGR (retinitis pigmentosa GTPase regulator) in the diseased canine
model of RPGR X-linked retinitis pigmentosa (XLRP).103 Efficacy
(improvements in fundus autofluorescence) was reported at doses
as low as 1.8 � 109 vg,103 and inflammation was not observed until
a dose of 4.5 � 1011 vg.103 Biogen’s 6-month AAV-RPGR phase I/
II clinical trial results were presented at this year’s ASGCT meeting.
It reported improvements in the visual fields in six treated XLRP pa-
tients, “exceptional visual improvement,” and “evidence of possible
outer segment regeneration” in one patient treated at the high dose
(5 � 1011 vg). Manageable inflammation was only observed in this
high-dose group. Whereas not yet presented/published, AGTC’s
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press release104 (date accessed 6-12-20) states that 9 out of 17 treated
patients experienced improvements in vision, as measured by micro-
perimetry and/or best-corrected visual acuity (BCVA) at 3 months
postinjection. Only patients with submacular injections showed this
improvement. At 6 months postinjection, improvements in those
nine patients were stable. In four of these patients (4/8 tested), there
were improvements in visual sensitivity (i.e., microperimetry). Prote-
omic analysis reveals there are approximately 2,000 molecules of
RPGR per PR sensory cilium (PSC), making it the 1,087th most en-
riched protein in rods.105 In contrast, preclinical studies evaluating
AAV-cyclic nucleotide-gated channel subunit beta 3 (CNGB3) in a
dog model of CNGB3 ACHM revealed only modest improvements
in retinal function at 5 � 1010 vg and inflammation at 5 � 1011 vg.
Phase I/II trials for CNGB3 ACHM were initiated in 2016 by both
AGTC and MeiraGTx, but clinical outcomes have not yet been pre-
sented/published. Cyclic nucleotide-gated channels are highly ex-
pressed (�61,000 molecules per PSC), making them much more
abundant than RPGR.105 Preclinical studies in a sheep model of cyclic
nucleotide-gated channel subunit alpha 3 (CNGA3) ACHM revealed
robust improvements in retinal function at 1.8� 1011 vg (lowest dose
tested) and inflammation at 6.0 � 1011 vg. Phase I/II clinical trials
conducted at the University Hospital Tuebingen and Ludwig Maxi-
milian University of Munich (ClinicalTrials.gov: NCT02610582)
treated patients at the following doses: 1 � 1010 vg, 5 � 1010 vg, or
1 � 1011 vg.91 No unmanageable inflammation was reported, and
modest improvements in visual acuity, contrast sensitivity, and chro-
matic discrimination thresholds were observed at all doses, consistent
with biological activity mediated by vector.92 Doses required to confer
therapy in preclinical studies were higher in CNGA3-ACHM relative
to RPGR-XLRP, although the CNGA3-ACHM clinical results suggest
that IRDs caused by defects in highly expressed genes may still be
successful.

Some IRDs, such as MYO7A-associated Usher syndrome and
ABCA4-associated Stargardt disease, are caused by mutations in
genes for which coding sequences are too large to fit within a standard
AAV vector (packaging capacity �5 kb). Lentivirus, which can
accommodate a larger payload (9.7 kb), was therefore chosen to
address these IRDs in phase I/II clinical trials that began in 2011/
2012. No reports of biological activity have been published to date
for either trial. This is thought to be attributed to the fact that lenti-
virus poorly transduces postmitotic PRs,106,107 the target cell in
both USH1B and Stargardt. Efforts are currently underway by multi-
ple groups to develop dual AAV vector platforms that will promote
delivery of large genes to PRs.108,109

Beyond monogenic disease, AAV is also being used to vectorize anti-
vascular endothelial growth factor (VEGF) reagents to the retina via
SRI to serve as a one-time treatment for the neovascular form of AMD
(wet AMD). This represents a potential improvement over the stan-
dard-of-care monthly intravitreal injections (IVIs) of VEGF inhibi-
tors that can suffer from low compliance. REGENXBIO recently
completed a phase I/IIa trial in which patients across five cohorts
received doses of AAV8-anti VEGF fab between 3 � 109 vg and
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2.4� 1011 vg per eye. Dose-dependent increases in protein expression
levels were observed at 1 month p.i. There were no drug-related AEs
and no clinical signs of an immune response or drug-related ocular
inflammation. Whereas no clear signs of improvements were noted
in cohort 1 (3 � 109 vg/eye) or cohort 2 (1 � 1010 vg/eye), patients
in cohort 3 (6 � 1010 vg/eye) showed improvements in mean
BCVA and central retinal thickness. 50% of patients in cohort 3
remain injection free (i.e., no IVIs VEGF inhibitors) for up to 2 years
post-treatment. Most recently, results from cohort 5 (2.5 � 1011 vg/
eye) showed that 73% of patients remained injection free for at least
9 months post-treatment. REGENXBIO has future plans to modify its
delivery approach. Its goal is to deliver AAV to the subretinal space
via amicrocannula that accesses the retina posteriorly from the supra-
choroidal space (see section below) and in so doing, increase accessi-
bility to the treatment (will not require vitrectomy/full-blown
surgery).

Another topic of interest within the IRD gene-therapy field is the
evolving analysis of risk to benefit for the subretinal approach. An
example is whether detachment of the cone-exclusive fovea via SRI
is advisable. In certain IRDs characterized by the presence of severe
functional deficits in spite of retinal preservation (e.g., GUCY2D-
LCA1), SRI of the macula poses an attractive risk:benefit ratio.110,111

Put simply, patients with completely dysfunctional foveal cones have
less to risk in terms of function and a large potential for gain as their
preserved retinal laminar architecture makes them (1) more likely to
tolerate surgical foveal detachment and (2) potentially more receptive
to therapy. This is in contrast with patients who retain cone function
and have actively degenerating retina (i.e., retinitis pigmentosa). In
the latter scenario, SRI of AAVs capable of laterally spreading beyond
the margin of detachment may mediate therapeutic levels of gene
expression in foveal cones while avoiding the risks associated with
foveal detachment. Indeed, extra-foveal SRI of such vectors
(AAV44.9 based) promoted 98% transduction of foveal cones in ma-
caque without the need to detach the fovea during surgery.112 In addi-
tion, these novel vectors that spread laterally from the injection bleb
may also enable functional improvements across a greater expanse of
retina.112 Despite the surgical complexity, the many advantages that
SRI offers (robust gene expression in outer retinal cells, delivery to
a relatively immune-privileged site, its proven success in addressing
IRDs, and novel capsid technologies being explored to further in-
crease its safety) suggest that this delivery approach will continue to
be used for some time.

Suprachoroidal Injection

Suprachoroidal injection is a relatively novel mode of ocular AAV de-
livery that is currently eliciting preclinical interest. Transscleral
suprachoroidal viral delivery aims to achieve efficient outer retinal
transduction in the absence of vitreoretinal surgery. The suprachoroi-
dal space is a potential space between the choroid and scleral wall of
the eye that can be accessed via surgical cannulation113 or transscleral
microneedles.114,115 Data in rat, pig, and NHP suggest plausibility of
transduction of both RPE and PRs via suprachoroidal AAV gene de-
livery, although results have been inconsistent across studies.116–118 A
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recent report showed that suprachoroidal AAV delivery produced
transient expression restricted primarily to the RPE and local infiltra-
tion of inflammatory cells. In contrast, when the same novel device
was used to subretinally deliver AAV8 (access from the suprachoroi-
dal space followed by transversal of Bruch’s membrane with an
extendable microcannula), focal transgene expression in RPE and
PRs and minimal intraocular inflammation were observed.117 These
devices have been evaluated in preclinical and clinical studies of
cell-based therapies119 and are now being considered for delivery of
AAV. Additional work is needed to refine the method and investigate
associated local and systemic immune responses prior to moving this
approach into the clinical arena.

IVI

IVI is by the far the least invasive delivery route under consideration
for treating IRD and may protect inherently thin and degenerate ret-
inas from additional mechanical damage potentially caused by vitrec-
tomy and surgical subretinal detachment. However, it requires an
AAV capsid capable of “penetrating” through the retina from the vit-
reous. One advantage of IVI is that the procedure can be performed in
a clinic setting, thereby increasing accessibility of gene therapies to
larger patient populations. However, the limited clinical data88,89

and NHP studies120 utilizing currently available capsids indicate
that IVI AAVs contend with many barriers that may reduce gene
expression and prevent therapeutic benefit in a majority of patients
(i.e., dilution/neutralization in vitreous, inner-limiting membrane).
Current AAVs in clinical testing mediate transduction of retinal gan-
glion cells (RGCs) in the macular “ring,” Müller glia, and sparse PRs
adjacent to large blood vessels, some foveal cones, and non-neuronal
cells of the ciliary body.121–124 As such, it is not surprising that the
only IVI-based clinical trials to demonstrate biological activity thus
far have targeted RGCs in the inner retina either to provide direct
benefit to these cells (ND4-Leber hereditary optic neuropathy
[LHON])125,126 or utilize them as a depot for secretion of an anti-
VEGF reagent (wet AMD).88

To date, there is no clinical evidence that an IVI-delivered AAV vec-
tor can transduce outer retinal cells (PRs/RPE) at sufficient levels to
mediate a therapeutic response. Intravitreally delivered AAV8-RS1
failed to restore retinal structure/function in XLRS patients (Clinical-
Trials.gov: NCT02317887).89 Despite the secretory nature of the RS1
protein, studies performed in Rs1h knockout mice show that
enduring therapy is achieved when AAV-mediated RS1 is produced
within PRs.127 AAV8 does not efficiently transduce PRs following
IVI of intact retina.117 The capsid choice in this trial was dictated
by transduction observed in the XLRS mouse model and perhaps
the expectation that the presence of schisis cavities in XLRS patient
retinas would facilitate transduction.128 Taken together, the lack of ef-
ficacy in this trial was at least partially due to inefficient targeting of
RS1 to PRs. Immune response also played an important role. The vit-
reous is not as immune privileged as the subretinal space.129 When
comparing the biodistribution of AAV following IVI versus SRI,
IVI results in relatively more systemic exposure.130,131 Similar to
SRI, inflammation caused by IVI AAV appears to be dose dependent.
IVI of AAV8-RS1 was associated with ocular inflammation as well as
systemic antibodies against AAV that both increased in a dose-related
fashion.89 Two clinical trials employing IVI of AAV2-based vectors to
address LHON caused by mutations in mitochondrial ND4 (Clinical-
Trials.gov: NCT02161380 and NCT02064569) documented high
antibody titers and anterior uveitis in some treated pa-
tients.125,126,132,133 Similarly, some patients who received high-dose
IVI of AAV2 driving expression of a soluble VEGF neutralizing pro-
tein (AAV2-sFLT01) (2 � 1010 vg) for wet AMD (ClinicalTrials.gov:
NCT01024998) developed pyrexia and intraocular inflammation.
Similar inflammatory responses have been observed in NHP safety
studies.134

Adverum Biotechnologies has an anti-VEGF product AAV.7m8
capsid carrying the gene for aflibercept in clinical testing that is being
delivered by IVI. The first cohort (6 � 1011 vg) showed encouraging
efficacy with 6/6 patients not requiring rescue injections of aflibercept
post-treatment, maintenance of BCVA, maintenance or reduction in
central retinal thickness, and durability out to 15 months. However,
this cohort experienced recurrent uveitis that required additional ste-
roid treatment (topical drops),135 resulting in a clinical hold pending
review of the CMC.136 Upon resumption of the trial, subsequent co-
horts were treated with a lower dose of vector (2 � 1011 vg), and
changes to the prophylaxis steroid regimen were implemented,
including a pretreatment oral versus topical steroid treatment
regimen between two same-dose-level cohorts. The lower dose did
appear to be associated with less post-treatment inflammation but
was also less efficacious with 5/15 patients requiring rescue injections.
Of interest is the observation that vector-induced uveitis appeared
responsive to topical steroid drops, and in fact, the cohort treated
with empiric difluprednate fared better with less inflammation
post-treatment than did the same dose-level cohort treated with
empiric oral prednisone.

Recent clinical data suggest that humoral immunity can play a role in
limiting transduction for AAV delivered by IVI, although this is not
believed to be the case with SRI. Results from the IVI AAV2-sFLT01
to treat wet AMD (ClinicalTrials.gov: NCT01024998) revealed a
strong negative correlation with neutralizing antibodies (NAbs) to
AAV2 and levels of sFLT01.88 This was the first clinical study to high-
light the potential role of serum NAbs in limiting AAV-mediated
transgene expression in the eye. In a separate study, AAV-mediated
transgene expression was reported to be inversely correlated with
the presence of NAbs in both serum and vitreous of macaque, with
the latter showing a stronger correlation.120 As anti-VEGF AAV ther-
apies pivot to clinical trials for progressive diabetic retinopathy (PDR)
and diabetic macular edema (DME), both disorders, characterized by
disruptions in the retinal blood barrier and concerns that NAbs will
limit therapy, are heightened, given that the majority of the popula-
tion is seropositive for AAV. For these reasons, there are efforts un-
derway to develop AAV capsids that “escape” neutralization, thereby
increasing the number of patients who would be amenable to IVI-
delivered gene therapies.112 Whether sufficient transduction of the
outer retina to effectively treat PR-mediated disease can be achieved
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Table 2. Hemophilia B Gene Transfer Efforts in the Past Decade

Sponsor Vector
Manufacturing
Platform Gene Capsid

Dose (vg/
kg)

OSA Approx. Mean
FIX:C

Follow-up (Years)/
Durability ABR Phase Status

St. Jude/
UCL

AAV8-
FIX

mammalian FIX AAV8 2 � 1012 5% 8 years/stable 2 I/II closed

Shire BAX335 � FIX-R338L AAV8 3 � 1012
transient, except 1
subject 25%

N/A N/A I/II closed

uniQure AMT-060 insect FIX AAV5 2 � 1013 7% 4 years/stable 0.9 I/II closeda

Ultragenyx DTX101 � FIX rh-10
1.6�5 �
1012 to
5 � 1012

0%�1% N/A N/A I/II closed

Sangamo SB-FIX insect
FIX and
ZFN

AAV6 � � � � � I/II,
recruiting

Freeline FLT-180a mammalian FIX-R338L AAVS3

4.5 � 1011 ~40%

� N/A I/II
I/II,
recruiting

7.5 � 1011 2%�60%

9.75 � 1011 ~50% to ~140%

1.5 � 1012 90% to ~250%

Spark/Pfizer SPK-9001 mammalian FIX-R338L SPK100 5 � 1011 40% 3 years/stable 0.4 I�III phase III

uniQure AMT-061 insect FIX-R338L AAV5 2 � 1013 40% N/A N/A I�III phase IIIa

vg/kg, vector genomes per kilogram; OSA, one-stage assay; Approx., approximate; FIX:C, factor IX activity; ABR, annual bleed rate; N/A, not applicable due to either subtherapeutic
expression, or reported duration of follow-up is <1 year; FIX-R338L, factor IX-Padua; ZFN, zinc finger nuclease; �, data are not available; UCL, University College London.
aAMT-061 is AMT-060 containing the FIX-R338L mutation.
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by IVI AAV in the absence of neutralization or inflammation remains
to be seen and will likely depend on the development of novel AAV
capsids and/or immunosuppressive regimens.

As retinal gene therapy has evolved, we have come to understand that
a “one-size-fits-all” approach will not work. Just as with other gene-
therapy targets (e.g., hemophilia), we are learning that translating suc-
cessful proof of concept studies in animal models will require more
investigation aimed at identifying and overcoming hurdles that are
intrinsic to the structure and physiology of the human eye and in
some cases, the specific disease state of the target patient population.
Fortunately, we have at our disposal a constantly improving set of
tools (e.g., AAV capsids), delivery approaches, and diagnostic tech-
nologies that are likely to enable this endeavor. Taken together with
its relative immune privilege and the much lower doses of vector
needed to target the eye relative to other organs, the ocular gene-ther-
apy field is likely to witness many additional successes.

Hemophilia Gene Therapy: Moving beyond Proof of Concept

Success in hemophilia gene transfer has demonstrably arrived. As
outlined in Tables 2 and 3, there are 20 clinical trials approaching,
including a handful of pivotal trials and the first pending licensing
application (Harrington et al., 2020, WFH Virtual Summit, confer-
ence).137–153,154–156 The field has largely converged on the use of sys-
temically administered AAV vectors for hepatocyte expression of
coagulation factors VIII (FVIII) and IX (FIX).144 Although AAV ef-
forts predominate, lentiviral vectors for either systemic infusion157,158

or ex vivo transduction of hematopoietic stem cells159–161 or induced
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pluripotent stem cells162 are being pursued preclinically or as a phase I
clinical trial.156 Although AAV clinical trial efforts have demon-
strated repeated proof-of-concept successes, outstanding questions
remain that are essential to address to realize hemophilia gene ther-
apy’s potential. This point was recently highlighted by the FDA’s
denial of the first biologics licensing application for a hemophilia
gene-therapy product submitted by BioMarin Pharmaceutical for a
hemophilia A (HA) vector; whereas the outcome surprised many,
the FDA’s requested additional data aim to address unexplained ob-
servations thus far specific to its trial (e.g., questions around durability
of expression163,164) that are undoubtedly important for all hemophil-
ia gene-therapy efforts. More broadly, many of the lessons learned in
hemophilia are applicable all systemic AAV gene-therapy efforts.

HA and hemophilia B (HB) are X-linked monogenic disorders result-
ing from decreased/absent function of coagulation FVIII or
FIX.165,166 Whereas FIX is endogenously synthesized in hepatocytes,
FVIII is synthesized predominantly in liver sinusoidal endothelial
cells, such that FVIII is ectopically expressed in clinical trials.167–170

Hemophilia patients experience recurrent, spontaneous, or trauma-
induced bleeding classically into joints, resulting in disabling arthrop-
athy. Bleeding sequelae correlate with plasma FVIII/FIX activity
(FVIII:C/FIX:C), such that spontaneous hemorrhage occurs in severe
HA/HB (FVIII/FIX:C <1% of normal), less commonly in moderate
HA/HB (FVIII/FIX:C 1%–5% of normal), and typically only
following trauma in mild HA/HB (FVIII/FIX:C >5%–40% of
normal).171 Thus, a modest amount of FVIII/FIX expression has a
large clinical benefit. Hemophilia is treated with intravenous enzyme
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Table 3. Current Hemophilia A Gene Therapy Clinical Trials

Sponsor Vector Capsid
Manufacturing
Platform

Dose
(vg/kg)

Approx. Mean
FVIII:C (OSA/CSA) ABR Phase

Follow-up
(Years)/Durability Status

BioMarin149–151 BMN- 270 AAV5 insect

4 �
1013

�/6%�20%a 0.5

I�III

3 years/declining
expression BLA application submitted,

PDUFA action date 8/20206 �
1013

�/4%�100%b 1.3
4 years/declining
expression

Spark/Roche SPK-8016 � � � � � I/II � recruiting phase I/II

Spark/Roche152 SPK-8011 LK03 mammalian

5 �
1011

8%�12%/� 0.2 I/II
2.5�3.3 years/
stable expression

recruiting phase I/II
1 �
1012

3%�22%/� 1.7 I/II
2�2.5 years/stable
expression

2 �
1012

0%�25%/� 1.7c I/II
1�1.5 years/
unknown

Sangamo/Pfizer (Harrington
et al., 2020, WFH Virtual
Summit, conference)153

SB-525
AAV2/
6

insect

9 �
1011

� �

I/II
0.6�1.2 years/
unknown

phase III planned

2 �
1012

� �

1 �
1013

� �

3 �
1013

30%�250%/20%�
160%

N/A

UCL154 GO-8 AAV8 mammalian

6 �
1011

8%�64%/� N/A I/II %1 year recruiting phase I/II
2 �
1012

Ultragenyx/Bayer155 DTX-201 hu37 mammalian

5 �
1012

5%�20%/�

N/A I/II %1 year recruiting phase I/II
1 �
1013

8%�40%/�

2 �
1013

�

Takeda TAK-754 AAV8 mammalian � � � I/II � active, not recruiting

Medical College of
Wisconsin156

CD34+ PBSC,
lentiviral-FVIII

not
AAV

� � � � I � recruiting

N/A, not applicable, or follow-up duration is <1 year; FVIII:C, factor VIII activity; CSA, chromogenic assay; BLA, Biologics License Application; PDUFA, Prescription Drug User Fee
Act.
aReported FVIII activity at 2-year follow-up.
bReported FVIII activity at 3-year follow-up.
cEvaluation of bleeding excluded 2 of 7 total subjects who lost transgene expression.
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replacement therapy (ERT) delivered prophylactically to prevent or
on demand for bleeding.172,173 Although effective, ERT is limited
by an approximately 40% noncompliance rate, costs R$200,000
annually, and advances arthropathy.172–175

Systemic AAV Safety Considerations

There have been minimal short-term safety concerns from systemic
AAV administration at the 120-fold range of vector doses (5 � 1012

to 6 � 1013 vg/kg) employed in hemophilia trials (Tables 1 and 2).
Approximately 5 subjects across 3 trials experienced self-limited, vec-
tor-infusion reactions at doses of 2� 1012�6� 1013 vg/kg, character-
ized by fever, myalgias, and/or hypotension, which appear consistent
with an innate immune response.141,150,152 Hints of dose-limiting tox-
icities of systemic AAV infusion are supported by observations in
nonhemophilia clinical trials that include: approval of Zolgensma
(1 � 1014 vg/kg) with a boxed safety warning of hepatotoxicity post-
infusion, suspected complement activation in DMD trials (5 �
1013�3 � 1014 vg/kg) with resultant cytopenias and renal toxicity,
and 3 deaths in the 3 � 1014-vg/kg cohort of an XLMTM trial in
the setting of progression of pre-existing hepatobiliary disease,
4�6 weeks after vector infusion.13,176,177 Composite analysis of these
observations is ongoing and relevant for all systemic AAV work and
includes potential inherent differences between AAV serotypes with
respect to immune responses.

Given that all AAV serotypes transduce hepatocytes, long-term safety
considerations have predominantly focused on hepatotoxicity risk,
including risk of insertional mutagenesis resulting in hepatocellular
Molecular Therapy Vol. 29 No 2 February 2021 475
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carcinoma (HCC). Whereas predominantly nonintegrating, preclini-
cal data suggest AAV integration events occur in a dose-dependent
manner with a preference for integration at sites of active transcrip-
tion, tissue-specific promoters are protective against oncogen-
esis.178–180 Collectively, this would support use of the lowest possible
effective vector dose with a hepatocyte-specific promoter to minimize
genotoxicity risk. Hemophilia is a provocative model to study AAV-
related HCC genotoxicity because �90% of severe hemophilia
patients >35 years contracted iatrogenic hepatitis C virus (HCV),
an established risk factor for developing HCC.181–185 Recently pub-
lished 15-year follow-up data of 4 HB subjects supported no evidence
of hepatotoxicity or other long-term toxicities; however, conclusions
were limited by the lack of confirmed transgene persistence in trans-
duced hepatocytes.186

FVIII/FIX Transgene Safety: Thrombosis and Allo-inhibitory

Antibody Formation Risk

All HA clinical trials use a B-domain-deleted FVIII (BDD-FVIII)
transgene, which retains full procoagulant function while meeting
AAV packaging constraints (�4.7 kb) and enhancing expres-
sion.187–189 Nearly all HA trials use a standard FVIII B-domain heavy
and light chain linker, FVIII-SQ.190 A single trial is using an alterna-
tive BDD-FVIII, FVIII-V3, wherein 6 additional N-linked glycosyla-
tion sites were added to the SQ linker to improve expression.154,191

HB trials have universally adapted the FIX-Padua (FIX-R338L) trans-
gene, which affords �8-fold greater specific activity relative to wild-
type FIX.192,193

Given the known incidences of allo-inhibitory antibodies, “inhibi-
tors,” formation in severe HA (30%) and HB (5%) and the use of
FVIII-SQ and FIX-R338L variant transgenes raise the theoretical
concern of an immune response to the transgene-derived pro-
tein.194,195 Consistent with 2 decades of experience with rFVIII-SQ
ERT, demonstrating no increased inhibitor risk, no HA gene-therapy
subjects have developed an inhibitor.196–198 Further, the success and
safety of FIX-R338L for HB gene-therapy efforts support gain-of-
function FVIII variants (reviewed in Samelson-Jones and Arruda199)
and may similarly be safe with enhanced therapeutic benefit. Howev-
er, trial enrollment criteria require significant prior FVIII/FIX protein
exposure and exclude patients with a history of inhibitor. As such,
available gene-therapy data reflect patients least likely to develop an
inhibitor. Nonetheless, low risk of inhibitor formation postgene ther-
apy is further supported by mouse and canine data demonstrating the
ability of hepatocyte-directed gene transfer to induce FVIII, FIX, or
FIX-R338L tolerance.200–203 These preclinical successes support
future investigation of gene transfer for tolerance induction, which
is particularly relevant for HA patients with inhibitors204 and other
disorders (e.g., Pompe disease; reviewed in Doerfler et al.205).

With respect to prothrombotic risk, available biochemical data sug-
gest FIX-R338L is activated and inactivated analogous to wild-type
FIX and not inherently prothrombotic.193 Further, mouse data
demonstrated thrombotic events in FIX-R338L and wild-type FIX
correlated with supratherapeutic FIX:C and were not specific to
476 Molecular Therapy Vol. 29 No 2 February 2021
FIX-R338L.201 Epidemiological studies have outlined that supraphy-
siologic FIX:C is a modest independent risk-factor venous thrombosis
(odds ratio [OR] 1.8�4.0) relative to supraphysiologic FVIII (OR
8.8�21.3).206–208 Multiple FIX-R338L trials achieved FIX:C in the
range of normal or mild hemophilia without safety concerns. In
recent data, a single FIX-R338L trial reported thrombosis in a subject
who achieved FIX:C > 200% of normal (by one-stage assay [OSA])
with potentially multiple contributing prothrombotic comorbidities,
including, obesity, kidney failure, and recent cessation of a direct-
Xa oral anticoagulant145 (a suspected rebound prothrombotic
state209). Nonetheless, this observation, paired with known epidemi-
ological data of factor activity and thrombosis, underscores the
importance of maintaining expression within a therapeutic window,
particularly in the setting of prothrombotic comorbidities.

HA and HB Gene-Therapy Efficacy Questions

Epidemiological data may guide target therapeutic FVIII/FIX expres-
sion. Potentially targeting FVIII/FIX:C, >10%–150% of normal post-
gene transfer is supported by both the aforementioned prothrombotic
risks associated with supraphysiologic FVIII/FIX:C206–208 and avail-
able HA natural history data that demonstrate that FVIII:C of
R12% of normal (by OSA) is adequate to prevent spontaneous joint
bleeding.210 Importantly, both transgene products, FVIII-SQ and
FIX-R338L, demonstrate variable activity measurements in OSA
versus chromogenic assay (CSA) determinants of factor activity
that are reproducible across trials.144,145,149,152 Unlike FVIII-SQ,
FIX-R338L differences are not gene-therapy specific, suggesting the
assay discrepancies are related to FIX-R338L biochem-
istry.192,201,211,212 The understanding of which assay best predicts
in vivo hemostatic function of hepatocyte-derived FVIII/FIX-R338L
is relevant to guide clinical management because sustained FVIII:C/
FIX:C, depending on the assay used, crosses clinical thresholds of
mild/moderate hemophilia,152,155 normal FVIII:C/FIX:C (Harrington
et al., 2020, WFH Virtual Summit, conference),145,146 and suprather-
apeutic FVIII:C/FIX:C (Harrington et al., 2020, WFH Virtual Sum-
mit, conference).145 Preliminary FVIII antigen data correlate with
CSA-determined FVIII:C,153 whereas preliminary phenotypic data
supporting OSA-determined FVIII:C correlate with hepatocyte-
derived FVIII in vivo function,152 suggesting that hepatocyte-derived
FVIII may be more easily converted from its procofactor to cofactor
state.

Accurate measurement of transgene hemostatic function is necessary
to outline a tolerated range of therapeutic FVIII/FIX expression.
Consistent with reports in a chimeric mouse model of human hepa-
tocytes demonstrating an up to 7-fold difference in transduction
between mice,213 multiple HA and HB trials have demonstrated
R10-fold variability in FVIII:C/FIX:C with the same vector and
dose (Harrington et al., 2020, WFH Virtual Summit, confer-
ence).145,149,150,153 Part of this variability may be explained, in part,
by a hypothesized cellular immune response to capsid peptides pre-
sented by transduced hepatocytes that can result in reduced or loss
of transgene expression, thereby limiting efficacy.214 Additionally,
vector CpG motifs may potentially be immune stimulatory and
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contribute to a capsid response;215 indeed, cassette CpG enrichment
has been implicated in loss of transgene expression despite steroid
intervention in 3 HB trials.140,143,216 More broadly, the multiple steps
from vector infusion to transgene expression (reviewed in Li and Sa-
mulski217) with accompanying potential for variability likely means it
will be necessary to tolerate a range of therapeutic transgene expres-
sion, albeit hopefully less than 10-fold.

Lastly, whereas undefined, durability of transgene expression in HA/
HB clinical trials may inform other AAV hepatocyte-directed gene
therapies. Clinical data from the first successful systemic AAV trial,
conducted in HB,163,164 mirror observations in canine HA and HB
data after AAV-mediated gene transfer, demonstrating durable
expression 8 years postgene transfer.139,164,218,219 In contrast, the first
successful HA gene-therapy trial reported declining expression at
years 1�4 postvector,151 such that published 3-year FVIII:C declined
by�35%–80% of year 1 values in 6 of 7 subjects in the 6� 1013-vg/kg
cohort, the anticipated licensed dose. Recently, another HA trial
demonstrated stable and durable FVIII expression for 2�3.3 years
in 5 subjects (5 � 1011�1 � 1012 vg/kg cohorts), supporting the po-
tential for stable and durable hepatocyte-derived FVIII expression.152

Several hypotheses have been generated to potentially explain the
decline in FVIII expression observed in the first HA trial150 that
include: a FVIII unfolded protein response (UPR) reported in heter-
ologous expression systems with contrasting data in HA mouse
models post-AAV-mediated FVIII gene transfer220–222 or vector-spe-
cific properties (e.g., manufacturing platform, cassette size, dose,
capsid, etc.). Notably, in the first successful HA trial, the single subject
with sustained expression at year 3 had FVIII:C �100% of normal,
whereas FVIII:C among the subjects that lost expression began or
crossed into the range mild and moderate HA,150,151 values that
were stable and durable in another trial.152 Although preliminary
and not definitive, these data would suggest that observed decline
in FVIII:C or stable expression is not FVIII expression dependent,
making a FVIII UPR an unlikely predominant culprit for loss of
expression. Success in HA gene therapy is recent, and ongoing obser-
vation will inform expectations of FVIII durability.

Durability of expression is particularly relevant when considering that
all subjects universally develop high-titer AAV NAbs following
systemic AAV vector infusion, which likely preclude repeat adminis-
tration of the same AAV serotype. Whereas the majority of data sup-
porting high-titer NAb preclude systemic AAV efficacy, a sponsor has
reported detectable transgene expression following systemic AAV5
vector in NHPs or humans who are AAV5 NAb positive.148,223

Two ongoing trials, which may provide additional insight, enroll
Nab-positive subjects (ClinicalTrials.gov: NCT03520712 and
NCT03569891). Nonetheless, the longevity of the AAV humoral im-
mune is supported by a 15-year follow-up of the first systemic AAV
trial, demonstrating persistent, multi-serotype, cross-reactive AAV
NAbs to the infused vector serotype and all others tested.186 These
data are consistent with observations in humans following AAV envi-
ronmental exposure and systemic AAV vector infusion in animal
models that demonstrated persistent, multi-serotype, cross-reactive
NAbs.224–228 Collectively, available data suggest that with current
methods, a once-in-a-lifetime AAV vector infusion is both the goal
of therapy and compulsory due to NAb formation.

In summary, three decades of investigation have refined AAV gene
therapy for hemophilia to achieve repeated proof-of-concept success
and outlined outstanding questions needed to move gene therapy for-
ward. Exceptional activity in hemophilia gene therapy imparts
considerable optimism that answers will be identified to progress
efforts closer to the ultimate goal of safely and reliably achieving du-
rable and stable FVIII/FIX therapeutic expression able to ameliorate
hemophilia phenotype.

LSDs: Clinical Gene-Therapy Overview

LSDs are a group of inherited metabolic disorders that are character-
ized by the accumulation of macromolecules inside lysosomes.
Collectively, LSDs are relatively common disorders (1:5,000 to
1:5,500), although individually rare.229–231 LSDs affect multiple organ
systems but have one defining system predominating, such as hyper-
trophic cardiomyopathy in patients with infantile Pompe disease,
CNS deficits in children with CNL2, or hepatosplenomegaly in chil-
dren with Gaucher disease type I.230 Given their clinical heterogene-
ity, finding effective treatments has been a challenge with the only
approved therapy, ERT, creating secondary complications from
increased survival.232 As the prevalence of these disorders increases
with the advent of newborn screening, new therapeutic interventions,
such as gene replacement, will become critical in addressing all man-
ifestations of LSDs.230,233,234

In this section, we discuss the progress that has been made in devel-
oping gene replacement therapies for some of the more common
LSDs: Pompe disease, Gaucher disease, Fabry disease, mucopolysac-
charidoses (MPS) disease, and neuronal ceroid lipofuscinoses
(NCLs) (Table 1).

Pompe Disease

Pompe disease is a glycogen storage disorder that leads to glycogen
accumulation in muscle and motoneurons.235,236 Lack of acid
alpha-glucosidase (GAA) activity in patients with severe/early onset
results in a clinical pathology that includes profound weakness and
hypotonia and cardiorespiratory failure.237 Recently, newborn
screening efforts have discovered a significantly higher incidence of
up to 1:9,500, making gene therapy a rational solution for presymp-
tomatic treatment. For Pompe disease, four phase I/II gene-therapy
studies have achieved approval from the FDA. Corti et al.238 and By-
rne et al.239 conducted a first-in-human trial injecting AAV1-cyto-
megalovirus (CMV)-GAA into the diaphragms of nine patients
with ventilatory insufficiency in an effort to correct the respiratory
dysfunction characteristic of early-onset Pompe disease (EOPD).
The results indicated that the vector was both safe to use and effective
at improving ventilatory performance in all subjects.238,240,241

Another clinical trial from the University of Florida is currently being
conducted in patients with late-onset Pompe disease (LOPD). The
Molecular Therapy Vol. 29 No 2 February 2021 477
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study evaluates the ability to repeat the administered of AAV
(rAAV9-DES-hGAA) after a period of time to maintain therapeutic
levels of GAA in adult Pompe patients242 (ClinicalTrials.gov:
NCT02240407). Preliminary results suggest that pharmacological
modulation of the immune system using rituximab and sirolimus,
before and at the time of AAV dosing, prevents the formation of anti-
body and allows for repeated AAV dosing. With early intervention
due to newborn screening, this is an important observation for
LSDs affecting the muscle and the liver, where somatic growth may
cause a decline in genome copy number. The University of Florida
team, in collaboration with an NIH Clinical Center team led by Dr.
Bönneman, is also conducting a study to evaluate the safety and effi-
cacy of an intravenous dose of AAV-GAA in children with EOPD. Pa-
tients enrolled in this study will receive the same immunomodulation
regimen used in the LOPD study to manage immune responses to
AAV and GAA.

In addition to the work conducted at the University of Florida, a few
other programs have initiated clinical programs to test their own
AAV vectors in patients with Pompe disease.

Spark Therapeutics has been approved to enroll in phase I/II vector-
mediated liver gene transfer for GAA in LOPD. This approach relies
on stable expression of GAA in the liver achieved via AAV vector-
mediated gene transfer, resulting in cross-correction in peripheral
organs with no evident immunogenicity against the transgene (Clin-
icalTrials.gov: NCT04093349). The preclinical data revealed prom-
ising results, suggesting sustained plasma levels of GAA.243 10months
postdosing, all GAA knockout (Gaa�/�) mice showed decreased
glycogen accumulation; increased survival; and improved cardiac,
respiratory, and muscle function compared to wild-type mice. In
comparison to ERT, the current standard of care for Pompe disease,
SPK-3006 was also more effective at breaking down and clearing
excess glycogen build-up in refractory muscle groups typically mute
to the effects of ERT (Mendoza, 2018, International Congress of the
WorldMuscle Society, conference).243 First-in-human clinical studies
are currently under way at the University of California Irvine Health
(ClinicalTrials.gov: NCT04093349).

Asklepios Biopharmaceutical has also been approved to enroll in a
phase I/II open-label trial to assess the safety and determine the bioac-
tivity of ACTUS-101 (AAV2/8LSPhGAA) at two dose levels in hu-
man subjects with LOPD. With the use of a liver-specific promoter,
this AAV vector was manufactured to express GAA specifically in
the liver accompanied by GAA secretion and receptor-mediated
uptake of GAA in the cardiac and skeletal muscle. The central hy-
pothesis is that continuous GAA production from a liver depot will
provide more benefit than ERT in Pompe disease (ClinicalTrials.gov:
NCT03533673). On January 22, 2019, the first patient in the phase I/II
clinical study was dosed with ACTUS-101.244

Gaucher Disease

Gaucher disease, the most common of the LSDs, is an autosomal
recessive LSD caused by a deficiency in lysosomal enzyme acid
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beta-glucosidase (glucocerebrosidase). Although heterogenous in
its presentation based on type, the main clinical effects are hepa-
tosplenomegaly, neurodegeneration, bone disease, and pulmonary
complications.245 There have been two ex vivo gene replacement
trials to date for Gaucher disease. With the use of a retroviral
transduction of peripheral blood or CD34+ cells, Dunbar and
Kohn246 examined the safety of a G1Gc vector that uses the viral
long terminal repeat (LTR) promoter to express the human gluco-
cerebrosidase cDNA.247 The study did result in transient low-level
expression of corrected cells, however too low to result in any
clinical benefit or increased glucocerebrosidase enzyme activity.248

In the second, currently active gene-therapy trial, AVROBIO is
using an ex vivo lentiviral-based gene-therapy approach designed
to result in a stable integration of the desired genes into
patient-derived hematopoietic stem cells (ClinicalTrials.gov:
NCT04145037). Preclinical trials showed positive results in lentivi-
ral vector integration into parent stem cells and effective replica-
tion of integrated progeny cells.249

Fabry Disease

Fabry disease is characterized by deficient activity of a-galactosidase
A (a-Gal A), resulting in accumulation of glycolipids (globotriaosly-
ceramide [Gb3] and globotriaosylsphingosine [LysoGb3]) in
various tissues. Clinical manifestation includes progressive kidney
failure, heart disease, cerebrovascular disease, skin lesions, and other
abnormalities.250,251 Although ERT is the current standard of care
for patients with Fabry, it does have its limitations producing
increased interest in gene replacement therapies.252,253 Of the five
gene replacement studies to date, two of them use an ex vivo
approach (AVROBIO and University Health Network, Toronto),
whereas two others use an in vivo approach (Sangamo Therapeutics
and Freeline Therapeutics).

AVROBIO’s vector (AVR-RD-01) is derived from hemopoietic stem
cells to which the gene encoding AGA is added in an ex vivo process
using a lentiviral vector. In the ongoing phase I/II clinical trial (Clin-
icalTrials.gov: NCT03454893), interim data showed all four patients
dosed in the phase I portion displayed increased AGA enzyme activity
level above the levels of patients with classical Fabry (ESGCT Annual
Meeting abstract, Lausanne, 2018).251,254 Preclinical studies for the
University Health Network’s lentiviral product also showed prom-
ising results.255 University Health Network’s lentiviral a-Gal A trans-
duced stem cell therapy is currently being tested at several Canadian
clinical trial sites (ClinicalTrials.gov: NCT02800070) (ASGCT
Annual Meeting abstract, San Diego, 2010).

Another first-in-human phase I/II trial sponsored by Sangamo
Therapeutics is using an AAV vector (rAAV2/6) to produce the
deficient enzyme at clinically significant levels. ST-920 is an AAV
vector encoding the cDNA for human a-Gal A with a liver-specific
promoter designed to enable a patient’s liver to produce a contin-
uous supply of the a-Gal A enzyme (ClinicalTrials.gov:
NCT04046224). The constant production is anticipated to reduce
Gb3 and LysoGb3.251,256
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Table 4. Summary of Gene Replacement Clinical Trials for Select LSDs

Disease Product Sponsor NCT (ClinicalTrials.gov:) Route

Pompe disease

rAAV1-CMV-hGAA University of Florida, USA NCT00976352 i.m.

rAAV9-DES-hGAA University of Florida, USA NCT02240407 i.m.

SPK-3006 Spark Therapeutics NCT04093349 i.v.

ACTUS-101 (AAV2/8LSPhGAA) Asklepios Biopharmaceutical NCT03533673 i.v.

Gaucher disease
G1Gc vector

National Institute of Neurological Disorders
and Stroke (NINDS)

NCT00001234 i.v.

mAVR-RD-02 AVROBIO NCT04145037 i.v.

Fabry disease

RV-GLA NINDS NCT00001234 i.v.

mAVR-RD-01 AVROBIO NCT03454893 i.v.

FLT190 Freeline Therapeutics NCT04040049 i.v.

ST-920 (rAAV2/6) Sangamo Therapeutics NCT04046224 i.v.

lentivirus a-Gal A transduced stem cells
University Health Network, Toronto, ON,
Canada

NCT02800070 i.v.

Mucopolysaccharidoses (MPS)�all types

RV-IDS
Eunice Kennedy Shriver National Institute of
Child Health and Human Development
(NICHD)

NCT00004454 i.v.

SAF-301 (AAVrh.10-SGHS and SUMF) LYSOGENE NCT01474343 i.c.

LYS-SAF302 (AAVrh.10-SGHS) LYSOGENE NCT03612869 i.c.

rAAV2/5-hNAGLU uniQure Biopharma B.V. NCT03300453 i.c.

lentivirus transduced stem cells University of Manchester NCT04201405 i.v.

RGX-111 (AAV9, a-L-iduronidase cassette) REGENXBIO NCT03580083 i.c.

RGX-121 (AAV9, iduronate-2-sulfatase
cassette)

REGENXBIO NCT03566043 i.c.

AAV2/8.TBG.hARSB Fondazione Telethon NCT03173521 i.v.

rAAV9.CMV.hNAGLU Abeona Therapeutics NCT03315182 i.v.

ABO-102 (scAAV9.U1a.hSGSH) Abeona Therapeutics
NCT02716246,
NCT01474343

i.v.

lentivirus transduced stem cells IRCCS San Raffaele NCT03488394 i.v.

Neuronal ceroid lipofuscinoses, late infantile
(CLN2)

AAVrh.10-CLN2 Weill Medical College of Cornell University NCT01161576 i.c.

AAV2CUhCLN2 Weill Medical College of Cornell University NCT00151216 i.c.

AAVrh.10CUCLN2 Weill Medical College of Cornell University NCT01414985 i.c.

AT-GTX-501 (scAAV9.CB.CLN6) Amicus Therapeutics NCT02725580 i.t.

AT-GTX-502 (scAAV9.P546.CLN3) Amicus Therapeutics NCT03770572 i.t.

i.m., intramuscular; i.v., intravenous; i.c., intracerebral; i.t., intrathecal.
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Similarly, Freeline Therapeutics is using an AAV vector (rAAV8)
with a liver-specific promoter to produce sustained high levels
of a-Gal A. Preliminary data on the starting dose in the dose-
escalation study reported a 3- to 4-fold increase in plasma
a-Gal A activity by week 4 postdose and was sustained
through the data cutoff.251 On March 10, 2020, the European
Commission granted orphan drug designation for FLT190
for the treatment of Fabry disease, based on a positive opinion
from the Committee for Orphan Medicinal Products of the
European Medicines Agency.257 4D Molecular Therapeutics is
also pursuing a gene-therapy study that is recently open for
enrollment.
MPS Type III (MPS III)—Sanfilippo Syndrome

MPS III, also known as Sanfilippo syndrome, is a progressive disorder
characterized by the accumulation of glycosaminoglycan in neural
cells.254 MPS III primarily affects the CNS, resulting in neurodegen-
eration, progressive intellectual disability, and developmental regres-
sion. As the brain is the most affected organ with MPS III, brain-tar-
geted gene replacement therapies have become increasingly studied
for both MPS IIIA and MPS IIIB by different sponsors using similar
approaches.

LYSOGENE, a biotechnology company from France, used
AAVrh.10 to carry the human SGSH and SUMF1 cDNAs for the
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treatment of MPS IIIA. The therapeutic vector AAVrh.10-hMPS3A
was administered to four children in a phase I first-in-human trial
via intracerebral injections. All four patients were followed for a
year postdose. The results of the trial proved the method of admin-
istration to be safe for direct AAV vector delivery into the CNS.
Neurocognitive evaluations suggested a cognitive benefit in the
youngest child, whereas a more limited benefit in the three older
patients.254,258

uniQure Biopharma B.V., also using intracranial injections, adminis-
tered an rAAV2/5 vector encoding human a-N-acetylglucosamini-
dase (NAGLU) in seven children for the treatment of MPS IIIB.
Following administration, NAGLU activity in the CNS was found
to be increased from baseline with sustained enzyme production by
brain cells. All patients displayed improvements on their neurocogni-
tive evaluations with the youngest functioning close to that of a
healthy child. These results suggest that this approach could prevent
or slow cognitive decline in children with MPS IIIB.259

Additional in vivo and ex vivo phase I/II gene-therapy clinical trials
for MPS are listed in Table 1.

NCLs

NCLs are a group of inherited, autosomal, progressive childhood
neurodegenerative disorders characterized clinically by dementia, ep-
ilepsy, and vision loss through retinal degeneration. NCLs are caused
by an accumulation of ceroid lipofuscin in the neuronal cells in the
brain and in the retina. To date, there are 13 forms of NCLs, each hav-
ing distinct defects in genes encoding proteins in the lysosomal sys-
tem.260–262 Currently, there are no treatments approved for NCLs.
In an effort to find an efficacious therapy for NCL, novel gene replace-
ment strategies have been explored.

Worgall et al.263 developed an AAV serotype 2 vector expressing the
human CLN2 cDNA (AAV2CUhCLN2) and administered the vector
in the CNS of 10 children with late infantile NCL (LINCL).262 In com-
parison to the control subjects, disease progression assessed by CNS
imaging was slower, although not statistically significant, showing
reduced gray matter and ventricular volume. Notably, results from
the modified Hamburg scale postdose demonstrated significantly
slower functional decline compared to the control group.262,263

Also with the use of an in vivo approach, Cain et al. 264 developed a
scAAV9 vector expressing the hCLN6 gene under the control of a
CB hybrid promoter.262 scAAV9.CB.hCLN6 was injected intrathecally
into the CSF of 4-year-old NHPs and intracerebroventricularly (i.c.v.)
into mice. High transgene expression was found throughout the brain
and spinal cord of the NHPs with very few lab abnormalities. The i.c.v.
injection administered to the mice also exhibited promising results,
including prevention of classic CLN6 brain disease pathology, correc-
tion of behavioral deficits, and increased survival. Taken together, the
results indicate the efficacy and safety of scAAV9.CB.hCLN6.262,264

This approach was adopted by Amicus Therapeutics and is currently
being studied clinically in patients with Batten disease (ClinicalTrials.-
480 Molecular Therapy Vol. 29 No 2 February 2021
gov: NCT02725580). Additional in vivo phase I/II gene-therapy clinical
trials for NCLs are listed in Table 4.

Conclusions

The advent of advanced therapeutics in lysosomal storage disease
provides for new opportunities for patients and hopefully transforma-
tive therapeutic opportunities. As the field matures, we hope that
additional safe and effective therapeutic options will be widely avail-
able. Challenges still exist for establishing a network of qualified pro-
viders to administer gene-therapy medicinal products.
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