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Gene therapies aim to deliver a therapeutic payload to specified tissues with underlying protein deficiency. Since the 1990s, gene
therapies have been explored as potential treatments for chronic conditions requiring lifetime care and medical management.
Ocular gene therapies target a range of ocular disorders, but retinal diseases are of particular importance due to the prevalence of
retinal disease and the current treatment burden of such diseases on affected patients, as well as the challenge of properly
delivering these therapies to the target tissue. The purpose of this review is to provide an update on the most current data available
for five different retinal gene therapies currently undergoing clinical trials for use against age-related macular degeneration (AMD)
and the development of novel delivery routes for the administration of such therapies. Research has been performed and compiled
from PubMed and the select authors of this manuscript on the treatment and effectiveness of five current retinal gene therapies:
Luxturna, ADVM-022, RGX-314, GT-005, and HMR59. We present the available data of current clinical trials for the treatment of
neovascular and dry age-related macular degeneration with different AAV-based gene therapies. We also present current research
on the progress of developing novel routes of administration for ocular gene therapies. Retinal gene therapies offer the potential
for life-changing treatment for chronic conditions like age-related macular degeneration with a single administration. In doing so,
gene therapies change the landscape of treatment options for these chronic conditions for both patient and provider.

Eye (2022) 36:303-311; https://doi.org/10.1038/541433-021-01842-1

INTRODUCTION

Nearly half a century ago, Theodore Friedmann introduced the
concept of gene therapy for inherited genetic disorders [1]. In
theory, a gene-based therapy could afford constitutively sustained
production of endogenous proteins normally absent due to
underlying deficient gene efficacy. In addition, conditions that had
required frequent monitoring and consistent therapeutic inter-
vention could possibly be replaced by a single dose of a gene
therapy.

The possibility of a single-dose cure for lifelong illnesses drove
the development of gene therapies over the next two decades
and culminated in the first FDA-approved gene therapy trial
launched in 1990 to treat patients with adenosine deaminase
(ADA) deficiency [2]. The success of this trial provided a milestone
for gene therapies, and it became the first in a series of genetic
therapy trials in the 1990s [3]. Unfortunately, subsequent trials
with gene therapies were not as successful. In 1999, gene therapy
for the treatment of severe combined immunodeficiency-X1
ultimately resulted in the death of one patient from unforeseen
oncogene activation [4]. Despite the success of previous gene
therapy trials, the early ups-and-downs of gene therapy proved
that there was much to be learned about the biology of viral
vectors [5]. As such, subsequent research focused on the
understanding of viral vectors, tissue specificity, and the genetic
implications of different viral delivery methods.

VIRAL VECTOR GENE THERAPY

The concept of gene therapy is based on the introduction of a
wild-type copy of a deficient or mutated gene to restore normal
protein function. However, as the unexpected serious adverse
reactions (SUSAR) in Hacein-Bey-Abina’s clinical trial in 1999
highlighted, the challenge of introducing such a wild-type copy
rests on understanding how to deliver said genes to the
appropriate tissue and how to express said genes for desired
therapeutic response. Viral vectors present a solution to both of
these challenges given the potential for tissue specificity
depending on virus type and the nature of viruses as
genetically-loaded systems. The challenge then was in selecting
viral vectors while taking into consideration the possibilities for
host immune response and genomic integration.

Two strategies regarding gene therapy have been evaluated.
Firstly, genomically-integrated vectors such as retroviral vectors
could be injected with the goal being to eintroduce and transduce
plasmid sequences coding for deficient protein production into
the cells of affected tissue [6]. The benefit of this modality is that
transduction would allow for stable gene expression in dividing
and nondividing cells. This is in contrast to non-integrating viral
vectors where long-lasting gene expression is less likely in highly
mitotic cells lines due to loss of episome plasmid DNA [7]. The
primary concerns with retroviral vectors include possible host
immune response and the possibility of accidental insertional
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mutagenesis. In other words, the integrating viral vectors could
insert their plasmids into oncogenic or tumor-suppressing regions
of DNA. Consequently, regulatory regions in the intended
therapeutic plasmid could then inadvertently dysregulate cell
cycle mechanisms [8].

The other modality of gene expression is to introduce a
transgene through a non-integrating viral vector. The benefit over
integrating vectors is that insertional mutagenesis is extremely
unlikely, avoiding one of the main safety concerns of viral gene
therapy. Addressing that safety concern alone makes non-
integrating viral vectors worthy of consideration.

Adeno-associated viral (AAV) vectors

In the 1990’s, Kessler et al. and Xiao et al. proved that long-term
expression of a transgene is possible with the in vivo administra-
tion of AAV vectors into mouse muscle [9, 10]. These experiments
laid the groundwork for exploring AAV vectors as one of the
futures of gene delivery systems. Further research expanded on
the solutions provided by AAV vectors as modes of therapeutic
relief.

AAV vectors provided a breakthrough in genetic therapy
payload delivery. First, the parent virus, adeno-associated virus,
has no disease associated with it alone since AAV requires a helper
virus for replication [11]. Second, the AAV genome can be edited
to remove the open reading frame-encoded proteins (rep)
required for viral replication and integration. If not removed,
site-specific integration on chromosome 19 occurs [12, 13]. The
ability to remove rep and limit the possibilities of genome
integration from the AAV plasmid offers a contrast between two
different modalities in AAV vector-based gene therapy: non-
genomic integration and genomic integration.

With non-genomic integration, the rep gene of AAV can be
removed to limit the plasmid’s capacity to replicate on its own.
The obvious disadvantage of this approach is that multiple
injections would be required for sustained therapeutic effect.
However, sustained transgene expression can be maintained for
an extended period of time in cells with a low mitotic index. On
the other hand, controlled gene integration of AAV at specific,
well-mapped loci on chromosome 19 would allow for long-term
expressions of therapeutic plasmid. In doing so, AAV vectors and
their transgene payload could convert natively deficient tissue
into a transgene biofactory, negating the need for repeat
injections. In other words, AAV vectors with a therapeutic plasmid
construct could be used to reverse the genetic pathologies
underlying a condition and restore normal function of the
targeted cell type with a single dose. This is of particular
importance if the mode of injection requires extensive technical
skill or presents a barrier to patient comfort. More importantly, this
integrated transgene modality offers the opportunity to reverse
the effects of chronic illness otherwise controlled by a lifetime of
medical or pharmacological intervention with a single-dose
injection.

AAV vectors exhibit even more flexibility with the existence of
multiple serotypes. The various serotypes differ by their capsid
components. Consequently, the different AAV serotypes display
differential transduction efficiency, immunogenicity, and cellular
tropism, and could thus be optimized to any tissue expressing
underlying gene deficiency [14].

Finally, AAV vectors possess the ability to circumvent a host
immune response almost entirely [15]. Despite the expectation
that gene therapies should have a baseline safety requirement of
minimizing a host immune or inflammatory reaction, the immune
system presents a distinct challenge to viral gene therapy vectors.
Unlike its parent adenovirus, AAV vectors have been shown to
elicit a relatively mild immune response. This is in part because of
AAV's restricted ability to infect antigen presenting cells [15]. The
benefits of AAV’'s immunocompetence are profound. Primarily, the
safety concerns around inoculation with AAV vectors are
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minimized if a host immune reaction can be avoided. Second to
AAV's ability to avoid immune detection is that the overall vector
dose required for therapeutic relief is reduced. A common
workaround for eliciting a temporary immune response with
other viral vectors is to increase the viral load upon delivery to
overwhelm the host immune reaction. However, the increased
viral load could paradoxically make the immune response more
severe. For this reason, the mitigated risks provided by AAV vector
therapeutics warranted further exploration in clinical trials.

Retinal gene therapy
The advances in AAV vector production, efficacy, and flexibility
triggered a new wave of clinical activity in the 2000s. Researchers
now had the capacity to introduce therapeutic plasmids with
minimal concern for immune or inflammatory reaction with a
degree of tissue specificity never seen before. With a firm
understanding of AAV vectors and gene therapy biology, ocular
disorders became a target for gene therapy trials. Although many
disorders are often polygenic in dysfunction, ocular disorders are
well-understood for having individual genes responsible for a
variety of conditions [16]. This makes ocular disorders appealing
since replacing a single gene both minimizes the payload delivery
for AAV vectors while avoiding potential errors that can arise with
large transgenes. Secondly, the potential for a single dose of gene
therapy delivery is a significant improvement over the treatment
burden of frequent intravitreal injections to treat retinal diseases.
These strengths of AAV permitted its use in the earliest clinical
trials of ocular gene therapy. In three separate trials started in
2008, AAV2 vectors carrying a functional copy of retinal pigment
epithelium (RPE)-specific 65-kDa protein gene (RPE65) were
injected subretinally into patients with RPE65-Leber congenital
amaurosis. In all three trials, significant improvement was seen in
improving visual dysfunction [17-19]. In doing so, the promise of
gene therapy lived up to the expectations originally set by
Theodore Friedmann. The results of these three trials set the
groundwork leading to the FDA-approval of voretigene
neparvovec-rzyl (Luxturna), the first FDA-approved ocular gene
therapy.

RETINAL GENE THERAPIES

Voretigene neporvovec-rzyl (Luxturna)

Voretigene neporvovec-rzyl from Spark Therapeutics is a one-time
AAV2-based subretinal gene therapy indicated in patients
confirmed with biallelic RPE65 mutation-associated retinal dystro-
phy which manifests either as Leber congenital amaurosis 2 or
rare forms of retinitis pigmentosa (RP). LCA affects 1 in
30,000-81,000 people and is a severe and early type of inherited
retinal disease-causing childhood blindness [20]. LCA is character-
ized by significant visual impairment starting in infancy or early
childhood, searching nystagmus, a sluggish to near-absent
pupillary response, and severely subnormal to non-detectable
electroretinography [20, 21].

Voretigene neparvovec-rzyl works by delivering a functional
copy of the gene RPE65 to retinal cells via subretinal injection.
Normal RPE65 protein converts all-trans-retinol to 11-cis-retinol,
allowing the formation of chromophore 11-cis-retinal during the
retinoid cycle; this process is vital to the biological conversion of
light photos into electrical signals transported to the brain via the
optic nerve. In LCA, reduced or absent levels of RPE65 disrupts the
retinoid cycle, resulting in vision impairment [22]. By transducing
the RPE cells with the transgene, functional RPE65-specific
kiloDalton protein is thereby produced.

The approval of voretigene neparvovec-rzyl not only made it
the first-ever ocular gene therapy to become available to patients,
but also represented the culmination of a large body of previous
scientific work. Aside from the earliest studies described above,
many other early-phase studies have been conducted including
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one Phase 1/2 trial involving 12 participants who received
unilateral, subretinal injections of AAV2-hRPE65v2 in the worse-
seeing eye in a dose-escalation study evaluating two doses, 1 X
10" and 1x 10" vector genomes [18, 19, 23-27]. One patient
improved visually in both the treated and untreated eyes while 3
patients experienced a visual decline. Six patients improved in
dark-adapted perimetry while 3 improved in low-light navigation,
and 5 patients improved in microperimetry. These effects
appeared to wane beyond the first-year post-treatment. Addition-
ally, no major systemic immune-related adverse events (AE) were
noted, although 6 of 10 patients with foveal-involving injections
had retinal thinning and 3 patients in the higher-dose group were
observed to have intraocular inflammation.

Ultimately, the encouraging results of the Phase 1/2 trial led to a
Phase 3 trial concluding that voretigene neparvovec-rzyl was well-
tolerated overall with no product-related serious adverse effects or
immune responses noted. The primary outcome evaluated the
change in the performance of a study-specific multi-luminance
mobility test (MLMT) from baseline at 1 year, which was met as the
treated group made statistically significant improvements in their
end score. Secondary endpoints evaluated full-field stimulus
thresholds and Goldmann visual field testing, with significant
improvements for both measures in the treated group over the
control group [28]. The most common ocular adverse effects were
surgery-related and included elevated intraocular pressure (20%),
cataracts (15%), ocular inflammation (10%), and retinal tears (10%).

These overall favorable results observed in this Phase 3 trial led
to the approval of voretigene neparvovec-rzyl for the treatment of
biallelic RPE65 deficient-associated retinal disease by the United
States Food & Drug Administration in December 2017. Voretigene
neparvovec-rzyl is currently being administered at ten treatment
centers in the United States.

ADVM-022

ADVM-022 by Adverum Biotechnologies is currently in a Phase 1
open-label clinical trial (OPTIC) as an in-office intravitreal gene
therapy to treat neovascular age-related macular degeneration

A.M. Khanani et al.

(nAMD), the most common cause of vision impairment in
individuals 50 years of age and older, and a Phase 2 trial
(INFINITY) for the treatment of diabetic macular edema [29].

Pathologically, vascular endothelial growth factor (VEGF)
promotes the development of choroidal neovascularization and
the subsequent progression of nAMD. As such, anti-VEGF
therapies have been the primary focus of pharmacological
intervention for individuals with nAMD. Aflibercept is an anti-
VEGF protein which is commonly used in the treatment of retinal
diseases and has been FDA-approved since 2011. ADVM-022 aims
to treat nAMD through a single intravitreal injection utilizing the
AAV.7m8 capsid to deliver a codon-optimized cDNA expressing an
aflibercept-like protein (Fig. 1). With ADVM-022, the need for
repeated intravitreal injections every 4-8 weeks can be mitigated
with a resulting decrease in treatment burden [30].

Nonhuman primate studies with ADVM-022 have found that a
single intravitreal injection of ADVM-022 resulted in sustained
expression of aflibercept for 30 months [30]. Moreover, the
aflibercept was able to inhibit choroidal neovascularization in a
nonhuman primate model of nAMD, even when injected 13-
months prior to lasering [31]. These findings led to the initiation of
the OPTIC trial, which is the first in-human trial with ADVM-022 for
patients with nAMD. The 2-year ongoing OPTIC Phase | trial has
enrolled 4 cohorts of previously-treated patients with neovascular
AMD: cohorts 1 (6 patients) and 4 (9 patients) received the high
dose (6 x 10" vg/eye), and cohorts 2 (6 patients) and 3 (9 patients)
received the low dose (2 x 10"" vg/eye). These patients have been
heavily pre-treated prior to enrolling in OPTIC with an average of 9
injections in the previous year in cohorts 1, 2, and 3, with 7
injections in cohort 4. The primary outcome evaluates the safety
and tolerability of one injection of ADVM-022, while the second
objectives assess the best-corrected visual acuity (BCVA), anatomic
outcomes of spectral-domain optical coherence tomography, and
the need for anti-VEGF supplemental therapy. Steroid prophylaxis
of ocular inflammation was used in all 4 cohorts, but with different
regimens per cohort. A 13-day course of oral steroid with tapered
topical eyedrops were used in cohorts 1 and 2 while cohorts 3 and

Target retinal cell
expresses aflibercept

ADVM-022
AAV.7m8 capsid

Aflibercept expreésion cassette

2 e ®
RNA B @
' ; --l' v l’“
%' Aflibercept

Fig. 1 ADVM-022 mechanism of action.
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4 were treated with a 6-week course of topical steroid eyedrops.
The cohorts have similar demographics and anatomical baselines
with cohort 3 having a higher average central subfield thickness
(CST) at baseline.

Following a single intravitreal injection of ADVM-022, the high-
dose cohorts demonstrated a 96% reduction in the mean
annualized frequency of anti-VEGF injections and the low-dose
cohorts demonstrated an 85% reduction in treatments [32].

The BCVA and CST in cohort 1 remained stable without
supplemental treatment at a median 104-week follow-up [32, 331
Subjects maintained —1.3 letters and —8.7 um reduction in CST
during this time period. Cohort 2 maintained BCVA (—1.5 letters in all
patients and —1.0 letters in supplemental-free patients) and CST
(—28.2 um in all patients and —30.3 um in supplemental-free patients)
over a median 84-week follow-up. In cohort 3, the BVCA (+1.4 letters
in all patients and +4.3 letters in supplemental-free patients) was
maintained and the CST (—134.4 um in all patients and —181.7 um in
supplemental-free patients) improved through a median 56-week
follow-up. In cohort 4, the BVCA (—0.2 letters in all patients and —0.4
letters in supplemental-free patients) was maintained and the CST
(—77.1 um in all patients and —77.3 um in supplemental-free patients)
improved through a median 36-week follow-up.

No ADVM-022-related non-ocular AEs have been reported at
this time. Inflammation has been the main AE in this trial, with
ocular inflammation predominately affecting the anterior segment
noted especially in the higher-dose cohorts. No posterior
inflammation, vasculitis, or endophthalmitis has been reported.
A decreasing trend in inflammation has been seen over time but
multiple patients have required long-term topical drops, particu-
larly in the high-dose group. The lower dose has been associated
with fewer cases of inflammation. All treatment-related ocular AEs
were mild (80%) to moderate (20%). An AE of special interest
(AESI) was documented in the high-dose Cohort 1 of moderate
recurrent uveitis unrelated to ADVM-022 treatment. This patient
was positively responsive to steroid eyedrops. Two patients
had mild AEs of IOP elevation that resolved with Combigan
eyedrops [34].

Importantly, in those patients who consented for aqueous taps
in the OPTIC trial, there was sustained long-term aflibercept
protein expression, out to 104 weeks in one patient. With the
exception of one patient who required rescue injections, all

aflibercept protein levels expressed as a result of ADVM-022 gene
therapy were found to be in therapeutic range when compared to
the commercially available Eylea (aflibercept recombinant protein,
Regeneron Pharmaceuticals) injection [30, 32, 35].

As this trial is ongoing and a long-term extension is planned, we
will continue to learn more about safety and efficacy of ADVM-
022. These results will guide the design of future studies to
evaluate ADVM-022 as a potential option for the treatment
of nAMD.

Adverum Biotechnologies conducted a second trial, INFINITY, for
the use of ADVM-022 for diabetic macular edema (DME). In late
April of 2021, Adverum unmasked the trial following a SUSAR of
hypotony in the treated eye of a DME patient in the high-dose
cohort of the trial 16-36 weeks after administration of ADVM-022.
Close monitoring and aggressive treatment led to no improvement
in the patient’s condition. Similar SAEs have not been observed in
the low-dose cohorts. Adverum has discontinued development
and investigation of ADVM-022 for DME at this time [36].

RGX-314

RGX-314 (REGENXBIO Inc.) uses an AAV8 associated gene therapy
for the treatment of NnAMD. RGX-314 expresses a monoclonal
antibody fragment similar to ranibizumab. As an established anti-
VEGF therapy, ranibizumab is a humanized monoclonal antibody
fragment that binds to human VEGF-A to suppress choroidal
neovascularization [37]. RGX-314 uses subretinal or suprachoroidal
delivery and offers the potential for stable anti-VEGF antibody
production while reducing the burden of multiple intravitreal
injections (Fig. 2).

42 patients with severe nAMD have been enrolled in the ongoing
Phase I/lla trial of RGX-314 looking at safety and efficacy of RGX-314
delivered subretinally via transvitreal approach. The therapy has been
generally well-tolerated with no reports of abnormal immune
response, drug-related ocular inflammation, or post-surgical inflam-
mation made thus far [38]. 20 SAEs have been reported in 13 patients
with one possibly drug-related SAE of significant decrease in vision in
the high-dose Cohort 5. 87% of the most common nonserious ocular
AEs were assessed as mild with the common AEs being post-
operative conjunctival hemorrhage in 67% of patients, post-operative
inflammation in 36% of patients, and eye irritation eye pain, and post-
operative visual acuity reduction in 17% of patients each [37]. There

RGX-314 PRODUCT CANDIDATE

"/ Vector: AAVS Gene: anti-VEGF fab

Mechanism of action

Designed to reduce leaky blood vessel formation by
giving ocular cells the ability to produce an anti-VEGF
fab

Route of administration

Subretinal
(clinical)

Suprachoroidal
(preclinical)

NAV AAVS Vector

Gene Encoding
for anti-VEGF fab

Cell

anti-VEGF fab
Protein

Nucleus

RGX-314 is Designed to Deliver a Gene

Encoding for an anti-VEGF fab Protein

Fig. 2 [37] RGX-314 mechanism of action.
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has also been no drug-related ocular infllmmation, abnormal post-
surgical inflammation, or clinically determined immune responses
observed to date [38].

Retinal pigmentary changes at the site of the subretinal bleb have
been noticed in 67% of the patients. Thus far, the efficacy data from
the trial has been promising. Patients in cohorts 3, 4, and 5 have
included 6, 12, and12 patients respectively at the doses of 6 x 10'°
GCleye 1.6x 10" GC/eye and 2.5x 10" GC/eye respectively. 2-year
data from cohort 3 has shown BCVA gains of +14 letters. In cohort 4
and 5, at 1.5 years, mean BCVA in these two cohorts has changed +1
letters and —1 letters from baseline respectively. Central retinal
thickness has changed 42 pum in cohort 3 and —46 and —93 pm in
cohorts 4 and 5 respectively. Patients in cohort 3 have benefited from
a decrease in mean change in annualized injection of 66.7% at 3 years
while cohort 4 and cohort 5 patients have experienced a 58.3% and
81.2% reduction, respectively, at 1.5 years.

The study is ongoing and patients will be followed in the
extension trial for a total of 5 years from enrollment. We will
continue to learn about efficacy and safety of RGX-314 through
other studies and an expanding clinical program. The pivotal
ATMOSPHERE trial is evaluating subretinal injections of RGX-314
for nAMD patients. The Phase 2 trials AAVIATE and ALTITUDE for
neovascular AMD and diabetic retinopathy respectively, will assess
RGX-314 administered via the suprachoroidal route.

GT-005

Gyroscope’s Therapeutics’ FOCUS trial utilizing GT-005 is a gene
therapy designed to target patients with dry AMD. Dry AMD accounts
for 85-90% of all AMD cases [39]. Unlike NAMD, there are currently no
effective therapies available for dry AMD. Advanced dry AMD, also
called geographic atrophy (GA), is characterized by irreversible
degeneration of RPE cells and their overlying retinal photoreceptors,
leading to permanent vision loss.

Though there are no established treatments for dry AMD, one
proposed pathological mechanism involves dysregulation of the
complement system. It is believed that an overactive alternative
pathway of the complement system, an arm of the innate and
adaptive immune systems, is partially responsible for the devel-
opment of dry AMD. This hypothesis is supported by Gene-by-
Environment Wide Association Studies (GEWAS) and the accumu-
lation of complement proteins in drusen which are insoluble
extracellular aggregates in the retina characteristic of AMD [40].

GT-005's therapeutic concept is the AAV2 vector delivering a
plasmid construct expressing normal Complement Factor | (CFI)
protein, a natural inhibitor of the complement system [41]. GT-005
is designed to enable cellular transduction and induce secretion of
CFl. It has the potential to allow for constitutive expression of CFl
after a single administration and to avoid the sawtooth dynamics
of repeated intravitreal injections. CFl is a natural regulator and
functions to keep the complement system in balance. Given this
critical role, CFl is well suited for gene therapy. GT-005 is currently
undergoing evaluation for safety and efficacy in multiple Phase 1
(FOCUS) and Phase 2 (HORIZON and EXPLOREe) clinical trials.

At this time, no GT-005- related SAEs have been observed. 1
possible GT-005-related AE of choroidal neovascularization of
moderate severity has been observed and treated with anti-VEGF
therapy. 12 surgery-related AEs have been observed with 75%
categorized as mild and 25% categorized as moderate. Two ocular
AEs have been observed with increased IOP. One case of increased
IOP resolved with drops. The second case self-resolved. No signs
of GT-005-related inflammation or immune response have been
observed to date [42].

The study is ongoing and continues to be monitored closely to
assess the longer-term safety and efficacy of GT-005.

HMR59

HMR59 by Hemera Biosciences is an AAV2 vector-based gene
therapy expressing sCD59 administered intravitreally 7 days after a
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single intravitreal injection of anti-VEGF treatment. CD59 is found
on the surface of RPE cells and is believed to inhibit the formation
of the MAC complex during late-stage complement system
activation. CD59 prevents the formation of the MAC complex by
inhibiting the recruitment of C9 to the C5b-C8 complex [43]. By
targeting the MAC complex specifically, the upstream comple-
ment cascade remains intact. Because an overactivation of the
complement system is proposed to be one of the pathological
pathways leading to nAMD, HMR59 aims to upregulate CD59
expression on RPE to protect against the complement cascade
suspected in causing macular neovascularization.

HMR59 is currently under review in two separate Phase 1 clinical
trials. Trial HMR-1002 (NCT03585556) is underway to assess the
efficacy and safety of two doses of the HMR59 for treatment against
nNAMD. 22 patients will be injected with a low-dose treatment of
3.56 x 10" vg/eye, and 3 patients will be injected with a high-dose
treatment of 1.071x10"2vg/eye. Anti-VEGF treatments will be
injected at Day 0 to treat per standard of care. The study is ongoing
and will be evaluated for long-term follow-up safety and efficacy [44].

HMR59 is also being evaluated for use against dry AMD in the
HMR-1001 (NCT03144999) trial. 17 patients will have been injected
with either a low, mid, or high dose of HMR59 in the affected eye
[45]. Thus far, HMR59 has generally been well tolerated. 3 of
17 subjects developed mild vitritis that resolved with topical
steroids, A 23% reduction in GA has been observed at the highest
dose, and no treatment eyes have converted to nAMD during the
18-month follow-up. HMR-1001 is also ongoing and will be
evaluated for long-term follow-up safety and efficacy [46].

Routes of delivery

Due to the complex nature of ocular anatomy, a number of
options exist for ocular injections. The most common routes of
ocular delivery at this time are intravitreal and subretinal
injections, although suprachoroidal delivery is emerging as a
novel route as well. Each offers different advantages and
disadvantages that need to be explored for successful delivery
of genetic therapies and subsequent treatment of ocular disease.

Intravitreal injections

Intravitreal injections have been the most widely studied and
explored options for intraocular delivery, due to the ease of accessing
the vitreous cavity using a needle, which can be performed in an
outpatient clinical setting. The vitreous cavity allows high drug
concentrations to be achieved, as with intraocular steroids and anti-
VEGF therapeutic agents, and can exert a broad area of therapeutic
effect across the entire globe. However, intravitreal injections are
susceptible to endophthalmitis, retinal detachment, and hemorrhage
[47]. The injectate may interact with anterior segment structures and
could cause cataracts or ocular hypertension, as with intravitreal
steroids. Because the major route of egress is through the trabecular
meshwork, the drug or viral particles can exit into the systemic
circulation, potentially triggering host immune responses. Finally,
intravitreal injections of most AAV subtypes do not readily penetrate
into the neurosensory retina, due to the presence of the internal
limiting membrane (ILM) which acts as a barrier to viral particles.
Novel AAV subtypes that can overcome this barrier are under
investigation [30].

Subretinal injections

Subretinal injections can overcome many of the limitations of
intravitreal injections. Subretinal injections enable delivery of the
therapeutic agent into direct contact with photoreceptors and RPE
cells, bypassing the ILM barrier. This route is an efficient way to deliver
interventions to focal regions of the retina (e.g. the macula) by
localizing the material in the confined space of the subretinal bleb.
Furthermore, subretinal injections are less likely to elicit an immune
response due to their enclosure within an immune privileged location
without violating the outer blood-retina-barrier. For subretinal
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injection, two routes of delivery have been utilized: (1) A transscleral
route passing through the choroid without penetrating the retina and
without the need for vitrectomy; (2) A transvitreal route passing
through the pars plana, vitreous, and retina into the subretinal space
without penetrating the choroid [47]. In humans, the most common is
via the transvitreal approach, but it does require invasive vitrectomy
surgery, which may be prone to complications such as hemorrhage,
cataract, endophthalmitis, and retinal detachment. Transscleral routes
could be achieved using a microneedle, although this cannot be
easily reproduced in a reliable fashion [48]. A novel mode of delivery
has been FDA approved and it involves the passage of a thin cannula
through an anterior sclerotomy into the suprachoroidal space,
followed by deployment of a needle through the choroid to enter
the subretinal space [49].

Suprachoroidal injections

The suprachoroid is a novel route for intraocular delivery that was
initially used for delivering intraocular steroids to treat the posterior
retina while minimizing exposure of anterior segment structures [50-
52]. Due to the microscopic nature of this potential space located
between the scleral wall and choroidal vasculature, microneedles
have been developed to specifically access this space [53]. AAV8
delivered using suprachoroidal microneedles enabled successful
transduction of multiple retinal cell types in a broad region, without
the need of invasive vitreoretinal surgery [48, 54]. Because the
suprachoroidal space is adjacent to the high blood flow of the
choroid, injecting formulations with larger particle size such as a
steroid emulsion, viral particles, or nanoparticles are necessary to
avoid rapid egress from the suprachoroidal space [55]. Also, because
the suprachoroidal space is outside the outer blood-retina-barrier
formed by the RPE layer, there is a potential risk for host immune
responses to the viral particle or transgene [56].

Gene therapy-associated inflammation

The use of viral vectors for gene delivery may result in both innate
and adaptive host immune responses to either the viral vectors or
the transgene. For example, humoral responses from pre-existing
neutralizing antibodies (NAbs) to prior exposure to wild-type AAV
that resemble the capsid of the AAV vector may limit successful
gene transfer by inhibiting transduction. Also, cell-mediated
responses from T cells can destroy successfully transduced cells.
Thus, both humoral and cellular immune responses contribute to
reducing the effectiveness of gene therapies by eliminating
vectors and transduced cells [57].

Viral-mediated gene therapies can trigger ocular inflammation in
the form of anterior uveitis or iritis, as well as vitritis or chorioretinitis.
The degree and type of inflammation is generally dictated by the type
of viral vector, promoter, and transgene, but more importantly is
heavily affected by dose and route of delivery. For example,
adenovirus triggers robust intraocular inflammation compared to
AAV, although some AAV serotypes are associated with pre-existing
immunity [58]. NAbs against AAV1 and 2 have the highest prevalence
with rates between 30 and 70%, while AAV5, 7, 8, and 9 are lower at
15-30% [59]. Whether these pre-existing NAbs negatively impacts
gene transduction remains a topic of controversy, however. The type
of transgene may also impact host immune responses, since foreign
proteins such as GFP which is commonly used in preclinical studies as
a marker for testing transduction efficiency, are cytotoxic [60]. Also,
the host immune system in patients with inborn genetic mutations
may recognize the wild-type transgene product as foreign, as in AAV-
mediated gene therapy for Duchenne muscular dystrophy [61].
Interestingly, ubiquitous promoters such as cytomegalovirus and
chicken beta actin may cause more retinal toxicity than
photoreceptor-specific promoters such as rhodopsin kinase [62].

Beside the type of viral vector, transgene, or promoter, perhaps
the more important factor that determines host immunity is the
viral dose and route of delivery. Ocular inflammation tends to
occur at lower doses with intravitreal injections. Patients that
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received the highest doses of intravitreal AAV2-sFIt01 for
neovascular AMD (2x 108-2x10""vg), or intravitreal AAV2-RS1
for X-linked retinoschisis (1x10'°-1x 10" vg) developed anti-
AAV2 antibodies and intraocular inflammation that responded to
topical or oral steroids [63]. By contrast, subretinal injections
generally exhibit less inflammatory responses at similar doses.
Long-term safety data from Phase 3 studies for voretigene
neparvovec-rzyl showed no significant inflammatory responses
up to 4 years after treatment [64]. In patients who received
subretinal AAV2-REP1 for choroideremia, only 1 in 14 who
received the higher 1x 10"" vg dose showed retinal inflammation
that was later attributed to vector reflux into the vitreous cavity
after subretinal injection [65]. The mechanism for this distinction
based on delivery route may result from differences in vector
egress and systemic biodistribution. In nonhuman primate studies,
intravitreal AAV showed 464-fold higher outflow into systemic
circulation than subretinal injections, with higher levels detected
in the spleen and draining lymph nodes [66]. Early studies using
suprachoroidal AAV8 showed less NAb responses to the vector,
but more T-cell response to the transgene, presumably due to
lower outflow of the AAV from the suprachoroidal space than
vitreous cavity, but greater GFP expression in the sclera which is
outside the blood-retinal barrier, and therefore does not benefit
from immune privilege [56].

Gene therapy vs gene editing

In contrast to standard gene augmentation therapy, where a viral
or non-viral delivery vector is used to introduce a therapeutic
transgene to replace a defective mutant gene, or to generate an
inhibitory protein to suppress an aberrant or pathogenic protein,
gene editing involves manipulation of the target gene at the DNA
or genomic level. The most common gene editing system to date
uses clustered regularly interspaced short palindromic repeats
(CRISPR) endonucleases such as Cas9, which can cut the DNA at a
precise, targeted location, to either ablate or repair a destructive
mutation [67]. When the DNA is cut, the cell attempts to repair it
through mechanisms that are error-prone and causes random
insertions or deletions to cause a frameshift mutation and
effectively disable the gene. If a therapeutic, normal copy of a
gene segment is also provided, a process known as homologous
recombination may occur to replace the mutation with the correct
sequence, although this process is not very efficient. Newer, more
precise strategies that do not involve double-strand breaks or
donor DNA templates include base editing, where a single
nucleotide is modified, and prime editing, which involves
“nicking” single DNA strands, although these techniques are still
under investigation [68-70]. Therefore, while gene augmentation
therapies are optimal for inherited conditions with recessive
mutations or haploinsufficiency, gene editing may be better suited
to ablate or disrupt dominant mutations.

Early success using CRISPR-based gene editing was achieved in
animal models of inherited retinal disorders, as by inactivating the
rhodopsin mutations in RP mouse models, or by disrupting the
splice mutation in CEP290 gene in LCA type 10 mice [71-74]. Due
to the heterogeneity of different mutations, another unique
application couples CRISPR-Cas9 disruption of the endogenous
rhodopsin gene with exogenous expression of wild-type rhodop-
sin in a process known as an “ablate-and-replace” approach [71].
CRISPR-Cas9 has also been used to suppress VEGF secretion from
human RPE cells, and mouse models of CNV [75, 76]. Early phase
1/Il studies are under way to evaluate CRISPR-based strategies for
treatment of LCA10. Although gene editing, like gene therapy, has
the potential to radically improve human health, the concept of
directly manipulating the human genome has been subject to
moral and ethical debates. Despite the differences in conceptual
basis, mechanisms of action, and advantages and disadvantages,
gene therapy and gene editing are undoubtedly part of the future,
if not the future, of therapeutic intervention.
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DISCUSSION

Gene therapy offers a degree of innovation and intervention
unlike anything seen before. In just five decades, gene therapy
evolved from a simple concept on paper to the scientific subject
of over 1400 clinical trials across the globe.

Viral vector gene therapy appears to be an innovative treatment
option in the management of retinal diseases like wet and dry AMD.
In addressing the treatment burden currently in place for such
conditions, gene therapy sets itself up to be at the forefront of retinal
therapies in the coming decades. Namely, as discussed here, the
results of the ADVM-022, RGX-314, GT-005, and HMR59 could
revolutionize treatment plans for wet and dry AMD (Table 1). Progress
has been made to optimize dosage of these drugs, routes of
administration, management post-injection, and long-term benefits.

Furthermore, the coming years will show improvements in
reducing one of the greatest limiting factors of gene therapy as a
therapy modality: cost. Optimizing vector production, tissue
specificity, and transgene expression will be of utmost importance
in limiting excessive costs with gene therapy. That said, the cost of
gene therapy, and especially retinal gene therapies, are for a one-
time administration [77].

The overall results of the trials discussed and the advancement
of the fields of gene therapy and gene editing make retinal gene
therapies a dynamic and ever-evolving field with plenty to look
forward to for both the betterment of our patients and the
advancement of clinical potential.
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