THE UPS AND DOWNS OF

GENE THERAPY RESEARCH

Many clinical trials are underway for inherited retinal diseases—and each is
teaching us something new.
BY MARC MATHIAS, MD

#% . | The field of gene therapy and genetic testing has
f i{, risen to the forefront of the quest to find treat-
% 4 = | ments for inherited retinal diseases (IRDs). Access
~ | to no-cost genetic testing programs, such as the
k] My Retina Tracker Program (Foundation Fighting
Blindness) and Invitae’s ID Your IRD Program (sponsored
by Spark Therapeutics), has increased patient identification
for gene therapy trials. In addition, greater access to these
programs and increasing patient awareness have led many
patients to ask about enrollment in current or future clinical
trials. In this environment, it is important that we remain up
to date on the current state of gene therapy studies.

APPROACHES, VECTORS, AND DELIVERY

The term gene therapy encompasses a broad range of
therapeutic options, and both gene-dependent and gene-
agnostic approaches (such as optogenetics) are under inves-
tigation for the treatment of IRDs.

Gene augmentation refers to the replacement of a
mutated copy of a particular gene and is most commonly
used in autosomal recessive conditions. Gene editing uses
various tools, such as CRISPR/Cas9, to modify the host
genome and can be used for both recessive and dominant
diseases.! Antisense oligonucleotides (AONSs) are small,
single-strand oligonucleotide polymers that can bind to host
RNA and can either “knockdown” mRNA or affect alterna-
tive splicing.? Compared with the first two methods, which
may involve only one procedure, AON approaches are
expected to require repeat dosing at regular intervals to have
a sustained therapeutic effect.

Vectors for delivery of genetic material can be either viral
or nonviral, although viral approaches are more common.
Viral vectors use a capsid to infect host target cells and deliv-
er the genetic material. The workhorse for ocular gene ther-
apy is the adeno-associated virus (AAV). Although there are
many advantages to AAV vectors, one major disadvantage is
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their small genetic payload capacity, around 4,800 kilobases.?
Many genes that cause common IRDs, such as ABCA4 and
MYO7A, exceed the payload capacity of the AAV vector.

Several companies are pursuing a dual-vector approach
that will use an AAV vector but split the DNA material into
two smaller parts. The full-length gene is then reconstructed
within the host cell. Preclinical programs using this dual-
vector approach are underway for both Usher 1B due to
MYO7A and Stargardt disease due to ABCA4.*

Non-viral approaches using DNA nanoparticles are under
development and may reduce immunogenicity compared
with viral capsids.®

There are several approaches to delivering gene therapy;
transvitreal subretinal delivery is the most common. This
requires a standard pars plana vitrectomy with delivery of
the gene therapy product to the subretinal space through
localized bleb formation. The bleb can be created outside the
fovea or involve the fovea with subfoveal detachment. The

AT A GLANCE

» A variety of gene therapy approaches, including
vector-based gene augmentation, antisense
oligonucleotides, and gene editing, are under
investigation.

» Lessons learned from past and current trials will
help guide future study designs.

» Challenges that require further study include the
development of clinically meaningful outcome
measures, gene therapy-associated uveitis, and
late sequelae of gene therapy.



gene therapy product has the highest transduction in the
area of the localized bleb formation, and foveal detachment
may be desirable in some IRD conditions to treat the central
cone cells. However, this has the potential for iatrogenic
injury to the foveal structures.

To minimize mechanical disruption of the fovea, lateral-
spreading vectors are being developed to allow for more
efficient transduction of foveal cone cells through peripheral
bleb formation.® These vectors have the unique ability to
spread through the retina to more distant sites to deliver the
desired genetic material. Delivery through intravitreal injec-
tion may have some advantages, including more widespread
transduction to central and peripheral retinal cells, decreased
morbidity through an office-based procedure, and treat-
ment of diseases where the risk of retinal detachment may
be increased (eg, X-linked retinoschisis). However, the vector
must be able to efficiently cross the internal limiting mem-
brane and effectively transduce cells in the outer retina and
retinal pigment epithelium.

Delivery to the suprachoroidal space has some potential
advantages, including more widespread transduction of reti-
nal cells, avoidance of mechanical iatrogenic trauma from
subretinal bleb formation, and segregation of the therapeutic
away from anterior segment structures.” However, challenges
similar to those for intravitreal delivery exist such as effective
transduction of target cells in the outer retina and retinal
pigment epithelium across Bruch’s membrane, as well as
potentially increased exposure to the immune system out-
side of the blood-retina barrier. Suprachoroidal delivery is
being evaluated for anti-VEGF gene therapy in wet AMD and
diabetic macular edema but has not yet been used in any
human studies for IRDs.

CURRENT STATE OF IRD CLINICAL TRIALS

More than 20 gene therapy trials are underway for
IRDs, including retinitis pigmentosa (RP), Leber congenital
amaurosis (LCA), achromatopsia, choroideremia, and
X-linked retinoschisis (Table). Although many of these tri-
als use gene augmentation, ProQR is developing therapies
based on AON technology, and Editas is using CRISPR-based
therapy for the treatment of CEP290-related disease. Other
genes in various stages of preclinical evaluation include CRBT,
PDEGC, NPHP5, LCAS5, RDH12, NMNAT1, and BEST1.

In the past year, several trials have not met their pri-
mary endpoint. In 2021, Biogen announced that its clinical
products BIIB112 for the treatment of RPGR-associated
X-linked RP and BIIB111 for the treatment of choroideremia
did not meet their primary endpoints in late-stage clinical
trials. In addition, ProQR announced in early 2022 that its
lead late-stage product QR-110 did not meet its primary
endpoint for the treatment of CEP290-mediated LCA10.
However, the knowledge and insights gained from these
trials provide important stepping-stones for the design of

RARE AND INHERITED RETINAL DISEASES

Figure. Patients with earlier stages of X-linked RP who still have intact central cone
cells would likely respond well to treatment (A), whereas others with significant central
degeneration of the cone cells may not be good gene therapy candidates (B).

future studies. In addition, signs of potential efficacy in some
of these trials, even though the primary endpoints were not
met, highlight the need for careful study design and appro-
priate and meaningful outcome measures.

The success of future IRD trials depends on carefully
chosen functional and structural endpoints. A better under-
standing of the natural progression of IRDs can help to guide
the development of those meaningful and practical outcome
measures.® Multiple natural history studies that are under-
way, such as the rate of progression of USH2A-related retinal
degeneration (RUSH2A), the rate of progression in EYS-
related retinal degeneration (Pro-EYS), and the rate of pro-
gression in Stargardt disease (ProgSTAR), can facilitate future
study designs.>™® So far, these studies are suggesting that
earlier treatment may be desirable before there is significant
photoreceptor and outer retinal degeneration (Figure).

The role of inflammation in ocular gene therapy is also
gaining more attention. Acute and chronic gene therapy-
associated uveitis is well reported. Although most cases are
mild and transient, severe and more chronic cases have been
described. Most current clinical trials use various combina-
tions of topical, oral, and periocular steroids to suppress the
immune response.

Our knowledge of the molecular mechanisms of immu-
nogenicity is expanding. The immune response may be acti-
vated against viral capsid proteins, vector DNA (including
inverted terminal repeat sequences, promoter, and trans-
gene), or impurities in the vector preparation.' Research has
suggested that toll-like receptors may play an important role.
Activation of inflammatory pathways could induce retinal
damage or reduce transduction efficiency. As we begin to
better understand these pathways, researchers may look
toward targeted therapies or, in some cases, steroid-sparing
agents to mitigate the immune response.

Understanding the long-term effects of ocular gene therapy
is crucial; for example, recent reports have described the
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TABLE. ACTIVE GENE THERAPY TRIALS FOR IRDs
Condition Delivery Phase Product Gene Sponsor
LCA Intravitreal 23" QR-110 CEP290 ProQR
Subretinal 12 EDIT-101 CEP290 Editas
12 SAR439483 GueY2D Atsena
LCA/RP Subretinal 12 AAV-RPEGS RPEGS MeiraGTx
RP Subretinal 12 0CU400 NR2E3 Ocugen
Autosomal recessive RP Subretinal 23 (UR-421a USH2A ProQR
12 AAV-PDEGA PDEGA STZ Eyetrial
12 AAV-PDEGB PDEGB Coave Therapeutics
Autosomal dominant RP Intravitreal 112 aR-1123 RHO P23H ProQR
XLRP Subretinal 213 AGTC-501 RPGR AGTC
3 AA5-RPGR RPGR MeiraGTx/Janssen
A3 BIIBI12 RPGR Biogen
Intravitreal 12 4D-125 RPGR 4DMT
ACHM Subretinal 2 AGTC-402 CNGA3 AGTC
2 AGTC-401 CNGB3 AGTC
12 AAV-CNGA3 CNGA3 MeiraGTx/Janssen
112 AAV-CNGB3 CNGB3 MeiraGTx/Janssen
112 AAV-CNGA3 CNGA3 STZ Eyetrial
Choroideremia Intravitreal 112 4D-110 CHM 4DMT
Subretinal 3 BIIB11 CHM Biogen
112 AAV-REP1 CHM University of Alberta
X-linked retinoschisis Intravitreal 12 AAV-RST RS1 National Eye Institute
“Did not meet primary endpoints.
Abbreviations: ACHM, achromatopsia; IRDs, inherited retinal diseases; LCA, Leber congenital amaurasis; RP, retinitis pigmentosa;
XLRP, X-linked retinitis pigmentosa.
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development of perifoveal and nummular atrophy in patients
treated with voretigene neparvovec-rzyl (Luxturna, Spark
Therapeutics).'”? The mechanisms of this atrophy are currently
under investigation and are not completely understood.

OUTLOOK

Despite the challenges, the future of gene therapy for
IRDs remains bright. Knowledge gained from natural
history studies, preclinical gene therapy studies, and past
and current clinical trials can help guide the future of IRD
therapy. m
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