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On September 14-15, 2020, the Foundation Fighting Blindness convened a virtual
workshop to discuss intraocular inflammation during viral vector-mediated gene
therapy for inherited retinal diseases. The workshop’s goals were to understand immune
activation’s nature and significance during ocular gene therapy, consider whether ocular
inflammation limits gene therapy’s potential, and identify knowledge gaps for future
research. The event brought together a small group of experienced researchers in the
field to present and discuss current data. Collectively, participants agreed that clinical,
as well as subclinical, inflammation during ocular gene therapy is common. The sever-
ity of inflammation in both animal and clinical studies varied widely but is generally
related to vector dose. Severe inflammation was associated with reduced gene therapy
efficacy. However, the relationship between outcomes and subclinical inflammation,
pre-existing antivector antibodies, or induced adaptive immune responses is still
unclear. Uncertainties about the contribution of vector manufacturing issues to inflam-
mation were also noted. Importantly, various immunosuppressive treatment protocols
are being used, and this heterogeneity confounds conclusions about optimal strategies.
Proposed near-term next steps include establishing an immunological consultant direc-
tory, establishing a data repository for pertinent animal and clinical data, and develop-
ing a larger meeting. Priority areas for future research include deeper understanding
of immune activation during retinal diseases and during ocular gene therapy; better,
harmonized application of animal models; and identifying best practices for managing
gene therapy vector-related ocular inflammation.

Translational Relevance: Subclinical or clinical inflammation often arises during ocular
gene therapy with viral vectors. Understanding the biological bases and impacts on
efficacy are important for clinical management and the improvement of future thera-
pies.

. mediated gene therapy for inherited retinal diseases.
Overview of the WOkahOp The starting point for this event arose from infor-

mal conversations among a small group of atten-

On September 14-15, 2020, the Foundation Fight-  dees during the 2019 Retinal Cell and Gene Therapy
ing Blindness convened a workshop to discuss intraoc-  Innovation Summit, which was held immediately
ular inflammation that may be caused by viral vector- before the Association for Research in Vision and

Copyright 2021 The Authors
tvst.arvojournals.org | ISSN: 2164-2591

This work is licensed under a Creative Commons Attribution 4.0 International License. @. BY


mailto:bmansfield@fightingblindness.org
https://doi.org/10.1167/tvst.10.4.3
http://creativecommons.org/licenses/by/4.0/

translational vision science & technology

Retinal Gene Therapy Inflammation Workshop

Ophthalmology (ARVO) annual meeting. The group
noted that inflammation seemed common during treat-
ments, but few meeting presentations addressed its
implications: vector doses appeared to be chosen
primarily to avoid strong inflammatory responses, but
potentially at the expense of using optimal thera-
peutic amounts. To address this significant issue,
the Foundation assembled an organizing commit-
tee to develop a structured workshop that would
focus attention on this important topic. To estab-
lish the current landscape of awareness and treatment
of inflammation in viral gene therapy of the retina,
participants responded to a premeeting survey (see
survey questions and results summary online, under
“Analysis of the Pre-Meeting Survey”). Although
initially planned as an in-person meeting, the meeting
was conducted virtually due to COVID-19 pandemic
restrictions. To conserve meeting time and establish
a common background, three presentations that had
been intended as plenary sessions for the in-person
meeting were recorded for review before the event (see
below); these are now available online. The virtual
meeting consisted of data presentations from preclin-
ical and clinical research, coupled with questions for
discussion. This report summarizes the workshop’s
deliberations and outcomes.

For this event, “inflammation” was broadly
defined.! The traditional concept of inflammation
as outlined thousands of years ago—redness, warmth,
pain, and swelling—continues today in clinical evalu-
ations of acute inflammation. From the molecular
and cellular perspective, inflammation results after
invasion by pathogens or damage to tissues. Inflamma-
tory responses can be initiated by receptors expressed
by myeloid cells (including monocytes, macrophages,
neutrophils, and dendritic cells), as well as by lympho-
cytes, epithelial cells, and fibroblasts. These pattern
recognition receptors engage molecules with pathogen-
associated molecular patterns and damage-associated
molecular patterns, activating a variety of signal trans-
duction pathways to trigger complex immunological
and physiological responses. From the perspective
of “invading” gene therapy viral vectors therefore,
inflammatory host reactions range from nonspecific
myeloid cell-mediated reactions via cytokine and
chemokine release, to local and systemic antigen-
specific antibody and T-cell responses. In the eye,
inflammatory reactions include subclinical intracel-
lular responses that lead to pathological changes in
metabolism and cell survival, as well as more profound
immune activation that results in clinically apparent
inflammation. The workshop considered the potential
for any and all of these responses to limit successful
ocular gene therapy.
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Meeting Goals in the Context of

Ocular Gene Therapy History and
Background

Gene therapies predominantly use viral vectors
for in vivo delivery of genes to augment or repair
dysfunctional inherited genes. To date, more than
300 genes and loci have been implicated in causing
inherited retinal diseases (IRDs), which are mostly
monogenic, with varying inheritance patterns. Many
of these single-gene defects may be amenable to gene
therapy strategies, and efforts to develop gene-based
treatments have been underway for more than 30 years.
The approval of Kymriah, which uses ex vivo delivery
of a chimeric antigen receptor via a lentiviral vector
(Oxford BioMedica, Oxford, UK/Novartis, Basel,
Switzerland) to patient T cells, validated the power of
the approach. But clinical success of in vivo adminis-
tration of a gene therapy has only come recently. The
approval of Luxturna (voretigene neparvovec-rzyl) in
2017 to treat IRDs caused by biallelic pathogenic
variants of the RPE65 gene was a major milestone.
Subretinal administration of Luxturna delivers wild-
type cDNA encoding RPE65 directly to the subretinal
region of diseased eyes, thereby improving functional
vision.

But development of gene therapies has also been
accompanied by substantial risks and tragic setbacks.
In 1999, Jesse Gelsinger died after administration of
an adenoviral vector to treat an X-linked metabolic
disease, ornithine transcarboxylase deficiency.’
Mr. Gelsinger’s death from multiple organ failure
was attributed to severe antivector immune responses.
In the early 2000s, several children being treated
for X-linked severe combined immunodeficiency
with a retroviral vector, which was derived from the
Moloney Murine Leukemia Virus, had development of
T-cell leukemias.® This outcome was likely due to
oncogene activation at the site of retroviral integra-
tion. These past lessons served as cautionary examples
and prompted significant changes to the viral vector
platforms themselves.

The field’s focus also shifted to ocular gene therapy,
in part because of the relative “immune privilege” of
the eye, the prevalence of monogenic diseases that
could be effectively addressed, decreased vector quanti-
ties needed and manufacturing costs, and the limited
systemic exposure and immune responses. The ultimate
goal of treating IRDs in the eye by gene therapy is
now to restore functional vision, although any therapy
that slows or stops disease progression and improves
vision is valuable. Approaches to correcting genetic
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defects now include gene augmentation, which intro-
duces a wild-type copy of the affected gene to augment
expression; gene correction, through various editing
techniques to correct pathogenic variants or engineer
out inappropriate splicing; and gene expression modifi-
cation, using techniques such as genetic knockdown of
dominant negative variants. The workshop focused on
gene augmentation approaches.

Although gene therapies based on lentiviral and
nonviral vectors delivery are in development, vectors
derived from adeno-associated virus (AAV) are
currently the most commonly used platform for
delivery of ocular gene therapy.*> Wild-type AAV is a
small DNA virus with many naturally occurring capsid
serotypes, which can be used directly for gene therapy
or first intentionally modified. The virus is primarily
non-integrating but persists as episomal DNA. The
recombinant AAV vectors used for gene delivery have
been engineered such that the only viral contents of
the virion delivered to the patient are the two inverted
terminal repeats (~145 bases) required for viral forma-
tion that flank the gene of interest. The transgene
is placed under the control of selected regulatory
elements that include enhancers, promoters, introns,
poly(A) signals, and posttranscriptional elements (e.g.,
the Woodchuck Hepatitis Virus Posttranscriptional
Regulatory Element). The important properties of the
resulting recombinant AAV vector are its ability to
transduce cells by crossing cell membranes, trafficking
through endosomes to the cell nucleus, and delivering
the DNA cargo of choice. Furthermore, by taking
advantage of the tissue-specific tropism of different
AAV serotypes, tissue-specific promoters, and route
of administration, AAV vectors can be directed to
transduce and express only in the desired retinal
cell-type(s).

AAV gene augmentation vectors are therefore, in
effect, complex biologic drugs that consist of a formu-
lation (viral capsid), which encapsulates a pre-pro-drug
(DNA), which is transcribed inside host cells into a
pro-drug (RNA), which is translated and processed
into the final biologic drug (protein). The product
developmental lifecycles for these complex biologics
present multiple challenges in terms of optimizing
each of these stages of the drug. Moreover, product
development also presents the challenge of consid-
ering host biological responses. To the host cells
and immune system, the vector formulation presents
foreign DNA sequences, viral expression elements,
and viral capsid proteins, which cells will recognize
both as nonspecific danger signals (through pathogen-
associated molecular patterns and damage-associated
molecular patterns) and as foreign antigens. As a result,
both nonspecific clinical inflammation and specific
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acquired immunity may neutralize the vector effect,
reduce cell viability, and further fuel immune responses.
The current clinical toolbox for handling inflamma-
tion and immune responses typically revolves around
companion steroid therapy.

The workshop’s goals were therefore to develop
a deeper understanding of physiological ocular
immunity and immune activation in response to gene
therapy; to discuss the prevalence and significance of
inflammation during gene therapy for eye disease; to
consider whether ocular inflammation and immune
responses limit gene therapy’s potential; and to identify
knowledge gaps for future research.

Premeeting Activities and Survey

Results

As noted above, the premeeting survey sent to
all participants posed 13 questions about preclini-
cal studies and 13 questions about clinical studies.
Survey questions sought information about experience
with intraocular inflammation, including monitoring,
treatment, and relationship to outcomes; screening
for anti-AAV capsid antibodies in either animals or
people before gene therapy treatment; development
of antibody and cell-mediated responses to either the
vector or the gene product; and use of immunosuppres-
sion. Sixteen of 18 survey recipients responded, and a
summary of the results indicated the following:

» Inflammation during ocular gene therapy is not
rare, but the severity of inflammation varied widely
among both animal and clinical studies.

* In more severe or prolonged cases, inflammation
was associated with reduced gene therapy efficacy.

* Inflammatory treatment regimens varied within
and between clinical trials, with no clear consensus
on approaches, and the effectiveness of treatment
for inflammation was variable or unknown.

To set a baseline understanding of viral and
ocular immunology in both normal and degenerat-
ing eyes, three introductory video presentations were
posted online for all participants. Dr. Kai Chan
provided an overview of the immune system and
the nature of immune responses to AAV.%7 Immune
cells, including dendritic cells and macrophages, are
equipped to recognize foreign molecular patterns using
pattern recognition receptors such as Toll-like recep-
tors (TLRs). These cells can mediate innate immune
responses to AAV within hours or days. Subsequently,
anti-capsid adaptive immune responses by B and
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T lymphocytes develop within days to weeks after
AAV vector administration. Because wild-type AAVs
are common natural infections, up to 70% of people
have anti-AAV antibodies against various serotypes
in their blood before treatment. Measurements of
antibody responses to AAV using sera do not neces-
sarily reflect immune responses within the eye, and
immune responses to either the AAV vector or to the
transgene product itself within the eye are difficult to
study. Moreover, detecting subclinical inflammation in
the eye depends on the sensitivity of available methods,
which is often limited.

Dr. Thomas Langmann focused on the role of
microglia, which are resident macrophages in the
retina. Microglia contribute to immune responses in
both negative and positive ways: these migratory cells
actively clean up tissue debris but have also been associ-
ated with eye pathologies.® Moreover, modulation of
microglia responses with pharmacological agents can
limit the extent and progression of retinal degeneration
in different animal models, but data in human patients
are rare.’ Preliminary data also suggest that microglia
rapidly respond to ocular AAV.

Dr. Andrew Dick reviewed the complicated topic of
immune privilege within the eye. Conventional wisdom
has considered the eye to be sequestered from systemic
immunity. In fact, the eye has extensive immune
regulatory networks to maintain tissue homeostasis.
These networks encompass a variety of both tradi-
tional immune cells (e.g., microglia/macrophages and
lymphocytes) and noncanonical cells with immune
activities that also contribute to intraocular immune
regulation (e.g., retinal pigment epithelium [RPE]).
Age, disease, and infection—including additional
activation stimuli from AAV vector infection during
gene therapy—all perturb these networks, potentially
with important clinical consequences.!'?!3

Lessons From Preclinical Animal

Studies of Ocular Gene Therapy

Meeting Presentations on Preclinical Studies

Ocular gene therapies have been tested by using a
variety of animal models, including mice, rabbits, dogs,
sheep, pigs, and several types of non-human primates
(NHPs). Short presentations summarized both
accumulated experience and current inflammation-
related research from animal studies. Properties of
the specific vectors discussed in all presentations are
outlined in Tables 1A and 1B, and immunosuppression
treatments used are outlined in Tables 2A and 2B.
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Using inbred mice, Dr. Kathryn Pepple discussed
the development of a mouse model of gene therapy—
associated uveitis (GTAU) to study mechanisms and
therapies. In naive and AAV-exposed animals, intrav-
itreal administration of an AAV?2 vector (Table 1A) for
treating red-green color blindness resulted in clinically
evident inflammation in injected eyes within a week.
Vitritis largely resolved by about one month. However,
subclinical CD45" cell infiltration was more persis-
tent and was dominated by T cells. In AAV-exposed
mice given intravitreal AAV injections, the timing of
adaptive immune cell responses was accelerated, but
the final cell composition was similar to that found in
naive animals.

Dr. Connie Cepko also studied inbred mice treated
at birth with a variety of AAV vectors (Table 1A), using
subretinal injections, to broadly assess vector toxicity
with a large panel of cellular and functional assays.'*
Results indicated that damage to cone outer segments
and RPE after injection of AAV constructs, including
empty vectors, tracked with dose. In contrast, damage
did not correspond with other variables such as AAV
capsid types, protein expression, protein contamina-
tion of preparations, or vector product status. Strik-
ingly, however, toxicity correlated with using promot-
ers that are active in RPE. Studies in dogs with retini-
tis pigmentosa gene defects revealed similar problems.
Dog pups that were given subretinal injections with
the artificial ancestral AAV-Anc80.GFP vector, which
included a CMV promotor active in RPE, all had
substantial eye inflammation within a month after
injection (although the effects from the capsid cannot
yet be distinguished from the effects of the promoter).
Inflammation was difficult to control in some dogs,
and severe inflammation corresponded with reduced
efficacy as reflected by loss of GFP expression. Of note,
in these mouse and dog studies, no steroid or other
immunosuppressive treatments were used before AAV
injection.

To develop more efficient AAV vectors for intrav-
itreal injections, Dr. John Flannery described studies
to generate AAV viral capsid variants by directed
evolution. This work used naive mice and cynomol-
gus macaques, which were not treated with steroids or
other immunosuppression, to conduct short duration
iterative screening of a library of AAV variants. The
library was first screened for improved AAV penetra-
tion into the retina, and then the best variants were
further screened for those that did not react with
patient anti-AAV antisera. Finally, promising variants
were tested individually in NHPs, retaining those that
induced the lowest inflammatory responses. Interest-
ingly, no inflammation in the eye was noted during
the screening steps; this result may be due to using
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Table 2B. Range of Ocular Gene Therapy Immunosuppression Protocols Used in Studies Presented in the

Workshop:" Clinical Studies

Tx Before Surgery;
Dose, Agent, Route,  Tx During Surgery;  Tx After Surgery; Dose, Agent, Outcome—Visual
Disease, Pl Time Dose, Agent, Route Route, Time Outcome— Inflammation Function Comments Refs
Choroideremia, Yes: 1 mg/kg, No Yes: First 7 low-dose patients: 1 case (out of 14) of Visual acuity 27
Xue/Maclaren prednisolone, 1 mg/kg for 7 days after, intraocular inflammation significantly
oral, starting then stopped. Protocol seen at 2 weeks (after reduced, but
3 days before amended after a case of cessation of prednisolone) subsequently
inflammation, for 7 with vitreous cells, outer partially
high-dose patients: retinal opacities, and recovered after a
1 mg/kg (day 3-7), choroidal thickening course of oral
0.5 mg/kg (days 8-14), prednisolone
0.25 mg/kg (days 15-16),
0.125 mg/kg (days 17-18),
then stopped
RPGR, Xue/MacLaren Yes: 1 mg/kg, No Yes: 1 mg/kg (day 3-7), 7 cases (out of 18) of Retinal sensitivity 28
prednisolone, 0.5 mg/kg (days 8-14), intraocular inflammation deteriorated with
oral, starting 0.25 mg/kg (days 15-16), seen at higher end of dose onset of

XLRS, Sieving

Choroideremia,
MacDonald

Achromatopsia,
Fischer

Choroideremia
(REP1), Fischer

3 days before

Yes: 60 mg oral
prednisone,
starting 2 days
before

Yes: 1 mg/kg/d
prednisone, oral
2 days

Yes: 0.5%
moxifloxacin
drops and 0.5%
dexamethasone
gel, 4 times daily,
1day; 1 mg/kg
prednisolone,
oral, 1 day

Yes: 1 mg/kg
prednisolone,
oral, 2 days

Retinitis pigmentosa  Yes: 1 mg/kg

(PDEG6A), Fischer

prednisolone
1 mg/kg, 1 day

0.125 mg/kg (days 17-18),

escalation (1-5 x inflammation, but

then stop. 10'? gp/mL), characterized recovered with
by subretinal retinal corticosteroid
infiltrates therapy (systemic
or local)
No Yes: 60 mg oral prednisone, 2+ vitreous cells, 3+ anterior Returned to baseline Intravitreal dose 1 x 29
tapering over 2 months chamber, cell resolved by 10" vg/eye
6 months
Yes: 1 mg/kg/d Yes: 1 mg/kg/d prednisone,  Vitreous inflammation Loss of vision Loss of central 30
prednisone, oral oral 7 days, 0.5 next 7 days, (1 patient) (1 patient) autofluorescence
0.25 next 2 days, 0.125 area on imaging
next 2 days, then stopped (1 patient)
No Yes: 0.5% moxifloxacin drops  One case of very mild iritis, Improvement t

and 0.5% dexamethasone
gel, 4 times daily, 21 days;

otherwise no
inflammation

1 mg/kg prednisolone,
oral, 20 days, tapered off

after day 19

No Yes: 0.5% moxifloxacin drops
and 0.5% dexamethasone

gel, 4 times daily,
14-21 days; 1 mg/kg
prednisolone, oral,

One case of pronounced
postoperative vitritis;
otherwise no test
item-related inflammation

10 days, tapered off after
day 10, total of 21 days

No Yes: 0.5% moxifloxacin drops
and 0.5% dexamethasone

gel, 4 times daily,
14-21 days; 1 mg/kg
prednisolone, oral,

No test item-related
inflammation so far

10 days, tapered off after
day 10, total of 21 days

NHP, nonhuman primate; Refs, references (if available); RPGR, X-linked retinitis pigmentosa; XLRS, X-linked retinoschisis.
“The major characteristics of the immunosuppression approaches used in studies presented during the workshop are

shown.

fUnpublished data, 2020, discussed at the workshop.

viruses that lacked an exogenous promoter and trans-
gene construct or to the heterogeneity of the library
such that no one variant was represented in sufficient
quantity to induce immune responses.

Dr. Shannon Boye summarized findings from study-
ing different routes of AAV administration. Toxicol-
ogy and dose-ranging studies performed in support of

clinical trials for Leber congenital amaurosis resulting
from biallelic mutations in GUCY2D (LCA1) included
mice with these mutations and wild-type cynomol-
gus macaques; animals received subretinal injections
of AAV5-GRKI1-GUCY2D or AAV5-GRKI1-GFP,
respectively (Table 1A). Steroids were administered one
to three days before vector injection and continued
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for either three days or six weeks, with similar outcomes
(Table 2A). Results from a separate NHP study
demonstrated that combining subretinal and intravit-
real delivery of AAV vectors carrying reporter genes
(GFP/mCherry) in a single injection led to inflamma-
tion and loss of reporter expression over time. Novel
AAV capsids for intravitreal delivery are now being
designed to evade neutralizing antibodies. Finally,
a study in beagles evaluating intracameral injection
indicated that effective doses were associated with
substantial inflammation and uveitis. Taken together,
subretinal injection was the best tolerated of all injec-
tion routes.

Dr. William Beltran also described experience with
subretinal or intravitreal injection with AAV2/5 vectors
in dogs (Table 1A); these studies used immunosuppres-
sive protocols initiated at the time of vector admin-
istration and that were continued for several weeks
(Table 2A). Notably, lower AAV2/5 doses resulted
only in subclinical inflammation, as reflected by subtle
histological changes. Clinically apparent inflammation
and anti-AAV capsid neutralizing antibodies (NAbs)
increased with viral dose. Nonetheless, when the
contralateral eye was treated several weeks after the
first subretinal injection, the presence of high titers
of NAbs directed against the AAV capsid did not
prevent transgene expression. Overall, dose-ranging
studies supported the idea of a therapeutic window, in
which a dose could be identified that was high enough
to provide effective treatment but below a range that
induced excessive inflammation at cellular and tissue
levels.

Dr. Scott Ellis described toxicology studies in mice
and cynomolgus macaques after a single subreti-
nal injection of GTO005, an AAV vector designed to
treat dry age-related macular degeneration by express-
ing human complement factor I. In the macaque
study, animals were given intramuscular steroids one
day before treatment and subsequently treated with
systemic steroids if symptoms developed. In these
studies, inflammatory responses in treated eyes were
frequent, dose-dependent and, in the primate study,
corresponded with the development of an anti-
transgene response to the human complement factor
I protein. In contrast, inflammation did not track
with antivector antibodies. The responses therefore
appeared species-specific. Overall, preclinical studies of
GTO005 raised no safety concerns, and GT005 is now
being evaluated in Phase II clinical trials in patients
with geographic atrophy (GA) caused by dry AMD.

Dr. Juliette McGregor and Dr. William Merigan
presented data from imaging studies in cynomolgus
NHPs (Macaca fascicularis) that used adaptive optics
to optically record from retinal ganglion cells follow-
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ing intravitreal injection of AAV2 vectors (Table 1A)
for calcium imaging (GCaMP) optogenetic therapy
(ChrimsonR)."> Because inflammation would greatly
limit imaging, macaques were both pre-screened
to exclude animals with anti-AAV antibodies and
pretreated with subcutaneous cyclosporine A for one
to 20 weeks before AAV vector injection (Table 2A).
Although numbers were small, increasing time of
immunosuppressive pretreatment was generally associ-
ated with improved lateral extent of foveal gene expres-
sion. In the absence of immunosuppression, transgene
expression was unpredictable and strong expression
was often transient. If inflammation developed due
to transgene expression, corticosteroids were adminis-
tered by intravitreal injection.

Mice, rabbits, dogs, cynomolgus macaques (Macaca
fascicularis), and rhesus macaques (Macaca mulatta)
were used during development of Luxturna, now
licensed in the United States and indicated for treat-
ment of people with mutations in the RPE65 gene.
Summarizing experience across many studies (Tables
1A and 1B and Tables 2A and 2B), Dr. Jean Bennett
concluded that overt clinical inflammation was rare,
but histopathological findings, such as focal changes
in the RPE (hyperplasia and hypertrophy), scattered
mononuclear cells in the vitreous, focal choroiditis
under the subretinal injection site, and scar forma-
tion at the retinotomy site in retinas were common,
although generally mild. Several variables were associ-
ated with the development of inflammation, includ-
ing dose, AAV serotype, route, vector production, and
time. The development of NAbs to AAV capsids was
variable but not obviously related to outcomes, and the
fellow eye of NHPs who developed NAbs after subreti-
nal injections could be retreated successfully.

Dr. Dominik Fischer described data from studies
using cynomolgus NHPs (Macaca fascicularis) that
compared subretinal or intravitreal injection of an
AAVS vector expressing CNGA3 (Tables 1A and 1B).
Immune modulation included systemic steroids given
for seven days, starting two days before surgery, and
local steroids at surgery and for one week thereafter
(Tables 2A and 2B). Subretinal injection was not associ-
ated with development of anti-AAV8 antibodies, but
intravitreal administration induced substantial serum
antibody levels. By 90 days after treatment, retinas
from NHPs treated with 10! vector genomes (vg) did
not exhibit adverse reactions. Interestingly, a follow-
up study with sacrifice at 28 days did reveal perivas-
cular lymphocytic infiltration at the highest dose level
(10'? vg), which was then deemed transient. Similar
to findings in NHPs, achromatopsia patients treated
by subretinal injection with AAV2/8CNGA3 did not
develop anti-AAV8 antibodies. To aid in evaluating
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vector toxicity, several in vitro methods to test toxicity
are being developed. These include the use of PMA-
differentiated human monocyte THP-1 cell cultures
that express TLRs, and thus the cells produce cytokines
on TLR or inflammasome activation by vector prepa-
rations.

AAV is a DNA virus, and thus TLRY9, which
senses endosomal DNA, has particularly been impli-
cated in AAV gene therapy-related inflammation.
To develop a vector-intrinsic strategy against TLRY-
mediated inflammation, Dr. Kai Chan constructed two
AAVS8 vectors expressing GFP (Table 1A). One was
an unmodified vector, and one added a nontranslated
telomeric DNA sequence outside of the protein coding
region, dubbed i02, designed to blunt TLRY activa-
tion. Because the goal was to characterize and compare
immune responses, the vectors were compared in a pig
model'® by using subretinal injections at a higher AAV
dose and without immunosuppression (Table 2A).
Among eyes injected with the unmodified AAVS8.GFP
vector, one of five exhibited clinical inflammation in
the form of vitritis during the in-life phase. However,
after euthanasia at six weeks after injection, histo-
logical studies on the retinas revealed pathological
changes in all five eyes. Changes included shortening
or loss of cone photoreceptor outer segments, as well as
increased infiltration by microglia in the outer nuclear
layer and CD8* T cell infiltration in the retina. In
contrast, these detrimental changes were substantially
reduced or not detected in the fellow eyes of the same
five animals given the AAV8.GFP.io2 vector, and none
of those five eyes exhibited vitritis during the in-life
phase.'®

Group Discussion of Preclinical Presentations

The experience with the extent of subclinical inflam-
mation in animal studies was a substantial point of
discussion. Comments noted the following:

» Even with subretinal injection, ocular inflamma-
tion was found in almost all animal studies, and the
degree of inflammation appeared to be related to
dose.

* Animal studies often uncovered histological
changes and cellular infiltrations in the absence
of clinically apparent inflammation. However,
approaches that detect clinical inflammation in
animal eyes are insensitive and thus may miss
persistent underlying inflammation.

* NHPs were considered the best available option
for identifying “no observed adverse-effect levels”
and for guiding dose selection in people, but issues
associated with NHP recognition of human trans-
genes also limited translational relevance.
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Discussions of the impact of inflammation on
efficacy included the following comments:

* In several examples, pre-existing or induced anti-
AAV antibodies apparently did not impact efficacy.

* On the other hand, in some cases antitransgene
antibodies were associated with reduced effective-
ness.

» Although potentially feasible in animal models,
many preclinical studies have not evaluated the
degree of transgene expression or assessed immune
responses to the transgene, limiting conclusions
about impact on efficacy.

The relevance of animal models in general was
discussed, with the following observations:

* By necessity, the design of animal experiments
often has important differences from clinical situa-
tions. Laboratory animals, even when outbred,
have less diverse genetic backgrounds that may
not accurately reflect human genetic diversity.
Different animals also inherently exhibit differen-
tial sensitivities to AAV injections (e.g., dogs seem
to be the most sensitive and mice the least).

* Many preclinical studies are performed using
healthy animals, but people being treated for IRDs
have underlying disease typically accompanied by
cell loss and baseline inflammation.

» The use of immunosuppressive pretreatment
varied widely in different animal studies, from
none to substantial, but pretreatment strategies
are not well aligned with clinical protocols. Equally
important, the question of how well immunosup-
pressive treatments actually work has not been
systematically studied, and the critical immuno-
suppressive mechanisms involved have not been
determined.

Overall, species differences coupled with the
variability in study designs made it difficult to interpret
how well different animal models reflect ocular gene
therapy outcomes in people.

Lessons From Clinical Studies of

Ocular Gene Therapy

Meeting Presentations on Clinical Studies

The second day of the workshop focused on human
clinical experience from gene therapy trials. Presen-
tations were structured to consider whether inflam-
mation, or managing inflammation, interferes with
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treatment goals, namely to deliver the optimal formula-
tion and amount of gene therapy vector that yields the
best protein expression and efficacy.

Dr. Christine Kay summarized clinical observations
gained from work using a variety of protocols. She
noted that eyes with IRDs exist in a state of low-
grade inflammation, and surgery itself is inflamma-
tory. AAV treatment-related inflammation was typical
after either subretinal or intravitreal injections and
appears to be dose dependent. Across different clinical
protocols, surgical techniques vary, dose and volume
of AAV delivered varies, and the type and duration
of presurgery immunosuppression varies. Technical
differences such as the use of pre-blebs, bleb location,
and volume of vector delivered may have substantial
implications for interpreting dose-escalation studies.
Anecdotally, Dr. Kay estimated that about 10% of
gene therapy patients have significant clinically appar-
ent inflammation that can be treated with either oral or
periocular steroids, but a considerably larger percent-
age of patients appear to have subtle, subclinical
inflammation. In some cases, this inflammation can
be detected by fluorescein angiography and optical
coherence tomography; loss of retinal function can
be detected with microperimetry and occasionally by
visual acuity measurements. Despite treatment, some
inflammation can be long-lasting and appears to corre-
late with loss of efficacy.

On the basis of his experience, as well as literature
reports, Dr. Tim Stout estimated that as much as 25%
to 35% of patients have some degree of GTAU, more
frequently following intravitreal injection than after
subretinal injection. Dr. Stout’s protocols typically use
oral steroid pretreatment ranging from three to seven
days before surgery, coupled with local steroid treat-
ment during and after surgery. Whereas most inflam-
mation seems to be transient and treatable, its impact
on transgene expression has not been clear. A number
of factors may promote inflammation, including viral
dose and transduction kinetics. To better understand
the role of dose, Drs. Stout and Violet Lin modeled
the subretinal injection site mathematically to estimate
the multiplicity of infection (MOI) of viral parti-
cles per cell in the retina. In their experience, surgi-
cal blebs are typically either a semisphere shape or a
squashed-sphere shape; 300 pLL macular blebs average
about 14 mm in diameter, making contact with as
many as 18 x 10° cells. Using bleb morphology and
diameter coupled with assumptions about volume, cell
density, and retinal dimensions, preliminary modeling
results suggested that AAV MOIs could be quite large.
Estimated MOIs ranged from about 9600:1 for rods
to 212,000:1 for RPE cells. These calculations raised
concerns about vector overtreatment and potential off-
target effects.
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Dose-escalation studies of intravitreal injection with
GS010 (Lumevoq) for treating Leber hereditary optic
neuropathy, described by Dr. José-Alain Sahel, did
not use immunosuppression before surgery. Inflam-
mation was seen in more than 90% of patients but
was mostly mild and treatable; however, the use of
high doses was limited by inflammation. Optoge-
netic trials of another product, GS030, to treat one
form of retinitis pigmentosa did use immunosuppres-
sion at time of surgery; to date, mild but manage-
able intraocular inflammation has been observed.
Patients have been monitored for serum anti-AAV
antibodies at the time of treatment and for develop-
ment of antibodies and T-cell responses, but so far
immune status and treatment outcomes have not been
related.

Dr. Kanmin Xue discussed clinical studies using
subretinal injections of an AAV2 vector express-
ing REP1 to treat choroideremia and of an AAVS
vector expressing codon-optimized retinitis pigmen-
tosa GTPase regulator gene (RPGR) to treat X-linked
retinitis pigmentosa (Table 1B). Some patients devel-
oped signs of retinal inflammation that were related to
vector dose and resolved with treatment (Table 2B).
Because inflammation developed in the first patient
to receive high-dose gene therapy for choroideremia,
the standard perioperative immunosuppression regime
was increased from seven days to 21 days. Close obser-
vation within the first three months after treatment was
important, because signs of retinal inflammation may
be subtle and correlate with fluctuations in macular
function; timely intervention was important to improve
clinical outcome. Laboratory studies suggested a
potential role for hydroxychloroquine as an adjunct
to suppress TLR9-mediated immune activation in the
retina during innate immune responses after AAV gene
therapy.

Dose-escalation studies of AAVS-RSI to treat X-
linked retinoschisis (Table 1B) indicated that inflam-
mation increased with dose, as presented by Dr. Paul
Sieving. Appropriate delivery of this transgene, a
secreted protein, via intravitreal vector injection is a
complex and challenging process. Initial surgeries used
oral prednisone pretreatment (Table 2B). Although
NAD responses among patients were variable, the sera
of some patients contained substantial amounts of
NAbs despite immunosuppression, and NADb levels
appeared to track with inflammation. The most recent
surgeries have therefore used a triple drug immuno-
suppression regimen (a combination of prednisone,
cyclosporin, and mycophenolate mofetil).

Dr. Mark Shearman reviewed NHP and clini-
cal studies (Table 1B) of AAV vectors designed to
treat X-linked retinoschisis, X-linked retinitis pigmen-
tosa, and two forms of achromatopsia. NHP studies
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intentionally did not use steroid pretreatment, but
some animals were treated with steroids at surgery
or when needed. Across different NHP studies,
inflammation increased with dose but was transient,
as reflected mostly by in-life clinical evaluations.
Outcomes appeared to be improved by purifying AAV
vector preparations to remove empty capsids. The
presence of pre-existing anti-AAV serum antibodies, or
development of anti-AAV antibodies on injection, did
not correspond with the extent of ocular inflammation
and did not prohibit gene expression. Only anti-AAV
capsid antibodies have been observed, not antibodies
to the transgenes. Clinical studies have used steroid
treatment at the time of surgery and for a period after
vector administration, tapering over time; to date, mild
to moderate inflammation has been observed, and a
few patients had development of GTAU.

Dr. Ian MacDonald described his experience to
date with an AAV2 vector expressing REP1 to treat
choroideremia (Table 1B), which used a 21-day steroid
regimen, including 2 days’ pretreatment (Table 2B).
Despite pretreatment, five of six patients had some
level of intraocular inflammation. One subject had
significant loss of the central macular retinal pigment
epithelium, as revealed by fundus autofluorescence.
The same patient experienced a serious adverse event
after the initial steroid treatment stopped. Hyper-
reflective deposits appeared within the retina, presum-
ably cellular infiltrates; these bodies resolved slowly
with a second course of systemic steroid treatment.
Dr. MacDonald noted that these patients were being
treated at a relatively late disease stage, which may in
itself limit both safety and efficacy outcomes.

Group Discussion of Clinical Presentations

Similar to animal studies, large differences in clini-
cal practice were noted: prophylactic and symptomatic
immunosuppressive protocols, subretinal injection
techniques, and treatment regimens after surgery all
varied considerably. The relationship between viral
dose, efficacy, and inflammation was a particular point
of discussion, with commenters noting the following:

* The use of large MOIs was considered important,
although viral loss during administration, empty
capsids, and other factors likely reduce the calcu-
lated MOI to a lower effective MOI.

* Interpretations of calculated MOIs are compli-
cated by the lack of a standardized assay to
measure infectious viral particles and lack of
understanding of the number of intracellular infec-
tious particles required for optimal efficacy, not
just in vitro assays of genome equivalents that
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are currently used to express viral titers. New
research assays such as signal amplification by
exchange reaction fluorescence in situ hybridiza-
tion (SABER-FISH), which detects AAV genomes
in tissues,'”'® might be leveraged to better quanti-
tate infectious virus. Product potency assays may
also be useful.

Because transgene expression itself can only be
monitored in people if the resulting protein can
be detected in the anterior chamber, evaluat-
ing whether doses currently being used result
in “overtreatment” is difficult. Applying adaptive
optics imaging and incorporation of fluores-
cent reporters to understand gene expression and
immune responses in situ in people may be helpful.

Inflammation has also been observed in uninjected
fellow eyes after intravitreal administration of AAV,
and in a few cases apparent efficacy has been observed.
The mechanisms underlying such effects are not clear,
although some NHP studies found the presence of
vector in fellow eyes by PCR. These observations
strongly suggest that using the status of the fellow eye
as a control or comparator could be problematic.

Summary of Discussion Outcomes:

Workshop Themes

Areas of Consensus

The workshop’s discussions consistently suggested
that, in both animals and people, ocular inflammation
almost always accompanies gene therapy treatments by
any route, and the degree of inflammation is correlated
with dose. Beyond dose per se, other variables such as
viral concentration, volume, and retinal surface area
appear to be important. However, harmonizing these
parameters between small-globe animals and people to
study them is difficult. Even when inflammation was
not clinically apparent, tissue and cellular changes in
the retina were often found. Interpreting the signifi-
cance of these changes is not straightforward.

While low levels of inflammation can be treated,
severe inflammation both limits AAV dose and is
consistently associated with reduced efficacy. Clearly
a wide variety of different treatment protocols are
being used before, during, and after gene therapy
administration to suppress unwanted clinical inflam-
mation, NAbs, or T cell responses. The heterogeneity
in research and clinical protocols confounds conclu-
sions about optimal strategies at this time. Identify-
ing consensus protocols and best practices might help
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minimize study variables and allow harmonization,
adding rigor to clinical studies. However, the amounts
of cellular immune activation that could potentially
reduce gene therapy efficacy are not clear, and corre-
spondingly no evidence supports an approach to select
the desired amounts of immunosuppression.

Immunosuppression regimens typically use various
corticosteroids, locally or systemically, which is
problematic; long-term steroid use, in particular, has
undesirable consequences. The choice of steroid treat-
ments or immunomodulatory therapy with cyclosporin
A or other agents should be tailored in context, such
as the nature of the patient’s disease, age, and comor-
bidities, as well as the nature of the vector and route of
administration. Using targeted biologics instead could
be attractive, but the knowledge base to rationally
choose targets and products is insufficient. This is an
important area for future research. Some indication
for using targeted immunomodulators, or perhaps
biologics that inhibit lysosomal pathways and thus
lysosomal TLR activation (such as through mechanis-
tic target of rapamycin kinase (mTOR) inhibition),
was supported by preclinical data presented on use of
hydroxychloroquine.

Areas of Divergence and Uncertainty

Despite considerable study, the relationship between
pre-existing or induced immune responses to viral
vectors and subsequent outcomes is still unclear.
Several examples from animal and clinical studies
suggested that treatment can be successful despite
antivector antibody responses. Other data indicated
that clinical or subclinical inflammation was associ-
ated with antivector or antitransgene immunity, poten-
tially limiting dose or reducing benefits. The relative
significance of inflammation, as well as adaptive
immune responses, during clinical treatments therefore
remained a matter of debate.

Issues related to vector manufacturing were noted
repeatedly, as was the fact that no consensus has
been developed regarding the preferred level of vector
purification, the acceptable levels of contaminants and
residuals, the methods of vector quantitation, or the
methods of determining infectious virus particles. AAV
vectors currently in clinical use have the momentum of
history and past investment, but research is providing
next-generation vectors and manufacturing improve-
ments. Potential refinements include engineering
less-inflammatory viral variants, improving promoters,
incorporating immunomodulatory sequences, and
removing empty capsids. The promising options are a
reminder that future product development should not
default to a “plug-and-play” mentality but take full
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advantage of all advances to optimize each insert and
vector.

Workshop Implications and Next

Steps

Not surprisingly, the workshop discussions raised as
many questions as they provided answers. In general,
the workshop’s deliberations implied that broad inter-
disciplinary approaches should be encouraged and
supported to address these difficult questions with
maximum efficiency. Potential actions and resources
that could be addressed in the near term include the
following:

+ Establishing and fostering a consultant directory
of subject matter experts who will be available to
provide ocular-specific immunological expertise at
any stage of animal or clinical studies. The goal
of this directory would be to foster new collabora-
tions and promote integrated evaluation of inflam-
mation and immune responses into all ocular gene
therapy studies.

+ Establishing a central data repository to consoli-
date animal and clinical data pertaining to inflam-
mation observed during any form of ocular gene
therapy. Academic centers and companies, includ-
ing discontinued programs and researchers with
unpublished (negative) data, could be recruited to
participate. Investigators could be invited to volun-
tarily deposit data, using a structured format that
anonymizes patient and proprietary information.
The premeeting survey used during this workshop
illustrates the types of data of interest. The goal of
the repository would be to facilitate analyses that
compare many variables with therapy outcomes,
thereby informing future research and identifying
best clinical practices.

* Involving regulators such as those at Center for
Biologics Evaluation and Research, U.S. Food and
Drug Administration (CBER/FDA), who review
clinical and adverse event data across many ocular
gene therapy clinical trials and thus have unique
experience and perspective, in these discussions. Of
note, in December 2020, the National Center for
Advancing Translational Sciences at the National
Institutes of Health and CBER/FDA cohosted
a Virtual Workshop on Systemic Immunogenic-
ity Considerations for Adeno-Associated Virus
(AAV)-Mediated Gene Therapy. On the basis of
the findings from both workshops and findings in
animal models, new regulatory guidance regarding
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managing inflammation throughout ocular gene

therapy product development could be considered.
» Organizing a future, public meeting to continue

these discussions, especially in the clinical space.

In the longer term, the workshop discussions identi-
fied major areas for future research. The questions
raised and research responses include the following:

— What is the nature of inflammation and immune
activation during retinal degeneration?

» Research is needed to better understand each
inherited retinal disease, particularly in terms
of ongoing disease-related ocular inflammation
present before gene therapy treatment. To enable
evaluations, longitudinal blood and eye samples
should be collected during clinical studies.

— What is the best use of inbred and outbred animal
models?

» Research is needed to better understand the
strengths and weaknesses of small and large
animal models of both IRDs and ocular gene
therapy, in order to select those best suited to the
purposes under study.

— What is the nature of inflammation and immune
activation during ocular gene therapy? Research is
needed to do the following:

» Comprehensively quantitate inflammatory and
adaptive immune responses to ocular gene
therapy in vivo at the cell and tissue levels,
within the eye as well as systemically. Inflam-
matory activation pathways and immunological
functions of noncanonical cells, such as RPE,
deserve particular attention.

* Determine the localization and persistence of
injected viral particles, both in terms of capsids
and cargo.

 Evaluate new in vitro assays that may inform
clinical practice.

Of note, to enable all evaluations, longitudinal blood
and eye samples should be collected during clinical
studies.

— What is the best way to control inflammation
before, during, and after AAV therapy, and what
effects do anti-inflammatory treatments have on
overall safety as well as the efficiency of in vivo gene
expression? Research is needed to do the following:
* Apply the latest insights from nonclinical animal

models of inflammation after gene therapy to
human studies and systematically apply nonclin-
ical data to selecting optimal, safe, and effective
immunosuppression regimens.
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* Support optimizing and harmonizing prophylac-
tic and symptomatic treatment of inflammation
in clinical protocols and develop treatments that
are more nuanced than steroids.

* Optimize vector gene expression and efficacy
at the cell, tissue, and functional vision levels
(beyond maximizing the multiplicity of infec-
tion).

» Assess the impact of suppressing inflammation
on transgene expression.

* Develop new clinical imaging tools to better
monitor subclinical cellular inflammatory
responses in vivo.

— Can better viral vectors, particularly better viral
promoters, be developed to deliver genes effectively
without triggering immune responses? Research is
needed to do the following:

* Better understand the individual components of
gene therapy products that stimulate inflamma-
tory responses, such as the relative roles of capsid
proteins, promoters, and genomic DNA (includ-
ing 5'-cytosine-phosphoguanine dinucleotide
(CpG) content).

 Further evaluate whether certain promoters have
unique roles in promoting inflammation, includ-
ing research to independently evaluate recent
findings indicating that promoters active in RPE
are toxic.

Taken together, we hope these efforts have identi-
fied knowledge gaps and will serve to intensify focus on
the underappreciated but critical role of ocular inflam-
mation during gene therapies for IRDs. The insights
resulting from the workshop have suggested research
and clinical studies that can pinpoint best practices
and accelerate cures for these blinding diseases. The
Foundation intends to actively explore ways to support
work in these critical areas.
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