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ABSTRACT

Retinal gene therapy using adeno-associated viral (AAV) vectors has been a groundbreaking step-change in the treatment of inherited retinal diseases (IRDs) and
could also be used to treat more common retinal diseases such as age-related macular degeneration and diabetic retinopathy. The delivery and expression of
therapeutic transgenes in the eye is limited by innate and adaptive immune responses against components of the vector product, which has been termed gene
therapy-associated uveitis (GTAU). This is clinically important as intraocular inflammation could lead to irreversible loss of retinal cells, deterioration of visual
function and reduced durability of treatment effect associated with a costly one-off treatment. For retinal gene therapy to achieve an improved efficacy and safety
profile for treating additional IRDs and more common diseases, the risk of GTAU must be minimised. We have collated insights from pre-clinical research, clinical
trials, and the real-world implementation of AAV-mediated retinal gene therapy to help understand the risk factors for GTAU. We draw attention to an emerging
framework, which includes patient demographics, vector construct, vector dose, route of administration, and choice of immunosuppression regime. Importantly, we
consider efforts to date and potential future strategies to mitigate the adverse immune response across each of these domains. We advocate for more targeted
immunomodulatory approaches to the prevention and treatment of GTAU based on better understanding of the underlying immune response.

1. Introduction

Retinal gene therapy can offer potential therapeutic benefits for
patients with inherited retinal diseases (IRDs) that were previously
considered incurable (Bainbridge et al., 2008; Hauswirth et al., 2008;

Maguire et al., 2008). Many advanced therapeutic medicinal products
have been designed to treat IRDs, each aiming to address a specific ge-
netic mutation affecting the retina. Searching clinicaltrials.gov for rele-
vant clinical trials reveals over 100 studies of retinal gene therapy that
are either completed or ongoing. These trials involve a wide array of

* Corresponding author. Nuffield Department of Clinical Neurosciences, University of Oxford, Level 6 West Wing, John Radcliffe Hospital, Headley Way, Oxford,

0X3 9DU, UK.
E-mail address: kanmin.xue@eye.ox.ac.uk (K. Xue).

https://doi.org/10.1016/j.preteyeres.2025.101354

Received 1 December 2024; Received in revised form 4 March 2025; Accepted 14 March 2025

Available online 14 March 2025

1350-9462/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-0065-9131
https://orcid.org/0000-0003-0065-9131
mailto:kanmin.xue@eye.ox.ac.uk
www.sciencedirect.com/science/journal/13509462
https://www.elsevier.com/locate/preteyeres
https://doi.org/10.1016/j.preteyeres.2025.101354
https://doi.org/10.1016/j.preteyeres.2025.101354
http://crossmark.crossref.org/dialog/?doi=10.1016/j.preteyeres.2025.101354&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R. Purdy et al.

retinal dystrophies, including RPE65, NR2E3, MYO7A, PDE6B and
MERTK-associated retinitis pigmentosa (RP); RPGR-associated X-linked
RP; GUCY2D and LCA5-associated Leber congenital amaurosis (LCA);
CHM-associated choroideremia; RSI-associated congenital X-linked
retinoschisis; CNGA3 and CNGB3-associated achromatopsia;
ABCA4-associated Stargardt disease; and CYP4V2-associated Bietti’s
crystalline dystrophy. As the technology has matured, retinal gene
therapy is also increasingly being applied to more common eye diseases
such as neovascular and atrophic age-related macular degeneration
(AMD) and diabetic retinopathy.

Following promising results in a landmark pivotal trial (Russell et al.,
2017), the US Food & Drug Administration (FDA) and European Medi-
cines Agency (EMA) approved the first retinal gene therapy product in
2017 and 2018 respectively. Voretigene neparvovec (Luxturna, Spark
Therapeutics Inc., Philadelphia, PA, USA) is currently approved for use
in IRDs associated with biallelic mutations in RPE65 and sufficient
viable retinal cells (European Medicines Agency, 2019). It is a recom-
binant viral vector composed of an adeno-associated viral (AAV) capsid
containing the human RPE65 transgene, delivered to the surviving
retinal pigment epithelium (RPE) via subretinal injection in each eye.

Recombinant AAV, particularly serotypes AAV2, AAV5, AAV8 and
increasingly AAV9, is the most common viral vector currently used to
deliver exogenous DNA cargo to the retina. One of the reasons why AAV
is preferred over other viral vectors, such as lentiviruses and adenovi-
ruses, has been its relatively low immunogenicity (Arjomandnejad et al.,
2023). The immune reaction seen with other viral vectors delivered
systemically has sometimes been severe and even fatal in very rare cases
(Raper et al., 2003). Other advantages of AAV include (Dunbar et al.,
2018; Ferreira et al., 2021):

e Non-pathogenic;

e Low risk of insertional mutagenesis;

e Replication incompetent in the absence of a helper virus;

e Ability to transduce a variety of non-dividing neuronal cells,
including rods, cones and RPE;

e Sustained transgene expression in non-dividing cells after a single
administration.

Despite these favourable characteristics of AAV vectors, adverse
ocular inflammatory reactions have been reported in up to 50 % of pa-
tients receiving Good Manufacturing Practice (GMP)-grade gene therapy
products in clinical trials (Fischer et al., 2019; Reichel et al., 2022a;
MacLaren et al., 2023; Pierce et al., 2024; Yang et al., 2024b; Ceha-
jic-Kapetanovic et al., 2024; Campochiaro et al., 2024). This prevalence
is also seen in post-approval studies of voretigene neparvovec (Kessel
et al., 2022; Fischer et al., 2024). The intraocular inflammation is
dose-dependent and can sometimes last for months or even years
following treatment, leading to irreversible retinal structural damage
and reduced visual function if uncontrolled (Bainbridge et al., 2015).
The term gene therapy-associated uveitis (GTAU) has been proposed to
describe this intraocular immune response.

GTAU will be used here to refer to any element of intraocular
inflammation following gene therapy vector administration for conve-
nience. However, it is worth noting that the clinical presentation of
GTAU can vary significantly between patients. Furthermore, the path-
ophysiology of GTAU is complex and is unlikely to be entirely homog-
enous across all forms of AAV-mediated gene therapy. Greater
understanding of the mechanisms and risk factors for GTAU is critical to
developing mitigation strategies and optimising clinical outcomes from
this expensive and typically one-off treatment (Bucher et al., 2021).

To this end, we conducted a search for keywords in the literature and
clinicaltrials.gov, including ‘AAV’, ‘gene therapy’ and ‘retina’. We also
manually searched references to identify additional relevant literature.

In this review, we outline the clinical experience of GTAU to date and
its immunological basis. We draw attention to an emerging framework
with which to understand the risk of GTAU. The exact features and
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severity of the ocular immune response seem to depend on pre-
treatment host-specific variables, vector design, dose and route of
administration, and choice of immunosuppressive prophylaxis (Yang
etal., 2024a). We advocate for systematic reporting of these variables in
all clinical trials to facilitate meta-analysis of risk ratios and deepen our
understanding of the relative contribution of each risk factor.

By collating trends in management strategies for GTAU, we also
propose reconsideration of the way in which GTAU is prevented and
treated. Historically, patients undergoing retinal gene therapy have
received some combination of standard post-vitrectomy topical corti-
costeroid drops, with or without local depot, and a tapering course of
systemic corticosteroids over 14-21 days around the time of treatment
(Bennett et al., 2016; Fischer et al., 2019; MacLaren et al., 2023).
However, severe and protracted cases of GTAU have been reported
despite such immunosuppression regimes (Jalil et al., 2023). The
adverse effects of high-intensity corticosteroids are also profound and
well recognised (Gaballa et al., 2021). Few clinical studies to date have
implemented steroid-sparing immunomodulation to prevent or treat
GTAU (Cukras et al., 2018; Pennesi et al., 2022). Meanwhile, the
importance of the cell-mediated immune response underlying GTAU is
becoming increasingly clear. Further work to understand this may
facilitate the development of targeted, steroid-sparing, immunomodu-
latory strategies to mitigate the risk and severity of GTAU, thus
improving the clinical outcomes of gene therapy.

2. Clinical characteristics of gene therapy-associated uveitis

2.1. Intraocular inflammation reflects how AAV vector is administered to
the eye

Currently, viral vectors are administered to the retina via one of
three routes (Fig. 1): (i) subretinal injection concentrates most vector
particles within iatrogenic blebs, potentially including the fovea; (ii)
intravitreal injection delivers the vector as a bolus into the whole vit-
reous cavity; (iii) suprachoroidal administration enables treatment of
large areas of peripheral RPE and choroid while sparing the macula.

Subretinal administration currently requires pars plana vitrectomy, a
well-established technique in vitreoretinal surgery (Ladha et al., 2022).
AAV particles are then deposited under the retina via a retinotomy using
a 38-41G subretinal cannula. Subretinal injection generally delivers the

Intravitreal
Subretinal

AAV particles

Vitrectomy for subretinal
injection

Fig. 1. Common routes of intraocular administration of AAV vector in retinal
gene therapy. Subretinal and intravitreal injection are the most common de-
livery routes used in clinical trials of retinal gene therapy. Voretigene nepar-
vovec is currently approved for single subretinal injection only.
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highest concentration of vector particles to the photoreceptors and RPE.
These are the most commonly affected cell types in IRDs (Manley et al.,
2023).

In comparison, intravitreal administration of gene therapy vector is
minimally invasive but faces other challenges. Firstly, vector particles
are diluted by the large vitreous cavity volume (around 5 ml in an
average human eye). Secondly, vector particles must traverse the inner
limiting membrane (ILM) barrier to reach the outer retina, which has a
mesh size of 50-100 nm (Rafael et al., 2023). Similarly, epiretinal
membranes may be more prevalent in inherited and non-inherited
retinal diseases and represent an additional barrier (Liew et al., 2019;
Fung et al., 2021). These anatomical factors mean that a much higher
dose of AAV would be required intravitreally to achieve equivalent
therapeutic vector particle concentrations at the level of the photore-
ceptors compared with subretinal delivery.

Suprachoroidal administration of AAV vector has been made clini-
cally feasible more recently by the first FDA-approved SCS microinjec-
tion device (Clearside Biomedical, Alpharetta, GA, USA). This route
allows transduction of the peripheral RPE and choroid for the purpose of
producing a secreted protein within the eye, e.g. the anti-VEGF antibody
fragment protein for neovascular AMD (AAVIATE study, NCT04514653)
and diabetic retinopathy (ALTITUDE study, NCT04567550).

The route of vector administration is primarily chosen to maximise
transduction of the target cell population. However, the difference in the
immune responses associated with each route is arguably an even more
important consideration when aiming to optimise the efficacy, dura-
bility and safety of treatment.

The subretinal space, being a potential space separated from the

Table 1
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systemic circulation by the blood-retinal barrier, provides relative im-
mune privilege. In comparison, the vitreous cavity and suprachoroidal
space are both outside the blood-retinal barrier, thus are more accessible
to antibody and cell-mediated adaptive immune responses against the
viral vector and transgene product (Yiu et al., 2020; Chung et al., 2021;
Vignal-Clermont et al., 2023).

In line with this, a recent meta-analysis of gene therapy trials has
shown that GTAU occurs in around 45 % of patients receiving intra-
vitreal gene therapy, compared with 28 % after subretinal gene therapy
and 21 % after suprachoroidal gene therapy (the latter with very limited
data to date) (Buckley et al., 2024). The relative advantages and dis-
advantages of each route of retinal gene therapy administration in terms
of the elicited immune response are summarised in Table 1.

2.2. Clinical presentations of gene therapy-associated uveitis

Fig. 2 illustrates a range of different clinical manifestations of GTAU,
including anterior uveitis (cells, flare, keratic precipitates), intermediate
uveitis (vitritis) and/or posterior uveitis (chorioretinitis, papillitis).
Generally, the clinical presentation of GTAU appears to reflect the space
where vector particles are concentrated in the eye.

2.2.1. Intravitreal injection

Vitritis and anterior chamber inflammation are typical features
following intravitreal injection of AAV vector. This suggests an immune
response that is directed against viral particles sequestered within the
vitreous humour with some wash-through to the anterior chamber along
aqueous outflow. These features are typically seen within a few weeks of

Relative merits of different routes for retinal gene therapy. Routes of administration currently used for AAV-mediated retinal gene therapy with relative ad-
vantages, disadvantages, and examples of clinical trials (completed or ongoing) using each route. GTAU is more often seen following intravitreal delivery compared to
subretinal or suprachoroidal. Suprachoroidal delivery remains a relatively uncommon approach.

Route of Description Advantages Disadvantages Examples of
administration clinical trials
Intravitreal Direct injection into the vitreous cavity, 3.5 or e Simple and convenient, minimally e ILM barrier restricts transduction of NCT02064569
4.0 mm from the limbus in pseudophakic or invasive outpatient procedure outer retinal cells NCT05930561
phakic eyes, respectively. e Potentially panretinal transfection e Off-target transduction of anterior NCT05536973
area segment structures (e.g. ciliary body, iris ~ NCT03144999
e Better able to target inner retinal cells and corneal endothelium) NCT04483440
(e.g. ganglion cells, bipolar cells and e Relatively large vector dose required to NCT02317887
Miiller glia) achieve therapeutic concentrations in NCT02416622
the retina NCT05228145
o Higher systemic viral load
e Elicits a high rate of GTAU, e.g. vitritis
and anterior uveitis
o Elicits greater neutralising antibody
response against the viral capsid, which
could limit the efficacy of second eye
treatment and re-dosing
Subretinal Pars plana vitrectomy followed by either ‘one- o Greater transgene expression in outer e Requires vitrectomy and retinotomy, NCT00643747
step’ (direct) or ‘two-step’ injection between the retina cells (i.e. photoreceptors and which can be associated with surgical NCT00481546
retina and RPE in a controlled, localised RPE) complications NCT00516477
detachment (bleb) using a 38-41G cannula. e A potential space that is relatively e Variability in vector dosing due to reflux ~ NCT02610582
immune privileged (i.e. behind the into the vitreous cavity NCT04704921
blood-retinal barrier) e Requires operating theatre and trained NCT03846193
e Less systemic dissemination of the surgeons NCT01461213
viral vector thus lower incidence of e Transduction and transgene expression NCT02341807
neutralising antibody formation is generally limited to the area of retinal
o Efficacy is not significantly affected detachment (bleb)
by circulating neutralising antibodies
Suprachoroidal Injection into the potential space between the e Can be performed in the outpatient e High likelihood of eliciting systemic NCT04567550
sclera and choroid, typically using a setting using a specialised immune response as vector is injected NCT04514653

microneedle.

microneedle

Can potentially treat a large area of
RPE without intraocular surgery
Relatively low rate of intraocular
inflammation reported to date (but
can cause episcleritis and raised
intraocular pressure)

into a highly vascularised space

Low efficacy of photoreceptor
transduction

Need to avoid inadvertent choroidal
detachment of the macula

Elicits cellular and humoral immune
response directed against the transgene
protein (Chung et al., 2021)
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16 months

8 months

Baseline

Fig. 2. Clinical examples of gene therapy-associated uveitis (GTAU). (A) Anterior uveitis in the form of numerous stellate keratic precipitates (top) and anterior
vitritis (bottom) following intravitreal AAV gene therapy. (B) Ultrasound biomicroscopy (top) showing vitritis in the areas of intravitreal injection, and b-scan
ultrasound (bottom) showing dense vitreous debris from chronic vitritis following intravitreal AAV gene therapy. (C) Disc swelling and disc leakage on fluorescein
angiography following intravitreal AAV gene therapy. (D) GTAU in the form of subretinal infiltrates (arrows) and choroidal thickening (bracket) observed 4 weeks
after subretinal AAV gene therapy for choroideremia (top). These changes resolved by 4 months after additional systemic corticosteroids, but some outer retinal cell
loss can be seen (bottom). (E) Localised retinal nerve fibre layer thickening (arrows) seen 3 months following subretinal AAV gene therapy for choroideremia. (F)
GTAU in the form of subretinal infiltrates (arrows) observed 6 weeks after subretinal AAV gene therapy for RPGR-associated X-linked retinitis pigmentosa, which
resolved by 10 weeks after additional corticosteroid treatment. (G) Second eye subretinal gene therapy for RPE65-associated IRD performed 5 weeks after first eye
treatment (due to a delay in delivery), leading to significant GTAU. Both subretinal and preretinal inflammation (including pre-foveal deposit — arrow, and inferior
snowballs) were seen. This case was managed with a secondary vitrectomy washout and high-dose local and systemic corticosteroids with good final outcome.
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intravitreal injection, particularly with higher vector doses (Cukras
et al., 2018; Vignal-Clermont et al., 2018; Bouquet et al., 2019). This
inflammation could lead to secondary cataract or raised intraocular
pressure if poorly controlled (Comander et al., 2016; Newman et al.,
2023).

2.2.2. Subretinal injection

Chorioretinitis, choroidal thickening and subretinal deposits
(described as hyperreflective foci on optical coherence tomography,
OCT), are more commonly observed following subretinal administration
of AAV vector (Reichel et al., 2017; Xue et al.,, 2018; Cehajic-K-
apetanovic et al., 2020; Rodriguez-Bocanegra et al., 2021; Kvanta et al.,
2024). As well as exhibiting dose-dependence, subretinal deposits are
steroid-responsive. This is indicative of an immune response that is
centred around the site of maximum vector particle deposition (i.e. the
subretinal space within and around the bleb area) with localised
blood-retinal barrier breakdown and immune cell infiltration. These
features could lead to reduced retinal sensitivity and photoreceptor
and/or RPE loss if uncontrolled.

Subretinal injection may be associated with vector reflux through the
retinotomy into the vitreous cavity (Reichel et al., 2021), particularly in
the degenerative thin retinas of patients with IRDs. Therefore, GTAU
may also present with varying degrees of anterior and intermediate
uveitis following subretinal treatment (Weleber et al., 2016). Indeed,
case reports describing difficulty with bleb induction have seen greater
rates of vitritis despite vitreous washout, closer to the prevalence seen
following intravitreal delivery (Kessel et al., 2022). This may be
explained by viral particles adhering to residual cortical vitreous thus
escaping standard irrigation with infusion fluid.

In contrast to the inflammatory response to intravitreal gene therapy,
features of retinal inflammation following subretinal gene therapy are
usually observed after one to several months (Constable et al., 2016;
Fischer et al., 2020; Iannaccone et al., 2022). However, both mild and
fulminant inflammation may occur as early as two weeks after subretinal
injection, which appears to be more likely with higher vector doses
(Weleber et al., 2016; Jalil et al., 2023; Michaelides et al., 2023).

2.2.3. Suprachoroidal injection

Suprachoroidal administration appears to be well tolerated except
for reports of dose-dependent episcleritis in some patients (Dhoot, 2022;
REGENXBIO, 2023; Barakat, 2023; REGENXBIO, 2024). Early thera-
peutic efficacy of anti-VEGF antibody fragment suprachoroidal gene
therapy in neovascular AMD and diabetic retinopathy appears prom-
ising but full safety and durability data are keenly awaited.

2.3. Chorioretinal atrophy following subretinal injection of AAV vectors

Another recently described clinical presentation after gene therapy
that may be related to GTAU is chorioretinal atrophy (CRA), seen in
10-20 % of patients as hypo-autofluorescent areas on fundus auto-
fluorescence (FAF) imaging (Fischer et al., 2024).

CRA is typically visible from one to several months following sub-
retinal injection of AAV vectors in both adults and children (Weed et al.,
2019; Gange et al., 2022; Fischer et al., 2024; Kvanta et al., 2024).
Subretinal infiltrates may precede the development of late CRA although
many cases have not been associated with clinically detectable intra-
ocular inflammation. Ellipsoid zone disruption a few weeks after gene
therapy has been observed by OCT prior to the onset of CRA in some
patients (Reichel et al., 2022b).

Surgically induced RPE trauma from cannula touch-down is visible
immediately. Whereas an RPE tear may improve slowly with time,
gradually enlarging areas of RPE atrophy surrounding the retinotomy
site are less likely to be due to surgical trauma alone (Reichel et al.,
2022b; Seitz et al., 2024). In cases of CRA, RPE changes are often
noticeable at around 2 weeks as ‘salt-and-pepper’ mottling, which de-
velops into a more confluent area of atrophy later on, typically located
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around the perimeter of the subretinal bleb or tracking along vascular
arcades.

Some CRA lesions may slowly expand beyond the bleb area over
time. If fluid-air exchange is performed after subretinal injection, the
bleb is flattened and vector particles could be pushed peripherally,
potentially contributing to atrophy expansion in the initial post-
operative period. However, surgical factors alone seem insufficient to
explain the pattern of atrophy spread over subsequent months which is
suggestive of an immune or inflammatory component contributing to
CRA.

This is supported further by the dose dependency of CRA, similar to
GTAU. In a study of subretinal administration of AAV8.PDE6A in non-
human primates (NHPs), Seitz et al. found that CRA occurred twice as
often and progressed four times more rapidly in animals treated with a
higher dose of viral vector (1 x 10'2 viral genomes, vg, per eye versus 1
x 10! vg) (Seitz et al., 2024). Moreover, CRA was not observed
following vitrectomy and sham subretinal injection in control eyes.

Other hypotheses have been suggested to explain some features of
CRA in retinal gene therapy patients, such as cellular stress resulting
from transgene overexpression or excessive protein production leading
to unfolded protein response (Reichel et al., 2022b). Indeed, some
groups have identified a correlation between improvement in full-field
stimulus threshold (FST) testing or dark adapted perimetry, measures
of overall rod function, and the development of CRA (Stingl et al., 2023;
Ku et al., 2024). However, this observation has not been consistently
replicated in other cohorts (Fischer et al., 2024; Lorenz et al., 2024).

2.4. Monitoring for gene therapy-associated uveitis

Typical practice to detect post-operative inflammation relies on vi-
sual acuity testing, standard ophthalmic examination (e.g. slit lamp
microscopy, tonometry and fundoscopy), FAF, OCT and occasionally
ultrasound and fluorescein angiography. However, there is significant
variability across clinical studies in the techniques and timing used to
monitor patients for intraocular inflammation following AAV injection.
Many trials also do not report the incidence of intraocular inflammation
longitudinally at each assessment timepoint (MacLaren et al., 2023;
Khanani et al., 2024a; J. J. Wang et al., 2024). This complicates iden-
tifying the true incidence and natural history of GTAU and CRA in AAV
retinal gene therapy.

The value of close monitoring and early detection is illustrated by a
case from a recent study of subretinal AAV gene therapy in RPGR-
associated RP (Cehajic-Kapetanovic et al., 2020). After an initial retinal
sensitivity gain following subretinal gene therapy, one participant
experienced a subacute drop in retinal sensitivity from 3.4 to 0.0 dB in
the treated eye between 4 and 5 weeks after treatment. OCT demon-
strated scattered subretinal deposits. However, visual acuity remained
unaffected throughout. A course of oral -corticosteroids was
re-commenced, resulting in dissolution of the subretinal deposits and
overall retinal sensitivity gain by 3 months. Similar unexpected deteri-
oration, even if small in the context of the natural history of the disease,
should prompt diagnosis and treatment of GTAU to maximise the like-
lihood of treatment benefit.

Fundus autofluorescence is another useful non-invasive imaging
modality for the detection and monitoring of GTAU. Detection of hypo-
autofluorescence at two weeks after subretinal injection of AAV (beyond
the features of background and progressive retinal disease), which may
be an early sign of CRA, should raise the question of GTAU and whether
to escalate immunosuppression. This is particularly pertinent for the
standard prophylaxis strategy in the real-world use of voretigene
neparvovec. In this regime, the corticosteroid taper is completed by two
to three weeks after vector administration, at around the same time as
when features of GTAU may appear.

Notwithstanding technological improvements and the integration of
artificial intelligence in retinal imaging modalities to increase diagnostic
sensitivity (Keenan et al.,, 2021), a purely clinical approach to
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monitoring may not capture the full extent or very early signs of GTAU.
Early manifestations of GTAU may be subclinical based on animal
studies demonstrating microglial activation and immune cell infiltration
in the outer retina without overt clinical signs of intraocular inflam-
mation (Chan et al., 2021b; Chandler et al., 2021; Wiley et al., 2023).
Serial sampling could detect pro-inflammatory cytokines and other
biomarkers of cell-mediated intraocular inflammation, which are upre-
gulated in dissected retinas following subretinal injection of viral vector
in NHPs and mice (Reichel et al., 2017; Xiong et al., 2019). However,
these changes may not be specific to GTAU; such a test would need to
differentiate between the AAV-directed immune response, inflammation
due to surgery and underlying disease activity. Understanding the
mechanisms and natural history of the adverse immune response to
vector delivery in the eye could aid the development of more sensitive
and specific tests to detect GTAU at the earliest opportunity.

3. Immunogenicity of AAV vector preparations
3.1. Molecular interactions between AAV vectors and host cells

3.1.1. Viral structure and entry to target cells

AAV comprises an icosahedral protein shell assembled from three
capsid proteins (VP1, VP2 and VP3 at aratio of 1:1:10) encasing a single-
stranded DNA (ssDNA) genome (Samulski, 1995; Snijder et al., 2014).
The expression cassette of a recombinant AAV particle comprises the
therapeutic transgene open reading frame (ORF) flanked by transcrip-
tion regulatory elements and a 145-nucleotide viral inverted terminal
repeat (ITR) sequence (Rodrigues et al., 2018). While AAV offers ad-
vantages over more complex viral vectors in terms of immunogenicity, it
does have a relatively small packaging capacity of 4.7 kb of DNA.

Detail on viral entry is provided elsewhere (Dhungel et al., 2021;
J.-H. Wang et al., 2024). AAV capsids gain entry into target cells by first
binding to cell surface receptors. These vary by AAV serotype. For
instance, the primary receptor for AAV2 is heparan sulfate proteoglycan
(HSPG). Binding to a co-receptor is often required, such as the G
protein-coupled receptor for AAV2. The AAV capsid is then endocytosed
by the target cell.

Upon acidification of the endosome, capsid proteins undergo
conformational changes and unpacking to release the ssDNA cargo. The
ssDNA is trafficked to the perinuclear cytoplasm where it enters the
nucleus through the nuclear pore complex. The ssDNA then undergoes
second strand DNA synthesis and concatemerisation to form double-
stranded episomes separate from the host genome. Here, the promoter
drives transgene expression. The promoter may either be ubiquitous (e.
g. the CAG promoter) or cell-specific (e.g. the rhodopsin kinase pro-
moter, GRK1, which is photoreceptor-specific).

3.1.2. Immune response to AAV vector components

An immune response may be mounted against any AAV vector
component (viral capsid proteins or genome) and/or transgene product.
In addition, impurities may remain in AAV preparations from the pro-
duction process, such as DNA fragments from plasmids and host cell
genomes as well as empty viral capsids, which can contribute to overall
immunogenicity (Wright, 2014; Clément and Grieger, 2016; Pei et al.,
2018). To address this, detection of undesirable DNA fragments by
quantitative PCR (qPCR) or next-generation sequencing (NGS) could
enable improved purification process during vector manufacturing to
reduce contaminants (Lecomte et al., 2015; Penaud-Budloo et al., 2017;
Guerin et al., 2020). These methods are increasingly recognised by FDA
guidelines (Food and Drug Administration, 2020). In depth reviews of
vector production and purification processes can be found elsewhere
(Snyder, 2016; Rodrigues et al., 2021; Davidsson and Heuer, 2022;
Lothert and Wolff, 2023; Som et al., 2024; Destro et al., 2024).

Upon administration to the eye, immunogenic vector components
can elicit a local innate immune response. For instance, viral vector
components are detected by pattern-recognition receptors (PRRs) that
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are present across several retinal cell types and activate pro-
inflammatory signalling cascades (Hosel et al., 2012; Cao et al., 2024).
The Toll-like receptor (TLR) family are PRRs that detect various viral
components. TLR2 detects the capsid proteins of extracellular viral
particles, while TLRO detects unmethylated CpG motifs within
single-stranded viral DNA genomes present in endosomes (Perez et al.,
2020; Wright, 2020). The TLR9-initiated pathway is a well-recognised
component of the pro-inflammatory response to AAV-mediated gene
therapy in the retina (Chan et al., 2021b) and elsewhere in the body
(Zhu et al., 2009; Martino et al., 2011; Faust et al., 2013). To some
extent, internalised AAV-derived DNA may also be recognised by cyto-
solic PRRs such as ¢GAS (Sun et al., 2012; Wu et al., 2013; Chandler
et al., 2019).

The downstream intracellular cascades initiated by PRRs encourage
an anti-viral state through interferon response gene expression and pro-
inflammatory cytokine release. Detection of AAV components by the
innate immune system also leads to the AAV-directed adaptive immune
response and potential loss of transgene expression in transduced cells
(Mingozzi et al., 2007; Xiang et al., 2020). AAV particles can be found in
draining lymphoid tissues following injection in the eye (Seitz et al.,
2017), where the adaptive immune response is primed. Emerging evi-
dence suggests a role for the posterior ocular lymphatic drainage system
in the recruitment of T cells to the retina (Yin et al., 2024).

Antigen presenting cells (APCs) contribute to this immune co-
ordination via major histocompatibility complex (MHC) proteins
(Fig. 3). It is still unclear which retinal cell types are the first responders
in GTAU. Presentation of AAV-derived antigens via MHC Class II by
microglia, the chief resident immune cell within the retina, may play an
important role in driving the adaptive response and leukocyte infiltra-
tion, particularly early in GTAU (Okunuki et al., 2019; Chandler et al.,
2021; Langer et al., 2023). Other resident APCs in the retina include
Miiller glia and activated RPE. The extent to which transduced cells play
a role in the innate response is also unclear as AAV capsid proteins may
be captured for ubiquitous peptide antigen presentation via MHC Class I.

The choice of vector serotype (capsid) and promoter determines the
location and level of transgene expression within the retina. They can
also influence the resulting immune response, altering how viral parti-
cles interact with resident APCs and infiltrating immune cells such as
macrophages (Khabou et al., 2018; Quinn et al., 2024). For example,
ubiquitous promoters have been suggested to cause a stronger immune
response in the retina compared to photoreceptor-specific promoters
(Xiong et al., 2019). Xiong et al. found that RPE and photoreceptor
toxicity and glial activation correlated with broadly active, but not
cell-specific, cis-regulatory sequences following subretinal administra-
tion of AAV vectors, even with no transgene expression.

3.2. Cell-mediated immune response in gene therapy-associated uveitis

The intraocular immune response to AAV vectors appears to be pri-
marily type 1 or cell-mediated. Several independent groups have iden-
tified a preponderance of CD45" immune cells in the retinas of healthy
murine models following treatment with AAV vectors (Tummala et al.,
2021; Chandler et al., 2021; Chan et al., 2021b). This is supported by
studies in large animals (NHP and canine) demonstrating activation of
retinal APCs, similar immune cell infiltrates and locally increased levels
of classic type 1 cytokines (IFN-y, TNF-a, CXCL10) in eyes treated with
intravitreal and subretinal AAV vectors (Vandenberghe et al., 2011;
Boyd et al., 2016; Reichel et al., 2017; Timmers et al., 2020). Further-
more, the cell-mediated immune response in animal models runs a
prolonged subclinical course within the retina for longer than 6 weeks
(Tummala et al., 2021; Chandler et al., 2021), reflecting the above ob-
servations in clinical studies. This carries implications for the immu-
nosuppressive prophylaxis applied in practice, which has typically
ceased by one month after treatment (see below).
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Fig. 3. Model of the immune response in gene therapy-associated uveitis (GTAU). AAV-mediated transfection of target retinal cells, e.g. photoreceptors, and
transgene expression, including activation of the innate immune response (light green arrows), presentation of vector-derived antigens and activation of the adaptive
immune response (dark blue arrows). GTAU is believed to be a primarily cell-mediated immune response, leading to cytotoxic destruction of transduced cells and
diminishing treatment durability and long-term visual outcomes. Various anti-inflammatory, immunosuppressive and immunomodulatory agents can interfere with
these pathways and may have utility in preventing and managing GTAU (indicated in red). Recombinant AAV (rAAV); Heparan sulfate proteoglycan (HSPG); Toll-like
receptor 2/9 (TLR2/9); Poly (ADP-ribose) polymerase (PARP); Membrane attack complex (MAC); Major histocompatibility complex (MHC); Interleukin-1 receptor
(IL-1R); Tumour necrosis factor (TNF); Cyclic GMP-AMP synthase (cGAS); Stimulator of interferon genes (STING); 23’ cyclic GMP-AMP (cGAMP); Interferon
regulatory factor 3/7 (IRF3/7); Nuclear factor-kappa B (NF-kB); Retinoic acid-inducible gene I (RIG-I); Melanoma differentiation-associated protein 5 (MDAS5). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2.1. Cell-mediated response in intravitreal delivery

Tummala et al. (2021) assessed eyes treated with an intravitreal
injection of recombinant AAV. They monitored mice with OCT on Days
1, 7, and 29 after injection and compared findings to the untreated

fellow eyes. At sacrifice, the entire intraocular contents (including
aqueous humour, iris, vitreous, retina, and RPE) were dissociated and
analysed by flow cytometry. Vitritis developed in all AAV-injected eyes
regardless of vector preparation, peaking at Day 7 along with a
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prominent CD45" immune cell presence. Importantly, the cellular im-
mune infiltration was sustained to at least one month after treatment
and persisted after clinically apparent vitritis had settled. The immune
cell populations within AAV-treated eyes shifted over time, which likely
reflects the identities of vitreous cells seen clinically:

i. On Day 1, the cellular infiltrate was dominated by macrophages
and neutrophils;
ii. On Day 7, the majority were T cells, macrophages and natural
killer cells;
iii. By Day 29, mostly CD8" T cells and microglia remained.

Moreover, the nature of the immune cell infiltrate was not signifi-
cantly affected by prior AAV exposure, except that AAV-naive eyes
demonstrated a more delayed adaptive immune response.

3.2.2. Cell-mediated response in subretinal delivery

Chandler et al. (2021) also used OCT to assess the clinical response in
mice but delivered the AAV vector subretinally. Whole retinas were
dissociated for flow cytometric and immunohistochemical analysis on
Days 3, 7, 14, and 28 after injection. In contrast to the response seen
following intravitreal AAV delivery, CD45" immune cells in the retina
peaked later at 14-28 days after subretinal gene therapy. Mild vitritis
was only observed in three out of five eyes at Day 14 and correlated with
higher levels of AAV-mediated retinal cell transduction and immune cell
infiltration. Flow cytometric detection of transgene presence among
monocytic phagocyte populations implicate the role of microglia and
macrophages in the antigen presentation and immune activation pro-
cess. Similarly, CD45" immune cell infiltration in the retina did not
show signs of subsiding by one month after treatment, which indicates
significantly prolonged GTAU.

Our current understanding of the potential network of events un-
derlying the immune response to various viral vector components in the
retina is summarised by Fig. 3. We are beginning to elucidate the key
receptors and their downstream signalling pathways that detect intra-
ocular gene therapy-associated antigens. Further understanding of the
innate and adaptive immune pathways in GTAU, ideally in specific
retinal diseases, could inform the mitigation of key risk factors. These
likely include pre-treatment host and vector-related factors, adminis-
tration variables such as vector dose and route, and post-treatment
prophylaxis and pharmacological management. The work to date in
each of these areas is presented in the following sections.

4. The potential for patient risk stratification

Several host-related factors may impact the risk of GTAU in retinal
gene therapy. However, gaining greater understanding of the roles of
background retinal disease, age and sex in determining the immune
response should be prioritised as they are known to influence the in-
flammatory state of the retina and response to viruses in general (Klein,
2012; Klein and Flanagan, 2016; Chan et al., 2021a).

4.1. Background retinal disease

Retinal inflammation is a known component of several inherited and
non-inherited retinal diseases and likely influences the rate of disease
progression (Massengill et al., 2020; Okita et al., 2020; Adamus, 2021;
Olivares-Gonzalez et al., 2021; Pinilla et al., 2022; Sarici et al., 2023).
For instance, immune cell infiltration occurs in the retinas of RP animal
models (reviewed by Yang et al., 2024a) and pro-inflammatory cyto-
kines have been reliably detected in the ocular fluid of patients with RP,
including IL-2, IL-6, IL-8, MCP-1, MCP-2, and TARC (Yoshida et al.,
2013; ten Berge et al., 2019; Lu et al., 2020; Tao et al., 2024). The
pathways contributing to underlying disease progression and GTAU
appear to converge on innate immunity (Yang et al., 2024a). This altered
immunological state, compared with the relatively immunosuppressed
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state of the healthy retina, may contribute to heightened retinal
inflammation in patients undergoing gene therapy.

One exploratory study examined the circulating immunological
changes in 11 patients with X-linked retinoschisis as part of a retinal
gene therapy trial for an AAV8.RS1 vector (Mishra et al., 2021). Firstly,
patients exhibited elevated circulating levels of pro-inflammatory cy-
tokines (TNF-o and IFN-y) and a greater CD4/CD8 T cell ratio at baseline
compared to 12 healthy, age- and sex-matched controls. Moreover, the
severity of intraocular inflammation following intravitreal administra-
tion of viral vector modestly correlated with CD4/CD8 ratios at baseline.
An imbalanced CD4/CD8 ratio is a manifestation of disrupted immune
homeostasis (Carvajal Alegria et al., 2017) and an elevated ratio is
predictive of more severe inflammatory reactions and mortality in other
viral infections (Pascual-Dapena et al., 2022).

Examination of similar relationships between immunological bio-
markers, disease stage or other measures of retinal inflammation at
baseline and intraocular inflammation in retinal gene therapy is war-
ranted in larger samples and other retinal diseases. An ongoing example
is the ALTITUDE study (NCT04567550) of suprachoroidal ABBV-RGX-
314 in diabetic retinopathy, which is currently recruiting patients
across cohorts stratified by disease severity (proliferative versus non-
proliferative retinopathy) (Barakat, 2023).

This is important as the influence of background retinal inflamma-
tion on the risk of GTAU is likely to be disease specific. Thus, the same
gene therapy delivered to two different conditions may lead to very
different GTAU rates and safety outcomes. For instance, the INFINITY
(NCT04418427) and OPTIC (NCT03748784) trials involved intravitreal
administration of the same AAV2.7m8-aflibercept vector (ADVM-022)
at the same doses to participants with diabetic macular oedema (DMO)
and neovascular AMD, respectively. The gene therapy was well-
tolerated in neovascular AMD with only mild, anterior segment
inflammation reported that responded well to steroids (Busbee et al.,
2021). In contrast, the INFINITY trial was halted as several patients
developed panuveitis with hypotony and vision loss four to nine months
after treatment (Cheng and Punzo, 2022; Ghoraba et al., 2022). These
patients required vitrectomy, silicone oil, an intravitreal steroid implant
and in some cases immunomodulatory therapy to control the inflam-
mation. These were considered suspected unexpected serious adverse
reactions (SUSARs) and the programme in DMO was terminated.

4.2. Age

The full impact of age on the risk of GTAU remains unclear. Anec-
dotally, children undergoing retinal gene therapy appear to exhibit more
severe ocular responses compared to adults. Illustrating this point, AAV
vectors AGTC-401 or AGTC-402 were administered subretinally to 37
adults and 18 children with achromatopsia (mutations in CNGB3 or
CNGA3) across two clinical trials (Iannaccone et al., 2022; Vajzovic,
2022). Four out of the five children in the highest dose group (3.2 x 102
vg/mL/eye) developed clinically significant intraocular inflammation
one month after administration. Three of these events were classed as
SUSARs with some patients requiring intravitreal immunosuppression to
control inflammation. In contrast, no such dose-limiting toxicities
(DLTs) were observed in any adult at any vector dose.

Michaelides et al. (2023) reported a similar observation in the
dose-escalation study of AAV8.CARp.CNGB3 in achromatopsia. Twelve
adults were treated with up to 1 x 10'? vg/mL/eye, delivered by sub-
retinal injection (Michaelides et al., 2023). Treatments were well
tolerated, allowing recruitment of children aged 5-13 years to the study
in a safety confirmatory phase. The first child to be enrolled developed
intraocular inflammation that was considered to be a DLT.

Unfortunately, the small sample sizes of paediatric cohorts in these
studies and others (Le Meur et al., 2018; Yang et al., 2024b) preclude
robust statistical comparison across age groups. Nevertheless, several
hypotheses may explain these observations. Propagation of the sub-
retinal bleb with vector requires higher injection pressures in children
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(Scruggs et al., 2022). Consequently, there may be greater risk of retinal
damage and inadvertent vector reflux into the vitreous cavity. However,
Pennesi et al. also noted a greater incidence of vitritis and ocular hy-
pertension in the treated eyes of children compared to adults that
received the same vector and dose via the intravitreal route (Pennesi
et al., 2022). This is indicative of immunological aetiology beyond
surgical factors.

Younger patients may be more capable of mounting the interferon-
driven, anti-viral innate response critical to GTAU and developing
robust adaptive immunity compared to adults and the elderly (Kumar
et al., 2018; Yoshida et al., 2022). Expression of Toll-like receptors 2, 4
and 9, critical in the innate immune response to PAMPs and AAV in the
retina (Fig. 3), are downregulated in macrophages of aged mice (18-24
months old) compared to young mice (2-3 months old) (Renshaw et al.,
2002). These changes are known to have functional consequences,
including an aging-related decline in innate immune response to viral
infection or vaccination. For example, macrophages from aged mice
exhibit muted TNF-a release upon stimulation (Renshaw et al., 2002).
Similar results have been replicated in the response to influenza vacci-
nation across different age groups in humans (Panda et al., 2010;
Bahadoran et al., 2016).

Aging also leads to a reduction in T cell function, plasticity and
proliferation with subsequent impact on B cell populations, a phenom-
enon known as ‘immunosenescence’ (Makinodan and Kay, 1980; Lewis
et al., 2022). Older adults demonstrate higher concentrations of circu-
lating inflammatory mediators, constituting a low-level chronic in-
flammatory state coupled with diminished cell-mediated immunity,
termed ‘inflammaging’ (Franceschi et al., 2000; Costagliola et al., 2021;
Calabro et al., 2023).

Results from ongoing retinal gene therapy trials involving partici-
pants with AMD and DMO may provide us with novel insights into the
impact of immunosenescence and inflammaging on the risk of GTAU.

4.3. Sex

Differences in immune function and responses to both foreign and
self antigens between males and females have been reported (Klein and
Flanagan, 2016; Calabro et al., 2023). Inflammatory responses are ste-
reotypically greater in females, which may be dictated by greater
cytokine release due to the location of cytokine and TLR genes on the
X-chromosome (Oertelt-Prigione, 2012). Peripheral blood mononuclear
cells (PBMCs) from females produce higher levels of pro-inflammatory
cytokines and lower immunosuppressive IL-10 in the innate anti-viral
response to TLR ligands and viruses compared to PBMCs from males
(Torcia et al., 2012). This may lead to a stronger adaptive response in
AAV gene therapy in females with greater cell and antibody-mediated
immunity directed against the transgene product resulting in poorer
treatment durability (Piechnik et al., 2022).

Women may also undergo changes associated with immunose-
nescence and inflammaging more gradually than men (Calabro et al.,
2023), widening potential differences in older age brackets. In line with
this, (older) men appear more likely than women to exhibit chronically
raised levels of pro-inflammatory mediators but less adaptive immune
activity (Marquez et al., 2020; Huang et al., 2021).

In the retina, recent bulk RNA sequencing of human samples in-
dicates differences in transcriptome profiles between the sexes with a
distinct MC1 microglial population in the female retina that may in-
crease susceptibility to neuroinflammation (Tan et al., 2023). Microglia
in females generally demonstrate greater inflammatory phenotypes than
males with heightened expression of IRF3, involved in the innate im-
mune response to viral infection (Lynch, 2022).

Such proinflammatory priming in women may result in a greater risk
of GTAU and lower durability of transgene expression following retinal
gene therapy. Clare et al. explored this by administering an intravitreal
injection of AAV vector encoding IL-33 to mice, modelling a retinal gene
therapy approach to treat atrophic AMD (Clare et al., 2023). Female
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mice exhibited greater CD45" immune cell infiltration and poorer
transgene expression compared to males. In a different experiment
involving intravitreal administration of a null AAV2 vector, female mice
demonstrated a more proinflammatory microglial gene expression pro-
file at older ages compared to age-matched male mice, which was
associated with more significant retinal thinning at 1 month after gene
therapy (Clare et al., 2025).

On a practical level, understanding demographic differences in the
risk of developing GTAU could inform the clinical delivery of retinal
gene therapy, such as consenting for treatment, post-operative moni-
toring and prophylaxis strategies. For instance, a bias towards an initial
innate immune response in older males may prompt predominantly peri-
operative anti-inflammatory treatment focussed on limiting innate anti-
viral activity in the retina. In contrast, females may be at greater risk of a
robust adaptive immune response, cytotoxic clearance of transduced
retinal cells and chronic GTAU, particularly in the event of bilateral or
repeated retinal gene therapy. Therefore, greater emphasis could be
placed on immunomodulatory strategies explored later.

For this reason and with the expansion of gene therapy approaches
for more common retinal diseases, emphasis should be placed on un-
derstanding the impact of disease severity, age, and sex on the risk of
GTAU.

5. Refinements in vector design

The feasibility of therapeutic gene augmentation using AAV vectors
has encouraged much work over the past decade to optimise transgene
delivery and limit the adverse immune response via the pathways pre-
sented above. While recombinant AAV is generally well tolerated and
demonstrates best-in-class transduction rates of retinal cells, it is worth
remembering that the multiplicity of infection is about 10% - 10° vector
particles at the level of the RPE, depending on the disease state at the
time of treatment (Trapani et al., 2014; Ramachandran et al., 2017).
Targeting photoreceptors may require an even higher number of vectors
to achieve sufficient transgene expression. Refining vector design to
improve transduction efficiency remains a crucial effort.

Changes can be made to each of the vector’s constituent parts
through genetic or protein engineering of the viral capsid, therapeutic
transgene or transcription/translation regulatory elements. These
changes have one of two aims.

The first is to improve transduction of the target cells. This would
reduce the required dose of viral vector particles to achieve therapeutic
transgene expression, and thus the likelihood and severity of GTAU
(Petrs-Silva et al., 2011; Leray et al., 2024). However, transgene over-
expression may be toxic to target cells thus both considerations need to
be balanced to optimise treatment effect.

Secondly, engineered vector properties can ‘cloak’ the viral vector
from (or modulate) the innate and adaptive immune responses (Biining
and Srivastava, 2019; Prasad et al.,, 2022). Both arms of the
AAV-directed immune response must be targeted to achieve the goal of
mitigating GTAU.

5.1. Modification of AAV capsid

5.1.1. Modifications to maximise transduction efficiency

Modifying viral peptides displayed on the capsid surface may
improve vector binding and entry to target cells in the retina. This is
most relevant for viral vectors targeting the outer retina and intended
for intravitreal or suprachoroidal administration for which penetration
of the ILM or Bruch’s membrane respectively is a key obstacle.

Dalkara et al. described a peptide of 10 amino acids, referred to as
‘7m8’, which was identified through directed in vivo evolution for its
ability to improve transduction (Dalkara et al., 2013). When added to
the capsids of AAV2 and AAV9, but not other serotypes (AAV5 and
AAVS8), 7m8 led to greater expression of the reporter transgene in the
outer retina after intravitreal administration. When injected
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subretinally, a similar result was also seen for AAV8-7m8 compared to
its parental serotype (Khabou et al., 2016).

Another ‘evolved’ AAV capsid capable of improved ILM penetration
following intravitreal administration is the R100 capsid from 4D Mo-
lecular Therapeutics (Emeryville, CA, USA), discovered using directed
evolution in NHPs (Kotterman et al., 2021). The derivative AAV vector,
4D-150, encodes miRNA targeting VEGF-C and a codon-optimised
version of aflibercept (Khanani et al., 2023, 2024b), which is undergo-
ing clinical investigation as a treatment for exudative AMD (PRISM trial,
NCT05197270) and diabetic retinopathy = (SPECTRA trial,
NCT05930561).

For improved subretinal efficacy, the novel AAV.SPR capsid from
Atsena Therapeutics (Durham, NC, USA) demonstrates enhanced lateral
spread of transgene expression beyond the subretinal bleb (Couto et al.,
2022; Neuringer et al., 2023). This capsid variant is currently being
tested in the dose-escalation LIGHTHOUSE trial in X-linked retinoschisis
(NCT05878860).

AAVv128 is an additional capsid variant, discovered by rational
design (Luo et al., 2024). AAVv128 exhibits an enhanced rate and area
of transduction of the RPE and retina across several routes of vector
delivery (subretinal, intravitreal and suprachoroidal) and animal
models. However, it is yet to be translated clinically.

5.1.2. Modifications for immune evasion

Conjugation of polyethylene glycol (PEG) to the exposed viral capsid
surface, or PEGylation, is one example of ‘cloaking’ modification.
PEGylation may shield antigenic loci of AAV particles from immune
recognition without affecting transduction efficiency, although this ef-
fect may be limited for intensely immunogenic or large antigens (Lee
et al., 2005).

PEGylation may also facilitate ‘proactive’ modulation of the immune
response. For instance, rapamycin or sirolimus, an inhibitor of mTOR
(mammalian target of rapamycin) kinase, can be conjugated to PEGy-
lated AAV and is released upon phagocytosis of the vector by APCs
(Zhang et al., 2019). Combined systemic administration of rapamycin
with AAV induces targeted suppression of APC maturation and anti-AAV
cell-mediated and humoral immune responses (Meliani et al., 2018).

In a similar vein, Bentler et al. described an engineered AAV2 capsid
(AAV2.MB453) containing a peptide (RDVLPGT) thought to interfere
with innate TLR signalling via the MyD88 pathway (Bentler et al., 2023).
The addition of RDVLPGT not only improved the transduction efficiency
of the viral vector in human hepatocytes in vitro but also reduced the
adverse immune response following systemic administration in mice in
vivo.

Further pre-clinical studies are needed to elucidate how bio-
conjugation of AAV vectors affects the cell-mediated immune response
in GTAU and transduction efficiency in the eye.

5.2. Modification of AAV genetic material

5.2.1. Modifications to increase transgene expression

Codon optimisation of the transgene sequence per se can be per-
formed to increase transgene expression through improved translational
kinetics (Foster et al., 2008). Optimisation of the human ornithine
transcarbamylase codon sequence was shown to increase transgene
expression in the livers of injected mice compared to
self-complementary and unoptimised AAV vectors (Bell et al., 2016).
Similarly, Wu et al. demonstrated that a codon-optimised vector caused
5.5- to 21.2-fold greater transgene expression, although this increase
compared a  single-stranded unoptimised vector to a
self-complementary, optimised one (Wu et al., 2008).

In the context of retinal gene therapy, codon optimisation of the
highly repetitive human RPGR gene ORF15 sequence has enabled suc-
cessful cloning and packaging of the full-length coRPGR into AAV vec-
tors (Fischer et al., 2017). This vector has demonstrated successful
rescue of retinal sensitivity and structure in a Phase I/II clinical trial
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with a favourable immune response profile (Cehajic-Kapetanovic et al.,
2020).

5.2.2. Modifications for immune evasion

Codon optimisation may also be used to reduce the number of CpG
sequences in the AAV genome, particularly in the transgene region,
helping vectors to evade TLR9 detection in infected cells. This has shown
some promise in reducing the immunogenicity of viral vectors, reducing
proliferation of naive T cells in mice (Bertolini et al., 2021).

However, while CpG depletion of the AAV genome appears to reduce
the innate immune response against the viral vector, activation of
memory CD8" T cells in the presence of viral capsids, which may exist
following previous natural exposure to AAV, remains relatively unaf-
fected (Xiang et al., 2020). In addition, the extent to which the AAV
genome may be depleted of CpG motifs without affecting the function of
critical regulatory elements (such as promoters and ITRs) is limited.

An alternative strategy has been devised to cloak the AAV genome
from TLR9 recognition by inclusion of inhibitory oligonucleotide se-
quences into the untranslated region of the vector construct (Chan et al.,
2021b). This sequence comprises multiple copies of the ‘TTAGGG’ motif
found in human telomeric sequences, denoted as ‘TLR9i’ for ‘TLR9
inhibitory’. When incorporated in cis within an AAV2 vector construct
encoding green fluorescent protein (GFP), the TLR9i-containing vectors
led to improved transduction and reduced T cell infiltration in mouse
retinas following intravitreal delivery. Similarly, engineered AAV8.GFP
vectors also demonstrated evasion of innate and adaptive immune re-
sponses and photoreceptor pathologies compared to standard vectors in
healthy pigs when administered subretinally. When incorporated in cis
within an AAV2 vector encoding aflibercept, they delayed the onset of
GTAU responses but not severity when delivered intravitreally in NHPs.
This may be due to the higher vector dose tested, the nature of the
transgene product, and/or activation of alternative immune pathways.

Another potential avenue to reduce the likelihood of a transgene-
directed immune response following the intraocular administration of
a high dose of viral capsids is to use a transgene cassette containing an
inducible regulatory element (Willett and Bennett, 2013). Delayed
expression of the transgene could potentially avoid a ‘primed’” immune
response against the transgene product following vector delivery. This
approach may be particularly useful in suprachoroidal gene therapy in
which anti-transgene activity appears to be more common (Chung et al.,
2021). Several pharmacological induction systems, such as rapamycin,
steroid and tetracycline-responsive elements have been used in AAV
design. These can provide long-term transgene expression in the retina
following either subretinal or intravitreal injection, controlled by either
ubiquitous or tissue-specific promoters (Sanftner et al., 2001; Stieger
et al., 2006). Inducible systems are inherently limited by their require-
ment for co-administration of a positive regulator. However, Reid et al.
illustrated the functional viability of an inducible transgene system in a
murine model of wet AMD (Reid et al., 2018) while others have
demonstrated its capability in IRDs (Lhériteau et al., 2010). The po-
tential benefits of this approach for evading the immune response
against the transgene product or for improving treatment durability (e.g.
prevention of immune-mediated rejection of transduced cells by
temporarily ‘switching off” transgene expression in the weeks following
surgery) remain to be explored.

6. Understanding the impact of vector dose

Irrespective of vector design or underlying retinal pathology, the
likelihood and severity of GTAU appears to be dependent on vector dose.
In fact, this was clear in one of the earliest clinical trials of retinal gene
therapy for RPE65-associated IRDs, which illustrated the narrow ther-
apeutic margin of AAV vectors (Bainbridge et al., 2015). Three out of
eight participants who received the higher dose of vector (1 x 102
vg/eye) but none in the lower dose cohort (1 x 10! vg/eye) developed
intraocular inflammation despite prophylactic  peri-operative
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immunosuppression. Two participants developed optic disc swelling,
retinal vascular tortuosity/sheathing and mild vitritis. Notably, one
participant developed anterior uveitis at 2 weeks, followed by CRA and
reduced visual acuity by 6 months.

The doses of AAV vectors that have been used in retinal gene therapy
trials have ranged from ~1 x 108 (Heier et al., 2017) up to ~3 x 1012
vg/eye (Yang et al., 2022; Pierce et al., 2024). In general, the likelihood
of intraocular inflammation following vector injection significantly in-
creases when the dose exceeds around 5 x 10'° to 1 x 10! vg/eye.
However, given the variation in the manifestations of intraocular
inflammation following retinal gene therapy, the impact of vector dose
for each route of administration is explored in turn below.

6.1. Intravitreal route

Intraocular inflammation consisting of vitritis and anterior chamber
inflammation following intravitreal delivery is most often seen at viral
vector doses greater than around 1 to 5 x 10'° vg/eye (Lam et al., 2022;
Pennesi et al., 2022; Vignal-Clermont et al., 2018). Table 2 illustrates the
growing likelihood of intraocular inflammation with increasing vector
doses in intravitreal delivery across a range of vector designs and retinal
diseases. The results do not take into account the severity of intraocular
inflammation, patient age (both adult and paediatric populations are
included), and use of prophylactic immunosuppression.

Dose-escalation trials of intravitreal gene therapy often cross this
threshold to identify the maximum tolerated dose of a given viral vector
to use in subsequent pivotal trials. For example, the REVEAL study
(NCT02064569) explored the response to an AAV2.2-ND4 vector
(lenadogene nolparvovec) in 15 patients with LHON across four dose
cohorts: 9 x 10% 3 x 10'% 9 x 10!° and 1.8 x 10'! vg/eye
(Vignal-Clermont et al., 2018). Extended anterior chamber inflamma-
tion, vitritis or keratitis occurred in one patient in the lowest dose cohort
and in all patients at higher doses. Therefore, the subsequent studies of
intravitreal ledanogene nolparvovec in LHON selected a dose of 9 x 10°
vg/eye (Vignal-Clermont et al., 2023). Unfortunately, 75 % of 174 pa-
tients across the three trials that followed still developed intraocular
inflammation after administration (compared to 10 % of sham-injected

Table 2

Selected clinical trials of intravitreal gene therapy with vector dose and
the proportion of patients that developed intraocular inflammation within
6 months of treatment. Clinical trials applying AAV vector to the retina via
intravitreal injection are listed by clinical trial number. Only published trials
that stratify the report of intraocular inflammation by a known vector dose are
shown. The doses that were associated with intraocular inflammation in that
clinical trial are shown in bold. There is a greater proportion of dose cohorts with
patients that develop intraocular inflammation beyond a vector dose of 1 x 10°
vg/eye. *These trials are either ongoing (NCT05197270) or terminated
(NCT04418427) with data available in conference presentations or a press
release respectively.

Study Number [%] of participants with intraocular inflammation after
intravitreal gene therapy by AAV vector dose per eye
Below5 5 x 10° 1x10°  5x10% 1 x 10"
x 10° vg vg (inc.) vg (inc.) vg (inc.) to vg and
to1 x to 5 x 1 x 10 above
10'% vg 101 vg vg
NCT02161380 3 [14] 5 [71]
NCT01024998 0 [0] 0 [0] 1 [10]
NCT02317887 0 [0] 1 [33] 4 [80]
NCT01267422 0 [0] 0 [0]
NCT05197270* 0 [0] 3 [12] 3 [12]
NCT02064569 1 [33] 2 [67] 6 [100] 3 [100]
NCT02652780 34 [92]
NCT02652767 29 [74]
NCT03293524 69 [70]
NCT04418427* 5 [21]
NCT03748784 16 [53]
NCT02416622 25 [93]
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eyes). Despite this, these studies have suggested improved best corrected
visual acuity lasting to at least 3 years after treatment.

6.2. Subretinal route

Similarly, the results of clinical trials involving subretinal delivery of
AAV vectors are shown in Table 3.

Based on the results from small cohort studies, increasing the total
dose delivered to the eye but dividing AAV particles across more than
one subretinal bleb appears to have little impact on the intraocular and
systemic immune response compared to if the viral particles were
concentrated within a single bleb (Jacobson et al., 2012; Ghazi et al.,
2016; Weleber et al., 2016; Le Meur et al., 2018). This fits with the
model of localised immune activation, blood-retinal barrier perme-
ability and leukocyte infiltration underlying the retinal inflammation
following subretinal treatment (Fig. 3). Moreover, this approach has the
added benefit of treating a larger area of retina. It may be particularly
helpful when treating children with IRDs with non-secreted transgene
protein to prevent degeneration of the peripheral retina, as opposed to
treating the macula alone with a single bleb. Whether therapeutic gene
augmentation halts further retinal degeneration remains debated (Leroy
et al., 2022).

However, caution to avoid bleb fusion is required as this may lead to
retinal detachment and additional surgery (Jacobson et al., 2012). It
may also increase the risk of vitritis following reflux of viral vector from

Table 3

Selected clinical trials of subretinal gene therapy with vector dose and the
proportion of patients that developed intraocular inflammation within 6
months of treatment. Clinical trials applying AAV vector to the retina via a
single subretinal bleb are listed by clinical trial number. Only published trials
that stratify the report of intraocular inflammation by a known vector dose are
shown. The doses that were associated with intraocular inflammation in that
clinical trial are shown in bold. There is a greater proportion of dose cohorts with
patients that develop intraocular inflammation beyond a vector dose of 5 x 10°
vg/eye. The most common vector dose across clinical trials is 1 x 10! vg/eye.
*A minority of patients in these trials received more than one retinotomy (i.e.
several subretinal blebs).

Study Number [%] of participants with intraocular inflammation after
subretinal gene therapy by AAV vector dose per eye
Belowl 1x10° 5x10° 1x10" 5x 10"
x 101 vg (inc.) vg (inc.) vg (inc.) vg and
vg to 5 x to1l x to 5 x above
10'° vg 10! vg 10! vg
NCT03374657 0 [0] 4 [67]1 2 [67]
NCT03066258 4 [67] 3 [50] 3 [50] 5 [21]
NCT03116113 0 [0] 0 [0] 0 [0] 5 [83] 2 [67]
(Phase 1/1I)
NCT01461213 0 [0]
NCT00516477 0 [0] 0 [0]
NCT03920007 0 [0] 4 [44]
NCT01494805 0 [0] 3 [13]
NCT03496012 16 [47] 33 [48]
NCT02610582 0 [0] 2 [67] 0 [0]
NCT04722107 3 [25]
NCT02341807 0 [0] 0 [0]
NCT01482195* 0 [0] 1 [25]
NCT03116113 10 [91] 12 [100]
(Phase I1/1II)
NCT03001310* 2 [67] 4 [27] 3 [60]
NCT01208389 0 [0]
NCT00999609 2 [10]
NCT02407678 8 [27]
NCT02077361 2 [33]
NCT02671539 0 [0]
NCT03507686 30 [45]
NCT02553135 2 [33]
NCT03252847 11 [34]
NCT00749957* 0 [0] 3 [50]
NCT00643747 0 [0] 5 [63]
NCT03872479 2 [22] 2 [40]
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the first retinotomy as a result of the differential pressures of merged
blebs. The latter may explain findings from a trial involving the sub-
retinal injection of AAV2/4.RPE65p.RPE65 at two to five extra-foveal or
peripheral sites (with a constant vector titre of 6.0 x 10'° vg/mL) (Le
Meur et al., 2018). Investigators also administered topical and systemic
steroids for prophylaxis, which may have dampened the immune
response. In general, there was little intraocular inflammation and no
CRA aside from atrophy expected from surgical touch-down. Notably,
however, the blebs merged in three patients, one of whom exhibited
increased flare at Day 4 requiring an increase in the frequency of topical
steroid administration. In another, the merged blebs may have
contributed to foveal detachment and a reduced total retinal thickness
and visual field coverage in the treated eye at 1-year post-treatment.
Increasing the total AAV vector dose across multiple subretinal blebs
could also amplify the amount of secreted transgene product in the eye
in the so-called ‘biofactory’ approach to retinal gene therapy. The cre-
ation of biofactories in the eye is a strategy that has thus far relied on
either intravitreal (Heier et al., 2017) or single-site subretinal injection
(Rakoczy et al., 2015; Campochiaro et al., 2024). Two pivotal trials of
anti-VEGF biofactories in neovascular AMD are currently underway.
ATMOSPHERE (NCT04704921) and ASCENT (NCT05407636) compare
a single subretinal injection of ABBV-RGX-314 (REGENXBIO Inc. and
AbbVie, USA) to ranibizumab and aflibercept respectively. Interestingly,
neither study appears to employ peri- or post-operative prophylactic
immunosuppression (REGENXBIO, 2021, 2022). Safety outcomes are
therefore expected to be similar to the Phase II study in which ~30 % of
patients suffered intraocular inflammation within 30 days of subretinal
injection (Wykoff, 2023; Bhandari, 2024). There may be opportunity to
reduce this by splitting the vector dose across several blebs, or indeed
with immunosuppression or another method of vector administration.

6.3. Suprachoroidal route

Suprachoroidal administration of AAV vectors has been used in few
dose-escalation clinical trials to date so it is difficult to identify a dose
threshold in a similar way.

The unpublished results of studies by REGENXBIO (Rockville, MD,
USA) in neovascular AMD and diabetic retinopathy suggest a rate of
episcleritis in ~14 % of patients receiving a dose of 5.0 x 10'! vg/eye
(Dhoot, 2022; REGENXBIO, 2023; Barakat, 2023) and ~37 % at 1.0 x
10'2 vg/eye (REGENXBIO, 2024). Post-operative ocular hypertension
also appeared to exhibit dose dependency and was twice as prevalent at
the highest versus lowest dose in the AAVIATE study without prophy-
lactic steroids (REGENXBIO, 2024). Full results are awaited and will
inform future studies and implementation of suprachoroidal AAV
delivery.

6.4. Limits to understanding the impact of vector dose

The trends described above provide some insight into the relation-
ship between vector dose and the likelihood and severity of intraocular
inflammation in retinal gene therapy. However, formal meta-analysis
and multivariate linear regression across clinical studies to understand
the true impact of dose is difficult for several reasons.

Firstly, one of the most commonly used methods for quantifying viral
genome titres in final GMP-grade AAV vector batches — quantitative
polymerase chain reaction (qQPCR) - produces variable estimates
depending on the exact process employed, e.g. using primers targeting
the transgene versus ITRs (Werling et al., 2015; D’Costa et al., 2016;
Wang et al., 2020; Martinez-Fernandez de la Camara et al., 2021). More
precise methods of vector genome titre analysis, such as droplet digital
PCR (ddPCR), are difficult to scale but are gaining adoption (Gimpel
et al., 2021). Overall, vector titering may vary between and within
manufacturing sites (Lock et al., 2014; Ayuso et al., 2014). This com-
plicates comparison between vector lots across clinical studies without a
reference standard (Kontogiannis et al., 2024), which should ideally be
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reported with clinical trial results if possible.

Secondly, subretinal injections may be associated with varying
amounts of reflux of AAV vector into the vitreous cavity. Vector doses
are often reported by the volume of vector product injected and viral
genome titre, allowing estimation of the number of viral particles
delivered. For instance, Michaelides et al. reported that study partici-
pants received vector doses ranging from 0.3 to 4.5 x 10'! vg/eye, based
on viral vector titres ranging from 0.1 to 1.0 x 10'2 vg/mL and sub-
retinal injection volumes of up to 0.5 mL (Michaelides et al., 2023).
However, it is not possible to know how many particles were contained
within the subretinal bleb versus those that were lost to reflux in each
case. Similarly, while information about the exact nature of intraocular
inflammation in patients undergoing retinal gene therapy is sometimes
available (i.e. inflammation in anterior vs. intermediate vs. posterior
compartments), this is not always the case. As discussed, subretinal and
intravitreal viral particles confer different risks in the diverse manifes-
tations of GTAU, which are also associated with different consequences
for vision. Detailed reporting of administration variables, which could
be helped by surgical adjuncts such as intra-operative OCT for example,
and the clinical manifestations of GTAU may help to elucidate the true
impact of vector dose.

7. Optimising subretinal administration of AAV vector

The surgical technique for subretinal injection has reached a high
level of safety with iterative refinement through numerous clinical trials
and real-world delivery of voretigene neparvovec. In particular, the
adoption of foot pedal-controlled viscous fluid injection systems has
greatly improved injection pressure control during subretinal injection
(Fischer et al., 2016; Xue et al., 2018). In contrast, intravitreal injection
is straightforward and standardised, while suprachoroidal delivery is
still relatively novel. A ‘peel-and-puddle’ surgical technique for depos-
iting the vector solution directly over the bare inner retinal surface after
ILM peeling has been shown to improve transduction, but still requires a
complex surgical approach (Comander et al., 2016; Teo et al., 2018).
Strategies to optimise or simplify subretinal administration of AAV
vector may facilitate lower rates of vitritis and anterior uveitis in retinal
gene therapy, principally by reducing the probability and amount of
vector reflux (Fig. 4).

7.1. Surgical adjuncts and robotics

The recommended surgical protocol for the delivery of voretigene
neparvovec is a ‘one-step’ (direct) subretinal injection. However, direct
subretinal injection carries a significant learning curve and initial suc-
cess rates can be suboptimal even among experienced surgeons (Huang
et al., 2022). If the cannula is too far advanced, it may puncture the
Bruch’s membrane, which could result in a localised subretinal hae-
morrhage or lead to injection of vector into the sub-RPE space. Alter-
natively, if the cannula has not been advanced deep enough to penetrate
the neurosensory retina before injection is initiated — an easy error to
make given the lack of haptic feedback — a significant amount of viral
vector may be injected into the vitreous cavity or may cause iatrogenic
retinoschisis.

Intra-operative OCT (iOCT) guidance provides the surgeon with live
feedback on the plane of injection and rate of bleb propagation (Xue
etal., 2017; Lam et al., 2019). This is especially useful when attempting
to gently detach the fovea with as small a volume as possible, for
example treating photoreceptors in the central macula in X-linked RP
(Lam et al., 2024). iOCT could also be used to capture cross-sectional
images of the subretinal bleb immediately after vector injection and
needle withdrawal. By applying the spherical cap formula (Xue et al.,
2017) to iOCT images, one could estimate the volume of the subretinal
bleb and therefore the doses of subretinal and refluxed vector particles
to greater precision. This is not only helpful for understanding an in-
dividual’s risk of different features of GTAU but also to facilitate detailed
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Fig. 4. Optimising subretinal administration of AAV vector to limit GTAU. Vitreous washout with infusion fluid is often performed for 3 min; extended washout
may further reduce the impact of any reflux of the viral vector upon removal of the needle from the retinotomy. Surgical robotic assistance may facilitate greater
precision in the creation of a retinotomy and one-step injection while limiting lateral movement of the needle and therefore the size of the retinotomy. Subretinal
injection without vitrectomy or with a minimal vitrectomy may be viable especially in young patients in whom induction of posterior vitreous detachment (PVD)
poses increased risk of surgical complications. The internal limiting membrane (ILM) could be removed over the intended injection site to reduce the required
injection pressure and limit the risk of inadvertent injection into the vitreous, intraretinal or sub-RPE space.

reporting in clinical trials and meta-analysis as explored above.

One avenue to further improve surgical precision and to reduce
reflux during direct subretinal injection is to use robotic assistance
(Edwards et al., 2018; Cehajic-Kapetanovic et al., 2022). A tele-
manipulation system (such as the Preceyes Surgical System, Preceyes
BV, now part of Zeiss Meditec AG) can provide tremor filtering, posi-
tional ‘freeze’, and micro-incremental advancement of the cannula tip.
This enables reliable bleb induction at the precise retinal depth and slow
bleb propagation with minimal vector reflux (Ladha et al., 2020). In
addition, telemanipulation systems are typically compatible with
intraoperative OCT, providing the surgeon with real-time feedback
during injection.

7.2. Surgical technique

A different approach to subretinal injection is a ‘two-step’ injection
with initiation of a small ‘pre-bleb’ using balanced saline solution (BSS)
followed by slow propagation of the bleb using the viral vector
(MacLaren et al., 2014). A considerable advantage of two-step injection
is that it allows bleb propagation at a lower injection pressure (Scruggs
et al., 2022). Alternatively, Okanouchi et al. found that removing the
ILM over the site of the planned injection could reduce the injection
pressure required to induce a subretinal bleb by 6 PSI (Okanouchi et al.,
2016). However, the effect of this on the eventual size of the retinotomy
and degree of vector reflux is unclear.
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Avoiding vector reflux in a two-step approach requires the surgeon to
insert the cannula through the 41G retinotomy a second time with
minimal lateral movement during injection. This is technically
demanding with potentially unavoidable enlargement of the retinotomy
due to physiological tremor. As a result, reflux of vector could still
happen during the injection and in the period after administration
(Reichel et al., 2021).

It has been suggested that prolonged cannula retention in the sub-
retinal space at the end of the injection may partially reduce reflux by
plugging the retinotomy (Ladha et al., 2022). To minimise the risk of
vector-induced vitritis, a thorough vitreous washout and/or additional
‘shaving’ of cortical vitreous can be effective (Reichel et al., 2021). In
addition, supine posturing of the patient may be helpful to prevent
reflux through the retinotomy in the immediate post-operative period.

The approach to subretinal injection should also take into account
the specific retinal characteristics associated with the disease. For
instance, various forms of RP exhibit relatively normal adhesion be-
tween the degenerate retina and the RPE (Davis et al., 2019; Chan et al.,
2020); therefore, one-step injection at low pressures may be sufficient
for bleb induction. Meanwhile, two-step injection is necessary in IRDs
with strong adhesion between the surviving inner retina and Bruch’s
membrane as seen in choroideremia, which requires high injection
pressures to detach a small central functional island (Xue et al., 2017,
2018).

Induction of posterior vitreous detachment (PVD) is routinely
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performed as part of vitrectomy prior to subretinal vector administra-
tion but may be difficult in cases of strong adhesion. This may be
important for the paediatric population, particularly as these patients
stand to benefit most from retinal gene therapy (Maguire et al., 2009).
Although the vitreoretinal interface may be less densely adherent in
dystrophic eyes compared to the general paediatric population, PVD
induction remains technically challenging and visualisation of the pos-
terior hyaloid with intravitreal triamcinolone acetonide is almost always
necessary.

Even with technical refinements, subretinal administration of gene
therapy vector may be very difficult in certain IRDs. For example, X-
linked retinoschisis demonstrates increased retinal fragility, making the
detachment of posterior hyaloid and subretinal injection highly chal-
lenging (van der Veen et al., 2024). In this case, intravitreal gene ther-
apy may be preferable, while accepting the higher probability of vitritis
(Cukras et al., 2018; Pennesi et al., 2022). Cukras et al. observed 4 out of
9 cases of intraocular inflammation at 2-4 weeks following intravitreal
injection of an AAV8.RSI vector to treat X-linked retinoschisis,
including every patient treated with the higher dose (1 x 10! vg/eye).

7.3. Emerging devices allowing less invasive subretinal injection

An approach that may not require PVD induction and vitrectomy
involves a specially designed injection needle called the NANO SubRet
Gateway Device (Vortex Surgical, MO, USA) (Wood et al., 2022).
Proof-of-concept studies have been conducted in pig models with no
observed post-operative intraocular inflammation, pressure changes or
structural retinal damage following subretinal injection of a plasmid
DNA vector. Notably, the technique also reduced operating time and
vector reflux from the retinotomy compared with vitrectomized eyes
(Stranak et al., 2024). Further innovation in this space may lead to
simplification and improved safety of subretinal gene therapy in the
future.

A second device is Orbit SDS (Gyroscope Therapeutics, acquired by
Novartis in 2021), which allows subretinal injection via suprachoroidal
cannulation. Orbit SDS received FDA 510(k) clearance in 2020 and has
since been used in retinal gene therapy for atrophic AMD (Syncona,
2020; Gray et al., 2022; Nielsen et al., 2022; Hallam et al., 2024). Un-
fortunately, the programme to deliver AAV-mediated gene supplemen-
tation of complement factor I for atrophic AMD (see HORIZON
NCT04566445 and EXPLORE NCT04437368, both Phase II studies),
including using Orbit SDS, has since been terminated due to lack of
efficacy.

8. Strategies for second eye treatment
8.1. Timing between eyes in bilateral treatment

The current protocol for voretigene neparvovec is to treat the second
eye at least 6 days after the first (European Medicines Agency, 2019).
Most patients have undergone second eye treatment 7 days after the first
eye in real-world use (Fischer et al., 2024). This protocol was initially
suggested to cover both treatments with a single course of systemic
immunosuppression. However, some patients and clinicians may wish to
monitor the therapeutic response in the first eye for a longer period of
time before planning second eye treatment. In younger patients, this
must also be balanced with the risk of amblyopia in the event of sig-
nificant functional gain in the treated eye. Furthermore, there have been
several cases of severe intraocular inflammation in the second eye
following voretigene neparvovec administration in the first eye several
weeks before, sometimes with detrimental consequences for vision (Jalil
et al., 2023) (Fig. 2G, B. Leroy & F. Nerinckx, personal communication,
Nov. 2024). This is potentially due to immunological memory of the
adaptive arm exacerbating the response in the second eye. Controversy
surrounds the optimal time interval with few comparative studies to
date, which have mostly explored intervals of several years between
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treatments.

Bennett et al. conducted a clinical trial involving second eye sub-
retinal gene therapy with an AAV2.CAG.hRPE65 vector administered at
an identical dose to the first eye (1.5 x 10! vg) (Bennett et al., 2016).
The trial involved 11 children and adults who had been treated 1.7-4.6
years previously. Apart from one participant who unfortunately devel-
oped culture-positive bacterial endophthalmitis after surgery, no par-
ticipants demonstrated intraocular inflammation or CRA within three
years of second eye treatment.

In contrast, Ku et al. reported CRA in the second treated eyes in three
(out of four) patients who underwent bilateral subretinal gene therapy
for RPE65-associated IRD (Ku et al., 2024). The first eyes of these pa-
tients were treated when they were aged 6-11 years, using a vector
produced by AGTC (Applied Genetic Technologies Corporation) in a
Phase I clinical trial (NCT00749957). The second eye was treated 6-10
years later with voretigene neparvovec. In this small cohort, it is difficult
to assign the cause of atrophic changes to differences in vector dose or
potency, as represented by the magnitude of functional improvement in
these patients. Other possibilities include a sensitised cell-mediated
adaptive response in the second eye or variables such as age and dis-
ease stage.

The GEMINI study also explored second eye subretinal gene therapy
but used an AAV2.CAG.REP] vector (timrepigene emparvovec) to treat
choroideremia (MacLaren et al., 2024). Three different inter-surgery
intervals were explored: less than 6 months, 6-12 months, and greater
than 12 months between treatments. Among 66 participants (with 53
completing the study), the rate of intraocular inflammation (45.5 %)
was similar in both eyes and there was no significant correlation be-
tween the inter-surgery interval and rate of inflammation.

8.2. Implications of the humoral response for bilateral treatment

Intravitreal AAV administration is known to induce the formation of
neutralising antibodies (NAb) in a dose-dependent manner (including
antibodies that cross-react with several vector serotypes) (Heier et al.,
2017; Ail et al., 2022; Lam et al., 2022; Pennesi et al., 2022). This is
potentially problematic for retreatment for two reasons.

Firstly, NAD present in ocular fluid could block viral transduction of
target cells following intravitreal vector administration, leading to
reduced therapeutic effect in the second eye treated with the same dose
and route (Bucher et al., 2021). In line with this, the presence of
pre-existing NAb to AAV is strongly correlated with poorly sustained
transgene expression following intravitreal gene therapy (Kotterman
et al., 2015).

Secondly, adaptive immunological memory from intravitreal vector
injection in the first eye could lead to a heightened and sustained hu-
moral response following intravitreal treatment of the second eye with
extended time between eyes (e.g. 3 months), as shown in wild-type
NHPs (Bouquet et al., 2018). Antibodies could contribute to the innate
immune response through antibody-opsonisation and complement
activation (Fig. 3) and therefore intraocular inflammation (Ross et al.,
2024). Indeed, Lam et al. demonstrated that the greatest increase of NAb
titres occurred in patients with LHON that presented with GTAU after
intravitreal injection of AAV vector (Lam et al., 2022). However, it must
be noted that the association between the post-treatment serum anti-
body response and the severity of intraocular inflammation observed in
patients is variable (Bouquet et al., 2019; Pennesi et al., 2022).

While simultaneous bilateral intravitreal gene therapy may be
theoretically attractive, it is generally not a palatable clinical option due
to concerns about the risk of detrimental bilateral vision loss in the event
of complications (Willett and Bennett, 2013).

In contrast, subretinal gene therapy appears to induce NAb formation
only infrequently in clinical trials and pre-clinical studies (Rakoczy
et al., 2015; Reichel et al., 2018; Xue et al., 2018; Fischer et al., 2020).
AAV vectors are also less susceptible to antibody neutralisation within a
more immune privileged space (Li et al., 2008; Amado et al., 2010).
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Repeated ipsilateral subretinal administration of AAV vector is also well
tolerated in wild-type NHPs (Weed et al., 2019).

One option for second eye gene therapy regardless of the route used
for the first eye is to administer vector to the second eye via the sub-
retinal route (Bucher et al., 2021). Encouraging data for sequential
bilateral subretinal administration of ABBV-RGX-314 in nAMD has
recently been presented (Khanani, 2024). Second eye treatment more
than one year after the first eye resulted in no intraocular inflammation
and durable therapeutic effect; subretinal ABBV-RGX-314 effectively
reduced the annualised anti-VEGF injection burden in second eyes by 97
%.

One potential option that could facilitate intravitreal injection in the
second eye is to blunt the humoral immune response to AAV vector at
the time of intravitreal injection in the first eye using targeted immu-
nomodulation. For example, rituximab, an anti-CD20 monoclonal anti-
body, could be administered around the time of first eye treatment to
prevent the resulting increase in NAD titres by temporarily depleting B
cell populations (Mehta et al., 2021). B cell depletion has also been
suggested as a strategy to limit the humoral response to vector admin-
istration elsewhere in gene therapy, although experimental models
eventually developed anti-drug antibodies (ADAs) that constrained
therapeutic transgene expression (Miao, 2011). Corticosteroids or other
immunomodulatory drugs may be co-administered with rituximab to
mitigate ADAs and improve its effect on antibody titres, a common
strategy with biologics (Bitoun et al., 2023) and one that has also been
effective in reducing anti-TRPM1 antibodies in cancer-associated reti-
nopathy (Roels et al., 2017). Investigation of other immunomodulatory
agents to mitigate the cell-mediated immune response in GTAU and/or
the development of ADAs is of critical importance.

9. Strategies for prophylaxis and treatment of gene therapy-
associated uveitis

Observations in pre-clinical studies and clinical use of AAV vectors in
retinal gene therapy around the risk and natural history of GTAU
highlight the need to control the immune response by adequate dosing
and duration of immunosuppression.

Currently, corticosteroids are the main agent used for the prophy-
laxis and treatment of GTAU. Typical regimes comprise any combination
of systemic corticosteroids, topical drops and/or periocular injection (e.
g. conjunctival or sub-tenon) or slow-release intravitreal steroid implant
(Ozurdex, AbbVie Inc., IL, USA). In some trials involving groups at
potentially greater risk of GTAU, such as children, the protocol includes
the option to administer several doses of intravenous methylpredniso-
lone (Michaelides et al., 2024). As mentioned above, triamcinolone
acetonide may also be used to visualise the posterior hyaloid for PVD
induction prior to subretinal injection (Dimopoulos et al., 2018; Scruggs
et al., 2022; Michaelides et al., 2024). Residual amounts left in the eye,
albeit in small doses, may provide short-term local immunosuppression.

However, there are significant shortcomings of the corticosteroid-
based approach in practice, explored in greater detail below.

9.1. Prophylaxis formulation

Firstly, the exact prophylaxis regimen used across clinical studies
varies hugely or may be omitted altogether or is unreported. We ana-
lysed over 100 active or completed, unique clinical studies of AAV-
mediated retinal gene therapy that were registered on clinicaltrials.gov
and conducted worldwide. 39.4 % of studies (n = 43) documented a
prophylaxis regimen in the clinical trial registration page, protocol or
results published in peer-reviewed literature or available online. 79.1 %
(n = 34) of these regimens included systemic corticosteroids. No steroid
prophylaxis was confirmed in 8.3 % (n = 9) of studies, and the majority
or 52.2 % (n = 57) had no identifiable details. Given the current vari-
ability in prophylaxis strategy, detailed reporting of regimens in clinical
trials is pivotal for calculating the true prevalence of GTAU, identifying
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an optimal immunosuppression strategy, and elucidating relationships
between host, vector and administration-related risk factors for GTAU.
Few clinical trials have assessed different prophylaxis regimes as a built-
in component of the study.

One example is the LUNA Phase II trial (NCT05536973), which fol-
lows the success of the Phase I OPTIC trial (Khanani et al., 2024a). The
LUNA trial will assess various combinations of topical difluprednate,
oral prednisolone, and the Ozurdex implant for the intravitreal admin-
istration of an AAV2-7m8.aflibercept vector at two doses to treat neo-
vascular AMD. The unpublished results of LUNA, presented in early
2024, suggest that local immunosuppression through combined topical
difluprednate and Ozurdex may be the best regimen in this patient
population with no added benefit of systemic prednisolone (Kiss, 202.3;
Adverum, 2024).

Meanwhile, the AAVIATE trial included one cohort of 21 patients (20
%) that received either a single sub-tenon steroid injection at the time of
suprachoroidal gene therapy or 6 weeks of post-operative steroid drops.
No cases of intraocular inflammation were reported in the patients
receiving steroid drops while sub-tenon steroid alone seemed to have
little impact on the rate of inflammation (~15-25 %) (REGENXBIO,
2024).

9.2. Prophylaxis duration

The timing of immunosuppression prophylaxis is also of particular
importance. Corticosteroids are currently recommended to start from 3
days prior to gene therapy with voretigene neparvovec and continued
for 14 days afterwards (European Medicines Agency, 2019). This rela-
tively modest duration of immunosuppression was intended to minimise
steroid-related side effects but also to allow the sequential treatment of
both eyes covered by a single course of immunosuppression (Russell
et al., 2017).

However, 14-21 days of prophylactic immunosuppression does not
encompass the duration of the cell-mediated immune response as seen in
animal models and patients, which lasts for at least one month irre-
spective of administration route (Fischer et al., 2020; Tummala et al.,
2021; Chandler et al., 2021). Consequently, GTAU is often diagnosed
shortly after the withdrawal of systemic immunosuppression prophy-
laxis (Dimopoulos et al., 2018) or when the dose reaches around 15-20
mg for slower tapers, and sometimes several weeks to months after
vector administration (Bainbridge et al., 2015). A longer period of
effective immunosuppression or slow taper may be required to reduce
the incidence of GTAU and improve treatment durability (Chan and
Pepple, 2021).

9.3. Prophylaxis dose

The recommended strength of post-operative immunosuppression
begins at 1 mg/kg/day of oral prednisolone up to a maximum of 40 mg/
day (European Medicines Agency, 2019). This is tapered down over the
subsequent two weeks. Some have implemented this dosing while others
have increased it to a maximum of 80 mg/day given the potential for
weight-adjusted underdosing, and slowed the taper over 6-8 weeks
(Russell et al., 2017; Lam et al., 2019; Kessel et al., 2022; Pennesi et al.,
2022).

In theory, one would expect a lower incidence of GTAU with a higher
dose and longer duration of corticosteroid prophylaxis. Interestingly,
however, this may not be the case. For example, the Phase I/II trial of
cotoretigene toliparvovec (Nightstar Therapeutics, acquired by Biogen,
MA, USA) in RP employed a 3-week tapering course of systemic
immunosuppression (Cehajic-Kapetanovic et al., 2020). Unfortunately,
7 of 18 participants still developed intraocular inflammation following
subretinal vector administration. The regime was extended to 3 months
for the subsequent Phase II/1III trial, yet inflammation was still reported
in almost all participants at similar vector doses (Lam et al., 2024).

The evidence is similar with intravitreal delivery. The REVERSE
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(NCT02652780), RESCUE (NCT02652767), and REFLECT
(NCT03293524) Phase III studies in LHON all reported a similar inci-
dence of intraocular inflammation with the same construct and dose of
AAV vector despite different prophylaxis regimes. Patients in REFLECT
received 4 weeks of peri-operative oral prednisolone, unlike in either
REVERSE or RESCUE (Yu-Wai-Man et al., 2020; Newman et al., 2023;
Vignal-Clermont et al., 2023).

The emergence of GTAU despite high-intensity corticosteroid-based
immunosuppression is also not unique to AAV vectors in retinal gene
therapy. Local steroids, IV methylprednisolone, and oral prednisolone
unfortunately did not prevent one adult with RP associated with Usher
syndrome from developing severe panuveitis following subretinal
administration of a lentivirus vector (Parker et al., 2024).

9.4. Side effects of corticosteroids

In addition, the profound adverse effects of high-dose and long-term
corticosteroids are well known (Gaballa et al., 2021). Briefly, gastroin-
testinal disturbance, osteoporosis, metabolic syndrome, cardiovascular
disease, acne, sleep changes, cataracts, glaucoma, and the resulting
polypharmacy (proton pump inhibitors, vitamin D, statins, antihyper-
tensives, etc.) can severely disrupt patient quality of life. Young patients
are more likely to suffer given the higher cumulative doses of cortico-
steroids that will be required over a lifetime, yet are also the most likely
to benefit from retinal gene therapy (Maguire et al., 2009).

Compounded by the potential for GTAU that is refractory to corti-
costeroid immunosuppression as discussed above, it is understandable
that many are now looking to steroid-sparing immunomodulation and
emerging therapies to restore immune homeostasis in the eye following

Table 4
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AAV-mediated retinal gene therapy (Chan and Pepple, 2021).

9.5. Opportunities for steroid-sparing strategies in gene therapy-associated
uveitis

Fig. 3 illustrates some of the pathways through which the immune
environment is disrupted in the eye following AAV delivery. Inmuno-
modulation holds potential to restore immune homeostasis by inter-
rupting the adverse immune response at cellular, cytokine, and blood-
retinal barrier levels although it has been used in few retinal gene
therapy trials to date.

In particular, immunomodulation may benefit patients with cross-
reactive immunological material (CRIM)-negative status undergoing gene
augmentation therapy (Prasad et al., 2022). The adaptive immune
response may be heightened in these patients, who lack the immune
tolerance of the therapeutic transgene product normally gained early in
life from thymic selection. Similarly, entirely foreign cargo packaged
into AAV to treat IRDs, such as the bacterial CRISPR/Cas9 gene editing
system (Pierce et al., 2024) or optogenetic actuators derived from mi-
crobes (Gaub et al., 2018), may be more likely to activate innate and/or
adaptive arms of the immune system and lead to severe responses that
may require more aggressive immunosuppression (Mehta and Merkel,
2020; Ren et al., 2022).

Selected immunomodulatory agents are given in Table 4 along with
their more commonly reported adverse effects. An important consider-
ation is the route of administration. Ocular administration might control
inflammation while lowering the risk of systemic adverse effects.
However, this is currently possible only for a very limited number of
agents. Future developments might include intra- or periocular, drug-

Selected immunomodulatory agents with the potential to ameliorate the disruption to immune homeostasis in the eye following AAV-mediated retinal gene therapy.

Agent Target (mechanism of action) ~ Potential use in retinal gene Currently available routes of Potential adverse effects (dependent on dose and
therapy to prevent and treat administration route of administration)
GTAU
Mycophenolate Type II inosine Reduce effector T and B cell e Oral Alopecia, cytopaenias, hyperglycaemia (diabetes
mofetil monophosphate proliferation e Intravenous mellitus), abdominal pain, nausea and vomiting,
dehydrogenase (IMPDH) diarrhoea
(inhibition)
Tacrolimus Calcineurin (inhibition) Suppress IL-2 production and e Oral Headache, alopecia, cytopaenias, hyperglycaemia
effector T cell differentiation e Intravenous (diabetes mellitus), tremor, pruritis, nausea and
o Topical cutaneous ointment ~ vomiting, diarrhoea, muscle cramps,
nephrotoxicity, neurotoxicity
Ciclosporin Calcineurin (inhibition) Suppress IL-2 production and e Oral Seizures, tremor, hirsutism, gingival hyperplasia,
effector T cell differentiation e Intravenous nausea and vomiting, diarrhoea, constipation,
e Topical eye drops hepatotoxicity, nephrotoxicity, neurotoxicity
Hydroxychloroquine Lysosomes in antigen- Interfere with viral antigen e Oral Headache, rash and hyperpigmentation, pruritis
presenting cells (increases presentation and the intracellular nausea and vomiting, diarrhoea, myositis,
pH), cGAS and TLR9 innate immune response to the cardiotoxicity, retinopathy
(inhibition) AAV genome
Methotrexate Dihydrofolate reductase Reduce immune cell proliferation e Oral Flu-like symptoms, cytopaenias, mucositis, nausea
(DHFR) (inhibition) and IL-1p  and pro-inflammatory cytokine o Intravenous and vomiting, diarrhoea, hepatotoxicity,
(inhibition) function e Subcutaneous pneumonitis, nephrotoxicity
e Intramuscular
e Intrathecal
o Intravitreal
Sirolimus Mammalian target of Reduce T cell sensitivity to IL-2 e Oral Cytopaenias, rash, mucositis, dyslipidaemia,
(rapamycin) rapamycin (mTOR) and therefore effector function o Investigation of intravitreal hyperglycaemia (diabetes mellitus), oedema,
(inhibition) administration (Blair et al., pneumonitis, nephrotoxicity
2017; Nguyen et al., 2018)
Adalimumab Tumour necrosis factor alpha Reduce pro-inflammatory e Subcutaneous Headache, hyperglycaemia, nausea, dizziness,
(TNFa) (inhibition) cytokine function o Investigation of intravitreal psoriasis, tuberculosis (reactivation),
administration (Leal et al., cardiotoxicity, hepatotoxicity
2018)
Fingolimod Sphingosine-1-phosphate Sequester lymphocytes in lymph e Oral Headache, cytopaenias, nausea and vomiting,
receptor 1 (SP1R1) nodes and reduce migration into diarrhoea, cough and dyspnoea, hepatotoxicity,
(inhibition) the retina cardiotoxicity, macular oedema
Rituximab CD20 (inhibition) Selectively reduce B cell function e Intravenous Headache, flu-like symptoms, cytopaenias, rash,
and the humoral response to e Subcutaneous pruritis, cough and dyspnoea, nausea and

(intravitreal) AAV administration

vomiting, diarrhoea, nephrotoxicity,
cardiotoxicity
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eluting implants, hydrogels, and micro- or nanoparticle delivery systems
that can achieve therapeutic concentrations in the posterior segment for
several months (Lance et al., 2015; Kim and Woo, 2021) following AAV
gene therapy.

Many immunomodulatory agents are currently used to treat non-
infectious uveitis, providing evidence of long-term safety data to lower
the translational barrier for use in GTAU (Dick et al., 2018). Early
clinical evidence further supports the use of immunomodulation to
prevent and treat GTAU in the context of IRDs, discussed below.

9.5.1. Cellular immunomodulation

The antimetabolites, mycophenolate mofetil and methotrexate, are
equally effective for controlling inflammation in non-infectious uveitis
(Rathinam et al., 2014, 2019; Bui et al., 2022). Mycophenolate is rela-
tively well tolerated, including in young children in whom almost 90 %
are able to significantly reduce or cease systemic prednisolone use
(Doycheva et al., 2007). Methotrexate has also long been used to treat
paediatric uveitis and rheumatoid disease (Wieringa et al., 2019).

The successful implementation of steroid-sparing immunomodula-
tion elsewhere in AAV gene therapy has facilitated its effective trans-
lation to treat GTAU. For example, dose-dependent, AAV-specific T cell
activation was seen in patients who received intramuscular gene therapy
with an AAV1 vector (alipogene tiparvovec, Glybera) for lipoprotein
lipase deficiency (Mingozzi et al., 2009; Ferreira et al., 2014). A triple
regimen of ciclosporin, mycophenolate and corticosteroids was used in
patients receiving high vector doses (Gaudet et al., 2012), an established
immunosuppression regimen used to prevent solid organ transplant
rejection (Nelson et al., 2022). Initially, transient T cell activation was
still seen in 64 % of patients. However, when the immunomodulation
regime was introduced shortly before vector administration, Granzyme
B and Fas ligand expression was reduced, indicative of a diminished
CD8™ T cell response against transduced cells (Ferreira et al., 2013). This
would support the current clinical practice of starting immunosuppres-
sion a few days before AAV administration to capture the initial phase of
the cell-mediated immune response.

Several years later, the same prophylactic regime of ciclosporin,
mycophenolate and corticosteroids was used in two cases of X-linked
retinoschisis treated with relatively high doses (1 x 10! and 3 x 10!
vg/eye) of intravitreal AAV vector (Mishra et al., 2021). Prophylaxis was
commenced two to three weeks before treatment. Patients subsequently
demonstrated blunted or delayed intraocular inflammation compared to
participants receiving lower vector doses with corticosteroid prophy-
laxis alone.

Meanwhile, methotrexate has effectively treated three cases of
chronic uveitis after intravitreal AAV gene therapy for X-linked reti-
noschisis, which occurred despite systemic corticosteroids and a peri-
ocular steroid depot (Pennesi et al., 2022). Specifically, methotrexate
reduced the frequency and severity of flares over 1-2 years of prolonged
GTAU (P. Yang, personal communication, Nov. 2024). However, all
patients elected to stop methotrexate due to the COVID-19 pandemic.
Thereafter, one patient entered durable drug-free remission, whereas
another patient had recurrence of chronic uveitis in the absence of
maintenance therapy. The third patient was lost to follow-up. These
limited results provide proof-of-concept for the efficacy of antimetabo-
lites to prevent and treat GTAU.

T cell-specific modulatory therapies that are used in non-infectious
uveitis, such as calcineurin inhibitors (e.g. tacrolimus), could also be
considered (Hogan et al., 2007). Other T cell targets and agents include
PD-1 (e.g. peresolimab), CD28 and ICOS (e.g. acazicolcept), and BTLA
(e.g. LY3361237) (Orvain et al., 2022; Kojima et al., 2023; Tuttle et al.,
2023). Acazicolcept can reduce retinal inflammation in rodent models of
posterior uveitis (Wilson et al., 2023) but these agents are yet to be
applied to models of GTAU.

9.5.2. Complement
Since the complement system plays important roles in phagocyte
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recruitment, opsonisation of immunogenic pathogens and destruction of
transduced cells, modulation of complement activation may be useful to
prevent and treat retinal inflammation induced by AAV gene therapy
(Fig. 3). In the future, this would be ideally assessed in animal models
and patients undergoing gene therapy for geographic atrophy given the
potential adjunctive therapeutic benefits.

Several inhibitors of the complement cascade have already been
approved by the FDA, including two intravitreal treatments for
geographic atrophy: pegcetacoplan (Syfovre, Apellis Pharmaceuticals
Inc., MA, USA), a complement C3 inhibitor, and avacincaptad pegol
(Astellas Pharma Inc., Tokyo, Japan), a complement C5 inhibitor. Ecu-
lizumab, a monoclonal antibody complement factor 5 inhibitor, has also
been used to successfully treat severe and refractory adverse effects of
systemically administered AAV gene therapy vectors, such as AAV9.
SMN1 (Zolgensma, Novartis, Basel, Switzerland) for spinal muscular
atrophy (Chand et al., 2021; Prasad et al., 2022).

9.5.3. Cytokine and barrier immunomodulation

Anti-TNFa therapy is currently used to treat severe, refractory uveitis
in adults and children. However its efficacy may be hampered by the
development of anti-drug antibodies, similar to rituximab as discussed
(Bellur et al., 2023). This may also be mitigated somewhat by the
co-administration of mycophenolate or methotrexate (Ungar et al.,
2017; Pichi et al., 2024).

Fingolimod is thought to reduce intraocular inflammation by pre-
venting immune cell migration into the retina (Raveney et al., 2008). It
is FDA-approved as a treatment for multiple sclerosis but can also
significantly reduce retinal inflammation and macrophage and CD4* T
cell infiltration in murine models of uveitis (Copland et al., 2012).
Investigation of its potential utility in GTAU may be beneficial given the
importance of the cell-mediated adaptive immune response in the retina.

9.5.4. Inhibition of intracellular anti-viral responses

Therapeutic adjuncts that significantly improve AAV transduction
efficiency can reduce the risk of GTAU without the need to modify the
existing gene therapy vectors or compromise clinical efficacy by
reducing the number of viral particles required for therapeutic effect.

Poly (ADP-ribose) polymerase (PARP-1) is a DNA damage response
protein that can negatively affect AAV transduction and also acts as a
transcriptional cofactor for genes implicated in the inflammatory pro-
cesses in the retina (Hassa and Hottiger, 1999; Brady et al., 2018).
Interestingly, intravitreal injection of the PARP inhibitor, olaparib, has
shown promising neuroprotective effect in mouse models of IRDs
(Sahaboglu et al., 2016). Moreover, PARP-1 inhibition can attenuate the
AAV capsid-directed cytotoxic T cell response, downregulate TLR and
NF-kB expression, and improve the transduction efficiency of AAV
vectors by three-fold in the liver (Hareendran et al., 2016).

Hydroxychloroquine has been purported to interact with and
antagonise the key intracellular nucleic acid sensors, TLR9 and cGAS,
which likely contribute to its clinical efficacy in rheumatoid arthritis and
systemic lupus erythematous (Han et al.,, 2020). Subretinal
co-administration of hydroxychloroquine (at a relatively low concen-
tration of 19 pM) alongside AAV vectors led to a three-fold improvement
of viral transduction in vivo without any signs of retinal toxicity
(Chandler et al., 2019). Therefore, adjunctive local administration of
hydroxychloroquine may enable a significant reduction in the AAV dose
required to achieve therapeutic effect.

9.5.5. Enhancing immune tolerance

Regulatory T (Treg) cells are central to maintaining immune ho-
meostasis, limiting autoimmune activity, and can be exploited to drive
antigen-specific and local immunosuppression. Endogenous Treg pop-
ulations can be expanded in situ using clinically relevant doses of
immunomodulatory agents such as sirolimus, ciclosporin, and myco-
phenolate and limit the severity of uveitis (Fanigliulo et al., 2015; Yuan
et al., 2015; Lloreng et al., 2022; Munoz-Melero and Biswas, 2024).



R. Purdy et al.

Alternatively, Tregs can be genetically engineered and expanded ex vivo
to be applied as a cell-based therapy, a burgeoning but still experimental
treatment modality (Abraham et al., 2023). Chimeric antigen receptor
(CAR) Tregs achieve antigen specificity without reliance on
MHC-mediated recognition (Arjomandnejad et al., 2021). Treg cell
therapy has been used in early-phase clinical trials for autoimmune
diseases and transplantation among other indications, demonstrating
feasibility and safety. Both systemic and intravitreal administration of
pre-activated Tregs can suppress cell-mediated non-infectious uveitis in
animal models (Terrada et al., 2006; Grégoire et al., 2016). Immuno-
modulatory cell therapy is yet to be implemented in the context of
retinal gene therapy due to the complexity of combining two advanced
therapeutic modalities.

Antigen-specific immune tolerance could also be induced by ‘sub-
retinal-associated immune inhibition’ (SRAII), a similar phenomenon to
anterior chamber-associated immune deviation (ACAID) in the eye.
SRAII has been described in healthy rodents and IRD models after
receiving subretinal injections of immunodominant transgene peptide
fragments alongside the AAV vector, significantly ameliorating the pe-
ripheral T cell response against the transgene product (Vendomele et al.,
2018, 2024). These intriguing findings open the possibility of inducing
transgene-specific immune tolerance following subretinal injection
without the requirement for the complexity and expense of cell therapy.
The degree to which these findings would translate to humans remains
unclear, especially as robust immune response against the transgene
product appears to be less common following subretinal gene therapy in
wild-type NHPs (Chung et al., 2021).

10. Conclusion and future outlook

The techniques underpinning AAV-mediated retinal gene therapy
have undergone iterative improvement since the first-in-human studies
in RPE65-associated IRDs (Bainbridge et al., 2008; Hauswirth et al.,
2008; Maguire et al., 2008). Significant areas of optimisation include
viral vector construct design and safe surgical administration. This has
led us to the cusp of a major therapeutic modality applicable to a wide
array of retinal diseases, including those more prevalent than IRDs, such
as AMD and diabetic retinopathy.

However, concerning clinical observations of inflammatory and
atrophic chorioretinal changes can influence treatment safety and
durability, and at vector doses that overlap with the therapeutic
threshold. This signals the need to improve the clinical delivery of this
burgeoning treatment further. In order to develop effective mitigation
strategies for the deleterious ocular immune response, termed gene
therapy-associated uveitis (GTAU), we must first appreciate its immuno-
logical basis (Bucher et al., 2021) and clinical risk factors.

We provided a summary of our current understanding of the factors
that contribute to GTAU, collating insights from clinical trials of AAV
vector-mediated retinal gene therapy as well as real-world use of vor-
etigene neparvovec. Factors that likely influence the risk of GTAU and
are most relevant to treatment planning include host-specific (e.g.
background disease severity, age and sex), vector-specific (e.g. genome
identity), administration variables (dose and route) and the choice of
immunosuppressive/immunomodulatory regime.

Greater understanding of the impact of these factors on an in-
dividual’s risk of GTAU is an area of significant clinical need. Systematic
reporting of vector production methodology, patient variables, and
immunosuppression regimes would be critical for identifying trends
across different patient cohorts. A related area for further improvement
is the introduction of targeted prophylaxis and treatment strategies for
restoring immune homeostasis in the eye after retinal gene therapy,
guided by early experience of immunomodulation in a limited number
of patients. This may be informed by pre-clinical research aiming to
elucidate the key intracellular and cytokine signalling pathways acti-
vated among retinal and infiltrating immune cells in GTAU.

Although AAV has been the most widely used vector in retinal gene
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therapy to date, it is not the only available option to deliver genetic
cargo to the retina. Recombinant AAV vectors have been optimised for
the transduction of photoreceptors and RPE. However, AAV is limited by
its small packaging capacity, which is a particular challenge for deliv-
ering CRISPR/Cas9-based gene editing constructs capable of targeted
correction of pathogenic variants in a much wider range of IRDs (Quinn
et al., 2021; Ng et al., 2024). This has created a need to explore alter-
native non-viral vector platforms for retinal gene therapy, such as
liposome-based systems and synthetic nanoparticles (Salman et al.,
2022). Innovation in nanoparticle delivery systems is rapidly addressing
their biological challenges, including vector tropism in the retina and
cargo unpackaging upon cell entry. Modulation of surface characteris-
tics may help to improve transduction and reduce the dose required,
thereby reducing the risk of GTAU (Mendes et al., 2022; Carvalho et al.,
2023).

Another consideration for CRISPR/Cas9-based systems for retinal
gene editing is the potential for a heightened adaptive immune response
given the bacterial origin of the Cas9 enzyme and high prevalence of
pre-existing immunity (Charlesworth et al., 2019). In a groundbreaking
first-in-human study, EDIT-101 (Editas, Cambridge, Massachusetts,
USA), comprising an AAVS5 vector encoding Staphylococcus aureus Cas9
and two guide RNAs targeting CEP290 associated with LCA, was well
tolerated at relatively high vector doses (Pierce et al., 2024). Similarly,
there is growing interest in delivering optogenetic proteins to the sur-
viving inner retinal cells in IRDs as a disease-agnostic approach to retinal
gene therapy (McClements et al., 2020). Many opsins under investiga-
tion are derived from microbes, including channelrhodopsin-2 and
ChrimsonR, which have been used in early clinical trials with vectors
delivered intravitreally with full results keenly awaited (Sahel et al.,
2021). However, the potential immunogenicity of using non-viral vec-
tors to deliver gene editing enzymes or opsins remains unclear and
provides an important area for future investigation.
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