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Medicine, Chinese Academy of Medical Sciences and Peking Union Medical College, Suzhou, China

Retinal degenerative diseases, including glaucoma, age-related macular
degeneration, diabetic retinopathy, and a broad range of inherited retinal diseases,
are leading causes of irreversible vision loss and blindness. Gene therapy is a
promising and fast-growing strategy to treat both monogenic and multifactorial
retinal disorders. Vectors for gene delivery are crucial for efficient and specific
transfer of therapeutic gene(s) into target cells. AAV vectors are ideal for retinal
gene therapy due to their inherent advantages in safety, gene expression stability,
and amenability for directional engineering. The eye is a highly compartmentalized
organ composed of multiple disease-related cell types. To determine a suitable
AAV vector for a specific cell type, the route of administration and choice
of AAV variant must be considered together. Here, we provide a brief overview
of AAV vectors for gene transfer into important ocular cell types, including retinal
pigment epithelium cells, photoreceptors, retinal ganglion cells, Muller glial cells,
ciliary epithelial cells, trabecular meshwork cells, vascular endothelial cells, and
pericytes, via distinct injection methods. By listing suitable AAV vectors in basic
research and (pre)clinical studies, we aim to highlight the progress and unmet
needs of AAV vectors in retinal gene therapy.
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1 Introduction

The eye is the organ we use to sense light and form vision. As a sophisticated optical organ,
it is composed of different tissues with distinct functions in a highly compartmentalized feature
(1) (Figure 1A). In addition, the eye is filled with two types of humor, aqueous humor in the
anterior segment and vitreous humor in the posterior segment of the eye, to keep its pressure
and shape (2). The balance between the production and outflow of aqueous humor is important
to maintain the eye’s normal intraocular pressure (IOP) (Figure 1B).

The retina, located at the back of the eyeball, is a layer of neural tissue that senses light and
transmits visual information to the brain (Figure 1C). It consists of multiple types of neurons
organized in three nuclear layers to produce a complex visual output. Photoreceptors (rods and
cones) in the outer nuclear layer convert light into neural signals. Bipolar cells, horizontal cells,
and amacrine cells in the inner nuclear layer modulate and relay visual signals. Retinal ganglion
cells (RGCs) in the ganglion cell layer project their long axons and send visual information to
brain targets for vision perception (3). The retina is nourished by two distinct vascular systems.
The choroidal vasculature supplies oxygen and nutrients to the outer retina through the retinal
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Anatomy and diseases of the retina. (A) Schematic diagram of the human eye, indicating cornea, iris, lens, vitreous, retina, choroid, sclera, and optic
nerve. (B) Ocular tissues involved in the production and outflow of aqueous humor. (C) Anatomy of the retina, indicating retinal neurons, retinal
pigment epithelial cells, Muller glial cells, endothelial cells, and pericytes in vascular systems. (D) Common retinal diseases that can lead to irreversible
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pigment epithelium, while the retinal vasculature meets the metabolic
requirements of the inner retina (4).

Numerous diseases can damage the retina and impair vision
(Figure 1D). Conditions affecting the outflow of aqueous humor can
lead to glaucoma, resulting in the degeneration of retinal ganglion
cells and permanent vision loss (5). Problems with choroidal or retinal
vascular structures are associated with age-related macular
degeneration and diabetic retinopathy, respectively (4). Genetic
mutations occurring in retinal pigment epithelium cells and
photoreceptors can lead to a wide spectrum of inherited retinal
diseases (6, 7). Currently, retinal diseases are the leading causes of
irreversible vision loss and blindness. Recent global prevalence studies
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estimated that in 2020, there were 76 million patients with glaucoma
(8), 196 million with age-related macular degeneration (9), 103
million with diabetic retinopathy (10), and 5.5 million with various
inherited retinal diseases (11). With population aging and lifestyle
changes, these significant vision-threatening diseases are expected to
affect more people in the near future.

Nevertheless, the current treatment options for retinal diseases
remain limited and inadequate. For example, for the management of
glaucoma, the current mainstream therapy is to decrease IOP using
topical eye drops. However, several challenges remain unresolved.
First, anti-glaucomatous eye drops are associated with various local
or systemic adverse effects, such as iris color change and
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cardiovascular problems (12). Second, it is difficult for some patients
to control their IOP (13). Third, a significant proportion of glaucoma
patients still progress to blindness despite receiving proper treatment
to reduce IOP (14). Lastly, degeneration of RGCs is the direct cause
of vision impairment in glaucoma, but protection of RGCs has not
been widely adopted in clinical practice. It is imperative to develop
new therapeutic strategies to confront the challenge of an increasing
number of patients affected by various retinal diseases.

2 Retinal gene therapy

Gene therapy is a medical strategy that aims to treat or cure
diseases by directly manipulating specific genes. Due to its easy
accessibility and compartmentalized anatomy, the eye is a favorable
organ for gene therapy (15, 16). In recent years, the genetic and
pathogenetic mechanisms of many ocular diseases have been
elucidated. In addition, effective gene manipulation techniques, such
as gene editing, have been developed and widely employed. These
advancements have made ocular gene therapy a fast-growing field in
basic research and clinical studies.

Encouragingly, in 2017, the FDA approved the first gene therapy
in the United States, Luxturna from Spark Therapeutics, Inc., to treat
biallelic RPE65-mutation-associated retinal dystrophies that leads to
vision loss (17), including some subtypes of retinitis pigmentosa and
Leber congenital amaurosis (18). At present, there is a surge in retinal
gene therapy clinical trials targeting a wide range of retinal diseases,
including monogenic disorders such as Leber congenital amaurosis,
retinitis pigmentosa, achromatopsia, choroideremia, X-linked
retinoschisis, Leber hereditary optic neuropathy, and multifactorial
disorders like wet age-related macular degeneration and diabetic
retinopathy (16, 19-21).

Nevertheless, gene therapy research and clinical studies for the
most prevalent retinal diseases, such as glaucoma, age-related macular
degeneration, and diabetic retinopathy, remain very limited and
cannot meet the needs of the vast and rapidly growing patient
population worldwide.

3 AAV vectors for retinal gene therapy

Gene delivery vectors are critical for the efficient and specific
transfer of therapeutic genes into target cells and thus for the
efficacy and safety of gene therapy. Adeno-associated viruses
(AAVs) are endowed with several key advantages suitable to
be adopted as vectors for gene therapy. First, AAVs are replication-
incompetent and non-pathogenic, have low immunogenicity, and
exhibit low risk of insertional mutagenesis. These properties render
AAV safe vectors for gene therapy (22). In addition, AAVs are
capable of achieving stable and long-term expression of therapeutic
genes in quiescent cells, such as neurons and myocytes, which is
essential for the sustained efficacy of many gene therapy strategies
(23). Furthermore, AAV capsid proteins, which encapsulate the
AAV genome and determine its selection and entry of target cells,
are highly versatile and amendable. This feature provides
opportunities for AAV engineering to generate vectors with diverse
tropisms for the treatment of a wide range of diseases (24, 25).
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Consequently, AAV vector stands as one of the leading platforms
for gene therapy delivery.

In 1996, Ali et al. (26) first reported the evaluation of AAV as a
gene transfer vector for the retina via subretinal injection and found
AAV is capable of transducing retinal pigment epithelium and
photoreceptors, supporting the use of AAV for gene therapy of retinal
diseases such as retinitis pigmentosa. Since then, colleagues have
made extensive efforts to discover or engineer improved AAV variants
for ocular gene therapy (27, 28). The eye is a highly compartmentalized
organ, consisting of multiple disease-related cell types. For efficient
and specific gene transfer to target cell types, administration routes
and AAV variants, two inextricably interwoven factors, must
be carefully considered. In the following sections, we provide a brief
overview of suitable AAV vectors and their corresponding
administration routes for gene delivery into important ocular cell
types, with a focus on studies conducted with rodents for progress in
basic research and studies involving humans or non-human primates,
which share the most similar eye anatomies with humans, for
advancements in (pre)clinical applications (Figure 2).

3.1 AAV vectors for retinal pigment
epithelium

Retinal pigment epithelium (RPE) is a single layer of pigmented
cells situated between the retina and the choroid (Figure 1C). RPE
plays critical roles in maintaining retinal function and vision,
including absorption of scattered light, regeneration of 11-cis-retinal,
transportation of nutrients and ions, phagocytosis of shed
photoreceptor membranes, and secretion of a variety of growth factors
(29). Damage or dysfunction of RPE cells can lead to retinal
degenerative diseases, such as age-related macular degeneration,
retinitis pigmentosa, and Stargardt’s disease (29) (Figure 1D).

3.1.1 AAV vectors for subretinal injection

Subretinal injection refers to the delivery of drugs into the space
between the RPE layer and photoreceptor outer segments. Direct
contact of AAV solutions with RPE cells in the confined subretinal
space may facilitate transduction.

In basic research, as mentioned earlier, the initial test
demonstrated that AAV2/2 could transduce RPE cells and
photoreceptors in adult mice via subretinal injection (26). Subsequent
studies revealed that other AAV vectors, including AAV2/1, AAV2/4,
AAV2/5, AAV2/6, AAV2/7, AAV2/8, and AAV2/9, were also highly
effective in targeting RPE cells in rodent retinas, with AAV2/1 and
AAV2/4 showing more specific infection of RPE cells (30-33)
(Figure 2A).

In clinical practice, Luxturna, the first US FDA-approved gene
therapy drug designed to deliver the correct RPE65 gene into RPE
cells of patients with biallelic RPE65 mutation, uses AAV2 as a vector
through subretinal injection. Apart from AAV2/2, AAV2/4, AAV2/5,
and AAV8 have also been employed in clinical trials for delivering
genes to RPE cells in patients with several types of inherited retinal
diseases (16, 20). Since AAV2/4 was effective and more specific in
transducing RPE cells via subretinal injection in a non-human
primate model (32), it holds promise as a candidate for (pre)clinical
studies when more precise RPE transduction is required (Figure 2A).
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AAV vectors for retinal gene therapy in basic research and (pre)clinical studies. (A) Efficient AAV vectors targeting retinal pigment epithelial cells.

(B) Efficient AAV vectors targeting photoreceptors. (C) Efficient AAV vectors targeting retinal ganglion cells. (D) Efficient AAV vectors targeting Muller
glial cells. (E) Efficient AAV vectors targeting ciliary epithelial cells. (F) Efficient AAV vectors targeting trabecular meshwork cells. (G) Efficient AAV
vectors targeting vascular endothelial cells in the eye. (H) Efficient AAV vectors targeting vascular pericytes in the eye.
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3.1.2 AAV vectors for intravitreal injection

While subretinal injection of multiple AAV variants has proven
effective in transducing RPE cells, it comes with certain challenges,
including surgical requirements, risks of retinal detachment, and
limited lateral spreading of AAV solutions. Intravitreal injection, on
the other hand, is the delivery of drugs of interest into the vitreous
cavity, which is surgically simpler, has no risks of retinal detachment,
and enables dispersion throughout the entire retina. However, wild-
type AAV vectors administered intravitreally usually do not
effectively target RPE cells and photoreceptors on the outer side of
the retina. AAV capsid engineering is often necessary to develop AAV
variants capable of infecting RPE cells via intravitreal injection.

In basic research, AAV2.7m8, an AAV?2 variant created through
in vivo directed evolution in mice, was able to transduce RPE cells
when administered from the vitreous and deliver rescue genes in rd12
mice (34). However, AAV2.7m8 did not achieve the same results in
non-human primates (Figure 2A).

In a preclinical study, AAV2.R100, a recently developed AAV2
variant through in vivo directed evolution in non-human primates,
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exhibited decent RPE cell transduction after intravitreal injection (35).
AAV2.R100 has been used for gene delivery to RPE cells in clinical
trials involving patients with choroideremia (20) (Figure 2A).

3.1.3 AAV vectors for suprachoroidal injection

Suprachoroidal injection is the delivery of drugs into the space
between the inner sclera and the outer choroid. Compared with
subretinal injection, suprachoroidal injection is less invasive and may
facilitate greater spreading.

In basic research, suprachoroidal injection of AAV8 and AAV9 in
rats resulted in widespread transgene expression in RPE cells across
a large portion of the eye (36). AAV2 and AAV5 have also been
reported to transduce RPE cells in rodents after suprachoroidal
injection (37) (Figure 2A).

In preclinical studies, AAV8 was capable of transducing a wide
range of RPE cells in rhesus monkeys via suprachoroidal injection (36,
38). Suprachoroidal injection of AAV8.anti-VEGFfab (RGX-314) has
been used in clinical trials to treat patients with wet age-related
macular degeneration and diabetic retinopathy (16, 20), although
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RGX-314 may target other ocular cells in addition to RPE cells (36,
38) (Figure 2A).

3.2 AAV vectors for photoreceptors

Photoreceptors, including rods and cones, are situated at the
outer nuclear layer of the retina with their segments in close contact
with RPE cells (Figure 1C). Photoreceptors are specialized light-
sensing neurons that convert light into neural signals through a
sequence of physical and biochemical reactions known as
phototransduction. Mutations in a wide diversity of genes involved
in the phototransduction cascade could lead to inherited retinal
diseases, such as retinitis pigmentosa, Leber congenital amaurosis,
and achromatopsia (6) (Figure 1D). Currently, the majority of genes
associated with photoreceptor degeneration have been identified (6,
7), providing opportunities to relevant

develop gene

therapy strategies.

3.2.1 AAV vectors for subretinal injection

In basic research, subretinal injection of AAV2/2 was able to
transduce photoreceptors in adult mice, as previously mentioned (26).
However, wild-type AAV2 may not be the best vector for
photoreceptor gene transfer. AAV2(n)YF, AAV2 variants containing
multiple(n) tyrosine-to-phenylalanine mutations on capsid surface,
exhibited higher gene delivery efficiency to photoreceptors (39). Other
AAV serotypes, including AAV2/5, AAV2/7, AAV2/8, and AAV-DJ,
were also highly effective in targeting photoreceptors in rodents after
subretinal injection (30, 32, 40, 41) (Figure 2B).

In preclinical studies, AAV2/2, AAV2/5, AAVS, and AAV2tYF
have been used for gene delivery to photoreceptors in monkeys (42)
and in human clinical trials to treat diseases including retinitis
pigmentosa, achromatopsia, and Leber congenital amaurosis (16, 20)
(Figure 2B).

3.2.2 AAV vectors for intravitreal injection

In basic research, three AAV2 variants generated through directed
evolution, AAV2.7m8, AAV2.GL, and AAV2.NN, could transduce
photoreceptors and other retinal cells after intravitreal injection.
When these vectors are combined with photoreceptor promoters,
photoreceptor-specific gene expression could be achieved (34, 43)
(Figure 2B).

In preclinical studies, AAV2.7m8, AAV2.GL, AAV2.NN, and
newly identified AAV2.R100, were able to deliver genes into
extrafoveal and peripheral photoreceptors in cynomolgus monkeys
(34, 43). AAV2.R100 has been used in a clinical trial to transfer the
gene encoding retinitis pigmentosa GTPase regulator (RPGR) into
photoreceptors to treat X-linked retinitis pigmentosa (20) (Figure 2B).

3.2.3 AAV vectors for suprachoroidal injection

In basic research, suprachoroidal injection of AAV8 and AAV9
has demonstrated the ability to transduce a broad range of
photoreceptors in rats (36) (Figure 2B).

In preclinical studies, AAV8 was capable of delivering genes into
photoreceptors in addition to RPE cells in rhesus monkeys following
suprachoroidal injection (36, 38). As mentioned previously,
suprachoroidal delivery of AAV8.anti-VEGFfab (RGX-314), which
could infect both photoreceptors and RPE cells, is undergoing clinical
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trials for the treatment of patients with wet age-related macular
degeneration and diabetic retinopathy (16, 20) (Figure 2B).

3.3 AAV vectors for retinal ganglion cells

Retinal ganglion cells (RGCs), the sole output neurons of the
retina, lie in the innermost cell layer of the retina (Figure 1C). RGC
axons form bundles and the nerve fiber layer in the retina and project
from the eye to multiple regions of the brain. The inner limiting
membrane (ILM), a species-specific variable basement membrane,
structurally constitutes the border between the retina and the vitreous
(44). Distinct physical, physiological, metabolic, or genetic problems
in the eye lead to a variety of RGC degenerative diseases, including
glaucoma, traumatic optic neuropathy, and Leber’s hereditary optic
neuropathy (45) (Figure 1D).

3.3.1 AAV vectors for intravitreal injection

In basic research, intravitreal injection of AAV2 proved effective
in mediating gene transfer in almost all RGCs in adult mice (46). This
method has become a commonly used approach to transduce RGCs
(47) (Figure 2C).

However, in (pre)clinical studies, the efficiency of RGC
transduction by wild-type AAVs through intravitreal injection is
dramatically low compared with that in mice. Due to species-specific
factors, such as thicker inner limiting membrane in primates,
intravitreal injection of wild-type AAV2 in the macaque only targeted
aring of RGCs around the fovea and scattered RGCs in the peripheral
retina (48). Although wild-type AAV2 has been used in human clinical
trials to treat Leber hereditary optic neuropathy, a mitochondrial
disease primarily affecting RGCs (20, 49), its limited efficiency in
transducing primates RGCs might be a hindrance to therapeutic
efficacy. Intravitreal injection of AAV2.7m8 in cynomolgus monkeys
resulted in stronger transgene expression in RGCs, but the transduction
regions remained restricted (34). AAV2.7m8 has been employed in
human clinical trials to transfer optogenetic genes into RGCs to help
the vision of patients with retinitis pigmentosa (16, 20). Intriguingly,
AAV2.R100 demonstrated greater effectiveness in targeting RGCs in
primates. Intravitreal administration of AAV2.R100 in non-human
primates led to widespread and robust transduction of RGCs in both
central and peripheral retinal regions (35) (Figure 2C).

3.3.2 AAV vectors for sub-ILM injection

Sub-inner limiting membrane (sub-ILM) injection involves the
injection of drugs into the created space between the ILM and the
retina in order to circumvent the barrier effect of the primate ILM
(50). Although surgically demanding, sub-ILM injection of AAV2 in
non-human primates achieved highly efficient RGC transduction in
the vicinity of the injection site (51). Similar to subretinal injection,
the spread of AAV and consequently the bio-distribution of transgene
after sub-ILM are limited by the surgery (Figure 2C).

3.4 AAV vectors for Muller glial cells
Miiller glial cells, the primary glial cell type in the vertebrate

retina, span the entire thickness of the tissue, extending from their
basal end feet forming the ILM to their apical microvilli in the
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subretinal space (Figure 1C). Miiller glial cells interact with all
retinal neurons and provide them with structural, nutritional,
homeostatic, osmotic, metabolic, and growth factor support (52,
53). Some genetic mutations in Miiller glial cells, such as CRALBP
and CRBI, can lead to retinal degenerative diseases (54, 55). In
addition, Miiller glial cells have been considered a potential target
for retinal therapy to secrete therapeutic factors or to regenerate
retinal neurons in vivo (53, 56).

3.4.1 AAV vectors for subretinal injection

In basic research, subretinal injection of AAV2/1 and AAV2/9 was
able to efficiently transduce Miiller glial cells in adult mice (33, 40, 57)
(Figure 2D).

In preclinical studies, only a limited number of Miiller glial cells
were transduced following subretinal injection of AAV2 or AAV8
(42). Obviously, AAV vectors for Miiller glial cells via this injection
route have not been extensively investigated (Figure 2D).

3.4.2 AAV vectors for intravitreal injection

In basic research, intravitreal injection of AAV6, AAV9, and
Anc80 in adult mice has demonstrated the ability to infect a portion
of Miiller glial cells (52, 57). Notably, AAV6 derivatives, including
AAV.ShH10, AAV.ShH10(YF), and AAV.ShH13, targeted Miiller glial
cells at much higher efficiency and specificity after intravitreal
injection (52, 58, 59). AAV.7m8, developed for delivery from the
vitreous, also exhibited a strong transducing ability to Miiller glial cells
in mice (34) (Figure 2D).

In a preclinical study, intravitreal injection of AAV2 was able to
infect macaque Miiller glial cells but was limited to the perifoveal
region (48). Sub-ILM injection in primates may assist AAV2 in
transducing Miiller glial cells in other regions of the retina. Further
studies are required to identify efficient AAV vectors for primate
Miiller glial cell transduction (Figure 2D).

3.5 AAV vectors for ciliary epithelial cells

The ciliary epithelium, located behind the iris and covering the
ciliary muscle (Figure 1B), consists of the columnar non-pigmented
and the cuboidal pigmented epithelial cells. The non-pigmented
epithelial cells are responsible for the secretion of aqueous humor,
which is required for the maintenance of proper intraocular pressure
and global shape (60). Ciliary epithelial cells have been considered a
target of gene therapy to lower intraocular pressure in patients with
glaucoma (61-64).

3.5.1 AAV vectors for intracameral injection

Intracameral injection is the delivery of drugs into the anterior
chamber of the eye.

In basic research, intracameral injection of self-complementary
AAV2 (scAAV2) and scAAV5 could transduce ciliary epithelial cells
in both healthy and glaucomatous rodents (65-67). Additionally,
AAV-DJ injected intracamerally also exhibited substantial infectivity
in the ciliary epithelium in mice (68) (Figure 2E).

In a preclinical study, scAAV2 might target ciliary epithelial cells
in cynomolgus monkeys after intracameral injection (67). Further
studies are required to identify efficient AAV vectors for primate
ciliary epithelial cell transduction (Figure 2E).
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3.5.2 AAV vectors for intravitreal injection

In basic research, intravitreal injection of ShHI0 efficiently
transduced ciliary epithelial cells and lowered intraocular pressure in
glaucomatous mice by CRISPR/Cas9-mediated disruption of ciliary
body aquaporin 1 (69) (Figure 2E).

In a preclinical study, ShH10 was found to target human ex vivo
ciliary epithelium from post-mortem donors (69). However, it remains
uncertain whether ShH10 can effectively transduce primate ciliary
epithelium via intravitreal injection (Figure 2E).

3.6 AAV vectors for trabecular meshwork
cells

The trabecular meshwork, situated at the iridocorneal angle
(Figure 1B), is a spongiform tissue containing endothelial-like
cells and extracellular matrices (64). This specialized tissue plays
a crucial role in regulating the drainage of aqueous humor from
the eye and controlling intraocular pressure (61). Consequently,
the trabecular meshwork cells have been considered an ideal
target for reducing intraocular pressure in glaucoma gene therapy
(61-64).

3.6.1 AAV vectors for intracameral injection

In basic research, scAAV2 and scAAV5 have been widely
utilized to target trabecular meshwork cells and lower intraocular
pressure in rodents through intracameral injection (65-67, 70). In
addition, AAV-DJ and AAV9 injected intracamerally have also
demonstrated robust transduction of mouse trabecular meshwork
cells (68) (Figure 2F).

In preclinical studies, intracameral injection of scAAV2 could
infect trabecular meshwork cells and reduce intraocular pressure by
delivering the C3 transferase gene in monkeys (67, 70). Encouragingly,
sCAAV2 and its capsid variants with single or triple tyrosine-to-
phenylalanine mutations exhibited high efficiency in transducing
human trabecular meshwork cells in perfused eyes obtained from
postmortem human donors (71) (Figure 2F).

3.6.2 AAV vectors for intravitreal injection

Future studies will be necessary to evaluate or engineer AAV
vectors targeting trabecular meshwork cells via intravitreal injection
(Figure 2F).

3.7 AAV vectors for vascular endothelial
cells

Vascular endothelial cells, which form the inner layer of blood
vessels (Figure 1C), play vital roles in preserving the integrity and
functionality of both the choroidal and retinal vascular systems.
Damage of choroidal vascular endothelial cells is implicated in the
pathogenesis of early atrophic or neovascular age-related macular
degeneration (72-74). Similarly, dysfunction of retinal vascular
endothelial cells contributes to multiple retinal vascular diseases,
including diabetic retinopathy, retinopathy of prematurity, and uveitis
(74-76) (Figure 1D). Directly targeting choroidal or retinal vascular
endothelial cells holds promise for the treatment of pathological
vascular systems in these diseases.
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3.7.1 AAV vectors for intravenous injection

For basic research, AAV-BR1, an AAV2 derivative with a peptide
inserted into the capsid protein, could target retinal vascular
endothelial cells and mediate ectopic gene expression in adult mice
after intravenous injection (77, 78). However, it has not been reported
whether intravenous injection of AAV-BR1 can effectively transduce
choroidal vascular endothelial cells (Figure 2G).

Regarding (pre)clinical studies, AAV vectors targeting choroidal
or retinal vascular endothelial cells through intravenous injection have
not been thoroughly explored. Nevertheless, it's worth noting that
intravenous injection of AAV will inevitably lead to transduction in
cells outside the eye, making it a less than ideal strategy for ocular gene
therapy (Figure 2G).

3.7.2 AAV vectors for intravitreal injection

Future studies are required to identify effective AAV vectors to
target vascular endothelial cells in the eye through intravitreal
injection. It's important to mention that AAV-BR1 could not transduce
mouse retinal vascular endothelial cells after intravitreal injection (78)
(Figure 2G).

3.8 AAV vectors for pericytes

Pericytes, positioned on the outer surface of capillary blood
vessels and separated from underlying endothelial cells by the shared
basement membrane (Figure 1C), fulfill diverse functions in vascular
homeostasis, including control of blood flow, maintenance of blood-
retina/brain barrier, and modulation of angiogenesis (79, 80). Notably,
the loss of pericytes and disruption of the blood-retina barrier are
implicated in the pathological processes of various ocular vascular
diseases, such as diabetic retinopathy, uveitis, and subretinal fibrosis,
underscoring the potential for pericytes as targets in gene therapies
(79-81) (Figure 1D).

3.8.1 AAV vectors for intravenous injection

AAV-PR, a recently characterized AAV capsid engineered from
AAV9, has demonstrated effective transduction of cerebral vascular
pericytes and smooth muscle cells after intravenous delivery (82).
However, it remains unclear whether AAV-PR can transduce choroidal
or retinal vascular pericytes. Future studies are required to identify or
engineer AAV vectors targeting choroidal or retinal vascular pericytes
through intravenous injection (Figure 2H).

3.8.2 AAV vectors for intravitreal injection

Peri-G, an AAV2/2 derivative with mutations in capsid variable
region, was identified in a pioneering study aimed at developing AAV
vectors targeting retinal pericytes. Peri-G demonstrated 2.8-fold
greater transduction of retinal pericytes than unmodified rAAV2/2
after intravitreal injection (83). Further studies are needed to create
AAV vectors with improved targeting efficiency for pericytes in ocular
vasculature via intravitreal injection (Figure 2H).

4 Perspective
As mentioned above, both basic research and (pre)clinical studies

require the development of novel, effective AAV vectors to deliver
therapeutic genes into crucial ocular cell types to treat an increasing
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number of patients with diverse retinal diseases. Encouragingly, more
than half a century after the discovery of AAV, we have accumulated
a wealth of knowledge about AAV and developed a growing array of
strategies to engineer AAV for various purposes (24, 25). Rational
design, directed evolution, and bioinformatic reconstruction have
proven to be powerful approaches for creating new AAV capsids with
unprecedented cell tropisms. For instance, AAV2.R100, a capsid
variant able to target multiple primate retinal cell types after
intravitreal injection, was identified through in vivo directed evolution
(35). In addition, optimization of AAV genomic elements, such as
promoters, can further increase the cell specificity and efficiency of
therapeutic gene expression. Furthermore, engineering AAV vectors
to circumvent common challenges associated with AAV-mediated in
vivo gene delivery, such as limited packaging capacity and host
immune response, is equally crucial for retinal gene therapy. In the
future, we anticipate the emergence of new AAV vectors that exhibit
high efficiency and specificity in targeting distinct ocular cell types,
which will tremendously facilitate retinal gene therapy.
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