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Abstract

Age-related macular degeneration (AMD) is a leading cause of central vision loss, progressively impairing the
retina and affecting millions worldwide. By 2040, global cases of AMD are projected to reach 300 million, posing

a significant public health challenge. While early AMD may only cause mild visual impairment, advanced stages,
particularly neovascular (wet) and non-neovascular (dry) AMD, can lead to severe vision loss or legal blindness,
substantially affecting daily life. The introduction of anti-angiogenic therapies has revolutionized wet AMD
treatment, offering a high probability of preserving or improving vision. However, these therapies do not halt AMD
progression, and no definitive treatments exist for dry AMD. The limitations of current therapies, such as frequent
injections and treatment resistance, underscore the urgent need for novel strategies. Gene therapy, which has
shown success in treating other hereditary retinal diseases, offers a promising long-term solution for AMD by
targeting retinal cells to produce therapeutic proteins. This review explores the potential of gene therapy for AMD,
examining recent clinical trials and future treatment directions.
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Introduction

Age-related macular degeneration (AMD) is a major
cause of vision loss, primarily affecting the central
region of the retina and leading to progressive visual
impairment. The disease progresses through four dis-
tinct stages, from minimal early changes to severe vision
impairment, potentially culminating in legal blindness.
Early signs include drusen accumulation and alterations
in the retinal pigment epithelium (RPE), while advanced
stages, particularly neovascular (wet) and non-neovas-
cular (dry) AMD, lead to significant central vision loss,
severely impacting daily activities and autonomy. The
global prevalence of AMD affected 200 million people
in 2020 and is expected to rise to nearly 300 million by
2040, posing a substantial public health challenge with
significant social and economic implications [1, 2].

AMD is classified into four progressive stages based
on distinct pathological features [3]: stage 1 (normal age-
ing) is characterised by scant drusen deposits (<63 um)
and no detectable anomalies in RPE cells; stage 2 (early
AMD) includes intermediate-sized drusen (63 um to
124 pum) without RPE cell irregularities; stage 3 (inter-
mediate AMD) is marked by the significant presence of
drusen, including at least one large drusen (>125 um),
often coupled with pigmentary abnormalities; and stage
4 (advanced AMD), which includes geographic atrophy

(GA) involving both the fovea and neovascular maculop-
athy, both of which are associated with vision loss [4, 5].

The Age-Related Eye Disease Study (AREDS), which
simplified the severity scale for AMD categorization and
described the degree of vision loss, has been validated
by Liew et al. [6] Early AMD is typically associated with
minor visual disruptions such as reduced reading abil-
ity or the presence of a central scotoma, while interme-
diate AMD may present with larger drusen or abnormal
pigmentation. In advanced AMD, central vision is sig-
nificantly compromised, leading to pronounced visual
disability [7].

Anti-angiogenic pharmaceuticals have revolution-
ized the management of wet AMD, offering significant
improvements in visual outcomes prognoses. Prior to
their development, progression to vision loss in wet
AMD was almost inevitable [8]. Anti-angiogenic treat-
ments now provide a greater than 90% probability of
improving visual acuity by three lines on an eye chart fol-
lowing a two-year treatment period [9]. However, these
treatments specifically target wet AMD, focusing on
the abnormal blood vessel formation driven by vascu-
lar endothelial growth factor (VEGF). Unfortunately, no
similar treatments were available for dry AMD, especially
its advanced form, GA, which posed a significant chal-
lenge for clinicians [10]. While this strategy effectively
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manages the immediate pathological features, it offers
no preventive or protective benefits against the onset of
AMD. In addition, the lack of effective treatments for dry
AMD is largely due to the intricate interplay of genetic,
environmental, and age-related factors that contribute
to the disease [10, 11]. Recent breakthroughs, however,
offer new hope. Two newly FDA-approved treatments,
pegcetacoplan (Syfovre) and avacincaptad pegol (Izer-
vay), target the complement system, which plays a crucial
role in the progression of GA, a late stage of dry AMD.
Pegcetacoplan inhibits C3, while avacincaptad pegol
blocks C5, both effectively reducing the rate of GA lesion
growth in clinical trials [12—15]. These treatments repre-
sent the first effective therapies for dry AMD, specifically
targeting GA, and mark a significant advancement in the
management of this previously untreatable condition.
However, deciphering complexities in AMD is essential
for identifying more effective therapeutic targets for both
wet and dry AMD.

Clinical observations reveal a gradual decline in visual
acuity among wet AMD patients undergoing anti-angio-
genic therapy. This deterioration is often linked to sub-
optimal treatment responses, the partial efficacy of the
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therapy, and the ongoing development of fibrotic scarring
or GA [16-20]. These challenges, along with the demand-
ing regimen of frequent injections, highlight the urgent
need for more advanced treatment options for AMD.

In recent years, gene therapy has gained significant
attention as a promising therapeutic approach for various
hereditary retinal disorders, including Leber’s congenital
amaurosis (LCA), choroideremia, retinitis pigmentosa
(RP), Usher syndrome, Stargardt disease, Leber heredi-
tary optic neuropathy, achromatopsia, and X-linked
retinoschisis. The success of gene therapy in managing
LCA has fueled optimism about its potential applica-
tion in AMD, a condition with far greater prevalence
and societal impact [21]. Notably, a single gene therapy
intervention targeting RPE cells in AMD holds promise
for the sustained production of anti-angiogenic and other
therapeutic proteins, offering the potential for long-term
treatment [22].

Given these considerations, this review highlights the
critical role of gene therapy in AMD treatment, providing
an in-depth analysis of the latest clinical trials and recent
advancements in this evolving field (Fig. 1).

Normal Dry

Normal aging Early AMD Intermediate AMD Advanced AMD
Stage Stage | Stage Il Stage Il Stage IV
Drusen diameter <63 pm 63 um to 124 ym 125 ym <

Fig. 1 Pathophysiology of AMD. An overview of age-related macular degeneration (AMD), a leading cause of vision loss in older adults, is provided here
to highlight the AMD’s anatomical impact, clinical subtypes, and progression through defined stages. The top left schematic shows the anatomy of the
eye, emphasizing the macula and optic nerve. Adjacent cross-sectional views differentiate between a healthy retina, dry AMD (characterized by drusen
accumulation and retinal thinning), and wet AMD (marked by abnormal blood vessel growth and leakage beneath the macula). There are also four clinical
stages of AMD based on drusen size and retinal appearance: Stage | (Normal Aging): Presence of small drusen (<63 pm), commonly seen with aging but
not indicative of AMD; Stage Il (Early AMD): Characterized by medium-sized drusen (63-124 um) with minimal visual symptoms; Stage Ill (Intermediate
AMD): Defined by large drusen (> 125 um) and/or pigmentary changes, often associated with mild to moderate visual impairment; and Stage IV (Ad-
vanced AMD): Includes geographic atrophy (dry AMD) or neovascularization (wet AMD), resulting in significant central vision loss
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Genetic basis of AMD and therapeutic targets
Genetic risk factors and their association with
environmental factors

Genetic factors play a critical role in the development of
AMD, with over 100 genes or loci implicated in the con-
dition. Among these, complement factor H (CFH) and
HtrA serine peptidase 1 (HTRA1) are some of the most
significant. The CFH gene, located on chromosome 1q32,
encodes Complement Factor H, a key regulator of the
complement system [23]. The 402 H allele of CFH is a
well-established risk factor for AMD [24—26]. This allele
hinders the ability of CFH to clear oxidative lipids from
the RPE, triggering a cascade of negative reactions. Spe-
cifically, it impairs CFH’s role in inhibiting the conversion
of C3 to C3b and its subsequent degradation [23, 26—28],
leading to uncontrolled complement activation, which
contributes to AMD onset. In addition to CFH, other
complement-related genes influence AMD risk. The
genes CFB and C2, which are implicated in the activation
of the alternative and classical complement pathways,
respectively, have opposing impacts. The CFB R32Q and
R32Q/IVS10 haplotypes are linked to reduced AMD risk,
while certain mutations in C3, such as R102G, correlate
with AMD progression [29, 30]. Furthermore, CFI, which
is regulated by CFH to deactivate C3b, has variants that
can either be protective or increase AMD risk [31].

A variety of genes involved in lipid metabolism have
been identified to contribute to AMD risk [32-34]. A key
gene in this context is apolipoprotein E (APOE), which
exists in three primary forms: €2, €3, and &4. The &4 allele
is associated with a reduced risk of AMD compared
to the €3 allele [35, 36]. This protective effect may stem
from the €4 variant’s ability to expedite the clearance
of lipids, cholesterol, and cellular debris from the RPE,
thereby preventing the buildup of these substances and
the subsequent formation of drusen, an early marker of
AMD [36, 37]. In contrast, the €2 allele may contribute to
an increased risk of AMD by potentially promoting the
expression of growth factors within RPE cells [38], high-
lighting the complex relationship between APOE alleles
and AMD progression.

Beyond APOE, other genes involved in lipid metabo-
lism, such as TIMP3 and LIPC, have also been linked to
a higher risk of developing AMD [33, 39]. Certain genetic
variants, such as rs9621532 in TIMP3 and rs10468017 in
LIPC, have been pinpointed as potential contributors to
AMD susceptibility. Additionally, genes coding for pro-
teins that function in the retina, including CETP, LPL,
and ABCAL, are believed to play a role in AMD patho-
genesis, possibly through their involvement in drusen
formation, although further research is needed to con-
firm these associations [33, 40].

Genome-wide association studies (GWAS) and other
research have identified over 100 loci associated with
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AMD susceptibility [41]. These loci encompass genes
involved in diverse cellular processes. While most
AMD-associated genes affect multiple types of the dis-
ease, some have more specific associations. For instance,
TLR3, which plays a role in innate immunity, is linked
exclusively to dry AMD. Conversely, a rare variant within
FGD6 has been associated specifically with polypoidal
choroidal vasculopathy (PCV), a subtype of wet AMD.
These findings underscore the intricate relationship
between genetics and the distinct subtypes of AMD [42].

Genetic predisposition, combined with environmen-
tal factors, plays a synergistic role in the development of
AMD. For example, smoking has been shown to amplify
the risk associated with certain AMD-associated genetic
variants. The CFH rs1061170 variant, which alters CFH’s
binding affinity to complement components C3 and C3b,
significantly increases susceptibility to AMD in smokers
[27, 43, 44]. In a similar vein, the presence of any HTRA1,
when coupled with smoking, further elevates the risk of
developing AMD [45].

Further research has shed light on additional gene-
environment interactions pertinent to AMD. The AREDS
highlighted a notable interaction between the CFH 402 H
allele and body mass index (BMI) in relation to AMD risk
[46]. Similarly, the Blue Mountains Eye Study (BMES)
found that a diet rich in fish offers greater protective ben-
efits against late-stage AMD for individuals with the CFH
402Y variant [47]. Moreover, the intake of antioxidant
nutrients appears to reduce the risk of early-stage AMD
in those with a genetic predisposition due to CFH and
HTRALI variations [48, 49]. Moreover, increased levels of
C-reactive protein (CRP) may further exacerbate the risk
associated with specific HTRA1 variants [50].

Gene-gene interactions also play a role in increas-
ing AMD risk. Notably, the combined effect of specific
genetic variants on chromosomes 6q16.2 and 18q22.1
significantly elevates AMD risk, particularly in individu-
als who smoke over extended periods [51]. Research by
Schmidt et al. suggests that the APOE genotype influ-
ences the impact of smoking on AMD risk, especially in
the development of choroidal neovascularization (CNV).
Their findings indicate that smoking is particularly det-
rimental to individuals carrying the APOE &2 allele [52].
Figure 2 underscores that AMD is genetically heteroge-
neous, with both protective and risk-conferring variants
influencing disease onset and progression. Complement
pathway genes (e.g., CFH, C3, CFB) play a central role,
reflecting the importance of immune dysregulation in
AMD pathophysiology. Understanding these genetic
associations not only enables risk stratification and early
detection but also informs the development of targeted
therapies, such as complement inhibitors and gene-based
interventions, tailored to individual genetic profiles.
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Fig. 2 Genetic basis of age-related macular degeneration. The genetic landscape influencing susceptibility to AMD, distinguishing between variants
associated with either reduced risk or progression of the disease is illustrated here. The central concept highlights that AMD is a complex, multifactorial
disorder with strong genetic underpinnings, involving both protective and risk-associated alleles across multiple genes implicated in lipid metabolism,

inflammation, and extracellular matrix remodeling

Identification of AMD-associated genes: role of lipid
metabolism, autophagy, and complement pathway genes
Accumulating data from genetic research, clinical obser-
vations, and histological examinations suggest a crucial
link between aberrant lipid metabolism and the onset of
AMD [53, 54]. Genes involved in cholesterol transport,
such as APOE, ABCAL1, LIPC, and CETP, have shown a
strong correlation with AMD risk. Additionally, elevated
plasma levels of high-density lipoprotein (HDL) are
associated with a reduced risk of AMD. The buildup of
cholesterol-rich deposits beneath the RPE, known as sub-
RPE drusen, is a key hallmark of AMD progression [55].
This connection is further supported by animal models
of Stargardt disease, best disease, and specific gene dele-
tions, which exhibit excessive cholesterol accumulation

in the RPE before any pathological changes occur. This
highlights the importance of maintaining tight choles-
terol regulation within the RPE [56, 57]. Understand-
ing how lipid metabolism is regulated in the RPE and
the mechanisms by which cholesterol disrupts its func-
tion is essential for advancing our knowledge of AMD
pathogenesis.

Recent studies suggest a mechanism in which bisreti-
noids, derivatives of the retinal chromophore recycling
process, trigger the secondary accumulation of choles-
terol and ceramide within the RPE [58]. The distinct
cone-like structure of bisretinoids, featuring a diminu-
tive hydrophilic head and an expansive hydrophobic tail,
disrupts lysosomal membrane structure. Bisretinoids
embed themselves beneath the head groups of adjacent
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phospholipids to minimize water exposure. Choles-
terol, which shares a similar cone-like shape, competes
for the same space as bisretinoids. Experiments using
synthetic membranes containing both compounds have
shown that bisretinoids can displace cholesterol, caus-
ing it to become internalized and sequestered within
lysosomes [58]. This excess cholesterol subsequently
ensnares bis(monoacyl)glycerophosphate (BMP) within
lysosomes. Increased levels of lysosomal cholesterol and
BMP have been observed in human RPE cells cultured in
vitro and in Abca4 knockout mice. MALDI imaging tech-
niques have also verified heightened BMP levels in the
RPE of these mice [59]. BMP acts as a cofactor for acid
sphingomyelinase (ASM), an enzyme located in lyso-
somes that converts sphingomyelin into ceramide. Cho-
lesterol-induced activation of ASM in Abca4 knockout
mice leads to a substantial accumulation of ceramide in
the RPE. This ceramide buildup may disrupt microtubule
stability and membrane dynamics in the RPE, potentially
affecting cellular metabolism and mitochondrial func-
tion—topics that will be addressed in subsequent sec-
tions. [60-62].

In the retina, the signaling lipid ceramide requires pre-
cise regulation [63]. Research utilizing animal models
indicates that an excess of ceramide impairs various reti-
nal cells, including RPE cells, photoreceptors, and endo-
thelial cells. Such impairments are evident in conditions
such as retinitis pigmentosa, light-triggered photorecep-
tor cell death, and diabetic retinopathy [64, 65]. Addition-
ally, human clinical studies have identified a link between
AMD and elevated ceramide levels, both systemically and
within the RPE layer. Notably, these heightened ceramide
levels are absent in healthy control groups [66—68].

Autophagy, the intracellular degradation system that
recycles cellular debris, is vital for the maintenance of
RPE cells. Given their non-dividing nature and high
metabolic demands, these cells rely heavily on autoph-
agy to manage waste [69]. Mouse models with targeted
deletions of autophagy-related genes in RPE cells (such
as RBICC1, ATG5, ATG7) have highlighted autophagy’s
essential role in preserving RPE integrity and visual func-
tion. These models demonstrate a gradual loss of RPE
cells, leading to subsequent retinal degeneration [70, 71].

Human tissue studies have revealed reduced autopha-
gosome marker levels (lipidated LC3) and an accumula-
tion of persistent cellular waste (p62/SQSTM1) in the
RPE of AMD patients compared to non-AMD controls
[72, 73]. Until recently, the reasons for impaired autoph-
agy in aging and AMD-affected RPE were not well under-
stood. Advanced imaging techniques have now shown
that elevated cholesterol and ceramide levels, triggered
by bisretinoids, lead to the buildup of rigid, acetylated
microtubules within RPE cells. These altered microtu-
bules hinder the efficient movement of autophagosomes
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within the RPE [60]. Furthermore, the acetylation of
microtubules disrupts the proper positioning of lyso-
somes. Normally, these organelles are transported along
the plus-ends of microtubules by kinesin motors, which
in polarized RPE cells are oriented toward the cell base.
However, acetylated microtubules have a higher affin-
ity for kinesin motors, causing lysosomal clustering near
the cell nucleus when exposed to bisretinoids [62]. This
disruption in autophagosome transport and lysosome
positioning results in compromised autophagy and the
accumulation of p62/SQSTM1 in RPE cells treated with
bisretinoids, like the pathology observed in the Abca4
knockout mouse model for Stargardt disease [60]. This
pathology parallels the elevated p62 levels observed in
cultured RPE cells from AMD patients [74].

Interestingly, treatments with liver X receptor (LXR)
agonists, which reduce cholesterol in RPE cells, and func-
tional acid sphingomyelinase (ASM) inhibitors, such as
the antidepressant desipramine, which lowers ceramide
levels, have been shown to restore microtubule function
and reinstate autophagy in RPE cells affected by bisreti-
noids [28, 60]. These findings suggest that controlling
cholesterol and ceramide levels is essential for modulat-
ing autophagy efficiency and facilitating the elimination
of cellular waste in the RPE.

The complement system, integral to immune response
and inflammation, plays a significant role in the patho-
genesis of AMD. Genetic mutations in complement path-
way genes are linked to an increased risk of AMD, and
complement proteins have been identified within drusen,
the hallmark deposits in AMD-affected eyes [44]. Activa-
tion of the complement system triggers a protein cascade
that forms membrane attack complexes (MAC), which
create pores in cell membranes. High concentrations of
MAC can destroy cells, while lower levels can induce sus-
tained harm by elevating intracellular calcium and dis-
rupting mitochondrial function [28].

RPE serves as a barrier against unchecked complement
activation. It employs several strategies to regulate com-
plement activity, including soluble inhibitors like comple-
ment factor H (CFH) and membrane-bound regulators
such as CD46, CD55, and CD59, which work together to
inhibit MAC formation [44]. CD59, which depends on
cholesterol for its activity, must be efficiently recycled to
maintain proper activity [75]. In Abca4 knockout mice,
characterized by excessive cholesterol accumulation,
CD59 is misdirected from its recycling route to lyso-
somal degradation, leading to increased MAC accumula-
tion on the RPE surface [28].

Live-cell imaging has shown that RPE cells can rapidly
direct lysosomes to the plasma membrane in response
to complement attacks. These lysosomes merge with the
membrane, sealing off forming MAC pores and block-
ing calcium entry [28]. Alternatively, RPE cells can engulf
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MAC into endosomes and transfer them to lysosomes
for degradation [76]. However, in RPE cells affected by
bisretinoids, acetylated microtubules cause lysosomes
to cluster near the nucleus, preventing their release and
leaving MAC pores open.

The combined effect of reduced CD59 on the cell sur-
face and impaired lysosome release results in increased
intracellular calcium in the RPE, leading to mitochon-
drial fragmentation and the production of reactive
oxygen species (ROS). These ROS further damage mito-
chondria, perpetuating a cycle of cellular injury and oxi-
dative stress. Notably, reducing cholesterol with LXR
agonists or ceramide with desipramine can reverse these
effects by restoring CD59 on the RPE surface, facilitat-
ing lysosome release, and protecting mitochondria from
complement-induced damage [55].

Further research involving AMD risk factors and
human donor tissues strengthens the connection
between complement activation and mitochondrial dys-
function in AMD. Exposure to AMD-related factors,
such as cigarette smoke or hydrogen peroxide, reduces
cell-surface complement regulatory proteins and exac-
erbates mitochondrial stress in RPE cells, as observed
in both laboratory models and mice [77-79]. Studies
on human donor eyes also reveal reduced expression of
CD59 and CD46 in the RPE of AMD patients compared

Table 1 Classification of major genes/pathways and their role in
AMD pathogenesis

Gene/pathway Role in AMD Reference
Cholesterol Transport  Increased risk of AMD with varia- [53, 54]
(APOE, ABCAT1, LIPC,  tionsin these genes involved in
and CETP) cholesterol transport within the RPE
Bisretinoid Accumulation of bisretinoids [58]
Metabolism disrupts lysosomal function and

displaces cholesterol, leading to

ceramide buildup
Ceramide Increased ceramide levels in RPE [63-68]
Metabolism linked to AMD; BMP acts as a cofac-

tor for ASM, the enzyme converting

sphingomyelin to ceramide
Acid Sphingomyelin-  Functional ASM inhibitors (desip- [60]
ase (ASM) ramine) lower ceramide levels and

improve RPE function
Autophagy (RB1CC1,  Essential for RPE health; mutations  [69-73]
ATG5, and ATG7) in RB1CC1, ATG5, ATG7 impair RPE

function
Liver X Receptor LXR agonists reduce cholesterol [60]
(LXR) Signaling and restore autophagy in RPE cells
Complement System  Mutations in complement pathway  [28]

genes (CFH) increase AMD risk;

complement proteins found in

drusen deposits
Complement Regula- RPE utilizes CFH and membrane- 28]

tory Proteins bound regulators (CD46, CD55,
CD59) to control complement

activity
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to healthy individuals [80, 81]. Furthermore, individu-
als carrying the Y402H variant of complement factor H,
which is associated with AMD, show increased mito-
chondrial DNA damage [82]. Recent advanced imaging
techniques have detected more severe mitochondrial
fragmentation in the RPE of AMD donor eyes compared
to healthy controls [83]. These findings collectively sug-
gest that various AMD-related stressors, including
bisretinoids, cigarette smoke, and oxidative stress, com-
promise the RPE’s defenses against complement attacks,
perpetuating a cycle of worsening mitochondrial dys-
function (Table 1).

Therapeutic targets in AMD: modulating gene expression
and protein function for disease modification

The pathogenic pathways leading to RPE dysfunction in
AMD are highly interconnected, with each exacerbating
the other and perpetuating cellular damage. Understand-
ing how various AMD risk factors drive these destructive
cycles remains a significant challenge in AMD research.
While AMD-associated genes impact multiple pathways,
current insights into RPE injury allow for these factors to
be incorporated into a unified model. This model sheds
light on the different aspects of AMD onset and helps
identify potential therapeutic targets within the cascade
of harmful events [84]. This suggests that genetic and
environmental factors act as catalysts, accelerating the
mechanisms of RPE damage and pushing the natural
aging process toward pathological changes.

Bisretinoids, metabolic byproducts of retinal chromo-
phore processing, can compromise RPE health through
both direct and indirect mechanisms. As a result, a range
of preclinical and clinical studies are investigating strate-
gies to inhibit their synthesis [84]. One approach involves
reducing vitamin A absorption by antagonizing serum
retinol binding protein 4 (RBP4) with a non-retinoid
inhibitor called A1102 [85]. Another strategy uses deu-
terated vitamin A (ALK-001), a variant that lowers bisret-
inoid production while preserving the visual cycle [86]. A
comprehensive clinical trial (NCT03845582) is currently
evaluating the safety, pharmacokinetics, and efficacy of
ALK-001 in treating GA. Other promising treatments
in clinical trials include elamipretide (NCT02848313),
which may protect mitochondria from molecular dam-
age, and brimonidine tartrate (NCT02087085), which is
expected to offer neuroprotective benefits [87].

Research utilizing animal models have shown poten-
tial for treatments aimed at reducing bisretinoids and
improving RPE function. Antioxidants like vitamin E
and iron-binding agents such as deferiprone have proven
effective in reducing bisretinoid degradation, thereby
protecting photoreceptors in albino Abca4 knockout
mice [88]. Additionally, oral administration of ticagre-
lor, a P2Y12 receptor antagonist, appears to safeguard
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photoreceptors in these mice by improving lysosomal
function in the RPE and reducing lipofuscin buildup
[89]. Additionally, RPE cells cultured from AMD patients
show elevated levels of complement proteins, inflamma-
tory indicators, and oxidative stress markers. Notably,
administering nicotinamide, a form of vitamin B3, miti-
gates these effects, suggesting its possible therapeutic
advantage [90, 91].

Genetic, epidemiological, and histological evidence
strongly suggests a link between irregular cholesterol
regulation and the development of AMD. Genes involved
in cholesterol transport (APOE, ABCA1l) and the
restructuring of HDL (CETP, LIPC) are significantly cor-
related with AMD risk [53, 92]. Epidemiological research
has also verified that elevated levels of HDL cholesterol
and reduced triglyceride levels correlate with a decreased
risk of AMD [54]. Interestingly, another study identified
a direct relationship between serum levels of activated
complement (C3d/C3), HDL cholesterol, and the inci-
dence of AMD, suggesting potential interactions among
these factors [93].

Although the exact relationship between serum HDL
cholesterol and AMD is not fully understood, it is known
that genes linked to both AMD and cholesterol regula-
tion are active within the RPE [92]. This suggests that
genetic variations associated with AMD may influence
cholesterol transport and lipoprotein metabolism specifi-
cally in the retina. Supporting this notion, experimental
evidence from mice with an RPE-specific knockout of the
cholesterol transporter ABCA1 shows that these mice
experience cholesterol accumulation in the RPE, progres-
sive tissue degeneration, photoreceptor cell death, and
vision impairment [57].

Thus, elevated cholesterol levels in the RPE, whether
due to transport disruption or as a secondary effect of
lipofuscin accumulation, are implicated in RPE damage
and malfunction [60-62]. Furthermore, higher concen-
trations of cholesterol and cholesterol transport proteins,
such as ApoB and ApoE, have been identified in drusen
deposits from the eyes of AMD patients [94—96]. While
the link between the size and number of drusen and
AMD progression has been well-documented, the under-
lying processes leading to drusen formation have only
recently begun to be understood.

Cutting-edge live-cell imaging techniques have shed
light on the role of ApoE isoforms, protein variants with
minor structural differences, in regulating RPE cho-
lesterol levels and possibly in the formation of drusen
[83]. In humans, there are three ApoE isoforms (ApoE2,
ApoE3, and ApoE4), each differing by just one amino
acid, which significantly influences their ability to bind
lipoproteins and manage cholesterol [97-99]. These iso-
forms are distributed within the population, with ApoE2
at approximately 2%, ApoE3 at 78%, and ApoE4 at 14%
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[100]. Interestingly, these isoforms have contrasting asso-
ciations with the risks of Alzheimer’s disease and AMD.
While ApoE4, which increases Alzheimer’s risk, appears
to be protective against AMD, ApoE2, protective in
Alzheimer’s, is linked to a higher risk of AMD [101, 102].
Live-cell imaging has demonstrated that vesicles contain-
ing ApoE2 exhibit restricted, short-range movement, in
contrast to those with ApoE3 or ApoE4, which display
more directed, extensive movement. This suggests that
ApoE2 is less effective at transporting cholesterol com-
pared to the other isoforms. As a result, RPE cells with
the protective ApoE4 isoform maintain lower choles-
terol levels, promoting proper autophagy and protecting
against complement-induced mitochondrial damage. In
contrast, RPE cells with the ApoE2 isoform, associated
with increased AMD risk, tend to accumulate choles-
terol, leading to autophagy dysfunction and heightened
vulnerability to mitochondrial damage [55].

Each ApoE isoform is characterized by a distinct struc-
tural attribute: intrinsically disordered regions. These
regions facilitate multiple, simultaneous, and weak inter-
actions among the isoforms, leading to a process known
as liquid-liquid phase separation. This phenomenon
involves the formation of dense biomolecular clusters
within the cell cytoplasm, lacking any membrane enclo-
sure [103]. Studies in Alzheimer’s disease have shown
that protein mutations can alter the structure of these
clusters, resulting in insoluble aggregates [104]. Such
aberrant phase transitions may arise from mutations in
protein, post-synthetic modifications, or environmental
changes within the cell, all of which can influence protein
configuration and function. Biomolecular condensates
have become a significant area of interest in understand-
ing cellular pathologies due to their role in influencing
protein behavior and disease progression.

In RPE cells expressing the ApoE2 isoform, which is
associated with increased AMD risk, mitochondrial
damage leads to the oxidation of two cysteine residues
in the protein. This oxidation enhances ApoE2’s intrinsic
disorder, resulting in protein aggregation. Consequently,
substantial biomolecular condensates form, which may
serve as precursors to drusen deposits in ApoE2-positive
RPE. In contrast, ApoE4, which contains arginine resi-
dues instead of cysteines, resists oxidation and does not
form large condensates. These findings reveal how a key
AMD risk factor disrupts critical metabolic functions
in the RPE, introducing a novel mechanism: oxidative
stress-induced abnormal phase transitions, which may
contribute to drusen formation [83].

Current research underscores the critical importance
of regulating cholesterol balance in the retina, given
cholesterol’s influence on both metabolism and inflam-
mation pathways closely linked to AMD [105]. The thera-
peutic potential of cholesterol-lowering medications,
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such as statins (HMG-CoA reductase inhibitors), for
AMD remains uncertain, as suggested by retrospective
analyses [106, 107]. A preliminary study using high-dose
atorvastatin over a one-year period reported a reduction
in drusen in some participants [108], but further valida-
tion through larger, randomized, placebo-controlled tri-
als is needed. Alternative strategies to reduce cholesterol
levels include the use of LXR agonists, which activate
LXR nuclear receptors, leading to the synthesis of choles-
terol transporters like ApoE and ABCA1 [109]. While no
synthetic LXR agonists have yet been approved for clini-
cal use due to adverse effects, ongoing research may yield
safer and more effective treatment options [110].

Ceramide, an intracellular signaling lipid, plays a cru-
cial role in a wide range of cellular functions [111].
Studies using animal models of retinal diseases, such as
retinitis pigmentosa, glaucoma, and AMD, have identi-
fied ceramide as a key factor in the pathogenesis of these
conditions [55, 112, 113]. These investigations show that
elevated ceramide levels can cause damage, inflamma-
tion, and apoptosis in photoreceptors, RPE cells, and
the retinal vasculature. Notably, interventions aimed at
reducing ceramide levels—whether through pharmaco-
logical agents or genetic engineering—have successfully
prevented retinal degeneration in various models [112,
114]. These findings highlight the importance of tightly
regulating ceramide within the retina and the potential
consequences of imbalances in this system, often referred
to as the “sphingolipid rheostat,” on retinal health and
function [113].

In RPE cells, an overabundance of ceramide, driven by
increased activity of the enzyme acid sphingomyelinase
(ASM), can disrupt membrane dynamics. This disrup-
tion leads to the formation of abnormal endosomes, the
clustering of lysosomes around the nucleus, impaired
autophagosome trafficking, and mitochondrial frag-
mentation. Interestingly, certain medications originally
developed for other conditions have been found to inad-
vertently suppress ASM activity [115]. These include
tricyclic antidepressants, such as desipramine and ami-
triptyline, as well as selective serotonin reuptake inhibi-
tors (SSRIs) like sertraline and fluoxetine. These drugs act
as mild ASM inhibitors by accumulating in lysosomes,
where they block the interaction with a molecule critical
for ASM activity, ultimately causing ASM to detach and
degrade within the lysosome [116].

In Abca4 knockout mice, a model for a specific form of
AMD, desipramine administration—either via injection
or orally—effectively normalized ceramide levels in RPE
cells to those observed in healthy controls. This treat-
ment halted the formation of oversized early endosomes,
prevented the breakdown of complement proteins,
and suppressed the activation of the mTOR pathway,
all of which are factors implicated in AMD progression
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[61]. Additionally, desipramine therapy restored proper
autophagosome movement and autophagic flux in RPE
cells challenged by bisretinoids, toxic byproducts of the
visual cycle [60]. Furthermore, desipramine reinstated
CD59, a crucial protein for RPE defense, on the cell sur-
face, preventing the formation of membrane attack com-
plexes (MAC) by the complement system and protecting
RPE mitochondria from complement-induced damage
[62].

Clinical data from AMD patients strongly support the
targeting of ceramide as a viable therapeutic approach.
First, analyses of sphingolipid levels in the blood of AMD
patients have shown elevated ceramide concentrations,
particularly in individuals with GA, and especially in
those carrying the Y402H risk allele [68]. Second, higher
ceramide levels have been detected in the RPE of eyes
from AMD donors compared to healthy individuals [66,
67]. Third, a synthesis of findings from multiple studies
indicates that the use of ASM inhibitors, such as desip-
ramine, is associated with a significantly reduced risk of
AMD onset [117, 118]. Finally, ceramide levels naturally
increase with age in humans and are also elevated in the
brains of patients with Alzheimer’s and Parkinson’s dis-
eases [119, 120]. These findings suggest that disrupted
ceramide regulation in non-dividing cells, such as neu-
rons and RPE cells, may be a common factor underly-
ing age-related neurodegenerative disorders, including
AMD, and present a promising target for therapeutic
intervention. Figure 3 illustrates AMD as a disease of con-
verging cellular stress pathways, where ceramide-induced
endolysosomal dysfunction, cholesterol mismanagement,
and bisretinoid accumulation synergistically contribute
to RPE damage and photoreceptor loss. Importantly,
ceramide modulation not only stabilizes RPE cell health
but also indirectly attenuates complement activation,
a shared downstream effector in these pathways. Thus,
targeting ceramide synthesis and lysosomal integrity
presents a promising avenue to modulate multiple AMD
mechanisms simultaneously, particularly in tandem with
complement inhibitors or gene therapies aimed at restor-
ing homeostatic regulators like CD59 or CFH.

Gene delivery systems and cell-based approaches
in AMD therapy

Viral vector platforms: Adeno-associated virus (AAV) and
lentiviral vectors for retinal gene delivery

The advancement of gene therapy for AMD hinges on
two critical factors: identifying the most effective thera-
peutic protein and ensuring its sustained expression over
an extended period. Future research will focus on refin-
ing vector design, selecting appropriate promoters, and
optimizing delivery techniques while carefully managing
the risks associated with the prolonged expression of pro-
teins that inhibit angiogenesis or the complement system.



Hushmandi et al. Cell Communication and Signaling (2025) 23:233 Page 10 of 35

Photoreceptors

[Hindered - Bsmps Formation\
au |

—
lophagoso7 m‘lembr:ane \\ of atypical
ly
ASM

Mitochondrial Aggregation of
fragmentation T lysosomes around

@ Ceramide  thenucleus

Tricyclic antidepressants

Selective serotonin
reuptake inhibitors

Sertraline - Normalizing RPE ceramide levels

and i ine —p | ing the P
Fluoxetine and of oversized early endosomes, cellular
Amitpyine breakdown of complement proteins,
\ and activation of the mTOR pathway
-Reestablish CDS9,’preventing the
formation of MAC
Ceramide
AMD
Cholesterol Bisretinoids

\

Drusen

| RBP4, ]
Genes involved Genes involved P \ ALK-001
ApoB in cholesterol in restructuring : l
i Vitamin A Retinal o
@ transportation of HDL aberrticn —  chromophore ——> Bisretinoids
| s | N

Cholesterol AMD 4/ | ¥ y —
transport proteins t

Deferiprone

Fig. 3 Major therapeutic targets for AMD. The multifaceted diagram provided here, integrates the key molecular and cellular mechanisms underlying
AMD, centering on the interplay between ceramide accumulation, cholesterol imbalance, and bisretinoid toxicity. It emphasizes how these pathways
converge in the RPE and photoreceptor interface, ultimately driving retinal degeneration. Notably, it highlights therapeutic targets where ceramide
modulation and complement pathway inhibition intersect to modify disease progression. At the top left, the anatomical relationship between photore-
ceptors and RPE cells is depicted, underscoring the functional importance of RPE in supporting photoreceptor health. Disruptions in this support system
are central to AMD pathology. The upper right inset outlines the pathogenic cascade triggered by ceramide accumulation in RPE cells. Ceramide, a bioac-
tive sphingolipid, is shown to disrupt endolysosomal and mitochondrial function via hindered autophagosome trafficking, mitochondrial fragmentation,
disrupted membrane dynamics, formation of oversized, atypical endosomes, and aggregation of lysosomes around the nucleus. This cascade promotes
chronic cellular stress, inflammation, and complement activation, creating an environment conducive to AMD progression. Acid sphingomyelinase (ASM)
is a key enzyme that catalyzes ceramide production from sphingomyelin, serving as a central regulatory node. Therapeutically, tricyclic antidepressants
(e.g., desipramine, amitriptyline) and SSRIs (e.g., fluoxetine, sertraline) inhibit ASM activity, thereby reducing ceramide synthesis. Therapeutic outcomes
of ASM inhibition include normalization of ceramide levels, prevention of oversized endosome formation and lysosomal dysfunction, stabilization of the
CD59 complement inhibitor, reduction in MAC (membrane attack complex) formation, and inhibition of aberrant mTOR signaling. This suggests a criti-
cal therapeutic intersection between ceramide modulation and complement inhibition, as ceramide-induced lysosomal stress may initiate or amplify
complement activation, a known pathogenic feature in AMD. The lower left panel segment links cholesterol dysregulation with drusen, a hallmark of
early AMD. Drusen are extracellular lipid-protein aggregates that accumulate between the RPE and Bruch’s membrane. Cholesterol transport proteins
(ApoB, ApoE) and related genes (ABCAT, APOE, CETP, LIPC) regulate lipoprotein metabolism and high-density lipoprotein (HDL) remodeling. Dysregula-
tion of these pathways leads to altered triglyceride (TG) and HDL levels, accumulation of lipids in the sub-RPE space, and recruitment and activation of
immune components, including complement factors. Although not directly shown in this panel, complement activation is facilitated by lipid and debris
accumulation, again linking to ceramide-induced endolysosomal stress and MAC formation. The final panel (lower right panel) focuses on bisretinoids,
toxic byproducts of vitamin A metabolism that accumulate within the RPE as lipofuscin. These compounds contribute to oxidative damage and cell
death. RBP4 (Retinol Binding Protein 4) facilitates vitamin A transport, which can be targeted by A1102, reducing substrate availability for bisretinoid
formation. Therapeutic agents such as ALK-001 (a deuterated form of vitamin A) slows bisretinoid accumulation. In addition, Vitamin E and deferiprone
act as antioxidants or iron chelators, mitigating bisretinoid-induced oxidative stress. Though bisretinoid toxicity is mechanistically distinct, it converges
with ceramide and cholesterol pathways at the level of RPE degeneration and complement activation, particularly as dying RPE cells can release DAMPs
(damage-associated molecular patterns) that further trigger inflammation and complement cascades
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Table 2 Characteristics of major viral gene delivery systems for

AMD therapy
Feature Adenoviral AAV Vectors Lentiviral
Vectors Vectors

Payload Size Large (up to Small (4.5-5.0 kb) Medium (up to

35kb) 10 kb)

Cell Specificity Broad Varied by sero-  Broad

type (e.g., AAV2
targets retina)

Episomal or Primarily Primarily Can Integrate

Integration Episomal Episomal

Infects Dividing/  Both Both Both

Non-Dividing

Cells

Immune High (early Low Moderate

Response vectors),

Lower (later
generations)

Genotoxicity Risk Low Low Potentially
Higher (com-
pared to AAVs)

Advantages Large payload,  Low immune Integration

efficient response, tissue  possible, in-
infection specific options  fects both cell
types

Disadvantages High initial Limited payload Moderate

inflamma- size, pre-existing  genotoxicity
tory response,  immunity risk

limited tissue possible

specificity

Suitability for Limited due Currently Potential, but

AMD Gene to potential the leading safety concerns

Therapy inflammation candidate require further
research

References [122-125] [126,132-134] (127,128,130,
131]

Over the past two decades, a wide variety of viral and
non-viral methods for delivering genetic material into
cells have been developed. The most extensively studied
viral vectors include adenovirus, adeno-associated virus
(AAV), and lentivirus (Table 2). The choice of vector is
crucial and depends on the specific application, consid-
ering factors such as tissue specificity (tropism), payload
capacity (cloning size), and safety concerns, including
the risks of inflammation and oncogenesis (genotoxicity/
insertional oncogenesis) [22, 121].

The most advanced adenoviral vectors, known as
helper-dependent vectors, can transport a substantial
genetic payload (around 35 kb) and infect a broad range
of cell types, including non-dividing cells. Typically, the
viral DNA remains episomal, meaning it does not inte-
grate into the host genome, which minimizes the risk of
insertion. However, earlier versions of adenoviral vec-
tors were associated with inflammatory reactions [122,
123]. More recent iterations, including helper-dependent
adenoviral vectors, are less likely to provoke immune
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responses and are considered the safest among adenovi-
ral platforms [124, 125].

AAV vectors are particularly attractive for gene therapy
due to their minimal immune response, making them
suitable for a wide range of human diseases. Like adeno-
viral vectors, AAV vectors can infect non-dividing cells,
and its genetic material predominantly remains episomal,
avoiding integration into the host DNA (episomal). A
major advantage of AAV vectors is the availability of
various subtypes, each with a predilection for infecting
specific tissues. For example, AAV2 is known to target
muscle, liver, CNS, and retina, whereas AAV8 is more
specific to liver, retina, CNS, pancreas, and heart [126].

Lentiviral vectors, derived from viruses such as HIV-1
or EIAV, can carry up to 10 kb of genetic information
[127, 128]. These vectors are particularly advantageous
when the integration of the delivered genetic material
into the host genome is required. Lentiviral vectors have
been widely used to modify hematopoietic stem cells
[129]. Recently, they have gained popularity due to their
ability to infect both dividing and non-dividing cells, and
they present a lower risk of insertional oncogenesis com-
pared to gamma-retroviruses [130]. Additionally, non-
integrating lentiviral vectors have been engineered to
further reduce the risk of genotoxicity [131].

Currently, AAV vectors are the leading viral vectors
used in gene therapy for retinal diseases. Their suitabil-
ity for retinal applications stems from several key char-
acteristics, including their lack of integration into the
host genome, minimal potential to trigger inflammation,
low retinal toxicity at appropriate doses, non-pathogenic
nature, ability to target non-dividing cells, and strong
safety profile in human clinical trials [132]. However,
AAV vectors do have limitations. Their cloning capac-
ity is relatively small (4.5-5.0 kb), and there is a risk of
immune system clearance in patients who have been pre-
viously exposed to the AAV virus [133]. Fortunately, this
risk is relatively low when targeting the retina, which is
considered an immune-privileged site [134].

Once talking about therapeutic strategies against
AMD, it is worth considering that AAV-based gene
therapy approaches for AMD and inherited retinal dis-
eases (IRDs) require fundamentally different strategies
due to distinct disease mechanisms and patient popula-
tions. First, AMD involves complex interactions between
genetic susceptibility such as complement factor H
variants, environmental factors, and age-related oxida-
tive stress [135, 136]. Thus, therapeutics must focuse on
pathway modulation (VEGF suppression, complement
inhibition) rather than single-gene correction. Requires
sustained expression due to chronic disease progression.
On the other front, IRDs are principally caused by >280
identified mutations in genes like RPE65, ABCA4, and
USH2A. Examples include LCA and retinitis pigmentosa
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[135, 136], and thus gene replacement strategy aims to
restore functional protein expression through retinal
delivery of wild-type transgenes, as demonstrated by
Luxturna® (voretigene neparvovec) [135].

With specific modifications for AMD and IRDs, vec-
tor design specifications for retinal gene therapies must
be adapted to the disease context. To minimize off-target
effects during prolonged anti-VEGF treatment, cell-spe-
cific promoters are necessary for AMD in order to ensure
targeted expression in Miiller glia or RPE cells. Further-
more, dual transgene systems, which combine VEGF
suppression with complement pathway modulation, for
example, through CR2-fH hybrid constructs, are showing
promise. On the other hand, IRD approaches frequently
call for more extensive expression profiles, which makes
ubiquitous synthetic promoters like CAG perfect for
attaining pan-retinal gene expression in conditions that
impact various retinal cell types. Further optimization
is achieved through capsid engineering; novel AAV vari-
ants like AAV2-7m8 and AAV44.9 have demonstrated
enhanced retinal penetration, facilitating efficient sub-
retinal delivery to photoreceptors [135, 136].

The development of retinal gene therapies is also ham-
pered by immunological issues, as there are notable
distinctions between cohorts with IRD and those with
AMD. Neutralizing antibodies against widely used AAV
serotypes, including AAV2 and AAVS, are highly preva-
lent in older adults with AMD, with seroprevalences
ranging from 40 to 60%. To avoid humoral immune

Table 3 Non-viral gene delivery systems for AMD therapy

Feature Lipid Exosomes Membrane
Nanoparticles Hybrid Exo-
somes (HEs)
Composition Synthetic lipids Natural lipid ~ Fusion of
bilayers liposomes and
derived from  exosomes
cells
Cargo Capacity  Limited (small RNA,  Lim- Larger than
CRISPR/Cas9) ited (proteins, exosomes
microRNASs) (CRISPR/Cas9)
Delivery Endosomal escape  Utilize natural  Utilize
Mechanism and nuclearentry  cellular natural cellular
required pathways pathways
Advantages Low cyto- Biocompat- Larger cargo
toxicity, low ible, targeted  capacity than
immunogenicity delivery exosomes
potential
Disadvantages  Endosomal escape  Limited cargo Lower ef-
and nuclearentry  capacity ficiency for
limitations CRISPR/Cas9
delivery
Suitability for Promising for deliv-  Promising Potential for in

AMD Gene ering small RNA for delivering  vivo gene edit-

Therapy proteinsand ing, requires
microRNAs further research

References [137-141] [142-145] [146, 147]
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responses, this calls for either pretreatment immunosup-
pression or the use of modified capsids such as AAV8BP2.
Children with IRDs usually have baseline immunity lev-
els below 20%, which makes them more responsive to
direct subretinal gene delivery without requiring signifi-
cant immunomodulation. The localized nature of ocular
administration and the relatively immature immune sys-
tems in younger individuals also contribute to reduced
systemic immune risks in this population [135, 136].

Innovative approaches that specifically address the
difficulties of AMD have been made possible by patho-
physiology-driven engineering. One such development
is the creation of protease-activated vectors, which allow
targeted transgene activation only in diseased tissues by
taking advantage of the elevated levels of matrix metal-
loproteinase-9 (MMP-9) in neovascular AMD. Simulta-
neously, dual-function transgenes are being developed to
provide combined therapeutic effects. For instance, com-
bining anti-inflammatory cytokines like IL-10 with anti-
angiogenic agents like sFLT-01 can reduce inflammation
and inhibit the growth of pathological vessels. Methyla-
tion-resistant promoters have also been added to guaran-
tee long-term therapeutic benefit. This is important for
the chronic treatment of AMD because it permits long-
term gene expression in the metabolically stressed RPE
[135, 136].

Overcoming the cargo limitations of AAV vectors is
a primary focus of gene therapy development for IRDs.
By dividing the genetic payload among two AAV vec-
tors that reconstitute the full-length transcript within
the target cells, trans-splicing systems, which allow the
delivery of large genes, like ABCA4, implicated in Star-
gardt disease, offer a promising remedy. Moreover,
endogenous microRNA-responsive elements are used to
improve transgene expression precision. These elements
use retinal-specific miRNA profiles to suppress off-target
expression in non-relevant cell types, which improves
safety and therapeutic specificity. These distinctions
underscore the need for disease-specific vector optimiza-
tion, as highlighted in recent reviews of ocular gene ther-
apy [136]. While IRD therapies benefit from well-defined
genetic targets, AMD requires multilayer engineering to
address complex pathophysiology and age-related bio-
logical barriers. Ongoing clinical trials continue to refine
these approaches through capsid evolution and immune
evasion strategies [135].

Non-viral delivery systems: lipid nanoparticles and
exosomes for ocular gene transfer

Lipid nanoparticles (LNPs), tiny spheres that mimic cell
membranes, are emerging as a leading non-viral vector
for gene therapy in clinical applications (Table 3) [137].
They are favored over other non-viral vectors due to their
reduced cytotoxicity and immunogenicity. Research by
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Finn et al. and Sung et al. has demonstrated the efficacy
of LNPs in delivering CRISPR/Cas9 elements for gene
modification, achieving high expression in target cells
with minimal cellular toxicity [138, 139]. These findings
highlight the potential of LNPs to address retinal disor-
ders and other posterior ocular conditions [140, 141].
Their exceptional ability to encapsulate genetic material
and penetrate target cells makes them particularly suit-
able for gene delivery to retinal cells.

One of the major advantages of LNPs is the absence
of viral elements, which reduces safety concerns and the
risk of immune reactions. However, several challenges
remain. First, after entering the cell, the nanoparticles
must escape from endosomes to release their contents.

Additionally, the Cas9 complex, essential for gene edit-
ing, must successfully navigate to the nucleus [142]. As a
result, the overall efficiency of CRISPR/Cas9 delivery via
LNPs is somewhat limited. The success of this delivery
also hinges on variables such as the type of target cell and
the nature of genetic cargo, requiring careful customiza-
tion of the lipid formulation for each specific case.

Exosomes offer another promising avenue for gene
delivery. These small vesicles, composed of lipid bilay-
ers, play a crucial role in intercellular communication
and show great promise for both disease diagnosis and
therapy. Their functionality and composition are influ-
enced by their cellular origin, which dictates their effects
based on the originating cell type. Evidence indicates that
exosomes from RPE cells under oxidative stress can serve
as vehicles for proteins and microRNAs [143]. Investiga-
tions by Kang et al. and Biasutto et al. have revealed that
exosomes can transport hydrophobic receptor proteins
from retinal cells to the vitreous cavity [144]. Similarly,
Hajrasouliha et al. demonstrated that exosomes derived
from RPE cells associated with choroidal neovasculariza-
tion can be targeted to specific cells involved in the con-
dition, offering a promising approach for treating AMD
[145]. Despite their potential as drug carriers, exosomes
face limitations in housing large nucleic acids required
for CRISPR/Cas9 systems.

Recent studies are exploring membrane hybrid exo-
somes (HEs), formed by fusing liposomes with exosomes.
Unlike standard exosomes, HEs can accommodate
larger genetic constructs, such as CRISPR/Cas9 vec-
tors, enabling potential in vivo gene editing. Due to the
porous nature of choroidal vessels and the size of HEs
(approximately 200 nm), these hybrids may be capable
of crossing vessel walls and reaching target endothe-
lial cells. This approach could offer a safer alternative to
traditional intravitreal injections, which carry infection
risks. However, further research is required to optimize
local delivery methods for these nanoscale exosomes,
particularly beyond the ocular setting. Encapsulating the
CRISPR/Cas9 system within exosomes poses significant
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challenges compared to other carriers, as plasmid DNA
incorporation via electrofusion typically results in low
efficiency [146, 147]. Developing targeted strategies for
disease-specific cellular therapies is essential for advanc-
ing exosome-based therapeutics.

Stem cell-based approaches for AMD treatment

Stem cells are defined by two key characteristics: [1] the
ability to proliferate and produce identical multipotent
stem cells indefinitely while maintaining their undiffer-
entiated state, and [2] the potential to differentiate into
various cell types [148]. Human embryonic stem cells
(hESCs), which are pluripotent, were first successfully
isolated and cultured in 1998 by Thomson et al. (1998).
Following this breakthrough, Klimanskaya et al. (2004)
developed the foundational protocol for deriving RPE-
like cells from hESCs. This innovation sparked consider-
able optimism for the potential of an unlimited supply of
RPE cells for treating AMD [148]. Over the past decade,
various research groups have employed different meth-
odologies to generate RPE cells from stem cells, with
varying degrees of success. Nevertheless, recent techni-
cal and regulatory advancements have made stem cell-
based therapies for AMD increasingly feasible. These
advancements encompass [1] the derivation of RPE
cells from hESCs [2], progress in utilizing induced plu-
ripotent stem cells (iPSCs) [3], the employment of stem-
cell-derived retinal progenitor cells to compensate for
photoreceptor loss, and [4] the initiation of clinical tri-
als employing stem-cell-derived RPE for retinal degen-
erative conditions. Mounting evidence suggests that the
short-term safety of stem-cell-derived RPE implantation
poses no significant concern [149]. However, several key
challenges remain for the clinical application of stem cell-
based treatments for AMD, including: [1] the develop-
ment of commercially viable, cost-effective, reliable, and
robust sources of RPE and retinal progenitors; [2] the
refinement of techniques for delivering stem cell-derived
RPE into the subretinal space; [3] ensuring the long-
term viability and functionality of the transplanted cells;
[4] confirming the long-term safety of the procedure,
particularly the absence of tumor formation years post-
implantation; and [5] devising methods to harness the
immunoregulatory properties of stem cell-derived RPE to
reduce the risk of immune rejection.

It remains to be determined whether therapies involv-
ing stem cell-derived RPE or retinal progenitor cell (RPC)
replacement merely decelerate the progression of retinal
degeneration or actively enhance vision by integrating
into the retina and restoring its function. The transplan-
tation of hESC-RPE into the subretinal space in animal
models of retinal degeneration has demonstrated the abil-
ity to preserve deteriorating photoreceptors and improve
vision [150-152], providing proof of concept that
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Fig. 4 Gene Delivery Systems and Advanced Therapeutic Strategies for AMD therapy. A range of contemporary approaches under investigation for
the treatment of retinal degenerative diseases, particularly AMD, is seen in this figure. The top panel details viral vector platforms, including Adenoviral,
Adeno-Associated Viral (AAV), and Lentiviral vectors, highlighting their respective advantages and limitations regarding genetic payload capacity, im-
munogenicity, cell tropism, and safety profiles. At the bottom left panel, non-viral delivery methods utilizing lipid nanoparticles, exosomes, and hybrid
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(RPE) and into the choroidal vessels. The bottom right panel outlines stem cell-based therapies, showcasing the potential of human embryonic stem cells
(hESCs), induced pluripotent stem cells (iPSCs), and other stem cell sources to differentiate into retinal progenitor cells for transplantation and compensa-

tion of photoreceptor loss

hESC-RPE transplantation could be a viable therapeutic
approach. The optimization of RPE transplantation pro-
cedures has led to the emergence of two distinct thera-
peutic strategies: [1] the introduction of a cell suspension
comprising non-polarized hESC-RPE cells into the sub-
retinal space, facilitating integration with the host retina,
and [2] the transplantation of polarized sheets of hESC-
RPE, which improves safety and clinical outcomes due to
the reliance of normal RPE function on the specialized
characteristics of its apical and basal domains. iPSC-RPE
cells, derived from a patient’s own cells, exhibit authentic
RPE characteristics, including the ability to interdigitate
with photoreceptor outer segments and provide support
[153]. Stem cell-derived RPCs have also been proposed
to replace lost photoreceptors, either independently or
in conjunction with hESC-RPE cell transplantation [154].

While fetal umbilical cord blood cells and hematopoietic
stem cells are multipotent and are being explored for the
treatment of retinal degenerative diseases [155, 156], they
have not shown as much promise as the use of hESC-
RPE, iPSC-RPE, and RPC therapies to date (Fig. 4).

Gene therapy for AMD is rapidly progressing with a
wave of technological advancements with the objective of
addressing the disease’s chronic and multifaceted nature.
Recent preclinical and clinical advances are focused on
overcoming underlying challenges such as sustained
pathway modulation, targeted cellular delivery, and com-
binatorial therapeutic strategy integration.

One of the growth opportunities is combinatorial
therapy dual-vector systems. For example, anti-C3 and
anti-VEGF fusion proteins delivered by AAV.CB. anti-
C3-anti-VEGF in murine models was demonstrated to
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reduce serum levels of C3 by 27% and efficiently inhibit
VEGE. Two-way-path therapy in this manner provides for
concurrent antagonism of both complement dysregula-
tion and neovascularization, with a resultant slowing of
geographic atrophy progression in preclinical studies fol-
lowing subretinal administration. The second is the appli-
cation of an R100 capsid to co-deliver aflibercept with
a VEGF-C-targeting miRNA in the form of the 4D-150
therapy. This system could deliver a 99% reduction in
grade IV choroidal neovascularization (CNV) lesions
in primate models, showing the potential for combin-
ing anti-angiogenic drugs with RNA-based modula-
tors. AAV7m8-based vectors, such as those used in the
ADVM-022 program, have also demonstrated the feasi-
bility of intravitreal delivery, with 67% of patients remain-
ing injection-free at 2.5 years for phase 1 trials. Notably,
the R100 capsid supported a 98% reduction in CNV area
through dual transgene expression, and this is a sig-
nificant step towards long-term, non-invasive treatment
[157-159].

Precision targeting has also been enhanced through
cell-specific promoters. Synthetic RPE-specific promot-
ers have outperformed the endogenous BEST1 promoter
eightfold with cell specificity maintained and enhanced
transgene expression. Hybrid promoter constructs that
fuse viral enhancer elements, e.g., CMV immediate early
fragments, onto RPE transcription factor-responsive ele-
ments (TFREs) have also emerged with similar efficacy
but 15% smaller size compared to classic CMV promot-
ers. To ensure long-term stable transgene expression,
especially in metabolically stressed RPE cells, methyla-
tion-resistant promoter constructs have been engineered
to be resistant to epigenetic silencing, a necessary feature
to address the chronic nature of AMD [160, 161].

These gene therapy vectors also incorporate immune
management strategies to address age-dependent
immune responses. Topical steroids, for instance, are
being used to minimize anterior chamber inflammation
associated with AAV7m8 vectors, and codon optimiza-
tion strategies are being employed to minimize HLA
class I presentation and the risk of cytotoxic immune
activation.

Together, these advances comprise a strategic shift
toward multifactorial treatment in line with AMD’s
complex pathophysiology. By combining dual pathway
targeting, capsid engineering, and promoter optimiza-
tion, researchers aim to overcome both biological and
immunological challenges inherent to aged retinal tissue.
Ongoing clinical trials have the potential to determine
whether these next-generation gene therapy platforms
can successfully bridge preclinical promise and sustained
clinical efficacy [121, 162-165].
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Current status of gene therapy clinical trials for
AMD

Gene therapy candidates and target genes for AMD:
overview of completed and ongoing clinical trials

Most gene therapy clinical trials for AMD have focused
on the neovascular variant (nAMD) [166]. Pigment
epithelial-derived growth factor (PEDF), a protein with
multiple roles, including promoting neuron survival and
inhibiting angiogenesis has been identified as a potential
therapeutic agent [167, 168].

In a phase 1 trial conducted in 2006, researchers eval-
uated the administration of PEDF via a one-time intra-
vitreal injection of an AAV vector in 28 patients with
nAMD. Patients who received a lower dosage (under
1078 particle units) experienced a deterioration in vision
and an increase in macular neovascularization (MNYV)
lesions. Conversely, those administered a higher dosage
(at least 1078 particle units) were more likely to experi-
ence disease stabilization, suggesting a possible dose-
dependent effect [169].

Adverum Biotechnologies, previously known as Ava-
lanche Biotechnologies, developed AVA-101, a gene ther-
apy that employs a modified AAV2 vector to deliver the
gene for soluble human vascular endothelial growth fac-
tor receptor 1 (sFlt-1). AVA-101 was assessed in a phase
1/2a clinical trial. In phase 1, eight patients received a
single subretinal injection of AVA-101, along with initial
standard injections of ranibizumab, followed by addi-
tional injections as required. Over 36 months of follow-
up, AVA-101 was well-tolerated, with no significant
safety concerns reported [166].

The phase 2a results, disclosed in 2015, met the pri-
mary safety endpoints, affirming the ocular and sys-
temic safety of AVA-101. However, the data on visual and
anatomical outcomes were inconclusive. Although the
average vision improvement in the AVA-101 group was
marginally better than that of the ranibizumab control
group, this difference was likely attributed to the more
advanced disease stage in the control group. Notably,
43% of patients in the AVA-101 group experienced either
maintained or improved vision with no more than two
additional ranibizumab injections, compared to only 9%
in the control group. In terms of retinal structure, OCT
scans revealed a minor increase in central retinal thick-
ness in the AVA-101 group, whereas the control group
exhibited a decrease. Despite these encouraging out-
comes, Adverum decided not to proceed with a phase 2b
trial for AVA-101 at the end of 2015 [166].

ADVM-022 is an innovative gene therapy for nAMD,
designed to minimize the frequency of anti-VEGF injec-
tions. It employs an AAV7m8 capsid to transport an
aflibercept expression cassette, enabling targeted cells to
continuously synthesize this anti-angiogenic factor. Pre-
clinical trials in primates showed sustained aflibercept
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production and reduced choroidal neovascularization,
leading to the initiation of a phase 1 trial (OPTIC trial).
This open-label study includes nAMD patients who have
previously undergone extensive anti-VEGF therapy. Ini-
tial findings are promising, indicating a significant reduc-
tion in the number of anti-VEGF injections required
annually in both the high-dose and low-dose groups. The
primary adverse effect observed was eye inflammation,
particularly in the anterior segment of the eyes in the
high-dose group, with some patients requiring long-term
topical anti-inflammatory treatments. Inflammation was
less frequent in the low-dose group, suggesting a poten-
tial dose-related response [166].

Another promising gene therapy, RGX-314, is being
developed by REGENXBIO in collaboration with AbbVie
for nAMD. Based on the AAVS vector, this therapy deliv-
ers a gene encoding a monoclonal antibody fragment
akin to ranibizumab, via subretinal or suprachoroidal
injections. This antibody fragment binds to VEGF-A,
inhibiting neovascularization and potentially reducing
the need for regular intravitreal injections.

Both ADVM-022 and RGX-314 are emerging as prom-
ising gene therapy alternatives for individuals with
nAMD, striving to alleviate the burden of recurrent
injections by enabling the continuous production of anti-
VEGF agents within the eye. Although still in the pre-
liminary phases of clinical trials, the initial outcomes are
encouraging and highlight the transformative potential of
gene therapy in nAMD treatment.

RGX-314 is currently being assessed across seven
active clinical trials, as listed on ClinicalTrials.gov. In
2023, REGENXBIO reported promising preliminary
results from these studies, with 46 participants showing
no significant adverse effects linked to the therapy. While
long-term data are still awaited, early indicators of effi-
cacy include maintained or improved visual acuity, bet-
ter retinal structure, and a reduction in the frequency
of anti-VEGF injections required by patients receiving
higher doses. These early outcomes suggest that RGX-
314 could serve as a safe and effective alternative to regu-
lar anti-VEGF injections for individuals with nAMD. The
confirmation of these results depends on continued data
collection from ongoing trials, but the progress of RGX-
314 underscores the potential of gene therapy in manag-
ing nAMD [166].

In a recent investigation, 30 individuals with nAMD
received high doses of RGX-314. At the six-month evalu-
ation, researchers noted several promising outcomes,
further highlighting the potential of this therapeutic
approach. Every participant receiving the high doses
exhibited consistent levels of the anti-VEGF protein frag-
ment in their eyes, indicating stable administration and
expression of the gene therapy. Moreover, these patients
either maintained or improved in best-corrected visual
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acuity (BCVA) and central retinal thickness (CRT), sug-
gesting the therapy helps preserve retinal integrity and
function. Most importantly, the need for post-treatment
anti-VEGF injections was significantly reduced, under-
scoring the potential of RGX-314 to reduce the treatment
burden for nAMD patients [166]. While RGX-314 shows
positive outcomes, it represents just one of many strate-
gies currently being explored. According to ClinicalTri-
als.gov, multiple active trials are focusing on RGX-314,
although only one trial has published findings thus far
[166].

Another innovative gene therapy being developed
for nAMD is RetinoStat, created by Oxford BioMedica.
This therapy employs a lentiviral vector to deliver genes
encoding endostatin and an angiotensin protein. The
anti-angiogenic properties of endostatin, combined
with the involvement of the renin-angiotensin-aldo-
sterone system in AMD, form the foundation of this
therapeutic approach. An ongoing phase 1 clinical trial
(NCT01301443) is evaluating the safety of a one-time
subretinal injection in 21 participants with advanced
nAMD resistant to current treatments, using a dose-
escalation approach to determine the optimal dose. The
active phase 1 trial of RetinoStat highlights the dynamic
and evolving field of gene therapy for nAMD. While
RGX-314 shows great promise, the exploration of diverse
gene therapy methodologies, such as RetinoStat, broad-
ens the scope of potential future therapies [170].

In addition to ADVM-022 and RGX-314, drug-tunable
FIt23k gene therapy presents another novel approach
for treating retinal neovascularization. FIt23k is a decoy
receptor that binds VEGF and is fused with the desta-
bilizing domain (DD) of Escherichia coli dihydrofolate
reductase (DHFR). This fusion protein remains degraded
unless stabilized by trimethoprim (TMP). After intra-
vitreal injection of a self-complementary AAV vector
(scAAV) encoding DHFR(DD)-FIt23k, TMP administra-
tion enables tunable VEGF suppression, as demonstrated
in a rat model of oxygen-induced retinopathy (OIR)
[171]. This strategy presents a controlled therapeutic
approach for managing ischemia-induced retinal neovas-
cularization. (Table 4)

Gene therapy has also been shown to be a hopeful
treatment option for geographic atrophy (GA) caused
by AMD, particularly through targeting the dysregu-
lation found within the complement system, which is
a key player in retinal degeneration. Of the therapies
being researched, GT-005 has garnered much attention
through its gene augmentation strategy aimed at restor-
ing complement regulation through the delivery of com-
plement factor I (CFI). GT-005 utilizes an AAV2 vector
for delivering human CFI to the retinal tissues, with the
goal of restoring equilibrium to the hyperactive comple-
ment cascade implicated in GA progression. Preclinical



Hushmandi et al. Cell Communication and Signaling

Table 4 Clinical trials on AMD gene therapy

(2025) 23:233

Page 17 of 35

Gene Therapy Trial Year Trial Phase Details Outcomes References
PEDF via AAV Vector 2006 1 Explored PEDF adminis-  Lower doses led to vision de- [169]
tration in NAMD patients.  terioration, while higher doses
suggested disease stabilization.
JNJ-81,201,887 2023 (Ac- 2 Intravitreal injection of Well-received, consistent reduc- NCT05811351
(Janssen) tive, Not AAV2 vector with sCD59  tion in GA lesion growth rates.
Recruiting) gene for NnAMD and GA.
RGX-314 fornAMD 2023 Various (see ClinicalTrials.gov) AAV8 vector delivering Promising initial results; NCT05407636
(by REGENXBIO and anti-VEGF monoclonal reduced injection frequency; NCT04704921
AbbVie) antibody fragment. ongoing trials. NCT04514653
NCT04832724
NCT03066258
ADVM-022 2022 (Ac- 2 AAV7m8 capsid deliver- Reduced need for anti-VEGF NCT05536973
by Adverum tive, Not ing aflibercept expres- injections; eye inflammation as
Biotechnologies Recruiting) sion cassette in NnAMD an adverse effect.
patients.
FT-003 2023 1 Not specified Results not yet published. NCT05611424
BD311 (AAV-CFI) 2021 Early phase 1 (Recruiting) Not specified Results not yet published. NCT05099094

studies in non-human primates demonstrated favorable
pharmacokinetics, with sustained intraocular expression
of CFI up to 1,437 ng/mL at higher dosages, and no evi-
dence of systemic toxicity. These findings initially justi-
fied clinical development. However, Phase 2 HORIZON
trials did not demonstrate substantial clinical effective-
ness. Although gene delivery was achieved, GT-005 was
not sufficiently capable of inhibiting complement activity
or creating detectable anatomical or functional improve-
ment in patients. The inability of therapeutic response
combined with the complexity of treating long-term
complement activation in late AMD led to program dis-
continuation in 2023 [172].

JNJ-81,201,887 is another investigational gene therapy
for geographic atrophy in age-related macular degen-
eration, utilizing an AAV vector to deliver soluble CD59
(sCD59) to inhibit membrane attack complex (MAC) for-
mation to restrict retinal damage. Results of Phase 1 trial
(2024) showed no serious adverse effects in 17 patients
for 24 months at all doses, establishing its safety. How-
ever, efficacy results on GA progression are still awaited.
Major limitations include the failure to sufficiently
inhibit upstream complement components, including C3
and C5, and the uncertain long-term stability of sCD59
expression in the aging retina. While early safety results
are reassuring, more data are needed to determine both
the clinical benefits and the extended efficacy [173, 174].

While gene therapy offers theoretical advantages for
GA, clinical outcomes have yet to surpass conventional
complement inhibitors. Further research is needed to
optimize vector design, immune tolerance, and bio-
marker-guided patient selection.

Challenges in AMD gene therapy: roadblocks to
clinical translation

While gene therapy holds considerable promise for treat-
ing AMD), several critical limitations and risks must be
acknowledged. Although emerging safety and efficacy
data for AMD gene therapy are encouraging, the lack
of long-term results raises concerns about potential
enduring side effects and the sustained impact of these
treatments over time [175]. Additionally, the process of
accurately delivering the therapeutic gene to the desig-
nated retinal cells remains complex. Despite significant
progress in refining intraocular delivery techniques, a
universally successful and consistent method for target-
ing retinal cells across all patients has yet to be estab-
lished [166].

A significant challenge arises from the immune sys-
tem’s response to viral vectors used in gene therapy,
which may be recognized as foreign, triggering an inflam-
matory reaction. The severity of this inflammation can
vary from mild to severe, influenced by factors such
as dosage, delivery method, the type of viral vector, the
promoter, and the specific gene delivered. For example,
adenovirus vectors tend to provoke a stronger inflamma-
tory response compared to adeno-associated virus (AAV)
vectors. Furthermore, the presence of neutralizing anti-
bodies (NAbs) in a patient’s blood may hinder the viral
vector’s ability to effectively deliver the therapeutic gene,
with the prevalence of these antibodies varying across
different AAV serotypes [176, 177].

Ensuring the safety of the introduced gene is another
critical factor. Certain genes, such as green fluorescent
protein (GFP), commonly used in research, have been
shown to be harmful to cells. [165] Additionally, evidence
suggests that subretinal injections may result in less
inflammation compared to intravitreal injections. While
inflammation following intravitreal gene therapy typically
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responds well to treatment, the potential for these com-
plications must still be considered. In rare cases, retinal
atrophy has been observed following subretinal gene
therapy [178, 179].

The intricate nature of gene therapy procedures and
their high costs raise questions about the practicality of
widespread application, potentially leading to ethical
concerns over treatment accessibility [180]. These chal-
lenges emphasize the importance of continuing research
to refine delivery methods, mitigate immune responses,
and reduce costs to make these therapies more broadly
available.

In summary, gene therapy offers a hopeful avenue for
the management of AMD, but the associated challenges
and risks underscore the necessity for ongoing research
and development. Ensuring the safety, efficacy, and acces-
sibility of these therapies will be critical to their success
as a long-term solution for AMD.

Immunogenicity and safety concerns: host immune
responses to viral vectors and transgene products

The immune system serves as a crucial defense against
infections, comprising two primary components: innate
and adaptive immunity. The innate immune system
reacts rapidly and non-specifically, while the adaptive
system responds more slowly, with precision and mem-
ory for subsequent exposures. Gene therapy utilizes viral
vectors to transport therapeutic genes into cells. These
vectors are engineered to be non-replicating and benign,
yet they may still provoke unforeseen immune responses.
The potential immune reactions to gene therapy vectors
include pre-existing immunity, where antibodies from
prior infections neutralize the vector before gene deliv-
ery; the innate immune response, where recognition of
viral elements by the immune system may trigger inflam-
mation, potentially diminishing therapeutic efficacy; and
the adaptive T cell response, where dendritic cells (DCs)
present viral antigens to T cells, activating cytotoxic T
cells (CTLs) that eliminate vector-infected cells. Simulta-
neously, helper T cells may be activated, potentially lead-
ing to antibody production [181].

Historically, the immune responses associated with
high-dose gene therapies, particularly for conditions
like muscular dystrophy, were not thoroughly studied.
However, recent research has uncovered novel immune-
related toxicities associated with these high doses, which
may arise from the vector, product impurities, or the
effects of the introduced gene. For instance, high doses
of AAV9 vectors can activate the complement system,
an immune pathway responsible for neutralizing foreign
entities. At elevated doses, viral particles may coat cell
surfaces, making them susceptible to antibody attacks.
Moreover, gene therapy trials have reported broader tox-
icities, such as thrombocytopenia (a reduction in platelet
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count), and CD8+ T cell responses that could potentially
damage various organs or the central nervous system.
Further research is imperative to identify and mitigate
these intricate immune responses, a critical step toward
ensuring the safety and efficacy of high-dose gene ther-
apy [181].

Lentiviral (LV) vectors, derived from HIV, have a
unique ability to deliver genes into both dividing and
non-dividing cells. These vectors consist of an enveloped
structure and a single-stranded RNA genome, which is
reverse-transcribed into DNA within the host cell. This
DNA is then transported to the nucleus and integrated
into the host genome, ensuring the long-term expression
of the transgene if the host cell survives. LV vectors are
commonly used for gene transfer to hematopoietic stem
cells (HSCs) to treat genetic diseases and to T cells for
chimeric antigen receptor (CAR)-T cell therapy in can-
cer. They are also being developed for direct in vivo gene
transfer, such as to the liver, and integration-deficient
versions have been engineered. A novel application of LV
vectors involves in vivo gene transfer to DCs, a technique
gaining traction in vaccine development. LV vectors are
typically pseudotyped with the vesicular stomatitis virus
(VSV)-G protein, which allows efficient infection across
a broad range of cells. However, VSV-G pseudotyped
LV vectors do not target B cells, prompting the devel-
opment of CD20-specific envelopes, which combine an
anti-CD20 single variable fragment with a measles virus
envelope protein for targeted infection. Specific B and
T cell-targeting envelopes have also been engineered
[182-185]].

Despite the relatively low pre-existing immunity to
LVs in humans, the effectiveness of in vivo hepatic gene
transfer using LV vectors is challenged by obstacles such
as phagocytosis. Integrating the human phagocytosis
inhibitor CD47 into the LV membrane reduces uptake
by phagocytic cells and enhances distribution to hepa-
tocytes [186]. Another challenge involves the produc-
tion of type I interferon (T1 IFN), as mice lacking T1 IFN
signaling demonstrate a marked increase in transduced
hepatocytes. Inhibiting IFN production with pharmaco-
logical agents, such as dexamethasone, has been shown
to improve transduction efficiency [187, 188]. While LV
vectors trigger a less intense IFN-alpha response from
plasmacytoid dendritic cells (pDCs) compared to HIV-
1, pDCs are believed to play a critical role in the T1 IFN
response to LVs. Toll-like receptors TLR7 and TLR9,
which detect single-stranded RNA in endosomes, are
instrumental in inducing T1 IEN production [189, 190].

VSV-G pseudotyped LV vectors may also contain tubu-
lovesicular structures with DNA fragments, enhancing
TLRO signaling. The downstream signaling of TLR7 and
TLR9 is partially regulated by the mammalian target of
rapamycin (mTOR) pathway. Research by Brown et al.
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Table 5 Challengesin AMD gene therapy: host immune responses to viral vectors and transgene products

Immune Response Challenge Mechanism Potential Impact on Gene Therapy Refer-
ences
Pre-existing Neutralization by Antibodies from prior infections may neutralize May prevent the vector from delivering [181]
Immunity existing antibodies vectors before gene delivery the therapeutic gene
Innate Immune Inflammation trig- Recognition of viral elements by the immune Could diminish the efficacy of the therapy  [181]
Response gered by vector system incites inflammation
recognition
Adaptive T Cell Activation of cyto- Dendritic cells present viral antigens to T cells, May lead to the eradication of therapeutic  [181]
Response toxic T cells activating CTLs that destroy vector-infected cells  gene-expressing cells
High-dose Vector Complement system  High-dose vectors may trigger immune seg- Could cause damage across various organs [181]
Toxicity activation and ments like the complement system, leading to or the central nervous system
broader toxicities cell surface vulnerability and other toxicities
LV Vector Decreased distribu- Phagocytosis by immune cells reduces the avail- ~ May limit the effectiveness of hepatic gene [186]
Phagocytosis tion to target cells ability of vectors to target cells transfer
Type | Interferon Reduced transduc- Production of T1 IFN in response to LV vectors Pharmacological inhibition of IFN pro- [187,
Production tion efficiency can decrease transduction efficiency duction may be necessary to improve 188]
outcomes
TLR7 and TLR9 Induction of T1 IFN Toll-like receptors detect viral RNA, leading to 1 Designing vectors to prevent transgene [189-
Signaling IFN production expression in pDCs may mitigate this 191]
response
CcGAS-STING Pathway  IFN-alpha response Detection of viral DNA genomes by cGAS-STING  Understanding this pathway is crucial for ~ [194,
Activation pathway induces T1 IFN production designing vectors that avoid inducing 195]

strong IFN-alpha responses

revealed that miR126, a microRNA essential for vascular
endothelial cell function during angiogenesis, is uniquely
expressed in pDCs and targets a negative regulator of
mTOR, which is critical for generating pDCs and facili-
tating TLR-mediated innate responses to nucleic acids
and LV vectors. These insights can be used to design vec-
tors that avoid transgene expression in pDCs by incorpo-
rating target sequences within the transcript [191-193].
However, merely inhibiting TLR7 or TLRY signaling is
insufficient to prevent LV vectors from inducing IFN-
alpha responses, likely due to the detection of viral DNA
genomes by the cGAS-STING pathway, a cytoplasmic
mechanism involved in recognizing DNA through cyclic
GMP-AMP synthase (cGAS) and its downstream adaptor
STING. Activation of STING in the endoplasmic reticu-
lum (ER) triggers IRF3 phosphorylation via TBK1, lead-
ing to the production of type I IEN [194, 195]. (Table 5)

A comparative examination of preclinical and clinical
data underscores key differences in immunogenicity and
the ensuing risk of inflammation by divergent delivery
modalities and vector systems utilized in gene therapy for
AMD. These sorts of parameters, i.e., subretinal vs. intra-
vitreal delivery and AAV vs. lentiviral vectors, play a cru-
cial role in establishing therapeutic windows and safety
profiles, especially with respect to the immune environ-
ment relevant to aging in AMD.

Subretinal vs. Intravitreal Subretinal injection is gen-
erally at less risk of anterior segment inflammation but
carries a risk of localized retinal atrophy and pigmentary
changes, particularly with higher vector doses. Clini-
cal experience in the RGX-314 trial with AAV8 revealed

a favorable safety profile, with no clinically significant
immune responses beyond those associated with the vit-
rectomy procedure itself [196—198].

Nonetheless, one incident of profound vision loss
caused by pigmentary changes was noted at the high dose
level, and asymptomatic peripheral pigmentary effects
were observed in several patients who had received mod-
erate to high doses. Although this method enables very
precise delivery to the subretinal space, it presents tech-
nical difficulty to elderly AMD patients with potentially
thin or atrophic retinas, and therefore a higher risk of
damage or procedural complications. In contrast, intra-
vitreal injection directly exposes vectors to the ocu-
lar immune system, which more frequently leads to an
increased incidence of anterior chamber inflammation
such as anterior uveitis and vitritis. This was observed in
ADVM-022 (AAV2.7m8) clinical trials, where phase 1/2
data indicated up to a 40% incidence of anterior uveitis at
the higher doses. Fortunately, most inflammatory events
were mild to moderate in severity and responded well to
topical corticosteroids, and there were no instances of
vision-threatening inflammation. By comparison, older
patients with age-related macular degeneration fre-
quently have elevated baseline ocular inflammation and
pre-existing anti-AAV antibodies, which can worsen
the immune response and reduce therapeutic effect
[196-198].

Based on the comparison of vector types, AAV vec-
tors, by different serotypes, will have a mild and transient
inflammatory profile with low proinflammatory cytokine
induction compared with lentiviral systems. RGX-314
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subretinally delivered via AAV8 caused low inflammation
and no unexpected immune responses, which under-
lines the preference of AAV for application in AMD
indications. ADVM-022 administered intravitreally too
had managed inflammation, which was largely steroid-
responsive. Nonetheless, the elevated seroprevalence of
neutralizing antibodies in senior populations, alongside
immune dysregulation linked to aging, may enhance host
responses to AAV capsids, especially when administered
at increased dosages [198—-201].

Lentiviral vectors, although efficient in specific sce-
narios, are linked to an increased likelihood of activating
the innate immune system. Evidence indicates that they
can provoke self-limiting inflammatory reactions, char-
acterized by a rise in interleukin-6 (IL-6) levels. Clinical
testing of RetinoStat, a subretinally delivered lentiviral
vector, demonstrated moderate to severe inflammation
and other serious adverse effects in high-dose cohorts,
such as uveitis and chorioretinopathy. One instance of
retinal hole was observed. Because of their decreased
transduction efficiency in post-mitotic retinal cells and
increased risk of inflammatory complications, lentiviral
vectors may be less ideal for AMD gene therapy appli-
cations. In conclusion, both vector choice and delivery
route play important roles in determining inflammation
risk and immune activation in AMD gene therapy. Sub-
retinal AAV delivery is less risky from an inflammatory
standpoint but is invasive surgically, whereas intravit-
real procedures, while less invasive, are associated with
higher risks of immunogenicity, particularly in the aging
eye. AAV vectors remain the most promising vector due
to their favorable balance of safety and efficacy, although
ongoing strategies to avoid immune responses, capsid
engineering, immunosuppression, and codon optimi-
zation, are essential to ultimate long-term success with
AMD treatment [202—-204].

Regarding immunogenicity mitigation strategies, AMD
poses specific immunological hurdles to gene therapy in
the form of immune dysregulation, augmented ocular
inflammation, and high prevalence of anti-vector anti-
bodies in elderly patients. Management of these elements
necessitates the design of individualized strategies to
provide both safety and effectiveness. Immunosuppres-
sion, particularly with topical corticosteroids dexametha-
sone and prednisolone, is required for the management
of inflammation after intravitreal AAV administration.
Periocular or systemic steroids can be utilized in severe
circumstances but must be used carefully in elderly
patients due to systemic complications. Moreover, vec-
tor engineering with transduced AAV capsids (e.g.,
AAV7m8, AAV8) and capsid shielding strategies has the
potential to reduce immune recognition, which is critical
in AMD patients with high anti-AAV antibody titers. Tis-
sue-specific promoters targeting RPE or photoreceptors
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help to minimize off-target transgene expression and
antigen presentation, reducing immune activation in the
inflamed retina. Dose optimization also provides a bal-
ance between therapeutic efficacy and immune response,
especially in eyes with compromised retinal barriers [198,
201].

Pre-screening for anti-AAV antibodies helps identify
high-risk patients and guide immunosuppressive proto-
cols. Cumulatively, these strategies ranging from immu-
nosuppression, vector and promoter design, dosing, and
screening are an integrated platform for safe and effective
gene therapy in AMD.

Long-term durability: sustained gene expression and
therapeutic effects in AMD patients

Research shows that genetic material from rAAV vec-
tors can remain stable for extended periods within cells,
underscoring its potential for long-lasting retinal gene
therapy. In rodent models, rAAV episomes have demon-
strated durability for approximately 18 months, which is
consistent with their shorter lifespans [48]. However, in
canine models, the effects persist for up to 9.4 years, a
duration comparable to their late life stages [55]. Despite
the prolonged presence of rAAV episomes, sustained
expression of the RPE65 enzyme is not guaranteed, as
other, yet-to-be-identified factors may influence gene
expression.

Longevity of expression is affected by the choice of pro-
moters and proteins used in RPE65 gene studies [65, 66].
For example, the cytomegalovirus (CMV) promoter may
become silenced over time due to methylation, leading
to reduced transgene expression [35, 67]. Future stud-
ies must address how these findings translate to human
gene therapy, particularly regarding the factors affecting
episomal stability and transgene expression. Although
there is currently no evidence suggesting that such epi-
somal genetic material would not persist in humans, it
is equally important to investigate the potential for rare
integration events, especially in cases of double-stranded
DNA breaks.

RPE cells, established early in development and with
minimal proliferation throughout life, enable continu-
ous transgene expression without the need for genomic
integration [33]. Under certain conditions, RPE cells can
replicate and restore function after receiving a functional
RPE65 gene, suggesting that successful gene incorpo-
ration could lead to lifelong cell functionality. This has
critical implications for the durability of retinal gene
therapies targeting RPE cells, such as those developed for
voretigene neparvovec (VN).

Recent advances in rAAV vector design—aimed at
achieving high expression levels with fewer viral par-
ticles—are addressing some of the challenges associated
with gene therapy, including reducing inflammation and
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toxicity risks [68]. However, various factors, including
capsid composition and vector production processes, can
influence the durability of the treatment’s effects [33].

The timing of gene therapy in relation to the disease’s
progression is another critical factor for long-term suc-
cess. The number and viability of retinal cells gener-
ally decline over time, impacting the effectiveness of
the treatment. Although optimal results are typically
observed in younger animals [52, 55]. Treatments at later
disease stages can still be effective if enough viable pho-
toreceptors remain [47, 69]. Clinical data indicate that
even older patients with an adequate number of outer
retinal cells at the time of treatment have benefited from
gene therapy, with no significant age-related differences
observed in outcomes one year after treatment [22, 38,
70].

Surgical technique plays a pivotal role in ensuring suc-
cessful outcomes. Factors such as injection method and
site are critical for maximizing product delivery while
minimizing risks [71]. Advances in vector capsids that
allow for broader transduction with fewer viral par-
ticles have shown great promise [72—74]. The surgical
approach, combined with the optimal viral dosage and
expression levels, significantly impacts the longevity of
the therapeutic response.

Although multiple injections could expand treatment
coverage, they also increase the risks of complications.
Higher injection volumes, for instance, are associated
with increased risks of retinal detachment and immune
responses [36, 75]. Capsids engineered for wider distri-
bution and promoters that drive high-level expression
specific to target cells may help mitigate these risks [73,
74]. Ongoing research is focused on improving treatment
coverage while minimizing immune reactions, with the
goal of enhancing patient outcomes. A deeper under-
standing of immune responses in ocular gene therapy
will be essential for developing strategies that maximize
therapeutic benefits while minimizing risks [76].

Finally, gene augmentation therapies such as VN rely
on the availability of viable retinal cells [4, 20, 69, 77].
Studies in mouse models suggest that early delivery of
functional RPE65 protein could have indirect benefits for
surrounding cells, supporting their health and prolonging
their survival [69, 77].

The variability in expression longevity is influenced
by the choice of promoters and proteins used in RPE65
animal studies [65, 66]. For instance, the CMV promoter
might be silenced over time due to methylation, lead-
ing to reduced expression of the AAV transgene [35, 67,
188]. Future studies should focus on how these findings
translate to human gene therapy, particularly the factors
influencing episomal stability and transgene expression.
Currently, there is no evidence suggesting that such epi-
somal genetic material wouldn't persist in humans, nor
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are there studies ruling out the possibility of rare integra-
tion events in the case of double-stranded DNA breaks.

RPE cells, which are established early in development
and proliferate minimally, allow for the continuous
expression of the transgene without genomic integra-
tion [33]. These cells can replicate under certain condi-
tions and can restore balance after receiving a functional
RPE65 gene, which suggests that successful gene incor-
poration could lead to lifelong cell functionality. This has
significant implications for the expected duration of reti-
nal gene therapies targeting RPE cells, such as VN.

The development of rAAV vectors that achieve high
expression levels with fewer particles is addressing the
challenges of gene therapy’s long-term effects, reducing
inflammation and toxicity risks [68]. Nonetheless, vari-
ous factors such as capsid composition and the vector
production process can affect the treatment’s durability
[33].

The timing of the gene therapy relative to the disease’s
progression is also crucial for long-term success, depend-
ing on the number and viability of retinal cells, which
typically decline over time. Although optimal results have
been observed in younger animals [52, 55], treatments in
later disease stages can still be effective if enough viable
photoreceptors remain [47, 69]. Clinical data show that
older patients with a sufficient number of outer retinal
cells at the time of treatment have benefited from gene
therapy [22, 38], with no significant age-related differ-
ences observed in outcomes one year after treatment
[70].

Surgical details such as injection technique and site are
pivotal for successful outcomes and should be fine-tuned
to maximize product delivery while minimizing risks
[71]. Advances in vector capsids that allow for broader
spread and transduction with fewer particles are signifi-
cant [72-74]. The surgical approach also influences the
dosage and expression levels, which are key to determin-
ing the optimal viral dose and response longevity.

While multiple injections could treat larger retinal
areas, they come with increased risks. High injection
volumes are associated with an increased chance of reti-
nal detachment and immune responses [36, 75]. Capsids
designed for wider spread and promoters enabling high-
level expression specific to target cells could help mitigate
these risks [73, 74]. Ongoing research aims to enhance
treatment coverage with minimal immune reaction and
improved patient outcomes. A deeper understanding of
immune responses to ocular gene therapy will help to
identify strategies to maximize therapeutic benefits while
minimizing risks [76].

Gene augmentation treatments such as VN depend on
the availability of viable retinal cells [4, 20]. Studies in
mouse models suggest that providing a functional RPE65
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protein early on could indirectly benefit surrounding
cells, enhancing their health and longevity [69, 77].

Effective targeting: vector selection and targeted
engineering

Regulating the precise delivery of gene therapy to specific
tissues or cells presents a complex challenge, particularly
when systemic delivery is obstructed by barriers such as
the blood-retina barrier (BRB), which hinders access to
the retina [205]. It is also critical to ensure effective trans-
duction of target diseased cells. Utilizing specialized vec-
tors or cell-specific promoters can enhance precision,
while direct delivery to the affected tissue can maximize
therapeutic impact [206—208].

AAVs have inherent tissue tropism, which makes cer-
tain AAV serotypes including AAV2, AAV4, AAV5, and
AAV8—particularly well-suited for retinal gene therapy
[209, 210]. Tailoring vector capsids through recombinant
engineering can refine tissue targeting, allowing more
controlled interactions with vector components. This
specificity is further enhanced using cell-specific promot-
ers [207, 211]. For example, AAV1, AAV4, AAV6, and the
engineered AAV2-7m8 vector can effectively target RPE
cells, while AAV2, AAV5, AAV7, AAVS, AAVY, and engi-
neered variants such as AAV2-7m8 and AAV8BP2 are
used for photoreceptor and Miiller glial cell transduction
[208, 212-216]. A recent initiative involving the engi-
neering of 230 AAVs, each with a synthetic promoter for
specific cell types, illustrates the ongoing advancements
in this area [211].

Once vector design is finalized, the challenge becomes
selecting the most effective delivery method. While gene
therapies can be administered ocularly or systemically,
localized delivery methods—such as subretinal or intra-
vitreal injections are generally preferred for their prox-
imity to the target area [208]. Systemic delivery, though
convenient, can cause off-target effects, reduce bioavail-
ability at the target site, and heighten immunogenicity
risks. In contrast, ocular delivery confines the therapy to
the intended tissue, reducing immune reactions. How-
ever, invasive ocular methods come with their own risks,
including potential complications that require expert sur-
gical precision [217]. Conversely, non-invasive methods
offer safer delivery with fewer complications but typically
result in lower bioavailability [218].

Non-invasive options include topical applications (e.g.,
eye drops), iontophoresis, ultrasonics, transdermal sys-
tems, and contact lenses. These methods avoid surgical
risks but may offer limited bioavailability. For instance,
topical administration, the most common non-invasive
method, allows for self-administration but faces chal-
lenges with low bioavailability (5% or less) due to the
ocular barrier [218, 219]. Iontophoresis, which uses mild
electrical currents to enhance drug penetration, and
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ultrasonic devices or transdermal patches can improve
penetration and controlled release [219-221]. Contact
lenses soaked in drug solutions provide another alter-
native, offering sustained release and better compli-
ance, though they are limited by drug solubility [222].
Choosing the optimal delivery method is essential for
ensuring efficient transduction and minimizing immune
responses.

Invasive techniques, such as ocular implants, subtenon,
and subconjunctival injections, are less common but pro-
vide targeted delivery. Subtenon injections, effective for
conditions like diabetic macular edema and choroidal
detachments, may elevate intraocular pressure [223, 224].
Subconjunctival injections offer better bioavailability
than topical methods but may be absorbed systemically.
Ocular implants, both biodegradable and non-biodegrad-
able, are employed for sustained drug release and con-
trolled delivery [225].

Among invasive methods, subretinal administration
which introduces the therapy between the photorecep-
tors and RPE layer requires less vector to achieve efficacy
compared to intravitreal injections [126]. However, this
approach carries risks of exacerbating retinal damage,
potentially leading to detachment, hemorrhage, or pig-
mentation changes, with the delicate fovea being particu-
larly vulnerable [226-228]. Despite these risks, subretinal
injections using AAV8, AAV2, or AAV5 have not been
linked to severe inflammation, making this method via-
ble [209, 229]. Corticosteroids are often used to mitigate
inflammation and immune reactions following the pro-
cedure, and advances in vector capsid engineering and
robotic surgical assistance may help reduce complica-
tions [229].

Intravitreal injections, which target the inner retina, are
less invasive and commonly used in therapies for AMD
and diabetic retinopathy [226, 230]. While this method
is effective, it poses risks, including inflammation, infec-
tion, increased pressure, detachment, hemorrhage, and
cataracts, along with patient compliance issues due to
the need for repeated injections [230]. Most viral vec-
tors face challenges crossing the inner limiting mem-
brane, limiting their ability to reach photoreceptors and
RPE [226]. However, recombinant vectors such as AAV2.
GL and AAV2. NN have shown improved delivery [208,
231]. Intravitreal injections can also trigger systemic side
effects and are more immunogenic than subretinal meth-
ods [209]. Notably, Adverum Biotechnologies halted the
development of an intravitreal AAV-based gene therapy
due to toxicity concerns [232]. (Table 6).

Suprachoroidal injections, administered between the
choroid and sclera, offer better bioavailability than intra-
vitreal methods without requiring vitreoretinal surgery
[233]. However, even skilled surgeons face potential com-
plications such as hemorrhage, infection, choroidal tears,
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Table 6 Challengesin AMD therapy: vector selection and effective engineering
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Challenge Details Implications Strategies for Improvement References
Blood-Retina Obstructs systemic gene thera- Requires precise delivery methods to  Use of cell-specific vectors/promoters  [205, 206,
Barrier pies from accessing the retina reach target cells and direct tissue delivery 208]
Tissue Preferences Certain AAV serotypes are pre- Need for serotypes that effectively Tailoring vector capsids and using [209-211]
of AAVs ferred for retinal gene therapy transduce target cells specific promoters for cell types
Targeting Specific  Different AAV serotypes and Ensures therapy reaches diseased cells  Strategic use of AAV serotypes and [211-216]
Cells engineered vectors target various engineered vectors for cell-specific
retinal cells targeting
Delivery Method  Localized routes preferred for Systemic delivery may cause off- Ocular delivery methods to confine [217,218]
proximity to target area target effects and immunogenicity effects to intended tissue
Non-invasive Topical applications, iontopho- Safer but may offer less bioavailability ~ Balance between safety and bioavail-  [218-222]
Delivery Options  resis, ultrasonics, transdermal ability to be considered
systems, contact lenses
Invasive Delivery  Ocular implants, subtenon, sub-  Less common due to risks and Use of less invasive methods, when [223-225]
Techniques conjunctival injections complications possible, to minimize risks
Subretinal Introduces drugs between pho-  Risks damage to compromised retina  Advances in surgical techniquesand ~ [130, 226-
Administration toreceptor cells and RPE layer but requires less vector vector engineering to reduce risks 229,234]
Intravitreal Target the inner retina Less invasive but pose risks of Novel recombinant vectors for im- [226, 230,
Injections inflammation, infection, and other proved delivery and reduced risks 231]
complications
Suprachoroidal Placed between choroid and Better bioavailability without vitreo- Skilled surgical execution to maximize [233]

Injections

sclera

retinal surgery but with potential

success and minimize risks

complications

and retinal detachment [233]. Determining the most
appropriate delivery method is essential for maximizing
gene therapy’s success while minimizing patient risk.

Strategies to overcome challenges in AMD gene
therapy

Immune modulation strategies: immunosuppression and
immune tolerance induction

Many people develop an immune response to the cap-
sid of natural AAV, with antibodies detectable from
individuals as young as two years old [235-237]. This
immune reaction arises due to the similarity in amino
acid sequences across various AAV serotypes, both nat-
ural and synthetic, leading to antibodies capable of rec-
ognizing and binding to these viral capsids [238]. While
preexisting neutralizing antibodies (NAbs) do not inter-
fere with gene therapies targeted at the eye or directly
injected into solid tissues, they pose a significant chal-
lenge for treatments requiring systemic circulation, such
as those targeting the liver.

The impact of NAbs was notably demonstrated in a
pioneering clinical trial aimed at the liver using AAV vec-
tors. In this trial, two participants received the same dos-
age, but their outcomes varied based on pre-treatment
NAD levels [239]. The participant with lower NADb levels
exhibited a 12% normal expression of Factor IX (FIX),
whereas the one with higher NAbs showed no trans-
gene expression at all. Animal studies further confirmed
that NAb levels of 1:5 or higher could block liver trans-
duction following intravenous delivery [240, 241]. As a
result, clinical trials now screen for NAbs and exclude

individuals with high levels to improve the likelihood of
treatment success [242].

Currently, individuals with detectable NAbs are often
ineligible for gene therapy trials, as their presence can
interfere with the effectiveness of the treatment. Further-
more, after the initial administration, the body may pro-
duce high levels of NAbs, which can prevent subsequent
treatments with the same AAV vector [243]. This limita-
tion highlights the urgent need for strategies to overcome
NAbs, enabling effective treatment and allowing for
potential re-administration of AAV-based therapies in
all patients, regardless of pre-existing or post-treatment
antibody levels.

Vector engineering: enhancing viral vector tropism and
transduction efficiency

To enhance the expression of recombinant AAV (rAAV)
vectors upon transduction, several strategies can be
employed. These include altering AAV inverted terminal
repeats (ITRs) to allow transgene expression without the
need for second-strand DNA synthesis, optimizing the
promoter to increase transcription, refining codon usage
within the transgene to boost mRNA production and
translation, and improving the delivery of larger trans-
genes [244].

Altering AAV ITRs can significantly enhance the rate of
AAV transduction, which is often slowed by the need for
double-stranded DNA (dsDNA) synthesis from the sin-
gle-stranded AAV genome before mRNA transcription
can begin. By modifying one of the wild-type ITRs, this
crucial molecular step can be bypassed. The mutation
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renders the ITR an unsuitable substrate for Rep68 and
Rep78 proteins, preventing terminal resolution during
replication. This modification leads to the formation of
self-complementary AAV (scAAV) replication intermedi-
ates, which package both strands of DNA into the viral
particle, rather than a single strand as seen in wild-type
AAV.

Upon delivery to the nucleus, the two complemen-
tary DNA strands joined by the altered ITR immediately
anneal to form dsDNA, allowing for rapid transcription
without the need for further synthesis. This results in sig-
nificantly faster and more robust expression of proteins,
such as GFP or Factor IX (FIX), when encoded by scAAV
vectors compared to traditional single-stranded AAV
vectors.

By 2020, self-complementary AAV8 (scAAV8) had
achieved a decade of clinical trial success in treating
haemophilia B, and scAAV vectors became integral to
Zolgensma, the FDA-approved treatment for spinal mus-
cular atrophy. While ITR engineering enhances AAV
transduction, scAAV vectors are limited in their ability to
carry large transgene cassettes. To address this, in silico
methods have been employed to develop promoters that
facilitate liver-specific transgene expression via AAV. A
comprehensive screening process identified multiple
hepatocyte-specific cis-acting regulatory modules that,
when combined with liver-specific promoters in rAAV
cassettes, significantly boosted transgene expression in
mice. This approach also identified cardiac-specific regu-
latory modules, offering the potential to design vectors
for more targeted transduction in various tissues.

Biotechnology firms are now focusing on promoter
optimization for gene therapy, suggesting that future
rAAV vectors could be modular, with each component
optimized for AAV expression and validated through
clinical testing. One essential aspect of AAV transgene
optimization involves refining the codons of therapeu-
tic transgenes, which are often based on natural gene
sequences and may not be optimized for enhanced
transduction. Traditionally, codon optimization relies
on the cDNA of the host species to match codon usage
bias to the concentrations of individual tRNAs. How-
ever, because tRNA concentrations vary between tissues
and cell types, a recent study focused on tissue- and cell-
type-specific codon usage bias for liver-targeted gene
therapy. In this study, rAAV vectors with codon-opti-
mized sequences demonstrated higher expression levels
of FVIII in human hepatocyte cell lines and mouse liver
compared to wild-type sequences.

Codon optimization has since become a standard prac-
tice in developing rAAV vectors for clinical use, with
vendors offering optimized codon sequences for effi-
cient expression. However, caution is necessary, as differ-
ent vendors’ optimizations for the same transgene have
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produced varying expression levels when tested in rAAV
vectors. Optimizing AAV vector packaging is also critical
for delivering large transgenes, such as those needed to
treat conditions like Duchenne muscular dystrophy, hae-
mophilia A, and Stargardt disease. Although truncated
versions of these transgenes have shown some success in
clinical trials, alternative strategies are being explored to
transport larger transgenes using AAV vectors in animal
models [245-250].

The first method for expanding AAV vector capac-
ity leverages the AAV genome’s ability to form con-
catemers through homologous recombination of ITR
sequences after delivery. This allows for the division of
large transgene cassettes across multiple vectors, which
then recombine inside the cell nucleus to reconstruct the
full transgene. This technique has shown success in ani-
mal studies, where separate AAV vectors were delivered,
leading to the production of functional dystrophin.

The second technique involves randomly packaging
truncated transgene fragments into various AAV virions.
Once inside the cell, these fragments undergo homolo-
gous recombination or annealing of complementary
regions, leading to the formation of a complete transgene.
Adding specific overlapping fragments to each AAV vec-
tor can further encourage recombination and improve
the efficiency of this approach.

However, both methods have certain limitations. Con-
catemerization may result in non-functional recombinant
products and using truncated overlapping genetic frag-
ments risks introducing ITR structures into the trans-
gene. To address these issues, a third strategy—the hybrid
dual-vector approach—has been developed. This method
combines an overlapping region with intron splice sites
within the split transgenes. It relies on the concatemer-
ization of AAV genomes to recombine separate AAV vec-
tor genomes, which are intentionally split into left and
right halves containing 5’ and 3’ splicing elements. Once
recombined, splicing ensures the production of the cor-
rect transgene protein. Research has demonstrated that
inserting a highly recombinogenic sequence (e.g., 872 bp
alkaline phosphatase) into AAV vectors with intron splice
sites significantly increases homologous recombination
in animal models, potentially improving the expression of
functional proteins.

A fourth tactic involves cross packaging an AAV
genome into the capsids of other parvoviruses. In vitro
experiments have shown efficient transduction when
AAV genomes were packaged into bocavirus parvovirus
and parvovirus B19 capsids, creating chimeric vectors.
Another strategy is intein-mediated protein trans-splic-
ing, which allows for the design of split AAV vectors
capable of packaging larger genomes. This method, akin
to intron-mediated RNA splicing, joins two polypep-
tides through trans-splicing. By delivering multiple AAV
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vectors, each carrying a fragment of the target protein
flanked by short split inteins, a full-length protein can
be formed in the target cells. This technique has success-
fully delivered proteins such as dystrophin, FVIII, CFTR,
CRISPR-Cas9, ABCA4, and CEP290 in animal models.

While these methods expand the gene-size capacity
of AAV vectors, dual-vector strategies have been less
efficient at producing therapeutic proteins compared to
single-vector methods. They also exhibit variable suc-
cess in animals and carry the risk of expressing unde-
sired products. Moving forward, these strategies may be
more suitable for dividing cells or for transgene cassettes
requiring temporary expression, such as those encoding
CRISPR-Cas9, where temporary expression could mini-
mize off-target effects from prolonged transgene expres-
sion. Additionally, AAV capsids can be tailored through
techniques such as rational design, directed evolution,
and the use of computationally designed ancestral cap-
sids to improve vector performance [251-256].

Combination therapies: integrating gene therapy with
Pharmacological interventions for synergistic effects

Viral vectors are the predominant method for systemic
gene therapy delivery, used in nearly 70% of gene ther-
apy clinical trials. Among these, adenoviral vectors (Ads)
account for about 25%, primarily due to their excep-
tional in vivo transduction capabilities, robust transgene
expression, large DNA carrying capacity, high stability,
minimal pathogenicity in vivo, and their ability to infect
both dividing and non-dividing cells [257].

The fundamental structure of Ads consists of an icosa-
hedral capsid composed of hexon proteins, with a penton
complex anchored at the vertices. This complex includes
the penton base and projecting fiber proteins. Human
adenoviruses from subgroup B (species 3, 7, 16, 21, 50,
11, 14, 34, 35) primarily attach to cells via the CD46
receptor, a complement regulator present on all human
cells except red blood cells. In contrast, Ads from sub-
groups A, D, E, and F use the coxsackie and adenovirus
receptor (CAR) to initiate viral entry. The D1 domain of
CAR binds to the carboxyterminal knob domain of sero-
type 5 fibers, facilitating viral internalization via Rv3 and
Rv5 integrins through the arginine-glycine-aspartic acid
(RGD) motif in the adenoviral penton base. Once inter-
nalized, the virus enters a clathrin-coated endosome,
where it is released into the cytoplasm following endo-
somal acidification, allowing it to move to the nuclear
pore for genome replication.

When administered systemically, adenoviral vectors
predominantly accumulate in the liver, triggering an
acute phase reaction characterized by surges in cytokines
(e.g., TNF-q, IL-6) and chemokines (e.g., Mip-2, Ip-10),
as well as the activation of leukocyte trafficking genes.
This inflammatory response is primarily mediated by
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hepatic Kupffer cells (KCs), which shorten the lifespan
of circulating viral particles and indirectly reduce trans-
gene expression in other tissues. Depleting KCs using
treatments such as clodronate, liposomes, or gadolinium
chloride significantly enhances hepatocyte-specific Ad-
mediated gene transfer, suggesting that KCs capture a
substantial portion of the infectious viral particles. Ini-
tially, the CAR receptor was believed to be the primary
factor driving the liver’s viral uptake. However, efforts
to prevent Ad sequestration in the liver by modifying or
removing CAR- or integrin-binding motifs have largely
been ineffective [257]. (Fig. 5)

Conclusions and future directions

Gene therapy has transitioned from a conceptual frame-
work to a tangible clinical reality, as evidenced by more
than 1,400 trials, showcasing its potential to cure retinal
disease such as AMD. Therapies such as ADVM-022 and
RGX-314 have the potential to provide permanent, one-
time treatments that can greatly alleviate the treatment
burden experienced by patients. Yet realizing the prom-
ise of these therapies depends on overcoming one of the
field’s most significant hurdles: affordability. Scalability
and strategic production innovations must be developed
to enable gene therapy to become more affordable and
broadly available.

Scalable AAV production is among the most cru-
cial areas of focus. Transitioning to suspension cell cul-
tures and continuous bioprocessing at high yields can
significantly reduce per-dose costs. Technologies such
as TESSA (tetracycline-enabled self-silencing adenovi-
rus) easily eliminate plasmid DNA impurities, therefore
enabling purification steps and reducing batch-to-batch
variation. In addition, standardized production pro-
cesses are essential. Methods such as droplet digital PCR
(ddPCR) allow exact quantification of vectors, and closed
bioreactor systems reduce the potential for human error
and increase reproducibility, critical factors to achieve
regulatory compliance and reduce downstream expense.

The optimization of the payload also enhances cost-
effectiveness. Technologies such as dual-vector systems
and small promoters allow the delivery of larger genes
in AAV payload constraints, which may reduce the
need for repeat dosing. Such technology advancements
have a direct impact on the cost-per-patient equation.
For example, continuous manufacturing processes can
increase AAV yields by 10-20 fold, and TESSA’s plasmid-
free platform has the potential to cut raw materials costs
by 30—40%. These advances make therapies such as JNJ-
81,201,887 or GT-005 more financially viable, providing
a choice to current treatments such as Syfovre, which is
priced at around $2,200 for every monthly injection.

Looking ahead, several trends are poised to reshape
the landscape. Mutation-agnostic therapies, which target
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Fig.5 Strategies to overcome gene therapy-related challenges. (i) Immune modulation strategies; (ii) Vector engineering; (i) Combination therapies

modifier genes like CFH or employ optogenetics, could
bypass the need for patient-specific solutions, broad-
ening treatment eligibility. Next-generation vectors,
such as AAV8-BP2 and lipid nanoparticles, will provide
improved retinal targeting and enhanced transduction
efficiency, allowing for lower therapeutic doses. In addi-
tion, the implementation of standardized worldwide
manufacturing procedures, such as 1SO-13,485 compli-
ance for viral vector production, will enable harmonized
regulatory strategies and cost-sharing on a global market
basis.

Lastly, the future of retinal gene therapy relies not only
on scientific breakthroughs but also on the redesign-
ing of production processes. Through the combination
of scalable AAV technologies, streamlined workflows,
and mutation-independent strategies, the discipline can
achieve a balance between therapeutic specificity and
financial viability. Benchmark successes such as Luxturna
represent the pinnacle of this twin success and as a blue-
print for wider adoption in AMD. As the technologies

mature, they can democratize gene therapy, bringing
it into the mainstream of worldwide ophthalmic prac-
tice, saving the sight of millions of individuals across the
globe.
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