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Abstract: Diabetic retinopathy (DR) is one of the leading causes of preventable blindness
worldwide. It is characterized by a spectrum of disease that spans mild non-proliferative
diabetic retinopathy (NPDR) all the way to neovascular glaucoma and tractional retinal de-
tachment secondary to proliferative diabetic retinopathy (PDR). Most eyes with DR remain
asymptomatic unless vision-threatening complications, such as diabetic macular edema
(DME) and/or PDR, develop. Current treatment options include laser photocoagulation
and/or anti-VEGF intravitreal injections. Patients under treatment with anti-VEGF agents
usually require constant monitoring and multiple injections to optimize outcomes. This
treatment burden plays a key role in suboptimal adherence to treatment in many patients,
compromising their outcomes. Gene therapy has emerged as a promising therapeutic
option for DR. The mechanism for current trials evaluating gene therapies for DR consists
of delivering transgenes to the retina that express anti-angiogenic proteins that inhibit
VEGF. Preliminary results from the SPECTRA (4D-150) and ALTITUDE (ABBV-RGX-314)
studies are promising, demonstrating an improvement in the diabetic retinopathy severity
score and a reduction in the treatment burden. In contrast, the INFINITY (ADVM-022)
trial was complicated by several cases of severe inflammation and hypotony that led the
sponsor to discontinue further development of this product for DME.

Keywords: diabetic retinopathy; diabetic macular edema; PDR; VEGF; vascular endothelial
growth factor; gene therapy; 4D-150; RGX-314; Ixo-vec; ADVM-022; gene therapy
associated uveitis

1. Introduction
The International Diabetes Federation (IDF) recently estimated that 11.1% of the

worldwide population between 20 and 79 years of age were affected by DM. This represents
589 million individuals, of which about 43% (252 million) were undiagnosed. Most of
these undiagnosed persons live in low- and middle-income countries. Current projections
suggest that, by 2050, the global number of diabetic patients will increase to 853 million.
Low and middle-income countries will bear the brunt of this increase [1]. All of these
individuals will be at risk of developing diabetic retinopathy (DR).

Untreated DR typically leads to blindness [2]. DR constitutes one of the leading
causes of blindness in the working-age population and has a considerable economic impact
on society, particularly on healthcare systems [3–7]. The development of DR is strongly
associated with poor hyperglycemic control, and higher levels of HbA1c are associated
with disease progression. DR is a progressive condition characterized by microvascular
alterations that lead to retinal ischemia, an increase in retinal vasopermeability, retinal
neovascularization, and macular edema [8,9]. Vision-threatening complications from DR
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include diabetic macular edema (DME) and proliferative diabetic retinopathy (PDR). DME
is characterized by an excessive vascular permeability that leads to an extravasation of
plasma constituents and accumulation of extracellular fluid in the inner retina [10]. PDR is
characterized by retinal neovascularization and tractional retinal detachment [11].

At the molecular level, chronic hyperglycemia leads to several biochemical alterations
that cause tissue hypoxia and vascular endothelial growth factor (VEGF) upregulation and
secretion. Increasing tissue hypoxia leads to the upregulation of hypoxia-inducible factor
1 (HIF-1), which is an upstream transcriptional regulator of VEGF [12,13]. Once VEGF is
produced by the ischemic retinal cells, it diffuses toward the retinal vascular endothelial
cells. The retinal endothelial cells express several VEGF tyrosine kinase receptors on their
surfaces. VEGF receptor 2 (VEGFR-2) is the major mediator of the angiogenic and vascular
permeabilizing effects of VEGF. The binding of VEGF to VEGFR-2 leads to its dimerization
and the autophosphorylation of intracellular tyrosine residues, which initiates the signal
transduction that leads to endothelial proliferation, endothelial survival, transcriptional
activation, endothelial migration, and vascular permeability [11,13,14].

Clinically, these biochemical alterations are initially just manifested as microaneurysms.
As the degree of metabolic abnormalities increase with time, other findings that include
intraretinal hemorrhages, cotton wool spots, venous beading, and neovascularization start
to appear. The diabetic retinopathy severity scale (DRSS) was initially designed for the
Diabetic Retinopathy Study (DRS) and was further modified for the Early Treatment of
Diabetic Retinopathy Study (ETDRS) to describe and classify the severity of DR [15,16].
Typically, eyes with mild to severe non-proliferative diabetic retinopathy (NPDR) are
asymptomatic unless DME is present. The development of PDR and visual loss correlate
with worsening in the DRSS score [16,17].

The treatment of diabetic patients has traditionally been centered on fixing the com-
plications of diabetic retinopathy, namely DME and PDR. For many decades until the
2010s, macular laser photocoagulation (MLP) was the treatment of choice for DME [18].
Currently, intravitreal anti-VEGF drugs have replaced MLP as the standard of care for
DME [19–21]. Similarly, the standard of care for PDR for nearly half a century was pan-
retinal photocoagulation (PRP) [11]. Currently, both PRP and VEGF inhibitors are used to
manage PDR. Recent results from randomized clinical trials comparing ranibizumab and
aflibercept with PRP have shown that anti-VEGF drugs cause the regression of intraocu-
lar neovascularization [22–25]. Patients under treatment with anti-VEGF agents usually
require constant monitoring and multiple injections. The frequency of these visits and
injections constitutes a major burden and may influence treatment compliance and lead
to worse outcomes. Even short delays in treatment can have detrimental effects on visual
function. If these patients somehow interrupt their treatment, they are at a high risk of
developing irreversible blindness [11,26–28].

In eyes with DME, it was noted that eyes treated with multiple anti-VEGF injections
had an improvement in their DRSS score [29]. Following 2 years of monthly injections,
36% of eyes treated with ranibizumab compared with 5% of sham-treated eyes experienced
an improvement of at least two steps in their DRSS score [30]. Eyes with severe and very
severe NPDR (levels 47–53 in the DRSS) benefited the most. For instance in the RISE and
RIDE trials, eyes with severe and very severe NPDR 75% had at least a two-step DRSS
improvement [31]. Similarly, following two years of intravitreal aflibercept, 29–37% of
aflibercept-treated eyes had at least a two-step improvement in the DRSS compared with
8–16% of macular laser-treated eyes [32]. Protocol T of the DRCR network compared
aflibercept, ranibizumab, and bevacizumab in eyes with DME. All of the eyes received
6-monthly injections of the drug and then were reinjected according to need. At 12 months,
eyes with DME and NPDR treated with bevacizumab (22%) were less likely to experience an
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improvement in DRSS compared with eyes treated with aflibercept (31%) or ranibizumab
(38%). However, these differences vanished by the second year. In eyes with DME and PDR,
aflibercept (76%) was superior to ranibizumab (55%) and bevacizumab (31%) in causing
an improvement in the DRSS [29]. Interpreting DRSS improvement in eyes undergoing
intravitreal anti-VEGF treatment warrants caution [33]. In a retrospective review of 18 eyes
that underwent three consecutive monthly anti-VEGF injections, ultra-wide-field color
photos and fluorescein angiograms were compared at baseline and 1 month after the
last injection. Despite an improvement by at least one step in the DRSS score in 61% of
eyes, the corresponding fluorescein angiograms in these same eyes showed that there
was no arteriole or venule reperfusion in the nonperfused areas. Therefore, eyes with
DRSS improvement may still be at high risk of developing PDR, particularly if anti-VEGF
treatment is suspended [33,34].

Given the improvement in the DRSS in eyes with NPDR/PDR with concurrent DME,
the question becomes what role, if any, does VEGF inhibition have in eyes with NPDR in
preventing progression to PDR or development of DME. PANORAMA assessed the efficacy
and safety of aflibercept for the improvement of severe to moderately severe NPDR by
measuring the proportion of eyes that improved at least two steps in the DRSS from the
baseline. The study randomized eyes into three arms: sham injections and two different
dosing regimens of aflibercept. Patients were followed for 100 weeks [35]. Similarly, the
DRCR Protocol W determined whether or not intravitreal aflibercept was able to prevent
the development of vision-threatening diabetic retinopathy in high-risk eyes. Eyes were
randomized to sham injections or aflibercept injected at baseline, month 1, month 2, month 4,
and then every 4 months until year 2 [36]. Chronic frequent treatment with VEGF inhibitors
has been shown to improve DR severity and reduce the risk of progression of vision-
threatening complications by more than 70% [35,36]. However, in routine clinical practice,
the majority of DR patients without vision-threatening complications are not treated with
an anti-VEGF due to the unsustainable burden of frequent intravitreal injections and worse
outcomes in eyes that had interrupted or reduced treatment compared with those never
treated at all [34].

2. Gene Therapy
The main goal of gene therapy is to modify a patient’s cellular gene expression by

introducing exogenous genetic material (i.e., DNA or RNA) intracellularly to block an
unwanted gene expression or to induce the expression of a desirable protein to cure a
diseased condition [37]. The presence of the blood–retinal barrier is key in making the
eye an ideal target for gene therapy [37,38]. Its presence allows the retina to become an
immune-privileged site, making it less likely to elicit an immunological response follow-
ing the introduction of a foreign material, such as viral DNA. The blood–retinal barrier
compartmentalizes the expression of the therapeutic gene to the eye by preventing the
leakage of genetic material into the systemic circulation. The compartmentalization of
the therapeutic gene to the eye means that smaller doses of genetic material need to be
delivered. In addition, since we all have two eyes, one can treat one eye and use the fellow
eye as a natural control to assess the efficacy and safety of the treatment. Finally, the eye,
because of its transparent media, is directly visualized which allows for precise vector
delivery and retinal imaging for monitoring purposes [37].

2.1. Gene Therapy as a Biofactory

In 2017, voretigene neparvovec, a recombinant AAV-based gene therapy that replaces
the deficient RPE65 gene through delivery to the subretinal space, was approved by several
regulatory agencies in the world for the treatment of Leber’s congenital amaurosis [39,40].
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This opened the door to the exploration of gene therapy for not only monogenic conditions,
such as inherited retinal diseases, but also to other common multifactorial conditions, such
as DME and DR. The objective in these cases is to use gene therapy as a biofactory to
encode a transgene to express a non-native protein that inhibits VEGF in the target tissue.
The first step is to create a transgene and couple it to an appropriate vector. Then, the
vector carrying the transgene is delivered to the posterior segment of the eye. The vector
then transfects retinal cells and takes over their cellular machinery to start producing and
secreting the transgene in enough quantities to produce the desired clinical effect [41].

Genetic therapy may offer a durable and possible curative clinical effect with a single
treatment. The continuous release of an anti-VEGF agent could be beneficial in reducing
the treatment burden, improving pharmacokinetics, and reducing complications associated
with intravitreal injections, leading to an improvement in visual outcomes for patients [42].

2.2. Genome Editing

Gene-editing tools, including zinc finger nucleases and transcription activator-like
effector nucleases, have been used to edit DNA. The targeted cleavage of genomic DNA
results from the tethering of non-specific nucleases to sequence-specific DNA-binding
domains. The limitations of these tools include their high cost and time involved in
developing the target sequences. The clustered regularly interspaced short palindromic
repeats-associated protein (CRISPR) system may be used as a programmable gene-editing
platform. CRISPR has made gene editing much quicker and cheaper [41]. The CRISPR
system is an adaptive immune system developed by prokaryotic organisms to fend off
viruses. CRISPR recognizes foreign DNA via a single-guide RNA (sgRNA) that is coupled
to an endonuclease, such as Cas9. The sgRNA targets a specific sequence in the genome
that contains the invading foreign DNA. The endonuclease acts as a molecular scissor that
cuts and creates double-strand DNA breaks in this specific genomic sequence. As a result,
insertions/deletions (indels) of nucleotides cause frameshift mutations inactivating the
gene [41].

Endonucleases associated with CRISPR can be programmed using a gRNA to target a
specific DNA sequence of interest. The Cas9 from Streptococcus pyogenes (SpCas9, 4.1 kb)
has been the most used to date. Other orthologs from Staphylococcus aureus (Sa Cas9, 3.1 kb)
and Campylobacter jejuni (Cj Cas 9, 3 kb) have also been studied [42]. In the cases of DR and
DME, there is no specific pathogenic mutation of a deficient gene. Therefore the objective
would be to target and inactivate genes involved with the VEGF pathway, such as the
VEGF-A, VEGFR-2, and HIF-1 alpha genes by using CRISPR/Cas9 [42–48].

There are several limitations to CRISPR. Even under perfect conditions, CRISPR is
not very efficient, leading to a variable DNA cleavage frequency. Some of the induced
indels could remain silent. In addition, double-stranded DNA breaks on both alleles are not
always induced as planned. The size of the most widely used Cas9, SpCas9, is too large to
be packaged with its sgRNA in a single AAV vector. So, in order to use SpCas9 a dual-vector
system is required. Dual vectors are less efficient for infection than single vectors [41].
Finally, off-target mutations induced by CRISPR-Cas systems are of concern [41,49]. The
specificity of CRISPR-based therapies is crucial, requiring targeting of the correct cell types
for effective treatment. To minimize off-target effects, strategies such as truncated gRNAs,
high-fidelity Cas9 variants, anti-CRISPR proteins, and self-destructing CRISPR systems
are being developed. Ultimately, improving cell targeting and minimizing unintended
mutations will be key to advancing CRISPR-based treatments for ocular diseases [50].
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2.3. Vectors

In order for therapeutic gene products to be delivered to target cells, the use of a gene-
delivery system is required. These carrier molecules are called vectors. The role of vectors
is to safely and effectively deliver therapeutic genes to target cells by overcoming intra and
extracellular barriers innate to living organisms against foreign genetic material, facilitating
transport into the nuclear compartment of target cells without evoking an immune response
that would result in unwanted side effects. Vectors can be viral or nonviral. The ideal
vector should lead to sustained levels of gene expression, large capacity, low toxicity, low
risk of mutations, and low immunogenicity [51].

2.3.1. Non-Viral Vectors

Non-viral vectors have been recently emerging as alternatives to viral vectors. The
main problems posed by viral vectors are immunogenicity and cytotoxicity, as well as
potential of insertional mutagenesis [52].The advantages of nonviral vectors include a high
loading capacity, enabling the possibility for the simultaneous delivery of multiple thera-
peutic genes, low risk of immunogenicity and insertional mutations, and a less expensive
manufacturing process [53]. Nonviral vectors use either physical or chemical systems to
transport DNA or RNA across membranes. Examples of non-viral vectors include poly-
mers, liposomes, nanoparticles, aptamers, antisense oligonucleotides, and small interfering
RNA. In spite of being a promising alternative to viral vectors, nonviral vectors continue to
be less efficient in delivering the therapeutic gene to target cells [54].

2.3.2. Viral Vectors

Because of their biological properties, viruses serve as the natural choice for vectors
in gene therapy. The effectiveness of transduction and transgenic expression depends on
several factors, including the capsid, promoter, nature of the transgene, other cis-regulatory
factors, and the delivery approach. Several viral vectors are currently used for retinal gene
therapy, primarily adeno-associated virus (AAV) and lentiviral vectors [55–61].

a. Adenovirus

Adenoviruses are characterized by a double-stranded DNA and a non-enveloped
icosahedral structure, which includes three viral capsid proteins. Its genome consists of an
early region with four transcription units (E1–E4), and a late region with five transcription
units (L1–L5). Several adenoviral subtypes have been shown to have low virulence and high
transduction efficiency. These adenoviral vectors can also be produced in high quantities.
They pose a low risk of insertional mutagenesis because of their inability to integrate into
the host’s genome [62]. However, their use is limited by several factors, such as transient
transgene expression by the AdV vector, which leads to a subtherapeutic effect. They have
also been known to activate innate immunity, leading to severe toxicity in high vector
dosages. Lastly, around 80% of the human population is estimated to have been exposed
to adenovirus, which results in the presence of “pre-existing vector immunity”, which
means a higher vector dose is required to achieve a therapeutic effect. For these reasons,
adenovirus vectors have fallen out of use and other viral vectors are currently preferred for
ocular gene therapy [63].

b Adeno-Associated Virus (AAV)

AAV is a smaller, non-enveloped single-stranded DNA virus, a member of the par-
vovirus family that depends on other viruses to replicate. The virus contains two genes,
rep and cap, that encode polypeptides for viral packing and replication. Recombinant
AAV (AAVr) can be designed by excising the rep and cap genes from the viral genome
and inserting therapeutic genes in their place. The advantages of AAVr include their non-
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pathogenicity, the need for a helper virus to replicate, low immunogenicity, the ability to
transduce non-dividing neuronal cells, such as photoreceptors and the RPE, lasting and
stable transgene expression, and the inability to integrate into the host’s genome. Because
of these characteristics, it is currently a leading vector for retinal gene therapy. The main
disadvantages of AAVr as a viral vector are its limited capacity to carry up to 5 kb of genetic
material and the pre-existence or development of anti-AAV-neutralizing antibodies which
may limit its transduction efficacy [64,65].

c Lentivirus

Lentiviruses form part of the retroviradae family. The genome consists of a capsid that
envelops a single strand of RNA of 8 to 10 kb, an integrase, a reverse-transcriptase, and a
protease. There are several advantages of utilizing a lentivirus as a vector. Lentiviruses are
able to infect non-dividing cells, like photoreceptors, integrate into the host’s genome, carry
a larger genetic load, exhibit broad tropism, and elicit a lower immune response [66]. How-
ever, in the particular case of DR or DME, lentiviruses do not offer additional advantages
over AAV, since there is no need to carry a larger genetic load.

The main disadvantage of a lentivirus vector is the potential risk of insertional muta-
genesis if it integrates itself into a tumor-suppressor gene. Because the eye is isolated from
the systemic circulation by the blood–retina barrier, there is a lower risk with ocular targets
compared with systemic targets. In addition, to improve the safety of lentivirus as a vector,
two approaches have been used. First, the removal of any non-essential viral sequences
from the vector is mandated. Second, self-inactivating sequences that significantly reduce
the risk of insertional mutagenesis can be engineered into the vector [67–69].

2.3.3. Routes of Administration for Retinal Vector Delivery

The route of administration is a major determinant of the efficacy of gene therapy.
Subretinal, intravitreal, and suprachoroidal injections are currently being explored for
retinal gene therapy. Each one of these has advantages and disadvantages.

Subretinal injections require pars plana vitrectomy (PPV) followed by a small retino-
tomy in order to administer the viral vectors. PPVs are generally performed in the operating
room and may require general anesthesia. This may limit widespread accessibility to all
patients in need of such therapy. Injection into the subretinal space will lead to a temporary
retinal detachment that allows for a direct delivery to the retinal pigment epithelium (RPE)
and photoreceptors of the vector. The subretinal space is an immune-privileged site which
minimizes the risk of the host eliciting an immune response to the viral capsid antigens.
Subretinal injections oflentiviral or AAVr vectors transduce the RPE and the photoreceptors
in an efficient and stable manner, but are generally limited to the area where the bleb was
created [70–75]. Potential injury to the photoreceptors due toiatrogenic retinal detachment
may occur and care must be taken to avoid creating an iatrogenic macular hole [76,77].
Subretinal injections may be associated with varying degrees of reflux of the genetic vector
into the vitreous cavity.

Most ophthalmologists are very familiar with intravitreal injections. Intravitreal
injections have a safer profile in comparison with the subretinal method. They have fewer
complications associated with the procedure of administration and can be performed with
topical anesthesia in the office setting. An intravitreal delivery route is better able to target
inner retinal cells, such as ganglion, bipolar, and Müller cells. However, the vector delivered
intravitreally needs to overcome several immunological and physical barriers before the
genetic vector can successfully transduce the target cells. A higher dose of the vector needs
to be injected to compensate for the dilution effect that occurs once the vectoris injected
intravitreally. A stronger immune response may be elicited after a higher dose. If the host
has pre-existing antibodies against the viral vector, neutralization of the vector may trigger a
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stronger immune response from the intravitreal injection. The vector needs to navigate long
diffusion distances across the vitreous cavity to reach the target cells in the retina. In the
case of DR, where the purpose of gene therapy is to infect cells to convert them into an anti-
VEGF biofactory, precise transduction of RPE and photoreceptor cells is not that important,
unlike in eyes with inherited retinal diseases. Another disadvantage is the possibility of
the off-target transduction of anterior segment structures, like the ciliary body, iris, and
corneal endothelium. The internal limiting membrane (ILM), which acts as a physical and
biological barrier, needs to be breached before the genetic material reaches the retinal cells
This is an important consideration if the goal is to transfect the RPE or photoreceptors,
which is not the case in DME or DR. Heparan sulfate proteoglycan, which contains binding
sites for both AAV2 and AAV3, is abundantly present in the ILM. These binding sites allow
for a buildup of viral particles at the vitreoretinal interface, limiting diffusion through the
ILM [78]. Directed evolution is one way of overcoming the ILM barrier to transduce outer
retinal neurons following an intravitreal injection. In directed evolution, vector variant
libraries are rapidly screened for cell tropism and transduction efficiency. The AAV2-7m8
vector is an example of a vector developed by directed evolution [79]. Finally, once the
vector and its cargo reach the intended retinal cells, the capsid may be ubiquinated, which
leads to proteasome degradation and less efficient transduction of the genetic material [78].

A suprachoroidal injection is an office-based procedure that is easier to perform and
safer when compared with a subretinal injection. There is a potential space along the
inner surface of the sclera that separates the choroid from the sclera upon expansion
with fluid [80]. Specialized microneedles are needed to access the suprachoroidal space.
Suprachoroidal delivery of drugs or gene therapy is an attractive delivery route, since it
can potentially cover a greater surface area when compared with a subretinal injection,
which is limited by the bleb created during the subretinal injection of the vector. Some AAV
vectors may have difficulties in crossing the choroid in their attempt to reach the RPE and
photoreceptors [81]. Other disadvantages include the theoretical high likelihood of eliciting
a systemic immune response, since the vector is being injected into a highly vascularized
area. The results of the ALTITUDE study, where higher doses of the RGX-314 were injected
into the suprachoroidal space without eliciting a higher inflammatory response, suggest
otherwise. Both cellular and humoral immune responses are elicited against the transgene
protein [82].

3. Genetic Therapy Targeting the VEGF Pathway for Diabetic
Retinopathy or Diabetic Macular Edema

The main strategy of gene therapy for DR has focused on delivering transgenes that
express anti-angiogenic proteins that directly or indirectly inhibit the VEGF pathway.
Table 1 summarizes all the human trials of different transgenes studied in NPDR and DME.

Table 1. Summary of ocular gene therapy trials idiabetic retinopathy and diabetic macular edema.

RGX-314
ADV-022

Ixoberogene
Ixo-Vec

4D-150

Sponsor Regenxbio—Abbie Adverum Molecular Therapeutics

Transgene Product
Ranibizumab-like

anti-VEGF monoclonal
antibody fragment

Aflibercept-like Aflibercept-like plus
VEGF-C inhibitory RNA

Vector AAV8 AAV2.7m8 AAV-R100
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Table 1. Cont.

Clinical Trial ALTITUDE INFINITY SPECTRA

Route of Delivery Suprachoroidal Intravitreal Intravitreal

Dose (vg/eye)
2.5 × 1011 (N = 15)
5 × 1011 (N= 35)

1 × 1012

2 × 1011 (N = 12)
6 × 1011 (N = 13)

5 × 109 (N = 1)
1 × 1010 (N = 11)
3 × 1010 (N = 9)

Therapeutic Indication NPDR DME DME

Anti-Inflammatory
Prophylaxis

Low Dose = None
Middle Dose = None
High Dose = Topical

Steroids

Topical Difluprednate
0.05% for 10 wks

Topical Difluprednate
0.05% for 16 wks

BCVA Outcomes
(Letters) Not Reported

AFL control = +7.5
Low dose = +8.8
High dose = −6.9

Middle Dose = +8.4
High Dose = +7.1

Central Subfield Thickness
Outcomes

(µm)
Not Reported

AFL control = −117
Low dose = −152
High dose = −144

Middle Dose =−194
Low Dose = −153

Rescue anti-VEGF
Requirement

AFL control = 89%
Low Dose = 39%
High Dose= 25%

Treatment Burden
Reduction

Middle Dose = 65%
High Dose = 86%

DRSS ≥ 2 Step
Improvement

Control = 12.5%
Low Dose = 33.3%

Middle Dose = 20.8%

AFL control = 29%
Low dose = 46%
High dose = 46%

NOT REPORTED

Development of
Vision-Threatening Events

(DME and PDR)

Control = 37.5%
Low Dose = 16.7%

Middle Dose = 4.2%
NOT APPLICABLE NOT APPLICABLE

Adverse Events
Intraocular Inflammation

Low Dose = 0%
Middle Dose = 8.6%

AFL control = 33%
Low dose = 92%
High dose = 83%

Middle Dose = 0%
Low Dose = 0%

Adverse Events
Episcleritis

Low Dose = 6.7%
Middle Dose = 14.3%

AFL control = 0%
Low dose = 0%
High dose = 0%

Middle dose = 0%
High dose = 0%

Adverse Events
Increase Intraocular

Pressure

Low Dose = 6.7%
Middle Dose = 8.6%

AFL Control = 0%
Low dose = 0%
High dose = 0%

Middle dose = 0%
High dose = 0%

Adverse Events
Hypotony

Low Dose = 0%
Middle Dose = 0%

AFL control = 0%
Low dose = 0%

High dose = 25%

Middle dose = 0%
High dose = 0%

3.1. RGX-314 (ABBV-RGX-314) (Rockville, MD, USA)

RGX-314 is a rAAV8 vector that expresses a ranibizumab-like anti-VEGF soluble mon-
oclonal antibody fragment. AAV8 is capable of transducing both RPE and photoreceptor
cells after a subretinal injection of a low to moderate dose, leading to the expression of an
anti-human VEGF antibody fragment [83].

ALTITUDE is a phase-2 multi-center, open-label, randomized, controlled, dose-
escalation trial. The primary outcome was the proportion of eyes with ≥two-step im-
provement in the DRSS at one year. Secondary outcomes included the need for additional
standard of care interventions, development of DR-related ocular complications, and the
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efficacy, safety, and tolerability of ABBV-RGX-314 in patients with moderately severe or
severe NPDR or mild PDR with no active center-involved DME (CST < 320 µm). BCVA
had to be ≥20/40 and no eye was allowed if they had received an anti-VEGF injection
in the prior 6 months. ABBV-RGX-314 was delivered to the suprachoroidal space via
a SCS MicroinjectorTM in an office setting. Three dose levels (2.5 × 1011, 5 × 1011, and
1 × 1012 vg/eye respectively) are being evaluated. No prophylactic corticosteroids were
administered in doses 1 and 2 [84].

The interim 12-month results of dose level 1 (n = 15) and 2 (n = 35) demonstrated
that there was a clinically meaningful improvement in disease severity and reduction
of vision-threatening events, particularly in NPDR eyes. When only NPDR eyes were
considered, the control eyes (n = 8) demonstrated that 37.5% of eyes had a ≥two-step
worsening in the DRSS and only 12.5% of eyes had an improvement of two steps in the
DRSS. In contrast, dose level 1 showed ≥two-step worsening in 16.7% compared with 33.3%
two-step improvement. Dose level 2 prevented disease progression in all NPDR patients
with 0% worsening of two steps in the DRSS compared with 20.8% two-step improvement
in the DRSS. Vision-threatening events were observed in 37.5%, 16.7%, and 4.2% in the
control, dose level 1, and dose level 2 groups, respectively. Dose level 2 reduced vision-
threatening events by 89%. Suprachoroidal ABBV-RGX-314 was well-tolerated in dose
levels 1 and 2 through 12 months. Episcleritis was seen in 6.7% to 14.3% of eyes, depending
on the dose level. All cases were mild to moderate and resolved with topical corticosteroids.
Intraocular inflammation was only observed in dose level 2. It affected 8.6% of eyes and
was considered to be mild in all cases. Most presented 2–6 weeks post-injection as anterior
cells in slit lamp examination. All cases resolved with topical corticosteroids [84].

3.2. 4D-150 (4D Molecular Therapeutics, Emeryville, CA, USA)

4D-150 consists of a non-human primate-evolved R100 capsid carrying a transgene
payload that consists of aflibercept and VEGF-C RNAi that inhibits VEGF-A, VEGF-B,
VEGF-C, and PlGF. There is a robust pan-retinal transgene expression causing the simulta-
neous inhibition of VEGF-A, VEGF-B, VEGF-C, and PlGF following a single intravitreal
injection [85].

SPECTRA is a phase-2 multicenter, randomized, double-masked study designed to
assess the safety, efficacy, and determination of the best dose of a single intravitreal 4D-150
injection in treatment-naive and previously treated DME eyes. Twenty-two eyes were
randomized to 5 × 109 vg/eye (n = 1), 1 × 1010 vg/eye (n = 12), or 3 × 1010 vg/eye
(n = 9) of 4D-150. Patients were to be followed monthly for 104 weeks. Prior to the
intravitreal injection of 4D-150, all eyes received three consecutive monthly intravitreal
injections of aflibercept 2 mg. The first aflibercept was administered 8 weeks prior to 4D-150
injection. The third aflibercept was injected 2 weeks after 4D-150 injection. The eyes started
a prophylactic difluprednate topical 16-week taper three days prior to the intravitreal
4D-150 injection. Inclusion criteria included DME diagnosis within the past 2 years, a
central subfield thickness (CST) of ≥350 µm, and demonstration of responsiveness to VEGF
inhibition. Responsiveness to VEGF inhibition was assessed by observing a decrease of
≥40 µm in the CST at 1 week prior to 4D-150 injection when compared with the baseline.
Eight weeks after 4D-150 injection, eyes were assessed for the need for supplemental
aflibercept 2 mg. Eyes received supplemental aflibercept if CST had an increase of ≥50 µm.
Eyes continued to receive supplemental aflibercept until the change in CST was ≤30 µm
on two consecutive visits or the CST was ≤325 µm [86].

The interim results of SPECTRA revealed that 4D-150 demonstrated a sustained
improvement and dose response in visual acuity and CST through 32 weeks. It was
well-tolerated, with no intraocular inflammation observed at any timepoint or dose level.
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The 3 × 1010 vg/eye was chosen as the Phase-3 dose. Nine eyes received this dose and
had a mean gain in BCVA of 8.4 letters and a mean reduction in the central subfield
thickness of 194 µm. There was an 86% reduction in treatment burden when compared
with projected on-label aflibercept 2 mg administered every 8 weeks. Furthermore, 89% of
eyes required 0–1 supplemental injections of aflibercept and 56% of eyes did not require a
single supplemental injection of aflibercept. All patients completed the 16-week topical
steroid taper on schedule and all patients remained completely off steroids. There was no
hypotony, endophthalmitis, vasculitis, choroidal effusions, or retinal artery occlusions [86].

3.3. Ixoberogene Soroparvovec (Ixo-Vec, ADVM-022) (Adverum Biotechnologies, Redwood Cities,
CA, USA)

Ixoberogene soroparvovec uses the recombinant adeno-associated virus capsid
AAV2.7m8, which was derived from AAV2 through directed evolution to enhance ef-
ficacious retinal cell transduction following an intravitreal injection [79]. Ixo-vec delivers a
coding sequence which allows for the continuous expression of an aflibercept therapeutic
dose [87].

INFINITY was a phase-2 trial designed to compare standard of care intravitreal afliber-
cept 2 mg (n = 9) with a single intravitreal injection of Ixo-vec of either 2 × 1011 vg/eye
(n = 13) or 6 × 1011 vg/eye (n = 12) in DME eyes. Thirty-six patients with recently diag-
nosed DME were enrolled in the study. The patients were evaluated monthly for 48 months
and profilactically treated with topical difluprednate for 10 weeks. All three groups re-
ceived an intravitreal injection of aflibercept 2 mg at baseline. The ixo-vec groups received
their injection on day 8. Starting at week 8, supplemental aflibercept injections were ad-
ministered if the CST ≥ 50 µm when compared with that on day 1 and week 4, or there
was a loss of >five letters of BCVA when compared with the higher of two measurements
recorded on day 1 or week 4. The primary endpoint of the study was the time to the first
supplemental aflibercept injection [88].

After a median follow-up of 30 weeks, 89% of the control aflibercept 2 mg group
required supplemental aflibercept. This contrasts with the 39% of the low-dose and 25%
of the high-dose Ixo-vec groups that required aflibercept rescue treatment. The BCVA
was maintained in all groups until week 24. Thereafter, the high-dose Ixo-vec group
experienced loss of vision secondary to the development of adverse events. The CST results
were also maintained through 34 weeks. At 24 weeks, 29% of the aflibercept control group
demonstrated a ≥two-step improvement in the DRSS compared with 46% in both the low
and high doses of Ixo-vec.

Dose-dependent inflammation was observed, with a dose-limiting toxicity of 6 ×
1011 vg/eye. Almost all patients treated with Ixo-vec developed intraocular inflammation.
Most of these inflammatory events were in the anterior segment of the eye (transillu-
minations defects of the iris, synechiae, and pigmentary changes of the iris). Posterior
segment inflammation was observed in 8–17% of eyes, depending on the dose. The study
was unmasked in April of 2021 because a patient in the higher-dose group developed
severe hypotony. Two more patients eventually also developed hypotony. These three
eyes developed serous choroidal detachments, panuveitis, and corneal decompensation.
All three eyes required surgical intervention and received a fluocinolone acetonide in-
travitreal implant. All the eyes in the 6 × 1011 vg/eye dose group required additional
anti-inflammatory treatment beyond difluprednate. No hypotony was observed in the
2 × 1011 vg/eye dose group. There has been speculation that the comorbid nature of
the study population was partly responsible for the complications observed in the higher
dose. Remarkably, this same dose was used in a cohort of NV-AMD patients with no
hypotony observed. These results led Adverum to discontinue their DME program and
only concentrate on their NV-AMD program [88].



J. Clin. Med. 2025, 14, 3205 11 of 16

3.4. Potential Risks of Gene Therapy

Dreaded potential risks of gene therapy include death and oncogenesis [89–92]. In
2009, eighteen hours after a hepatic artery infusion of a recombinant human adenovirus
type-5 carrying the ornithine transcarbamylase cDNA at a dose of 6 × 1011 particles/kg, an
18 year old patient with partial ornithine transcarbamylase deficiency developed systemic
inflammatory response syndrome, which led to multi-organ failure and his demise [90].

Malignant transformation via insertational mutagenesis and integration of the viral
DNA inserts into the host’s DNA through accidental activation of oncogenes or inactivation
of tumor-suppressor genes have also been documented [93–95]. Nine infants with x-linked
severe combined immunodeficiency were essentially cured following a retrovirus-mediated
ex vivo gene transfer that reconstituted their immune system. Unfortunately, three years
after gene therapy, two patients developed a T cell leukemia. In both of these cases, the
leukemia was induced by an unintended activation of LMO2 when the retroviral vector
inserted itself at or near the LMO2 gene, which has been linked to leukemia [93–95].

As the INFINITY trial demonstrated, severe inflammatory reactions may occur follow-
ing ocular gene therapy and lead to irreversible ocular structural damage. In up to 50% of
patients receiving ocular gene therapy, an adverse ocular inflammatory reaction has been
reported and named gene therapy-associated uveitis (GTAU). The clinical presentation of
GTAU varies among patients and appears to depend on the route of delivery. Almost 50%
of eyes receiving an intravitreal injection of a genetic vector develop GTAU compared with
28% after a subretinal injection and 21% after a suprachoroidal injection [96]. Vitritis and
anterior segment inflammation are the most common manifestations of GTAU following an
intravitreal injection of a genetic vector. Chorioretinitis, choroidal thickening, and subreti-
nal deposits are commonly seen after a subretinal injection. A dose-dependent episcleritis
has been reported in several patients after a suprachoroidal injection [96]. In addition, an
immune response may be elicited against any vector component or transgene product.
Impurities from the manufacturing process may contaminate the formulation and give rise
to immune responses. Host-related factors, such as gender, age, and the underlying retinal
disease may determine the risk of GTAU [96].

4. Conclusions and Future Directions
Unfortunately, the current diabetes epidemic does not have an end in sight. Future

projections are staggering and, despite advances in the treatment of vision-threatening
complications of DR, such as DME and PDR, the cases continue to increase year after year.
Healthcare systems are being stretched thin by the high treatment burden of DR. There are
limited resources and a high volume of patients. The costs, patient fatigue, and a perception
of treatment failure negatively affect adherence to treatment. A one-time in-office injection
of gene therapy may potentially provide a long-lasting improvement in DR severity and
reduce the risk of vision-threatening complications in eyes with NPDR. In eyes with DME,
gene therapy may decrease the burden of treatment and close the gap between clinical trial
outcomes and routine clinical practice.

Current ocular gene therapy for DR and DME is based on the concept of creating a
biofactory that produces an anti-VEGF protein in a sustained manner. Despite promising
results in the ALTITUDE and SPECTRA trials, one must remain vigilant for adverse events.
As the results of the INFINITY trial demonstrated, severe inflammatory reactions may
occur and lead to irreversible ocular structural damage [88]. Frequent monitoring visits
for inflammation may end up being as burdensome as current anti-VEGF visits. In order
to avoid these complications, GTAU needs to be minimized. However our current under-
standing of the underlying immune response remains incomplete and the best strategies
for prophylaxis, treatment, and monitoring of GTAU remain unclear [96]. Future research
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directions need to include standardizing vector characterization, refining animal models,
and identifying biomarkers to detect and quantify immune responses within the retina [97].
There is a theoretical concern that chronic VEGF suppression may be detrimental to ocular
health and with gene therapy, there is no way to turn it off. In the normal healthy eye,
the RPE secretes VEGF that is essential for a healthy choriocapillaris. The choriocapillaris
endothelial cell fenestrations in non-human primates were significantly reduced following
VEGF inhibition by bevacizumab [98]. These findings have not been reported in humans,
to the best of our knowledge.

Finally, the costs of gene therapy need to be taken into account. For instance, voretigene
neparvovec with a price tag of USD 850,000 per patient is not a cheap treatment. The
economics of a rare inherited disease like RPE65 Leber’s congenital amaurosis are very
different from a common condition, such as DME or DR. In the event that gene therapy
becomes a reality for DME and DR, we hope that it is priced affordably for most of the
population at risk.
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