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Abstract: Retinal neovascular diseases (RNVs) are the leading cause of preventable vision loss worldwide, including diabetic
retinopathy, age related macular degeneration, retinopathy of prematurity, and retinal vein occlusion. Anti-VEGF therapy remains
central to current clinical management, while emerging molecular targets, including ANG-2, PDGF, Sema4D, integrins, and
inflammatory mediators, are gaining therapeutic relevance. The current standard anti-VEGF intravitreal injection (administered
every 4-8 weeks) regimen significantly increases the risk of complications such as endophthalmitis and elevated intraocular pressure,
which has driven interest in one-time gene therapy approaches. However, traditional viral delivery systems for gene therapy are limited
by limited drug loading and poor biocompatibility. This review systematically investigated nanomaterial mediated gene therapy
options for anti-angiogenesis in RNVs, focusing on six distinct nanomaterial categories: metal nanoparticles, carbon/silicon nanos-
tructures, lipid nanoparticles, polymers, dendrimers, and nanocomposites. The advantages and limitations of various nanomaterials in
terms of gene-loading capacity, controlled release profiles, biocompatibility, and transfection efficiency in the preclinical application of
anti-angiogenic gene therapy for RNV diseases were compared. It also provides unique insights into the future multi-target therapy of
nanomaterials and hybrid nanomaterial delivery.
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Introduction

Retinal neovascular diseases (RNVs) are considered the leading cause of preventable blindness worldwide.'* With the aging
global population, the prevalence of age-related macular degeneration (AMD) and diabetic retinopathy (DR) is projected to
surge in future. By 2040, an estimated 288 million individuals will have AMD, while the global diabetic population is
projected to reach 585 million, with one-third of these individuals likely to develop DR lesions.>* In addition to DR And
AMD, RNVs also include retinopathy of prematurity(ROP) and retinal vein occlusion(RVO), which are characterized by
pathological neovascularization caused by retinal ischemia or hypoxia. Notably, although AMD is classified pathologically as
choroidal neovascularization (CNV), retinal neovascularization is an important feature in the late stage of wet AMD (nAMD)
and is therefore often discussed together.”” Intravitreal injections(IV)of anti-vascular endothelial growth factor (VEGF) drugs
are considered the clinical gold standard for treating retinal vascular complications.

However, there are still some challenges with intravitreal injection. Firstly, intravitreal injection requires repeated
administration to maintain effective drug concentrations.®>* A multicenter clinical trial found that regardless of the drug
used, reducing injection frequency led to a loss of efficacy, and intermittent treatment was less safe.'® Second, intravitreal
anti-VEGF injections require a high frequency of 12 to 14 procedures per year, resulting in more than a quarter of patients
being lost to follow-up within 2 years. Treatment costs can range from $1500 to $3000 per treatment, and complications
such as endophthalmitis and cataract progression are significantly related to the number of injections, leading to serious
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vision loss risk.'""'? Furthermore, intravitreal therapy is a technically challenging invasive procedure that is not easily
performed in non-tertiary medical centers, which also increases the difficulty of treatment to a certain extent.

Following the success of mRNA vaccines in combating COVID-19, gene therapy has gained renewed attention from
researchers. Gene therapy achieves sustained therapeutic effects through a single injection, eliminating the need for
frequent intravitreal injections and reducing the complications associated with frequent intraocular injections. Clinical
trials of gene therapy in AMD and DR have also entered Phase III Table 1. High transfection efficiency is a key factor for
the success of gene therapy.'>"'* Although viral delivery systems have been widely used for targeted delivery of gene
drugs, the immunogenicity and limited loading capacity of viral vectors still limit the transfection efficiency of gene
drugs in the posterior segment of the eye.'” ' In recent years, the emergence of nanomaterials has garnered significant
attention as an alternative to viral vector systems. Nanodrug delivery systems not only exhibit similar transfection rates to
viral vectors but also have higher drug loading capacity, lower biotoxicity and better controlled release.'®2° In addition,
the good plasticity of nanomaterials not only be applied to the same type of materials, but also combine the advantages of
different types of nanomaterials to provide more possibilities for anti-vascular tissue engineering.”' These features endow
them with significant potential as efficient gene therapy delivery vectors, particularly in addressing the multi-target
requirements of future anti-angiogenic gene therapies for RNVs. However, no study has systematically investigated
nanomaterial-based gene therapy in anti-angiogenesis.

Therefore, we review the advancements in nanomaterial-based anti-angiogenic gene therapy for RNVs, summarizing
current therapeutic targets and commonly used nanomaterials to support the future development of potential single-
administration gene therapies for RNVs.

The Mechanism and Targets of RNVs Treatment
Regulation of VEGF and Anti-Angiogenic Therapy

Pathological neovascularization is the core pathological feature of RNV, primarily mediated by abnormal VEGF and its
receptors.”” Elevated levels of VEGF have been found people with RNV, such as individuals diagnosed with AMD, PDR,
or RVO.”* % Overexpression of VEGF increases the phosphorylation of tight junction (TJ) proteins between endothelial
cells, leading to the release and degradation of the key protein from the cell membrane, which compromises the integrity
of the BRB, significantly increasing the permeability of the endothelial cell layer, allowing plasma components and
inflammatory mediators to enter the retinal tissue more easily, causing macular edema and more severe vision loss.*?’
On the other hand, VEGF binding to VEGFR activates signaling pathways within target cells, leading to migration and
proliferation of retinal endothelial cells into the vitreous, with the formation of fibrous vascular membranes further
damaging the hypoxic retina®®(Figure 1). These changes exacerbate the hypoxic condition in AMD, leading to severe
complications such as blindness, intraocular inflammation, or glaucoma. Additionally, in addition, fragile neovascular-
ization can be easily destroyed, especially in diabetic patients under hyperglycemic conditions. Elevated glucose levels
not only mediate the overexpression of VEGF through IGF-1, but also causes oxidative stress and increased inflamma-
tory factors in retinal cells. Under the dual pressure of ischemia and hypoxia, neovascularization occurs pathological
leakage or hemorrhage, which leads to retinal detachment and severe visual loss.”’

Anti-angiogenic therapy is the core strategy for treating RNV, primarily targeting VEGF and its receptors in the
retina. The primary sources of VEGF are the retinal pigment epithelium (RPE) and Miiller cells, with endothelial cells
serving as both target cells and contributors to VEGF secretion.’*>' Anti-VEGF therapies include bevacizumab,
ranibizumab, aflibercept, among others, which specifically bind to VEGF-A and other members, preventing their
interaction with receptors and thereby inhibiting angiogenesis.*® The multi-targeted tyrosine kinase inhibitor sorafenib
further blocks VEGF signaling by inhibiting VEGFR activity.>

Other Potential Targets for Anti-Angiogenesis

In recent years, more and more anti-angiogenic targets have been developed for RNV diseases, which can be divided into
“direct inhibition of angiogenesis” and “regulation of vascular microenvironment” according to the mechanism of action.
The former includes the Angiopoietin/Tie2 pathway, PDGF-BB pathway, integrin, and Semaphorin 4D (Sema4D), which
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Table | Ongoing or Completed RNVs Gene Therapy Clinical Trials

Gene Conditions Target Injection | Type of Gene Phases Locations NCT Number
Therapy Therapy
Drugs
ADVM-022 nAMD\ME\DR Deliver and express aflibercept v Gene transfer PHASE2 USA & NCTO05536973 NCT05607810
Puerto Rico
BD3I1 RVO\DR\ME Expressing VEGFA antibody SC Gene transfer PHASEI China NCT05099094
\nAMD
EXG102-031 nAMD Binding of Ang and VEGFR SR Gene transfer PHASEI|2 China NCTO06183814
FT-003 nAMD\DR Durable expression of therapeutic levels of intraocular SR Gene transfer PHASEI|2 China NCT06492863 NCTO0561 1424
protein. NCT06492876 NCT05916391
GEMI103 dAMD Recombinant human complement factor H v Gene transfer PHASE2 USA NCT04643886
GTO005 nAMD Encoding for human complement factor | SR Gene transfer PHASE2 UK NCTO05481827
HG202 nAMD Knock-down the expression of VEGFA v Gene editing PHASEI China NCTO06031727
KH631 nAMD Produce a human VEGF receptor fusion protein SR Gene transfer PHASEI China NCTO05657301
LX102 nAMD Encoding VEGF-trap SR Gene silencing PHASEI|2 China NCT06198413 NCT06196840
NCT05831007
NGI0I AAV nAMD Binding VEGFA SR Gene transfer PHASEI|2 CA NCT05984927
OCU410 dAMD Transport the RORA (RAR Related Orphan Receptor A) gene | SR Gene transfer PHASEI|2 USA NCT06018558
OoLX10212 nAMD Targets inflammatory pathways upstream of VEGF v Gene transfer PHASEI USA NCT05643118
RGX-314 ME\nAMD\DR Encoding a ranibizumab-like anti-VEGF monoclonal antibody SC\SR Gene transfer PHASE2|3 USA & CA NCT04832724 NCT03066258
fragment NCT03999801 NCT04704921
NCT05407636 NCT04514653
NCT04567550
SKGO0106 nAMD\DR Recombinant human complement factor D v Gene transfer PHASEI |2 USA & NCT05986864 NCT06213038
China & CA | NCT06346600 NCT06237777
4D-150 nAMD\DME Comprised of miRNA targeting VEGF-C and codon-optimized | IV Gene silencing PHASEI|2 Puerto Rico | NCT05197270 NCT05930561
sequence encoding aflibercept
Cand5 nAMD\DME Silence the mRNA encoding for VEGF I\ Gene silencing - Slovakia & NCT00259753 NCT00306904
USA
OLX10212 nAMD A cell penetrating asymmetric small interference RNA (cp- v Gene silencing - USA NCT05643118
asiRNA)
PF-04523655 DME Targets and inhibits the expression of HIF-1a v Gene silencing - Philippines NCTO01445899
AGN211745 nAMD Inhibiting the expression of VEGF v Gene silencing - UK NCT00363714 NCT00395057
SYLI80I nAMD Selectively inhibiting the production of the NRARP receptor | Eye Gene silencing - USA NCTO05637255 NCT0478227 |
Drops

Abbreviations: *AMD, Age-related Macular Degeneration; CA, Canada; DR, Diabetic Retinopathy; DME, Diabetic Macular Edema; IV, Intravitreal injection; ME, Macular Edema; RVO, Retinal Vein Occlusion; SC, Suprachoroidal injection;

SR, Subretinal injection; UK, United Kingdom; USA, United States of America.
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Figure | The pathogenesis and target of retinal neovascularization. (a) Light is an exogenous stressor, raising ROS in retinal cells. Visible light mimics RPE cell phagocytosis, inducing
superoxide. This stabilizes HIF-1, promoting VEGF transcription. Imbalance of light and photosensitive molecules can cause RPE cell degeneration. (b) Hypoxic-ischemic HIF-1
isoforms up-regulate VEGF. In insulin - treated diabetics, IGF- | induces VEGF via ERK1/2 in Muller and RPE cells. (c) In retinal vascular endothelial cells, VEGF family activates PLCy -
PKC pathway, regulating cell functions. PI3K and p38 MAPK also play roles. VEGF stimulation leads to permeability changes and abnormal vascular growth. (d) Ang-2, up-regulated in
pathologies, inhibits Tie2 activation by Ang-1, disrupting vascular stability. Sema4D/PlexinB| signaling causes endothelial and pericyte dysfunction in DR.

are thought to be directly involved in key steps of neovascularization. Ang-2 disrupts vascular stability by antagonizing
Tie2 receptor activation and collaborates with VEGF to aggravate the leakage of DR And AMD.** Faricimab, an
intravitreal VEGF-A/Ang-2 dual antibody being developed by Roche/Genentech, was tested in phase III trials
(NCT03622580 and NCT03622593) has been shown to prolong the treatment interval for patients with diabetic macular
edema (DME) and wet AMD.** In addition, Tie2 activator AKB-9778 significantly enhanced vascular stability and
eliminated macular edema caused by RNV disease in early clinical trials.*® PDGF-BB pathway promotes the maturation
of neovascularization through the recruitment of perivascular cells, which is related to anti-VEGF resistance. Although
the phase IIb trial of anti-PDGF-BB drug Fovista combined with VEGF inhibitors is not as expected, its mechanism
provides the basis for a multi-target strategy.>’** The integrin antagonist Risuteganib improved visual acuity and
inhibited pathological neovascularization in patients with dry AMD and DME in Phase II trials, but more data are
needed before the benefit of using risuteganib in the clinic can be truly assessed.*” Our previous studies have shown that
the nanonet developed based on Sema4D/PlexinB1 pathway can effectively trap sSema4D to reduce angiogenesis in DR,
which is being developed for other RNV diseases.*’

On the other hand, more targets have been developed to regulate the vascular microenvironment to inhibit angiogen-
esis in RNV disease, including hypoxia-inducible factor (HIF), complement system, inflammatory mediators, and fibrosis
factors. Their application has received much attention in the gene regulation of VEGF.

Gene Regulation of VEGFA

The expression of the VEGFA gene is regulated at both the transcriptional and translational levels by multiple factors,
with hypoxia being one of the most well-known regulators.*’ The hypoxia-dependent regulation of VEGF is primarily
mediated by the hypoxia-inducible factor (HIF) transcription factor family, particularly HIF-1.“** HIF-1 consists of
HIF-1a and HIF-1p, and under hypoxic conditions, HIF-1a is not degraded but binds to the hypoxia response element
(HRE), activating the transcription of target genes like VEGFE.** Additionally, different subtypes of HIF can regulate

VEGF expression, making them potential therapeutic targets for patients with RNV, 346
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In addition to hypoxia, the complement system also plays a critical role in the pathogenesis of AMD. Mutations in
complement factor C3 and complement factor H (CFH) genes increase the risk of AMD [56], while complement terminal
component C5a in the vitreous promotes the development of CNV by upregulating VEGF in the RPE.*"**

Moreover, NF-kB, as a key transcription factor, also participates in the transcriptional regulation of VEGFA, although
clear kB binding sites have not been identified in the VEGF promoter.** Recently, NF-kB-based anti-angiogenic
strategies have been developed for gene therapy targeting DR.’° Additionally, inflammatory cytokines, such as IL-1a,
IL-1pB, IL-6, and IL-8, have been found to induce VEGFA expression in various cell types®'=? (Figure 1). Anti-
inflammatory treatments, such as triamcinolone, can slow the progression of RNV, and melatonin, as an anti-
inflammatory and antioxidant treatment, has also shown potential in inhibiting VEGF expression.”> > In addition,
connective tissue growth factor (CTGF) has been paid attention to the treatment of retinal fibrosis and other complica-
tions after anti-VEGF therapy in recent years.”® The dual-target protocol of CTGF and VEGF-A developed by Hu et al in
the previous study can better improve the damage of retinal microvascular ultrastructure.’® Recently, Farzad et al are
trying to construct umbelliprenin-containing niosome nanoparticles to inhibit the gene expression of VEGF-A and CTGF
in retinal pigment epithelial cells.’” These anti-VEGF gene therapy strategies still need to be validated through clinical
trials for their efficacy and safety, with optimization of drug delivery methods being crucial.

The Progress of Gene Therapy in Anti-Angiogenesis

Intravitreal injection is the standard method for delivering anti-angiogenic drugs, but repeated long-term injections cause
complications while also imposing a significant financial burden.!" With the development of gene therapy technology in
recent years, these issues seem to have found a “standard answer”.

Gene therapy is described as the ability to improve genetic alterations by inserting, removing, or correcting any mutated
genes. Since the FDA’s first approval of a gene therapy drug for the treatment of hereditary retinal diseases related to biallelic
RPE65 mutations, the application of gene therapy in ocular diseases has regained attention, especially in pathological
neovascularization.”® Firstly, the eye is considered an ideal target for gene therapy for several reasons: (1) the presence of
the blood-retinal barrier provides the eye with a certain level of immune privilege;”” (2) the highly compartmentalized eye
tissues offer an advantage for targeted pathways;*® (3) the transparent ocular medium allows easy observation of pathological
changes post-treatment;®' (4) visual function and retinal structure can be monitored non-invasively at any time;®* (5) In the
same subject, one eye was designated as the experimental target, while the other eye served as the control.®*

Secondly, unlike most hereditary retinal diseases, although retinal neovascularization involves a complex network of
various pro-angiogenic and anti-angiogenic factors, these diseases are often associated with VEGF-A related gene
mutations, making RNVs particularly responsive to anti-angiogensic gene therapy.®* Gene therapy includes three
methods: gene transfer to increase target cell function by introducing exogenous genes (gene replacement), gene
silencing to inhibit target gene expression by suppressing mRNA in target cells, and gene editing to directly modify
target genes (Figure 2).

Gene Transfer

Gene replacement or transfer involves the insertion of a corrected copy of the gene into a target cell to induce synthesis
of the desired protein. This is the most common form of gene therapy (often used interchangeably with gene therapy).
One of the key factors for this process’s success is identifying appropriate targets. Anti-angiogenic gene targets are also
abundant based on the multipath network of VEGF-mediated angiogenic signaling pathways. Established targets of anti-
vascular gene therapy include PEDF, sFLT-1, and anti-VEGF antibodies. Injection of AAV5 vector carrying PEDF
significantly inhibited neovascularization in the nAMD mouse model. Although mild inflammation occurs in a quarter of
patients, this gene therapy product is safe and well tolerated compared with long-term injections.’® sFLT-1, a VEGF
inhibitor, has been shown to effectively inhibit pathological angiogenesis in RNVs and is one of the earliest anti-VEGF
gene therapy strategies. Two clinical trials involving sFLT-1 gene therapy (rAAV.sFLT-1) have completed phase II
controlled trials, and the results show that the treatment group effectively prolongs the duration of drug efficacy and
reduces the number of injections compared with the control group.®> 7 In addition, significant progress has been made in
the genetic engineering of proven anti-VEGF agents, such as Ranibizumab, Bevacizumab, and Aflibercept (Table 1).
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Figure 2 The barrier for retinal gene therapy. (a) For gene therapy in the posterior segment of the eye, the four routes of administration need to overcome intraocular
barriers. Eye drops need to traverse most intraocular structures. Intravitreal injection, being closest to the retina, is widely used. Suprachoroidal injection and subretinal
injection are at a relatively greater distance from the retina but can exert a sustained - release effect. (b) After the surface groups of the gene vector recognize the receptors
on the surface of the target cells and localize to the target cells, the gene vector needs to overcome three major barriers: the cell membrane, the cytoplasm, and the cell
nucleus to complete gene delivery.

Other drug targets for pathological retinal neovascularization have also progressed toward gene therapy, such as
angiostatin and endostatin, platelet-derived growth factor, and Tie-2 tyrosine kinase receptor.”® These gene targets
expand drug diversity, addressing the selective nature of gene therapy across different populations.

Gene Silencing

Gene silencing refers to the inhibition of gene expression-related functional proteins by silencing mRNA in the
cytoplasm, typically using non-coding RNAs (ncRNAs) that bind to mRNA to interfere with protein synthesis, also
known as RNA interference (RNAi) technology. In the retina, ncRNAs have been found to not only influence
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angiogenesis by silencing mRNA but also to regulate DNA methylation or histone methylation and other epigenetic
modifications, thereby influencing gene transcription and the progression of diabetic vascular complications.®"”°
NcRNAs primarily include microRNAs (miRNAs), small interfering RNAs (siRNAs), long non-coding RNAs
(IncRNAs), short hairpin RNAs (shRNAs), and antisense oligonucleotides (ASOs). Gene therapy by siRNA in the eye
has been described in detail by Kavita et al and mainly involves the delivery of anti-VEGF siRNA into target cells by
adenoviruses, liposomes, and polymers. And quite a few have entered the early stage of clinical trials (Table 1).”"*
IncRNA is another kind of non-coding RNA with great therapeutic potential. It can achieve post-transcriptional gene
regulation by competitive binding with miRNA in the treatment of eye diseases, also known as “miRNA sponge”.
Studies have shown that the expression of MALAT1 (a long non-coding RNA) is increased in DR Patients, which may
activate retinal damage caused by oxidative stress.”® In addition, injection of miR-124-3p and shMALAT1 reduced Egrl
expression and inhibited retinal neovascularization, highlighting the MALAT1/miR-124-3p/Egrl axis as a potential target
for ROP gene therapy. The shRNA was artificial stem loop RNA, and the siRNA was generated by Dicer and then
accurately degraded the target mRNA. Its complete complementary pairing is more specific than the partial matching of
miRNA, and its stability is better than that of the siRNA that needs repeated transfection.”* The construction of shRNA
against mTOR and HIF-1a has received good anti-vascular effect in vivo and in vitro experiments, but further clinical

experiments are needed to verify.

Gene Editing
Gene editing refers to the technology of artificially intervening to alter the DNA sequence in an organism’s genome to
modify, insert, or delete target genes. Since Jennifer Doudna and Emmanuelle Charpentier used CRISPR-Cas9 as an editing
tool in 2012, it has become the most used technology in gene editing due to its strong advantages.”” Compared to ZFNs and
TALENs, CRISPR-Cas9 has higher editing efficiency and lower off-target effects, and it is also easier to operate.”®
Currently, CRISPR-Cas9 gene editing strategies for ocular angiogenesis primarily target VEGF-A, VEGF-R, and
HIF-1a. Early CRISPR genome editing used AAV9 to package smaller CRISPR nucleases, such as Cas9 and their
respective gRNAs, targeting HIF-1a or VEGF-A, finding similar neovascularization inhibition effects compared to
aflibercept, but gene editing likely offers a permanent cure.””’® Additionally, rAAV1-packaged spCas9 targeting
VEGFR2 in endothelial cells successfully inhibited neovascularization in a mouse OIR model.**”*** However, viral
delivery vectors such as AAV face the problems of immunogenicity and low loading capacity. Through the strategy of
delivering Cas9 ribonucleoprotein (RNP) complex directly instead of viral vector DNA, gene editing technology can not
only circumvent the host immune recognition of the viral capsid, but also avoid long-term immune stimulation due to its
transient expression characteristics. At the same time, the non-viral delivery system breaks through the physical
limitations of the viral capsid and significantly improves the payload capacity of gene vectors.®"®2. Therefore, Sahel
et al recently developed a cRGD-modified lipid polymer nanocomposite loaded with Cas9 RNP and found to have lower
toxicity and faster transfection efficiency.®® Nanoformulations are expected to offer more benefits than current
approaches. Many nanometry-based products have been approved by the FDA or are under investigation (Table 2).

Retinal Barrier and Route of Delivery for Gene Therapy

The key to the success of gene therapy lies in how gene therapy drugs are delivered to target cells and how to improve
delivery efficiency. Due to the eye’s unique position, local administration methods for retinal diseases have more options,
including non-invasive (eye drops) and invasive methods (intravitreal injection, subretinal injection, suprachoroidal
injection)(Figure 2). Although eye drops are the most common modality in eye therapy, no gene therapy trials appear to
employ this route (Table 1). Notably, in recent years, researchers have been actively developing nanocomposite materials
to overcome the limitations of eye drops in delivering drugs to the posterior segment of the eye.** Compared with the
glass body cavity injection, even if the drug concentration in eye drops is twice that of intravitreal injections, the

therapeutic effect is still lower and may increase the patient’s burden.®
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Table 2 Ongoing or Completed Clinical Trials of RNVs Nanomaterials

Nano Drugs Conditions Composition Drug Delivery Route Phases Enrollment Start Date Locations NCT Number
DX211 DME CD-NPs Eye drops PHASE2 144 2017/9/18 Denmark NCT05343156
AVD-104-C301 DME, DR Polymers v PHASE2 21 2023/11/30 United States NCTO06181227
DECEDE DME CD-NPs Eye drops PHASE2|PHASE3 40 2024/3/12 Saudi Arabia NCTO01523314
D-4517-002 AMD, DME Dendrimers Subcutaneous PHASE2 30 2022/8/31 United States NCT05387837
D-4517-001 AMD, DME Dendrimers Subcutaneous PHASEI 16 2022/1/11 Australia NCTO05105607
hESC RPE AMD Polymers SR PHASE||PHASE2 I5 2024/8/15 Brazil NCT02903576
1491-801-007 DME Polymers \% PHASE3 54 2021/10/12 United States NCT04976777
2019P001550 DME Polymers \% PHASE||PHASE2 6 2021/3/15 United States NCT0422561 |

Abbreviations: *CD-NPs,

Cyclodextrin nanoparticles; 1V, Intravitreal injection; SR, Subretinal injection.
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Administration Routes for Retinal Gene Therapy

The preferred method for targeting the posterior segment of the eye in gene therapy remains invasive administration,
particularly intravitreal injection. Through this route, therapeutic agents rapidly diffuse throughout the vitreous body, reaching
the retina quickly. After overcoming barriers such as the inner limiting membrane, nerve fiber layer, and blood-retinal barrier,
these agents act on endothelial cells and RPE cells*®(Figure 2). However, this method often requires frequent injections and
carries risks of endophthalmitis, increased intraocular pressure, retinal detachment, and cataracts.®1° Subretinal injection is an
effective method for directly delivering drugs to photoreceptor membranes and RPE cells. Despite the complexity of the
surgical procedure, which requires specialized equipment and techniques, the significant potential benefits of gene therapy
make subretinal injection a rational choice for treating retinal degenerative diseases.®” However, clinicians must carefully
weigh the pros and cons due to potential complications, such as temporary focal retinal detachment, and the limited range of
therapeutic agent action due to the confined space.*® Suprachoroidal injection (SC) is an emerging ocular drug delivery
method that involves injecting drugs into the anatomical space between the choroid and sclera using specialized microneedles.
Recent studies show that SC can achieve extensive expression of AAV transgene drugs in the outer retinal cells, with higher
vector coverage, though mainly limited to the peripheral retina.®® However, SC also relies on advanced technology and
equipment, like microneedle injection systems, for safe and effective suprachoroidal drug delivery. And its safety and efficacy
still lack validation from large-scale clinical trials.”

Extracellular Barrier for Retinal Gene Therapy

Before reaching the target cells, gene therapy drugs for the posterior segment of the eye must not only overcome natural
anatomical structures but also pass through the immune system’s examination. Although it is difficult for living cells of
immune substances in the blood to enter the eye due to the blood-eye barrier, unique mechanisms of immune regulation
still exist in various anatomical structures. In the ocular surface, tear derived secretory IgA complexes combine with
TGF-B to mediate the inhibition of dendritic cell maturation to enhance immune quiescence. In the anterior chamber,
aqueous humor has immunomodulatory function. The specific elevated soluble Fas ligand (sFasL) induces the expression
of Foxp3 in activated regulatory T cells, which helps to clear pathogens. The vascular-rich iris/ciliary contact-dependent
PD-L1/CTLA-2a signaling inhibits T cell activation. The vitreous body, as the clearest gelatinous substance filled in the
eye, is usually not rich in immune cells, but it secrets CCL5 to recruit CXCR3-T cells during disease inflammation. The
retina and choroid are rich in microvessels and contain small numbers of Muller cells and dendritic cells. These immune
mechanisms create multiple layers of defense against the delivery vector, presenting both challenges and opportunities
for gene therapy delivery.”’ When target cells are localized in endothelial cells, the extracellular barrier also needs to
overcome BRB, which limits nanoparticle delivery through size exclusion and electrostatic repulsion by TJ proteins.
Alternatively, pathological BRB leakage enhanced passive penetration but impaired targeting specificity. Heterogeneous
receptor-mediated dynamic barrier integrity across diseases, such as AMD versus DR, further challenges standardized

nanocophore design, requiring customized ligand functionalization or stimulus-response systems.”***

Intracellular Barrier for Retinal Gene Therapy

After gene therapy drugs enter the target cells, they still face challenges from intracellular clearance mechanisms. These
intracellular barriers include cellular uptake and endocytosis, lysosomal degradation, nuclear membrane barriers, and
cellular immune responses. More important for gene delivery is how to ensure that nucleic acids remain intact during
lysosomal degradation. In acidic environments such as endosomes or lysosomes, even for lipid nanoparticles widely used
in clinical practice, the cell escape efficiency of siRNA was reported to be less than 5%.°* How to cleverly design the
carrier to improve the efficiency of endosomal escape is one of the keys to solve this problem. Ph-responsive
nanomaterials can be designed to be protonated and positively charged. They can promote endosomal escape, mainly
through the proton sponge effect.””> Our previous studies are trying to use it in the treatment of angiogenesis’*®’
(Figure 2). Understanding intracellular barriers effectively improve delivery efficiency, and often, leveraging these
characteristics to construct delivery materials serve gene therapy. Therefore, nanomaterials are being widely used for
targeted delivery of gene therapy due to their good plasticity and stability.”®
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The Advances of Nanomaterials in Gene Therapy

Gene therapy advancements have brought immense hope for the treatment of ocular diseases. Effective retinal gene therapy
has always relied on the development of suitable delivery systems. Viral vectors are the most commonly used gene vectors
for ocular disease treatment.”” However, using viral vectors for in vivo gene expression still faces limitations such as low
payload, complex customization, and risks associated with viral antigens (such as immune responses).'>'7 Given these
limitations, advancements in non-viral delivery methods, such as nanoparticles, are essential.

Nanomaterials are materials with at least one dimension (such as length, width, or thickness) within the range of 1 to
100 nanometers (nm). This small size endows nanomaterials with unique properties, including a high surface area to
volume ratio, quantum effects, and tunable chemical properties. For gene delivery to the posterior segment of the eye,
these characteristics of nanomaterials offer an almost ideal solution, overcoming the limitations of viral delivery systems
constrained by the eye’s natural barriers and limited drug load. Typically, surface modification of nanomaterials is used to
enhance targeting specificity, such as introducing near-infrared (NIR) light-active fluorophores (indocyanine green) and
conjugating drugs like Avastin to nano-capsules, paired with micro-laser systems for effective in vitro targeted anti-
VEGF drug delivery.'” Additionally, many nanomaterials inherently possess anti-angiogenic properties, making them
ideal vectors for treating retinal neovascular diseases, including Implantable anti-angiogenic stents, which enhance the
slow release of peptides from nanofibers, enabling faster anti-angiogenic or anti-inflammatory effects to synergistically
combat retinal neovascularization and edema.?' According to the composition of nanomaterials, they can be divided into
inorganic and organic nanomaterials'®'(Figure 3).

Inorganic Nanoparticles Drug Delivery for Gene Therapy
Inorganic nanoparticles, typically derived from metals, metal oxides, and non-metallic materials like carbon and silica, offer
numerous advantages as drug carriers, including increased quantum yield and drug-loading capacity.'®> Compared to organic
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nanoparticles, inorganic nanoparticles possess unique properties such as photosensitivity, electrical conductivity, magnetic

attraction, and thermal efficiency, making them valuable not only as drug carriers but also as therapeutic agents.'**1%*

Metal Nano Delivery Materials

Gold nanoparticles(AuNPs), with stability, malleability and metal properties, are widely used in nanobiotechnology.'®
Especially in ocular diseases, AuNPs photothermal therapy based on NIR has been shown to be effective in treating
intraocular inflammation and tumor angiogenesis.'®' Studies focus on both the intrinsic anti-angiogenic properties of gold
nanoparticles and their advantages as carriers for delivering anti-angiogenic drugs.'’® Due to their chemical inertness and
biocompatibility, gold nanoparticles effectively evade clearance by the intraocular immune system, allowing them to
reach retinal target cells.'®” Previous studies indicate that AuNPs enhanced their cellular uptake success rate by altering
their nanoparticle size, shape, and surface charge. Among gold nanoparticles ranging from 10 to 100 nm, 50 nm AuNPs
were found to be more efficiently taken up by cells.'®®!'* Additionally, the shape of gold nanoparticles determines
different endocytosis pathways, with triangular AuNPs showing the highest cellular uptake rate. Gold nanostructures
exhibit anti-angiogenic effects and superior biodegradability, electrical properties, and molecular recognition
characteristics.''® Hollow gold nanoshells inhibit VEGF-165 gene expression to suppress Human Aortic Endothelial
Cells (HAEC) proliferation, thus inhibiting angiogenesis. Gold nanoparticles coated with different functional peptides
activate or inhibit angiogenesis in vitro, but they cannot prevent HAEC tube formation.'"

Silver nanoparticles(AgNPs) have also gained attention in ocular anti-angiogenesis applications in recent years. As
the concentration of AgNPs gradually increased, the concentration gradient effect of AgNPs on the inhibition of VEGF
gradually increased, mainly by inhibiting the gene expression of HIF-1, the upstream regulator of VEGF. And the mRNA
expression levels of VEGFR-2, protein kinase Cy(PKCy), Rac encoding genes, inhibit HUVEC tube formation, and also
affect optic nerve development.''>''* Although metallic nanomaterials have been widely used in the diagnosis and
treatment of RNV diseases, there are still considerable challenges. Most metals catalyze the production of ROS in the eye
through Fenton-like reactions, leading to retinal lipid peroxidation. Coating the surface with a silica shell reduced

oxidative damage by 70%, but the shell defects still triggered local hot-spot effects.'**!14113

Oxide Nanomaterials

Metal oxide nanomaterials have shown great prospects in cancer treatment. In recent years, it has received extensive
attention in the treatment of retinal neovascular diseases. Common ones include titanium, platinum, zinc, and cerium
oxides. Although in previous studies, metal titanium and its oxide have good antibacterial and pro-angiogenic effects and
are widely used in orthopedics.''® However, studies have found that local injection of nano-titanium dioxide is non-toxic
to oxygen-induced retinopathy mice in vitro and inhibits angiogenesis. Although the mechanism is unclear, its inhibition
of VEGFR-2 phosphorylation suggests that its effect may be similar to that of gold nanoparticles, leading to VEGFR-2
inactivation."'” In addition, copper oxide nanoparticles reduced angiogenesis in transgenic zebrafish by downregulating
the expression of VEGF and inducing apoptosis.''® However, compared with organic and metallic nano-delivery
materials, oxide nanomaterials are more likely to act as therapeutic agents against oxidative stress.''*'?° In the light-
induced retinal degeneration model, Pt nanoparticles showed strong antioxidant capacity, with 42% reduction of ROS
compared with the control group, which effectively protected the retina from oxidative stress damage and was an ideal
nanoenzyme for the treatment of oxidative stress-related retinal diseases.'?' In addition, CeO2 has been shown to
effectively scavenge iron-induced ROS, improve retinal cell survival, and ameliorate retinal damage observed in AMD or
other degenerative diseases.'?” In addition to the significant anti-oxidative stress ability, nano-zno nanomaterials were

123 them.

found to effectively reduce blood glucose levels in DR rat models and have excellent anti-inflammatory effects
Although iron oxide nanoparticles (Fe304) have the advantage of magnetic targeting, when the release rate of iron ion in
the vitreous is too fast, it exceeds the ferritin storage capacity of RPE cells and causes ferroptosis. Therefore, although
there are many options for metal oxide nanomaterials, to become a good delivery material or anti-vascular material,

researchers need to find the right balance.'**
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Carbon-Silicon Nanomaterials

Unlike metal and other inorganic nanomaterials, the application of nanoparticles formed by nonmetallic oxides in anti-
angiogenesis gene therapy has been practically proven. SiNPs significantly reduce the mRNA expression of macrophage
activity-related genes MIF and angiogenesis-related genes VEGFR2, mainly by downregulating the MAPK signaling
pathway.'*> Additionally, since most anti-angiogenesis drugs under development are hydrophobic, using inorganic
nanomaterials as carriers significantly enhances drug biocompatibility and hydrophilicity, greatly improving bioavail-
ability and drug duration. For instance, a recent study designed and prepared a graphene oxide (GO)-based carrier for
delivering VEGF-siRNA. Due to its good water dispersibility and surface area, it rapidly reaches target tissues and
effectively inhibits angiogenesis. Other studies show that surface modification of GO also significantly increases the
success rate of cellular transfection.'*® Similarly, silicate nanocarriers, relying on their hydrophilicity, enhance the
bioavailability of anti-angiogenic drugs and exhibit very low toxicity to cells.'*” More interestingly, Mesoporous
carbon/silica Nanoparticle has been widely studied for gene delivery in recent years. Because of its controlled nonporous
structure, it may be used as a drug delivery carrier. This can be doped with various therapeutic ions (strontium, copper,
magnesium, zinc, lithium, silver, etc.) and loaded with specific biomolecules (for example, therapeutic drugs, antibiotics,

growth factors) to achieve controlled loading and release kinetics.'**'*°

Organic Nanoparticles Drug Delivery for Gene Therapy

Polymers

Polymers are important macromolecular compounds consisting of multiple repeating units (monomers) linked by
covalent bonds. They are classified into naturally occurring and synthetically prepared types. Natural polymers, such
as cyclodextrin, chitosan, hyaluronic acid, and fibrin, are widely present in biological organisms and have good
biocompatibility and biodegradability.'*° In contrast, synthetic polymers, such as polyethyleneimine (PEI) and poly-
propyleneimine (PPI), are obtained through artificial synthesis and offer a broader range of tunable physicochemical
properties.'*' The good controllability of polymers allows for customization based on target cells, providing a foundation
for gene therapy targeting various cells in RNVs. The composition of polymers determines their targeting specificity. In
RNVs, endothelial and RPE cells are the primary target cells. Shmueli et al synthesized a new polymer PBAEs for gene
delivery to endothelial cells and found its transfection rate in HREC reached 85%."'** These polymer nanoparticles can be
used as experimental tools in vitro or for targeting and treating vascular-specific diseases in vivo. Another study
compared the diffusion abilities of seven different polymer self-assemblies in the retina, finding that nanoparticles
could overcome biological barriers in the vitreous and deep retinal structures, possibly related to interactions with
specific cell types like Miiller cells.'*

These excellent targeting properties provide a basis for developing gene delivery systems for treating RNVs. Liu et al
used polymers to load siRNA targeting NF-kB for gene therapy of DR, showing that in 25% fetal bovine serum,
DMAPA-Glyp/siRNA and DMAPA-Amp/siRNA nanoparticles could protect siRNA from nuclease degradation.>

The size of polymers significantly affects their impact on angiogenesis. Previous studies have shown that short-fiber
polymers sSNAG (40-60 nm) promote angiogenesis and wound healing in diabetic mice.'** Another study used modified
ionic gelation to prepare chitosan-hyaluronic acid nanocomposites (186+4.3 nm) loaded with siRNA for retinal delivery,
showing that intravitreal injection of VEGFR-2 siRNA nanocomposites significantly reduced laser-induced choroidal
neovascularization size compared to the control group.'?”

The surface charge of polymers is closely related to their biotoxicity. Recently, Zhao et al developed a cationic
polymer SSL-AG, poly(disulfide-I-lysine)-g-agmatine, and evaluated its ability to transfer plasmid (pZNF580) into
HUVECs, showing excellent buffering capacity and rapid release ability, with an average cellular uptake 3.6 times
higher than the control group, indicating good biocompatibility.'*® Therefore, the polymers provide significant potential
for retinal gene therapy, deserving further exploration in treating RNVs. Notably, the results of a recent study exploring
the long-term effects of polystyrene nanoparticles on the retina showed that oxidative stress and inflammation mediated
adverse effects of polystyrene nanoparticles on retinal function. Future attention should be paid to the long-term effects

of other polymers on the retina to increase safety.'’
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Dendrimers

Dendrimers are highly branched, three-dimensional spherical molecules composed of a central core and multiple
repeating layers of branched units (generations). Compared to linear polymers, the main advantage of dendrimers lies
in their spherical structure, which affects their size and lipophilicity, making them ideal drug delivery systems due to their
ability to penetrate cell walls easily.'*® Like polymers, the branched structure of dendrimers allows for the presence of
numerous surface groups, which be considered active sites, providing templates for drug immobilization and grafting.
You, S. al. developed seven types of surface-functionalized water-soluble dendritic nanocarriers to compare their
physicochemical effects on bioavailability, distribution, and targeting efficiency in the retina. DNSG accumulated in
the photoreceptor layer and RPE, while DPEA showed higher membrane permeability and faster retinal penetration,
indicating its potential for effective intravitreal use.'*” Wathsala et al developed PAMAM-dendrimer-siRNA conjugates
that can effectively cross the blood-brain barrier and seem to have potential as retinal gene delivery.'*’

Dendritic molecules have good biocompatibility and low cytotoxicity. Studies show that second-generation poly-
propylenimine (PPI) dendrimers effectively bind to DNA, exhibit low cytotoxicity, and optimize in vitro gene transfer
activity."*! Dendrimers have good targeting properties. A drug based on hydroxyl-terminated poly(amidoamine)
(PAMAM) dendrimers, this nanocarrier achieves ligand-free cell targeting through systemic administration and is

undergoing clinical studies for the treatment of wet age-related macular degeneration (wet AMD).'*?

Lipid Nanoparticle
Lipid nanoparticle (LNP)-based deli very systems have become one of the most advanced non-viral delivery technologies in
clinical settings. Actually, COVID-19 vaccines are LNP-based mRNA delivered drugs. LNP inherit almost all the biocompat-
ibility properties of lipids, which gives it significant advantages as gene therapy vectors, including minimal toxicity and
immunogenicity, easy degradation and metabolism, large loading capacity, good cellular permeability, and controllability.'**
LNPs mainly include solid lipid nanoparticles (SLNPs) and lipid complexes (liposome-polycation-DNA complexes).

SLNPs are composed of solid lipids with bilayer structures. The lipid bilayer firmly binds most hydrophobic drugs,
and the solid-state characteristics help extend the drug’s sustained release effect, prolonging its duration of action.
Therefore, SLNPs are often used to deliver hydrophobic drugs.'** Compared to SLNPs, cationic liposomes utilize the
properties of electrostatic interactions and are widely used to introduce nucleic acids into cells both in vitro and in vivo,
as nucleic acids carry a negative charge at normal physiological pH. The formation of cationic lipid-nucleic acid
complexes promotes binding to the cell membrane and allows the complex to enter cells via endocytosis.'**"!4®
Additionally, cationic liposomes interacting with a high proportion of dendritic cells enhanced intracellular localization
and improved targeting efficiency.'*” Therefore, cationic lipid nanoparticles have unique advantages for delivering gene
therapy substances, including siRNA, mRNA, and DNA plasmids. Currently, gene therapy based on cationic lipid
nanoparticles has been widely used in treating RNV.'*® Recent studies have revealed a breakthrough application of LNPs
in the treatment of eye diseases. For mRNA delivery, intravitreal injection of LNP can target mouse and human retinal
Muller glia and RPE without causing significant inflammation.'**'>° The novel prefabricated vesicle method (PFV-LNP)
improved retinal transfection efficiency by 50% through the surface mRNA localization strategy, and its safety was
verified in a non-human primate model. In the siRNA delivery domain, bioionizing LNP (2N12H), which enables
efficient delivery of siRNA through a degradable lipid design, inhibits retinal neovascularization as effectively as
ranibizumab.'>! These explorations bring limitless possibilities for gene therapy of RNV.

However, LNPs in gene therapy still face limitations, including poor stability, potentially due to changes in serum
protein charges under pathological conditions, leading to reduced delivery efficiency and potential biotoxicity.'>* Despite
widespread clinical trials of LNP-based therapies in the central nervous system, their validation in RNVs appears

153

lacking™>” (Table 3). Recent studies have further explored the potential of LNP surface hybridization with other

materials, such as natural polymer groups, to solve the current dilemma.'>*
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Table 3 Nanomaterial-Based Gene Therapy for RNVs

Nano Drugs

Conditions

mean CNV area by
approximately 10% compared
with ranibizumab alone

Composition Drug Delivery Routes Phases NCT Number Study Status Retreatment intervals Results Ref

SYLI180I AMD, DME siRNA (Polymers) Eye drops PHASE | |PHASE2 NCT05637255 UNKNOWN One drop per day for 42 days No Results Posted -
NCT04782271 COMPLETED
OoLXl0212 AMD cp-asiRNA (Polymers) v PHASEI NCT05643118 RECRUITING Single injection CTGF mRNA was reduced by 80% [155]
AGN211745 AMD siRNA (Lipid) 1\ PHASE I |PHASE2 NCT00363714 COMPLETED Single injection 34.6% had moderate visual [156]
acuity improvement

Cand5 AMD, DME siRNA (Polymers) v PHASE2|PHASE3 NCT00259753 COMPLETED Single injection No Results Posted -
PF-04523655 AMD, DME siRNA (Polymers) v PHASE2 NCT01445899 COMPLETED Once every 6 months The combination reduced the [157]

Abbreviation: 1V, Intravitreal injection.
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Nanocomposites Drug Delivery for Gene Therapy

In recent years, in order to overcome the limitations of single nanomaterials, researchers have begun to explore the role
of composite nanomaterials in gene drug delivery. Nanocomposites (nanohybrids) refer to material systems composed of
two or more different materials (usually including nanoscale components).**

Nanocomposites can effectively combine the advantages of a variety of single materials. For example, inorganic
nanomaterials are often poorly targeted, but the delivery efficiency can be improved by recombination with polymers
with good targeting properties. Song et al constructed a pegylated gold nanorod (PEGF-GNRs) that specifically blocks
the TGF-B pathway in endothelial cells and inhibits actin assembly at contractile rings, thereby preventing angiogenesis
in the OIR model."*® In addition, the adsorption of serum proteins on the surface of liposomes was prevented by the
surface modification of lipid nanoparticles with polyethylene glycol, thereby triggering the rapid uptake of LNPs by the
macrophages-phagocytes system.'”” Gautam et al used fluorescently labeled PEG-LNPs carrying mRNA to transfect
mouse retinal cells and found the highest expression in RPE cells when the PEG content in nanoparticles was 0.5%."¢°
Sahel et al found that cRGD-modified lipopolymer nanocomposites were less toxic and more efficient in delivering the
CRISPR/Cas9 RNP payload to retinal tissue.*’

Nanocomposites further improve the current situation of gene therapy delivery in the posterior segment of the eye.
Although gene therapy can effectively avoid repeated injection problems of invasive drug administration such as
intravitreal injection, invasive drug administration is still limited by technology and equipment. Therefore, the develop-
ment of local drug administration for gene therapy is still of great significance for the popularization of RNVs.'! Lu et al
constructed cyclodextrin-liposome nanocomposite delivery materials to overcome the ocular barrier encountered by
topical eye drops and found that more than 20% of the nanocomposite could reach the choroid-retina after 60 min
in vivo.'®? Additionally, Wang used the organic-inorganic hybrid nanocomposite drug delivery system to successfully

deliver loaded drugs to the retina and maintain a high concentration for more than 3 hours.'®®

Safety and Biocompatibility of Nanomaterials in Retinal Gene Therapy

Although nanomaterials offer transformative potential for retinal gene therapy, their clinical translation depends on rigorous
evaluation of safety and biocompatibility, which requires critical considerations of immune responses, retinal toxicity, and
systemic clearance mechanisms. As mentioned above, reasonable design of nanomaterials can achieve anti-inflammatory
effects, such as NF-kB and CTGF, to counteract the immune response in the retina. However, a balance is needed to achieve
safety, as excessive immunosuppression may increase the risk of intraocular infection and reduce targeting.”’"'** Similarly,
there is a delicate balance between retinal toxicity and long-term efficacy of nanomaterials. AgNPs triggered endothelial
damage through the Fenton reaction as previously mentioned, while silica or polymer coatings inhibited ROS
generation.''>!'"* Notably, although PPI/PEI has reduced acute toxicity, retinal biocompatibility under chronic exposure
still needs to be validated.'*! In addition, mesoporous silica can induce chronic inflammation and photoreceptor dysfunc-
tion through long-term accumulation in retinal cells even at subtoxic doses.'?” Effective clearance can minimize the off-
target effects of nanomaterials, but this also requires full consideration of long-term effectiveness.'®>"!°® The clearance rate
comparison of different sizes of nanomaterials in animal models is shown (Table 4).

The Application of Gene Therapy Based on Nanomaterials in RNV
Age-Related Macular Degeneration (AMD)

AMD is a common chronic progressive macular retinal degenerative disease that affects older adults, leading to central vision
impairment and the leading cause of vision loss in the elderly. Early AMD usually does not cause significant vision loss, only
small hard exudates and pigmented macules in the macular area, and no significant vascular abnormalities or lesions. When
AMD progresses from the early stage to the late stage, it can be further divided into two main types: non-neovascular (dry;
atrophic) AMD and neovascular (wet) AMD.'”> In wet or exudative AMD, the destruction of retinal structures is mainly
caused by abnormal blood vessels invading the retina from the choroid. There is currently no definitive treatment for dry
AMD, and clinical trials of gene therapy for dry AMD are still being actively explored (Table 1). The difference is that in

neovascular AMD, glass anti-VEGF drugs new blood vessels in the body has been widely recognized.'’*'”*
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Table 4 Comparative Analysis of Nanomaterial-Based Delivery Systems for Retinal Therapeutics

GNR)

vascular leakage

Nanomaterial | Control Experimental | Load Carrying Capacity Transfection Efficiency Cytotoxicity Results Reference
Group Group
Lipid Standard LNP | PFV-LNP PFV-LNPs demonstrated twice the Transfection rate in human No significant Enhanced distribution in [150]
nucleic acid loading capacity (200 ng RPE cells increased by 10% cytotoxicity RPE and ONL layers (2-3
total) compared to the control group fold improvement)
Empty LNPs Intravitreal injection: | pL containing Significant expression in No significant Localized to RPE cells [149]
injection 0.5 mg/mL mRNA Miiller glial and RPE cells cytotoxicity and Miiller glia
AuNP/linear LNPs/circular Average 29 siRNA duplexes per Hairpin siRNA-LSNA showed | LD50 was four times Significant anti-angiogenic | [167]
siRNA siRNA-SNA liposome core; surface density: 3.7 20-fold higher intracellular higher than control effects
pmol/cm? uptake in HUVECs vs control
Ranibizumab siVEGF-NPs In vitro: 20 nmol siRNA; in vivo: 5 uL | 73% reduction in VEGF Cell viability dropped to Retinal neovascular [168]
intravitreal dose mRNA levels vs control (p< 38.2% (p < 0.05, CCK-8 nuclei reduced by 53%
0.01) assay)
Lipofectamine | STR- 2.0 mol% LNP with >90% siRNA 60% VEGF mRNA No significant Localized to RPE layer [169]
CH2R4H2C- loading efficiency suppression in vivo cytotoxicity
modified LNPs
Polymers AAV vectors PBAE NPs Average DNA encapsulation: 250 + 20 | GFP expression widely No significant Photoreceptors and RPE | [87]
kbp per NP detected in photoreceptors cytotoxicity cells
and RPE cells
LPEI Lipopeptides N/P ratio 26 formed nanoparticles 100-fold higher transfection Cell viability >70% Targeted ARPE-19 cells [154]
(50-130 nm) efficiency vs control
Lip2000/ DMAPA-Glyp Optimal w/w ratio (polysaccharide: Transfection efficiency Cell viability >80% (vs Effective gene silencing [50]
siRNA /siRNA NPs siRNA): 20 comparable to control 40% for control) ability
Lip2000 PBAE NPs Optimal polymer: DNAw/w ratio: 65% efficiency in HUVECs vs | Cell viability >80% (MTT | Two endothelial cells [132]
30-60 32% for control (no difference | assay) were transfected over
in RPE cells) 80%
Lip2000 PACD/siVEGFA | Optimal polymer: siRNA w/w ratio: 9 | VEGFA mRNA reduced to No significant No difference with [95]
NPs 30% (ARPE-19) and 18% cytotoxicity lanibizumab in reducing
(HUVECG:) vs control angiogenesis.
Naked HA-NSs/DNA DNA encapsulation: 102.4 ng GFP expression in RPE cells No significant Localized to RPE layer [170]
plasmid DNA significantly higher vs control | cytotoxicity
PLL SSL-AG Optimal w/w ratio (polymer: pDNA): | mRNA expression 3.4-fold Cell viability ~100% (MTT | ECs nuclei was reduced [136]
5:1 higher vs control assay) by 42.93%
Empty PEG-GNR Intravitreal injection: 0.3 uL (I pg N/A No significant Reduced [158]
injection PEG-GNR, ~2030 PEG molecules per cytotoxicity neovascularization and
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Dendrimers PEI/siRNA PEG-PAMAM N/P ratio: 10:1 |.4-fold higher transfection Cell viability >99.8% Inhibited angiogenesis in [171]
/siRNA NPs efficiency vs control (p < (MTT assay) RF/6A cells
0.001)
Lipofectamine | PAMAM-CNTs CNT: miRNA ratio: 10:1 99% transfection efficiency vs | Cell viability >90% Reduced EC mobility [172]
60% for control
Metals N/A Ag NPs N/A N/A Cytotoxicity correlated Anti-angiogenic effects [105]
with intracellular Ag
release (“Trojan horse”
effect)
N/A Au NPs N/A N/A No significant Anti-angiogenic effects
cytotoxicity
Empty HGNs Concentration range: 0.008-0.8 ug/mL | N/A Cell viability 99.6—105.9% | The hollow gold [1
injection (MTT assay) nanoshells had no effect
on inhibiting angiogenesis
of ECs
Carbon/Silica Non-PS- SDMSN-C176 Optimal loading: 300 pg/mL (14.87% 3-fold higher phagocytosis in No significant The area of new vessels [173]
modified efficiency) RAW264.7 cells vs control cytotoxicity was reduced by 65.6%
liposomes
N/A MBGs 33% higher loading efficiency N/A No significant Anti-angiogenic effects [128]
cytotoxicity
Nanocomposites | CRISPRMax cRGD- Load: 200 nmol eGFP-dCas9 Transfection efficiency: No significant VRGF-A gene editing [83]
lipopolymeric 72.86% (experimental) vs cytotoxicity reached 10%
NPs 76.06% (control)
Bevacizumab FA-CS/PMSN/ Optimal PMSN: miRNA ratio: 10:1 miR-223 expression increased | No significant Decreased the retinal [174]
miR-223 5.8-fold in OIR mice cytotoxicity neovascular area by
52.6%.

Abbreviations: AAV, Adeno-Associated Virus; AuNP, Gold Nanoparticle; CCK-8, Cell Counting Kit-8; CNTs, Carbon Nanotubes; GNR, Gold Nanorod; HA-NSs, Hyaluronic Acid Nanospheres; HGNs, Hollow Gold Nanoshells; LNP,
Lipid Nanoparticle; LPEIl, Linear Polyethylenimine; MBGs, Mesoporous Bioactive Glasses; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; N/P, Nitrogen/Phosphate ratio; ONL, Outer Nuclear Layer; PBAE, Poly(B-
Amino Ester); PEG, Polyethylene Glycol; PFV, Preformed Vesicle Approach; PMSN, Phosphatidylserine-Modified Nanoparticles; PS, Phosphatidylserine; RPE, Retinal Pigment Epithelium; siRNA, Small Interfering RNA; SSL-AG, Poly
(Disulfide-I-Lysine)-g-Agmatine; VEGF, Vascular Endothelial Growth Factor; w/w, Weight/Weight ratio.
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Although the latest advancements in intravitreal anti-VEGF drug injections have allowed for intervals of up to

24 weeks between injections,'”’

potential ocular adverse events remain after intravitreal injections of anti-VEGF drugs,
such as endophthalmitis, retinal detachment, and traumatic scleral injury. To avoid the side effects of intravitreal
injections, researchers have made efforts in gene therapy in recent years to enable one-time treatment for AMD.
Following a single intravitreal injection of anti-VEGF gene-targeting drugs, effectiveness persisted at 15 months, despite
evidence of reduced peak responses.'® The sustained effect significantly reduces the frequency of injections and
improves patient compliance. Although AAV vectors are effective, their carrying capacity is limited, necessitating
improvements for broader therapeutic applications.'®' Several novel drug delivery technologies are being widely
researched for posterior segment drug delivery, especially the nano delivery systems.

As early as 2009, Singh et al found that surface-functionalized nanoparticles carrying anti-VEGF receptor plasmids,
through RGD/transferrin/both functionalization, significantly reduced the area of neovascularization. Compared to the naked
plasmid group, the CNV area decreased by 77.3%, 62.9%, and 54.5% in the RGD peptide, transferrin, and dual-functional
nanoparticle groups, respectively. This study first used nanoparticles to deliver anti-VEGF plasmids intravenously, indicating
that this method enhances safety and patient compliance compared to local intravitreal injections and provides a preventive
effect on AMD progression in the non-affected eye.'® In 2013, Luo et al delivered a single dose of biodegradable
nanoparticles, specifically designed to target retinal neovascular lesions and carrying recombinant Flt23k receptor plasmids,
via intravenous injection. This treatment led to a notable improvement in vision within a mouse model of CNV. Remarkably,
the therapy restored vision by approximately 40% and was free of any observable ocular or systemic toxicity.'** These studies
provide a nanoparticle-based platform for targeted, systemic delivery of non-viral gene therapy. Recently, Dasari et al used
reducible PEG-POD nanoparticles to deliver human FLT1 genes to the retina, successfully reducing choroidal neovascular-
ization by 50% in an AMD mouse model.'®* Naash et al later attempted to encapsulate an enhanced GFP expression cassette
controlled by an RPE-specific promoter into compact nanoparticles and injected them into the eyes of adult BALB/c mice
twice, showing good targeting of compact NPs to RPE and sustained VEGF inhibition gene expression enhancement.'®
Simultaneously, combined therapy as a supplement to standalone anti-VEGF treatment urgently needs pathways with long-
term efficacy and efficient delivery to targeted sites, achievable through carefully designed nanocarriers. Zhu et al designed
a biocompatible shell with good antioxidant and anti-angiogenic activity for CNV disease intervention, showing that the
nanomaterial effectively delivers VEGF-siRNA and causes EGCG release, repairing oxidative stress in new blood vessel
endothelial cells, thereby achieving combined treatment for AMD.'®¢

Diabetic Retinopathy (DR)

DR is a microvascular complication occurring that occurs in people with diabetes. Approximately one-third of diabetic
patients exhibit signs of DR, including microangiopathy, hemorrhage, exudates, and hard degeneration. Among them,
one-third may have vision-threatening retinopathy, defined as severe retinopathy, including proliferative diabetic retino-
pathy (PDR) or diabetic macular edema (DME).'®” Among the many factors contributing to DR, VEGF undoubtedly
plays a central role. Therefore, the primary clinical goal is to prevent vision impairment or more severe blindness by
overcoming DR-related macular edema. Most clinical trials related to diabetic eye diseases involve macular edema and
retinopathy focusing on anti-angiogenic drug therapy and corticosteroid therapy (Table 1).°*'#¥19° Additionally, other
potential targets are being studied, including inflammatory modulators TNF, the kallikrein-kinin system (KKS) non-
steroidal anti-inflammatory drugs, and vascular regulators such as the RAS and angiopoietin.'®®

Despite identifying many drug targets, improving drug bioavailability and duration remains a technical challenge.
Moreover, repeated injections are required over time to maintain visual benefits for many patients.'® Gene therapy is
expected to achieve lifelong benefits through a single injection, but there are still many limitations in gene drug delivery
in the posterior segment of the eye.®*'”' To overcome the challenges of gene therapy, researchers have introduced
nanomaterials in recent years, achieving significant results.'? Liang et al encapsulated the CRISPR-Cas9 vector into an
aptamer-functionalized PEG-PEI-cholesterol nanocarrier, targeting and reducing VEGF gene expression in vivo and
in vitro."”® With a deeper understanding of the DR pathogenesis, other potential gene therapy targets besides VEGF are
being developed. Numerous negative regulators of VEGF exist in vivo, directly or indirectly reducing VEGF over-
expression to maintain normal vascular development.'**'®> For instance, Liu et al used two polymers to load siRNA
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targeting NF-kB for gene therapy of DR. Their study demonstrated that in 25% fetal bovine serum, DMAPA-Glyp
/siRNA and DMAPA-Amp/siRNA nanoparticles effectively protected siRNA from nuclease degradation and signifi-
cantly increased the inhibition of NF-kB p65 mRNA and protein expression in transfected hRPE cells.”” Sardoiwala et al
developed a PDG nanomaterial to promote melatonin absorption, showing a 20% improvement in protective efficiency
without differences in tissue distribution in vivo, indicating good tissue compatibility of the nanomaterial.'® Park et al
used nanoparticles to deliver the plasminogen 5 Kringle domain expression vector, and compared with the control group,
DR Mice injected with K5-NP showed decreased VEGF overexpression, leukocytosis, and vascular leakage for at least
4 weeks without toxic effects on retinal structure and function.'’

Oxidative stress also plays an important role in DR progression. Compared to more potent and selective VEGF
antagonists, targeting upstream factors of VEGF, such as HIF. Active HIF-2a promotes VEGF overexpression by activating
plasminogen activator inhibitor-1 (PAI-1). Qin et al used HIF-2a inhibitors (PT-2385) or nanoparticle-mediated targeting of
PAI-1 RNA interference, demonstrating that the HIF-2a/PAI-1 axis is essential for retinal neovascularization in mice.
Targeting the HIF-20/PAI-1 pathway could serve as an effective adjunct therapy for patients with PDR.*

Monotherapy with anti-VEGF agents may lead to an elevated expression of CTGF in the retina, potentially
heightening the risk of fibrosis and tractional retinal detachment. To mitigate this issue, Hu et al introduced an innovative
dual-target strategy that combined ranibizumab with CTGF shRNA. Their research demonstrated that the transcriptional
levels of both VEGF and CTGF were significantly reduced in the dual-target group compared to those receiving only
a single-target treatment. These results indicate that dual-target therapy could be more effective than single-target
approaches in treating diabetic retinopathy, presenting a promising alternative for managing the condition.’®*’ In
addition, researchers found that SLNPs loaded vildagliptin not only effectively controlled blood glucose levels in
diabetes, but also improved retinal microvascular blood flow and delayed the progression of DR, which also provides
a basis for future multi-target therapy.'?®

Combining gene therapy and nanotechnology for treating diabetic retinopathy (DR) shows potential. By promoting
the expression of VEGF-negative regulators using siRNA and nanoparticles, the targeted and sustained effects are

demonstrated.'®” Future trends include further optimization of personalized treatments and safety assessments.

Retinopathy of Prematurity (ROP)

ROP is an ischemic neovascular disease that primarily affects premature infants and is a leading cause of vision
impairment and blindness in premature infants. The current belief is that the etiology of ROP may be due to the
fluctuation of retinal oxygen concentration from the intrauterine environment to atmospheric levels, causing a halt in
retinal vascular development (hyperoxia), and subsequently, due to avascularity-induced hypoxia, leading to abnormal
angiogenesis.””® Premature infants transition from a high-oxygen state to hypoxia, where low-oxygen-inducing factors
are the primary stimuli for VEGF production.*"’

The current gold standard for the treatment of severe central vision loss caused by ROP is retinal laser therapy, which
involves continuous burns to the periphery of the vascular retina of premature infants under local or general anesthesia to
reduce VEGF production caused by hypoxia of the avascular retina.”’°*2% Simultaneously, gene therapy has shown
results in drug duration and reducing dosage frequency in anti-angiogenesis treatment of AMD and DR. Thus, exploring
gene therapy for anti-angiogenesis in ROP is also a potential treatment direction. The role of miRNA in ROP treatment
has been reported. The role of miRNAs in ROP treatment has been reported previously. In the OIR mouse model, miR16,
17, 18, and 20 have been shown to down-regulate the expression of HIF-1a and VEGF in the retina to exert anti-
angiogenic effects.”** 2°® However, miRNA-based therapies face challenges due to low stability and non-specific cell
targeting by delivery systems. To overcome these issues, Li et al developed a nanomaterial composed of folic acid-
chitosan (FA-CS) modified porous silicon nanoparticles (PMSNs), which protect miRNA from nuclease degradation.
They utilized these nanoparticles to deliver miR-223, which modulates retinal microglia polarization. miR-223 can shift
retinal microglia from an M1 to an M2 phenotype, where the M1 phenotype promotes vascular permeability, prolifera-
tion, and neovascularization by releasing high levels of inflammatory cytokines, while the M2 phenotype contributes to
the natural resolution of OIR and has anti-inflammatory effects.'”*?°” This treatment strategy is considered a promising
new approach for treating neovascular eye diseases like ROP. Additionally, siRNA-mediated gene therapy has also
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gained recognition in ROP applications. Researchers constructed PLGA carriers to load siRNA against annexin A2,
downregulating annexin A2 and aiding in ROP adjunctive therapy.**?%’ In summary, the application of nanomaterial-
based gene therapy in ROP primarily focuses on OIP models, targeting oxidative induction mechanisms and VEGF-
mediated angiogenesis, offering significant insights for future ROP treatments.

Retinal Vein Occlusion (RVO)

RVO is a retinal vascular disease caused by thrombosis within the retinal vein, leading to obstructed blood flow and the
fifth leading cause of blindness. Macular edema is the most common complication of RVO and the primary cause of
vision loss. The occurrence of macular edema is closely associated with pathological neovascularization, making VEGF-
A play a crucial role in the development and progression of RVQ.?!%2!!

Currently, clinical interventions for RVO primarily address complications like macular edema to improve vision or
prevent blindness. Intravitreal injection of anti-VEGF drugs is typically used to improve clinical outcomes in RVO
patients.?'? Monthly injections of ranibizumab or aflibercept for six months significantly improve the mean visual acuity
in eyes with BRVO or CRVO (with mean BCVA improvement >15 letters).?'* Clinical trials on gene therapy for RVO
are ongoing (NCT05099094), with the main treatment outcome still focused on controlling macular edema. Recently,
researchers developed a novel nanocarrier constructed from thiolates chitosan, capable of gradually releasing anti-VEGF
over at least a week in cell culture, sustaining anti-angiogenic effects, reducing dosing frequency, and extending drug
action time. Additionally, Gounari et al first attempted in vivo to use a novel thiolates chitosan anti-VEGF nanocarrier to
treat an RVO model, showing that it could effectively increase local drug duration and adhesion in the administration
environment with lower cytotoxicity.>'* This provides a foundation for applying nanomaterials in gene therapy for RVO.

Conclusion and Prospect
Challenges and Blind Spots

The application of nanomaterials in anti-angiogenic gene therapy has brought new hope for the treatment of retinal
neovascular diseases. Nanomaterials, with their high drug-loading capacity, low toxicity, and controlled release properties,
have become ideal carriers for the effective delivery of gene therapy drugs. However, several significant challenges remain to
be addressed. One such challenge is optimizing the delivery method to target cells. Currently, the use of nano-eye drops for
delivering gene therapy drugs has not achieved significant results, which limits the popularization of gene therapy in patients
with RNV disease. Although researchers have begun to pay attention to the anti-angiogenic effect of nano-material eye drops,
there is still a long way to go before the appropriate carrier delivers gene drugs. How to overcome the physiological barrier of
the eyeball to reach the target cells is one of the key factors. Additionally, there are issues related to the stability and efficiency
of nanomaterial-based delivery systems, particularly in minimizing potential immunogenicity. Although natural polymer
delivery carriers, such as beta-cyclodextrin, chitosan and hyaluronic acid, have been developed to address these challenges, no
material has yet demonstrated absolute superiority. These challenges are compounded by the need for extended safety
evaluations to assess potential off-target effects and chronic toxicity, which are essential for regulatory approval.

Future Directions

Future research should focus on overcoming these barriers to fully unlock the potential of gene therapy for retinal diseases. In
fact, researchers are currently making efforts and attempts, including dual-target gene therapy and the application of hybrid
nanomaterials. Dual-target and even multi-target gene therapy methods are mainly developed around the core target VEGF, such
as targeted VEGF combined with Ang-2, which has been commercialized (such as Faricimab), but further development of gene
therapy programs is needed. Hybrid nanomaterials can combine the advantages of multiple nanomaterials to improve anti-
angiogenic ability, among which functionalized group modification and Mesoporous Silica/Carbon Nanoparticle are several
completely new attempts to overcome the current challenges, which should receive more attention. Furthermore, alternative
gene-editing platforms including CRISPR-based systems and aptamer-mediated gene silencing warrant comparative investiga-
tion, as these technologies may offer complementary advantages in specificity or delivery efficiency.
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The field is at a critical juncture, where technological innovation must be balanced with rigorous translational science.
Continued research should focus not only on improving efficacy but also on establishing robust safety through longitudinal
studies. As we progress, interdisciplinary collaboration will be essential to bridge the gap between laboratory breakthroughs
and clinically viable therapies. With careful development of technological and translational challenges, nanomaterials may
eventually enable personalized, long-lasting therapies that transform the treatment of retinal vascular diseases.
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