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Abstract: Diabetic retinopathy (DR) is a leading cause of preventable blindness in adults of working age. Anti-vascu-
lar endothelial growth factor (anti-VEGF) therapy is the reference standard for diabetic macular edema (DME), yet in 
randomized cohorts, approximately 30-40% of DME eyes still show central macular thickening after six months of 
continuous treatment. In proliferative DR (PDR), the corresponding limitation is recurrence after treatment interrup-
tion rather than primary non-response, and these two patterns should not be conflated. This review examines trans-
lational research in DR across four domains. First, we review mechanistic work on the neurovascular unit, metabolic 
memory and its epigenetic substrate, the gut-retina axis, and human platforms including induced pluripotent stem 
cell (iPSC)-derived retinal organoids and clustered regularly interspaced short palindromic repeats (CRISPR) editing. 
Second, we discuss therapeutic targets beyond VEGF, including the nucleotide-binding oligomerization domain-like 
receptor family pyrin domain-containing 3 (NLRP3) inflammasome and related inflammatory pathways, neuroprotec-
tion, complement activation, the angiopoietin-2 (Ang2)/Tie2 axis, and non-coding RNA (ncRNA) networks. Third, in 
preclinical pharmacology, we regard delivery as the rate-limiting step and analyze in detail why lipid nanoparticle 
and N-acetylgalactosamine (GalNAc) conjugation strategies, which transformed hepatic RNA interference, have not 
translated to the retina, and what the terminated bevasiranib, PF-04523655, and iCo-007 programmes imply for 
trial design. Fourth, clinical translation, including cytokine biomarkers, artificial intelligence (AI)-based screening, 
combination regimens, and sustained-release implants. Evidence derived from age-related macular degeneration 
(AMD), including complement inhibition, stem cell transplantation, and photovoltaic implants, is evaluated sepa-
rately, and its transferability to DR is assessed in light of differences in affected compartment, pathogenic driver, 
patient age, and expected treatment duration. We conclude that the principal obstacles in DR are no longer mecha-
nistic but concern cell-type-specific delivery, early-phase trial design, and endpoint standardization, and we specify 
the evidence each candidate class should generate before clinical development proceeds.
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Introduction

Diabetic retinopathy (DR) is a microvascular 
complication of diabetes mellitus (DM) and 
remains one of the most common causes of 
irreversible visual impairment in adults of  
working age. A pooled analysis of 59 popula-
tion-based studies estimated that 22.27% of 
people with diabetes have some degree of DR, 
corresponding to about 103 million affected 
individuals in 2020, and projected that this 
number will approach 161 million by 2045 as 
the diabetic population expands and survival 
improves [1]. Vision-threatening forms, namely 

proliferative diabetic retinopathy (PDR) and dia-
betic macular edema (DME), account for a dis-
proportionate share of diabetes-related visual 
disability [2]. Because the retina is affected 
long before patients notice symptoms, and 
because screening coverage is uneven even in 
high-income settings, a large fraction of dis-
ease is still detected at a stage where treat-
ment can only limit further loss rather than 
restore function [3, 4].

The current therapeutic armamentarium for DR 
rests on three pillars: panretinal or focal laser 
photocoagulation, intravitreal corticosteroids, 
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and inhibition of vascular endothelial growth 
factor (VEGF). Each of these has a well-docu-
mented evidence base, yet each also has rec-
ognized ceilings. Laser destroys retinal tissue 
to preserve central vision. Corticosteroids raise 
intraocular pressure and accelerate cataracts. 
Anti-VEGF therapy - now the reference standard 
- involving DME and an accepted alternative to 
laser in PDR, requires repeated intravitreal 
injections, and a consistent subset of eyes 
showing residual edema or persistent neovas-
cular activity despite treatment [5, 6]. None of 
the three modalities addresses the neurode-
generative, inflammatory, and metabolic pro-
cesses that precede and accompany the vas-
cular lesions.

Translational medicine provides a useful frame 
for thinking about why this gap persists. As ori- 
ginally articulated, translational research de- 
scribes the bidirectional movement of knowl-
edge between laboratory discovery, clinical 
investigation, and population health, together 
with the infrastructure that makes such move-
ment possible [7, 8]. Subsequent work has 
refined the concept into a staged model, from 
mechanistic discovery through first-in-human 
studies, efficacy trials, implementation, and 
finally population-level impact [9, 10]. What  
the staged model makes visible is that failure 
can occur at any transition, and the reasons  
for failure at one stage are rarely the same as 
those at another.

In DR, the mechanistic literature has expand-
ed far faster than the therapeutic literatu- 
re. Retinal neurodegeneration, glial reactivity, 
complement activation, mitochondrial dysfunc-
tion, epigenetic memory, and non-coding RNA 
(ncRNA) networks have all been mapped in 
considerable detail, largely in rodent models 
and in cultured human cells [11]. Very few of 
these findings have produced an approved 
intervention. The bottlenecks are partly biologi-
cal, since rodent retinas do not develop pro- 
liferative disease, and partly pharmaceutical, 
since the posterior segment is difficult to reach 
and the eye tolerates only small volumes and 
low doses. A third bottleneck is methodologi-
cal: outcome measures used in mechanistic 
studies, such as acellular capillary counts  
or vascular permeability indices, do not map 
cleanly onto the visual-function endpoints that 
regulators accept.

A further reason to adopt a translational rather 
than a purely mechanistic frame is that the 
existing DR review literature is unevenly dis- 
tributed. Reviews of pathogenesis and clinical 
management are numerous and frequently 
updated. Reviews that examine the interface 
between the two, asking why particular mecha-
nisms have or have not yielded treatments and 
what specifically failed when they did not, are 
scarce. The consequence is that individual ne- 
gative results, such as the discontinuation of 
an ocular nucleic acid program or a negative 
neuroprotection trial, are recorded in the pri-
mary literature but rarely analyzed collectively; 
consequently, the same design errors recur.  
We have therefore given deliberate weight to 
failed and terminated programs alongside suc-
cessful ones, on the view that in a field where 
most therapeutic candidates do not reach 
patients, the informative signal lies as much in 
the pattern of failures as in the small number 
of successes.

This review examines where DR research cur-
rently stands along that translational path. We 
organize the material into four parts. The first 
covers in vitro and in vivo mechanistic work, 
with attention to the model systems now avail-
able (Figure 1). The second surveys therapeu- 
tic targets beyond VEGF and grades the evi-
dence behind each. The third addresses pre-
clinical pharmacology, with an emphasis on 
delivery, which we regard as the rate-limiting 
step for most of the newer modalities. The 
fourth covers clinical translation, including dia- 
gnostics, combination regimens, and device-
based approaches. Throughout, we distinguish 
evidence generated in DR from evidence ex- 
trapolated from other retinal diseases, particu-
larly age-related macular degeneration (AMD), 
and we state explicitly where such extrapola-
tion is and is not defensible. Figure 2 outlines 
the translational strategies considered across 
these four parts, from mechanistic discovery 
through delivery engineering to clinical im- 
plementation. We identified literature through 
PubMed and Web of Science searches using 
terms for DR combined with terms for transla-
tional research, drug delivery, ncRNA, neuro-
protection, complement, and artificial intelli-
gence. Priority was given to primary reports  
and English-language clinical trials; older work 
was retained where it remains the definitive 
source.
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In vivo and in vitro studies

The neurovascular unit and glial cells

The conceptual shift from viewing DR as a pure 
microangiopathy to viewing it as a disease of 
the retinal neurovascular unit (NVU) is now  
well established. The NVU comprises neurons, 
macroglia, microglia, pericytes, and endothelial 
cells that jointly regulate blood flow and main-
tain the inner blood-retinal barrier [12]. Hist- 
opathological series had long documented pe- 
ricyte dropout and acellular capillaries as the 
defining lesions of early DR [13], but functional 
and structural evidence of neuronal injury pre-
ceding these changes has accumulated steadi-
ly. Apoptosis of retinal ganglion cells (RGCs) 
and thinning of the inner retinal layers can be 
detected in diabetic rodents within weeks of 
hyperglycemia onset and in human donor eyes 
without clinically apparent retinopathy [14]. 
Whether neurodegeneration causes the vas- 
cular lesions or merely accompanies them 
remains contested, and the answer probably 
differs between type 1 and type 2 disease [15].

Glial cells sit at the center of this debate. Müller 
cells span the full retinal thickness and nor- 
mally buffer extracellular potassium, recycle 
glutamate, and supply lactate to photorecep-
tors. Under sustained hyperglycemia they be- 
come reactive, upregulate glial fibrillary acidic 
protein, lose glutamine synthetase activity,  
and secrete VEGF and inflammatory mediators 
directly into the perivascular space [16]. Their 
regenerative potential is also constrained: re- 
cent work showed that intercellular transfer of 
the homeobox protein Prox1 from neighboring 
neurons actively suppresses the latent regen-
erative program of mammalian Müller glia, and 
that blocking this transfer restores some prolif-
erative competence [17]. Microglia follow a par-
allel trajectory, migrating from the inner plexi-
form layer toward the outer retina and adopting 
an amoeboid, cytokine-secreting phenotype. 
Pharmacological suppression of this pheno-
type with minocycline reduces caspase-3 acti-
vation and proinflammatory cytokine expres-
sion in diabetic rodents [18], and natural com- 
pounds such as crocin produce similar effects 
through PI3K/Akt signaling [19]. These experi-

Figure 1. Advances in the pathogenesis of diabetic retinopathy. From systemic drivers, the pathological DR, and 
molecular mechanisms three perspectives, the basic mechanisms of DR can be clearly understood.
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ments establish that glial activation is modifi-
able; they do not establish that modifying it in 
humans will preserve vision, and no glia-direct-
ed agent has yet reached a registrational DR 
trial.

Metabolic dysregulation and epigenetic regula-
tion

More than two decades ago, the biochemical 
consequences of hyperglycemia in retinal cells 
were integrated into a unifying scheme in which 
mitochondrial superoxide overproduction acti-
vates four downstream pathways: increased 
polyol flux, formation of advanced glycation 
end-products (AGEs), activation of protein kina- 
se C (PKC) isoforms, and increased hexos-
amine flux [20]. Each arm has been individually 
validated in retinal endothelial cells, pericytes, 
and Müller glia. Dyslipidemia contributes inde-
pendently, with oxidized low-density lipoprotein 
and ceramide species amplifying endothelial 
injury and disrupting tight-junction assembly 
[21]. Pharmacological attempts to translate 
this scheme have been largely disappointing: 

aldose reductase inhibitors and the PKC-β 
inhibitor ruboxistaurin produced encouraging 
preclinical data but equivocal clinical results, 
and none entered routine practice.

Part of the explanation lies in metabolic me- 
mory, the persistence of diabetic complications 
after glycemic control is restored. Epigenetic 
mechanisms provide the most credible sub-
strate for this phenomenon. Hyperglycemia in- 
duces stable changes in DNA methylation at 
mitochondrial and antioxidant gene loci, alters 
histone methylation and acetylation at the pro-
moters of inflammatory genes, and reshapes 
ncRNA expression, and several of these marks 
persist for months after normoglycemia is re- 
established [22]. Oxidative stress and epigen-
etic modification appear to reinforce one an- 
other, with mitochondrial DNA damage and 
impaired mitochondrial biogenesis both driving 
and responding to chromatin change [23]. The 
practical implication is that the therapeutic win-
dow for metabolic intervention may close earli-
er than glycemic targets alone would suggest, 
which argues for treating the epigenetic layer 

Figure 2. Detailed strategies for translational medicine. Translational medicine offers limitless opportunities in 
converting laboratory insights into clinical applications.
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as a target in its own right rather than as a 
downstream readout.

Metabolic memory is not a laboratory abstrac-
tion. In the Diabetes Control and Complica- 
tions Trial (DCCT) and its observational exten-
sion, the Epidemiology of Diabetes Interven- 
tions and Complications (EDIC) study, patients 
originally assigned to intensive glycemic con-
trol continued to show lower rates of retinopa-
thy progression for decades, even after the two 
treatment arms had converged to similar gly-
cated hemoglobin levels [24]. A comparable 
legacy effect has been described in type 2 dia-
betes. Two implications follow. Clinically, the 
period of early glycemic exposure carries dis-
proportionate weight, which strengthens the 
case for aggressive early control and for de- 
tecting diabetes earlier. Mechanistically, the 
persistence of risk after the metabolic stimu- 
lus is withdrawn is difficult to explain without a 
heritable cellular memory, and the epigenetic 
marks described above are currently the best-
supported candidate. This makes chromatin-
modifying enzymes and the ncRNAs that direct 
them plausible therapeutic targets for patients 
whose glycemic control has already been opti-
mized and who nonetheless continue to prog-
ress, a group for whom no mechanism-directed 
option currently exists.

Gut microbiota and the retina

Interest in the gut-retina axis follows from the 
broader recognition that intestinal microbial 
communities modulate systemic metabolism 
and immunity [25]. In diabetes, the gut micro- 
biome composition shifts toward depletion of 
Bifidobacterium and Lactobacillus species and 
expansion of opportunistic Gram-negative or- 
ganisms. This is accompanied by loss of intesti-
nal barrier integrity, translocation of lipopoly-
saccharide into the portal and systemic circu- 
lation, and low-grade endotoxemia that engag-
es Toll-like receptor 4 signaling in vascular and 
immune cells [20, 26]. Circulating inflammatory 
tone established in this way plausibly lowers 
the threshold for retinal inflammatory injury, 
although direct causal evidence in DR remains 
limited to rodent studies.

The metabolite arm of the axis is better cha- 
racterized. Short-chain fatty acids (SCFAs), prin-
cipally acetate, propionate, and butyrate, are 
generated by bacterial fermentation of dietary 

fiber and act both as energy substrates and  
as signaling molecules through free fatty acid 
receptors and inhibition of histone deacety-
lases [27]. Butyrate strengthens epithelial tight 
junctions and promotes regulatory T-cell differ-
entiation, and its depletion in type 2 diabetes 
has been documented consistently [26]. This 
connects the microbiome directly to the epigen-
etic mechanisms discussed above, since his-
tone deacetylase inhibition is one of the rout- 
es by which metabolic state is written into chro-
matin. Whether dietary fiber supplementation, 
defined probiotic consortia, or fecal microbiota 
transfer can shift retinal outcomes in patients 
is untested, and the field currently rests on 
associative human data plus interventional 
rodent data.

iPSC-derived retinal organoids and gene edit-
ing

Model systems have limited DR research more 
than most investigators acknowledge. Strepto- 
zotocin-treated rodents and db/db mice repro-
duce pericyte loss, acellular capillaries, and 
barrier breakdown, but do not develop prereti-
nal neovascularization or tractional detach-
ment, so the entire proliferative phase of hu- 
man disease has no faithful small-animal coun-
terpart. Oxygen-induced retinopathy models 
generate neovascularization but in a neonatal, 
non-diabetic context. Immortalized cell lines 
lack the architecture in which the NVU ope- 
rates.

Human induced pluripotent stem cell (iPSC)-
derived retinal organoids partially address this. 
These three-dimensional cultures self-organize 
into a laminated structure containing photore-
ceptors, bipolar cells, RGCs, and Müller glia, 
and reproduce key aspects of human retino-
genesis including the epigenetic memory of the 
somatic cell of origin [28, 29]. Applied to dia- 
betes, organoids exposed to high glucose or to 
combined metabolic stressors reproduce pho-
toreceptor and RGC injury, Müller gliosis, and 
inflammatory activation at a stage correspond-
ing to early clinical DR [30, 31]. Their principal 
limitation is the absence of vasculature and of 
circulating immune cells, meaning that barrier 
breakdown-the defining lesion of DR-cannot be 
modeled directly. Assembloid and microflui- 
dic approaches incorporating endothelial and 
mural cells represent a logical next step. Spe- 
cies-adapted platforms offer a complementary 
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route: porcine iPSC-derived organoids exploit 
the structural similarity of the porcine retina to 
the human retina, including a cone-rich central 
region, and mature on a faster developmental 
timeline than their human counterparts [32]. 
Endogenous human retinal stem cell popula-
tions capable of regenerating retinal tissue 
have also been identified, which may eventually 
provide autologous material for both modeling 
and repair [33].

Combining organoids with CRISPR/Cas9 edit-
ing converts a descriptive model into an infer-
ential one. Isogenic pairs differing only at a 
defined locus allow phenotypes such as junc-
tional protein loss, cytokine release, or photo-
receptor stress to be attributed causally to that 
locus rather than to line-to-line variation. The 
same editing tools can be applied in vivo: tar-
geted disruption of Pik3cd in a murine model 
reduced pathological retinal angiogenesis with-
out impairing physiological vessel develop-
ment, illustrating the level of specificity now 
achievable [34]. For translational purposes, 
however, gene editing in the retina raises prob-
lems that organoid work does not solve, includ-
ing delivery to postmitotic cells, mosaicism, 
and the impossibility of withdrawing treatment 
if an off-target effect emerges.

High-throughput screening as a gateway to 
preclinical development

Screening platforms determine which mole-
cules ever reach animal testing. In vitro sys-
tems are attractive here because they are stan-
dardized, scalable, and inexpensive relative to 
in vivo work, and because they permit parallel 
assessment of efficacy and cytotoxicity across 
large compound sets [35]. For posterior-seg-
ment indications, screens increasingly evaluate 
not only the active molecule but also the carri-
er, since nanocarrier composition determines 
whether a compound reaches the retina at all 
[36].

Two examples illustrate the range of approach-
es. Structure-based virtual screening against 
the RNA-binding protein HuR, which stabilizes 
VEGF and tumor necrosis factor-alpha tran-
scripts, identified indole derivatives that dis-
rupt the HuR-mRNA complex and reduced VEGF 
and inflammatory mediator release from retinal 
endothelial cells under high-glucose conditions 
[37]. Phenotypic screening in retinal pigment 

epithelium (RPE) cells exposed to physiological 
stressors has similarly been used to identify 
cytoprotective compounds, although that work 
was framed around AMD rather than DR [38]. A 
third strategy starts from transcriptomic data 
rather than compound libraries. For example, 
integrated analysis of high-throughput sequen- 
cing datasets from PDR implicated CACNA1A 
as a mediator of VEGF expression and identi-
fied HNF4A as an upstream regulator acting 
through the CACNA1A/VEGF axis [39].

These platforms shorten the discovery phase 
and reduce animal use, but they also introdu- 
ce a characteristic failure mode. Compounds 
selected for potency in a monolayer under 
acute high-glucose exposure are selected aga- 
inst exactly the properties that matter in vivo, 
namely persistence in the vitreous, penetration 
of the internal limiting membrane, and activity 
in a chronically rather than acutely stressed tis-
sue. Screening cascades that incorporate an 
organoid or explant tier before animal work, 
and that measure carrier behavior alongside 
target engagement, are more likely to identify 
candidates that survive the transition.

Novel therapeutic targets in diabetic retinopa-
thy

Anti-VEGF therapy became the reference stan-
dard for center-involving DME because VEGF-A 
is a direct driver of both vascular permeability 
and pathological angiogenesis, and because 
blocking it produces rapid, measurable ana-
tomical improvement. Its limitations, however, 
are quantifiable, and it is worth stating them 
precisely because the figure most often quoted 
in the literature is applied more loosely than the 
underlying data support.

For DME, the most informative evidence comes 
from the DRCR Retina Network comparative 
effectiveness trials. In a secondary analysis  
of Protocol T, in which eyes received monthly 
aflibercept, bevacizumab, or ranibizumab, per-
sistent central-involved macular thickening was 
still present after 24 weeks of continuous treat-
ment in roughly one third to two fifths of eyes, 
with the proportion differing significantly by 
agent and lowest with aflibercept [5]. Com- 
parable estimates emerge from the RISE and 
RIDE program, in which a majority of ranibizu- 
mab-treated eyes failed to achieve a 15-letter 
gain at 24 months despite monthly injection 
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[40]. Reviews of DME management accord- 
ingly describe an incomplete-response rate of 
approximately 30-40% [6]. Two qualifications 
matter. First, this range refers to anatomical 
non-resolution of edema, not to absence of 
any benefit; most such eyes still improve rela-
tive to baseline. Second, the range is derived 
from DME cohorts and should not be trans-
ferred to PDR. In PDR the relevant outcome is 
regression and non-recurrence of neovascular-
ization, and in Protocol S ranibizumab was non-
inferior to panretinal photocoagulation (PRP) 
over two years, with treatment failure manifest-
ing mainly as recurrent neovascularization or 
vitreous hemorrhage in eyes that discontinued 
injections rather than as a fixed proportion of 
primary non-responders [41]. Throughout this 
review we therefore use “anti-VEGF therapy” to 
denote the treatment modality and “anti-VEGF 
agent” to denote a specific molecule, and we 
restrict the 30-40% figure to DME.

Incomplete response has several non-exclusive 
explanations: VEGF-independent drivers of per-
meability such as angiopoietin-2 (Ang2) and 
inflammatory cytokines; chronic edema with 
established Müller cell dysfunction and photo-
receptor loss, in which fluid resolution cannot 
restore function; pharmacokinetic undertreat-
ment because monthly dosing is not sustained 
outside trials; and, less commonly, tachyphy-
laxis. Each explanation points toward a differ-
ent alternative target, which is the organizing 
logic of the sections that follow. Table 1 sum-
marizes these targets together with the level  
of evidence available in DR, the translational 
stage each has reached, and its principal 
limitation.

Inflammation and immunity

Chronic low-grade inflammation is now regard-
ed as a driver rather than a consequence of DR 
progression. The NOD-like receptor family pyrin 
domain-containing 3 (NLRP3) inflammasome  
is activated in retinal cells by hyperglycemia-
associated stimuli including reactive oxygen 
species, extracellular ATP, and AGEs, and its 
assembly leads to caspase-1-dependent matu-
ration of interleukin-1 beta (IL-1β) and IL-18 and 
to gasdermin D-mediated pyroptosis of endo-
thelial cells and pericytes [42]. Pharmacologi- 
cal and genetic inhibition of NLRP3 reduces 

vascular leakage and cell death in diabetic 
rodents, and several small-molecule NLRP3 
inhibitors developed for systemic indications 
are being considered for ocular repurposing 
[43].

Upstream and in parallel, nuclear factor kappa-
B (NF-κB) coordinates transcription of inflam-
matory and matrix-remodeling genes, includ- 
ing matrix metalloproteinase-9 (MMP-9), which 
contributes to mitochondrial damage and ca- 
pillary cell apoptosis [44]. Janus kinase/signal 
transducer and activator of transcription (JAK/
STAT) signaling transduces cytokine input into 
the same transcriptional program and has 
attracted attention because JAK inhibitors are 
already approved for systemic inflammatory 
disease [45]. Downstream, leukostasis provi- 
des a mechanical link between inflammation 
and ischemia: hyperglycemia upregulates inter-
cellular adhesion molecule-1 (ICAM-1) on reti-
nal endothelium, and meta-analysis confirms 
that circulating and intraocular ICAM-1 concen-
trations are elevated in patients with DR and 
rise with severity [46]. Adherent leukocytes 
plug capillaries, producing focal non-perfusion 
that itself increases VEGF expression.

The translational status of this target class  
is intermediate. Corticosteroids, which act 
broadly across these pathways, are already in 
clinical use and provide proof of principle that 
anti-inflammatory treatment benefits DME. 
Pathway-selective agents have not yet been 
tested in adequately powered DR trials, and 
the experience with systemic anti-inflammatory 
therapy in diabetes suggests that benefit may 
be confined to patients with a demonstrable 
inflammatory phenotype. This argues for bio-
marker-stratified rather than unselected trial 
designs.

Neuroprotection and metabolic correction

If neurodegeneration precedes clinically de- 
tectable vascular disease, then neuroprotec-
tion offers an opportunity to intervene earlier 
than any current treatment allows. Neurotro- 
phic support of the inner retina depends on cili-
ary neurotrophic factor (CNTF), brain-derived 
neurotrophic factor (BDNF), and pigment epi-
thelium-derived factor (PEDF), the last of which 
is also a potent endogenous anti-angiogenic 
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Table 1. Major therapeutic targets in diabetic retinopathy: evidence level and translational status
Target or pathway Evidence level in DR Translational stage Representative agent(s) Principal limitation
VEGF-A/VEGFR High; multiple phase III 

RCTs
Approved Ranibizumab, aflibercept, 

bevacizumab
Approximately 30-40% of DME eyes retain central 
macular thickening after 24 weeks of monthly 
therapy [5, 6]; in PDR the limitation is recurrence 
after interruption rather than primary non-response 
[41]; injection burden

VEGF-A + Ang2  
(bispecific)

High; phase III RCTs in DME 
(YOSEMITE, RHINE)

Approved for DME Faricimab Benefit is principally extended durability rather than 
greater peak efficacy; long-term data still accruing [55]

Inflammation (NLRP3, 
NF-κB, JAK/STAT,  
ICAM-1)

Moderate; extensive pre-
clinical, human biomarker 
association

Preclinical to phase 
I/II

NLRP3 inhibitors, JAK in-
hibitors, tocilizumab (IL-6R)

No pathway-selective agent approved for DR; broad-
acting corticosteroids are the only clinical proof of 
principle; likely requires inflammatory-phenotype 
enrichment

Neuroprotection (BDNF, 
CNTF, PEDF, brimoni-
dine, somatostatin)

Moderate; strong preclini-
cal, one completed RCT with 
negative primary endpoint

Phase II Topical brimonidine and 
somatostatin (EUROCON-
DOR); PEDF gene transfer

EUROCONDOR did not meet its primary endpoint in 
the overall cohort [49]; delivered retinal dose un-
quantified; functional endpoints not standardized

Metabolic correction 
(AMPK, SIRT1, lipid 
pathways)

Moderate to high for fenofi-
brate; low for others

Approved systemi-
cally (fenofibrate); 
preclinical for others

Fenofibrate; AMPK and 
SIRT1 activators

Mechanism of fenofibrate benefit incompletely 
defined; retinal selectivity of nutrient-sensing agents 
unproven

Complement (C3, C5a, 
MAC)

Low in DR; clinical proof of 
concept only in geographic 
atrophy

Preclinical in DR Pegcetacoplan (approved 
for GA, not DR)

No genetic anchor in DR comparable with CFH/C3/
CFB in AMD; younger population implies decades of 
exposure; infection risk; see Table 4 [53]

ncRNAs (miRNA,  
lncRNA, circRNA)

Moderate as biomarkers; 
low to moderate as targets

Preclinical Anti-MALAT1, anti-MIAT, 
anti-circZNF532, miR-
200b mimic

Cell-type-specific retinal delivery unresolved; durabil-
ity after single dose unreported; innate immune 
activation rarely controlled for; see Table 3

Abbreviations: DR, diabetic retinopathy; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; RCT, randomized controlled trial; DME, diabetic 
macular edema; PDR, proliferative diabetic retinopathy; Ang2, angiopoietin-2; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3; NF-
κB, nuclear factor kappa-B; JAK/STAT, Janus kinase/signal transducer and activator of transcription; ICAM-1, intercellular adhesion molecule-1; IL-6R, interleukin-6 receptor; BDNF, 
brain-derived neurotrophic factor; CNTF, ciliary neurotrophic factor; PEDF, pigment epithelium-derived factor; AMPK, adenosine monophosphate-activated protein kinase; SIRT1, sirtuin 
1; MAC, membrane attack complex; GA, geographic atrophy; AMD, age-related macular degeneration; CFH, complement factor H; CFB, complement factor B; ncRNA, non-coding RNA; 
miRNA, microRNA; lncRNA, long non-coding RNA; circRNA, circular RNA. Evidence levels: High, phase III randomized trial data in DR; Moderate, phase I/II data or strong preclinical 
evidence in DR; Low, preclinical evidence in DR only.
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protein acting through several identified recep-
tors [47]. Retinal PEDF concentrations fall as 
DR progresses, inverting the PEDF/VEGF ratio, 
and restoring that ratio in animal models limits 
both neuronal loss and neovascularization [14, 
47]. Redox signaling links this axis back to 
metabolism, since the enzymatic machinery 
generating and detoxifying reactive oxygen spe-
cies also governs the survival signaling of reti-
nal neurons [48].

The clinical experience here is instructive and 
deserves explicit mention, as it illustrates  
a recurring pattern in DR translation. The 
EUROCONDOR trial randomized patients with 
type 2 diabetes and early retinal changes to 
topical brimonidine, somatostatin, or placebo 
for two years. Neither active agent slowed pro-
gression of the primary neurodysfunction end-
point in the cohort as a whole, although a  
prespecified subgroup with pre-existing neuro-
dysfunction at baseline showed a signal favor-
ing treatment [49]. The trial did not disprove  
the neuroprotection hypothesis so much as 
demonstrate that patient selection, route of 
administration, and endpoint choice determine 
whether such a hypothesis can be adequately 
tested. Subsequent programs have accordingly 
emphasized enrichment strategies and func-
tional endpoints such as multifocal electroreti-
nography and microperimetry rather than pho-
tographic grading alone.

Metabolic correction operates on the same tis-
sue from a different angle. Adenosine mono-
phosphate-activated protein kinase (AMPK) 
and sirtuin 1 (SIRT1) activation restore autoph-
agic flux and mitochondrial biogenesis in re- 
tinal cells under nutrient stress, and nutrient-
sensing pathways are increasingly viewed as a 
unifying node across diabetic complications 
[50]. Systemically, fenofibrate reduced the 
need for laser treatment in the FIELD and 
ACCORD-Eye studies through mechanisms that 
appear only partly lipid-dependent, and retinal 
lipid handling is now recognized as a discrete 
pathogenic axis rather than a systemic epiphe-
nomenon [51]. Fenofibrate is, at present, the 
clearest example in DR of a metabolic agent 
with randomized evidence of retinal benefit, 
and its mechanism remains incompletely ex- 
plained, which is itself a reminder that mecha-
nistic completeness is not a precondition for 
clinical utility.

Complement activation and the vascular mi-
croenvironment

Complement components are deposited in the 
retinal vasculature and choriocapillaris of do- 
nor eyes from diabetic patients, and comple-
ment regulators such as CD55 and CD59 are 
glycated and functionally impaired in hypergly-
cemia, which permits inappropriate assembly 
of the membrane attack complex (MAC) on 
host cells. The anaphylatoxins C3a and C5a 
recruit leukocytes and increase permeability, 
while sublytic MAC deposition on endothelial 
cells promotes a prothrombotic phenotype 
[52]. Preclinical complement inhibition reduc- 
es acellular capillary formation and leakage, 
which supports the pathway as a target.

Extrapolation from AMD requires caution here, 
and we state the limits explicitly. The comple-
ment hypothesis in AMD rests on genetic as- 
sociation data far stronger than any counter-
part in DR: common variants in CFH, C3, and 
CFB confer large, replicated effects on AMD 
risk, and it was this genetic anchor that justi- 
fied the clinical development of pegcetacoplan 
and avacincaptad pegol for geographic atrophy 
[53]. No comparable complement-gene associ-
ation has been established for DR. The two dis-
eases also differ in the compartment involved, 
with AMD pathology centered on the outer reti-
na, RPE, and choriocapillaris and DR pathology 
centered on the inner retinal microvasculature; 
in the driver, with DR driven by a modifiable sys-
temic metabolic derangement; in patient age, 
with DR affecting a population several decades 
younger; and consequently in expected treat-
ment duration, since a DR patient starting com-
plement inhibition in their fifth decade could 
require several decades of therapy. Long-term 
complement suppression carries an infection 
risk and, the geographic atrophy program was 
associated with an increased incidence of exu-
dative conversion. Applying these agents to DR 
therefore requires dedicated DR studies with 
their own dose-finding and safety monitoring, 
not inference from AMD outcomes.

A more securely DR-anchored target within the 
same microenvironment is the angiopoietin/
Tie2 axis, which governs pericyte-endothelial 
crosstalk and vascular stability. Ang2 anta- 
gonizes Tie2 signaling, destabilizes junctions, 
and sensitizes the endothelium to VEGF and  
to inflammatory mediators [54]. Simultaneous 
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neutralization of VEGF-A and Ang2 by the bispe-
cific antibody faricimab produced non-inferior 
vision outcomes with extended dosing inter- 
vals in the YOSEMITE and RHINE trials in DME, 
providing the first registrational evidence that 
engaging a second, non-VEGF pathway impro- 
ves durability rather than peak efficacy [55]. 
That distinction, durability versus efficacy, is 
worth keeping in view when evaluating other 
multi-target proposals.

Non-coding RNAs as candidate targets

Non-coding RNAs regulate essentially every 
process implicated in DR, including angioge- 
nesis, apoptosis, inflammation, and epigenetic 
memory, and they do so combinatorially rather 
than through single-target relationships [56]. 
Three classes have received most attention.

MicroRNAs (miRNAs) are short regulatory tran-
scripts that repress translation of target mes-
senger RNAs. In DR, miR-200b directly targets 
VEGFA, and its downregulation in diabetic reti-
na permits VEGF accumulation, while restora-
tion of miR-200b reduces permeability in ani-
mal models [57]. Members of the miR-200 
family also act through the transforming 
growth factor-beta 2/Smad axis to limit prolif-
eration and apoptosis of retinal cells [58]. 
Polymorphisms in the genes encoding miR-155 
and miR-146a associate with type 1 diabetes 
risk, linking the inflammatory arm of miRNA 
biology to disease susceptibility [59]. Because 
a single miRNA regulates hundreds of tran-
scripts, miRNA-based therapy is intrinsically 
multi-target, which is an advantage for a poly-
genic process and a liability for safety [60].

lncRNAs act as scaffolds, chromatin regula- 
tors, and competing endogenous RNAs (ceR-
NAs) that sequester miRNAs [61]. Expression 
profiling of early diabetic retina identified wide-
spread lncRNA dysregulation before overt vas-
cular lesions appear [62]. MALAT1 is the best 
characterized: it is upregulated in diabetic re- 
tina and in high-glucose-treated endothelial 
cells, and its knockdown reduces endothelial 
proliferation, migration, and inflammation [63]. 
In diabetic mice, targeting MALAT1 alleviated 
retinal neurodegeneration [64], and MALAT1 
promotes angiogenesis through a miR-320a/
hypoxia-inducible factor-1 alpha axis [65]. Cir- 
culating lncRNAs additionally correlate with in- 
sulin resistance, senescence, and inflamma-

tion in type 2 diabetes, suggesting a dual role 
as both biomarkers and functional effectors 
[66]. MIAT is a second well-supported example, 
promoting endothelial dysfunction, apoptosis, 
and pyroptosis partly by sponging miR-29b 
[67].

Circular RNAs (circRNAs) are covalently closed 
transcripts whose resistance to exonuclease 
degradation gives them unusual stability in tis-
sue and in body fluids [68]. cPWWP2A and cir-
cRNA-MET modulate pericyte and endothelial 
tip-cell behavior respectively, and silencing cir-
cRNA-MET inhibits pathological angiogenesis 
without affecting normal vessels [69]. circ-
ZNF532 regulates diabetic pericyte degenera-
tion through a miR-29a-3p/NG2-LOXL2-CDK2 
network, and its knockdown reproduces the 
pericyte phenotype of diabetes [70]. Several 
circRNAs also act through PI3K/AKT signaling 
[71], and profiling studies have proposed cir-
cRNA panels in aqueous humor and plasma as 
diagnostic markers [72]. Beyond sponging, cir-
cRNAs participate in chromatin regulation and 
macrophage metabolic reprogramming, and a 
subset is translated into functional peptides, 
an activity that dedicated bioinformatic re- 
sources are now able to predict [73-75].

A distinction that the ncRNA literature in DR 
often blurs is worth making explicit, because  
it determines what evidence each candidate 
requires. Using an ncRNA as a biomarker re- 
quires only that its abundance in an accessible 
compartment track disease state reproducibly 
across independent cohorts; causality is irrele-
vant, and circRNAs are particularly well suited 
to this role because their stability survives 
sample handling [68, 72]. Using an ncRNA  
as a therapeutic target requires considerably 
more: evidence that it is causally upstream of  
a pathogenic process rather than a marker of 
it, that modulating it in the relevant cell type 
changes the phenotype, that the change is 
durable, and that the many other transcripts 
the ncRNA regulates can be perturbed without 
unacceptable consequence. Most published 
DR studies establish differential expression 
and a cell-culture phenotype, which supports 
the first application and only partially supports 
the second. Where in vivo work exists, as  
for MALAT1 [64], circRNA-MET [69], and circ-
ZNF532 [70], it typically uses intravitreal injec-
tion of an antagomir or short hairpin construct 
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in a rodent model over a few weeks, which  
demonstrates biological plausibility without 
addressing durability, cell selectivity, or the 
innate immune considerations discussed in 
Section 3.2.

The volume of this literature contrasts sharply 
with its translational output, and Section 3.2 
addresses the reasons directly rather than 
restating them as a generic call for further 
study.

Preclinical development: molecules, delivery 
systems, and strategies

Next-generation anti-VEGF agents and other 
protein therapeutics

Efforts to improve on current anti-VEGF the- 
rapy have followed three distinct engineering 
strategies, and it is useful to separate them 
because they solve different problems. The  
first increases the delivered dose. High-molar-
concentration formulations extend the interval 
over which intravitreal drug concentration re- 
mains above the threshold for VEGF suppres-
sion, and aflibercept reformulated at 8 mg has 
been evaluated in DME with extended dosing 
intervals on this rationale. The second incre- 
ases intrinsic potency or tissue penetration. 
Brolucizumab is a single-chain variable frag-
ment of approximately 26 kDa whose small size 
permits a much higher molar dose in the same 
injection volume and improves diffusion into 
the outer retina; in the HAWK and HARRIER tri-
als in neovascular AMD it achieved greater fluid 
resolution than aflibercept at matched or ex- 
tended intervals [76]. The third broadens pa- 
thway coverage, exemplified by the bispecific 
VEGF-A/Ang2 antibody faricimab discussed 
above and confirmed in DME by YOSEMITE and 
RHINE [55], and supported indirectly by net-
work meta-analyses comparing the available 
agents [77].

Brolucizumab also provides an important safe-
ty lesson that qualifies the first two strate- 
gies. Post-marketing surveillance and post hoc 
review of HAWK and HARRIER identified intra-
ocular inflammation, retinal vasculitis, and reti-
nal vascular occlusion at rates exceeding those 
of comparator agents, an event cluster that 
appears related to immunogenicity of the small 
antibody fragment [78]. The relevance to DR is 
direct: the diabetic eye already carries an acti-

vated inflammatory and prothrombotic micro-
environment, so an agent whose principal risk 
is inflammatory occlusive vasculopathy cannot 
be assumed to have the same benefit-risk pro-
file in DR as in AMD. This is one of several 
instances in which AMD-derived efficacy data 
and AMD-derived safety data must be evaluat-
ed separately before being applied to DR.

Beyond VEGF, protein therapeutics directed at 
individual mediators have entered early clinical 
evaluation. IL-6 receptor blockade with tocili-
zumab is rationalized by elevated intraocular 
IL-6 concentrations in refractory DME and by 
the established efficacy of IL-6 blockade in 
non-infectious uveitic macular edema [79]. 
Complement inhibitors such as pegcetacoplan 
have registrational data only in geographic 
atrophy [53], and the constraints on transfer-
ring that evidence to DR are set out in Section 
2.3 and assessed in detail in Section 4.4. An 
unconventional protein-directed approach is 
active rather than passive immunization: a 
messenger RNA vaccine encoding the pro-
angiogenic protein LRG1, given intramuscular-
ly, elicited neutralizing antibodies and reduced 
retinal leakage and lesion size in animal mod-
els of choroidal neovascularization to a de- 
gree comparable with anti-VEGF agents, with-
out intraocular injection [80]. The concept is 
attractive for a chronic disease requiring life-
long treatment, but a systemically induced, 
long-lived antibody response cannot be with-
drawn if adverse effects appear, and LRG1 has 
physiological roles outside the eye; both con-
siderations weigh more heavily in a younger  
DR population than in elderly AMD cohorts.

Nucleic acid therapeutics: delivery bottlenecks 
and lessons from failed trials

Nucleic acid therapeutics offer the most direct 
route to the ncRNA targets described in Sec- 
tion 2.4. siRNA, antisense oligonucleotides 
(ASOs), miRNA mimics, and anti-miRs act at the 
transcript level and can, in principle, address 
targets that are undruggable with small mole-
cules or antibodies. Proof of concept in the  
diabetic retina exists: intravitreal delivery of 
HuR-targeting siRNA formulated in liposome-
polyethylenimine lipopolyplexes reduced retinal 
HuR and VEGF expression in diabetic rats [81] 
(Table 2), and ASO chemistry has been evalu-
ated in DR since the late 2000s [82]. What the 
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Table 2. Advanced drug delivery systems for diabetic retinopathy evaluated in preclinical studies
Platform Payload Model and route Principal preclinical finding Translational limitation
Liposome-polyethylenimine 
lipopolyplex

HuR-targeting siRNA Diabetic rat; intravit-
real

Reduced retinal HuR and VEGF 
expression [81]

Cationic complexes aggregate in vitre-
ous; cell-type selectivity not demonstrat-
ed; duration of silencing not reported

Hybrid erythrocyte-endothelial 
membrane-coated nanoparticle

Anti-angiogenic small 
molecule

Diabetic rat; intrave-
nous

Selective homing to retinal vas-
culature with reduced VEGF and 
leakage, no systemic toxicity [95]

Systemic dosing raises whole-body ex-
posure; membrane sourcing and batch 
consistency unresolved for manufacture

PLGA microspheres Full-length bevaci-
zumab

In vitro release and 
intraocular models

Extended antibody release with 
retained binding activity, support-
ing multi-month dosing [96]

Release characterized in normal, not 
diabetic or vitrectomized, vitreous; pro-
tein aggregation over time

Thermosensitive hydrogel com-
posite

Connexin-43 siRNA 
nanoparticles plus anti-
VEGF agent

Diabetic animal model; 
intravitreal

Synergistic reduction of neovas-
cularization and leakage from a 
single injectable depot [97]

Gel residence and degradation products 
in the human eye uncharacterized; com-
bination adds regulatory complexity

Metal, liposomal, and chitosan 
nanocarriers

Various anti-inflamma-
tory and anti-angiogen-
ic agents

Multiple rodent mod-
els; intravitreal and 
topical

Improved ocular bioavailability 
and residence time relative to 
free drug [93]

Heterogeneous methods preclude cross-
study comparison; long-term retinal 
tolerability of metal cores unresolved

Long-acting nanotherapeutic for 
minimally invasive administration

Anti-angiogenic payload Neovascular retinal 
disease model

Sustained release with reduced 
administration frequency [98]

Developed in an AMD model; efficacy 
in the diabetic microenvironment not 
established

Dissolving microneedle array Dexamethasone-load-
ed microparticles

Ex vivo sclera; trans-
scleral

Microparticle deposition within 
sclera with sustained transs-
cleral flux [102]

Choroidal clearance and RPE barrier 
limit retinal delivery; ex vivo model 
excludes blood flow

Intranasal formulation Erythropoietin Degenerative retina 
model; intranasal

Photoreceptor rescue after non-
invasive administration [103]

Delivered retinal concentration not 
quantified; nasal absorption variability 
between subjects

Engineered AAV capsid Anti-VEGF transgene Non-human primate 
and rodent; intravitreal

Inner retinal transduction after 
intravitreal rather than subretinal 
injection [85, 86]

Vector immunogenicity; expression can-
not be titrated or withdrawn

Refillable ocular implant (device) Ranibizumab Randomized phase III, 
neovascular AMD

Six-month refill interval with non-
inferior acuity outcomes [99]

Endophthalmitis and conjunctival ero-
sion risk; requires surgical implantation; 
DR-specific data still limited

Abbreviations: siRNA, small interfering RNA; VEGF, vascular endothelial growth factor; PLGA, poly (lactic-co-glycolic acid); RPE, retinal pigment epithelium; AAV, adeno-associated virus; 
AMD, age-related macular degeneration; DR, diabetic retinopathy.
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field has not yet produced is an approved ocu-
lar nucleic acid drug for DR, and the reasons 
are specific enough to be enumerated.

The first and most consequential bottleneck  
is cell-type-specific delivery. Naked oligonucle-
otides injected into the vitreous face a dense, 
negatively charged network of hyaluronan and 
collagen fibrils that immobilizes cationic com-
plexes through electrostatic aggregation, fol-
lowed by the internal limiting membrane, which 
excludes particles above roughly 100 nm. Ma- 
terial that does reach the retina distributes 
preferentially to Müller glia and RPE, whereas 
the cells of interest in DR are endothelial cells 
and pericytes. The comparison with hepatic 
RNAi is instructive. Systemic siRNA therapy be- 
came viable once two delivery problems were 
solved: ionizable lipid nanoparticles (LNPs) pro-
vided endosomal escape and enabled the first 
approved RNAi drug, and N-acetylgalactosa- 
mine (GalNAc) conjugation subsequently pro-
vided receptor-mediated, hepatocyte-restrict-
ed uptake through the asialoglycoprotein re- 
ceptor, removing the need for a carrier altogeth-
er [83, 84]. This success has not translated to 
the retina for biological rather than chemical 
reasons: the asialoglycoprotein receptor is ex- 
pressed at extraordinarily high density and 
near-exclusively on hepatocytes, and no retinal 
cell type has a validated equivalent. Candidate 
ligands under investigation include integrin-
binding RGD peptides and transferrin receptor 
ligands for endothelium and mannose receptor 
ligands for microglia, but none has yet demon-
strated the combination of density, selecti- 
vity, and internalization efficiency that makes 
GalNAc work. Until such a ligand is identified, 
cell-type specificity in the retina will have to be 
achieved through carrier engineering, promoter 
selection, or capsid engineering rather than 
through conjugate chemistry.

LNPs themselves have been adapted for ocu- 
lar use with partial success. Neutral or anionic 
surface charge and dense polyethylene glycol 
coating improve mobility through vitreous, and 
subretinal administration bypasses the vitre-
ous entirely and delivers efficiently to RPE and 
photoreceptors, but subretinal injection is a 
surgical procedure that is difficult to justify for  
a chronic, bilateral, and initially asymptomatic 
disease. LNP-associated innate immune acti-
vation, tolerable for a single vaccine dose, is a 

more serious concern under repeated intrao- 
cular administration [83]. Viral vectors are the 
established alternative, and directed evolution 
of adeno-associated virus capsids has pro-
duced variants capable of transducing inner 
retinal cells after intravitreal rather than sub-
retinal injection [85], with preclinical gene-ther-
apy constructs expressing anti-VEGF proteins 
after a single administration [86]. Vector im- 
munogenicity, the irreversibility of expression, 
and the difficulty of dose titration remain unre-
solved. Extracellular vesicles offer a third route 
that avoids both synthetic lipids and viral cap-
sids, since exosomes derived from mesenchy-
mal stromal or retinal cells naturally traffic 
ncRNA cargo between retinal cell types and 
have been proposed as carriers for therapeu- 
tic ncRNA in DR [87]; their limitation at present 
is manufacturing reproducibility and the diffi-
culty of loading a defined dose.

The second bottleneck is stability and speci-
ficity. Unmodified siRNA is degraded within 
hours in vitreous, so sustained silencing re- 
quires either chemical modification, 2’-O-methyl 
and 2’-fluoro substitutions and phosphorothio-
ate backbones being standard, or embedding 
within a depot. Chemical modification serves a 
second purpose, which is to reduce recognition 
by innate immune sensors, and this brings us 
to the most important cautionary episode in 
the field.

Bevasiranib, an unmodified siRNA targeting 
VEGFA, entered phase III development for neo-
vascular AMD on the strength of preclinical effi-
cacy and early clinical data, and the COBALT 
trial was terminated at interim analysis when 
the primary visual acuity endpoint was unlikely 
to be met [88]. In parallel, work published in 
2008 demonstrated that intravitreal siRNA of 
21 nucleotides or longer suppressed choroidal 
neovascularization in a sequence-independent 
manner, including siRNAs targeting irrelevant 
genes, via TLR-3 signaling on endothelium and 
consequent IFN-γ and IL-12 release [89]. The 
anti-angiogenic effect attributed to target si- 
lencing was therefore, at least in substantial 
part, a class effect of double-stranded RNA  
acting as an innate immune ligand. The lesson 
is methodological rather than chemical: the 
preclinical program lacked control experi-
ments, in particular scrambled and mismat- 
ched sequences and target-knockout animals, 
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that would have distinguished on-target from 
off-target activity.

Subsequent ophthalmic nucleic acid programs 
did not fully absorb this lesson. PF-04523655, 
a chemically modified siRNA targeting the 
hypoxia-inducible gene RTP801, was tested in 
DME in the DEGAS study, where it did not dem-
onstrate superiority over laser at the primary 
timepoint despite a dose-response signal, and 
in neovascular AMD in the MONET study, where 
combination with ranibizumab did not clearly 
improve on ranibizumab alone [90, 91]. iCo-
007, an ASO against c-Raf kinase, showed 
acceptable safety in DME but did not establish 
a monotherapy benefit [82]. Even the aptamer 
pegaptanib, which reached approval for AMD 
and showed activity in DME in phase II, was 
rapidly displaced by full-length and fusion anti-
VEGF proteins because partial VEGF-isoform 
blockade proved less effective than pan-VEGF-
A blockade [92]. Taken together, these pro-
grams indicate three recurring errors: reliance 
on efficacy readouts that innate immune acti-
vation can mimic; comparators and endpoints 
chosen before the delivery problem was solved, 
so that negative results are uninterpretable as 
tests of the biological hypothesis; and progres-
sion to phase III without pharmacodynamic evi-
dence of target engagement in the intended 
cell type. Table 3 summarizes these programs 
and the specific control experiment or design 
feature that was absent.

Applied to the current generation of ncRNA can-
didates, these lessons imply a concrete and 
fairly demanding checklist. Any anti-MALAT1, 
anti-MIAT, anti-circZNF532, or miR-200b-mimic 
program intending clinical development should 
demonstrate silencing in the specific retinal  
cell population implicated, using sequence-
matched inert controls in an animal model of 
diabetes rather than of oxygen-induced reti-
nopathy; it should establish the duration of 
silencing after a single administration, since an 
agent requiring monthly injections would offer 
little advantage over existing anti-VEGF thera-
py; it should quantify innate immune activa- 
tion directly; and it should define a pharmaco-
dynamic biomarker measurable in aqueous 
humor to permit dose selection before efficacy 
trials begin. Very few published ncRNA studies 
in DR currently meet more than one of these 
criteria, which is the honest characterization of 
the field’s translational readiness.

Nanocarriers and long-acting release systems

Delivery constraints have rendered carrier de- 
sign as critical as molecular design. Polymeric 
nanoparticles, particularly those based on poly 
(lactic-co-glycolic acid) (PLGA), protect labile 
payloads, permit surface functionalization with 
targeting ligands, and degrade into non-toxic 
monomers; liposomes and metal- or chitosan-
based nanocarriers offer complementary load-
ing characteristics for hydrophilic and hydro-
phobic agents [93, 94]. Biomimetic surface 
engineering is a more recent development with 
direct DR relevance: nanoparticles coated with 
a hybrid membrane derived from erythrocyt- 
es and endothelial cells, given intravenously, 
homed to inflamed retinal vasculature in dia-
betic rats, reduced VEGF expression and vascu-
lar leakage, and did so without detectable  
systemic toxicity [95]. The significance of that 
study is that it achieved retinal targeting from 
a systemic route, which if reproducible would 
remove the injection burden entirely.

For durability, the field has moved toward 
depot-forming systems. PLGA microspheres 
loaded with full-length bevacizumab released 
antibody over an extended period in vitro with 
retention of binding activity, supporting a multi-
month dosing interval in principle [96]. Ther- 
mosensitive hydrogels provide an alternative 
depot that is liquid on injection and gels at body 
temperature; a composite hydrogel co-deliver-
ing connexin-43-targeting siRNA nanoparticles 
and an anti-VEGF agent produced synergistic 
effects in diabetic animals, and is notable as 
one of the few systems that combines a nucle-
ic acid and a protein therapeutic in a single 
sustained-release vehicle [97]. Long-acting na- 
notherapeutics designed for minimally invasive 
administration have shown extended release  
in neovascular retinal disease models [98]. The 
device-based analogue - the refillable port de- 
livery system with ranibizumab - achieved a six-
month refill interval in a phase III trial for neo-
vascular AMD [99]. A DME program followed, 
and the device experience is instructive be- 
cause its principal difficulties (endophthalmitis 
risk and conjunctival erosion) were surgical 
rather than pharmacological. The broader class 
of long-acting intraocular injectables and im- 
plants has been reviewed elsewhere [100].

Two limitations recur across this literature and 
are visible in Table 2. Most studies report fol-
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Table 3. Terminated or negative ocular nucleic acid therapeutic programs and the design features that were absent
Agent and class Target Indication and study Outcome Design feature absent or lesson
Bevasiranib; unmodi-
fied siRNA

VEGFA Neovascular AMD; CO-
BALT (phase III)

Terminated at interim analysis for unlikely 
benefit on visual acuity [88]

Preclinical program lacked sequence-mismatched 
controls; the anti-angiogenic effect of intravitreal 
siRNA was subsequently shown to be sequence-in-
dependent and mediated by cell-surface TLR3 [89]

PF-04523655; chemi-
cally modified siRNA

RTP801 
(DDIT4)

DME; DEGAS (phase II) Did not demonstrate superiority over laser 
at the primary timepoint despite a dose-
response signal [90]

Target engagement in the intended retinal cell 
type was not demonstrated pharmacodynamically 
before efficacy testing

PF-04523655; chemi-
cally modified siRNA

RTP801 
(DDIT4)

Neovascular AMD; 
MONET (phase II)

Combination with ranibizumab did not 
clearly improve on ranibizumab alone [91]

Add-on design against a highly effective compara-
tor without a biomarker-enriched population

iCo-007; antisense 
oligonucleotide

c-Raf kinase DME (phase II) Acceptable safety; monotherapy benefit 
not established [82]

Duration of silencing after single intravitreal dose 
not characterized; monotherapy comparison cho-
sen before delivery adequacy was confirmed

Pegaptanib; aptamer VEGF-165 
isoform

DME (phase II) and neo-
vascular AMD (approved)

Active but displaced by pan-VEGF-A 
agents [92]

Partial isoform blockade proved insufficient; illus-
trates that target selectivity is not always advanta-
geous

Abbreviations: siRNA, small interfering RNA; VEGFA, vascular endothelial growth factor A; AMD, age-related macular degeneration; DME, diabetic macular edema; TLR3, Toll-like recep-
tor 3; RTP801/DDIT4, DNA damage-inducible transcript 4; VEGF, vascular endothelial growth factor.
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low-up of weeks in animals with a disease  
duration of weeks, whereas human DR devel-
ops over decades, so neither carrier degrada-
tion kinetics nor the long-term tolerability of 
accumulated polymer has been established in 
a relevant timeframe. Plus the diabetic vitre- 
ous differs from the normal vitreous in viscosi-
ty, protein content, and oxidative state, particu-
larly after vitrectomy, yet release kinetics are 
almost always characterized in normal vitreous 
or in buffer. Both gaps are addressable with 
existing methods and would materially im- 
prove the interpretability of preclinical delivery 
studies.

Alternative routes of administration

Reducing or eliminating intravitreal injection is 
a goal in its own right, since injection burden 
drives non-adherence and non-adherence is a 
stronger predictor of poor outcome in real-
world DME cohorts than any pharmacological 
variable. Transscleral delivery exploits the large 
surface area and relative permeability of the 
sclera to macromolecules, with the choroidal 
circulation and the RPE barrier as the principal 
obstacles [101]. Dissolving microneedle arrays 
partially overcome these by depositing drug-
loaded microparticles within the sclera itself, 
and such arrays have delivered dexametha-
sone microparticles across sclera in ex vivo 
models [102]. Suprachoroidal injection is the 
clinically furthest-advanced version of this con-
cept and is now approved for uveitic macular 
edema, providing a route that concentrates 
drug at the chorioretinal interface while sparing 
the anterior segment.

Intranasal administration exploits olfactory and 
trigeminal pathways to reach the posterior eye 
while bypassing systemic circulation; intrana- 
sal erythropoietin rescued photoreceptors in a 
degenerative retinal model, establishing that a 
protein of that size can reach the retina by this 
route [103]. Topical delivery remains the most 
patient-acceptable option and the least effi-
cient, with penetration to the posterior seg-
ment generally below one percent of the app- 
lied dose; the EUROCONDOR experience with 
topical neuroprotective agents illustrates the 
difficulty of demonstrating efficacy when the 
delivered dose at the target is unknown [49]. 
Across all of these routes, the recurring defi-
ciency is quantitative: few studies report retinal 

drug concentrations over time, making it im- 
possible to determine whether a negative effi-
cacy result reflects an inactive molecule or 
inadequate delivery.

Clinical translation: diagnostics, combination 
regimens, and device-based therapy

Section 4 addresses what has actually reach- 
ed patients. It is organized around three ques-
tions that clinical translation must answer in 
sequence: how disease is detected and strati-
fied, how existing agents are combined and 
sequenced, and what non-pharmacological 
platforms can add. Preclinical material and  
prospective research priorities are treated in 
Sections 3 and 5 respectively, so that this sec-
tion deals only with evidence generated in 
human subjects.

Molecular biomarkers and artificial intelli-
gence (AI) in diagnosis and prognosis

Intraocular cytokine profiling provides the 
mechanistic layer of DR diagnostics. Aqueous 
humor concentrations of soluble VEGF recep-
tors, placental growth factor, soluble platelet-
derived growth factor-AA, IL-6, and monocyte 
chemoattractant protein-1 correlate with macu-
lar thickness and DME severity, and their rela-
tive pattern differs between eyes with predo- 
minantly angiogenic and predominantly inflam-
matory phenotypes [104]. This heterogeneity is 
clinically meaningful, since inflammation-domi-
nant eyes respond better to corticosteroids 
and angiogenesis-dominant eyes to anti-VEGF 
therapy [105]. The obstacle to routine use is 
that aqueous sampling requires an anterior 
chamber tap, which is acceptable at the time of 
an injection but not as a screening procedure; 
tear-film and plasma surrogates, including cir-
culating ncRNA panels [72], are being evaluat-
ed for this reason.

Image-based AI has translated considerably 
faster and currently represents one of the clear-
est examples of a DR technology that has com-
pleted the full bench-to-bedside path. A deep 
learning algorithm developed on approximately 
128,000 fundus photographs achieved sensi-
tivity and specificity above 90% for referable 
DR against a reference standard of ophthal- 
mologist grading [106], and an autonomous 
system was subsequently evaluated in a pro-
spective pivotal trial conducted in primary care 
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settings and became the first autonomous 
diagnostic device authorized in this field, mean-
ing that it produces a screening result without 
physician interpretation [107]. Deep learning 
applied to optical coherence tomography and 
to ultra-widefield imaging extends the same 
approach to DME detection and to peripheral 
ischemia quantification [108].

Two qualifications should be noted regard- 
ing this success. First, performance degrades 
when algorithms are deployed in populations 
differing from the development set in camera 
type, image quality, or pigmentation, so exter-
nal validation in the intended deployment set-
ting is a requirement rather than a refinement. 
Second, screening is a substantially easier task 
than prognosis. Predicting which eyes will prog-
ress, and over what interval, requires longitudi-
nal data and integration of systemic variables 
such as glycated hemoglobin trajectory, blood 
pressure, and renal function, and models of 
this kind are at an earlier stage. Combining 
molecular and imaging features in multimodal 
models is the natural next step and is where 
the cytokine work described above is most  
likely to find clinical application [75, 108].

Combination and sequential drug regimens

Combination therapy in DR is best understood 
as an attempt to address the incomplete-re- 
sponse problem quantified in Section 2. The 
most extensively studied combination pairs 
anti-VEGF therapy with intravitreal corticoste-
roid, on the rationale that the two act on partly 
non-overlapping mediators. In eyes with DME 
refractory to repeated anti-VEGF injection, add-
ing a sustained-release dexamethasone im- 
plant reduces central retinal thickness and 
improves visual acuity. The most prominent 
effects are seen in eyes with imaging or bio-
chemical markers of inflammation, such as 
hyperreflective foci or subretinal fluid [109]. 
The trade-off is predictable, since cataract  
progression and intraocular pressure elevation 
are dose-dependent and cumulative, which 
makes pseudophakic eyes the preferred can- 
didates.

In PDR, the relevant combination is pharmaco-
logical and ablative rather than pharmacolo- 
gical alone. Comparative effectiveness data 
from large real-world cohorts indicate that eyes 
initially managed with anti-VEGF monotherapy 

have higher rates of subsequent vitrectomy 
and of vitreous hemorrhage than eyes receiv- 
ing PRP, an outcome attributable largely to  
loss to follow-up, since neovascular regression 
achieved with injections reverses when injec-
tions stop whereas PRP effects persist [110]. 
This is a translational finding of a different kind, 
in that the limiting factor is health-system be- 
havior rather than biology, and it argues for PRP 
or combined PRP-plus-injection strategies in 
patients whose adherence is uncertain.

Systemic risk-factor control remains the least 
glamorous and most reliably effective adjunct. 
Glycemic, blood pressure, and lipid manage-
ment slow DR progression and reduce the fre-
quency with which ocular treatment is required 
[111], and the interaction between systemic 
control and ocular treatment burden is a legi- 
timate endpoint for future combination trials 
rather than a background variable to be adjust-
ed away.

Sustained-release implants in clinical use

Two corticosteroid implants exemplify the 
achievements of sustained release in DR. The 
biodegradable dexamethasone intravitreal im- 
plant releases drug over approximately three 
to six months and improved visual acuity in a 
three-year randomized sham-controlled trial in 
DME [112]. The non-biodegradable fluocino-
lone acetonide insert releases a much lower 
daily dose over up to three years, with benefit 
sustained across that period and with the high-
est cataract and pressure-related event rates 
of the available options [113, 114]. The com-
parison between them is a useful reference 
point for any long-acting system: a shorter-act-
ing, biodegradable device tolerates a higher 
peak dose and permits treatment withdrawal, 
whereas a multi-year device maximizes adher-
ence benefit at the cost of reversibility. Anti-
VEGF depot systems now in development face 
the same trade-off, and the port delivery sys-
tem resolves it by remaining refillable and 
explantable [99].

Cell-based and device-based approaches: 
status and limits of extrapolation

Regenerative and prosthetic strategies are fre-
quently cited in DR reviews on the basis of AMD 
data, and the transfer requires more scrutiny 
than it usually receives. In a clinical study of ten 
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patients with advanced neovascular AMD, a 
two-stage procedure combining surgical exci-
sion of the choroidal neovascular membrane 
with human embryonic stem cell-derived RPE 
transplantation produced improved retinal st- 
ructure and stable or improved acuity over 12 
months in patients with complete excision. 
Incomplete excision was followed by persistent 
inflammation and hemorrhage without visual 
gain [115]. Subretinal photovoltaic implanta-
tion restored a measurable degree of form 
vision in patients with geographic atrophy in a 
prospective multicenter trial [116].

Both results are genuine advances, and nei- 
ther transfers directly to DR. RPE transplanta-
tion addresses a disease whose primary lesion 
is RPE atrophy; in DR the RPE is comparatively 
preserved and the primary lesion is inner reti-
nal microvascular and neuronal, so replacing 
RPE would not address the pathology. Pho- 
tovoltaic implants substitute for lost photore-
ceptors in a localized atrophic lesion within an 
otherwise structurally intact retina, whereas 
advanced PDR presents with tractional distor-
tion, ischemia of the inner retina including the 
RGCs that carry the signal to the brain, and  
frequently a compromised optic nerve, all of 
which limit what a subretinal photoreceptor 
substitute can achieve. In addition, both proce-
dures involve vitreoretinal surgery in eyes with 
impaired wound healing and elevated prolife- 
rative vitreoretinopathy risk, and both require 
immunological or long-term biocompatibility 
follow-up in a patient population that is young-
er and has a longer expected exposure. The 
appropriate conclusion is that these platforms 
establish surgical and manufacturing feasibili-
ty, but DR-specific application should be eva- 
luated against DR-specific targets, plausibly 
endothelial or pericyte progenitor cells for vas-
cular repair, rather than RPE replacement. 
Table 4 sets out this analysis for each of the 
AMD-derived lines of evidence cited in this 
review.

Conclusions and future perspectives

The trajectory of DR translational research is 
shifting from single-target to multi-target inter-
vention, and from reactive treatment of estab-
lished vascular lesions to earlier intervention 
against the metabolic, inflammatory, and neu-
rodegenerative processes that precede them. 

The mechanistic basis for this shift is secure. 
The clinical basis is narrower than the volume 
of publication suggests: outside anti-VEGF ther-
apy, corticosteroids, laser, and fenofibrate, no 
agent has randomized evidence of benefit on 
visual outcomes in DR, and the one registra-
tional advance beyond VEGF monotherapy, 
dual VEGF-A/Ang2 inhibition, improved durabil-
ity rather than peak efficacy [55].

Four priorities follow from the analysis in this 
review. The first is delivery. For nucleic acid and 
gene-directed therapeutics, cell-type-specific 
delivery to retinal endothelium and pericytes 
remains the key unresolved problem on which 
clinical viability depends, and progress requires 
identification of a retinal receptor-ligand pair 
with the density and selectivity that GalNAc 
conjugation exploits in the liver, or capsid and 
promoter engineering that achieves equiva- 
lent restriction [84, 85]. Until then, ncRNA can-
didates should be evaluated in preclinical stud-
ies that report retinal concentration and cell-
level target engagement, not only phenotypic 
endpoints.

The second is design discipline in early-phase 
work. The bevasiranib episode showed that an 
apparently robust preclinical effect can be an 
artifact of innate immune activation when se- 
quence-matched controls are omitted [88, 89], 
and the DEGAS, MONET, and EUROCONDOR 
results showed that trials conducted before 
delivery and patient-selection problems are 
solved generate uninterpretable negative re- 
sults rather than informative ones [49, 90, 91]. 
Enrichment by molecular or imaging pheno-
type, pharmacodynamic confirmation of target 
engagement, and functional endpoints such as 
microperimetry and multifocal electroretinogra-
phy should be built into first-in-human design 
rather than added after a negative phase II.

Third, evidence from other retinal diseases 
should be treated as hypothesis-generating 
only. Complement inhibition, stem cell trans-
plantation, and photovoltaic implantation have 
all been cited in DR reviews on the strength  
of AMD data, and each differs from DR in the 
compartment affected, the driver of pathology, 
the age and expected treatment duration of 
the patient, and, in the case of complement, in 
whether a genetic anchor for the target exists 
at all. We have set out these differences case 
by case in Table 4, and we conclude that each 
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Table 4. Assessment of evidence extrapolated from age-related macular degeneration to diabetic retinopathy
AMD-derived evidence cited in 
this review Principal differences from DR Consequence for extrapolation DR-specific study required

Complement inhibition; pegce-
tacoplan in geographic atrophy 
[53]

Complement genetics (CFH, C3, CFB) provide 
a strong replicated risk anchor in AMD with no 
DR equivalent; outer retina/RPE/choriocapil-
laris versus inner retinal microvasculature; DR 
patients are several decades younger

Rationale in DR rests on descriptive 
deposition data alone; lifelong sup-
pression implies far longer infection 
exposure

Complement activation profiling in 
DR ocular fluids by disease stage, 
followed by dedicated dose-finding 
and safety study in DR

Brolucizumab efficacy in HAWK 
and HARRIER [76]

The diabetic eye has a pre-activated inflamma-
tory and prothrombotic microenvironment

Efficacy data may transfer; the inflam-
matory occlusive vasculopathy signal 
[78] may be amplified rather than 
reproduced in DR

Prospective safety evaluation in DME 
and PDR with predefined intraocular 
inflammation surveillance

Human embryonic stem cell-
derived RPE transplantation 
[115]

Primary lesion in AMD is RPE atrophy; in DR 
the RPE is comparatively preserved and injury 
is inner retinal and microvascular

Replacing RPE does not address DR 
pathology; the procedure also carries 
higher proliferative vitreoretinopathy 
risk in diabetic eyes

If cell therapy is pursued in DR, 
the appropriate target is vascular 
repair using endothelial or pericyte 
progenitors, evaluated on perfusion 
endpoints

Subretinal photovoltaic implant 
in geographic atrophy [116]

Implants substitute for photoreceptors within 
an otherwise intact retina; advanced PDR 
involves inner retinal ischemia, RGC loss, trac-
tion, and optic nerve compromise

Signal generated by a photoreceptor 
substitute may not be transmitted in 
an eye with damaged inner retinal 
circuitry

Feasibility study restricted to PDR 
eyes with documented inner retinal 
and RGC integrity

LRG1 mRNA vaccine in choroi-
dal neovascularization models 
[80]

Younger DR population with decades of 
expected exposure; systemic immunization af-
fects LRG1 functions outside the eye

A durable systemic antibody response 
cannot be withdrawn if adverse effects 
emerge

Systemic safety and reversibility 
assessment plus DR model efficacy 
before clinical translation

Abbreviations: AMD, age-related macular degeneration; DR, diabetic retinopathy; RPE, retinal pigment epithelium; PDR, proliferative diabetic retinopathy; RGC, retinal ganglion cell; 
DME, diabetic macular edema; LRG1, leucine-rich alpha-2-glycoprotein 1; CFH, complement factor H; CFB, complement factor B.
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of these strategies requires a DR-specific pre-
clinical rationale and a DR-specific dose-finding 
and safety program before clinical adoption is 
considered. The general point applies beyond 
the examples discussed here: mechanistic an- 
alogy between retinal diseases is a reason to 
design a study, not a substitute for conducting 
one.

The fourth is infrastructure. Unified, DR-specific 
endpoints would allow multi-target trials to be 
compared directly, which is currently impossi-
ble when one program reports gain in visual 
acuity letters, another central subfield thick-
ness, and a third change in DR severity score. 
Longer preclinical follow-up matched to the 
chronicity of human disease, characterization 
of drug release in diabetic and vitrectomized 
eyes, and reporting standards that require reti-
nal pharmacokinetic data alongside efficacy 
data would collectively raise the proportion of 
preclinical findings that survive translation. 
None of these requires new technology.

In this respect, DR is a tractable challenge. The 
pathophysiology is better understood than that 
of most retinal diseases, the target tissue is 
accessible and directly imageable, and the 
patient population is identifiable years before 
vision is lost. What is missing is not mechanis-
tic insight but the delivery technology, trial 
design, and endpoint infrastructure needed  
to convert that insight into treatment. Closing 
this gap will depend on sustained collaboration 
between retinal biologists, formulation scien-
tists, clinical trialists, and the diabetes care 
teams who see these patients long before an 
ophthalmologist does.
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