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Abstract

Antibody-based therapeutics have transformed the management of several vision-threatening 
ocular diseases by enabling targeted modulation of pathological angiogenesis, inflammation, 
and disease-associated molecular pathways. However, their clinical effectiveness remains 
constrained by anatomical and physiological barriers that limit ocular tissue penetration, 
therapeutic durability, and treatment accessibility. This review provides a comprehensive 
overview of antibody and related biologic therapeutics across six major ocular disease do-
mains: age-related macular degeneration (AMD), diabetic retinopathy (DR) and diabetic 
macular edema (DME), retinal vein occlusion (RVO), uveitis, glaucoma, and thyroid eye 
disease (TED). We first discuss the molecular mechanisms underlying their therapeutic 
actions, including inhibition of angiogenic signaling, modulation of inflammatory and 
immune pathways, complement inhibition, and regulation of apoptosis and fibrosis. We 
then summarize the clinical applications of established and emerging biologic therapies, 
highlighting their molecular targets, therapeutic outcomes, and limitations. Particular em-
phasis is placed on advances in antibody engineering and ocular drug delivery, including 
bispecific antibodies, Fc engineering, antibody–drug conjugates, sustained-release systems, 
and targeted delivery platforms. Despite substantial progress, repeated administration, vari-
able therapeutic responses, and limited treatment durability remain important challenges. 
Integrating next-generation biologic platforms with innovative ocular delivery technolo-
gies may support more effective, durable, and individualized therapeutic strategies for
ocular diseases.
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1. Introduction
The eye, with its intricate anatomy and immune-privileged environment, presents 

unique barriers to effective drug delivery, particularly for chronic and vision-threatening 
diseases that demand sustained, localized treatment [1,2]. Traditional therapeutic options 
have often fallen short due to limited tissue penetration, short intraocular half-life, or 
significant systemic side effects [3]. Over the past two decades, antibody-based therapies 
have revolutionized the field of ophthalmology, providing unprecedented precision in 
targeting disease-specific molecular pathways with improved efficacy and tolerability [4–8].

Antibody and related biologic therapeutics have become important treatment options 
for several ocular disorders, including age-related macular degeneration (AMD) [8], di-
abetic retinopathy (DR) and diabetic macular edema (DME) [4], retinal vein occlusion 
(RVO) [5], uveitis [6], and thyroid eye disease (TED) [7], while antibody-based strategies 
for glaucoma remain largely investigational [9] (Figure 1). These conditions involve distinct 
pathological mechanisms, ranging from retinal neovascularization and vascular leakage to 
immune dysregulation, orbital tissue remodeling, and progressive optic neuropathy. Al-
though some molecular pathways overlap across ocular diseases, their therapeutic relevance 
and clinical validation vary considerably between indications.

Figure 1. Major ocular disease domains and their anatomical sites of pathology. Age-related macular 
degeneration (AMD), diabetic retinopathy (DR) and diabetic macular edema (DME), retinal vein 
occlusion (RVO), uveitis, thyroid eye disease (TED), and glaucoma affect distinct ocular structures 
and can cause vision impairment. AMD involves drusen accumulation, choroidal neovascularization, 
or geographic atrophy in the macula. DR is characterized by retinal microvascular damage and 
pathological neovascularization; DME involves retinal thickening from vascular leakage. RVO causes 
retinal venous obstruction and macular oedema. Uveitis causes inflammation of the uveal tract and 
may disrupt the blood–retinal barrier. TED induces orbital inflammation and tissue remodeling, 
resulting in proptosis, and in severe cases, optic neuropathy. Glaucoma involves progressive optic 
nerve damage, often associated with elevated intraocular pressure. Shared features vary by disease 
and include inflammation, vascular dysfunction, and neurodegeneration.
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Among the most significant advances has been the development of therapeutics target-
ing vascular endothelial growth factor (VEGF). Agents such as ranibizumab and aflibercept 
have become first-line treatments for neovascular AMD and diabetic retinal diseases by 
effectively halting pathological angiogenesis and reducing vascular leakage [10]. Simi-
larly, biologic agents targeting inflammatory pathways, particularly tumor necrosis factor-α
(TNF-α), have expanded treatment options for selected patients with noninfectious uveitis 
who respond inadequately to conventional immunosuppressive therapies [11], especially 
when conventional steroids or immunosuppressants fail.

Despite these advances, ocular diseases continue to contribute substantially to the 
global burden of visual impairment. The World Health Organization estimates that at 
least 2.2 billion people worldwide experience near or distance vision impairment, with 
major consequences for quality of life, independence, and socioeconomic well-being [12]. 
Population aging and the increasing prevalence of diabetes are expected to further increase 
the demand for effective and durable ocular therapies. Moreover, repeated intraocular 
administration, variable treatment responses, limited therapeutic durability, and restricted 
drug distribution remain important challenges in the long-term management of several 
ocular conditions.

The molecular specificity and structural versatility of antibody therapeutics provide 
opportunities for targeting disease-associated pathways while enabling further optimiza-
tion of their pharmacological properties [13]. Advances in biologic engineering have 
introduced bispecific antibodies, Fc-modified constructs, and antibody–drug conjugates 
(ADCs), whereas innovations in ocular drug delivery are being explored to improve thera-
peutic exposure, tissue distribution, and treatment durability. These developments offer 
opportunities to address the limitations of conventional biologic therapies, although their 
clinical maturity and applicability differ substantially among ocular indications.

Relevant literature was identified through a focused search of PubMed/MEDLINE, 
supplemented by official regulatory documents and prescribing information, including 
sources from the U.S. Food and Drug Administration and DailyMed. The literature dis-
cussed spans publications from 1994 to 2026, with particular emphasis on recent clinical 
and translational advances. Priority was given to original clinical trials, clinical studies, and 
primary mechanistic investigations relevant to the molecular targets, therapeutic agents, in-
dications, and delivery strategies discussed. Review articles were consulted for background 
information and reference tracing. Evidence was interpreted according to study design, 
therapeutic modality, and clinical development status.

This narrative review provides an integrated overview of antibody and related biologic 
therapeutics across six major ocular disease domains, encompassing age-related macular 
degeneration, diabetic retinal diseases, retinal vein occlusion, uveitis, glaucoma, and thyroid 
eye disease. Particular attention is given to the molecular mechanisms underlying therapeu-
tic activity, the clinical evidence supporting established and emerging interventions, and 
advances in antibody engineering and ocular drug delivery. By distinguishing antibody-
based agents from related biologic modalities and evaluating their therapeutic applications 
in the context of disease-specific mechanisms and clinical development, this review aims to 
connect molecular understanding with current treatment strategies and future therapeutic 
opportunities. Ultimately, these perspectives may help guide the development of more 
targeted, durable, and clinically applicable biologic therapies for ocular diseases.

2. Disease Context, Pathobiology, and Unmet Therapeutic Needs in Major 
Ocular Diseases

Major ocular diseases differ substantially in their anatomical sites of pathology, domi-
nant molecular drivers, clinical manifestations, and unmet therapeutic needs. This section 
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summarizes the disease context and pathobiological features that provide the rationale 
for targeted biologic intervention. The corresponding molecular mechanisms and clinical 
evidence for specific therapeutic agents are discussed separately in Sections 3 and 4.

Antibodies (Abs) are engineered proteins designed to selectively bind to antigens, 
such as soluble growth factors or membrane-bound receptors, thereby blocking, neutraliz-
ing, or modulating their biological activity [14]. Structurally, a conventional monoclonal 
antibody (mAb) comprises two heavy chains and two light chains forming a Y-shaped 
configuration [15]. The antigen-binding fragments (Fab regions) at the tips of the “arms” 
confer target specificity, while the crystallizable fragment (Fc region) at the “stem” modu-
lates immune responses and governs pharmacokinetic behavior [16]. Beyond traditional 
mAbs, next-generation formats have been developed to overcome therapeutic limitations. 
These include bispecific antibodies (bsAbs), which bind two distinct targets to address 
multifactorial disease mechanisms [13], and antibody–drug conjugates (ADCs), which 
enable selective payload delivery to diseased tissues [17] (Figure 2). Such innovations have 
expanded the therapeutic arsenal in ophthalmology, offering improved durability, tissue 
targeting, and treatment outcomes.

Figure 2. Structures of monoclonal, bispecific, and antibody–drug conjugates. Monoclonal antibodies 
(mAbs) bind single antigens via variable regions and mediate immune effector functions. Bispecific 
antibodies (bsAbs) engage two distinct targets, enhancing functional versatility. Antibody–drug 
conjugates (ADCs) combine antigen specificity with selective cytotoxic delivery. In all formats, 
antigen recognition is mediated by complementarity-determining regions (CDRs), enabling targeted 
therapeutic applications.

The following sections will explore how these antibody-based strategies have been 
applied across a range of major ocular diseases, highlighting disease-specific targets, clin-
ical applications, and the therapeutic innovations that have reshaped the landscape of 
ophthalmic care.

2.1. Age-Related Macular Degeneration (AMD)
Age-related macular degeneration (AMD) is a leading cause of vision loss in adults 

over the age of 50, primarily affecting central vision due to pathological changes in the 
macula. The disease is broadly classified into two forms: dry (non-exudative) and wet 
(exudative) AMD [18].
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Dry AMD is characterized by the progressive accumulation of drusen, lipid-rich extra-
cellular deposits, between the retinal pigment epithelium (RPE) and Bruch’s membrane [19]. 
This is often accompanied by geographic atrophy (GA) and the degeneration of RPE cells, 
ultimately leading to photoreceptor damage and central vision loss [20]. In contrast, wet 
AMD, responsible for the majority of severe visual impairment, involves choroidal neo-
vascularization (CNV), the abnormal proliferation of blood vessels from the choroid into 
the subretinal space [21]. CNV is primarily driven by upregulated vascular endothelial 
growth factor (VEGF) expression, which enhances vascular permeability, promotes leak-
age, and causes hemorrhage [21]. These events culminate in retinal edema, photoreceptor 
degeneration, and irreversible vision loss.

Therapeutic advances in AMD have been driven largely by improved control of patho-
logical angiogenesis in neovascular disease, and more recently, by strategies targeting 
complement-mediated degeneration in geographic atrophy [8]. Nevertheless, important 
limitations remain, including repeated intraocular treatment, variable patient response, 
incomplete disease control, and limited restoration of established retinal damage. These 
challenges continue to motivate the development of more durable and mechanism-based 
therapeutic approaches.

2.2. Uveitis
Uveitis refers to inflammation of the uveal tract, comprising the iris, ciliary body, and 

choroid. Based on the anatomical location of inflammation, it is classified into [22–24] 
anterior, intermediate, posterior, or panuveitis [25]. Uveitis may arise from infectious 
etiologies, but a significant proportion of cases are associated with autoimmune or systemic 
inflammatory diseases such as rheumatoid arthritis, sarcoidosis, ankylosing spondylitis, 
and Behçet’s disease [26].

The pathogenesis of uveitis involves the infiltration of immune cells into ocular tis-
sues and the release of pro-inflammatory cytokines, including tumor necrosis factor-alpha 
(TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6) [22–24]. These cytokines disrupt the 
blood–retinal barrier, leading to retinal edema, vitreous opacities, and in advanced cases, 
damage to the retina or optic nerve, resulting in permanent vision loss.

Noninfectious uveitis is commonly managed with corticosteroids and conventional 
immunosuppressive agents, but long-term treatment may be limited by corticosteroid-
related complications, incomplete disease control, or treatment intolerance. These limita-
tions have encouraged the development of targeted biologic approaches directed against 
inflammatory cytokines and immune-cell pathways [27,28]. In selected patients with 
refractory or steroid-dependent disease, such strategies may improve inflammatory con-
trol and reduce corticosteroid exposure, although treatment must be individualized ac-
cording to disease phenotype, systemic involvement, prior response, and therapy-specific
safety considerations.

In summary, antibody-based therapies have expanded treatment options for noninfec-
tious uveitis by enabling the targeted modulation of inflammatory pathways. Their use is 
particularly relevant in selected patients with refractory or steroid-dependent disease, but 
treatment should be individualized according to disease phenotype, systemic involvement, 
prior therapeutic response, and agent-specific safety considerations.

2.3. Diabetic Retinopathy (DR) and Diabetic Macular Edema (DME)
DR is a leading microvascular complication of diabetes mellitus and remains one of 

the primary causes of vision loss among working-age adults worldwide [29]. Prolonged 
hyperglycemia leads to retinal vascular damage, triggering a cascade of pathological events. 
DR typically progresses from non-proliferative diabetic retinopathy (NPDR), characterized 
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by microaneurysms, retinal hemorrhages, and vascular leakage, to proliferative diabetic 
retinopathy (PDR), which involves neovascularization and increased risk of vitreous hem-
orrhage or retinal detachment.

DME, a major cause of visual impairment in DR patients, is marked by thickening of 
the macula due to the leakage of fluid from hyperpermeable retinal vessels [30]. A central 
mediator in both DR and DME is VEGF, which promotes pathological angiogenesis and 
increases vascular permeability [31].

Therapeutic advances in DR and DME have been driven largely by improved control 
of pathological vascular permeability and neovascularization [4]. However, important 
limitations remain, including repeated intravitreal treatment, incomplete or variable re-
sponse, persistent edema in some patients, and progressive structural retinal damage. These 
challenges continue to motivate the development of more durable, mechanism-based, and 
combination therapeutic strategies.

In summary, DR and DME remain major causes of vision loss in diabetes despite sub-
stantial therapeutic progress. Continued efforts are needed to improve treatment durability, 
reduce injection burden, and address disease mechanisms not fully controlled by current 
vascular-targeted therapies.

2.4. Retinal Vein Occlusion (RVO)
RVO is a major retinal vascular disorder and an important cause of visual impairment, 

particularly in older adults [32]. It is classified as central retinal vein occlusion (CRVO) or 
branch retinal vein occlusion (BRVO), depending on the site of venous obstruction. Impaired 
venous drainage increases retinal venous pressure, promotes hemorrhage and vascular 
leakage, and can cause macular oedema. In ischaemic cases, retinal hypoxia is associated 
with increased vascular endothelial growth factor (VEGF) levels, contributing to vascular 
permeability and pathological neovascularization, including iris neovascularization that 
may lead to neovascular glaucoma [33]. Macular oedema is a major cause of visual loss in 
both CRVO and BRVO, making the suppression of vascular leakage a central therapeutic 
objective [34,35].

Despite improvements in visual outcomes, anti-VEGF treatment does not eliminate the 
need for continued monitoring or repeated intravitreal injections. Long-term observations 
and analyses of clinical-trial data demonstrate variability in anatomical and visual responses, 
with incomplete early resolution of oedema associated with less favorable subsequent 
outcomes in some patients [36,37].

2.5. Glaucoma
Glaucoma encompasses a group of progressive optic neuropathies characterized by 

the degeneration of retinal ganglion cells (RGCs) and optic nerve damage, often associ-
ated with elevated intraocular pressure (IOP). It remains a leading cause of irreversible 
blindness worldwide [9]. The most prevalent form, primary open-angle glaucoma (POAG), 
results from impaired aqueous humor outflow, leading to sustained elevation in IOP and 
subsequent retinal damage [9].

Although intraocular pressure (IOP) reduction remains the cornerstone of glaucoma 
management, disease progression can occur despite treatment, motivating the investigation 
of additional mechanisms of retinal ganglion cell injury [38]. Experimental studies have 
implicated complement activation, glial responses, and inflammatory signaling in glauco-
matous neurodegeneration, while clinical studies have identified altered cytokine profiles 
in ocular fluids [39,40]. These findings support the biological relevance of inflammatory 
pathways but do not by themselves establish that antibody-mediated blockade of these 
targets provides neuroprotection in patients.
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Preclinical studies have reported protective effects from the modulation of inflamma-
tory and complement-related pathways [41], including TNF-α, IL-6, glial activation, and 
complement signaling [42]. However, the evidence for direct antibody-based neuropro-
tection in glaucoma remains limited, and no antibody therapy is currently established for 
preserving retinal ganglion cells or optic nerve function in clinical practice [43,44]. These 
approaches should therefore be regarded as investigational strategies that require further 
validation in well-designed preclinical and clinical studies.

In summary, antibody-based approaches in glaucoma remain experimental. Their 
potential value lies in targeting disease-associated inflammatory and neurodegenera-
tive mechanisms as adjuncts to IOP-lowering therapy, but clinical efficacy has not yet
been established.

2.6. Thyroid Eye Disease (TED)
TED is an autoimmune inflammatory disorder commonly associated with Graves’ 

disease [45]. It is characterized by immune-mediated inflammation and the remodeling 
of orbital tissues, including the extraocular muscles and retro-orbital fat. This leads to 
clinical symptoms such as proptosis, eyelid retraction, ocular discomfort, and diplopia, and 
in severe cases, compressive optic neuropathy [46]. The pathogenesis of TED involves the 
activation of orbital fibroblasts by autoantibodies, most notably those targeting the insulin-
like growth factor-1 receptor (IGF-1R), which synergize with thyroid-stimulating hormone 
receptor (TSHR) signaling. This interaction promotes the production of glycosamino-
glycans, recruitment of inflammatory cells, cytokine release, and pathological tissue
expansion [47,48].

Traditional management of TED includes systemic corticosteroids, orbital radiotherapy, 
and surgical intervention, depending on disease activity and severity. However, variable 
therapeutic response, treatment-related adverse effects, persistent proptosis or diplopia, and 
incomplete control of orbital tissue remodeling remain important unmet needs. Increasing 
the understanding of receptor-mediated fibroblast activation and autoimmune signaling 
has therefore provided a rationale for more targeted biologic approaches. These strategies 
are discussed in detail in Sections 3 and 4.

In summary, TED represents a distinct autoimmune orbital disorder in which inflam-
matory activity and tissue remodeling can produce persistent functional and structural 
consequences. Although conventional anti-inflammatory and surgical approaches remain 
important, incomplete response, disease recurrence, and residual proptosis or diplopia 
highlight the need for therapies that more directly target disease-driving molecular path-
ways. These unmet needs provide the rationale for the targeted biologic strategies discussed 
in Sections 3 and 4.

3. Mechanism of Action for Antibody-Based Therapies
Antibody-based therapies have emerged as a transformative strategy in the treatment 

of ocular diseases, offering the targeted modulation of disease-specific pathways with high 
specificity and minimal off-target effects. Through their unique binding properties, mono-
clonal antibodies, bispecific antibodies, and ADCs can neutralize pathogenic molecules, 
block receptor–ligand interactions, and modulate immune responses contributing to
ocular pathology.

In ophthalmology, these agents exert therapeutic effects through diverse mechanisms 
that address key pathological features such as angiogenesis, inflammation, autoimmunity, 
neurodegeneration, and tissue remodeling. The following subsections outline the major 
mechanisms by which antibody-based therapies exert their clinical benefits across a range 
of ocular diseases.
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3.1. Inhibition of Angiogenic Growth Factors (VEGF Pathway)
In diseases such as AMD and DR, overexpression of vascular endothelial growth factor-

A (VEGF-A) is a key driver of pathological angiogenesis, vascular leakage, and chronic 
inflammation. Hypoxia-induced VEGF release promotes endothelial cell proliferation and 
the formation of fragile neovessels, resulting in retinal edema and vision impairment.

VEGF-targeting biologics include the monoclonal antibody bevacizumab (Avastin), 
the antigen-binding fragment ranibizumab (Lucentis), and the VEGF-trap fusion protein 
aflibercept (Eylea® ), all of which inhibit VEGF signaling through distinct molecular for-
mats [49,50] (Figure 3). This inhibition blocks downstream angiogenic signaling and 
vascular permeability. Clinical trials have validated this strategy, with ranibizumab shown 
to significantly improve visual acuity in patients with neovascular AMD [49]. These ther-
apies remain first-line treatment for wet AMD, DR, and diabetic macular edema (DME) 
(Figure 3).

 

Figure 3. Therapeutic targets and mechanisms of antibody-based treatments in ocular diseases. 
Anti-VEGF agents and the VEGF-A/Ang-2 bispecific antibody faricimab suppress pathological angio-
genesis and vascular leakage in retinal vascular diseases, including nAMD, DR/DME, and RVO. In 
noninfectious uveitis, selected antibodies targeting TNF-α, IL-6 receptors, or CD20 have been used 
or investigated. Importantly, CD20-targeting antibodies such as rituximab mediate B-cell depletion, 
whereas T-cell co-stimulation blockade represents a distinct immunomodulatory mechanism and 
should not be attributed to rituximab. Complement-targeting therapies have indication-specific ap-
plications in geographic atrophy (GA); avacincaptad pegol is a C5-targeting RNA aptamer, rather 
than an antibody, and is approved for GA, not uveitis. Teprotumumab inhibits IGF-1R signaling 
in thyroid eye disease (TED). The illustration summarizes potential molecular targets and mech-
anisms, not the clinical efficacy or regulatory approval of every depicted strategy. DR: diabetic 
retinopathy; AMD: age-related macular degeneration; VEGF-A: vascular endothelial growth factor A;
Ang-2: angiopoietin-2; TED: thyroid eye disease; TNF-α: tumor necrosis factor-alpha; IL: interleukin; 
IGF-1R: insulin-like growth factor-1 receptor; CD20: cluster of differentiation 20.
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3.2. Neutralization of Pro-Inflammatory Cytokines
The dysregulated expression of pro-inflammatory cytokines is a central driver of 

tissue damage and immune-mediated pathology in several ocular diseases, including 
non-infectious uveitis, glaucoma, and thyroid eye disease (TED). Key cytokines impli-
cated in these processes include tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), 
interleukin-1beta (IL-1β), and interleukin-17 (IL-17) [51]. These molecules contribute to 
immune cell infiltration, disruption of the blood–retinal barrier, local tissue edema, and 
progressive neurodegeneration.

In autoimmune uveitis, elevated levels of TNF-α have been consistently observed in 
both the aqueous humor and serum of affected patients, correlating with disease activ-
ity [51]. Infliximab (Remicade) and adalimumab (Humira), monoclonal antibodies that 
neutralize TNF-α, have demonstrated significant clinical benefit in reducing ocular inflam-
mation, prolonging remission, and enabling corticosteroid tapering in refractory cases [52]. 
These agents are now central to immunosuppressive protocols for non-infectious posterior 
uveitis and uveitis associated with systemic autoimmune diseases.

Other cytokine pathways are also being investigated. IL-6 can contribute to inflamma-
tory signaling, and in appropriate cytokine contexts, support the differentiation of naïve 
CD4+ T cells towards a Th17 phenotype; TGF-β and IL-6 contribute to differentiation, 
whereas IL-23 is particularly important for pathogenic stabilization, maintenance, and the 
expansion of Th17 responses. IL-1β signals through the IL-1 receptor, recruiting MyD88 and 
IRAK family kinases and activating downstream NF-κB and MAPK pathways that regulate 
inflammatory gene expression [53]. Tocilizumab, an anti-IL-6 receptor antibody, has been 
investigated for refractory uveitis. Cytokine blockade for glaucoma remains experimental 
and is not yet established as neuroprotective care.

In TED, IL-6 and IL-17 have been investigated in relation to orbital fibroblast activation 
and autoimmune inflammation [54,55]. Secukinumab (anti-IL-17A) and ustekinumab (anti-
IL-12/23) have not established efficacy as ocular therapies; evidence from trials in other dis-
eases must not be interpreted as proof of benefit in uveitis or TED. Overall, cytokine-targeted 
biologics have indication-specific evidence and should not be described as a uniformly 
validated strategy across inflammatory eye diseases (Figure 3).

3.3. Inhibition of Immune Cell Recruitment and Modulation of Lymphocyte Function
Non-infectious uveitis is largely driven by dysregulated activation and the recruitment 

of immune cells, particularly T lymphocytes, macrophages, and B cells. These cells infiltrate 
ocular tissues, release inflammatory mediators, and drive sustained inflammation that leads 
to tissue damage and visual impairment [56].

TNF-α plays a central role in orchestrating immune cell recruitment to sites of in-
flammation. Its overexpression in the ocular environment enhances the expression of 
adhesion molecules and chemokines, promoting the infiltration of activated T cells and 
macrophages [57]. Infliximab, a chimeric monoclonal antibody against TNF-α, blocks this 
recruitment cascade, resulting in reduced inflammation and protection against tissue dam-
age [58]. Clinical studies have confirmed the efficacy of infliximab and other anti-TNF-α
agents in managing refractory non-infectious uveitis, especially in cases linked to systemic 
autoimmune diseases such as Behçet’s disease and sarcoidosis.

Beyond cytokine blockade, more targeted immunomodulatory strategies have emerged. 
Rituximab, a monoclonal antibody against CD20, depletes B cells and indirectly damp-
ens T-cell activation and autoantibody production [56]. It has shown promise in re-
fractory uveitis, particularly in patients with underlying systemic autoimmune condi-
tions or those unresponsive to TNF-α inhibitors [28]. Moreover, modulation of T-cell co-
stimulation, through the blockade of pathways such as CD28-CD80/86, is an area of active 
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research. This approach aims to suppress autoreactive T-cell proliferation without inducing
global immunosuppression.

Together, the inhibition of immune cell recruitment and direct modulation of lympho-
cyte function represent critical strategies in the treatment of non-infectious uveitis, offering 
opportunities for disease-specific immune suppression with reduced systemic toxicity.

3.4. Complement System Inhibition
The complement system is an essential component of innate immunity, and its dys-

regulation contributes to the pathogenesis of age-related macular degeneration (AMD), 
particularly geographic atrophy (GA). Activation of the classical, lectin, and alternative 
complement pathways converges on C3 and subsequently C5, promoting inflammatory 
signaling and membrane attack complex (MAC) formation. Cleavage of C5 generates C5a, a 
potent inflammatory mediator, and C5b, which initiates MAC assembly through interactions 
with C6–C9. Excessive complement activation may contribute to retinal pigment epithelium 
(RPE) injury [59], photoreceptor degeneration, and progression of GA [60] (Figure 4).

 

Figure 4. Complement activation pathways and therapeutic intervention in geographic atrophy. The 
classical, lectin, and alternative complement pathways converge on C3 and C5 activation, leading to 
inflammatory signaling and membrane attack complex (MAC) formation. Eculizumab, a monoclonal 
antibody targeting C5, is illustrated as an example of the molecular inhibition of terminal complement 
activation. Importantly, this mechanism does not imply demonstrated clinical efficacy in geographic 
atrophy, as the COMPLETE trial failed to show a significant reduction in lesion progression. In 
contrast, pegcetacoplan (C3 inhibitor) and avacincaptad pegol (C5-targeting RNA aptamer) have 
demonstrated modest reductions in geographic atrophy lesion growth and received U.S. FDA approval. 
Lampalizumab, an anti-factor D antibody fragment, failed to demonstrate significant efficacy in the 
CHROMA and SPECTRI trials. The illustration represents complement pathway mechanisms rather 
than the relative clinical efficacy or regulatory status of individual agents [61–64].

Despite this mechanistic rationale, clinical outcomes of complement-targeting thera-
pies differ substantially among agents. Eculizumab, a humanized monoclonal antibody 
targeting C5, inhibits terminal complement activation but failed to significantly reduce GA 

https://doi.org/10.3390/cimb48111144

https://doi.org/10.3390/cimb48111144


Curr. Issues Mol. Biol. 2026, 48, 1144 11 of 37

enlargement in the randomized COMPLETE trial [61]. Similarly, lampalizumab, an anti-
body fragment targeting complement factor D, failed to meet its primary efficacy endpoints 
in the phase 3 CHROMA and SPECTRI trials. In contrast, the C3 inhibitor pegcetacoplan 
and the C5-targeting RNA aptamer avacincaptad pegol demonstrated modest reductions 
in GA lesion growth in the OAKS/DERBY and GATHER2 trials, respectively, leading to 
their approval by the U.S. Food and Drug Administration [62,63]. Importantly, neither ap-
proved agent is an antibody-based therapeutic, and neither has been demonstrated to restore 
lost retinal tissue [61–64]. Figure 4 illustrates the molecular mechanisms of complement 
inhibition rather than establishing the clinical efficacy of individual agents.

Collectively, these findings establish complement inhibition as a clinically relevant but 
agent-dependent therapeutic approach for GA. The contrasting outcomes of successful and 
unsuccessful trials underscore the importance of distinguishing molecular target engage-
ment from demonstrated clinical efficacy. Although approved complement inhibitors can 
slow GA lesion enlargement, their benefits must be balanced against treatment burden and 
potential adverse events, including neovascular AMD and injection-related complications.

3.5. IGF-1R Inhibition and Fibroblast Modulation
TED is characterized by autoimmune-driven inflammation and fibroblast-mediated 

tissue remodeling within the orbit. Central to this process is the pathological activation 
of orbital fibroblasts, driven in part by signaling through the insulin-like growth factor-1 
receptor (IGF-1R), which interacts with thyroid-stimulating hormone receptor (TSHR) in 
orbital fibroblasts to amplify pathogenic signaling [65].

The pivotal randomized trial demonstrated improvements in proptosis and other 
measures of active TED in selected adults [7]. However, treatment response and durability 
vary among patients, and clinically important adverse effects, including hearing impairment 
and hyperglycemia, should be considered when evaluating its use.

Teprotumumab is an established targeted option for selected patients with TED, but 
response durability, patient selection, adverse effects, and access remain important clinical 
considerations. Detailed trial outcomes and dosing are summarized in Section 4.

3.6. Targeting Pathological Apoptosis in Glaucoma
Glaucoma is a progressive optic neuropathy characterized by irreversible loss of retinal 

ganglion cells (RGCs), in which apoptosis is a major mode of cell death [66]. Both intrinsic 
mitochondrial and extrinsic death-receptor pathways contribute to RGC degeneration, with 
caspase-9 and caspase-8 acting as key initiator caspases, respectively.

The intrinsic pathway can be activated by elevated intraocular pressure (IOP), oxida-
tive stress, and mitochondrial dysfunction. These insults promote mitochondrial outer 
membrane permeabilization (MOMP), resulting in the release of cytochrome c into the 
cytosol. Cytochrome c associates with Apaf-1 to form the apoptosome, leading to the acti-
vation of caspase-9 and downstream effector caspases such as caspase-3 [67–70] (Figure 5). 
Experimental studies indicate that the modulation of mitochondrial apoptotic signaling can 
reduce RGC loss, supporting this pathway as a potential neuroprotective target.

The extrinsic pathway is initiated by ligand–receptor interactions, including Fas ligand 
(FasL) binding to the Fas receptor, followed by formation of the death-inducing signaling 
complex (DISC) and activation of caspase-8 [71,72] (Figure 5). Activated caspase-8 can 
directly stimulate downstream effector caspases or amplify mitochondrial apoptosis through 
the cleavage of BID to truncated BID (tBID). Fas signaling has therefore attracted interest 
as a therapeutic target in glaucoma. Notably, ONL1204, which has shown neuroprotective 
activity in experimental glaucoma, is a small-peptide Fas receptor antagonist rather than an 
anti-FasL monoclonal antibody [73].
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Figure 5. Molecular mechanisms of retinal ganglion cell apoptosis in glaucoma. Retinal ganglion 
cell apoptosis in glaucoma involves both intrinsic and extrinsic apoptotic pathways. In the intrinsic 
pathway, pro-apoptotic BCL-2 family proteins BAX and BAK promote mitochondrial outer membrane 
permeabilization (MOMP), regulated by the balance of pro- and anti-apoptotic BCL-2 proteins. 
MOMP results in the release of cytochrome c and inhibitors of apoptosis protein (IAP) antagonists 
(IAPi) into the cytosol. Cytochrome c binds apoptotic protease-activating factor 1 (APAF1), recruiting 
caspase-9 to form the apoptosome and activate caspase-3. IAPi blocks the caspase-inhibitory effects 
of XIAP, enabling apoptosis. The extrinsic pathway is initiated by death receptor ligation, leading 
to the recruitment of FADD and caspase-8 to form the death-inducing signaling complex (DISC). 
Activation of caspase-8 results in the cleavage of caspase-3, or cleavage of BID to truncated BID 
(tBID), which induces MOMP and amplifies the intrinsic pathway. TNFR1 activation also recruits 
TRADD, RIPK1, and FADD, leading to caspase-8 activation. Caspase-8 activity is modulated by cFLIP, 
a pro-survival factor that inhibits full caspase-8 activation. Together, these pathways converge on 
mitochondrial dysfunction and caspase activation, culminating in retinal ganglion cell apoptosis. Fas: 
Fas cell-surface death receptor; FasL: Fas ligand; TNF-α: tumor necrosis factor-alpha; TNF-R: tumor 
necrosis factor-receptor; FADD: Fas-associated protein with death domain; TRADD: TNF receptor-
associated protein with death domain; TRAIL-R: TNF-related apoptosis-inducing ligand receptor; 
cFLIP: cellular FLICE-inhibitory protein; FLICE: FADD-like ICE (interleukin-1β-converting enzyme)-
like enzyme; tBID: truncated BH3(BCL-2 homology 3)-interacting domain; BCL-2: B-cell lymphoma-2; 
Bax: BCL-2-associated X protein; Bak: BCL-2 antagonist/killer; BCL-xL: B-cell lymphoma-extra-large 
(long isoform); Smac: second mitochondria-derived activator of caspases; XIAP: X-linked inhibitor of 
apoptosis protein; NLRP3: NOD-like receptor pyrin domain-containing protein 3; NOD: nucleotide-
binding oligomerization domain.

These findings support apoptosis-related pathways as potential therapeutic targets 
in glaucoma, but direct evidence for antibody-based inhibition of these pathways remains 
limited. In particular, intracellular targets such as caspases present major challenges for 
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antibody delivery and target engagement. Thus, although advances in antibody engineering 
and intracellular delivery may eventually enable new approaches to apoptotic signaling, 
antibody-based neuroprotection in glaucoma remains investigational. The current evi-
dence supporting apoptosis-related therapeutic targets in glaucoma, together with the 
corresponding molecular entities and evidence levels, is summarized in Table 1.

Table 1. Apoptosis-related therapeutic targets in glaucoma: molecular entities, proposed mechanisms, 
and evidence levels.

Target/Pathway Molecular Entity Mechanism/Ra-
tionale

Potential 
Relevance Key Limitation Supporting 

Evidence Evidence Level

Fas receptor 
pathway

ONL1204, 
small-peptide Fas 

receptor 
antagonist (not 

an antibody)

Blocks Fas 
receptor signaling 
and downstream 

inflamma-
tory/apoptotic 

pathways

Reduced RGC 
and axon loss in 

an inducible 
mouse model of 

elevated IOP

Preclinical mouse 
evidence; not a 

monoclonal 
antibody and not 

an approved 
glaucoma therapy

[73] Preclinical

TNF-α

Anti-TNF-α
antibody 

proposed as a 
concept; no 

directly matched 
glaucoma-specific 

antibody study

TNF-α is 
implicated in 
inflammatory 

injury, but 
pathway 

relevance is not 
proof of antibody 

efficacy

Possible research 
hypothesis only

Direct evidence of 
antibody-

mediated retinal 
ganglion cell 

neuroprotection 
in glaucoma 

remains 
insufficient

No direct primary 
evidence for an 
antibody-based 

intervention

Conceptual/lim-
ited evidence

Caspase-
3/caspases

Intracellular 
antibody or 
intrabody 

proposed; no 
validated 
glaucoma 
construct 
identified

Would need to 
inhibit 

intracellular 
executioner-

caspase activity

Potential strategy 
for future 
research

Intracellular 
target access, 

retinal delivery, 
target 

engagement, and 
functional benefit 
remain unproven 
for a therapeutic 

antibody in 
glaucoma

[74] Conceptual

TRAIL receptor

Anti-TRAIL 
receptor antibody 

proposed; no 
direct primary 
evidence for 

antibody-based 
targeting of the 

TRAIL receptor in 
glaucoma

Death-receptor 
signaling may 
contribute to 

apoptosis in some 
settings

Potential 
mechanistic target 

only

No clinical-stage 
glaucoma 

antibody or 
validated 

therapeutic effect 
established

No direct primary 
evidence for 

antibody-based 
targeting of the 

TRAIL receptor in 
glaucoma

Conceptual/lim-
ited evidence

3.7. Anti-Fibrotic and Extracellular Matrix-Related Mechanisms
Fibrotic and extracellular matrix (ECM) remodeling contributes particularly to ad-

vanced diabetic retinopathy, where fibrovascular membrane formation and tissue contrac-
tion can promote tractional retinal damage and visual loss. Chronic hyperglycemia, vascular 
leakage, inflammation, and ischemia can alter retinal cell–matrix interactions and ECM 
composition, thereby contributing to progressive structural remodeling of the diabetic 
retina [75,76].

Integrins are cell-surface adhesion receptors that regulate interactions between cells 
and the extracellular matrix and participate in angiogenesis, inflammation, and tissue re-
modeling. Among these receptors, integrin αvβ3 has been implicated in pathological retinal 
neovascularization and vascular responses associated with diabetic retinal disease [77]. 
Experimental inhibition of αvβ3 signaling has reduced retinal neovascularization and re-
lated vascular abnormalities in preclinical models, supporting this pathway as a potential 
therapeutic target [77,78].
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However, much of the available evidence for αvβ3 inhibition derives from pep-
tide, polypeptide, or small-molecule antagonists rather than therapeutic antibodies. Di-
rect evidence that anti-αvβ3 antibodies suppress retinal fibrosis or provide clinically 
meaningful benefit in DR or DME remains limited. Accordingly, integrin-targeted an-
tibody strategies should currently be regarded as investigational rather than established
anti-fibrotic therapies.

In summary, the modulation of integrin- and ECM-associated signaling represents a 
potential strategy for targeting vascular and fibrotic remodeling in diabetic retinal disease. 
Further studies are required to determine whether antibody-based integrin inhibition can 
provide therapeutic benefits beyond established anti-VEGF approaches.

3.8. Bispecific Antibodies and Dual-Targeting Strategies
Bispecific antibodies (bsAbs) represent an emerging class of biologics capable of 

simultaneously binding two distinct targets [79], offering enhanced therapeutic precision 
in complex ocular diseases. This dual-targeting capability is particularly advantageous in 
retinal pathologies like AMD and DME, where multiple signaling pathways contribute to 
disease progression.

A leading example is faricimab, a bispecific antibody that simultaneously targets VEGF-
A and angiopoietin-2 (Ang-2) [79]. VEGF-A drives angiogenesis and vascular permeability, 
while Ang-2 destabilizes endothelial junctions and promotes vascular inflammation. By 
co-inhibiting both ligands, faricimab enhances vascular stability more effectively than anti-
VEGF monotherapies. Clinical trials have demonstrated that faricimab not only reduces 
macular edema, but also enables extended treatment intervals without compromising 
visual outcomes, addressing the burden of frequent intravitreal injections in chronic disease 
management [79].

Beyond faricimab, the bispecific antibody platform is being adapted to target other com-
binatorial axes, such as VEGF plus inflammatory cytokines e.g., VEGF/TNF-α or VEGF/IL-6) 
or VEGF plus integrins [80], aiming to synergistically suppress angiogenesis, inflammation, 
and fibrosis in a single therapeutic agent.

In summary, bispecific antibodies provide a promising strategy for enhancing ther-
apeutic efficacy, reducing injection frequency, and potentially addressing limitations of 
single-pathway therapy in retinal diseases. As molecular targets in ocular pathology become 
increasingly defined, dual-targeting approaches are expected to play an expanding role in 
precision ophthalmology.

4. Clinical Evidence for Antibody Therapeutics and Related Biologics 
Across Ocular Diseases

This section reviews the clinical applications, trial outcomes, and regulatory status of 
antibody therapeutics across major ocular diseases, with selected non-antibody biologics 
included as clinically relevant comparators. Each agent is identified by its molecular class 
to distinguish monoclonal antibodies from other biologic modalities, including the VEGF-
receptor–Fc fusion protein aflibercept, the pegylated cyclic peptide pegcetacoplan, and 
the RNA aptamer avacincaptad pegol. Regulatory indications and dosing are presented 
according to current U.S. prescribing information. Although anti-VEGF agents are central 
to the management of neovascularization and vascular leakage, their clinical benefits are 
indication-specific and should not be generalized as disease-modifying effects across ocular 
disorders. The agents discussed and their clinical roles are summarized in Table 2.
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Table 2. Selected antibody therapeutics and related biologics used or investigated in ocular disease.

Antibody or 
Biologic Brand Current US Label 

Holder/Company
Molecular 

Class/Target Mechanism Route Indication/Regula-
tory Status (US)

Dose and 
Administration 

Schedule

Evidence/Source 
Note References

Adalimumab Humira AbbVie
Human IgG1 
monoclonal 

antibody; TNF-α
Neutralizes TNF-α Subcutaneous

FDA-approved for 
non-infectious 
intermediate, 
posterior and 

panuveitis in adults; 
pediatric uveitis 
from age 2 years; 

initial uveitis 
approval 2016

Adults: 80 mg loading 
dose, then 40 mg every 

other week starting 
1 week later. Pediatric 

dosing is 
weight-based.

FDA-approved for 
selected 

noninfectious 
uveitis indications; 

dosing is 
supported by U.S. 

prescribing 
information.

[6]

Aflibercept Eylea/Eylea HD Regeneron 
Pharmaceuticals

VEGF receptor-
domain–IgG1 Fc 
fusion protein; 

VEGF-A/VEGF-
B/PlGF binding 

(not an antibody)

Acts as a soluble 
decoy receptor for 

VEGF family 
ligands

Intravitreal

FDA-approved for 
nAMD, DME, DR, 
macular oedema 

following RVO, and 
ROP (formula-
tion/indication-
specific); initial 

Eylea approval 2011

Eylea: 2 mg 
intravitreal; initially 

monthly, followed by 
every 8 weeks 

(monthly for RVO).
Eylea HD: 8 mg 

intravitreal; initially 
monthly, followed by 

extended intervals 
(8–16 weeks, 

depending on 
indication).

Approved dosing 
schedules vary by 
formulation and 

ocular indication.

[4,50,81,82]

Avacincaptad 
pegol Izervay Astellas Pharma 

US, Inc.

PEGylated RNA 
aptamer; 

complement C5 
(not an antibody)

Inhibits C5 
cleavage Intravitreal

FDA-approved for 
GA secondary to 
AMD; initial US 
approval 2023

2 mg (0.1 mL of 
20 mg/mL) 

intravitreal injection in 
each affected eye once 

monthly 
(approximately every 

28 ± 7 days).

Phase 3 GATHER2 
demonstrated a 

reduction in 
geographic 

atrophy 
lesion growth.

[63]

Bevacizumab Avastin Genentech/Roche
Humanized IgG1 

monoclonal 
antibody; VEGF-A

Neutralizes 
VEGF-A

Intravitreal for 
ophthalmic 
off-label use; 

labelled product 
is intravenous

Off-label for nAMD, 
DME/DR and 
selected retinal 

vascular conditions; 
not FDA-approved 
for intraocular use

Common off-label 
retinal regimen is 
1.25 mg/0.05 mL 

intravitreal; frequency 
is indication- and 

response-dependent.

Widely used 
off-label for retinal 
vascular diseases; 
not FDA-approved 

for intraocular 
administration.

[4,49,83]
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Table 2. Cont.

Antibody or 
Biologic Brand Current US Label 

Holder/Company
Molecular 

Class/Target Mechanism Route Indication/Regula-
tory Status (US)

Dose and 
Administration 

Schedule

Evidence/Source 
Note References

Brolucizumab Beovu
Novartis 

Pharmaceuticals 
Corporation

Humanized 
single-chain 

variable fragment 
(scFv); VEGF-A

Inhibits VEGF 
signaling Intravitreal

FDA-approved for 
nAMD (2019) and 

DME (2022)

nAMD: 6 mg monthly 
for 3 doses, then every 

8–12 weeks. DME: 
6 mg every 6 weeks for 

5 doses, then every 
8–12 weeks.

Approved for 
nAMD and DME; 
associated with 
retinal vasculitis 

and retinal 
vascular 

occlusion risks.

[84]

Eculizumab Soliris Alexion/As-
traZeneca

Humanized 
IgG2/4κ

monoclonal 
antibody; 

complement C5

Blocks C5 cleavage Intravenous 
infusion

Not approved for 
GA; off-label 

systemic study 
was negative

No approved GA 
regimen. COMPLETE 
tested 600 mg weekly 
×4 then 900 mg every 

2 weeks in the 
low-dose cohort, and 

900 mg weekly ×4 then 
1200 mg every 2 weeks 

in the high-dose 
cohort; neither 

established efficacy 
for GA.

The COMPLETE 
trial did not 
demonstrate 

significant efficacy 
in slowing 
geographic 

atrophy 
progression.

[61]

Faricimab Vabysmo Genentech, 
Inc./Roche

Bispecific IgG1 
antibody; VEGF-A 

and Ang-2

Dual inhibition of 
VEGF-A and 

Ang-2
Intravitreal

FDA-approved for 
nAMD and DME 

(2022); current U.S. 
label also includes 
macular oedema 
following RVO 

(label updated April 
2026); not an 

FDA-approved DR 
indication as a 

separate indication

6 mg intravitreal; 
initially monthly, 

followed by extended 
intervals for 

nAMD/DME (up to 
16 weeks); monthly 

for RVO.

FDA-approved for 
nAMD, DME, and 

RVO-associated 
macular edema; 

dosing varies 
by indication.

[85,86]

Infliximab Remicade
Janssen 

Biotech/Johnson 
& Johnson

Chimeric IgG1 
monoclonal 

antibody; TNF-α
Neutralizes TNF-α

Intravenous 
infusion is the 

established route; 
intravitreal 

administration 
remains 

experimental and 
is not established 

for routine 
clinical use

Off-label for 
refractory 

non-infectious 
uveitis; not 

FDA-approved 
for uveitis.

Commonly reported 
regimen: 5 mg/kg IV 
at weeks 0, 2 and 6, 

then every 4–8 weeks, 
adjusted by specialists; 

not an FDA-labelled 
ocular dose.

Off-label use in 
refractory 

noninfectious 
uveitis; intravitreal 

administration 
remains 

experimental with 
reported ocular 
safety concerns.

[87,88]
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Table 2. Cont.

Antibody or 
Biologic Brand Current US Label 

Holder/Company
Molecular 

Class/Target Mechanism Route Indication/Regula-
tory Status (US)

Dose and 
Administration 

Schedule

Evidence/Source 
Note References

Lampalizumab
Investigational; 

no marketed 
brand

Genentech/Roche 
(investigational 
programmed)

Humanized Fab 
fragment; 

complement factor 
D

Inhibits 
alternative-

pathway factor D

Intravitreal in 
clinical trials

Not approved; failed 
phase 3 

CHROMA/SPECTRI

Investigational trial 
dose: 10 mg every 
4 weeks or every 

6 weeks; no approved 
ocular dosing regimen 
has been established.

Phase 3 CHROMA 
and SPECTRI 
trials failed to 
demonstrate 

significant efficacy 
in geographic 

atrophy.

[64]

Pegcetacoplan Syfovre
Apellis 

Pharmaceuticals, 
Inc.

PEGylated cyclic 
peptide; 

complement 
C3/C3b (not an 

antibody)

Inhibits proximal 
complement 

activation
Intravitreal

FDA-approved for 
GA secondary to 

AMD (2023)

15 mg (0.1 mL of 
150 mg/mL) in each 

affected eye every 
25–60 days.

Approved for 
geographic 

atrophy; slows 
lesion growth 

without restoring 
lost retinal tissue.

[62]

Ranibizumab Lucentis; 
Susvimo Genentech/Roche

Humanized IgG1 
Fab fragment; 

VEGF-A (not a 
full-length IgG)

Neutralizes 
VEGF-A

Lucentis: 
intravitreal 

injection.
Susvimo: 

intravitreal ocular 
implant/port 

delivery; never 
intravenous for 

ocular use.

Lucentis: nAMD 
(2006), 

RVO-associated 
macular oedema 

(2010), DME (2012), 
DR (2015), and 
mCNV (2017). 

Susvimo: nAMD 
initially (2021); US 
label expanded to 

DME (Feb 2025) and 
DR (May 2025) in 
eligible patients 

previously 
responsive to at least 

two intravitreal 
VEGF-inhibitor 

injections.

Lucentis: 0.5 mg 
intravitreal monthly 

for nAMD and 
macular edema 

following RVO; 0.3 mg 
intravitreal monthly 

for DME and DR. For 
mCNV, 0.5 mg 

intravitreal monthly 
for up to three initial 

doses, with 
retreatment as needed.

Susvimo: 2 mg 
delivered continuously 

through the ocular 
implant, with 

refill-exchange every 
24 weeks for nAMD 

and DME or every 36 
weeks for DR.

Lucentis and 
Susvimo have 

distinct 
administration 
methods and 

indication-specific 
dosing schedules.

[34,89–93]
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Table 2. Cont.

Antibody or 
Biologic Brand Current US Label 

Holder/Company
Molecular 

Class/Target Mechanism Route Indication/Regula-
tory Status (US)

Dose and 
Administration 

Schedule

Evidence/Source 
Note References

Rituximab Rituxan

Genentech, Inc. 
(Roche; 

co-developed with 
Biogen)

Chimeric IgG1 
monoclonal 

antibody; CD20

Depletes 
CD20-positive 

B cells

Intravenous 
infusion

Off-label for selected 
refractory 

non-infectious 
uveitis; no 

FDA-approved 
uveitis indication

No standard uveitis 
dose. Regimens 

reported in case series 
vary; 1000 mg on days 
1 and 15 or 375 mg/m2 

weekly ×4 are 
extrapolated regimens, 

not FDA-labelled 
ocular dosing.

Limited clinical 
evidence from 
observational 

studies and case 
series in refractory 

noninfectious 
uveitis.

[94,95]

Secukinumab Cosentyx
Novartis 

Pharmaceuticals 
Corporation

Human IgG1 
monoclonal 

antibody; IL-17A

Neutralizes 
IL-17A

Subcutaneous or 
IV in 

indication-specific 
labels; IV dosing 

studied 
experimentally in 

uveitis trials

Not approved for 
uveitis; SHIELD/IN-
SURE/ENDURE did 

not meet primary 
efficacy endpoints.

No approved ocular 
dosing regimen; doses 

evaluated in uveitis 
trials were 

investigational.

Phase 3 SHIELD, 
INSURE, and 

ENDURE trials 
did not establish 

efficacy in 
noninfectious 

uveitis.

[96,97]

Teprotumumab Tepezza

Amgen (product 
developed by 

Horizon 
Therapeutics, 

originally 
antibody was 

developed under 
the 

Genmab-Roche 
collaboration, 
subsequently 
acquired by 

Amgen)

Fully human IgG1 
monoclonal 

antibody; IGF-1R

Blocks IGF-1R 
signaling

Intravenous 
infusion

FDA-approved for 
TED; initial US 
approval 2020.

10 mg/kg for first 
infusion, then 

20 mg/kg every 
3 weeks for 

7 additional infusions 
(8 infusions total).

Approved for 
TED; important 

safety 
considerations 

include infusion 
reactions, 

hyperglycemia, 
inflammatory 
bowel disease 
exacerbation, 

hearing 
impairment, and 
postmarketing 

encephalopathy.

[7,98,99]

Tocilizumab Actemra Genentech/Roche

Humanized IgG1 
monoclonal 

antibody; 
IL-6 receptor

Blocks soluble and 
membrane 

IL-6 receptor

Intravenous 
infusion or 

subcutaneous 
injection, 

depending on 
approved indica-
tion/formulation

Off-label for 
refractory 

non-infectious 
uveitis and selected 

TED cases; not 
FDA-approved for 

these ocular 
indications

STOP-Uveitis studied 4 
or 8 mg/kg IV every 

4 weeks. This is a trial 
regimen, not an 

FDA-approved uveitis 
dose; SC regimens are 

reported in selected 
series.

Investigational 
ocular use is 
supported by 
small clinical 

studies; 
intravenous and 

subcutaneous 
regimens are not 
interchangeable.

[27,100–102]
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Table 2. Cont.

Antibody or 
Biologic Brand Current US Label 

Holder/Company
Molecular 

Class/Target Mechanism Route Indication/Regula-
tory Status (US)

Dose and 
Administration 

Schedule

Evidence/Source 
Note References

Ustekinumab Stelara
Janssen 

Biotech/Johnson 
& Johnson

Human IgG1κ
monoclonal 

antibody; 
IL-12/IL-23 p40

Blocks IL-12/IL-23 
signaling

IV induction and 
SC maintenance 

for certain 
non-ocular 
indications

No established 
uveitis indication or 

validated ocular 
regimen; off-

label/experimental 
only

The 260/390/520 mg 
IV induction followed 
by 90 mg SC every 8 

weeks is an IBD 
regimen, not a uveitis 

recommendation.

Evidence for 
ocular efficacy 

remains 
insufficient; 

established dosing 
regimens are 
derived from 

nonocular 
indications.

[103,104]

nAMD: neovascular (wet) age-related macular degeneration; NPDR, non-proliferative diabetic retinopathy; scFv, single-chain variable fragment; BLA, biologics 
license application; DR: diabetic retinopathy, DME: diabetic macular edema; mCNV: myopic choroidal neovascularization; RVO: macular edema following 
retinal vein occlusion; ROP: retinopathy of prematurity; TED: thyroid eye disease; IV: intravenous; PIGF: placental growth factor; CME: cystoid macular edema;
GA: geographic atrophy; Fab: antigen-binding fragment; N/A: not applicable; IgG: immunoglobulin gamma; FDA: food and drug administration; PTI: personalized 
treatment interval; SC: subcutaneous; q: every; systemic half-life represents how long the antibody persists in the bloodstream; vitreous half-life is relevant only for 
antibodies administered intravitreally and determines local ocular duration. Entries are restricted to agents discussed in Section 4. Regulatory status refers to the 
United States. Aflibercept, pegcetacoplan and avacincaptad pegol are included as clinically relevant non-antibody biologics and are explicitly identified by molecular 
class. Faricimab is included as a bispecific antibody with current U.S. indications for nAMD, DME and macular oedema following RVO.
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4.1. Age-Related Macular Degeneration (AMD)
For neovascular AMD (nAMD), intravitreal VEGF inhibition is established care. The 

CATT randomized trial found similar average visual-acuity outcomes with ranibizumab and 
off-label bevacizumab at one year, although dosing schedule and systemic adverse-event 
profiles differed [49]. VIEW 1 and VIEW 2 established the efficacy of intravitreal aflibercept 
regimens compared with ranibizumab, while HAWK and HARRIER demonstrated non-
inferior visual outcomes with brolucizumab versus aflibercept in nAMD [50,84]. These are 
distinct molecules and formulations; aflibercept is a receptor–Fc fusion protein, whereas 
ranibizumab is an antibody Fab fragment, bevacizumab is a full-length monoclonal antibody, 
and brolucizumab is a single-chain antibody fragment. Bevacizumab remains off-label 
for intraocular use in the United States and is commonly administered as a compounded 
intravitreal preparation.

The therapeutic objective in nAMD is to suppress active neovascularization and fluid, 
preserve or improve vision, and tailor injection intervals to disease activity. Treatment 
burden, incomplete response, recurrence, and the need for ongoing monitoring remain 
clinically important. Brolucizumab can permit extended intervals in some patients, but 
its use must be weighed against the recognized risk of intraocular inflammation, retinal 
vasculitis and retinal vascular occlusion; a claim of superior overall safety would not be 
justified by the efficacy trials alone.

Geographic atrophy (GA), an advanced form of non-neovascular AMD, requires 
a separate evidence statement. Systemic eculizumab, an anti-C5 monoclonal antibody, 
did not significantly reduce GA lesion growth in the COMPLETE randomized trial [61]. 
Lampalizumab, an antibody fragment targeting complement factor D, failed to meet the 
primary efficacy endpoint in the phase 3 CHROMA and SPECTRI trials [64]. These results 
do not support a general claim that complement inhibition as a class has proven efficacy. 
In contrast, the OAKS and DERBY phase 3 trials found that pegcetacoplan reduced GA 
lesion growth relative to the sham, with effects varying by dosing schedule and follow-up; 
it did not restore lost retinal tissue [62]. GATHER2 found a modest reduction in GA growth 
with avacincaptad pegol compared with the sham at 12 months [63]. Pegcetacoplan and 
avacincaptad pegol are U.S.-approved for slowing GA lesion growth, but neither is an 
antibody. These findings indicate the slowing of anatomical enlargement rather than the 
reversal of established atrophy or guaranteeing the preservation of visual function.

4.2. Diabetic Retinopathy (DR) and Diabetic Macular Edema (DME)
For centre-involving DME with visual impairment, intravitreal anti-VEGF agents es-

tablish first-line options for many patients. In Protocol T, aflibercept, bevacizumab and 
ranibizumab all improved vision; the relative benefit depended on baseline visual acuity, 
with aflibercept producing greater average gains in eyes with worse starting acuity [4]. 
The RISE and RIDE trials independently demonstrated visual and anatomical benefit with 
ranibizumab for DME [90]. Bevacizumab is widely used off-label, whereas ranibizumab 
and aflibercept have U.S. indications for DME. These results support agent selection based 
on baseline vision, response, safety, access and treatment burden not a universal ranking 
independent of clinical context.

In DR without centre-involving DME, anti-VEGF treatment can reduce progression to 
vision-threatening disease and may improve retinopathy severity, but it does not remove 
the need for follow-up [105,106]. In proliferative DR, pan retinal photocoagulation remains 
an established treatment; injection-based strategies require reliable, repeated attendance 
because disease activity can recur after treatment is interrupted [107]. Therefore, anti-
VEGF therapy should be described as controlling disease manifestations and reducing 
complications, rather than curing the underlying diabetic retinal disease.
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The ranibizumab port-delivery system (Susvimo) is distinguished from standard in-
travitreal ranibizumab injections because it uses a surgically implanted, refillable ocular 
device for continuous drug delivery. Susvimo received U.S. FDA approval for neovascular 
age-related macular degeneration (nAMD) in October 2021; the indication was expanded to 
diabetic macular oedema (DME) in February 2025 and DR in May 2025 [108]. The implant 
has a distinct procedural and safety profile, including a boxed warning for endophthalmi-
tis [108]. Under the current U.S. prescribing information, the implant continuously delivers 
ranibizumab 2 mg, with refill-exchanges every 24 weeks for nAMD and DME and every 
36 weeks for DR. Each indication requires a previous response to at least two intravitreal 
VEGF-inhibitor injections [108]. These implant-specific refill intervals differ from the dosing 
schedules used for standard intravitreal ranibizumab. Dosing schedules for ranibizumab 
injections, aflibercept 2 mg or 8 mg, and brolucizumab likewise vary according to product, 
formulation, and indication.

Faricimab (Vabysmo® ) is an FDA-approved bispecific antibody administered by in-
travitreal injection for nAMD, DME, and macular oedema following RVO. In the phase 
III TENAYA and LUCERNE trials, faricimab achieved visual and anatomical outcomes 
non-inferior to aflibercept in nAMD, with disease-activity-guided dosing intervals of up to
16 weeks in eligible patients [109]. The YOSEMITE and RHINE trials similarly demonstrated 
non-inferior visual-acuity outcomes compared with aflibercept in DME and supported per-
sonalized dosing intervals extending to 16 weeks [13]. These studies indicate that faricimab 
can maintain treatment efficacy while reducing injection frequency in some patients; how-
ever, the treatment interval remains dependent on indication, disease activity, treatment 
response, and the applicable prescribing information.

4.3. Retinal Vein Occlusion (RVO)
Macular oedema secondary to branch or central RVO is treated with intravitreal VEGF 

inhibitors. The BRAVO and CRUISE phase 3 trials demonstrated that ranibizumab improved 
visual acuity and reduced macular oedema in branch and central RVO, respectively [34,35]. 
The HORIZON extension showed that many patients, particularly those with central RVO, 
continued to require monitoring and retreatment beyond the initial trial period [110]. The 
VIBRANT trial also demonstrated benefit with aflibercept for macular oedema due to branch 
RVO [81]. These studies support anti-VEGF treatment of RVO-associated oedema, not a 
claim that the underlying venous occlusion or retinal ischemia is reversed.

VEGF inhibition is a principal pharmacological treatment for RVO-associated macular 
oedema. Randomized clinical trials have demonstrated improved visual acuity and reduced 
retinal thickening with intravitreal ranibizumab in BRVO and CRVO [34,35], as well as with 
aflibercept in BRVO and CRVO [111,112]. The SCORE2 trial further showed that intravitreal 
bevacizumab was non-inferior to aflibercept for visual acuity at six months in patients 
with macular oedema due to CRVO or hemiretinal RVO, although secondary anatomical 
outcomes differed between treatment groups [32]. Intravitreal corticosteroids, including the 
dexamethasone implant, provide an alternative for selected patients, particularly when anti-
VEGF treatment is unsuitable or response is inadequate; their use requires the consideration 
of adverse effects, including increased intraocular pressure and cataract [113].

Treatment decisions therefore require individualized assessment of visual function, 
optical coherence tomography findings and retinal perfusion, together with surveillance 
for neovascular complications. Future research should prioritize strategies that sustain 
treatment response, reduce injection burden and identify patients most likely to benefit from 
specific anti-VEGF agents or alternative therapies. Current clinical evidence supports VEGF-
targeting antibody fragments and fusion proteins for RVO-associated macular oedema, 
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while further investigation is needed to establish the role of additional antibody-based 
approaches in this indication.

4.4. Uveitis
For non-infectious intermediate, posterior, and panuveitis, adalimumab has the 

strongest pivotal randomized-trial evidence among the biologics discussed here and is 
U.S.-approved for selected adult patients. VISUAL I evaluated active disease, whereas 
VISUAL II assessed the prevention of flare in corticosteroid-controlled inactive disease; 
both trials demonstrated a longer time to treatment failure with adalimumab than with the 
placebo under their respective study protocols [6,114]. The approved dosing regimen is 
defined by the current Humira prescribing information or corresponding biosimilar label 
and is indication-specific. Accordingly, adalimumab should be considered an established 
therapy for selected forms of non-infectious uveitis rather than as a universally approved 
treatment across all uveitis subtypes or associated systemic conditions.

Infliximab, a chimeric anti-TNF monoclonal antibody, is used off-label for selected cases 
of refractory non-infectious uveitis, particularly Behçet-associated uveoretinitis. Evidence 
of benefit comes primarily from prospective multicenter observational studies and case 
series rather than large placebo-controlled phase III trials [115,116]. Intravenous infusion 
is the established systemic route, with treatment schedules individualized according to 
ocular disease activity, response and associated systemic disease [115,116]. Pediatric obser-
vational studies also support its use in refractory non-infectious uveitis, although dosing 
should be based on uveitis-specific evidence and specialist assessment rather than extrapo-
lation from pediatric inflammatory bowel disease regimens [117]. Intravitreal infliximab 
remains experimental: although early pilot studies reported short-term improvements, 
subsequent research documented severe intraocular inflammatory reactions and frequent 
treatment failure [118,119]. It should therefore not be presented as a routine alternative to
systemic therapy.

Tocilizumab, an IL-6 receptor antibody, has been evaluated in the small randomized, 
open-label STOP-Uveitis study, which assessed intravenous treatment in non-infectious 
intermediate, posterior or panuveitis [27]. This supports consideration in selected refractory 
cases, not a broad approved indication. Rituximab has been reported in small case series 
for selected refractory non-infectious uveitis phenotypes, including chronic recurrent Vogt–
Koyanagi–Harada (VKH)-associated uveitis. Retrospective studies have reported disease 
remission, improved visual outcomes and reduced corticosteroid requirements in some 
patients; however, the evidence remains limited by small sample sizes, uncontrolled designs 
and heterogeneous treatment protocols [28,94,120,121]. Rituximab is not FDA-approved for 
uveitis. Dosing schedules established for lymphoma, vasculitis or other systemic indications 
should not be presented as standard ocular regimens unless they are explicitly supported 
by the cited uveitis-specific study.

Secukinumab did not meet the primary efficacy endpoints in the SHIELD, INSURE and 
ENDURE uveitis trials [96,97]. It should therefore be described as unsuccessful in its tested 
uveitis programmes, not as an established treatment based on mechanistic plausibility or 
responses in other diseases. Similarly, studies of ustekinumab in inflammatory bowel disease 
do not establish its efficacy for intraocular inflammation. Evidence for uveitis remains 
limited to small clinical reports, including two cases of non-infectious uveitis associated with 
Crohn’s disease, and is insufficient to establish a standard ocular regimen [104]. Across this 
subsection, treatment should be individualized according to anatomical subtype and disease 
severity, after excluding infectious causes, and should account for associated systemic 
disease, previous treatment response and corticosteroid-related risks [122,123].
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4.5. Glaucoma
This subsection focuses on strategies intended to preserve retinal ganglion cells beyond 

intraocular pressure (IOP) reduction. No antibody-based neuroprotective treatment is 
currently established for glaucoma, and the evidence identified in this review does not 
demonstrate clinical benefit from an antibody candidate in preserving retinal ganglion cells 
or visual-field function. Current management therefore remains centred on IOP reduction 
and the monitoring of structural and functional progression.

Apoptotic and inflammatory pathways, including Fas signaling, caspase activation and 
tumor necrosis factor-α (TNF-α), represent potential mechanistic targets for investigation; 
however, evidence implicating these pathways in retinal injury does not itself establish ther-
apeutic efficacy. For example, ONL1204, a small-peptide Fas receptor antagonist, reduced 
retinal ganglion-cell loss, axonal degeneration and neuroinflammatory responses in an 
inducible mouse model of glaucoma [73]. Separate experimental studies implicate the Fas 
ligand in glaucoma-associated retinal ganglion-cell death [71]. These findings support fur-
ther investigation of Fas-pathway inhibition but do not establish the efficacy of an anti-FasL 
monoclonal antibody. Accordingly, this review distinguishes antibody-specific experimental 
evidence from indirect mechanistic findings and preclinical therapeutic strategies. Table 1 
identifies the molecular entity and evidence category for each proposed intervention and 
distinguishes direct antibody evidence from mechanistic or conceptual evidence.

4.6. Thyroid Eye Disease (TED)
Teprotumumab is a fully human monoclonal antibody targeting insulin-like growth 

factor-1 receptor (IGF-1R) and is the principal antibody-based targeted therapy discussed for 
thyroid eye disease (TED). In the phase 3 OPTIC trial, eight intravenous infusions 10 mg/kg 
initially, followed by 20 mg/kg every three weeks for seven additional infusions improved 
proptosis, diplopia, disease activity and disease-specific quality of life compared with the 
placebo in adults with active, moderate-to-severe TED [7,98]. The earlier phase 2 trial 
reported concordant clinical benefit [98]. These clinical findings should be distinguished 
from the mechanistic rationale discussed in Section 3.

Teprotumumab received initial U.S. FDA approval in 2020. Current U.S. prescribing 
information indicates the treatment of thyroid eye disease regardless of disease activity or du-
ration [99]. TEPEZZA was developed by Horizon Therapeutics, subsequently acquired by 
Amgen. Evidence in chronic or low-activity TED is supported by a later placebo-controlled 
trial, although response magnitude and benefit–risk should be assessed in the context of 
the population studied [124]. Safety considerations include hyperglycemia, hearing impair-
ment, exacerbation of inflammatory bowel disease, infusion reactions, and postmarketing 
reports of encephalopathy [99]. Responses are not universal, and recurrence or incomplete 
response may require further treatment or other management strategies, as illustrated by 
the OPTIC-X extension study [125].

5. Barriers and Innovations in the Ocular Delivery of Antibody Therapeutics
Effective delivery of monoclonal antibodies and related biologics to ocular tissues 

remains a substantial pharmaceutical challenge because anatomical barriers and physiolog-
ical clearance limit drug penetration and retention. The blood–retinal barrier restricts the 
movement of systemically administered molecules into the retina, while corneal and other 
ocular tissue barriers, tear drainage and vascular clearance constrain topical and periocular 
delivery to the posterior segment [126]. Experimental studies have also demonstrated 
limited permeability of large biologics, including bevacizumab, across the retinal pigment 
epithelium [127]. Intravitreal injection therefore provides a direct route to the vitreous 
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and posterior segment, although ocular distribution and elimination remain dependent on 
molecular properties and tissue physiology [128,129] (Figure 6).

 

Figure 6. Routes of antibody delivery for eye disease treatment. Antibody-based therapies target a 
range of eye diseases, with delivery routes optimized by disease location. Intravitreal injection remains 
standard for posterior segment diseases such as neovascular age-related macular degeneration, and 
diabetic retinopathy. Anterior segment conditions like dry eye disease may benefit from topical 
administration, though limited penetration remains a challenge. Systemic and periocular routes are 
used for inflammatory diseases including uveitis. Advances in nanoparticles, hydrogels and sustained-
release implants aim to improve eye bioavailability, reduce injection frequency and enhance tissue 
targeting, offering promising strategies to overcome physiological barriers and improve therapeutic 
outcomes in chronic eye diseases. TED: thyroid eye disease; AMD: age-related macular degeneration; 
DR: diabetic retinopathy.

Intravitreal administration provides direct access to the vitreous and posterior segment 
and is an established route for delivering biologics to the retina and choroid. It is widely 
used to treat retinal vascular diseases, including nAMD, DR and DME. Randomized clinical 
trials have demonstrated substantial clinical benefit with intravitreal ranibizumab and 
aflibercept in nAMD and DME [4,8,50,130]. However, treatment may require repeated 
injections, and procedural risks include endophthalmitis, retinal tear or detachment, and 
transient intraocular pressure elevation [131–133]. Table 3 distinguishes treatment-related 
adverse events and serious procedural risks from symptoms and complications attributable 
to the underlying disease. The inclusion of glaucoma-related outcomes does not imply that 
antibody therapies are approved for glaucoma neuroprotection.
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Table 3. Indication-specific clinical benefits and treatment-related adverse effects of antibody thera-
peutics and selected related biologics in ocular diseases.

Therapeutic Area/
Treatment Class

Common 
Treatment-Related 

Adverse Effects

Serious 
Treatment-Related 

Risks

Evidence-Supported 
Benefit (Not a 

Disease 
Manifestation)

Reference

AMD: intravitreal 
anti-VEGF and GA 

complement 
inhibitors

Conjunctival 
hemorrhage, eye 

pain, floaters, 
transient IOP 

increase; 
product-specific 

differences

Endophthalmitis, 
retinal 

tear/detachment; 
retinal 

vasculitis/vascular 
occlusion with 
brolucizumab; 

neovascular AMD 
with GA complement 

inhibitors

Anti-VEGF therapy 
controls neovascular 
activity and leakage; 
pegcetacoplan and 
avacincaptad pegol 
modestly slow GA 

lesion growth but do 
not restore 

atrophic tissue

[8,62,63,134]

DR/DME: 
intravitreal 
anti-VEGF

Conjunctival 
hemorrhage, eye 

pain, transient IOP 
elevation, vitreous 

floaters

Endophthalmitis, 
retinal 

tear/detachment; 
systemic arterial 

thromboembolic risk 
is a class warning 

requiring 
label-specific 

wording

Can reduce 
DME and 

improve/stabilize 
vision; anti-VEGF 
can improve DR 

severity in 
eligible patients

[4,105,106,135,136]

Uveitis: systemic 
biologics (e.g., 
adalimumab, 

infliximab, rituximab, 
tocilizumab)

Injection-site 
reactions or infusion 
reactions; headache 

and nonspecific 
symptoms vary by 

agent

Serious/opportunis-
tic infections, 

TB/HBV reactivation 
for relevant agents, 
infusion reactions, 
and agent-specific 

immune effects

Can control 
inflammation and 

reduce corticosteroid 
burden in selected 

non-infectious 
uveitis; efficacy 
varies by agent 
and phenotype

[6,27,28,114,115,137–
139]

Glaucoma: standard 
intraocular-pressure-

lowering care (not 
antibody therapy)

Drug-specific ocular 
irritation, 

hyperaemia, or 
systemic effects 
depend on the 
IOP-lowering 

agent used

Drug- and 
procedure-specific 
risks; no generic 

antibody risk 
profile applies

Established 
treatments lower 
IOP; no approved 

antibody-based 
neuroprotective 

treatment is 
established

Context only; no 
established 

antibody-mediated 
RGC 

neuroprotection.

TED: teprotumumab

Muscle spasms, 
nausea, alopecia, 
diarrhea, fatigue, 

dysgeusia, dry skin, 
hyperglycemia, 

hearing impairment

Severe or persistent 
hearing impairment, 
clinically important 

hyperglycemia, 
inflammatory bowel 
disease exacerbation, 

infusion reactions, 
postmarketing 

encephalopathy, and 
embryo-fetal risk.

Can reduce proptosis 
and diplopia in 

selected adults with 
TED; response and 

risk require 
individual 
assessment

[7,99]

In response, sustained-release delivery systems are being investigated to reduce treat-
ment burden and prolong intraocular drug exposure. Clinically established examples 
include biodegradable intravitreal implants such as the dexamethasone-containing Ozur-
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dex® , whereas experimental approaches include injectable or thermoresponsive hydrogels 
designed for the prolonged delivery of antibody fragments and monoclonal antibodies [140]. 
Such platforms aim to maintain therapeutic concentrations in ocular tissues while minimiz-
ing injection frequency, thereby enhancing patient compliance and clinical outcomes.

Among the ocular delivery strategies, subretinal administration (Figure 6) provides di-
rect access to the retinal pigment epithelium (RPE) and photoreceptors and can concentrate 
on therapeutic material near these target cells [141]. Its clinical application is established 
primarily in retinal gene therapy, with investigational approaches also explored for se-
lected retinal disorders, including neovascular age-related macular degeneration (nAMD). 
However, subretinal delivery requires specialized vitreoretinal surgery and creates a local 
retinal detachment, introducing procedural risks and limiting its suitability for the routine 
administration of therapeutics that require repeated dosing [142].

In contrast, suprachoroidal administration (Figure 6), facilitated by microneedle-based 
platforms, offers a minimally invasive approach for directing therapeutics towards the 
choroid and retina while limiting exposure to anterior ocular tissues. Preclinical studies 
have demonstrated targeted posterior-segment delivery of bevacizumab [143]. However, 
evidence for this route remains molecule-specific, and the clinical findings for corticosteroids 
should not be extrapolated directly to monoclonal antibodies.

Topical delivery (Figure 6) is non-invasive and convenient, but conventional formu-
lations generally achieve limited posterior-segment exposure because of tear clearance 
and ocular tissue barriers. Experimental studies have investigated cell-penetrating pep-
tides to enhance the topical delivery of ranibizumab and bevacizumab, although these 
approaches remain investigational and may require frequent administration [144]. Topical 
therapies remain established for accessible anterior-segment conditions, including glau-
coma, whereas TED requires disease-specific management and should not be presented as 
a routine indication for topical antibody treatment.

Systemic administration, by intravenous or subcutaneous routes, is used for selected 
severe or refractory inflammatory eye diseases and orbital disorders. Ocular pharmacoki-
netic studies show that exposure depends on molecular size and antibody format, while 
clinical trials support systemic adalimumab for selected forms of non-infectious uveitis and 
intravenous teprotumumab for TED [3,6,7,145]. Systemic treatment may nevertheless cause 
off-target effects and requires agent-specific risk assessment.

Periocular routes, including subconjunctival injection (Figure 6), offer an alternative 
means of regional delivery. Experimental studies demonstrate that bevacizumab can reach 
ocular tissues following subconjunctival administration, although posterior-segment con-
centrations are lower than those achieved with intravitreal injection [145]. Sustained-release 
depots and controlled-release devices remain promising formulation strategies, but their 
applicability to antibody therapeutics requires direct validation. Overall, improving ocu-
lar delivery requires balancing anatomical targeting, invasiveness, local exposure, dosing 
frequency and systemic safety [146].

6. Strategies to Enhance Antibody Therapeutics and Related Biologic 
Therapies for Ocular Diseases: Current Advances and Future Directions

Despite the transformative impact of antibody-based therapies in ophthalmology, 
several challenges remain, including limited durability, suboptimal tissue penetration, 
immune-related adverse events, and serious side-effects (Table 3). To address these limita-
tions, ongoing research has focused on innovative strategies to enhance the pharmacological 
performance, targeting precision, and delivery profiles of antibody therapeutics. This sec-
tion outlines emerging approaches aimed at improving the clinical efficacy and translational 
potential of antibody therapies for ocular diseases.
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6.1. Structural Engineering of Antibodies
Recent advancements in antibody engineering, including humanization, affinity mat-

uration, and Fc region modification have significantly optimized therapeutic efficacy for 
ocular applications [147]. These structural refinements enhance antigen-binding specificity 
and affinity, extend serum half-life, and enable the tailored modulation of immune effector 
functions. Notably, Fc engineering can prolong systemic antibody half-life, whereas its 
effects on ocular distribution and persistence are more complex and require molecule- and 
tissue-specific validation [148,149]. Consequently, systemic pharmacokinetic improvements 
should not be assumed to translate directly into prolonged intraocular durability or reduced 
injection frequency. Concurrently, structural modifications aimed at minimizing immuno-
genic epitopes and off-target interactions have improved safety profiles and long-term 
tolerability, which are critical considerations in the management of chronic ocular diseases.

6.2. Bispecific Antibody Technologies
Bispecific antibodies (bsAbs) represent a next-generation therapeutic modality ca-

pable of concurrently targeting two distinct molecular pathways. In ophthalmology, this 
dual-targeting approach has shown considerable promise, as exemplified by faricimab, 
which targets VEGF-A and angiopoietin-2, which achieved visual outcomes non-inferior 
to aflibercept in phase 3 trials and permitted extended dosing intervals in eligible pa-
tients [13,109,150]. The structural versatility of bsAbs enables a wide range of molecular 
formats, including dual Fab arms, tandem single-chain variable fragments (scFvs), and 
asymmetric IgG architectures, each engineered to optimize tissue penetration, intraocular 
retention, and pharmacokinetic profiles. Moreover, these constructs can be further modified 
to extend ocular half-life and minimize immunogenicity, facilitating sustained therapeutic 
efficacy with reduced treatment burden.

6.3. Long-Acting Delivery Systems
The need for frequent intravitreal injections remains a major challenge in the manage-

ment of chronic ocular diseases, placing a substantial burden on both patients and healthcare 
systems. To address this issue, long-acting delivery systems are being developed to provide 
sustained intraocular exposure to antibody therapeutics. Experimental approaches include 
thermoresponsive hydrogel formulations designed to prolong intraocular biologic exposure. 
Such systems have recently been shown to support the prolonged delivery of structurally 
intact and biologically active Fab fragments and monoclonal antibodies [140]. In parallel, 
implantable port delivery systems, such as the ranibizumab port delivery system, provide 
sustained intraocular drug delivery through a refillable reservoir and have progressed to 
clinical use [93]. Together, these technologies may reduce treatment burden and improve 
the durability of ocular biologic therapy.

6.4. Enhanced Retinal Penetration and Bioavailability
Achieving effective drug delivery to the posterior segment of the eye remains a sig-

nificant barrier in ocular therapeutics. One strategy to improve retinal and subretinal 
penetration involves reducing the molecular size of antibody-based agents [151]. Smaller 
constructs, such as antigen-binding fragments (Fabs), exemplified by ranibizumab, or 
single-chain variable fragments (scFvs), retain high target specificity while exhibiting 
enhanced tissue diffusivity and faster intraocular distribution [151,152]. Further improve-
ments in ocular bioavailability can be achieved through advanced delivery strategies, in-
cluding conjugation with cell-penetrating peptides [144] or the exploitation of receptor-
mediated transcytosis pathways, such as those involving the transferrin receptor. These 
approaches facilitate more efficient traversal across ocular barriers and enable targeted 
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delivery to retinal tissues, offering the potential for increased therapeutic efficacy with lower
dosing requirements.

6.5. Intracellular and Subcellular Targeting
Conventional antibodies primarily target extracellular or cell-surface antigens, lim-

iting their direct application to intracellular pathways implicated in retinal degeneration. 
Oxidative stress, lysosomal dysfunction and NLRP3 inflammasome activation have been 
investigated in retinal pigment epithelial cells and experimental models of age-related macu-
lar degeneration [153,154]. These findings provide a rationale for exploring approaches that 
extend antibody activity to intracellular targets. Experimental strategies include nanocarrier-
mediated delivery, antibody engineering and conjugation with cell-penetrating peptides 
or protein-transduction domains, including TAT-derived sequences [155]. Studies in non-
ocular cell systems have demonstrated the cytosolic delivery of intact antibodies and mod-
ulation of intracellular proteins, although efficient cellular entry and endosomal escape 
remain important challenges [156]. The therapeutic application of these technologies to 
retinal neurons, retinal pigment epithelial cells and microglia remains investigational, re-
quiring direct evidence of cell-specific delivery, intracellular target engagement, biological 
activity and ocular safety.

6.6. Personalized Medicine and Biomarker-Guided Therapies
The heterogeneity of ocular diseases and variability in treatment response provide 

a rationale for more individualized therapeutic strategies. Biomarker-guided approaches 
aim to identify patient subgroups with distinct disease characteristics or treatment re-
quirements, potentially improving treatment selection and reducing unnecessary expo-
sure [157]. In neovascular age-related macular degeneration and diabetic macular oedema, 
studies of aqueous-humour proteins have identified candidate biomarkers associated with 
anti-VEGF treatment response, while pharmacodynamic analyses have characterized in-
traocular VEGF-A and angiopoietin-2 dynamics during faricimab treatment [158]. These 
findings support the further investigation of intraocular molecular profiles, although their 
use for selecting specific antibody therapies remains unvalidated. In parallel, machine-
learning models incorporating optical coherence tomography features and clinical data 
have shown potential for predicting anatomical response, visual outcomes and treatment 
burden [159–161]. Integration of proteomic, transcriptomic, metabolomic and imaging data 
may ultimately improve patient stratification; however, prospective validation and demon-
stration of clinical utility are required before these approaches can reliably guide individual
treatment decisions.

7. Conclusions
Antibody therapeutics have transformed the management of ocular diseases by en-

abling targeted modulation of angiogenesis, inflammation, immune dysregulation, comple-
ment activation, fibrosis, and neurodegeneration. Approved antibody and related biologic 
therapies targeting VEGF, inflammatory pathways, complement signaling, and IGF-1R have 
established the clinical value of targeted biologic intervention across AMD, DR/DME, RVO, 
uveitis, and TED. At the same time, next-generation platforms, including bispecific antibod-
ies, Fc-engineered antibodies, antibody–drug conjugates, and long-acting delivery systems, 
are expanding the scope and durability of antibody-based intervention. However, frequent 
administration, variable therapeutic responses, resistance, delivery barriers, and long-term 
safety remain important limitations. Future progress will depend on integrating antibody 
engineering with sustained-release technologies, improved ocular delivery strategies, and 
biomarker-guided therapeutic decision-making. Together, these advances may support 
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more durable, precise, and clinically feasible antibody-based treatments for preserving 
vision in patients with ocular diseases.
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