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Katowice, Poland

2 Department and Ophthalmology, Faculty of Medical Sciences in Katowice, Medical University of Silesia in
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Abstract: A healthy cornea is a nonvascularized, transparent tissue. It is nourished by diffusion
through the tear film, aqueous fluid and neurotrophins supplied by the corneal innervation. The
cornea is devoid of both blood and lymphatic vessels, which makes it an immunologically privi-
leged tissue. Corneal neovascularization develops due to an imbalance between angiogenic and
anti-angiogenic factors and can lead to a significant decrease in visual acuity. It may cause scarring,
lipid keratopathy, and corneal edema. The resulting pathological vascularization of the cornea re-
duces its immune privilege and significantly worsens the prognosis after subsequent penetrating
keratoplasty, increasing the risk of rejection of the transplanted flap. Neovascularization is favored
by many disease processes, including autoimmune diseases, viral inflammations, mainly herpes
and varicella-zoster, and blepharitis.There are several options to treat corneal neovascularization, both
pharmacological and surgical. Angiostatic treatment involves inhibiting the growth of new vessels by sup-
pressing inflammatory responses. VEGF inhibitors, steroids, cyclosporine A, and amniotic membrane grafts
secured to the cornea work this way. VEGF inhibitors are the agents with the direct and most potent angiostatic
effect. Angioregressive treatment, on the other hand, results in the regression of already existing pathological
vessels. This therapy is also based on VEGF inhibitors, which, however, have the most potent effect on newly
formed and small vessels but are less effective in reducing large-caliber and mature vessels. A more effective
method for such vessels is ablation, which involves surgical closure. The most commonly used angio-occlu-
sive method is needle diathermy and argon or yellow laser therapy. In advanced corneal neovascularization,
corneal transplant surgery may be necessary. It is best performed after pretreatment with anti-VEGF prepara-
tions, often continued after corneal transplantation to reduce the risk of transplant rejection. This paper dis-
cusses the pathogenesis of corneal neovascularization and the current and future trends in its treatment.

Keywords: cornea; neovascularization; steroids; anti-VEGF drugs; keratoplasty; angiogenic factors;
anti-angiogenic factors

Introduction

Corneal diseases are one of the most common causes of blindness worldwide, along
with age-related macular degeneration, diabetic retinopathy, and glaucoma. A normal
cornea is characterized by transparency and a normal refractive surface. During various
corneal diseases, neovascularization often develops; it is estimated to occur in about 1.4
million people annually, with vision loss in about 12% [1].

Corneal neovascularization is a disease process caused by corneal hypoxia, associ-
ated with an imbalance between angiogenic and anti-angiogenic factors. It is character-
ized by the formation of new blood vessels growing in from the corneal stroma and de-
veloping from pre-existing pericorneal vascular structures as a result of the proliferation
and migration of vascular endothelial cells into the corneal stroma [1, 2]. Pathological
blood vessels are immature and lack structural integrity. When evaluating corneal neo-
vascularization, attention should be paid to the source of vascularization (conjunctival,
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stromal, iridal), vessel penetration depth, branching, and leakage, causing lipid exudates
and corneal edema. Clinically, the afferent vessels are narrower, straighter, located in the
deeper layers of the cornea, and bright red. Drainage, i.e., efferent vessels, are of large
caliber and dark red. Untreated corneal neovascularization predisposes to lipid ker-
atopathy due to protein and lipid deposition in the stroma, chronic inflammation and cor-
neal ulceration, corneal edema, and scar formation. Risk factors for corneal neovasculari-
zation include ocular surface diseases, allergies, autoimmune diseases, degeneration,
trauma, chemical and thermal burns, past surgeries, keratitis (most commonly herpetic or
chlamydial), onchocerciasis, bacterial and fungal inflammation, recurrent uveitis and cor-
neal hypoxia caused by, for example, wearing contact lenses, especially soft hydrogel
lenses, as well as congenital and acquired corneal diseases, corneal transplant rejection or
limbal stem cell deficiency (LSCD).Some systemic conditions, such as diabetes or collagen-
related diseases, can indirectly lead to corneal neovascularization. The consequence of
these conditions is the loss of corneal stem cells, resulting in loss of transparency and sig-
nificant deterioration of visual acuity up to and including blindness [1-3]. The formation
of pathological corneal vessels is also associated with concomitant corneal lymphangio-
genesis, which involves an immune response consisting of the presentation of antigens
and antigen-presenting cells in the surrounding lymph nodes, which favors the rejection
of corneal grafts [4] (Fig.1, Fig. 2, Fig. 3, Fig. 4, Fig 5).

Figure 2. Corneal neovascularization in crystalline keratopathy.
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Figure 3. Initial corneal neovascularization after penetrating keratoplasty .

Figure 5. Post-inflammatory corneal neovascularization.

Treatment of corneal neovascularization

Treatment of corneal neovascularization is either topical treatment with steroid and
non-steroidal anti-inflammatory drugs, cyclosporine A, anti-VEGF drops, or surgical
treatment, such as laser photocoagulation, diathermy/fine needle cauterization, superfi-
cial keratectomy, subconjunctival injections of anti-VEGF drugs, amniotic membrane
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transplantation, and corneal transplantation. Treatment of corneal neovascularization is
not always effective and can produce side effects.

Topical treatment
Steroids

Corneal neovascularization is a condition that is usually accompanied by an inflam-
matory process, so steroidal anti-inflammatory drugs, especially corticosteroids, which
have anti-inflammatory and immunosuppressive properties, play an important role. Ap-
plied in the form of drops into the conjunctival sac, they can help reduce the local immune
response and inhibit the growth of new blood vessels. In some cases, subconjunctival in-
jections of corticosteroids can be considered as they provide higher drug concentrations
directly to the affected area, potentially leading to better outcomes with fewer systemic
side effects. However, long-term use of topical steroids can cause side effects, which in-
clude increased intraocular pressure (glaucoma), cataract formation, and bacterial and
fungal superinfections. In addition, steroids have limited anti-angiogenic impact, as they
do not reduce mature corneal neovascularization [5].

A potent steroid drug is dexamethasone suspension at a concentration of 0.1%, 1-2
drops into the conjunctival sac up to five times daily. The frequency of administration can
be increased, depending on the severity of the condition and response to treatment, up to
1-2 drops into the conjunctival sac every 30-60 minutes for the first few days until im-
provement occurs. If there is no improvement, subconjunctival or systemic steroid treat-
ment should be considered. Dexamethasone is a synthetic glucocorticosteroid with potent
and long-lasting anti-inflammatory, anti-edema, anti-allergic and immunosuppressive ef-
fects, which affects all phases of the inflammatory process, inhibits leukocyte migration,
blocks IgE-dependent secretion of histamine and leukotrienes, inhibits the synthesis and
release of cytokines, inhibits the activity of phospholipase A2 and prevents the release of
arachidonic acid and the synthesis of inflammatory mediators (leukotrienes and prosta-
glandins), inhibits the migration of phagocytic cells in response to an inflammatory stim-
ulus, inhibits the release of kinins and the production of antibodies, reduces capillary per-
meability and edema [6, 7]. Dexamethasone 0.1%, administered into the conjunctival sac,
is absorbed into the aqueous fluid, cornea, iris, choroid, ciliary body, and retina. Absorp-
tion of the active ingredient from the conjunctival sac into the general circulation is so
minimal that pharmacokinetics and systemic effects are clinically insignificant. Steroid
drugs also have adverse effects and can contribute to the development of infections, ster-
oid glaucoma, and posterior chamber cataracts; they can also promote the recurrence of
Herpes simplex [8].

The group of topically administered steroid drugs also includes loteprednol
etabonate 0.5%, 1-2 drops up to four times a day. Loteprednol etabonate is synthesized
by structural modification of prednisolone derivative compounds and belongs to the top-
ical corticosteroids, which are transformed into inactive carboxylic acid derivatives. It
shows a potent anti-inflammatory effect but has little effect on intraocular pressure and
the development of steroid glaucoma. The increase in pressure occurs after a much longer
period of administration compared to prednisolone acetate. In clinical trials, only 1.7% of
patients experienced increased intraocular pressure (210 mm Hg). Few patients showed
significant intraocular pressure elevation, but this quickly returned to normal after dis-
continuing the drug [9].

The 0.1% aqueous solution of betamethasone acetate is used topically in a dosage
regimen of four to eight times daily. The higher concentration, i.e., 0.2%, has a potency
similar to dexamethasone, a better safety profile, and requires less frequent administra-
tion. Its effect persists for several hours.

Fluorometholone, 0.1% suspension, is applied two to four times daily, one drop into
the conjunctival sac. During the first 24 to 48 hours, the dosage can be increased by ad-
ministering one drop every four hours.
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Prednisolone Sodium Phosphate 0.5% and 1.0%; at the lower concentration, it can
be used every 1-2 hours, 1-2 drops into the conjunctival sac, and at the higher concentra-
tion, even every hour for the first two days.

Other topical corticosteroids include difluprednate 0.05%, approved for use four
times daily, loteprednol etabonate 1.0% suspension used twice daily, and loteprednol
etabonate ophthalmic gel 0.38% used three times daily [10]. The latter reduces the number
of inflammatory cells in the anterior chamber and significantly alleviates ocular pain
(74.4%) with only minimal intraocular pressure elevation [11].

In more severe cases of corneal neovascularization associated with underlying retinal
diseases, intravitreal steroid injections may be an option. This therapeutic approach is less
commonly used, but it can indirectly inhibit the corneal neovascularization process in
some severe cases.

Triamcinolone acetonide 4% applied to the vitreous body is an option for the treat-
ment of neovascular lesions, both anterior and posterior, and vitreoretinal proliferation,
often associated with macular edema. The most common complications of intravitreal tri-
amcinolone include secondary ocular hypertension in about 40% of eyes, glaucoma, and
cataracts. The duration of action of a 20 mg dose of triamcinolone administered to non-
vitrectomized eyes is about 6-9 months. Intravitreal triamcinolone acetonide can also be
an adjunctive treatment for neovascular and edematous disorders [12].

Sustained-release dexamethasone, a biodegradable intravitreal implant measuring
approximately 0.46 mm in diameter and 6 mm in length, is injected into the vitreous cham-
ber at a single dose of 0.7 mg. Following application, the active ingredient gradually dif-
fuses from the implant, providing therapeutic concentrations for 5-6 months. Sustained-
release dexamethasone therapy can be repeated; recurrence of macular edema is an indi-
cation for re-treatment. The implant matrix comprises a polylactide polymer and poly-
glycolic acid, which biodegrades by hydrolysis to lactic and glycolic acid and subse-
quently to carbon dioxide and water [13].

Fluocinolone Acetonide (FAc) intravitreal implant 0.19 mg is a non-biodegradable, in-
jectable corticosteroid microimplant that releases fluocinolone acetonide at an initial rate of
0.25 pg/day (average dose 0.2 pg/day) and remains effective for 36 months. Fluocinolone ac-
etonide is a medium potency glucocorticoid receptor agonist and does not exhibit miner-
alocorticoid activity. The primary mechanism of action, as with other corticosteroids, is to
stimulate an increase in lipocortin synthesis, especially phospholipase A2, which prevents
the formation of prostaglandins and leukotrienes, potent mediators of inflammation, by
inhibiting the release of their common precursor, arachidonic acid, from the phospholipid
membrane. In addition to their anti-inflammatory effects, steroids injected into the vitre-
ous chamber reduce intravitreal levels of vascular endothelial growth factor (VEGF), re-
sulting in regression of active neovascularization. FAc has been shown to inhibit leukocyte
migration, the release of heparin, growth and angiogenic factors, and the secretion of pro-
inflammatory cytokines that stimulate VEGF production. As with other corticosteroids,
the most common adverse events associated with fluocinolone acetonide intravitreal im-
plants are cataracts and elevated intraocular pressure [14]. The Fluolocinolone Acetonide
implant is registered for treating diabetic macular edema and non-infectious uveitis, and
other uses are off-label [15].

Systemic corticosteroids taken orally can be used in cases where corneal neovascu-
larization is associated with systemic inflammation or autoimmune diseases. However,
systemic steroid use is associated with several potential side effects, so careful considera-
tion of the benefit-risk balance is necessary. The most commonly used oral steroids for
treating ophthalmic conditions are prednisone and methylprednisolone.

Prednisone is a synthetic glucocorticosteroid, a derivative of cortisol, an inactive
compound metabolized in the liver to active prednisolone, with potent anti-inflammatory
effects. It is assumed that 5 mg of prednisone has an anti-inflammatory effect equivalent
to 4 mg of methylprednisolone or triamcinolone, 0.75 mg of dexamethasone, 0.6 mg of
betamethasone, and 20 mg of hydrocortisone. The usual doses range from 5-60 mg of


https://doi.org/10.20944/preprints202310.1973.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2023 doi:10.20944/preprints202310.1973.v1

6 of 16

prednisone per day. The dose should be determined individually depending on the dis-
ease type and treatment response. Before planned discontinuation of the drug, e.g., when
the desired therapeutic effect has been achieved, it is advisable to gradually reduce the
dose by 2-5 mg every 2-7 days to the lowest effective dose or until complete discontinua-
tion.

Prednisone reduces the accumulation of leukocytes and their adhesion to the endo-
thelium of capillary vessels, inhibits phagocytosis and lysosome breakdown, reduces the
number of lymphocytes, eosinophils, monocytes, blocks IgE-dependent secretion of his-
tamine and leukotrienes. In addition, it inhibits the synthesis and release of cytokines:
interferon v, interleukins IL-1, IL-2, IL-3, IL-6, TNF-a, and GM-CSEF. By inhibiting the ac-
tivity of phospholipase A2 via lipocortin, prednisone prevents the release of arachidonic
acid and the synthesis of inflammatory mediators (leukotrienes and prostaglandins). By
reducing capillary permeability, it decreases tissue edema.

Prednisone also exhibits immunosuppressive effects. The mechanisms of immuno-
suppressive action have yet to be entirely understood. Still, it is known that prednisolone
can prevent or inhibit cellular immune responses, as well as specific mechanisms related
to the immune response. It reduces the number of T lymphocytes, monocytes, and aci-
dophilic granulocytes. It also reduces the binding of immunoglobulins to receptors on the
cell surface. Prednisone inhibits the synthesis or release of interleukins by decreasing T-
lymphocyte blastogenesis and reducing the severity of the early immune response. It can
also impede the penetration of immune complexes across basement membranes and re-
duce the concentration of complement components and immunoglobulins.

Complications of prednisone use include corneal deposits in the form of multicolored
crystals, highly refractive, located mainly subepithelially and in the anterior corneal
stroma [16].

Methylprednisolone aceponate produces a greater anti-inflammatory effect, causes
less sodium and water retention than prednisolone, and is at least four times more potent
than hydrocortisone. It acts mainly intracellularly at the DNA level, so its action is delayed
after administration. Methylprednisolone reduces the accumulation of leukocytes and
their adhesion to the endothelium, inhibits phagocytosis and lysosome breakdown, re-
duces the number of lymphocytes, eosinophils, and monocytes, blocks IgE-dependent his-
tamine and leukotriene secretion, inhibits the synthesis and release of cytokines such as
interferon-gamma, interleukins IL-1, IL-2, IL-3, IL-6, TNF-q, inhibits the activity of phos-
pholipase A2, prevents the release of arachidonic acid, and, consequently, the synthesis of
inflammatory mediators. Methylprednisolone aceponate also inhibits capillary permeabil-
ity and reduces edema.

The dosage of methylprednisolone depends on the type and severity of the disease
and the patient's response to the drug. As a rule, the daily dose should be taken in the
morning, between 6 a.m. and 8 a.m., so as not to disrupt the hypothalamic-pituitary-ad-
renal axis. After long-term treatment, especially with relatively high doses, methylpred-
nisolone should not be abruptly discontinued, but its dose should be gradually reduced.
Usually, relatively high initial doses are used, i.e., up to 48 mg daily, and sometimes even
higher in acute conditions. Depending on the course of the disease and response to treat-
ment, the dose can be reduced to as low a maintenance dose as possible, generally to 4-12
mg of methylprednisolone per day. Long-term use with low maintenance doses is often
necessary in treating chronic diseases. In cases where methylprednisolone doses need to
be discontinued or reduced, daily doses above 12 mg should be reduced by 4 mg every
day or every few days, and daily doses up to 12 mg are reduced by 2 mg every 2 to 3 days
or by 4 mg every 4 to 6 days. In the last week, 2 mg of methylprednisolone should be taken
every other day. Intermittent treatment consists of a double daily dose used every other
morning. Such a regimen aims to ensure a favorable profile of glucocorticosteroids and
minimize adverse effects, such as hypothalamic-pituitary-adrenal axis inhibition or Cush-
ing's syndrome. Long-term use of corticosteroids can cause posterior subcapsular and nu-
clear cataracts, especially in children, increased intraocular pressure, and glaucoma. In
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most studies reviewed, the development of ocular hypertension in children occurred
within a month of starting steroid treatment [17]. With prolonged steroid therapy, the
prevalence of secondary fungal and viral eye infections increases, and central serous cho-
rioretinopathy (CSR) may develop.

Steroids can be combined with other treatments, such as anti-VEGF treatment, whose
direct therapeutic goal is to inhibit the growth of new blood vessels. Such combination
therapy aims to reduce the inflammatory process and pathological vessel growth.

Nonsteroidal anti-inflammatory drugs (NSAIDs)

Nonsteroidal anti-inflammatory drugs (NSAIDs) have limited effects on corneal ne-
ovascularization. Some evidence suggests that NSAIDs may help inhibit the angiogenic
process associated with corneal neovascularization by reducing proinflammatory mole-
cules that contribute to developing abnormal blood vessels in the cornea. However, the
effectiveness of NSAIDs in treating corneal neovascularization can vary, and their use
does not always lead to complete regression of abnormal blood vessels. Non-steroidal
anti-inflammatory drugs (NSAIDs) should be used with caution, as they can cause corneal
ulceration and melting [18] and neurotrophic keratitis [19].

Of the many topical NSAIDs, 0.09% bromfenac sodium ophthalmic solution is clini-
cally useful. One drop is instilled in the treated eye twice daily for two weeks. The dura-
tion of treatment should be at most two weeks due to the lack of safety data for more
extended use. Bromfenac exerts anti-inflammatory effects by inhibiting cyclooxygenase 2
(COX-2) and blocking prostaglandin synthesis. Bromfenac likely inhibits the formation of
corneal neovascularization and reduces the expression of VEGF and COX-2 in corneal tis-
sue after alkali burns [20]. In addition, bromfenac also significantly decreased vascular
endothelial growth factor (VEGF) level and monocyte chemoattractant protein-1 level [21].

Another topical NSAID is nepafenac at a concentration of 0.1% and 0.3%. The rec-
ommended dose is 1 drop three times daily at a concentration of 0.1% or 1 drop once daily
at 0.3% into the conjunctival sac for two weeks. The administration period can be extended
to three weeks. Nepafenac is a pro-drug of amphenac. After topical administration into
the eye, nepafenac penetrates the cornea and undergoes rapid bioactivation to amfenac, a
potent non-steroidal anti-inflammatory drug. Like other NSAIDs, its anti-inflammatory
effect consists of inhibiting cyclooxygenase 2 (COX-2) and blocking prostaglandin synthe-
sis. Chronic use of nepafenac can lead to corneal epithelial damage, thinning, ulceration,
or corneal perforation [22].

The most widely used NSAID is diclofenac sodium, an aminophenylacetic acid de-
rivative with potent anti-inflammatory, analgesic, and antipyretic effects. It is used as 0.1%
drops three to five times daily for as long as necessary, but the treatment should not ex-
ceed four weeks. The drug's action is mainly based on the inhibition of cyclooxygenases
involved in the synthesis of prostaglandins, which act as mediators of inflammation.
However, diclofenac has a greater inhibitory effect on cyclooxygenase-1, a constitutive
enzyme engaged in the synthesis of prostaglandins with physiological functions, than on
inducible cyclooxygenase-2, responsible for the synthesis of pro-inflammatory prosta-
glandins at the site of inflammation. In addition, it reversibly inhibits platelet aggregation
stimulated by adenosine diphosphate (ADP) and collagen. The most common adverse ef-
fect is a transient burning sensation in the eyes of mild to moderate intensity. Damage to
the corneal epithelium and the development of punctate keratitis may occur during long-
term use of diclofenac eye drops. A hydrogel combining diclofenac sodium with bevaci-
zumab has been shown to have better anti-angiogenic effects than a drug containing
bevacizumab alone due to its synergistic anti-VEGF and anti-inflammatory effects [23].
NSAIDs are thus an effective adjunct to anti-angiogenic treatment for corneal neovascu-
larization.

Cyclosporin A
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Cyclosporin A is a cyclicimmunomodulatory polypeptide with immunosuppressive
activity. Cyclosporin is usually used at a concentration of 0.1%, 1 drop, once a day before
bedtime. It is recommended to use nasolacrimal duct occlusion and close the eyelids for 2
minutes after administration to reduce systemic absorption of the drug. Occasionally, pre-
scription drops are prepared at a higher concentration of 0.5-2% when the corneal disease
process is severe or 0.05%-0.1% when there are clinical indications for lower concentra-
tions. Cyclosporin A inhibits the production and/or release of pro-inflammatory cyto-
kines, including interleukin 2 (IL-2), also known as T-cell growth factor (TCGF). It also
specifically and reversibly inhibits lymphocytes in the GO or G1 phase of the cell cycle.
After administration into the conjunctival sac, cyclosporin A is passively absorbed by T
lymphocytes infiltrating the cornea and conjunctiva, where it inactivates calcineurin phos-
phatase. Inactivation of calcineurin inhibits the dephosphorylation of the transcription
factor NF-AT and prevents the translocation of NF-AT into the cell nucleus, thereby block-
ing the release of pro-inflammatory cytokines such as IL-2. Hence, cyclosporin A is an
immunosuppressive drug that inhibits the immune system response, particularly the ac-
tivation of T lymphocytes. In the context of corneal neovascularization, the anti-inflam-
matory and immunosuppressive properties of cyclosporine may help control the angio-
genic process. Eye drops containing cyclosporine allow direct application of the drug to
the affected area to inhibit the growth of new blood vessels and reduce inflammation in
the cornea. Sonmez, Beden, and Erkan showed that topical cyclosporine 0.05% could cause
regression of corneal stromal neovascularization and, in selected cases, reduce the risk of
corneal graft rejection [24]. In contrast, topical treatment with cyclosporine 0.1% appears
to be more effective in inhibiting newly formed corneal neovascularization than bevaci-
zumab eye drops applied to the conjunctival sac [25]. It should be noted that using cyclo-
sporine to treat corneal neovascularization is not a first-line treatment. Depending on the
cause of the neovascularization and the patient's overall condition, other therapeutic op-
tions such as corticosteroids, anti-VEGF preparations, and even surgical interventions
should be considered [25, 26].

Inhibitors of vascular endothelial growth factor (anti-VEGF)

Inhibitors of vascular endothelial growth factor (anti-VEGF) play a vital role in the
process of angiogenesis, the growth of new blood vessels in various tissues, including the
cornea. Anti-VEGF preparations, used as drops or subconjunctival injections, such as
bevacizumab, aflibercept, and ranibizumab, bind to VEGF and prevent interaction with
its receptors, thereby reducing the angiogenic response. Newly formed vessels show a
good response to treatment with anti-VEGF agents, in contrast to mature vessels in
chronic neovascularization, when these drugs are less effective due to abundant pericyte
recruitment to the sites of angiogenesis. Therefore, anti-VEGF therapy targets new blood
vessels, is a symptomatic treatment, and requires repetition to maintain efficacy over time
[27]. Currently, there are several commonly used anti-VEGF drugs.

Ranibizumab is a fragment of a recombinant humanized monoclonal antibody pro-
duced in Escherichia coli cells using recombinant DNA technology, with a molecular
weight of 48 kDa and high affinity to human vascular endothelial growth factor type A
(VGEF-A). Ranibizumab binds to and therefore blocks all VEGF-A isoforms (e.g.,
VEGF110, VEGF112, and VEGF165), thereby preventing VEGF-A from binding to its re-
ceptors VEGFR-1 and VEGFR2. This is important because the binding of VEGF-A to re-
ceptors leads to the proliferation of endothelial cells and the formation of new vessels.
Since ranibizumab is an antigen-binding Fab fragment without an Fc domain, its size is
approximately one-third that of bevacizumab. Therefore, ranibizumab may have better
penetration into the cornea than bevacizumab [28]. Ranibizumab exhibits anti-angiogenic
properties by simultaneously suppressing the growth of blood and lymphatic vessels,
which accentuates its therapeutic potential in the treatment of corneal neovascularization
[29]. Topical 1% ranibizumab, in drop form, reduces the area of stable neovascularization
and decreases vessel diameter, while no reduction in vessel length was observed [30]. In
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addition, ranibizumab administered subconjunctivally significantly decreases the level of
VEGEF in the aqueous fluid, reducing the area of neovascularization at the iridocorneal
angle and iris. Therefore, ranibizumab might also be applied to treat neovascular glau-
coma [31]. Subconjunctival ranibizumab injections at 0.5 mg/0.05 ml doses are adminis-
tered once or repeated after 1 to 2 months, depending on the clinical effect.

Aflibercept, referred to in the literature as "VEGF Trap," is a recombinant fusion pro-
tein consisting of the extracellular components of VEGFR-1 and VEGFR-2 fused to the Fc
fragment of human IgG1. Aflibercept is produced by recombinant DNA technology; it is
a glycoprotein dimer with a molecular weight of 115 kDa. Aflibercept binds to circulating
VEGEF, acting as a "VEGEF trap." Thus, it inhibits the activity of the vascular endothelial
growth factor subtypes, i.e., VEGF-A and VEGF-B, and placental growth factor (PGF),
suppressing the growth of new blood vessels. Aflibercept inhibits bFGF-induced corneal
neovascularization and can be used in eyes previously treated with bevacizumab or
ranibizumab [32]. A comparative analysis of the cytotoxic effects of bevacizumab, ranibi-
zumab, and aflibercept showed that ranibizumab and aflibercept caused less corneal epi-
thelial damage in patients with pre-existing corneal epithelial lesions [33, 34]. Aflibercept
can be administered as conjunctival drops three times daily at a dose of 2mg/0.05 ml [35]
or subconjunctivally at a dose of 2mg/0.05 ml at a time. Subconjunctival injection can be
repeated after 1 to 2 months, depending on the clinical effect.

Brolucizumab is a humanized monoclonal single-chain antibody fragment (scFv)
produced by recombinant DNA synthesis in Escherichia coli cytoplasm. It acts as a VEGF
inhibitor. The US FDA approved the drug for treating wAMD in 2019. Reports on the use
of brolucizumab eye drops or subconjunctival injections for treating corneal neovascular-
ization are yet to be published.

Bevacizumab is a recombinant humanized monoclonal antibody produced using
DNA technology. Topical, subconjunctival, and intraocular application of bevacizumab
can reduce corneal neovascularization and improve corneal transparency. Vascular diam-
eter and neovascularization area are reduced by 24% and 61%, respectively [36]. Maxi-
mum effects are observed with early topical administration of bevacizumab. Subconjunc-
tival bevacizumab injections are also effective in treating corneal neovascularization [37].
A comparison between subconjunctival administration and topical application of bevaci-
zumab has shown that both methods effectively inhibit corneal angiogenesis and reduce
inflammation. However, there is concern that topical but not subconjunctival bevaci-
zumab may weaken corneal epithelial adhesion to the basement membrane, causing de-
layed wound healing and thinning of the corneal stroma. These adverse effects increase
with higher doses (>1.0%) and longer treatment duration (> one month) [38, 39]. Topical
1.25% bevacizumab can cause epitheliopathy in the second month of treatment, but at a
concentration of 0.5%, the prevalence of corneal epithelial defects is low [40]. Bevacizumab
can be administered subconjunctivally at a dose of 1.25mg/0.05ml; the injection can be
repeated after 1 to 2 months, depending on the clinical effect. Higher concentrations of
bevacizumab administered subconjunctivally, i.e., 2.5mg/0.1ml, have also been reported
[41].

Despite the extensive literature confirming the effectiveness of treating corneal neo-
vascularization with subconjunctival injections or drops of anti-VEGF drugs, this is an off-
label treatment. The patient is required to sign an informed consent before treatment.

Tissue inhibitors of metalloproteinases(TIMP)

Tissue inhibitors of metalloproteinases (TIMPs) are endogenous inhibitors produced
by cells to regulate MMP activity. TIMPs bind to active MMPs and inhibit their enzymatic
function. There are four known TIMPs, i.e., TIMP-1, TIMP-2, TIMP-3, and TIMP-4. All are
similar in structure but differ in their degree of affinity and expression profile. Their ac-
tivity is regulated by cytokines and growth factors. TIMP-2, -3, and -4 inhibit all known
human extracellular matrix proteases. A non-selective inhibitor of metalloproteinases is a
tetracycline group antibiotic, doxycycline, which inhibits metalloproteinase activity by
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chelating zinc and calcium ions. In inflammatory conditions, suppression of enzymes that
compromise the cornea's structural integrity can block corneal neovascularization. Oral
doxycycline is used at a dose of 100 mg twice daily on the first day of treatment, followed
by a maintenance dose of 100 mg once daily. Combining orally administered doxycycline
with topical corticosteroids has inhibited neovascularization [42].

Other drugs

Rapamycin (sirolimus), a macrolide antibiotic immunosuppressant, effectively re-
duces angiogenesis, probably by inhibiting proinflammatory cytokines. For this reason,
rapamycin could be used as a regulator of angiogenesis in treating corneal diseases man-
ifested by neovascularization. Rapamycin has been effective in Herpes-1 virus (HSV-1)-
induced interstitial keratitis[43]. Rapamycin effectively down-regulates mRNA expres-
sion levels of tumor necrosis factor-a (TNF-ar) and interleukin-1beta (IL-1p3). It also inhib-
its neutrophil and macrophage infiltration and suppresses inflammation-related angio-
genesis mediated by matrix metalloproteinase-2 (MMP-2). Besides, rapamycin inhibits in-
flammation induced by corneal alkali burns by regulating angiogenesis through HIF-
1a/VEGEF, serum cytokines TNF-a, IL-6, interferon-gamma (IFN-y), and granulocyte-mac-
rophage colony-stimulating factor (GM- CSF) [44]. The initial dose is 2 mg daily but can
be modified depending on the clinical effect, no more often than every 7-14 days.

Tacrolimus is used subconjunctivally at 0.25 mg/0.05 ml and as conjunctival drops at
5 mg/5 ml four times daily [45]. Topical tacrolimus, applied as an ointment at a dose of 0.2
mg/g twice daily to inhibit corneal graft rejection due to neovascularization, is safe and
effective in improving graft survival in high-risk patients [46]. Tacrolimus eye drops, a
concentration of 0.03%, have effectively prevented irreversible corneal graft rejection in
high-risk patients [47].

Other potential therapeutic targets

Interleukin-1 receptor antagonist (IL-1 Ra) is a naturally occurring protein that is
crucial in regulating the inflammatory response in various tissues. It seems to show prom-
ise in the treatment of corneal neovascularization. IL-1 Ra belongs to the interleukin-1 (IL-
1) family of proteins, along with IL-1a, IL-1{, interleukin-18. Recombinant IL-1 Ra is cur-
rently used in rheumatoid conditions as an anti-inflammatory drug, inhibiting the biolog-
ical activity of IL-1a and IL-1p. IL-1 antagonist (IL-1 Ra) is produced under the influence
of cytokines, viral antigens, and acute phase proteins, and is a limiting factor for IL-13 in
the chronic phase of inflammation. There are two types of receptors for IL-1, i.e., IL-1 type
1 receptor (IL-1RI) and IL-1 type 2 receptor (IL-1 RII). Stimulation of IL-1RI involving an
additional IL-1RAcP protein induces signal transduction and action depending on the
type of cell undergoing activation. Binding to IL-1RII does not lead to cell signaling. IL-
1Ra binds to both receptors I and II [48]. IL-1Ra has been studied for its potential role in
treating corneal neovascularization due to its ability to modulate the inflammatory re-
sponse. It works by binding to the IL-1 receptor and preventing the proinflammatory ef-
fects of IL-1, including the expression of proangiogenic molecules such as VEGF and
iNOS. By blocking the action of IL-1 (IL-1a and IL-1f3), IL-1 Ra can help reduce inflamma-
tion and potentially inhibit the growth of new blood vessels in the cornea [1, 49]. Interleu-
kin-1 receptor antagonist eye drops, at a concentration of 2.5%, were effective and well
tolerated in treating epitheliopathy [50].

Nitric oxide synthase (NOS)

There are three isoforms of NOS: endothelial NOS (eNOS or NOS1), neuronal NOS
(nNOS or NOS2), and inducible NOS (iNOS or NOS3). The role of nitric oxide synthase in
corneal neovascularization is complex. Endothelium-derived NOS is found in vascular
endothelial cells and is critical in regulating vascular tone and blood flow. It can promote
angiogenesis by stimulating the proliferation and migration of endothelial cells, which are
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essential for forming new blood vessels. On the other hand, it may also have anti-angio-
genic effects by inhibiting signaling mediated by VEFG, a major driver of angiogenesis.

Neuronal NOS is mainly found in nerve cells and is involved in neurotransmission.
Its role in corneal neovascularization is unclear, and its involvement may be limited com-
pared to other isoforms.

Inducible NOS is typically not expressed in healthy tissues but can be induced by
various pro-inflammatory factors such as cytokines and bacterial endotoxins. iNOS-de-
rived nitric oxide often contributes to inflammation and immune responses. iNOS expres-
sion may promote angiogenesis by recruiting immune cells and facilitating tissue remod-
eling.

Interactions between NOS isoforms and their impact on corneal neovascularization
may vary depending on the underlying causes of neovascularization and the overall in-
flammatory microenvironment. In addition, the balance between nitric oxide's proangio-
genic and anti-angiogenic effects complicates understanding its role. Research into the
molecular processes involved in corneal neovascularization continues, and potential ther-
apeutic strategies targeting NOS signaling are being developed [51].

Galectin-3 inhibitors

The therapeutic success of anti-VEGF drugs is undeniable; however, their effect is
limited against mature neovascularization, whose vessels are covered with pericytes. Ga-
lectin-3 inhibitors appear promising, as they can attenuate the course of corneal neovas-
cularization and affect fibrotic processes in the cornea [52].

Pigment Epithelium-Derived Factor (PEDF)

Pigment Epithelium-Derived Factor can inhibit angiogenesis via VEGF, bFGF, and
interleukin-8 (IL-8/CXCLS8) by inhibiting endothelial cell migration to areas of neovascu-
larization and concomitantly inducing cell apoptosis [53]. It has been suggested that using
exogenous PEDF may help inhibit the growth of new blood vessels and reduce corneal
neovascularization [54].

PDGFreceptor inhibitor

Intraperitoneal injection of a PDGF receptor inhibitor has been shown to reduce per-
icapillary pericytes and reduce vascular density in advanced corneal neovascularization.
PDGEF is a protein that plays a significant role in cell growth and division. It is released by
platelets, cells involved in blood clotting, wound healing, and tissue repair processes.
PDGF has been shown to have both proangiogenic and mitogenic effects. PDGF can inter-
act with other growth factors and cytokines. This interaction can enhance the angiogenic
response and contribute to the development of new blood vessels [55].

Aganirsen, an experimental drug in the form of squalamine lactate eye drops, has
been studied for its potential in treating corneal neovascularization. It dose-dependently
inhibits IRS-1 expression and angiogenesis while, at the same time, reducing VEGF-A and
the proinflammatory cytokine IL-1b.Topical application of aganirsen was well tolerated
and showed no side effects. After 90 days, the area of corneal neovascularization was re-
duced by 26.20%; the improvement persisted after 180 days [56, 57].

Surgical treatment
Fine needle diathermy

Fine needle diathermy (FND) is commonly used to occlude corneal vessels. One way
to perform it is to use a 3/8 needle with a 10-0 nylon suture [58, 59]. The procedure involves
inserting the needle close to the limbus, parallel to the vessel, and at the same depth as the
vessel to be closed. With larger vessels, it was possible to insert the needle tip into the
vessel lumen. Diathermy is continued until mild whitening of the corneal stroma. This
procedure is repeated in other areas affected by neovascularization. It can be performed
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simultaneously with corneal transplantation, thus reducing the risk of intraoperative
bleeding and graft rejection[60]. Complications of needle diathermy are reversible and
include intracorneal stromal hemorrhages, transient corneal opacity, transient corneal
whitening in the stroma adjacent to the needle, which completely resolves after 24-48
hours, and microperforations, especially with thin corneas [2]. This method may have ad-
verse effects through the impact of heat energy on limbal stem cells and endothelium. It
may also secondarily lead to neovascularization due to the release of proangiogenic sub-
stances. To reduce FND-related complications, a procedure modification has been intro-
duced, where diathermy is performed under fluorescein angiography guidance [60, 61].

Laser therapy

Laser therapies, namely argon laser photocoagulation and the 577 nm yellow laser,
can be used to obliterate abnormal blood vessels in the cornea, thus preventing the rejec-
tion of the transplanted flap, and are also used in the treatment of lipid keratopathy. Laser
photocoagulation facilitates obliteration of efferent vessels with a large diameter and
slower blood flow. In contrast, it is difficult to obliterate afferent vessels because they are
thinner and more deeply located in the cornea and are characterized by rapid blood flow.
In their case, laser therapy is ineffective, and when repeated, thermal damage may pro-
mote the recurrence of neovascularization [62, 63].Complications of laser therapy can in-
clude corneal endothelial damage, corneal thinning, intraocular hemorrhage, pupillary
displacement, iris atrophy, and corneal suture lysis after corneal transplantation [2].

Photodynamic therapy (PDT) safely removes corneal neovascularization. Intrastro-
mal injections of the photosensitizing substance verteporfin selectively induce regression
of lymphatic vessels[64, 65]. In addition, PDT generates reactive oxygen species that de-
stroy the endothelium and vascular basement membrane, causing local thrombosis and
leading to vascular remodeling. This minimally invasive treatment leads to the eradication
of the pathological corneal vascular network without damaging healthy tissue. Addition-
ally, it has minimal systemic effects, making it safe when multiple sessions are needed [66,
671].

Nd:YAG laser photocoagulation (532 nm) can reduce the area of corneal neovascu-
larization without significant side effects. At three months after the completion of fre-
quency-doubled Nd:YAG (532 nm) laser photocoagulation, the reduction in corneal opac-
ity area and corneal neovascularization area was 7.01% and 44.08%, respectively [68].

A femtosecond laser also appears to be effective for treatment for corneal neovascu-
larization. Until now, studies have only been conducted on an animal model. Due to the
high equipment cost, this treatment method is not widely used [2].

Ammniotic membrane transplantation

Treatment of corneal neovascularization may involve suturing the amniotic mem-
brane, which has anti-inflammatory and anti-angiogenic effects [60]. The amniotic mem-
brane consists of a monolayer of epithelium, a thick basement membrane, and a nonvas-
cularized, hypocellular matrix. It releases TIMP2 proteins that significantly reduce basic
fibroblast growth factor (bFGF) inhibitingthe proliferation of fibrovascular tissue and the
differentiation of fibroblasts into myofibroblasts is also inhibited.

The amniotic membrane is ideal for supporting corneal epithelial proliferation. Lam-
inin, fibronectin, type IV, V, VII collagen, and integrins 4 and 6, which are found in the
amniotic membrane, can stimulate the differentiation and hyperplasia of corneal epithe-
lial cells, increase their adhesion to the basement membrane and replenish limbal stem
cells. The amniotic basement membrane, by its composition, is similar to the basement
membrane of the conjunctiva and cornea, making it an almost ideal material for recon-
structing the ocular surface [69, 70].

Superficial keratectomy
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Superficial keratectomy is a surgical procedure to remove the superficial layers of the
cornea, i.e., the epithelium, Bowman's membrane, and sometimes the superficial layers of
the corneal stroma. It can be used to treat a variety of corneal conditions, including neo-
vascularization. The purpose of superficial keratectomy is to remove abnormal blood ves-
sels that reduce corneal translucency and impair corneal function, leading to corneal scar-
ring, inflammation, decreased visual acuity, and even vision loss. Intraoperatively, mito-
mycin C 0.02% can be used to reduce postoperative corneal haze or amniotic membrane
transplantation to improve surgical outcomes. Superficial keratectomy eliminates the un-
derlying cause, i.e., abnormal blood vessels, therefore stimulating the cornea's natural
healing processes. After the procedure, the cornea begins to heal, and the surrounding
healthy tissue regenerates. Superficial keratectomy is often combined with other treat-
ments, such as topical or laser therapy. These additional treatments can help control the
underlying condition that caused the neovascularization. It should be noted that although
superficial keratectomy can be effective in treating corneal neovascularization, the success
of the procedure depends on various factors, including the cause of the neovasculariza-
tion, the degree of blood vessel growth, and the patient's overall eye condition. In addi-
tion, like any surgical procedure, superficial keratectomy may involve complications, such
as infection, delayed healing, or recurrence of neovascularization [71].

Corneal transplantation

Corneal transplantation is performed in severe cases where neovascularization has
led to significant impairment of visual acuity. It should be noted, though, that the in-
growth of new vessels causes a loss of immune preference and increases the risk of graft
rejection [64, 71]. Patients with corneal neovascularization are prepared for corneal or cor-
neal limbus transplantation by subconjunctival injection of anti-VEGF solution. Anti-an-
giogenic treatment is also administered after corneal transplantation to prevent rejection
of the transplanted flap and continues after corneal limbus transplantation until a stable
epithelium is obtained [60]. For patients with repeated graft failure or rejection due to
refractory central corneal neovascularization, placement of a keratoprosthesis may be the
treatment of choice.

Combination therapies

Combination therapies show synergistic effects and translate into a better therapeutic
outcome. Combining anti-inflammatory drugs and anti-angiogenic agents, e.g., dexame-
thasone with bevacizumab, is more effective for corneal neovascularization than mono-
therapy [72]. A marked decrease in corneal angiogenesis can be achieved with bevaci-
zumab in combination with argon laser therapy. Argon laser photocoagulation provides
treatment by closing abnormal corneal vessels, while bevacizumab works to prevent new
angiogenesis [62, 73].

Summary

Corneal neovascularization is a relatively common consequence of severe ocular sur-
face and cornea pathologies, which can lead to significant visual impairment. Vascular
neovascularization is a result of a complex mechanism that involves inflammation, hy-
poxia, innervation disorders, and limbal stem cell deficiency. Continuous advances in un-
derstanding new molecular pathways and diagnosing the severity of corneal neovascu-
larization allow for novel and better therapeutic strategies. Treatment options for corneal
neovascularization are still dependent on the maturity of the blood vessels. The primary
therapy for corneal neovascularization includes anti-inflammatory and anti-VEGF drugs.
In addition to VEGF, angiogenesis is also promoted by other mediators such as PDGF,
bFGF, nitric oxide, and pro-inflammatory cytokines. Therefore, combination therapies act-
ing on multiple angiogenic pathways may be more effective. In severe limbal stem cell
deficiency with deep neovascularization, the best strategy is ocular surface stem cell
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transplantation (OSST), followed by keratoplasty. Patients with repeated graft failure or
rejection may benefit from keratoprosthesis placement as the treatment of choice. Consid-
erable hopes are associated with gene therapy, which may become a universal treatment
for pathological corneal vascularization, regardless of the severity of the lesions.
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