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Abstract

The ocular surface is a neuro–epithelial–immune unit in which corneal innervation is es-
sential for maintaining tissue integrity and visual function. Sensory nerves regulate reflex
tearing and blinking, provide trophic support, and modulate local immune responses.
Nerve injury resulting from trauma, surgery, infection, systemic disease, or chronic in-
flammation disrupts epithelial homeostasis and may lead to neurotrophic keratopathy,
neuropathic pain, and pathological remodeling. Beyond classical neurotrophic disease,
nerve dysfunction contributes to severe dry eye and immune-mediated cicatricial disorders.
Depending on the neuro-inflammatory context, remodeling may evolve toward stromal
thinning, as in keratoconus, or progressive fibrosis, as in ocular cicatricial pemphigoid.
Blood-derived eye drops, including serum- and platelet-based formulations, represent
biologically active therapies that support epithelial repair and nerve regeneration, although
greater standardization is needed.

Keywords: ocular surface; corneal innervation; neurogenic inflammation; tissue remodeling;
neurotrophic keratopathy; blood-derived eye drops; eye drops of human origin

1. Conceptual Premises
The ocular surface represents a highly specialized and dynamic biological system in

which epithelial cells, sensory nerves, immune components, and tear film constituents
interact to preserve tissue integrity and visual function [1,2]. The dense sensory innervation
of the cornea plays a central role not only in nociception but also in maintaining epithelial
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homeostasis, regulating tear secretion, and coordinating wound healing through the release
of neuropeptides and growth factors [3].

Disruption of this finely regulated neuroepithelial unit—whether secondary to trauma,
surgery, inflammation, infection, or chronic ocular surface disease—can profoundly impair
tissue homeostasis. Loss or dysfunction of corneal nerves results in altered epithelial
turnover, reduced trophic support, and impaired regenerative capacity, ultimately leading
to persistent epithelial defects, neurotrophic keratopathy, and progressive cicatricial re-
modeling [1]. Increasing evidence suggests that these mechanisms extend beyond classical
neurotrophic disease and contribute to the pathophysiology of severe dry eye disease,
immune-mediated ocular surface disorders, and post-surgical complications [4–6].

A disrupted balance between tissue homeostasis and para-inflammation is increasingly
recognized as a key driver of ocular surface remodeling. Although initially protective, this
response may become dysregulated, leading to fibrosis, loss of stromal architecture, and
functional impairment. Recent studies have highlighted the role of corneal innervation
and neurogenic inflammation in these processes, particularly in keratoconus and ocular
cicatricial pemphigoid—two paradigmatic disorders characterized by opposite patterns
of tissue remodeling—as well as stromal thinning in keratoconus and fibrotic matrix
accumulation in ocular cicatricial pemphigoid.

In recent years, growing interest has focused on biological therapies capable of restoring
the complex microenvironment required for epithelial and neural recovery. Among these,
blood-derived eye drops—including autologous serum, platelet-rich plasma, platelet lysate,
and cord blood–derived preparations—have emerged as promising therapeutic tools. These
products contain a broad spectrum of growth factors, cytokines, neurotrophins, and extracellular
vesicles that closely resemble the biochemical composition of natural tears and are known to
support epithelial proliferation, modulate inflammation, and promote nerve regeneration [7].

Experimental and clinical studies have demonstrated that blood-derived products can
enhance corneal epithelial healing, improve nerve morphology and function, and alleviate
symptoms in patients with neurotrophic and cicatricial ocular surface disease. However,
their clinical application remains heterogeneous, with variability in preparation protocols,
dosing regimens, and indications, highlighting the need for better standardization and
mechanistic understanding.

This narrative review aims to provide an updated overview of the role of corneal
innervation in ocular surface homeostasis, to examine the pathophysiological consequences
of nerve injury, and to critically discuss the therapeutic potential of blood-derived eye drops
in neuronal and cicatricial ocular surface disorders. By integrating experimental evidence
with clinical experience, this review seeks to clarify current knowledge gaps and support a
more rational and targeted use of these biologically active therapies in clinical practice.

2. The Role of Innervation in Ocular Surface Homeostasis
2.1. Introduction

The ocular surface is the most densely innervated tissue in the human body. This
intricated network includes sensory, motor, and autonomic nerve fibers. It guarantees
complex functions, which are crucial for corneal homeostasis and consequently vision
preservation [8,9]. The complex interplay at the base of these networks is of utmost impor-
tance for innate reflexes (like blinking and tearing) [10]. Additionally, the neural network
orchestrates the metabolic support and immune regulation [11]. Recent advances in imag-
ing, namely in vivo confocal microscopy (IVCM), and advanced bio-molecular analyses,
have revolutionized our understanding of ocular innervation (not only in healthy eyes,
but also in pathological settings), setting the base for in-depth comprehension of several
conditions, such as neurotrophic keratopathy (NK) and chronic neuropathic pain [12–14].
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Specifically, disruption of these nerve fibers, which can be promoted by disease,
trauma, metabolic conditions, or aging, can precipitate a cascade of degenerative changes,
culminating in vision loss [15]. The aim of the review is to review our contemporary
knowledge from key studies and clinical practice, detailing the anatomy of ocular nerves
and their physiological roles, including pathological consequences and consequent tissue
remodeling, and then focusing on hemocomponents as new therapeutic innovations.

2.2. Anatomy of Ocular Innervation
2.2.1. Corneal Innervation

The cornea’s nerve supply primarily arises from the ophthalmic division (V1) of the
trigeminal nerve. The ophthalmic branch passes through the superior orbital fissure and its
branches. It innervates the cornea with the long ciliary nerve, a branch of the nasociliary
nerve. An average of 60–80 stromal nerve trunks enter the cornea through the peripheral
limbus. These nerves create a midstromal network, which subsequently branches into the
subepithelial region, directly beneath Bowman’s layer, thus creating the subbasal nerve
plexus. This plexus radiates toward the corneal surface in a spiral vortex-like pattern. These
radiations are responsible for rapidly detecting mechanical, thermal, and chemical stimuli
essential to corneal homeostasis and protection [16,17].

Neuro-anatomical studies report two main types of corneal sensory fibers: myelinated
A-delta fibers and unmyelinated C fibers. The first mediate acute tactile and sharp pain
sensations, while the latter respond to temperature extremes and chemical irritants. This
densely represented network contains an abundance of neuromediator-releasing terminals,
as it has been proven by immunostaining for neural markers, such as protein gene product
9.5 (PGP9.5) and calcitonin gene-related peptide (CGRP) [16,17]. There is also a topographi-
cal heterogeneity inside the cornea itself: the central cornea exhibits the highest density,
while the periphery, though less concentrated, maintains a similar function to prevent
focal hypersensitivity [18,19]. Additionally, a similar molecular gradient of growth factors
(nerve growth factor—NGF, and brain-derived neurotrophic factor—BDNF) guides corneal
embryogenesis, postnatal maturation, but also epithelial healing and wound closure [20].

2.2.2. Conjunctival and Scleral Innervation

The sensory innervation of the conjunctiva comes from nasociliary and lacrimal
branches of the ophthalmic division of the trigeminal nerve. Of note, the conjunctiva
has a much lower density of innervation compared to the cornea. Imaging of conjunctival
nerves using IVCM suggests regional specialization and heterogeneity between the bulbar
and tarsal conjunctiva. Namely, the bulbar conjunctiva has more nerve endings compared
to the tarsal one [8]. The conjunctival sensory nerve’s function is not limited to the detection
of environmental irritants and foreign bodies, but also modulates tear and mucous secre-
tion through interaction with the meibomian gland and regulates local immune activation.
During allergic or inflammatory episodes, conjunctival nerve fibers interact with mast
cells and dendritic cells, amplifying the immune response by releasing substance P and
other peptides [21–23]. Ultimately, the sclera is innervated by the long posterior ciliary
nerves. They contribute to deep and dull pain, and they additionally support vascular
autoregulation during inflammation [24].

2.2.3. Eyelid and Periocular Region Innervation

Eyelid innervation encompasses sensory input from the ophthalmic (through the
supraorbital and supratrochlear nerves) and maxillary (through the infraorbital nerve)
branches of the trigeminal nerve, supporting fine tactile sensitivity, pain detection, and
participating in protective reflexes. Motor function primarily consists of eyelid closure and
blinking, and it is governed by the facial nerve (VII) through the orbicularis oculi and levator
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palpebrae muscles [25,26]. Damage to the facial nerve may cause ptosis and compromised
blink reflex, with consequent high-risk exposure keratopathy and related infections [26].
Autonomic regulation primarily controls the tone of the Muller’s muscle, but also smooth
muscle components of the lid and the vasculature. It is mediated by sympathetic fibers
arising from the superior cervical ganglion [27–29]. Parasympathetic innervation is much
less robust and contributes to meibomian gland secretion regulation [30].

2.3. Physiological Functions of Ocular Nerves

The physiological impact of ocular innervation is profound, and it is not limited to basic
sensation and muscle activation. Sensory, motor, and autonomic nerves interact together, and
they guarantee ocular surface homeostasis, with corneal nerves playing a pivotal role [8].

2.3.1. Corneal Reflex

The corneal reflex represents one of the fastest defensive mechanisms. When the
corneal surface is stimulated (either by touch, particulate matter, or chemical agents),
afferent stimuli reach the spinal trigeminal nucleus, initiating an immediate bilateral blink
via facial nerve efferents [31]. Blink onset takes only 50 milliseconds, as confirmed by
latency studies [32]. This ancestral reflex protects the eye, washes away foreign bodies, and
minimizes injury risk.

The tear reflex has a similar function: a stimulation of the cornea or conjunctiva triggers
the lacrimal gland through parasympathetic secretomotor pathways and promotes tear
secretion. This mechanism allows hydration maintenance and restores epithelial integrity.
Blinking, combined with tear production, guarantees a safe mechanism for ocular pH
regulation and limits microbial pathogen colonization [33].

2.3.2. Trophic Support and Tear Regulation

Nerve terminals in the corneal and conjunctival epithelium allow the secretion of im-
portant neuromediators (encompassing substance P and CGRP, as well as neurotrophins like
NGF and BDNF). These molecules play pivotal roles by promoting epithelial cell proliferation
and migration [16,17,20]. Additionally, they upregulate protective gene programs and allow
immune cell migration to sites of injury for healing. CGRP has anti-inflammatory effects,
while substance P favors wound healing and immune cell recruiting. Absence or reduction in
these molecules is usually seen in denervation, and it leads to compromised epithelial health,
culminating in persistent epithelial defects with associated delayed repair [23,34].

The lacrimal and meibomian glands also respond to neural stimulation by adjusting
mucous and lipid balance, essential for tear film stability. Neural signaling also modulates
secretory rates and influences tissue barrier function [33].

2.3.3. Nociception and Pain Transmission

As previously discussed, the cornea is the most sensitive tissue of the entire body. It
is rich in low-threshold mechanoreceptors and high-threshold nociceptors. These allow
signal transduction for pain, itch, thermal changes, and chemical irritants through multiple
rapid ion channels. The signal passes through the trigeminal nucleus and higher pain
centers. Adaptation and sensitization processes have been described and characterized in
different chronic conditions. Namely, hyperalgesia and allodynia may occur after injury or
surgery, because of pathological lowering of sensitivity threshold [10,35].

2.3.4. Immune Regulation

The interplay between the neural and immune systems is an area of intensive research.
Nerve fibers can directly interact with resident neutrophils, dendritic, and mast cells, by
modulating inflammation, cell migration, and healing responses [36]. Neuromediators can
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suppress excessive immune activity and limit fibrosis, while pathological denervation can
promote inflammatory cytokines [36,37]. The neuro-immune crosstalk on the ocular surface
is crucial in chronic inflammatory disease, opening potential therapeutic targets [38].

2.4. Pathological Consequences of Nerve Dysfunction

Ocular nerve dysfunction characterizes a broad spectrum of vision-threatening clinical
diseases. The pathological loss or reduction in sensory, motor, or autonomic (altogether or
heterogeneously combined) nerve fibers adversely affects homeostasis and mechanisms of
repair and recovery on the ocular surface [8,10,15].

2.4.1. Neurotrophic Keratopathy

The loss (or significant damage) of corneal sensory innervation culminates in neu-
rotrophic keratopathy (NK). The serious damage to corneal innervation frequently follows
herpetic infection, surgical trauma, or nerve compression disorders [39]. The clinical classi-
fication of NK has three stages: in stage I, there are superficial punctate epithelial erosions,
associated with reduced sensitivity; in stage II, there are persistent and non-healing epithe-
lial defects; stage III culminates with corneal ulcers and stromal melting, characterized by
poor prognosis and high risk of perforation and permanent vision loss [40] (Figure 1).

Figure 1. Slit lamp photography (A) and fluorescein staining (B) of a neurotrophic keratopathy. The
margins are well defined, neovascularization is present in the superior quadrant, and there are no
signs of infiltrates.

NK arises from a severe deficiency of trophic neuromodulators, such as NGF and
substance P, leading to diminished epithelial cell migration, alteration in tight junction
integrity, and, consequently, reduced ability to restore corneal epithelium integrity [41].
Along with epithelial defects and reduced healing potential, there is an increased risk for
secondary infections.

Recent imaging studies using IVCM revealed dramatic reductions both in nerve
density and sub-basal plexus morphology [42]. Furthermore, molecular analyses showed
downregulated NGF, along with increased markers of apoptosis. These data highlight a
poor regenerative potential until nerve supply is restored [35,37].

2.4.2. Infectious Neuropathies

Herpes simplex (HSV) and varicella-zoster virus (VZV) related infections are major
causes of corneal nerve damage, inducing acute and chronic neuropathic syndromes. The
neurotropic viral replication and the associated immune activation cause axonal damage
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and loss of physiological innervation, producing symptoms of pain and chronic numbness,
paving the way for herpetic NK [43]. Advanced in vivo imaging shows widespread disrup-
tion of nerve architecture [44]. Pain management may require adjunctive therapies such as
oral neuropathic pain modulator agents [45].

2.4.3. Surgical Injury

Refractive surgical procedures (PRK, SMILE, and, particularly, LASIK) intrinsically damage
corneal nerves, and ultimately decrease sub-basal nerve density and affect corneal sensitivity
for months to years, sometimes with severe dry eye symptoms. Namely, up to 80% of LASIK
patients experience transient dry eye symptoms, while a remarkable subset has chronic symp-
toms lasting up to 24 months after surgery. Nerve regeneration rates vary by technique, with
SMILE being generally considered more nerve-sparing compared to LASIK [46,47].

2.4.4. Systemic Neuropathies

Systemic disease can affect corneal nerves. Diabetes mellitus is a frequent cause of ocular
nerve dysfunction. Diabetic neuropathy arises from chronic hyperglycemia, with accumula-
tion of advanced glycation end-product (AGE), related microvascular ischemia, and chronic
low-grade inflammation. Diabetic patients progressively develop corneal hypoesthesia, even
before neuropathy elsewhere. The progressive loss of nerve density is strongly correlated
with diabetes duration and poor glycemic control [48]. Furthermore, neurological disorders
(multiple sclerosis, Parkinson’s, and Alzheimer’s disease) have been recently described in
relation to ocular surface nerve alterations. IVCM has been shown to serve as a potential tool
for early detection of neurodegenerative effects on peripheral nerves [13,49].

2.4.5. Neuropathic and Nociplastic Pain Syndromes

Some patients present with profound and persistent ocular pain/discomfort, with a
remarkable mismatch when symptoms are compared to objective findings (i.e., pain with
no stain). It is generally considered that with ocular neuropathic pain, it is the corneal nerve,
rather than the surrounding tissue, which is affected. Over time, chronic neuropathic pain
can induce central sensitization and maladaptive nociceptive processing, which further
aggravates ocular symptoms. Ocular neuropathic pain represents a clinical challenge, since
standard topical therapies do not change ocular symptoms. Patients’ management requires
a multidisciplinary approach and includes the use of systemic neuromodulators. Moreover,
proper quantification of ocular symptoms requires the use of ad hoc questionnaires [50,51].

2.5. Diagnostic Techniques

A comprehensive assessment of ocular innervation guarantees a timely and accurate
diagnosis of ocular nerve dysfunction. Modern ophthalmic diagnostics combine traditional
clinical evaluation with novel in vivo imaging and quantitative testing, combined with
patient-reported outcome measures.

2.5.1. Clinical Evaluation

Detailed medical and ophthalmic history remains of paramount importance. It should
be focused on risk factors (if any), including prior herpetic infections, history of refractive
surgery, diabetes, trauma, or other systemic neuropathies or CNS diseases. Clinical exami-
nation includes slit-lamp bio-microscopy, aiming for any sign of epithelial suffering, tear
film instability, or reduced blink rate. Testing corneal sensitivity may provide important
data for a comprehensive corneal assessment [52].

Pain evaluation relies on validated questionnaires (Ocular Surface Disease Index
(OSDI), Neuropathic Pain Symptom Inventory (NPSI), Ocular Pain Assessment Survey
(OPAS), or Visual Analogue Scale (VAS)) in order to distinguish neuropathic pain from
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other etiologies. Dryness, burning, and/or foreign body sensation may have neurogenic
causes, rather than inflammatory or tear film etiologies [53,54].

2.5.2. In Vivo Confocal Microscopy (IVCM)

IVCM allows in vivo representation of corneal nerves, as it provides high-resolution
of epithelial, subbasal, and stromal nerve fibers with micron-level precision. Morphometric
analyses may include nerve fiber length, density, tortuosity, branching, and bead formation.
IVCM allows detection of early signs of preclinical nerve loss in diabetes and after refractive
surgery, as well as the assessment of inflammation-related changes following herpetic or
autoimmune disease [12,13]. Quantitative metrics have been proposed, such as the Corneal
Nerve Fiber Density (CNFD) and Branch Density (CNBD) [55,56]. These metrics may help
with a large-scale standardization of research findings.

2.5.3. Esthesiometry

The Cochet–Bonnet esthesiometer represents the traditional test for corneal sensi-
tivity assessment. The Cochet–Bonnet esthesiometer consists of a variable-length nylon
filament, which is progressively shortened according to the sensitivity. It gently touches
the central cornea until the patient perceives sensation. The mechanical threshold value,
which varies according to the length of the filament itself, is then recorded and compared
with the patient’s age, surgery history, and disease [57]. Novel non-contact and digital
esthesiometers now enable measurement of responses to thermal and chemical stimuli,
allowing more precise corneal mapping [58,59]. Recent insights have provided correlations
between reductions in esthesiometry scores and in vivo loss of nerve fibers [60].

2.5.4. Advanced Ocular Imaging and Testing

Anterior segment optical coherence tomography (AS-OCT) has progressively evolved,
implementing corneal nerve mapping and characterization. High definition OCT algo-
rithms allow non-invasive monitoring of nerve proximity, thickness, and surrounding
vasculature, with usefulness in assessing recovery after either trauma or surgery [61]. Elec-
trophysiological techniques have offered insights into the functional status of the nerves and
their related conduction, from the ocular surface to the central nervous system, although
their use remains confined to research settings [62].

Furthermore, cutting-edge research has offered molecular markers of corneal nerve
health. The protein or gene expression levels of NGF and BDNF in the tear fluid, as well as
the evaluation of inflammatory cytokines and serum autoantibodies, are associated with
the severity and regenerative capacity of affected nerves [63,64].

2.5.5. Patient-Reported Outcome Measures and Related Questionnaires

Questionnaires aiming to quantify the severity of dry eye symptoms, pain, discomfort,
photophobia, and vision quality are fundamental to correlate objective findings with
subjective symptoms. Statistically robust tools (OSDI, OPAS, DEQ-5, and SF-36) facilitate
research studies and support direct therapeutic decisions [53].

2.6. Therapeutic Strategies and Future Directions

Therapeutic approaches for ocular nerve dysfunction try to restore the original bio-
architecture of corneal nerves by restoring physiological molecular signaling. Modern
strategies aim to fill the gap between molecular biology, immunology, and bioengineering.

2.6.1. Neurotrophic Factors and Pharmacological Interventions

The use of neurotrophic agents (e.g., the use of recombinant human nerve growth fac-
tor) has changed the paradigm in the therapy of neurotrophic keratopathy. Phase III studies
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have shown the potential of topical cenegermin by promoting corneal nerve regrowth, as
well as epithelial integrity and healing of corneal epithelial defects [65]. Studies are also
focusing on similar neurotrophic factors (such as BDNF, citicoline, and peptide mimetics),
targeting complementary mechanisms of nerve growth and ocular surface repair. Specifi-
cally, these agents activate downstream signaling cascades, promoting cellular migration,
proliferation, and the synthesis of proteins essential for gap junctions’ integrity [41,66].
Pharmacologic treatment of neuropathic pain (gabapentinoids and tricyclic antidepressants)
alleviates ocular symptoms [67].

2.6.2. Regenerative Medicine and Tissue Engineering

Limbal epithelial stem cells, bone marrow-derived stem cells, and induced pluripotent
stem cells (iPSCs) have shown efficacy in preclinical studies in restoring nerve architecture
and corneal surface regularity [68–70]. Bioengineered matrices, like hydrogel scaffolds,
collagen-based polymers, and bioprinted nerve guides, can support and drive axonal
growth with the intrinsic three-dimensional structure [71–73].

2.6.3. Surgical Innovations

Laser refractive techniques are known to damage ocular surface nerves. Refrac-
tive techniques have been progressively refined to minimize nerve damage. Of note,
SMILE represents the most nerve-sparing alternative nowadays [46]. In addition, corneal
neurotization-a surgical technique where healthy peripheral nerves are transferred to the
denervated cornea has been gaining momentum, and preliminary results are promising [74].

2.6.4. Neuro-Immune Modulation

Therapies are now focusing on targeting and modulating neuro-immune interactions,
especially through the use of peptide antagonists, cytokine inhibitors, and ad hoc delivery of
anti-inflammatory molecules. This approach can potentially revolutionize the management
of chronic inflammatory and allergic ocular surface conditions, where nerve-immune
dysregulation exacerbates disease severity and its related perception [75–80].

3. Tissue Remodeling Following Nerve Injury
3.1. Background
3.1.1. Tissue Homeostasis, Para-Inflammation, and Inflammageing

The ocular surface exists in a dynamic balance between homeostasis and para-
inflammation, and when this balance is disrupted, tissue remodeling processes occur as
a protective and regenerative response that might evolve toward a correct physiological
reconstruction (physiological remodeling) or toward fibrosis and loss of stromal architecture
(dysfunctional remodeling) [81–83]. At a fundamental level, the term “tissue homeostasis”
defines an old concept regarding the maintenance of the morphological, structural, and
functional integrity of a tissue/organ; at the cellular level, this aspect implies a cellular home-
ostasis assuring the intracellular functional balance and a tissue homeostasis guaranteeing
the satisfactory balance between proliferation, differentiation, and apoptosis of cellular com-
ponents. In recent years, the scientific interest has moved toward a better characterization
of para-inflammation, inflammation, and the more recent defined inflammageing. While
inflammation is an acute innate and immune-mediated inflammatory response to physical,
chemical, and biological stressors, para-inflammation is a long-lasting and low-grade inflam-
mation keeping the tissue reactive to eventual stressors (subclinical level) that might evolve in
inflammageing under the effect of aging and/or age-related diseases [84,85]. The mechanism
appears more complex following nerve damage at the ocular surface, as repair requires proper
corneal innervation under a tight interplay between neurogenic and inflammatory soluble
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mediators attempting to restore homeostasis through a balanced para-inflammation, thus
avoiding dysfunctional fibrosis [83,84]. The transition from para-inflammation to chronic
inflammation leading to fibrosis, together with local “inflammageing”, may intensify progres-
sive structural and functional impairment of the ocular surface [84,85].

3.1.2. Neurogenic Inflammation and Tissue Remodeling

The corneal region of the ocular surface unit is one of the most densely innervated
tissues, and corneal nerve fibers play a pivotal role in maintaining homeostasis through
sensory perception, induction of the lacrimal reflex, blinking activation, and release of
trophic factors essential for epithelial integrity [1,86]. Any insult or damage to corneal
nerves (disease, trauma, or surgical procedures) can lead to reduced corneal sensitivity,
epithelial defects, and, in severe cases, irreversible visual impairment [83,86]. These events
may evolve differently depending on genetic and epigenetic background, as described in
two disabling ocular surface diseases, keratoconus (KC) and ocular cicatricial pemphigoid
(OCP), both deeply affecting patients’ quality of life [87–89]. Although similar in the
mechanism occurring at the corneal epithelial–stromal and basement levels, both chronic
inflammatory disorders display different spatial–temporal events leading to physiological
interplay between epithelial, stromal layers, and basement layers. In KC, the chronic
inflammatory events lead to the long-lasting disruption of the nerve network, including
at the sub-basal nerve plexus, the decreased nerve density with concomitant changes in
the nerve morphology (increased nerve branching or thickening), and the final reduction
in the neurotrophic support (NGF) [87,88]. In the autoimmune-based OCP, chronic and
neuroinflammatory events occur starting at the level of the basement membrane (polyvalent
Ig-GAM attaches), followed by complement activation and cytotoxic mediator release,
leading to the chronic inflammatory events localized at the stromal level (corneal fibroblast
activation) [88,89]. Once the disease reaches the level of well-established fibrosis, a reduced
density of nerve networking with associated severe reduction in neurotrophic factors can
be observed. Although different, these spatial–temporal sequela of events display some
interesting remodeling aspects (Table 1) as described and discussed below.

Table 1. Cell and matrix comparison between keratoconus and ocular cicatricial pemphigoid.

Disease Early Intermediate Late Final

KC Mechanical Attack Stromal reduction corneal thickness Apoptosis
Matrix degradation

Nerve reduction
↓

Loss of tissue function

degenerative

Cell effectors Innate immune response;
epithelial response (TLRs)

Keratocytes’ activation
↓↑ MMPs

↑ Cell apoptosis

stroma
Keratocytes’ activation

↓ matrix
(keratocan; collagen)

↑ cell apoptosis
↑ matrix proteins
catabolism

Biomarkers * ↓ TGFβ1; ↑ IL6; ↑TNFα

Therapeutic approach Cross-linking

OCP Autoimmune Attack Stromal fibrosis Cicatricial forms Fibroblast activation
Matrix hyperdeposition

Nerve alteration
↓

Loss of tissue function due
to overt fibrosis

Remodeling differently

Cell effectors Innate + adaptive
(IgGAM) response
Macrophages (M1–M2);
Mast Cells, Eosinophils,
Neutrophils

↑ myoFBs
↓↑ MMPs

↑ myoFBs
↓ MMPs

stroma
fibroblast activation

↑ collagen
↓↑ MMPs

↑ myoFBs
↑ matrix proteins
anabolism

Biomarkers * ↑ TGFβ1; ↑ IL6; ↑ IL4

Therapeutic approach Immunosuppression

Legend: KC, keratoconus; OCP, ocular cicatricial pemphigoid; * representative biomarkers; MMPs, metalloproteinases;
myoFBs, myofibroblasts; and IG-GAM, polyvalent immunoglobulins.; ↑/↓, up or down regulation or expression.
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3.2. Mechanisms of Action
3.2.1. Keratoconus Remodeling

Remodeling in KC is dominated by structural loss and biomechanical weakening
rather than organized healing. This mechanism is characteristic of KC, where nerve in-
jury induces complex cellular changes with keratocyte activation and differentiation into
fibroblasts and myofibroblasts producing matrix metalloproteinases (MMPs) and extracel-
lular matrix (ECM) components in an attempt to repair damaged tissue, often resulting
in tissue degradation rather than functional scarring [87,90]. While a single mechanism
has not been identified so far regulating corneal nerve injury in keratoconus, this is prob-
ably the consequence of a complex interplay of multiple causes. Among these, chronic
use of contact lenses, intense rubbing, and chronic ocular surface inflammation can all
play a role. Nerve regeneration in KC is injury-specific and associated with inflammation,
altered expression of neurotrophic factors (including NGF and substance P), and disrupted
epithelial–stromal communication, all of which contribute to impaired healing and disease
progression [91–93]. In this context, the interplay between neurogenic and inflammatory
mediators drives changes in corneal structure and sensitivity. Nerve damage triggers
neurogenic inflammation mediated by neurotransmitters and neuropeptides, characterized
by edema, pain, leukocyte recruitment, and release of inflammatory mediators that further
damage nerve fibers [84,94]. Neurotrophic factors such as NGF, TGF-β1, and VEGF act
as key regulators of this process, functioning as major profibrogenic and angiogenic me-
diators interacting with immune and stromal cells and promoting keratocyte activation
and myofibroblast differentiation [91,95]. Stromal remodeling is particularly evident in KC,
which was historically considered a non-inflammatory disorder but is now recognized as a
condition associated with chronic low-grade inflammation in genetically predisposed indi-
viduals exposed to repeated microtrauma [90,96]. Transcriptomic analyses of KC corneal
specimens have demonstrated overexpression and positive correlation between TGF-β1
and α-SMA, indicative of a contractile/fibrotic phenotype, together with a shift from kera-
tocan to procollagen production, pathological ECM accumulation, and impaired matrix
turnover [87,97]. In parallel, inflammatory markers such as ICAM-1, IL-10, and HLA-DR
are upregulated, supporting the presence of chronic inflammation [96,98]. The resulting
remodeling outcome in KC is progressive stromal thinning, loss of biomechanical rigidity,
and ectatic protrusion, representing a non-reparative process not primarily characterized
by fibrosis. KC tissue remains continuously weakened and is not replaced by functional
scar tissue, with cicatrization occurring only focally and late in the disease course, mainly
at the level of Bowman’s membrane [87,98,99].

3.2.2. Ocular Cicatricial Pemphigoid Remodeling

Tissue remodeling in OCP develops within a chronic autoimmune inflammatory
background characterized by overt fibrosis. Studies of the OCP microenvironment show
that neurogenic inflammation plays a central role in tissue damage and repair [88,100].
Increased α-SMA expression in conjunctival biopsies, particularly in advanced disease
stages, reflects myofibroblast activation, fibrosis progression, and loss of ocular surface
functionality [100,101]. Transcriptomic analyses reveal upregulation of fibrosis-related
genes and ECM components such as COL1A1, COL3A1, and fibronectin, alongside down-
regulation of genes related to ocular surface function, including goblet cell and epithelial
differentiation markers [101,102]. ECM reorganization in OCP is mediated by MMP-1
and MMP-9, with dysregulation of their tissue inhibitors (TIMPs), resulting in proteolytic
imbalance, keratocyte apoptosis, stromal disorganization, and Bowman’s membrane al-
terations [100,103]. These processes are driven by both innate immune cells (mast cells,
eosinophils, macrophages) and adaptive immune cells (T and B lymphocytes) infiltrat-
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ing the conjunctiva [88,104]. OCP is characterized by autoantibodies against basement
membrane proteins (BP180, BP230, laminin-332), chronic subepithelial inflammation, fi-
broblast activation, excessive collagen deposition, and cicatricial fibrosis leading to fornix
shortening, symblepharon, severe dry eye, and secondary corneal opacification [88,89,105].
Fibrosis represents the key driver of disease progression and visual loss.

3.3. Future Perspectives
3.3.1. The Dual-Aspect of Remodeling and Informations

Neuronal involvement in tissue remodeling is fundamental, encompassing develop-
mental pruning, adult plasticity, and injury repair, with neurons and glial cells interacting
dynamically with the ECM to guide regeneration and modulate inflammation [106]. In
KC, corneal nerves become thickened and displaced anteriorly, interacting with stromal
keratocytes and influencing their differentiation into myofibroblasts through growth fac-
tors such as NGF, thereby contributing to ECM remodeling, stromal thinning, and opac-
ity [91,93,107]. In OCP, NGF plays a central modulatory role in inflammation and fibrosis
through its receptors TrkA and p75NTR, influencing fibroblast activation, cytokine release
(including TGF-β), and potentially myofibroblast apoptosis in a context-dependent man-
ner [95,100,108]. Neuronal–immune–fibroblast crosstalk sustains chronic inflammation and
aberrant ECM deposition, ultimately driving scarring and visual impairment [100,108].

3.3.2. Fibrogenic Profiles and Novel Approaches

Taken together, KC and OCP represent paradigmatic but opposite models of mal-
adaptive tissue remodeling. Understanding the molecular mechanisms underlying these
processes is crucial for the development of targeted therapies aimed at controlling inflam-
mation, preventing fibrosis, and promoting neuroprotection.

4. Therapeutic Potential of Hemocomponents in Neuronal and
Cicatricial Pathologies
4.1. Background

Blood-derived eye drops have been increasingly adopted as biological therapies for
severe ocular surface disease (OSD), particularly when epithelial instability, neurotrophic
impairment, and chronic inflammation coexist, and conventional treatments prove insuf-
ficient. Accordingly, these preparations are best interpreted as “biological formulations”
that provide a tear-mimetic and trophic microenvironment supporting epithelial repair,
immune balance, and neural recovery, rather than as single-factor drugs. Their activity
arises from the coordinated action of multiple components naturally pooled by human
physiology [7,109,110].

4.1.1. What Are EDHO (Eye Drops of Human Origin) and Why Do They Matter?

An important conceptual and regulatory evolution in this field is the recognition
that serum eye drops represent only one member of a broader family of Eye Drops of
Human Origin (EDHO) to encompass diverse human-derived ocular formulations beyond
classical serum, including platelet-derived products and cord blood-derived preparations,
while explicitly acknowledging persistent heterogeneity in production standards and
clinical indications [111]. This broader definition is clinically relevant because different
preparations deliver distinct biologically active profiles, and may therefore be better suited
to different phenotypes of disease (e.g., predominantly neurotrophic vs. inflammatory
vs. cicatricial).
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4.1.2. Composition of Blood-Derived Products

From a biological standpoint, blood-derived eye drops act as multicomponent reser-
voirs. Their potential relevance for ocular surface repair is linked to the presence of
the following:

- Growth factors and neurotrophins. This includes EGF, IGF-1/2, FGF, PDGF, VEGF, and
neurotrophic mediators such as NGF, supporting epithelial migration/proliferation
and neural maintenance.

- Cytokines and immunomodulatory mediators. This balance of pro- and anti-inflammatory
signals (e.g., IL-1 family and IL-6, IL-10) may contribute to restoring immune home-
ostasis, with effects influenced by concentration and baseline inflammatory mi-
lieu [7,109,110].

- Antimicrobials, antioxidants, lipids, and small molecules. Additional tear-relevant compo-
nents: Antimicrobial and antioxidant factors and lipid/small-molecule constituents
that may support barrier function and tear-film stability in complex OSD pheno-
types [7,109].

- Extracellular vesicles and regulatory RNAs. Emerging mediators (EVs/exosomes and
miRNAs) are potentially involved in intercellular signaling relevant to wound healing
and fibrosis [112].

4.1.3. Why “Physiological Cocktails” May Outperform Single Molecules

A recurring challenge in ocular surface therapeutics is that single-molecule approaches
rarely address the full complexity of epithelial repair in inflamed or denervated tissue.
Corneal homeostasis and regeneration require synchronized signals controlling prolifera-
tion, migration, differentiation, immune tolerance, and matrix remodeling. Blood-derived
products provide parallel signaling inputs that may better reflect this biology: rather than
attempting to replace one missing mediator, they offer a coordinated mixture that can
engage multiple pathways simultaneously [7,109,110]. This is particularly relevant in
neurotrophic and cicatricial disease, where epithelial failure is typically not monofactorial.

At the same time, the “cocktail advantage” has a practical corollary: composition
matters. Dose–response relationships may not be linear, and certain factors can become
inhibitory at higher concentrations in specific cellular contexts, showing that increasing
EGF concentrations can downregulate clonal growth in vitro, supporting the principle that
“more is not always better,” and that formulation and dilution should be rationalized [110].

4.1.4. Comparison of Key Preparations

- Autologous serum eye drops (ASED). ASED are typically prepared from the patient’s
peripheral blood and are widely used across severe dry eye, persistent epithelial defect,
corneal ulceration, neurotrophic keratopathy, and other complex OSDs [7,109,110,113].
Strengths include immunologic compatibility and a tear-mimetic composition; limita-
tions include inter-individual variability, logistical burdens, and limited harmonization
across centers [111].

- Platelet-rich plasma (PRP) and platelet lysate (PL). Platelet-derived formulations provide
a higher reservoir of platelet-released mediators (e.g., PDGF and TGF-β family) and
may be advantageous in refractory epithelial defects and postoperative surface insta-
bility [114,115]. PL, in particular, has been studied as a standardized, efficient source
of growth factors for ocular surface applications, with translational interest in quality
consistency and potency [115]. However, protocol heterogeneity (activation methods,
leukocyte content, and storage) complicates cross-study comparisons and supports
the need for shared minimal quality parameters [111].
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- Cord blood–derived products. Allogeneic preparations are proposed when autologous
approaches are not feasible or when a distinct trophic/immunomodulatory profile
is desired [110,116]. These products require robust donor screening, traceability, and
governance aligned with SoHO principles [111].

4.1.5. EDHO Within the New EU SoHO Regulatory Framework

The regulatory landscape in Europe is evolving with direct implications for EDHO. In
2024, the EU adopted a new Regulation on standards of quality and safety for substances
of human origin (SoHO) intended for human application [117].

This framework aims to strengthen safety, traceability, and governance for both au-
tologous and allogeneic pathways, while accommodating emerging applications such as
human-derived eye drops [118]. For clinical translation, this reinforces the need for clearer
product definitions, shared minimal quality parameters (including microbiological safety),
and harmonized vigilance systems [111].

4.2. Mechanisms of Action in Neurotrophic and Cicatricial Disease

The therapeutic effects of blood-derived eye drops in ocular surface disease derive
from their ability to simultaneously modulate epithelial repair, inflammatory balance, and
neural regeneration. Unlike conventional topical therapies targeting isolated pathways,
these biological formulations act on multiple levels of tissue homeostasis, reflecting the
multifactorial nature of neurotrophic and cicatricial disorders.

4.2.1. Promotion of Epithelial Migration and Proliferation

One of the most consistent biological effects of blood-derived products is the stimula-
tion of corneal epithelial migration and proliferation. Growth factors such as epidermal
growth factor (EGF), insulin-like growth factors (IGF-1 and IGF-2), fibroblast growth fac-
tors (FGFs), and platelet-derived growth factor (PDGF) are central mediators of epithelial
wound closure and stratification. These molecules regulate cytoskeletal reorganization,
cell–cell adhesion, and integrin-mediated attachment to the extracellular matrix, processes
that are critically impaired in neurotrophic and post-inflammatory conditions [109,119,120].

Experimental data derived from in vitro and ex vivo corneal models have shown that
epithelial cell responses to growth factors are highly dose dependent. Notably, increasing
concentrations of EGF beyond physiological levels may paradoxically reduce epithelial
clonogenic capacity and impair organized cell migration, highlighting the importance of
balanced trophic signaling rather than supraphysiological stimulation. This concept sup-
ports the biological rationale for using blood-derived products, in which growth factors are
delivered within a physiologic range and in combination with complementary mediators
rather than as isolated recombinant molecules.

4.2.2. Modulation of Inflammation and Immune Responses

Beyond epithelial regeneration, blood-derived eye drops exert significant immunomodu-
latory effects. Inflammatory cytokines and chemokines present in controlled concentrations—
together with anti-inflammatory mediators such as IL-10, transforming growth factor-β
(TGF-β), and soluble growth factor receptors—contribute to restoring immune homeostasis
at the ocular surface. This balanced inflammatory milieu is particularly relevant in chronic
ocular surface diseases, where persistent low-grade inflammation perpetuates epithelial
damage and nerve dysfunction.
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Furthermore, antimicrobial peptides (e.g., defensins and cathelicidins) and innate
immune components contribute to microbial defense without inducing epithelial toxic-
ity, distinguishing blood-derived formulations from conventional antiseptic or antibiotic
approaches. The combined presence of these mediators supports the concept of a “physio-
logical immunomodulation” rather than pharmacological immunosuppression, aligning
with the goal of restoring tissue equilibrium rather than merely suppressing inflamma-
tion [109,121,122].

4.2.3. Support of Nerve Regeneration and Neurotrophic Function

Neurotrophic support represents a key mechanism underlying the clinical efficacy of
blood-derived products in neurotrophic keratopathy and other nerve-related ocular surface
disorders. Neurotrophins such as nerve growth factor (NGF), along with IGFs and other
signaling molecules, promote axonal survival, sprouting, and functional recovery of corneal
sensory nerves. Experimental and clinical studies have demonstrated improvements in
corneal sensitivity and subbasal nerve morphology following treatment with serum- or
platelet-derived formulations, supporting their role in neural repair [80,123,124].

Importantly, neural recovery is tightly coupled to epithelial health: reinnervation
enhances epithelial metabolism and wound healing, while restored epithelial integrity
provides trophic support to regenerating nerves. This bidirectional interaction reinforces
the concept that effective therapy must address both epithelial and neural compartments si-
multaneously.

4.2.4. Dose- and Formulation-Dependent Biological Effects

Accumulating evidence indicates that the biological activity of blood-derived products
is influenced not only by qualitative composition but also by concentration, preparation
method, and dosing regimen. Growth factor effects are dose dependent, supporting
the need for rational formulation and dilution strategies rather than overphysiological
stimulation [125].

Differences in preparation methods (serum vs. platelet-rich plasma vs. platelet lysate;
fresh vs. frozen formulations) influence the availability of bioactive mediators and may
contribute to variable clinical responses. In practice, formulation selection is phenotype-
driven rather than interchangeable. For instance, diluted autologous serum (commonly
20–40%) is frequently employed in inflammatory-dominant severe dry eye disease due
to its tear-mimetic composition and relatively balanced cytokine profile [7,126]. In con-
trast, platelet-rich preparations, characterized by higher concentrations of platelet-derived
growth factors such as PDGF and TGF-β family members, have been investigated in persis-
tent epithelial defects and moderate-to-severe neurotrophic keratopathy, where enhanced
epithelial proliferation and trophic support are required [6,110]. In cicatricial disease, these
formulations are generally used as adjuncts to systemic immunomodulation to support
epithelial integrity while the underlying autoimmune process is controlled [126]. This ap-
proach reflects structured, mechanism-based clinical decision-making rather than uniform
application across conditions. A practical comparison between serum-based and platelet-
based EDHO, including preparation principles, biological profiles, and phenotype-oriented
clinical selection, is summarized in Table 2.
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Table 2. Practical comparison of serum-based and platelet-based Eye Drops of Human Origin
(EDHO) in corneal disease. The table summarizes practical differences between serum-based and
platelet-based EDHO, highlighting preparation principles, biological profiles, and phenotype-oriented
clinical selection.

Feature Serum-Based EDHO (Autologous
Serum Eye Drops, ASED) Platelet-Based EDHO (PRP/Platelet Lysate)

Source material Peripheral blood (no anticoagulant;
clot formation)

Peripheral blood with anticoagulant →
platelet concentration ± activation or lysis

Preparation principle

Clot formation → centrifugation →
serum separation → dilution
(commonly 20–50%) → sterile
aliquoting

Platelet concentration (single/double spin)
→ activation or freeze–thaw lysis → debris
removal/filtration → aliquoting

Biological profile
Tear-mimetic composition; balanced
levels of EGF, TGF-β, IGFs, NGF,
cytokines

Higher concentration of platelet-derived
growth factors (e.g., PDGF, TGF-β family,
EGF-related pathways); greater trophic load

Primary biological effect Restoration of epithelial homeostasis
and immune balance

Enhanced epithelial proliferation, stromal
support, neurotrophic stimulation

Typical clinical indications

Severe dry eye disease (especially
inflammatory-dominant phenotypes),
Sjögren’s syndrome, early–moderate
neurotrophic keratopathy (NK),
persistent epithelial defects (PEDs)

Refractory PED, moderate–severe NK,
post-surgical epithelial instability

Clinical rationale for selection
Preferred when tear-substitute-like,
immunologically compatible
formulation is needed

Considered when stronger trophic
stimulation is desired or when inadequate
response to serum-based therapy occurs

Dosing in clinical practice 4–8 instillations/day; duration
individualized (weeks–months)

4–8 instillations/day; duration
individualized

Advantages
Long clinical experience; autologous
compatibility; relatively simple
preparation

Higher growth factor availability; potential
for faster epithelial response

Limitations
Inter-patient variability; logistical
burden; limited inter-center
standardization

Greater protocol heterogeneity (platelet
concentration, leukocytes, activation
method); quality control complexity

Theoretical concerns Excessive concentration (if undiluted)
may alter growth factor balance

High TGF-β exposure (protocol-dependent);
variability in platelet content

Legend: EDHO: Eye Drops of Human Origin; ASED: Autologous Serum Eye Drops; PRP: Platelet-Rich Plasma;
NK: Neurotrophic Keratopathy; PED: Persistent Epithelial Defect. All listed products fall under the EU regulatory
framework for Substances of Human Origin (SoHO) and require traceability, sterility assurance, and defined qual-
ity control procedures. Variability in preparation protocols (platelet concentration, leukocyte content, activation
method, and storage conditions) may influence biological composition and clinical performance.

4.3. Clinical Applications and Efficacy
4.3.1. Indications

Blood-derived eye drops have found their principal clinical application in conditions
characterized by impaired epithelial healing, altered corneal innervation, and chronic in-
flammation.

Among these, neurotrophic keratopathy (NK) represents the most paradigmatic indi-
cation, where impairment of trigeminal innervation leads to corneal epithelial breakdown,
impairment of healing, and development of corneal ulceration, melting, and perforation.
Several clinical studies have demonstrated that autologous serum and platelet-derived
formulations can promote epithelial closure, improve corneal sensitivity, and reduce the
risk of stromal involvement in patients with moderate to severe NK [6,83,127].
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Beyond classical neurotrophic disease, severe dry eye disease (DED) has emerged
as a major indication for blood-derived eye drops. In particular, DED caused by certain
etiological drivers, particularly in its inflammatory and mixed neurotrophic phenotypes,
can benefit from anti-inflammatory therapies, T-cell immunomodulatory drugs, in addition
to biologic tear substitutes such as autologous serum and platelet-rich plasma. In these pa-
tients, conventional tear substitutes often fail to restore ocular surface homeostasis, whereas
serum- or platelet-based therapies provide trophic and immunomodulatory support that
translates into improved symptoms and dry eye signs, such as Schirmer test results, TBUT,
and corneal and conjunctival staining measurements [110,126,128,129].

Blood-derived products have also shown benefit in chemical and thermal ocular in-
juries, where rapid restoration of the epithelial barrier and suppression of inflammation
are critical to preventing cicatricial sequelae. Clinical studies and case series report acceler-
ated wound healing in patients with persistent epithelial defects and improved structural
outcomes when these therapies are integrated early into standard medical treatments [130].

Similarly, post-surgical and post-radiation ocular surface damage, including that
following keratoplasty, refractive surgery, or orbital radiotherapy, may benefit from blood-
derived products through enhanced epithelial recovery and modulation of chronic in-
flammatory responses [131–133]. Some studies reported improvement in DED symptoms,
corneal staining measurements, conjunctival hyperemia, and ocular surface inflammation
in patients treated with blood-derived products after refractive surgery [131,132]. More-
over, several studies reported a significant reduction in neuropathic corneal pain following
treatment with blood-derived eye drops, which was associated with improvements in
sub-basal nerve plexus parameters [134].

4.3.2. Evidence of Efficacy

- Timing, Dosing, and Treatment Duration. The clinical efficacy of blood-derived eye drops
is strongly influenced by the timing of initiation, dosing frequency, and treatment
duration. Evidence suggests that early intervention, particularly during the reversible
phases of epithelial and neural dysfunction, is associated with better anatomical and
functional outcomes. In contrast, delayed treatment in advanced cicatricial disease
may limit the regenerative potential of these therapies.

Most published protocols report dosing regimens ranging from four to eight instilla-
tions per day, tailored according to clinical response to treatment; treatment durations vary
from several weeks to several months, depending on disease severity and response [134].
Importantly, both experimental and clinical data indicate that the biological effects of
blood-derived products are dose-dependent but not linearly proportional. Excessive con-
centrations of certain growth factors, notably EGF, may paradoxically impair epithelial
proliferation or alter differentiation patterns, underscoring the importance of balanced
formulations and personalized dosing strategies [125].

- Clinical Evidence and Real-World Experience. The clinical efficacy of blood-derived eye
drops is supported by a growing body of prospective and retrospective studies, as
well as real-world observational data. Autologous serum eye drops have consis-
tently demonstrated benefits in improving corneal epithelial integrity, reducing ocular
discomfort, and enhancing visual function in patients with severe ocular surface
disease [6,127,128]. An American Academy of Ophthalmology Preferred Practice
assessment report reviewed 10 studies and found 8 to be high quality, demonstrating
improved symptoms and at least one objective clinical sign of dry eye (i.e., ocular
surface staining, Schirmer testing, tear film breakup time, or cytologic analysis) with
the use of serum tears. Moreover, a task force report from the European League
Against Rheumatism (EULAR) provided an algorithm for treating ocular dryness and
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recommends the use of autologous serum tears in patients whose symptoms were
uncontrolled after ocular lubricants and CsA [126].

Plated derived preparation, such as platelet-rich plasma and platelet lysate prepa-
rations, have shown comparable or superior outcomes in selected patient populations,
particularly those with refractory epithelial defects or pronounced neurotrophic impair-
ment [110,125,126,129]. Indeed, these preparations differ from autologous serum tears in
that they contain clotting proteins and biologically active agents derived from platelets,
such as epidermal growth factor, transforming growth factor–β, platelet-derived growth
factor, NGF, and insulin-like growth factor [126]. Several studies have shown that platelet-
derived preparations used in patients with persistent epithelial defects (PED) or severe dry
eye disease (DED) secondary to Sjögren’s syndrome or graft-versus-host disease, who were
unresponsive to conventional therapies, resulted in significant improvement in dry eye
symptoms, particularly photophobia, as well as in objective clinical parameters, including
tear break-up time and fluorescein corneal staining. These benefits were accompanied
by faster corneal and conjunctival epithelial healing, improved corneal clarity, and better
best-corrected visual acuity [110].

Importantly, accumulated clinical experience indicates that therapeutic response is
influenced by both disease phenotype and product characteristics. Patients with predomi-
nantly neurotrophic or trophic deficiency appear to derive the greatest benefit, whereas
inflammatory-dominant phenotypes may require combination approaches. These obser-
vations reinforce the concept that blood-derived products should be integrated into a
personalized, mechanism-based treatment strategy.

4.4. Practical Considerations and Unmet Needs

Despite the growing body of evidence supporting the clinical efficacy of blood-derived
eye drops, their broader implementation in routine ophthalmic practice remains chal-
lenged by several practical and regulatory issues. These limitations are largely related to
heterogeneity in product preparation, lack of standardized quality parameters, logistical
constraints, and disparities in regulatory frameworks across countries [7].

4.4.1. Variability in Preparation and Regulatory Heterogeneity

One of the major limitations in the clinical translation of blood-derived eye drops is
the marked variability in preparation protocols. Differences in blood collection methods,
centrifugation protocols, use of anticoagulants, activation procedures, dilution ratios, and
storage conditions result in products with substantially different biological compositions.
This variability affects not only growth factor and cytokine concentrations but also the
presence of extracellular vesicles, residual cellular components, and antimicrobial peptides,
ultimately influencing clinical efficacy and reproducibility.

Regulatory approaches to blood-derived eye drops also differ substantially among
countries. While some national frameworks classify these products as medicinal products,
others regulate them under transfusion or tissue-and-cell legislation [117,135]. The recent
European Union Regulation on Substances of Human Origin (SoHO) aims to harmonize
standards related to safety, traceability, and donor protection, while explicitly acknowledg-
ing emerging products such as Eye Drops of Human Origin (EDHO) [118]. This framework
represents an important step toward a risk-based, proportionate regulatory model that
balances innovation with patient safety.

4.4.2. Storage, Stability, and Delivery Challenges

Another critical aspect concerns the stability and handling of blood-derived eye drops.
Most formulations require cold storage or freezing to preserve biological activity, which
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imposes logistical constraints for both healthcare facilities and patients. Repeated freeze–
thaw cycles may alter protein conformation and reduce bioactivity, while inadequate
storage conditions increase the risk of microbial contamination.

Recent efforts to improve stability—such as lyophilization or optimized freezing
protocols—have shown promise in extending shelf life and simplifying transport and
storage. However, these approaches introduce additional variables that may influence
biological activity and therefore require careful validation. Optimizing delivery systems,
including single-dose packaging and standardized reconstitution protocols, remains a key
challenge for ensuring safety, reproducibility, and patient adherence [136].

4.4.3. Need for Standardization and Biomarkers of Response

A major unmet need in the field is the lack of standardized criteria to guide product
selection, dosing regimens, and treatment duration. Currently, therapeutic decisions rely
largely on empirical experience rather than evidence-based algorithms [7].

Equally important is the absence of validated biomarkers capable of predicting or
monitoring therapeutic response. Potential candidates include tear film inflammatory
mediators, growth factor profiles, corneal nerve parameters assessed by in vivo confocal
microscopy, and molecular indicators of epithelial regeneration. The identification and
validation of such biomarkers would represent a critical step toward personalized use of
blood-derived therapies.

4.4.4. Cost, Accessibility, and Health System Integration

Cost and accessibility remain significant barriers to the widespread adoption of blood-
derived eye drops. The need for specialized facilities, trained personnel, and regulated
production environments contributes to variability in availability and reimbursement
across healthcare systems. From a public health perspective, harmonization of regulatory
frameworks, combined with robust clinical and economic evidence, will be essential to
support broader integration of EDHO into standard ophthalmic care pathways [126].

4.5. Future Perspectives
4.5.1. Toward Precision Medicine in Ocular Surface Disease

The increasing complexity of ocular surface disorders, particularly those characterized
by neurotrophic and inflammatory components, highlights the need for a shift from empiri-
cal treatment strategies toward a precision medicine–based approach. Blood-derived eye
drops, by virtue of their biological complexity, represent an ideal platform for such evolu-
tion. Rather than being used as uniform therapeutic agents, these products could be tailored
according to patient-specific pathological mechanisms, including the relative contribution
of neurodegeneration, inflammation, epithelial instability, and immune dysregulation [137].

Advances in phenotyping techniques—such as in vivo confocal microscopy, tear pro-
teomics, and molecular profiling—are progressively enabling the identification of distinct
disease endotypes. Stratifying patients based on neuro-inflammatory signatures may al-
low clinicians to select the most appropriate blood-derived formulation, optimize dosing
regimens, and predict therapeutic response [7,109]. In this context, the integration of
biomarker-driven approaches represents a key step toward personalized management of
complex ocular surface disease.

4.5.2. Combination Therapies and Multimodal Approaches

Given the multifactorial nature of ocular surface disease, blood-derived eye drops
are often integrated into multimodal treatment strategies rather than used as isolated
interventions. In clinical practice, combination approaches typically involve the association
of serum- or platelet-based formulations with targeted anti-inflammatory therapy (e.g.,
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short courses of topical corticosteroids during active inflammation or calcineurin inhibitors
in immune-mediated dry eye), particularly in inflammatory-dominant phenotypes. In
advanced neurotrophic keratopathy or persistent epithelial defects, blood-derived eye
drops may also be combined with regenerative procedures such as amniotic membrane
transplantation to enhance epithelial recovery and modulate stromal remodeling [109,126].

In cicatricial disorders, integration with systemic immunomodulatory therapy is often
required to control the underlying immune process while supporting surface repair. These
examples illustrate that blood-derived products are most effective when incorporated into a
structured, mechanism-based treatment plan tailored to disease stage and phenotype [138].

4.5.3. Regulatory Harmonization and Future Directions

The progressive implementation of the European Regulation on Substances of Human
Origin (SoHO) marks a pivotal step toward harmonizing regulatory oversight for blood-
derived products across Member States [117,118]. By introducing a unified, risk-based
framework, the regulation aims to ensure high standards of safety and traceability while
fostering innovation and cross-border collaboration.

For EDHO, this regulatory evolution offers an opportunity to move toward standard-
ized production protocols, shared quality benchmarks, and clearer pathways for clinical
adoption. At the same time, it underscores the need for continued dialogue between clini-
cians, transfusion specialists, regulatory authorities, and industry stakeholders to ensure
that innovation remains aligned with patient safety and clinical relevance.

Ultimately, the integration of precision medicine principles, robust regulatory frame-
works, and multidisciplinary collaboration will be essential to fully realize the therapeutic
potential of blood-derived eye drops. As evidence continues to accumulate, these products
are likely to assume an increasingly defined role within personalized treatment algorithms
for ocular surface disease.

5. Conclusions
The ocular surface emerges from this review as a highly integrated neuroepithelial–

immune unit, in which corneal innervation plays a central and non-redundant role in main-
taining tissue homeostasis, coordinating repair mechanisms, and modulating inflammatory
responses. Neural dysfunction—whether related to disease, injury, or surgery—initiates ep-
ithelial and immune alterations that contribute to chronic ocular surface damage, impaired
regeneration, and progressive tissue remodeling.

Across different disease models, disruption of neurogenic signaling represents a
common pathogenic mechanism linking persistent inflammation, defective healing, and
fibrotic changes. Within this context, blood-derived eye drops constitute a biologically
coherent therapeutic approach, providing a multifactorial and physiologically balanced
repertoire of mediators capable of supporting epithelial repair, modulating inflammation,
and promoting nerve recovery.

Future advances will rely on integrating neurobiological insights with standardized
regenerative therapies and harmonized regulatory frameworks, enabling more targeted
and personalized management of complex ocular surface disorders.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: DeepL was used solely for language editing to improve English clarity, as
the authors are non-native English speakers. All scientific content and conclusions are the sole
responsibility of the authors. A.M. thanks Fondazione Roma (Roma) and the Italian Ministry of
Health for continuous support.

https://doi.org/10.3390/jcm15052026

https://doi.org/10.3390/jcm15052026


J. Clin. Med. 2026, 15, 2026 20 of 25

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Müller, L.J.; Marfurt, C.F.; Kruse, F.; Tervo, T.M.T. Corneal Nerves: Structure, Contents and Function. Exp. Eye Res. 2003, 76,

521–542. [CrossRef]
2. Bron, A.J.; de Paiva, C.S.; Chauhan, S.K.; Bonini, S.; Gabison, E.E.; Jain, S.; Knop, E.; Markoulli, M.; Ogawa, Y.; Perez, V.; et al.

TFOS DEWS II Pathophysiology Report. Ocul. Surf. 2017, 15, 438–510. [CrossRef]
3. Belmonte, C.; Nichols, J.J.; Cox, S.M.; Brock, J.A.; Begley, C.G.; Bereiter, D.A.; Dartt, D.A.; Galor, A.; Hamrah, P.; Ivanusic, J.J.; et al.

TFOS DEWS II Pain and Sensation Report. Ocul. Surf. 2017, 15, 404–437. [CrossRef]
4. Belmonte, C.; Acosta, M.C.; Gallar, J. Neural Basis of Sensation in Intact and Injured Corneas. Exp. Eye Res. 2004, 78, 513–525.

[CrossRef] [PubMed]
5. Rosenthal, P.; Borsook, D. The Corneal Pain System. Part I: The Missing Piece of the Dry Eye Puzzle. Ocul. Surf. 2012, 10, 2–14.

[CrossRef] [PubMed]
6. Dua, H.S.; Said, D.G.; Messmer, E.M.; Rolando, M.; Benitez-Del-Castillo, J.M.; Hossain, P.N.; Shortt, A.J.; Geerling, G.; Nubile, M.;

Figueiredo, F.C.; et al. Neurotrophic Keratopathy. Prog. Retin. Eye Res. 2018, 66, 107–131. [CrossRef] [PubMed]
7. Bernabei, F.; Roda, M.; Buzzi, M.; Pellegrini, M.; Giannaccare, G.; Versura, P. Blood-Based Treatments for Severe Dry Eye Disease:

The Need of a Consensus. J. Clin. Med. 2019, 8, 1478. [CrossRef]
8. Labetoulle, M.; Baudouin, C.; Calonge, M.; Merayo-Lloves, J.; Boboridis, K.G.; Akova, Y.A.; Aragona, P.; Geerling, G.; Messmer,

E.M.; Benítez-Del-Castillo, J. Role of Corneal Nerves in Ocular Surface Homeostasis and Disease. Acta Ophthalmol. 2019, 97,
137–145. [CrossRef]

9. Dastjerdi, M.H.; Dana, R. Corneal Nerve Alterations in Dry Eye-Associated Ocular Surface Disease. Int. Ophthalmol. Clin. 2009,
49, 11–20. [CrossRef]

10. Guerrero-Moreno, A.; Baudouin, C.; Melik Parsadaniantz, S.; Réaux-Le Goazigo, A. Morphological and Functional Changes of
Corneal Nerves and Their Contribution to Peripheral and Central Sensory Abnormalities. Front. Cell. Neurosci. 2020, 14, 610342.
[CrossRef]

11. Vereertbrugghen, A.; Galletti, J.G. Corneal Nerves and Their Role in Dry Eye Pathophysiology. Exp. Eye Res. 2022, 222, 109191.
[CrossRef]

12. Cruzat, A.; Pavan-Langston, D.; Hamrah, P. In Vivo Confocal Microscopy of Corneal Nerves: Analysis and Clinical Correlation.
Semin. Ophthalmol. 2010, 25, 171–177. [CrossRef]

13. Cruzat, A.; Qazi, Y.; Hamrah, P. In Vivo Confocal Microscopy of Corneal Nerves in Health and Disease. Ocul. Surf. 2017, 15,
15–47. [CrossRef]

14. Wang, E.F.; Misra, S.L.; Patel, D.V. In Vivo Confocal Microscopy of the Human Cornea in the Assessment of Peripheral Neuropathy
and Systemic Diseases. BioMed Res. Int. 2015, 2015, 951081. [CrossRef]

15. Medeiros, C.S.; Santhiago, M.R. Corneal Nerves Anatomy, Function, Injury and Regeneration. Exp. Eye Res. 2020, 200, 108243.
[CrossRef]

16. He, J.; Bazan, H.E.P. Neuroanatomy and Neurochemistry of Mouse Cornea. Investig. Ophthalmol. Vis. Sci. 2016, 57, 664–674.
[CrossRef]

17. He, J.; Pham, T.L.; Bazan, H.E.P. Neuroanatomy and Neurochemistry of Rat Cornea: Changes with Age. Ocul. Surf. 2021, 20,
86–94. [CrossRef] [PubMed]

18. Al-Aqaba, M.A.; Fares, U.; Suleman, H.; Lowe, J.; Dua, H.S. Architecture and Distribution of Human Corneal Nerves. Br. J.
Ophthalmol. 2010, 94, 784–789. [CrossRef]

19. Marfurt, C.F.; Cox, J.; Deek, S.; Dvorscak, L. Anatomy of the Human Corneal Innervation. Exp. Eye Res. 2010, 90, 478–492.
[CrossRef]

20. Blanco-Mezquita, T.; Martinez-Garcia, C.; Proença, R.; Zieske, J.D.; Bonini, S.; Lambiase, A.; Merayo-Lloves, J. Nerve Growth
Factor Promotes Corneal Epithelial Migration by Enhancing Expression of Matrix Metalloprotease-9. Investig. Ophthalmol. Vis. Sci.
2013, 54, 3880–3890. [CrossRef]

21. Kovács, I.; Ludány, A.; Koszegi, T.; Fehér, J.; Kovács, B.; Szolcsányi, J.; Pintér, E. Substance P Released from Sensory Nerve
Endings Influences Tear Secretion and Goblet Cell Function in the Rat. Neuropeptides 2005, 39, 395–402. [CrossRef]

22. Mantelli, F.; Micera, A.; Sacchetti, M.; Bonini, S. Neurogenic Inflammation of the Ocular Surface. Curr. Opin. Allergy Clin. Immunol.
2010, 10, 498–504. [CrossRef]

23. Singh, R.B.; Naderi, A.; Cho, W.; Ortiz, G.; Musayeva, A.; Dohlman, T.H.; Chen, Y.; Ferrari, G.; Dana, R. Modulating the
Tachykinin: Role of Substance P and Neurokinin Receptor Expression in Ocular Surface Disorders. Ocul. Surf. 2022, 25, 142–153.
[CrossRef]

24. Watson, P.G.; Young, R.D. Scleral Structure, Organisation and Disease. A Review. Exp. Eye Res. 2004, 78, 609–623. [CrossRef]

https://doi.org/10.3390/jcm15052026

https://doi.org/10.1016/S0014-4835(03)00050-2
https://doi.org/10.1016/j.jtos.2017.05.011
https://doi.org/10.1016/j.jtos.2017.05.002
https://doi.org/10.1016/j.exer.2003.09.023
https://www.ncbi.nlm.nih.gov/pubmed/15106930
https://doi.org/10.1016/j.jtos.2012.01.002
https://www.ncbi.nlm.nih.gov/pubmed/22330055
https://doi.org/10.1016/j.preteyeres.2018.04.003
https://www.ncbi.nlm.nih.gov/pubmed/29698813
https://doi.org/10.3390/jcm8091478
https://doi.org/10.1111/aos.13844
https://doi.org/10.1097/IIO.0b013e31819242c9
https://doi.org/10.3389/fncel.2020.610342
https://doi.org/10.1016/j.exer.2022.109191
https://doi.org/10.3109/08820538.2010.518133
https://doi.org/10.1016/j.jtos.2016.09.004
https://doi.org/10.1155/2015/951081
https://doi.org/10.1016/j.exer.2020.108243
https://doi.org/10.1167/iovs.15-18019
https://doi.org/10.1016/j.jtos.2020.11.005
https://www.ncbi.nlm.nih.gov/pubmed/33340717
https://doi.org/10.1136/bjo.2009.173799
https://doi.org/10.1016/j.exer.2009.12.010
https://doi.org/10.1167/iovs.12-10816
https://doi.org/10.1016/j.npep.2005.04.003
https://doi.org/10.1097/aci.0b013e32833e16cc
https://doi.org/10.1016/j.jtos.2022.06.007
https://doi.org/10.1016/S0014-4835(03)00212-4
https://doi.org/10.3390/jcm15052026


J. Clin. Med. 2026, 15, 2026 21 of 25

25. Vestal, K.P.; Rathbun, J.E.; Seiff, S.R. Anatomy of the Terminal Nerves in the Upper Eyelid. Ophthal. Plast. Reconstr. Surg. 1994, 10,
1–5. [CrossRef]

26. Rucker, J.C. Normal and Abnormal Lid Function. Handb. Clin. Neurol. 2011, 102, 403–424. [CrossRef] [PubMed]
27. Simons, E.; Smith, P.G. Sensory and Autonomic Innervation of the Rat Eyelid: Neuronal Origins and Peptide Phenotypes. J. Chem.

Neuroanat. 1994, 7, 35–47. [CrossRef] [PubMed]
28. McDougal, D.H.; Gamlin, P.D. Autonomic Control of the Eye. Compr. Physiol. 2015, 5, 439–473. [CrossRef] [PubMed]
29. Kakizaki, H.; Takahashi, Y.; Nakano, T.; Asamoto, K.; Ikeda, H.; Selva, D.; Leibovitch, I. Müller’s Muscle: A Component of the

Peribulbar Smooth Muscle Network. Ophthalmology 2010, 117, 2229–2232. [CrossRef]
30. Cox, S.M.; Nichols, J.J. The Neurobiology of the Meibomian Glands. Ocul. Surf. 2014, 12, 167–177. [CrossRef]
31. Henriquez, V.M.; Evinger, C. The Three-Neuron Corneal Reflex Circuit and Modulation of Second-Order Corneal Responsive

Neurons. Exp. Brain Res. 2007, 179, 691–702. [CrossRef]
32. Henriquez, V.M.; Evinger, C. Modification of Cornea-Evoked Reflex Blinks in Rats. Exp. Brain Res. 2005, 163, 445–456. [CrossRef]

[PubMed]
33. Dartt, D.A. Neural Regulation of Lacrimal Gland Secretory Processes: Relevance in Dry Eye Diseases. Prog. Retin. Eye Res. 2009,

28, 155–177. [CrossRef] [PubMed]
34. Bulut, K.; Felderbauer, P.; Deters, S.; Hoeck, K.; Schmidt-Choudhury, A.; Schmidt, W.E.; Hoffmann, P. Sensory Neuropeptides and

Epithelial Cell Restitution: The Relevance of SP- and CGRP-Stimulated Mast Cells. Int. J. Color. Dis. 2008, 23, 535–541. [CrossRef]
[PubMed]

35. Gallar, J. Corneal Sensory Nerve Function: An Overview. Acta Ophthalmol. 2024, 102, S279. [CrossRef]
36. Wu, M.; Hill, L.J.; Downie, L.E.; Chinnery, H.R. Neuroimmune Crosstalk in the Cornea: The Role of Immune Cells in Corneal

Nerve Maintenance during Homeostasis and Inflammation. Prog. Retin. Eye Res. 2022, 91, 101105. [CrossRef]
37. Puri, S.; Kenyon, B.M.; Hamrah, P. Immunomodulatory Role of Neuropeptides in the Cornea. Biomedicines 2022, 10, 1985.

[CrossRef]
38. Lasagni Vitar, R.M.; Bonelli, F.; Rama, P.; Ferrari, G. Immunity and Pain in the Eye: Focus on the Ocular Surface. Clin. Exp.

Immunol. 2022, 207, 149–163. [CrossRef]
39. Neurotrophic Keratopathy Study Group. Neurotrophic Keratopathy: An Updated Understanding. Ocul. Surf. 2023, 30, 129–138.

[CrossRef]
40. Mastropasqua, L.; Nubile, M.; Lanzini, M.; Calienno, R.; Dua, H.S. In Vivo Microscopic and Optical Coherence Tomography

Classification of Neurotrophic Keratopathy. J. Cell. Physiol. 2019, 234, 6108–6115. [CrossRef]
41. Yanai, R.; Nishida, T.; Chikama, T.-I.; Morishige, N.; Yamada, N.; Sonoda, K.-H. Potential New Modes of Treatment of Neurotrophic

Keratopathy. Cornea 2015, 34, S121–S127. [CrossRef]
42. Oba, S.; Araki-Sasaki, K.; Chihara, T.; Kojima, T.; Murat, D.; Takahashi, K. Aberrant Corneal Homeostasis in Neurosurgery-

Induced Neurotrophic Keratopathy. J. Clin. Med. 2022, 11, 3804. [CrossRef]
43. Chucair-Elliott, A.J.; Zheng, M.; Carr, D.J.J. Degeneration and Regeneration of Corneal Nerves in Response to HSV-1 Infection.

Investig. Ophthalmol. Vis. Sci. 2015, 56, 1097–1107. [CrossRef]
44. He, J.; Cosby, R.; Hill, J.M.; Bazan, H.E.P. Changes in Corneal Innervation after HSV-1 Latency Established with Different

Reactivation Phenotypes. Curr. Eye Res. 2017, 42, 181–186. [CrossRef] [PubMed]
45. Roozbahani, M.; Hammersmith, K.M. Management of Herpes Simplex Virus Epithelial Keratitis. Curr. Opin. Ophthalmol. 2018, 29,

360–364. [CrossRef] [PubMed]
46. Liu, Y.-C.; Jung, A.S.J.; Chin, J.Y.; Yang, L.W.Y.; Mehta, J.S. Cross-Sectional Study on Corneal Denervation in Contralateral Eyes

Following SMILE Versus LASIK. J. Refract. Surg. 2020, 36, 653–660. [CrossRef] [PubMed]
47. Ma, K.K.; Manche, E.E. Corneal Sensitivity and Patient-Reported Dry Eye Symptoms in a Prospective Randomized Contralateral-

Eye Trial Comparing Laser In Situ Keratomileusis and Small Incision Lenticule Extraction. Am. J. Ophthalmol. 2022, 241, 248–253.
[CrossRef]

48. Zhou, T.; Lee, A.; Lo, A.C.Y.; Kwok, J.S.W.J. Diabetic Corneal Neuropathy: Pathogenic Mechanisms and Therapeutic Strategies.
Front. Pharmacol. 2022, 13, 816062. [CrossRef]

49. Zemaitiene, R.; Gorgadze, G.; Mockaitiene, L. Ocular Surface Changes Associated with Neurological Diseases. Med. Kaunas Lith.
2025, 61, 1693. [CrossRef]

50. De Lott, L.B.; Kaplan, C.; Harte, S.; Clauw, D.J.; Galor, A.; Vehof, J.; Shtein, R.M. Nociplastic Pain among Individuals with Chronic
Ocular Surface Pain: One Cause for “Pain without Stain”? Surv. Ophthalmol. 2025, 70, 536–543. [CrossRef]

51. Crane, A.M.; Feuer, W.; Felix, E.R.; Levitt, R.C.; McClellan, A.L.; Sarantopoulos, K.D.; Galor, A. Evidence of Central Sensitisation
in Those with Dry Eye Symptoms and Neuropathic-like Ocular Pain Complaints: Incomplete Response to Topical Anaesthesia
and Generalised Heightened Sensitivity to Evoked Pain. Br. J. Ophthalmol. 2017, 101, 1238–1243. [CrossRef]

52. Cox, S.; Binotti, W.; Hamrah, P. Clinical Assessment of Dry Eye Disease: Nerve Health. In Dry Eye Disease; Elsevier: Amsterdam,
The Netherlands, 2023; pp. 25–40.

https://doi.org/10.3390/jcm15052026

https://doi.org/10.1097/00002341-199403000-00001
https://doi.org/10.1016/B978-0-444-52903-9.00021-2
https://www.ncbi.nlm.nih.gov/pubmed/21601075
https://doi.org/10.1016/0891-0618(94)90006-X
https://www.ncbi.nlm.nih.gov/pubmed/7802969
https://doi.org/10.1002/j.2040-4603.2015.tb00603.x
https://www.ncbi.nlm.nih.gov/pubmed/25589275
https://doi.org/10.1016/j.ophtha.2010.02.018
https://doi.org/10.1016/j.jtos.2014.01.005
https://doi.org/10.1007/s00221-006-0826-7
https://doi.org/10.1007/s00221-004-2200-y
https://www.ncbi.nlm.nih.gov/pubmed/15785953
https://doi.org/10.1016/j.preteyeres.2009.04.003
https://www.ncbi.nlm.nih.gov/pubmed/19376264
https://doi.org/10.1007/s00384-008-0447-7
https://www.ncbi.nlm.nih.gov/pubmed/18274763
https://doi.org/10.1111/aos.16266
https://doi.org/10.1016/j.preteyeres.2022.101105
https://doi.org/10.3390/biomedicines10081985
https://doi.org/10.1093/cei/uxab032
https://doi.org/10.1016/j.jtos.2023.09.001
https://doi.org/10.1002/jcp.27345
https://doi.org/10.1097/ico.0000000000000587
https://doi.org/10.3390/jcm11133804
https://doi.org/10.1167/iovs.14-15596
https://doi.org/10.3109/02713683.2016.1167919
https://www.ncbi.nlm.nih.gov/pubmed/27315102
https://doi.org/10.1097/icu.0000000000000483
https://www.ncbi.nlm.nih.gov/pubmed/29697435
https://doi.org/10.3928/1081597x-20200730-01
https://www.ncbi.nlm.nih.gov/pubmed/33034357
https://doi.org/10.1016/j.ajo.2022.05.010
https://doi.org/10.3389/fphar.2022.816062
https://doi.org/10.3390/medicina61091693
https://doi.org/10.1016/j.survophthal.2025.01.004
https://doi.org/10.1136/bjophthalmol-2016-309658
https://doi.org/10.3390/jcm15052026


J. Clin. Med. 2026, 15, 2026 22 of 25

53. Galor, A.; Moein, H.-R.; Lee, C.; Rodriguez, A.; Felix, E.R.; Sarantopoulos, K.D.; Levitt, R.C. Neuropathic Pain and Dry Eye. Ocul.
Surf. 2018, 16, 31–44. [CrossRef]

54. Galor, A.; Britten-Jones, A.C.; Feng, Y.; Ferrari, G.; Goldblum, D.; Gupta, P.K.; Merayo-Lloves, J.; Na, K.-S.; Naroo, S.A.; Nichols,
K.K.; et al. TFOS Lifestyle: Impact of Lifestyle Challenges on the Ocular Surface. Ocul. Surf. 2023, 28, 262–303. [CrossRef]

55. Patel, S.V.; Hodge, D.O.; Treichel, E.J.; Spiegel, M.R.; Baratz, K.H. Predicting the Prognosis of Fuchs Endothelial Corneal Dystrophy
by Using Scheimpflug Tomography. Ophthalmology 2020, 127, 315–323. [CrossRef] [PubMed]

56. Roszkowska, A.M.; Licitra, C.; Tumminello, G.; Postorino, E.I.; Colonna, M.R.; Aragona, P. Corneal Nerves in Diabetes-The
Role of the In Vivo Corneal Confocal Microscopy of the Subbasal Nerve Plexus in the Assessment of Peripheral Small Fiber
Neuropathy. Surv. Ophthalmol. 2021, 66, 493–513. [CrossRef] [PubMed]

57. Chao, C.; Stapleton, F.; Badarudin, E.; Golebiowski, B. Ocular Surface Sensitivity Repeatability with Cochet-Bonnet Esthesiometer.
Optom. Vis. Sci. Off. Publ. Am. Acad. Optom. 2015, 92, 183–189. [CrossRef]

58. Tesón, M.; Calonge, M.; Fernández, I.; Stern, M.E.; González-García, M.J. Characterization by Belmonte’s Gas Esthesiometer of
Mechanical, Chemical, and Thermal Corneal Sensitivity Thresholds in a Normal Population. Investig. Ophthalmol. Vis. Sci. 2012,
53, 3154–3160. [CrossRef]

59. Murphy, P.J.; Morgan, P.B.; Patel, S.; Marshall, J. Corneal Surface Temperature Change as the Mode of Stimulation of the
Non-Contact Corneal Aesthesiometer. Cornea 1999, 18, 333–342. [CrossRef]

60. Surico, P.L.; Yavuz Saricay, L.; Singh, R.B.; Kahale, F.; Romano, F.; Dana, R. Corneal Sensitivity and Neuropathy in Patients with
Ocular Graft-Versus-Host Disease. Cornea 2024, 44, 838–844. [CrossRef]

61. Shan, J.; DeBoer, C.; Xu, B.Y. Anterior Segment Optical Coherence Tomography: Applications for Clinical Care and Scientific
Research. Asia-Pac. J. Ophthalmol. 2019, 8, 146–157. [CrossRef]

62. Muzyka, I.M.; Estephan, B. Electrophysiology of Cranial Nerve Testing: Trigeminal and Facial Nerves. J. Clin. Neurophysiol. Off.
Publ. Am. Electroencephalogr. Soc. 2018, 35, 16–24. [CrossRef]

63. Pieragostino, D.; Lanzini, M.; Cicalini, I.; Cufaro, M.C.; Damiani, V.; Mastropasqua, L.; De Laurenzi, V.; Nubile, M.; Lanuti, P.;
Bologna, G.; et al. Tear Proteomics Reveals the Molecular Basis of the Efficacy of Human Recombinant Nerve Growth Factor
Treatment for Neurotrophic Keratopathy. Sci. Rep. 2022, 12, 1229. [CrossRef]

64. Bigit, B.; Guaiquil, V.H.; Djalilian, A.R.; Rosenblatt, M.I. Mechanisms of Corneal Nerve Regeneration: Examining Molecular
Regulators. Cells 2025, 14, 1322. [CrossRef] [PubMed]

65. Pflugfelder, S.C.; Massaro-Giordano, M.; Perez, V.L.; Hamrah, P.; Deng, S.X.; Espandar, L.; Foster, C.S.; Affeldt, J.; Seedor,
J.A.; Afshari, N.A.; et al. Topical Recombinant Human Nerve Growth Factor (Cenegermin) for Neurotrophic Keratopathy: A
Multicenter Randomized Vehicle-Controlled Pivotal Trial. Ophthalmology 2020, 127, 14–26. [CrossRef]

66. Sosne, G.; Kleinman, H.K. Primary Mechanisms of Thymosin B4 Repair Activity in Dry Eye Disorders and Other Tissue Injuries.
Investig. Ophthalmol. Vis. Sci. 2015, 56, 5110–5117. [CrossRef]

67. Dieckmann, G.; Goyal, S.; Hamrah, P. Neuropathic Corneal Pain: Approaches for Management. Ophthalmology 2017, 124, S34–S47.
[CrossRef]

68. Mikhailova, A.; Ilmarinen, T.; Ratnayake, A.; Petrovski, G.; Uusitalo, H.; Skottman, H.; Rafat, M. Human Pluripotent Stem
Cell-Derived Limbal Epithelial Stem Cells on Bioengineered Matrices for Corneal Reconstruction. Exp. Eye Res. 2016, 146, 26–34.
[CrossRef]

69. Holan, V.; Trosan, P.; Cejka, C.; Javorkova, E.; Zajicova, A.; Hermankova, B.; Chudickova, M.; Cejkova, J. A Comparative Study of
the Therapeutic Potential of Mesenchymal Stem Cells and Limbal Epithelial Stem Cells for Ocular Surface Reconstruction. Stem
Cells Transl. Med. 2015, 4, 1052–1063. [CrossRef]

70. Zhang, H.; Alió Del Barrio, J.L.; De Miguel, M.P.; Alió, J.L. Emerging Strategies in Corneal Regeneration: The Role of Induced
Pluripotent Stem Cell-Based Therapies. Exp. Eye Res. 2025, 260, 110631. [CrossRef]

71. Li, F.; Carlsson, D.; Lohmann, C.; Suuronen, E.; Vascotto, S.; Kobuch, K.; Sheardown, H.; Munger, R.; Nakamura, M.; Griffith, M.
Cellular and Nerve Regeneration within a Biosynthetic Extracellular Matrix for Corneal Transplantation. Proc. Natl. Acad. Sci.
USA 2003, 100, 15346–15351. [CrossRef] [PubMed]

72. Pal, P.; Sambhakar, S.; Paliwal, S.; Kumar, S.; Kalsi, V. Biofabrication Paradigms in Corneal Regeneration: Bridging Bioprinting
Techniques, Natural Bioinks, and Stem Cell Therapeutics. J. Biomater. Sci. Polym. Ed. 2024, 35, 717–755. [CrossRef]

73. Bozkurt, A.; Brook, G.A.; Moellers, S.; Lassner, F.; Sellhaus, B.; Weis, J.; Woeltje, M.; Tank, J.; Beckmann, C.; Fuchs, P.; et al. In Vitro
Assessment of Axonal Growth Using Dorsal Root Ganglia Explants in a Novel Three-Dimensional Collagen Matrix. Tissue Eng.
2007, 13, 2971–2979. [CrossRef] [PubMed]

74. Molinari, M.E.; Huntermann, R.; Pedrotti Chavez, M.; Cristiane Lopes, S.; de Oliveira Coronel Camacho, A. Efficacy of Corneal
Neurotization Surgery in Eyes with Neurotrophic Keratopathy: A Systematic Review and Meta-Analysis. Ann. Plast. Surg. 2025,
95, 672–679. [CrossRef] [PubMed]

75. Sabatino, F.; Di Zazzo, A.; De Simone, L.; Bonini, S. The Intriguing Role of Neuropeptides at the Ocular Surface. Ocul. Surf. 2017,
15, 2–14. [CrossRef]

https://doi.org/10.3390/jcm15052026

https://doi.org/10.1016/j.jtos.2017.10.001
https://doi.org/10.1016/j.jtos.2023.04.008
https://doi.org/10.1016/j.ophtha.2019.09.033
https://www.ncbi.nlm.nih.gov/pubmed/31685256
https://doi.org/10.1016/j.survophthal.2020.09.003
https://www.ncbi.nlm.nih.gov/pubmed/32961210
https://doi.org/10.1097/OPX.0000000000000472
https://doi.org/10.1167/iovs.11-9304
https://doi.org/10.1097/00003226-199905000-00016
https://doi.org/10.1097/ICO.0000000000003680
https://doi.org/10.22608/APO.201910
https://doi.org/10.1097/WNP.0000000000000445
https://doi.org/10.1038/s41598-022-05229-4
https://doi.org/10.3390/cells14171322
https://www.ncbi.nlm.nih.gov/pubmed/40940733
https://doi.org/10.1016/j.ophtha.2019.08.020
https://doi.org/10.1167/iovs.15-16890
https://doi.org/10.1016/j.ophtha.2017.08.004
https://doi.org/10.1016/j.exer.2015.11.021
https://doi.org/10.5966/sctm.2015-0039
https://doi.org/10.1016/j.exer.2025.110631
https://doi.org/10.1073/pnas.2536767100
https://www.ncbi.nlm.nih.gov/pubmed/14660789
https://doi.org/10.1080/09205063.2024.2301817
https://doi.org/10.1089/ten.2007.0116
https://www.ncbi.nlm.nih.gov/pubmed/17937537
https://doi.org/10.1097/SAP.0000000000004517
https://www.ncbi.nlm.nih.gov/pubmed/41071907
https://doi.org/10.1016/j.jtos.2016.10.003
https://doi.org/10.3390/jcm15052026


J. Clin. Med. 2026, 15, 2026 23 of 25

76. Bielory, B.P.; Shah, S.P.; O’Brien, T.P.; Perez, V.L.; Bielory, L. Emerging Therapeutics for Ocular Surface Disease. Curr. Opin. Allergy
Clin. Immunol. 2016, 16, 477–486. [CrossRef]

77. Khodor, A.; Rodriguez-Gutierrez, L.A.; Ruiz-Lozano, R.E.; Perez, V.L. Updates in Immunomodulator Therapy in Ocular Surface
Inflammatory Diseases. Curr. Opin. Ophthalmol. 2025, 36, 327–334. [CrossRef] [PubMed]

78. Genovese, R.; Spelta, S.; Leonardi, A.; Cutrupi, F.; Surico, P.L.; Mori, T.; Sgrulletta, R.; Coassin, M.; Di Zazzo, A. Recent Advances
in Targeted Immunomodulatory Therapies for Chronic Ocular Surface Diseases. Semin. Ophthalmol. 2025, 41, 299–311. [CrossRef]

79. Lasagni Vitar, R.M.; Barbariga, M.; Fonteyne, P.; Bignami, F.; Rama, P.; Ferrari, G. Modulating Ocular Surface Pain Through
Neurokinin-1 Receptor Blockade. Investig. Ophthalmol. Vis. Sci. 2021, 62, 26. [CrossRef]

80. Lasagni Vitar, R.M.; Rama, P.; Ferrari, G. The Two-Faced Effects of Nerves and Neuropeptides in Corneal Diseases. Prog. Retin.
Eye Res. 2022, 86, 100974. [CrossRef]

81. Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428–435. [CrossRef]
82. Mantovani, A.; Cassatella, M.A.; Costantini, C.; Jaillon, S. Neutrophils in the Activation and Regulation of Innate and Adaptive

Immunity. Nat. Rev. Immunol. 2011, 11, 519–531. [CrossRef]
83. Sacchetti, M.; Lambiase, A. Diagnosis and Management of Neurotrophic Keratitis. Clin. Ophthalmol. 2014, 8, 571–579. [CrossRef]
84. Di Zazzo, A.; Micera, A.; Coassin, M.; Varacalli, G.; Foulsham, W.; De Piano, M.; Bonini, S. InflammAging at Ocular Surface:

Clinical and Biomolecular Analyses in Healthy Volunteers. Investig. Ophthalmol. Vis. Sci. 2019, 60, 1769–1775. [CrossRef]
[PubMed]

85. Franceschi, C.; Garagnani, P.; Parini, P.; Giuliani, C.; Santoro, A. Inflammaging: A New Immune-Metabolic Viewpoint for
Age-Related Diseases. Nat. Rev. Endocrinol. 2018, 14, 576–590. [CrossRef] [PubMed]

86. Shaheen, B.S.; Bakir, M.; Jain, S. Corneal Nerves in Health and Disease. Surv. Ophthalmol. 2014, 59, 263–285. [CrossRef] [PubMed]
87. Galvis, V.; Sherwin, T.; Tello, A.; Merayo, J.; Barrera, R.; Acera, A. Keratoconus: An Inflammatory Disorder? Eye Lond. Engl. 2015,

29, 843–859. [CrossRef]
88. Dart, J.K. The 2016 Bowman Lecture Conjunctival Curses: Scarring Conjunctivitis 30 Years On. Eye Lond. Engl. 2017, 31, 301–332.

[CrossRef]
89. Williams, G.P.; Radford, C.; Nightingale, P.; Dart, J.K.G.; Rauz, S. Evaluation of Early and Late Presentation of Patients with

Ocular Mucous Membrane Pemphigoid to Two Major Tertiary Referral Hospitals in the United Kingdom. Eye Lond. Engl. 2011,
25, 1207–1218. [CrossRef]

90. Shetty, R.; Ghosh, A.; Lim, R.R.; Subramani, M.; Mihir, K.; Reshma, A.R.; Ranganath, A.; Nagaraj, S.; Nuijts, R.M.M.A.; Beuerman,
R.; et al. Elevated Expression of Matrix Metalloproteinase-9 and Inflammatory Cytokines in Keratoconus Patients Is Inhibited by
Cyclosporine A. Investig. Ophthalmol. Vis. Sci. 2015, 56, 738–750. [CrossRef] [PubMed]

91. Lambiase, A.; Aloe, L.; Mantelli, F.; Sacchetti, M.; Perrella, E.; Bianchi, P.; Rocco, M.L.; Bonini, S. Capsaicin-Induced Corneal
Sensory Denervation and Healing Impairment Are Reversed by NGF Treatment. Investig. Ophthalmol. Vis. Sci. 2012, 53, 8280–8287.
[CrossRef]

92. Bonini, S.; Lambiase, A.; Rama, P.; Filatori, I.; Allegretti, M.; Chao, W.; Mantelli, F.; REPARO Study Group. Phase I Trial of
Recombinant Human Nerve Growth Factor for Neurotrophic Keratitis. Ophthalmology 2018, 125, 1468–1471. [CrossRef]

93. Teo, A.W.J.; Mansoor, H.; Sim, N.; Lin, M.T.-Y.; Liu, Y.-C. In Vivo Confocal Microscopy Evaluation in Patients with Keratoconus. J.
Clin. Med. 2022, 11, 393. [CrossRef]

94. Peters, E.M.J.; Ericson, M.E.; Hosoi, J.; Seiffert, K.; Hordinsky, M.K.; Ansel, J.C.; Paus, R.; Scholzen, T.E. Neuropeptide Control
Mechanisms in Cutaneous Biology: Physiological and Clinical Significance. J. Investig. Dermatol. 2006, 126, 1937–1947. [CrossRef]

95. Lambiase, A.; Mantelli, F.; Sacchetti, M.; Rossi, S.; Aloe, L.; Bonini, S. Clinical Applications of NGF in Ocular Diseases. Arch. Ital.
Biol. 2011, 149, 283–292. [CrossRef] [PubMed]

96. Kolozsvári, B.L.; Petrovski, G.; Gogolák, P.; Rajnavölgyi, É.; Tóth, F.; Berta, A.; Fodor, M. Association between Mediators in the
Tear Fluid and the Severity of Keratoconus. Ophthalmic Res. 2014, 51, 46–51. [CrossRef] [PubMed]

97. Chaerkady, R.; Shao, H.; Scott, S.-G.; Pandey, A.; Jun, A.S.; Chakravarti, S. The Keratoconus Corneal Proteome: Loss of Epithelial
Integrity and Stromal Degeneration. J. Proteom. 2013, 87, 122–131. [CrossRef]

98. Jun, A.S.; Cope, L.; Speck, C.; Feng, X.; Lee, S.; Meng, H.; Hamad, A.; Chakravarti, S. Subnormal Cytokine Profile in the Tear Fluid
of Keratoconus Patients. PLoS ONE 2011, 6, e16437. [CrossRef] [PubMed]

99. Meek, K.M.; Knupp, C. Corneal Structure and Transparency. Prog. Retin. Eye Res. 2015, 49, 1–16. [CrossRef]
100. Mantelli, F.; Massaro-Giordano, M.; Macchi, I.; Lambiase, A.; Bonini, S. The Cellular Mechanisms of Dry Eye: From Pathogenesis

to Treatment. J. Cell. Physiol. 2013, 228, 2253–2256. [CrossRef]
101. Di Zazzo, A.; Cutrupi, F.; De Antoniis, M.G.; Ricci, M.; Esposito, G.; Antonini, M.; Coassin, M.; Micera, A.; Perrella, E.; Bonini, S.

Tissue Remodeling in Ocular Mucous Membrane Pemphigoid. Investig. Ophthalmol. Vis. Sci. 2023, 64, 17. [CrossRef]
102. Bruscolini, A.; Lambiase, A.; Segatto, M.; La Cava, M.; Nebbioso, M.; Sacchetti, M. Evaluation of IL8 Pathway on the Ocular

Surface: New Insights in Patients with Ocular Mucous Membrane Pemphigoid. Acta Ophthalmol. 2020, 98, e173–e177. [CrossRef]
[PubMed]

https://doi.org/10.3390/jcm15052026

https://doi.org/10.1097/ACI.0000000000000309
https://doi.org/10.1097/ICU.0000000000001140
https://www.ncbi.nlm.nih.gov/pubmed/40277344
https://doi.org/10.1080/08820538.2025.2536766
https://doi.org/10.1167/iovs.62.3.26
https://doi.org/10.1016/j.preteyeres.2021.100974
https://doi.org/10.1038/nature07201
https://doi.org/10.1038/nri3024
https://doi.org/10.2147/opth.s45921
https://doi.org/10.1167/iovs.18-25822
https://www.ncbi.nlm.nih.gov/pubmed/31022299
https://doi.org/10.1038/s41574-018-0059-4
https://www.ncbi.nlm.nih.gov/pubmed/30046148
https://doi.org/10.1016/j.survophthal.2013.09.002
https://www.ncbi.nlm.nih.gov/pubmed/24461367
https://doi.org/10.1038/eye.2015.63
https://doi.org/10.1038/eye.2016.284
https://doi.org/10.1038/eye.2011.175
https://doi.org/10.1167/iovs.14-14831
https://www.ncbi.nlm.nih.gov/pubmed/25648341
https://doi.org/10.1167/iovs.12-10593
https://doi.org/10.1016/j.ophtha.2018.03.004
https://doi.org/10.3390/jcm11020393
https://doi.org/10.1038/sj.jid.5700429
https://doi.org/10.4449/aib.v149i2.1363
https://www.ncbi.nlm.nih.gov/pubmed/21702001
https://doi.org/10.1159/000351626
https://www.ncbi.nlm.nih.gov/pubmed/24247644
https://doi.org/10.1016/j.jprot.2013.05.023
https://doi.org/10.1371/journal.pone.0016437
https://www.ncbi.nlm.nih.gov/pubmed/21298010
https://doi.org/10.1016/j.preteyeres.2015.07.001
https://doi.org/10.1002/jcp.24398
https://doi.org/10.1167/iovs.64.15.17
https://doi.org/10.1111/aos.14240
https://www.ncbi.nlm.nih.gov/pubmed/31486595
https://doi.org/10.3390/jcm15052026


J. Clin. Med. 2026, 15, 2026 24 of 25

103. Leonardi, A.; Curnow, S.J.; Zhan, H.; Calder, V.L. Multiple Cytokines in Human Tear Specimens in Seasonal and Chronic Allergic
Eye Disease and in Conjunctival Fibroblast Cultures. Clin. Exp. Allergy J. Br. Soc. Allergy Clin. Immunol. 2006, 36, 777–784.
[CrossRef]

104. Kirzhner, M.; Jakobiec, F.A. Ocular Cicatricial Pemphigoid: A Review of Clinical Features, Immunopathology, Differential
Diagnosis, and Current Management. Semin. Ophthalmol. 2011, 26, 270–277. [CrossRef]

105. Schmidt, E.; Zillikens, D. Pemphigoid Diseases. Lancet Lond. Engl. 2013, 381, 320–332. [CrossRef]
106. Sofroniew, M.V. Dissecting Spinal Cord Regeneration. Nature 2018, 557, 343–350. [CrossRef]
107. Al-Aqaba, M.A.; Dhillon, V.K.; Mohammed, I.; Said, D.G.; Dua, H.S. Corneal Nerves in Health and Disease. Prog. Retin. Eye Res.

2019, 73, 100762. [CrossRef]
108. Aloe, L.; Rocco, M.L.; Bianchi, P.; Manni, L. Nerve Growth Factor: From the Early Discoveries to the Potential Clinical Use. J.

Transl. Med. 2012, 10, 239. [CrossRef] [PubMed]
109. Giannaccare, G.; Versura, P.; Buzzi, M.; Primavera, L.; Pellegrini, M.; Campos, E.C. Blood Derived Eye Drops for the Treatment of

Cornea and Ocular Surface Diseases. Transfus. Apher. Sci. 2017, 56, 595–604. [CrossRef] [PubMed]
110. Anitua, E.; Muruzabal, F.; Tayebba, A.; Riestra, A.; Perez, V.L.; Merayo-Lloves, J.; Orive, G. Autologous Serum and Plasma Rich in

Growth Factors in Ophthalmology: Preclinical and Clinical Studies. Acta Ophthalmol. 2015, 93, e605–e614. [CrossRef]
111. Gabriel, C.; Marks, D.C.; Henschler, R.; Schallmoser, K.; Burnouf, T.; Koh, M.B.C. Eye Drops of Human Origin-Current Status

and Future Needs: Report on the Workshop Organized by the ISBT Working Party for Cellular Therapies. Vox Sang. 2023, 118,
301–309. [CrossRef]

112. Troha, K.; Vozel, D.; Arko, M.; Bedina Zavec, A.; Dolinar, D.; Hočevar, M.; Jan, Z.; Kisovec, M.; Kocjančič, B.; Pad̄en, L.; et al.
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