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Lactoferrin and its nano-formulations in rare eye diseases
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Lactoferrin (LF) is an iron-binding glycoprotein released from mucous secreting cells and neutrophils. LF
can be used in a broad range of eye diseases related to the retina, cornea, and optic nerve. The retina is
particularly affected by oxidative stress inside the photoreceptor being constantly exposed to light which
induces accumulation of reactive oxygen species (ROS) in the retinal pigmented epithelium (RPE) causing
damage to photoreceptor recycling. Retinitis pigmentosa (RP) and macular degeneration are inherited
retinopathies that consist of different disease-causing genes, that cause mutations with highly varied clinical
consequences. Age-related macular degeneration is a chronic disease of the retina and one of the major
causes of sight loss. This review provides an application of lactoferrin and LF-based nano-formulations or
nanoparticles in the field of retinal diseases or corneal diseases such as retinitis pigmentosa, retinoblastoma,
age-related macular degeneration (AMD), keratoconus and uveitis. Several studies have found that
lactoferrin’s antibacterial activity is not limited to its iron sequestration, but also its ability as a nanoparticle
that acts as a carrier to deliver drugs by crossing the blood-retina barrier (BRB) and its involvement in cell
cycle control, which is not possible by many transferrin proteins.
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The eye is a highly metabolically active structure composed
of a cornea, lens, retina, and optic nerve.l'l Retinitis
pigmentosa (RP), retinoblastoma (RB), and Usher syndrome
are considered rare eye diseases?”™ and are inherited retinal
diseases. RP is a degenerative disease that leads to a partial
loss of vision; it affects millions of individuals worldwide, and
several diseases are included in this set of diseases.>® RB is
an aggressive intraocular cancer of childhood; loss of one RBL
allele leads to retinoblastoma tumor.”'I The life-threatening
white tumor reflects light and blocks view of the red retina.
Leukocoria is the initial sign of RB.'"*"*I The most common
treatment for eye inflammation is the use of corticosteroids
and nonsteroidal anti-inflammatory drugs (NSAIDs), either
alone or in combination. Alternatives in the treatment of
eye diseases must be researched to solve these difficulties.
Lactoferrin (LF) is an iron-binding glycoprotein that affects
the immune system’s innate and adaptive reflexes." It is
a multifunctional glycoprotein with a molecular weight of
approx. 80 kDa, which contains about 690 amino acid residues.
LF consists of two homologous globular lobes, C-lobe and
N-lobe. LF structure resembles about 60% similarity to other
members of iron transporting proteins and is associated with
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a broad-spectrum of biological functions within the human
body, such as antitumor effect, antioxidant, antimicrobial
activity, cell proliferation, differentiation regulation, and
antibacterial activity.'>'® Because of its propensity to bind
Fe* ions, LF is classified as an iron chelator as a member of
the transferrin family.!"?"! The production of reactive oxygen
species (ROS) is also a part of the inflammatory process.'-4
As a result, chelation may be a viable treatment method for
treating inflammatory disorders by removing free iron and
decreasing redox processes. Because of enhanced permeability
and bioavailability, retinal active delivery via controlled
release systems has gained popularity in recent years, offering
distinct advantages over conventional pharmaceutical dose
forms.®! Several findings show that the production of LF
nano-formulations improved cellular absorption and gene
transfection even at low LF concentrations when compared
to other proteins, such as LF binding to DNA encapsulated
liposomes and LF enteric coating.?*?”] LF nanoparticles were
previously reported in the treatment of retinal diseases due
to their ability to cross the blood-retina barrier (BRB). Once
LF attaches to its receptor on the cell surface, it will be easily
passed across the BRB via receptor-mediated transcytosis.
In various studies, subretinal injection of DNA compacted
nanoparticles efficiently induces gene expression in retinal
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neuronal cells and slows degenerative changes in mice with a
haploinsufficiency mutation in the retinal degeneration slow
gene.®™ This review discusses the nano-formulation of LF
as a topical ophthalmic medication delivery method for the
treatment of retinal and corneal inflammation. Furthermore,
both in vitro and in vivo roles of LF nanoparticles are discussed
in this review. The goal of this study was to summarize
the existing nano-based knowledge on the use of LF as a
potential therapeutic agent for rare eye diseases of the retina
and cornea.

Methods

LF nanoparticles were prepared using the sol-oil method®!
by dissolving 0.2% (w/v) of LF powder in phosphate buffer
saline (PBS) under agitation for 1 hour at 25°C. After 1 hour of
agitation, the LF solution was adjusted to different pH values (4,
7, and 10) and kept at different thermal conditions (60-90°C)
with varying holding times (0-60 min) [Fig. 1]. The most
favorable condition for LF nanoparticle formation was found
at pH 7, holding time of 20 min at 75°C. The particle size
distribution and surface morphology of LF nanoparticles
were measured using dynamic light scattering (DLS) and
transmission electron microscopy (TEM), respectively. For
TEM analysis, LF nanoparticles were resuspended in 0.01 M
PBS (pH 7.4). The particles were then placed on a carbon-coated
copper grid, air-dried for 2 min and negatively stained using a
1% aqueous solution of uranyl acetate for 1 min, and samples
were examined using transmission electron microscopy (TEM,
Talos L120C, Thermo Fisher, Waltham, MA, USA) for
morphology.

Retinal diseases

The retina is made up of a photoreceptor layer that converts
light into nerve impulses and is located in the back of the
eye. The neuronal layer and the pigmented layer make up
the vast bulk of retinal cells. Photoreceptors, which are made
up of 95% rods and 5% cones, absorb excess light and help
keep photoreceptors in the brain layer healthy.” Retinal
pigmented epithelium (RPE) is a pigmented layer adjacent to
the retina form space for new disc and phagocytosed the older
one. RPE contains melanin which sequesters iron ions and
provides protection against oxidative damage. The common
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pathology of retinal disease is macular degeneration and
retinitis pigmentosa.

Lactoferrin and Retinitis pigmentosa

Retinitis pigmentosa (RP) is a condition in which photoreceptors
undergo apoptosis; it is an inherited disorder that leads to
progressive vision loss.*'? Initially, the rod photoreceptor
system is affected resulting in loss of peripheral vision. In
later stages, this may affect the cone photoreceptor which
leads to complete vision loss.’* RP is also with phenotypic
heterogeneity due to different penetrance, expressivity,
and interaction with oxidative stress factors®! Oxidative
stress is caused by an excessive synthesis of reactive oxygen
species (ROS) and free radicals, which results in cellular
malfunction, necrosis, apoptosis, or death. Normal LF levels
can deplete free iron and inhibit the pro-inflammatory effects of
the hydroxyl radicals LF nanoparticles which reduces oxidative
stress in the retina and prevents degenerative alterations caused
by photoreceptor cell degeneration by scavenging ROS.5’]
Another strategy for treating retinal degeneration in several
degenerative disorders, including retinitis pigmentosa, is to
provide therapeutic genetic material.

Phototransduction

Phototransduction is the process by which light impulses are
transformed into electrical signals in photoreceptors (rods
and cones) in the retina’s outer layer.***! In the retina, iron is
necessary for phototransduction. Photoreceptor cells comprise
of three segments: the outer part, inner part, and cell body.
The main role of the inner segment is membrane trafficking
along with the energy metabolism system. The outer segment
is comprised of rhodopsin protein in disc membrane which
absorbs photon then changes the conformation of Schiff base
bond from cis to trans, hence initiating vision."*"! Desaturase,
an iron-containing fatty acid enzyme, is required for the
formation of new photoreceptor disc membranes. In the RPE,
all-trans-retinal is released from opsin in the pigmented layer
of the retina and gives rise to 11-cis retinal for continuous
vision."!I The conversion of all-trans-retinal to 11-cis retinal is
accomplished by enzyme isomer hydrolase. The build-up of
excess iron in photoreceptors is involved in the development of
age-related macular degeneration. The iron-chelating property
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Figure 1: Lactoferrin nanoparticle formation by using sol-oil method
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of LF, in particular, helps to reduce the pro-inflammatory and
tissue-damaging effects of ROS by providing oxygen-free
radicals and oxygen scavenging activities. To reduce
pathogen-induced inflammation, LF also suppresses classical
complement activation and downregulates inflammatory
mediators such as tumor necrosis factor (TNF)-alpha and
interleukins (ILs).

Lactoferrin and macular degeneration

A chronic disease of the central retina, age-related macular
degeneration (AMD) was formerly untreatable. In macular
degeneration, complete loss of vision occurs at the late stages
of the disease***! [Fig. 2]. The pathogenesis-related to AMD
is incompletely understood; certain evidence suggests that
complement activation and several genetic and environmental
influences, oxidative stress' and iron may play important
roles."s Iron-depleted LF is called apo-LF, iron saturated
LF is known as holo-LF. The apo form of LF acts as an iron
chelator because it has a higher affinity to bind to iron.[
Several studies have demonstrated the role of apo LF in
neurodegenerative and infectious diseases. Previous studies
have demonstrated higher levels of iron in age-related macular
degenerated retinas than in age-matched ones, suggesting that
iron-mediated oxidative stress may cause retinal degeneration
in AMD. Iron chelators play a considerable role in (AMD).[430]
Chelation therapy is mainly used for acute iron toxicity. LF
is known for its ability to cross the blood-brain barrier; LF
nanoparticles can also be a different approach for the treatment
of retinal disease.[*!l

Lactoferrin and Retinoblastoma

Retinoblastoma is a rare intraocular malignancy of childhood,
initiated by the mutation of the RB1 gene (tumor suppressor
gene) that leads to cancer.">*! Retinoblastoma can be bilateral
or unilateral.” Bilateral is heritable cancer whereas unilateral
isnon-heritable. Leukocoria is the initial sign of retinoblastoma
and strabismus is the second sign of RB®*! [Fig. 3]. When the
tumor is small, it is thoroughly intraretinal. As it increases in
size, it extends away from the vitreous cavity (exophytic) or
towards it (endophytic). Retinal detachment is caused when
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Figure 2: Age-related macular degeneration has different stages
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the tumor arises from the outer retinal layer (exophytic growth
pattern) whereas the inner retinal layer results in vitreous
seeding caused by endophytic retinoblastoma.’”-* Tumor
recurrence in RB after chemotherapy is common, and it can
be caused by several factors, including the presence of cancer
stem cells (CSCs), drug resistance, and the reactivation of
retinocytoma-like regions within the tumor. Nano-formulated
medicines were used to overcome drug resistance in CSCs.

Clinical grade carboplatin and etoposide were delivered
using LF as a drug carrier. LF is an iron-transporting
glycoprotein. Because of the increased iron need for quickly
dividing metabolically active tumor cells, such as Rb Y79 cells,
LF receptors are extensively expressed in tumor cells.["*4 Oil-
solution technique was used to make drug-loaded LF-NPS.
It is a low-cost, simple, and quick process that does not
require chemical alteration of the natural LF protein.” The
nanoparticles were scattered evenly, had a spherical shape,
and were smaller in size. According to several investigations,
LF-NPS loaded with CPT and ETP showed increased drug
uptake, retention, and cytotoxicity of LF-CPT (carboplatin) and
LF-ETP (Etoposide) than traditional medicines. LF has been
shown to impact the expression level of cell cycle regulator
proteins such as cyclins and cyclin-dependent kinases (CDKs)
in various investigations.[®# LF treatment causes an increase in
CDK inhibitor p21 and a drop in cyclin E levels, resulting in G1
arrest in LF-treated cells.®>*! While some studies demonstrate
that LF inhibits E21 transactivation, RB binds to E2F1 more
efficiently in cells that express LF, effectively blocking E2F1
expression.l”! LF anti-proliferative impact can thus be linked
to higher amounts of hypophosphorylated RB.!**!

Lactoferrin in anterior segments of the Eye

Keratoconus, glaucoma, allergic conjunctivitis, anterior
uveitis, and cataract are all common illnesses that affect
the anterior portion of the eye.l*) Drug distribution to
the eye remains a difficulty, despite substantial research
efforts. The eye’s anatomical position provides a distinct
advantage for site-specific drug delivery and non-invasive
disease assessment. Drug molecules should be able to
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bypass protective physiological barriers without causing
permanent tissue damage for effective therapeutic efficacy.”!
Traditional dosage forms including solutions, suspensions,
and ointments, as well as innovative dosage forms like
liposomes, and nanoparticles are used to deliver drugs to the
anterior segment.”’! The development of sustained-release
nanocarrier systems with increased precorneal retention is
a major focus of study. Such technologies can increase drug
bioavailability in the eyes while also ensuring high patient
compliance. Because the nano-drug was able to reach higher
lens concentrations whereas the free drug was washed away
by tears, nanocarriers have been claimed to be effective
in the prevention and treatment of cataracts.” Recent
research has focused on improving medication permeability
across the cornea via a nanocarrier-mediated tight junction
rearrangement effect.”!
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Figure 3: Leukocoria
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Corneal diseases
Keratoconus

Keratoconus is a progressive bilateral degenerative corneal
ectasia that primarily affects young people and results in
considerable visual impairment as well as a negative impact
on quality of life and social well-being." The worldwide
prevalence of keratoconus has risen to greater rates in some
countries due to the introduction of topographic and corneal
tomographic techniques that allow for an earlier diagnosis./”
No medical or pharmacological treatment can stop or delay
the growth of this illness. Inflammatory and immunological
mediators such as cytokines, proteases, and other chemicals
are found in the breakdown of corneal tissue in progressive
keratoconus.” LF levels in the lacrimal fluid were also
shown to be lower in keratoconus individuals.” LF has been
shown to promote corneal epithelial wound healing in vivo
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and in vitro. By promoting changes in humoral and cellular
components, as well as inducing extracellular and intracellular
signaling pathways involving toll-like receptors (TLRs), which
regulate cytokine and other inflammatory mediator gene
expression, LF may influence the immune system’s innate
and adaptive responses.” In the experimental conditions,
a reduced LF diffusion rate is expected due to its increased
molecular weight. As a result, prolonging the period of LF
occupancy on the corneal surface and boosting LF penetration
into the stroma is crucial. The fact that LF nanoparticles have
effective physicochemical properties for topical ophthalmic
administration lends support to the idea that they are retained
in the corneal layer, extending drug release time from the tissue
and thus ensuring patient adherence to treatment because
a lower dosage frequency is required.”*! Furthermore, the
adaptability of these systems would allow them to be included
in various pharmacological forms for ocular administration
based on the patient’s demands and characteristics, enabling
a fresh way to partially personalize and individualize the
treatment plan.

Uweitis

Uveitis, an inflammatory condition of the uveal tissues,
including the iris, ciliary body, and choroid, is another target
disease for nanotherapeutics in the eye.®# Chronic clinical
courses characterize uveitis. As a result, one of the goals in
the treatment of uveitis is the control of chronic inflammation
through sustained administration of therapeutic drugs.’®!
Another reason is iron promotes the formation of oxygen free
radicals, which can contribute to ocular inflammation, and it is
also required for microbial growth.®%! Given the role of iron
in inflammation and microbial infection, we believe that iron
chelators could be used as a novel therapeutic in uveitis to assist
and improve clinical outcomes.®! The majority of in vitro and
in vivo research has used bovine LF (bLF), which has significant
sequence homology and activities similar to human LF. The
US Food and Drug Administration (FDA) and the European
Food Safety Authority (EFSA) both consider bLF to be generally
recognized as safe (GRAS).¥#] Because LF can remove oxygen
free radicals and hydroxyl, it could be used to cure uveitis.

Conclusion

Lactoferrin has important anti-inflammatory and antioxidant
activity which are due to high iron affinity. Iron is involved in
several critical metabolic processes and can react with oxygen
to form reactive oxygen species (ROS), which are primarily
responsible for tissue damage in ocular inflammation. Iron
chelators are thought to help remove free iron and reduce
the generation of oxygen radicals, which helps to reduce
inflammation. It can also stop bacteria from growing. As a
result, iron chelation could be a viable new treatment option for
inflammatory eye illnesses. LF has some important advantages:
firstly, it is easily found in different biological fluids, and
exhibits multiple beneficial effects in different pathologies
such as cancer and several inflammatory diseases [Fig. 4].
Because of its capacity to pass the blood-brain barrier, LF
nano-formulations or nanoparticles have been employed in
various trials to deliver drugs to tumors. Efficacious treatment
for many retinal illnesses has remained elusive, and enhanced
efficacy for those that are treatable would be extremely
desirable. LF could be used as a stand-alone treatment or in
conjunction with other medications to improve efficacy.
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