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ABSTRACT | The transparency and maintenance of corneal 
epithelial integrity are essential for its optical properties and, 
to preserve these characteristics, the epithelium undergoes 
continuous renewal. This renewal depends on the control of 
cell proliferation and differentiation mediated by mitogenic 
factors responsible for increasing mitoses and stimulating 
cellular migration. Cell-cell communication plays a pivotal 
role in epithelial healing process, and several cytokines and 
growth factors are involved in this process. Understanding the  
cross-talk and paracrine effects of these cytokines and growth 
factors released can help in the search for new therapeutic 
strategies to treat ocular surface diseases.
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RESUMO | A transparência e a manutenção da integridade 
epitelial da córnea são essenciais para suas propriedades 
ópticas e, para preservar tais características, o epitélio sofre 
renovação contínua. Essa renovação depende do controle 
da proliferação e diferenciação celular mediadas por fatores 
mitogênicos responsáveis pelo aumento das mitoses e estímulo 
à migração celular. A comunicação célula-célula desempenha 
um papel fundamental no processo de cicatrização epitelial, 
e várias citocinas e fatores de crescimento estão envolvidos 
neste processo. Compreender os efeitos cruzados e paracrinos 
dessas citocinas e fatores de crescimento liberados pode ajudar 
na busca de novas estratégias terapêuticas para o tratamento de 
doenças da superfície ocular.

Descritores: Epitélio posterior; Citocinas; Cicatrização; Proli-
feração celular

INTRODUCTION
The cornea is a specialized tissue that acts as a pro-

tective ocular barrier and serves as one of the main 
refractive elements of the visual system, which together 
with the lens, refracts appropriately the incident light to 
the retina(1). The corneal epithelium undergoes constant 
renewal, which is performed by a population of stem 
cells (SCs) located in the limbus epithelium(2,3). Several 
pathological conditions can change the ocular surface 
and thus affect its functions, and the appropriate re-
construction of the cornea is vital to maintain its trans-
parency and preserve vision(4).

The healing process involves a wide variety of me-
chanisms, including cell migration and proliferation, 
which is controlled by cytokines and growth factors 
(GFs) acting in a paracrine manner in distinct layers of the 
cornea. The integrated understanding of such mecha
nisms may help to increase the search for new thera-
peutic strategies. This article discusses the importance of 
the mechanisms and processes involved in the biological 
modulation of corneal epithelial healing as well as the 
potential therapeutic application of GFs and cytokines 
to treat ocular surface diseases.

Corneal stem cells

In an adult organism, many tissues undergo conti-
nuous cell renewal. SCs are defined as any cell with high 
self-renewal capacity, able to repopulate and maintain 
tissue integrity and responsible for continuous cell re-
newal(5,6).

Adult SCs became more specialized and are present 
in anatomically specific tissue sites requiring regene-
ration. These cells have characteristics such as self-re
newal, where, during cell replication, the population of 
SCs that was lost during the progeny is replaced; perma-
nence in the undifferentiated stage, but with a high po-
tential for differentiation in all cell types of their original 
tissue and, perhaps, in other cell types; a high ability to 
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maintain a stable genotype during cell replication; a slow 
cell cycle, where most of the time the cells are in a slow 
stage of growth (however, they can give rise to progeny 
by highly proliferative differentiation); and they reside 
in a microenvironment, known as a niche, that provides 
external factors necessary to keep the SCs properties 
and functions, known as stemness(7-9).

The maintenance of the corneal epithelium is deter-
mined by a distinct population of unipotent SCs, which 
reside in the basal layer of the limbic corneal-scleral epi-
thelium(4,10). These cells simultaneously maintain their 
capacity for self-renewal and a constant number, giving 
rise to rapidly dividing progenitor cells, called transient 
amplifying cells (TACs), which proliferate and differentiate 
into post-mitotic corneal epithelium(11).

Located in the limbal stroma are the palisades of Vogt, 
which are considered to be the niche for maintaining 
limbal epithelial stemness(12). The fibroblasts in the niche 
send several signals that control the cellular destination. 
These signals can be divided into three broad categories: 
(i) secretion of factors; (ii) cell-cell interactions; and (iii) 
extracellular interactions(8,13,14). The palisades of Vogt 
also have anatomical and functional dimensions cha-
racterized by numerous undulations. It is assumed that 
these papillae allow interactions between the limbal basal 
cells and a vascular system that provides many nutrients, 
thereby allowing a greater surface area and a high con
centration of SCs within a small area(12,15). Several inves-
tigations have demonstrated the clonogenic ability of 
corneal cells, where the central cells mostly generate 
terminal colonies, known as paraclones, which have li-
mited proliferative activity. Peripheral corneal cells form 
colonies whose growth breaks after relatively small and 
rapid divisions, known as meroclones or also as TACs. 
However, the limbus cells form holoclones, which also 
have the capacity of self-renewal and high proliferation 
for many generations(2,16,17).

The presence and absence of morphological charac
teristics, gene, and protein expression are used to identify 
the SCs, TACs, and populations of differentiated cells. 
Adult limbal SCs are morphologically small, with a high 
nucleus-cytoplasm ratio. The size and content of nuclear 
deoxyribonucleic acid are constant, but the volume of 
cytoplasm is altered with new proteins that appear in the 
process of cell differentiation. Recent studies indicate 
that smaller cells (10-16 μm) have a higher clonogenic 
capacity in cell culture(18). In addition, limbal cells have a 
high-level expression of messenger ribonucleic acid and 
protein markers for SCs, such as p63 and ATP-binding 

cassette 2(9,18,19). Recently, Ksander et al. demonstrated 
the positive expression of the ATP-binding cassette sub
family B, member 5, until then identified only in epider
mal progenitor cells, associated with limbal SCs(20).

Corneal renewal and wound healing

According to the theory XYZ, proposed by Thoft et 
al., the limbus consists of a group of epithelial and SCs 
cells distributed in layers (cells of Langerhans and mela-
nocytes) that participates in the renovation and mainte-
nance of the cornea through centripetal cell migration. 
Initially, the cells move through the deeper layers of the 
epithelium (X) and, as they approach the central region 
of the cornea, they become more differentiated and 
elevate to superficial stages (Y) until they complete their 
life cycle between 5 and 7 days and then detach (Z)(21).

Due to the high resistance of the junctions between 
epithelial cells, the cornea acts as a physical barrier 
responsible for protecting the eye(3,22). Any damage to 
the corneal epithelium can activate a series of GFs and 
cytokines, which are responsible for cellular interactions 
that heal and renew the affected area(17,22).

Corneal epithelial wound healing occurs via cell proli-
feration and migration(5,23). Initially, cellular reorganization 
and protein synthesis occur, causing the loss of structures 
responsible for cell adhesion, such as desmosomes, he-
midesmosomes, and collagen type VII fibers(23-25). This 
creates a provisional complex of adhesion, known as focal 
contacts. The cells assume a flattened morphology and 
migrate to cover the wound. Subsequently, the distal 
cells proliferate and migrate to repopulate the wound 
area, followed by cell stratification and differentiation(26). 
Finally, the cell adhesion structures are remodeled, and 
extracellular matrix (ECM) is synthesized(22,27,28).

During the process of epithelial renewal and repair, 
the secretion of ECM components is altered, influencing 
the expression of matrix metalloproteinases (MMPs)(29-31). 
MMPs belong to the extracellular endoproteinase family 
and, under physiological conditions, are responsible for 
catalyzing ECM molecules, such as collagen, proteogly-
cans, and fibronectin, helping to maintain the structure 
and functions of the cornea(32).

The expression and performance of MMPs are regula-
ted by GFs and cytokines, such as interleukin-1 (IL-1) and 
transforming growth factor beta (TGF-β), enabling cell 
migration and tissue repair success(33,34). One example 
of this process is the elevated expression of MMP-2 and 
MMP-9 following an epithelial injury, resulting in the mi
gration of keratocytes(32,34,35).
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Chan et al. showed that after a corneal injury, the pre-
sence of MMP12 (a macrophage metalloproteinase) has 
a protective effect against fibrosis, in addition to its con-
tribution in recruiting inflammatory cells, and a negative 
influence on the angiogenesis process(36). Thus, proper 
regulation of MMP expression might be an important me
chanism to determine the quality of corneal healing(33).

Paracrine effect and cells cross-talk: the role of 
GFs and cytokines

The communication between SCs and their niche is the 
key to corneal epithelial wound healing(37). This cross-talk 
may involve (i) cell communication, (ii) cell-matrix con-
tact, (iii) paracrine factors, and their receptors(12). These 
cellular interactions are not exclusive, and some actions 
may be dependent on or mediated by the expression of 
other factors(38). Several cytokines and GFs, responsible 
for cellular communication, are related to the process of 
epithelial healing. Corneal injuries cause the release of 
cytokines that act on SCs, which in turn begin to proli-
ferate and differentiate, releasing GFs and repairing the 
damaged area(39,40).

Using reverse transcriptase polymerase chain reaction 
and immunostaining techniques, Li and Tseng have de-
monstrated that a complex of cytokines and GFs exists 
between the human corneal and limbus epithelium and 
fibroblasts. Based on the patterns of positively expressed 
cytokines/GFs and their receptors, four patterns have 
been described and classified: type I includes TGF-α, 
IL-1, and platelet-derived growth factor (PDGF), which 
are expressed exclusively by epithelial cells, but their 
respective receptors, epidermal growth factor recep-
tor (EGFR), IL-1 receptor (IL-1R), and PDGF receptor 
(PDGFR), are expressed exclusively by fibroblasts. Type II 
includes insulin-like growth factor-I (IGF-I), TGF-β, 
leukemia inhibitory factor (LIF), and basic fibroblast 
growth factor (bFGF), whose cytokines and receptors are 
expressed by both epithelial and fibroblast cells. Type III 
includes keratinocyte growth factor (KGF) and hepatocyte 
growth factor (HGF), which are expressed exclusively by 
fibroblasts, and their respective receptors, KGF recep-
tor and HGF receptor, are predominantly expressed by 
epithelial cells. Type IV includes macrophage colony-sti-
mulating factor and IL-8, which are expressed by fibro-
blasts and/or epithelial cells, but their receptors are ex-
pressed by immunological or inflammatory cells(38,41,42). 
The division of cytokines and GFs with their respective 
receptors and actions can be found in table 1.

Table 1. Different cytokines and growth factors, types, secretion, site of 
action, and function

Cytokine and 
growth factors Type Secretion Receptor Function

TGF-α I Epithelium Fibroblasts Secreted by 
proliferative 
healthy cells. 

Induces 
epithelial growth

(related to EGF

IL-1 I Epithelium Fibroblasts Secreted 
in stress or 
apoptosis. 
Stimulates 

secretion of type 
II cytokines

PDGF I Epithelium Fibroblasts Along TGFα 
stimulate the 
proliferation 
of fibroblasts 
and induces 
extracellular 

matrix synthesis 
promoting 

healing

IGF-I II Epithelium 
and 

fibroblasts

Epithelium 
and 

fibroblasts

Promotes 
migration and 
production of 
extracellular 

matrix

TGF-β II Epithelium 
and 

fibroblasts

Epithelium 
and 

fibroblasts

Promotes 
differentiation 
and inhibits 
proliferation

LIF II Epithelium 
and 

fibroblasts

Epithelium 
and 

fibroblasts

Inhibits 
differentiation

bFGF II Epithelium 
and 

fibroblasts

Epithelium 
and 

fibroblasts

Promotes 
fibroblasts 

growth

KGF III Fibroblasts Epithelium Increases stem 
cells division

HGF III Fibroblasts Epithelium Production and 
migration of 

TACs

M-CSF IV Epithelium 
and 

fibroblasts

Immune or 
inflammatory 

cells

Promotes the 
macrophages 
recruitment

IL-8 IV Epithelium 
and 

fibroblasts

Immune or 
inflammatory 

cells

Positively 
regulated 

by M-CSF in 
inflammatory 

processes

TGF-α= transforming growth factor alpha; EGF= epidermal growth factor; IL-1= inter-
leukin 1; PDGF= platelet-derived growth factor; IGF= insulin-like growth factor; LIF= 
leukemia inhibitory factor; bFGF= basic fibroblast growth factor; KGF= keratinocyte 
growth factor; HGF= hepatocyte growth factor; M-CSF= macrophage colony-stimulating 
factor, IL-8= interleukin 8.

Following an epithelial injury, keratocyte death by 
apoptosis ensues in the central stroma. Keratocyte apop-
tosis may affect 25-50% of stromal thickness depending 
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on the type of lesion. This mechanism of stromal modi-
fication may be associated with the organism’s response 
to delay the pathogen’s range(37,43).

Some studies suggest that factors secreted by the cor-
neal epithelium, such as IL-1 and tumor necrosis factor 
alpha (TNF-α), directly or indirectly modulate keratocyte 
apoptosis. However, it is not possible to say definitively 
that epithelial modulators penetrate fully into the stroma, 
but probably the apoptotic signals received by superficial 
keratocytes are transmitted through cell-cell interactions 
to the deeper stromal cells(37,43-45).

Another important cellular interaction in corneal healing 
involves the recruitment of inflammatory cells into the 
stroma. Monocytes, granulocytes, T lymphocytes, and other 
inflammatory cells migrate into the corneal stroma a few 
hours after an epithelial injury or a corneal infection(46,47). 
When this happens, the epithelial release of IL-1 and 
TNF-α induces the production of monocyte chemotactic 
activator factor and granulocyte colony-stimulating factor 
by keratocytes, which attracts the inflammatory cells into 
the stroma(44,48).

As the healing processes occur, the stromal cells are 
replaced by proliferation, migration, and differentiation 
of the remaining keratocytes. This action is mediated 
by cytokine/GF type I and II, released by the corneal 
epithelium, including PDGF, which is responsible for the 
replacement of keratocytes, and TGF-β, which acts to 
differentiate the keratocytes into myofibroblasts(46,49).

In the cytokine/GF type I, TGF-α can be related to epi
dermal growth factor (EGF) because they are considered 
homologous and have the same receptor (EGFR). Both 
factors exert similar mitogenic actions, but TGF-α appears 
to be more potent and induces neovascularization, cell 
migration, and increased blood flow(1,38,41,42). EGF can be 
found in the tear film, whereas TGF-α is secreted by the 
corneal epithelium. On corneal injury, the EGF already 
present in the tear film can act immediately on the cor-
neal epithelium, inducing cell proliferation(3,38).

TGF-α and EGF stimulate the expression of LIF and HGF 
by corneal fibroblasts, increasing the migration of TACs, 
and decreasing KGF expression by limbal fibroblasts, 
attenuating the proliferation of SCs. Furthermore, TGF-α 
increases fibroblast expression of TGF-β and PDGFRs, 
causing a better response to PDGF stimulation that acts 
synergistically with TGF-β activating the proliferation of 
stromal fibroblasts(38,42,50).

Li and Tseng observed that KGF is expressed to a higher 
degree by limbal fibroblasts, while the higher expression 
of HGF is found within corneal fibroblasts. Such diffe-
rences in the expression of KGF and HGF by limbus or 

corneal fibroblasts may exist because KGF is involved 
in the function and proliferation of SCs, and HGF acts 
on TACs(42).

KGF and HGF are regulated in different ways by cytoki-
ne/GF type I(51). When an epithelial lesion occurs, IL-1 
secretion stimulates KGF production by limbal fibroblasts, 
activating the division of SCs. However, during the healing 
process, cytokine/GF type I is secreted by the corneal epi-
thelium to stimulate HGF production by corneal fibro-
blasts, and thus acts on the proliferation and migration of 
TACs to renew the corneal epithelium(31,41,42).

The expression of KGF and HGF is down-regulated 
by cytokine/GF type II, especially TGF-β. This inhibition 
pathway may indicate that cell division is no longer re-
quired by limbus cells(31,41).

Therapeutic use of GF/cytokines in  
ocular surface diseases

After noting the crucial importance of cross-talk and 
paracrine effects on cell migration, proliferation, and dif
ferentiation(52,53), several authors have been investigating 
alternatives to improve the cultivation and cell maintenan-
ce in vitro, aiming for cell therapy, or analyzing the effec-
tiveness of a conditioned medium (CM) as a noninvasive 
therapy(54,55). We can define a CM as a culture medium 
that contains biologically active components produced 
by the cells themselves. The CM may contain metabolites, 
GFs, and ECM proteins secreted in the medium by the 
cultured cells.

Importantly, some studies have shown that cells can 
recover specific functions by controlling their microen-
vironment in vitro. Differentiated cells treated with a CM 
from progenitor cells or SCs improved their proliferation 
rate significantly, decreased apoptosis levels, and could 
maintain their original phenotype(56-58).

The cytokines and GFs present in a CM can also act on 
mesenchymal cells, directing their differentiation line. Park 
et al. demonstrated the differentiation of mesenchymal 
SCs into corneal keratocyte-like cells when treated with 
a keratocyte CM. These findings enable the development 
of new strategies using cell therapy for corneal renewal 
using differentiated mesenchymal SCs derived from 
bone marrow(59). Amirjamshidi et al. verified that the 
CM from human limbal fibroblast may have a beneficial 
therapeutic effect in the treatment of limbal SC defi-
ciency in an experimental mouse model. They observed 
that topical therapy with the CM promoted the corneal 
epithelial phenotype, with a concomitant decrease in 
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corneal conjunctivalization. These findings can be attribu-
ted to the action of the GFs present in the CM(40).

Another source of the potential application of GFs/
cytokines are the compounds of the amniotic membrane 
(AM), a relevant tissue used widely in ophthalmology to 
control inflammation and promote wound healing on 
the ocular surface(60). Lee et al. and Bischoff et al. have 
identified the presence of GFs/cytokines in the CM ob-
tained from the AM. They found IGF(61), EGF, bFGF, IL-6, 
and IL-8(62) in AM-CM and observed an increased proli-
feration of human corneal epithelial cells when treated 
with such a CM. Kim et al. demonstrated that the use of 
CM from human AM epithelial cells exerts positive effects 
on wound healing in an experimental rabbit model with a 
corneal alkaline injury(63). These outcomes were conside-
red as a potential alternative for non-surgical treatment 
in cases of corneal epithelial defects(61-63).

Several studies have demonstrated the effects of a 
lyophilized form of AM, known as “amniotic membrane 
extract” (AME). Jiang et al. showed that AME inhibits 
the neovascularization induced by a chemical burn(64). 
Liang et al. demonstrated the benefits of AME for ocular 
chemical burns with a preliminary study demonstrating 
its ability to reduce corneal inflammation and promote  
re-epithelization(65). Dudok et al. used AME to treat 
corneal and limbal epithelial cells under mechanical 
stress, which healed faster(66). Collectively, these results 
suggests the potential benefit of AME for the treatment 
of acute corneal injuries. Most recently, Baradaran-Rafii 
et al. evaluated the outcomes of a surgical technique 
supplemented with “amniotic membrane extract eye 
drops” (AMEED) for the in vivo cultivation of limbal SCs. 
Patients with unilateral total limbal stem cell deficiency 
(LSCD) had the cornea covered by a cryopreserved AM, 
and then one small limbal piece collected from the con-
tralateral healthy eye was transferred to the diseased eye. 
The patients were divided into case and control groups, 
and AMEED was administered postoperatively only for 
patients in the case group. In the case group, all eyes 
showed an improvement in visual acuity, the epithelial 
defects healed, and corneal conjunctivalization decrea
sed dramatically. Conversely, in the control group, all 
eyes had a persistent epithelial defect. These outcomes 
suggest that additional treatment with AMEED promoted 
the in vivo cultivation of limbal SCs probably due to the 
GFs/cytokines present in the eye drops(67).

It is important to mention a matrix component termed 
heavy chain (HC)-hyaluronan (HA)/pentraxin 3 (PTX3), 
produced endogenously by the AM. Tseng et al. purified 
the HC-HA/PTX3 complex from AME and showed its 

anti-inflammatory, anti-scarring, and anti-angiogenic 
effects. He also demonstrated that the HC-HA/PTX3 com-
plex maintains limbal niche cells by supporting the quies-
cent SCs. These findings suggest that this complex can 
be useful in restoring the limbal niche as a new strategy 
to treat LSCD(68-70).

The use of topical fibronectin has already been re-
ported to improve the corneal healing process(71,72). The 
presence of fibronectin was not identified in the CM or 
the AM. However, it can be obtained from blood plasma, 
and its paracrine effect was observed in corneal epithelial 
cells(73). Nishida et al. showed that the administration of 
fibronectin eyedrops facilitated corneal epithelial wound 
healing in rabbits(74) and Nakamura et al. observed the 
same effect in diabetic rats, which demonstrates a de-
layed corneal reconstruction(75). The main effect of fibro-
nectin on epithelial healing may be related to increased 
cell adhesion and migration, acting as a provisional ECM 
during corneal renewal.

Some years ago, scientists showed the involvement 
of nerve growth factor (NGF) in the proliferation and 
differentiation of the corneal epithelium(76). Since this 
discovery, several studies have been conducted using 
the topical application of NGF to treat inflammatory and 
epithelial defects on the ocular surface(77,78). Lambiase 
et al. demonstrated through in vitro and in vitro studies 
that NGF plays a role in corneal epithelium-stroma com-
munication. This GF induces both stromal and epithelial 
healing, and it also restores corneal sensitivity, with no 
local or systemic side effects in patients with a neuro-
tropic corneal ulcer(79,80).

FINAL CONSIDERATIONS
The expression of many cytokines and GFs are asso

ciated with corneal cell maintenance and healing. Unders-
tanding these mechanisms is becoming increasingly im-
portant, and is imperative to facilitate the development 
of efficient therapeutic strategies.

Recent studies have demonstrated that the use of 
cell therapy may be a potential treatment modality for a 
variety of diseases, and its success depends largely on 
the number of transplanted cells, their adherence, and 
post-transplant survival. During the period in which the 
cells remained active, cytokines and GFs were observed 
on the injured tissue, evidence of the paracrine effect 
and cross-talk between the corneal cells.

Based on these findings, promising clinical studies using 
the application or inducing the production of cytokines 
and GFs as noninvasive therapy options are underway, 
aiming to restore the corneal homeostasis of different 
ocular surface diseases.
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