
����������
�������

Citation: Kempuraj, D.; Mohan, R.R.

Autophagy in Extracellular Matrix

and Wound Healing Modulation in

the Cornea. Biomedicines 2022, 10, 339.

https://doi.org/10.3390/

biomedicines10020339

Academic Editors: Alessandro Rimessi

and Simone Patergnani

Received: 11 November 2021

Accepted: 28 December 2021

Published: 1 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

Autophagy in Extracellular Matrix and Wound Healing
Modulation in the Cornea
Duraisamy Kempuraj 1,2 and Rajiv R. Mohan 1,2,3,*

1 Harry S. Truman Memorial Veterans’ Hospital, Columbia, MO 65212, USA; duraisamyk@missouri.edu
2 One-Health Vision Research Program, Departments of Veterinary Medicine & Surgery and Biomedical

Sciences, College of Veterinary Medicine, University of Missouri, Columbia, MO 65212, USA
3 Mason Eye Institute, School of Medicine, University of Missouri, Columbia, MO 65212, USA
* Correspondence: mohanr@health.missouri.edu

Abstract: Autophagy is a robust cellular mechanism for disposing of harmful molecules or recycling
them to cells, which also regulates physiopathological processes in cornea. Dysregulated autophagy
causes inefficient clearance of unwanted proteins and cellular debris, mitochondrial disorganization,
defective inflammation, organ dysfunctions, cell death, and diseases. The cornea accounts for
two-thirds of the refraction of light that occurs in the eyes, but is prone to trauma/injury and
infection. The extracellular matrix (ECM) is a noncellular dynamic macromolecular network in
corneal tissues comprised of collagens, proteoglycans, elastin, fibronectin, laminins, hyaluronan, and
glycoproteins. The ECM undergoes remodeling by matrix-degrading enzymes and maintains corneal
transparency. Autophagy plays an important role in the ECM and wound healing maintenance.
Delayed/dysregulated autophagy impacts the ECM and wound healing, and can lead to corneal
dysfunction. Stromal wound healing involves responses from the corneal epithelium, basement
membrane, keratocytes, the ECM, and many cytokines and chemokines, including transforming
growth factor beta-1 and platelet-derived growth factor. Mild corneal injuries self-repair, but greater
injuries lead to corneal haze/scars/fibrosis and vision loss due to disruptions in the ECM, autophagy,
and normal wound healing processes. Presently, the precise role of autophagy and ECM remodeling
in corneal wound healing is elusive. This review discusses recent trends in autophagy and ECM
modulation in the context of corneal wound healing and homeostasis.

Keywords: autophagy; corneal wound healing; extracellular matrix; fibrosis; inflammation; mast
cells; myofibroblast; transforming growth factor-beta 1

1. Introduction

Autophagy is a self-degradative, robust mechanism for disposing of and recycling
defective intracellular structures and substances from the cells. It is implicated in cytoprotec-
tion, tissue development, tissue plasticity, response to infections, diseases, injuries, regula-
tion of the immune system, and maintaining cellular and tissue-specific microenvironments
and functions [1–5]. Autophagy involves extensive or selective degradation, transportation,
and degradation of dysfunctional membranes, proteins, invaded pathogens and organelles,
as well as the recycling of cytoplasmic components [6]. Macroautophagy, microautophagy,
and chaperone-associated autophagy are three distinct types of autophagy; the former is
generally termed as autophagy (autophagocytosis) [6,7]. In selective autophagy, specific
receptors are involved in the selection of materials for the degradation process. Autophagy
constantly captures aged or damaged cellular materials for lysosomal degradation and
recycling to maintain cellular and tissue functions [8]. Defective, insufficient, and delayed
autophagy leads to reduced degradation, abnormal intracellular protein accumulation, mi-
tochondrial dysfunctions, physiological disturbances, immune dysfunction, ocular/corneal
disorders, neurodegenerative disorders, cardiovascular diseases, cancer, renal diseases,
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musculoskeletal diseases, hepatic disorders, pulmonary disorders, infectious diseases,
reproductive dysfunctions, and accelerated aging [1,9–11].

Autophagy is implicated in most cellular stress-response pathways, including immune
responses and inflammatory pathways, as well as ocular diseases [7,12–14]. The cornea is
an avascular and transparent layer that covers the front of the eye and is directly exposed
to the external atmosphere; therefore, it is highly prone to infection and injury. The corneal
wound healing process is highly complex, involving multiple cell types, cytokines and
growth factors, as well as autophagic mechanisms [9,13,15,16]. Autophagy regulates the
homeostasis of the tissues and their functions by regulating matrix deposition and wound
healing pathways.

The extracellular matrix (ECM) is a multifunctional, noncellular, dynamic, and macro-
molecular complex present in all tissues which is constantly remodeled through ECM
producing cells (epithelial cells, fibroblasts, endothelial cells, immune cells), degrading
enzymes, and their specific inhibitors [17]. Over 300 ECM components with specific func-
tions have been reported [18]. The ECM is tissue-specific, heterogeneous, and varies from
physiological state to disease state [19]. It is a supportive structure/scaffold for cells and tis-
sues, offering tensile strength and preventing overstretching of tissues. The ECM interacts
with various cells and regulates cellular and organ functions, survival, migration, differen-
tiation, organ structure, tissue regrowth/regeneration, tissue repair, and scar formation,
as well as controlling many biological activities and maintaining a normal tissue-specific
microenvironment [17,20]. However, dysregulation of ECM components, structure, stiff-
ness, and abundance is associated with disease pathogenesis, chronic wound/ulcers, and
fibrosis, and scar formation. Chronic or severe tissue damage can cause extensive ECM
production, and abnormal deposition with insufficient degradation leads to fibrosis [20]. A
better understanding of autophagy and ECM regulation in pathophysiological conditions
will help in the development of new therapeutics in regenerative medicine and corneal
disorders [20–24]. Corneal transparency is maintained by the precise organization and ori-
entation of the collagen fibrils of the ECM. Altered ECM deposition/degradation changes
normal corneal function and induces corneal disease pathologies, including scarring that
affects corneal transparency [25–27].

Wound healing is a complex, dynamic, and highly coordinated process of tissue pro-
tection involving immune cells, cytokines, chemokines, proteases, and growth factors that
repair damaged tissue efficiently [23–25]. However, abnormal, prolonged or poor wound
healing leads to infections, ulcers, hypertrophic scarring, and chronic wounds [28,29].
The cornea is a highly specialized, transparent, powerful refractive surface and a robust
outer barrier protecting ocular tissue. Active military service members, veterans, and
civilians show various corneal injuries due to exposure to toxic gases such as sulfur mus-
tard gas, hydrogen sulfide, and chlorine, as well as combat blasts, blast waves, infections,
trauma, and traumatic brain injury (TBI)/polytrauma [30–35]. Novel therapeutic targets
and approaches are needed to improve the corneal wound healing process to maintain
sharp vision [16,21,22,36,37]. The ECM can regulate autophagy in normal wound healing
mechanisms [28]. The corneal wound healing mechanism is a highly coordinated pro-
cedure associated with the cell death/necrosis/apoptosis, migration, proliferation, and
differentiation of cells during the ECM remodeling process [38]. The effect of delayed or
dysregulated autophagy and ECM modulation in corneal wound healing is not currently
well understood. Novel therapeutic approaches could be developed by targeting mecha-
nistic regulation of autophagy affecting corneal wound healing and homeostasis [9,39,40].
This review highlights recent trends in autophagy and ECM modulation in corneal wound
healing and homeostasis.

2. Autophagy

Autophagy is a degradation and recycling process in cells which is necessary for cell
death as well as cell survival in tissues including ocular/corneal cells in ocular homeosta-
sis [3,15]. It plays an essential role in cell survival and maintenance by recycling cellular
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breakdown products [3,41]. Mitochondria, Golgi, and nuclei form double-membrane
vesicles, termed as autophagosomes, which fuse with lysosomes for the degradation of
substances [42]. Usually, the mTOR (mammalian Target of Rapamycin) complex suppresses
autophagy by ULK1 (inhibiting serine/threonine kinase unc-51-like kinase 1) activity.
Intra- and extra- cellular stress, oxidative stress, endoplasmic reticulum stress, starva-
tion, growth factor deprivation, hypoxia, infections (viruses, intracellular bacteria), toxins,
certain cytokines/chemokines (tumor necrosis factor-alpha (TNF-α), interferon-gamma
(IFN-γ)), sirtuins, immune signals (pathogen-associated molecular patterns (PAMPS), reac-
tive oxygen species (ROS) damage-associated molecular patterns (DAMPS)), inflammation,
misfolded proteins, c-Jun N-terminal kinases (JNK), nuclear factor kappa B (NF-kβ), p53
(nuclear), cell surface receptors such as the cluster of differentiation 46 (CD46) and CD40 can
initiate autophagy (initiation stage) by stimulating UIk1 kinase and the phosphorylation of
its substrate, autophagy-related proteins (ATG 13) and FIP100, as shown in Figure 1 [12].
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Figure 1. Schematic diagram of the autophagic pathway. Cellular stress, deficiency of nutrients,
cytokines and chemokines can initiate autophagic mechanisms. Autophagy begins the initiation
stage with the formation of the phagophore. Autophagy is negatively regulated by mTOR and
positively regulated by AMPK. Activation of autophagy requires the formation of the ULK1 and
phosphorylation of PI3KC3. This activates local phosphatidylinositol-3-phosphate (PI3P) production
and nucleation of omegasome. PI3P effectors, including WIP12, are then recruited and interact with
ATG-7-ATG12-ATG5-ATG16L1-ATG3 LC3B-conjugation system. This complex, through ATG3, medi-
ates phosphatidylethanolamine (PE) lipidation of ATG8 family proteins such as LC3B, enabling their
recruitment to the phagophore membrane. Membranes from various cells, endosomes, mitochondria,
ATG9A-containing vesicles exported through AP-4 can contribute to phagophore elongation. The
expansion of the double membrane of the phagophore forms a fully closed mature autophagosome.
Autophagosomes can engulf intracellular cytoplasmic contents. The fusion of the mature, double
membrane autophagosome with a lysosome is enhanced by the SNARE and HOPS system. Fully
formed autophagosomes fuse with lysosomes and form autolysosomes. The sequestered organelles,
substances, and nutrients are degraded in the autolysosome in the degradation stage by lipases and
proteases, and then amino acids and lipids are available for reuse in the cell. The autolysosome is
then recycled to form a new lysosome. LPS = Lipopolysaccharides; TLRs = Toll-like receptors.
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Autophagy initiation is suppressed by nutrient abundance, cytokines such as interleukin-4
(IL-4), IL-13, STAT3 (signal transducer and activator of transcription 3), mTOR activators,
Beclin 1 inhibitors, and ATG3 inhibitors. Rapamycin removes the mTOR-associated sup-
pression of autophagy. In the nucleation stage, the formation of PtdIns3P through Vsp34
causes the attraction of more factors. The extension and closure of autophagosome depend
on the Atg5/Atg12 conjugate complex, which accelerates the lipidation of LC3 (microtubule-
associated protein 1A/1B-light chain 3) to LC3II by phosphatidylethanolamine (PE) [10].
In contrast, autophagy is regulated by mTOR and directly controlled by AMPK (adenosine
monophosphate-activated protein kinase). Activation of autophagy is associated with
the generation of the ULK1 and PI3K protein systems. At the beginning of autophagy,
cytoplasmic targets, including damaged organelles, are separated and contained in a
double-membrane structure called a phagophore. Membranes from cells, endosomes,
mitochondria, and ATG9A-associated vesicles are transferred via AP-4, and can contribute
to the elongation of the phagophore. The expansion and maturation of the phagophore
produce an autophagosome. The maturation of the autophagosome involves the trans-
formation of cytosolic protein LC3-I to lipidated membrane-connected LC3-II after its
entry into the phagophore membrane. Autophagosomes can engulf defective intracellular
cytoplasmic contents.

The fusion of the fully developed autophagosome with lysosome occurs through
SNARE (synaptic-soluble N-ethylmaleimide-sensitive factor attachment receptor) and the
HOPS complex. Mitochondria, Golgi and nuclei form autophagosome double-membrane
vesicles which fuse with lysosome in the degradation process [42]. The targeted/sequestered
materials are degraded in the autolysosome in the autophagy degradation stage [6,43].
The autolysosome is then recycled to form a new lysosome; this cycle continues for tissue
homeostasis [42]. Metabolic byproducts released from the digestion of cellular materials
are used to fuel mitochondria for energy storage in the cells [44].

Autophagy is implicated in neutrophils, eosinophils, mast cells, and natural killer
cells [2]. Autophagy is constitutively induced in mast cells; however, the exact function of
autophagy in mast cells is not fully understood. Autophagy enhances the ability of neu-
trophils to fight against pathogens and increases their phagocytosis activity, degranulation
and IL-1β secretion, as well as the degranulation and release of mediators in mast cells
during immune response [2]. LC3-II (an autophagosome marker) and CD63 (lysosomal
secretion marker) are located in the cytoplasmic granules of mast cells [45,46]. ATG proteins
are crucial in neutrophils and natural killer (NK) cell differentiation [2]. ATG5 primarily
involves neutrophil differentiation and mTOR control neutrophil extracellular trap (NET)
formation [2,47]. Autophagy is implicated in monocyte differentiation to macrophage and
LC3/LC-II-mediated phagocytosis [2]. Blocking autophagy/LC3 or Beclin 1 increases acti-
vation of caspase 1, IL-1β and IL-18 release from monocytes/macrophages [2]. Autophagy
regulates T cell functions such as survival, signaling and effector functions, as well as the
formation of memory T cells [48].

Autophagy is necessary for maintaining immune privilege in the eye [49]. ATG pro-
teins are highly expressed constitutively in the cornea, lens, retina, and orbit in the eye [13].
Autophagy is implicated in the regulation of innate as well as adaptive immune systems
by controlling the release of several mediators and inflammasome pathways. Autophagy
modulates the inflammatory responses, synthesis and secretion of various inflammatory
mediators, and these mediators, in turn, regulate autophagy pathways [50–52]. An innate
immune response can activate the autophagic pathways to protect the host [53]. Both innate
and adaptive immunity is dampened in ocular tissues to maintain immune privilege and
prevent excessive inflammatory reactions that could impair vision. However, the loss of
immune privilege results in many ocular pathologies [43]. The removal of autophagy genes
in the macrophages causes ocular pathologies such as uveitis and blindness by activating
inflammasome-associated IL-1β secretin and increasing the severity of the disease [43]. It
is known that T helper type 1 (Th1) cytokines transforming growth factor-beta (TGF-β),
IL-1, TNF-α, interferon-gamma (IFN-γ), IL-6, and IL-2 can stimulate autophagy pathways;
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however, Th2 cytokines IL-4, IL-10, and IL-13 can suppress autophagy [50]. Components of
autophagic pathways are constitutively expressed in high levels in the cornea, lens, retina,
and orbit in the eye. The activation of autophagy is involved in the pathogenesis of ocular
disorders, including corneal disorders [13]. Corneal cells such as epithelial and endothelial
cells, as well as stromal fibroblasts, express autophagic markers such as LC3/Atg8, Atg5,
LAMP1 (lysosomal-associated membrane protein 1), DRAM1 (DNA damage regulated
autophagy modulator 1), SQSTM1 (sequestosome 1)/p62, BECN1 (beclin 1)/Atg6, and
PRKN2 (E3 ubiquitin-protein ligase parkin) [9,15,42]. Increased expression of autophagic
proteins such as LC3A/B and LAMP-1 in corneal fibroblasts has been reported during
corneal wound healing. Abnormal corneal wound healing shows the persistence of many
myofibroblasts with excess and abnormal ECM deposition in the stroma. Autophagy may
help in decreasing or removing excess ECM to prevent fibrosis in the stroma.

3. Extracellular Matrix

ECM forms a highly complex network of proteins and provides a supportive structure
by interacting with various cells and/or factors (Figure 2). ECM is not a static system;
rather, it is a dynamic structure which constantly remodels itself in tissues to maintain
tissue-specific structures and functions in a given microenvironment [20]. The corneal
stroma mainly consists of keratocytes/fibroblasts and collagen-rich ECM [54]. Keratocytes
are the primary resident cell type, and predominantly maintain ECM levels in the tissue.
The resident cells in the ECM secrete many substances that interact and regulate ECM
components in the tissue microenvironment [18]. ECM consists of fibrous organizing
proteins, including collagens, elastins, fibronectins, laminins, glycoproteins, proteoglycans,
and glycosaminoglycans. Basement membranes contain collagen type IV, laminins, nido-
gen 1 and 2, perlecan, agrin, collagen type XV, and collagen type XVIII. The interstitial
matrix consists of collagens (collagen I), fibronectin, proteoglycans (PGs), glycosamino-
glycans (GAGs), tenascin C and elastin [15,20]. Several growth factors, cytokines and
chemokines are deposited in the ECM by binding to specified ECM components; they are
subsequently released when required [17]. Additionally, ECM holds water, hydrates tissues,
and functions as a selective barrier to the external environment.

A recent report indicated that proteoglycans and proteins of ECM components such as
decorin, biglycan, endorepellin, endostatin, collagen VI, and plasminogen kringle 5 strongly
induce autophagic mechanisms by receptors and downstream signaling pathways. In con-
trast, ECM components laminin α2, perlecan, and lumican inhibit autophagy [55]. Decorin
is a small, leucine-rich proteoglycan with antifibrotic and anti-angiogenic properties in the
cornea. It plays an essential role in the wound healing process and inhibits TGF-β1, 2, 3
with equal efficiency to reduce TGF-β-associated fibrosis [37,56–58]. Decorin upregulates
the expression of Beclin-1, phosphorylates AMPK, stimulates paternally expressed gene 3
(Peg3), and activates autophagy by interacting with vascular endothelial growth factor
(VEGF) receptor 2 (VEGFR2) in endothelial cells [55,59]. Moreover, decorin stimulates myo-
statin through Met-receptors and activates mitophagy in endothelial cells [55]. Another
proteoglycan, Biglycan, converts LC3-II, recruits p62, and promotes autophagy flux through
TLR4 and CD44 [55]. Currently, we are studying the role of ECM component decorin in the
regulation of autophagy, wound-healing mechanisms, and pathologic signaling pathways
in the cornea. Fragments of ECM can also induce autophagy.

ECM provides transparency for the cornea through the precise distribution of collagen
fibrils and proteoglycans. Some 90% of the cornea is made up of about 200 collagen lamellae
that crisscross it in various directions [60]. Corneal fibrosis is induced mainly by activated
keratocytes/fibroblasts producing myofibroblasts, but sometimes by other cells in the
stroma. TGF-β signaling is the most well-known and robust inducer of fibrosis in the
cornea [20]. ECM in the cornea is made up of different types of collagens. Collagen fibril
bundles form collagen fibers. Collagen IV is the main constituent in the BM. Collagen I, III
and V are the most important types in the stroma, and are also present in the Bowman’s
layer. Collagen VIII is present in the Descemet membrane. The presence or deposition of
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altered or different collagen types in these layers can affect the wound healing process [15].
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Figure 2. Schematic diagram of primary components of ECM. ECM is a complicated network of
proteins that provides a support structure for cells and also interacts with them to modulate their
phenotypes, survival, proliferation, migration, differentiation, functions, and apoptosis. ECM is
continuously renewed and reorganized by ECM producing cells, degrading enzymes, and autophagy.
Cells in the ECM produce new ECM for remodeling and repair. Chronic or severe tissue injuries can
cause excessive ECM production, with increased ECM stiffness leading to fibrosis. ECM provides
transparency to the cornea by the specific distribution of collagen fibrils and proteoglycans. ECM
consists of a basement membrane and interstitial matrix. The basement membrane consists of
collagen IV, laminins, perlecan, agrin, nidogen, and entactin. The interstitial matrix consists of
collagens (collagen I), fibronectin, proteoglycans, glycosaminoglycans, tenascin C and elastin. The
cornea is an avascular and highly innervated structure. The corneal ECM is regulated by several
factors, including autophagy, wound healing process, myofibroblasts, TGF-β, PDGF, VEGF, FGF,
MMPs/proteases and many other factors and cells, including limbus.

4. Wound Healing

Platelets, neutrophils, monocytes/macrophages, lymphocytes, mast cells, and fibrob-
lasts are the primary cell types implicated in the wound healing process [61]. Monocytes
differentiate into macrophages and dendritic cells [2]. The wound healing mechanism
involves four phases: (a) coagulation and hemostasis, (b) inflammation, (c) proliferation,
and (d) wound remodeling and scar formation, as shown in Figure 3.

In the first phase, blood clots (fibrin clots) form immediately after an injury and pre-
vent further bleeding from the injured blood vessels by vasoconstriction, hemostasis, and
platelet plug formation. Activated platelets release many cytokines and growth factors
such as TGF-β and platelet-derived growth factor (PDGF), initiate an immune response and
attract inflammatory neutrophils and monocyte and M1 (proinflammatory) macrophages.
The inflammation phase controls bleeding and prevents infections by removing damaged
cells and pathogens from the wound area by neutrophils, and then macrophages, through
phagocytosis and the generation of ROS. Neutrophils also degranulate and release micro-
bicidal agents. Chemokines, DAMPs and other factors from the injured cells induce the
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recruitment of frontline innate immune cell neutrophils through transendothelial migration
to perform phagocytosis and NET generation, remove damaged ECM and clean up the
injured site. The NETs released in the extracellular space trap the microbes/pathogens
that enter after the tissue injury. NETs also promote the differentiation of fibroblasts into
myofibroblasts, and are found close to the fibroblasts expressing α-SMA in fibrotic disease
conditions [62]. Further, NETs are implicated in the resolution of inflammation by binding
and sequestering inflammatory cytokines which are then degraded by the proteases that
are attached to the NETs [62,63]. Neutrophils from blood vessels enter the intercellular
space in the injured/infected region in the tissues through transendothelial migration by
chemotaxis. Once their phagocytic and NET functions are complete, excessively recruited
neutrophils return to the blood vessel from the site of injury/infection through reverse
transendothelial migration as a round trip and prevent excessive tissue damage or any
damage to the normal tissues at the site of injury/infection [64]. Neutrophils also con-
tribute to ECM modulation and functions through different mechanisms, such as the release
of matrix metalloproteinases, NET formation, etc. [65]. The role of NETs in corneal wound
healing and homeostasis is not clearly known. However, previous studies reported that NETs
were detected on the ocular surface in dry eye disease (DED) and other corneal disorders such
as alkali burn, indicating that the presence of NETs in the precorneal and cornea may induce
corneal inflammation and corneal neovascularization [66,67]. The mediators released from the
activated macrophages attract more immune cells for the wound healing process. Mast cell
activation-mediated release of cytokines, chemokines and growth factors, as well as vasoactive
factors, also play a crucial role in inflammatory cell recruitment to the site of injury/infection.

In the proliferative phase, collagen and ECM rebuild new tissue (pink granulation
tissue) with new blood vessels, and the wound contracts by myofibroblast contraction.
Epithelial cells appear on the wound surface (epithelization). In the wound remodeling
phase, collagens are reorganized, the wound is fully closed, and the cells that are no longer
needed are removed by apoptosis. Once the wound healing process is complete, myofi-
broblasts generally vanish by apoptosis or transdifferentiate again into keratocytes [68].
Activated myofibroblast produces ECM components such as collagen, glycosaminoglycans,
tenascin-C, and fibronectin [18]. Several growth factors, such as TGF-β1, activins, connec-
tive tissue growth factor (CTGF), fibroblast growth factor (FGF), PDGF, epidermal growth
factor (EGF), insulin-like growth factors (IGFs), VEGF, bone morphogenic protein (BMPs),
and hepatocyte growth factor (HGF), control ECM deposition in tissue [18]. Undesirable,
defective or failure of progression of the normal wound healing phases can cause chronic
wounds. The persistence of myofibroblasts in the injured area with continuous production
and excess deposition of ECM can cause scarring and fibrotic conditions.

The ECM regulates wound healing by controlling the cells in the wound site to
proliferate, migrate, and effect tissue formation in association with the autophagic process.
Corneal wound healing is complicated and involves different processes, as there are no
blood vessels in the cornea. The corneal wound healing process constitutes a resurfacing of
corneal epithelial cells, a reorganization of the basement membrane, and the regeneration of
ECM components [69]. The cellular immune response in the limbal precorneal region plays
an essential role in these processes, maintaining the corneal epithelium and contributing
to epithelial wound healing [70,71]. Corneal wound healing is discussed in a separate
section below.
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Figure 3. Schematic overview of the wound healing process. The process consists of four phases:
(A) coagulation and hemostasis, (B) inflammation, (C) proliferation, and (D) wound remodeling
and (E) scar tissue formation. In the first phase, blood clots (fibrin clots) form immediately after an
injury and prevent further bleeding from the damaged blood vessels by vasoconstriction, hemosta-
sis, and platelet plug formation. Activated platelets release cytokines and growth factors such as
TGF-β and PDGF, initiate an immune response, and attract inflammatory neutrophils and mono-
cyte and M1 inflammatory macrophages. The inflammation phase controls bleeding and prevents
infections by removing damaged cells and pathogens from the wound area by neutrophils, followed
by macrophages. Chemokines, DAMPs, and other factors from the injured cells also induce the re-
cruitment of neutrophils to perform phagocytosis and NET generation to clean up the injury site and
remove damaged ECM components. Macrophage-released mediators further attract immune cells for
wound healing. Mast cell activation-derived cytokines, chemokines, and vasoactive mediators play
an essential role in increased vasodilatation, vascular permeability, and inflammatory cell recruitment.
In the proliferative phase, collagen and ECM rebuild new tissue (pink granulation tissue) with new
blood vessels, and the wound contracts by myofibroblast contraction. Epithelial cells reappear on the
wound surface (epithelization). In the wound remodeling phase, the collagens are reorganized, the
wound is fully closed, and the cells that are no longer needed are removed by apoptosis. Defective or
failure of the wound healing phases can cause chronic wounds. The persistence of myofibroblasts
and excess and stiff ECM deposition can cause scar and fibrotic conditions. The avascular corneal
wound healing occurs without blood vessel rupture in the cornea.

5. Mast Cells in Wound Healing and Fibrosis

Mast cells are important effector cells of innate and acquired immune responses. They
are distributed ubiquitously throughout the body [72–74]. Their activation leads to the
release of pre-activated, prepackaged and newly-synthesized mediators such as histamine,
proteases, anti- and pro- inflammatory cytokines/chemokines, pro-angiogenic factors and
neurotrophic factors, and contributes to tissue protection, allergic reactions, protection
against infections, and wound healing. Mast cells are present in the cornea, conjunctiva,
limbus, choroid, iris, optic nerve and its meninges, as well as in limited numbers in
the cornea. They release various multifunctional pro- and anti- inflammatory cytokines,
chemokines, and growth factors [75–79]. Additionally, they are present in the corneoscleral,
precorneal limbus region that is highly innervated and vascularized, and houses stem
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cells [80]. A large number of mast cells are present in the tissues that are directly exposed
to the outer environment, such as skin, the respiratory tract, gastrointestinal tract etc. Mast
cells are involved in the first line of defense against invading pathogens, trauma and
adverse environmental conditions such as temperature, humidity, pressure, allergens and
environmental toxins [81,82]. Mast cells are early responders in the immune system and
interact with environmental antigens and toxins during the immune response by releasing
prestored and preactivated mediators [74,83]. They are involved in many diseases and
inflammatory conditions, including allergic conjunctivitis of the eye [84–86]. Topical eye
drops with mast cell inhibitors and antihistamines are used to inhibit mast cell activation in
the ocular surface in allergic conjunctivitis [87–90]. Mast cells participate in murine corneal
morphogenesis during the development, limbal vasculogenesis and corneal innervation by
providing several growth factors; their numbers decline after development [80]. A recent
study indicated that more mast cells are present in the nasal limbus side of the cornea
than the temporal side. Therefore, neovascularization is greater on the nasal side than the
temporal side of injured cornea [91]. Mast cells initiate the recruitment of innate immune
cells, including neutrophils, after ocular surface injury [92]. Mast cell activation in the
ocular surface enhances corneal neovascularization [77].

An injured cornea can activate and degranulate nearby mast cells and release vari-
ous pro- and anti-inflammatory mediators that may provide the initial protective effects;
however, excessive and sustained mast cell activation can cause a harmful inflammatory
response. Several multifunctional cytokines, chemokines, growth factors, and vasoactive
factors including IL-1β, IL-6, IL-8, TNF-α, IL-13, TGF-β1, VEGF, PDGF, FGF-2, keratinocyte
growth factor, histamine, proteases (tryptase & chymase) and chemokine (C-C motif)
ligand 2 (CCL2)/monocyte chemoattractant protein 1 (MCP1) that are released from ac-
tivated mast cells play an important role in many phases of the wound healing process,
angiogenesis, collagen production and ECM modulation, and tissue repair [93,94].

Mast cells are implicated in all phases of wound healing (hemostasis, inflammation,
proliferation, remodeling) and also in fibrosis/scar/hypertrophic scar formation by releas-
ing multifunctional preformed, preactivated and de novo synthesized mediators. Briefly,
mast cells contribute to hemostasis/clot formation and clot stabilization through factor XI-
IIa and TNF-α. CCL2, i.e., stem cell factor (SCF) from keratinocytes/macrophages, recruits
mast cells to the site of injury. Vasoactive inflammatory mediators such as histamine, VEGF,
IL-6, chemokine (C-X-C motif) ligand 2 (CXCL2), and IL-8 released from mast cells augment
endothelial permeability and vasodilation, and recruit neutrophils and monocytes to the
site of injury in the inflammatory phase. Mast cell tryptase acts on endothelial cells through
protease-activated receptor 2 (PAR-2), causes vasodilatation and facilitates neutrophil and
other inflammatory cell migration to the site of injury. Recruited neutrophils produce IL-1α
and TNF-α, and activate local fibroblasts and keratinocytes in the inflammatory stage. Mast
cells released mediators such as IL-4, VEGF, and bFGF are implicated in the activation,
proliferation and migration of keratinocytes, endothelium and fibroblasts, as well as in the
reepithelialization process and the angiogenesis which occurs in the proliferative phase of
wound healing [93,95]. Mast cells activate fibroblasts to proliferate and produce new ECM
through the release of L-4, VEGF, and bFGF. TGF-β can regulate/suppress immune cells,
including mast cells, in an autocrine and paracrine fashion [94]. In the remodeling phase or
during scar formation, mast cell-derived mediators induce myofibroblast differentiation,
smooth muscle alpha-actin (α-SMA) formation, collagen production, and scar formation
by secreting proteases that cleave ECM. Mast cell-derived FGF-2, VEGF, PDGF, TGF-β,
nerve growth factor (NGF), IL-4, and IL-8 enhance neoangiogenesis, fibrinogenesis, and
reepithelialization in the tissue repair process.

Mast cell-derived TGF-β1 is a profibrotic and growth factor that augments fibroblast
proliferation and matrix production. Mast cell-derived TGF-β2 increases collagen deposi-
tion in the ECM [74]. Mast cells promote angiogenesis to nourish newly produced cells,
and can also directly interact with fibroblasts and cause fibrosis by releasing TGF-β and
chymase and through the formation of angiotensin II [93]. Previous studies have shown
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mast cell numbers and their activation is reduced in tissues that heal with fewer fibrotic
scars. However, increased mast cell number and activation are associated with edema,
scar/fibrosis, and chronic allograft rejections [96,97]. Mast cells can limit inflammation by
releasing anti-inflammatory molecules to enhance wound healing [93,95]. Mast cell-derived
proteases tryptase and chymase degrade ECM and facilitate tissue angiogenesis [98,99].
Chymase can degrade the basement membrane [100]. Mast cell-derived histamine and
tryptase are crucial for the proliferation of fibroblasts, collagen production by fibroblasts,
collagen deposition in the ECM, α SMA contraction, and wound contraction [99].

Activated platelets in the inflammation phase of wound healing express autophagy
markers Beclin-1, LC3 and ATG7, indicating that the autophagy process is underway in the
platelets [28]. Resting platelets show a basal level of autophagy, the disruption of which is
characterized by decreased platelet activity after an injury and hemostasis. Autophagy is
involved in platelet activation-associated signals to the tissue surrounding the wounded
area to recruit immunocytes such as neutrophils and M1 macrophage for the removal of
pathogens, damaged cells, ECM and debris [28].

6. Corneal Wound Healing and Repair

An injured or opaque cornea causes blindness. The completion of the corneal wound
healing process results in transparency and normal vision. Despite significant progress in re-
cent years, the corneal wound healing mechanism remains poorly understood (Figure 4) [101].
Corneal transparency and avascularity is important for normal vision, but is affected by
inflammation, fibrosis, neovascularization, and limbal defect. Thus, corneal immune privi-
lege is essential for corneal transparency. However, a limited immune response is important
for normal wound healing and for the restoration of a normal cornea [60]. This process
involves limbal stem cells, apoptosis, necrosis, migration, proliferation, differentiation of
corneal cells, and ECM remodeling [38]. The human cornea is made up of six layers, namely,
epithelial cells, basement membrane, Bowman’s layer, stroma, Descemet membrane, and
corneal endothelial cells. The stroma is the thickest part, constituting about 85% of the
cornea. The stroma consists of type I and V collagen fibers, specifically arranged to provide
transparency to the cornea for normal vision. The presence of a basal level of autophagy
is essential for corneal homeostasis and defense against invading pathogens, as well as
against adverse environmental conditions. Autophagy is implicated in corneal cells and
disorders such as epithelium, endothelium, keratoconus, dry eye disease, corneal wound
healing and fibrosis, corneal haze, and infections [9].

In mild corneal injury, limited keratocyte apoptosis occurs. Subsequently, the epithe-
lium regenerates, the epithelial basement membrane and Descemet’s basement membranes
are repaired, and keratocyte or fibrocyte-derived myofibroblast precursors either undergo
apoptosis or are converted back to parent cell types [102]. However, in severe injuries,
profibrotic TGF-β and PDGF induce the formation of αSMA and myofibroblasts that secrete
excess ECM components and produce stromal fibrosis scarring [102]. In normal conditions,
i.e., without any corneal injury, epithelial-derived TGF-β and PDGF production are low,
and basement membrane (EBM) and Descemet’s basement membrane (DBM) prevent these
factors from entering the stroma. However, following injury to the EBM or DBM, both
TGF-β and PDGF, along with other factors, enter the stroma in high quantities and activate
uninjured live keratocytes, transforming them into fibroblasts. These fibroblasts and corneal
fibrocytes differentiate into opaque, motile/contractile mature myofibroblasts [102,103].

The damaged corneal epithelium undergoes apoptosis or necrosis within a few min-
utes, and releases IL-1 that enters the stroma. The IL-1 and TNF-α released from the
epithelium induce apoptosis of keratocytes [15]. IL-1 activated keratocytes and fibrob-
lasts, along with damaged keratocytes, secrete many cytokines, chemokines, and growth
factors that chemoattract many immune/inflammatory cells (monocytes, macrophages,
lymphocytes, fibrocytes, and other cells) from bone marrow to the injured site in the stroma.
IL-1 also induces the release of keratinocyte growth factor (KGF) and hepatocyte growth
factor (HGF) from the keratocytes and fibroblasts and regulates the proliferation, migration,



Biomedicines 2022, 10, 339 11 of 20

and differentiation of healing epithelial cells [102]. IL-1 from damaged epithelial cells
also upregulates the synthesis and release of metalloproteinases and collagenases from
keratocytes, fibroblasts and myofibroblasts, and reorganizes the stromal ECM after injury
(Figure 4). Along with IL-1, TGF-β1 and PDGF are also released from the corneal epithelial
and endothelial cells, subsequently entering the stroma and restoring its normal structure
in months or years. EBM and DBM which regulate TGF-β and PDGF entry into stroma
include collagen IV and perlecan for collagen and nidogens for PDGF. Injury to the ep-
ithelium and EBM or endothelium-DBM causes TGF-β and PDGF to enter the stroma and
activate surviving keratocytes to form fibroblasts; these fibroblasts and corneal fibrocytes
mature into myofibroblasts. Insufficient levels of TGF-β and PDGF can induce apoptosis in
these cells.
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Figure 4. Schematic diagram showing autophagy, ECM, wound healing, and scar and fibrous tissue
formation in the cornea. The cornea consists mainly of epithelium, stroma and endothelium. ECM
components such as decorin, collagen VI, laminin alpha-2, endostatin, endorepellin and krigle V
modulate autophagy in the cornea. Corneal wound healing is a complex mechanism due to the lack
of blood vessels in normal cornea. During corneal wound healing, keratocytes undergo apoptosis or
necrosis, while the quiescent keratocytes in the stroma become activated by cytokines, proliferate,
migrate and transform into fibroblasts and contractile, opaque myofibroblasts (repair phenotypes)
through TGF-β signaling and the secretion of ECM components in the injury site. Myofibroblasts
migrate to the wound site and release ECM components such as collagen types I, III, IV and V to
induce wound healing. Inflammatory mediators released from the epithelium and stromal cells
chemoattract immune/inflammatory cells to clear the cellular debris, dead cells, and damaged ECM.
An altered ratio of collagen I/III leads to corneal opacity after corneal injury. Once the wound
healing process is complete, myofibroblasts generally disappear by apoptosis or transdifferentiate
into keratocytes, and the stroma restores a normal structure and function, albeit with or without
normal stromal transparency. Limbal stem cells, as well as immune and inflammatory cells, could
contribute to immune-privileged corneal wound healing and homeostasis. The process of scleral,
precorneal and limbal immune and inflammatory cell infiltration, including mast cells in autophagy,
ECM modulation and corneal wound healing, is not yet clearly understood.

Mild corneal injuries usually heal without differentiation into mature myofibroblasts
or scarring. However, in severe corneal injury, the regeneration of EBM or DBM may
take months to years, or may never reach completion. In these conditions, many mature
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myofibroblasts remain, causing stromal fibrosis. Myofibroblasts are opaque and produce
large amounts of disordered ECM that cause corneal fibrosis [102]. If the EBM and DBM
are regenerated, TGFβ and PDGF levels decrease, myofibroblasts undergo apoptosis, and
keratocytes repopulate the affected stromal region. These keratocytes remove disordered
ECM, restore normal stroma, and remove corneal opacity in months to years, although
in some cases, this does not happen, resulting in permanent corneal scarring (fibrosis).
Epithelial cells and keratocytes synthesize perlecan, nidogen-1, nidogen-2, laminins, and
other ECM components. Restoring tissue integrity requires the production and deposition
of ECM in the affected regions. Immediately after reepithelization and completion of the
epithelium barrier, stromal immune cells remove the debris of immune cells and collagen
from the stroma [49].

The corneal wound healing process starts immediately after injury, through the release
cytokines, chemokines and other mediators from epithelium, keratocytes and fibroblasts,
which chemoattract various immune/inflammatory cells (monocytes, macrophages, lym-
phocytes, and other cells) from bone marrow to the injured site in the stroma. These cells
also secret many of these mediators and amplify the response. Keratocytes transform
into mature myofibroblasts. If the injured EBM regenerates and blocks the entry of IL-1,
TGF-β, PDGF, and other cytokines and chemokines, corneal homeostasis is restored within
days. However, if the EBM fails to regenerate, then fibrosis develops [102]. The cornea
is highly innervated, and thus, corneal damage also damages nerves, and the process of
reinnervation takes months to complete. Additionally, myofibroblasts and the fibrosis
process can inhibit the innervation process.

Wound healing generally requires angiogenesis. However, the cornea has no blood
vessels or lymph vessels, and most mild stromal wounds heal without forming new blood
vessels or corneal neovascularization [15]. However, in severe stromal injury, blood vessels
and lymph vessels develop during the healing process. These new blood vessels can
develop from endothelial cells in the corneal limbus and cells from bone marrow. Blood
vessels grow in the presence of angiogenic factors such as VEGF, TGF-β, PDGF, IL-1 and
bFGF in the stroma released from corneal epithelial and endothelial cells, stromal cells, and
immune/inflammatory cells. VEGF is a crucial cytokine in the neovascularization process.
It promotes endothelial cell proliferation and increases vascular permeability. Beclin-1 is
a crucial protein in autophagy, and the Beclin-1 shRNA (short hairpin ribonucleic acid)
can block VEGF and stop the neovascularization process [104]. Neovascularization in the
cornea is regulated by the balance between proangiogenic factors and anti-antigenic factors
such as endostatin, angiostatin, arrestin, restin, metalloproteinase 3, and other factors in
the cornea [15]. Neovascularization can occur within three days after injury, peaking on
the seventh day, but may also start to regress from the fourth day under the influence of
VEGF implanted in the corneal micropocket in rabbit eyes [105]. The persistence of blood
vessels can cause edema and may impair vision.

Autophagy may play a crucial role in corneal pathophysiological conditions by re-
moving unwanted or dysfunctional intracellular components and supporting cell survival
through the recycling of intracellular substances and organelles. Specific autophagy marker
dynamics are implicated in corneal cells in the corneal wound healing process. Autophagy
can also help in restoring normal ECM after corneal injury. Autophagy regulate all phases
of the wound healing process [28]. Chronic wounds are continuously exposed to cellular de-
bris, high levels of inflammatory cytokines/chemokines, and ischemic conditions, leading
to higher cellular stress and the activation of autophagy to limit cellular stress. However, a
continuously high level of stress leads to the apoptosis of cells and the failure to replace
the affected tissue, resulting in a chronic wound. In scarring and fibrosis, the wound fails
to resolve, with limited autophagy associated with apoptosis of more endothelium and
elevated myofibroblasts produced ECM [28]. Corneal stromal wound healing takes place
in four phases. In the first phase, the keratocytes at the injury site undergo apoptosis. In
the second phase, adjacent keratocytes proliferate and differentiate into fibroblasts, and
move into the wound area. In the third phase, fibroblasts are converted into myofibroblasts.
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In corneal stromal healing, keratocytes are transformed into contractile myofibroblasts
by TGF-β [38]. In the fourth phase, remodeling of the stroma takes place, which may
take about a year. Corneal endothelial dystrophies have elevated levels of autophagic
proteins [10]. Matrix metalloproteinases (MMPs) are enzymes implicated in the degrada-
tion/destruction of ECM components and basement membrane, angiogenesis, and wound
healing. MMP-14 is an important MMP associated with angiogenesis and ECM remodeling
in the corneal homeostasis [27]. A previous study showed that corneal injury-associated
mast cell activation significantly increased the levels of CCL2 and TNF-α and neutrophil
recruitment [92].

7. Dysregulated or Delayed Autophagy and Its Late Effects

Corneal injuries are common among active military personnel, veterans, and civilians
impacted by terrorist attacks due to exposure to toxic gas, combat blasts, blast waves, and
TBI [106]. TBI induces invisible injury in the brain, glial activation, neuroinflammation,
neurodegeneration, dementia, vascular/BBB disruption and ocular disturbances, and is
a risk factor for the pathogenesis of post-traumatic stress disorder (PTSD) and chronic
neurodegenerative diseases including Alzheimer’s disease in the late life [107–110]. Con-
cussion/mild TBI-induced BBB disruption/pathogenesis may be acute and resolved within
hours to days. TBI-induced pathogenesis can induce short and late/delayed biphasic
effects. The delayed or late effects of TBI may last for weeks, months, years and even
decades after the initial TBI event [107,111]. Blast-associated head injuries may be due to
multiple causes such as blast waves, flying objects, exposure to toxic gas, thermal burns,
or radiation exposure. TBI/combat blast exposure can cause several visual impairments,
closed eye injuries and ocular surface/corneal disorders such as DED, corneal stromal scars,
Descemet membrane damage, reduced endothelial cells, foreign bodies in corneal and
conjunctival tissues, and retinal damage [112–115]. Likewise, warfare and toxic chemicals
such as hydrogen sulfide, mustard gas, carbofuran, acrolein, chlorine, etc. cause several
corneal abnormalities [31,33,116,117]. Various ocular pathologies such as ocular edema,
redness, tearing, itching, abrasion, corrosions, corneal injury, neovascularization, blurred
vision, and loss of vision in humans and animals have been observed following exposure
to industrial chemicals (alkali, acids, anhydrous ammonia, phosphine), warfare agents
(mustard gas, chlorine, acrolein, phosgene oxime, lewisite) and pesticides (carbofuran, ethy-
lene oxide) [32,33,35,118–124]. Our recent studies and research reported in the literature
have led us to postulate that irregular autophagosomal and lysosomal biogenesis leads to
improper clearance of injurious factors and the accumulation of unwanted and harmful
molecules/proteins in keratocytes, ultimately resulting in corneal pathologies.

Autophagy-related genes (ATGs) are constitutively expressed at high levels in the
cornea, lens, retina, and other eye tissues [13]. Corneal stroma contain numerous au-
tophagic markers, including LC3/Atg8, BECN1/Atg6, Atg5, DRAM1, SQSTM1/p62 and
PRKN2 [9]. The inhibition of autophagy can inhibit the formation of neovascularization
induced by VEGF [104]. Dysfunctional autophagy is implicated in corneal diseases such
as granular corneal dystrophy type 2, keratoconus, dry eye, and Schnyder corneal dys-
trophy [9,125–127]. Keratocytes in the stroma play a significant role in corneal repair by
producing myofibroblasts through several cytokines, growth factors, and extracellular
matrix (ECM) components. A clear cornea lacks myofibroblasts, but these are formed in
stroma from keratocytes after injury for wound healing by synthesizing and secreting ECM
components, collagens, and α-smooth muscle actin (α-SMA) stress fibers. Once the cornea
has healed, myofibroblasts and excessive ECM proteins typically degrade via autophagy
and/or apoptotic pathways. Our recent studies with normal and keratoconus donor human
cornea-derived primary culture and organ culture models characterized the expression
of autophagy markers in corneal epithelial, stromal fibroblasts, and endothelial cells [9].
Furthermore, human corneal fibroblast primary cultures and organ cultures exposed to
chemical threats revealed the involvement of autophagic genes/mechanisms. In these
experimental in vitro models, exposure to carbofuran, chlorine or nitrogen mustard gas
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increased the expression of autophagy signature genes Beclin 1 and LC3I/II mRNA as
shown in hCSF (Figures 5 and 6) ex vivo human cornea organ culture model (Figure 7).
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Figure 5. Carbofuran, chlorine, and nitrogen mustard gas upregulate the expression of autophagy in
primary human corneal fibroblasts (hCSF). Immunofluorescence showing LC3I/II (A–D) and Beclin1
(E–H) expression. hCSFs which had been exposed to carbofuran (10 µM), chlorine (0.001% NaOCI)
or nitrogen mustard gas (200 µM) showed markedly increased levels of Beclin 1 and LC3I/II as
compared to vehicle controls. Scale bar = 25 µM.
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ongoing to shed further light on this matter in our laboratory. Chemical threat 
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Figure 6. Carbofuran, chlorine, and nitrogen mustard gas upregulate the expression of LC3 and Beclin
1 mRNA in primary human corneal fibroblasts (hCSF). hCSFs which had been exposed to carbofuran
(10 µM), chlorine (0.001% NaOCI) or nitrogen mustard gas (200 µM) showed significantly increased
expression of LC3 (A) and Beclin 1 (B) mRNA as compared to vehicle-treated controls (*** p < 0.001).

LC3 is an essential protein in the formation of the autophagosome. It is converted from
its cytosolic form (LC3I) to an active membrane-bound form (LC3 II) during the formation
of the autophagosome. Beclin 1 initiates autophagosome (phagophore) formation [9].

In conclusion, the results of this pilot study indicate that a common autophagy
mechanism is implicated in carbofuran-, chlorine-, and nitrogen mustard gas-induced
corneal pathologies; however, the exact mechanisms for this are not yet known, although
work is ongoing to shed further light on this matter in our laboratory. Chemical threat
agent/toxin-induced corneal injury may be repaired within days/weeks, or may result
in chronic delayed corneal damage due to defective autophagy, as seen in Keratoconus
disease [9,128,129]. Autophagy may mediate antioxidative stress, anti-apoptosis and anti-
inflammatory effects in TBI. Changes in the autophagic markers or autophagy associated
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with increased levels of Beclin 1, p62, LC3 after TBI protect neurons from neurodegenera-
tion [130,131]. Autophagic clearance has been found to be impaired soon after TBI, leading
to neuronal death [132–134]. Thus, both TBI and specific toxic agents can have acute effects,
as well as delayed chronic effects, after the initial TBI incident. These delayed effects may
be due to the dysregulated or delayed autophagy associated with the reduced clearance
of waste substances, dysregulated/abnormal ECM production and deposition, and abnor-
mally prolonged wound healing and scar formation; however, the exact mechanism for
this is not yet known.
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Figure 7. Carbofuran, chlorine, and nitrogen mustard gas upregulate the expression of LC3I/II and
Beclin 1 in ex vivo human cornea organ culture model. Immunofluorescence showing LC3I/II (A–D)
and Beclin1 (E–H) expression. Donor human corneas exposed to carbofuran (10 µM), chlorine (0.001%
NaOCI) or nitrogen mustard gas (200 µM) showed markedly increased levels of Beclin 1 and LC3I/II
as compared to vehicle controls. Scale bar = 50 µm.

8. Conclusions

Autophagy is a protective mechanism that recycles harmful cellular materials and
debris, including nutrients, removes dysfunctional and damaged cell organelles, and
controls immune and inflammatory cells to regulate cellular homeostasis. Thus, efficient
autophagy is required to maintain cellular homeostasis, and its dysregulation leads to many
pathological outcomes. Wound healing is a highly coordinated, complex process involving
multiple cell types and their mediators. The wound healing process efficiently repairs
injured tissue, allowing it to regain its normal structure and function. Autophagy, ECM,
and wound healing processes are intertwined and regulate the homeostasis of cells, tissues
and organs. Dysregulation and delayed autophagy, ECM, and wound healing lead to many
corneal pathologies and disorders. Autophagy in neutrophils, monocytes and macrophages
modulates their phagocytic functions and the release of cytokines/chemokines. Mast cells,
which play an essential role in the immune and inflammatory response, ECM modulation
and wound healing, express autophagy markers that are involved in the degranulation and
release of mediators. However, the contribution that mast cells and other immunocytes
make to autophagy, ECM organization and corneal wound healing mechanisms is not yet
clearly understood. ECM is a dynamic structure which is constantly remodeled in all tissues
to maintain proper structure and functions. ECM components also regulate autophagy
in a cell- and tissue-/organ- specific manner. The cornea expresses various autophagic
markers that play an essential role in corneal homeostasis. The ECM in the cornea is a
highly organized structure which provides corneal transparency for normal vision. The
cornea is avascular, and ECM and wound healing processes are unique, in the sense that
they are regulated by autophagy to prevent immune cell infiltration, neovascularization,
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fibrosis, and scar formation in corneal disorders, due to excessive immune response after
corneal injury or infection.
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