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Purrosk. To highlight the cellular, matrix, and hydration changes associated with opacity
that occurs in the corneal stroma after injury.

MerHops. Review of the literature.

Resurrs. The regulated transition of keratocytes to corneal fibroblasts and myofibrob-
lasts, and of bone marrow-derived fibrocytes to myofibroblasts, is in large part modu-
lated by transforming growth factor beta (TGFB) entry into the stroma after injury to
the epithelial basement membrane (EBM) and/or Descemet’s membrane. The composi-
tion, stoichiometry, and organization of the stromal extracellular matrix components and
water is altered by corneal fibroblast and myofibroblast production of large amounts of
collagen type I and other extracellular matrix components—resulting in varying levels
of stromal opacity, depending on the intensity of the healing response. Regeneration of
EBM and/or Descemet’s membrane, and stromal cell production of non-EBM collagen
type IV, reestablishes control of TGFS entry and activity, and triggers TGFB-dependent
myofibroblast apoptosis. Eventually, corneal fibroblasts also disappear, and repopulating
keratocytes reorganize the disordered extracellular matrix to reestablish transparency.

ConcLusions. Injuries to the cornea produce varying amounts of corneal opacity depend-
ing on the magnitude of cellular and molecular responses to injury. The EBM and
Descemet’s membrane are key regulators of stromal cellularity through their modula-
tion of TGFpB. After injury to the cornea, depending on the severity of the insult, and
possibly genetic factors, trace opacity to severe scarring fibrosis develops. Stromal cellu-
larity, and the functions of different cell types, are the major determinants of the level of
the stromal opacity.

Keywords: cornea, keratocytes, corneal fibroblasts, myofibroblasts, TGF-beta, collagen
type IV, corneal opacity, fibrosis

orneal opacity is a leading cause of vision loss.! Monoc-
C ular blindness, attributable to corneal opacity from
trauma or corneal ulceration, was estimated to occur with
a worldwide incidence of 1.5 to 2.0 million cases per year
in 2001.! Corneal opacity can occur after trauma, chem-
ical injuries, infections, surgeries (Fig. 1), or secondary
to other corneal diseases or disorders, including corneal
dystrophies. The pathophysiologic processes leading to the
corneal opacity after injury are the major determinants of
whether the opacity could resolve spontaneously and the
probable time course of resolution. This article reviews the
pathophysiology of corneal scarring attributable to corneal
fibroblast and/or myofibroblast generation, with or with-
out neovascularization, that occurs with trauma, chemical
burns, infections, and surgeries. It also distinguishes etiolo-
gies where there is at least a possibility of spontaneous reso-
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lution and highlights current treatments that can promote
the resolution of scarring stromal fibrosis with or without
neovascularization.

CORNEAL TRANSPARENCY—THE CELLULAR AND
EXTRACELLULAR MATRIX CONTRIBUTIONS

An excellent review of molecular and cellular contributions
to corneal transparency, with a major focus on the normal
unwounded cornea, has been published previously.? The
present review emphasizes the pathophysiology of corneal
opacity after trauma, chemical burns, infections, and surg-
eries of the cornea. It is necessary to summarize the inputs
of the normal contributors to corneal transparency to better
appreciate the pathophysiology of stromal opacity.
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Ficure 1. Broad beam slit lamp photos of corneas after injuries
that produce opacity. (A) Normal unwounded rabbit cornea with
high transparency such that only the red reflex is seen for the most
part. (B) Rabbit cornea one month after —3 D PRK with mild opacity
(haze) in the area of the excimer laser ablation between the arrows.
(C) Rabbit cornea one month after —9 D PRK with moderate opacity
(haze) owing to the development of myofibroblasts and fibrosis in
the area of the excimer laser ablation between the arrows. (D) Rabbit
cornea at six weeks after —9 D PRK with clear areas (arrows) called
lacunae developing within the scarring fibrosis. (E) Rabbit cornea at
two weeks after 5 mm central 1 M sodium hydroxide exposure for 1
minute with severe fibrosis and CNV. (F) Rabbit cornea at 4 months
after 8 mm Descemetorhexis removal of the central endothelium
and Descemet’s membrane with persistent stromal scarring fibrosis
and CNV, but a decrease since the one-month time point (not shown
but see Ref. 25). Original magnification x20.

CONTRIBUTIONS OF WATER TO STROMAL
TRANSPARENCY AND OPACITY

Water, and its concentration in the stroma, make major
contributions to stromal transparency and opacity despite
the clarity of the pure liquid. The pump leak function of the
corneal endothelium modulates the flow of water into the
stroma and, therefore, the packing of the normal stromal
extracellular matrix components.>* After corneal endothe-
lial injury or removal, there is an immediate increase in the
opacity in the overlying stroma associated with edema. It is
likely not the increased water itself, but the effect of exces-
sive water on the packing of the other stromal components
that creates the associated opacity. A fascinating aspect of
this opacity immediately post endothelial injury is that it
is, and remains, localized to the stroma immediately over-
lying damaged endothelium and does not spread laterally to
the adjacent stroma where the endothelium remains intact,
unless the endothelial injury is so large that this compart-
mentalization is overwhelmed (Fig. 2). This localized stro-
mal edema then persists until the endothelium regener-
ates or is replaced surgically. One might expect that the
excess water would diffuse rather freely from the edema-
tous stroma into the adjacent normal stroma and the stro-
mal thickness would increase throughout the cornea, but
that is not what is observed. If no endothelial replacement
surgery is performed and the endothelium does not regener-
ate, this demarcation between edematous stroma and normal
thickness stroma, where the endothelium remains intact,
can persist for years or even decades. Lateral stromal water
movement in the corneal stroma is highly restricted by the
stromal “ground substance” and follows the laws of irre-
versible thermodynamics that describe viscous flow.>® The
ground substance of the corneal stroma is thought to be
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Figure 2. Corneal compartmentalization of stromal edema. Slit
lamp photos of corneas with (A, B) corneal endothelial rejection
after DMEK or (C, D) herpes simplex virus endotheliitis. Arrows
indicate the point to which endothelial damage had extended in
each panel with the area of damaged endothelium being inferior
to the arrow tip in all panels. Note the sharp demarcation between
the edematous stroma overlying the zone of endothelial injury and
the normal hydration and thickness in the corneal stroma above
with normal endothelium in each of these disorders that damages
corneal endothelium. Original magnifications: (A and B) x20;
(C and D) x30.

composed of the proteoglycans and other components that
fill the spaces between the collagen fibrils. The lateral flow
of water is highly restricted from dimensional considerations
so that the endothelium peripheral to a denuded area can
maintain local hydration and thickness. That is, the ion and
water transport systems of the endothelium can maintain
local hydration despite the fluid leak into that region from
edematous regions.>

The epithelium also has an important role in the mainte-
nance of the normal stromal hydration. Injuries or ischemia
of the epithelium commonly cause edema of the underly-
ing stroma owing to the loss of the epithelial barrier func-
tion that allows unchecked water passage into the stroma
from the tears that overcomes the pumping function of the
endothelium until epithelial integrity is restored.”-®

CONTRIBUTIONS OF STROMAL MATRIX
COMPONENTS TO TRANSPARENCY

An exceptionally detailed review of the normal corneal
stroma components and composition was published
recently,” and only a few highlights relevant to transient
haze and fibrosis are provided in this review. The stromal
fibrils of the cornea (Fig. 3) are heterotypic (generated from
>2 or more fibril-forming collagen types) fibrils? composed
of fibril-forming collagen type I (80%-90%) (Fig. 4) and
lesser amounts of regulatory fibril-forming collagen type
V (10%-20%). Collagen V has been shown to regulate the
nucleation of protofibril assembly, and thereby control the
number of fibrils and assembly of smaller diameter fibrils
in the corneal stroma.!® Smaller amounts of other colla-
gens, such as collagen type XI and collagen type XII, are
also found in unwounded corneal stroma.!’~!? Surrounding
the collagen fibrils in the corneal stroma, in what is some-
times referred to as the ground substance, are proteoglycans.
Small leucine-rich proteoglycans found in the corneal stroma
are keratocan, lumican, decorin, biglycan, fibromodulin, and
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Ficure 3. Ultrastructure of the normal corneal stroma. Transmission electron microscopy of the unwounded rabbit cornea. (A) The
arrowhead indicates a keratocyte. Original magnification x12.8K. (B) The uniform diameter and regular packing of the collagen fibrils
associated with transparency. Note some groups of fibrils are seen longitudinally, whereas other groups are seen in cross-section. However,
all the fibrils have identical diameter. Lamina densa (black arrowbeads) and lamina lucida (immediately anterior to lamina densa) of the
epithelial basement membrane (EBM) are well-delineated. In the most anterior stroma, besides fibrils cut in cross-section, many densities
are noted (arrows). These likely represent structures that include anchoring fibrils that are part of the adhesion complex of the epithelium,
which also includes hemidesmosomes (white arrowbeads). Many of these densities in the anterior stroma likely also include exocytic vesicles
produced by keratocytes to provide components such as nidogen-1, laminins, and perlecan to maintain the EBM.?"-?? Original magnification
x42K. (C) Higher magnification TEM shows the uniformity of the collagen fibrils, with some stromal lamellae cut tangentially, others cut
obliquely, and some shown longitudinally. Arrows indicate lamina lucida of the EBM, and lamina densa is just posterior to lamina lucida in

the EBM. Original magnification x88K. Rabbits do not have Bowman'’s layer.

osteoglycin.?*-®  The small leucine-rich proteoglycans
serve as critical modulators of cell growth and regulate colla-
gen fibrillogenesis, and thereby are important tissue organiz-
ers. They also modulate growth factors, including transform-
ing growth factor (TGF)B-1, TGFB-2, and possibly TGFg-
3.19-21,16 Ag mentioned elsewhere in this article, proteo-
glycans are also important regulators of stromal hydration,
and bind water through their glycosaminoglycan chains.
There are numerous other components within the stroma of
unwounded corneas that include fibrillin-1, fibronectin, and
matricellular proteins. The precise stoichiometry of colla-
gen type I, collagen type V, the six proteoglycans (keratocan,
lumican, decorin, biglycan, fibromodulin, and osteoglycin),
and other stromal components, in addition to water, found in
normal unwounded adult corneal stroma remains undefined,
but is likely important in the maintenance of transparency.
Perturbations in this normal stoichiometry, along with the
upregulation of components after injury that are normally
expressed at lower levels or not at all in the stroma, are
likely to lead to disruption of the carefully regulated stromal
environment and trigger some level of loss of transparency
ranging from nearly imperceptible haze to dense opacity.
Collagen type IV seems to have a special role in the
stroma beyond its critical role as a major component of
the epithelial basement membrane (EBM) and Descemet’s
membrane, along with its association with anchoring fibrils
in the anterior stroma. Thus, in the normal unwounded
cornea, collagen type IV is detected at high levels in the
EBM?*% and Descemet’s membrane,**? (Fig. 4) and at

much lower levels associated with the anchoring fibrils.2*-?

Collagen type IV, however, is markedly upregulated deeper
in the stroma after either anterior or posterior corneal injury
and seems to serve a TGFB modulatory role associated with
its direct binding to TGF (Fig. 4).>%>% This alternative role
for collagen type IV is detailed in the section on corneal
fibroblasts.

Collagen type III is expressed at low levels in the
unwounded cornea, but is markedly upregulated in the
stroma after many types of injuries (Fig. 4).2®% Colla-
gen type III production is upregulated in corneal fibrob-
lasts by TGFB,’>*! and it is a major collagen upregulated
in the corneal stroma after both fibrotic and non-fibrotic
injuries.?®32 Galiacy et al.*> showed that matrix metallopro-
teinase 14 overexpression in the cornea with a recombinant
adeno-associated virus-based vector after injury reduced
corneal opacity and expression of collagen type III.

CONTRIBUTIONS OF STROMAL CELLS TO
TRANSPARENCY

Keratocytes are the workhorses of the normal unwounded
corneal stroma (Fig. 5) and serve to maintain the stro-
mal collagen fibrils and ground substance through the
production of collagens and proteoglycans throughout life
(Table).>?>3* They are also a major source, likely via secre-
tory vesicles, of at least a portion of the components such as
perlecan, nidogen, and collagen type IV that maintains the
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Ficure 4. Collagen expression in rabbit corneas. (A) Collagen
type I (red) is the most highly expressed collagen in the corneal
stroma. (B) Collagen type III (green) is expressed at levels beneath
the level of detection by immunohistochemistry in unwounded
corneas. (C) At 1 month after PRK, however, a dense layer of colla-
gen type III (green, arrows) is present in the subepithelial stroma.
(D) Similarly, at 1 month after a partial thickness incision, collagen
type Il (green, arrows) is present along the superficial stroma at
the gapping and epithelial plugged incision. (E) In the unwounded
cornea collagen type IV (pink) is prominent in the epithelial
basement membrane (EBM) (arrows) and Descemet’s membrane
(arrowbeads). 1t is detected in the stroma in a few anterior DAPI-
negative membrane bound bodies that are believed to be vesicles
produced by keratocytes to maintain the EBM. (F) At 4 months
after removal of the central corneal endothelium and Descemet’s
membrane (Descemetorhexis) there is prominent expression of
collagen type IV (green) primarily in corneal fibroblasts in the
posterior stroma (bracket). Note that the corneal endothelium and
Descemet’s membrane have not regenerated at this time point after
injury.?> (G) At 6 months after Descemetorhexis, the endothelium
and Descemet’s membrane have regenerated.?> Collagen type IV
(green) is present in the regenerated Descemet’s membrane (arrow-
bead) and persists in the posterior stroma (bracket) after production
by corneal fibroblasts. This area of the stroma is not yet repopulated
with keratocytes (not shown).?> e is epithelium in all panels. Blue
is DAPI in all panels.

EBM in coordination with the epithelium???* and Descemet’s
membrane in coordination with the corneal endothelium.?
Keratocytes are also the progenitors to corneal fibrob-
lasts and, therefore, along with bone marrow-derived fibro-
cytes,>>3° the precursor cells to myofibroblasts that can
develop after corneal injuries.>’

Keratocytes are transparent relative to corneal fibrob-
lasts and myofibroblasts because of their expression of high
amounts of corneal crystallins, such as aldehyde dehydro-
genase 1A1, aldehyde dehydrogenase 3A1, and transketo-
lase. ¥4 However, the loss of cellular transparency is not
the only factor leading to stromal opacity. Altered produc-
tion of collagens and proteoglycans by corneal fibroblasts
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and myofibroblasts relative to keratocytes is equally impor-
tant in the development of opacity, as detailed elsewhere in
this review.

CONTRIBUTIONS OF CORNEAL NERVES TO
TRANSPARENCY

Corneal innervation is critical to the normal function of the
epithelium and the blink reflex that continually bathes the
ocular surface with tears.! Damage to the corneal nerve
supply in conditions such as herpes simplex keratitis and
diabetes mellitus often produces neurotrophic keratopathy,
which may be accompanied by persistent epithelial defects
and scarring stromal fibrosis.®! Transient damage to corneal
nerves produced by refractive surgical procedures often
produces neurotrophic epitheliopathy and associated dry
eye symptoms. 2%

Most corneal nerves are sensory, but sympathetic and
parasympathetic fibers are also present in the stroma.!! The
nerve bundles enter the peripheral limbus with an equal
distribution around the circumference of the cornea and
normally lose their perineurium and myelin sheaths within
1 mm of stromal entry.“! These nerves, surrounded only by
Schwann cell sheaths, then subdivide several times to form
smaller branches that course through the stromal ground
substance before penetrating the subepithelial stroma to
terminate in the epithelium.*"#2

The cornea is so densely innervated (Fig. 6) that the
fibers could decrease the transparency of the normal cornea
unless they were themselves transparent. Demyelination
facilitates this needed transparency. It is unknown whether
corneal axons use other processes, such as the expression
of crystallin proteins, similar to the corneal epithelium and
keratocytes,>®~4* to enhance their transparency. Importantly,
normal nerve regeneration is inhibited by myofibroblasts
after corneal injuries such as photorefractive keratectomy
(PRK).*

Mild Transient Corneal Opacity—The Cellular and
Extracellular Matrix Contributions

Keratocytes in the adjacent stroma undergo apoptosis after
even minor injuries to the corneal epithelium®® or endothe-
lium.# The keratocyte apoptosis response in the anterior
corneal stroma can be triggered by damage as minor as
a poorly fit contact lens,”’ but severe injuries or infec-
tions typically involve large numbers of the adjacent kerato-
cytes.®®% Injuries such as alkali burns induce greater kera-
tocyte necrosis and thereby a more uncontrolled injury to
the affected stroma. The location and extent of the kera-
tocyte apoptosis response, which may also involve small
levels of keratocyte necrosis, depends on the characteristics
of the specific injury.>® Many surviving keratocytes surround-
ing the zone of apoptosis are driven by the TGFp that enters
the stroma from the epithelium and tears®* and/or aqueous
humor® after injury to the EBM or Descemet’s membrane,
respectively, to transform into more metabolically active
keratocan-negative, vimentin-positive, alpha-smooth muscle
actin («SMA)-negative corneal fibroblasts. The injury itself,
and the activities of corneal fibroblasts, alter the compo-
sition, structure, and hydration of the affected stroma and
produce stromal opacity (Fig. 1).2:%!

Sometimes there is a tendency to think of corneal
fibroblasts as merely an intermediate cell between the
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A Unwounded

B-4.5D PRK 3 weeks C -9D PRK 3 weeks

D DMR 4 months

VIiM

\

Ficure 5. Triplex immunohistochemistry for keratocan (keratocyte marker), vimentin (mesenchymal cell marker) and alpha-smooth muscle
actin («¢SMA) (myofibroblast marker). Note that the concentration of vimentin antibody used does not detect the low vimentin expression in
most keratocytes.?1>2 (A) In the unwounded normal rabbit cornea, the stroma is populated primarily with keratocan-positive keratocytes
and only a portion of those cells, especially near the EBM or Descemet’s basement membrane expressed sufficient vimentin to be vimentin
positive. No «SMA was detected. (B) At 3 weeks after —4.5 D PRK in the rabbit cornea, there was a decrease in keratocan-positive keratocytes
and increase in vimentin-positive corneal fibroblasts (*) in the subepithelial stroma. No «SMA-positive myofibroblasts were detected. (C)
At 3 weeks after —9 D PRK in the rabbit cornea, there was a decrease in keratocan-positive keratocytes and increase in vimentin-positive
corneal fibroblasts (*) in the subepithelial stroma, and some cells differentiated into « SMA-positive myofibroblasts (arrows). (D) At 4 months
after 8-mm diameter removal of corneal endothelium and Descemet’s membrane (Descemetorhexis) in a rabbit cornea, there are residual
aSMA-positive myofibroblasts (arrows) compared to 1 month after Descemetorhexis (not shown, but see Fig. 6 and reference 24). There
remains an area (*) filled with keratocan-negative, vimentin-positive,  SMA-negative cells, that are likely primarily corneal fibroblasts, between
the anterior stroma populated with keratocan-positive keratocytes and the layer of myofibroblasts. Blue is DAPI-stained cell nuclei in the

composite panels. Original magnification x200 in each panel.

TaBLe. Stromal Cell Types and Functions

Stromal Cell Type Phenotypic Markers

Origin

Function

Neural crest
Keratocytes

Keratocytes
Corneal fibroblasts

Keratocan, vimentin
Vimentin

Fibrocytes
Immature myofibroblasts
Mature myofibroblasts

CD34, CD45, COL 1
Vimentin
Vimentin, SMA, desmin

Bone marrow derived
Corneal fibroblasts, fibrocytes
Immature myofibroblasts

Maintain collagen fibrils and matrix, EBM, DBM

Early matrix production, growth factor production
(HGF, KGF), precursor to myofibroblasts

Precursor to myofibroblasts

Precursor to myofibroblasts

Fibrosis, ECM production

*HGF, hepatocyte growth factor; *KGF, keratinocyte growth factor; SMA, a-smooth muscle actin; COL I, collagen type I; EBM, epithelial

basement membrane; DBM, Descemet’s basement membrane.

all-important keratocytes and myofibroblasts. But corneal
fibroblasts serve many critical roles in the response to injury.
In addition, «SMA-positive myofibroblasts are not generated
after many moderate injuries, and when they do develop
there are always corneal fibroblasts present nearby (Fig. 5).
For example, in both rabbits and humans after PRK for low-
to-moderate corrections for myopia less than —6 diopters
(D), keratocan-negative, vimentin-positive, «SMA-negative
corneal fibroblasts are generated in large numbers, but in
most corneas no myofibroblasts are detected (Fig. 4). These
corneal fibroblasts, and the changes they produce in the
extracellular matrix of the stroma, are the causes of the tran-
sient, mild anterior stromal opacity (Fig. 1B), also referred
to as haze, observed at varying levels in all corneas after

PRK.?2:23:5% A small proportion of these lower injury corneas,
depending on the extent of the original injury, and likely the
genetic makeup of the individual, go on to generate myofi-
broblasts and more severe scarring fibrosis (referred to clin-
ically as late haze).?%>°

The change from keratocytes to corneal fibroblasts
phenotype occurs after the entry of TGFB-1 and TGFg-
2 into the stroma from the epithelium and tears and/or
aqueous humor after injury to the EBM?**?* and/or
Descemet’s membrane,**?> depending on the injury. Jester
et al’? showed that platelet-derived growth factor and
integrin signaling are also involved in this transition
from keratocyte to corneal fibroblast. This change in
phenotype signals the onset of a cellular developmental
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Figure 6. Innervation in the rabbit cornea. Corneal nerves in
the normal unwounded rabbit cornea stained using the Karnovsky-
Roots acetylcholinesterase (AChE) t(cchniqu(c.42 Note the dense
network of nerve fibers that are for the most part transparent at
the slit lamp. Original magnification x10.

pathway that leads to the eventual transition from vimentin-
positive, « SMA-negative, desmin-negative corneal fibroblasts
to vimentin-positive, « SMA-positive, desmin-negative imma-
ture myofibroblasts to vimentin-positive, a«SMA-positive,
desmin-positive mature myofibroblasts in the cornea,>® if
the stromal entry of epithelial/tear TGFp is not restricted by
the regeneration of the epithelium and EBM.?>?> The dura-
tion of the developmental transition from corneal fibrob-
lasts to myofibroblasts varies, possibly depending on the
localized concentration of TGFB-1 and TGFg-2, from 1
week to several months and tends to be species depen-
dent. Thus, in rabbits that undergo high level —9 D PRK,
the myofibroblasts peak at approximately 1 month after
injury (Fig. 1),%2°° whereas in human corneas when corneal
fibrosis develops the myofibroblasts tend to peak 2 to
6 months after the injury,>* but can even develop years
after the original PRK surgery if there is a subsequent
corneal injury.”® Therefore, even transitioning keratocytes
often spend weeks or months as corneal fibroblasts as
they develop into mature myofibroblasts. In corneas that do
develop myofibroblasts and stromal fibrosis, there is also
typically a layer of vimentin-positive, keratocan-negative,
aSMA-negative corneal fibroblasts localized between kera-
tocytes and myofibroblasts and other corneal fibroblasts
within the myofibroblast-populated tissue itself (Fig. 5). The
layer of corneal fibroblasts, and possibly other vimentin-
positive, keratocan-negative, «SMA-negative cells, like fibro-
cytes, persists for weeks to months after injury until kera-
tocytes repopulate the affected stroma.?? A similar process
occurs in posterior injuries to the cornea, where myofibrob-
lasts will develop if Descemet’s membrane is not regenerated
or surgically replaced to impede high level TGFS movement
from the aqueous humor into the corneal stroma.?*2>
Corneal fibroblasts are metabolically active cells that
produce many structural and regulatory proteins either not
produced at all or produced in smaller quantities by kerato-
cytes. The fibroblasts tend to increase in numbers and spread
into the adjacent stroma after an injury, depending on the
severity.’®>’ Corneal fibroblasts produce larger amounts of
collagen type I, collagen type V, and proteoglycans, such
as lumican, decorin, biglycan, mimecan, syndecan-4, and
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perlecan relative to keratocytes, which contribute to the
low levels of stromal opacity noted after mild injuries.38-%2
These components, at least initially, are not in the stoichiom-
etry and/or organization associated with transparency in the
normal uninjured corneal stroma and are likely produced to
quickly augment the stroma in response to the injury. The
corneal fibroblasts themselves produce less corneal crys-
tallins**~%° than keratocytes and, therefore, contribute to the
mild to moderate stromal opacity that develops after mild
to moderate injuries and to some of the opacity noted in
fibrotic corneas with myofibroblasts (Fig. 5).

Corneal fibroblasts produce metalloproteinases, includ-
ing collagenase, stromelysin, and gelatinases,>% as do
corneal epithelial cells,> which are involved in remodel-
ing the normal corneal stroma and in the removal of disor-
dered stromal matrix once it is deposited. The expression of
metalloproteinases by corneal fibroblasts is upregulated by
IL-1 alpha released from injured corneal epithelial cells.®>%
Little is known about how the degradation of normal corneal
stroma or fibrotic matrix in scarred corneas is finely tuned
so the degradation process does not produce extensive stro-
mal damage, although in some pathologies, such as severe
microbial corneal ulcers, the degradative process is uncon-
trolled and can progress to corneal perforation.

IL-1 alpha released by epithelial or endothelial injury
triggers other important functions in corneal fibroblasts.®
Gene array experiments®’ demonstrated that IL-1 alpha (and
tumor necrosis factor-alpha) stimulate the transcription of
many chemokines, such as monocyte-derived neutrophil
chemotactic factor, chemokine (C-C motif) ligand 2, also
called monocyte chemoattractant protein-1, granulocyte
colony-stimulating factor, and C-X-C motif chemokine 5 (also
called neutrophil-activating peptide or ENA-78), that amplify
the effect of IL-1 alpha itself in drawing not only fibrocytes,
but other bone marrow-derived cells, such as lymphocytes,
neutrophils, and macrophages, into the corneal stroma. IL-1
alpha also upregulates the production of hepatocyte growth
factor and keratinocyte growth factor (or fibroblast growth
factor-7)°% that stimulate epithelial healing by modulat-
ing the proliferation, motility, differentiation, and apoptosis
of corneal epithelial cells.”” The hepatocyte growth factor
produced by corneal fibroblasts is also thought to inhibit
myofibroblast generation in the corneal stroma,’! as it has
been shown to do in other organs.”>"74

Corneal fibroblasts, in coordination with corneal epithe-
lial cells?>? or corneal endothelial cells,>*? are critical
participants in the regeneration of the EBM or Descemet’s
membrane, respectively, after injury. In rabbit studies,
corneal fibroblasts have been found to produce perlecan,
collagen type IV, laminin alpha-5, nidogen-1 and nidogen-
2—all critical components of both of the corneal basement
membranes.??~2>7>7% Myofibroblasts also produce many of
these components but are unable to incorporate them in
the nascent EBM or Descemet’s membrane.?>?>7> Studies
performed by Gallego-Mufioz et al.>! confirmed these obser-
vations when they noted that after severe alkali burns
nidogen-2 was retained in newly secreted, but disordered,
matrix produced by myofibroblasts in the injured stroma.
Even though nidogen-2 was present in the superficial stroma
of these corneas, it could not contribute to the effective
regeneration of the EBM. Based on in vitro studies,”>7® and
the cellularity of the adjacent stroma during regeneration
of these basement membranes, it is apparent that corneal
fibroblasts are the major cells involved with corneal epithe-
lium or corneal endothelium in regeneration of EBM or
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1 wk DMR

A 3wk -9D PRK

g e [A s

e,

Ficure 7. TGFf-1 and collagen type IV localization after PRK or Descemetorhexis in rabbit corneas. (A) At 3 weeks after high-
correction —9 D PRK, large amounts of collagen type IV (COL 1V) are present in the anterior stroma posterior to the nascent EBM labelled
with laminin alpha-5 (LAMA-5). COL 1V binds TGFf and likely modulates TGFf association with cognate TGFp receptors to downregulate
TGFp activity. At this time point 3 weeks after —9 D PRK, TGFg-1 is present at high levels in the tears and epithelium and penetrates the
nascent EBM into the anterior stroma at levels sufficient to drive the development of corneal fibroblasts and fibrocytes into myofibroblasts.
The subepithelial stroma of this cornea is filled with vimentin-positive corneal fibroblasts and fibrocytes that are driven by the high levels
of TGFB-1 to develop into a SMA-positive myofibroblasts. Posterior to this layer of developing myofibroblasts, keratocan-positive keratocytes
occupy the balance of the stroma. (B) At 1 week after Descemetorhexis (DMR), high levels of TGFS-1 accumulate from the aqueous humor
at the posterior corneal surface devoid of corneal endothelium and Descemet’s membrane. Already, COL 1V, that binds TGF-1, produced
by corneal fibroblasts and myofibroblasts is accumulating in the posterior stroma. * indicates a layer of keratocan-negative, «SMA-negative
cells anterior to the accumulating myofibroblasts that are corneal fibroblasts, and possibly fibrocytes. (C) At 2 weeks after Descemetorhexis
(DMR), the fibrotic area in the posterior cornea occupied by aSMA-positive myofibroblasts has expanded. TGFS-1 is present at high levels
at the posterior corneal surface, still devoid of corneal endothelium and Descemet’s membrane, and throughout the posterior stroma. A
large amount of COLIV (arrows) produced by corneal fibroblasts is present in the stroma. Some COLIV is also produced by myofibroblasts.
* again indicates a layer of keratocan-negative, «SMA-negative cells anterior to the accumulating myofibroblasts. D. At 6 months after
Descemetorhexis (DMR), the corneal endothelium and Descemet’s membrane (with concentrated high levels of COLIV) have regenerated.?>
Arrowbeads indicate TGFS-1 produced by the regenerated corneal endothelial cells. The «SMA-positive myofibroblasts have disappeared,
but the posterior stroma is still occupied by keratocan-negative, SMA-negative corneal fibroblasts (*) at this time point after the DMR injury.
A high level of COLIV produced by these corneal fibroblasts persists in the posterior stroma. Blue is DAPI staining of cell nuclei. Original
magnification x200.

Descemet’s membrane, respectively, after injuries, whereas
keratocytes, which also produce these components,’>7°
are more involved with the maintenance of the EBM or
Descemet’s membrane.?>”*> Both corneal fibroblasts and
keratocytes seem to deliver components to the nascent base-
ment membranes via secretory vesicles that contain one or
more of the basement membrane components.??:23
Collagen type IV production by corneal fibroblasts after
severe injuries, such as Descemetorhexis or high correction
PRK, seems to be much greater than what is needed to
simply regenerate the basement membranes and is often
detected deep within the stroma away from regenerating
basement membranes (Fig. 7). TGFS-1 markedly upregulates

collagen type IV mRNAs (Col4al and Col4a2) in corneal
fibroblasts, but not in myofibroblasts.”> Collagen type IV
binds TGF in competition with the cognate TGFS receptors
expressed by corneal fibroblasts and myofibroblasts.””>"® We
hypothesized that collagen type IV is produced by corneal
fibroblasts in the stroma to downregulate the effects of
TGFpB-1 and TGFB-2 that enter from the epithelium, tears
and/or aqueous humor after injury, and thereby modulate
the fibrosis response.”> Other investigators also noted this
collagen type IV production in corneal fibroblasts in the
anterior stroma in alkali burns and posterior stroma in lacer-
ations, but concluded it was related to the regeneration of
the EBM.”” However, the production by corneal fibroblasts
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in the stroma far from the nascent regenerating EBM (Fig.
7) speaks to this secondary function for collagen type IV in
modulating TGFp that enters the stroma after injury.
Teleologically speaking, during the response to injury,
myofibroblasts strive to maintain their supply of TGFS-1 and
TGFB-2 by occupying the stroma in proximity to the nascent
EBM or Descemet’s membrane and preventing its repair,
which would cut off the myofibroblasts requisite supplies
of TGFB-1 and TGFB-2 and trigger their demise. Conversely,
corneal fibroblasts endeavor to regenerate the EBM and/or
Descemet’s, and also deposit large amounts of collagen type
IV within the deeper stroma (Fig. 7), to downregulate the
functional supply of TGFB-1 and TGFg-2 and thereby trig-
ger the apoptosis of the myofibroblasts. At the same time, the
corneal fibroblasts control their own development into the
fibrotic myofibroblasts through the production of collagen
type IV, and possibly other factors yet to be discovered. Once
the struggle between these two fibroblastic cells subsides,
and, hopefully, at least for functionality, ends in regeneration
of the EBM and/or Descemet’s membrane and the death of
the myofibroblasts, it appears that the keratocytes function
to “clean up the mess” by reabsorbing, rearranging, and/or
redepositing the stromal components in the appropriate stoi-
chiometry and organization to clear the scarring fibrosis and
restore transparency.?>?> These keratocytes either migrate in
from the more normal peripheral stroma or possibly arise
through retrodifferentiation of the corneal fibroblasts.

Severe Corneal Opacity—The Cellular and
Extracellular Matrix Transition to Fibrosis

When an injury involving the EBM and/or Descemet’s
membrane occurs in the cornea, there is an orchestrated
response that, if unchecked, will lead to the development
of large numbers of myofibroblasts, and stromal fibrosis
(Figs. 1C, E, F). Likely, the systems in place must be prepared
to respond to the worst case scenario of a severe bacte-
rial or viral infection that has the potential to lead to stro-
mal destruction, corneal perforation and blindness.* There-
fore, even relatively trivial injuries, such as a corneal abra-
sion, sets in motion the elements of a full fibrotic response.
Thus, TGFB-1 and TGFB-2 enter the stroma from either the
epithelium/tears and/or the aqueous humor, and keratocytes
proximate to the injury differentiate into corneal fibrob-
lasts, while fibrocytes are drawn in from the limbal blood
vessels.?”?> Many of these keratocan-negative, vimentin-
positive, «SMA-negative corneal fibroblasts, likely depen-
dent on the localized concentration of TGFB-1 and TGFg-
2, begin their programmed development into myofibrob-
lasts. The time course of this myofibroblast development
seems to depend on the severity of the injury and likely
is also species related. Thus, a few days is typically the
minimum time for the appearance of the earliest myofibrob-
lasts in rabbits after an injury such as PRK or Desceme-
torhexis.?23:253% In humans, “late haze” stromal fibrosis
after PRK usually does not develop until 2 to 6 months
after surgery,”* but the corneal fibroblasts began their tran-
sition into myofibroblasts in such eyes immediately after the
surgical injury.?>?*> After high correction PRK, a much lower
percentage of human corneas (5%-7%) than rabbit corneas
(>99%) develop scarring fibrosis. Similarly, after Desceme-
torhexis without endothelial replacement, a much smaller
percentage of human corneas than rabbit corneas develop
scarring stromal fibrosis, although insufficient numbers of
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these procedures have been performed in either species to
obtain reliable percentages. If the EBM and/or Descemet’s
membrane, depending on the injury, is repaired in a timely
manner, then the requisite stromal TGFS needed to continue
this myofibroblast development is cut off and the precursor
cells either undergo apoptosis or revert back to their progen-
itor cells.?? If the affected basement membrane(s) are not
repaired, typically within 2 to 3 weeks, then TGFf entry
into the stroma continues and the precursors develop into
mature myofibroblasts that excrete greater amounts of disor-
dered extracellular matrix associated with fibrosis (Fig. 5 and
Fig. 7).2»%% A schematic diagram depicting the fibrosis
response to moderate to severe anterior corneal injury is
provided in Figure 8.

After PRK in rabbits, corneal myofibroblasts in situ
undergo a transition from vimentin-positive, « SMA-negative,
desmin-negative immature, to vimentin-positive, aSMA-
positive, desmin-negative intermediate and finally to
vimentin-positive, aSMA-positive, desmin-positive mature
myofibroblasts.”® These mature myofibroblasts produce high
levels of disorganized extracellular matrix materials, includ-
ing large amounts of collagen type 1,*° which disorganize
the normal stromal structure to produce fibrotic scarring
opacity. In addition, the myofibroblasts themselves express
low levels of corneal crystallins and, therefore, contribute
directly to the stromal opacity in fibrosis.®

Fibrocytes, also driven by TGFps, similarly develop
into vimentin-positive, «SMA-positive, desmin-positive
mature myofibroblasts in rabbit and mouse corneas after
injury.?>:3%.2¢ However, the myofibroblasts generated from
these precursors are not equivalent.®® A proteomic analysis
of these two myofibroblasts in vitro found that approxi-
mately 29% of the proteins produced by these cells were
differentially expressed between the two types of myofibrob-
lasts.®° These studies showed that the canonical pathways
related to mitochondrial function, oxidative phosphorylation
and sirtuin signaling predominated in keratocyte-derived
myofibroblasts, whereas pathways involved in glycoly-
sis, integrin signaling, and the remodeling of epithelial
adherens junctions predominated in bone marrow-derived
myofibroblasts.®* Bone marrow-derived myofibroblasts
produce much more collagen type XI and collagen type III,
whereas keratocyte-derived myofibroblasts produce more
collagen type VIL?® Thus, after severe corneal injuries, these
different populations of myofibroblasts likely cooperate in
the generation of a full stromal fibrosis response.

Once established after injury, myofibroblasts, and the
disorganized stromal matrix they produce, persist until the
injured basement membrane(s) are either regenerated or
replaced surgically. The presence of the myofibroblasts in
the subepithelial or ante-endothelial areas retards the regen-
eration of the basement membranes because the restoration
of the functional EBM or Descemet’s membrane requires
the concerted efforts of both the epithelial cells and kera-
tocytes/corneal fibroblasts or the corneal endothelial cells
and keratocytes/corneal fibroblasts, respectively, including
the incorporation of components such as perlecan, nidogen-
1, and laminins into the nascent basement membranes.?*~%
Myofibroblasts, in contrast, despite their production of some
BM components,?>~?> seem to be incapable of incorporating
these components into the regenerating BM.>*"* In some
corneas that develop scarring fibrosis, stromal transparency
can be restored months or years later.?2-23:25:26:81 This return
of stromal transparency indicates that the injured basement
membrane(s) has been regenerated, the myofibroblasts were
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Ficure 8. Fibrosis response to moderate to severe injuries in the anterior cornea. (A) In the unwounded cornea with intact EBM, TGFg,
and platelet-derived growth factor (PDGF) present in the epithelium and tears cannot gain access to the stroma owing to collagen type IV
(not shown) and perlecan in the EBM. (B) After injury to the epithelium and EBM, activated TGFg, and PDGF gain access to the stroma and
drive the development of corneal fibroblasts and myofibroblasts that produce disordered extracellular matrix (ECM) that includes collagen
types 1, III, and IV. The resulting opacity and stromal changes persist from months to years, or in some cases permanently. (C) In some
corneas, corneal fibroblasts or keratocytes are eventually able to penetrate the abnormal ECM and myofibroblasts to cooperate with the
epithelium in regenerating the EBM. Deprived of requisite TGFS, myofibroblasts undergo apoptosis driven by autocrine or paracrine IL-1c.
(D) Eventually, the keratocytes can reabsorb and reorganize all of the disordered ECM and return complete transparency to the cornea.
Milder nonfibrotic injuries begin similarly with injuries to the EBM, entry of TGFS and PDGF into the anterior stroma and development
of corneal fibroblasts and entry of fibrocytes in the stroma. However, the EBM regenerates in a timely manner and shutting off TGFS and
PDGF entry into the stroma. Deprived of requisite TGFS to continue their development, myofibroblast precursors (corneal fibroblasts and
fibrocytes) either revert to keratocytes or undergo apoptosis, and no myofibroblasts are generated. Thus, only a small amount of disordered
ECM is produced, and only mild haze is generated. Reprinted with permission from Wilson SE, Marino GK, Torricelli AAM, Medeiros CS.
Injury and defective regeneration of the epithelial basement membrane in corneal fibrosis: a paradigm for fibrosis in other organs? Matrix

Biol. 2017;64:17-26. © 2017 Elsevier B.V.

deprived of TGFB underwent apoptosis, and Kkeratocytes
migrated into the damaged stroma to reabsorb and reorga-
nize the fibrotic extracellular matrix to restore the organiza-
tion associated with transparency.?223,25,26,81

Corneal Neovascularization (CNV) and Corneal
Opacity

New blood vessels may grow into the stroma after moder-
ate to severe corneal injuries (Figs. 1E, F) affecting either
the anterior® or posterior’*?> cornea, although they can
also develop after chronic low-grade injuries such as contact
lens wear.®? This CNV, and the associated opacity, often
severely compromises vision by decreasing the transparency
of the stroma. A recent review details the factors that trig-
ger CNV and the molecular regulation of its development,
including the critical role of VEGF#® CNV can be recognized
in immunohistochemistry because the associated pericytes
are aSMA positive.?$25% Importantly, pericytes have been
shown to have the capacity to develop into myofibroblasts in
many organs.?*-87 Therefore, once CNV develops in a cornea,
the associated pericytes likely provide a third precursor cell,
in addition to corneal fibroblasts and fibrocytes, for the
development of myofibroblasts. After CNV develops, resolu-
tion is typically dependent on removing the inciting hypoxia,
inflammation, and/or infection that triggered growth of the

new blood vessels, although CNV often persists indefinitely
despite these therapeutic measures. Pharmacological agents
that block VEGF receptors may be useful therapeutic agents
in the future 8

CONCLUSIONS

The changes associated with the loss of transparency in the
cornea that occur in response to injury are complex cellular
and molecular changes that are regulated in large part by the
entry, and production, of growth factors such as TGFS and
platelet-derived growth factor in the stroma. The regenera-
tion of EBM and/or Descemet’s membrane, and their asso-
ciated components, such as perlecan and collagen type 1V,
are critical determinants of the development of the corneal
fibrosis response mediated through BM regulation of TGFp
entry into the stroma from the tears, epithelium, and aque-
ous humor. The dynamic modulation of the keratocyte to
corneal fibroblast to myofibroblast transition, and the apop-
tosis or developmental transition of the corneal fibroblast
and myofibroblast that occurs with the downregulation of
the wound healing response, are key determinates of the
development and resolution of corneal opacity after injury.
Keratocytes, corneal fibroblasts and myofibroblasts serve
differing roles in the response to injury and the downregu-
lation of the corneal wound healing response through their
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differing qualitative and quantitative production of extra-
cellular matrix components that comprise the extracellular
matrix of the stroma, as well as their production of growth
factors, chemokines and other regulatory molecules.
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