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CLEARING THE HAZE:
UNDERSTANDING THE
PROCESS OF SCARRING
FOLLOWING CORNEAL
INJURY

Any injury such as trauma, surgery or infection to the cornea in

the eye may result in persistent scarring (clinically referred to as

fibrosis) due to the wound healing response. Professor Steven E.
Wilson at the Cole Eye Institute of the Cleveland Clinic Foundation

has identified that defective epithelial basement membrane

(EBM) regeneration plays a central role in the development of

scar producing myofibroblast cells. Critically, Professor Wilson

suggests that the pathophysiological consequences of defective

EBM regeneration are also likely to have wider relevance to the

fibrosis that occurs in other organs, such as the lungs, heart,

kidneys, and skin.

Three Decades of Corneal Research

The cornea is the transparent outer
surface of the eye and lies directly in
front of the iris and pupil. It acts as a
protective structure and is integral to
the refraction power of the eye and the
precise focusing of light on the retina.
Maintaining the cornea’s integrity

and health is essential if the eye is to
function effectively. Unfortunately,
trauma and other damage to the cornea
can commonly result in fibrosis (also
referred to as haze or scarring) that
leads to visual impairment caused by
the loss of corneal transparency.

Professor Steven E. Wilson at the

Cole Eye Institute at the Cleveland
Clinic Foundation has spent more
than three decades at the frontier of
research exploring how injury and the
defective regeneration of the cornea’s
basement membranes may lead to the
development of scar-producing cells
called myofibroblasts.

The cornea provides an ideal laboratory
model for which to research the
mechanisms of fibrosis both within

the eye and in other organs due to its
easy accessibility and simple physical
structure. It comprises a number

of layers, including the epithelium,
Bowman’s layer, stroma, Descemet’s
membrane and endothelium. The
corneal epithelium is an extremely

thin, multicellular tissue layer of
continually regenerating cells. Beneath
the epithelium, the epithelial basement
membrane is a highly organised layer
of perlecan, nidogen-1, nidogen-2,
laminins 511, 521 and 332, and

collagen type IV, that attaches the
epithelium to the underlying stroma
and performs many other critical

roles in communications between the
epithelium and stroma. The stroma is
the thick, transparent, middle layer of
the cornea, made up of a regular array of
collagen fibres, interwoven with a sparse
distribution of keratocytes (resident
stromal fibroblastic cells), which
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Fibrosis in the rabbit cornea.
Credit Steven Wilson.

secrete a highly regular and organised
extracellular matrix that includes
collagen type | and proteoglycans.
Keratocytes also produce large amounts
of intracellular crystalline proteins that
increase the transparency of the cells.
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Professor Wilson’s research has focused specifically on the
critical role that keratocytes play in epithelial basement
membrane (EBM) repair and function and, in particular, the
factors that lead keratocytes and other bone marrow-derived
progenitor cells (fibrocytes) to develop into fibrosis-producing
myofibroblasts. He is also interested in how keratocytes
interact with corneal endothelial cells (that line the posterior
surface of the cornea) in the production and maintenance

of Descemet’s basement membrane — to which endothelial
cells adhere. It is these two critical basement membranes
that Professor Wilson has identified as determining whether
defective tissue regeneration occurs after injury to the cornea,
leading to fibrosis.

Defective Epithelial Basement Membrane Regeneration and
Myofibroblast Development

In nearly all tissues and organs, fibrosis occurs through the
production of myofibroblasts formed from differentiated
fibroblast precursors. Critically, these fibroblastic cells

are opaque in nature, and they produce a disorganised
extracellular matrix within the stroma that disrupts the regular
organisation and distribution of collagen fibres that are
essential to maintain the transparency of the cornea critical for
vision.

In their research, Professor Wilson and his team have pursued
the hypothesis that following severe injury, myofibroblast
developmentin the cornea is integrally linked to the defective
regeneration of the EBM. Their research has shown that by the
timely restoration of the structural and functional integrity of
the EBM, fibrosis can be prevented, and corneal transparency
maintained. However, delay in the regeneration of the EBM
leads to the development of stromal myofibroblasts and
fibrosis.

Thus, the corneal EBM plays a critical function and is
sandwiched between the basal epithelium and underlying
connective tissue of the stroma. Primarily made up of collagen,
laminins, the heparin sulfate proteoglycan perlecan and other
proteins, it forms a three-dimensional extracellular matrix that
acts to maintain the cell’s structural form, but also, importantly,
acts to regulate the two-way communications between
epithelial and keratocyte cells, and the bone marrow-derived
cells that invade the cornea after injuries.

One function that appears critical in cellular wound healing
and homeostasis (maintaining a relatively stable equilibrium),
is the EBM’s ability to control cellular functions by binding and
mediating the local concentrations of key cytokines, such as
transforming growth factor (TGF) 3-1 and TGF 3-2 and platelet-
derived growth factor (PDGF).

In a healthy cornea, the EBM (or more specifically, components
in the basement membranes, such as perlecan, nidogen-1,
nidogen-2, and collagen type IV), act as barriers to bind and
prevent the passage of TGFB and PDGF from the epithelium,
tears and/or aqueous humour (fluid in the anterior chamber
behind the cornea) into the central cornea. However, when

the EBM ‘barrier’ is punctured, through injury or trauma, large
quantities of these cytokines are able to enter the stroma. After
penetrating the stroma, the cytokine growth factors activate
keratocytes close to the injury, transforming them into corneal
fibroblasts, and ultimately into myofibroblasts if the EBM and/
or Descemet’s basement membrane doesn’t regenerate. Part
of the fibroblast’s normal function is to contribute key localised
components to the EBM during this regenerative healing
process.

When the corneal injury is minor, such as in the case of an
abrasion, corneal fibroblasts in the stroma may then revert
back to the keratocyte phenotype as the wound healing
response subsides. However, after severe injuries, when

EBM regeneration is defective, sustained exposure to TGF3-1
and TGF(-2 triggers corneal fibroblasts to differentiate into
myofibroblasts.

Professor Wilson has identified that myofibroblasts are also
formed in the cornea from bone-marrow-derived fibrocyte
precursors. The myofibroblasts then produce high levels

of disorganised extracellular matrix — which along with the
fibroblasts themselves, create the opacity seen in the corneal
stroma of scarred corneas. Regeneration of the basement
membrane(s), which may take months or even years, eventually
cuts off the supply of TGFB-1 and TGFB-2, which in turn, triggers
interleukin-1 (IL-1) from adjacent cells or the myofibroblasts
themselves to trigger myofibroblast apoptosis (controlled

cell death). Keratocytes can then return back to the fibrotic
area of the cornea where the disorganised extracellular matrix
materials secreted by the myofibroblasts are removed, and
transparency of the cornea is restored.
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‘The corneal model of basement membrane
injury and defective regeneration associated
with mature myofibroblast development
and persistence [...] likely has a role in the
development of fibrosis in other organs where
epithelial or parenchymal cell injury is linked
to disease’

The Key Role of Keratocytes

Now that the cause of the stromal scarring and resulting haze
was apparent, the next challenge for Professor Wilson and

his research team is to determine the underlying aetiology of
defective EBM regeneration. He is keen to specifically explore
whether a deficiency or abnormality of deposition of the

EBM components, perlecan, nidogen-1, nidogen-2, laminins
511,521 and 332, and collagen type IV, lead to defective EBM
regeneration, and ultimately scarring fibrosis.

In earlier experiments, Professor Wilson and colleagues had
established that the defective regeneration of the EBM probably
occurred due to inadequate numbers of keratocytes in the
anterior stroma. This followed from their discovery decades
ago that anterior stromal keratocytes underwent significant
apoptotic death after corneal epithelial injury, leading to

the consequential lack of components such as perlecan

and nidogen-2, that the keratocytes produce to regenerate

the damaged EBM, or anomalous localisation of these
components. They found that in the case of more extensive
stromal injury, large numbers of mature myofibroblasts are
then formed, which, as we have described, secrete a disordered
extracellular matrix that forms a physical tissue barrier.
Surviving keratocytes, which undergo mitosis to re-establish
their numbers, are thus blocked from getting into close enough
proximity to the newly forming EBM to supply and/or organise
their essential components and the healing processes are
delayed.

Following a minor injury to the EBM, a layer of self-polymerising
laminin 511/521 is laid down by the epithelium to begin the
regenerative process. However, complete regeneration of the
EBM also requires adjoining keratocytes to contribute perlecan,
nidogen-1, nidogen-R2 and perhaps other components to
rebuild the lamina lucida and lamina densa layers, which
together form the mature EBM that is needed to modulate pro-
fibrotic growth factors such as TGFb and PDGF.

Extensive corneal damage, therefore, results in both defective
EBM regeneration and the formation and accumulation of
myofibroblasts and the disordered extracellular matrix that

they produce, and this can persist for many months or even
years. A similar process occurs in the posterior cornea if the
Descemet’s basement membrane is also injured. Eventually,
in most scarred corneas, after the injury is eliminated for

a long period, recovery begins with small areas of clearing
called ‘lacunae’ that appear in the stromal fibrosis. In these
clear areas, normal keratocytes have repopulated the anterior
stroma and facilitated the regeneration of mature EBM.

Ultimately, this process facilitates the apoptosis of the
underlying myofibroblasts, that will be increasingly deprived
of adequate levels of TGFP and PDGF they need to survive.
Over time, the lacunae tend to coalesce and enlarge, as
more surrounding EBM regenerate, eventually leading to
the restoration of full corneal transparency. In the case of
Descemet’s basement membrane injuries, little capacity for
regeneration of this structure has been noted and corneal
transplantation is typically needed to restore transparency.

Keratocyte Apoptosis: A Critical Finding

Professor Wilson’s discovery that keratocyte apoptosis occurs
in the anterior stroma when there is an injury to the overlying
epithelium was a major breakthrough. Prior to his discovery

in 1994, keratocytes were thought to be relatively dormant

and inactive cells. However, Professor Wilson noted that

injury led to the anterior stroma becoming decellularised and
that the stroma often did not return to normal cell density as
quickly as might be expected after the injury. He argued that
keratocytes need to actively migrate within the anterior stroma
to repopulate the area and that they need to proliferate in order
to restore normal stromal keratocyte density and contribute to
healthy EBM regeneration.

The Wider Application of the Corneal Model

The research of Professor Wilson and his team has far-reaching
potential beyond having achieved a better understanding of
corneal healing. The physiological changes that accompany
fibrosis in many organs, such as the lungs, kidneys, and skin,
are likely to have many similarities to that identified in corneal
injury. Professor Wilson hypothesises that ‘The corneal model
of basement membrane injury and defective regeneration
associated with mature myofibroblast development and
persistence, and attributable, at least in some diseases, to
insufficient fibroblastic/mesenchymal contributions of EBM
components, likely has a role in the development of fibrosis

in other organs where epithelial or parenchymal cell injury is
linked to disease.” For example, chronic alveolar epithelial cell
damage caused by toxins, such as smoke, silica dust or heavy
metal dust, could lead to injury and defective regeneration

of the underlying basement membrane, anomalous TGFR
modulation, myofibroblast development and fibrosis, that
parallels the events in corneal fibrosis.

Itis, therefore, clear that a greater focus on BM injury and
defective BM regeneration in other organs could provide
important insights into our greater understanding of the
pathophysiology of many fibrotic diseases. Importantly, when

a corneal injury is interrupted, the EBM can repair itself and
resolve fibrosis. It, therefore, seems probable the fibrosis can be
similarly prevented or lessened in other organs, by promoting
basement membrane repair.
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