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Abstract

The cornea is a tough transparent tissue admitting and focusing light in the eye. More than 90% of
the cornea is stroma, a highly organized, transparent connective tissue maintained by keratocytes,
quiescent mesenchymal cells of neural crest origin. A small population of cells in the mammalian
stroma displays properties of mesenchymal stem cells, including clonal growth, multipotent
differentiation, and expression of an array of stem cell-specific markers. Unlike keratocytes, the
corneal stromal stem cells (CSSCs) undergo extensive expansion in vitro without loss of the
ability to adopt a keratocyte phenotype. Several lines of evidence suggest CSSCs to be of neural
crest line-age and not from bone marrow. CSSCs are localized in the anterior peripheral (limbal)
stroma near to stem cells of the corneal epithelium. CSSCs may function to support potency of the
epithelial stem cells in their unique limbal niche. On the other hand, little information is available
documenting a role for CSSCs in vivo in stromal wound healing or regeneration. In vitro CSSCs
reproduce the highly organized connective tissue of the stroma, demonstrating a potential use of
these cells in tissue bioengineering. Direct introduction of CSSCs into the corneal stroma
generated transparent tissue in a mouse model of corneal opacity. Human CSSCs injected into
mice corneas did not elicit immune rejection over an extended period of time. The CSSCs
therefore appear offer an opportunity to develop cell- and tissue-based therapies for irreversible
corneal blindness, conditions affecting more than 10 million individuals worldwide.
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The Corneal Stroma, a Unique Tissue Produced by Specialized Cells

The cornea is a tough connective tissue presenting a formidable barrier between the eye and
the outside world. It is transparent to light, providing two-thirds of the refractive power
required to focus light on the retina. Approximately 90% of the corneal volume is the
stroma, a collagenous mesenchymal tissue composed of multiple lamellae of tightly packed
parallel collagen fibrils. The small uniform diameter and orderly packing of stromal collagen
is essential in rendering the tissue transparent. Stromal extracellular matrix also contains a
group of tissue-specific keratan sulfate proteoglycans (KSPGs) that interact with stromal
collagen, regulating the collagen fibril diameter and spacing required for transparency [1-5].
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The stroma is populated by keratocytes, neural crest-derived mesenchymal cells occupying
approximately 3% of the stromal volume. After birth, the number of dividing keratocytes
decreases in rats, and by the time of eyelid opening, keratocytes have withdrawn from the
cell cycle and become quiescent [6]. Keratocytes of most vertebrates remain quiescent
throughout adult life, showing neither apoptotic nor mitotic figures in any significant
numbers. Thus, unlike the self-renewing epithelia, the homeostasis of the corneal stroma is
not based on a cycle of cell death and mitotic renewal. The stroma is contained on its
anterior and posterior surfaces by the corneal epithelium and corneal endothelium, tissues
regulating stromal hydration and providing a biological barrier to infection.

Scarring of the corneal stroma can result as a response to surgery, trauma, or by viral or
bacterial infection (keratitis). Corneal scars are long lasting and disrupt vision for millions
worldwide [7]. Currently, surgical replacement of the stroma is the only successful approach
to restoration of vision in scarred corneas. The cells responsible for scar deposition are
fibroblastic cells derived from stromal keratocytes [8]. Upon wounding, proximal
keratocytes undergo apoptosis, and keratocytes distal to the wound become motile,
mitotically active fibroblasts [9]. The fibroblasts express a-smooth muscle actin and an
array fibrotic extracellular matrix [8, 10]. In rabbit corneal scars, secretion of fibrotic
components is stable for months after healing [11]. In humans, corneal scars can remain for
decades [12].

Damage to the corneal epithelium not involving the corneal stroma can heal without scarring
[13]. Such epithelial wounds cause keratocyte apoptosis subjacent to the basement
membrane, and keratocytes peripheral to the injury migrate into the region and replicate.
The mouse cornea, after epithelial debridement, regains expression of stromal matrix
components within 12 weeks after wounding [14]. After human corneal transplants, stromal
cells derived from the host have been identified in the grafted tissue indicating a potential of
keratocytes to repopulate stromal tissue without scarring [15]. Such repopulation is slow,
sometimes requiring decades. It is clear from these studies that keratocytes do not conform
to the classic definition of “terminal differentiation,” and at least some cells in the stroma
maintain the capability of replication and regeneration of transparent corneal tissue.

Identification of Keratocyte Progenitor Cells

As keratocytes replicate in vivo or in vitro, they become fibroblastic, losing their ability to
secrete transparent corneal connective tissue [16]. Originally, it was thought that fibroblastic
transformation was irreversible, but more recently it has become apparent that early passage
stromal cells maintain a potential to re-express differentiated characteristics [17]. This
property, however, is not equally distributed among all the cells of the stoma.
Approximately 3% of freshly isolated adult bovine stromal cells grew clonally [18]. When
these cloned cells were shifted to a reduced mitogen culture media, approximately 5% of the
clones developed a dendritic morphology and upregulated expression of keratan sulfate,
keratocan, and ALDH3AL, all products highly expressed by differentiated keratocytes [18].
This potential for keratocyte differentiation was maintained through greater than 50
population doublings indicating that the progenitor phenotype was a stable property of these
cells [18]. The cells exhibited normal karyotype and reached replicative senescence after
70-80 population doublings indicating that the progenitors represent a population of
nontransformed adult diploid cells. As the cells differentiate to keratocytes, mRNA for
several gene products present in embryonic neural and/or neural crest cells was markedly
downregulated. These genes included Six2, Six3, Notchl, and PAX6. These results
demonstrate that corneal stromal cells are heterogeneous in their potential for regeneration.
Many keratocytes appear to have exhausted regenerative potential, but it is maintained in a
small number of cells expressing genes typical of neural crest precursors.
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Stem Cells in the Human Corneal Stroma

In the past decade, small populations of stem cells have been identified in many
mesenchymal tissues. Some phenotypic aspects of these mesenchymal stem cells (MSCs)
vary from one tissue to the next, but they share several key properties: (a) they grow
clonally, (b) they exhibit potential to differentiate into cells of multiple tissue lineages, and
(c) they exhibit asymmetric division, producing both MSC and differentiated progeny.
Isolation of bovine stromal progenitor cells was performed using the rationale that stem and
progenitor cells exhibit clonal growth. Such clones were found to express a number of MSC
markers including, Bmil, CD90 (Thy1l), CD73, CD166, ABCG2, Fhl1, stem cell factor (kit
ligand), and Notch1 [18]. The only MSC property that was not confirmed in this report was
that of multipotency.

The presence of multipotent cells in the stroma of other species, however, was demonstrated
about the same time. Small numbers of cells from stroma of both mouse and rabbit could be
expanded clonally in attachment-free cultures as floating aggregates, termed “neurospheres”
[19-21]. Replating of the spheres on plastic substratum led to expression of keratocan as
well as neural-specific proteins, such as 111 tubulin, and of a-smooth muscle. These
experiments confirmed that adult stroma does contain multipotent clonal cells, thus meeting
the definition of adult stem cells.

Identification of stem cells from human stroma was achieved by isolating a population of
cells that efflux the DNA-binding dye Hoechst 33342 [22]. Effluxing such dyes reduces the
fluorescence of the cells, allowing isolation of the population by flow cytometry as a “side
population” (SP). The SP is observed in many mammalian tissues and has been extensively
investigated as a source of adult stem cells [23]. SP cells were shown to be present in early
passage cells from human corneal stroma at frequencies <1%. Dye efflux was blocked by
verapamil, an inhibitor of the ABC cassette membrane transporter proteins reported to be
responsible for the SP phenotype. Stromal SP cells collected by cell sorting could be
expanded clonally, some clones showing properties of adult stem cells. These cells (termed
corneal stromal stem cells [CSSCs]) could be expanded through 100 cumulative population
doublings. When CSSCs were placed in a serum-free medium supplemented with insulin
and ascorbate, they upregulated expression of keratocyte-specific markers [22]. Gene array
analysis identified a panel of genes highly expressed in CSSCs that were weakly expressed
in keratocytes, and vice versa. The CSSC-specific genes included MSC genes ABCG2,
BMil, CD166, cKIT, and Notchl as well as genes present in early corneal development
PAX6 and Six2. As they differentiated, the CSSC expressed high levels of keratocan,
ALDH3AL, CXADR, PTDGS, and PDKA4, all genes highly expressed in keratocytes.

The expression of CD34 in the corneal stroma has led to some confusion as to the source
and function of the cells that express it. CD34 is a cell-surface glycoprotein highly expressed
in hematopoietic stem cells in bone marrow and placenta. In human cornea, however, all or
most keratocytes have been identified as CD34 positive [24—26]. Corneal fibroblasts and
stromal cells in corneal pathologies, however, do not express CD34, nor do CSSCs in vitro
[27]. Recent studies in our laboratory find that as CSSCs differentiate to keratocytes, CD34
is upregulated in the entire population (unpublished observation). CD34 was also reported to
be expressed in human MSC as they differentiated to keratocytes after transplantation to the
corneas of mice [28]. CD34 in human cornea, therefore, appears to provide a cell-surface
marker of keratocyte phenotype not present on stem cells or fibroblasts. On the other hand,
CD34 expression in rodent corneas was judged in one report to be associated with bone
marrow-derived cells and not keratocytes, by virtue of coexpression of CD45 [24]. Other
reports have suggested that CD34 expression by rabbit stromal cells represents an indication
of their progenitor potential [29]. The disagreements as to the implication of CD34
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expression serve as an object lesson that cell phenotype is most reliably assessed by multiple
cell properties, and that single markers may not be reliable a priori predictors of a specific
phenotype.

As with progenitors from rabbit and mouse, human CSSCs maintain a broad differentiation
potential. Cloned CSSCs cultured in medium previously noted to produce chondrogenesis in
adult stem cells underwent upregulation of mMRNA and protein for a number of cartilage
extracellular matrix molecules, including collagen 11, aggrecan, and collagen oligomatrix
protein [22]. The presence of these cartilage-specific proteins subsequently led to deposition
of extracellular matrix staining with toluidine blue, a characteristic specific to cartilage due
to the accumulation of proteoglycan. Similarly, when cultured in a neural induction culture
medium including FGF2 and retinoic acid, CSSCs showed up-regulation of glial fibrillary
acidic protein and neurofilament protein [22]. The ability to adopt a differentiation program
clearly distinct from that of ocular mesenchymal tissues demonstrates the multipotent aspect
of the CSSCs. Corneal fibroblasts do not exhibit a similar differentiation potential, further
supporting the hypothesis that the CSSC population is distinct from that of most cells of the
corneal stroma.

Localization of Stromal Stem Cells

Stromal cells staining for ABCG2 and PAX6 proteins were observed largely in the
transitional zone between cornea and sclera known as the limbus. These cells were in the
anterior stroma subjacent to the epithelial basement membrane, in regions where the
basement membrane has ripples and folds (Fig. 1). These anatomical features, termed the
Palisades of Vogt, are thought to provide a niche for limbal epithelial stem cells (LESCs)
[30]. The corneal epithelium is a self-renewing tissue maintained by LESCs, a population of
slow-cycling stem cells. Loss of corneal LESCs results in migration of conjunctival
epithelium across the cornea obscuring vision and leading to irreversible blindness. Clinical
trials are in place for transplanting corneal LESCs either from contralateral eyes or from
other individuals. Restoration of corneal transparency in individuals with LESC deficiency
has been achieved in a number of cases [31-33].

The limbal stroma near the Palisades has several specialized features. A blood supply is
present, as are melanocytes (Fig. 1). It is hypothesized that mesenchymal cells in this region
(termed “niche cells”) help maintain the stem phenotype of the LESCs [34]. Studies
comparing fibroblasts as feeder layers for LESCs in vitro found cells from the limbal stroma
to be superior in this function [35]. Surgical isolation of the limbal epithelium with small
amounts of limbal stroma found that LESCs are more readily expanded in vitro, presumably
due to the presence of the associated mesenchymal cells in the cultures [36]. The stromal
cells associated with LESCs express a number of genes in common with MSC, including
CD105, CD106, CD54, CD166, CD90, CD29, and CD71 [34]. These cells also express
PAX6, a homeodomain gene present in early development known to be a master controller
of eye formation. Although keratocytes have lost PAX6 expression, CSSCs maintain this
eye-specific protein, and this expression allows identification of CSSCs in the stroma [18,
22]. The expression of PAX6 by MSC-like niche cells from the limbal stroma suggests that
these cells are identical with the CSSCs. Studies are currently underway in our laboratories
to compare gene expression patterns and differentiation potential between CSSCs and the
mesenchymal niche cells coisolated with LESCs from Palisades explants.

Embryonic Origin of CSSCs

Corneal epithelium is a derivative of embryonic ectoderm, but stromal and endothelial
tissues are derived from neural crest. The expression of PAX6 in CSSCs as well as several
genes expressed by descendants of the neural ectoderm, Six2, Six3, and Notchl, suggests a
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neural crest lineage for these CSSCs. Bone marrow-derived cells have been identified in the
corneal stroma, and some studies have proposed a bone marrow origin for all adult
connective tissue stem cells [24]. Another popular hypothesis presents the idea that adult
MSCs throughout the body derive from perivascular cells (pericytes) in each tissue [37]. The
phenotypic plasticity of stem cells makes this hypothesis difficult to test in human CSSCs.
Mouse, however, also has a population of multipotent progenitor cells in the stromal limbus
analogous to the human CSSCs. As with human CSSCs, these cells are CD45(-) suggesting
that they are not bone marrow-derived cells [21]. In lethally irradiated mice rescued by
transplantation of green fluorescent protein (GFP)-bone marrow cells, some green cells were
observed in the corneal stoma, but clonal spheres formed by the stromal progenitor cells did
not contain bone marrow-derived cells based on the absence of green cells in clonal spheres
[21]. Furthermore, spheres from transgenic mice encoding PO-Cre/ Floxed-EGFP as well as
Whntl-Cre/Floxed-EGFP were GFP(+), indicating an ocular and neural crest embryonic
lineage of the stromal progenitor cells [21]. These results were confirmed by the expression
of the embryonic neural crest markers Twist, Snail, Slug, and Sox9. The similar character of
CSSCs and mouse stromal progenitor cells supports the idea that these stromal stem cells are
ocular in embryonic origin and are not derived from pericytes or other bone marrow cells.

CSSCs Differentiate to Functional Keratocytes

When cultured in low-mitogen, ascorbate-containing media, CSSCs express an array of
genes characteristic of keratocytes [22]. When the cells are removed from substratum and
cultured as a pellet, a more complete keratocyte gene expression pattern was observed [38].
When cultured on substratum of parallel aligned polymeric nanofibers, CSSCs produced
layers of highly parallel collagen fibers with packing and fibril diameter indistinguishable
from that of the human stromal lamellae [39]. The ability of CSSCs to adopt keratocyte
function was most striking in vivo. When injected into mouse corneal stroma, human CSSCs
express keratocyte mMRNA and protein, replacing mouse extracellular matrix with human
matrix components [40]. These injected cells remained viable for many months, apparently
having permanently become quiescent keratocytes [40]. These results suggest that
keratocyte represents the default lineage for the CSSCs; the implication of such is that some
aspect of their limbal microenvironment maintains the stem/progenitor character of CSSCs
in vivo, but if they enter the stroma, the CSSCs become keratocytes. The proximity of
CSSCs and LESC:s in vivo suggests the possibility that each of these populations provides
symbiotic support for maintenance of the stem cell phenotype of the other. Beyond these
observations, however, little is known about participation of CSSCs in normal stromal
homeostasis or in tissue healing and/or regeneration in response to trauma or pathology.

Immune Privilege of Stromal Stem Cells

In addition to exhibiting characteristics of adult stem cells, the CSSCs display another
interesting attribute. Injection of human CSSCs into mouse corneal stroma in vivo resulted
in no T-cell-mediated immune rejection of these cells. A transient inflammatory response
similar in magnitude only to that produced by sham injections occurred but subsided within
a week. Flow cytometric analysis showed the inflammatory cells to be largely neutrophils
[40]. Injection of human corneal fibroblasts produced a similar transient response, followed
by a marked increase in CD45+ cells after 1 week. Immunostaining of the injected tissue at
2 weeks showed CD3 T cells associated with the injected human fibroblasts, but no T cells
were observed in tissue injected with CSSCs. The fibroblast- injected eyes exhibited visible
haze increasing after 2 weeks, but the CSSC-injected eyes remained clear. Finally, chimeric
mice rescued with GFP-bone marrow cells exhibited only a transient influx of green cells
after CSSC injection. Conversely, injected human corneal fibroblasts elicited a strong influx
of green cells into the cornea after 10 days. All these data point to an immunomodulatory
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function for CSSCs. Immune suppression of allogenic and xenogenic T-cell-mediated
responses has been characterized for adult stem cells from several other sources [40]. The
cornea exhibits a widely known immune privilege by which it avoids much of the immune
rejection typical of most allogenic tissue transplants. The ability of cells in the stromal
limbus to suppress T-cell-mediated tissue rejection may well aid this immune privilege.
Such a feature of these cells, maintained in vitro, could well provide a therapeutic tool for
mediating inflammatory response and tissue rejection in transplants or other situations. It is
therefore important to characterize the mechanism of the immunomodulatory function of
CSSCs in greater detail.

Therapeutic Potential of Stromal Stem Cells

The ability of the CSSCs to maintain a corneal phenotype over a very high number of
population doublings and, importantly, to modulate immune response of the host makes
them an excellent candidate for generation of bioengineered corneal stromal constructs.
Such constructs could be used to replace scarred stroma using partial thickness
transplantation methodology currently in practice. Development of such constructs could
provide an off-the-shelf material free of the complications that limit distribution of cadaveric
donor tissue in many parts of the world. Development of such stromal replacement
constructs with CSSCs is therefore a high priority in the therapeutic application of CSSCs.

In addition to utility in bioengineering stromal tissue, CSSCs may have the potential to
provide direct cell-based therapy for corneal scarring. A model of cell-based therapy was
demonstrated using the Lum—/— mouse, a genotype lacking one of the stromal KSPGs. This
mouse has thin corneas with distinct haze and a disruption of stromal collagen organization.
CSSCs injected into the Lum—/— mouse stroma spread throughout the stroma. The CSSCs
remained viable and did not fuse with mouse cells. Human KSPGs were deposited in the
mouse stroma, but no immune rejection of the cells was observed. After 3 months, corneal
clarity of the mice was assessed using confocal microscopy. Both transparency and
thickness of the mutant corneas were found to be restored to that of wild-type mice [40].
Electron microscopic analysis of the collagen of the injected corneas showed a rescue of the
collagen fibril organization as well [40]. These results support the idea that delivery of
CSSCs to scarred human stromas may provide alleviation of corneal scars without requiring
surgery.

Conclusions

CSSCs are a population of neural crest-derived MSC localized in the limbal stroma,
subjacent to the epithelial basement membrane. These cells are clearly distinct from corneal
epithelial stem cells, but the proximity of the two populations in vivo suggests their
interactivity. The CSSCs maintain an enhanced potential to become functional keratocytes
after multiple rounds of expansion compared to the majority of the cells in the stroma. The
CSSCs may therefore be the source of keratocytes replacement, which migrates into the
stroma in response to corneal trauma. The ability of the CSSCs to grow through multiple
rounds of replication in vitro without loss of differentiation potential makes them excellent
candidates for use in corneal bioengineering applications. The ability to regenerate a normal
stroma in a mouse scar model and the apparent immunomodulatory properties of these cells
present exciting prospects for their use in direct cell-based therapy for human corneal
scarring.
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Anatomical and cellular features of the stromal stem cell niche. The section shows the
anterior region of the transition zone between cornea and sclera known as the limbus.
Epithelium is thickened over regions of undulations in the epithelial basement membrane
know as the Palisades of Vogt. Limbal epithelial stem cells (LESCs) are localized in limbal
basal epithelium. Unlike the central cornea, limbal stroma is vascularized, containing
melanocytes (black) and mesenchymal keratocytes (blue). Corneal stromal stem cells
(green) are located subjacent to the basement membrane near LESCs [18].
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