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Abstract

The therapeutic potential of mesenchymal stem cells (MSCs) has been heralded by their
multipotentiality and immunomodulatory capacity. MSCs migrate toward sites of tissue damage,
where specific pro-inflammatory factors ‘license’ their immunosuppressive functions. Recent
studies in animal models of ocular surface disease have demonstrated the potential of MSC-
derived therapies to limit inflammation and promote tissue repair. Herein, we review the
immunoregulatory mechanisms of MSCs, as well as strategies to harness their regenerative
function at the cornea. We examine reports of the therapeutic application of MSCs in the setting of
ocular surface inflammation; including corneal injury, transplantation, ocular surface
autoimmunity and allergy.

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent stromal cells that participate in tissue
repair. Notable for their plasticity, the therapeutic potential of these cells to restore the
function of damaged or diseased tissues has attracted attention for many years [1]. MSCs
can be isolated from a wide variety of tissues including bone marrow, nervous tissue,
adipose tissue, amniotic fluid, placenta, and Wharton's jelly of the umbilical cord [2].
Exhibiting a similar spindle-like morphology to fibroblasts, MSCs have a potent capacity for
self-renewal, and can be maintained for multiple passages without significantly changing
their properties [3]. MSCs can differentiate exclusively into a variety of mesenchymal
lineages, including adipocytic, chondrocytic and osteocytic [1]. It has also been
demonstrated that particular MSC-like cells isolated from both mice and humans can be
induced into cells of neuroectodermal and endodermal lineages, such as neurons, endothelial
cells and hepatocytes [4-7]. MSCs have been shown to preferentially migrate to injured or
inflammatory tissues when infused intravenously [8,9]. This characteristic is particularly
intriguing given that, in addition to tissue repair functions, MSCs have substantial
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immunoregulatory capacities that facilitate tissue repair and maintain immune homeostasis
[2,10,11]. Indeed, through the release of proinflammatory factors, both the innate and
adaptive immune responses have been shown to provoke MSC-mediated
immunosuppression [10].

This review surveys the therapeutic function of MSCs at the ocular surface. The tissue
regenerative and immunomodulatory functions of MSCs are summarized. Following this,
studies investigating the therapeutic effects of MSCs in corneal injury, transplantation,
ocular surface autoimmunity and allergy are examined.

2. Tissue regenerative and immunomodulatory mechanisms of

mesenchymal stem cells

2.1. Tissue regeneration

The important role of MSCs in promoting tissue repair is well established [12]. In response
to tissue injury, pro-inflammatory and chemotactic factors are released from stressed and
necrotic cells, which increase the recruitment and activation of immune cells [13-15]. The
homing of MSCs to the site of injury is promoted by pro-inflammatory mediators released
both directly from damaged tissues, as well as by recruited immune cells such as
macrophages [16-18]. The factors that govern these processes have not been fully delineated,
partly due to the lack of reliable MSC tracing markers [10]. Nevertheless, the homing and
tissue-regenerative capacities of these multipotent stromal cells have prompted substantial
research investigating their translational potential.

The capacity of MSCs to promote tissue repair in osteogenesis imperfecta, a group of
genetic disorders predominantly affecting the bones, has been demonstrated [19].
Furthermore, the therapeutic effect of MSCs has been exhibited in multiple experimental
animal models including myocardial infarction [20], lung injury [21], kidney disease [22]
and diabetes [23]. Initially, the demonstrated therapeutic efficacy of MSCs was believed to
be due to their developmental plasticity. Indeed, the capacity of MSCs to differentiate across
germinal boundaries /in7 vitro is well-recognized [24]. However, in a number of these studies
low levels of MSC engraftment /in vivo was reported. For example, at 3 weeks following an
infusion of human MSCs into immunodeficient mice with acute myocardial infarction, Iso et
al. failed to detect engrafted donor cells despite observing improved cardiac function [20]. In
a study using a rat model of glomerulonephritis, Kunter et al. found that 85-95% of MSCs
that localized to the glomeruli on day 6 after disease induction failed to express endothelial,
mesangial, or monocyte/macrophage antigens [22]. Collectively, these reports (and others)
suggest that the principal mode of action of MSCs in ameliorating tissue damage might be
through paracrine modulation of the tissue microenvironment rather than
transdifferentiation.

The paracrine factors released by MSCs are diverse, and the tissue repair mechanisms are
correspondingly complex. MSCs have been shown to release a variety of growth factors
including vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF),
insulin-like growth factor (IGF)-1, transforming growth factor (TGF)-B, fibroblast growth
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factor (FGF), angiopoietin-1 and stromal cell-derived factor (SDF)-1 [25]. These trophic
factors foster the proliferation of endothelial cells, fibroblasts, macrophages and other tissue-
intrinsic progenitor cells, which in turn participate in tissue repair and regeneration [26]. The
therapeutic effects of MSCs have been emulated using MSC-conditioned medium,
highlighting the importance of paracrine factors [26-29]. As further evidence of this, co-
culture of dermal fibroblasts with bone marrow-derived MSCs, without direct cell-cell
contact, results in increased proliferation and accelerated migration of dermal fibroblasts in a
scratch assay [30]. The demonstration in pre-clinical studies that infusion of MSC-
conditioned medium yields comparable improvements in organ function relative to MSC
transplantation suggests that specific MSC-associated proteins might be administered for
therapeutic purposes rather than whole cell preparations. However, given that MSC-
associated factors remain partly unidentified and their potential synergisms undefined, the
transplantation of stem cells for their paracrine tissue regenerative effects remains a viable
therapeutic option [31].

Immunomodulation

The finding that mesenchymal stem cells contribute to tissue regeneration through paracrine
modulation of the inflammatory microenvironment has provoked intense investigation of the
cellular and molecular mechanisms by which MSCs interact with the immune system
[32,33]. There is evidence that the immunosuppressive capacity of MSCs is not constitutive,
but rather is ‘licensed’ by inflammatory cytokines [34,35]. This important finding reconciled
two apparently conflicting findings regarding the efficacy of MSCs in treating graft versus
host disease (GvHD). Some earlier reports had demonstrated MSC-mediated inhibition of
the immune response /n vivo in steroid-resistant, severe, acute GvHD; yet others did not
observe improvements in rescue from GvHD despite showing /n vitro suppression of
lymphocyte proliferation by MSCs [34,36,37]. According to the paradigm proposed by Ren
et al., MSCs home to inflamed microenvironments where, upon arrival, their
immunosuppressive function is induced [34]. Thus, the MSC immunoregulatory function is
understood as tunable; it is amplified in response to high concentrations of specific
inflammatory cytokines, and dampened in their absence. Given that the local cytokine milieu
varies considerably during disease progression, the immunoregulatory role of MSCs may
fluctuate accordingly.

MSCs inhibit the function of a variety of cells including macrophages, neutrophils, natural
killer (NK) cells, dendritic cells (DCs), B lymphocytes and T lymphocytes (Fig. 1) [32]. For
example, both /n vivo and in vitro, MSCs have been shown to induce IL-10-secreting
monocytes and/or macrophages [38]. MSCs are known to inhibit 1L-2-induced NK cell
proliferation, and have been shown to alter the phenotype of NK cells and suppress NK cell
cytokine secretion both via cell-to-cell contact and with soluble factors (e.g. TGF-$ and
prostaglandin E, [PGE5]) [39,40]. MSCs have been demonstrated to suppress monocyte
differentiation into DCs, and restrict the maturation of DCs by limiting the expression of
MHCII, CD1-a, CD40, CD80 and CD86 [41]. The inhibition of T cell proliferation by
MSCs is well-established [2,32,33]. In particular, MSCs have been shown to suppress the
differentiation of CD4* T cells into the proinflammatory Th1 and Th17 lineages, and
promote the generation of CD4*CD25*Foxp3* regulatory T cells (Tregs) [42]. Expansion of
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Tregs also occurs due to MSC-triggered T-cell apoptosis, which results in the release of
TGF-B from macrophages thus driving Treg proliferation [43]. Given the diverse
immunoregulatory properties of MSCs, and their strong translational potential for the
treatment of inflammatory disorders, delineating the mechanisms by which MSCs modulate
the immune response is a subject of lively research.

A wide variety of secreted factors have been implicated in the immunoregulatory function of
MSCs, including tumor necrosis factor-inducible gene 6 protein (TSG-6), PGE, and
interleukin-1 receptor antagonist (IL-1Ra), TGF-, nitric oxide (NO) and indoleamine 2,3-
dioxygenase (IDO) [10,21,38,44-47]. One hypothesis proposes that, having been ‘licensed’
to modulate the immune response by stimulation with IFN-y and the concomitant presence
of proinflammatory cytokines such as IL-1a, IL-18 or TNFa, MSCs secrete the
immunomodulatory factors listed above [2,34]. MSCs also express a range of adhesion
molecules and chemokines, including intercellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), CXCR3 ligands and CCR5 ligands [34,48]. These
molecules recruit immune cells into close proximity with MSCs, thereby orchestrating a
microenvironment in which the effects of local immunosuppressive factors are amplified.

The anti-inflammatory protein TSG-6 has been shown to reduce the inflammatory response
and decrease infarct size in a murine model of myocardial infarction [23]. Indeed, Lee et al.
demonstrated that knockdown of TSG-6 abrogated the observed therapeutic effects of i.v.
injection of MSCs [23]. PGE> has been demonstrated to suppress T cell proliferation, and is
markedly upregulated after co-culture of MSCs with peripheral blood mononuclear cells
[49,50]. In a murine model of bleomycin-induced lung injury, MSCs have been reported to
exert anti-inflammatory and anti-fibrotic effects via secreted IL-1Ra [21]. The suppression
of allergic responses by MSC-derived TGFp has been demonstrated in a murine model of
ragweed-induced asthma [45]. Ren et al. established that the expression of inducible nitric
oxide synthase (iNOS) by MSCs was substantially upregulated by exposure to
proinflammatory cytokines, and showed that wild-type MSCs, but not iINOS (- /—) MSCs
prevented graft-versus host disease in a murine model [34]. The importance of NO in MSC-
mediated immunoregulation was substantiated by the observation that iNOS (-/ —) MSCs
have a compromised capacity to reduce inflammation in a murine model of experimental
arthritis relative to wild-type MSCs [51]. The enzyme IDO catalyzes the conversion of
tryptophan to kynurenine, thereby limiting the proliferation of activated T and NK cells [52].
The expression of IDO by MSCs has been shown to be induced by IFN-y [53,54].
Interestingly, it has been proposed that the mechanisms by which MSCs exert their
immunoregulatory capacity varies among different species, with IDO being the predominant
mediator of human-derived MSCs, compared to mouse-derived MSCs which chiefly utilize
NO [35].

In light of the ‘tunable’ characteristics of MSCs, and the plethora of immunoregulatory
factors that they express, defining the exact biological mechanisms by which MSCs act
remains a priority in this research field. The immunomodulatory activity of MSCs is known
to be contingent on their origin, their microenvironment and their target cells. With this in
mind, we turn our attention to the therapeutic potential of MSCs at the ocular surface —
specifically in the context of injury, transplantation, autoimmunity and allergy.
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3. Therapeutic potential of mesenchymal stem cells at the ocular surface

Corneal clarity is essential for vision. Excessive ocular surface inflammation results in
opacification of the cornea, and is potentially blinding. Thus, immune homeostasis at the
cornea constantly balances two opposing objectives — to limit excessive inflammation, whilst
protecting the eye against microbial disease. The relatively subdued ocular inflammatory
response to foreign antigenic material has led to the eye being defined as an immune-
privileged site [55]. The impetus for understanding the role of MSCs at the cornea is based
on two translational objectives; firstly, modulating the immune response (thereby limiting
the progression of corneal inflammatory disease), and secondly, the regeneration of corneal
tissue (both /n vivo regeneration and the synthesis of tissue engineered corneal substitutes).

3.1. Wound healing following corneal injury

Ocular trauma is a major cause of corneal blindness, with an estimated 23 million people
suffering low vision or blindness due to injuries globally [56]. Loss of corneal clarity results
from an inflammatory milieu inciting the differentiation of transparent corneal fibroblasts
into opaque myofibroblasts, which in turn produce disorganized extracellular matrix [57].
Given the considerable burden of corneal blindness, the targeted immunoregulatory and
tissue regenerative capacities of MSCs have attracted attention as a potential therapeutic (see
Table 1). Lan et al. have established the propensity of MSCs to home to damaged corneal
tissue [58]. Using thermal cauterization to induce corneal injury in a murine model, the
investigators demonstrated that endogenous MSCs are mobilized into blood following
corneal injury, and that exogenously administered MSCs home specifically to the injured
cornea where they promote tissue regeneration [58]. By tracking intravenously injected ex
vivo expanded red Q-dot-labeled or GFP* bone marrow-derived MSCs with epifluorescence
microscopy, MSCs were demonstrated to home to the injured cornea but not to the normal
cornea. Importantly, the authors established long-term survival of these labeled MSCs, with
MSCs remaining detectable in the cornea at 50 days following injury [58]. In contrast with
this observation, Roddy et al. attribute the anti-inflammatory activity of MSCs to the
paracrine effect of MSC-derived TSG-6, reporting that less than 10 human MSCs (hMSCs)
were observed in injured rat corneas at 1 day or 3 days after i.v. or i.p. administration of 1 x
107 hMSCs in a rat corneal injury model [59]. These conflicting findings may in part be
attributed to the potential issues of integration and engraftment when cells are transferred
across the xeno-species barrier, with the use of human MSCs in a rat model of corneal
injury. Indeed, the specific homing of murine MSCs has been corroborated by Omoto et al.
in a murine model of corneal transplantation, in which MSCs were found in abundance at
the transplanted cornea and ipsilateral conjunctiva and lymph nodes, but not in contralateral
tissues at 3 days post transplantation [60].

The therapeutic potential of MSCs in corneal injury has been demonstrated by Mittal et al.,
who established that MSCs have the capacity to restore corneal transparency by secreting
high levels of HGF following corneal injury [61]. Using a murine model of mechanical
corneal injury, the investigators showed that an inflammatory milieu promotes the secretion
of HGF by MSCs, and furthermore demonstrated that the capacity of MSCs to restore
corneal transparency is dependent on their HGF expression. These observations are
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consistent with reports describing the anti-fibrotic and anti-inflammatory capacities of HGF
[62,63]. Notably, Mittal et al. demonstrated that topical administration of HGF alone
(without MSC administration) restored corneal transparency after injury, thereby identifying
an important paracrine mechanism by which MSCs contribute to the repair of damaged
ocular tissues [61]. Further studies have highlighted the importance of MSC paracrine
pathways at the cornea. Using a murine model of mechanical corneal injury, Hertsenberg et
al. demonstrated that application of fibrin gel containing stem cells derived from human
corneal stroma reduced the infiltration of CD11b*/Ly6G* neutrophils and myeloperoxidase
expression following tissue debridement [64]. Moreover, the authors demonstrate that
knockdown of TSG-6 using small interfering RNA (siRNA) decreased the capacity of stem
cells to inhibit neutrophil infiltration and reduce scarring, indicating that paracrine secretion
of TSG-6 contributes to the immunomodulatory and anti-fibrotic effects of MSCs [64].
Employing a chemical burn model of corneal injury in rats, Oh et al. reported decreased
corneal inflammation and neovascularization in mice treated with either topical MSCs or
conditioned media derived from MSC culture [65]. Treated mice exhibited decreased corneal
infiltration of CD4"* cells, decreased expression of I1L-2 and IFN-y and increased 1L-10,
TGF-B1 and IL-6. Notably, although both MSCs and conditioned media derived from MSC
culture were effective in reducing corneal inflammation, the effect was amplified in the
MSC treatment group, suggesting that cell-cell contact may exert additive effects on the
paracrine immunomodulatory effects of MSCs in this setting. A study by Mittal et al.
provides further evidence for the importance of cell-cell contact in MSC immunoregulation,
as co-culture of MSCs and neutrophils was observed to suppress neutrophil expression of
the tissue-damaging enzymes myeloperoxidase and N-elastase, but this phenomenon was not
observed when a transwell system was used [66]. Using a murine model of mechanical
corneal injury, the investigators demonstrated that treatment of injured mice with MSCs
results in decreased myeloperoxidase expression, lower neutrophil frequencies at ocular
surface tissues and normalization of corneal tissue architecture compared to untreated
injured controls [66]. These results indicate that MSCs suppress neutrophil effector
functions by direct cell-cell contact mechanisms during corneal inflammation, thereby
limiting tissue damage.

One mechanism by which direct MSC cell-cell contact regulates inflammation following
corneal injury has been elucidated by Amouzegar et al. [67]. Using a murine model to
examine the immunomodulatory effects of MSCs on myeloid progenitor cells, the
investigators demonstrated that mice that received adoptive transfer of MSCs following
sterile corneal injury exhibited increased corneal myeloid progenitor cell frequencies and
reduced corneal infiltration of inflammatory cells. The authors showed that the inhibitory
effect of MSCs on myeloid progenitor differentiation relies on direct cell-cell contact,
mediated via interaction of MSC-expressed CD200 and myeloid progenitor-expressed
CD200R1 [67].

The therapeutic potential of MSCs to reduce corneal scarring has been further evaluated by
Basu et al., who expanded mesenchymal cells from limbal biopsies of human cadaveric
cornea-scleral rims (limbal biopsy-derived stromal cells; LBSCs), and engrafted these cells
into murine corneas following stromal injury [68]. At the time of mechanical debridement of
epithelium and stroma, the investigators applied 50,000 LBSCs to the wounded cornea in a
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solution of fibrinogen. Although the number of LBSCs in the cornea decreased over time, at
4 weeks, half of the engrafted LBSCs remained in situ. The authors report that LBSCs
decreased the formation of light-scattering scar tissue and promoted regeneration of the
ablated stroma, thereby demonstrating the potential of autologous stem cell-based
approaches for the treatment of corneal opacification [68]. Interestingly, in addition to
injury-induced corneal opacification, the capacity of MSCs to restore stromal transparency
has also been demonstrated in Lumican-null mice [69]. Lumican-null mice have cloudy
corneas due to large collagen fibril aggregates and disorganized stromal architecture [70].
Du et al. demonstrated that injection of 50,000 stem cells isolated from adult human corneal
stroma into the corneas of Lumican-null mice restored stromal thickness and haze to levels
comparable to wild-type mice [69]. Following injection of human corneal stromal stem cells,
the investigators observed Lumican distributed throughout the posterior stroma of Lumican-
null mice, and at twelve weeks post-injection regular collagen architecture was observed
without fibril aggregates, similar to wild-type noninjected mice [69].

Other studies of corneal injury have been used to investigate the propensity of MSCs to
promote wound healing. Yao et al. have reported that subconjunctival injection of MSCs
following corneal alkali burn in a rat model significantly accelerates corneal epithelial repair
and reduces corneal infiltration of inflammatory cells [71]. Gu et al. used BrdU-labeled
rabbit MSCs suspended in fibrin gels and transplanted onto injured rabbit corneas to
evaluate the role of MSCs in corneal epithelial healing [72]. The authors report that, /7 vivo,
BrdU-labeled rabbit MSCs participated in the healing of the injured cornea and expressed
cytokeratin 3 (CK3; a protein expressed by corneal epithelium). Jiang et al. have
demonstrated that rat bone marrow-derived MSCs induced by co-culture with corneal
stromal cells in a transwell system expressed cytokeratin 12, with scanning electron
microscopy of these cells showing typical epithelial characteristics [73]. When seeded onto
amniotic membrane and grafted onto rat corneas in a model of alkali injury-induced limbal
stem cell deficiency, these epithelial-like cells were observed to significantly accelerate
corneal epithelial repair and decrease corneal opacity [73]. Recently, Samaeekia et al. have
investigated the contribution of MSC-derived exosomes to corneal epithelial wound healing
[74]. The authors collected the secretome of MSCs isolated from human cadaver corneas,
and employed differential ultracentrifugation to isolate exosomes. Utilizing both an /n vitro
scratch assay and an /77 vivo model of mechanical corneal epithelial debridement, MSC-
derived exosomes were observed to significantly accelerate wound healing relative to
controls [74]. These observations indicate that the bioactive molecules contained in MSC-
derived exosomes play an important role in promoting corneal epithelial wound repair, yet
further work is required to determine their constituent factors and respective mechanisms of
action.

Various groups of investigators have suggested that the therapeutic effect of MSCs at the
injured ocular surface may primarily be due to their suppressing inflammation and
angiogenesis rather than epithelial transdifferentiation [75,76]. After growth and expansion
on amniotic membrane, Ma et al. transplanted human MSCs onto chemically-injured rat
corneas by the suturing amniotic membranes in place [75]. The authors report that
transplantation of MSCs successfully reconstructed the injured cornea, but
immunofluorescent studies revealed that cytokeratin 3 was not expressed in rat epithelium
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transplanted with MSCs. This finding implies that the therapeutic effect of MSCs may not
be due to MSC transdifferentiation into epithelial cells. Rather, the authors found that
expression of CD45, interleukin 2 and matrix metalloproteinase-2 was significantly
decreased in eyes transplanted with MSCs, suggesting that suppression of inflammation and
inflammation-related angiogenesis may partially account for the observed reconstruction of
MSC-treated ocular surfaces [75]. Indeed, there is growing consensus that rather than
differentiating into corneal epithelial cells, MSCs foster a microenvironment (by reducing
neovascularization and inflammation) that upregulates the proliferation and differentiation of
resident stem cells [75-78]. It is important to note that CK3 is not highly specific for
differentiated corneal epithelium, and furthermore that MSCs themselves have been shown
to express CK3 in normal culture conditions [79,80]. Therefore, it is possible that the scarce
studies [72,81] that report expression of CK3 by transplanted MSCs in corneal epithelium 7n
vivo may not be observing true transdifferentiation. This paradigm is in agreement with
findings from Galindo et al., who investigated the therapeutic effect of human adipose
tissue-derived MSCs (hAT-MSCs) in a rabbit model of limbal stem cell deficiency (LSCD)
[76]. In this model, a surgical limbal peritomy (either 180° [partial] or 360° [total]) was
performed to remove the limbal niche. The authors report that hAT-MSCs transplanted to the
ocular surface of rabbits following peritomy migrated to inflamed tissues; with decreased
inflammation, reduced corneal neovascularization and diminished corneal opacification
observed [76]. Galindo et al. did not observe evidence of transdifferentiation of MSCs, but
propose that hAT-MSCs promote the recovery of the corneal epithelium by secreting factors
that facilitate the proliferation and differentiation of residual limbal epithelial stem cells
[76].

Inhibition of angiogenesis following corneal injury

Eslani et al. have examined the antiangiogenic properties of cornea-derived mesenchymal
stem cells (cMSCs) both /n vitro and using a mouse model of corneal injury [82]. The
investigators demonstrated that cMSCs derived from a variety of sources (both human
cadavers and wild-type mice) expressed high levels of antiangiogenic factors (notably
soluble fms-like tyrosine kinase-1 [SFLT-1] and pigment epithelium-derived growth factor
[PEDF]) and low levels of the angiogenic factor VEGF-A. In murine ocular injury
experiments involving total corneal epithelial debridement using an Algerbrush, cMSCs
embedded in fibrin gel were shown to limit corneal neovascularization when applied to
mouse corneas following injury. Notably, this effect was significantly reduced when either
SFLT-1 or PEDF were removed from the secretome [82]. In a subsequent paper employing
the same corneal injury model, the group demonstrated that cMSCs can modulate the
phenotype and angiogenic function of macrophages [83]. /n vitro, the investigators observed
that cMSCs simultaneously induce macrophage apoptosis and promote an
immunophenotype (CD14NCD16MCD163"MCD206M) with significantly decreased
angiogenic function [83]. Macrophages cocultured with cMSCs were shown to express
higher levels of anti-angiogenic and anti-inflammatory factors, as compared to control.
Moreover, when these cocultured macrophages were administered topically to injured mouse
corneas via fibrin gels, significantly less neovascularization was observed [83]. Taken
together, these studies describe both direct and indirect (via macrophages) antiangiogenic
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functions of cornea-derived MSCs, and implicate sFLT-1 and PEDF as critical factors
mediating these phenomena [82,83].

3.3. Corneal transplantation

Globally, over 180,000 corneal transplants are performed each year, making corneal
transplantation the most frequent form of tissue grafting [84]. In low-risk corneal
transplants, in which host beds are non-vascularized and uninflamed, 5-year graft survival
rates surpass 90% [85]. However, in patients with a history of graft rejection, or with
vascularized and inflamed host beds, more than 50% of grafts fail [86,87]. In view of these
high rejection rates, there is a substantial clinical need for novel immunomodulatory
approaches to promote corneal allograft survival.

Omoto et al. have investigated the function of systemically injected MSCs in corneal
transplantation [60]. The investigators generated MSCs from the bone marrow of wild-type
BALB/c or GFP* C57BL/6 mice, and intravenously injected these cells into allograft
recipients at 3 h following surgery. GFP* MSCs were identified in the transplanted cornea
and ipsilateral conjunctiva and lymph nodes, but were not present in the contralateral
(ungrafted) tissues [60]. Treatment with MSCs limited allosensitization, with significantly
reduced frequencies of mature MHCII*CD11c* APCs in the draining lymph nodes relative
to control recipients. A concomitant reduction in IFN-y* Th1 effector cells was observed in
the MSC-injected allograft recipients compared to the control group. Finally, MSC-injected
allograft recipients exhibited prolonged allograft survival relative to control allograft
recipients [60]. As with the studies of corneal injury described previously, controversy exists
regarding the homing of MSCs to the graft site. Oh et al. used human MSCs (in contrast
with mouse MSCs used by Omoto et al.) in a murine model of corneal transplantation
[60,88]. In their study, the investigators corroborate the prolongation of corneal allograft
survival following intravenous infusion of MSCs. However, Oh et al. report that MSCs do
not home to the graft site but are trapped in the lungs, and exert their immunomodulatory
effects through expression of TSG-6 [88]. As with the previous discussion of corneal injury,
these incompatible accounts may be related to the cross-species transplantation of human
MSCs.

The capacity of MSCs to promote corneal allograft survival has been further substantiated
by Jia et al., who investigated how systemic administration of MSCs modulates the immune
response in a rat model of corneal transplantation [89]. The authors report that in addition to
suppressing the Thl pro-inflammatory response, treatment with MSCs significantly
upregulated Tregs with increased frequencies of lymph node and splenic
CD4*CD25*Foxp3* Tregs and augmented Foxp3 mRNA expression compared to vehicle-
treated controls [89]. These alterations to the effector and regulatory arms of the immune
response corresponded to prolonged graft survival time in rats that received postoperative
injection of MSCs relative to controls. The expansion of splenic CD4*Foxp3* regulatory T
cells in MSC-treated animals in a rat model of corneal transplantation has also been reported
by Treacy et al. [90]. In their study, the investigators evaluated the ability of MSCs from
three different sources to promote allograft survival. A fully allogeneic transplantation
model was used, with Lewis rat recipients and Dark Agouti donors. Recipient rats were
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treated intravenously with MSCs from Lewis rats (syn), Dark Agoulti rats (allo) or Wistar
Furth (third party). Corneal allograft survival was prolonged in allo-MSC treated and third-
party MSC treated allograft recipients, with 90% and 80% survival respectively at 30 days
following transplantation. In comparison, 80% of grafts in untreated recipients were
rejected, and intriguingly, 100% of grafts in syn-MSC treated allograft recipients were
rejected. In addition to expanded splenic CD4*Foxp3* Tregs in the allo- and third-party
MSC treated animals, the authors report diminished corneal infiltration of natural killer T
cells in these groups. Collectively, these studies suggest that MSCs are a viable strategy for
promoting corneal allograft survival (see Table 2).

3.4. Dry eye disease

Dry eye disease (DED) is a highly prevalent disorder of the ocular surface, with more than
16 million US adults estimated to have been diagnosed [91]. DED may occur in isolation, or
in association with systemic autoimmune disease such as Sjogren's syndrome. Although the
pathogenesis of DED is not fully understood, it has been established that inflammation and
the failure of ocular surface immunoregulatory mechanisms are critically implicated in
disease progression [92,93]. Noting the capacity of MSCs to promote tissue repair by
curbing inflammation, investigators have recently studied the therapeutic potential of MSCs
in the setting of DED.

Using a murine model of DED induced by intraorbital injection of concanavalin A, Lee et al.
demonstrated that concurrent periorbital injection of 10° human or murine bone marrow-
derived MSCs into the periorbital space results in significantly decreased corneal
epitheliopathy relative to control-treated mice [94]. Furthermore, mice treated with
periorbital MSCs exhibited reduced infiltration of CD4* T cells into the intraorbital gland
and ocular surface, and decreased levels of the pro-inflammatory T-cell-derived cytokines
IL-2 and IFN-y [94]. In contrast with reports detailing MSC-mediated expansion of Tregs,
the investigators did not observe an effect of the administration of periorbital MSCs on Treg
frequencies [42,43,89,90]. Consistent with the integrity of the corneal epithelia, Lee et al.
observed that mice treated with periorbital MSCs had significantly greater aqueous tear
production and increased numbers of conjunctival goblet cells relative to controls [94].
Improved tear production by MSC-treated mice has also been reported by Aluri et al. in a
NOD (NOR/LtJ) mouse model of Sjogren's syndrome dry eye [95]. In this study, NOD mice
were randomized to receive intraperitoneal injection of 106 murine bone marrow-derived
MSC:s or sterile phosphate-buffered saline (PBS). Over the ensuing 4 weeks, MSC-treated
mice exhibited increased tear production compared to both baseline and PBS control.
Following sacrifice of the mice at 4 weeks, lacrimal gland examination with hematoxylin
and eosin demonstrated no difference in the number of lymphocytic foci between the two
groups of mice. However, a significant decrease (> 40%) in the size of the foci was observed
in MSC-treated mice compared to control animals [95]. The investigators also report
augmented mRNA expression of the water channel aquaporin 5 in the MSC-treated group
relative to control in lacrimal glands. Although the immunoregulatory mechanisms of MSCs
in DED have not been clearly delineated, preliminary reports suggest that MSCs may protect
against autoimmune ocular surface inflammation.
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3.5. Allergic conjunctivitis

Ocular allergy is estimated to affect 15-20% of the US population [96]. In acute disease,
ocular surface inflammation produces symptoms of itching, epiphora, lid and conjunctival
edema as well as erythema [97]. Chronic inflammation compounds these symptoms, with
severe discomfort and remodeling of the ocular surface. Although effective in dampening the
inflammatory response, corticosteroids are associated with a plethora of side-effects
including cataracts, glaucoma and corneal melt. Given the burden of this common condition,
there is a marked clinical need for novel therapeutic approaches to the treatment of allergic
conjunctivitis.

Ocular surface inflammation in allergic conjunctivitis results from the cross-linkage of
membrane-bound IgE in response to allergen exposure, which provokes mast cell
degranulation and the release of copious allergic and inflammatory factors [97]. Using a
murine short ragweed pollen-induced model of experimental allergic conjunctivitis, Su et al.
demonstrated that topical administration of culture medium from TNF-a-stimulated, murine
bone marrow-derived MSCs (MSC-CMT) was effective in decreasing IgE production,
histamine release, enrichment and activation of mast cells as well as conjunctival vascular
hyperpermeability relative to PBS control [98]. Importantly, treatment with MSC-CMT
reduced clinical inflammation (scored by slit lamp assessment of conjunctival edema, lid
swelling tearing and conjunctival redness) compared to control. Histological examination of
conjunctival tissue harvested 14 days following immunization exhibited reduced infiltration
of inflammatory cells and eosinophil accumulation in the MSC-CMT treatment group
relative to the control group. Moreover, analysis of conjunctival tissue using real-time PCR
and ELISA revealed heightened expression of the inflammatory cytokines TNF-a and IL-4
in mice with experimental allergic conjunctivitis relative to naive control, but this effect was
diminished by treatment with MSC-CMT. The investigators report that treatment with MSC-
CMT significantly decreased the expression of nuclear factor xB (NF-xB), an important
regulator of ocular surface inflammation. Finally, Su et al. describe the abrogation of the
therapeutic effects of MSC-CMT in experimental allergic conjunctivitis when MSCs were
pretreated with COX2 small interfering RNA, suggesting that MSC-CMT inhibits
experimental allergic conjunctivitis through COX-2 dependent mechanisms [98]. Further
work is required to define the exact mechanisms by which TNF-a-stimulated, bone marrow-
derived mesenchymal stem cells exert their antiallergic effects, but the work of Su et al.
provides compelling evidence that MSCs have therapeutic value in this setting.

3.6. Lysosomal storage disorders

Mucopolysaccharidosis VII (MPS VII) is a rare, congenital lysosomal storage disorder
resulting from a deficiency in the enzyme p-glucuronidase that results in the accumulation
of glycosaminoglycans in various tissues throughout the body, including the cornea where it
manifests clinically as opacification [99]. Using a mouse model of MPS VII, Coulson-
Thomas et al. have demonstrated that human umbilical MSCs delivered via intrastromal
injection into the cornea upregulate extracellular glycosaminoglycan turnover and promote
the catabolism of accumulated glycosaminoglycan products by keratocytes. 104 umbilical
MSCs were injected into the anterior corneal stroma, pre-labeled with Dil to permit
visualization of the cells using a fluorescent stereo microscope [99]. The investigators
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showed via /in vivo confocal microscopy that injection of human umbilical MSCs restored
the morphology of keratocytes and endothelial cells, and improved corneal transparency
[99]. Importantly, umbilical MSCs were observed to be present in the corneal stroma at one
month post-injection, with the adoption of a keratocyte-like morphology and expression of a
keratocyte cell marker by MSCs [100]. This study suggests that MSCs may provide a viable
therapeutic approach to reduce corneal clouding in congenital metabolic disorders.

3.7. Ocular graft-versus-host disease

Graft-versus-host disease (GVHD) is a major cause of morbidity and mortality for patients
following allogeneic hematopoietic stem cell transplantation [101,102]. GVHD results from
donor-derived T cells recognizing host antigens as foreign, with the resultant immune
response promoting inflammation in multiple organs including the mouth, respiratory tract,
gastrointestinal tract and skin [101,102]. Approximately 40-60% of patients undergoing
allogeneic hematopoietic stem cell transplantation develop ocular GVHD, which causes
inflammation of the ocular surface and lacrimal glands, as well as cicatricial scarring of the
meibomian glands [103]. Martinez-Carrasco and colleagues have utilized a murine model of
GVHD (in which hematopoietic stem cell transplantation is performed between MHC-
mismatched mouse strains) to evaluate the therapeutic effect of subconjunctival
administration of MSCs on corneal inflammation and squamous metaplasia [104]. The
authors reported that GVHD increased infiltration of CD3™ T cells into the cornea, yet this
effect was abrogated following treatment with MSCs. Tear osmolarity was also assessed,
which revealed increased osmolarity in GVHD mice relative to control, but not in MSC-
treated animals [104]. Paired box gene 6 (Pax6) encodes a transcription factor that controls
eye morphogenesis, and there is evidence that Pax6 contributes to ocular surface
homeostasis postnatally by preventing the initiation and development of keratinizing
squamous metaplasia [105,106]. Intriguingly, Martinez-Carrasco and colleagues found that
subconjunctival administration of MSCs decreased Pax6 expression in GVHD mice,
suggesting that in addition to limiting ocular surface inflammation, MSCs may also inhibit
squamous metaplasia in ocular GVHD [104].

4. Concluding remarks, outstanding questions and future directions

MSCs have considerable tissue regenerative and immunomodulatory capacities. Our
burgeoning understanding of the ‘tunable’ characteristics of MSCs, and the molecular
mechanisms by which they function, continues to highlight the therapeutic potential of these
cells. This review has summarized recent studies evaluating MSC-derived therapies in
corneal injury, corneal transplantation, dry eye disease, allergic conjunctivitis, congenital
metabolic disorders and ocular GVHD.

Further investigation of the precise mechanisms of action and the long-term safety profile of
MSCs is crucial if their translational potential is to be realized. Key questions remain
unanswered. Firstly, although there is evidence for the therapeutic benefit of MSCs
themselves in various ocular surface pathologies, the relative contribution of cell-cell contact
vs. paracrine soluble factors in each of these pathologies remains unclear. For example, there
is evidence that MSCs suppress differentiation of myeloid progenitor cells into pro-
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inflammatory CD11b* mature myeloid immune cells in a contact-dependent manner via
CD200-CD200R1 interaction [67], and it has also been reported that MSCs reduce
inflammation at the cornea following chemical injury primarily by secretion of TSG-6 [59].
More experimental data are needed to determine the exclusivity of previously reported MSC
immunoregulatory mechanisms, and to identify other cell-cell interactions and secreted
soluble factors that may be driving the observed phenomena. Another important area of
investigation concerns determining the effect of ocular surface inflammation on MSC
immunomodulation and tissue repair functions, and specifically the extent to which pro-
inflammatory cytokines associated with the adaptive immune response (for instance IL17A
in dry eye disease [107]) license the activity of MSCs at the ocular surface. Finally, there is
considerable variation in the route of MSC administration employed by researchers in
studies of ocular surface inflammation; with some groups delivering MSCs intravenously
[58,59,61,66,67], some topically [64,65,73,76], and others via intraperitoneal (IP) injection
[59] or subconjunctivally [71]. The comparative therapeutic efficacy of these routes of MSC
administration is another question that remains unanswered.

The substantial immunoregulatory and tissue reparative functions of MSCs in the setting of
ocular surface disease have been clearly demonstrated. At present the translational potential
of MSC-based therapeutics is constrained by the challenges of manufacturing clinical grade
products and the considerable expense (both resources and time) of meeting standards for
regulatory approval. The future direction of work in this field is likely to involve the
standardization of MSC-based therapies employed in studies of ocular surface disease
(including cells, supernatants and exosomes), which will facilitate comparison of results
between researchers in basic science studies, and will accelerate the translation of MSCs
from the bench to the clinic.
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Fig. 1. Immunomodulatory functions of M SCs.
MSCs regulate the immune response via both cell-cell contact and soluble factors. MSCs

inhibit the proliferation and function of T cells, limit activation of NK cells, suppress APC
differentiation and activation, inhibit B cell proliferation and differentiation into plasma
cells, reduce the antigen presenting capacity of macrophages and decrease neutrophil
apoptosis, infiltration and effector function. MSC also induce Treg differentiation.
Abbreviations: CTL, cytotoxic T cell; NK, NK cell; Treg, regulatory T cell; NP, neutrophil;
Mg, macrophage; APC, antigen-presenting cell; PGE-2, prostaglandin E2; TSG-6, tumor
necrosis factor-inducible gene 6 protein; HGF, hepatocyte growth factor; IDO, indoleamine
2,3-dioxygenase; TGF-B, transforming growth factor-@; IL, interleukin; NO, nitric oxide;
PD-L1, programmed death ligand 1; SHLA-GS5, soluble human leukocyte antigen-G; TNFa,
tumor necrosis factor a; MMP-9, matrix metallo-peptidase 9.
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