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Abstract

Regulatory T cells (Tregs) are critical modulators of immune homeostasis. Tregs maintain
peripheral tolerance to self-antigens, thereby preventing autoimmune disease. Furthermore, Tregs
suppress excessive immune responses deleterious to the host. Recent research has deepened our
understanding of how Tregs function at the ocular surface. This manuscript describes the
classification, the immunosuppressive mechanisms, and the phenotypic plasticity of Tregs. We
review the contribution of Tregs to ocular surface autoimmune disease, as well as the function of
Tregs in allergy and infection at the ocular surface. Finally, we review the role of Tregs in
promoting allotolerance in corneal transplantation.
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1. INTRODUCTION

Regulatory T cells (Tregs) have emerged as key modulators of immune homeostasis, playing
an essential role in maintaining peripheral tolerance and controlling the immune response
[1]. The critical role of Tregs in preventing autoimmunity has been demonstrated in both
murine models [2] and by the fatal human disorder of immunodysregulation
polyendocrinopathy enteropathy X-linked syndrome (IPEX) resulting from FOXP3
mutations [3]. In addition to promoting tolerance to self antigens and thereby preventing
autoimmune disease, Tregs can limit constructive immune responses to neoplastic disease
and vaccinations [4,5]. Due to the potential beneficial and deleterious effects of Tregs based
on the context in which they function, their immunological mechanisms have been the focus
of considerable attention over the past two decades.
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This article reviews the current knowledge of the function of regulatory T cells at the ocular
surface. First we consider the classification, immunosuppressive mechanisms, and the
phenotypic plasticity of Tregs. We then address the function of Tregs in autoimmune disease
of the ocular surface. Next, the role of Tregs in allergy and infection of the ocular surface are
examined. Finally, we focus on the function of Tregs in corneal transplantation.

1.1. Classification

The proposal that thymic-derived lymphocytes promoted tolerance was first presented
almost five decades ago [6], but research on suppressor T cells lay dormant until
Sakaguchi’s identification of CD25 as a phenotypic marker for CD4* suppressor T cells [7].
Forkhead box protein 3 (Foxp3) was subsequently recognized as a transcription factor that
defined this important regulatory T cell lineage in both mice [8,9] and humans [10,11].

Foxp3* Tregs are further classified as naturally occurring, thymus-derived (nTreg) or
produced extrathymically at peripheral sites (pTregs) [12]. Foxp3* Tregs constitute
approximately 5-10% of peripheral CD4* T cells, the vast majority of which are nTregs,
with pTregs representing a smaller population [13]. /n vitro-induced Tregs (iTregs) are
generated by stimulation of conventional T cells (CD4*Foxp3~) in vitro in the presence of
TGF-B [12].

1.1. Mechanism of action

Tregs orchestrate their regulatory function by a number of mechanisms: (i) suppression by
cytolysis, (ii) suppression by releasing soluble factors, (iii) suppression by modulation of
dendritic cell (DC) function, and (iv) by metabolic competition (Fig. 1) [1]. Tregs express
granzyme B and kill T cells and antigen-presenting cells (APCs) by a perforin-dependent
pathway [14]. In addition to Treg-induced cytolysis by granzyme-B and perforin-mediated
mechanisms, Tregs may induce apoptosis of effector T cell through a TRAIL-DR pathway
[15] and by galectin-induced cell death [16]. Key inhibitory cytokines expressed by Tregs
include interleukin-10 (IL-10), IL-35 and TGF-p. IL-10 potently inhibits macrophage and T
effector cells, and plays an important role in suppressing mucosal immune responses to
environmental antigens [17]. In addition to its immunosuppressive function, IL-35 has the
capacity to propagate infectious tolerance by expanding a subpopulation of IL-35-expressing
Tregs [18]. TGF-B is vital for the differentiation of Tregs both /n vivoand in vitro, maintains
Foxp3 expression of nTreg cells, and suppresses inflammatory cells [19,20]. Modulation of
DC function is achieved via constitutively expressed cell surface proteins, such as cytotoxic
T-lymphocyte antigen 4 (CTLA-4) [1]. This inhibitory cell surface receptor has greater
affinity for the DC ligands CD80 and CD86 than the costimulatory cell surface protein
CD28 [21]. CTLA-4 thereby inhibits DC function either by concealing CD80 and CD86, or
by trans-endocytosis of these costimulatory ligands (removal from DC membrane) [21].
Furthermore, DC expression of indoleamine 2,3-dioxygenase is induced by reverse
signalling from interactions of CTLA-4 with CD80 and CD86 [21]. This
immunosuppressive enzyme catabolises tryptophan into proapoptotic metabolites [22].
Finally, Tregs can suppress effector T cells function by metabolic competition [1]. Of
particular importance in this heterogeneous group of mechanisms is the high expression of
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CD25 by Tregs, which allows them to compete for IL-2, resulting in cytokine deprivation-
mediated apoptosis [23].

It is widely accepted that Treg suppression of effector T cells is principally contact-
dependent, and the extent to which inhibitory cytokines such as IL-10 and TGF-$ contribute
to Treg function remains open to debate [1,24]. Cell-cell contact is fostered by the migration
of Tregs to the secondary lymphoid compartment, which in turn is dependent on Treg
expression of C-C chemokine receptor type 7 (CCR7) [25]. CCRY7 is a protein receptor that
plays an essential role in the homing of Tregs to draining lymph nodes (DLNSs) via high
endothelial venules [26]. Deficiency of CCR7 has been demonstrated to compromise the
ability of Tregs to moderate the priming phase of the immune response, and results in the
accumulation of Tregs in peripheral, inflamed sites [27]. Failure of Treg migration to the
DLNs results in impaired suppression of antigen-induced effector T cell responses [25].

1.1. Plasticity

The paradigm of clonal populations of CD4* T cells performing discrete and fixed functions,
as determined by specific cytokine profiles, is not entirely accurate [28]. It has been
established that CD4* T cells can adopt particular phenotypes, while maintaining the ability
to repolarize towards mixed or alternative fates [28]. This phenotypic plasticity permits
CD4* T cells to undergo functional adaptations according to cues from the
microenvironment [29].

Th17 cells and Tregs demonstrate a particularly high magnitude of plasticity, and share a
reciprocal developmental relationship [30]. TGF-B promotes Treg differentiation, while IL-6
and IL-21 inhibit Treg differentiation and induce the development of Th17 cells [31]. The
molecular basis for the reciprocal relationship involves Foxp3-mediated inhibition of
retinoic acid receptor-related orphan receptor -yt (RORyt), the lineage-specific transcription
factor for Th17 cells [32]. The conversion of immunosuppressive Foxp3* Tregs to pro-
inflammatory Th17 cells has been identified as a critical factor in the pathogenesis of
autoimmune diseases [30]. Moreover, in transplantation immunology, the balance between T
effectors and Tregs is recognized as a key determinant of allograft fate [33].

The functional stability of Foxp3 expression by Tregs has been called into question [34].
Using murine models that permit Foxp3 lineage tracing, studies have demonstrated a
population of Tregs that lose Foxp3 expression either partially or completely [29,35]. These
‘exTreg’ cells exhibit strong T cell receptor engagement with autoantigens and express pro-
inflammatory cytokines [35]. Experiments involving the adoptive transfer of exTregs in
murine models have demonstrated the pathogenicity of these cells — exTregs have been
shown to induce type 1 diabetes [36], arthritis [37], experimental autoimmune encephalitis
[38], and colitis [39].

2. TREGS IN AUTOIMMUNITY

Aberrant activation of the immune system to self-antigens situated at the ocular surface and
associated tissues can result in autoimmune disease. The resulting pathology may be either
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ocular-specific (e.g., dry eye disease [DED]) or systemic (e.g., Sjégren syndrome,
rheumatoid arthritis, systemic lupus erythematosus).

2.1. Ocular-specific autoimmune disease

DED is a chronic multifactorial disorder of the ocular surface [40]. The pathogenesis of
DED has not been fully defined; nevertheless, it is evident that immune-mediated
inflammation plays an important role in disease induction and amplification [41-45]. APC
migration from the cornea to the DLNSs is believed to be critical for the induction of DED
[46]. APCs activate naive T cells in the lymphoid compartment; these effector T cells
subsequently acquire chemokine receptors (e.g., CCR5 and CXCR3) that drive their
migration and homing to the ocular surface [43]. Tregs modulate this pro-inflammatory
system in the secondary lymphoid compartment. The expression of homing receptors
CD62L and CCRY is upregulated in tTregs exiting the thymus, and guides their migration
toward secondary lymphoid tissue [47]. In the presence of self-antigens at secondary
lymphoid tissue, Tregs generate stable interactions with antigen-bearing DCs. These stable
contacts prevent the interactions between naive T cells and DCs that are essential for T cell
priming [21]. Tregs impair the capacity of DCs to activate effector T cells (by down-
modulating the expression of the co-stimulatory molecules CD80 and CD86) and induce
DCs to produce pro-apoptotic molecules (via the expression of the immunosuppressive
enzyme indoleamine 2,3-dioxygenase) [21,22].

The importance of immune-mediated mechanisms in DED has been confirmed by data from
the Pflugfelder-Stern-Niederkorn collaboration, which demonstrated that DED could be
induced in healthy T cell-deficient nude mice by the adoptive transfer of CD4* T cells
derived from mice exposed to desiccating stress (following depletion of CD25* T cells) [48].
Further investigations have illustrated the importance of Tregs in curbing the autoimmune
inflammatory milieu of DED. In mice exposed to desiccating stress, depletion of
CD4*CD25MFoxp3* Tregs results in exacerbated disease [48]. Adoptive transfer of CD4* T-
effector cells isolated from donor mice exposed to desiccating stress increases the tear
concentration of proinflammatory cytokines IL-12, IFN-y, and TNF-a — an effect which is
abrogated by the co-transfer of CD4*CD25"Foxp3* Tregs [49]. Other studies have
evaluated the functional competence of Tregs in DED. It has been shown that, despite the
frequencies of Tregs in DED and naive mice being similar, CD4*CD25"Foxp3* Tregs in
DED mice are less effective at suppressing the activation of pathogenic T cells relative to
Tregs in naive mice [45]. This data implies that the impaired immunoregulatory capacity of
Tregs in DED is due to a qualitative rather than quantitative deficit.

IL-17-secreting Th17 cells have emerged as the principal pathogenic effector cells in DED
[45,50]. The ocular surface of patients with DED expresses higher concentrations of
cytokines that induce Th17 cells (IL-6, TGF-B, IL-23 and IL-17A). Moreover, an increase in
the concentration of IL-17-producing cells has been demonstrated at the ocular surface in a
murine model of DED [50]. Importantly, Tregs from DED mice have been shown to be
particularly inefficient at suppressing the proliferation of IL-17-producing CD4* T cells
[45]. Consistent with other reports, this finding suggests that Tregs may be less successful at
suppressing Th17 cells relative to other T cell subsets [51,52]. The interaction between Th17
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effector cells and Tregs at the ocular surface may provide therapeutic opportunities to
interrupt the autoimmune pathogenesis of DED.

The prevalence of DED, as with many other autoimmune conditions, increases with age
[53,54]. Recent data suggest that dysfunctional Tregs may contribute to increased
autoimmunity in aging. There is evidence from murine studies that, although Tregs from
aged mice are capable of suppressing IFN-y—producing CD4* T cells, they demonstrate
impaired suppression of IL-17— producing CD4* T cells [55]. This important finding implies
that Tregs may demonstrate function-specific impairment with age — their ability to control
immune activation against infection and tumors might be intact, yet they fail to suppress
IL-17-driven autoimmunity [56]. Using NOD.B10.H2b mice, Coursey and colleagues
showed that dacryoadenitis in aging is associated with a significant increase in Treg
frequencies, despite worsened lacrimal gland pathology [57]. Furthermore, the investigators
identified a population of Tregs that, despite continued expression of Foxp3, had impaired
suppressive function and expressed the pro-inflammatory cytokines IL-17 and IFN-y. The
pathogenicity of these inflammatory cytokine-producing Tregs was confirmed in adoptive
transfer experiments, in which recipients of either aged Tregs or aged effector T cells
developed DED, whereas recipients of young Tregs or young effector T cells did not [57].
The plasticity of Tregs towards an effector cell phenotype may be an important factor
contributing to the increased prevalence of DED with age.

2.2. Systemic autoimmune disease with ocular manifestations

Ocular surface disease can occur as a manifestation of systemic autoimmune conditions,
such as Sjégren syndrome, rheumatoid arthritis, and systemic lupus erythematosus. Sjégren
syndrome is a common systemic autoimmune disease that can lead to sight-threatening
DED. It can occur either as an independent disease entity, primary Sjogren syndrome, or in
combination with another autoimmune condition, secondary Sjoégren syndrome. Secondary
Sjogren syndrome occurs in 17-29% of patients with rheumatoid arthritis and in 6.5-19% of
patients with systemic lupus erythematosus [58].

In addition to DED, rheumatoid arthritis has a tendency to cause episcleritis, scleritis, and
corneal ulceration [59]. Other systemic autoimmune conditions frequently associated with
ocular surface disease include scleroderma, vasculitis, inflammatory bowel disease, and
relapsing polychondritis, among others [60]. Although these conditions represent a
heterogeneous grouping, they share an autoimmune pathogenesis, which results from failure
of the mechanisms governing peripheral tolerance [61]. There is mounting data from murine
models concerning the role of Tregs in these systemic autoimmune diseases.

Scurfy mice develop lethal multi-organ inflammation due to a mutation in Foxp3, resulting
in the total deficiency of CD4*CD25*Foxp3™ regulatory T cells [8]. These mice develop
excessive Thl, Th2 and Th17 immunity and have a life expectancy of 3—4 weeks [62]. The
generalized autoimmune disorder manifest in scurfy mice affects almost every organ system,
including the ocular surface. Interestingly, inflammation of the eyelids is the first physical
manifestation of disease following adoptive transfer of lymph node cells from scurfy donors
into Rag1 ™/~ recipients [63].
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CD25 knockout mice have defective CD4*CD25* Tregs [64]. These mice spontaneously
develop lymphocytic infiltration of their lacrimal and salivary glands, and have been
proposed as an animal model of Sjogren syndrome. In a study investigating ocular surface
pathology in these mice, they were demonstrated to spontaneously develop T-cell infiltration
of the lacrimal gland, conjunctiva and cornea with a concomitant increase in corneal
irregularity [65]. The investigators found these changes to be greater than or equal to those
detected in C57BL/6 mice exposed to desiccating stress [50,66]. One hypothesis to explain
these findings is that defective Tregs have an impaired capacity to modulate the self-reactive
T cell response.

Autoimmune Keratitis is an ocular manifestation of systemic autoimmune diseases, most
commonly due to collagen vascular disorders such as rheumatoid arthritis. Spontaneous
autoimmune keratitis frequently develops in female C57BL/10 mice that lack y& T cells
(B10.TCR&™/~ mice) [67]. It has been shown that the frequency of Tregs (both
proportionately and by absolute number) is reduced in B10.TCR&~/~ mice compared to
matched wildtype controls [68]. Furthermore, the investigators found evidence of functional
impairment of Tregs from B10.TCR& ™/~ mice by demonstrating reduced expression of
IL-2Ra and IL-2Rp relative to controls. IL-2Ra and IL-2Rp are vital to Treg differentiation
and maintenance [69]. Interestingly, the expression of IL-2Ra and IL-2Rp was also reduced
when Tregs from keratitic B10.TCR5~/~ mice were compared to Tregs from non-keratitic
B10.TCR&™~ mice [68]. These findings implicate Treg deficit and functional incompetence
in the increased prevalence of autoimmune keratitis in B10.TCR&™~ mice.

3. TREGS IN ALLERGY

Allergic eye disease comprises a spectrum of disorders, including seasonal allergic
conjunctivitis, perennial allergic conjunctivitis, vernal keratoconjunctivitis, and atopic
keratoconjunctivitis. Allergic conjunctivitis (AC) represents one component of systemic
hypersensitivity to environmental antigens [70]. Allergies are typically chronic conditions,
with over one-fifth of the US population having been diagnosed with allergic rhinitis [71].

In the allergic response, IgE antibodies bind to high affinity Fce receptors on the surface of
mast cells, triggering the release of vasoactive mediators, cytokines, and chemotactic factors.
Allergen-reactive type 2 helper T cells (Th2) play an important role in initiating this process
[72]. CD4*CD25*Foxp3* Tregs have been shown to have an anti-inflammatory function in
murine models of allergy [73,74]. In a murine model of experimental allergic conjunctivitis,
increased expression of Tregs has been associated with disease suppression [75]. IL-10 is an
immunosuppressive cytokine released by regulatory T cells, which has been reported to
regulate mast cell development and function [76]. In a model of allergic conjunctivitis using
IL-10 knockout mice, investigators have examined the susceptibility of mast cells to
degranulate in response to a secretagogue Compound 48/80 [77]. The data demonstrate
increased conjunctival mast cell degranulation in IL-10 knockout mice relative to wild type
mice. The stabilizing effects of IL-10 on conjunctival mast cells were further demonstrated
when reconstitution of IL-10 knockout mice with recombinant I1L-10 abrogated the
secretagogue’s degranulatory effects [77]. In addition to studying the role of IL-10 in
allergic eye disease, investigators have considered whether allergy alters the susceptibility of
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other T cell subsets to modulation by Tregs. In a study exploring how allergic conjunctivitis
might exacerbate corneal allograft rejection, Reyes and colleagues showed that exogenous
IL-4 reduced Treg suppression of CD4™* effector T cells both /n vitroand in vivo [78].
Furthermore, the authors demonstrate that IL-5 and I1L-13 have no effect on Treg suppressive
function. The authors note that allergic eye disease is a risk factor for corneal allograft
rejection and propose that by blocking IL-4 with antibody, the immune privilege of the
anterior chamber might be restored, with a concomitant improvement in corneal transplant
survival [78].

4. TREGS IN INFECTIOUS DISEASE

Infectious challenges are met with a wide array of antimicrobial immune responses. These
humoral and cellular mechanisms are potentially vigorous and can result in collateral tissue
damage. By constraining the magnitude of effector responses, Tregs function to maintain
immune homeostasis. In doing so, however, Tregs can compromise the immune system’s
ability to adequately control infection. Although modulation of the immune response by
Tregs has been found in viral, bacterial, protozoan, helminthic, and fungal infections [79];
studies conducted at the ocular surface have largely focused on viral infections, particularly
herpes simplex virus (HSV).

HSV is a double-stranded, linear DNA virus that causes keratoconjunctivitis. The clinical
manifestation involves dendritic corneal ulcers, with corneal opacity secondary to stromal
edema and neovascularization [80]. Studies conducted in mouse models have shown that
HSV-1-induced corneal inflammation is predominantly mediated by T lymphocytes,
specifically IFN-y* Th1 cells [81,82]. Indeed, intracorneal infection with HSV-1 does not
cause keratitis in T-cell-deficient mice unless the mice have received adoptive transfer of
HSV-1 immune T lymphocytes [83,84]. There is some evidence that CD8* T cells play an
important role in eliminating HSV-1 from corneas at late time-points following infection
[85]. Although the immunopathological mechanisms of HSV infection have not been fully
determined, it has been clearly demonstrated that expression of the Treg-associated
cytokines IL-10 and TGF-B can modulate disease severity [86,87].

The role of Tregs in HSV infection has been investigated by comparing the result of HSV
infection in naive and nTreg-depleted mice [88]. Suvas and colleagues infected mice with an
immunodominant peptide of HSV following depletion of nTregs with anti-CD25 antibodly,
and evaluated the CD8* T cell response [89]. The CD8" T cell response was enhanced
between three-and fourfold in nTreg-depleted mice relative to control. This effect was noted
in both the acute and memory phases of the immune response. Furthermore, CD8* T cells
were shown to retain an activation phenotype for longer periods in CD25*-depleted animals.
By investigating the CD8* T cell response to HSV immunization, it has been shown that
CD25" Tregs have both a quantitative and qualitative effect in modulating vaccine-generated
immunity [90].

Low-dose interleukin-2 (IL-2) and anti-IL-2 antibody immune complex has been used to
expand the population of Foxp3™* Tregs [91,92]. Gaddipati and colleagues investigated the
effect of Treg expansion of the development and progression of HSV stromal keratitis by
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systemically administering IL-2/anti-1L-2 antibody immune complex to C57BL/6 mice prior
to corneal HSV-1 infection [93]. Their results demonstrated a reduced viral load in corneas
from the immune complex-treated group, as well as a decreased influx of CD4* T cells to
the inflamed corneas. Finally, a significant reduction in the number of HSV-1 specific IFN-
v-producing CD4* T cells was found in the draining lymph nodes and spleen of the immune
complex-treated mice relative to controls. The authors propose that expansion of Tregs by
systemic treatment with I1L-2/anti-IL-2 antibody immune complex is an efficacious
prophylactic method to control HSV-1 stromal keratitis.

The translational potential for Treg immunomodulatory therapy for infectious disease has
been considered previously. By adoptive transference of in vitro-generated antigen-specific
Tregs, Sehrawat and colleagues have demonstrated how Tregs are effective in suppressing
lesion severity in HSV stromal keratitis [94]. Inhibition of DNA methyltransferase activity
with 5-azacytidine has been shown to reduce numbers of pro-inflammatory T cells and the
expression of associated cytokines, as well as decreasing nonlymphoid inflammatory cells
[95]. In this study, Varanasi and colleagues demonstrated an increase in the ratio of Tregs to
effector Thl cells in 5-azacytidine-treated mice, as well as increased Treg suppressor activity
in vitro. This corresponded with greater epigenetic variation in the Treg-specific
demethylated region (TSDR) of Foxp3 in the 5-azacytidine-treated mice, which was
associated with heightened phenotypic stability when the cells were exposed to
inflammatory cytokines [95]. The observation that the therapeutic effects of 5-azacytidine
were abrogated by Treg depletion confirmed the investigators’ hypothesis that Tregs played
an essential role in mediating the anti-inflammatory effects of DNA methyltransferase
inhibition with 5-azacytidine.

5. TREGS IN CORNEAL TRANSPLANTATION

Corneal transplantation is the most common form of tissue grafting, with over 150,000
performed annually worldwide [96]. In patients receiving their first graft, the 5-year graft
survival rate exceeds 90% in non-vascularized and uninflamed host beds (low-risk
transplantation) [97]. In contrast, rejection rates exceed 50% in patients with a history of
graft rejection, or in grafts performed in vascularized and inflamed host beds (high-risk)
[98,99]. A number of factors have been recognized that differentiate high-risk from low-risk
transplants, including: increased trafficking of APCs from graft site to host lymphatics
[100], phenotypic maturity and sensitivity of APCs which promote host T cell sensitization
[101], an amplified direct pathway of allosensitization [102,103], and an abundant network
of lymphatics and blood vessels that facilitate the trafficking of lymphocytes [104]. More
recently, the function of Tregs in promoting allotolerance has attracted attention [105-107].

There is ample evidence that Tregs play a critical role in suppressing immune responses
directed towards alloantigens [108,109]. Tregs function to downregulate the efferent phase
of the delayed-type hypersensitivity response, contributing to the phenomenon of anterior
chamber-associated immune deviation (ACAID) [106]. ACAID describes the aberrant
systemic immune response induced when antigens enter the anterior chamber [110].
Experiments involving Treg adoptive transfer have demonstrated that tolerance can be
induced in naive hosts who subsequently receive a corneal allograft [107]. Chauhan and
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colleagues have shown that corneal allograft survival is closely correlated with Treg
expression of Foxp3 [107]. In this study, the investigators demonstrated that Foxp3" Tregs
from accepted grafts exhibit greater suppression of naive T cell proliferation and higher
expression of 1L-10 and TGF-p [107]. Using an orthotopic murine model of corneal
transplantation, Cunnusamy and colleagues have determined that IL-17A (a
proinflammatory cytokine known for its role in the pathogenesis of autoimmunity) is
required for the generation of Tregs [111]. The investigators established that Tregs require
IL-17A to mediate contact-dependent suppression. Furthermore, treatment with monoclonal
anti-1L-17A was shown to result in rejection of 90% of corneal allografts. These findings are
consistent with other transplantation immunology reports of IL-17 playing an important role
in the tolerance of cardiac and renal allografts [112,113].

A myriad of studies have confirmed the importance of soluble suppressive molecules I1L-10
and TGF-B in promoting graft survival [114-117]. Indeed, in an investigation of the function
of tTregs and pTregs in a high-risk model of corneal transplantation, it has been
demonstrated that the frequency and function of pTregs were suppressed in high-risk
transplants and that this corresponded to reduced expression of IL-10 and TGF-$ [118].
Data from this study suggest that antigen-specific pTregs (but not tTregs) are liable to
dysfunction in an inflammatory microenvironment, such as occurs in a high-risk host bed.
This distinction between tTregs and pTregs is of critical importance, as it supports the
proposition that pTregs maintain peripheral tolerance to allografts in the low-risk setting, but
their function is subverted by graft site inflammation, in which case they promote rejection
[118].

Tregs from allograft acceptors have been shown to express higher levels of CCR7, and to
preferentially localize to the paracortical region of draining lymph nodes in close association
with APCs, relative to Tregs from graft rejectors [119]. Moreover, /n vitro Treg suppression
assay has demonstrated superior suppressive potential of CCR7M Tregs [119]. In this study,
the investigators established that CCR7 expression could be upregulated by /n vitro
stimulation of Tregs with the CCR7 ligand CCL21, and demonstrate that these conditioned
Tregs have improved homing to DLNs with attendant enhanced corneal allograft survival
[119].

Treg immunotherapy offers a potential therapeutic tool in promoting allotolerance. Adoptive
transfer of /n vitro expanded Tregs has been shown to suppress corneal allograft rejection
[120]. Treatment with low-dose IL-2 has been established as a viable means of in vivo
expansion of Tregs, and has been demonstrated to increase allograft survival [94]. IL-2 is
known to maintain Treg suppressive function with the promotion of expression of Foxp3 and
immunoregulatory cytokines [121,122]. Low-dose I1L-2 immunotherapy has been considered
as a means of abrogating the accelerated T cell sensitization (and concomitant graft failure)
that occurs in the high-risk corneal transplantation setting [94]. Hildebrand and colleagues
have proposed the local application of Tregs as a therapeutic strategy for preventing corneal
graft rejection, following their observation that subconjunctivally administered Tregs
increased graft survival in a rat model of penetrating keratoplasty [123]. These data
cumulatively suggest that immunosuppressive therapies involving Tregs offer promising

Ocul Surf. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foulsham et al.

Page 10

approaches to promote corneal graft survival; yet it is vital to consider the implications of
Treg plasticity in this setting, and the risk of conversion to pro-inflammatory phenotypes.

The possibility that Tregs can repolarize towards the Th17 phenotype in inflammatory
environments is potentially problematic for immunomodulatory strategies employing Tregs
to promote graft tolerance [28]. Indeed, in cases there the local microenvironment remains
inflamed, Tregs may be prone to change phenotype. Th17 cells have been proposed as
mediating an alternative pathway of allograft rejection [124], with IL-17 implicated in
transplant rejection [112,113]. Indeed, IL-17 antagonism has been demonstrated to delay
graft rejection in murine models of transplantation [125,126]. Data from our laboratory
(unpublished investigations) indicate that inflammation in the ocular tissue (as occurs in
high-risk corneal transplantation) leads to the loss of Foxp3 expression by Tregs, with
conversion to exTregs that express pro-inflammatory cytokines such as IFN-y. These
exTregs are phenotypically identical to the effector Th1 cells that mediate graft rejection.
Although the pathogenicity of exTregs in autoimmunity has been established [36-39], these
data are novel in implicating exTregs in the loss of corneal immune privilege and promotion
of allograft rejection in the high-risk setting.

5. CONCLUSIONS

Foxp3* Tregs are critical to immune homeostasis and the prevention of autoimmunity and
chronic inflammation. Treg immunotherapy is an enticing prospect at the ocular surface,
particularly in the setting of autoimmune disease and high-risk corneal transplantation.
Despite enormous progress in our understanding of Treg lineage differentiation and function,
there remain key unanswered questions. Further investigation of the immunosuppressive
mechanisms, phenotypic plasticity, and functional adaptability of this potent subset of CD4*
T cells is essential if their therapeutic potential is going to be exploited.
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Figure 1.
Tregs use four key mechanisms to exert their immunoregulatory function: (i) suppression by

cytolysis, (ii) suppression by releasing soluble factors, (iii) suppression of dendritic cell
(DC) function and (iv) suppression by metabolic competition. The expression of
indoleamine 2,3-dioxygenase by DCs is induced by reverse signalling from interactions of
CTLA-4 with CD80 and CD86. Indoleamine 2,3-dioxygenase is an immunosuppressive
enzyme that catabolises tryptophan into proapoptotic metabolites. The high affinity of
CTLA-4 for the DC ligands CD80 and CD86 results in impaired co-stimulation of effector T
cells via the costimulatory cell surface protein CD28.
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