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Abstract

Th17 cells have been implicated in the pathogenesis of numerous inflammatory and autoimmune
conditions. At the ocular surface, Th17 cells have been identified as key effector cells in chronic
ocular surface disease. Evidence from murine studies indicates that following differentiation

and expansion, Th17 cells migrate from the lymphoid tissues to the eye, where they release
inflammatory cytokines including, but not limited to, their hallmark cytokine IL-17A. As the
acute phase subsides, a population of long-lived memory Th17 cells persist, which predispose
hosts both to chronic inflammation and severe exacerbations of disease; of great interest is the
small subset of Th17/1 cells that secrete both IL-17A and IFN-vy in acute-on-chronic disease
exacerbation. Over the past decade, substantial progress has been made in deciphering how Th17
cells interact with the immune and neuroimmune pathways that mediate chronic ocular surface
disease. Here, we review (i) the evidence for Th17 immunity in chronic ocular surface disease,
(ii) regulatory mechanisms that constrain the Th17 immune response, and (iii) novel therapeutic
strategies targeting Th17 cells.

. Introduction

I.LA. Socioeconomic burden of chronic ocular surface disorders

Anatomically, the ocular surface comprises the cornea, conjunctiva, lacrimal glands,
accessory lacrimal glands, meibomian glands, lacrimal drainage apparatus and eyelids,
and plays a fundamental role in protecting the refractive properties of the cornea [1].
The compromised function of any of these components may lead to tear film instability
and ocular surface breakdown, which may in turn result in ocular discomfort, as well
as impaired vision and decreased quality of life [2,3]. Ocular surface disorders include
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a broad spectrum of conditions, including but not limited to dry eye disease (DED),
blepharitis, lid malposition, meibomian gland dysfunction, allergic conjunctivitis, contact
lens wear, refractive surgery complications, exposure keratopathy, thyroid eye disease,
graft-versus-host disease (GVHD) and irritation secondary to chronic use of eye drops
containing preservatives like benzalkonium chloride [3,4]. Symptoms arising from ocular
surface disorders include grittiness, burning, photophobia, dryness, foreign body sensation
and visual disturbance [3].

Of all the optical interfaces of the eye, it is the tear film that makes the maximum
contribution to the eye’s refractive power, as the passage of light from air to water is
associated with a large shift in refractive index [5]. Tear film instability induced by ocular
surface dysfunction may substantially impair the refractive function of the eye. Hence, the
functional visual acuity (a simulation of daily gazing, measured after sustained eye opening
for 10-20 seconds) is significantly impaired in DED patients [6]. DED has been shown

to impose a substantial adverse impact on quality of life, not only due to visual quality
change but also due to associated sleep and psychological disorders, in particular with major
depressive disorder and generalized anxiety disorder [7,8].

Extrapolating from a study of approximately ten million US participants, sixteen million
people are projected to be suffering from DED in the United States [9]. The average cost of
managing DED is estimated to be ~$11,000 per patient, equivalent to more than $55 billion
for the entire US population [10]. The anatomical and physiological changes that occur with
aging predispose patients to ocular surface disease. Thus, a higher prevalence of DED is
seen in patients aged greater than 50 years (11.7%), compared those aged 2-17 years (0.2%)
[9]. As the aging population expands, the socioeconomic burden of DED is anticipated

to grow further. Interestingly, a most recent study using a smartphone application survey
(DryEyeRhythm) also suggests younger age as a risk factor for the development of DED,
which may be attributed to increased digital device use since childhood [11]. Nevertheless,
the DED in these younger groups is thought due to increased staring (from digital screen
work) which is different from the more severe aqueous insufficient, immune mediated forms
of DED we see more of in the elderly. It is important to note that the societal expenses of
DED are not limited to direct costs (healthcare resources and medication expenditure), but
also includes the indirect costs of reduced productivity, as DED results in an estimated 2-5
days off per worker per year [4,5,10,12].

I.B. T cell-mediated inflammation in ocular surface disease

The corneal and conjunctival epithelia serve as a physical barrier against environmental,
microbial and inflammatory stimuli [13]. Both intrinsic and extrinsic insults may trigger
immune cascades at the ocular surface, either by the activation of resident immune cells or
by inducing corneal and conjunctival epithelial cells to express pro-inflammatory cytokines
[13,14]. Hyperosmolarity of the tear film acts as an inflammatory stressor at the ocular
surface, resulting in increased expression of pro-inflammatory cytokines (i.e., TNFa, IL-1p,
IL-6), APC maturation and migration to the draining lymph nodes, T cell priming, and
generation of effector T cells [13,15,16].
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The paradigm of DED as a T cell-mediated disease is grounded in seminal experiments
showing that adoptive transfer of T cells isolated from DED mice to naive nude mice
directly and specifically induce DED even if recipients were not exposed to desiccating
stress[17]. Of the various T cell subsets, support for the involvement of Th1 cells in the
pathogenesis of DED is provided in part by studies showing elevated levels of the Thl
signature cytokine IFN-+y at the ocular surface of murine and human DED [18,19]. However,
our group has not observed a change in Thl cell frequencies in the draining lymph nodes of
DED mice compared to naive [20]. In contrast, work by our group and others have shown

a marked increase in Th17 cell frequencies in DED, and moreover have shown that these
Th17 cells are relatively resistant to suppression by Tregs [20,21]. Interestingly, our group
has further identified Th17-derived IFN-y-secreting Th17/1 as a major source of increased
IFN-y in DED [22]. Following exposure to desiccating stress, ocular tissues express higher
levels of the Th17-associated genes IL-6, TGF-B, IL-23 and IL-17A [23]. Th17 frequencies
are increased not only at the ocular surface tissues, but also in the draining lymph nodes
[21]. A significantly higher level of Th17-associated cytokines, including IL-17A and 1L-22,
are observed in tear samples of DED patients relative to healthy controls [24].

T cell-mediated immune responses have been implicated in a wide range of ocular surface
disorders beyond ‘simple’ DED, including ocular graft-versus-host disease (0GVHD) and
allergic eye disease [25,26]. oGVHD is a common and potentially severe complication of
allogeneic hematopoietic stem cell transplantation (HSCT) [27,28]. Patients who receive
allogeneic HSCT develop oGVHD in 40-60% of cases, which significantly impairs their
quality of life [29,30]. Using a murine model of hematopoietic stem cell transplantation
based on major histocompatibility match and minor histocompatibility mismatch, Heretes
et al. have demonstrated the infiltration of donor CD4 (and also CD8) T cells in GVHD-
associated corneal ulcerations [25]. The simultaneous observation of macrophages in the
cornea suggests the interaction of infiltrating T cells with macrophages, driving a Thl
alloreactive response [25]. T cells have also been implicated in allergic eye disease, with
polymorphonuclear neutrophils causing meibomian gland obstruction in Th17-mediated
manner [26].

Pathogenic function of Th17 immunity in ocular surface disease

IILA  Autoreactive Th17 differentiation and activation

Th17 cells play a crucial role in host defense, yet these cells may become pathologic
under certain conditions, and are known to promote inflammation in various autoimmune
diseases [31-34]. During Th17 cell development, naive T cells migrate from the thymus
and differentiate into Th17 cells in lymphoid tissue, responding to antigens presented by
activated antigen-presenting cells (APCs) and cues from the local cytokine milieu [35].

Increased levels of IL-6 and IL-23 have been reported in inflammatory ocular surface
diseases, and these cytokines are produced by corneal epithelial cells as well as ocular
surface-resident APCs [36,37]. Zheng et al. reported a significant upregulation of IL-6 and
IL-23 production by corneal epithelial cells on exposure to hyperosmolar stress, leading to
an increase in Th17 cell differentiation [19]. In homeostatic conditions, the cornea contains
a heterogenous population of highly immature APCs with limited capacity to stimulate T
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cells. However, these cells acquire MHC class 11, CD80 and CD86 expression upon exposure
to inflammatory stress [38]. The upregulation of MHC class-I1 and costimulatory molecules
expression has been attributed to IL-1, IL-6, granulocyte-macrophage colony-stimulating
factor (GM-CSF), TNF-a, CD40L, and lipopolysaccharide [39-41] (Fig. 1). In the afferent
arm of the Th17 response, the mature APCs migrate from the ocular surface to draining
lymphoid tissue where they induce Th17 cell activation [42]. Kodati et al. demonstrated

the functional importance of the chemokine receptor CCR7 in APC trafficking by treating
dry eye mice with a neutralizing anti-CCR7 antibody, which yielded a decrease in APC
migration to the lymph nodes, a reduced Th17 response and ameliorated clinical disease [43]
(Figs. 1 & 2). Th17 cell differentiation is contingent upon exposure to certain cytokines,
specifically I1L-1p, IL-6, IL-21, IL-23, and TGF-B [35]. IL-6 serves to tilt the regulatory

T cells (Tregs)/Th17 balance towards Th17 cells, and 1L-23 induces the transcriptional
regulators STAT3 and RORyt, which are crucial to Th17 cell maturation and function
[44,45] (Fig. 2).

[I.B  Migration and effector response of Th17 at the ocular surface

Following differentiation and expansion, Th17 cells migrate from the lymph nodes to

the ocular surface. This migratory process is mediated by the CCR6/CCL20 chemokine
axis [46]. Th17 cells express the chemokine receptor CCR6, and in DED the cornea and
conjunctiva upregulate expression of the corresponding CCR6 ligand, CCL20. Previous
work from our laboratory has demonstrated a decrease in Th17 cell migration to the ocular
surface along with a corresponding reduction in disease severity upon disruption of CCR6/
CCL20 binding using a topical CCL20 neutralizing antibody [46] (Figs. 2 & 3). These
results are supported by a subsequent report in which it was shown that CCR6 knockout
mice develop minimal signs of DED, and that adoptive transfer of CD4* T cells from CCR6
knockouts to wild-type mice fails to induce disease [47].

In 2009, Chauhan et al. were the first to demonstrate the role for Th17 cells in the
immunopathogenesis of ocular surface disease [21]. Using a murine model of DED, the
authors showed increased frequencies of Th17 cells and elevated levels of IL-17A, the
signature effector cytokine of Th17 cells, in the draining lymph nodes and conjunctiva

of DED mice. The functional relevance of Th17 cells was demonstrated by /n vivo
neutralization of IL-17A, which reduced Th17 cell expansion and clinical disease severity
[21]. The pathogenic role of Th17 cells in ocular surface disease was supported by a report
by De Paiva et al., in which the authors demonstrated elevated levels of Th17-associated
cytokines at the ocular surface in humans with DED and in an animal model of DED,
where they additionally observed increased levels of matrix metalloproteinases (MMPs)
[23]. The authors showed that desiccating stress leads to induction of Th17 immunity and
that blockade of IL-17A results in a significant reduction in expression of MMP-3 and
MMP-9, with improvement in corneal epitheliopathy (Fig. 3). These findings implicate Th17
cells in the disruption of corneal epithelial barrier function, thereby contributing to the
pathogenesis of ocular surface disease [23]. The De Paiva group has also demonstrated a
Th17 cell response in an age-dependent Sjogren’s syndrome-like dry eye model developed
in CD25 knockout mice, and interestingly, the level of clinical disease correlated with
IL-17A expression [48].
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As the signature effector cytokine of Th17 cells, IL-17A contributes to ocular surface
disease pathogenesis in multiple ways. In addition to antagonizing Treg function and
upregulating matrix metalloproteinases as described above, this cytokine also contributes
to ocular surface disease by promoting lymphangiogenesis and B cell proliferation [49,50].
We have demonstrated lymphangiogenesis in a dry eye model, which contributes to

the induction and maintenance of an immunoinflammatory response by facilitating the
trafficking of APCs from the ocular surface to the draining lymphoid tissue [51]. Chauhan
et al. have shown that IL-17A promotes corneal lymphangiogenesis by upregulating
corneal epithelial cell production of VEGF-D, a key driver of lymphangiogenesis [52]
(Fig. 3). IL-17A also promotes ocular surface inflammation through its effects on B cell
proliferation. Subbarayal et al. have demonstrated that in a murine model of DED, IL-17A
promotes germinal center formation, B cell proliferation and B cell differentiation into
isotype-switched B cells and plasma cells. The authors showed that IL-17A promoted B cell
proliferation by enhancing the effects of anti-IgM and anti-CD40 [50].

Along with IL-17A, Th17 cells produce additional effector cytokines including IL-17F,
IL-21, IL-22 and GM-CSF [35]. Our group has demonstrated that Th17 cell-derived GM-
CSF directly contributes to ocular surface disease pathogenesis in a murine model of DED
[53]. We have shown that GM-CSF levels are significantly upregulated in dry eye and

that GM-CSF promotes CD11b* cell maturation and migration /in7 vitroas well as in a
murine model of DED. Topical neutralization of GM-CSF led to a reduction in CD11b*

cell maturation and migration to the ocular surface, along with a reduction in Th17 cell
induction and a decrease in clinical signs of the disease [53]. This report elucidates the role
of Th17 cell-derived GM-CSF in the pathogenesis of ocular surface disease via promotion of
CD11b* cell maturation and tissue infiltration.

Th17 cells are known to possess considerable heterogeneity and plasticity, and are capable
of producing IFN-v, the signature cytokine of Th1 cells, under certain conditions [54].

Our group recently identified a cellular source of IFN-y in DED with the discovery of a
major population of Th17 cell-derived Th17/1 cells at the ocular surface of mice exposed

to desiccating stress [22] (Fig. 3). Through a series of adoptive transfer experiments, these
cells were confirmed to be highly pathogenic. Furthermore, IL-12 and IL-23 signalling

was shown to be necessary for the /n vivo transition of pathogenic Th17 cells to IFN-y
producers [22] (Fig. 2). Identification of this cell population demonstrates the relevance of
Th17 plasticity to DED, and details another mechanism by which Th17 cells contribute to
ocular surface disease [22]. In addition, the plasticity and functional adaptability of Tregs
are involved in the development of spontaneous lacrimal keratoconjunctivitis observed in a
transgenic mouse strain of NOD.H-2b. It was reported that in aged NOD.H-2b mice, there
was increased number but decreased suppressive function of Tregs, which was associated
with their significant expressions of IL-17 and IFN-y. Beyond losing the immune regulatory
function, these inflammatory cytokine-producing Tregs further exerted effector T cell-like
pathogenic function with the ability to transfer the disease to normal recipients, highlighting
Tregs a potential cellular source contributing to Th17 pathogenicity in ocular surface
inflammation [55].
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II.C Maintenance of chronic ocular surface inflammation by memory Th17 cells

Memory Th17 cells have been identified in multiple inflammatory conditions including
inflammatory bowel disease and rheumatoid arthritis [56]. Although phenotypically similar
to terminally differentiated memory T cells, they maintain a strong capacity for self-renewal
[56]. These Th17 cells also maintain high IL-17A production and have robust proliferative
and anti-apoptotic capabilities, making them a long-lived effector memory T cell population
[57].

Like most other autoimmune and immune-based conditions, DED is a chronic condition

that is characterized by intermittent disease exacerbations [49]. However, until recently,

the vast majority of research on Th17 immunity in DED has utilized a model of disease
characterized by acute exposure to desiccating stress with or without administration of
anticholinergic drugs such as scopolamine [20]. In 2014 our group developed a model of
chronic DED in which mice are exposed to desiccating stress for 14 days and then housed in
a normal environment for four months [58]. Despite being in a normal humidity environment
and having normal tear production, these mice exhibited long-lived low-grade corneal
epitheliopathy, mimicking the chronic nature of dry eye seen in clinics [58]. Importantly,

we observed that these mice possessed a significant population of memory Th17 cells at the
ocular surface. Adoptive transfer of these memory Th17 cells induced disease in naive mice,
demonstrating a critical role for memory Th17 cells in disease pathogenesis of chronic dry
eye [58]. Once formed, these memory Th17 cells are maintained by two key cytokines - IL-7
and IL-15 [59] (Fig. 2). Both IL-7 and IL-15 are present at the ocular surface of mice with
chronic DED, and we have demonstrated their functional importance through a series of
experiments in which blockade of either cytokine yielded a significant reduction in memory
Th17 cells, while addition of IL-7 and IL-15 led to increased frequencies of memory Th17
cells [59].

Experiments conducted by our group have investigated the immune response when mice
with chronic dry eye are re-exposed to desiccating stress [59]. Under these conditions,

mice develop increased inflammation and corneal epitheliopathy, akin to an exacerbation

or “flare” of disease. We have shown that during this period of re-exposure, memory Th17
cells differentiate into the previously described Th17/1 cells that produce both IL-17A and
IFN-v, and the frequency of Th17/1 cells corresponds to level of clinical disease [59]. Thus,
while memory Th17 cells appear to be maintained by IL-7 and IL-15, we now recognize
that acute-on-chronic disease exacerbation is due to Th17/1 cells which develop under the
influence of 1L-12 and IL-23 [22]. Currently, our group are actively investigating how
mTh17 cells are generated from their effector precursors in DED. Our preliminary data
suggest that both effector Th17 and effector Th17/1 cells give rise to memory cells driven by
IL-23 during the resolution of acute inflammation.

II.D Augmented Th1l7 response and higher susceptibility to ocular surface disease in

With aging, the immune system undergoes a variety of changes that lead to a state of
chronic, low-level inflammation and increased risk of autoimmunity [60,61]. As DED is
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more prevalent and severe in middle-aged and elderly patients, it is important to consider the
association between Th17 cell immunity and aging [9].

Several studies have demonstrated an augmented Th17 response with increasing age [62,63].
Ouyang et al. demonstrated significantly higher frequencies of Th17 cells and increased
levels of the Th17-associated cytokines IL-17A, IL-17F, and IL-22 in both aged humans as
well as mice. [62] The authors used a mouse model of inflammatory bowel disease to show
that RAG knockout mice (deficient in both mature T and B cells) developed more severe
colitis and increased colonic levels of Th17 cytokines upon adoptive transfer of T cells
derived from aged as compared to young mice [62]. Additionally, in a separate investigation,
Schmitt et al. evaluated Th17 cells in relation to Tregs as a function of age, and observed
that the ratio of Th17 cells to Tregs increases with increasing age [63].

McClellan et al. investigated the effect of aging on the ocular surface and lacrimal glands,
and reported spontaneous corneal epitheliopathy in elderly mice [64]. These clinical signs
were associated with an increase in CD4* T cells in both the conjunctiva and lacrimal
glands. Importantly, the authors found increased IL-17A and IFN-vy in the conjunctiva and
increased IL-17A and CCL20 in the cornea in the elderly mice [64]. These results support
the epidemiological observation of increased prevalence of DED in the elderly, and the
findings of increased Th17-associated cytokines at the ocular surface supports the role of
Th17 cells in this process [64].

Recently, we have investigated the role of Th17 cells in aged mice exposed to desiccating
stress. In these experiments, aged and young mice were exposed to 14 days of desiccating
stress and showed no difference in disease severity. However, upon re-challenge with
desiccating stress, the aged mice demonstrated a more rapid and severe clinical disease
relative to young mice [65]. In addition, upon re-challenge, aged mice demonstrated an
increase in effector Th17 cell frequencies in the draining lymph nodes that was substantially
higher as compared to young mice. Treatment with anti-IL-15 antibody prior to rechallenge
abrogated this increase in Th17 cell frequencies and reduced disease severity.

Regulation of Th17 immunity in ocular surface disease

LA Effect of corneal epithelial immunoregulatory factors on Th17 immunity

Ocular surface epithelial cells play an important role in maintaining immune homeostasis
[42]. Various immunoregulatory factors including cell surface molecules and soluble
proteins expressed at the epithelial cell surface act in concert to curb inflammation [42].

The protein thrombospondin 1 (TSP-1) is constitutively expressed by corneal and
conjunctival epithelium, and plays an important role in activating latent TGF-p to upregulate
its immunosuppressive and wound healing functions [66]. Conjunctival goblet cells have
been shown to express and activate TGF- B2 in a TSP-1-dependent manner, thereby
promoting the adoption of a tolerogenic dendritic cells phenotype [67,68]. In TSP-1 null
mice, IL-17A protein has been observed to be significantly increased in tissue homogenates
from lacrimal glands compared with those in wild-type mice, and decreased splenic Foxp3*
Treg frequencies have also been noted [69]. These findings suggest that TSP-1 plays a
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crucial role in maintaining homeostatic balance between Th17 cells and Tregs. Treatment
with exogenous TSP-1 has been shown to inhibit Th17-induced IL-23 secretion by APCs,
and attenuate DED severity by amplifying Tregs and inhibiting Th17 development [70]. In

a recent study, we demonstrated the immunosuppressive effect of corneal epithelium derived
TSP-1 on dendritic cell (DC) maturation in DED [71]. Topical treatment with recombinant
TSP-1 resulted in decreased DC infiltration into corneal tissue, reduced generation of Th17
cells from naive T-cells in the draining lymph nodes and decreased expression of Th17-
associated cytokines in the conjunctiva. These immune changes following TSP-1 treatment
resulted in an amelioration of DED.

Pigment epithelium-derived factor (PEDF) is a ubiquitous protein with known neurotrophic,
anti-angiogenic and anti-inflammatory functions in the eye [70,72]. In unpublished data
from our laboratory, we have observed increased PEDF expression by corneal epithelial
cells on exposure to desiccating stress. We have also demonstrated the suppressive effect of
corneal epithelium-derived PEDF on DC maturation /n vitro. Our in vivo data indicates that
topical application of PEDF reduces disease severity by suppressing DC maturation at the
ocular surface, with reduced Th17 generation observed in the draining lymph nodes (Dana
Lab unpublished data).

Lipoxin A4 (LXAA4) is an anti-inflammatory molecule that is a metabolite of the arachidonic
acid pathway [73]. Endogenous LXA4 at the ocular surface has been shown to be derived
from polymorphonuclear neutrophils residing in the corneal limbus, lacrimal glands and
cervical lymph nodes [74,75]. Abrogation of endogenous LXA4 by antibody depletion of
tissue polymorphonuclear neutrophils leads to an increase of T effector cell activation [75].
Treatment of DED mice with LXA4 has been shown to suppress both Thl and Th17
responses in the draining lymph nodes, increase Treg frequencies, and reduce dry eye
pathogenesis [75]. The immunomodulatory effect of LXA4 may be mediated via modulation
of DCs. In a model of microbial stimulation with an extract of Toxoplasma gondii, LXA4
has been down to decrease DC mobilization, CCR5 expression and IL-12 responses [76].
Collectively, these data underscore the anti-inflammatory role of LXA4 at the ocular surface
and highlight its function in maintaining the balance between inflammatory and regulatory
cell subsets.

PD-L1 derived from corneal epithelial cells plays a crucial role in limiting ocular surface
inflammation [77,78]. There is evidence from experimental mouse models that DED
induction downregulates corneal expression of PD-L1 [78]. Blockade of PD-L1 has been
observed to substantially increase T cell corneal infiltration, with upregulated expression

of chemokines and their receptors, as well as higher corneal fluorescein staining scores

[78]. Among the upregulated chemokines in PD-L1-null DED mice, CXCL9 is notable

for a 13-fold increase in the cornea [78]. CXCL9 has been shown to be an essential
chemokine for the recruitment of CD4* T cells into the cornea [78,79]. Similar findings
have been observed in experimental autoimmune encephalomyelitis (EAE) [80]. Rui et al.
demonstrated the development of EAE in PD-L1-null mice as a consequence of dysregulated
macrophages and enhanced production of IL-6, leading to increased generation of Th17 cells
[80]. Furthermore, the authors showed the direct suppressive action of PD-L1 on the activity
of innate immune cells, thereby preventing autoreactive T-cell priming and differentiation
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into inflammatory effector Th17 cells [80]. In a murine model of acute GVHD (aGVHD),
systemic overexpression of PD-L1 ameliorates aGVHD disease severity by inhibiting
effector T cell function, including Thl and Th17 responses [81]. /n vitro experiments have
shown that PD-L1 suppresses T cell proliferation, promotes T cell apoptosis and reduces the
secretion of IL-2, IFN-y and TNF-a by effector T cells [81]. These effects are independent
of Tregs, with no effect of PD-L1 on Treg cell function observed [81].

I1.B Effect of regulatory T cells on Th17 immunity

Tregs play an essential role in limiting autoimmunity. Mutations in Foxp3 — the master
transcriptional factor for the development and function of Tregs — results in fatal
autoimmune diseases [82]. Tregs suppress the activity of effector T cells by 4 key
mechanisms: by competing for metabolites required by effector T cells such as IL-2 (i.e.
cytokine deprivation-mediated apoptosis), by Granzyme-B and perforin-mediated apoptosis
of effector T cells, by releasing soluble immunosuppressive factors (e.g. IL-10, 1L-35,
TGF-B) and by suppressing APC maturation [83,84]. Tregs possess a TCR repertoire that
is skewed toward the recognition of self-antigens [84]. When activated by TCR stimulation,
Tregs downregulate the T-cell-priming capacity of APCs by trans-endocytosing the ligands
CD80 and CD86 from the surface of APCs via its molecule CTLA-4, thereby inhibiting the
expansion of potentially detrimental self-reactive T cells [84].

Dysfunction of the Treg compartment has been implicated in the pathogenesis of several
autoimmune diseases; including DED, multiple sclerosis and rheumatoid arthritis [83,85—
87]. Adoptive transfer of CD4* T cells from DED mice into Treg deficient-mice results

in increased disease severity, as compared to normal mice [17]. Previous work from our
laboratory has shown that while Treg frequencies in DED mice remain unchanged, the
capacity of these Tregs to suppress the proliferation of Th17 effector cells is impaired [21].
Unpublished data from our laboratory indicates that Treg dysfunction is persistent in chronic
DED. Notably, the level of IL-6R expression on Tregs increases progressively during periods
of desiccation, serving to transmit IL-6 signaling and suppress Treg differentiation and
function [88]. Our group has previously shown that blockade of IL-17A restores Treg
function in DED, implying that Th17-associated IL-17A is critically involved in causing
Treg dysfunction [21]. Based on these studies, the augmentation of Treg function represents
a potential strategy to ameliorate Th17-mediated autoimmune diseases, such as DED.

IlI.C. Cross regulation of nerve-derived factors and Th17 immunity of ocular surface

The ocular surface is extensively innervated by sensory and autonomic nerve fibers from
the ophthalmic branch of the trigeminal nerve [89]. By releasing neuropeptides, these
nerve fibers play a crucial role in the regulation of ocular surface homeostasis; including
the maintenance of corneal epithelial integrity, the promotion of wound healing, and the
control of inflammatory responses [89,90]. Substance P (SP) is an eleven-amino acid long
neuropeptide that is markedly upregulated in chronic inflammation, and is associated with
tissue infiltration of Th17 cells [90,91]. SP is a tachykinin neuropeptide that stimulates
monocytes to secrete IL-1B, which in turn promotes the secretion of IL-17A by CD4*
memory T cells [90,92]; therefore, the finding of increased levels of IL-1p in the tears
and ocular surface cells of DED patients suggests that SP may enhance the activation of
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infiltrating myeloid cells, thereby further augmenting the Th17 immune response in DED
[90]. Relatedly, our group has reported that expression of SP is substantially upregulated in
DED mice, and enhances expression of the MHC Il maturation marker by BMDCs through
acting on its preferred receptor (neurokinin-1 receptor, NK-1R) [93]. Blockade of SP with
NK-1R inhibitors abrogates the effect of SP on BMDC maturation, and suppresses both
Th17 activity and DED severity [93]. Collectively, these reports suggest that by modulating
both innate and adaptive immune responses, and through the generation of inflammatory
cytokines (such as IL-17A), SP upregulates autoimmune pathways [22,90].

Vasoactive intestinal polypeptide (VIP) is secreted by parasympathetic nerve fibers, and

is well-known for its immunomodulatory effects [94,95]. VIP regulates inflammation by
generating DCs with a tolerogenic phenotype, decreasing Th1 and Th17 frequencies,
promoting differentiation into Th2 cells and by increasing both CD4* and CD8* Tregs
[95-98]. VIP receptors (VPAC1 and VPAC?2) are expressed in activated/expanded memory
Th cells, and in the presence of VIP, memory Th cells shift toward a less pathogenic profile
[99]. There is a growing body of evidence indicating that the application of exogenous VIP
may regulate corneal inflammation [100]. In an experimental alkali burn murine model,
exogenous VIP was observed to suppress the migration of polymorphonuclear leukocytes

to the cornea [100]. VIP has also been shown to reduce corneal inflammation in bacterial
keratitis, where in a model of Pseudomonas keratitis, VIP upregulates anti-inflammatory
mediators (TGF-B and IL-10) and reduces pro-inflammatory molecules (IL-1p, TNF-a,
MIP-2) [101]. In a separate study using a model of Pseudomonas keratitis, systemic
treatment with VIP downregulated mRNA expression of proinflammatory TLRs and
upregulated anti-inflammatory TLRs [102]. In studies using nonobese diabetic mice, Jimeno
et al. have shown that VIP suppresses the functional phase of Th17 cells, and limits the
increase in proportion of Th1l to Th17 cells [103]. The authors also demonstrated an increase
in the Tregs/Th17 ratio in the spleen, indicative of an induction of immune tolerance [103].

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a sensory neuropeptide in
the eye that demonstrates 68% sequence homology with VIP [104]. Like VIP, PACAP
skews the immune response toward an anti-inflammatory profile. It has been reported that
PACAP-null mice subjected to myelin oligodendrocyte glycoprotein develop more severe
clinical and pathological manifestations of EAE compared to wild-type mice, due to a
more pronounced Th17 and Th1 response, with downregulated Th2 and Treg pathways
[105]. Mechanistically, macrophage and dendritic cells may be the targets of PACAP, that
subsequently influence Th differentiation [105]. The capacity of both VIP and PACAP to
ameliorate various autoimmune diseases lends support to their therapeutic potential at the
ocular surface [104-107].

The melanocortin (MC) system plays an important role in regulating immune function, and
encompasses multiple peptides including a-, p-, -y-melanocyte stimulating hormone (MSH),
adrenocorticotropic hormone (ACTH), and five MC receptors (MCR1-5) [108]. Among
these peptides, a-MSH (which is constitutively expressed in aqueous humor) exerts strong
anti-inflammatory and immunosuppressive activity, and is crucial to the maintenance of
ocular immune privilege [109], yet it remains unclear whether corneal nerves are one of the
sources secreting a-MSH to the aqueous humor. a-MSH regulates the activity of T cells
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by suppressing the production of proinflammatory cytokines, increasing the expression of
anti-inflammatory mediators, limiting the maturation of DCs, promoting cytolysis of effector
T cells and converting effector T cells into Tregs [109,110]. Moreover, a-MSH has the
ability to induce tolerogenic DCs, which are capable of expanding the Treg pool, and further
suppress the proliferation and inflammatory cytokine secretion of pathogenic Th17 cells
[109].

IV. Strategies targeting T cells for controlling ocular surface inflammation

IV.A. FDA-approved treatments targeting T cell response in ocular surface disease

In the US, the main FDA-approved treatments targeting T cell signaling for DED are
cyclosporine-A (CsA) ophthalmic emulsion 0.05% (Restasis®; Allergan, Irvine, CA,
USA), a nanomicellar formulation containing 0.09% CsA (Cequa® ; Sun Pharmaceutical
Industries, Cranbury, NJ, USA) and lifitegrast ophthalmic solution 5.0% (Xiidra ®; Shire,
Lexington, USA) [111].

CsA is a natural occurring fungal metabolite, widely used for the management of
autoimmune diseases and prophylactically to prevent post-transplant organ rejection, due to
its immunosuppressive properties [112]. CsA forms a complex with cyclophilin A to inhibit
the action of calcineurin [112,113]. Blockade of calcineurin prevents translocation of NF-AT
to the nucleus and decreases the production of IL-2, a pivotal factor in T cell replication and
immune responses [112,113]. In addition, CsA protects mitochondrial function by binding
to cyclophilin D, preventing Ca2* influx into the mitochondria [113]. In a murine model

of DED, topical CsA significantly reduced apoptosis of conjunctival epithelial cells and
protected against goblet cell loss [114]. CsA ophthalmic emulsion 0.05% is approved by
the FDA, having been launched in 2003. Based on data showing improvement of Schirmer
scores after 6 months of treatment across 4 trials, CsA 0.05% is indicated to increase tear
production in patients with ocular inflammation-mediated DED [111,115]. While several
studies congruently reported that CsA 0.05% improved tear production and corneal staining
scores, the study results regarding patient self-reported DED symptoms are inconsistent
[116-120].

In order to overcome the hydrophobic property of CsA, Restasis is formulated in castor oil
and water, yet this formulation has been reported to cause ocular adverse effects such as
conjunctival hyperemia, ocular burning, stinging, instillation site pain, and blurred vision
[111,113,116-119]. In 2018, the FDA approved a preservative-free CsA 0.09% nanomicellar
topical formulation (OTX-101, 0.09%, Cequa®) for the treatment of DED [111,113]. The
property of nanomicellar formulation improves CsA solubility and allows higher distribution
of CsA into corneal and conjunctival cells [113]. Evaluation of the pharmacokinetics of
namomicellar formulations demonstrate that 0.05% CsA nanomicellar (OTX-101 0.05%),
with the same concentration as Restasis, generates 3-4 fold higher CsA concentrations in
conjunctival and scleral tissues as compared to Restasis [113]. Two randomized, multicenter,
double-masked clinical trials have validated the safety and efficacy of OTX-101 0.09% for
DED patients, with the treatment group demonstrating increased tear production, improved
corneal and conjunctival staining, and reduced symptom scores [115,121].
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Lifitegrast is a tetrahydroisoquinoline derivative and is a lymphocyte function-associated
antigen 1 (LFA-1) antagonist that blocks the interaction between LFA-1 and intercellular
adhesion molecule (ICAM-1) [111,122]. The binding of LFA-1 on T cells to ICAM-1 on
ocular surface epithelial cells and APCs stabilizes the immunological synapse, which in turn
upregulates the production of downstream inflammatory mediators such as TNF-a and IL-1
[111,122-124]. Therefore, blocking the interaction between LFA-1 to ICAM-1 interrupts
the ocular inflammatory cycle that characterizes DED [122,125]. The Lifitegrast ophthalmic
solution 5.0% (Xiidra®), approved in the US in 2016, has shown promise in reducing
corneal staining and improving DED symptoms across 4 clinical trials [126—129]. Notably,
one study reported that patients with moderate-to-severe DED had significant improvement
in their symptoms, but demonstrated no effect on the clinical signs of DED [130]. This
contrasts with a recent study showing significant improvements in conjunctival and corneal
staining as well as tear film breakup time (TBUT) in patients with moderate-to-severe DED
[131]. No serious ocular adverse events have been reported, except for mild and transient
discomfort at the instillation site [129,132].

IV.B. Novel therapeutic strategies suppressing Th17 immunity

Given the multi-faceted role of Th17 cells in the pathogenesis of ocular surface disease,
these cells are an attractive target in the development of novel therapeutics (Fig. 4).
Blockade of IL-17A successfully mitigates multiple aspects of the DED immune response
including restoration of Treg function, inhibition of lymphangiogenesis and reduction of
B cell formation [21,50,52]. Importantly, the neutralization of IL-17A in these studies
additionally led to an improvement in clinical signs of disease. However, despite these
successes in the laboratory setting, an effective therapeutic agent that specifically targets
Th17 immunity in humans remains elusive. CsA is able to reduce Th17 cell frequencies
in humans with primary Sjogren’s syndrome, but to date, there has only been one clinical
trial performed in which IL-17A has been targeted [133]. In this trial, patients with DED
received a single intravenous dose of Secukinumab, a monoclonal antibody that binds
IL-17A, which is currently approved for the treatment of psoriasis, psoriatic arthritis

and ankylosing spondylitis. Secukinumab was compared to treatment with Canakinumab,
a monoclonal antibody targeting IL-1p, and placebo [133]. The investigators found no
significant difference in signs or symptoms of ocular surface disease with either treatment
group. Possible explanations for the lack of efficacy in this study was the route of
administration (a topical route of administration would be expected to be much more
efficacious than systemic administration), dosing and pharmacokinetics, insufficient length
of follow-up, the discrepancy between the symptoms and clinical signs, and the fact that
patients were required to stop all other topical medications during the study.

In addition to inhibiting IL-17A, other strategies for suppressing Th17 immunity have been
employed in research settings [43,46]. One such strategy has been to target chemokine/
chemokine receptor interactions to inhibit cell migration. In a murine model of disease,
neutralization of CCL20 has successfully inhibited the migration of Th17 cells to the ocular
surface, and neutralization of CCR7 has been used to inhibit APC migration to the draining
lymphoid tissue, with subsequent downstream reduction in Th17 cell differentiation, as well
as significant disease amelioration [43,46].
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Recently, memory Th17 cells have been identified as important effector cells in chronic
DED, as these cells are responsible for propagating long-term disease eye [58],[59].

IL-7 and IL-15 are recognized as critical mediators of memory Th17 cell formation and
maintenance, and their inhibition can decrease memory Th17 cell formation along with
clinical signs of disease [59]. Once reactivated, memory Th17 cells are capable of giving
rise to effector Th17/1 cells, which are another recently identified effector cell in chronic dry
eye that produce both IL-17A and IFN-y and are responsible for disease exacerbations [22].
Th17/1 cells require 1L-12 and IL-23 for their formation, and of note, IL-12p40 is a shared
subunit between the receptors for 1L-12 and 1L-23, making this a potential novel target for
suppressing Th17 immunity [134].

Resolvins are biosynthesized from the essential dietary omega-3 fatty acids, and both
Resolvin D1 (RvD1) and E1 (RvE1) have anti-inflammatory activities including the early
regulation of innate immune responses, and the suppression of CD4* T cell recruitment
[87,135]. Local delivery of RVE1 has been observed to promote corneal allograft survival by
suppressing Thl-mediated inflammation [136]. The modulation of Th17 immunity by RVE1
is believed to be mediated via suppression of innate immunity, rather than by upregulating
Tregs or IL-10 levels [136]. Recently, Asbell et al. investigated the effect of omega-3

fatty acids in the management of moderate to severe DED [137]. The authors found a
significant reduction in Ocular Surface Disease Index scores in patients receiving a daily
oral dose of 3000 mg of fish-derived omega-3 fatty acid derivatives - eicosapentaenoic and
docosahexaenoic acids - compared to the placebo group over a follow-up period of one year
[137].

Various other therapeutic strategies that have demonstrated efficacy in inhibiting Th17
cell function include administration of rituximab [138] and topical rebapimide [139], as
well as inhibition of GMCSF [53], neurokinin-1 receptor [93], and phosphodiesterase-4
[140]. Additionally, depletion of natural killer cells has been shown to suppress Th17 cell
immunity [141]. These studies have been conducted in animal models, and whether their
promise can translate to the clinic remains to be seen.

Treg-based therapies are emerging as attractive therapeutic approaches in combatting
autoimmune disorders, due to the capacity of Tregs to modulate the immune response [142].
Subconjunctival injection of Tregs into mice receiving corneal transplants has been shown to
enhance the levels of IL-10 and TGF-, decrease the frequencies of mature APCs and inhibit
CD45™ cell infiltration in the graft, and has been shown to increase allograft survival [142].
These data suggest that exogenous Tregs may also have therapeutic potential in autoimmune
disorders of the ocular surface.

In addition to the delivery of exogenous Tregs, another therapeutic strategy has been the
expansion of endogenous Tregs using low-dose IL-2 [143]. IL-2 is required for Treg
homeostasis and the survival of Tregs in the periphery [144]. Tregs have higher affinity

to IL-2 than effector T cells due to high expression levels and trimeric configuration of the
IL-2 receptor, and therefore can deprive effector T cells of 1L-2 and inhibit their expansion
[144,145]. The first experimental study to evaluate the effect of low dose IL-2 therapy was
conducted in mice with type 1 diabetes, with the results demonstrating effective expansion
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of Tregs and reduced disease progression [146]. Human clinical trials of low dose IL-2
treatment (1,000,000 1U/day) for patients with various autoimmune diseases, including
rheumatoid arthritis, ankylosing spondylitis, systemic lupus erythematosus and several
forms of vasculitis, showed significant amelioration of disease severity with expansion and
activation of Tregs [147]. The promising results of strategies to expand endogenous Tregs
in these inflammatory diseases suggest their potential application in disorders of the ocular
surface.

TGF-p in the absence of other pro-inflammatory cytokines induces Foxp3 expression, which
limits the differentiation of Th17 cells by inhibiting the activity of RORyt — the master
transcription factor for Th17 development [148]. Animal studies have shown that TSP-1-
derived peptides, KRFYVVMWKK (4N1K) and Lys-Arg-Phe-Lys (KRFK), are able to
facilitate TGF-B-mediated signaling [67,149]. 4N1K is derived from the C-terminal domain
of TSP-1 (4N1K), that binds CD47 to suppress T cells [67,150]. KRFK activates latent TGF-
B by competing for the binding of the Leu-Ser-Lys-leu sequence within the latent associated
peptide [149,151]. Both of 4N1K and KRFK alleviate ocular surface inflammatory signs

in TSP-1-deficient mice by inducing Tregs and suppressing Th17 development [67,149].
Other potential therapies employing specific cytokines include recombinant I1L-10, IL-4

and IL-27, the application of which have been shown to suppress Th17 cells and inhibit
IL-17A production [145,152,153]. Indeed, there is encouraging data demonstrating that the
administration of recombinant proteins may control inflammatory responses in the setting of
autoimmunity [152,153].

V. Conclusions

Th17 cells are recognized as important T effector cells mediating a range of ocular surface
inflammatory disorders. The inflammatory cytokine IL-17A is known to jeopardize the
integrity of the corneal epithelial barrier, to alter membrane-associated mucins and to
abrogate the suppressive activity of Tregs. Our understanding of Th17 immunity at the
ocular surface is expanding at a rapid rate, as novel studies (such as those employing
knockout and lineage reporter mice, as well as new models of disease such as chronic DED)
continue to be published. Data from these studies are suggestive of new therapeutic avenues
to modulate Th17 activity; potential strategies that are made all the more compelling by our
current lack of FDA-approved treatments that specifically target Th17 cells at the ocular
surface. As discussed, the socioeconomic burden of ocular surface disease, as well as the
personal cost to an affected individual’s quality of life, are substantial. Further basic and
translational studies focused on Th17 cells are indicated so that we might treat debilitating
inflammatory conditions of the ocular surface more effectively.
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Figure 1: In the afferent arm of the Th17 response, activated APCs are poised to migrate from
the ocular surfaceto thedraining lymphoid tissue.

In homeostatic conditions, the cornea contains a heterogenous population of immature
antigen presenting cells (iIAPCs) with limited capacity to stimulate T cells. However, these
cells acquire MHC class Il, CD80 and CD86 expression on exposure to inflammatory
stress to generate mature APCs (mAPCSs). The upregulated expression of MHC class-11
and costimulatory molecules has been attributed to IL-1, IL-6, and TNF-a from corneal
epithelial cells, Substance P (SP) from the corneal nerves, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) from Th17 cells (not shown in the figure). Regarding
immunoregulatory factors, various molecules including PD-L1, LXA4, PEDF, and TSP-1
derived from corneal epithelium, VIP and PACAP expressed by corneal nerves, and
aMSH from the aqueous humor play an immunosuppressive role by limiting inflammatory
cytokine-induced APC maturation. The chemokine receptor CCR7 expressed by mature
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APCs directs their trafficking to the lymph nodes via newly formed corneal lymphatic
vessels.
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Figure 2: Generation of autoreactive Th17 effector and memory cells.
During Th17 cell development, naive T cells migrate from the thymus and differentiate into

Th17 cells in the draining lymphoid tissue on engagement with activated APCs and exposure
to the local inflammatory cytokine milieu. TGF-B, IL-6 and 1L-23 expressed by the APCs

in the draining lymph node play a critical role in the development of pathogenic Th17 cells.
Once generated, the migration of CCR6* Th17 cells to the ocular surface is facilitated by

the attractant chemokine CCL-20 at the ocular surface. In addition, activated Th17 cells
produce IFN-y under the influence of IL-12 and IL-23, and these Th17/1 cells contribute to
disease exacerbation. In the chronic stage, effector Th17 cells develop into memory Th17
cells (mTh17), which are generated from both Th17 and Th17/1 subsets and maintained by
IL-7 and IL-15. These mTh17 cells mediate the chronic inflammation in DED.
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Figure 3: Migration and effector response of Th17 cells at the ocular surface.
Th17 and Th17/1 cells express high levels of IL-17A (by Th17 and Th17/1) and IFN-y

(by Th17/1 cells). These inflammatory cytokines mediate the apoptosis of corneal epithelial
cells both directly and indirectly (via the proteolytic matrix metalloproteinases [MMP-3 and
MMP-9]). IL-17A also contributes to lymphangiogenesis by upregulating the expression of

VEGF-D in the cornea, which facilitates the continuous migration of pro-inflammatory cells
from the ocular surface to the draining lymphoid tissue. Th17 cells express GM-CSF, which
promotes the maturation of iAPCs, and further increases ocular surface inflammation.
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Figure 4: Novel strategies suppressing Th17 to limit ocular surface inflammation.
Multiple promising therapeutic strategies aim to ameliorate ocular surface inflammation by

regulating the differentiation, activation, migration or effector responses of Th17 cells.
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