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Abstract

The classic Th1/Th2 dogma has been significantly reshaped since the subsequent introduction
of several new T helper cell subsets, among which the most intensively investigated during

the last decade is the Th17 lineage that demonstrates critical pathogenic roles in autoimmunity
and chronic inflammation — including the highly prevalent dry eye disease. In this review, we
summarize current concepts of Th17-mediated disruption of ocular surface immune homeostasis
that leads to autoimmune inflammatory dry eye disease, by discussing the induction, activation,
differentiation, migration, and function of effector Th17 cells in disease development, highlighting
the phenotypic and functional plasticity of Th17 lineage throughout the disease initiation,
perpetuation and sustention. Furthermore, we emphasize the most recent advance in Th17
memory formation and function in the chronic course of dry eye disease, a major area to be
better understood for facilitating the development of effective treatments in a broader field of
autoimmune diseases that usually present a chronic course with recurrent episodes of flare in the
target tissues or organs.
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1. Introduction

Dry eye disease (DED) is a multifactorial condition of the ocular surface, characterized by
chronic self-perpetuating inflammatory damages of the cornea, conjunctiva, and the covering
tear film, along with the Meibomian and lacrimal glands contributing to the stability of
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the tear film, and neurosensory system innervating the ocular surface. DED is arguably the
most common ophthalmologic condition for which patients visit eye care professionals, with
estimated >16 million US adults having this disease and an increasing prevalence with age
[1]. DED can be broadly classified into two categories based on the lack of aqueous tears or
not — aqueous-deficient form (with reduced tear quantity, for example Sjégren’s syndrome)
and evaporative form (with reduced tear quality, for example Meibomian gland dysfunction)
[2,3], however, it is worth to be noted that the two types of DED are not mutually exclusive,
and coexistence of deficiencies of tear quality and quantity is not uncommon in human
patients [4], and thus the most recent Dry Eye Work Shop (DEWS 1) report has advocated
a continuum classification scheme to highlight such overlap between the two primary types
of DED [5]. Nevertheless, current evidence has suggested that no matter how the disease is
initially induced, characteristic features of both types may occur as disease progresses, and
common pathophysiological processes are shared among various etiologies of DED.

It is well-known that continued inflammation plays a key role in DED pathohenesis [6]

and lymphocytic infiltration (primarily CD4* T cells with small numbers of B cells) in
lacrimal glands is a hallmark of Sjogren’s DED [7,8]. In the past two decades, considerable
attention has been devoted to defining the immunopathological changes at the ocular surface
in both Sjogren’s and non-Sjégren’s DED via various animal models including the popular
desiccating stress-induced mouse models that were similarly established by Pflugfelder
group [9] and us [10] independently in early 2000s and have become a standard non-
Sjogren’s DED model ever since. It is now recognized that the loss of immune homeostasis
at the ocular surface and the resultant activation of CD4* T cells are the key drivers leading
to the disruptions of the tear film stability, corneal epithelial barrier, and corneal sensation
[5,11]. Furthermore, a specific subset of CD4* T cells — IL-17-secreting CD4™ T cells
(Th17) has been revealed as the central player in causing autoimmune damage in DED
supported by both experimental and clinical data [12—-14]. In this review, we will update
the most recent evidence demonstrating the pathogenic roles of autoimmunity in causing
ocular surface inflammation in DED by highlighting the critical functions of both effector
and memory Th17 cells in disease initiation, perpetuation, and chronicity.

2. Immune homeostasis of normal ocular surface

The ocular surface comprises of a continuous mucosal lining of cornea and conjunctiva,
extending to the mucocutaneous junctions of the lid margins [15]. Despite being constantly
exposed to outside environment, the ocular surface remains integrated and uninflamed
while keeping its visual function. This ability to maintain immune homeostasis is mediated
through both physical barrier function and active mechanisms, encompassing epithelium,
stroma, nerve and resident immune cells in ocular surface. The avascular nature of normal
cornea is essential for its transparency and the “immune privileged” status by creating

an access barrier for circulating immune cells to enter the site [16]. To maintain the
avascularity, corneal epithelium constitutively expresses soluble vascular endothelial growth
factor receptor-1 (SVEGFR-1) to inhibit VEGF-A mediated new blood vessel formation
(hemangiogenesis) [17], and VEGFR-3, serving as a trap, to prevent VEGF-C and VEGF-D
mediated new blood and lymphatic vessels formation (lymphangiogenesis) [18].
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Normal cornea has no T or B lymphocytes, but is endowed with a significant

myeloid population characterized as CD11b*CD3~CD19 phenotypes, including the

major CD11b*CD11c™ macrophages/monocytes in the deep stroma, along with some
CD11b*CD11c* dendritic cells in the anterior stroma and a few CD11b'-CD11c*
Langerhans cells in the epithelium [19-24]. These cells are collectively believed to be
capable of functioning as antigen-presenting cells (APC) in adaptive immune response, and
they are phenotypically “immature” characterized as low expression levels of MHC class

I1 (MHC-II) along with absence of costimulatory molecules B7 (CD80 and CD86) and
CDA40. These immature APC predominantly reside at corneal periphery (throughout the
entire stroma) and decrease in number gradually toward the corneal center (primarily in
anterior stroma) [22,25]. The immature status of corneal resident APC, along with absence
of lymphocytes in normal cornea contributes to the immune quiescence by not only avoiding
effector cell activation but inducing immune tolerance [21,26].

Corneal epithelium also constitutively expresses a variety of critical immunoregulatory
factors, including programmed death-ligand 1 (PD-L1), Fas ligand (FasL), pigment
epithelial-derived factor (PEDF), and thrombospondin-1 (TSP-1) [27-30]. PD-L1 is a newer
member of B7 family, and its ligation with the receptor programmed death (PD)-1 on
activated T cells leads to suppression of T cells [31]. PD-L1 KO mice show spontaneously
significant T cell infiltration in cornea [32]. In addition, PD-L1 actively inhibits corneal
hemangiogenesis and thus contributes to corneal avascularity [33]. Similarly, FasL, a
member of tumor necrosis factor (TNF) family, can lead to apoptotic cell death by binding
to its receptor Fas that is expressed by a variety of cells and tissues, including T cells,

and prevent neovascularization [34,35]. Two forms of FasL have been identified including
the anti-inflammatory, soluble form (sFasL) that can antagonize the function of the other
pro-inflammatory, membrane-bound form (mFasL) [36]. Although sFasL is the predominant
form of FasL expressed in the retina of mice [37], it remains unclear what form(s) of

FasL that is constitutively expressed in the cornea. Both PD-L1 and FasL constitutively
expressed in corneal epithelium may trigger apoptosis of invading effector T cells that
infiltrate in the cornea in response to inflammation. PEDF is a ubiquitously expressed
glycoprotein belonging to the serine protease inhibitor family [38]. TSP-1 is a major
activator of latent TGF-$, promoting the production of activated TGF-p that serves as a
critical anti-inflammatory cytokine [39,40]. Normal corneal epithelium-derived PEDF and
TSP-1 have both been shown to potently suppress APC activation [29,30]. Both factors exert
anti-angiogenic function [38,41] with PEDF showing additional neurotropic roles [42].

The cornea is among the most densely innervated tissues, and corneal nerves play a
crucial role for ocular surface homeostasis by protecting the cornea from irritants (through
regulating tear secretion and the blink reflex) and by secreting a variety of neuropeptides
that are essential for maintaining the epithelial and stromal cells [43]. Healthy innervation
in cornea has been shown to regulate corneal epithelial cell and limbal stem cell survival
[44,45], and suppress corneal neovascularization [46]. Corneal neuropathy has been
observed in DED patients and animal models [47-50]. Specifically, among various nerve-
derived factors, neuropeptides SP and vasoactive intestinal peptide (VIP) are constitutively
secreted by nerve endings in normal cornea, with SP contributing to corneal epithelial
homeostasis and VIP playing anti-inflammatory functions [51,52].
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Induction of adaptive T cell immunity in dry eye disease

The immune homeostasis of ocular surface is disrupted in DED, mediated by both innate
and adaptive immunity. Innate response serves as the immediate, non-specific reaction

to various insults, and involve the mucosal barrier and innate immune cells as well as
their secreted cytokines and chemokines. Among the innate cellular components, dendritic
cells, monocytes, and macrophages, once activated, are capable of efficiently inducing the
subsequent, specific adaptive immunity.

Immune response of ocular surface mucosal lining

Desiccating stress or hyperosmolar stress on ocular surface [15], either direct or consequent
to lacrimal or Meibomian glands damage that results from extrinsic insults or intrinsic
changes, can be the initiating factors driving the development of DED (Fig. 1). Stressed
ocular surface epithelial cells quickly up-regulate the levels of activated mitogen-activated
protein kinases (MAPK), including c-jun N-terminal kinases (JNK)-1/2, extracellular-
regulated kinases (ERK)-1/2, and p38 in hours [53-55], which may subsequently activate
downstream kinases and transcription factors such as NFxB, leading to early up-regulation
of pro-inflammatory cytokines TNF-a,, IL-1p, and IL-6 at the ocular surface [53,55-57].

In addition, desiccating stress can elicit the cellular signal of damage-associated molecular
patterns (DAMPs), which activate corresponding pattern recognition receptors (PRR) such
as toll-like receptor 4 (TLR4) — an essential innate immune activation mechanism a. in
cornea, demonstrated by translocation of TLR4 in epithelial cells (from cell inside to cell
surface) and up-regulation in stroma cells [58]. TLR4 activation further leads to downstream
caspase-8 activation facilitating the assembly and activation of inflammasomes NLRP12 and
NLRC4, thereby promoting the activation and secretion of pro-inflammatory cytokines such
as IL-1B [59]. In addition to TLR4-mediated pathway, increased reactive oxygen species
(ROS) upon desiccating stress exposure also induce activation of caspase-8 and NLRP3
inflammasome, further promoting the production of bioactive IL-1p [60]. Both IL-1p and
TNF-a have been shown to promote corneal expression of matrix metalloproteinase-9
(MMP-9) [53,61], a critical proteolytic enzyme cleaving epithelial basement membrane
components and tight junction proteins (such as ZO-1 and occludin) and thus leading to
corneal barrier disruption [53,62].

Innate immune cells recruitment and infiltration in ocular surface

Early infiltration of CD11b* monocytes and macrophages in DED corneas is a hallmark
consistently found in various animal models [56,58,63], and increased density and
distribution of leukocytes in cornea have been documented in both Sjégren’s syndrome
and non-Sjégren’s syndrome DED patients [64]. Influx of these inflammatory cells relies
on the chemotactic gradient between the periphery and corneal tissues created by higher
expression of specific chemokines on the ocular surface in DED, including macrophage
inflammatory protein 1a (MIP-1a, or CCL3) and MIP-1p (CCL4) [65]. Chemokines are
small molecular weight cytokines with chemoattractant properties that serve an essential
function in immunity by coordinating the trafficking of specific immune cells between
different anatomic sites [66]. In some cases, multiple chemokines may interact with the
same chemokine receptor. Increased levels of these chemokines at ocular surface in DED
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can lead to tissue-specific recruitment of peripheral circulating monocytes that express
corresponding specific receptors, including those expressing CCR1 for chemokine MIP-1a,
and CCR5 for both chemokines MIP-1a and MIP-1p [67]. In addition, chemokine monocyte
chemotactic protein 1 (MCP-1, or CCL2) and its receptor CCR2 are also involved in

the recruitment of CD11b* cells in DED [68]. In fact, the corneal infiltrating CD11b*

cells in DED have shown significant up-regulation of CCR1, CCR2, and CCR5 [69].

These infiltrated monocytes and macrophages become activated under the stimulation

of environmental TNF-a and IL-1p in cornea, and can subsequently produce the same
inflammatory cytokines by themselves, thus amplifying the ocular surface inflammation
[58,68]. In addition, Natural Killer (NK) cells are also significantly increased in the
conjunctiva shortly after desiccating stress, and these NK cells are actively secreting the
inflammatory cytokine IFN-+y that directly disrupts integrality of the ocular surface barrier
[70].

3.3 Ocular surface APC activation, migration, and engagement with lymphoid T cells

Besides direct tissue damages, the other important consequence of innate immune activation
in DED is the maturation of ocular surface influxed and resident APC, including dendritic
cells and Langerhans cells [64,71-73]. In normal healthy cornea, the preponderance of APC
is in an “immature” status that is critical to maintain ocular surface immune quiescence

and contributes to immune privilege of cornea [74]. However, in DED, significantly
increased inflammatory cytokines IL-1f and TNF-a in the ocular surface overturn the
microenvironmental anti-inflammatory mechanisms mediated by factors such as TSP-1 and
PEDF [29,30] and promote resident and infiltrating APC to acquire “mature” phenotypes
by up-regulating their MHC-I1 expression [56], which is required for APC presentation

of antigenic epitopes to T cells. In addition, activated NK cells also promotes APC up-
regulation of MHC-11 and co-stimulators B7 [70], and depletion of NK cells has been shown
to lead to decreased frequency and maturation of dendritic cells in DED [75]. APC maturing
process is accompanied by the presumed “autoantigen” capture and processing. To date, the
nature of the hypothesized ocular surface autoantigen(s) in DED remains unclear, although
kallikrein-13 has been proposed as a putative candidate based on its expression in ocular
surface tissues and reactivity with sera from DED mice [76,77]. Additionally, immunization
of rats with a kallikrein family protein led to marked lymphocytic infiltration in the lacrimal
glands [78].

These mature, antigen-bearing APC are essential for the induction of T cell immunity in
DED, demonstrated by that depletion of ocular surface APC prevents T cell activation

in DED [79]. For efficient activation of naive T cells that primarily reside in the T cell
zone in the draining lymph nodes, mature APC have to first gain spatial proximity to

the distantly located T cells. Thus, activated APC in ocular surface acquire the ability

to the draining lymph nodes of the eye. This trafficking process is tightly regulated

by the specific chemokine-receptor axis. Corneal mature MHC-11* APC in DED show
significantly enhanced expression of CCR7, a chemokine receptor guiding APC egress
toward the draining lymph nodes, specifically intranodal T cell zone, through the guidance
of enriched environmental CCR?7 ligands — CCL19 and CCL21 [69,80]. Topical blockade
of CCRY at the ocular surface has been shown to sufficiently prevent the migration of
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corneal APC to draining lymph nodes and subsequent T cell activation in DED [69]. In
addition to chemokines, ocular surface APC have to gain access to lymphoid compartment
via afferent lymphatic vessels which are absent in normal uninflamed cornea. Interestingly,
there is considerable and exclusive growth of lymphatic, but not blood, vessels in DED
cornea, that starts early after DED induction from peripheral cornea and advances into
central cornea with the progression of the disease. This selective corneal lymphangiogenesis
in DED is dependent on lymphangiogenic-specific VEGF-C and VEGF-D and their
receptor VEGFR-3 [81-83]. Co-localization of CCR7* cells with CCL19/21 within corneal
lymphatic vessels has been demonstrated in DED cornea [80]. Consistently, dendritic cells
in the peripheral cornea where there are abundance of lymphatic vessels in DED display
significantly increased migratory kinetics [84]. Once relocated to the appropriate anatomical
compartment within the regional lymph nodes, APC are able to prime naive T cells

via delivering three signals — antigen on MHC molecule, co-stimulation, and polarizing
cytokines [85,86].

4. Activation and expansion of effector Th17 cells in the eye-draining

lymphoid tissue

To date, substantial evidence demonstrate that CD4* T cell are the predominant lymphocytes
infiltrating in the ocular surface (primarily in the conjunctiva) [87,88] and plays a central
pathogenic role in both Sjégren’s and non-Sjogren’s DED [89-92]. Recent advance in the
field has shed considerable light on the precise mechanisms including which subsets of
CD4* T cells are activated and how they cause ocular surface inflammatory epitheliopathy
via coordinating with an array of other key cellular and molecular factors (Fig. 1).

4.1 T cell activation and effector Th17 differentiation and plasticity

Regional eye-draining lymph nodes are the primary site of T cell activation in DED. Mature
migratory CCR7* APC in local draining lymph nodes provides antigenic peptide to cognate
naive CD4* T cells via its highly expressed MHC-1I, along with co-stimulatory signals via
B7 (CD80 and CD86) and CD40 molecules [69,70,88]. The primed T cells accordingly
up-regulate activation markers of CD69 and CD154 (CD40 ligand, CD40L) [93]. Once

the immune synapse between APC and T cells is formed, the environmental polarizing
cytokines, primarily secreted by APC or infiltrating monocytes, are predominant factors
determining the differentiation fate of primed CD4* T cells. It is known that the ligation of
CD154 with CD40 on APC promotes the production of IL-12 by APC [94], and increased
levels of I1L-12 in the milieu of draining lymph nodes of DED have been demonstrated

[95]. In addition, CD4* T cells also show up-regulation of 1L-12 receptor (IL-12R)
expression [93], and IL-12/IL-12R signaling promotes polarization of naive CD4* T to
IFN-y-expressing Thl cells, as evidenced by increased levels of the Th1 signature cytokine
IFN-y in DED lymph nodes, conjunctiva, and tears [93,96—-99] despite no confirmation

of the cellular source of IFN-y in these studies. Subsequently, the concept of classical

Th1 dominance in DED was revised with the characterization of a newly-defined CD4* T
cell subset — IL-17-expressing Th17 cells in DED [12,100-104]. Initial differentiation of
naive T cells towards Th17 lineage is in general driven by the pro-inflammatory cytokine
IL-6 in the presence of TGF-f [105,106], and increased expression of IL-6 in DED lymph
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nodes has been specifically noted [100,107]. Moreover, the heightened levels of 1L-2 and
IL-23 in the lymphoid compartment in the acute DED induction stage [95,108] further
promotes differentiated Th17 cells to proliferate, expand, and gain full effector functions.
Unlike most T cell differentiating and activating cytokines that are mainly produced by
APC, the heightened IL-2 is principally secreted by activated effector T cells themselves
and acts in an autocrine fashion. In DED, mature APC have been suggested to be the major
microenvironmental source of IL-6, TGF-B, and IL-23 [57]. Fully activated Th17 cells are
capable of secreting effector cytokines, including the signature cytokine IL-17 and others
such as granulocyte-macrophage colony-stimulating factor (GM-CSF), exerting pathogenic
function in DED [100,109].

Interestingly, unlike Thi subset that is regarded as a terminally differentiated CD4* T

cell lineage and stays relatively stable, the Th17 cells show significant phenotypic and
functional plasticity demonstrated by their ability of acquiring features of other lineages
under stimulation of certain signals in the microenvironment [110]; this concept has led us
to revisit the cellular source of the heightened IFN-y expression in the late acute stage of
DED (when NK cell response subsides while adaptive immunity emerges), which had been
thought of dominantly from classic Th1 cells by default although no cellular characterization
was done. In non-Sjogren’s DED, two subsets of effector Th17 cells have been identified

by our group, including IFN-y~IL-17* “single-positive” Th17 and IFN-y*IL-17* “double-
positive” Th17/1 [95]. In fact, quantitative analysis of IFN-y*IL-17°CD4* Th1 cells showed
no numeric changes [95,96], suggesting that simple link of increased IFN-vy levels in DED
to classic Thl lineage without examining its cellular source is inaccurate; instead, the

major source of IFN-y in DED could be the double-positive Th17/1 cells in the disease
progression stage while NK cells serve as the primary source in early disease induction
phase when adaptive immunity has not been activated. Further studies have demonstrated
that the increased IFN-y in DED is indeed an integral part of Th17 immunity, as evidenced
by the ability of single-positive Th17 cells to convert into double-positive Th17/1 cells via
stimulation of environmental IL-12 and IL-23 in DED [95]. Importantly, double-positive
Th17/1 cells are more pathogenic than single-positive Th17 cells, and Th17/1 are required to
induce severe acute ocular surface inflammation in DED; in contrast, the classic IL-17"TFN-
v* Thl cells isolated from DED mice are unable to transfer the disease phenotype to normal
animals [95]. Taken together, effector Th17 response characterized by their dynamic and
coordinated production of various cytokines including IL-17, IFN-y and GM-CSF, plays a
major pathogenic role in DED. In Sjdgren’s syndrome, significant increase of 1L-17 in tears,
serum, lacrimal glands and salivary glands have been demonstrated [102-104,111,112].
While pathogenic roles of Th17 and IL-17 in lacrimal gland inflammation remains unclear,
limited experimental data focusing on salivary glands have suggested a critical role of

Th17 immunity in sialoadenitis [91]. Overexpression of IL-17 alone in salivary glands

in Sjégren’s syndrome-resistant mouse strain is sufficient to induce characteristic disease
profiles [113]. Immunization of mice with type 3 muscarinic acetylcholine receptor (M3R)
peptides has been shown to lead to increased serum levels of anti-M3R antibodies and low
saliva volume, accompanied by CD4* T cell and B cell infiltrates in the salivary glands
[114]. Anti-M3R autoantibodies are believed to be a marker for Sjogren’s syndrome, and
suggested to contribute to the glandular dysfunction in the disease [115-118]. Besides
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autoantibody formation, the M3R immunized mice have been shown to produce M3R-
reactive T cells secreting both IL-17 and IFN-vy in the spleen, and adoptive transfer of
splenocytes from these immunized mice into naive animals results in decreased saliva
production and increased anti-M3R autoantibodies [114]. Treatment of the recipient animals
with a RORyt (the master transcription factor for Th17 cells) antagonist can effectively
reduce both IL-17 and IFN-vy levels in the adoptive transfer recipients [119]. Furthermore,
IFN-y*IL-17* “double-positive” Th17/1 cells are reported to be detected in the salivary
glands and lymph nodes from patients with Sjégren’s syndrome [120]. These data indicate
a potential pathogenic role of double-positive Th17/1 cells in Sjégren’s syndrome; however,
definitive evidence supporting the contribution of Th17 immunity including its plasticity to
Sjogren’s syndrome, particularly to Sjégren’s dry eye, along with the critical questions of
how and where those observed Th17 effectors are generated remain to be further explored.

4.2 Modulation of Th17 response

4.2.1 Regulatory T cells—The dominant players on the immunoregulatory arm that
restrict and suppress excessive inflammation, including in autoimmunity, are specialized
CD4* regulatory T cells (Treg), characterized by their high expression of CD25 (the high
affinity receptor subunit for IL-2 to maintain survival and proliferation of Treg) and Foxp3
(the master transcriptional factor for the development and function of Treg), which are in
contrast to pro-inflammatory CD4" effector T cell subsets Th1, Th2 and Th17. To date,

two types of Treg have been defined, including the larger population that is developed
during the normal process of T cell maturation in the thymus (termed “natural Treg”,

nTreg or tTreg) and the smaller but more antigen-specific population that is induced in

the periphery from naive T cells in the presence of IL-2 and TGF- or after encounters

with foreign antigens (termed “induced Treg”, iTreg or pTreg) [121,122]. Both subsets of
Treg work in synchrony to maintain peripheral tolerance and immune homeostasis through
dampening naive T cell priming or attenuating effector T cell function [123,124]. In DED
the regulatory function of Treg is compromised demonstrated by their inability to suppress
IL-17 production by effector CD4* T cells despite that the number of Treg is minimally
affected [96,100]. The characteristic phenotype of dysfunctional Treg is down-regulation

of Foxp3 expression [125], which has been demonstrated in DED mice [100]. It remained
to be elucidated whether other critical Treg function-associated molecules are altered in
DED as well, including surface expression of cell contact-dependent co-inhibitory molecules
CTLA-4 and GITR as well as secreted anti-inflammatory cytokines I1L-10 and TGF-B by
Treg. It is known that TGF-B is required for the generation of both Treg and Th17, therefore
the presence or absence of the other cytokine IL-6 is a key determinant skewing the immune
balance between the two reciprocally interconnected and functionally opposed cell subsets
[126,127]. As increased IL-6 levels have been consistently observed in both ocular surface
and draining lymphoid tissue in DED [53,55,56,100,107], it is plausible to attribute IL-6

as one of the critical factors leading to Treg dysfunction while promoting Th17 in DED.
Significantly higher Th17/Treg ratio and lower Treg numbers in the peripheral blood of
Sjogren’s syndrome patients than healthy subjects have been reported [128,129]. In addition,
in vivo blockade of IL-17 effectively restores Treg function in DED [100], suggesting that
IL-17 may also directly or indirectly contributes to Treg dysfunction. Nevertheless, the
detailed mechanisms underlying Treg dysfunction in DED, especially their interaction with
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Th17-associated factors, have yet to be investigated. Furthermore, even though Treg show
compromised function in DED, complete depletion of Treg using an anti-CD25 antibody

or in CD25 knockout mice led to even worsened disease, while reconstitution of normal
Treg in DED mice conferred the recipients resistance to disease induction [89,111,130,131],
suggesting that Treg, probably primarily nTreg, play important regulatory roles in DED
pathogenesis. In a pilot study in patients with Sjogren’s syndrome, low-dose IL-2 treatment
has been demonstrated to successfully restore functional Treg and the Th17/Treg ratio in
the periphery, along with the reductions in the use of glucocorticoid and disease-modifying
anti-rheumatic drugs [129]. These promising results suggest that restoration of normal Treg
function can be a novel therapeutic strategy in treating DED.

CD8™ regulatory T cells have also been implicated in DED pathogenesis by a study
demonstrating that depletion of CD8* T cells in mice promotes the generation of Th17
response and leads to a more severe ocular surface disease [132]. The precise subset is
assumed to be CD8*CD103* cells, which are presumably to limit the Th17 immunity in
DED via suppressing the process of APC-mediated Th17 generation, but not restricting
already activated Th17 cells [132].

4.2.2 Neuromediators—As described above, healthy corneal innervation with the
physiological levels of neuropeptides at the ocular surface is essential to corneal epithelial
homeostasis [133-135]. Substance P and calcitonin gene-related peptide (CGRP) are the
two main neuropeptides expressed by corneal nerves [136], and they originate from
sensory nerve [137]. Mice with genetic deletion of functional SP receptor — neurokinin-1
receptor (NK1R) develop corneal epitheliopathy [138]. In a mouse model of Sjogren’s
syndrome, significantly reduced CGRP-containing corneal nerves is observed with the
disease progression [139]. However, in DED mice and refractory surgery patients who
subsequently developed dry eye symptoms, abnormally increased expression of SP has
been noted [140,141], which in turn induces neurogenic inflammation and propagates
inflammatory cascade in DED. The heightened levels of sensory nerve-derived SP promote
corneal APC mobilization and maturation, which subsequently induces effector Th17
response in DED [140]. Elevated levels of SP in draining lymph nodes is accompanied

by increased proportion of NK1R* Treg among total Treg in DED, and NK1R* Treg

show significantly compromised regulatory function as compared to NK1R™ Treg [142].
Co-culture of normal Treg with SP leads to the loss of function in Treg, demonstrating

that SP contributes to Treg dysfunction via direct acts on Treg [142]. It remains to be
determined whether SP also has a direct effect on Th17 differentiation and function besides
via enhancing APC-mediated Th17 activation [140,143] and suppressing Treg-mediated
Th17 restriction [142].

4.3 Thl7-dependent humoral immunity

B cell is the other major cellular component of adaptive immunity, and B cell-mediated
humoral immunity participates in disease pathogenicity by primarily differentiating into
plasma cells that actively produce autoantibodies causing self-tissue damages. Autoreactive
B cells are known crucial effectors mediating Sjogren’s syndrome evidenced by the presence
of autoantibodies directed to ribonuclear proteins SS-A/Ro and SS-B/La, as well as to
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the M3R protein in both patients and animal models [112,115-118,144], along with the
formation of ectopic germinal centers in exocrine glands in about one fourth patients
[145,146]. However, the B cell-centric concept in the pathogenesis of Sjogren’s syndrome
has been challenged by the failure of a recent clinical trial testing B cell depletion strategy
with rituximab, in which no significant improvement in primary endpoints of dryness

or pain has been achieved [147]. New evidence indicates that T cell immunity plays a
critical pathogenic role in Sjogren’s syndrome by direct effector function or promotion

of humoral immunity. Focal dominant CD4" T cell infiltration over B cells in lacrimal
glands has been reported in various animal models [7,112,116,148-151]. Similar infiltration
pattern in the exocrine glands is also observed in patients, including larger CD4* T cell
population, particularly in the earlier stage of disease [152,153]. In Aire-deficient mouse
model of Sjogren’s syndrome, after individual depletion of CD4* T cells, CD8* T cells,
or B cells, only CD4*T cell-depleted group showed significant improvement of lacrimal
gland pathology [154]. In contrast, in /@3 knockout mouse model, depletion of B cells led
to significant disease improvement [155]. Furthermore, the glandular infiltrating CD4* T
cells are capable of secreting 1L-17 [112], which promotes autoreactive B cell response
and autoantibodies production in NOD mice [156], and is associated with ectopic germinal
center formation in patients with primary Sjégren’s syndrome [157]. Taken together with
the salivary gland evidence outlined in the “effector Th17” section above, Th17 immunity
is suggested to play critical role in disease initiation and subsequent B cell activation in
Sjogren’s syndrome [91,158,159]; these findings need to be further confirmed in studies
focusing on lacrimal glands and ocular surface.

The role of B cell immunity in non-Sjogren’s DED along with its interaction with T

cell immunity have not been extensively studied. In mice, only a long period (3 weeks)

of desiccating stress has been shown to lead to increased serum antibodies against
kallikrein-13 [77], suggesting that humoral immunity may participate in the pathogenesis of
non-Sjogren’s DED in a similar temporal pattern (i.e. after the activation of T cell immunity)
as indicated in Sjogren’s syndrome. Furthermore, adoptive transfer of serum or purified

IgG collected from these DED mice to T cell-deficient nude mice has led to decreased

tear production along with increased cytokines IL-1p, TNF-a, IFN-y, and IL-17 in tears,

as well as reduced conjunctival goblet cells [77], indicating that autoantibodies contribute

to T cell-centered pathogenesis in non-Sjogren’s DED. Our recent work has shown that
CD4* T cells isolated from desiccation-induced DED mice promotes B cell proliferation and
activation primarily via secreted 1L-17, and activated B cells further up-regulate their own
expression of IL-17 receptor, through which IL-17 further induces B cell class switching
and differentiation to plasma cells [160], thus demonstrating a strong line of evidence of T
cell-dependent B cell activation in DED pathology.

In addition to their major function of producing autoantibodies in autoimmunity, B cells
may also serve as APC and secrete various inflammatory cytokines that facilitate T cell
immunity; these areas have yet to be explored in DED pathogenesis.
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5. Homing of effector Th17 cells to the ocular surface and the resulting

tissue damage

Fully functional, tissue-specific effector Th17 cells generated in the regional draining
lymphoid compartment subsequently migrate to the ocular surface, where they play
pathogenic functions causing characteristic DED pathologies in the target tissues (Fig.

1), including (i) disruption of corneal epithelial barrier [161], (ii) decreased numbers and
atrophy of conjunctival goblet cells [92,95,162], (iii) apoptosis of corneal and conjunctival
epithelia [163], (iv) basal acinar cell proliferation and altered lipid production in Meibomian
gland [164], and (V) nerve degeneration [49,165-170].

5.1 Infiltration of effector Th17 cells into ocular surface

At the ocular surface of DED, T cells primarily infiltrate in the conjunctiva [68,87,88,92].
To facilitate the ingress of effector T cells that are activated in the regional lymph

nodes to the peripheral targeting tissues, T cells have to up-regulate specific chemokine
receptors facilitating their interaction with blood vessel endothelium, and thus migrate to the
target site via efferent blood vessels. These effector CD4* T cells in DED preferentially
up-regulate expressions of CCR5, CXCR3 and CCR6 [93,171,172], directing them to
migrate towards ocular surface where higher levels of corresponding chemokines are
present, including CCR5 ligands MIP-1a (CCL3), MIP-1p (CCL4), and regulated on
activation, normal T-cell expressed and secreted (RANTES, or CCL5); CXCR3 ligands
monokine induced by interferon-y (MIG, or CXCLD9), interferon-y inducible protein 10
(IP-10, or CXCL10); and CCR6 ligand CCL20 [12,65,172-174]. Among these various T
cell-associated chemokine/receptor axis, CCRE6 is discretely expressed by Th17 cells, and
CCRG6/CCL20 axis has been shown functionally critical for the homing of effector Th17
cells to the ocular surface from the lymphoid compartment, demonstrated by significant
abolishment of T cell infiltration in conjunctiva in the absence of CCR6 (knockout) or after
topical neutralization of CCL20 in DED mice [171,172]. CCR2, a receptor expressed by
monocytes, is also expressed by Th17 cells [175], particularly on the highly pathogenic IFN-
v*GM-CSF* Th17 subset [176], and thus CCR2 also contributes to Th17 cell trafficking in
DED as demonstrated by decreased T cell infiltration in conjunctiva after topical blockade
of CCR2 in DED mice [68]. In addition to the requirement of guidance by chemokine-
receptor axis, peripheralization of T cells is dependent on their additional expression

of adhesion molecules, such as integrins, which facilitate their binding to extracellular
matrix components. In DED, two important pairs including lymphocyte function-associated
antigen-1(LFA-1, or integrin a ) and its binding ligand intercellular adhesion molecule-1
(ICAM-1), as well as very late antigen-4 (VLA-4, integrin a4f1) and its binding ligands
such as vascular cell adhesion molecule-1 (VCAM-1) have been demonstrated to mediate
T cell journey to the ocular surface. Specifically, topical application of LFA-1 or VLA-4
small molecule antagonists to DED mice has been shown to lead to significant inhibition of
T cell response in ocular surface [88,177]. Lifitegrast, a topical LFA-1 antagonist, has been
recently approved by the FDA for DED patients therapy [178].
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5.2 Thl7-mediated ocular surface damage

Although predominantly infiltrated in the conjunctiva, effector Th17 cells cause entire
ocular surface tissue damages in DED involving cornea, conjunctiva, and possibly eyelids,
primarily through secreted cytokines. At the ocular surface of both DED animal models and
patients, significantly increased levels of IFN-y and IL-17 have been widely documented
[12,56,100,179-182]; and our most recent identification of IFN-y*I1L-17* “double-positive”
Th17/1 cells in DED demonstrate that both these two critical cytokines are integral parts

of Th17 immunity, and thus has reshaped the previous view on the pathogenic role of
classic Th1 immunity in DED. In fact, there is significant infiltration of both IFN-y~IL-17*
“single-positive” Th17 and IFN-y*IL-17* “double-positive” Th17/1, but not IFN-y*IL-17~
Th1, in DED conjunctiva [172,183].

Furthermore, a series of elegant adoptive transfer experiments have undoubtedly
demonstrated that both single-positive Th17 and double-positive Th17/1 cells are pathogenic
effectors in DED with Th17/1 particularly capable of exacerbating tissue destructions due to
their ability of producing both IFN-y and IL-17 [183]. Lack of new blood vessel formation
in DED cornea [81] may limit the direct access of effector T cells to cornea, however,
cytokines secreted by conjunctival infiltrating T cells can diffuse throughout the tear film
and thus cause wide range of tissue damage in DED.

5.2.1 Ocular surface epitheliopathy—IL-17 has been shown to promote corneal
epithelial production of both MMP-9 and MMP-3 by binding to its receptor IL-17RA that
is constitutively expressed by ocular surface epithelia [100], resulting in corneal epithelial
barrier disruption [12]. In vivo blockade of IL-17 in DED has been shown to effectively
improve the corneal epitheliopathy [12,83]. IFN-y can cause significant conjunctival
epithelial squamous metaplasia characterized by loss of goblet cells and decrease of mucin
production, accompanied with epithelial apoptosis [97,184]. Gablet cells are not only the
primary source of mucins for tear film that contributes to the physical barrier [185], but also
can directly induce immune tolerance via conditioning APC, and thus loss of conjunctival
goblet cells may further exacerbate ocular surface inflammation in DED [186]. Topical
neutralization of IFN-y in DED has been shown to reduce the conjunctival goblet cell loss,
and specific elimination of Th17-derived IFN-y improves corneal epitheliopathy in DED
[183].

5.2.2 Ocular surface inflammatory cascade—In addition to causing direct ocular
surface tissue damage, Th17 propagates the pathological process and leads to a vicious cycle
by amplifying the inflammation. IL-17 is able to efficiently induce endothelial and epithelial
cells to secret IL-6, TNF-a, IL-1p and IL-8 [187,188], thus inducing a cytokine cascade at
the ocular surface that can further recruit neutrophils and macrophages and activate APC,
perpetuating tissue damages (including corneal nerves described in the next section) and
promoting epitope spreading to a more diverse set of target antigens. In a mouse model of
allergy-associated Meibomian gland dysfunction, Th17-mediated recruitment of neutrophils
to conjunctiva was found to play a central role in causing obstruction of Meibomian gland
in the eyelids, and blockade of Th17 immunity significantly reduced Meibomian gland
plugging [189]. Furthermore, IL-17 is critical in promoting corneal lymphangiogenesis
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via inducing expression of pro-lymphangiogenic VEGF-D by corneal epithelial cells in
DED [82], thus driving progressive ingrowth of lymphatic vessels that allows continuous
trafficking of corneal APC to lymphoid compartment and enhances autoimmune response
[190]. In addition, Th17-produced GM-CSF contributes to ocular surface inflammation in
DED primarily through promoting ocular surface APC maturation and migration [109], and
increased tear level of GM-CSF has been reported in DED patients [182].

5.2.3 Ocular surface neurosensory abnormalities—Cornea is the most densely
innervated tissue in the body, and corneal sensory signals controlled by the trigeminal
ganglion neurons are critical in maintaining the ocular surface homeostasis via regulating
lacrimation, secretion of epitheliotrophic factors, and the blink reflex. Corneal degenerative
neuropathy is a frequently encountered pathology in DED, associated with the ocular surface
inflammation and corneal pain [191]. The up-regulated cytokines IL-1pB, IL-6 and TNF-a

at the ocular surface of DED sensitize various nociceptors expressed by sensory nerve
terminals at the ocular surface, increase their activity and excitation, facilitate release of

SP, and evoke nociceptive pain [192-195]. In addition to the peripheral pathway, central
sensitization of trigeminal neurons is demonstrated as well involved in ocular pain sensation
in DED [196]. However, with the progression of the ocular surface inflammation, structural
damage of corneal nerves occurs evidenced by reduced intraepithelial nerve terminals in the
epithelium as well as the decrease of their originating subbasal nerves in both pre-clinical
models and patients [49,165-170], along with the reduced corneal sensitivity or hypoalgesia
[49,50,165,167-169,197,198]. Furthermore, in chronic DED, altered gene expression and
disturbed regeneration of corneal nerves (such as increased nerve tortuosity) [199-201]
subsequent to acute nerve damage and chronic inflammation, may lead to persistent sensory
hypersensitivity (hyperalgesia) or frequent spontaneous discharge (allodynia) [199], thus
potentially contributing to chronic pain or discomfort in DED. The precise role of Th17
immunity in causing direct corneal nerve degeneration, regeneration, and the abnormal
sensation, besides via indirectly enhancing the innate cytokine cascade, remains to be further
investigated.

6. Th17 memory formation and chronic dry eye inflammation

6.1 Development and function of memory Th17 cells in chronic DED

Clinical DED often presents as a chronic disease, while the majority of mechanistic and
therapeutic data derived from the pre-clinical models reflect an acute inflammatory process;
and thus a major gap between experimental models and clinical setting has been identified.
Accordingly, our recent studies have aimed to address this critical gap. We found that

when acute DED mice induced by a period of desiccating stress was transferred to a
normal-humidity environment, corneal epitheliopathy in mice gradually regressed to a
lower level, but never normalized, for many months, despite recovery of tear deficiency,
thus establishing a critical murine model of chronic DED [190]. Partial resolution of the
acute severe corneal epitheliopathy occurred dominantly in the first week of deprivation of
desiccating stress, during which period the previously expanded effector Th17 pool in acute
disease dramatically contracted, accompanied by the emergence of a substantial memory
Th17 population defined as CD4*CD44NI"CD62L~IL-17* — a characteristic phenotype of
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“effector memory cells” distinct from the “central memory cells” [108]. Memory T or B
cell-mediated “immunological memory” is a defining feature of adaptive immunity, and

its broad benefits in host defense have been widely demonstrated in vaccine-induced and
post-infection acquired protection, primarily via B cell or CD8" T cell memory mechanisms.
In contrast, the roles and biology of memory CD4* T cells are more complex and less

well understood due to the diverse subsets of effector T helper cells. A few recent studies

in the field have implicated potentially detrimental outcomes mediated by memory Th17
cells in autoimmunity and chronic inflammation [202,203]. We next examined the functions
of those memory Th17 cells in DED. It is known that two cardinal features of adaptive
immune memory are the specificity of response and the enhanced amplitude and speed of
the response. We thus adoptively transferred the memory cells isolated from chronic DED

to healthy naive mice and found that recipients developed the similar clinical disease [190].
Furthermore, secondary challenge with a repeated short-term desiccating stress on chronic
DED mice led to a more rapid and severe disease exacerbation than the primary challenge
[204]. Taken together, these data demonstrate that memory Th17 cells play a specific,
pathogenic role in causing autoimmune dry eye disease. We subsequently performed a series
of in-depth investigations exploring the generation and maintenance mechanisms of memory
Th17 cells in DED.

6.2 Generation of memory Th17 cells from effector precursors

Our study shows that the DED-specific memory Th17 cells emerging during the contraction
phase of primary response are generated from a small fraction of surviving effector

Th17 cells, consistent with the previously reported “linear” memory development pathway
[205,206], driven by persisting environmental IL-23 stimulation and diminished IL-2
signaling at both ocular surface and regional draining lymph nodes (Fig. 2) [108]. Blockade
of 1L-23 specifically during the contraction phase effectively prevents the Th17 memory
formation, and the I1L-23-dependent linear conversion of effector Th17 to memory Th17

is through inhibition of T cell apoptosis [108]. Although early up-regulated IL-2 level in
the expansion phase of primary response is critical for effector Th17 proliferation and is
required for subsequent memory formation possibly due to its role in promoting specificity
through clonal expansion and promoting more robust responses through early epigenetic
reprogramming [108,207], persistent IL-2 stimulation on effector Th17 cells suppresses
generation of memory cells through inducing cell apoptosis [108] and possible exhaustion
via activating the aryl hydrocarbon receptor [208]. In fact, reduced IL-2 level has been
observed in the periphery of Sjdgren’s syndrome patients, which is linked to unrestrained
Th17 generation via epigenetic modification of //Z7alocus in CD4* T cells [209]. Along
with the chronic low-grade corneal epitheliopathy, memory Th17 cells persist for prolonged
period in both conjunctiva and draining lymphoid tissues, allowing them constant contact
with the ocular surface antigens; interestingly, they do not co-produce IFN-v, a critical
cytokine contributing to heightened inflammation in the acute disease [183]. Consistent
with the cellular findings, only heightened levels of the cytokine IL-17, but not IFN-y

are present in the ocular surface in chronic DED [95,190]. Intriguingly, our ongoing work
further shows that the major effector precursors of memory Th17 cells are IFN-y-producing
double-positive effector Th17/1 cells (manuscript submitted for peer-review). Although
memory Th17 cells lose the capacity of secreting IFN-vy, they maintain the expression, at a
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lower level, of the transcriptional factor T-bet (the master regulator for IFN-y expression)
as their effector precursor Th17/1 cells, suggesting that transcriptional imprinting on T cells
induced during the primary response via TCR ligation, cytokine cues, and others may play a
determinant role in subsequent memory Th17 cell generation [210]. Indeed, low level T-bet
expression has been shown to critically control the development and function of memory

B cells, memory CD8* T, and memory Th1 cells [211-215]. Although IFN-y itself and
IL-12 are known potent T-bet expression inducers, their roles in maintaining low level T-bet
expression during memory formation, including memory Th17 pool, need to be further
investigated, along with other possible factors. Taken together, transcriptional changes in T
cells induced in the effector phase synergize with cytokine cues in the contraction phase to
critically govern the generation of memory Th17 pool in DED.

6.3 Maintenance of memory Th17 cells and sustention of chronic inflammation

It is demonstrated that continuous production of IL-17 by memory Th17 cells sustains the
chronic ocular surface inflammation in DED, and topical blockade of IL-17 significantly
improves the disease severity [204]. The next question is why memory Th17 cells are
long-lived in contrast to the short-lived effector Th17 cells. One major phenotypic change
during the IL-23-driven conversion of effector Th17 to memory Th17 is the newly-acquired
cell surface expressions of IL-7 receptor and IL-15 receptor [108], both of which are critical
for the prolonged survival of memory Th17 cells in DED [204]. In addition to the antigen
persistence, environmental cytokine signaling plays essential roles for the maintenance of
memory T cells. In this regard, the two cytokines IL-7 and IL-15 provide key support to
memory Th17 cell survival via maintaining robust cell proliferative and preventing cell
apoptosis (Fig. 2) [204]. Specifically, both IL-7 and IL-15 provide survival signals via
activating signal transducer and activator of transcription 5 (STAT5) pathway, and IL-15
provides additional proliferation signals via activating both STAT5 and protein kinase B
(Akt) pathways. Topical neutralization of either cytokine efficiently abolishes pathogenic
memory Th17 cells at both conjunctiva and draining lymphoid tissues, along with the
significant and long-lasting DED amelioration [204]. These two cytokines, along with IL-2
which is fundamentally involved in memory Th17 generation as described above, belong to
the same common-gamma chain receptor cytokine family. These pre-clinical data suggest
that manipulation of local environmental factors supporting memory Th17 cells, especially
the common-gamma chain family cytokines, can be a novel, specific, and safe strategy

in the treatment of DED without eliciting systemic adverse effects that may result from
jeopardizing protective immunity.

The memory Th17 cells are functionally pathogenic demonstrated by their ability of
transferring DED clinical phenotypes to healthy naive mice [190]. Interestingly, re-challenge
of chronic DED mice with a shorter period of desiccating stress than the primary challenge
leads to a faster and more severe acute-on-chronic disease exacerbation, along with a

robust effector response characterized by the efficient conversion of the small memory

Th17 pool to an expanded effector pool that comprises both IL-17-producing effector

Th17 cells and IFN-y/IL-17 co-producing effector Th17/1 cells [95], suggesting that
memory Th17 cell-mediated recall response may be responsible for the intermittent disease
“flare” in clinical patients that is not only seen in DED but frequently seen in other
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autoimmune conditions. The distinct ability of these “antigen-experienced” memory T cells
to mount a recall response from antigen-inexperienced naive T cells is rooted to their

lower activation threshold and less co-stimulation dependence (instead, more dependent

on the environment cues upon re-encounter with cognate antigen) [216,217], higher
antigen-specificity [217,218], and circulation between lymphoid and peripheral tissues (thus
allowing more efficient encounter with antigens in peripheral tissues) [219]. Specifically
for memory Th17 cells, IL-23 has been found again an essential factor to achieve a

fully functional recall response during the repeated antigen exposure in other inflammatory
disorders, primarily through mediating memory-to-effector conversion [220,221]. In DED,
memory Th17 cells are present in both regional lymphoid tissues and the peripheral ocular
surface [204]. Abolishment of memory Th17 cells in chronic DED has been shown to
efficiently diminish the recall response and prevent the disease flare [204].

7. Role of aging and microbiome on Th17 immunity in dry eye disease

7.1 Effects of aging

Age-related changes can result in a shift in the balance between protective and pathogenic
immune responses, collectively termed “immunosenescence”. Advanced age has been
shown a risk factor for autoimmune phenomena [222], and increased prevalence of DED

in the elderly [1] and the spontaneous development of DED in aged animals [111,223-227]
have been widely reported. Interestingly, in elderly wild-type mice showing DED-associated
corneal epitheliopathy, there is no decreased, but paradoxically increased tear production,
along with mild lymphocytic infiltration in lacrimal glands [228,229], suggesting that
aging-associated higher susceptibility to DED is independent of tear deficiency but mainly
attributed to an “imbalance” between pro-inflammatory and anti-inflammatory pathways

in elderly, characterized as amplified T effector response and failed immunoregulatory
mechanisms. Pre-clinical studies have shown increased matured APC in conjunctiva with
enhanced antigen capturing capability in aged mice [230]. Relatedly, increased Th17 cells
in the eye draining lymph nodes and dramatic up-regulation of IL-17 at the ocular surface
have been identified in aged mice [228,230]. Furthermore, adoptive transfer of CD4" T cells
isolated from draining lymph nodes and spleen of aged mice to naive recipients effectively
led to T cell infiltration in the ocular surface and DED signs in recipients [228]. Taken
together, these data suggest a causal relationship between spontaneously activated CD4*

T cells (especially Th17 subset) and DED in the aged mice. More recently our group has
further made an effort to dissect whether those systemically activated CD4* T cells in the
aged in fact represent a memory cell population which contributes to the chronic DED

in the aged. Using our robust environmental desiccating stress model, we showed that in
aged DED mice a significantly larger memory Th17 pool than in young counterparts was
formed, and upon secondary exposure to desiccating stress, those aged developed more
severe corneal epitheliopathy associated with heightened Th17 recall response; furthermore,
depletion of the enlarged memory Th17 pool in the aged prevented the rechallenge-induced
DED exacerbation, demonstrating the important role of memory Th17 cells in predisposing
the aged to DED [231]. The precise underlying mechanisms by which immunoscenescence
contributes to the expanded autoreactive memory Th17 pool remain to be elucidated, such as
Treg-mediated regulation of immunological memory.
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7.2 Effects of the microbiome

Commensal bacteria colonize all exposed body surfaces among which gut is the most
densely populated organ; in contrast, ocular surface is a relatively sterile site with low
bacterial load [15,232]. The inhabited bacterial communities are collectively referred to
microbiota, and their collective genomes are referred to microbiome [15]. There has been
recently increasing interest in studying the effect of microbiome on immune homeostasis
in health and disease, and it has been demonstrated that gut microbiota impact not only
intestinal diseases but also diseases in other sites, including the eye, a phenomenon called
gut-eye axis [131,233]. In a spontaneous transgenic autoimmune uveitis (inflammation

of uvea of the eye) model, gut microbiota are shown as a trigger of retina-specific
autoreactive Th17 cell activation in the periphery (gut lamina propria) independent of
retinal antigens, possibly via the antigenic mimic mechanisms (though the culprit microbe
and its immunogenic antigen remain unclear); these Th17 cells are pathogenic in causing
uveitis [234]. In contrast, in the ocular surface, gut microbiota seem to play protective
roles. Depletion of commensal bacteria in wild-type mice in germ-free environment leads to
spontaneous development of DED, and fecal microbiota transplant from conventional mice
to these germ-free mice ameliorates DED severity and decreases CD4* T cell infiltration
[235]. Similar findings have been demonstrated in a transgenic Sjégren’s Syndrome DED
model [236]. In addition, wild-type mice subjected to desiccating stress develop more
severe DED when treated with oral antibiotics cocktail that induces intestinal dysbiosis
[237]. The protective roles of gut microbiota in DED may be related to their induction of
functional Treg [238-240] that restrict autoreactive Th17 immunity. These findings suggest
fecal microbial transplant a potentially novel therapy for DED, and currently a clinical

trial using this strategy to treat Sjogren’s Syndrome DED is ongoing (ClinicalTrials.gov
Identifier: NCT03926286). Notably, serious adverse effects of fatal infections with multi-
drug resistant organisms from fecal microbiota transplant have been recently reported in
clinical trials. An alternative approach of modulating gut microbiome is oral supplement
with probiotics, which are selective live microorganisms that can provide beneficial effects.
In a mouse model of Sjogren’s Syndrome which is subject to gut microbiota depletion by
antibiotic cocktail and germ-free environment, probiotic treatment significantly improves
corneal barrier function and tear production, along with increased Treg population [241],
indicating probiotics an appealing approach to treat autoimmune DED; nevertheless its
definitive benefits in patients are to be determined by extensive human studies. Further
studies are required to gain a better understanding on what commensal microbes and how
they affect Th17 immunity in DED; answers to these questions may lead to more efficient
microbiome-modulating therapies utilizing antibiotics, probiotics, or microbiota-derived
metabolites (such as short-chain fatty acids).

8. Conclusions and perspectives

Accumulating experimental and clinical evidence demonstrate the central role of Th17-
mediated pathogenesis in causing the persistent ocular surface inflammation in DED that
leads to a myriad of ocular surface pathologies involving the tear film, epithelium, and
nerves. Precise delineation on the generation and function of Th17 autoimmunity in other
DED-associated target organs including lacrimal glands and Meibomian glands within the
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concept of ocular surface-local lymphoid compartment axis remained to be wrought. The
understanding on the interplay between Th17 immunity and nervous system, angiogenesis,
microbiome in DED pathophysiology is rapidly evolving with the use of novel animal tools,
such as IL-17 reporter mice for tracking plastic Th17 cells. Given the potentially critical
roles of T cell memory in autoimmune conditions that usually present with chronic and
relapsing courses, including DED, specific immunomodulation that either directly targeting
memory Th17 cells or indirectly restricting them via enhancing their limiting factors may
represent novel and efficient approaches that can restore ocular surface homeostasis in
autoimmune DED, and thus holds a promise in future translational and clinical studies.
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Highlights
. Th17-mediated autoimmunity plays a central pathogenic role in dry eye
disease.
. Effector Th17 cells are highly plastic producing both IL-17 and IFN-y,
leading to ocular surface tissue damage and inflammatory cascade.
. Effector Th17 cells derived memory Th17 cells are long-lived and maintain

the chronic inflammation in dry eye disease.

. Targeting immunological memory can be a promising strategy for treating
Th17 cell-mediated autoimmunity.
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Figure 1. Th17-mediated autoimmunity in dry eye pathogenesis.
(1) Induction of adaptive Th17 immunity is initiated by the early activation of innate

immunity in response to desiccating stress or hyperosmolar stress on ocular surface,
including release of TNF-a., IL-1p, and IL-6 by mucosal lining cells, infiltration of
monocytes, macrophages, NK cells (1-1), and activation of antigen-presenting cells (APC)
(1-2), which subsequently egress via newly-formed lymphatic vessels (1-3) to draining
lymph nodes, specifically intranodal T cell zone, guided by chemokine-receptor axis (1-4).
(2) In the draining lymph nodes, APC prime naive T cells (Th0) and promote their
differentiation into Th17 cells (2-1), a process accompanied by dysfunction of inflammation-
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limiting regulatory T cells (Treg) (2-2). Initially differentiated Th17 cells undergo clonal
expansion and full activation by gaining effector function of producing both IL-17 and
IFN-y under the stimulation of IL-23 and IL-12 (2-3). Effector Th17 cells can further
promote B cell differentiation to plasma cells (2-4). (3) Tissue-specific effector Th17 cells
generated in the regional draining lymphoid compartment home to the ocular surface via
chemokine-receptor axis and adhesion molecules. (4) Effector Th17 cells cause ocular
surface epitheliopathy, inflammatory cascade, and neurosensory abnormalities via IL-17,
IFN-v, and GM-CSF. (5) With the resolution of acute inflammation, a small part of effector
Th17 pool (both eTh17 and eTh17/1 cells) becomes long-lived memory Th17 cells (mTh17)
which maintains chronic inflammation.
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Figure 2. Generation and maintenance of memory Th17 cells in dry eye disease.
In the expansion phase, IL-2/CD25 signaling and I1L-23/1L-23R signaling are critical for

effector Th17 cell proliferation and full activation. During the contraction phase, persisting
environmental 1L-23 stimulation is required for driving the conversion of CD4419W effector
Th17 to CD44MN memory Th17, while persistent IL-2 stimulation on effector Th17 cells
suppresses generation of memory cells through inducing cell apoptosis. The memory Th17
cell pool is maintained for long term by both IL-7 and IL-15 signaling, and mediates the
chronic inflammation in dry eye disease.
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