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Abstract

Most patients with chronic dry eye disease (DED) have episodic flares, which can be triggered by
a variety of activities and environmental stresses. These flares are typically associated with rapid
exacerbation of discomfort symptoms, followed by prolonged elevation of inflammation. In an
acute flare, ocular surface inflammation begins with a nonspecific innate immune response, in
some cases followed by a slower but more specific adaptive immune response. At the ocular
surface, epithelial cells are central to the innate immune response, and we discuss their role in
DED flares alongside the other core components. Epithelial cells and other cells of the innate
response (neutrophils, monocytes, macrophages and dendritic cells) trigger flares in response to
increased osmolarity, detected via pattern receptors on their cell surface. Ultimately, downstream
signaling pathways activate innate and adaptive immune responses, with consequent inflammation
and symptoms. In chronic DED, pathogenic T cells have infiltrated the ocular surface tissues. The
established adaptive immune response is likely to lead to flare-ups at lower thresholds of stress,
with inflammation maintained over a longer period. Increased understanding of the inflammatory
cascades activated during a flare may guide management and improve outcomes.
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1. Introduction

Dry eye disease (DED) is a common ocular condition, recognized as one of the most
frequent reasons for patients to seek eye care (Bradley et al., 2019). DED characterized by a
loss of homeostasis of the tear film, and inflammation of the ocular surface is fundamental to
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definition of the disease (Craig et al., 2017; Stern et al., 1998). The typical symptoms of
DED — including irritation, discomfort, blurred or fluctuating vision — and signs, such as
corneal epitheliopathy and loss of conjunctival goblet cells, are also closely associated with
ocular surface inflammation.

The onset of DED may be initiated by desiccating and osmotic stress resulting from one or
more of a variety of factors. Regardless of the specific initiating event, the disease is then
perpetuated by a vicious circle of ocular surface inflammation, tear film instability, and
hyperosmolarity (Bron et al., 2017; Ganesalingam et al., 2019; Pflugfelder and de Paiva,
2017; Stern et al., 2010). This results in an ongoing immune response, which is well
documented in patients with DED. Numerous inflammatory cytokines associated with both
the innate immune response as well as the adaptive T-cell response are elevated in the tear
film of patients with DED and inflammatory markers are commonly used for diagnosis and
severity grading of DED in clinical practice (Aragona et al., 2015; Lam et al., 2009; Lee et
al., 2013). Some of the cytokines and chemokines associated with DED are known
neurosensitizers that could lower the threshold required to trigger nerve impulses and
potentiate eye discomfort (Watkins et al., 2007). Unfortunately, the cycle persists unless
appropriate anti-inflammatory treatment is instituted.

As with other chronic inflammatory conditions, patients with DED generally have flares,
typically with rapid exacerbation of symptoms. From the available studies of the natural
history, it appears the majority of patients with DED have a chronic disease with an episodic
rather than continuous symptom pattern (Lienert et al., 2016). Episodic symptoms can be
triggered by a variety of activities and environmental stresses including dry or drafty
environments, contact lens overwear, exacerbation of systemic autoimmune diseases, toxic
medications and preservatives, allergens, as well as more predictably triggered by cataract
and refractive surgery or experimental controlled adverse environments (Calonge et al.,
2018). While it is thus widely agreed that the majority of patients with chronic DED
experience flares, the pathophysiology is not well understood. Currently, literature on the
exacerbation of signs and symptoms that might be termed a flare in DED is sparse. As there
are few direct studies of flares, we have focused on the rapid onset of the innate immune
response in DED as a model for acute flares, comparing this with the well-characterized
adaptive immune responses associated with chronic disease.

Methods

Using the National Center for Biotechnology Information PubMed® database, the literature
was searched for clinical studies in DED, with search terms “dry eye”, “inflammation”, and
“flare”. The search was not restricted to controlled clinical trials because, by definition,
flares are difficult to study in these circumstances. Studies of simulated adverse
environments and patients undergoing surgery were included, as well as reported studies in
animal models and human cell lines. In addition, the bibliographies of references identified

by the searches were reviewed.
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Innate and adaptive immune responses

For the purposes of discussion, we use the term flare to describe an orchestrated response,
with a rapid onset followed by prolonged elevation of inflammation — for days, possibly
even weeks — as opposed to an exacerbation of symptoms lasting a few hours following
exposure to an adverse environment. These flares occur in patients with pre-existing chronic
DED who may or may not already be on topical therapy.

In Figure 1, we show the concepts that we propose to underlie flares in DED, contrasting the
key roles played by different components in acute flare (Fig. 1A) and flare in chronic DED
(Fig. 1B). As shown in Fig. 1A, ocular surface inflammation in an acute flare begins with a
rapid but nonspecific innate immune response, that can be followed by a slower but more
specific adaptive immune response. At the ocular surface, epithelial cells are core
components of the innate immune system. Corneal epithelial cells respond directly to
hyperosmolar stress, producing matrix metalloproteinases (MMPs) as well as other
mediators (Li et al., 2004). The MMPs are proteolytic enzymes that, in healthy eyes, have
roles in physiological desquamation of the corneal epithelium, healing injuries, and
remodeling the extracellular matrix. These enzymes can also initiate inflammatory cascades
by cleaving pro-cytokines and other extracellular proteins (receptors, growth factors, and
adhesion molecules), as well as establishing chemokine gradients. In DED, epithelial cells
have also been noted to produce and release chemokines, tumor necrosis factor-alpha (TNF-
a), interleukin (IL)-1, IL-6, and IL-8, which amplify the immune response and attract
inflammatory cells (Choi et al., 2012; Jones et al., 1994; Solomon et al., 2001). These
mediators increase activation of sensory nerves, leading to the symptoms of discomfort
associated with flare-ups. Furthermore, desiccating stress can upregulate innate
inflammatory pathways in the epithelium, as discussed below.

Other key cells in the innate response are the phagocytic antigen-presenting cells (APCs); at
the ocular surface, APCs include conventional dendritic cells, monocytes, and macrophages.
In healthy eyes, immature APCs are resident in the corneal and conjunctival epithelium, and
continuously sample antigens. As their name suggests, these cells present antigens to T cells,
which coordinate the adaptive immune response. In dry eye flares, autoantigens are thought
to be generated in response to desiccating stress by proteolytic cleavage or altered
differentiation, although specific autoantigens are yet to be identified (Niederkorn et al.,
2006). After phagocytizing the autoantigen, mature APCs migrate to the draining (cervical)
lymph nodes and present the autoantigen to naive T cells, which are essential for adaptive
immune response in DED (Niederkorn et al., 2006; Stern and Pflugfelder, 2017). While
antigen presentation is often perceived to be their main role, all these mononuclear
phagocytes are also key innate immune cells and secrete proinflammatory cytokines (TNF-
a, IL-6, and 1L-12) and chemokines when activated. More recently, the role of plasmacytoid
dendritic cells has also been recognized (Jamali et al., 2020; Stern and Pflugfelder, 2017).
These cells secrete large amounts of interferon-alpha (IFN-a.), as well as secreting multiple
cytokines and chemokines, potentially playing a significant role in initiating and maintaining
the autoimmune response (Jamali et al., 2020; Stern et al., 2013).

Exp Eye Res. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perez et al.

Page 4

In acute inflammation, release of cytokines and MMPs stimulates neutrophils and natural
killer (NK) cells to attack damaged cells. Neutrophils migrate to the ocular surface, and
detect pathogens directly via recognition of pathogen-associated molecular patterns
(PAMPs). Phagocytosis and fusion with the neutrophil granules not only destroys the
pathogen but also generates reactive oxygen species (ROS), which can stimulate assembly of
inflammasomes (as discussed below). On cell death, neutrophils can also generate neutrophil
extracellular traps (NETSs) by expelling DNA and other fibers; these NETs appear to form in
response to hyperosmolarity, potentially triggering further inflammation (Estua-Acosta et
al., 2019; Tibrewal et al., 2014). When activated, neutrophils also release proinflammatory
cytokines and chemokines, modulating cells of both the innate and adaptive responses.
Similarly, NK cells not only directly kill infected or damaged epithelial cells but also secrete
large amounts of cytokines, notably IFN-v, which activates other cells of the innate
response, as well as T cells (Chen et al., 2011; Zhang et al., 2012).

NK T cells (NK cells that express conventional T-cell receptor) and gamma delta (y6) T
cells (T lymphocytes with a distinct T cell receptor) have features of both the innate and
adaptive response; as lymphocytes without antigen specificity, they are considered innate
cells with some similarities to effector lymphocytes. Furthermore, y8& T cells also secrete
significant amounts of IL-17, which is known to diminish activity of regulatory T cells
(Tregs) and stimulate MMP-3 and MMP-9 production (De Paiva et al., 2009).

The release of proinflammatory cytokines and action of APCs activates the adaptive immune
system, resulting in activation of naive T cells. On activation, CD4+ T cells differentiate into
different subsets of effector T cells, including the T-helper (Th) cells that are considered the
drivers of adaptive responses in DED. After activation, Thl and Th17 cells infiltrate the
ocular surface, and secrete proinflammatory cytokines. Th1 cells secrete IFN-y, which
upregulates the production of chemokines, chemokine receptors, human leukocyte antigen
(HLA), and cell adhesion molecules that facilitate migration of Th1 and Th17 cells to the
ocular surface, as well as secondary stimulation of these cells on the ocular surface
(Schaumburg et al., 2011). Notably for the long-term consequences, Thl-secreted IFN-y
inhibits secretion from goblet cells and promotes apoptosis of these cells (Garcia-Posadas et
al., 2016). Th17 cells secrete 1L-17, which recruits monocytes and neutrophils to the
inflammation site, and further promotes epithelial damage by stimulating the production of
proinflammatory cytokines and MMPs. Activated T cells also interact with B lymphocytes
via cell-to-cell interaction and cytokine production, promoting expansion and differentiation
to plasma B cells (Subbarayal et al., 2016). The role of B lymphocytes in DED is less well
described than that of T cells, and while their key role is producing (auto)antibodies (Stern et
al., 2012), they also secrete cytokines and serve as APCs. In healthy eyes, Tregs suppress T-
cell activity to restore balance and prevent chronic inflammation (Siemasko et al., 2008), but
Tregs are diminished in DED (Niederkorn et al., 2006).

Patients with chronic DED will probably already have an established adaptive immune
response (Brignole-Baudouin et al., 2017); consequently, inflammation will flare up more
easily in response to adverse environments, and inflammation will also be maintained over a
longer period (Fig. 1B). In mouse models of DED, anamnestic response has been observed
for a prolonged period after return to a normal environment (Chen et al., 2014). This
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certainly seems to reflect the general experience in the clinic that patients with autoimmune
DED, such as Sjogren’s syndrome, may have a heightened inflammatory response to dry and
drafty environments. This would suggest that their threshold for a prolonged flare following
an innate response is lowered, and the adaptive response is amplified and more rapidly
activated than in people without chronic DED. This may be suppressed by
immunomodulatory treatments, but to our knowledge it has not been studied. Indeed, given
the difficulties of studying flares in practice, there is little solid evidence to demonstrate a
reduced threshold, yet available studies do show patients with chronic DED have a greater
increase in inflammatory markers compared to people without DED. A study comparing
responses to a controlled adverse desiccating environment for 20 patients with mild-to-
moderate DED versus 20 healthy volunteers showed increases in proinflammatory tear
molecules, including IL-1 receptor antagonist (IL-1 RA), MMP-9, IL-6, and IL-8
(Fernandez et al., 2019). In a study of patients the day after cataract surgery, patients with
DED had greater increases in inflammatory cytokines versus patients without DED, with
significant increases in IL-1pB, IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1),
TNF-a, and IFN-y (Park et al., 2016). In a study using a controlled environment that
simulated an in-flight air cabin, IL-6 and MMP-9 were both significantly increased (Teson et
al., 2013). Patients with DED also had rapid decreases in epidermal growth factor (EGF), an
essential growth factor for maintaining homeostasis of the ocular surface epithelium. In
addition, it appears that patients with chronic DED already have increased levels of immune
markers that can initiate adaptive immune responses, such as HLA-DR, a key molecule
required for antigen presentation to T-helper (CD4+) cells (Brignole-Baudouin et al., 2017).
In controlled environment studies, rapid activation of APCs has also been indicated, when
expression of HLA-DR was observed in patients with DED following exposure to a
controlled adverse environment for 90 minutes (Moore et al., 2015).

4. Ocular surface changes

A flare results from a complex series of processes, which can be illustrated by comparing a
healthy eye without inflammation, an acute flare, and a flare in chronic DED. For these three
scenarios, Fig. 2 shows the staining likely to be observed, and compares the key elements of
the cornea and conjunctiva for normal tissue and in acute flare or chronic dry eye. In healthy
eyes (Fig. 2 left-hand panel), the ocular surface is protected and lubricated by a stable tear
film that contains antimicrobial factors including defensins, immunoglobulin (Ig) A,
lactoferrin, and lysozyme (produced by the lacrimal glands and the epithelial cells), to
defend against bacteria. The epithelial cells of the ocular surface are tightly aligned, with
intact epithelial tight junctions, and coated with a dense glycocalyx. Epithelial cells secrete
soluble mucins, which help clear pathogens and allergens, as well as membrane-bound
mucins, which are the main constituents of the glycocalyx and may have a role in sensing
tear osmolarity (Mantelli and Argueso, 2008). Conjunctival epithelium is continuous with
the corneal epithelium, and contains numerous goblet cells, which secrete mucins, notably
the gel-forming mucin MUCS5AC. The resulting gel is spread over the whole ocular surface,
and has an integral role in maintaining tear stability. Goblet cells also produce cytokines,
EGF, and retinoic acid, which all help to maintain immune tolerance, preventing activation
of antigen-presenting cells (Alam et al., 2020). Resident immune cells are essential for
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defense against microbes, and NK cells, dendritic cells, macrophages, and y6/CD4+/CD8+
T cells are all found in the conjunctival epithelium of normal eyes. Nerve endings located
between the stratified corneal epithelial cells are shielded from environmental and
inflammatory stimulation by epithelial tight junctions, extracellular matrix and glycocalyx,
resulting in minimal nociceptor firing.

In an acute flare (Fig. 2 center panel), little damage to the epithelium would be expected, as
indicated by the low-grade of staining typically observed. The bulk aqueous/mucin layer of
the tear film has not thinned as in chronic DED, but desiccating stress leads to increase in
osmolarity, and breakup is observed in the precorneal tear film. These changes stimulate
epithelial and immune cells to release cytokines, chemokines, and MMPs; the so-called
cytokine storm. Release of cytokines and chemokines leads to activation of the innate
immune response, which can sensitize nociceptors and cause pain, as well as activation of
APCs, which mature and migrate to the lymph node, stimulating the adaptive immune
response by presenting autoantigen to naive T lymphocytes. Differentiated effector CD4+ T
cells can migrate to the ocular surface, in turn secreting cytokines that can cause epithelial
disease and amplify the innate response, driving the ongoing flare.

In established DED (Fig. 2 right-hand panel), the chronically elevated levels of MMP-9
lead to degradation of the extracellular matrix and promote epithelial cell loss and barrier
disruption. Eventually, tear hyperosmolarity leads to reduced epithelial cell volume, cell
death, and desquamation. Dye staining in these eyes shows extensive damage to the
epithelial cells of the cornea and conjunctiva, reflecting disruption of epithelial tight
junctions or a compromised glycocalyx in the cornea, or cell membrane damage in the
conjunctiva (Uchino, 2018). In the conjunctival epithelium, long-term stimulation with the
proinflammatory cytokines IL-1 and IFN-y causes squamous metaplasia and goblet cell
secretory dysfunction and loss (Coursey et al., 2016; De Paiva et al., 2007; Garcia-Posadas
etal., 2016; Solomon et al., 2001). As the amount of mucus secreted by goblet cells
decreases, the lipid layer thins, further destabilizing the tear film.

In chronic DED, inflammation includes infiltration of the conjunctiva, cornea, and lacrimal
glands by differentiated (antigen-specific) T cells, which secrete proinflammatory cytokines,
and levels of tear cytokines are perpetually elevated (Chen et al., 2014). The proportion of
Treg cells, which would normally suppress antigen-specific T cells, is reduced, and the
secreted cytokines continue to re-trigger the innate immune system. The number of dendritic
cells is increased; furthermore, a higher proportion are mature, as determined by expression
of the antigen-presenting molecule HLA-DR and costimulatory molecules. The immune
response to environmental factors that cause flares may be modulated in patients on
immunomodulatory therapy. Cyclosporine inhibits T cell factors, while lifitegrast suppresses
formation of the immune synapse between APCs and T cells, but neither suppress acute
stress induced production of innate inflammatory mediators.

Damage to the epithelium exposes free nerve endings, but intraepithelial sensory nerve
morphology and function is also altered (Stepp et al., 2018a). Changes are also seen in the
density and structure of nerves, such as nerve sprouting and thickened stromal nerves
(Benitez del Castillo et al., 2004; Simsek et al., 2019; Stepp et al., 2018b; Tuisku et al.,
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2008). Patients with chronic DED experience symptoms rapidly in response to triggers,
presumably because the adaptive response is not required for nerve sensitization: innate
signals during flare-up alter sensory nerves (hociceptors) and provoke rapid-onset of pain
and DED symptoms. Inflammatory cytokines sensitize nociceptors, essentially making the
nerves more sensitive by lowering their stimulation thresholds and increasing firing.
Inflammatory mediators may trigger spontaneous, stimulus-independent pain impulses by
nociceptors.

The adaptive response in chronic DED may also cause nerve alteration. Corneal nerve
damage from chronic DED may cause spontaneous nerve firing, but can also reduce release
of neuropeptides from nerve termini. This impact is unclear, as some neuropeptides can
enhance proinflammatory cytokine production. Deregulation, inflammation, or loss of
corneal nerves or nerve function may result in the loss of immune privilege and increased
inflammation (Hamrah et al., 2016; Paunicka et al., 2015).

5. Priming of inflammation pathways

A flare begins when epithelial and resident immune cells of the ocular surface encounter a
danger signal, such as refractive surgeries, or an environmental trigger. Desiccation of the
ocular surface has been demonstrated to be a potent initiator of innate immune response
(Corrales et al., 2006; Luo et al., 2005). Other triggers might be high osmolarity, various
pollutants or allergens — or pathogens — but regardless of the specific event, they will
trigger a flare via an inflammation pathway.

Fig. 3 shows how signal pathways prime inflammatory cascades in innate immune cells of
the ocular surface. Signals are detected by cell surface receptors, which detect a variety of
stimuli such as PAMPs, danger-associated molecular patterns (DAMPs), or ROS. This signal
sets in motion a pathway of downstream effects, which activate nuclear factor-xB (NFxB) or
other transcription factors (Guzman et al., 2016; Luo et al., 2005; Luo et al., 2004; Pelegrino
etal., 2012). NFxB controls transcription of many genes involved in the inflammatory
response, including proinflammatory cytokines. These pathways promote maturation of
APCs, initiating the inflammatory cascade. In chronic DED, increase in pathways of antigen
presentation has the potential to create a hyperactive antigen-presentation environment
where adaptive immunity is rapidly ramped up (Schaumburg et al., 2011).

NF-xB is also known to regulate transcription of inflammasome components, in response to
extracellular stimuli such as high osmolarity. Activation of inflammasome pathways is
recognized as a key priming stage of epithelial inflammation (Chi et al., 2017). In essence,
inflammasomes are multiprotein structures assembled in the cytoplasm of the epithelial
cells, in response to extracellular signals (Fig. 3). Once assembled, the inflammasome
activates caspase-1, which in turn activates proinflammatory cytokines IL-1p and IL-18.

Inflammasomes are molecular platforms, assembled from eight proteins — these vary with
the specific inflammasome type, but the central protein is always a member of the protein
family NLRP (NOD-, LRR- and pyrin domain-containing protein). Studies suggest NLRP3
is the key inflammasome protein in DED, via the ROS-NLRP3-1L-1p signaling axis (Chi et
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al., 2017; Niu et al., 2015; Zheng et al., 2014; Zheng et al., 2015), although NLRP6
inflammasomes have also been observed in models of DED (Chi et al., 2017).

On activation, the central protein (NLRP3 in the scenario shown in Fig. 3) recruits the
adaptor apoptosis speck-like protein (ASC). ASC is activated, and cleaves procaspase to
caspase-1. Active caspase-1 then cleaves the proinflammatory cytokines prointerleukin-1p
and prointerleukin-18 to their active forms, IL-1p and IL-18. Inflammasome activation can
lead to death of the cell via pyroptosis (cell death via rupture of plasma membrane) with
subsequent release of intracellular components, releasing the active cytokines and initiating
the immune response.

6. Anti-inflammatory therapies

Anti-inflammatory therapies have the potential to inhibit various points in the activation or
maintenance of a flare. Of these agents, corticosteroids are probably the most familiar, yet
the precise molecular mechanisms by which they modulate inflammation is not clear. The
key mechanism is thought to be inhibiting binding of the transcription factor NF-xB to
DNA, thus reducing transcription of cytokine genes (Lan et al., 2012). Given the central role
of NF-xB in activation of inflammation, this proposed mechanism is supported by the broad-
spectrum anti-inflammatory effects of corticosteroids. A corticosteroid can down-regulate
both innate and adaptive immune response pathways, and inhibit signaling pathways and
transcription of relevant cytokine and chemokines within hours. In mouse models of DED,
corticosteroids suppress I1L-1, IL-6, and MMP-9 (Bian et al., 2016), as well as activation of
mitogen-activated protein (MAP) kinase stress signaling pathways (De Paiva et al., 2006b).

Other anti-inflammatory therapies used by clinicians for treating flares include autologous
blood products (serum and plasma). By their nature, these include a variety of anti-
inflammatory factors, such as vitamin A and transforming growth factor-p (TGF-p), as well
as factors that can down-regulate inflammation by binding proinflammatory cytokines, in
addition to promoting longer-term epithelial repair (Tsubota et al., 1999). Antibiotics with
anti-inflammatory activity may also be used, namely doxycycline and azithromycin. Both of
these antibiotics have been found to suppress production of MMP-9 and inflammatory
cytokines, and doxycycline preserved corneal barrier function in the mouse desiccating
stress model (De Paiva et al., 2006a; De Paiva et al., 2006b; Li et al., 2010).

Immunomodulatory therapies that focus on long-term inflammation in DED include
cyclosporine and tacrolimus (calcineurin inhibitors) and lifitegrast (an antagonist of
lymphocyte function-associated antigen-1 [LFA-1]). As with corticosteroids, these agents
have been shown to improve DED signs and symptoms in clinical trials but — as expected
— this is seen over a longer-term period of weeks to months (Chan and Prokopich, 2019;
Moscovici et al., 2015; Tuan et al., 2020). Calcineurin inhibitors increase tear production
and inhibit T cell activation, and cyclosporine treatment has been shown to modulate
cytokines in mouse models (Daull et al., 2019). Lifitegrast also disrupts various key steps in
T-cell-mediated inflammation, by blocking the interaction of intercellular adhesion molecule
with LFA-1, which is critical in migration of dendritic cells to lymph nodes, naive T-cell
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activation by dendritic cells, and T-cell transmigration into the ocular surface (Pflugfelder et
al., 2017).

7. Conclusions and future research

When we consider DED as a chronic autoimmune condition, it is not surprising that most
patients experience flares of inflammation. In chronic DED, the innate immune system is
primed to react to hypertonic and desiccating stress, triggering an orchestrated immune
response with rapid onset of symptoms. Whether such flares influence progression is
unknown and in fact, although DED is generally accepted to be a progressive disease,
relatively little information is available on the natural history. Long-term studies of
associations between flares and signs, symptoms, and progression of DED would therefore
be valuable. Additional research is needed to better understand the pathogenesis and
durations of acute flares and flares in chronic DED. ldentification of biomarkers associated
with these flares could lead to potential new therapeutic targets. Understanding of the
inflammatory cascades activated during a flare may help to identify specific “flare targets”
and guide management and we are optimistic that additional research will further improve
outcomes in the future.
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Abbreviations

ASC apoptosis speck-like protein

APC antigen-presenting cell

DED dry eye disease

EGF epidermal growth factor

HLA human leukocyte antigen

IFN interferon

IL interleukin

LFA-1 lymphocyte function-associated antigen-1
MAP mitogen-activated protein

MMP matrix metalloproteinase

NETSs neutrophil extracellular traps

NLRP3 NOD-, LRR- and pyrin domain-containing protein 3
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PAMP pathogen-associated molecular pattern
ROS reactive oxygen species
TNF tumor necrosis factor
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Highlights

. Episodic inflammatory flares occur in most patients with chronic dry eye
disease.

. Flares typically show rapid onset followed by prolonged exacerbation of
symptoms.

. Flares result from complex inflammatory cascades.

. Increased understanding of flares may guide management and improve
outcomes.
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Fig. 1. Proposed concepts and key components of the innate and immune responses over the
time-course of a flare.

A. In an acute flare, the innate immune system generates a rapid response, which can
activate the adaptive response. B. In chronic DED, components of the adaptive immune
response are already activated and there are pathogenic T cells in the ocular surface, that
leads to rapid increase in inflammation at lower thresholds. See text for details.

APC, antigen-presenting cell
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A Staining Flare in chronic dry eye
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Fig. 2. Normal tissue and disruptions in acute flare or chronic dry eye.
A. Patients with acute flares typically have minimal cornea and conjunctival dye staining,

whereas there may be moderate-to-severe superficial punctate epitheliopathy and dye
staining in chronic DED.

B. Focal tear breakup and osmotic stress activate corneal epithelium and immune cells to
produce innate inflammatory mediators (center). In chronic DED, cornea barrier disruption
and epithelial cell loss is accompanied by infiltration of myeloid and T cells.
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C. Inan acute flare, inflammatory mediators are produced by stressed conjunctival epithelial
cells, including goblet cells that recruit inflammatory cells (center). In chronic DED, goblet
cells are lost or dysfunctional, leading to reduced gel-forming mucin secretion that
destabilizes the tear film and reduced production of anti-inflammatory factors by the goblet
cells (right).

APC, antigen-presenting cell; EBM, epithelial basement membrane; EGF, epidermal growth
factor; IL, interleukin; INF-a., interferon alpha; SML, secretory mucus layer; TNF-a,, tumor
necrosis factor alpha
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Fig. 3. Signal pathways priming inflammatory cascades.
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Hypertonic stress (high osmolarity)
and oxidative stress
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Innate immune cells (macrophages, dendritic cells, and neutrophils) and epithelial cells of
the ocular surface detect hyperosmolarity via pattern receptors. Activation of signal
transduction pathways, such as NFxB lead to production of proinflammatory cytokines and
trigger innate and adaptive immune responses. Activation of the NLRP3 inflammasome

results in IL-1B and IL-18 activation. See text for details.

APC, antigen-presenting cell; ASC, apoptosis speck-like protein; NLRP3, NOD-, LRR- and

pyrin domain-containing protein 3.
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