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Abstract

In the last twenty years an impressive body of evidence in diverse inflammatory animal disease
models and human tissues, has established polyunsaturated fatty acids (PUFA) derived
specialized-pro-resolving mediators (SPM), as essential mediators for controlling acute
inflammation, immune responses and wound healing and for resolving acute inflammation in
many non-ocular tissues. SPM pathways and receptors are highly expressed in the ocular surface
where they regulate wound healing, nerve regeneration, innate immunity and sex-specific
regulation of auto-immune responses. Recent evidence indicates that in the eye these resident SPM
networks are important for maintaining ocular surface health and immune homeostasis. Here, we
will review and discuss evidence for SPMs and other PUFA-derived mediators as important
endogenous regulators and biomarkers of ocular surface health and disease and their therapeutic
potential.

1. PUFA-derived Mediators

Bioactive lipids derived from polyunsaturated fatty acids (PUFA) are potent signaling
molecules that regulate the initiation, amplification and termination of inflammatory
responses. They are autocrine and paracrine mediators that are produced rapidly and are one
of the earliest cellular responses following cell activation or tissue injury. PUFAS are major
constituents of mammalian membranes, and once cleaved from phospholipids are classified
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based on carbon chain length and the number and position of double bonds [1, 2]. Several
ocular surface cell types have both the enzymatic machinery to generate and also respond to
PUFA derived bioactive lipids that control downstream immune responses. Several standard
of care ocular therapies such as corticosteroids, NSAIDS, and PGF,a-analogs either amplify
the actions or inhibit endogenous production of these PUFA-derived mediators,
demonstrating that selective therapeutic targeting of lipid mediator pathways are effective
for treating ocular diseases. In human studies PUFA-derived lipid mediator profiles more
recently have been evaluated as markers for cell-specific functional responses in
homeostasis, disease, infection and tissue repair [3-9]. Hence, they have the potential as
biomarkers for assessing DED symptoms, infection, ocular surface discomfort or perhaps
monitoring the efficacy of other ocular therapies.

Essential PUFAs include arachidonic acid (w—6 AA), docosahexaenoic acid (w—3 DHA)
eicosapentaenoic acid (w—3 EPA) and docosapentaenoic acid (w—3 DPA), and can be
metabolized by cyclooxygenases (COX), lipoxygenases (LOX), and monooxygenases
(CYP450) enzymes into a broad range of structurally distinct and short-lived oxygenated
lipid mediators that regulate and fine-tune inflammatory and immune responses [10, 11].
The actions of these highly conserved oxygenated lipid networks on mammalian cells is
mediated to a large extent by G-protein coupled receptors (GPCR) that drive cell and tissue
specific responses [12, 13]. PUFA-derived mediators are intrinsic signals that initiate,
amplify and regulate routine inflammatory cascades such as vasodilation, edema, platelet
clotting, fibrosis, host defense, the migration and recruitment of innate and adaptive immune
cells into tissues and their local functional responses [11, 12].

The same COX and LOX enzymes which generate bioactive lipid mediators that promote
inflammatory responses, also generate counterregulatory lipids that keep routine
inflammatory events and activation of adaptive immune responses controlled. AA, DHA,
EPA and DPA are substrates for a large class of bioactive lipid molecules that collectively
have been classified as specialized pro-resolving mediators (SPMs) as they limit cellular
infiltration, control leukocyte and effector lymphocyte activation and promote the return to
tissue homeostasis. SPMs have garnered considerable interest as therapeutic targets as they
have immunomodulatory properties, resolve acute inflammation and promote healing in
several pre-clinical animal models [14-18]. Furthermore, in a variety of diseases, diminished
SPM levels in human patient samples correlate with elevated inflammatory markers and
poor disease outcomes [19-22]. Research efforts have primarily focused on the formation of
SPMs during sterile, allergic and microbial-induced inflammation and the efficacy of
individual SPMs or stable mimetics to limit inflammation and enhance tissue regeneration.
However, emerging data provides compelling evidence that several SPMs are also produced
in healthy tissue in the ocular surface, where they regulate routine innate and adaptive
immune responses, wound healing and support immune homeostasis. For example AA-
derived Lipoxin A4 (LXAy), the first SPM discovered in 1984 [23] was identified as an
intrinsic SPM in the ocular surface in 2005 that maintains corneal homeostasis [24]. We will
discuss how LXA, as well as other DHA and EPA-derived SPMs are vital for preserving
ocular surface health, by providing counterregulatory and homeostatic signals.
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The surface of the eye is remarkable at actively restraining and controlling inflammatory
immune responses in order to maintain and preserve vision. This inherent and highly
evolved immune privilege is reinforced by the compartmentalization of distinct cell types in
the cornea, conjunctiva and the tear forming glands, that each have specialized roles in
supporting ocular surface health. The dysregulation of normal cellular responses in these
compartments can lead to prolonged ocular surface inflammation, adaptive immunity and
ultimately vision loss. Here, we will review the evidence that endogenously produced
bioactive lipid mediators play an essential role in maintaining the health of the ocular
surface and discuss the therapeutic potential of harnessing SPMs networks for treating a
range of ocular diseases.

2. Homeostatic SPM Networks in the Ocular Surface

To maintain transparency the cornea is devoid of lymphatic vessels or blood flow and
therefore has evolved intrinsic protective mechanisms in the absence of immune cell
surveillance. A large body of work has established that SPMs have key roles in maintaining
ocular surface homeostasis and protecting the cornea. SPMs generation is dependent on
LOX enzymes which catalyze the stereo-specific oxygenation of PUFA substrates [25].
There are three primary and conserved LOX enzymes (5-LOX, 15-LOX and 12-LOX) that
generate hydroperoxides [26]. In most tissues except for blood, two enzymes 15-LOX and 5-
LOX catalyze the sequential oxygenation of PUFA substrates to generate a large family of
SPMs [10, 12]. Neutrophils, eosinophils and macrophages all highly express 5-LOX and
their interactions with platelets, endothelial and epithelial cells that express 15-LOX or 12-
LOX was considered the primary (transcellular) route of SPM formation that is activated
specifically during the resolution of acute inflammation. It is now apparent that several cell
types express 5-LOX such as retinal astrocytes, mesenchymal stromal cells, and several
epithelial cell types such as tuft cells and corneal epithelial cells [24, 27-29]. More
importantly, some of these cells such as corneal epithelial cells and retinal astrocytes express
both 5-LOX and 15-LOX enzymes, thus have the capacity to produce SPM as part of their
homeostatic function [24, 27]. Corneal epithelial cells are the main source of endogenous
SPMs production in the healthy cornea and the AA-derived LXA, and the DHA-derived
SPM neuroprotectin D1 (NPD;) are abrogated following removal of the epithelium [24].

The receptor for LXA,4 and the DHA-homolog RvD1, FPR2/ALX is expressed by many cell
types in the healthy cornea, conjunctiva and retina as well as by lymphocytes, macrophages,
neutrophils and dendritic cells [30-33] again underscoring that endogenous SPMs networks
are essential for maintaining ocular surface homeostasis. Formation of the EPA-derived
SPM, RVE1, have not been documented in the ocular surface or tears of animal or human so
far but the receptor is expressed in corneal epithelial cells, stromal keratocytes and
infiltrating leukocytes [30]. Additional GPCR for other DHA- and DPA-derived SPM have
been identified in mice and humans [10, 13, 34] and it is likely that they are also expressed
by cells in the healthy ocular surface and/or infiltrating lymphocytes and leukocytes.

Endogenous 5-LOX and 15-LOX products also play critical roles in regulating corneal
angiogenesis and re-epithelization following injury. Corneal neovascularization can lead to
compromised visual acuity and occurs in a wide variety of corneal pathologies. In a model
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of chronic ocular inflammation, genetic deletion of either 5-LOX or 15-LOX increased
corneal neovascularization, demonstrating that endogenous generation of LXA, in the
cornea is important for regulating the amplitude of inflammatory angiogenesis [35].
Furthermore, treating LOX knockout mice with topical LXA4 rescued mice from
neovascularization demonstrating the potential of amplifying endogenous LXA,4 generation
in the cornea as a therapeutic approach. Additionally the efficacy of LXA,4 analogs and of
SPMs (RvD; and RvE;) to inhibit angiogenesis has been demonstrated in suture and
micropellet corneal neovascularization mouse models [30, 35].

Corneal epithelial regeneration is another fundamental and inherent function for maintaining
ocular surface homeostasis. Progenitor cells in the limbus region replace shedding corneal
epithelial cells by differentiating and migrating centripetally into the center of the cornea
[36]. If the epithelium is injured, neutrophils which are normally precluded from the cornea,
infiltrate the stroma within a few hours and are necessary for proper wound healing.
Abrogation of these innate immune cells in animal models of epithelial abrasion
significantly delays re-epithelization and wound closure [24, 37]. Estrogen downregulates
both neutrophil responses and re-epithelialization in the cornea by suppressing SPM
generation causing sex-specific delayed wound healing in females and in estradiol treated
male mice [38, 39]. Topical treatment with LXA, promotes wound healing in females and
restores normal wound healing in estradiol treated males [38]. These studies demonstrated
that sex steroid-regulation of a homeostatic corneal SPM networks can drive sex-specific
difference in acute corneal wound healing responses.

Tear production is a critical component in maintaining ocular health, and SPMs and their
metabolic precursors are present in significant quantities in healthy human tears [8, 40].
Using metabolo-lipidomics, significant concentrations of AA-derived lipid mediators were
identified in emotional tears from 12 healthy individuals, including LXA4 and 15-epi LXAy,
HETEs, prostaglandins (PGs), as well as DHA-derived HDHAs resolvins RvD4, RvD, and
RvDs [40]. Interestingly this study also observed sex-specific differences in the bioactive
lipids detected at the ocular surface. DHA-derived resolvins were present at higher
concentrations in male tears while AA-derived LXA, and 15-epi LXA,4 were more abundant
in female tears [40]. As this study profiled human emotional tears rather than basal tears, it
indicates that tear SPMs may have originated from the aqueous compartment. Tears are
comprised of three layers, the inner mucin layer, the middle aqueous layer and the outer
lipid layer [41]. The tear lipid layer is primarily comprised of wax esters and cholesteryl
esters produced by the meibomian glands which are fundamental for preventing the
evaporation of the aqueous layer and in spreading tears across the surface of the eye. These
nonpolar esters belong to a structurally different class of lipids than PUFAs and their more
polar fatty acid derivatives. Due to their amphipathic properties, PUFA-derived lipid
mediators are likely to be found primarily in the aqueous tear layer which is mainly
produced by the lacrimal gland. The lacrimal gland has been shown in murine models to
produce significant amounts of LXA4 [42], but it is currently unknown if LXA,4 and
prostaglandins that are produced locally in the lacrimal gland are secreted in tears. More
research is needed to determine tissue and cellular origins of SPMs in tears, which may
include a combination of corneal epithelial cells, lacrimal glands, meibomian glands or the
conjunctiva.
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Endogenous SPMs production is also interconnected with the ocular surface cytoprotective
enzymes heme-oxygenases (HO-1 and HO-2). HO-1 and HO-2 are critical in heme
catabolism and the generation of antioxidants and carbon monoxide gas. These enzymes also
play a fundamental role in corneal wound healing [43]. HO-2 is constitutively expressed in
the healthy cornea, while HO-1 is upregulated following injury or chronic inflammatory
responses [44, 45]. Both HO-1 and HO-2 have immunomodulatory functions and genetic
deletion results in spontaneously induced, non-resolving sterile inflammation characterized
by sustained leukocyte infiltration and inadequate wound healing [46, 47]. There is a well-
recognized connection between protective SPM and HO endogenous pathways in the cornea.
Chronic ocular inflammation following epithelial injury in HO-2 deficient mice correlates
with a 50% reduction in endogenous LXA, and impaired HO-1 induction [48]. Furthermore,
in 15-LOX knockout mice, HO-1 expression is impaired and corneal wound healing delayed,
a phenotype that can be rescued with LXAy treatment [48]. /n vitro studies have also
verified the connection between HO and SPM endogenous pathways. In human corneal
epithelial cells, treatment with either 15-LOX-derived SPMs, LXA,4 and NPD or a
metabolic precursor 17-HDHA, amplified HO-1 expression [48]. These studies suggest an
interdependence of two resident endogenous protective pathways, which are both essential
for maintaining an anti-inflammatory or counterregulatory tone at the ocular surface.

3. Corneal Wound Healing and SPMs

The cornea is continuously exposed to the environment and thus at high risk for chemical
and physical insults. The incidence of corneal abrasion in the United states is estimated to be
400,000 annually [49]. Furthermore, corneal wound healing is a significant clinical problem
due to the increasing frequency of diabetic neuropathy, refractive surgeries, and corneal
transplants performed in the United States [50]. Therefore, a better understanding of the
underlying molecular mechanisms involved in corneal healing as well as the development of
therapeutics that accelerate and improve outcomes are needed.

In vitro models have demonstrated the benefit of SPM treatments on accelerating corneal
wound healing. In a human corneal epithelial scratch model, treatment with the EPA-derived
RVE1 enhanced wound closure, which was comparable to that of the well-known protective
epidermal growth factor (EGF) [51]. In rabbit corneal epithelial cells, epidermal growth
factor induced LXA, production suggesting that EGF broad mitogenic activities may
include amplification of protective SPM production [52]. LXA4 also enhanced epithelial cell
migration in a monolayer scratch model, and reversed delayed re-epithelization obstructed
by estradiol treatment [38]. These /n vitro studies demonstrate that SPMs mediate direct
actions on corneal epithelial cells and promote corneal epithelial wound healing.
Furthermore, corneal epithelial express GPCRs (ALX/FPR2 and ChemR23) for LXAy,
RvD; and RVE; [30], but additional studies are needed to define their cellular mechanisms
and signal transduction pathways for regulating corneal epithelial cell migration and/or
proliferation.

Multiple preclinical animal models have demonstrated the protective bioactions of SPM
treatment during corneal wound healing (Figure 1). Neutrophils are early responder to
danger signals, and well known for their ability to phagocytose debris, microorganisms and
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secrete a wide swath of potent inflammatory proteins [53]. However, neutrophils are also
essential for proper wound healing, and their ability to abundantly produce SPMs is often
overlooked as a key function for regulating subsequent immune responses [31, 53, 54].
Neutrophils have the capacity to amplify or initiate formation of multiple SPMs due their
high expression of 5-LOX [55] making these innate cells vital in controlling downstream
adaptive immune responses. At ocular homeostasis, neutrophils are excluded from the
cornea; however, they do reside in the limbus, lacrimal gland, tears and lymph nodes that
drain the ocular surface [42, 56, 57]. The unique role of neutrophils in the ocular surface is
further evident by the large number of fully functional neutrophils that are present in human
nocturnal tears every night without causing any tissue damage or clinical inflammation [56].
Following corneal injury, neutrophils are among the first effector cells to infiltrate the
stroma. This innate neutrophilic response is vital for proper wound healing, but their
sustained presence due to dysregulated immune responses in the cornea can lead to collateral
tissue damage [58].

A hallmark bioaction for most SPMs is the inhibition of neutrophil adhesion and migration
during acute inflammation. However, in acute and self-resolving corneal abrasion injuries
topical treatment with LXA,4 or NPDL1 significantly increases neutrophils and these
beneficial neutrophils promote wound healing [24]. The source and exact phenotype of these
wound healing neutrophils remains to be defined but it underscores that the cornea is a
privileged tissue in terms of inflammation, wound healing and leukocyte functional
responses.

Treatment with SPM enhances the protective and limits pathogenic functions of other cell
types such as keratocytes and counter-regulates proinflammatory signals in the cornea
following ocular trauma [59]. Fibroblasts located in the stroma upregulate the secretion of
extracellular matrix proteins during wound healing, providing a necessary scaffolding for
rebuilding of the tissue [60]. In a model of corneal trauma, epithelial abrasion followed by
treatment with the proinflammatory lipid platelet activating factor (PAF), caused delayed
wound closure with reduced fibronectin deposition and elevated metalloproteases and
inflammatory cytokines [59]. Co-administration of LXA, in conjunction with PAF enhanced
fibronectin production by fibroblast in the corneal stroma and significantly reduced
inflammatory markers, resulting in less corneal injury [59]. The effect of LXA4 on
fibroblasts have also been investigated using a rabbit corneal 3D /n vitro model. Isolated
corneal fibroblasts treated with LXA4 generated less IL-1p and metalloproteases, and their
degradation of collagen was reduced [61]. SPM treatment is also beneficial for reducing
chronic inflammation and neovascularization at the ocular surface. Subconjunctival
treatment with DHA-derived RvD1, EPA-derived RVE; or AA-derived 15-epi LXA, reduced
neovascularization and levels of IL-1a, IL-1p and TNFa [30]. Together these /n vivo animal
studies demonstrate that resident SPM networks in the cornea have multipronged protective
bioactions for limiting inflammation and promoting wound healing to restore homeostasis.

It is important to note that multiple therapeutics traditionally used in the clinic specifically
target bioactive lipid mediator pathways in the eye [62]. Surprisingly, despite the fact that
topical NSAIDS and PGF,a analogs are effective and standard treatments for ocular surface
diseases such as trauma and glaucoma, little is known about the endogenous formation, cell
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specific expression of receptors and role of prostanoids in the ocular surface. /n vitro studies,
human corneal epithelial cells (HCEs) can upregulate many of the enzymes needed to
generate a wide variety of lipid mediators including leukotrienes, prostanoids and SPMs
[63-65]. Following UVB induced oxidative stress, HCEs upregulate or induce mRNA
expression of COX-2, prostaglandin and thromboxane synthases (MPGES-2, PGDS, PGFS
and TXAS) and lipoxygenases (5-LOX, 15-LOX-2, 12-LOX) [63]. Receptors for AA-
derived prostaglandin E, (PGE,) are expressed in the cornea (EP1-4) but acute
inflammation such as abrasion injury does not lead to robust formation of PGE; in the
mouse cornea nor does PGE; effect corneal wound healing [64]. The corneal PGE, circuit
appears to be activated selectively during chronic inflammation where it promotes corneal
neovascularization [64]. It is of interest that BLT2 a receptor for the COX pathway
metabolite 12-HHT is expressed in corneal epithelial cells and the conjunctiva [65]. BLT2
KO mice have a phenotype of delayed wound healing, and as 12-HHT formation is inhibited
by NSAIDS, this study provides a potential mechanism for the side effect of delayed wound
healing that is associated with the use of topical NSAID treatment after ocular surgery [65].

BLT2 was originally identified as a low affinity receptor for the AA-derived lipid mediator,
leukotriene B4 (LTB,). LTBy is a potent neutrophil and lymphocyte chemoattractant, and a
primary mediator of inflammation whose inflammatory actions are mediated primarily by
the LTB, receptor BLT1. In vitro studies have shown that corneal epithelial cells have the
capacity to produce leukotriene LTB, following LPS exposure [66] and several studies have
demonstrated LTB, in human tears of contact lens wearers [67]. However, LTB,4 formation is
not associated with the presence of large number of neutrophils in nocturnal tears or
neutrophil stromal infiltration after an epithelial abrasion injury [24]. Hence, despite the
expression of BLT1 in the ocular surface and by neutrophils and lymphocytes the role of
LTBy, in ocular surface inflammation remains to be defined.

4. Harnessing SPM’s Protective Actions in Corneal Transplantation

Corneal transplantation is the most frequent type of transplantation worldwide and about
180,000 corneal transplants are performed each year [68]. Graft recipients frequently exhibit
inflamed and vascularized corneas which increases graft failure rates despite maximal
treatment with nonspecific immunosuppressive medications. There is evidence that SPM
treatment of donor corneas may reduce graft rejection by enhancing the viability of the graft
during preservation. Human corneas stored in 100nM of 15-epi LXA, overnight before
transferring to Optisol-GS had a 36-56% increased viability compared to control grafts [69].
The overnight pre-storage of corneal tissue in the 15-epi LXA, solution increased the
subsequent epithelial cell proliferation in the graft [69]. Consistent with immune-regulatory
actions of ALX/FPR2 and its SPM ligands (LXA4 and RvD;), systemic treatment with
RvD1 inhibits graft T cell infiltration and allosensitization, which enhances graft survival
and suppresses inflammatory angiogenesis in mouse corneal transplant models [33]. While
more research is needed, data with human corneas and mouse studies provide compelling
evidence that SPM have the potential to improve graft viability and suppress initiation of
alloimmunity, which are primary risk factors for graft rejection in the clinic.
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5. SPM Treatment Promotes Corneal Nerve Regeneration

The cornea is the most innervated tissue in the body and corneal nerves are an essential
component of maintaining ocular surface health. Several studies have demonstrated that the
DHA-derived SPM NPD; can promote corneal nerve regeneration. In animal models,
treatment with NPD; is neuroprotective in the brain and retina [70]. As a topical eye drop
treatment NPD1 induces nerve regeneration in mice following corneal and stromal nerve
injury [71] and in a rabbit lamellar keratectomy model [72]. Pigment epithelial-derived
factor (PEDF) is a broad acting neuroprotective factor that strongly stimulates the synthesis
of NPD1 by 15-LOX from its precursor DHA. A combination of PEDF and DHA applied
topically following lamellar keratectomy, stimulated NPD4 generation and increased nerve
density and corneal epithelial cell proliferation [72-74]. These studies demonstrated that
therapeutic amplification of endogenous SPM networks improves nerve regeneration in the
stroma and cornea. Recent identification of an SPM receptor (ALX/FPR2) in retinal
ganglion cells and primary cortical neurons indicates that SPM can have direct action with
neuronal cells [27]. The molecular mechanisms for how DHA-derived SPMs improve nerve
regeneration and functional activity needs to be further investigated.

Diabetic eye diseases are a significant health problem, ocular problems include retinopathy,
decreased corneal sensitivity, increasing risk for corneal infections and impaired wound
healing [75]. The incidence of diabetes has risen significantly affecting approximately 9% of
the US population and 28% of adult diabetics have diabetic retinopathy; therefore, new
therapeutics are urgently needed [76]. Preclinical animal studies support the notion that
DHA treatment amplifies local SPM networks in the cornea. In a mouse model of diabetes,
the combination of PEDF and DHA was investigated for the treatment of nerve regeneration
following corneal injury [77]. Co-administration of PEDF and DHA significantly increased
corneal nerve regeneration, sensitivity and tear production in wounded corneas. PEDF and
DHA treatment also accelerated corneal wound healing by selective recruitment of wound
healing type 2 macrophages [77]. Treatment with the DHA-derived SPM (RvD;) alone and
in a ALX/FPR2 dependent fashion, demonstrated efficacy in stimulating corneal nerve
growth in a diabetic mouse model [78]. Hence, these studies provide proof of concept that
amplification of DHA-derived SPM networks are potential topical therapies for treating
corneal diabetic neuropathy and stimulating nerve regeneration.

6. PUFA-Derived Mediators and the Conjunctiva

The conjunctiva is a mucosal tissue that that contains innate immune cells and specialized
goblet cells interspersed throughout stratified squamous cells [79]. Goblet cells are
responsible for the synthesis and secretion of mucins into tears that help maintain eyelid
lubrication, preventing desiccation and protecting the ocular surface from the external
environment [79]. These cells are an important component of innate ocular immune
responses and respond to inflammatory stimuli [80]. Dysregulated goblet cell function and
mucin secretion in allergic responses is associated with increased ocular pathology [81].

Conjunctivitis is a common ocular surface disease caused by viral or bacterial infection,
allergies or autoimmune diseases [82]. During allergic responses, the release of histamine by
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mast cells stimulates goblet cell intracellular Ca?* release and enhances mucin secretion in
the conjunctiva[80]. Leukotrienes (LTs) and prostaglandins (PGs) also stimulate rat goblet
cell secretion /n vitro [83]. High expression of epidermal lipoxygenase has been observed in
conjunctiva of the eyelid [84] and in a viral induced conjunctivitis murine model, 5-LOX
inhibitors reduced cysteinyl leukotrienes (CysLTs) and alleviated disease pathology [85].
Furthermore the CysLT receptors CysLT1 and CysLT2 are expressed in the rat conjunctiva
and in human conjunctival goblet cells indicating leukotriene signaling is a component of
mucosal physiology/pathophysiology in the ocular surface [83]. Prostaglandins also appear
to play a role in the conjunctiva. The PGE, receptor EP3 is constitutively expressed in mice
conjunctival epithelium [86]. In a ragweed allergic challenge model EP3 knockout mice had
significantly increased eosinophil infiltration in the conjunctiva compared with wild-type
mice, which indicates that PGE, signaling is necessary for controlling innate granulocytic
responses in allergic conjunctivitis [86]. Together these studies provide strong evidence that
eicosanoids production and signaling in the conjunctiva is a feature of ocular allergic
immune responses.

In vitro experiments with primary rat and human conjunctival goblet cells have
demonstrated that several SPM, including LXA4, RvD4, RvD, and RVE+, can down regulate
histamine triggered Ca?* signaling and mucin secretion [87, 88]. Interestingly in the absence
of an allergic agonists all SPM appear to also trigger CaZ* signaling and mucin secretion in
cultured conjunctival goblet cells similar to the bioaction of histamine and CysLTs [89, 90].
These conflicting findings may suggest that SPM have a homeostatic function for
maintaining normal mucin secretion, in addition to counter-regulating histamine or
leukotriene bioactions [91]. Multiple and complex signaling pathways that regulate mucin
secretion have been identified for SPMs in cultured goblet cells, providing evidence for
bioactions of SPM in the conjunctiva. Furthermore, receptors for LXA4/RvD; (ALX/FPR2)
and RVE1 (ChemR23) are expressed in conjunctival goblet cells [83, 90]. One study has
investigated the actions of SPM treatment /n7 vivo, and demonstrated that topical RvD4
treatment was effective in alleviating allergic conjunctivitis in a ovalbumin induced murine
model [92]. Even though topical RvD; alone did not alter systemic adaptive immunity
induced by ovalbumin immunization, topical RvD; treatment significantly improved
symptoms of AED, including reducing mucin secretion, and the total number of conjunctival
immune cells.

7. PUFA-Derived Mediators in Tears, Ocular Discomfort and DED in

humans

The majority of studies examining lipid mediators in human tears have investigated their
changes or presence in Dry Eye Disease (DED) or following contact lens wear. Contact
lenses can mechanically modify the corneal surface, impact normal physiology and many
individuals often report ocular discomfort [93]. There is evidence that presence of lipid
mediators in tears of contact lens wearers may signify subclinical inflammation. Elevated
LTB,4 was observed in human tears from individuals experiencing red eye following lens
wear and correlated with increased inflammatory cytokines, which may indicate contact lens
induced neutrophil responses [67]. LTC,4 was also detected in tears from symptomatic
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patients wearing contact lens compared to asymptomatic patients [94]. However, other
studies that observed PGs and LTs in human tears, did not observe a difference in the levels
of bioactive lipid concentrations between individuals who wore contact lenses compared to
controls [95]. These conflicting results could be due to differences in sample processing and
the primary reliance on antibody-based quantification of lipid mediators. Standardization of
methods for processing tear samples and direct physical identification and quantification by
LC/MS- based lipidomics has the potential to advance our understanding of tear lipid
mediator levels in health, disease and how it is impacted by contact lens wear. Overall a
small number of studies suggest that SPM and lipid mediators that drive leukocyte, allergy
and pain response are present in human tears and thus can potentially be utilized as
biomarkers for ocular inflammation, infection or discomfort which are potential risk factors
associated with contact lens wear.

Dry Eye Disease (DED) is a multifactorial disease that causes debilitating morbidity in 20
million people worldwide and is the most commaon reasons for seeking eye care [96]. DED
has a wide spectrum of etiologies including ocular discomfort, fatigue and visual
disturbances resulting in significant morbidity for patients. Clinical studies in humans have
observed significant differences between fatty acid lipid concentrations in the tears from
DED patients compared to controls [8, 97]. One study, measured tear PG levels in DED
patients and healthy volunteers whose ocular surface inflammation symptoms were assessed
by questionnaire [97]. PGs are of particular interest as they often have opposing bioactions
and their formation is inhibited by topical NSAIDS and corticosteroids. PGE, levels in the
tears of DED patients were significantly higher than in healthy subjects, whereas PGD
concentration was significantly lower in DED patients compared to controls. The tear PGE,
to PGDy, ratio correlated strongly with scores in the questionnaire and indicated that high
levels of PGE, and low levels of PGD, may be a marker of ocular surface inflammation in
DED [97]. The physiological or pathophysiological roles and formation of PGE, or PGD5, in
the ocular surface remain to be explored. Tear lipid mediators and PUFA have been analyzed
by LC/MS/MS-based lipidomics in a prospective 18 months clinical study of forty one
individuals with DED [8]. The ratio of w—6 (AA) to w—3 (DHA+EPA) PUFA were
quantified along with multiple measures of tear film dysfunction. PGE, was detected in the
majority of samples and correlated with low tear osmolarity, meibomian gland plugging, and
corneal staining. Analysis also identified an increased ratio of omega-6 to omega-3 tear
lipids that correlated with an increased tear film dysfunction and corneal staining in DED

[8].

Supplementation with DHA and EPA has also been investigated in many DED clinical
studies and there is epidemiological evidence that patients with ocular diseases improve
when adding incorporating PUFAs into their treatment regimen [98, 99]. Increased dietary
intake of w—3 PUFA correlates with a decreased incidence of dry eye syndrome in a well-
characterized population of women participating in the Women’s Health Study [98].
Furthermore, dietary DHA or topical administration appears to be a safe and effective
treatment for DED [99]. However, a recent large clinical study indicates dietary
supplementation with high doses of w-3 PUFA as an adjunct treatment provides no
additional clinical benefit for patients that are receiving standard treatment of care for active
DED [100]. It is important to point out that compelling epidemiological data establishes
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dietary -3 PUFA as a protective factor in the prevalence, severity and development of
DED. Hence, questions remain about long-term benefits and role of essential dietary w—3
PUFA in the etiology of DED.

Although studies with human dietary w—3 PUFA, which assessed their potential therapeutic
in active DED versus their essential role in the etiology are contradictory, there is
compelling evidence in preclinical models that treatment with protective SPMs derived from
w—-3 and w—6 PUFAs alleviate immune-driven DED. Animal studies further discussed
below; have prompted EPA-derived RVE; analogs (RX-10045) to be evaluated in human
clinical trials. A phase 2 clinical trial assessed the safety and efficacy of RX-10045 applied
as an ophthalmic solution reported positive outcomes on the signs and symptoms of dry eye
(ClinicalTrials.gov, NCT01675570, 2012). RX-10045 has also been assessed for reducing
anterior inflammation following cataract surgery (ClinicalTrials.gov NCT02329743 2018). 8
days following surgery, in both arms receiving RX-10045, 23% of patients had cleared
anterior inflammation compared to 17% of patients in the placebo group. Furthermore, the
patients treated with RX-10045 reported less ocular pain. These clinical trials support further
development of RVE1 analogs and potentially other SPM analogs as topical treatments for
DED and ocular surface inflammation.

8. SPMs Alleviate DED in Preclinical Animal Models

Preclinical animal models of immune-driven DED provide evidence that treatment with
SPMs or amplification of endogenous SPM formation are effective monotherapies for
reducing DED and can restore exocrine gland function in Sjégren’s Disease [31]. In the
standard mouse model of DED, treatment with an analog of the EPA-derived RvE; reduced
corneal barrier permeability and loss of goblet cells [101]. A separate study demonstrated
that topical treatment with RVE; analogs increased tear flow, promoted healthy epithelial
barrier integrity, decreased COX-2 expression and inhibited CD4+ T cell and macrophage
infiltration [102]. In addition to ocular surface disease models, animal models in other organ
systems have generated strong evidence for protective and immune regulatory actions of
RVE1 and RVvE1 analogs in preclinical animal models [10, 13, 15, 103], which let the first
phase 1 and phase 2 clinical trials described in section 7.

Systemic treatment with DHA-derived RvD4 in murine DED model, restored saliva
secretion in both male and female mice [104]. Topical application of the w—-3 PUFA a-
linoleic acid (ALA), a metabolic precursor for EPA and DHA, in the mouse DED model
demonstrated significant reduction in clinical and inflammatory markers of DED [105].
Even though ALA is an essential w—3 PUFA precursor for the formation of EPA and
subsequently DHA the conversion is not efficient in human (0-9%) [106]. A recent study
investigated the effect of dietary DHA in DED. DHA dietary deficiency for 3 months
markedly exacerbate clinical DED symptoms in the mouse DED model [57]. Acute DHA
treatment rescued females on the DHA deficient diet from amplified DED by increasing tear
volume, upregulating total numbers of Treg and reducing Th1 and Th17 effector cells in
draining lymph nodes [57]. The mechanism of DHA’s protective effect, unexpectedly,
included upregulation of 15-LOX expressing neutrophils in lymph nodes and corneal limbus
which led to amplified LXA, tissue levels in draining lymph nodes and cornea. The
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production of LXA4 by recently identified regulatory neutrophils in the lymph nodes are an
endogenous pathway that regulates development and amplitude of adaptive T cell responses,
which are triggered by ocular surface desiccating stress [42]. More importantly, reduced
regulatory neutrophil numbers and suppressed LXA, formation in draining lymph nodes has
been identified as a sex-specific response that amplifies T effector cell functional responses
and DED disease in female mice [42]. In summary, animal studies have established that 1)
omega-3 PUFA and endogenous SPM networks in lymph nodes are protective in immune-
driven DED, 2) sex-specific downregulation of the resident lymph node LXA, circuit is
linked to amplified DED in females and 3) therapeutic amplification of SPM is effective in
limiting desiccating stress induced adaptive immune responses and DED in mice.

9. Protective Action of SPMs in Ocular Surface Infections

The actions of SPM in limiting infectious diseases is of considerable interest as they limit
collateral damage of activated leukocytes, amplify phagocytosis of bacteria and apoptotic
neutrophil, increase formation of bactericidal peptides and increase efficacy of antibiotics
[10, 107, 108]. Current standard treatment of care for various ocular infections currently rely
on antibiotics and or immunosuppressive drugs for treatment of chronic inflammatory
conditions. However, these therapies do not aid in healing damaged ocular tissue. SPM
networks as a treatment of ocular infections may be a new approach for reducing destructive
infectious inflammation, preventing corneal opacity and scarring, increase topical antibiotic
efficacy and enhance innate ocular surface host defense.

SPM treatment has been shown to be effective at reducing ocular surface damage following
viral infection. Herpes simplex virus type-1 (HSV-1) infection leads to impaired corneal
sensation and in severe cases corneal ulceration, melting and perforation. Topical
administration of an RvE; analog reduced corneal neovascularization and stromal keratitis
lesions following HSV-1 infection and significantly reduced T cells and neutrophil numbers
in the cornea [109]. In another study PEDF and DHA administered in combination following
HSV-1 infection resulted in fewer dendritic corneal lesions, opacity and neovascularization
[110]. These studies highlight that treatment with EPA- and DHA-derived SPMs can
ameliorate corneal pathology following viral infection.

Pseudomonas aeruginosa is a clinically important, opportunistic bacterial pathogen and one
of the leading causes of microbial keratitis in the US, especially in contact lens wearers
[111]. Ocular £ aeruginosa infection induces robust corneal epithelial inflammatory
responses and the release of PGE, [112], which can result in permanent damage to the
ocular surface. Topical treatment with RVE1 in a murine model following administration of
bacterial LPS or heat kill whole 2 aeruginosa, reduced stromal thickness, corneal apoptosis,
cellular infiltrates and production of CXCL1, TNFa and IL-1p [113]. In a model of wound
healing and bacterial keratitis, topical treatment of corneal abrasion wounds with LPS
significantly amplified inflammation and reduced re-epithelialization [48]. Topical treatment
with LXA, reduced exacerbated inflammation by reducing corneal CXCL1 levels and
amplified inflammatory neutrophil infiltration while increasing re-epithelialization by 83%
[48]. In rat model of endotoxin induced anterior uveitis treatment with LXA4 or LXA4
analogues reduced clinical inflammation score and cellular infiltrates in the aqueous humor
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[114]. Although most of these studies did not use live bacteria, they provide strong evidence
that SPMs as adjuvant therapy could potentially inhibit pathogenic inflammation in ocular
microbial infections without impairing innate host defense while promoting tissue
regeneration.

15-LOX expression in the corneal epithelium is important for host defense and protecting
the cornea during Pseudomonas aeruginosa infection [24]. It is well known that C57BL/6
mice are highly susceptibility to Pseudomonas aeruginosa infection and develop severe
keratitis whereas BALB/c mice are refractory to symptoms following bacterial infection
[115]. Lipidomics analysis from these two mouse lines revealed divergent lipid profiles of
the corneal epithelium following P, aeruginosa inoculation [116]. Five days post infection
C57BL/6 mice had elevated bacterial loads and COXj products including PGE; and PGD,
and perforated corneas. Conversely, BALB/c mice had lower bacterial loads and ocular
damage that correlated with increased 15-LOX expression and levels of the SPM pathway
markers 14-HDHA and 17-HDHA in the cornea [116]. When 15-LOX was genetically
deleted, the bacterial burden dramatically increased and lead to corneal perforation [116].
This illustrates that an imbalance of 15-LOX enzymatic pathway at the ocular surface can
contribute to dysregulated immune responses resulting in elevated susceptibility to bacterial
infection.

Several studies have also established that SPMs stimulate antimicrobial activities at
epithelial surfaces. Bactericidal permeability increasing protein (BPI) production in
intestinal epithelium was enhanced following treatment with an LXA, analogue and was
shown to decrease S. typhimurium bacterial burden [108]. Additionally, RvE; treatment of
gut epithelial cells induces intestinal alkaline phosphatase, which detoxifies bacterial LPS in
the gut [117]. These studies show that SPM treatment can enhance natural host defense
against bacterial pathogens.

The administration of SPMs has been explored as a treatment for both viral and bacterial
infections. Treatment with an isomer of NPD; reduced influenza infection in mice and
improve survival even when administered as late as 48 hours after infection [118]. LXA4
analogues also reduce bacterial burden and pathogen associated inflammation. Periodontitis
is caused by an overgrowth of resident Gram-negative bacteria in the oral cavity and
mucosal inflammation [119]. In Porphyromanas gingivalis infection models the introduction
of stable analogues of LXA, result in a reduction of neutrophil recruitment to the site of
infection [120]. Administration of an LXA,4 analog in mice challenged intratracheally with
P, aeruginosa reduced neutrophil infiltration, weight loss, and bacterial burden [121]. These
studies indicate that SPM treatment could be helpful in targeting bacterial pathogens and
lessening of disease severity. Furthermore, supplementing antimicrobial therapies with
SPMs might be a synergistic approach for combating ocular infections. For example, RvDq
treatment in combination with antibiotics, was shown to protect mice in Escherichia coli
infection model by enhancing host antimicrobial responses and accelerating the resolution of
inflammation compared to antibiotics alone [107]. Together this body of work suggests that
SPM treatment could be beneficial in alleviating tissue damage and disease pathology
associated with ocular infections.
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However, it is important to note SPM treatment may not always be advantageous for
combating all infections. For example the pathogens Mycobacterium tuberculosis and
Toxoplasma gondii favor the generation of LXA,4 and £ aeruginosa express a 15-LOX
enzyme, most likely to promote immune evasion [122, 123]. The fungal pathogen Candida
albicans can biosynthesize its own RVE; that limits IL-8 mediated neutrophil infiltration in
the host enabling colonization [124]. These examples illustrate the complicated relationship
between the host response and microbial adaptation and survival in an inflammatory
environment. Further work is needed to understand how either exogenous administration or
host SPM production controls immune responses to pathogens at the ocular surface.

10. New Cellular Players in SPM Signaling in the Ocular Surface

Mast cells are sentinel cells that reside in the ocular tissue in the peripheral cornea, limbus
and conjunctiva, and their central role in the initiation of ocular surface inflammatory
immune responses has recently been discovered [125, 126]. Following corneal
transplantation in mice, mast cells are recruited to the ocular surface and promote Thl and
APC responses that can lead to graft rejection [127]. Ablation of mast cells in the mouse
transplant model resulted in reduced graft rejection, indicating that these cells play a role in
regulating adaptive immune response at the ocular surface [127]. Furthermore, inhibition of
mast cells in a corneal wound model, reduced CXCL2, IL1p and TNFa expression and
prevented early neutrophil recruitment and ocular inflammation [128]. It appears that mast
cells are early effector cells that regulate inflammation and neutrophil recruitment to injured
corneas.

Investigations modeling disease in other tissues, have demonstrated that mast cells respond
to SPM treatment. Treatment of Human lung mast cells /n7 vitro with RvD4, RvD, or LXA,
attenuated histamine release, with RvDq having the most potent bioactions [129]. In an
allergic murine model, LXB, treatment resulted in less mast cell IgE mediated degranulation
and reduced airway inflammation [130]. Bone marrow-derived mast cells have been reported
to express FPR2 [131]; however, additional studies are needed to confirm this finding in
tissue resident cells. Hence, multiple lines of evidence have established that mast cell
function can be regulated by SPM in other tissues. Mast cell are a prominent source of
several lipid mediators such CysLTs and PGD, [132]. However, if mast cells can themselves
produce protective SPMs is still unknown. Future studies are required to explore the
endogenous production of lipid mediators by mast cells and the potential regulation of
functional responses of mast cells in the ocular surface by SPM.

Mesenchymal stromal cells (MSCs) are multipotent stem cells that can migrate to damaged
tissue sites, and participate in regeneration and repair [133]. MSCs have substantial
immunoregulatory functional activity and have been reported to modulate both innate and
adaptive immune responses [133]. Generating MSCs for therapeutic use in ocular disorders
and tissue repair is currently an area of active investigation [134]. In a murine corneal
transplant model, animals receiving MSCs treatment had enhanced graft survival and
reduced leukocyte infiltration and APC maturation [135]. IV administration of MSCs
following corneal abrasion in mice reduced Ly6G+ CD11b+ neutrophil infiltration and MPO
concentrations at the ocular surface [135]. Topical application of cornea-derived MSCs to
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injured murine corneas promoted macrophage CD206 expression and enhanced their wound
healing activity [136]. Immunoregulatory MSCs properties are mainly attributed to the
secretion of immunomodulatory factors [68] and many studies have demonstrated that MSC-
derived exosomes also display regenerative functions [137]. Exosome-derived from MSCs
contains an abundance of miRNAs that regulate inflammatory processes and investigations
have shown these vesicles are effective in driving corneal cell wound healing [68, 138].

The precise bioactions of how MSCs mediate tissue repair are not well defined and less is
known about the endogenous lipid profile produced by these cells. One investigation
demonstrated that human MSCs express 15-LOX and have the capacity to produce LXA4
[139]. This observation indicates that MSCs immunoregulatory properties may be mediated
in part by the secretion of SPMs. In the same study, LXA4 production by human MSCs was
enhanced when cultured in the presence of three proinflammatory cytokines IL-18, TNFa
and IFN-y [139]. These findings support other studies that demonstrated MSC
immunoregulatory functions are not constitutively active, but induced or licensed by
inflammatory cytokines, such as those in the inflammatory microenvironment [140].
Similarly, unpublished data from the Gronert laboratory identified increased release of
LXAy, in cytokine activated human MSCs by targeted LC/MS/MS-based lipidomics.
Moreover, unexpectedly, we identified 350-times increase in a second lipoxin, LXByg,
indicating this SPM is a primary product of activated MSCs /in vitro (Fig 2). LXBy is of
particular interest as it recently was identified as a novel protective signal that is released by
homeostatic retinal astrocytes [27]. LXB, displayed neuroprotective activity by directly
acting on retinal ganglion cells and primary cortical neurons and /7 vivo increased retinal
ganglion cells survival and function in murine models of glaucoma and neurotoxic stress
[27]. Formation and actions of LXB, in the ocular surface have not been investigated but
there is a body of evidence demonstrating that this SPM is protective in several mouse
models of inflammatory diseases [130, 141]. Future studies are needed that investigate if
MSCs release SPM in vivo and if these lipid signals are part of MSC’s protective
mechanisms at the ocular surface.

Other cell types at the ocular surface such as fibroblasts and dendritic cells have been shown
in other tissues to be regulated by SPMs, enhancing their pro-resolving functions. However,
if these cell types respond to SPMs at the ocular surface has yet to be determined. Following
corneal injury, differentiated myofibroblasts generate collagens and matrix proteins
necessary for proper cellular tissue rebuilding [60]. However, robust proliferation or
dysregulation of myofibroblast functions lead to disorganized extracellular matrix
scaffolding deposition resulting in corneal haze and fibrosis [142]. TGF production by
corneal keratinocytes promotes myofibroblast differentiation and investigators have focused
on reducing the production of this cytokine to treat corneal fibrosis [142]. Emerging
evidence in other tissue models indicates SPMs may be valuable for use as anti-fibrotic
therapeutics by inhibiting myofibroblast production of matrix proteins [116]. An /n vitro
airway cellular model, fibroblasts cultured in the presence of TGFB upregulate FPR2/ALX
and respond to LXA, [116]. Exogenous addition of LXA, also slowed myofibroblast
proliferation in a scratch model and enhanced wound closure [143, 144]. In an airway model
of inflammation, systemic administration of 15-epi LXA4 reduced collagen deposition and
inhibited lung production of TGF, IL-1B, IL-17 and TNFa [145]. These studies establish
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that SPM alter fibroblast function in several tissues, however, whether endogenous SPM or
treatment with SPM limits corneal fibrosis or scaring remains to be investigated.

Dendritic cells (DCs) which are located in the stroma and conjunctiva and are professional
antigen presenting cells (APC) in the cornea that mediate T cell responses and the induction
of immune tolerance [146]. DC responses at the ocular surface are vital for maintaining
homeostasis and in the initiation of downstream immune responses after acute injury [147].
However, in many ocular surface disorders such as herpes keratitis, DED, diabetes and
corneal graft rejection, prolonged activation or maturation of DCs can lead to permanent
damage and vision loss [148, 149]. SPMs have been shown to have direct actions on DC
functions. LXA, treatment in a 7oxoplasma gondii infection model reduces DC migration
and IL-12 production [150]. RvE1 also reduces DC migration in a contact dermatitis [151]
model and has been shown to suppress production of IL-6 and IL-23, two cytokines
important for driving Th17 responses [103]. Therefore, endogenous SPM in the cornea may
potentially have significant roles in controlling DC activation and maturation. Hence,
therapeutic amplification of SPM networks at the ocular surface may reduce pathogenic DC
activity that can drive chronic inflammation and adaptive immune responses.

Dysregulated execution of routine and frequent functional responses of mast cells, dendritic
cells and fibroblasts can drive chronic inflammation and fibrosis leading to scarring and
disease pathology at the ocular surface [149]. A body of work has established that SPM
treatment in several non-ocular disease models counter-regulates and control aberrant
activation of mast cells, dendritic cells and fibroblasts, yet, it remains to be determined if
these cell-specific SPM actions are conserved in the ocular surface.

Lipid mediators are potent immune rheostats for inflammation, wound healing and tissue
homeostasis. PUFA-derived mediators are central in both orchestrating rapid cellular
infiltration to sites of injury and limiting the initiation and amplitude of adaptive immune
responses. In the last twenty years an impressive body of evidence in diverse inflammatory
animal disease models and human tissues, has established the PUFA-derived lipid mediators,
SPMs, as essential mediators for controlling acute inflammation, immune responses and
wound healing and for restoring and maintaining tissue homeostasis. Studies in the eye have
expanded the roles of SPMs not only in wound healing, nerve regeneration, innate immunity
and sex-specific regulation of auto-immune responses but also demonstrated that resident
SPM networks in the ocular surface are important for maintaining ocular surface health and
immune homeostasis. Several research groups have established that enzymes for SPM
generation are highly expressed in corneal epithelial cells and leukocytes in the ocular
surface. More importantly, receptors for the SPM’s LXA,4, RvD4 and RvE; are functionally
expressed in resident or infiltrating ocular surface cell types including epithelial cells, goblet
cells, neutrophils, macrophages and effector T cells, underscoring the relevance of SPM
networks in ocular health and diseases. Pre-clinical animal studies have established proof of
concept that SPM treatments are effective in limiting pathogenesis of inflammation,
microbial Keratitis, allergic conjunctivitis and autoimmune responses while promoting
wound healing and nerve regeneration. Several key cell types in the ocular surface such as
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mast cells, fibroblasts and dendritic cells are established targets for SPM treatment in other
tissues where they abate their activation and overexuberant inflammatory functions. Lastly,
MSCs which promote wound healing at the ocular surface, have the capacity to generate
SPMs, offering new insight to this promising new avenue for treating ocular wound healing
and inflammatory disease.

SPMs like most eicosanoid are autocrine and paracrine acting cell signals that are rapidly
inactivated by cells /n vitro. Structural analogs have been designed for several SPMs to resist
metabolic inactivation and to increase their bioavailability. An impressive body of work has
established the efficacy of SPMs and SPM analogs at very low doses in preclinical animal
models [10, 12, 13, 15, 107, 141, 152]. However, there are always challenges for meeting
industry level drug production and stability standards, which may have delayed moving
more SPMs or their structural analogs from bench to bedside. Identification of several
GPCR that mediate the protective actions of SPMs should also enabled a targeted and
standard industry approach for identifying and optimizing small molecules as SPM
mimetics. Several drug companies have invested in developing small molecule FPR2/ALX
agonists for treating immune/inflammatory diseases [153].

Given that SPM intrinsic pathways are highly expressed in the ocular surface and in view of
compelling data that have established their protective actions and homeostatic functions in
the eye, SPMs are therapeutic targets and potentially useful biomarkers for ocular health and
disease.
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Figure 1: SPMs maintain ocular surface health and restore tissue homeostasis.
During ocular homeostasis tears, cornea, conjunctiva and lymph nodes contain a basal tone

of SPMs. SPMs can be produced by corneal epithelial cells and potentially tear neutrophils,
which express required biosynthetic enzymes 5-LOX and 15-LOX. Cognate SPM receptors
(not shown) are expressed on corneal and conjunctival epithelium, DC, fibroblasts,
neutrophil, APC and lymphocytes. Following corneal injury or infection, activated
neutrophil are rapidly recruited to the ocular surface and amplify formation of SPMs, which
can inhibit DC maturation, myofibroblast proliferation and IL-1p and TGF@ production.
SPMs also promote corneal wound healing by enhancing re-epithelialization, heme-
oxygenase expression and corneal nerve regeneration. Mesenchymal stem cells (MSC),
which have immune-regulatory and wound healing properties can produce SPMs. In the
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healthy conjunctiva, SPMs promote normal mucin secretion by goblet cells, however, during
allergic responses exogenous SPM treatment reduces histamine mediated production of
mucins. In draining lymph nodes SPM control APC interaction with lymphocytes and
directly act on effector T cells to inhibit Th1 and Th17 and enhance Treg responses.
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Figure 2: Cytokine activation induces MSC secretion of SPMs.
(A) LXA4 and LXBg4 were identified and measured by LC/MS/MS lipidomics [27] in

supernatants from human MSCs (3.5x10°). MSC were activated with cytomix (IL-18, TNFa
and IFN-y 50ng/ml) for 24 hours prior to collection of supernatents. (B) Representative
multiple reaction monitoring LC/MS/MS chromatograms for LXBy, (/2 351.2 > 163) from
untreated and cytomix activated MSCs.
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