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Abstract: Diabetic retinopathy (DR) is an ocular complication of diabetes mellitus (DM). International
Diabetic Federations (IDF) estimates up to 629 million people with DM by the year 2045 worldwide.
Nearly 50% of DM patients will show evidence of diabetic-related eye problems. Therapeutic interventions
for DR are limited and mostly involve surgical intervention at the late-stages of the disease. The lack
of early-stage diagnostic tools and therapies, especially in DR, demands a better understanding of
the biological processes involved in the etiology of disease progression. The recent surge in literature
associated with NOD-like receptors (NLRs) has gained massive attraction due to their involvement in
mediating the innate immune response and perpetuating inflammatory pathways, a central phenomenon
found in the pathogenesis of ocular diseases including DR. The NLR family of receptors are expressed
in different eye tissues during pathological conditions suggesting their potential roles in dry eye,
ocular infection, retinal ischemia, cataract, glaucoma, age-related macular degeneration (AMD), diabetic
macular edema (DME) and DR. Our group is interested in studying the critical early components
involved in the immune cell infiltration and inflammatory pathways involved in the progression of
DR. Recently, we reported that NLRP3 inflammasome might play a pivotal role in the pathogenesis of
DR. This comprehensive review summarizes the findings of NLRs expression in the ocular tissues with
special emphasis on its presence in the retinal microglia and DR pathogenesis.

Keywords: NOD-like receptors; NLRP3 inflammasome; ocular tissues; innate immune system;
diabetic retinopathy; inflammation; retina

1. Introduction

Aberrant inflammatory pathways constitute a major underlying mechanism in the perpetuation
of several ocular diseases, including diabetic retinopathy (DR) [1,2]. While inflammation is considered
as the first-response defensive process by the innate immune system, chronic or unregulated
inflammation can result in excessive production of reactive oxidative species (ROS), proteases,
growth factors and pro-inflammatory cytokines by innate immune cells [3]. This phenomenon leads to
an autoinflammatory feedback loop, which mediates a pattern of positive feedback reinforced through
tissue damage [4-6].
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In retinal diseases, chronic inflammation is thought to stem from the non-microbial stimulus or
sterile inflammation [1,2] due to the immune-privileged nature of the eye [7-9]. The blood-retinal
barrier (BRB) protects the retina from inflammation-mediated damage supported by an apparent lack
of a lymphatic system [10], and extensive-expression of immune modulators by retinal cells [7,9,11].
Multiple mechanisms are currently being studied to determine the molecular pathways involved
during retinal inflammation [2,12,13], including inflammasome [14]. Moreover, pro-inflammatory
cytokines such as IL-1§3, IL-6, IL-8, and TNF« are released, which exacerbates sterile inflammation in
DR [15-17].

DR is the leading cause of irreversible blindness amongst working adults in developed
countries [18,19]. Recent data estimates an increasing trend of up to 629 million adults (aged 20-79
years) with diabetes mellitus (DM) by the year 2045 [20]. Currently, approximately 9.4% of the U.S.
population is diabetic [21], of which one-third of DM patients are expected to exhibit some form of
DR [20]. This number is expected to triple by 2050, with a pronounced increase among those 65 years
and above [22]. Regardless of age at DM onset, statistics show that DM patients generally develop
DR within ten years of diagnosis [18,23]. Thus, there is an urgent need to understand DR etiology
and possible intervention during the early stages of the disease progression.

DR is a chronic low-grade inflammatory disease that causes gradual degeneration of
the microvasculature, ultimately leading to the neural retinal dysfunction [24]. DR is broadly classified
into two stages: Non-Proliferative (NPDR) and Proliferative (PDR). Diabetic macular edema (DME)
also occurs during DR progression when fluid leaks into the macula, causing swelling and blurred
vision [25]. Features of NPDR are mild and difficult to detect, with the earliest visible signs being
microaneurysm formation and retinal hemorrhage [26]. Progressive occlusion in the retina leads to
pericyte cell loss and accumulation of acellular capillaries [27], intraretinal vascular abnormalities
and altered blood flow [28], and ultimately BRB breakdown [29]. PDR occurs with retinal ischemia
that results in microvascular endothelial proliferation, vascular leakage, hemorrhage, and neural cell
death [30].

Treatments for DR are limited and generally performed at the advanced stages of the disease,
targeted mostly to minimize further damage to the vision [31]. Laser photocoagulation, intravitreal
anti-VEGF injections, and vitreoretinal surgery are common DR interventions [32,33]. Multiple
drugs targeting other systems involved in DR progression are also being tested currently for better
management of the disease [34]. Nonetheless, their limited success urges the need for a more in-depth
understanding of molecular pathways, which could exacerbate inflammation during DR [35].

2. Nucleotide-Binding and Oligomerization Domain (NOD)-like Receptors (NLRs)

The NLRs are multi-domain, cytosolic receptors that form signaling complexes to mediate major
cellular pathways [36]. Structurally tripartite, they contain three distinct domains: ligand-sensing
leucine-rich repeats (LRRs) thought to be involved in pathogen sensing, a NACHT domain for
oligomerization, and an effector domain at their N-terminal to mediate signal transduction. The NLRs
are further divided into sub-categories based on the effector domains, (i) NLRC or NOD with caspase
activation and recruitment domain (CARD); (ii) NLRP or NALP with pyrin domain (PYD); (iii) NLRB
or NAIP with baculovirus IAP repeat (BIR) domain; and (iv) CIITA or NLRA with acidic transcriptional
activation (TA) domain. Several reviews have attempted to categorize and define members within
each subfamily, however, there is no universally accepted classification system yet. Nevertheless,
there are 22 NLRs defined in humans, including 14 NLRPs, 6 NLRCs, 1 NLRB, and 1 CIITA [36-38],
as illustrated in Figure 1.
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Figure 1. Human NOD-like receptors (NLRs)-classification and domain organization. The NLR proteins
contain three distinct domains: (1) C-terminal LRRs for ligand sensing, (2) central NACHT for oligomerization,
and (3) N-terminal effector domain to mediate signal transduction. Their functional domain structure further
subdivided NLRs into four subfamilies: NLRA, NLRB, NLRC and NLRP. Legends: LRR—leucine-rich
repeats; NACHT—NAIP, CIITA, HET-E, and TP1 proteins; CARD—caspase activation and recruitment
domain; AD—activation domain; BIR—baculovirus IAP repeat; PYD—pyrin domain.

Due to their numerous members and various structures, NLRs are versatile and participate in
diverse biological processes. They are involved in innate and adaptive immunity via regulation of
antigen presentation and differentiation of the adaptive immune response; host defense mechanism via
recognition of pathogen-associated molecular patterns (PAMPS); inflammation modulation via signal
transduction through nuclear factor-kappa B (NF-«B) and formation of inflammasome; regulation
of cell death by monitoring metabolic sensors and damage-associated molecular patterns (DAMPS).
As a critical component of many pathways, NLRs are activated by a wide variety of pathogenic,
environmental, and endogenous signals. Mechanisms through which each NLR recognizes the range
of signals are still not well understood.

NLRs have a role in embryonic development [39-41], in which the mutation of NLRP5 [42]
and NLRP7 causes embryonic lethality. Zhang et al. reported the expression of NLRP4, NLRPS5,
NLRPS8, NLRP9, NLRP11, NLRP12, NLRP13, and NLRP14 elevated in preimplantation human
embryos [43]. Mutations in NLRs are associated with many human diseases. A frame-shift mutation
in NOD2 results in a defective response to microbiota in the intestinal tract, leading to Crohn’s disease,
an inflammatory bowel disease [44]. However, the role of NLR in eye development is yet to be
studied. The current literature suggests that CIITA (otherwise known as major histocompatibility
complex (MHC)-II transactivator) acts as a master switch for the expression of MHC-II genes [45],
while NLRCS5 regulates expression of MHC-I genes [46]. NLRB, also known as NAIP, responds to
bacterial flagellin and is suggested to modulate NLRC4 inflammasome activation [47,48]. PAMP
recognition, specifically for microbial peptidoglycan, is exceptionally well-characterized in NOD1
and NOD2 [49]. NODs rely on a common downstream adaptor molecule RIP2 for NF-«B activation [50],
while NLRPs commonly form large signaling complexes with adaptor proteins and caspases called
inflammasome [51], and also activates downstream NF-«kB signaling pathway. NLRP recognizes both
PAMPS and DAMPS, with NLRP3 being the most well-characterized member of the family. It is



Int. ]. Mol. Sci. 2020, 21, 899 40f 24

reported to be activated by uric crystals in gout [52], calcium phosphate crystals in osteoarthritis [53],
amyloid-f oligomers in Alzheimer’s [54], and fatty acids in type 2 diabetes [55].

Inflammasomes are of particular interest in ocular diseases due to their involvement in inflammatory
pathways. These large protein complexes comprise of an NLR, an adaptor, and a recruited caspase-1.
The NLRs oligomerizes following a stimulus, adopting the conformation thought to be similar to that
of the apoptosome. NLRP3 is the most studied NLR, which requires a two-step triggering event for
the activation process. A “priming” signal first activates NF-«B to induce NLRP3 and pro-IL-1(3 gene
expression, followed by a second signal that activates the inflammasome. Typically, the effector domain,
PYD, in NLRP inflammasomes contains a death fold, which recruits an adaptor protein—ASC (apoptosis
speck-like protein containing a CARD)—through homotypic interactions. The CARD domain, in turn,
recruits pro-caspase-1, resulting in close proximity to autocatalytic cleavage forming mature caspase-1.
Proteolytic cleavage of downstream targets—pro-IL-13 and pro-IL-18, release active IL-13, and IL-18 to
mediate the inflammatory response in a paracrine fashion [56] (Figure 2). NLRP1 [56], NLRP3, 6 [57],
NLRP7 [58], NLRP12 [59], and NLRC4 [60] have all been shown to activate the inflammasome. However,
the activators for each NLR member are varied and seemingly limitless. Due to their intracellular
localization, most NLRs are activated indirectly by external stimuli.
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Figure 2. Schematic presentation of NLRP3 inflammasome activation.

The versatility of the NLR system proves to be both advantageous and challenging. The wide
range of activating ligands does not guarantee the same effect in different cell systems. For example,
cholesterol crystals in atherosclerosis were found to activate the NLRP3 inflammasome in
phagocytes/macrophages [61,62] however, failed to do the same in retinal pigment epithelium [63].
Similarly, high mobility group box-1 (HMGB-1) did not activate NLRP3 in THP-1 macrophages [64]
but primed the inflammasome in the hippocampal microglial cells [65]. HMGBI is an extracellular
ligand that acts as an alarmin, mediating the increase in NF-«kB, and TNFo«/VEGF expression in human
retinal pigment epithelial (ARPE-19) cells treated with high glucose [66]. Hence, unique localization
and activation of NLRs in different retinal cell types and their function needs further studies for
an accurate depiction of retinal diseases.
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3. NOD-like Receptors in the Ocular Tissues

NLRs have been implicated in various ocular diseases such as ocular infection, dry eye, glaucoma,
retinal ischemia, age-related macular degeneration (AMD), and DR. Table 1 summarizes the expression
of NLRs in various ocular tissues.

The expression of NLRs on the ocular surface was first described in the human corneal epithelium
by Benko et al. [67]. The group analyzed human epithelial tissue to show expression of NOD1, NOD2,
NLRC5, and NLRX1 mRNA, which increased after peptidoglycan stimulation [67]. Subsequently,
NOD1, NOD2, NLRP1, NLRP3 were shown to be regulated during bacterial or fungal infections
in humans [68-70] and mouse [71,72] cornea. However, several reports suggested the source of
the NLR proteins to be derived from infiltrated neutrophils or monocytes at the site of infection [73-75].
In dry eye conditions, human patients with environment-induced dry eye [76], murine models of
dry eye [77,78], and alkali-burned mice [79] all showed increased mRNA levels of NLRP3 in their
conjunctival epithelium. Corneal epithelial cells likewise increased NLRP3 levels under hyperosmotic
stress, which was reduced by inhibitors [76,77,80,81]. Limited literature is available on the stroma
and endothelium in the cornea. Primary corneal fibroblast cells expressed NOD1 and NOD2 [82],
elevated NLRC4 after bacterial infection [83], but reduced NLRP1, NLRP3, NOD1, and NOD2 mRNA
levels following LPS stimulation [68]. In contrast, corneal endothelial cells showed a significant
increase of NLRP3 and NOD2 levels [68]. Corneal fibroblasts have well-established roles in mediating
corneal fibrosis after insult [84] and are gaining attraction as immune modulators during infections [85].
In the conjunctiva, NLRP3 was observed at constitutive levels in healthy humans [86,87] and rat [87]
tissues. Diseases such as Mooren’s ulcer [86] and pterygium [88] were found to elevate NLRP3 levels.
Cultured human and rat goblet cells were also reported to increase NLRP3 significantly following
bacterial infection [87]. Interestingly, NLRP3 in human goblet cells was shown to be activated only by
the pathogenic bacteria, indicating a discriminative function towards external insult [89].

Few NLR studies have been reported on the experimental animals other than rodents.
Immunohistochemistry on healthy canine corneas demonstrated NOD1 and NOD2 protein expression
in the corneal epithelium, corneal endothelium, conjunctival epithelium, with scattered expression
in the substantia propria [90]. Similar staining was also seen in the healthy mouse [90], indicating
the conserved expression and localization in the ocular tissue across species.

In models of acute glaucoma, retinal ischemic-reperfusion (I/R) injury caused by elevated
intraocular pressure (IOP) [91-94], optic nerve clamp [95], or optic nerve crush [96] resulted in
upregulation of NLRP1 and NLRP3 in the retina. The resulting retinal ganglion cell loss was ameliorated
in the Nlrp3_/ ~ mouse [97]. Likewise, the NLRP3 increase was recapitulated in the D2 mouse model
with an age-dependent increase in IOP [98]. Reduction in NLRP3 was seen in the arginase-2 knockout
mouse [99], as well as with glycyrrhizic acid [100] and Kaempferol [101] treatment after I/R injury.
Meanwhile, the mouse model of neovascular glaucoma depicted NOD2 downregulation in the whole
cornea after arylsulfonyl indoline-benzamide treatment [102].

NLR regulation in retinal degeneration was demonstrated using multiple murine models.
Light-induced retinopathy showed an increase in NLRP3 after one-month [103], which was alleviated
by the deletion of Ccr2 [103], and treatment with monomethyl fumarate [104]. NMDA-induced retinal
excitotoxicity also resulted in a time-dependent increase of retinal NLRP3 mRNA [105], while TXNIP
knockout in Miiller cell culture prevented NLRP3 production [106]. Meanwhile, a transgenic mouse
with P23H on NlrpS_/ ~ background had reduced cone cell death [107]. A similar increase in NLRP3
transcripts was seen in canine models of human retinitis pigmentosa [108]. Furthermore, wild-type
pups in models of oxygen-induced retinopathy also showed high levels of retinal NLRP1 [109]
and NLRP3 [110,111] by postnatal day 10.
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Table 1. NOD-like receptors (NLRs) in Ocular Tissues.

Ocular Tissues/Cells Human  Transcript/Protein Ref Rat Transcript/Protein ~ Ref Mouse  Transcript/Protein Ref Canine  Transcript/Protein  Ref
NLRP1 mRNA [68] NLRP1 mRNA - NLRP1 mRNA - NLRP1 mRNA -
mRNA [68] mRNA - mRNA [74,78,79] mRNA -
NLRP3 Protein - NLRP3 Protein - NLRP3 Protein [71,72,78] NLRP3 Protein -
Cornea NLRC4 Protein - NLRC4 Protein - NLRC4 Protein [72] NLRC4 Protein -
NLRB mRNA - NLRB mRNA - NLRB mRNA [74] NLRB mRNA -
NOD1 mRNA [68] NOD1 mRNA - NOD1 mRNA - NOD1 mRNA -
mRNA [68] mRNA - mRNA [102] mRNA -
NOD2 Protein - NOD2 Protein - NOD2 Protein [102] NOD2 Protein -
mRNA - mRNA - mRNA [77] mRNA -
NLRP3 Protein - NLRP3 Protein NLRP3 Protein [77-79] NLRP3 Protein -
NOD1 ITRF.A [671 NOD1 ITR?I.A i NOD1 ?R?IA [9’0] NOD1 ITR?]A [9'0]
Corneal Epithelium rﬁl\?z [6-7] r?ﬂ\e]tz : rlg;lg rl(zl\elllr;
m m - m - m -
NOD2 Protein - NOD2 Protein - NOD2 Protein [90] NOD2 Protein [90]
NLRC5 mRNA [67] NLRC5 mRNA - NLRC5 mRNA - NLRC5 mRNA -
NLRX1 mRNA [67] NLRX1 mRNA - NLRX1 mRNA - NLRX1 mRNA -
Corneal Limbal NLRP1 mRNA [68] NLRP1 mRNA - NLRP1 mRNA - NLRP1 mRNA -
Epithelial NLRP3 mRNA [68] NLRP3 mRNA - NLRP3 mRNA - NLRP3 mRNA -
(CeIIDI culture) NOD1 mRNA [68] NOD1 mRNA - NOD1 mRNA - NOD1 mRNA -
NOD2 mRNA [68] NOD2 mRNA - NOD2 mRNA - NOD2 mRNA -
mRNA [67] mRNA - mRNA - mRNA -
NLRP1 Protein [67] NLRP1 Protein - NLRP1 Protein - NLRP1 Protein -
NLRP2 mRNA [67] NLRP2 mRNA - NLRP2 mRNA - NLRP2 mRNA -
mRNA [67,76,77,80,81] mRNA - mRNA - mRNA -
NLRP3 Protein [76,77,80,81] NLRP3 Protein - NLRP3 Protein - NLRP3 Protein -
NLRP6 ITR?T.A 52 NLRP6 I’:‘RT.A " NLRP6 ;“RT.A ) NLRP6 ;“RF.A )
Corneal Epithelial rotein rotein - rotein - rotein -
(cell culture) NLRP7 mRNA [67] NLRP7 mRNA - NLRP7 mRNA - NLRP?7 mRNA -
NLRP10 mRNA [67] NLRP10 mRNA - NLRP10 mRNA - NLRP10 mRNA -
mRNA [67,69] mRNA - mRNA - mRNA -
NOD1 Protein [69] NOD1 Protein - NOD1 Protein - NOD1 Protein -
mRNA [67,70] mRNA - mRNA - mRNA -
NOD2 Protein [70] NOD2 Protein - NOD2 Protein - NOD2 Protein -
NLRC4 mRNA [67] NLRC4 mRNA - NLRC4 mRNA - NLRC4 mRNA -
NLRX1 mRNA [67] NLRX1 mRNA - NLRX1 mRNA - NLRX1 mRNA -
NLRP1 mRNA [68] NLRP1 mRNA - NLRP1 mRNA - NLRP1 mRNA -
Corneal Fibroblast NLRP3 mRNA [68] NLRP3 mRNA - NLRP3 mRNA - NLRP3 mRNA -
(cell culture) NLRC4 Protein [83] NLRC4 Protein - NLRC4 Protein - NLRC4 Protein -
NOD1 mRNA [68] NOD1 mRNA - NOD1 mRNA [82] NOD1 mRNA -
NOD2 mRNA [68] NOD2 mRNA - NOD2 mRNA [82] NOD2 mRNA
C | Endotheli NOD1 Protein - NOD1 Protein - NOD1 Protein [90] NOD1 Protein [90]
orneal Endoficiuim - Nop2 Protein - NOD2 Protein - NOD2 Protein [90] NOD2 Protein [90]

6 of 24
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Ocular Tissues/Cells Human  Transcript/Protein Ref Rat Transcript/Protein Ref Mouse  Transcript/Protein Ref Canine  Transcript/Protein  Ref
NLRP1 mRNA [68] NLRP1 mRNA - NLRP1 mRNA - NLRP1 mRNA -
Corneal Endothelial NLRP3 mRNA [68] NLRP3 mRNA - NLRP3 mRNA - NLRP3 mRNA -
A 68 RNA - - -
(cell culture) NOD1 mRN. [68] NOD1 mRN. NOD1 mRNA NOD1 mRNA
Protein - Protein - Protein - Protein -
NOD2 mRNA [68] NOD2 mRNA - NOD2 mRNA - NOD2 mRNA -
. . RNA [86] mRNA - mRNA [78] mRNA -
C t m
omunctiva NLRP3 Protein [86,87] NLRP3 Protein [87] NLRP3 Protein [78] NLRP3 Protein -
mRNA [76,88] mRNA - mRNA [77] mRNA -
NLRP3 Protein [88] NLRP3 Protein - NLRP3 Protein [77,78] NLRP3 Protein -
N o RNA - mRNA - mRNA 771 mRNA -
Conjunctival Epithelium m
) vaiEp NLRP6 Protein - NLRP6 Protein - NLRP6 Protein [77] NLRP6 Protein -
NOD1 Protein - NOD1 Protein - NOD1 Protein [90] NOD1 Protein [90]
NOD2 Protein - NOD2 Protein - NOD2 Protein [90] NOD2 Protein [90]
Conjunctival Goblet Cell mRNA [89] mRNA [87] mRNA - mRNA -
(cell culture) NLRP3 Protein [87,89] NLRP3 Protein [87] NLRP3 Protein - NLRP3 Protein -
Conjunctival Substantia NOD1 Protein - NOD1 Protein - NOD1 Protein [90] NOD1 Protein [90]
Propria NOD2 Protein - NOD2 Protein - NOD2 Protein - NOD2 Protein [90]
Ircli:uvs a?;‘f;raf;‘fﬁfﬁgl NOD2 mRNA [112] NOD2 mRNA - NOD2 mRNA - NOD2 mRNA -
Nonpigmented Ciliary NOD1 Protein - NOD1 Protein - NOD1 Protein - NOD1 Protein [90]
Body Epithelium NOD2 Protein - NOD2 Protein - NOD2 Protein - NOD2 Protein [90]
mRNA - mRNA [91,95,113] mRNA [109,114] mRNA -
NLRP1 Protein - NLRP1 Protein [91,95] NLRP1 Protein [101,109] NLRP1 Protein -
NLRP1b mRNA - NLRP1b mRNA - NLRP1b mRNA [96] NLRP1b mRNA -
[93,96,98,
i [91,93,95,111, 100,104,
Retina NLRP3 mRNA NLRP3 mRNA 113,115] NLRP3 mRNA 105,114,  NLRP3 mRNA [108]
116-118]
[92,94,98-
, , [91,95,107,113, . 101,103, .
Protein [119,120] Protein 121,122] Protein 110114, Protein [108]
116,123]
NLRC4 mRNA - NLRC4 mRNA [113] NLRC4 mRNA - NLRC4 mRNA -
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Ocular Tissues/Cells Human  Transcript/Protein Ref Rat Transcript/Protein  Ref Mouse  Transcript/Protein Ref Canine  Transcript/Protein  Ref
Retinal Microglia NLRP3 Protein - NLRP3 Protein [107] NLRP3 Protein [917 12?3’ NLRP3 Protein -
Retinal Microglia mRNA - mRNA [111] mRNA - mRNA -

(cell culture) NLRP3 Protein - NLRP3 Protein - NLRP3 Protein [92,124] NLRP3 Protein -

Retinal Miiller NLRP3 Protein - NLRP3 Protein 21 Nires Protein [106,126] ~ NLRP3 Protein -
(cell culture) 125]

Retina Astrocytes NLRP3 Protein - NLRP3 Protein - NLRP3 Protein [94] NLRP3 Protein -

Retina Ganglion Cell NLRP1 Protein - NLRP1 Protein - NLRP1 Protein [94] NLRP1 Protein -

8 NLRP3 Protein - NLRP3 Protein - NLRP3 Protein [94] NLRP3 Protein -
Retina Ganglion Cell NLRP1 Protein - NLRP1 Protein - NLRP1 Protein [109] NLRP1 Protein -
mRNA - mRNA [127] mRNA - mRNA -
(cell culture) NLRP3 Protein - NLRP3 Protein [127] NLRP3 Protein - NLRP3 Protein -
Retina Microvascular mRNA [120] mRNA - mRNA - mRNA -
Endothelial Cell NLRP3 Protein [113,120,128] ~ NLRP3 Protein . NLRP3 Protein . NLRP3 Protein .
(cell culture) NOD2 mRNA [112] NOD2 mRNA - NOD2 mRNA - NOD2 mRNA -
Retina Pi ted A 117 RNA - RNA - RNA -
e panente NLRP3 mRN (117] NLRP3 mRN (115, NLRP3 mRN NLRP3 mRN
P Protein [119,129,130] Protein 13 1‘]’ Protein [132,133] Protein
Retina Pigmented NLRP2 mRNA [134] NLRP2 mRNA - NLRP2 mRNA - NLRP2 mRNA -
Epithelial Cell (primary mRNA [134-138] mRNA . mRNA [119,137] mRNA -
culture) NLRP3 Protein [134,136,137] NLRP3 Protein - NLRP3 Protein [119] NLRP3 Protein -
Retina Pigmented mRNA [117,138-141] mRNA - mRNA - mRNA -
Epithelial Cell (ARPE-19) ~ NLRP3 Protein [129141-149]  NLRP3 Protein . NLRP3 Protein - NLRP3 Protein -
. mRNA - mRNA - mRNA [116] mRNA -
Choroid NLRP3 Protein [119,129] NLRP3 Protein (1157 NLRP3 Protein [116] NLRP3 Protein -
Choroid Vascular . . . .
X NOD2 Protein [112] NOD2 Protein - NOD2 Protein - NOD2 Protein -
Endothelium
Choroidal Vascular
Endothelial Cell (primary NOD2 mRNA [112] NOD2 mRNA - NOD2 mRNA - NOD2 mRNA -

culture)
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Most of the NLR literature in the retina comes from studies on AMD [150], where NLRP3 was found to
belocalized in the AMD lesions as well as the RPE and choroid of the patients with geographic atrophy (GA)
and neovascular AMD [117,129,130]. Mice models of AMD including Ccl2/Cx3cr1 double knockout [117],
chimeric Cfh transgenic [118], and Ceruloplasmin/Hephaestin double knockout (Cpc™~Heph ™) [132]
similarly showed NLRP3 expression with age, while NLRP3 knockout in the VEGF-A"P*" mouse resulted
in a reduced number of choroidal neovascularization (CNV) lesions [133]. AMD drusen components such
as amyloid-f3 [115], complement factor C1Q), carboxyethylpyrrole [151], and major lipofuscin component
N-retinylidene-N-retinylethanolamine (A2E) [152], have been shown to prime and activate the NLRP3
inflammasome. Therefore, it is not surprising that intravitreal injection of Af3 1-40 into rodent eyes caused
an elevation of NLRP3 transcript in the neural retina and RPE/Choroid [115,116]. In this model, liver X
receptor agonist (TO90) [116] as well as Vinpocetine [131] treatment attenuated NLRP3 production in
the retina. Interestingly, NIrp37~mice were reported to be protected against RPE degeneration following
sub-retinal delivery of Alu RNA plasmid [130] or iron overload [132]. On the other hand, Doyle et al.
found CNV lesions to be larger in NIrp3 7 mice, as compared to wild-type counterparts [151]. Hence,
it is likely that NLRP3 plays a dual role in retinal diseases.

Multiple pathways, including inflammation and oxidative stress, have been reported in AMD
pathogenesis. In vitro, stimulation of RPE cells with LPS + TCDD (oxidative stress and low-grade
inflammation), TNF« (inflammatory stress) [117], IL-1e (prime inflammasome components) [129,149],
IL-17A (signature cytokine of Th17 cells) [136], 4-hydroxyhexenal (unsaturated aldehydes) [139],
sodium iodate (NalOj3; oxidative stress) [142], oxidized-low density lipoprotein (ox-LDL; modified
lipoprotein) [138,145], C5a (complement factor) [140], A3 1-40 [144,146], all resulted in elevated
NLRP3 expression. Meanwhile, NLRP3 knockdown in A2E-treated ARPE-19 cells showed reduced
ASC complex formation and IL-1f3 production [152]. Successful inhibition of NLRP3 was shown
via inhibition of MAPK [146] and NF-«B [137] signaling pathways, as well as via treatments with
cyanidin-3-glucoside [139] and puerarin—an antioxidant and anti-inflammatory compound [144].

4. NLRs in Diabetic Retinopathy

Several mechanistic studies have investigated the pathology and progression of DR. Hyperglycemia
is recognized as the major factor in driving the regulation of various adverse responses in DR. Oxidative
stress from hyperglycemia has been postulated to cause biochemical changes and activation of
pathogenic mechanisms in the retina [153] via mitochondrial dysfunction and overproduction of
ROS [154]. Therefore, overexpression of mitochondrial superoxide dismutase (SOD) was shown to
prevent glucose-induced oxidative stress and VEGF expression [155] in DR development [156].
An increase in polyol pathway flux was also reported during mitochondrial dysregulation, in
which glucose was reduced to sorbitol and increased advanced glycation end products (AGEs)
formation, resulting in the exacerbation of oxidative stress [157]. This is usually accompanied by
elevated production of inflammatory mediators such as IL-1f3 [158] and VEGF [159] and chemokines
such as CCL2 [160], which are involved in the alteration of the BRB in the inner retina.

Chronic inflammation plays a central role in DR pathology [1,2]. Knockdown of CD18 and ICAM-1
involved in leukostasis reduces DR features, especially early indicators such as retinal occlusion
and endothelial cell damage [161]. Inhibition of the IL-1 pathway also prevented the development of
DR in diabetic animals [162]. Several inflammatory pathways, including those mediated by the NLRs,
converge on NF-kB, the transcription factor involved in multiple critical regulatory pathways of
proliferation, immune response, apoptosis [36], and angiogenesis [163]. NF-«B is a known regulator of
IL-1f3 expression, which is processed to its matured form by NLRP3 [150]. As a result, attenuation of
NF-«B via inhibition of its coactivator, poly(ADP-ribose) polymerase (PARP) [164], effectively reduced
early retinal changes [165]. NF-kB is also known to modulate the activation of the NLRP3 inflammasome
via regulating its expression [166,167]. Conversely, the role of NLRs in the regulation of inflammation
and angiogenesis is not yet fully understood. Some members of the NLR family, including NOD1
and NOD2 were reported to activate NF-kB [168,169], while other members, including NLRP2 [170],
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NLRP6[171,172], NLRP12[173,174], NLRC3 [173] and NLRX1 [175] were reported to negatively regulate
NF-kB signaling. However, the inhibitory functions of these NLRs are not well understood [176].

The prevalence and activity of NLRP3 have garnered significant interest across multiple disciplines
involving inflammation. NLRP3 gain-of-function mutation results in excessive release of IL-1f3, giving
rise to cryopyrin-associated periodic syndrome (CAPS), a group of rare hereditary autoinflammatory
diseases [4]. Several reports have shown evidence of ocular responses, including optic disc swelling [177],
uveitis, keratitis, and conjunctivitis [178] in CAPS patients. Treatment of CAPS with anakinra,
an interleukin-1 receptor antagonist, alleviates symptoms associated with autoinflammation [179].
In DR, caspase-1, and IL-13 were found in both retinas and vitreous of diabetic patients [180,181].
In addition, caspase-1/IL-1f3 dependent cell death, also described as pyroptosis, has been implicated in
the cell death of retinal cells, including Miiller and microglial cells [182]. However, despite the role of
NLRs in the regulation of caspase-1 and IL-1§, its involvement in pyroptosis has not yet been elucidated.
Limited literature was reported in regard to the specific impact of NLRs on neuronal or microvascular
cell death in DR. The first direct link between NLRP3 and endothelial cell death in the retina was
suggested in ischemic retinopathy, where hypoxia upregulated NLRP3 and IL-1§3 expression in rat retinal
microglia [111]. While IL-1f3 was not directly cytotoxic to the endothelial cell, IL-13-induced production
of Sema3A in retinal ganglion cells led to endothelial cell death by activated caspase-3 [111]. Studies
are further hampered by the insufficiency of many animal models, which limit the clarification of NLR
expression in different stages of the disease.

In human DR patients, retinal proliferative membranes obtained from PDR patients during
vitreoretinal surgery showed a significant increase in NLRP3 expression, which were co-localized with
CD31+ endothelial cells [120]. Using rodent models of DR, STZ-induced diabetic mice showed DR
features accompanied by increased retinal NLRP1 [109] and NLRP3 [123] expression. Similarly,
STZ-induced diabetic rats also had elevated retinal NLRP3 protein, which was attenuated by
sulforaphane [121] and methylene blue [122] treatment. Diabetic Nlrpl7~ mice displayed reduced
severity of DR [109], while fenofibrate given to STZ-wild-type mice reduced NLRP3 activation
and ameliorated retinal vascular leakage [123]. Meanwhile, the Akimba mouse model of PDR showed
no changes in NLRP1 expression but a significant increase in NLRP3 protein across the inner retina [114].
In a type 2 diabetic model, rats fed a high-fat diet for ten weeks showed increased NLRP3 in the whole
retina, which was later found to immunoprecipitate with thioredoxin-interacting protein (TXNIP) in
human retinal endothelial cells [113]. Taken together, in vivo data suggests NLRP3 to play significant
roles in perpetuating inflammation in the retinal tissue during DR.

Numerous cells are implicated in the progression of DR. Miiller cells are specialized radial cells
that span the height of the retina, providing both structural support and metabolic regulation of
the tissue, including production of inflammatory cytokines. Evidence demonstrating the activation of
retinal microglia and Miiller cells in the early stages of diabetes contributes a major role in the onset of
inflammatory processes. In vitro, primary rat Miiller cells treated with 25 mM glucose had elevated
NLRP3 after two days, which was reduced with sulforaphane treatment [121]. Likewise, immortalized
Miiller cell line, rMC1, treated with 25 mM glucose expressed maximal NLRP3 protein three days
after high-glucose induction, with minimal changes within the first 24 h [125]. Retinal ganglion cells
(RGCs) are output neurons which relay visual signals from the retina to the brain visual centers.
Mice RGCs treated with 5 mM fructose upregulated NLRP1 expression after 24 h [109], while rat
RGCs stimulated with 20 mM glucose for 48 h upregulated NLRP3 expression [127]. Inhibition of
TLR4 using TAK-242 was found to attenuate NLRP3 and IL-1f3 production in the rat RGCs [127].
Retinal microvascular endothelial cells form the crucial inner BRB that shields the inner retina from
circulatory insult. The primary human retinal microvascular endothelial cells (HRMECs) treated
with 30 mM glucose elevated NLRP3 expression, but was not reduced by the NLRP3 inhibitor,
MCC950 [120]. Instead, MCC950 downregulated NEK7-NLRP3 interaction, which led to a reduction
in IL-1B production [120]. Epac-1 agonist similarly reduced NLRP3 mRNA levels in HRMECs treated
with 25 mM glucose [128]. Retinal pigmented epithelial (RPE) cells form the outer BRB that regulates
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material transfer between the choroidal circulation and the photoreceptors. Immortalized ARPE-19
cells treated with a combination of 15 mM glucose + IL-13 + TNFo for 24 h resulted in increased
NLRP3 stained puncta in the cells, which were reduced when treated with connexin 43 hemichannel
blocker (Peptide5) [143]. Likewise, ARPE-19 treated with 30 mM glucose upregulated NLRP3
production, which was exacerbated when autophagy was inhibited by 3-methyadenine (3-MA) [147].
All these studies demonstrated the ubiquitous expression of NLRP3 in several cell types of the retina,
demonstrating key roles for the NLR proteins in the cellular mechanisms during DR pathogenesis.

Augmented mitophagy/autophagy could lead to mitochondrial (mt) dysfunction, which is one
of the mechanisms implicated in DR progression [183]. Excessive ROS production is a hallmark of
oxidative stress, and has been implicated extensively in NLRP3 activation with different initiators of
damage [146,148]. Release of mtDNA during mitochondrial stress has a direct role in the activation of
NLRP3 inflammasome [184], in turn causing additional mitochondrial instability [185]. Furthermore,
enhanced mitophagic flux could cause lysosomal destabilization [186], with the subsequent release of
cathepsin B [187], activating the inflammasome via increased ROS [129]. Autophagy was also proposed
to be an inflammasome-priming regulator by the downregulation of NF-kB and other signaling
components [188,189]. Indeed, blocking autophagy or proteasomal clearance in RPE cells resulted in
increased secretion of NLRP3 into the culture media [141] and activation of NLRP3 inflammasome [149].

Recent reports on TXNIP elucidated the link between hyperglycemia, oxidative stress,
inflammation, and cell death in diabetic retinopathy [190,191]. TXNIP is an inhibitor of thioredoxin,
a major cellular antioxidant and anti-apoptotic protein ubiquitously expressed in all cells. It regulates
glucose uptake in skeletal muscle cells by mediating insulin resistance [192]. TXNIP was shown to
induce inflammation through direct binding to NLRP3 inflammasome [193], leading to caspase-1
activation [113,194] and IL-1f secretion. Under high glucose conditions, TXNIP levels were found
to increase in the rat Miiller cell line, along with enhanced mitophagy [195]. Similarly, high-glucose
induced TXNIP activation in retinal endothelial and Miiller glial cells were also shown to promote
oxidative stress [196]. TXNIP knockdown subsequently restored LC3B levels and normalized
mitophagic flux [195], indicating its role in regulating homeostasis in the retinal cells. Consequentially,
the murine TXNIP knockout model showed reduced NLRP3 activation and retinal inflammation [197].
Besides, primary mouse Miiller cells isolated from TXNIP knockout mouse also failed to upregulate
NLRP3 after palmitate treatment [126]. Inhibition of TXNIP activity in vivo via siRNA-mediated
transcriptional gene silencing (TGS) successfully attenuated inflammation and gliosis [106]. Given these
promising data, the therapeutic potential of RNAi-mediated TGS in retinal treatment warrants
further investigation.

Retinal microglial cells are garnering huge interest in DR pathogenesis due to their enormous
capacity to orchestrate neuroinflammatory responses, as well as their roles as first responders during
retinal insults [198]. Microglia were observed to be activated in human DR retina, typically exemplified
by their transformation from ramified to amoeboid morphology, increase in cell number, as well
as locational changes in the retina [199]. Recent clinical OCT imaging of human T2DM also found
hyper-reflective spots located in the inner retina, described to be activated microglia accumulation [200].
In murine models, microglia were also found in increased numbers in the outer plexiform and ganglion
cell layer four months after diabetes induction, which steadily increased with the progression of
the disease [201]. During PDR, the Akimba mouse model also has Iba-1/CD11b positive cells that were
accumulated in the inner retina, where NLRP3 expression was most robust [114]. Besides NLRP3,
microglia were also found to express a comprehensive profile of NLRs. Using a human brain microglial
cell line (HMC3), we found microglial cells to constitutively express NOD1, NLRC5, NLRX, NLRP1,
NLRP3, NLRP6, NLRP7, and NLRP10 (Figure 3).

Microglia with NLRP3 activation was further implicated in other models of retinal damage.
Rats that underwent optic nerve crush (ONC) heightened NLRP3 staining in Iba-1+ microglia cells that
aggregated in the optic nerve one-day after injury [97]. Similarly, light-induced retinopathy showed
NLRP3 co-localization in Iba-1+ retinal microglial cells after one month [103]. The rat P23H retinal
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degenerative model had CD11b+ retinal microglial cells co-stained with NLRP3 [107]. Cultured rat
retinal microglial cells exposed to 80% O, showed elevated NLRP3 expression, which was attenuated
with NAC [111]. Immortalized mouse microglial cells (BV2) subjected to hypoxia also elevated
NLRP3 production [92]. Meanwhile, microglia in the subretinal region of the AMD mouse model
(CFH transgenic mouse) also showed NLRP3 staining [118]. Subsequently, retinal microglial cells
primed with LPS and stimulated with 7-ketocholesterol (a component of lipoprotein deposits) showed
an increased number of NLRP3 stained puncta in the cytoplasm [124]. Similarly, primary pig retinal
microglia (pMicroglia) cultured in our lab significantly upregulated IL-1f3 following LPS insult [202].
These reports indicate the responsiveness of microglia to a retinal insult, and suggest the NLRP3
inflammasome to play a pivotal role in mediating neuroinflammation and angiogenesis.
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Figure 3. Expression profile of NLR genes in HMC3 microglia cells. Human brain microglial cell line
(HMC3, ATCC® CRL-3304™) showed expression of NOD1, NLRC5, NLRX, NLRP1, NLRP3, NLRP6,
NLRP7 and NLRP10. Real-time PCR was performed with n = 6 samples in duplicate, with 3-actin
as the housekeeping gene. The expression of each NLR family transcript was normalized relative to
the NLRP3 expression levels. Data is represented as mean + SEM.

Successful treatment of DR requires a deep understanding of not only the molecular mechanisms
involved in disease pathogenesis, but also the time-course development of each molecular player.
Microglia and Miiller cell activation are one of the earliest cellular responses during retinal insult,
which has been reported to precede vascular or neuronal dysfunction. Since inflammatory cytokines
such as IL-1p are commonly found in DR retina, the rationale follows that NLR activation might
occur in the early stages of DR. A prolonged period of unmitigated and uncontrolled inflammation is
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involved in DR progression, thus early intervention in the NLR activation pathway could be beneficial
in halting the disease. Pharmacological inhibition of microglia cells using Minocycline, while showed
promising results in ameliorating DR presentation [203], has not yet been studied in context with
the NLR proteins. A well-known inhibitor MCC950, binds to the NACHT domain of NLRP3 to prevent
it from assuming an open conformation ready for ATP hydrolysis, was successful in preventing NLRP3
activation and HRMEC apoptosis [120]. Other NLRP3 specific inhibitors [204] include CY-09 [205],
3,4-Methylenedioxy-{-nitrostyrene, Tranilast [206], OLT1177 and Oridonin. Interestingly, Tranilast was
reported to be effective in vitro in a three-drug combination, indicating the possibility of a combinatory
therapy for maximum effectiveness in DR therapy.

5. Future Directions

The key to successful intervention is the timely application of therapeutic drugs during
the progression of DR pathogenesis. Current limitations due to the unavailability of the DR phenotype
restricts the intervention to the late stages of proliferative DR. The transgenic mice models presently
used are often accelerated, selective, and are difficult to reproduce across laboratories. Development
of large animal models such as pigs [207] will be advantageous for their ability to develop DR
phenotype/progression comparable to humans. Additionally, it is critical to map the expression of NLR
proteins in different DR stages, in order to develop new targets and better understand the optimal time
for drug delivery. Specific NLRP3 inhibitors, or indirect inhibitors to the NLRP3 activation pathway
need to be tested in the in vivo models to better understand its role in neuronal dysfunction, as well
as its effects on cell death in endothelial and pericyte cells. Gene editing specific to microglial NLRP3
could be further useful for ameliorating the inflammatory cascade of events to delay/prevent DR
progression. Lastly, much work on the retina has been focused on the NLRP3 alone due to its extensive
characterization. Since multiple NLR family members are expressed in multiple cell types of the retina,
it might also be worthwhile to understand their compensatory role during DR progression.

6. Conclusions

The ubiquity of various NLR family members in the ocular tissues highlighted the versatility of NLR
responses to ocular insults, thereby making them critical regulators for the initiation of inflammation
especially in the DR pathogenesis. Currently, there is paucity of data in relation to NLRs in DR from
human studies. The retina is a highly complex neurosensory tissue with multiple cell types [208,209].
DR progression involves a myriad of cells across all layers of the retina, of which the microglia were
shown to express multiple members to regulate inflammasomes. Not only are they found in several
regulatory pathways, but they are expressed spatially and temporally based on the immune status of
the cell. Retinal microglial cells present an exciting aspect during DR pathogenesis and targeting NLRs
could provide a potential therapeutic intervention for the prevention of DR progression.
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Abbreviations
AMD Age-related macular degeneration
AGEs Advanced glycation endproducts

ARPE-19  Human retinal pigment epithelial cell line

ASC Apoptosis speck-like protein containing a CARD
BRB Blood-retinal barrier

CAPs Cryopyrin-associated periodic syndrome

CNV Choroidal neovascularization

DAMPS Damage-associated molecular patterns

DM Diabetes mellitus

DR Diabetic retinopathy

GA Geographic atrophy

HMC3 Human brain microglia cell line

HRMEC  Human retinal microvascular endothelial cells
I/R Ischemic/Reperfusion

10P Intraocular pressure

NLRs NOD-like receptors

NOD Nucleotide-Binding and Oligomerization Domain
NPDR Non-Proliferative DR

ONC Optic nerve crush

PAMPS Pathogen-associated molecular patterns

PDR Proliferative DR

RGCs Retinal ganglion cells

ROS Reactive oxygen species

TGS Transcriptional gene silencing

TXNIP Thioredoxin-interacting protein
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