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eye and
anti-inflammasome
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Abstract

Inflammasomes, key molecular regulators that
play an important role in inflammation, consist
of a central protein, an adaptor protein ASC
(apoptosis speck-like protein) and a caspase-1
protein. Upon activation, caspase-1 induces
maturation of cytokines such as interleukin-1f
(IL-18) and interleukin-18 (IL-18). The release
of these cytokines can result in inflammation.
Inflammasomes are activated by a variety of
factors and their activation involves complex
signalling leading to resolution of infection,
but can also contribute to the pathology of
inflammatory, autoimmune, and infectious
diseases. The role of NLRP1, NLRP3, NLRC4
and AIM2 inflammasomes in the pathogenesis
of ocular diseases such as glaucoma, age
related macular degeneration (AMD), diabetic
retinopathy, dry eye and infections of the eye
has been established over the past decade. In
experimental studies and models, inhibition of
inflammasomes generally helps to reduce the
inflammation associated with these eye dis-
eases, but as yet the role of these inflamma-
somes in many human eye diseases is
unknown. Therefore, a need exists to study
and understand various aspects of inflamma-
somes and their contribution to the pathology
of human eye diseases. The goal of this review
is to discuss the role of inflammasomes in the
pathology of eye diseases, scope for anti-
inflammasome therapy, and current research
gaps in inflammasome-related eye disease.
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Introduction

An inflammasome consists of a central protein
(varies with the type of inflammasome) which
on activation recruits the adaptor apoptosis
speck-like protein (ASC). Following this
oligomerization, ASC is activated through the
process of autoproteolysis, cleaving procaspase
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to caspase-1.12 Active caspase-1 then cleaves
proinflammatory cytokines prointerleukin-1p
(IL-1p) and prointerleukin-18 (IL-18) to their
active forms and the release of these cytokines
results in inflammation of the tissue.? This
process, including the release of the activated
cytokines and activation of caspase-1, can lead to
a process of cell death called pyroptosis.3
Pyroptosis is a form of cell death that involves
the rupture of plasma membranes and
subsequent release of intracellular components.
Inflammasomes are known to contri-
bute to the pathology of a variety of inflamma-
tory, autoimmune diseases, and cancers.*?
Innate immunity plays a central role in acute
inflammation in response to microbial infection.
Innate immune cells such as macrophages and
dendritic cells along with epithelial and
fibroblast cells mediate the immune responses to
clear infection.® However, the innate immune
response is often not sufficient to clear all the
pathogens. The adaptive immune response
(activated by the innate immune system) can
play a crucial role in clearing the infection. The
adaptive immune response is complex,
but results in the production of specific
immunoglobulins and lymphocytes. B-cells,
which produce the immunoglobulins and
T-cells, can mature into memory cells, which are
then available and can react quickly if stimulated
by the same pathogen subsequently.” Most nod-
like receptor proteins (NLRPs) operate in innate
immunity in response to a variety of microbes
and sterile activators (silica, ATP, etc). The
microbial molecules are recognized by Toll-like
receptors (TLRs). Downstream signalling
through pattern recognition receptors (PRRs)
such as NLRPs is thought to be important for
shaping strong adaptive immune responses.
The innate immune system employs a range of
pathogen and damage sensing proteins called
PRRs.! PRRs include four different families of
receptors, namely TLRs, retinoic acid-inducible
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gene (RIG)-I-like receptors, nod-like receptors (NLRs),
and C-type (carbohydrate binding lectin domain) lectin
receptors (CLRs). Most NLRs operate in innate immunity
in response to a variety of microbial molecules or molecules
released because of tissue damage. These molecules are
recognized by TLRs. Downstream signalling through PRRs
such as NLRs is thought to be important for shaping strong
adaptive immune responses.”

Inflammasomes are molecular platforms, which are
assembled by NLRs in response to a variety of stimuli
such as pathogen associated molecular patterns, danger-
associated molecular patterns (DAMPs),%? or reactive
oxygen species (ROS) or cellular stress.!? NLRs are
intracellular microbial and danger sensing proteins.
Phylogeny of NLRs suggests that they are conserved in

1

the entire eukaryote kingdom.!! NLRs can be classified
under the superfamily of adenosine triphosphatases.!?
NLRs have three caspase activation and recruitment
domains (CARDs) or pyrin domains at their amino-
terminus, a nucleotide-binding and oligomerization
domain (NACHT domain) and multiple leucine rich
repeats (LRRs) domain.!®> NLRs are composed of 14
members, NLRP1 to 14. A total of eight proteins are
included in the assembly of inflammasomes including one
of six NLRPs (NLRP1, NLRP3, NLRC4, NLRP6, NLRP7,
and NLRP12), one IFNy-inducible protein absent in
melanoma 2 (AIM2) protein, one RIG-I-like helicase, and
oligomers of ASC proteins!'* (Figure 1).

Each inflammasome is characterized by specific
scaffold domains (Figure 1). NLRP-containing
inflammasomes contain LRRs, AIM2-containing
inflammasomes contain HIN200 (hemopoietic expression,
interferon-inducibility, nuclear localization) domains and
RIG-I-containing inflammasomes have a pyrin domain
(PYD). Upon activation the LRRs autophosphorylate and
active LRRs recruit ASC, which then leads to the
recruitment of procaspase-1 (Figure 2). This complex of
NACHT, LRRs, ASC and procaspase-1 is collectively
known as the inflammasome (Figure 2). CARD domains
of ASC cleave procaspase-1 to caspase-1. ASC is an
important adaptor protein that plays a major role in the
inflammasome assembly and caspase-1 activation
through CARD-CARD interactions.!®> The ASC gene
encodes a 22 kDa protein with two domains, pyrin (PYD)
and CARD. In the absence of ASC, caspase-1 is not
activated resulting in the failure of IL-1p release. Besides
caspase-1 activation, ASC is known to activate NF-kB,
play a role in apoptosis via activation of caspase-8, and
has a role in antigen presentation.!®

Pro-caspase-1, which all inflammasomes cleave,
belongs to the inflammatory subfamily of caspases.
Caspase-1 is a cysteine-rich protease that processes pro
IL-1p to active IL-1p and pro IL-18 to active IL-18. Pro-
caspase-1 resides in the cytoplasm as a 45 kDa protein,
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which upon activation generates a heterodimer of 10 and
20 kDa subunits. Caspase-1 was first named interleukin-1
converting enzyme but later it was included in the
caspase family of proteases and named caspase-1 due to
its similar homology with the ced-3 gene from
Caenorhabditis elegans.)” TL-1p is secreted by epithelial
cells, neutrophils, monocytes, macrophages, dendritic
cells,'® B cells and natural killer cells (NK cells).!? TL-1p
has a multitude of functions including triggering the
expression and production of cyclooxygenase 2 (COX-2)
and type 2 phospholipase A, and the production of
prostaglandins and platelet activating factor.! IL-1f also
triggers the formation of new blood vessels and
participates in the metastasis of tumours.?’ Production of
IL-1p increases the levels of IL-6 and cell adhesion
molecules on mesenchymal and endothelial cells.?! Pro
IL-1p can be cleaved into its biologically active form in
absence of caspase-1. In response to sterile inflammation
neutrophils secrete active IL-1p and this reaction is
catalysed by proteinase-3, MMP (Matrix
metalloproteinases)-9, and granzyme A (Figure 6).22

Inflammasomes and their mechanism of action
NLRP1 inflammasome

The NLRP1 was the first known member of the NLR
family. It is also known as caspase recruitment domain-
containing protein 7, death effector filament-forming ced-
4 like apoptosis protein and nucleotide-binding domain
and caspase recruitment domain protein. NLRP1 is made
up of four amino-terminal domains (Figure 1) namely
NACHT, LRRs, PYD, function to find (FIIND) which is
strictly required for the function of the NLRP1
inflammasome,?? and a CARD at its C-terminus. The
NLRP1 inflammasome can be activated by a variety of
stimuli such as anthrax lethal toxin, Toxoplasma gondii,
bacterial muramyl dipeptide, and ATP. Upon activation,
the NLRP1 protein recruits procaspase-1 which also has a
CARD domain. This complex of NLRP1, CARD, and
procaspase-1 is collectively known as NLRP1
inflammasome. The assembled inflammasome then
cleaves procaspase into its active form caspase-1 and
caspase-1 in turn cleaves pro IL-1f to its active form
(Figure 3).

NLRP3 inflammasome

NLRP3 is the most widely studied and the best
characterized of the inflammasomes. It is also known as
cryopyrin, CIAS1. The NLRP3 gene is localized in
chromosome 1 and encodes a protein called cryopyrin or
NLRP3 protein. NLRP3 protein consists of three domains
namely LRR, NACHT, and PYD (Figure 1).2* Unlike other
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Figure 1 Structure of inflammasomes. (a) NLRP1 inflammasome has an NLRP1 protein with NACHT, LRRs, FIIND and CARD
domains. (b) NLRP3 inflammasome is made up of a central NLRP3 protein. NLRP3 lacks a CARD domain; it recruits ASC to cleave
procaspase-1. (c) NLRC4 inflammasome has an LRR domain at its C-terminus and lacks a pyrin domain. (d) AIM2 inflammasome
contains an HIN200 domain and it recruits ASC protein to cleave procaspase-1. (e) The Pyrin inflammasome contains a central pyrin

molecule and it recruits ASC to cleave procaspase-1.

inflammasomes, NLRP3 is activated by a variety of
factors such as infection with bacteria, virus,2 fungi,26
crystalline and particulate matter?” (silica, asbestos, uric
acid crystals etc), extracellular ATP,?8 RNA-DNA hybrids,
UVB irradiation (Figure 4). Activation of NLRP3
inflammasome requires priming by extracellular stimuli
resulting in transcriptional upregulation of the
inflammasome components. There is no single standard
activation mechanism for the NLRP3 inflammasome but
multiple models have been proposed.

In the first model, purogenic P2X7 ATP-gated ion
channels are stimulated by extracellular ATP which
triggers the release of K" ions leading to the recruitment
of pannexin-1 membrane pore protein to the target cell
activating the NLRP3 inflammasome (Figure 4).2° In the
second model, the NLRP3 inflammasome is activated
upon engulfment of particles such as silica, asbestos,
amyloid-p and alum by phagocytes leading to lysosomal
damage followed by cytosolic release of lysosomal
contents which are sensed by the NLRP3 inflammasome
by unknown mechanism (Figure 4).2” The third model
suggests that all activators of NLRP3 trigger the
generation of ROS which in turn activates the NLRP3
inflammasome (Figure 4).2° The source of ROS is

currently unknown; however, involvement of NADPH
oxidases and mitochondria are implicated. Upon
activation NLRP3 recruits ASC (PY-CARD) which
interacts with the CARD domain of procaspase-1. This
complex of NLRP3 protein, ASC, and procaspase-1 is
collectively known as NLRP3 inflammasome. Upon the
assembly of this complex procaspase-1 is cleaved to
caspase-1 and caspase-1 cleaves prolL-1p into active IL-1p
(Figure 4).

Recent reports suggest that NIMA-related kinase 7
(NEK?) is essential for the activation of NLRP3
inflammasome.?’ It has been hypothesized that NEK7 is a
component of NLRP3 inflammasome and directly binds
to NLRP3 to control its oligomerization and ASC speck
formation.3!

NLRC4 inflammasome

In humans NLRC4 protein is encoded by the gene NLRC4
present on chromosome 2. NLRC4 stands for NLR, family
card domain-containing protein 4 and it is also known as
ice protease-activating factor (IPAF) or CARD, LRR, and
NACHT-containing protein (Clan protein) or caspase

recruitment domain-containing protein 12.32 The NLRC4
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Figure 2 NLRP1 inflammasome signalling in the eye. Activation of toll like-receptor 4 in turn recruits caspase-8 which can induce the
secretion of IL-1p directly; alternatively caspase-8 can activate the NLRP1 inflammasome which recruits caspase-1 to cleave pro IL-1p

into its active form which is then transported out of the cell.

inflammasome has a NACHT domain, caspase-1, CARD
and LLRs (Figure 1). Signals that activate NLRC4 include
deletion of LLRs, bacterial flagellin® and aflagellated
bacteria,! B-arrestin, and type 3 secretory system (T3SS)
proteins from Pseudomonas aeruginosa (Figure 5).3% To
detect the inflammasome activating signals mouse
NLRC4 use NLR family receptors such as apoptosis
inhibitory proteins (NAIPs).%® Binding of the antigen
(activating factor) to its NAIP cognate ligand induce a
conformational change leading to NLRC4 assembly
(oligomerization) is initiated to cleave prolL-1f to its
active from (Figure 5). However, it is currently unknown
how CARD of NLRC4 is connected to ASC and caspase-1.

AIM?2 inflammasome

The AIM2 inflammasome is a non-NLR protein that
assembles an inflammasome complex in response to a
variety of pathogens such as cytomegalovirus (CMV)%”
and Francisella tularensis.3 AIM2 has a pyrin and an
HIN200 domain and ASC protein recruits pro-caspase-1
(Figure 5). Cellular FLICE (FADD-like IL-1p-converting
enzyme) caspase-8-inhibitory protein (c-FLIP) is an
important macrophage survival factor that is known to
play a crucial role in the activation of the AIM2
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inflammasome.3° Unlike NLRs AIM2 lacks a NOD, so it
employs PYD and HIN interactions to recruit ASC to
cleave procaspase-1 and prolL-1f to their active forms.

Eye diseases and associated inflammasomes

The human eye has a robust immune surveillance system
to help combat a variety of pathogens. The eye must react
and initiate an inflammatory response only when it is
essential to avoid the possibility of losing vision as the
result of unwarranted infammation. Inflammasomes are
implicated in a variety of inflammatory, hereditary,
metabolic, and systemic and eye diseases.!® Ever since the
discovery of the first inflammasome, the NLRP1 in mid-
1990s, research has uncovered the role of inflammasomes
in the pathology of cancers, infections, genetic, and
autoimmune diseases. The inflammasomes NLRP1,
NLRP3, NLRC4, and AIM2 have been shown to
contribute to increased severity of eye diseases. On the
other hand, the inflammasomes NLRP6, NLRP7, NLRP12,
and PYRIN have not been shown to be involved in any
eye disease to date. Activation of inflammasomes in the
eye leads to inflammation which is often associated with
tissue destruction. This is unlike the protective role of
NLRP3 in combating infections in other tissues of the
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Figure 3 Activation mechanism of inflammasomes. Assembly of inflammasomes in response to activation signals and post activation
effects. (a) Activation signal. (b) Recruitment of ASC by NLR. (c) Inflammasome assembly. (d) Interaction of CARD-CARD domains lead
to autoproteolysis. (e) Cleavage of procaspase-1 into caspase-1. (f) Processing of proIL-1p to biologically active IL-1f by caspase-1. (g)
Release of IL-1f results in inflammation of tissue. (h) Release of IL-1p results in pyroptosis.

body. Thus, in the eye, therapies that inhibit the activation
of inflammasomes, or the production of IL-1p, may help
improve disease outcomes. In summary, none of the
inflammasomes in the eye have been shown to have a
protective role. In contrast, the NLRP3 inflammasome in
other tissues such as lungs has been shown to have a
protective role during infection.

Activation of the NLRP3 inflammasome can protect
lung tissue during infections with Mycobacterium
tuberculosis,** influenza A.*! Polymorphisms in the NLRP3
gene resulted in a lower frequency of rs10754558 G allele
impairing protection against HIV-1#? and fungal
infections due to the production of a shorter form of
NLRP3 protein.*> However, mutations in the NLRP3 gene
that lead to increased activation of NLRP3 inflammasome
and increased IL-1p secretion cause a set of rare hereditary
autoinflammatory diseases called cryopyrin-associated
periodic syndromes (CAPS) that include familial cold
auto-inflammatory syndrome, Muckle-Wells syndrome

(MWS) and chronic infantile neurological, cutaneous, and
articular syndrome or neonatal onset multisystem
inflammatory disease.*

Retinal diseases and related inflammasomes

The inflammasomes NLRP1 and NLRP3 play crucial roles
in the pathogenesis of acute glaucoma (Figure 2).4540
Glaucoma is a progressive optic neuropathy, with the risk
of increased intraocular pressure (IOP), that results in
damage to retinal ganglion cells (RGCs). One study has
shown increase in the NLRP3 inflammasome, caspase-1,
and caspase-8 in human glaucomatous eye compared
with the normal eyes.*’

In agreement with the findings from human
glaucomatous eyes, NLRP3 as well as NLRP1
inflammasomes are present in mice and rat models of
acute glaucoma.*® In a mouse and rat model of acute IOP-
induced glaucoma, elevation of IOP activated TLR-4,
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Figure 4 NLRP3 inflammasome signalling in response to various stimuli (activators represented by green arrows) assembling
inflammasomes followed by the activation of caspase-1 and subsequent maturation of IL-1 from its precursor.

which triggered caspase-8 production.*> Caspase-8
(caspase-8 functions upstream of NLRP3 inflammasome)
in turn activated the NLRP1 and NLRP3
inflammasomes.*> Upon inhibition of caspase-8, levels of
NLRP1 and NLRP3, ASC, caspase-1 and IL-1p were
significantly reduced whereas inhibition of caspase-1 only
slightly reduced IL-1p levels.*> However, the effect of
inhibition of caspase-8-dependent inflammasome
activation is yet to be studied in human acute glaucoma.
High-mobility group box 1 (HMGB1) protein also plays
role in IOP-induced glaucoma.*®# Tt is actively released
by necrotic cells and functions as a DAMP, activating
TLR-2 and TLR-4.5° In a mouse model of acute glaucoma,
rapid elevation of IOP triggered the release of HMGBI,
caspase-1-dependent NLRP3 inflammasome activation
and subsequent IL-1p production via caspase-8.51>2 Upon
HMGBI1 inhibition, levels of NLRP3, caspase-8, and IL-1p
were reduced which in turn decreased the severity of the
disease by reducing the death of RGCs and decreased the
reduction of retinal thickness.>? Inhibition of caspase-8
significantly suppressed the activation of the NLRP3
inflammasome and IL-1p production suggesting that
caspase-8 signalling is upstream of NLRP3.52 This

Eye

suggests that NLRP1 and NLRP3 inflammasomes can be

activated downstream of caspase-8 signalling.*>2

In rodent models, inhibition of the NLRP1 and NLRP3
inflammasomes via intravitreal injection of caspase-1 and
caspase-8 inhibitors reduce the severity of acute
glaucoma.®® New studies are required in human models
of glaucoma to investigate the disease progression upon
inflammasome inhibition. This could open ways for novel
therapeutic targets in treating glaucoma. ROS, amyloid-f,
oxidative stress, and pannexins activate inflammasomes,
and these are directly linked to the pathology of human
glaucoma.>®>* However, there are no studies relating
these to inflammasome-mediated human glaucoma.
Interactions that might occur between the NLRP1 and
NLRP3 inflammasomes are yet to be characterized.

The NLRP3 inflammasome contributes to the
inflammation upon partial optic nerve crush (pONC)
injury in a mouse model of glaucoma.?® Levels of ASC,
caspase-1, and IL-1p increase upon pONC in the retinas of
mice.>® Gene knock out of the NLRP3 inflammasome in
mice delayed the loss of RGCs and increased axonal
survival after pPONC, suggesting that the NLRP3
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inflammasome may be necessary for inflammation in
glaucoma.?

Diabetic retinopathy is a sight threatening disease that
involves the growth of blood vessels and neuroglia in the
retina. Thioredoxin-interacting protein (TXNIP) is a
mediator of retinal inflammation and recent evidence
suggests that TXNIP levels are increased in diabetic rat
retinas and in retinal cell cultures in vitro (Figure 4).5°
Hyperglycaemia during diabetes can upregulate TXNIP,
inducing NLRP3 expression and increasing IL-1f
production from cultured Muller cells.’” The role played
by inflammasomes in diabetic retinopathy is unclear in
terms of their mechanism of action and their contribution
to the disease pathology. Evidence linking
inflammasomes to diabetic retinopathy would help us to
better understand the disease.

Age-related macular degeneration is a progressive sight
threatening disease that results in the loss of
photoreceptors in the macula. AMD results in significant
loss and damage of retinal pigment epithelium (RPE).%® In
the initial stages of AMD, protein-rich extracellular
deposits called drusen appear in the RPE. In AMD, the
NLRP3 inflammasome is activated and its activation has
been proposed to be through many factors such as drusen
components, RPE and complement proteins, oxidative

stress, oxidative by products and DNA (Figure 4).59-61
Deposition of drusen on RPE results in their destruction
by necrosis and activation of the NLRP3 inflammasome.®?
Drusen and its components such as carboxyethylpyrrole
and complement protein C1q (Figure 4)%3 activate the
NLRP3 inflammasome in bone marrow-derived
macrophages of mice and humans.” Cl1q activates the
NLRP3 inflammasome through the phagolysosome

(a phagolysosome is formed by the fusion of a lysosome
and a phagosome in the cytoplasm, the proteolytic
enzymes present in the lysosome will destroy the contents
ingested by the phagosome) different from proposed
models of NLRP3.%

Nucleic acids such as Alu RNA (Alu DNA and RNA are
repetitive nucleotide sequences that occur in the human
genome and their function is yet to be fully determined)
can also activate the NLRP3 inflammasome during RPE
degeneration (Figure 4). Initially Alu elements were
thought to be functionless entities but they are now
recognized for their transcriptional regulatory functions.*
Alu RNA activates the NLRP3 inflammasome producing
IL-18 followed by the apoptosis of human and mouse RPE
cells. This cell death, in a Fas knock out mouse, is
mediated by caspase-8/caspase-3 activation through
MyD88 or Fas signalling (Figure 4).%5% Formation of
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functional NLRP3 inflammasome involves two distinct
steps (Figure 4): priming (upregulation of inflammasome
components) and activation (assembly of inflammasome
components).®”” However, it is not clearly understood how
Alu RNA activates the NLRP3 inflammasome.

Studies on RPE cells following photooxidatve damage
have led to the discovery of a unique way of activating
the NLRP3 inflammasome. Blue light-induced photo-
oxidative damage to RPE cells with lipofuscin deposits
lead to phototoxic cell death.%® This then leads to the
rupture of lysosomal membranes resulting in release of
their contents into the cytosol. Lysosomal rupture
activates NLRP3 along with the activation of caspase-1
and IL1-p and IL-18 secretion. Activation of NLRP3
through lysosomal rupture was mediated by cathepsin B
or cathepsin L (Figure 4).%8

NLRP3 inflammasome was thought to have a
protective role in AMD. In a wet AMD model that
induces choroidal neovascularization (CNV) through
laser treatment, genetic knockout of NLRP3 in mice had
increased CNV and subretinal haemorrhaging compared
to wild-type and interleukin-1 receptor knockout mice.
Therefore, it has been proposed that the NLRP3
inflammasome has a protective role in wet AMD.
However, experimental data from five different
laboratories show that NLRP3 inflammasome and IL-18
has no protective role in CNV-induced wet model of
AMD.® To address the conflicting roles of NLRP3
inflammasome and IL-18 in CNV, Hirano et al have used
a standard laser-induced mouse model.*’ Intravitreal
injections of recombinant mouse IL-18 up to 1 pg did not
affect CNV in mice compared to placebo injections.®’
Simultaneously, transfection of plasmids encoding pro
and active IL-18 into RPE cells via subretinal injection in
mice did not affect the CNV volume.®® These data support
that IL-18 is not an anti-angiogenic factor. Furthermore,
antibody targeting IL-18, used by Doyle et al®® was
diluted in 50% glycerol, which is known to be
proangiogenic.”? Testing this hypothesis, intravitreal
injection of glycerol alone increased CNV in wild-type
mice and in contrast administering isotype IgG
formulated in glycerol-free buffer showed no increase in
CNV.% Studies from Hirano et al also found that
genetically deficient mice for either IL-18 or its receptor
IL-18R1 showed reduced CNV volume compared to wild-
type mice.®” However, it has been hypothesized that
developmental loss of IL-18 function may create a niche
that could reduce angiogenesis.®

The NLRP1 and NLRP3 inflammasomes play a vital
role in retinal pathologies such as human/experimental
glaucoma, AMD and diabetic retinopathy. Therapies
targeting inflammasome inhibition to treat AMD are
currently being tested at the level of preclinical trials.”!
However, it is unclear whether the data from
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experimental models are translatable to humans,
successful clinical trials could help us understand the
therapeutic efficiency of inflammasome targeting as a
treatment modality.

Inflammasomes in Behcet’s syndrome and dry eye
disease

The NLRP3 inflammasome has been implicated in the
pathogenesis of Behcet’s syndrome and dry eye disease.”?
Mutations in the NLRP3 gene result in rare
autoinflammatory diseases collectively known as CAPS
that include familial cold autoinflammatory syndrome,
MWS and neonatal onset multisystem inflammatory
disease.** The ocular inflammation associated with CAPS
is due to spontaneous activation of NLRP3 inflammasome
and subsequent production of IL-18.7

Behcet’s syndrome is a systemic condition
characterized by recurrent uveitis and skin lesions.
Macrophages from Behcet’s syndrome patients in culture
showed increased expression of TLR-2/4 which led to the
production of ROS and mitochondrial stress ultimately
activating the NLRP3 inflammasome to produce IL-1p.7*
Another study that explored the possible mechanism of
IL-1p secretion in Behcet’s syndrome patients showed that
mutations in NLRP3 gene could result in over production
of IL-1p and other proinflammatory cytokines.”> These
mutations are inherited by the patients that effect the spec
formation (accumulation and bonding of large number of
ASC proteins) of ASC protein leading to over production
of TL-1B.7% The association of circulating immune
complexes and complement activation with Behcet’s
syndrome is evident and the complement system is
known to activate inflammasome.”® However, there is no
evidence directly linking inflammasomes and
complement activation to Behcet’s syndrome.

Dry eye disease is characterized by inflammation of the
ocular surface and increased tear osmolarity causing
symptoms of ocular discomfort. ROS generated in
response to extended dryness activates the NLRP3
inflammasome in a murine dry eye model.”> ROS-induced
NLRP3 activation led to the production of IL-1f through
caspase-1 activation.”? Conjunctival goblet cell density
can be used as a marker for dry eye disease.”” When
goblet cells in the conjunctiva were exposed to
Staphylococcus aureus, the NLRP3 inflammasome was
activated.”® Immunohistochemical analysis has shown
that components of the NLRP3 inflammasome are present
in human and rat conjunctival goblet cells along with the
purinergic receptors P2X4 and P2X7, and TLR-2.7® This
suggests that S. aureus activates NLRP3 inflammasome
through purinergic receptors with subsequent secretion of
IL-1p (Figure 4).”® Current options for immunotherapy for
dry eye include cyclosporine A and topical



corticosteroids. Topical application of inflammasome
inhibitors could serve as alternative treatment modalities
for current dry eye therapies.

Infections of the eye and related inflammasomes

Infection plays important role in assembling
inflammasomes through DAMPs/TLR signalling. A
variety of inflammasomes are assembled in response to
bacterial, viral, fungal, and parasitic infections of the eye.
Mouse and rat macrophages infected with Toxoplasma
gondii trigger NLRP1-mediated inflammatory
responses.” The exact mechanism through which

T. gondii activates the NLRP1 inflammasome is yet to be
resolved, but the NLRP1 inflammasome generates a
protective response against T. gondii when mice are orally
infected.” Caspasel/11-mediated signalling appears to
be involved in clearing the pathogen in the mouse
model.”?

The NLRC4 inflammasome is activated during corneal
ulceration caused by Streptococcus pneumoniae and
Pseudomonas aeruginosa.3%8! The inflammasome is present
at 1000-fold greater levels in ulcerating corneas when
compared with control eyes.3" Toxins secreted by
P. aeruginosa (exoS, exoT, and exoll) and pneumolysin of
S. pneumoniae can activate the NLRP3 and NLRC4
inflammasomes (Figure 5).3? Pneumolysin is a known
ligand for TLR4 and activation of NLRP3 may occur via
TLR4 signalling.8? A similar mechanism could also
activate the NLRC4 inflammasome.33 During infection,
assembly of the inflammasome indirectly via IL-1p
attracts inflammatory mediators such as cytokines and
chemokines.?+-8 In this processes of eliminating the
pathogen collateral damage occurs to host tissue resulting
in partial or permanent blindness.

In a mouse model of P. aeruginosa keratitis, inhibition of
caspase-1 has been studied as an adjuvant therapy with
ciprofloxacin.®” Inhibition of caspase-1 and killing the
bacteria in combination with ciprofloxacin reduced the
severity of corneal inflammation.®” Inhibition of
inflammasome complex (caspase-1) could serve as an
adjuvant therapy in targeting infectious and
inflammatory diseases of the eye. It could be possible that
caspase-1 activation in this model is NLRC4
inflammasome dependent. IL-1f is a pro-inflammatory
cytokine contributing to the pathogenesis of bacterial
keratitis. Murine models of keratitis have shown that
IL-1P levels are upregulated from 4 h post infection.3488
IL-1p is a potent pro-inflammatory cytokine that can
induce activation and upregulation of VEGE,® ICAM-1,%°
IL-8 (MIP-2 mouse analogue of human IL-8) a major
chemoattractant, CXC chemokine receptor 284 and other
neutrophil activating chemokines facilitating the entry of
neutrophils into the cornea.
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MMPs are protein-cleaving enzymes that degrade the
components of basement membrane. Gelatinases MMP-2
and MMP-9 are widely studied in the eye as they
selectively degrade type IV collagen.’! IL-1 is known to
induce the production of MMP-9°2 which can process the
maturation of pro-IL-1p into active IL-1p (inflammasome
independent as shown in Figure 6).22 MMP-9 also plays
important role in ulcerative keratitis, important regulator
of corneal pathology and corneal wound healing by
helping the neutrophils to transmigrate into the
cornea.?>% Neutrophils and monocytes are the main
source of MMP-9 during corneal infections. MMP-9
mediates its chemotactic effects via chemokine receptors
CXCR1 and CXCR2.%¢ There exists a direct relation
between MMP-9 and IL-1p, mice (uninfected) treated with
IL-1p neutralizing antibody showed significant reduction
in MMP-9 and the vice versa is true.®> Mice injected with
MMP-9 neutralizing antibody showed reduced PMNs
compared to controls suggesting regulatory role of PMN
transmigration into the cornea. All these data suggest that
production of IL-1p controls the induction of many
cytokines and chemokines including MMP-9 in the
corneal disease. It could be hypothesized that both
inflammasome dependent and independent production
of MMP-9 can influence pathology of the corneal
infections.

A recent study has brought to light a novel mechanism
by which the NLRC4 inflammasome can be activated
through mitochondria. Infecting bone marrow-derived
macrophages with P. aeruginosa resulted in the release of
mitochondrial DNA and ROS (Figure 5).°* Inhibition of
ROS reduced the production of mitochondrial DNA.%*
Mitochondrial DNA can activate the NLRC4
inflammasome in bone marrow-derived macrophages.’*
Another interesting mechanism through which the
NLRC4 inflammasome can be activated is by pilin. In
mouse macrophages, NLRC4 inflammasome can be
activated by Type IV pilin of P. aeruginosa.”® Pseudomonas
species are commonly seen in corneal infections;
however, very little is understood about inflammasome
activation by P. aeruginosa in the eye. It could be
hypothesized that ROS and type IV pilin could
activate NLRC4 inflammasomes in corneal
infections.

The AIM2 inflammasome is a non-NLR protein that
assembles an inflammasome complex in response to a
variety of pathogens such as CMV¥ and Francisella
tularensis.®® AIM2 has a pyrin and an HIN200 domain and
an ASC protein which recruits pro-caspase-1(Figure 1).
Cellular FLICE (FADD-like IL-1p-converting enzyme)
caspase-8-inhibitory protein (c-FLIP) is an important
macrophage survival factor that is known to play a crucial
role in the activation of the AIM2 inflammasome
(Figure 5).3° The AIM2 inflammasome can be activated in
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Figure 6 Caspase-1 independent regulation of IL-1f in the body: (signalling with light grey/red arrows). (1) Sterile inflammatory
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subsequent production of pro IL-1f protein. (7) Caspase-1 cleaves pro IL-1p into its active form which is transported out of the cell.

a murine model of experimental CMYV retinitis (Figure 4).
CMV retinitis in humans accounts for up to 30% of the
visual impairment in acquired immuno deficiency
syndrome (AIDS) patients.’® This condition not only
manifests in AIDS patients but also in over severe types of
immunocompromised patients, but usually with a lower
incidence.”” Mice infected with CMV after 10 weeks
developed severe retinitis and pyroptosis involving
cytokines such as TNF-a and IL-1p and the AIM2
inflammasome. The AIM2 inflammasome may be
activated in response to double stranded DNA from CMV
(Figure 5).98

Research has uncovered major molecular mechanisms
behind the inflammasomes assembly during infections;
however, there is no clinical evidence linking the role of
inflammasomes in human eye infections. Much of the
evidence available on inflammasome assembly is from
cell culture and experimental models in animals.
Therefore, a need exists to understand the role of
inflammasomes in human eye diseases. This could result
in the design of new classes of therapeutic agents to
combat infectious and inflammatory diseases.

Eye

Conclusion

Certain inflammasomes play crucial roles in posterior and
anterior eye diseases. Recent reports on the function of
inflammasomes in the eye have brought novel
mechanisms to light involved in these processes.
However, the exact role of inflammasomes and their
interacting ligands in human eye diseases are yet to be
fully elucidated. Use of caspase-1 inhibitors has shown
promising results in reducing the severity of certain eye
diseases. Understanding the role of inflammasomes in
human eye diseases could help the design effective
therapies aiding clinical practice. Although many
inhibitors of inflammasomes have been discovered
(Table 1), they are yet to be tested in human or animal
models of eye diseases. These should be tested in relevant
animal models of eye diseases and this may lead to the
development of novel treatments for inflammatory,
autoimmune and infectious eye diseases respectively.
Understanding the role of inflammasomes and IL-1 led to
the successful development of anti-inflammasome
therapies targeting IL-1 and its receptor IL-1R. Few
examples include Anakinra targeting IL-1R1 and
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Canakinumab and IL-1p antagonist to treat CAPS.”® With
recent advances in eye research anti-inflammasome
therapies are now being translated at the level of clinical
trials for diseases such as AMD.
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