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Introduction

Summary

The innate immune system is an ancient surveillance system able to sense
microbial invaders as well as aberrations in normal cell function. No
longer viewed as a static and non-specific part of immunity, the innate
immune system employs a plethora of specialized pattern recognition sen-
sors to monitor and achieve homeostasis; these include the Toll-like
receptors, the retinoic acid-inducible gene-like receptors, the nucleotide-
binding oligomerization domain receptors (NLRs), the C-type lectins and
the complement system. In order to increase specificity and diversity,
innate immunity uses homotypic and heterotypic associations among
these different components. Multi-molecular assemblies are formed both
on the cell surface and in the cytosol to respond to pathogen and danger
signals. Diverse, but tailored, responses to a changing environment are
orchestrated depending on the the nature of the challenge and the reper-
toire of interacting receptors and components available in the sensing cell.
It is now emerging that innate immunity operates a system of ‘checks and
balances’ where interaction among the sensors is key in maintaining nor-
mal cell function. Complement sits at the heart of this alarm system and
it is becoming apparent that it is capable of interacting with all the other
pathways to effect a tailored immune response. In this review, we will
focus on complement interactions with NLRs, the so-called ‘inflamma-
somes’, describing the molecular mechanisms that have been revealed so
far and discussing the circumstantial evidence that exists for these interac-
tions in disease states.

Keywords: cell surface molecules; complement; inflammasome; inflamma-
tion; innate lymphoid cells.

in the late 1990s and the verification that the innate
immune system is actually highly specific, relying on

The complement system, named for its ability to ‘comple-
ment’ the humoral immune response, was the first part
of the innate immune system to be discovered over a cen-
tury ago. Since then, this complex fluid-phase and mem-
brane-bound system of proteins has been considered to
be the first line of our immune defence against infection.
Thought to be a static and non-specific apparatus, it was
seen as an undifferentiated system, non-specifically tag-
ging invaders for phagocyte engulfment and digestion, in
contrast to the sophisticated framework of T and B cells
that have elaborate clonal mechanisms to form a plethora
of highly specific receptors and antibodies by DNA rear-
rangement.

This view of the innate immune system changed dra-
matically with the discovery of Toll-like receptors (TLRs)
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germline-encoded pattern recognition receptors (PRRs)
that, in addition to TLRs, include retinoic acid-inducible
gene-I-like receptors (RLRs) and the nucleotide-binding
oligomerization domain receptors (NLRs) that have
evolved to detect components of foreign pathogens
referred to as pathogen-associated molecular patterns
(PAMPs). This system of sensors can detect not only
PAMPs but also host-derived damage-associated molecu-
lar patterns (DAMPs), triggering infectious and sterile
inflammation.

With the discovery of the TLRs, the complement sys-
tem was momentarily overshadowed; however, it soon
became apparent that all parts of the innate immune sys-
tem followed the dogma of ‘pattern recognition’ with
complement being the archetypal PRR — recognizing
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motifs and signatures from pathogens (carbohydrate
structures) as well as host proteins (antibodies) so as to
trigger activation. Hence, it has emerged that the innate
immune system has virtues that are equally specific and
just as elaborate as the features of adaptive immunity and
that there are various levels of crosstalk among the differ-
ent sensors shaping the inflammatory response. These
sensors are not independent pathways, but rather act in
concert in trigger-dependent patterns and via several ini-
tiation and regulatory mechanisms to produce an antici-
pated result in immune surveillance. Complement sits at
the heart of this surveillance system: TLR—complement
interactions have been described that have both synergis-
tic and antagonist consequences;' > there are TLR-NLR
interactions, most notably forming a molecular scaffold
complex, termed the inflammasome, which requires input
from both the TLR and NLR pathways and leads to the
activation of the pro-inflammatory cytokines interleukin-
18 (IL-1f) and IL-18; triggering of TLRs and RLRs seems
to act as a priming step for the inflammasome, and we
now have data demonstrating direct interaction between
complement and the inflammasome. The current review
aims to summarize these interactions and describe com-
plement-induced inflammasome activation; we propose a
model of innate immune activation where the terminal
complement components, including complement-induced
pore formation on the plasma membrane, trigger inflam-
masome activation.

The complement system

The discovery of the complement system dates back to the
late nineteenth century. In recent years attention has been
shifted away from complement by the discoveries of the
TLRs, RLRs and NLRs; indeed, immunologists have over-
looked the fact that complement was the first PRR to be
discovered and that the whole complement system follows
the same dogma of activation — ‘pattern recognition’.

Complement is a large collection of plasma proteins
that can be activated in a cascade-like fashion leading to
opsonization of pathogens for phagocytosis and the
assembly and deposition of the membrane attack complex
(MAC) that kills bacteria or infected/damaged cells
through disruption of their membrane integrity. Hence,
its job is to recognize PAMPs or DAMPs, to tag the cells
of interest and to destroy them. Complement can there-
fore be viewed as another ‘sensor’ of the pattern recogni-
tion system of activation that the innate immune system
employs. It recognizes motifs and signatures that trigger
the cascade of activation.

Activation occurs via three pathways: (i) the classical
pathway (CP) with Clq as its main pattern recognition
sensor, (ii) the lectin pathway (LP) with mannose-binding
lectin (MBL) and ficolins as the recognition molecules,
and finally (iii) the alternative pathway (AP) with a thioe-
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ster moiety of C3b as well as properdin as the recognition
molecules. Once activated all three pathways converge at
C3.

The CP employs Clq as a PRR and it is able to bind
host proteins, such as IgM and IgG clusters, apoptotic
cells and structures on microbial cells. The Cl complex
contains the proteases Clr and Cls, which become acti-
vated once there is Clq surface binding.* C4 is subse-
quently cleaved by Cls into C4a and C4b, followed by
C2, creating the C4bC2a enzyme (C3 convertase).

The LP employs MBL and ficolins as PRRs to recognize
and bind carbohydrates. Both MBL and ficolins bind
MBL-associated serine proteases (MASPs) in structures
similar to the Cl1 complex of the classical path-
way — MBL/ficolins resembling Clq, whereas MASPs
resemble Clr and Cls. In this pathway, MASP2 cleaves
C4 and C2 to generate the C3 convertase.’

The AP has C3 as its central molecule. C3b generated
by cleavage of C3 by CP/LP convertases or C3(H,O)
formed spontaneously forms the nidus for binding of fac-
tor B (fB), which is then cleaved by the serum protease
factor D (fD) to form the AP C3 convertase C3bBb (or
C3(H,0)BD). Cleavage of C3 exposes a thioester moiety
in C3b that is able to recognize and bind surfaces,” lead-
ing to complement tagging and opsonization. In addition,
properdin, a stabilizer of the AP C3 convertase, is able to
recognize several PAMPs and DAMPs, initiating a com-
plement response.” Therefore the AP has its own PRRs so
as to be able to recognize host and pathogen signatures
and trigger activation.

Membrane attack complex

Irrespective of how the complement cascade has been ini-
tiated, whether in response to host immunoglobulins,
apoptotic bodies, or specific PAMPS or DAMPS, all acti-
vation cascades converge to the terminal pathway, a path-
way that begins with the cleavage of C5 and ends with
the deposition of an oligomeric structure of complement
components embedded in the cell membrane, creating a
pore. This oligomeric structure, the MAC, comprises five
complement components, C5b-9 and its sole purpose was
thought to be the lysis of bacteria, and infected or ‘dam-
aged’ cells.

However, in addition to lysis, MAC can trigger diverse
effects in the target cells, such as inflammatory mediator
release, cell proliferation and apoptosis.>’ Nucleated cells
are resistant to MAC killing because of the presence of
ion pumps and mechanisms that shed MAC. The fate of
a nucleated cell attacked by complement seems to be
dependent mainly on calcium. A large influx of calcium
is the first event following MAC attack on a cell and
increasing concentrations of calcium contribute to cell
death.'® Increasing concentrations of calcium lead to loss
of membrane potential of the mitochondria, resulting in
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an energy crisis within the cell. The situation becomes
even worse with the loss of ATP through the MAC pore,
rendering the cell incapable of sustaining its metabolic
processes.'' Although we have known for over 25 years
that these events occur following MAC attack on nucle-
ated cells, it was not until recently that it was revealed
that these events occur in cooperation with NLRs and the
oligomeric structure termed the inflammasome.

The inflammasome

The term inflammasome was first used in 2002 by Marti-
non et al.,'? to describe a novel structure that was similar
to the apoptosome and had the ability to cause inflamma-
tion. The inflammasomes are a group of multimeric pro-
tein complexes that assemble in the cytosol; all consist of
an activated NLR molecule, apoptosis-associated speck-like
protein containing CARD (ASC) and pro-caspase-1. The
formation of the inflammasome complex is triggered by a
variety of substances derived from infections, tissue dam-
age, or metabolic dysfunctions.'” Ultimately, the arrange-
ment of the inflammasome complex triggers the activation
of pro-caspase-1, which proteolytically activates the pro-
inflammatory cytokines IL-1f and IL-18.

Due to the large number of ligands that have been
identified as triggering the inflammasome, it has been
suggested that the inflammasome does not directly bind
the ligands but rather is activated indirectly by a two-step
activation mechanism consisting of a first priming step
involving pro-IL-1f synthesis and a second step in which
caspase-1 activates and cleaves IL-1f to produce the
active cytokine.'*

The priming step is believed to be triggered by PRR
recognition of their ligands and the subsequent activation
of nuclear factor-xB. What occurs during the second step is
still unclear; it is suggested that conformational change
allows the NLR to bind ASC, which is the adaptor for all
inflammasomes. This interaction triggers ASC to bring
monomers of pro-caspase-1 into close proximity, initiating
the activation of caspase-1 self-cleavage and the formation
of its active form, which in turn mediates the conversion of
pro-IL-1 into its bioactive cytokine IL-14.">"'7 As there is
no direct ligand binding, four mechanisms leading to ‘Sig-
nal 2’ of inflammasome activation have been proposed: (i)
extracellular ATP triggers K" efflux,'® (ii) release of lysoso-
mal contents caused by lysosome disruption,'*?° (iii) pro-
duction of reactive oxygen species (ROS),*! and (iv) Ca**
mobilization.””*> Generally it seems that the NLR senses
ion fluxes or aberrations in homeostasis within the cytosol
that lead to its activation.

NLR pyrin domain-3 (NLRP3) inflammasome
The NLRP3 inflammasome 1is the best characterized

inflammasome. Unlike NLRP1, the NLRP3 has a typical
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tripartite structure organization: an N-terminal pyrin
domain, a central nucleotide binding and oligomerization
(NACHT) domain and a C-terminal Leurine rich repeat
(LRR) domain. The NACHT domain has ATPase activity
and upon stimulation causes the receptor to oligomerize
and recruit ASC via its pyrin domain. NLRP3 lacks a
CARD domain so it can only recruit pro-caspase-1
through the adaptor molecule ASC."

There are a plethora of triggers that activate NLRP3,
including crystalline material,”® fibrillar amyloid-f," pep-
tide aggregates, viral and bacterial PAMPs, and other
DAMPs. NLRP3 has been shown to be activated by whole
pathogens such as the fungi Candida albicans and Saccha-
romyces cerevisiae, and the viruses Sendai virus, aden-
ovirus, influenza virus, respiratory syncytial virus and
rhinovirus.** ** NLRP3 has also been found to be acti-
vated by host-derived molecules such as extracellular ATP
that are sensed by the purinoceptor 7 (P2X7) receptor.”’

‘Complementing’ the innate immune response

When the host is challenged by a variety of microorganisms
as well as danger signals, it needs to focus on particular sig-
natures and motifs to be able to effectively recognize the
challenge and deploy a fast immune response — hence, pat-
tern recognition is a key feature and central focus of the
innate immune system. Over the years researchers have
been thinking of the different PRRs of the innate immune
system as receptors acting in isolation, but in vivo the sin-
gle-receptor model of activation is an oversimplified one.
Realistically, cells will be challenged by and respond to
multiple stimuli simultaneously and so several PRRs will be
engaged deploying an inflammatory response as a result of
the activation of several signalling cascades.

In such circumstances the location of each PRR would
be key in triggering a co-ordinated immune response.
The complement system represents the extracellular
surveillance system, with several soluble factors looking
for microbes in the extracellular space and surface recep-
tors detecting activation. The TLRs guard the ‘toll-gates’
of the cells both on the cell surface and in endosomes
along the internalization route of microbes, whereas the
RLRs and NLRs (inflammasome) are the keepers of the
cytosol. Upon concomitant detection of pathogens, the
different PRRs of the innate immune system would need
to coordinate responses to combat the infection. A system
of checks and balances should be in place to control this
network of immune sensors capable of commanding the
inflammatory response, and complement sits at the centre
of it. Since the discovery of the TLRs, it has been shown
that there is co-operation between the TLRs and the com-
plement system.”® Complement acts synergistically with
TLRs to amplify the inflammatory response through its
membrane-bound receptors, C3aR and C5aR, while
antagonist crosstalk has also been observed.
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Complement can also negatively regulate RLRs. Viral
infection mediates the translocation of the receptor for
the globular heads of Clq (gC1qR) to the mitochondria,
promoting its associations with mitochondrial antiviral
signalling protein (MAVS), the adaptor molecule for
RLRs.*® The interaction of gClqR with MAVS disrupts
MAVS interaction with the RLRs (retinoic acid-inducible
gene-I and MDAS5) inhibiting RLR-mediated signalling
and anti-viral responses. MBL, the LP PRR, has also been
shown to be able to control anti-viral responses; MBL
binds dsRNA and modifies TLR3-induced signalling.>

Complement and inflammasome activation

Most recently it has been shown that complement is also
able to coordinate inflammasome activation and IL-1f
production. Inflammasomes are cytosolic oligomeric
structures of NLRs and ASC molecules that regulate the
secretion of IL-1f and IL-18. We and others have recently
shown that sublytic MAC can trigger NLRP3 inflamma-
some activation.”® Deposition of sublytic MAC on the cell
surface led to increased intracellular Ca** concentrations,
which in turn accumulated in the mitochondrial matrix
leading to loss of mitochondrial transmembrane potential
and triggering of the NLRP3 inflammasome. This study
has been corroborated by Laudisi et al.,”® where they have
confirmed in mouse dendritic cells that sublytic MAC
drives the assembly of the NLRP3 inflammasome and
caspase-1 activation.

The mechanism of activation seems to be dependent
on Ca®" ions, a consequence of pore formation on the
cell membrane, leading us to believe that MAC must be
acting in a manner similar to viroporins®® or bacterial
pore-forming toxins that have also been shown to activate
the inflammasome. Viroporins, such as influenza M2,%?
and respiratory syncytial virus SH*® deliver Signal 1 of
inflammasome activation via a triggering PRR (i.e. TLRs)
whereas Signal 2 is triggered by perforating the cell mem-
brane. In the case of some bacterial toxins, as well as the
Rhinovirus 2B viroporin,>* the toxins seem able to trigger
both Signal 1 and Signal 2 of inflammasome activation by
disrupting the membrane. The question that remains is
how does complement membrane attack trigger this acti-
vation. The evidence clearly shows that MAC is delivering
Signal 2 by changes in the Ca** concentration, but does
it trigger Signal 1 — and if so, how? Is it possible that
MAC provides both signals of activation, or are comple-
ment components upstream of MAC responsible for the
priming signal?

Anaphylatoxins in inflammasome activation:
providing Signal 12

Although recent studies have implicated MAC, the end
product of the complement cascade, as the trigger for
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inflammasome activation, the question that arises is
whether the complement cascade upstream of MAC is
able to also contribute to inflammasome activation. Ana-
phylatoxins, C3a and C5a, bind specific 7-TM G-protein-
coupled receptors (GPCR) on cells and could be trigger-
ing Signal 1 of inflammasome activation upstream of
MAC.

C3a and Cb5a are small, highly cationic polypeptides
(~70 amino acids) that are extremely potent inflamma-
tory mediators.”> They regulate a spectrum of immune
and non-immune functions, such as vasodilatation,”® pro-
inflammatory cytokine production, histamine release,
chemoattraction,” and tissue regenerattion.3 8 Control
mechanisms have been evolved that regulate their activity,
especially their pro-inflammatory activity. Carboxypepti-
dases rapidly cleave off a C-terminal arginine residue,**’
resulting in C5adesArg and C3adesArg [also known as
acylation stimulating protein (ASP)], the former retaining
minimal inflammatory activity (1-10%) by still being able
to bind to Cb5a receptor (C5aR) whereas the latter is
unable to bind to C3a receptor (C3aR) and lacks any
pro-inflammatory activity.*"*> Interestingly, although
C3adesArg has lost the pro-inflammatory activity of its
predecessor C3a, it still possesses metabolic activity, con-
trolling triglyceride synthesis in the adipose tissue,*> an
example of the many ways that the complement system
can perform non-immune functions.

C3a as Signal 1?2

The anaphylatoxins exert their activities by binding to
GPCR, the C3aR, the C5aR and Cb5a receptor-like 2
(C5L2; this latter is not G-protein coupled).** C3aR binds
C3a, but does not bind C3adesArg or C5a.* Once bound
to its ligand, C3aR triggers signalling via heterotrimeric
G-proteins, in particular via pertussis-toxin sensitive G
proteins (Gi), mobilizing intracellular calcium.*® In addi-
tion to Gi, C3aR can also use the pertussis-toxin-insensi-
tive G proteins G12, GI3* and G16* for signal
transduction, triggering downstream signalling events
such as activation of protein kinase C, phospholipase C,
the mitogen-activated protein kinases, extracellular signal-
regulated kinase 1 (ERK1) and ERK2,*"** as well as phos-
phatidylinositide 3-kinase (PI3K) followed by Akt-phos-
phorylation.*” Therefore, C3a is more than capable of
delivering Signal 1 of inflammasome activation leading to
generation of pro-IL-1f by triggering signalling cascades
in both myeloid and non-myeloid cells types where C3aR
is expressed.

C3a has recently been shown to modulate IL-1 pro-
duction in human monocytes. Although C3a was impli-
cated in IL-1f production in an earlier study,”® the
results were compromised by possible lipopolysaccharide
contamination of the C3a preparations. In the most
recent study, it was shown that C3aR augments the
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release of TLR4-mediated cytokines, leading to enhanced
T helper type 17 responses.”’ The authors demonstrated
that C3a binding of C3aR drives IL-1f production by
triggering ERK1/2 activation, followed by increased ATP
efflux. This increase in extracellular ATP leads to the acti-
vation of the P2X7 which in turn triggers NLRP3 activa-
tion. This study is a perfect example of how complement,
TLRs and the inflammasome co-ordinate in response to
danger.

C5a detecting crystalline material as Signal 1?2

Cb5a triggers signalling via its C5aR a GPCR linked to a
heterotrimeric G-protein complex including the pertussis-
toxin-sensitive o units Gi2’* and the pertussis-toxin-
insensitive G16.°>* Ligation of C5aR causes calcium
mobilization from the extracellular space as well as from
intracellular stores. Activation leads to phosphorylation of
the C-terminus of the receptors by GPCR kinases, which
bind to arrestins targeting C5aR for internalization via
clathrin-coated pits,” as well as interact with intracellular
signalling components such as PI3K, mitogen-activated
protein/extracellular signal-regulated kinases and Akt.>®
Different signalling cascades have been linked to C5aR
activation, including phospholipase C,”” phospholipase
D,*® PI3K,>** Raf-1-mediated activation of MEK-1,"
demonstrating that C5aR is a signalling PRR that is able
to deliver Signal 1 of inflammasome activation.

Recent studies have demonstrated that crystalline mate-
rial along with C5a are able to trigger inflammasome acti-
6263 The complement system as well as the
inflammasomes have been individually linked to the
innate recognition of crystalline material. Crystalline sub-
stances have been previously shown to be able to activate
the NLRP3 inflammasome and lead to the production of
IL-1f and 1L-18. In particular, cholesterol crystals
(CC),%* monosodium urate (MSU) and calcium phos-
phate crystals have all been shown to be readily phagocy-

vation.

tosed by macrophages and lead to NLRP3 activation
through lysosomal damage and ROS production.”” In
parallel, such crystalline material has been previously
shown to activate the complement system. CC,°®°® and
MSU crystals,’” have been shown to activate the comple-
ment cascade via the AP. In an MSU-crystal-induced rab-
bit synovitis model, complement triggered pro-
inflammatory responses as well as chemotaxis of neu-
trophils into the synovium,” suggesting that complement
is central in the innate immune response against MSU
crystals.

A recent study by Samstad et al.®> demonstrated that
CC induce complement-dependent inflammasome activa-
tion via C5a. Both CP and AP were activated in response
to CC, confirming earlier studies that had suggested that
CC activated the AP.°°°® The amounts of C3bBb and
properdin in plasma were increased in response to CC,
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whereas C5a enhanced CC-induced cytokine release,
including tumour necrosis factor-oo and IL-1f. The study
suggested that C5a in combination with tumour necrosis
factor-o might act as a priming signal (Signal 1) of
inflammasome activation. Most crystalline structures trig-
ger a short-lived ROS production as Signal 2 of inflam-
masome activation and their data in a whole blood assay
demonstrated complement-dependent ROS production in
response to CC. Therefore, complement not only provides
Signal 1 (via CC and C5a) but also Signal 2 of inflamma-
some activation by the production of ROS. Furthermore,
they identified complement receptor 3 (CR3) as the
receptor responsible for the internalization of CC, impli-
cating complement as a key orchestrator in CC-induced
inflammation.

In a study by An et al,”’ the authors investigated
MSU-crystal-induced  pro-inflammatory responses in
whole blood, and demonstrated regulation by C5a via the
C5a—C5aR axis. They showed that C5a alone is able to
deliver Signal 1 of inflammasome activation, by inducing
pro-IL-1f in human monocytes, and potentiates IL-1/
production. This activation was caspase-1-dependent and
required intracellular Ca®*, K* efflux and Cathepsin B
activity. This study demonstrated that C5a can act as an
endogenous priming signal for the initiation of inflamma-
some activation in response to crystalline material.

Clq is an inhibitor of inflammasome activation

Although so far we have described evidence that comple-
ment enhances inflammasome activation, a recent study
has revealed the possibility that complement components
act as inhibitors of the inflammasome. The role of Clq as
a PRR molecule of the complement system is well estab-
lished. Clq binds apoptotic cells via its globular
heads,”"”* and acts to clear cellular debris by binding to
phagocytic receptors via its collagen tail.”> Clq has been
found to be synthesized in tissue macrophages and den-
dritic cells lacking Clr and Cls,”*”” its local interaction
with macrophages and dendritic cells results in down-reg-
ulation of pro-inflammatory cytokine production.”®”” It
is hypothesized that Clq in this form provides a system
of rapid opsonization of dying cells in tissue that down-
regulates local inflammation in response to DAMPs.

A recent study by Benoit et al.”® using a unique system
of primary autologous lymphocytes and monocyte-
derived macrophages, demonstrated that Clq directly
suppressed caspase-1-dependent IL-1f production, sug-
gesting that Clq is a down-regulator of inflammasome
activation. They showed that Clq bound to apoptotic
lymphocytes triggered Janus kinase—signal transducer and
activator of transcription signalling and increased the
expression of immunoregulatory cytokines, such as IL-10,
IL-27 and IL-33, as well as inhibiting NLRP3 activation
by reducing the cleavage of caspase-1. The authors
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proposed that increased expression of NLRP12, a negative
regulator of the inflammasome, was the mechanism for
Clg-induced NLRP3 inhibition, although this remains to
be confirmed.”®

Inflammatory diseases: circumstantial evidence for
complement—inflammasome interactions

The complement system is emerging as one of the key
regulators of the innate immune response, able to co-
operate with TLRs and RLRs as well as NLRs. The NLRs
are guardians of normal cell function, triggered in
response to aberrations of normal homeostasis. Recurrent
themes linking NLR triggers are loss of membrane integ-
rity (i.e. through pore-forming toxins, viroporins, lysoso-
mal rupture or MAC), changes in cellular homeostasis
(i.e. ROS production, Ca** efflux, K, Na* ions) and loss
of mitochondrial membrane potential.”” Complement
controls the NLR ‘cellular emergency alarm system’: it
can provide Signal 1 for inflammasome activation by trig-
gering pro-IL1J production via the C5a—C5aR axis,*>®* it
can trigger Signal 2 either via C3a-induced ATP release”
or via MAC insertion into the membrane and Ca®"
fluxes.”"** Finally it can ‘switch off the alarm using Clq
and inhibiting cleavage of caspase-17® (Fig. 1).

Although these innate immune pathways are designed
to co-operate so as to protect the host against invading
microorganisms, this interaction is a double-edged sword
in the sense that it may induce undesirable inflammation
if activated improperly or in an uncontrolled manner.
Numerous studies have shown that triggering of comple-
ment and NLRs can contribute to various immune,
inflammatory, neurodegenerative, ischaemic and age-
related diseases, but none has investigated the co-operation
of these two pathways in inflammatory diseases. Under-
standing this intricate network of pathways is crucial in
controlling several conditions of unmet clinical need such
as sepsis, ischaemia—reperfusion injury, capillary leak syn-
drome, neuroinflammatory disease, nephritis, transplant
rejection, age-related macular degeneration, rheumatoid
arthritis, osteoarthritis and even atherosclerosis just to
name a few. In the section below, we will present the
evidence that currently exists, hinting at an involvement
of complement—inflammasome interactions in disease
states (Fig. 2).

Complement—inflammasome interactions in sepsis

Sepsis, the syndrome that results from overproduction of
cytokines, is an often fatal response of the immune sys-
tem against microbial pathogens. It is now widely
accepted that the over-reaction in the host occurs at the
level of the innate immune system and is directly linked
to the recognition of bacterial cell wall components, such
as lipopolysaccharide. The TLR family and in particular
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TLR4 have been identified as the main signalling recep-
tors for triggering the response,®® but the involvement of
complement has also been suggested.®' Originally it was
thought that C5a was the main complement-derived con-
tributor in sepsis, it was later shown that C5a-triggered
inflammation was due not only to C5aR ligation but also
to C5L2, only their combined inhibition was found to be
protective in sepsis.”" Cross-talk of TLR4 and C5aR sig-
nalling in response to lipopolysaccharide® indicated com-
plex interactions of the complement system and other
danger-sensing systems in sepsis; these include the NLRs.
NLRP3 deficiency provides partial protection against bac-
terial challenge,®” whereas deficiency of NLRP3 inflamma-
some components, such as caspase-1** and ASC® has
been shown to be protective against the lethal effects of
endotoxin. Therefore, it seems that all three main innate
immune pathways, the TLRs, NLRs and complement, are
contributing in sepsis, the question that remains is what
are the exact molecular events that control the crosstalk
among these pathways in sepsis and how can we target
them therapeutically?

Although much is known about the individual role of
these innate immune sensors in sepsis, our understanding
of their interactions in the context of sepsis is limited.
For both septic acute kidney injury and acute lung injury
the NLRP3 inflammasome®*®” and the complement sys-
tem®®®° have been implicated; however, the role that pos-
sible interactions between the two systems might play in
the pathogenesis of both remains undetermined. The
combined data suggest that NLRs, TLRs and complement
collaborate to deliver signals for inflammasome activation
in the context of sepsis; it would be interesting to explore
interactions between these pathways in both septic acute
kidney injury and acute lung injury.

Complement—inflammasome interactions in metabolic
diseases

Many modern metabolic diseases, ranging from obesity
and atherosclerosis to type 2 diabetes mellitus have been
associated with a chronic inflammatory state. Both com-
plement and the inflammasome have been individually
linked to such conditions, but no one so far has looked
at the interactions of these two pathways in the context
of metabolic disease.

In the case of obesity, chronic low-grade inflammation
(metabolic inflammation) has been a feature of chronic
nutritional surplus.”” One of the first links between obe-
sity-associated inflammation and type 2 diabetes mellitus
was discovered from studying the levels of pro-inflamma-
tory cytokines; tumour necrosis factor-o, IL-6 and IL-1f
were found to be increased in the bloodstream as well as
in the adipose tissue of obese and diabetic patients.”*** %2
Subsequent studies in mice demonstrated the existence of
activated macrophages in adipose tissue and showed that
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these were the main source of the pro-inflammatory cyto-
kines. In particular, they showed that adipose tissue
macrophages from obese individuals were mainly of the
pro-inflammatory M1 phenotype rather than the anti-
inflammatory M2 phenotype. Their presence was directly
correlated with ectopic lipid accumulation and insulin
resistance in mice.”

In the past decade, members of the TLR family as well
as inflammasome have been shown to be expressed on
these adipose tissue macrophages sensing metabolic dis-
turbances. TLR2 and TLR4, which are signalling PRRs
that can provide Signal 1 of inflammasome activation, as
well as components of the NLRP3 inflammasome
(NLRP3, ASC, caspase-1) have been shown to be
increased in adipose tissue of obese/diabetic individu-
als.”®” Tt is believed that the mechanism of inflamma-
some activation involves defective autophagy and ROS.”
Interestingly, adipocyte precursors from caspase-1~"~
mice, differentiate more efficiently into adipocytes and
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have an increased oxidation rate,”® leading us to believe
that there might be adipocyte-specific proteins that can
serve as caspase-1 substrates and cause changes observed
in adipocytes in obese mice. The identity of such sensor
proteins remains to be elucidated. In light of the recent
findings of complement control of inflammasome activa-
tion, we could suggest that complement components or
receptors might play such a role. C5L2 is the cellular
receptor for C3adesArg,”” playing key roles in lipid meta-
bolism in adipocytes and fibroblasts;”® it is possible that
the C5L2—-C3adesArg axis is also responsible for inflam-
masome activation in adipocytes. C5L2 was originally
believed to be an orphan decoy receptor, but is now
known to be a positive modulator of responses to Cba
and C3a.”” It is not clear whether C5L2 is a signalling
receptor itself, or a modulator of the signalling pathways
used by other receptors capable of delivering Signal 1,
such as TLR4.'” The fact that C5a has recently been
shown to contribute to obese adipose tissue inflammation
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Figure 2. Complement—inflammasome interactions in chronic inflammatory conditions. Proposed mechanisms of complement-dependent inflam-
masome activation in metabolic diseases (a) and neurodegenerative conditions (b). (a) In metabolic diseases, in adipocytes Toll-like receptors
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© 2015 John Wiley & Sons Ltd, Immunology, 147, 152-164 159



M. Triantafilou et al.

and insulin resistance'® lends more support to the
hypothesis that complement products, such as C3adesArg
and C5a might contribute to inflammasome activation.

In the case of atherosclerosis, complement activation
products of the terminal pathway (C5a and MAC) are
abundant in atherosclerotic plaques and have been sug-
gested to play critical roles in atherogenesis, through
mechanisms that remain unclear.'”>'® On the other
hand, NLRP3 has also been implicated in CC-induced
inflammasome activation.®* The fact that CCs induce
complement (C5a)-dependent inflammasome activation,®*
further demonstrates the link between metabolic disease
and complement-inflammasome interactions.

Complement—inflammasome interactions in
neuroinflammatory conditions

Neurodegenerative diseases are becoming a major issue in
an ever aging population. Alzheimer’s disease (AD) is a
neurodegenerative disorder and the most common cause
of dementia in the elderly. Patients present with a gradual
memory loss and other cognitive deficits. Accumulation
of amyloid f (Af) in senile plaques is a principal event
in the pathogenesis of AD,'>'% but the cellular events
leading to plaque-induced neuronal dysfunction are still
unclear. Genetic factors have been suggested to either
cause or predispose to AD, including mutation in f-amy-
loid precursor protein, which is the protein that generates
Af by proteolytic processing, mutation in presenilins 1
and 2 as well as polymorphism to apolipoprotein A and
Complement receptor 1. Inflammatory and immunologi-
cal processes have also been implicated in the initiation
and progression of AD.'%?

Neuroinflammation is a key feature in the progression
of the disease and is concentrated at sites of A plaques
along with increased levels of pro-inflammatory cytokines,
complement components and proteases.'””'*® TLRs'®
and the complement system (both the CP and AP) are
directly activated by Af in an antibody-independent fash-
ion,""” and the NLRP3 inflammasome' has been linked
to AD, but currently, there is little evidence for coopera-
tion between these three systems in AD. Preliminary data
from our group suggest that TLRs, NLRs and comple-
ment co-operate so as to trigger inflammatory responses
against Af (Triantafilou & Morgan unpublished data),
suggesting that future therapies should focus on targeting
all three cascades. A recent study by Fonseca et al.''’
demonstrated that treatment with a C5aR antagonist
decreased pathology and enhanced behavioural perfor-
mance in murine models of AD, suggesting that C5aR is
a novel therapeutic target for AD.

Similarly, all three pathways seem to be involved in the
chronic inflammatory response that is observed in multi-
ple sclerosis (MS), which is a chronic autoimmune
inflammatory and demyelinating disease of the central
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nervous system that currently affects over seven million
people worldwide.''? Recent studies have implicated the
NLRP3 inflammasome in the development of MS, by
demonstrating increased levels of activated caspase-1, IL-
1f, IL-18 and activators of the inflammasome, such as
ATP, uric acid and Cathepsin B, in patients with MS.'"?
In addition, caspase-1, a key component of the NLRP3
inflammasome, has been found in high amounts in MS
plaques.lM’HS

The complement system has also been individually
linked to the disease, because it has been demonstrated
that there is C3 deposition in the brains of people with
MS.'"® The terminal complement components were also
reported in MS within plaques and adjacent white mat-
ter,'’” and more recently, we demonstrated the presence
of complement proteins, activation products as well as
regulators in MS brain, confirming that complement acti-
vation occurred in the plaque, peri-plaque and adjacent
white matter."'® The link between complement and the
NLRP3 inflammasome in MS has yet to be studied, but it
is clear that as their activation markers co-exist in MS
plaques and brain, there must be concomitant activation
of both innate surveillance pathways.

Neuromyelitis optica (NMO) is a severe autoimmune
demyelinating disease that affects the optic nerves and
spinal cord. An IgG autoantibody (NMO-IgG) against
aquaporin 4 (AQP4) drives pathology and serves as a
marker for NMO."" Binding of the NMO-IgG to AQ4
causes complement-dependent cytotoxicity and inflamma-
tion,"?? therefore the complement CP is central in the
pathogenesis of the disease. More recently, NLRP3 activa-
tion has been found in lesions of NMO, suggesting that
the inflammasome is activated mainly in reactive astro-
cytes and infiltrating macrophages involved in the active
destruction of brain tissue.'*' Aquaporins themselves have
been shown to induce IL-1f secretion, because they are
able to disrupt water intake within the cell.'®® As the
inflammasome is able to sense aberrant homeostasis
within the cell, water imbalances caused by binding of
autoantibodies to AQP4 and subsequent destruction by
complement could be triggering NLRP3 inflammasome
activation. Future studies should focus on unravelling the
molecular mechanisms involved.

Modulating complement—inflammasome interactions
as a therapeutic intervention

Growing evidence suggests that the components of the
innate immune response play an integral part in the
pathogenesis of many acute and chronic inflammatory
conditions. Therapeutic interventions that individually
modulate these pathways are being developed. Drugs
inhibiting IL-1, P2X7R,'* and caspase-1 [pralnacasan
(VX-740) and VX-765]"** have been developed for
inhibiting inflammasome activation. However, only IL-1
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inhibitors (anakinra and canakinumab) “* and colchicine,

a drug frequently used for the treatment of autoinflam-
matory diseases such as gout and pseudogout,'*® are
already used in the clinic, the rest are currently in Phase
1 and Phase 2 clinical trials.

Interestingly, new ways to modulate NLRP3 activation
are emerging that could be potential therapeutic interven-
tions in the future. One of the most exciting discoveries
is of the first small molecule inhibitor of the inflamma-
some, MCC950."”” MCC950 is a potent and selective
inhibitor able to block the canonical and non-canonical
NLRP3 activation by blocking NLRP3-induced ASC
oligomerization;127 because of its selective nature it is an
exciting potential therapeutic for NLRP3-associated
syndromes. In addition, ketone bodies'?® as well as
dopamine'® have been recently discovered as nega-
tive regulators of the inflammasome. Ketone bodies
p-hydroxybutyrate and acetoacetate that support mam-
malian survival during states of energy deficit, seem to
reduce NLRP3-induced IL-1f and IL-18 production as
well as caspase-1 activation in human monocytes as well
as in mouse models of NLRP3-associated diseases.'*®
Therefore suggesting that NLRP3-associated diseases
could be modulated by caloric restriction or ketogenic
diets in the future. Interestingly, a recent study has
demonstrated that dopamine, a neurotransmitter, inhibits
NLRP3 inflammasome activation via dopamine DI recep-
tors.'** These findings suggest that there is an endoge-
nous regulatory mechanism of inflammasome-associated
inflammation, and targeting receptors such as dopamine
D1 receptors could be potential therapeutic targets for
NLRP3-driven inflammatory diseases.

In parallel, over the past decade, many small potent
C5aR antagonists'™’ as well as compstatin,">' targeting
C3, have been reported and used in various models as
well as in humans. Eculizumab (Soliris), a humanized
monoclonal antibody that is a first-in-class terminal com-
plement inhibitor, has been used with great success in
treating paroxysmal nocturnal haemoglobinuria and atyp-
ical haemolytic uraemic syndrome,'** suggesting that tar-
geting the complement terminal pathway might be
beneficial for several inflammatory diseases. Recent pre-
clinical studies have investigated the use of MAC inhibi-
tors with great success.'>

Both pathways, the CP and the inflammasome, seem to
co-operate in many acute and chronic inflammatory con-
ditions, so future pre-clinical studies could focus on using
combination treatments.

Concluding remarks and future direction

The innate immune response pathways are an archaic and
essential system of host defence that is conserved
throughout species and is fundamental for our survival
Originally defined as the ‘non-specific’ part of our

© 2015 John Wiley & Sons Ltd, Immunology, 147, 152-164
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immune response, it is now clear that it is highly special-
ized. It has microbe-sensing capabilities with several fami-
lies of PRRs that have evolved to recognize microbial
signatures that are indicative of the presence of bacteria,
viruses, parasites or fungi — therefore, pattern recognition
seems to be the key focus of the innate immune system.
In addition to microbial signatures (PAMPs), PRRs can
also sense host-derived danger signals (DAMPs) that are
indicative of tissue dysfunction. Sensing of either PAMPs
or DAMPs leads to the production of pro-inflammatory
cytokines that orchestrate the switch from tissue home-
ostasis to a state of inflammation, the goal of which is to
remove the ‘offending’ trigger and restore normal func-
tion.

Prototypic families of innate immune sensors include
the TLRs, RLRs, C-type lectins, NLRs and the comple-
ment system. To achieve the specificity and diversity that
are required to be able to sense such a vast array of
pathogen and host-derived triggers, the sensors employ
homotypic and heterotypic associations, forming oligo-
meric activation structures either on the cell membrane
(such as MAC) or in the cytosol (such as the inflamma-
some). The assembly of these structures has evolved as a
cellular alarm system. These structures not only deliver
the cytokine responses required to remove the trigger, but
also co-operate among themselves in the fight against
infection and in the maintenance of normal tissue
function.

Evidence summarized above shows that the comple-
ment-inflammasome axis plays an integral part in the
pathogenesis of acute and chronic inflammatory condi-
tions. Although for most of the diseases mentioned
above, evidence of interactions of the inflammasome with
complement is currently circumstantial, it is highly likely
that these interactions will prove to be a cornerstone of
the pathogenesis of these diseases. It is important that in
the future we focus on understanding how these multi-
component surveillance systems collaborate to sense per-
turbations of cellular homeostasis in the context of dis-
ease; we need to understand at which stage in each
disease these interactions impact on disease progression
to be able to target the relevant pathways therapeutically.
As these chronic inflammatory conditions engage multiple
pathways of the innate immune system, a therapeutic
intervention to be successful should be aimed at fixing
the aberrant surveillance system as a whole.
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