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Abstract A complex interplay between pathogen and host

determines the immune response during viral infection. A set

of cytosolic sensors are expressed by immune cells to detect

viral infection. NOD-like receptors (NLRs) comprise a large

family of intracellular pattern recognition receptors. Mem-

bers of the NLR family assemble into large multiprotein

complexes, termed inflammasomes, which induce down-

stream immune responses to specific pathogens, environ-

mental stimuli, and host cell damage. Inflammasomes are

composed of cytoplasmic sensor molecules such as NLRP3

or absent in melanoma 2 (AIM2), the adaptor protein ASC

(apoptosis-associated speck-like protein containing caspase

recruitment domain), and the effector protein procaspase-1.

The inflammasome operates as a platform for caspase-1

activation, resulting in caspase-1-dependent proteolytic

maturation and secretion of interleukin (IL)-1b and IL-18.

This, in turn, activates the expression of other immune genes

and facilitates lymphocyte recruitment to the site of primary

infection, thereby controlling invading pathogens. More-

over, inflammasomes counter viral replication and remove

infected immune cells through an inflammatory cell death,

program termed as pyroptosis. As a countermeasure, viral

pathogens have evolved virulence factors to antagonise

inflammasome pathways. In this review, we discuss the role

of inflammasomes in sensing viral infection as well as the

evasion strategies that viruses have developed to evade

inflammasome-dependent immune responses. This infor-

mation summarises our understanding of host defence

mechanisms against viruses and highlights research areas

that can provide new approaches to interfere in the patho-

genesis of viral diseases.
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Introduction

The innate immune system is the first line of defence dif-

ferentiating ‘self’ from ‘non-self’. To detect and promptly

respond to diverse groups of micro-organisms, the innate

immune system appoints a range of germline-encoded pat-

tern recognition receptors (PRRs) to detect pathogen-asso-

ciated molecular patterns (PAMPs), which are conserved

microbial components [1, 2]. PRRs are expressed by cells of

the innate immune system such as macrophages, monocytes,

dendritic cells, and neutrophils, as well as epithelial cells and

cells of the adaptive immune system. A wide range of PRRs

have been characterised, such as retinoic acid-inducible gene

(RIG)-I-like receptors (RLRs), Toll-like receptors (TLRs),

nucleotide-binding oligomerisation domain (NOD)-like

receptors (NLRs), and the absent in melanoma 2-like

receptors (ALRs). Among these PRRs, TLRs detect PAMPs

in the endosome and extracellular space, whereas NLRs,

RLRs, and ALRs play a crucial role in sensing pathogens in

the intracellular compartment (Fig. 1). The activation of

PRRs results in the initiation of an innate immune response

involving a cascade of signalling events that contribute to the

differentiation and maturation of immune cells and the

secretion of cytokines and chemokines, which also builds a

base for the adaptive immune response [3].
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Cytosolic surveillance is performed by intracellular

nucleic acid-sensing PRRs, including RNA-sensing RIG-like

helicases (RIG-I and MDA5) and DNA-sensing PRRs (DAI

and AIM2). The outcome of PAMP detection by PRRs is

determined by the complex interplay between the invading

microbe and responding cell. When the helicase domain of

either RIG or MDA5 detects viral RNA in the cytoplasm, the

caspase recruitment domain (CARD) is exposed to interact

with the N-terminal of mitochondrial adaptor protein

(MAVS) via its own CARD domain. This CARD–CARD

interaction results in the dimerisation of MAVS in the mito-

chondria to form a protein complex called the MAVS sig-

nalosome, which enables the activation of NF-jB and the

production of type I interferon (IFN). Once the innate immune

system has been activated, it elicits the secretion of cytokines

and chemokines, which subsequently induce the expression

of adhesionmolecules and costimulatory molecules to further

activate the adaptive immune response [4–11].

In this context, the expression of proinflammatory

cytokines such as interleukin (IL)-1b and IL-18 is induced

by proinflammatory stimuli, including the activity of some

PAMPs that can induce the synthesis of chemokines and

adhesion molecules, resulting in the activation of a proin-

flammatory immune response [12]. Among these proin-

flammatory cytokines, IL-1b is involved in a range of

biological processes such as apoptosis, pyroptosis, cell

differentiation, proliferation, and regulation of the inflam-

matory immune response [13]. While the production of

many proinflammatory cytokines is principally regulated at

the transcriptional level, IL-1b and IL-18 require an addi-

tional proteolytic event that is regulated in two steps. The

first regulatory step is stimulation via TLRs or RLRs,

which induces the synthesis of IL-1b and IL-18 as inactive

precursors. The second regulatory step involves post-

translational processing; this is required for the secretion

and bioactivity of these cytokines and is catalysed by

inflammasome activation (Fig. 2) [14–16]. The inflamma-

some is a multiprotein complex that regulates the auto-

cleavage process, which in turn activates caspase-1 and

generates the p10/p20 tetramer. This further converts

Fig. 1 Domain organisation and cellular localisation of pattern

recognition receptors (PRRs). Toll-like receptors (TLRs), NOD-like

receptors (NLRs), RIG-I-like receptors (RLRs), and AIM2-like

receptors (ALRs) are displayed with their cellular localisation. TLRs

are confined to the plasma membrane and endosomes. TLRs comprise

leucine-rich repeat (LRR) domains and a Toll/interleukin-1 receptor

(TIR) domain that facilitates downstream signalling. NLRs are

present in the cytosol and are classified into five subfamilies based

on their effector domain. Structurally, NLRs contain an N-terminal

effector domain, a NACHT domain, and LRR domains. The effector

domain can be an acidic activation domain (AD), baculovirus IAP

repeat (BIR) domain, caspase recruitment domain (CARD), pyrin

domain (PYD), or a domain without homology to other NLR

subfamily members. RLRs are expressed in the cytoplasm and consist

of CARD domains and an RNA helicase domain, except for LPG2,

which lacks CARD domains. ALRs are localised in the cytoplasm and

nucleus; they consist of a PYD domain and a certain number of

HIN200 domains, which bind dsDNA
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inactive IL-1b and IL-18 into their active forms [17]. The

inflammasome plays an important role in the innate

immune pathway and regulates at least two protective

responses of the host: the secretion of proinflammatory

cytokines (IL-1b and IL-18) and the induction of pyrop-

tosis, which is a form of cell death [18, 19]. Although

several studies have identified diverse inflammasomes with

activities against a broad range of pathogens, certain

inflammasomes, such as the NLRP3, AIM2, and RIG-I

inflammasomes, have been found to be highly specific and

important in mediating the host response to viral infection

[11, 20]. During the past few years, several studies have

demonstrated that certain viruses have the ability to acti-

vate inflammasomes, which in turn contributes to antiviral

responses. In addition, studies in recent years have con-

tributed towards an improved understanding of the

molecular mechanisms underlying host immune evasion by

viral pathogens, as well as the roles of NLRs and inflam-

masomes in mounting antiviral host responses. Here, we

review the PRRs that constitute the multiprotein complexes

called ‘Inflammasomes’ that regulate the maturation and

secretion of IL-1b and IL-18. In this review, we will dis-

cuss the activation mechanism and roles of inflammasomes

during viral infection along with the evolved mechanism

through which viruses evade the antiviral innate immune

response.

NLR family

The innate immune system is able to respond promptly

against invading pathogens as a first line of defence.

Sensing of microbial pathogens by the innate immune

system relies on the specific host receptor detection of their

Fig. 2 Molecular sensors associated with the antiviral innate immune

response. Cells susceptible to viral infection have evolved a defence

mechanism based on the recognition of pathogen-associated/danger-

associated molecular patterns (PAMPs/DAMPs) of viral origin,

including viral RNA and DNA. The recognition process is mediated

by molecules distributed in several cellular compartments and

culminates in the activation of NLR proteins and the inflammasome

to initiate signalling and the production of proinflammatory cytokines,

which leads to the amplification of the antiviral immune response. In

the endosome, viral PAMPs are sensed by TLR-7 and TLR-3, and

trigger a signal that activates the transcription factor NF-jB to

promote the gene expression of cytokines including pro-IL-1b and

pro-IL-18. In addition, RIG-1 recognises viral PAMPs via its helicase

domain and further interacts with adapter proteins localised in

mitochondria such as virus-induced signalling adapter, which con-

tains CARD domains. This signalling culminates in the phosphory-

lation and activation of transcription factors such as IRF3 and IRF7,

which in turn induce the transcription of type I INF and the

production of IL-1b. Finally, after recognising viral PAMPs and

DAMPs, NLRs (NLRP3) and AIM2 self-oligomerise and, via their

PYD domains, recruit adapter molecules such as ASC that contain

caspase recruitment domains. This mechanism triggers the activation

of caspase-1, which processes pro-IL-1b and pro-IL-18 into their

active forms
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molecular signatures, which comprise PAMPs and danger-

associated molecular patterns (DAMPs). Host PRRs are

germline-encoded and include a number of families of

leucine-rich repeat (LRR)-bearing proteins in plants and

animals. Recent studies have identified two protein fami-

lies, the RIG-like helicases (RLHs) and the NLRs, which

perform intracellular scrutiny for PAMPs and DAMPs,

while the Toll-like receptors (TLRs) comprise key sensors

for detection of extracellular or membrane-encased foreign

organisms [21–23]. Furthermore, numerous NLR family

proteins stimulate innate and adaptive immune responses

[24]. NLRs initiate host defence after recognising micro-

bial products or intracellular danger signals, through the

activation of the NF-jB response and inflammatory cas-

pases [25]. NLRs are characterised as central molecular

platforms that establish signalling complexes such as

inflammasomes and NOD signalosomes.

Structurally, the members of the Nod-like receptor

(NLR) family are multi-domain proteins composed of a

common central NOD domain, C-terminal LRRs, and N-

terminal caspase recruitment ‘C’ (CARD) or pyrin ‘P’

(PYD) domains. LRRs play a crucial role in the processes

of ligand sensing and autoregulation that initiate NLR

signalling, whereas the CARD and PYD domains mediate

homotypic protein–protein interactions for downstream

signalling [26, 27]. Thus, the active multiprotein signalling

platform (e.g. the inflammasome or nodosome) is formed

by oligomerisation of the NACHT domains (which are

present in all NLR family members) in an ATP-dependent

manner, which further allows the attachment of adaptor

molecules and effector proteins, eventually leading to an

inflammatory response [27, 28]. Members of the NLR

family have been further classified into 3 subfamilies

based on the sequences of their NACHT domains:

NODs (NOD1–2, NOD3/NLRC3, NOD4/NLRC5, NOD5/

NLRX1, CIITA), NLRPs (NLRP1–14, also called NALPs

[NLRP can refer to human genes that code for a series of N

{NACHT}, L {LRR} and P {PYD} domain-containing

proteins]), and IPAF (NLRC4 and NAIP) (NLRC can refer

to human genes that code for a series of N (NACHT), L

(LRR), and C (CARD) domain-containing proteins)

(Fig. 1).

Inflammasome activation during viral infection

NLRP3 inflammasome

The NLRP3 inflammasome is the best-studied inflamma-

some and seems to be activated by many families of

viruses, suggesting a common pathway for viral detection

and response by the host cell [29]. The structural

arrangement of NLRP3 (the order of its domains from

N-terminus to C-terminus) is PYD–NOD–LRRs. Struc-

turally, the NLRP3 inflammasome comprises the adaptor

protein apoptosis-associated speck-like protein containing

CARD (ASC) and procaspase-1. NLRP3 forms a homo-

oligomer during activation via its NOD domain and further

interacts with ASC through its PYD domain. ASC, in turn,

interacts with procaspase-1 through its CARD domain,

forming the complete NLRP3 inflammasome complex

[30]. The activation of NLRP3 inflammasome leads to the

activation of caspase-1 and the production of mature IL-1b
and IL-18 [31]. For its full activation, the NLRP3 inflam-

masome requires two signals. The first signal (priming

signal) can be produced by receptors of the TLR, NLR, or

RIG-I-like receptor families, or by a cytokine receptor; this

first signal leads to transcriptional activation of NLRP3,

pro-caspase-1, and the genes encoding pro-IL-1b and pro-

IL-18 [32]. The second signal for inflammasome activation

occurs in response to infection, or various stress signals

associated with host sterile cell/tissue damage [33]. Three

key mechanisms are associated with NLRP3 inflamma-

some activation (Fig. 3). Firstly, NLRP3 activators such as

alum, silica, nigericin, and asbestos stimulate the produc-

tion of reactive oxygen species (ROS) by nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase, which

stimulates an efflux of potassium ions (K?) leading to the

activation of NLRP3 inflammasome [34, 35]. The second

mechanism is the ‘lysosomal rupture model’ in which

NLRP3 activators (silica, asbestos, etc.) primarily form

aggregates, which are phagocytosed and induce the release

of cathepsin B by lysosome rupture. Released cathepsin B

further activates NLRP3 [34]. Lastly, the ‘ion channel

model’ posits that a high concentration of extracellular

ATP can induce the formation of cell membrane pannexin-

1 pores and K? efflux through the P2X7 ATP-gated ion

channel, assisting the influx of PAMPs and DAMPs, which

play a crucial role in NLRP3 activation [36]. However,

intracellular ion fluxes have been found to be the most

crucial danger signal and amplify inflammasome recruit-

ment. Several studies have demonstrated that in response to

a broad range of stimuli, including ultraviolet light irradi-

ation, membrane attack complex formation generates pores

that allow the influx of calcium ions (Ca2?), which

increases the cytosolic Ca2? concentration [37–39]. Fur-

ther, Ca2? accumulation in the mitochondrial matrix leads

to the loss of mitochondrial membrane potential, triggering

NLRP3 activation and secretion [40]. Recently, the role of

calcium in inflammasome activation has been shown in two

different studies. In vitro, monocytes were shown to acti-

vate NLRP3 inflammasome when stimulated with extra-

cellular calcium (CaCl2) in culture media. Further, the

activation was found to be mediated by signalling through

the calcium-sensing receptor (CaSR) and G protein-cou-

pled calcium-sensing receptor (GPRC6A) via the
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phosphatidyl inositol/Ca2? pathway. In addition, in the

mouse model of carrageenan-induced footpad swelling,

increased calcium concentration was found to amplify the

inflammatory response and this effect was inhibited in

Gprc6a-/- mice [41]. This work was further supported by

the finding that extracellular Ca2? induced increase in

intracellular Ca2? levels, triggering inflammasome activa-

tion [38]. It was observed that treatment of CaSR agonist in

bone marrow-derived macrophages (BMDMs) triggers the

activation of NLRP3 inflammasome, which indicates that

the recognition of Ca2? by murine CaSR activates NLRP3

inflammasome [38]. Additionally, it has been demonstrated

that CaSR stimulates the NLRP3 inflammasome via

phospholipase C (PLC), which catalyses inositol-1,4,5-

trisphosphate production and thereby induces release of

Ca2? from endoplasmic reticulum stores. In this context,

LPS-primed BMDMs treated with PLC activators showed

elevated IL-1b secretion, in contrast to BMDMs treated

with PLC inhibitor that blocked IL-1b secretion in the

presence of either extracellular Ca2? or ATP [38]. Subse-

quently, elevation of cytoplasmic Ca2? levels triggered the

assembly of NLRP3 inflammasome components [38].

In addition, K? efflux has also been shown to trigger

inflammasome activation in response to several stimuli

including mitochondrial and lysosomal damage, ROS, and

extracellular Ca2?. These findings indicate that inflamma-

somes are stringently regulated by intracellular ion concen-

trations and ion imbalances serve as the central trigger for

their activation [42]. A growing body of evidence regarding

the mechanisms of inflammasome activation suggests that in

Fig. 3 Activation mechanisms of the inflammasome. (A)Mechanisms

of virus-mediated NLRP3 activation during virus infection through

viral genomic RNA (vRNA), which can be single-stranded RNA

(ssRNA) or double-stranded RNA (dsRNA) depending on the type of

virus, and by viroporin proteins, which induce ion efflux from

intracellular storage into the cytosol and activate NLRP3 inflamma-

some. (B) High concentrations of extracellular ATP induce the efflux

of potassium ions through the P2X7 ATP-gated ion channel, which

allows more PAMPs and DAMPs to enter cells via pannexin-1 pores.

(C) PAMPs and DAMPs can be phagocytosed resulting in the

disruption of lysosomes and the consequent release of lysosomal

components, especially cathepsin B. This then activates the NLRP3

inflammasome. (D) PAMPs and DAMPs induce the production of

reactive oxygen species (ROS), which may activate thioredoxin-

interacting protein (TXNIP) to trigger NLRP3 inflammasome activa-

tion. Finally, all inflammasome types (NLRP3, AIM2, and RIG-1)

induce caspase-1 activation and interleukin (IL)-1b and IL-18

production via the adaptor molecule ASC, which is required to

bridge the interaction between pattern recognition receptors (via its

PYD domain) and caspases (via its CARD domain)
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several viral infections, viral products such as viroporins

may alter cell membrane permeability and change the ionic

milieu of cell membranes. Such changes in the properties of

the cell membrane can play a significant role in NLRP3

inflammasome activation [43, 44] (Fig. 3).

RNA viruses

Cumulative work has demonstrated that many RNA viruses

are able to activate ‘the NLRP3 inflammasome’. The first

evidence came from an in vitro study on flock house virus,

rotavirus, Sendai virus, and influenza A virus, which

demonstrated that viral dsRNA activates caspase-1 in

murine macrophages [45]. Later, other RNA viruses, such

as encephalomyocarditis virus (ECMV) and vesicular

stomatitis virus (VSV), were studied in murine dendritic

cells (DCs) and macrophages, and the results indicated that

IL-1b secretion was NLRP3-dependent [46]. Further, no

production of IL-1b was observed when the cells were

incubated with ultraviolet light-treated (i.e. inactivated)

virions, suggesting that inflammation activation requires

viral replication. Moreover, the survival rates of caspase-1-

deficient and wild-type mice did not differ upon infection

with EMCV and VSV, indicating the minor role of IL-1b in

the host defence against these viruses [46]. Recently, it was

shown that EMCV viroporin 2B, but not viral RNA, can

activate the NLRP3 inflammasome [47]. Upon the

expression of EMCV viroporin 2B, NLRP3 was redis-

tributed to the perinuclear space, where it colocalises with

viroporin 2B. In addition, viroporin 2B increases the Ca2?

concentration in the cytoplasm, promoting IL-1b secretion

[47]. Measles virus infection was found to activate the

NLRP3 inflammasome in THP-1 cells, resulting in the

secretion of IL-1b [48]. Human rhinovirus (HRV) and its

viroporin 2B protein activate the NLRP3 and NLR family

CARD-containing 5 (NLRC5) inflammasome [49]. When

bronchial cells were infected or transfected with HRV and

its viroporin 2B protein, respectively, NLRP3 was found to

interact with NLRC5 and ASC and colocalised with viro-

porin 2B and NLRC5 in the Golgi apparatus. Viroporin 2B

of HRV leads to the activation of NLRP3 inflammasome

by increasing the cytosolic Ca2? concentration as treatment

with either BAPTA-AM (a Ca2? chelator) or verapamil (a

Ca2? channel inhibitor) can block HRV-induced IL-1b
release and caspase-1 activation [50]. Previous studies in

Huh7.5 hepatoma cells or THP-1 macrophages demon-

strated that hepatitis C virus (HCV) induces IL-1b pro-

duction and NLRP3 inflammasome activation in a ROS-

and K? channel-dependent manner [50, 51]. More specif-

ically, it has been shown that HCV genomic RNA and

viroporin P7 protein activate inflammasome activation, and

its activation was found to be ASC- and NLRP3-dependent

[52].

Among all RNA viruses, influenza virus is the best

studied in regard to its capabilities to interact with and

activate the NLRP3 inflammasome [53, 54]. Studies

investigating the role of the NLRP3 inflammasome in the

development of the adaptive immune response have yiel-

ded controversial results; the development of adaptive

immunity was found to be mainly dependent on inflam-

masome activation, but was NLRP3-independent [55, 56].

Recently, studies on the mechanism underlying NLRP3

activation during influenza virus infection have suggested

that the priming signal for activation of the NLRP3

inflammasome is provided following the recognition of

viral RNA by TLR7, with subsequent IL-1b production

[57]. Influenza virus provides the second signal for NLRP3

inflammasome activation by inserting its ion channel pro-

tein M2 into the trans-Golgi network. This disturbs the

ionic milieu, leading to K? efflux and ROS production, and

ultimately resulting in the activation of the NLRP3

inflammasome [57]. In addition, secretion of IL-1b and IL-

18 by blood bone marrow-derived macrophages (BMMs)

was observed when the cells were infected with wild-type

influenza virus, but not when they were infected with a

mutated influenza virus expressing non-functional M2

protein. Furthermore, LPS-primed BMMs and blood bone

marrow-derived DCs were found to activate the NLRP3

inflammasome when they were transduced with a recom-

binant lentivirus expressing the M2 protein. Therefore, it

has been suggested that the ion channel activity of M2

protein plays a crucial role in the activation of the NLRP3

inflammasome [57]. Other RNA viruses such as respiratory

syncytial virus (RSV) have been found to activate the

NLRP3 inflammasome, resulting in the activation of cas-

pase-1 and release of IL-1b. In this case, NLRP3 inflam-

masome activation was ROS- and K? efflux-dependent

[58].

In addition to ion channel proteins, RNA, and viral pore-

forming toxins, pathogenic influenza A virus protein PB1-

F2 has been demonstrated to activate caspase-1 and

NLRP3-specific inflammasome. Furthermore, infection in

mice with PB1-F2-deficient influenza A virus resulted in

decreased IL-1b secretion in contrast to that with wild-type

virus. In addition, mice have shown enhanced IL-1b
secretion when exposed to PB1-F2 peptide derived from

pathogenic Influenza A virus compared to mice exposed to

peptide derived from seasonal Influenza A virus [59].

Additionally, one study demonstrated that viroporin SH

from RSV provides the second signal for activation of the

NLRP3 inflammasome; a mutant RSV lacking the viro-

porin SH gene was unable to induce caspase-1 maturation

and IL-1b release, in contrast to the wild-type RSV. Fur-

ther, treatment with 5-(N,N-hexamethylene) amiloride,

which is an inhibitor of the HCV p7 channel, together with

a Na?/H? ion channel inhibitor was shown to inhibit the
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secretion of IL-1b [60]. These findings suggest that NLRP3

can be activated by virus-encoded viroporins due to their

ability to disrupt the cellular ion balance. In the context of

human immunodeficiency virus (HIV) infection, NLRP3

inflammasome activation is observed during the early onset

of the HIV disease and HIV infection has been shown to

activate the NLRP3 inflammasome and IL-1b secretion in

DCs from healthy individuals, but not in those from HIV-

positive individuals [61]. In addition to the aforementioned

viruses, several other RNA viruses have been reported to

activate the NLRP3 inflammasome.

A recent study on mice infected with West Nile virus

(WNV) demonstrated that the infection is able to induce

IL-1b secretion, caspase-1 maturation, and ASC expres-

sion. Furthermore, high mortality rates were observed in

WNV-infected knockdown mice lacking functional Il-1r,

Nlrp3, Casp-1, and Asc genes, while lower mortality rates

were observed in WNV-infected wild-type mice [62, 63].

Additionally, mice infected with other members of the

family Flaviviridae, such as Japanese encephalitis virus,

show IL-1b and IL-18 secretion and caspase-1 maturation

in an NLRP3-dependent, K?- and ROS-mediated manner.

Furthermore, NLRP3 depletion results in reductions in

caspase-1 activity and of IL-1b and IL-18 secretion [64].

Dengue virus (DENV) also induces the NLRP3 inflam-

masome in infected platelets in vitro and in those obtained

from DENV-infected patients. This activation was found to

be ROS- and K? channel-mediated. IL-1b secretion from

platelets plays a crucial role in increased human

microvascular endothelial cell permeability in vitro and

vascular permeability in clinical cases [65]. Further

investigation regarding the mechanism of inflammasome

activation by DENV demonstrated that C-type lectin

domain family 5 members A (CLEC5A) interacts directly

with DENV, triggering NLRP3 inflammasome activation

[66]. In addition, Rift Valley fever virus (RVFV) also

induces the formation of an inflammasome complex con-

taining NLRP3 and MAVS in which MAVS localises with

NLRP3 during the RVFV infection, and MAVS knockout

mice showed a reduced production of IL-1b in bone mar-

row-derived DCs infected with RVFV [67]. Recently, a

study on human chikungunya virus (CHIKV) infection

showed a high expression of NLRP3 and caspase-1 acti-

vation that led to the secretion of IL-1b [68].

DNA viruses

NLRP3 senses both non-enveloped and enveloped DNA

viruses [69, 70]. Studies on non-enveloped viruses such as

adenovirus have shown conflicting results regarding the

role of the inflammasome. Initially, Nlrp3-dependent

inflammasome activation was demonstrated in murine

macrophages transduced with adenovirus DNA or infected

with adenovirus [69]. Further, NLRP3-independent sensing

of adenovirus was observed, in which IL-1a and b3 inte-

grins play a crucial role in triggering an early proinflam-

matory immune response [71]. Another study on human

macrophages showed that NLRP3 activation occurs in a

cathepsin B- and ROS-dependent manner during aden-

ovirus infection [72, 73]. Infection in BMDMs with mod-

ified vaccinia virus Ankara (MVA) has demonstrated that

both activation of inflammasome and transcription of IL-1b
and NLRP3 are dependent on the crosstalk between TLR2-

MyD88 and the NLRP3 inflammasome. [70]. Myxoma

virus, a DNA virus of the genus Leporipoxvirus, has been

shown to activate the NLRP3 inflammasome via the

induction of ROS and cathepsin B. Additionally, varicella

zoster virus activates NLRP3 inflammasome in macro-

phages, primary lung fibroblasts, and melanoma cells,

resulting in the secretion of IL-1b and maturation of cas-

pase-1 [74]. Thus, cumulative evidence strongly suggests

that the NLRP3 inflammasome detects RNA and DNA

viruses. However, the exact mechanisms of its activation

and its relevance to viral infection and host antiviral innate

immunity have not been elucidated.

The above evidence cumulatively indicates that sensing

the infection of either RNA or DNA virus activates the

NLRP3 inflammasome. Further, the precise mechanism

and in vivo significance of NLRP3 inflammasome activa-

tion in response to viral infections remains elusive and

requires more precise investigation.

AIM2 inflammasome

AIM2 belongs to the hematopoietic IFN-inducible nuclear

proteins with a 200 amino acid repeat family (HIN200

family, also known as the IFI200 family), and contains a

PYD domain and a C-terminal HIN200 domain. AIM2

activates downstream signalling by sensing cytoplasmic

bacterial, viral, or even host double-stranded DNA (dsDNA)

[16, 75, 76]. AIM2 does not contain a NOD domain, but it

contains a C-terminal HIN200 domain, through which it

interacts with dsDNA. Through its PYD domain, it interacts

with ASC and thereby recruits caspase-1 to form the AIM2

inflammasome [16]. It has been shown that vaccinia virus

(VACV) dsDNA induces both AIM2-dependent and

NLRP3-independent maturation of caspase-1 [16]. In this

regard, a study on cultured cells found that VACV and

mouse cytomegalovirus (MCVM) could induce the matu-

ration of caspase-1 in an AIM2-dependent manner.

Furthermore, Aim2-/- mice infected with MCVM demon-

strated a blockade of IL-18 secretion, low IFNc-producing
natural killer cells, and an increase in MCVM viral titre in

the blood as compared to wild-typemice [77]. Therefore, the

available data strongly suggest that AIM2 induces the

biosynthesis of proinflammatory cytokines to eliminate
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virus-infected cells through pyroptosis; thus, AIM2 might

play a crucial role in clearing some viral infections [77].

Further, it has been proposed that AIM2 could be a sensor for

viruses that produce DNA during their lifecycle, such as

adenovirus and perhaps single-stranded RNA (ssRNA)

retroviruses, which reverse-transcribe their RNA into

dsDNA in the cytoplasm of infected cells. In contrast, herpes

simplex virus 1 has been shown to activate the AIM2-in-

dependent inflammasome. This indicates that either AIM2

does not sense all dsDNA or certain viruses have evolved a

specific mechanism to inhibit the recognition of their

genomic DNA by AIM2 [77]. Interestingly, although earlier

work suggested that AIM2 only recognises dsDNA, recent

data have shown that CHIKV andWNV (both RNA viruses)

induce the expression of AIM2 in primary dermal fibrob-

lasts. Likewise, inhibition of AIM2 with siRNA has been

shown to interfere with IL-1b production when primary

dermal fibroblast cells are infected with CHIKV or WNV

[78]. Furthermore, Zika virus (an ssRNA virus) is also able

to stimulate AIM2 expression and subsequently the secre-

tion of IL-1b in primary human skin fibroblasts [79]. More

studies are required to understand the mechanism through

which AIM2 recognises RNA viruses and induces inflam-

masome formation/activation and the subsequent matura-

tion and secretion of caspase-1 and IL-1b, respectively. The
findings discussed above reflect the significance of the AIM2

inflammasome in the induction of innate immune responses.

RIG-1

RIG-1 belongs to the RLR family and induces type 1 IFN

production. The RIG-1 signalling process is initiated by the

interaction of RIG-1 with MAVS. This interaction leads to

the recruitment of tumour necrosis factor (TNF) receptor-

associated factor 3 (TRAF-3) to activate the TRAF family

member-associated nuclear factor-jB (NF-jB) activator-

binding kinase (TBK)-1 complex. Further, it activates the

TBK-1 complex to phosphorylate IFN response factor-3

and factor-7 (IRF-3 and IRF-7) to induce the production of

type I IFN [80, 81]. Besides, the expression of proinflam-

matory cytokines is induced via RIG-1/MAVS interaction

through the recruitment of TRAF-6 to activate NF-jB via

the IjB kinase (IKK) complex [80, 81]. Structurally, RIG-1

contains two N-terminal CARD domains, a central RNA

helicase domain and a C-terminal regulatory domain. The

CARD domains interact with adaptor proteins to trigger

downstream signalling [82]. The C-terminal regulatory

domain binds with dsRNA resulting in conformational

changes that lead to its oligomerisation and the subsequent

interaction of RIG-1 with MAVS through a CARD–CARD

interaction [80, 83]. The role of RIG-1 in the production of

type 1 IFNs has been demonstrated in numerous viruses

including Newcastle disease virus, VSV, Sendai virus,

HCV, Japanese encephalitis virus, influenza A virus, rabies

virus, measles virus, and RSV [84–91]. Further, a role of

RIG-1 in triggering the immune response has been

demonstrated for numerous viruses including DENV ser-

otype 2, WNV, RSV, and HCV [86, 87, 92–94]. It has been

demonstrated that rhabdovirus VSV infection in murine

DCs induces RIG-1-dependent production of IL-1b and IL-

18 via NF-jB, caspase-1, and caspase-3 activation; thus,

RIG-1 is an inflammasome activator. Furthermore, DCs

from RIG-1 knockdown mice are not able to secrete IL-1b
[95]. However, the results of this study conflict with that of

another report, which demonstrated that VSV is recognised

by NLRP3 and not by RIG-1 [46]. These contrasting results

need to be investigated further. Fascinatingly, these find-

ings suggest the existence of dual roles for RIG-1 in the

inflammasome and type 1 IFN pathways. A more recent

study on primary human bronchial epithelial cells infected

with influenza showed RIG-I-dependent priming of the

NLRP3 inflammasome as well as direct RIG-I-mediated

inflammasome activation [4]. Therefore, it can be assumed

that RIG-I could activate its own inflammasome in

response to some viruses, but its major functions in RIG-I-

MAVS signalling and NLRP3 inflammasome activation are

still the subject of debate, and further research is vitally

needed.

NLRC5

NLRC5, an important regulator of MHC class I gene

expression, has been extensively investigated in recent

years in the context of virus infection. The role of NLRC5

in innate immunity is still not well understood, but it is

known to participate in both the innate and adaptive

immune responses [96–100]. In HeLa and THP-1 cells,

NLRC5 has been demonstrated to positively regulate the

IFN pathway, whereas in other models such as HEK 293

cells and RAW 264.7 cells, NLRC5 has been demonstrated

to negatively regulate the IFN, NF-jB, and AP-1 pathways

[96–98, 100]. In RAW 264.7 cells, it was demonstrated that

the interaction of NLRC5 with IKKa results in the inhi-

bition of its catalytic activity. NLRC5 binds RIG-I, and this

interaction is critical for robust antiviral responses against

influenza virus initiated by increased levels of TNF-a, IL-
6, and IL-1b in the absence of NLRC5 [97]. In another

study, NLRC5 was found to function as a trans-activator of

MHC class I gene in HEK 293 cells, probably through the

regulation of chromatin remodelling [99]. Further, a con-

trasting result was shown, wherein NLRC5 knockdown by

RNAi was found to induce MHC class I expression [96].

The discrepancies between the works described above

suggest that NLRC5-mediated host responses vary greatly

among cell types. Recently, NRLC5- and NRLP3-depen-

dent inflammasome activation was also shown to occur due
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to viroporin ion channel activity. In this report, rhinovirus

ion channel protein 2B was shown to disturb intracellular

Ca2? homeostasis by inducing the release of Ca2? from the

Golgi body and endoplasmic reticulum, resulting in the

activation of both the NLRP3 and NLRC5 inflammasomes.

These results indicate that NLRP3 and NLRC5 act in a

cooperative manner during inflammasome assembly by

detecting intracellular Ca2? fluxes and triggering IL-1b
secretion [49]. Further reports have confirmed the synergy

between NLRC5 and NLRP3 in macrophage cells,

demonstrating that caspase-1 activity and the subsequent

processing of pro-IL-1b and pro-IL-18 in response to

NLRP3-specific agonists were inhibited in the absence of

NLRC5. Further, self-association of NLRC5 has also been

observed to induce inflammasome activation [101].

NLRX1

NLRX1 belongs to the family of NLR that contains

the N-terminal domain with mitochondrion-targeting

sequence, followed by NACHT and LRRs [102, 103].

NLRXI is unique among NLRs due to its localisation to

mitochondria that probably makes the NLRX1 as a link

between mitochondria function and innate immunity.

NLRX1 interacts with CARD domain of MAVS through its

NACHT domain on the cytosolic side of the mitochondrial

outer membrane. This interaction leads to the obstruction of

the RLH–MAVS interaction resulting in inhibition of

MAVS-dependent antiviral responses, i.e. suppression of

IFN-b and NF-jB. Further, it has been demonstrated that the

C-terminal LRR domain of NLRX1 is required for MAVS-

induced interferon. Additionally, Sendai virus infection has

been shown to induce MAVS and RIG-1 interaction, which

further mediates IRF3 dimer formation. This enhanced

interaction between MAVS and RIG-1 and IRF3 dimer

formation is attenuated in the presence of NLRX1, further

supporting the negative regulatory role ofNLRX1 inMAVS-

mediated antiviral responses [102]. However, the interaction

between NLRX1 and MAVS remains doubtful owing to the

localisation of these two proteins in distinct mitochondrial

subdomains that are separated by two membranes. Further,

the overexpression of NLRX1 in mitochondria leads to ROS

induction likely due to the interaction with UQCRC2, a

matrix-facing component of the mitochondrial respiratory

chain complex III that has a crucial role in ROS generation

[104]. NLRX1 leads to ROS induction in synergy with

proinflammatory stimuli such as Poly (I:C), Shigella, and

TNF-a, which subsequently potentiates NF-jB and JNK

pathways [103]. During viral infection, NLRX1 may have a

role as the positive regulator of autophagy by interacting

with the mitochondrial Tu translation elongation factor

(TUFM) and mitochondrial immune signalling complex

(MISC), which also includesATG5,ATG12, andATG16L1.

TUFM further interacts with Atg5-Atg12 and Atg16L1,

promotes autophagy, and shares the function of NLRX1 in

inhibiting RLR-induced IFN-I, given that increased IFN-I

and decreased autophagy has been demonstrated during

stomatitis virus infection in the absence of NLRX1, which

provides an advantage for host defence against vesicular

stomatitis virus infection [105, 106]. Recently, NLRX1 has

shown to defend the macrophage cells from apoptosis due to

influenza virus by interacting with apoptotic protein PB1-F2

and promoting IFN signalling. Additionally, high viral titre

and lower production of IFN is observed in NLRX1 knock-

out mice infected with influenza virus compared with those

in the wild-type mice. This discrepancy of NLRX1 in posi-

tively regulating IFN in macrophage cells infected with

influenza virus is owing to the ability of NLRX1 to interact

strongly with viral protein PB1-F2 and prevent mitochon-

drial damage. Additionally, NLRX1-dependent production

of type 1 IFN in macrophages is attenuated in the absence of

protein PB1-F2, suggesting that NLRX1 is critical for mac-

rophage immunity against influenza virus infection [107].

During infection by rhinovirus, NLRX1 has been shown to

interact with viral RNA that recruits NLRX1 in the mito-

chondria. Additionally, ROS production and NADPH oxi-

dase 1 induction during rhinovirus infectionwere found to be

NLRX1-dependent [108]. Recently, NLRX1 has been

shown to function as a negative regulator of the host immune

response to HIV-1 and DNA viruses. Furthermore, NLRX1

has been demonstrated to inhibit STING signalling by

blocking the interaction between STINGandTANK-binding

kinase 1 (TBK1), which is required for the induction of IFN-

1 in response to DNA.Moreover, NLRX1-/- cells express a

higher level of type 1 interferon during HIV-1 infection or

treatment with cyclic GAMP or cyclic di-GMP, which trig-

gers STING-dependent responses [109]. However, NLRX1

regulation is quite complex and seems to occur via cell type-

and signal-dependent mechanisms; the above findings sug-

gest the role of NLRX1 in the regulation of IFN during viral

infection as well as the regulation and activation of inflam-

masomes. Investigation should be encouraged to understand

the role of NLRX1 in the regulation of inflammasomes, since

inhibiting NLRX1 activity might enhance the antiviral

response.

Regulation of inflammasome activity and IL-1b
secretion

Pyroptosis

Pyroptosis is a form of programmed cell death that depends

on the activation of atleast one of the inflammatory cas-

pases such as caspase-1 and caspase-11 in mice, and cas-

pase-1, caspase-4, and caspase-5 in humans. The term
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pyroptosis comes from the Greek words ‘pyro’, which

means fire (denoting the release of proinflammatory

mediators) and ‘ptosis’, which means falling, a term

commonly used to describe cell death [110]. Pyroptosis is

initiated by caspase-1 following its activation by diverse

inflammasomes, resulting in the lysis of infected cells. The

activation of inflammatory caspases results in the forma-

tion of pores in the plasmatic membrane that measure

approximately 1.1–2.4 lm in diameter, leading to an

increase in cellular permeability [111]. Thus, the features

of pyroptosis include rapid plasma membrane rupture and

the release of intracellular proinflammatory contents such

as DAMPs and cytokines, which induce a robust

inflammatory response [110]. Destruction of the actin

cytoskeleton has also been observed in pyroptotic cells, but

the mechanism and importance of this event remain

unclear [18, 112, 113]. Furthermore, during pyroptosis,

DNA fragmentation and nuclear condensation occur

[13, 18, 114]. Pyroptosis can efficiently remove infected

cells and further stimulates the activation of the immune

system via the release of pathogens from the dying cells.

Furthermore, pyroptosis, which is associated with a highly

inflammatory state induced by intracellular pathogens, has

been reported to possibly contribute to an inflammatory

syndrome in vivo [115]. In the non-canonical inflamma-

some pathway, it has been demonstrated that upon intra-

cellular lipopolysaccharide (LPS) stimulation, caspase-11

cleaves the pannexin-1 channel resulting in the release of

ATP, which in turn activates P2X7 to induce cytotoxicity

and pyroptosis [116, 117]. Recent findings have suggested

that the presence of cytosolic LPS dramatically decreases

the threshold concentration of ATP necessary to drive the

opening of the P2X7 channel, which allows the release of

proinflammatory cytokines such as IL-1b. This further

leads to P2X7 forming a receptor pore, allowing it to

respond to the nanomolar concentration of released ATP.

During the course of pyroptosis, ATP mostly works as an

autocrine signal that targets the cells primed with hyper-

sensitive P2X7 channels (such as those in which cytosolic

LPS were detected) [116]. In addition, pannexin-1 was

suggested to be necessary for mediating IL-1b release due

to caspase-11 activation triggered by pannexin-1-mediated

K? efflux, which also drives assembly of the NLRP3

inflammasome [18]. Additionally, findings regarding the

association between ASC and pyroptosis have suggested

that the release of ASC specks from macrophages is

pyroptosis-dependent [118, 119].

Negative regulation of inflammasome assembly

Two groups of proteins can act as negative modulators of

inflammasome assembly and caspase-1-dependent pro-

duction of IL-1b: PYD-only protein (POPs) and CARD-

only proteins (COPs) [120]. POPs have been characterised

as inflammasome regulators that interact and bind with

PYD in ASC- and PYD-containing PRRs. Therefore, POPs

inhibit the PYD–PYD interaction required for the recruit-

ment and oligomerisation of ASC and consequently pre-

vent inflammasome activation [120]. POP1 has been

implicated in the regulation of inflammation by interacting

with the PYD of ASC and suppressing NF-jB activity

[113]. Moreover, findings have suggested that the sup-

pression of NF-jB signalling by POP1 is mediated at the

level of IKK via POP1 associating with IjBa and IKKb,
and inhibiting their kinase activities [121]. Thus, POP1

prevents inflammasome activation by obstructing ASC

assembly, resulting in the inhibition of caspase-1 activation

as well as IL-1b and IL-18 secretion, and weak nucleation

of ASC polymerisation [118]. Another POP family mem-

ber, called POP2, blocks TNF-a-mediated NF-jB activa-

tion [122]. POP2 acts distally in the NF-jB cascade by

regulating the transactivation potential of the C-terminal

transcriptional activation domain 1 of p65/RelA [123].

Although POP2 interacts with ASC and inhibits the inter-

action between ASC and the PYD domain of NLRP3, the

inhibition of NF-jB p65 by POP2 is ASC-independent

[123]. Additionally, COPs such as INCA, COP, and ICE-

BERG, as well as caspase-12, can inhibit the processing of

pro-IL-1b and activation of caspase-1 by preventing the

recruitment of ASC during inflammasome assembly

[118–120]. Furthermore, NLRP12 can inhibit NF-jB and

ERK signalling in dendritic cells and macrophages [124].

A previous report suggested that cellular K? concentration

plays an important role in regulating inflammasome

activity since low amounts of K? promote ASC assembly,

resulting in inflammasome activation, whereas high con-

centrations of K? block the secretion of cytokines [125].

This indicates that low intracellular K? levels are required

for the activation of inflammasomes [125]. However, some

inflammasomes are more sensitive to high concentrations

of K? than others are and the mechanism behind this

phenomenon is still elusive. Therefore, the mechanisms

through which several inflammasomes triggers K? efflux

remain unclear [126].

Viral immune evasion mechanisms targeting NLRs
and inflammasomes

To establish a productive infection, several viruses have

developed evolutionary strategies enabling them to con-

stantly adapt and evade the host immune response [127].

Several studies have identified certain specific mechanisms

of viral evasion against the inflammasome, these may occur

at different levels by (a) modifying the expression of viral

molecules involved in detection by PRRs; (b) directly
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interacting with host proteins involved in the innate

immune pathway; (c) inactivating effector molecules by

binding to them; and (d) modulating the expression of

inflammasome components [20]. Here, we discuss recent

advances regarding the inflammasome evasion mechanisms

employed by viruses (Fig. 4).

Regulation of the inflammasome

One mechanism that is used extensively by viruses to

propagate their progeny is the regulation of host gene

expression to control cellular factors involved in the

infection cycle or inhibit defence mechanisms of the host

[128, 129]. Several studies have suggested that viral factors

participate in controlling the expression levels of

inflammasome components. Data obtained from ker-

atinocytes infected with papillomavirus demonstrate the

strategies that have evolved to evade host immunity

including transcriptional inhibition of the inflammasome

component involving ASC, although the mechanisms

remain to be elucidated [130]. Additionally, papilloma

virus has been shown to possess a post-translational

mechanism to regulate production of IL-1b; however, this
process is regulated independently of NLRP3 [130].

Notably, this phenomenon is promoted by the E6 onco-

protein that activates the proteasome pathway and culmi-

nates in degradation of pro-IL-1b [131]. It is relevant to

mention that many viral proteins can translocate into the

nucleus of infected cells, probably to regulate the expres-

sion of genes involved in immunological processes

Fig. 4 Viral strategies for preventing inflammasome activation.

Inflammasome complex activation occurs through a two-step process,

which is initiated by the stimulation of inflammasome components,

leading to the production of pro-IL-1b and pro-IL-18 through NF-jB
activation, followed by a final signal that triggers inflammasome

complex activation resulting in caspase-1 catalysis. Viruses have

developed several mechanisms to inhibit inflammasome assembly and

activity. For example, preventing the translocation and transactivation

of NF-jB would limit the synthesis of NLRP3 and the inflammasome

substrates, IL-1b and IL-18. Among these viral mechanisms, the

Orf63 protein of KSHV and the V protein of MV prevent

inflammasome activation by inhibiting the oligomerisation of the

NLRP1 and NLRP3 inflammasomes, respectively. Several Ortho-

poxvirus strains, including M013 myxoma virus and gp013L Shope

fibroma virus, encode PYD-only proteins (POPs) that bind ASC to

prevent caspase-1 recruitment. In addition, endogenous POPs such as

POP1 and POP2 interact with the PYD domains of ASC and NLRs,

respectively, and thus inhibit the activation of the inflammasome.

Viral proteins can also inhibit inflammasome formation by hampering

caspase-1 in different ways. Orthopoxvirus strains can also prevent

the downstream effects of IL-1b/IL-18 via its binding proteins (BPs).

In addition, the myxoma and vaccinia viruses encode serpins such as

CrmA SP1/2 (SPI1/2) and Serp2 that can abolish the enzymatic

activity of caspase-1. The NS1 protein of influenza virus prevents

caspase-1 activation and the secretion of IL-1b and IL-18 via an

unknown mechanism. The IL-1b and IL-18 pathways have been

observed to be regulated by the vaccinia virus protein B15R and the

molluscum contagiosum poxvirus proteins MC53L and MC54L,

which can bind and inhibit IL-1b and IL-18, respectively
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[132, 133]. Thus, the viral alkaline exonuclease of Epstein

Barr virus (BGLF5) down-regulates molecules of the

immune system such as TLR-2 and CD1 by degrading the

mRNAs that encode them [134]. The expression of

inflammasome components is inhibited by a similar

method during viral infections. Another viral strategy for

immune evasion is the regulation of the expression of host

genes by the production of post-transcriptional regulators

such as microRNAs of both viral and cellular origin that

can exert positive or negative regulation [135]. Viral

miRNAs can directly alter components of the immune

system. For example, c-herpesviruses encode 30–40 miR-

NAs during infection and sequence analysis showed that

two of them (miR-BART11-5P and miR-BART15) have a

high homology with cellular miR-223, which can target

NLRP3 and thereby restrict inflammasome activation in

infected monocytes [136]. Further, in a study in which cells

were cotransfected with a luciferase construct fused to the

30 untranslated region of NLRP3 and one of several viral

miRNAs, reduced luciferase activity was observed in the

cells cotransfected with miR-BART15 [136].

Inhibition of inflammasome assembly

Viral genomes encode multifunctional proteins that pos-

sess diverse roles. Among these functions, the evasion of

the immune response is an important strategy. Poxviruses

and herpesviruses have large DNA genomes that encode

various protein products, several of which can inhibit the

assembly of the inflammasome to prevent its oligomeri-

sation. Additionally, viral proteins can prevent the

recruitment of ASC molecules, thus inhibiting the innate

immune response and promoting a better environment for

viral replication [137]. Numerous reports have shown that

VACV encodes viral homologs of cellular proteins; for

example, it encodes anti-apoptotic proteins with homol-

ogy to the BCL-2 family that regulate the innate immune

response by interacting with NLRP1 [138]. In detail, the

F1L protein of VACV plays a key role in inhibiting the

function of NLRP1, and this function depends on a

specific region of F1L (residues 1–47). F1L has been

suggested to interact with the binding region of ATP,

which is required for NLRP1 oligomerisation. Due to this

interaction, a reduction in the activity of caspase-1 and

consequently, a decreased production of IL-1b has been

observed, demonstrating that F1L acts as a viral NLRP1-

suppressing factor [139]. Additionally, many viral pro-

teins with amino acid sequences homologous to those of

NLRP1 have been demonstrated, and of these viral pro-

teins, many have homology with the LRR domain of

NLRP1. Thus, the Orf63 protein of Kaposi’s sarcoma-

associated herpesvirus (KSHV) is able to co-immuno-

precipitate with NLRP1 protein. Furthermore, an analysis

of the mutated domains in NLRP1 indicated that Orf63

protein interacts specifically with the LRR and NBD

domains of NLRP1 and blocks the self-association of

NLRP1 [140]. Measles virus V protein has been demon-

strated to interact similarly with NLRP3 in infected cells.

Further, it has been shown that cells infected with measles

virus lacking the V gene show an increased production of

IL-1b compared with those infected with the wild-type

measles virus. These data support that the measles virus V

protein inhibits inflammasome activation, although whe-

ther this occurs through NLRP3 oligomerisation remains

unknown [48].

Besides, other viral proteins may inhibit inflammasome

adaptor proteins to prevent the formation of a functional

inflammasome complex, either by inhibiting their recruit-

ment or preventing their oligomerisation [11]. In such

cases, the virus must encode proteins with a PYD homol-

ogy domain or homology to POPs. The significance of

POPs in controlling host defence is underscored by the

finding that some poxviruses encode viral POPs that block

the activation of the inflammasome and NF-jB to escape

the host immune response [141].

Another mechanism that viruses have evolved to evade

the host immune response is to degrade the factors,

receptors, and effector molecules involved in innate

immune processes. This mechanism is underlined by a

report that has shown that numerous viruses encode pro-

teases that can act on immune molecules to inhibit

inflammasome activation [142]. Recently, it has shown that

the 2A and 3C proteases of enterovirus 71 can cleave

NLRP3 at specific regions of its amino acid sequence

(G493 or Q225-L494-G226); additionally, 3C protease

interacts with NLRP3, culminating in the inhibition of

inflammasome activation [143].

Inhibition of caspase-1

After inflammasome activation, major remaining events

include the secretion of active IL-1b and activation of

caspase-1. Some viruses have developed strategies to

escape from the host immune response, including pre-

venting the secretion of IL-1b. Thus, some viruses encode

proteins that target caspase-1. Data regarding such viral

mechanisms have been accumulating, with reports that

viruses such as VACV, myxoma virus, and cowpox viruses

encode viral proteins with serpin activity that acts on IL-

1b-converting enzyme [144–146]. Viral proteins, CrmA,

B13R, and Serp2, have been shown to have inhibitory

effects on the activity of caspase-1, leading to the inhibi-

tion of the processing of IL-1b [144–146]. Another viral

protein involved in this mechanism of immune evasion is

the NS1 protein of influenza virus. An early report

demonstrated that cells infected with wild-type influenza
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virus showed reduced IL-1b secretion compared with those

infected with influenza virus mutated in the NS1 gene

region. Further treatment with inhibitors of caspase-1 was

found to significantly downregulate the production of this

cytokine; however, the direct interaction between NS1 and

caspase-1 is still elusive [147]. Recently, it was determined

that NS1 physically interacts with endogenous NLRP3 and

consequently abrogates the activation of NLRP3 in NS1-

expressing THP-1 cells.

Furthermore, NS1 was found to inhibit the transactiva-

tion of the nuclear NF-jB, a major transcriptional activa-

tor, leading to impairment of the transcription of

proinflammatory cytokines. These findings suggest that

influenza virus NS1 protein targets both the NLRP3 and

NF-jB, thus abrogating inflammasome activation, as a

viral immune evasion strategy [148]. In conclusion, current

evidence of new viral proteins that regulate the innate

immune response specifically with regard to inflammasome

activation is a critical issue that is gaining momentum.

Understanding each of these events will be of great

importance for the future development of new antiviral

strategies against several viral infections.

Conclusions

During the past several years, inflammasome research has

demonstrated the importance of NLR and non-NLR

inflammasomes as pathogen sensors in the context of cel-

lular recognition of viruses. The above information

demonstrates the significance of NLR proteins and the

inflammasome in innate immune signalling and host

defence. Inflammasome activation plays an essential role in

the immune response to viral infection and represents a

potential target for drug- or vaccine-based interventions for

the control of excessive inflammasome activation and

immunopathology or for the control of viral replication.

However, our knowledge of inflammasome biology with

respect to viral infection is still at an early stage, and the

complex mechanisms of inflammasome activation and its

subsequent involvement in antiviral immunity are incom-

pletely understood. Investigation over the past decades has

elucidated several viral strategies for evading host immune

responses, and the study of these processes has enhanced

our mechanistic understanding of viral infection and its

pathogenesis as well as revealed several targets of viral

proteins in host cellular pathways. Thus, a more detailed

analysis of viral immune evasion molecules that affect

inflammasome function can be expected to unravel new

biological processes and may ultimately lead to the iden-

tification of targets for the management and prevention of

infectious diseases.
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