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NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome activation
and effects during ribonucleic acid (RNA) viral infection are the focus of a wide range of
research currently. Both the pathogen-associated molecule pattern derived from virions
and intracellular stress molecules involved in the process of viral infection lead to acti-
vation of the NLRP3 inflammasome, which in turn triggers inflammatory responses for
antiviral defense and tissue healing. However, aberrant activation of the NLRP3 inflam-
masome can instead support viral pathogenesis and promote disease progression.
Here, we summarize and expound upon the recent literature describing the molecular
mechanisms underlying the activation and effects of the NLRP3 inflammasome in RNA
viral infection to highlight how it provides protection against RNA viral infection.

Keywords: ribonucleic acid virus, NACHT, LRR, and PYD domains-containing protein 3 inflammasome, activation,
effects, viral infection

INTRODUCTION

The ribonucleic acid (RNA) virus has single-stranded (ss)RNA or double-stranded (ds)RNA as its
genetic material. Infections with RNA viruses are responsible for a variety of diseases are significant
threats to public health, including influenza, hepatitis, viral encephalitis, and autoimmune deficiency
syndrome, to name a few of the most prominent. Host antiviral defense mechanisms are critical for
clearing RNA viral infections and controlling the manifested diseases. The initiation of antiviral
defense in response to RNA viruses involves interferon (IFN) response and inflammasome activa-
tion. The RNA viral infection usually leads to activation of the NACHT, LRR, and PYD domains-
containing protein 3 (NLRP3) inflammasome, which is the intracellular multiprotein complex
formed upon sensing pathogen-associated molecule patterns and/or damage-associated molecule
patterns (1). The inflammasome response is critical for the innate immune response’s ability to initi-
ate innate and adaptive immunity pathways during RNA viral infections (2).

The NLRP3 inflammasome has been extensively investigated. Its major components include
pro-caspase-1 and apoptosis-associated speck-like protein containing a CARD (ASC), in addition
to the NLRP3 molecules. Upon sensing activating signals, the NLRP3 oligomerize to generate a
caspase-1-activating scaffold, resulting in autocleavage, and activation of pro-caspase-1. The acti-
vated caspase-1 then shears pro-interleukin (IL)-1p and pro-IL-18 into IL-1p and IL-18, leading
to production of their functional forms and release from cells to mediate protective (or sometimes
detrimental) inflammatory responses. The activated caspase-1, however, can also promote caspase-
1-dependent pyroptosis, a type of inflammatory programmed cell death; although, the consequence
of pyroptosis induced by the NLRP3 inflammasome remains to be fully elucidated in RNA viral
infection (3).
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Multiple lines of evidence have shown that the NLRP3
inflammasome can be activated by various viruses, including
type A Influenza virus (IAV), human immunodeficiency virus-
type 1 (HIV-1), vesicular stomatitis virus (VSV), respiratory
syncytial virus (RSV), enterovirus 71 (EV71), hepatitis C
virus (HCV), and SARS coronavirus (SARS-CoV), as detailed
in Table 1. This review will focus on recent advances in our
knowledge of the activation mechanisms and functions of the
NLRP3 inflammasome in response to such RNA viral infec-
tions, discussing the related protective, and/or detrimental
mechanisms that may represent manipulable targets for pre-
vention and/or treatment.

PRIMING MECHANISMS OF THE NLRP3
INFLAMMASOME IN RNA VIRAL
INFECTIONS

NACHT, LRR, and PYD domains-containing protein 3 inflam-
masome activation requires two types of signals. Signal 1 primes
the NLRP3 inflammasome and signal 2 initiates the sequence
of its assembly, activation of the pro-caspase-1, and cleavage of
pro-IL-1f and pro-IL-18.

During RNA viral infections, signal 1 is usually derived
from the signals evoked upon pathogen recognition by toll-like
receptors (TLRs) (6) and retinoic acid-inducible gene-I (RIG-
I)-like receptors (41). Recent research has shown that signal 1
triggering of the NLRP3 inflammasome involves transcription-
dependent and post-translation-dependent priming. The
transcription-dependent priming is executed by activation of
nuclear factor (NF)-kB and IFN-regulatory factor transcription
factors, and subsequent up-regulation of transcription of genes
encoding the major inflammasome components through the
classical TLR signaling pathway: the MyD88-mediated and
TRIF-mediated pathway. The specific role of TLR7 was shown
by the reduced pro-IL-1p transcription in bone marrow-derived
macrophages from TLR7™~ mice in response to 24 h of IAV
infection (6). Another in vivo study of the IAV infection model
provided evidence that commensal bacteria lipopolysaccharide
can provide priming signal 1 (42). Investigations of VSV infec-
tion showed that RIG-I promotes the synthesis of pro-IL-1p
through engagement by the viral 5’-triphosphate RNA (3pRNA).
Moreover, bone marrow-derived cells lacking RIG-I, as well as
the downstream molecules MAVS and CARD9Y, showed reduced
synthesis of pro-IL-1p but normal caspase-1 p10 subunits when
stimulated with VSV and 3pRNA (41), suggesting that the

TABLE 1 | Activating signals for and roles of the NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome in ribonucleic acid (RNA) viral infections.

Virus Activating signal Role Phenotype Reference
Influenza A Viroporin M2, Protective ~ Mice lacking the NLRP3 inflammasome displayed dramatically increased mortality following 1AV (4-9)
PB1-F2, vVRNA detrimental  challenge. MCC950 treatment from day 3 or 7 after IAV infection protected the mice from severe

and highly virulent IAV HKx31-induced disease

HIV Vpr, Tat Detrimental  NLRP3 activation in the microglia contributed to HIV-associated neuroinflammation. Podocyte (10-12)
pyroptosis could be involved in the related HIV-associated nephropathy

RSV SH protein, vVRNA Protective  Overexpression of IL-18 attenuated the peak viral load by three-fold (13-15)

WNV ? Protective  In NLRP3~~ and IL-1R~~ mice, disease susceptibility, clinical disease severity, and brain viral load (16, 17)
increased following WNV-TX infection

HCV Viroporin p7, vVRNA  Detrimental  The NLRP3 inflammasome-dependent IL-1p promotes hepatic inflammation. In a human (18-21)
hepatoma cell line, NLRP3-dependent caspase-1 degraded INSIG proteins, thereby inducing the
activation of SREBPs and subsequent accumulation of lipid droplets

Dengue virus ? Detrimental  The NLRP3-dependent IL-1f derived from platelets is associated with the signs of increased (22)
vascular permeability

Sindbis virus ? Detrimental IL-1f increases the severity of paralysis during encephalomyelitis induced by the non-virulent (23, 24)
strain of Sindbis virus

SARS-CoV E protein Detrimental ~ Activation of the NLRP3 inflammasome and over-production of IL-1p is associated with (25)
pulmonary damage, edema, and death

ECMV Viroporin 2B Protective  Injection with IL-18 from day 1, and not day 2 or 5, after EMCV infection improved the survival (26, 27)
rates of mice

VSV VRNA ? Caspase-1-deficient mice are not more susceptible to VSV infection than wild-type mice (28-30)

Rhinovirus Viroporin 2B Detrimental  Blockade of IL-1p by neutralizing antibody decreased viral titers in the supernatants of human (31, 32)
tracheal epithelial cells infected by human rhinovirus-14

EV71 3D protein Protective  NLRP3~- mice infected by EV71 showed earlier occurrence of disease, stronger paralysis, (33, 34)
delayed recovery, higher morbidity rates, and increased viral load compared with wild-type mice

Sendai virus VRNA Protective  Recombinant IL-1p provides protection against Sendai virus infection in mice (35, 36)

Zika virus ? Detrimental  NLRP3 activation in the microglia results in neuroinflammation and cell death (37)

Coxsackievirus B3 ? Detrimental  The NLRPS inflammasome is involved in pathogenesis of CVB3-induced myocarditis (38)

JEV ? ? NLRP3 inflammasome activation could be associated with neuroinflammatory injury (39, 40)

?, unknown currently.
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RIG-I/MAVS/CARD? signaling pathway provides the signal 1
in VSV infection.

Post-translation-dependent priming occurs upon the simul-
taneous engagement of TLRs and Nod-like receptors with their
ligands, even causing rapid activation of the NLRP3 inflamma-
some (within 15 min) (43, 44). Viral RNA (vVRNA) molecule-
induced NLRP3 inflammasome activation also comes about
by post-translational priming, but involving the RIP1/caspase
8/RIP3 signaling pathway (29, 45), which may ultimately result
in the deubiquitination of NLRP3 protein by BRCC3 (46, 47).
RIP3-deficient mice showed reduced caspase-1 activation and
IL-1f production following infection with VSV, Sendai virus,
or TAV (29). Bone marrow-derived macrophages and mice
lacking RIP1 both displayed substantial reduction in caspase-1
cleavage and levels of IL-1f and IL-18 following challenge with
TAV (8, 29). In various RNA viral infection studies, the RIP1/
RIP3-mediated signaling pathway has been demonstrated to
provide the endogenous signal 2 for the NLRP3 inflammasome,
being derived from reactive oxygen species (ROS) production by
mitochondrial fission initiated by the RIP1/RIP3/DRP pathway
(29, 45, 48).

VIRAL PROTEINS INVOLVED IN NLRP3
INFLAMMASOME ACTIVATION INDUCED
BY RNA VIRUS

Signal 2 is responsive to a wide range of stimuli [i.e., NLRP3
agonists, such as adenosine triphosphate (ATP), silica, alum,
and ultraviolet radiation]. However, the spectrum of different
structures represented by these varied and distinctive agonists
indicates that NLRP3 does not simply bind directly to each but
instead relies on a common intracellular signal transmission
pathway, triggered by the agonists themselves, for activation of
the NLRP3 inflammasome. To date, five major signal mechanisms
have been proposed as those responsible for or contributing to the
NLRP3 inflammasome activation (1, 49). In RNA viral infections,
in particular, viroporins and some viral functional proteins act as
the stimuli for signal 2 (as shown in Table 1).

Viroporins are a group of virus-encoded proteins that enhance
permeability of host cell membrane (through interactions with
the lipid bilayer) to promote release of viral particles from cells
(50), making them a critical component of virus replication and
virion release in the host system. The viroporin effect on per-
meability also modifies the cell’s ability to regulate ion passage,
disrupting ion homeostasis (51). Several viroporins, such as the
IAV M2 protein (6), RSV SH protein (15), HCV p7 protein (21),
SARS-CoV E protein (25), EMCV 2B protein (27), and rhinovi-
rus 2B protein (32), have been reported to activate the NLRP3
inflammasome by disturbing intracellular ionic concentrations,
particularly through potassium efflux, calcium flux, and pH
alteration. In the viroporin-induced NLRP3 activation itself,
the host-encoded NEK7 protein may contribute to the NLRP3
inflammasome assembly and activation via formation of the
NLRP3-NEK7 complex (52).

Among the other viral proteins involved in NLRP3 inflam-
masome activation are JAV PB1-F2 (a small protein encoded by

an alternate + 1 open reading frame in the viral PB1 gene) (7)
and EV71 3D protein (an RNA-dependent RNA polymerase)
(34). PB1-F2 activates the NLRP3 inflammasome through mito-
chondrial ROS production, which could be a major mechanism
of pathogenic inflammation induced by highly pathogenic IAV
strains (53). The ZBP1 protein can interact with RIP3 upon
sensing the viral protein PB1, and contributes to NLRP3 inflam-
masome activation in IAV but not in VSV infection through
post-translational regulation (8). In contrast, the EV71 3D pro-
tein can directly bind to NLRP3 and ASC, and promotes NLRP3
inflammasome assembly and activation (34).

VRNA-ASSOCIATED MECHANISMS
CONTRIBUTING TO NLRP3
INFLAMMASOME ACTIVATION

Plasma vRNA, another common agonist for NLRP3, may bind
with NLRP3 and act to subsequently activate it. Although NLRP3
contains a nucleotide-binding domain (54), RNA-sensing mol-
ecules have been reported to participate in the process by which
VRNA activates the NLRP3 inflammasome; these include the
DExD/H-box helicase (DHX) family members (14, 41, 55, 56)
and the 2’,5-oligoadenylate synthetase (OAS, or 2-5A)/RNase
L system (30). However, some debate exists as to the exact role
of DHX33, in particular, in VSV-induced NLRP3 inflammasome
activation (29).

The DHX family members contain some domains required for
ATP binding, hydrolysis, and nucleic acid binding and unwind-
ing, which usually acts as a cytosolic RNA sensor and triggers
type I IFN response. DHX33, DDX19A, and DDX58 have been
reported to regulate NLRP3 inflammasome activation. DHX33
was shown to combine directly with vRNA to bind to NLRP3
through the DEAD domain of DHX33 and the NACHT domain
of NLRP3, forming a DHX33/NLRP3/ASC inflammasome
complex to promote NLRP3 inflammasome activation (14).
In that same study, down-regulation of DHX33 expression led
to a substantial reduction in cleavage of caspase-1 and secretion
of IL-18 and IL-1f from the human monocyte cell line, THP-1,
upon stimulation with viral dsRNA purified from reovirus, and
produced by RSV during the replication process (14). DHX33 has
also been demonstrated to contribute to NLRP3 inflammasome
activation and IL-1p secretion during VSV and IAV infections
(30), the process of which was found to be dependent upon the
OAS/RNase L system induced by IFN. OASs recognize cytosolic
viral dsRNA and subsequently trigger synthesis of 2-5A in the
presence of three ATP molecules. Then, RNase L is activated by
2-5A and cleaves intracellular VRNA. These RNase L-mediated
RNA cleavage products will directly interact with DHX33 and
induce a DHX33/MAVS/NLRP3 complex to trigger assembly of
the NLRP3 inflammasome.

Another study demonstrated that DDX19A binds porcine
reproductive and respiration syndrome virus (PRRSV) genomic
RNA through its ATP-binding domain and C-terminal domain
and directly interacts with the NLRP3 inflammasome in highly
pathogenic-PRRSV-infected primary porcine alveolar macro-
phages, dependent on the DDX19A ATP-binding domain, and
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the NLRP3 NACHT and LRR domains. Knockdown of DDX19A
expression led to reductions in both IL-1f secretion and virus
titers in the PRRSV-infected porcine alveolar macrophages
(56). Thus, DDX19A appears to be required for both antiviral
defense and NLRP3 inflammasome activation. RIG-I (DDX58)
is a key intracellular sensor for cytosol ssRNA and provides
the transcriptional priming signal for NLRP3 inflammasome
during infections with VSV (41) and IAV (55), upon recogni-
tion of the VRNA. However, in primary respiratory epithelial
cells, IAV infection promotes RIG-I binding with ASC and
caspase-1, implying that RIG-I contributes to inflammasome
assembly (55).

EFFECTS INDUCED BY THE NLRP3
INFLAMMASOME DURING RNA VIRAL
INFECTIONS

During the process of RNA viral infection, NLRP3 inflam-
masome activation contributes to either enhancing antiviral
defense and tissue healing, or inflammatory pathological
injury, which depends mainly on the time point and extent of
NLRP3 activation. The appropriate and early phase activation
of the NLRP3 inflammasome in some RNA viral infection
systems, such those of IAV, encephalomyocarditis virus, and
West Nile virus (WNV) (shown in Table 1), usually provide
protection, thereby decreasing mortality and viral load, as
shown in virus-infected mouse models (4, 9, 16, 57). In rhesus
monkeys, neither NLRP3 inflammasome activation nor IFN
response can be established successfully within 24 h follow-
ing challenge with the simian immunodeficiency virus, which
may be the key reason underlying the observation of viral
dissemination occurring rapidly from the inoculation site to a
distal site (within the first day of infection) (58). Reciprocally,
when using HIV-1-specific broadly neutralizing antibodies,
PGT121 is capable of inducing innate immune responses such
as NLRP3 inflammasome activation in vVRNA-positive tissues
within 24 h; in addition, viral replication is reduced in distal
tissues significantly (59). These findings imply the early NLRP3
inflammasome activation as well as IFN response play critical
roles in establishment of effective antiviral defense. Similarly,
the administration of MC9550 (a specific NLRP3 inhibitor) on
days 1, 3, and 5 but not days 3-5 following IAV challenge also
resulted in accelerated weight loss and mortality in IAV-infected
mice (9). At 2 weeks after challenge with IAV, the mortality rates
among NLRP37/~, caspase-17'~ (4, 5), and IL-1RI7~ (57) mice
are significantly higher (by 60-80%) than for the wild-type
counterparts. Thus, proper NLRP3 inflammasome activation
in the early phase of RNA viral infection protects the infected
host. In contrast, if activated at a later phase or over-activated,
the NLRP3 inflammasome response to RNA virus results in
inflammatory injury.

Production of IL-1p and IL-18, and pyroptosis are the critical
and fundamental reactions directly induced by activated NLRP3
inflammasome (Figure 1). IL-1p and IL-18 serve to activate
myriad downstream cell responses, and orchestrate innate and
adaptive immunity through MyD88/IRAK4/TRAF6-mediated
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FIGURE 1 | Activation and effects of NACHT, LRR, and PYD domains-
containing protein 3 (NLRP3) inflammasome in response to ribonucleic
acid (RNA) virus infections. Viroporin, viral nucleic acids, and some
virus-encoded functional proteins are able to activate the NLRP3
inflammasome. Viroporin-mediated ion concentration change, virus
replication-produced reactive oxygen species, and even viral protein direct
binding promote assembly of the NLRP3 inflammasome. The cytokines
interleukin (IL)-1 and IL-18 contain extensive downstream effector
molecules and effector cells, which ultimately orchestrate innate and
adaptive immunity, leading to antiviral defense, and/or inflammatory injury
during RNA virus infections.

NF-xB signaling and the JNK/p38 mitogen-activated protein
kinase pathways (60-63), which may represent key events for the
NLRP3 inflammasome-dependent antiviral defense. Pyroptosis
is a pro-inflammatory caspase-dependent programed cell death
(64). NLRP3 inflammasome-dependent pyroptosis has been
described in HCV-infected hepatoma cells (65), Dengue virus
(DV)-infected monocytes (66), and HIV-infected podocytes
(10). The data to date suggest that pyroptosis in viral infection
leads to host injury and pathogenesis.

In mice, IAV-induced NLRP3 inflammasome activation initi-
ates protective inflammation by recruitment of monocytes and
neutrophils to the lung (as noted in the bronchoalveolar lavage
fluid), which occurs within 3-7 days of the IAV infection, and
the subsequent promotion of secretion of various cytokines, such
as tumor necrosis factor (TNF)-a, IFN-a, and MIP-2a (4, 5).
Furthermore, the impaired IL-1 response by IL-1RI deficiency
results in impaired production of immunoglobulin M, reduced
recruitment of CD4* T cells in the bronchoalveolar lavage fluid
(57), and impaired priming of CD8" T cells in the lung and
draining mesenteric lymph nodes through the intervention of
CD11b°CD103* dendritic cell migration and maturation (67).
In a recent study, IL-18 was confirmed to be required for IFN-y
production in CD161*Va7.2* mucosal-associated invariant
T cells, which has been observed clinically to be increased in
recovered but not succumbed patients hospitalized with avian
H7N09 influenza pneumonia and which implies a protective role
ininfluenzavirusinfection (68). In WNV infected mice, the IL-13
produced by CD45*CD11b* infiltrating T cells promotes the
WNV-specific CD8" T cell entry to the central neuronal system
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via regulation of CXCL12-mediated T cell adhesion, eventually
controlling the viral infection (16, 17). In BV-2 mouse microglia
cells infected by Japanese encephalitis virus, the NLRP3 inflam-
masome induces production of IL-1p and IL-18 rapidly (within
3 h of exposure) and of TNF-a, CCL2, and IL-6 later (within
6 h after exposure) (40); the findings suggest that the NLRP3-
dependent protective inflammatory response is a very early
phase innate immune response against RNA viral infection. In
addition to initiating protective inflammation to regulate and
orchestrate innate and adaptive immunity, the NLRP3 inflam-
masome also promotes tissue healing and reduces respiratory
epithelial necrosis, which contributes to enhancing host disease
tolerance (5, 69). Thus, the NLRP3 inflammasome provides
protective roles through enhancing host tolerance capacity and
orchestrating innate immunity and adaptive immunity during
RNA viral infections.

Aberrant NLRP3 inflammasome activation usually results in
progression of viral pathogenesis and the manifested disease in
host, such as the robust NLRP3 activation induced by PB1-F2
during the IAV infection (7). The major pathogenic mechanism
associated with PB1-F2-induced aberrant NLRP3 inflamma-
some activation involves excessive neutrophil influx (7, 53).
The NLRP3 activation induced by HCV promotes chronic
intrahepatic inflammation in macrophages (18) and interrupts
cellular lipid metabolism (20) in HCV-infected hepatoma cells,
both of which contribute to chronic liver injury and liver disease
progression. In HIV-infected microglia, NLRP3 inflammasome
activation is involved in the occurrence of chronic neuroin-
flammation (12). In addition, NLRP3-dependent pyroptosis
during RNA viral infection also supports the pathogenesis of
virus infection diseases. HIV-induced podocyte pyroptosis
could be associated with HIV-associated nephropathy (10).
NLRP3 inflammasome-mediated pyroptosis is also observed
in DV-infected monocytes (66) and in HCV-infected and
bystander hepatoma cells (65), and could be associated with
viral pathogenesis (Table 1).

NEGATIVE REGULATION OF NLRP3
INFLAMMASOME BY RNA VIRUS

Unlike RNA viruses, the DNA viruses, which have a large DNA
genome, can encode viral homologs of some complex intracel-
lular inflammasome-regulating molecules to regulate inflam-
masome activity; an example of this is the pyrin-only proteins
and BCL-2 encoded by poxvirus (70, 71). The RNA viruses, in
contrast, have evolved some simple yet effective strategies to
inhibit activation of the NLRP3 inflammasome and evade host
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