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Abstract: Inflammasome activation is exclusively involved in sensing activation of innate immunity
and inflammatory response during viral infection. Accumulating evidence suggests that the manip-
ulation of inflammasome assembly or its interaction with viral proteins are critical factors in viral
pathogenesis. Results from pilot clinical trials show encouraging results of NLRP3 inflammasome
suppression in reducing mortality and morbidity in SARS-CoV-2-infected patients. In this article,
we summarize the up-to-date understanding of inflammasomes, including NLRP3, AIM2, NLRP1,
NLRP6, and NLRC4 in various viral infections, with particular focus on RNA viruses such as SARS-
CoV-2, HIV, IAV, and Zika virus and DNA viruses such as herpes simplex virus 1. We also discuss the
current achievement of the mechanisms involved in viral infection-induced inflammatory response,
host defense, and possible therapeutic solutions.
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1. Introduction

The innate immune system acts as the first barrier to defend against viral infection,
initiate host defenses to promote viral clearance, or mediate the switch to an inflammatory
response to trigger pathogenesis. Inflammasome assembly is one of the most important
steps in innate immunity and over activation of innate immunity is a direct cause related
to persistent morbidity and mortality in pathogenic viral infections. Due to the enormous
number of new infections and deaths caused by notorious viruses such as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), determining the central function of
inflammasome activation in viral infections has attracted attention from all disciplines
around the world. In this article, we discuss the involvement of several similar but distinct
inflammasomes, including NOD-like receptor (NLR) family pyrin domain containing
3 (NLRP3), absent in melanoma 2 (AIM2), NLRP1, NLRP6, NLRP9b, NLR family CARD
domain containing 4 (NLRC4), and caspase recruitment domain family member 8 (CARD8)
in the infection of different types of viruses, such as human immunodeficiency virus (HIV),
influenza virus 1 (IAV), SARS-CoV-2, and others. Each of these proteins has conserved
domains to form the inflammasome and unique sequences to ensure specificity (Figure 1,
Table 1). A better understanding of how viruses activate inflammasomes will facilitate the
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discovery and invention of targeted therapies that could offer alternative treatment for
serious diseases triggered by viral infection (Table 2).
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Figure 1. Comparison of different inflammasomes. The PYD domain and the CARD domain of
ASC serve as anchor points for the assembly of inflammasomes. However, NLRC4 itself carries the
CARD domain, so ASC is not required to form the NLRC4 inflammasome. The figure was created
in BioRender.

Table 1. Summary of viruses that activate inflammasome.

Name Inflammasome Features of Activation

Positive-sense single-stranded RNA

HIV NLRP3/NLRC4/CARD8 HIV protease protein cleaves CARD8. HIV gp41 protein
directly induces production of IL-18 through NLRC4.

Zika Virus NLRP3

There is a correlation between NLRP3 and
growth-differentiation factor 3, which regulates early
development of embryos in ZIKV-infected
pregnant women.

Porcine Reproductive and
Respiratory Syndrome Virus NLRP3

It forms the replication–transcription complex with the
help of TMEM41B, which then stimulates
NLRP3-dependent pyroptosis.

Mayaro virus NLRP3 It activates NLRP3 but not AIM2. It also increases the
production of IL-18 and IL-1β.

Foot-And-Mouth Disease Virus NLRP3 RNA and NS2B protein activate NLRP3.

Hepatitis E Virus NLRP3
Capsid protein and integral viral particles activate
transcription of NLRP3 through NF-κB in primary
macrophages to antagonize IFN response.
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Table 1. Cont.

Name Inflammasome Features of Activation

Human T Lymphotropic Virus Type 1 NLRP3 Expression of p12 protein inhibits the
NLRP3 inflammasome.

Semliki Forest Virus NLRP1
NLRP1 undergoes self-cleavage by its function-to-find
domain and leads to the generation of two chains of
non-covalently associated polypeptides.

Encephalomyocarditis Virus NLRP6 Intraperitoneal infection with it leads to increased
mortality and viremia in NLRP6-/- mice.

Murine Norovirus 1 NLRP6 Intraperitoneal infection with it leads to increased
mortality and viremia in NLRP6-/- mice.

Murine Hepatitis Virus A59 NLRP6 Infection with it promotes liquid–liquid phase
separation of NLRP6.

SARS-CoV-2 NLRP3/NLRP1/AIM2 NSP2/NS6/N protein activates NLRP3. IL-1β and IL-6
activate NLRP3/NLRP1/AIM2.

Negative-sense single-stranded RNA

Thrombocytopenia Syndrome Virus NLRP3
It primes assembly of NLRP3 inflammasome through
elevated levels of oxidized mitochondrial DNA and its
release into the cytosol.

Measles Virus NLRP3 It transcriptionally independently activates NLRP3.
Peste Des Petits Ruminants Virus NLRP3 It transcriptionally dependently activates NLRP3.

Influenza Virus NLRP3/AIM2 Nucleoprotein induces oligomerization of ASC. NS1
protein activates NLRP3.

Double-stranded RNA

Rotavirus NLRC4/NLRP6/NLRP9b

NLRC4 induces death of infected intestinal epithelial
cells, leading to clearance of rotavirus. Infection with it
promotes liquid–liquid phase separation of NLRP6.
NLRP9b senses rotavirus dsRNA infection by
interacting with the RNA helicase DHX9 and clears
rotavirus-infected intestinal epithelial cells, reducing
susceptibility of mice to rotavirus replication.

Herpes Simplex Virus 1 NLRP3 It activates translocation of NLRP3

EBV NLRP3

The NLRP3 inflammasome activated by EBV depletes
the heterochromatin-inducing epigenetic repressor
TRIM28, leading to transcription of proteins required for
the replicative phase of EBV

African Swine Fever Virus NLRP3 It activates NLRP3 in monocytes and macrophages and
adenovirus-based vaccines in neutrophils

Circular DNA not fully double-stranded

Hepatitis B Virus NLRP3 Hepatitis B virus proteins activate NLRP3 in
liver macrophage.

Table 2. Clinical trials with agents targeting inflammasome for viral infection.

Drug
Clinical Trial
Identifier and

Phase of Study
Dosage Disease Expected Outcome or Results

Targeting NLRP3

Metformin Glycinate NCT04625985
(phase 2) 620 mg bid for 14 days

COVID-19 and Severe Acute
Respiratory Syndrome
Secondary to SARS-CoV-2

Viral load, incidence of
adverse events, and changes in
laboratory results
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Table 2. Cont.

Drug
Clinical Trial
Identifier and

Phase of Study
Dosage Disease Expected Outcome or Results

Dapansutrile (OLT1177) NCT04540120
(phase 2)

4 × 250 mg dapansutrile
capsules b.i.d. for 14 days
with an initial (first) dose of
8 × 250 mg (2000 mg)
administered at the study
site on Day 1 (Day 1 dose
may be 3000 mg)

Moderate COVID-19
symptoms and early
cytokine release syndrome
(CRS) in patients with
confirmed SARS-CoV-2
infection and moderate
symptoms

COVID-19-related
hospitalization after
enrollment or both (1)
worsening or persistence of
shortness of breath and (2)
oxygen saturation less than
92% on room air at sea level or
need for supplemental oxygen
to achieve oxygen saturation
of 92% or greater.

DFV890 NCT04382053
(phase 2)

50 mg was administered
orally or nasogastrically
twice per day (b.i.d)

COVID-19 pneumonia

Disease severity, serum
C-reactive protein levels,
clinical status over time,
requirement for mechanical
ventilation for survival.

Targeting IL-1

Canakinumab NCT04362813
(phase 3)

450 mg for body weight of
40 < 60 kg, 600 mg for
60–80 kg or 750 mg for
>80 kg

Cytokine release syndrome
in patients with
COVID-19-induced
pneumonia

Number of responders who
survived without requiring
invasive mechanical
ventilation from Day 3 to
Day 29.

Canakinumab NCT04510493
(phase 3)

Body weight adjusted dose
in 250 mL 5% dextrose
solution i.v. over 2 h

Canakinumab in patients
with COVID-19 and
type 2 diabetes

Survival time, ventilation-free
time, ICU-free time, and
hospitalization time.

Targeting GSDMD

Disulfiram NCT04594343
(phase 2)

500 mg orally once daily for
14 days

Patients with moderate
COVID-19 Time to clinical improvement.

Dimethyl fumarase NCT04381936
(phases 2 and 3)

UK adults ≥18 years old
only (excluding those on
ECMO). 120 mg every 12 h
for 4 doses followed by
240 mg every 12 h by mouth
for 8 days (10 days in total).

Reduce the risk of dying for
patients hospitalized with
COVID-19 receiving oxygen.

All-cause mortality,
duration of hospitalization,
and endpoint of death or
need for mechanical ventilation
or extracorporeal
membrane oxygenation.

2. NLRP3 Inflammasome and SARS-CoV-2
2.1. The NLRP3 Inflammasome

The NLRP3 inflammasome is a well-studied inflammasome activated by diverse
signals [1]. It is rapidly and exclusively assembled by the cytosolic proteins NIMA related
kinase 7 (NEK7), NLRP3, PYD, and CARD domain containing protein (ASC) and pro-
caspase-1 upon stimulation [2]. The activated NLRP3 inflammasome then leads to the
cleavage of gasdermin D (GSDMD) and pro-caspase-1. The N-terminal of cleaved GSDMD
translocates and inserts into the cell membrane and forms large pores of approximately
21 nm in diameter to disrupt the cell membrane and induce pyroptotic death. Mature
caspase-1 further cleaves proinflammatory cytokines interleukin (IL)-18 and IL-1β, which
are then released through the pore formed by GSDMD. Other inflammasomes, with the
exception of NLRC4, assemble in a similar manner (Figure 2).

The primary function of IL-1β and IL-18 is to promote the stimulation of T cells and
macrophages in the innate immune response. However, elevated serum levels of IL-1β and
IL-18 also correlate with the severity of disease in SARS-CoV-2-infected patients [3]. Acti-
vated inflammasomes, including the NLRP3 inflammasome, are most commonly observed
in immune cells involved in innate immunity such as macrophages. Inflammasomes such
as the NLRP10 inflammasome also assemble in response to mitochondrial damage in other
cell types, for example keratinocytes [4], but this is beyond the scope of this article.
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Figure 2. Compositions of different inflammasomes. Most of the identified inflammasomes are
composed of NLR proteins, with the exception of NLR4, which recruits ASC by interacting with the
PYD domain. The PYD and CARD domains of ASC serve as anchor points for subsequent recruitment
of procaspase 1 to complete inflammasome assembly. NLRC4 itself carries the CARD domain, so it
interacts directly with procaspase 1 and ASC is not required to form the NLRC4 inflammasome. The
figure was created in BioRender.

2.2. The NLRP3 Inflammasome Assembly and Activation in SARS-CoV-2-Triggered
Innate Immunity

SARS-CoV-2, a positive-sense single-stranded RNA virus, belongs to the Betacoronavirus
genus of the Coronaviridae family. Its genome encodes viral spike (S), membrane (M),
envelope (E), and nucleocapside (N) proteins [5]. The SARS-CoV-2 genome also encodes
other viral proteins necessary to support its lifecycle. During the initial activation of innate
immunity, SARS-CoV-2 virions are recognized by pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs). Once PAMPs and DAMPs are
activated and signaling has been passed through cell surface receptors, mainly including
nucleotide-binding oligomerization domain NLRs, C-type lectin receptors, toll-like receptors
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(TLRs), and immune cells, especially monocytes, will produce proinflammatory cytokines
and chemokines to fight back the infection of SARS-CoV-2 and clear infected cells [6].

Several SARS-CoV-2 viral proteins trigger priming of the NLRP3 inflammasome facili-
tated by different host factors. The S protein activates the canonical pathway controlling
the NLRP3 inflammasome in both mononuclear cells and neutrophils in patients [7]. The
non-structural protein (NSP)2 triggers the transcription of NLRP3 protein through NF-κB
signaling [8]. The N protein of SARS-CoV-2 directly binds to NLRP3 and triggers the for-
mation of the NLRP3 inflammasome, thereby inducing excessive inflammatory response,
acute lung injury, and accelerated sepsis-induced death [9]. The SARS-CoV-2 NSP6 directly
interacts with the vacuolar ATPase proton pump component ATP6AP1, suppressing the
subsequent activation driven by its cleavage [10]. The interaction of NSP6 with ATP6AP1
and the downstream activation of the NLRP3 inflammasome is abrogated in SARS-CoV-2,
expressing the L37F NSP6 variant [10]. SARS-CoV-2 stimulates activation of NLRP3 and
associated inflammation through interacting with the Fcγ receptor on monocytes and
macrophages instead of through binding to ACE2 on endothelial and epithelial cells [11].
The NLRP3 inflammasome in myeloid cells is activated by double-stranded DNA (dsDNA)
released from infected epithelial cells. The subsequently released IL-1β from activated
myeloid cells triggers IL-6 production in both immune cells such as myeloid and barrier
tissue such as epithelial cells, which amplifies the proinflammatory circuit with subsequent
activation of NLRP1, NLRP3, and AIM2 inflammasomes [12]. Circulatory exosomes ob-
tained from patients in severe COVID-19 serve as an amplification hub for NLRP3 priming
signals under this condition [13] (Figure 3). These findings suggest that SARS-CoV-2 infec-
tion triggers activation of multiple inflammasomes independently of priming signals such
as TLR4.
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Figure 3. SARS-CoV-2 activates the NLRP3 inflammasome through multiple pathways. SARS-CoV-2
infects macrophages through the Fcγ receptor. Viral proteins, such as S protein and NSP2, also
stimulate NLRP3 transcription dependent on NF-κB signaling. N protein of SARS-CoV-2 directly
interacts with NLRP3 to induce inflammasome formation and subsequent inflammatory response.
dsDNA released from infected epithelial cells and mtDNA released from damaged mitochondria can
also activate the inflammasome. The figure was created in BioRender.

2.3. Sustained Activation of the NLRP3 Inflammasome in SARS-CoV-2 Infection

Despite the host innate immune response to clear virus-infected cells, SARS-CoV-2
evolves evasion mechanisms to escape from interferon (IFN) signaling-mediated immune
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surveillance [14]. For example, the N protein binds to the linker region of GSDMD and
blocks its cleavage in patients infected with SARS-CoV-2 [15]. The S protein promotes the se-
cretion of IL-1β in macrophages obtained from SARS-CoV-2 infected patients. The S protein
itself is able to elevate the NLRP3 cascade in the absence of other priming signals [16]. The
chronic inflammation of the patients contributes to the persistent activation of the NLRP3
inflammasome in SARS-CoV-2 infection, which may explain the relatively higher disease
severity rate in patients with metabolic diseases such as type 2 diabetes [17,18], chronic
liver disease [19], and acute myocardial infarction [20]. In contrast, patients taking immuno-
suppressive drugs also have weak immune surveillance activity. For example, patients with
chronic inflammatory bowel disease taking anti-TNF drugs such as infliximab are also more
susceptible to SARS-CoV-2 infection even after three doses of vaccine [21]. This clinical
evidence suggests that the evasion mechanisms of SARS-CoV-2 must be complicated and
much remains to be explored.

Once SARS-CoV-2 successfully antagonizes immune surveillance and establishes
prolonged infection, the NLRP3 inflammasome and signaling cascade is constitutively
switched on and triggers cytokine storm, the massive production of proinflammatory
cytokines [22]. Activation of the NLRP3 inflammasome in lung-resident monocytes such
as neutrophils and macrophages in SARS-CoV-2-infected patients is the leading cause of
systemic inflammation, subsequent acute lung injury, morbidity, or even mortality [11,23].

2.4. Regulation of the NLRP3 Inflammasome

There are normally two steps in the activation of NLRP3, namely the priming step
or signal 1 and the activation phase or signal 2. Transcription and post-translational
modifications of NLRP3 usually occur in the priming step [24]. Knockdown of TLRs
in experimental mice inhibits NF-κB activity and downregulates the expression level
of NLRP3.

The post-translational modifications generally occur during the stimulation with signal
1 to activate NLRP3, including phosphorylation, sumoylation, ubiquitination, etc. For exam-
ple, the Ser198 site of NLRP3 is typically phosphorylated by JNK1, which induces NLRP3
inflammasome assembly and initiates the priming step [25]. Mitochondrial-anchored
protein ligase acts as a SUMO E3 ligase, bridging the interaction between NLRP3 to SUMO-
2/-3 ligase [26]. UBC9 is a SUMO E2 ligase that mediates sumoylation of NLRP3 on K689.
Sumoylated NLRP3 lacks the binding site to deconjugating enzyme, so activation effi-
ciency is reduced [27]. Different E3 ubiquitin ligases, including tripartite motif containing
31 (TRIM31) and Pellion2, have been identified and exhibit distinct effects on NLRP3 acti-
vation [28,29]. TRIM31 binds to NLRP3 and triggers its subsequent proteasome-mediated
degradation through K48-linked polyubiquitination. An increased level of TRIM31 de-
creases IL-1β secretion, thereby reducing the inflammatory response [28]. Pellion2, on
the other hand, promotes K63-linked polyubiquitination of NLRP3 upon stimulation with
signal 1 [29]. The transcription of NLRP3 itself and pro-IL-1β that is required for the full
activation of NLRP3 inflammasome all depends on the TLR [24]. Unfortunately, most of
the factors involved in the post-translational modification of NLRP3 are lack of specificity
and are not druggable. Several studies use RNA sequencing method to understand the
complicated regulation of NLRP3 inflammasome [30]. However, the assembly and activa-
tion of inflammasome mostly require changes in protein-protein interaction rather than
transcriptional regulation, and the results of the RNA sequencing study may not reflect the
initial changes in post-translational modification or protein-protein interaction.

The ORF3a protein encoded by SARS-CoV-2 is now known to fully activate both of
these signals [31]. ORF3a is a highly conserved viral pore protein in SARS-CoV-2 that
promotes self-cleavage and activation of pro-caspase 1. Meanwhile, ORF3a triggers the
expression mechanism of NF-κB, leading to a decreased abundance of IκBα after massive
phosphorylation and promotes binding of NF-κB to the promoter region of IL-1β, resulting
in increased IL-1β expression [32]. The NF-κB p50 subunit accumulates in the nucleus of
cells, expressing ORF3a [33]. NF-κB1 p50 is produced by the proteolysis of NF-κB1 p105 by
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the E3 ubiquitin ligase KPC1 [34]. ORF3a promotes E3 ligase TNF receptor-associated factor
3 (TRAF3)-mediated ubiquitination and activates p105 and ASC, which contain a caspase
recruitment domain that activates NLRP3 [33,35]. In the presence of TRAF3, ORF3a forms a
complex with TRAF3 and ASC to promote the TRAF3-mediated K63-linked ubiquitination
of ASC, which is essential for activation of the NLRP3 inflammasome [35]. Therefore,
antiviral treatment to reduce viral protein would largely eliminate direct activation of the
NLRP3 inflammasome.

2.5. Targeting the NLRP3 Inflammasome to Control SARS-CoV-2 Pathogenesis

Because the NLRP3 inflammasome is activated exclusively in infected cells, it has
become a hot target for the development of novel therapies. Results from a pilot study
demonstrate that blocking NLRP3 inflammasome signaling exhibits potency in reduc-
ing COVID-19 immunopathology (Table 1). The combined treatment of oseltamivir and
sirolimus represses the NLRP3 inflammasome activation and reduces inflammation in
lung tissue in influenza virus H1N1 infection-induced lung injury [36]. The well-studied
NLRP3 inhibitor, MCC950, ameliorates systemic inflammation in hACE2 transgenic mice
infected with SARS-CoV-2 [37]. Metformin treatment suppresses TLR-induced mtDNA
synthesis by targeting respiratory complex I, thus inhibiting activation of the NLRP3 in-
flammasome in SARS-CoV-2-infected mice and patients [38]. The monoclonal antibody
of IL-1β, canakinumab, could suppress NLRP3 inflammasome signaling and significantly
reduce systemic inflammation in type 2 diabetes patients infected with SARS-CoV-2 [17].
The FDA-approved medication disulfiram attenuates pore formation by the N-terminal
GSDMD and prevents the release of proinflammatory cytokines upon activation of the
NLRP3 inflammasome [39]. Treatment with disulfiram blocks SARS-CoV-2-triggered re-
lease of neutrophil extracellular traps (NETs) and reduces NETs-associated inflammation
and subsequent organ damage [40]. Other NLRP3 specific inhibitors, such as OLT1177
and DFV890, are under clinical evaluation to reduce COVID-19 symptoms, early cytokine
release syndrome, and respiratory function [2,41].

Nevertheless, some of the NLRP3 inhibitors exhibit efficacy in the treatment of SARS-
CoV-2-infected patients. The timing of treatment with inflammasome inhibitors is critically
important to overall efficacy because of the dual function of the NLRP3 inflammasome in
innate immunity and persistent inflammation. Early intervention can shut down effective
innate immunity. Therefore, rapid detection methods are required to determine the “sweet
spot” for initiating treatment to prevent hyper-inflammation. Serum IL-1β level is not a
qualified marker due to its extremely short half-life [42], which could only be detected in
severe COVID-19 patients but often not even in IL-1-driven diseases [43]. The hallmark
of inflammasome activation, the formation of microscopically visible ASC specks, could
only be examined by confocal microscopy or imaging flow cytometry, which require robust
instrument setup and are time-consuming [11]. Activation of multiple inflammasomes has
been demonstrated in persistent infection [44], so it would not be surprising that inhibition
of a single inflammasome or cytokine is unsatisfactory [17]. Co-infection and metabolites
also hinder the efficacy of NLRP3 inhibitors. Epithelial infection with rhinovirus, a non-
enveloped positive-strand RNA virus of the picornavirus family, leads to impaired IFN
response and promotes prolonged SARS-CoV-2 infection through activation of retinoic
acid-inducible gene I (RIG-I) inflammasome in chronic asthmatic patients [45]. Even a
ketogenic diet counteracts the exacerbation of SARS-CoV-2 infection by suppressing NLRP3
signaling in aged mice [46].

3. NLRP3 Inflammasome in RNA Viral Infection
3.1. HIV

HIV is a type of lentivirus that belongs to the family of Retroviridae. Early detection
of HIV infection is extremely challenging and a major barrier to eliminating the virus [47].
Similar to the NLRP3 inflammasome, assembly of the CARD8 inflammasome through
autoproteolytic activation triggers pyroptotic cell death in human T cells [48]. The HIV
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protease protein cleaves CARD8 in the N-terminus to trigger the assembly of CARD8
inflammasome in a proteasome-dependent manner, which subsequently results in rapid
pyroptotic cell death in HIV-infected macrophages and CD4+ T cells [49]. Thus, assembly of
the CARD8 inflammasome is considered to be used as a sensor for HIV infection, as CARD8
inflammasome is also present in human primary acute myeloid leukemia samples or ex-
pression of 3CL protease of coronavirus and picornavirus [50,51]. Thus, CARD8 can only
serve as a broad sensor of viral protease activity to determine HIV infection in combination
with other markers. Pharmacological inhibition of HIV protease activity by bortezomib
or dipeptidyl-peptidase 9 (DDP9) restricts activation of the CARD8 inflammasome and
decreases killing of primary CD4+ T cells [49,52]. In contrast, activation of CARD8 with the
DDP9 inhibitor Val-borPro synergizes with non-nucleoside reverse transcriptase inhibitors
to illuminate HIV-infected CD4+ T cells in vitro and in humanized mice [53]. The contro-
versial role and manipulation of CARD8 in HIV or other viral infections needs to be further
explored in clinical trials.

Chronic HIV infection reduces CD4+ T cells counts and is the direct cause of HIV
pathogenesis [54]. Only 5% of those CD4+ T cells undergo apoptosis, while the remaining
95% depend on assembly of the NLRP3 inflammasome and the following caspase 1-driven
pyroptotic cell death. NLRP3 inflammasome activated in HIV-infected cells and associated
production of ROS induces pyroptosis in CD4+ T cells, which is also one of the major
reasons for the decreased efficacy of anti-HIV regimens in chronic infection [54]. Gene-set
enrichment analysis of RNA from peripheral CD4+ T cells of antiretroviral therapy-treated
HIV patients reveals that activation of the NLRP3 inflammasome is closely related to
the maintenance of the HIV infection reservoir during treatment [55]. Treatment with
the NLRP3 inhibitor MCC950 markedly reduces death of HIV-infected peripheral blood
CD4+ T cells [54]. Caspase-1 inhibitor VX-765 also markedly decreases viral load, systemic
inflammation, and death of CD4+ T cells in humanized NSG mice infected with HIV [56].
No combination of antiviral therapy with NLRP3 inhibitors has been reported in the
HIV infection.

3.2. IAV

IAV has a single-stranded RNA genome and is the major cause of seasonal epidemics
and sporadic pandemics. IAV infection is self-limiting for most healthy individuals, but it
still leads to approximately 250,000 hospitalizations and 19,000 deaths in the USA alone
during the 2022–2023 season (https://www.cdc.gov/flu/weekly/index.htm, accessed on
23 June 2023). Diverse mechanisms have been reported on how IAV infection activates
host inflammatory response. The myxovirus resistance gene 1 product protein MxA is
recognized as a restriction factor for IAV infection [57]. A recent study identified that
MxA senses the IAV nucleoprotein, which binds to ASC and induces oligomerization of
ASC and subsequent assembly of the inflammasome in respiratory epithelium [58]. M2
proton channel activity is pivotal for trans-Golgi network dispersion activated NLRP3
inflammasome upon IAV infection [59]. The DEAD-box helicase 3 X-linked coordinates
assembly of the NLRP3 inflammasome when IAV NS1 protein expression is detected in
myeloid cells, which is critical for IAV infection-mediated immune evasion [60].

Activation of the NLRP3 inflammasome drives MLKL-dependent necroptosis in IAV-
infected cells. When lacking the expression of MLKL and NLRP3 inflammasome, infected
cells turn to caspase-8-dependent apoptotic death [61]. Caspase-6 triggers assembly of the
NLRP3 inflammasome; however, knockout of caspase-6 is the dispensable affect priming
of NLRP3 or viral replication in IAV-infected BMDMs. Deficiency of caspas6 6 blocks
IAV-induced different forms of cell death in BMDMs, prolongs survival, and reduces lung
injury in IAV-infected mice. Both the N- and C-terminal domains of caspase 6 contribute
to the formation of the caspase 6-Z-DNA binding protein 1 (ZBP1)-receptor interacting
serine/threonine kinase 3 (RIPK3)-RIPK1 complex, which is assembled after the ribonucle-
oprotein complex ZBP1 senses IAV infection [62,63].

https://www.cdc.gov/flu/weekly/index.htm
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Host factors could also restrict activation of proinflammatory response and switch to
innate immunity. Acetate produced by gut Bifidobacterium pseudolongum NjM1 enhances
aggregation of mitochondrial antiviral-signaling protein (MAVS) and production of type I
IFN upon GPR43 engagement, which turns down activation of NLRP3 innate immunity in
IAV-infected mice [64]. The NLRP3 inhibitor MCC950 and the P2 × 7 receptor inhibitors
probenecid and AZ11645373 show beneficial effects in reducing IAV infection-associated
hyperinflammation and mortality in mice [65,66]. Due to the intensive vaccine research
and the long list of approved direct anti-viral agents for IAV, no clinical trials with NLRP3
inhibitors or drugs that regulate inflammasome activation and downstream signaling have
been reported.

3.3. Zika Virus

Zika virus (ZIKV) is a member of the Flaviviridae family with positive single-stranded
RNA genomes. ZIKV infection during pregnancy is highly linked to abnormalities in
congenital brain development and the death of neural progenitors in unborn children [67].
ZIKV-induced systemic inflammation is one important factor that triggers the death of
neural progenitors. There is a strong correlation between activation of the NLRP3 in-
flammasome and serum levels of growth-differentiation factor 3, which regulates early
development of embryos in ZIKV-infected pregnant women [68]. ZIKV infection also
induces death of macrophages depending on assembly and activation of the NLRP3 inflam-
masome and it-induced cleavage of GSDMD [69]. No specific drug or vaccine has been
approved for Zika virus. Blocking the transmission of circulating virus particles would
reduce the infection rate in an outbreak [70].

3.4. Other RNA Viruses

The NLRP3 inflammasome can be stimulated by both signal 1 and signal 2, as well
as other signals that lead to activation of these signals [2]. Activation of the NLRP3
inflammasome also directly or indirectly involves proinflammatory response, cell death,
and pathogenesis related to infection with other RNA viruses. For example, serum and
tissue levels of NLRP3 significantly correlate with liver pathology in patients infected with
hepatitis C virus [71,72]. The 2B protein of echovirus 11 facilitates assembly of the NLRP3
inflammasome and the subsequent release of IL-1β in murine macrophages [73]. Porcine
reproductive and respiratory syndrome virus forms the replication–transcription complex
with the help of host endoplasmic reticulum-resident protein TMEM41B, which then
stimulates dispersion of the trans-Golgi network and NLRP3-dependent pyroptotic cell
death [74]. Elevated ROS and potassium efflux in Mayaro virus (MAYV) infection induce
activation of NLRP3 but not AIM2 inflammasome in mice. Patients infected with MAYV
also exhibit significantly increased serum levels of proinflammatory cytokine IL-18 and
IL-1β compared with healthy individuals [75]. RNA and NS2B protein of foot-and-mouth
disease virus trigger assembly of the NLRP3 inflammasome through increased intracellular
ion concentration, which depends on the transmembrane region of the NS2B protein that is
essential for formation of the ion channel on the host membrane [76]. Thrombocytopenia
syndrome virus primes assembly of NLRP3 inflammasome through elevated levels of
oxidized mitochondrial DNA and its release into the cytosol [77].

Measles virus is a negative single-stranded enveloped RNA virus that belongs to
the genus Morbillivirus and family Paramyxoviridae. The innate immunity triggered
by measles virus infection is closely related to the NLRP3 inflammasome assembly and
activation and production of TNF-α and IL-6 independent of RNA replication [78]. In
contrast, the NLRP3 inflammasome activation in peste des petits ruminants virus, another
negative single-stranded RNA virus, is highly dependent on transcription and translation
of its genome [79]. The different determinant factor remains largely unknown. However,
common features that trigger assembly and activation of the NLRP3 inflammasome have
not been reported among these virus types. The distinct determinant factor(s) remain to be
elucidated. Most of these studies were performed in isolated murine primary macrophages;
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further study on patient samples is needed to clarify whether activation of the NLRP3
inflammasome leads to innate immune or inflammatory response for antiviral therapy.

Some RNA viruses utilize assembly and activation of the NLRP3 inflammasome as a
checkpoint to escape from immune surveillance. The capsid protein of hepatitis E virus
(HEV) and integral HEV viral particles activate transcription of NLRP3 through NF-κB
signaling in primary macrophages to antagonize IFN response-driven innate immunity [80].
However, inhibition of the NLRP3 inflammasome with MCC950 or the caspase 1 inhibitor
VX-765 significantly increases HEV RNA levels [81], suggesting the contradictory effect of
NLRP3 inhibition in HEV infection and the associated inflammatory response. Human T
lymphotropic virus type 1 (HTLV-1) is a leukemogenic retrovirus with a single-stranded
positive-sense RNA genome. HTLV-1 p12 protein expression leads to inactivation of the
NLRP3 inflammasome and expression of the “don’t-eat-me” signal CD47 on cell surface
in primary monocytes [82]. Modulation of NLRP3 inflammasome activation by HTLV-
1 infection generates escape from immune surveillance and chronic inflammation. The
evaluation of inflammasome inhibitors and other therapies is largely hampered by the lack
of appropriate animal models to mimic viral infection and associated immune response.

4. NLRP3 Inflammasome in DNA Viral Infection
4.1. Herpes Simplex Virus 1

Herpes simplex virus 1 (HSV-1) is a dsDNA virus that is 152-kb long. HSV-1 has a high
prevalence in humans and is the primary cause of severe inflammation in several types of
diseases such as sporadic viral encephalitis [83]. The dsDNA genome of HSV-1 can directly
activate the stimulator of IFN response cGAMP interactor 1 (STING), leading to interaction
between STING and NLRP3 and translocation of NLRP3 to the endoplasmic reticulum. The
ER-resident NLRP3 is deubiquitinated, promoting assembly of the NLRP3 inflammasome
and subsequent cleavage of GSDMD and procaspase 1 and release of IL-1β [84]. HSV-1
infection-induced cell death is highly related to activation of the NLRP3 inflammasome in
microglia in encephalitis [85,86]. The oncoherpesvirus Epstein–Barr virus (EBV) coordinates
activation of several inflammasomes, including NLRP3, to switch to its replicative phase.
The NLRP3 inflammasome activated by EBV then depletes the heterochromatin-inducing
epigenetic repressor TRIM28 through activated caspase 1, leading to the transcription
of proteins required for the replicative phase of EBV [87]. However, efficient replication
of HSV-1 requires inhibition of the AIM2 inflammasome by the viral tegument protein
VP22 [88]. It is reasonable that HSV-1 must shut down the AIM2 inflammasome to evade
the protective innate immune response. The contradictory activation of the NLRP3 inflam-
masome required for viral replication may not be related to its primary function in innate
immunity but rather to the associated changes in endosomal composition [89,90] required
for viral replication and budding.

4.2. Other DNA Viruses

Activation of the NLRP3 inflammasome is triggered by the expression of hepatitis
B virus (HBV) proteins in liver macrophages [91], African swine fever virus infection
in monocytes and macrophages [92], and adenovirus-based vaccines in neutrophils [93].
However, the detailed mechanisms that trigger the assembly of the NLRP3 inflammasome
upon infection of these viruses remain unresolved. Probably, the comparative study
between a real viral infection and a corresponding vaccine without replication ability could
shed light on the different function of inflammasome activation.

5. Other Inflammasomes
5.1. AIM2 Inflammasome

The AIM2 inflammasome first identified in hematopoietic cells senses dsDNA from
microbial or host mitochondrial DNA. The AIM2 inflammasome also contains ASC and
procaspase-1, the assembly of which is crucial for activation of innate immunity in human
papillomaviruses, pseudorabies virus, vaccinia virus, and mouse cytomegalovirus [94,95]. As-
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sembly and activation of the AIM2 inflammasome is identified in infections by RNA viruses
such as SARS-CoV-2 and IAV but not other types of dsDNA viruses [44,96]. Therefore,
specific dsDNA motifs, methylation of CpG islands of host DNA, or GSDMD-dependent
transcription of viral genomes may trigger activation of the AIM2 in infections by these
viruses [95,96]. Activation of the AIM2 inflammasome is always associated with the NLRP3
inflammasome in viral infections [97]; therefore, whether activation of the AIM2 inflam-
masome is the critical point for hyperinflammation or is the consequence of mitochondrial
damage and release of mitochondrial DNA triggered by the NLRP3 inflammasome remains
to be investigated.

5.2. NLRP1 Inflammasome

The central function of NLRP1, the germline-encoded pattern recognition receptor
identified to form an inflammasome in 2002 [98], is only now being revealed in epithelial
barrier tissues. Upon infection with Semliki Forest virus (SFV) with a positive-stranded
RNA genome, NLRP1 undergoes self-cleavage by its function-to-find domain and leads
to the generation of two chains of non-covalently associated polypeptides. In addition,
unlike other inflammasomes, NLRP1 triggers procaspase 1 cleavage through its C-terminal
CARD domain after direct binding to the double-stranded RNA (dsRNA) intermediate
formed during SFV replication [99]. NLRP1 activation is also cleaved by 3CL proteases from
several coronaviruses, including SARS-CoV-2 in infected pulmonary epithelial cells. The
cleaved C-terminal CARD domain of NLRP1 assembles the inflammasome with caspase 1
and induces the release of mature IL-6 through the cell membrane form formed by the
SARS-CoV-2 protease NSP5 cleaved gasdermin E [100]. The dsDNA virus Kaposi’s sarcoma-
associated herpesvirus Orf63 protein as a viral homolog of human NLRP1 blocks assembly
of the NLRP1 inflammasome [101]. Taken together, these results suggest that the NLRP1
inflammasome triggers innate immunity to clear viral infection and inhibit viral persistence.

5.3. NLRP6 Inflammasome

The cytosolic innate immune sensor NLRP6 recruits ASC and procaspase 1 or caspase 11
to assemble the inflammasome upon PAMP or DAMP stimulation, similar to NLRP3.
The activated NLRP6 inflammasome then triggers the release of IL-18 and IL-1β, which
initiates an inflammatory response or drive pyroptotic cell death of infected cells [102]. The
expression of NLRP6 is detected in the liver and lung but is the highest in the intestine.
Thus, the NLRP6 inflammasome is primarily responsive to changes in the gastrointestinal
inflammatory milieu.

Intraperitoneal infection with encephalomyocarditis virus and murine norovirus 1
leads to increased mortality and viremia in NLRP6-/- mice. NLRP6 engages with the
viral RNA helicase DHX15, which then recruits MAVS to trigger the type I/III interferon
response in the intestine [103]. Ligand stimulation, such as infection with rotavirus or
murine hepatitis virus A59, promotes liquid–liquid phase separation (LLPS) of NLRP6. The
polylysine sequence (Lys350-354) of NLRP6 is critical for LLPS of NLRP6, which recruits
ASC and promotes inflammasome assembly. The cell wall component of Gram-positive
bacteria and NLRP6 ligand lipoteichoic acid could also trigger LLPS of NLRP6, conden-
sation of NLRP6 with DHX15 on dsRNA, and the subsequent IFN response [104]. The
liquid-like condensed phase could explain the versatility of NLRP6 to different stimulators.
The LLPS may also serve as a common feature for the activation of other inflammasomes,
such as the NLRP3 inflammasome, which disassemble the trans-Golgi network [89,90,105].

5.4. NLRP9b Inflammasome

Similar to NLRP6, NLRP9b expression is high in ileal epithelial cells. NLRP9b senses
rotavirus dsRNA infection by interacting with the RNA helicase DHX9. The NLRP9b-
dsRNA-DHX9 complex then recruits ASC and procaspase 1 to initiate inflammasome
assembly, which subsequently leads to GSDMD-mediated pyroptotic cell death and release
of IL-18 and IL-1β. Activated NLRP9b inflammasome clears rotavirus-infected intestinal
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epithelial cells and reduces susceptibility of mice to rotavirus replication [106]. NLRP9b-/-
mice attenuate the inflammatory response to cecal ligation and puncture-induced acute
lung injury [107], suggesting that NLRP9b may function more than a dsRNA virus sensor.

5.5. NLRC4 Inflammasome

The essential role of the NLRC4 inflammasome is to maintain normal innate immunity
during infection. The knockout of NLRC4 leads to the increased expression of Fas Ligand
in dendritic cells in IAV-infected mice, promoting death of IAV-infected CD4+ T cells and
decreasing overall survival [108]. The HIV gp41 protein directly induces production of
IL-18 through NLRC4, independent of the priming signal that drives NLRP3 inflammasome
activation [109]. NLRC4 is also involved in the clearance of rotavirus infection in mice
mediated through IL-18 [110]. The expression of IL-18 triggered by NLRC4 directly induces
the death of rotavirus-infected intestinal epithelial cells mediated by the cognate non-
hematopoietic cell receptor but not GSDMD, interrupting the viral lifecycle and leading to
the clearance of rotavirus [111].

Niclosamide is an anthelmintic medication used to control tapeworm infestations and
is listed on the World Health Organization’s list of essential medicines. Niclosamide inhibits
activation of different inflammasome, including AIM2, NLRP3, and NLRC4 inflammasomes
by inducing autophagy. Treatment with niclosamide also significantly reduces replication
and activation of inflammasome in SARS-CoV-2-infected primary human monocytes and
PBMCs obtained from COVID-19 patients [112]. The pan inhibition of niclosamide to
NLRP3 and NLRC4 may be due to the highly similar structure of the NACHT domain of
these proteins [113], even though the assembly of the NLRC4 inflammasome is different
from that of the NLRP3 inflammasomes (Figure 2).

6. Checkpoint for Host Defense and Inflammatory Response

The unique mode of cell death during pathogenic infections such as viruses or bacteria
is termed PANoptosis. PANoptosis is central to host defense to eliminate infected cells, for
example SARS-CoV-2, HSV-1, and IAV [44,62]. Alternatively, cells that undergo massive
PANoptosis trigger cytokine release syndrome and destroy host immune immunity [6].
Conventional IFN therapy fails to restrict SARS-CoV-2 infection because IFN-β induced by
SARS-CoV-2 contributes to the systemic inflammatory response and cell death dependent
on the innate immune sensor ZBP1. The Zα domain of ZBP1 interacts with RIPK2, caspase
6, and caspase 8 and induces PANoptotic cell death [114]. TNF-α and INF-γ are synergis-
tic in the overall inflammatory response during infection with SARS-CoV-2 and lead to
PANoptosis of infected cells via RIPK1/FADD/caspase 8 signaling [115]. This suggests
that monotherapy to inhibit NLRP3 activity may not provide effective protection against
severe viral infection; however, combination therapy may improve overall efficacy in the
fight against SARS-CoV-2.

Checkpoints that regulate host defense and hyperinflammation may be conditional.
For example, NLRP12 forms a complex with caspase 8, ASC, and RIPK3, termed the
PANoptosome, upon stimulation with a combination of heme and various PAMPs. Knock-
out of NLRP12 reduces hemolytic disease and associated pathology [116]. In contrast,
NLRP12 attenuates antiviral immunity in vesicular stomatitis virus infection by mediat-
ing ubiquitination and degradation of RIG-I dependent on TRIM25 and RNF125 [117].
These controversial results may be due to the differences in multiplicity of infection (MOI),
which is directly related to the severity of disease induced by viral infection. These results
highlight the importance of combination therapy with antiviral therapy.

Time of intervention and cell-type specificity are also critical in maintaining the balance
between positive and negative regulatory loops. The proinflammatory cytokines such as
IL-1β, IL-18, and chemokines secreted by macrophages are required for the migration of
neutrophils and dendritic cells to the site of initial infection [118,119]. The blockade of the
common downstream factors such as GSDMD and IL-1 has shown efficacy in pilot studies.
Dimethyl fumarate, the FDA-approved drug for multiple sclerosis, induces succination of
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GSDMD, blocking the interaction of GSDMD with caspases and subsequent cell death [120].
Dimethyl fumarate is currently in clinical trials for multiple sclerosis patients infected with
SARS-CoV-19 (Table 1) [121,122]. The different function of inflammasomes in myeloid cells
and other types of immune cells must be taken into account when developing therapies
targeting the inflammasomes. The primary function of AIM2 in myeloid cells is activation
in response to stimulation by foreign dsDNA, whereas AIM2 is highly expressed and is
required to suppress autoimmunity in regulatory T cells [123].

Available antiviral agents directly target viral proteins, such as neuraminidase, M2
protein, and viral RNA polymerase of IAV, inhibiting various steps in the viral lifecycle
instead of controlling the interaction of the virus with the host. Therefore, restriction of
viral infection-induced cell death by targeting host factors that promote the switch between
inflammatory response and innate immunity, factor(s) controlling conclusion, inflammatory
response, and promotion of alternatively activated or M2 macrophages, is also critical to
control severe infection-triggered morbidity and mortality. For example, nicotinamide
riboside (NAD+) that suppresses neuroinflammation in transgenic Alzheimer’s mice [124]
could attenuate neuronal death and cortical thickness in mice with ZIKV infection [125].
Differences between host factors across the species may also provide valuable clues for
the development of novel therapies. For example, the human counterpart to bat ASC2 is
a natural negative regulator of inflammasome activation (bat ASC2). There are only four
critical residues, E10, R37, C61, and G77, that differ between human and bat that could
reverse the function of ASC2 to immune suppression in multiple viral infections [126].

7. Future Prospective

In this review, we summarized an overview of the current understanding of inflam-
masomes in sensing viral infection and associated pathology. Targeting the activation of
inflammasomes, such as the NLRP3 inflammasome, has proven to be a therapeutic target
for the control of viral infection due to its exclusive assembly and activation upon viral
infection. However, due to the lack of appropriate animal models and robust characteriza-
tion of inflammasome assembly during infection with emerging viruses, particularly in the
developing countries, the contribution of less-characterized inflammasomes remains largely
unexplored. Further studies are needed to clarify whether inflammasome activation is the
primary cause of virus-induced pathology or a subsequent alteration of primary antiviral
immunity. The development of inhibitors against other inflammasomes has lagged far
behind that of NLRP3. The repurposing of clinically used drugs would benefit outbreaks
such as COVID-19. In addition, drugs that could overcome emerging viral mutations and
the development of pan-inhibitors targeting downstream of the inflammasome would
prepare for pandemics. Due to the complexity of the host response to viral infection and its
built-in ability to evade immune surveillance, a more comprehensive investigation of the
critical function of inflammasomes in viral infection may allow the development of effective
treatment strategies for the management of viral infection, especially severe disease such as
that induced by infection with pathogenic viruses such as SARS-CoV-2.

Author Contributions: Writing—original draft, C.-H.D., T.-Q.L. and Y.W.; funding acquisition, Q.Z.
and Y.W.; investigation, C.-H.D., W.Z., Q.Z. and Y.W.; writing—review and editing, Y.W. and Q.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Macau Science and Technology Development Fund FDCT
0092/2021/A2, SKL-QRCM (UM)-2023-2025, and Shenzhen-Hong Kong-Macao Science and Tech-
nology Innovation Project (Category C) (SGDX2020110309260100) to Y.W. This work was also sup-
ported by the Science and Technology Development Fund of Macau FDCT/0043/2021/A1, the
University of Macau MYRG2022-00143-FHS, Natural Science Foundation of Guangdong Province
(2023A1515010549), and Zhongnanshan Medical Foundation of Guangdong Province (ZNSA-2021016)
to Q.Z.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Viruses 2023, 15, 1451 15 of 20

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors appreciate Animal Research Core and the Proteomics, Metabolomics
and Drug Development Core facility in the Faculty of Health Sciences at University of Macau.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ogura, Y.; Sutterwala, F.S.; Flavell, R.A. The inflammasome: First line of the immune response to cell stress. Cell 2006, 126,

659–662. [CrossRef] [PubMed]
2. Chen, Q.L.; Yin, H.R.; He, Q.Y.; Wang, Y. Targeting the NLRP3 inflammasome as new therapeutic avenue for inflammatory bowel

disease. Biomed. Pharm. 2021, 138, 111442. [CrossRef]
3. Diamond, M.S.; Kanneganti, T.D. Innate immunity: The first line of defense against SARS-CoV-2. Nat. Immunol. 2022, 23, 165–176.

[CrossRef]
4. Prochnicki, T.; Vasconcelos, M.B.; Robinson, K.S.; Mangan, M.S.J.; De Graaf, D.; Shkarina, K.; Lovotti, M.; Standke, L.; Kaiser,

R.; Stahl, R.; et al. Mitochondrial damage activates the NLRP10 inflammasome. Nat. Immunol. 2023, 24, 595–603. [CrossRef]
[PubMed]

5. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef] [PubMed]

6. Wong, L.R.; Perlman, S. Immune dysregulation and immunopathology induced by SARS-CoV-2 and related coronaviruses—Are
we our own worst enemy? Nat. Rev. Immunol. 2022, 22, 47–56. [CrossRef]

7. Tyrkalska, S.D.; Martinez-Lopez, A.; Arroyo, A.B.; Martinez-Morcillo, F.J.; Candel, S.; Garcia-Moreno, D.; Mesa-Del-Castillo, P.;
Cayuela, M.L.; Mulero, V. Differential proinflammatory activities of Spike proteins of SARS-CoV-2 variants of concern. Sci. Adv.
2022, 8, eabo0732. [CrossRef]

8. Lacasse, E.; Gudimard, L.; Dubuc, I.; Gravel, A.; Allaeys, I.; Boilard, E.; Flamand, L. SARS-CoV-2 Nsp2 Contributes to Inflammation
by Activating NF-kappaB. Viruses 2023, 15, 334. [CrossRef]

9. Pan, P.; Shen, M.; Yu, Z.; Ge, W.; Chen, K.; Tian, M.; Xiao, F.; Wang, Z.; Wang, J.; Jia, Y.; et al. SARS-CoV-2 N protein promotes
NLRP3 inflammasome activation to induce hyperinflammation. Nat. Commun. 2021, 12, 4664. [CrossRef]

10. Sun, X.; Liu, Y.; Huang, Z.; Xu, W.; Hu, W.; Yi, L.; Liu, Z.; Chan, H.; Zeng, J.; Liu, X.; et al. SARS-CoV-2 non-structural protein 6
triggers NLRP3-dependent pyroptosis by targeting ATP6AP1. Cell Death. Differ. 2022, 29, 1240–1254. [CrossRef]

11. Junqueira, C.; Crespo, A.; Ranjbar, S.; de Lacerda, L.B.; Lewandrowski, M.; Ingber, J.; Parry, B.; Ravid, S.; Clark, S.; Schrimpf,
M.R.; et al. FcgammaR-mediated SARS-CoV-2 infection of monocytes activates inflammation. Nature 2022, 606, 576–584. [Cross-
Ref] [PubMed]

12. Barnett, K.C.; Xie, Y.; Asakura, T.; Song, D.; Liang, K.; Taft-Benz, S.A.; Guo, H.; Yang, S.; Okuda, K.; Gilmore, R.C.; et al. An
epithelial-immune circuit amplifies inflammasome and IL-6 responses to SARS-CoV-2. Cell Host Microbe 2023, 31, 243–259.e6.
[CrossRef] [PubMed]

13. Sur, S.; Steele, R.; Isbell, T.S.; Ray, R.; Ray, R.B. Circulatory Exosomes from COVID-19 Patients Trigger NLRP3 Inflammasome in
Endothelial Cells. mBio 2022, 13, e0095122. [CrossRef] [PubMed]

14. Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Moller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs,
D.; et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036–1045.e9. [CrossRef]

15. Ma, J.; Zhu, F.; Zhao, M.; Shao, F.; Yu, D.; Ma, J.; Zhang, X.; Li, W.; Qian, Y.; Zhang, Y.; et al. SARS-CoV-2 nucleocapsid suppresses
host pyroptosis by blocking Gasdermin D cleavage. EMBO J. 2021, 40, e108249. [CrossRef]

16. Theobald, S.J.; Simonis, A.; Georgomanolis, T.; Kreer, C.; Zehner, M.; Eisfeld, H.S.; Albert, M.C.; Chhen, J.; Motameny, S.; Erger,
F.; et al. Long-lived macrophage reprogramming drives spike protein-mediated inflammasome activation in COVID-19. EMBO
Mol. Med. 2021, 13, e14150. [CrossRef]

17. Hepprich, M.; Mudry, J.M.; Gregoriano, C.; Jornayvaz, F.R.; Carballo, S.; Wojtusciszyn, A.; Bart, P.A.; Chiche, J.D.; Fischli, S.;
Baumgartner, T.; et al. Canakinumab in patients with COVID-19 and type 2 diabetes—A multicentre, randomised, double-blind,
placebo-controlled trial. EClinicalMedicine 2022, 53, 101649. [CrossRef]

18. Yu, B.; Li, C.; Sun, Y.; Wang, D.W. Insulin Treatment Is Associated with Increased Mortality in Patients with COVID-19 and Type 2
Diabetes. Cell Metab. 2021, 33, 65–77.e2. [CrossRef] [PubMed]

19. Hartl, L.; Haslinger, K.; Angerer, M.; Semmler, G.; Schneeweiss-Gleixner, M.; Jachs, M.; Simbrunner, B.; Bauer, D.J.M.; Eigenbauer,
E.; Strassl, R.; et al. Progressive cholestasis and associated sclerosing cholangitis are frequent complications of COVID-19 in
patients with chronic liver disease. Hepatology 2022, 76, 1563–1575. [CrossRef]

20. Markson, F.E.; Akuna, E.; Lim, C.Y.; Khemani, L.; Amanullah, A. The impact of COVID-19 on hospitalization outcomes of patients
with acute myocardial infarction in the USA. Am. Heart J. Plus 2023, 32, 100305. [CrossRef]

21. Liu, Z.; Le, K.; Zhou, X.; Alexander, J.L.; Lin, S.; Bewshea, C.; Chanchlani, N.; Nice, R.; McDonald, T.J.; Lamb, C.A.; et al. Neutral-
ising antibody potency against SARS-CoV-2 wild-type and omicron BA.1 and BA.4/5 variants in patients with inflammatory
bowel disease treated with infliximab and vedolizumab after three doses of COVID-19 vaccine (CLARITY IBD): An analysis of a
prospective multicentre cohort study. Lancet Gastroenterol. Hepatol. 2023, 8, 145–156.

https://doi.org/10.1016/j.cell.2006.08.002
https://www.ncbi.nlm.nih.gov/pubmed/16923387
https://doi.org/10.1016/j.biopha.2021.111442
https://doi.org/10.1038/s41590-021-01091-0
https://doi.org/10.1038/s41590-023-01451-y
https://www.ncbi.nlm.nih.gov/pubmed/36941400
https://doi.org/10.1056/NEJMoa2001017
https://www.ncbi.nlm.nih.gov/pubmed/31978945
https://doi.org/10.1038/s41577-021-00656-2
https://doi.org/10.1126/sciadv.abo0732
https://doi.org/10.3390/v15020334
https://doi.org/10.1038/s41467-021-25015-6
https://doi.org/10.1038/s41418-021-00916-7
https://doi.org/10.1038/s41586-022-04702-4
https://doi.org/10.1038/s41586-022-04702-4
https://www.ncbi.nlm.nih.gov/pubmed/35385861
https://doi.org/10.1016/j.chom.2022.12.005
https://www.ncbi.nlm.nih.gov/pubmed/36563691
https://doi.org/10.1128/mbio.00951-22
https://www.ncbi.nlm.nih.gov/pubmed/35587188
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.15252/embj.2021108249
https://doi.org/10.15252/emmm.202114150
https://doi.org/10.1016/j.eclinm.2022.101649
https://doi.org/10.1016/j.cmet.2020.11.014
https://www.ncbi.nlm.nih.gov/pubmed/33248471
https://doi.org/10.1002/hep.32582
https://doi.org/10.1016/j.ahjo.2023.100305


Viruses 2023, 15, 1451 16 of 20

22. Potere, N.; Del Buono, M.G.; Caricchio, R.; Cremer, P.C.; Vecchie, A.; Porreca, E.; Dalla Gasperina, D.; Dentali, F.; Abbate,
A.; Bonaventura, A. Interleukin-1 and the NLRP3 inflammasome in COVID-19: Pathogenetic and therapeutic implications.
EBioMedicine 2022, 85, 104299. [CrossRef] [PubMed]

23. Aymonnier, K.; Ng, J.; Fredenburgh, L.E.; Zambrano-Vera, K.; Munzer, P.; Gutch, S.; Fukui, S.; Desjardins, M.; Subramaniam,
M.; Baron, R.M.; et al. Inflammasome activation in neutrophils of patients with severe COVID-19. Blood Adv. 2022, 6, 2001–2013.
[CrossRef] [PubMed]

24. Fitzgerald, K.A.; Kagan, J.C. Toll-like Receptors and the Control of Immunity. Cell 2020, 180, 1044–1066. [CrossRef] [PubMed]
25. Song, N.; Liu, Z.S.; Xue, W.; Bai, Z.F.; Wang, Q.Y.; Dai, J.; Liu, X.; Huang, Y.J.; Cai, H.; Zhan, X.Y.; et al. NLRP3 Phosphorylation Is

an Essential Priming Event for Inflammasome Activation. Mol. Cell 2017, 68, 185–197.e6. [CrossRef]
26. Prudent, J.; Zunino, R.; Sugiura, A.; Mattie, S.; Shore, G.C.; McBride, H.M. MAPL SUMOylation of Drp1 Stabilizes an

ER/Mitochondrial Platform Required for Cell Death. Mol. Cell 2015, 59, 941–955. [CrossRef]
27. Barry, R.; John, S.W.; Liccardi, G.; Tenev, T.; Jaco, I.; Chen, C.H.; Choi, J.; Kasperkiewicz, P.; Fernandes-Alnemri, T.; Alnemri,

E.; et al. SUMO-mediated regulation of NLRP3 modulates inflammasome activity. Nat. Commun. 2018, 9, 3001. [CrossRef]
28. Song, H.; Liu, B.; Huai, W.; Yu, Z.; Wang, W.; Zhao, J.; Han, L.; Jiang, G.; Zhang, L.; Gao, C.; et al. The E3 ubiquitin ligase TRIM31

attenuates NLRP3 inflammasome activation by promoting proteasomal degradation of NLRP3. Nat. Commun. 2016, 7, 13727.
[CrossRef]

29. Humphries, F.; Bergin, R.; Jackson, R.; Delagic, N.; Wang, B.; Yang, S.; Dubois, A.V.; Ingram, R.J.; Moynagh, P.N. The E3 ubiquitin
ligase Pellino2 mediates priming of the NLRP3 inflammasome. Nat. Commun. 2018, 9, 1560. [CrossRef] [PubMed]

30. Wauters, E.; Van Mol, P.; Garg, A.D.; Jansen, S.; Van Herck, Y.; Vanderbeke, L.; Bassez, A.; Boeckx, B.; Malengier-Devlies, B.;
Timmerman, A.; et al. Discriminating mild from critical COVID-19 by innate and adaptive immune single-cell profiling of
bronchoalveolar lavages. Cell Res. 2021, 31, 272–290. [CrossRef]

31. Jin, D.Y.; Zheng, B.J.; Tang, H.M.V. Mechanism of inflammasome activation by SARS coronavirus 3a protein: Abridged secondary
publication. Hong Kong Med. J. 2021, 27 (Suppl. 2), 33–35.

32. Xu, H.; Akinyemi, I.A.; Chitre, S.A.; Loeb, J.C.; Lednicky, J.A.; McIntosh, M.T.; Bhaduri-McIntosh, S. SARS-CoV-2 viroporin
encoded by ORF3a triggers the NLRP3 inflammatory pathway. Virology 2022, 568, 13–22. [CrossRef]

33. Siu, K.L.; Yuen, K.S.; Castano-Rodriguez, C.; Ye, Z.W.; Yeung, M.L.; Fung, S.Y.; Yuan, S.; Chan, C.P.; Yuen, K.Y.; Enjuanes,
L.; et al. Severe acute respiratory syndrome coronavirus ORF3a protein activates the NLRP3 inflammasome by promoting
TRAF3-dependent ubiquitination of ASC. FASEB J. 2019, 33, 8865–8877. [CrossRef] [PubMed]

34. Kravtsova-Ivantsiv, Y.; Shomer, I.; Cohen-Kaplan, V.; Snijder, B.; Superti-Furga, G.; Gonen, H.; Sommer, T.; Ziv, T.; Admon, A.;
Naroditsky, I.; et al. KPC1-mediated ubiquitination and proteasomal processing of NF-kappaB1 p105 to p50 restricts tumor
growth. Cell 2015, 161, 333–347. [CrossRef] [PubMed]

35. Guan, K.; Wei, C.; Zheng, Z.; Song, T.; Wu, F.; Zhang, Y.; Cao, Y.; Ma, S.; Chen, W.; Xu, Q.; et al. MAVS Promotes Inflammasome
Activation by Targeting ASC for K63-Linked Ubiquitination via the E3 Ligase TRAF3. J. Immunol. 2015, 194, 4880–4890. [CrossRef]
[PubMed]

36. Jia, X.; Liu, B.; Bao, L.; Lv, Q.; Li, F.; Li, H.; An, Y.; Zhang, X.; Cao, B.; Wang, C. Delayed oseltamivir plus sirolimus treatment
attenuates H1N1 virus-induced severe lung injury correlated with repressed NLRP3 inflammasome activation and inflammatory
cell infiltration. PLoS Pathog. 2018, 14, e1007428. [CrossRef]

37. Zeng, J.; Xie, X.; Feng, X.L.; Xu, L.; Han, J.B.; Yu, D.; Zou, Q.C.; Liu, Q.; Li, X.; Ma, G.; et al. Specific inhibition of the NLRP3
inflammasome suppresses immune overactivation and alleviates COVID-19 like pathology in mice. EBioMedicine 2022, 75, 103803.
[CrossRef]

38. Xian, H.; Liu, Y.; Rundberg Nilsson, A.; Gatchalian, R.; Crother, T.R.; Tourtellotte, W.G.; Zhang, Y.; Aleman-Muench, G.R.; Lewis,
G.; Chen, W.; et al. Metformin inhibition of mitochondrial ATP and DNA synthesis abrogates NLRP3 inflammasome activation
and pulmonary inflammation. Immunity 2021, 54, 1463–1477.e11. [CrossRef]

39. Hu, J.J.; Liu, X.; Xia, S.; Zhang, Z.; Zhang, Y.; Zhao, J.; Ruan, J.; Luo, X.; Lou, X.; Bai, Y.; et al. FDA-approved disulfiram inhibits
pyroptosis by blocking gasdermin D pore formation. Nat. Immunol. 2020, 21, 736–745. [CrossRef]

40. Silva, C.M.S.; Wanderley, C.W.S.; Veras, F.P.; Goncalves, A.V.; Lima, M.H.F.; Toller-Kawahisa, J.E.; Gomes, G.F.; Nascimento,
D.C.; Monteiro, V.V.S.; Paiva, I.M.; et al. Gasdermin-D activation by SARS-CoV-2 triggers NET and mediate COVID-19
immunopathology. Crit. Care 2022, 26, 206. [CrossRef]

41. Madurka, I.; Vishnevsky, A.; Soriano, J.B.; Gans, S.J.; Ore, D.J.S.; Rendon, A.; Ulrik, C.S.; Bhatnagar, S.; Krishnamurthy, S.; Mc
Harry, K.; et al. DFV890: A new oral NLRP3 inhibitor-tested in an early phase 2a randomised clinical trial in patients with
COVID-19 pneumonia and impaired respiratory function. Infection 2023, 51, 641–654. [CrossRef] [PubMed]

42. Buszko, M.; Park, J.H.; Verthelyi, D.; Sen, R.; Young, H.A.; Rosenberg, A.S. The dynamic changes in cytokine responses in
COVID-19: A snapshot of the current state of knowledge. Nat. Immunol. 2020, 21, 1146–1151. [CrossRef] [PubMed]

43. Pascual, V.; Allantaz, F.; Arce, E.; Punaro, M.; Banchereau, J. Role of interleukin-1 (IL-1) in the pathogenesis of systemic onset
juvenile idiopathic arthritis and clinical response to IL-1 blockade. J. Exp. Med. 2005, 201, 1479–1486. [CrossRef] [PubMed]

44. Lee, S.; Karki, R.; Wang, Y.; Nguyen, L.N.; Kalathur, R.C.; Kanneganti, T.D. AIM2 forms a complex with pyrin and ZBP1 to drive
PANoptosis and host defence. Nature 2021, 597, 415–419. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ebiom.2022.104299
https://www.ncbi.nlm.nih.gov/pubmed/36209522
https://doi.org/10.1182/bloodadvances.2021005949
https://www.ncbi.nlm.nih.gov/pubmed/34991159
https://doi.org/10.1016/j.cell.2020.02.041
https://www.ncbi.nlm.nih.gov/pubmed/32164908
https://doi.org/10.1016/j.molcel.2017.08.017
https://doi.org/10.1016/j.molcel.2015.08.001
https://doi.org/10.1038/s41467-018-05321-2
https://doi.org/10.1038/ncomms13727
https://doi.org/10.1038/s41467-018-03669-z
https://www.ncbi.nlm.nih.gov/pubmed/29674674
https://doi.org/10.1038/s41422-020-00455-9
https://doi.org/10.1016/j.virol.2022.01.003
https://doi.org/10.1096/fj.201802418R
https://www.ncbi.nlm.nih.gov/pubmed/31034780
https://doi.org/10.1016/j.cell.2015.03.001
https://www.ncbi.nlm.nih.gov/pubmed/25860612
https://doi.org/10.4049/jimmunol.1402851
https://www.ncbi.nlm.nih.gov/pubmed/25847972
https://doi.org/10.1371/journal.ppat.1007428
https://doi.org/10.1016/j.ebiom.2021.103803
https://doi.org/10.1016/j.immuni.2021.05.004
https://doi.org/10.1038/s41590-020-0669-6
https://doi.org/10.1186/s13054-022-04062-5
https://doi.org/10.1007/s15010-022-01904-w
https://www.ncbi.nlm.nih.gov/pubmed/36104613
https://doi.org/10.1038/s41590-020-0779-1
https://www.ncbi.nlm.nih.gov/pubmed/32855555
https://doi.org/10.1084/jem.20050473
https://www.ncbi.nlm.nih.gov/pubmed/15851489
https://doi.org/10.1038/s41586-021-03875-8
https://www.ncbi.nlm.nih.gov/pubmed/34471287


Viruses 2023, 15, 1451 17 of 20

45. Radzikowska, U.; Eljaszewicz, A.; Tan, G.; Stocker, N.; Heider, A.; Westermann, P.; Steiner, S.; Dreher, A.; Wawrzyniak, P.; Ruckert,
B.; et al. Rhinovirus-induced epithelial RIG-I inflammasome suppresses antiviral immunity and promotes inflammation in
asthma and COVID-19. Nat. Commun. 2023, 14, 2329. [CrossRef]

46. Ryu, S.; Shchukina, I.; Youm, Y.H.; Qing, H.; Hilliard, B.; Dlugos, T.; Zhang, X.; Yasumoto, Y.; Booth, C.J.; Fernandez-Hernando,
C.; et al. Ketogenic diet restrains aging-induced exacerbation of coronavirus infection in mice. Elife 2021, 10, e66522. [CrossRef]

47. Meas, H.Z.; Haug, M.; Beckwith, M.S.; Louet, C.; Ryan, L.; Hu, Z.; Landskron, J.; Nordbo, S.A.; Tasken, K.; Yin, H.; et al. Sensing
of HIV-1 by TLR8 activates human T cells and reverses latency. Nat. Commun. 2020, 11, 147. [CrossRef]

48. Linder, A.; Bauernfried, S.; Cheng, Y.; Albanese, M.; Jung, C.; Keppler, O.T.; Hornung, V. CARD8 inflammasome activation
triggers pyroptosis in human T cells. EMBO J. 2020, 39, e105071. [CrossRef]

49. Wang, Q.; Gao, H.; Clark, K.M.; Mugisha, C.S.; Davis, K.; Tang, J.P.; Harlan, G.H.; DeSelm, C.J.; Presti, R.M.; Kutluay, S.B.; et al.
CARD8 is an inflammasome sensor for HIV-1 protease activity. Science 2021, 371, eabe1707. [CrossRef]

50. Johnson, D.C.; Taabazuing, C.Y.; Okondo, M.C.; Chui, A.J.; Rao, S.D.; Brown, F.C.; Reed, C.; Peguero, E.; de Stanchina, E.; Kentsis,
A.; et al. DPP8/DPP9 inhibitor-induced pyroptosis for treatment of acute myeloid leukemia. Nat. Med. 2018, 24, 1151–1156.
[CrossRef]

51. Tsu, B.V.; Agarwal, R.; Gokhale, N.S.; Kulsuptrakul, J.; Ryan, A.P.; Fay, E.J.; Castro, L.K.; Beierschmitt, C.; Yap, C.; Turcotte,
E.A.; et al. Host-specific sensing of coronaviruses and picornaviruses by the CARD8 inflammasome. PLoS Biol. 2023, 21, e3002144.
[CrossRef]

52. Moore, K.P.; Schwaid, A.G.; Tudor, M.; Park, S.; Beshore, D.C.; Converso, A.; Shipe, W.D.; Anand, R.; Lan, P.; Moningka, R.; et al. A
Phenotypic Screen Identifies Potent DPP9 Inhibitors Capable of Killing HIV-1 Infected Cells. ACS Chem. Biol. 2022, 17, 2595–2604.
[CrossRef]

53. Clark, K.M.; Kim, J.G.; Wang, Q.; Gao, H.; Presti, R.M.; Shan, L. Chemical inhibition of DPP9 sensitizes the CARD8 inflammasome
in HIV-1-infected cells. Nat. Chem. Biol. 2023, 19, 431–439. [CrossRef] [PubMed]

54. Zhang, C.; Song, J.W.; Huang, H.H.; Fan, X.; Huang, L.; Deng, J.N.; Tu, B.; Wang, K.; Li, J.; Zhou, M.J.; et al. NLRP3 inflammasome
induces CD4+ T cell loss in chronically HIV-1-infected patients. J. Clin. Investig. 2021, 131, e138861. [CrossRef] [PubMed]

55. Dwivedi, A.K.; Siegel, D.A.; Thanh, C.; Hoh, R.; Hobbs, K.S.; Pan, T.; Gibson, E.A.; Martin, J.; Hecht, F.; Pilcher, C.; et al.
Differences in expression of tumor suppressor, innate immune, inflammasome, and potassium/gap junction channel host genes
significantly predict viral reservoir size during treated HIV infection. bioRxiv 2023. [CrossRef]

56. Amand, M.; Adams, P.; Schober, R.; Iserentant, G.; Servais, J.Y.; Moutschen, M.; Seguin-Devaux, C. The anti-caspase 1 inhibitor
VX-765 reduces immune activation, CD4(+) T cell depletion, viral load, and total HIV-1 DNA in HIV-1 infected humanized mice.
Elife 2023, 12, e83207. [CrossRef]

57. Husain, M.; Cheung, C.Y. Histone deacetylase 6 inhibits influenza A virus release by downregulating the trafficking of viral
components to the plasma membrane via its substrate, acetylated microtubules. J. Virol. 2014, 88, 11229–11239. [CrossRef]

58. Lee, S.; Ishitsuka, A.; Noguchi, M.; Hirohama, M.; Fujiyasu, Y.; Petric, P.P.; Schwemmle, M.; Staeheli, P.; Nagata, K.; Kawaguchi, A.
Influenza restriction factor MxA functions as inflammasome sensor in the respiratory epithelium. Sci. Immunol. 2019, 4, eaau4643.
[CrossRef]

59. Pandey, K.P.; Zhou, Y. Influenza A Virus Infection Activates NLRP3 Inflammasome through Trans-Golgi Network Dispersion.
Viruses 2022, 14, 88. [CrossRef]

60. Kesavardhana, S.; Samir, P.; Zheng, M.; Malireddi, R.K.S.; Karki, R.; Sharma, B.R.; Place, D.E.; Briard, B.; Vogel, P.; Kanneganti,
T.D. DDX3X coordinates host defense against influenza virus by activating the NLRP3 inflammasome and type I interferon
response. J. Biol. Chem. 2021, 296, 100579. [CrossRef]

61. Lei, X.; Chen, Y.; Lien, E.; Fitzgerald, K.A. MLKL-Driven Inflammasome Activation and Caspase-8 Mediate Inflammatory Cell
Death in Influenza A Virus Infection. mBio 2023, 14, e0011023. [CrossRef] [PubMed]

62. Zheng, M.; Karki, R.; Vogel, P.; Kanneganti, T.D. Caspase-6 Is a Key Regulator of Innate Immunity, Inflammasome Activation, and
Host Defense. Cell 2020, 181, 674–687.e13. [CrossRef] [PubMed]

63. Kesavardhana, S.; Kuriakose, T.; Guy, C.S.; Samir, P.; Malireddi, R.K.S.; Mishra, A.; Kanneganti, T.D. ZBP1/DAI ubiquitination
and sensing of influenza vRNPs activate programmed cell death. J. Exp. Med. 2017, 214, 2217–2229. [CrossRef]

64. Niu, J.; Cui, M.; Yang, X.; Li, J.; Yao, Y.; Guo, Q.; Lu, A.; Qi, X.; Zhou, D.; Zhang, C.; et al. Microbiota-derived acetate enhances
host antiviral response via NLRP3. Nat. Commun. 2023, 14, 642. [CrossRef] [PubMed]

65. Tate, M.D.; Ong, J.D.H.; Dowling, J.K.; McAuley, J.L.; Robertson, A.B.; Latz, E.; Drummond, G.R.; Cooper, M.A.; Hertzog,
P.J.; Mansell, A. Reassessing the role of the NLRP3 inflammasome during pathogenic influenza A virus infection via temporal
inhibition. Sci. Rep. 2016, 6, 27912. [CrossRef] [PubMed]

66. Rosli, S.; Kirby, F.J.; Lawlor, K.E.; Rainczuk, K.; Drummond, G.R.; Mansell, A.; Tate, M.D. Repurposing drugs targeting the
P2X7 receptor to limit hyperinflammation and disease during influenza virus infection. Br J. Pharmacol. 2019, 176, 3834–3844.
[CrossRef] [PubMed]

67. Rasmussen, S.A.; Jamieson, D.J.; Honein, M.A.; Petersen, L.R. Zika Virus and Birth Defects—Reviewing the Evidence for Causality.
N. Engl. J. Med. 2016, 374, 1981–1987. [CrossRef]

68. de Castro Alves, C.E.; de Melo, S.A.; de Melo Silva, J.; de Oliveira, L.C.; Nascimento, V.A.D.; Santos, J.H.A.; Naveca, F.G.; Pontes,
G.S. Increased Serum Levels of Growth-Differentiation Factor 3 (GDF3) and Inflammasome-Related Markers in Pregnant Women
during Acute Zika Virus Infection. Viruses 2022, 14, 1004. [CrossRef]

https://doi.org/10.1038/s41467-023-37470-4
https://doi.org/10.7554/eLife.66522
https://doi.org/10.1038/s41467-019-13837-4
https://doi.org/10.15252/embj.2020105071
https://doi.org/10.1126/science.abe1707
https://doi.org/10.1038/s41591-018-0082-y
https://doi.org/10.1371/journal.pbio.3002144
https://doi.org/10.1021/acschembio.2c00515
https://doi.org/10.1038/s41589-022-01182-5
https://www.ncbi.nlm.nih.gov/pubmed/36357533
https://doi.org/10.1172/JCI138861
https://www.ncbi.nlm.nih.gov/pubmed/33720048
https://doi.org/10.1101/2023.01.10.523535
https://doi.org/10.7554/eLife.83207
https://doi.org/10.1128/JVI.00727-14
https://doi.org/10.1126/sciimmunol.aau4643
https://doi.org/10.3390/v14010088
https://doi.org/10.1016/j.jbc.2021.100579
https://doi.org/10.1128/mbio.00110-23
https://www.ncbi.nlm.nih.gov/pubmed/36852999
https://doi.org/10.1016/j.cell.2020.03.040
https://www.ncbi.nlm.nih.gov/pubmed/32298652
https://doi.org/10.1084/jem.20170550
https://doi.org/10.1038/s41467-023-36323-4
https://www.ncbi.nlm.nih.gov/pubmed/36746963
https://doi.org/10.1038/srep27912
https://www.ncbi.nlm.nih.gov/pubmed/27283237
https://doi.org/10.1111/bph.14787
https://www.ncbi.nlm.nih.gov/pubmed/31271646
https://doi.org/10.1056/NEJMsr1604338
https://doi.org/10.3390/v14051004


Viruses 2023, 15, 1451 18 of 20

69. Wen, C.; Yu, Y.; Gao, C.; Qi, X.; Cardona, C.J.; Xing, Z. Concomitant pyroptotic and apoptotic cell death triggered in macrophages
infected by Zika virus. PLoS ONE 2022, 17, e0257408. [CrossRef]

70. Zhang, H.; Zhu, Y.; Liu, Z.; Peng, Y.; Peng, W.; Tong, L.; Wang, J.; Liu, Q.; Wang, P.; Cheng, G. A volatile from the skin microbiota
of flavivirus-infected hosts promotes mosquito attractiveness. Cell 2022, 185, 2510–2522.e16. [CrossRef]

71. Aggan, H.E.; Mahmoud, S.; Deeb, N.E.; Eleishi, I.; El-Shendidi, A. Significance of elevated serum and hepatic NOD-like receptor
pyrin domain containing 3 (NLRP3) in hepatitis C virus-related liver disease. Sci. Rep. 2022, 12, 19528. [CrossRef] [PubMed]

72. Chen, S.R.; Li, Z.Q.; Xu, J.; Ding, M.Y.; Shan, Y.M.; Cheng, Y.C.; Zhang, G.X.; Sun, Y.W.; Wang, Y.Q.; Wang, Y. Celastrol attenuates
hepatitis C virus translation and inflammatory response in mice by suppressing heat shock protein 90beta. Acta Pharmacol. Sin.
2023. [CrossRef] [PubMed]

73. Wang, C.; Yang, R.; Yang, F.; Han, Y.; Ren, Y.; Xiong, X.; Wang, X.; Bi, Y.; Li, L.; Qiu, Y.; et al. Echovirus 11 infection induces
pyroptotic cell death by facilitating NLRP3 inflammasome activation. PLoS Pathog. 2022, 18, e1010787. [CrossRef] [PubMed]

74. He, S.; Li, L.; Chen, H.; Hu, X.; Wang, W.; Zhang, H.; Wei, R.; Zhang, X.; Chen, Y.; Liu, X. PRRSV Infection Induces Gasdermin
D-Driven Pyroptosis of Porcine Alveolar Macrophages through NLRP3 Inflammasome Activation. J. Virol. 2022, 96, e0212721.
[CrossRef]

75. de Castro-Jorge, L.A.; de Carvalho, R.V.H.; Klein, T.M.; Hiroki, C.H.; Lopes, A.H.; Guimaraes, R.M.; Fumagalli, M.J.; Floriano,
V.G.; Agostinho, M.R.; Slhessarenko, R.D.; et al. The NLRP3 inflammasome is involved with the pathogenesis of Mayaro virus.
PLoS Pathog. 2019, 15, e1007934. [CrossRef]

76. Zhi, X.; Zhang, Y.; Sun, S.; Zhang, Z.; Dong, H.; Luo, X.; Wei, Y.; Lu, Z.; Dou, Y.; Wu, R.; et al. NLRP3 inflammasome activation by
Foot-and-mouth disease virus infection mainly induced by viral RNA and non-structural protein 2B. RNA Biol. 2020, 17, 335–349.
[CrossRef]

77. Li, S.; Li, H.; Zhang, Y.L.; Xin, Q.L.; Guan, Z.Q.; Chen, X.; Zhang, X.A.; Li, X.K.; Xiao, G.F.; Lozach, P.Y.; et al. SFTSV Infection
Induces BAK/BAX-Dependent Mitochondrial DNA Release to Trigger NLRP3 Inflammasome Activation. Cell Rep. 2020, 30,
4370–4385.e7. [CrossRef]

78. Suwanmanee, S.; Ghimire, S.; Edwards, J.; Griffin, D.E. Infection of Pro- and Anti-Inflammatory Macrophages by Wild Type
and Vaccine Strains of Measles Virus: NLRP3 Inflammasome Activation Independent of Virus Production. Viruses 2023, 15, 260.
[CrossRef]

79. Li, L.; Yang, W.; Ma, X.; Wu, J.; Qin, X.; Cao, X.; Zhou, J.; Jin, L.; He, J.; Zheng, H.; et al. Peste Des Petits Ruminants Virus N
Protein Is a Critical Proinflammation Factor That Promotes MyD88 and NLRP3 Complex Assembly. J. Virol. 2022, 96, e0030922.
[CrossRef]

80. Li, Y.; Yu, P.; Kessler, A.L.; Shu, J.; Liu, X.; Liang, Z.; Liu, J.; Li, Y.; Li, P.; Wang, L.; et al. Hepatitis E virus infection activates
NOD-like receptor family pyrin domain-containing 3 inflammasome antagonizing interferon response but therapeutically
targetable. Hepatology 2022, 75, 196–212. [CrossRef]

81. Li, Y.; Zhang, R.; Wang, Y.; Li, P.; Li, Y.; Janssen, H.L.A.; de Man, R.A.; Peppelenbosch, M.P.; Ou, X.; Pan, Q. Hepatitis E virus
infection remodels the mature tRNAome in macrophages to orchestrate NLRP3 inflammasome response. Proc. Natl. Acad. Sci.
USA 2023, 120, e2304445120. [CrossRef]

82. Moles, R.; Sarkis, S.; Galli, V.; Omsland, M.; Artesi, M.; Bissa, M.; McKinnon, K.; Brown, S.; Hahaut, V.; Washington-Parks, R.; et al.
NK cells and monocytes modulate primary HTLV-1 infection. PLoS Pathog. 2022, 18, e1010416. [CrossRef]

83. Kumar, A.; Stavrakis, G.; Karaba, A.H. Herpesviruses and Inflammasomes: One Sensor Does Not Fit All. mBio 2022, 13, e0173721.
[CrossRef] [PubMed]

84. Wang, W.; Hu, D.; Wu, C.; Feng, Y.; Li, A.; Liu, W.; Wang, Y.; Chen, K.; Tian, M.; Xiao, F.; et al. STING promotes NLRP3 localization
in ER and facilitates NLRP3 deubiquitination to activate the inflammasome upon HSV-1 infection. PLoS Pathog. 2020, 16, e1008335.
[CrossRef] [PubMed]

85. Hu, X.; Zeng, Q.; Xiao, J.; Qin, S.; Wang, Y.; Shan, T.; Hu, D.; Zhu, Y.; Liu, K.; Zheng, K.; et al. Herpes Simplex Virus 1 Induces
Microglia Gasdermin D-Dependent Pyroptosis Through Activating the NLR Family Pyrin Domain Containing 3 Inflammasome.
Front. Microbiol. 2022, 13, 838808. [CrossRef] [PubMed]

86. Hayes, C.K.; Wilcox, D.R.; Yang, Y.; Coleman, G.K.; Brown, M.A.; Longnecker, R. ASC-dependent inflammasomes contribute to
immunopathology and mortality in herpes simplex encephalitis. PLoS Pathog. 2021, 17, e1009285. [CrossRef]

87. Burton, E.M.; Goldbach-Mansky, R.; Bhaduri-McIntosh, S. A promiscuous inflammasome sparks replication of a common tumor
virus. Proc. Natl. Acad. Sci. USA 2020, 117, 1722–1730. [CrossRef]

88. Maruzuru, Y.; Ichinohe, T.; Sato, R.; Miyake, K.; Okano, T.; Suzuki, T.; Koshiba, T.; Koyanagi, N.; Tsuda, S.; Watanabe, M.; et al.
Herpes Simplex Virus 1 VP22 Inhibits AIM2-Dependent Inflammasome Activation to Enable Efficient Viral Replication. Cell Host.
Microbe. 2018, 23, 254–265.e7. [CrossRef]

89. Zhang, Z.; Venditti, R.; Ran, L.; Liu, Z.; Vivot, K.; Schurmann, A.; Bonifacino, J.S.; De Matteis, M.A.; Ricci, R. Distinct changes in
endosomal composition promote NLRP3 inflammasome activation. Nat. Immunol. 2023, 24, 30–41. [CrossRef] [PubMed]

90. Schmacke, N.A.; O’Duill, F.; Gaidt, M.M.; Szymanska, I.; Kamper, J.M.; Schmid-Burgk, J.L.; Madler, S.C.; Mackens-Kiani, T.;
Kozaki, T.; Chauhan, D.; et al. IKKbeta primes inflammasome formation by recruiting NLRP3 to the trans-Golgi network.
Immunity 2022, 55, 2271–2284.e7. [CrossRef]

https://doi.org/10.1371/journal.pone.0257408
https://doi.org/10.1016/j.cell.2022.05.016
https://doi.org/10.1038/s41598-022-22022-5
https://www.ncbi.nlm.nih.gov/pubmed/36376416
https://doi.org/10.1038/s41401-023-01067-w
https://www.ncbi.nlm.nih.gov/pubmed/36882503
https://doi.org/10.1371/journal.ppat.1010787
https://www.ncbi.nlm.nih.gov/pubmed/36026486
https://doi.org/10.1128/jvi.02127-21
https://doi.org/10.1371/journal.ppat.1007934
https://doi.org/10.1080/15476286.2019.1700058
https://doi.org/10.1016/j.celrep.2020.02.105
https://doi.org/10.3390/v15020260
https://doi.org/10.1128/jvi.00309-22
https://doi.org/10.1002/hep.32114
https://doi.org/10.1073/pnas.2304445120
https://doi.org/10.1371/journal.ppat.1010416
https://doi.org/10.1128/mbio.01737-21
https://www.ncbi.nlm.nih.gov/pubmed/35038917
https://doi.org/10.1371/journal.ppat.1008335
https://www.ncbi.nlm.nih.gov/pubmed/32187211
https://doi.org/10.3389/fmicb.2022.838808
https://www.ncbi.nlm.nih.gov/pubmed/35387080
https://doi.org/10.1371/journal.ppat.1009285
https://doi.org/10.1073/pnas.1919133117
https://doi.org/10.1016/j.chom.2017.12.014
https://doi.org/10.1038/s41590-022-01355-3
https://www.ncbi.nlm.nih.gov/pubmed/36443515
https://doi.org/10.1016/j.immuni.2022.10.021


Viruses 2023, 15, 1451 19 of 20

91. Liu, C.; Chen, K.; Zhao, F.; Xuan, L.; Wang, Y.; Xu, C.; Wu, Z.; Wang, D.; Qu, C. Occult infection with hepatitis B virus PreS variants
synergistically promotes hepatocellular carcinoma development in a high-fat diet context by generating abnormal ceramides.
BMC Med. 2022, 20, 279. [CrossRef]

92. Huang, L.; Liu, H.; Ye, G.; Liu, X.; Chen, W.; Wang, Z.; Zhao, D.; Zhang, Z.; Feng, C.; Hu, L.; et al. Deletion of African Swine Fever
Virus (ASFV) H240R Gene Attenuates the Virulence of ASFV by Enhancing NLRP3-Mediated Inflammatory Responses. J. Virol.
2023, 97, e0122722. [CrossRef] [PubMed]

93. Eichholz, K.; Tran, T.H.; Cheneau, C.; Tran, T.T.P.; Paris, O.; Pugniere, M.; Kremer, E.J. Adenovirus-alpha-Defensin Complexes
Induce NLRP3-Associated Maturation of Human Phagocytes via Toll-Like Receptor 4 Engagement. J. Virol. 2022, 96, e0185021.
[CrossRef] [PubMed]

94. Man, S.M.; Karki, R.; Kanneganti, T.D. AIM2 inflammasome in infection, cancer, and autoimmunity: Role in DNA sensing,
inflammation, and innate immunity. Eur. J. Immunol. 2016, 46, 269–280. [CrossRef]

95. Zhou, Q.; Zhang, L.; Lin, Q.; Liu, H.; Ye, G.; Liu, X.; Jiao, S.; Li, J.; Tang, Y.; Shi, D.; et al. Pseudorabies Virus Infection Activates
the TLR-NF-kappaB Axis and AIM2 Inflammasome to Enhance Inflammatory Responses in Mice. J. Virol. 2023, 97, e0000323.
[CrossRef] [PubMed]

96. Castro de Moura, M.; Davalos, V.; Planas-Serra, L.; Alvarez-Errico, D.; Arribas, C.; Ruiz, M.; Aguilera-Albesa, S.; Troya, J.;
Valencia-Ramos, J.; Velez-Santamaria, V.; et al. Epigenome-wide association study of COVID-19 severity with respiratory failure.
EBioMedicine 2021, 66, 103339. [CrossRef]

97. Messaoud-Nacer, Y.; Culerier, E.; Rose, S.; Maillet, I.; Rouxel, N.; Briault, S.; Ryffel, B.; Quesniaux, V.F.J.; Togbe, D. STING agonist
diABZI induces PANoptosis and DNA mediated acute respiratory distress syndrome (ARDS). Cell Death. Dis. 2022, 13, 269.
[CrossRef]

98. Martinon, F.; Burns, K.; Tschopp, J. The inflammasome: A molecular platform triggering activation of inflammatory caspases and
processing of proIL-beta. Mol. Cell. 2002, 10, 417–426. [CrossRef]

99. Bauernfried, S.; Scherr, M.J.; Pichlmair, A.; Duderstadt, K.E.; Hornung, V. Human NLRP1 is a sensor for double-stranded RNA.
Science 2021, 371, eabd0811. [CrossRef]

100. Planes, R.; Pinilla, M.; Santoni, K.; Hessel, A.; Passemar, C.; Lay, K.; Paillette, P.; Valadao, A.C.; Robinson, K.S.; Bastard, P.; et al.
Human NLRP1 is a sensor of pathogenic coronavirus 3CL proteases in lung epithelial cells. Mol. Cell 2022, 82, 2385–2400.e9.
[CrossRef]

101. Gregory, S.M.; Davis, B.K.; West, J.A.; Taxman, D.J.; Matsuzawa, S.; Reed, J.C.; Ting, J.P.; Damania, B. Discovery of a viral NLR
homolog that inhibits the inflammasome. Science 2011, 331, 330–334. [CrossRef] [PubMed]

102. Zheng, D.; Kern, L.; Elinav, E. The NLRP6 inflammasome. Immunology 2021, 162, 281–289. [CrossRef] [PubMed]
103. Wang, P.; Zhu, S.; Yang, L.; Cui, S.; Pan, W.; Jackson, R.; Zheng, Y.; Rongvaux, A.; Sun, Q.; Yang, G.; et al. Nlrp6 regulates intestinal

antiviral innate immunity. Science 2015, 350, 826–830. [CrossRef]
104. Shen, C.; Li, R.; Negro, R.; Cheng, J.; Vora, S.M.; Fu, T.M.; Wang, A.; He, K.; Andreeva, L.; Gao, P.; et al. Phase separation drives

RNA virus-induced activation of the NLRP6 inflammasome. Cell 2021, 184, 5759–5774.e20. [CrossRef] [PubMed]
105. Chen, J.; Chen, Z.J. PtdIns4P on dispersed trans-Golgi network mediates NLRP3 inflammasome activation. Nature 2018, 564,

71–76. [CrossRef]
106. Zhu, S.; Ding, S.; Wang, P.; Wei, Z.; Pan, W.; Palm, N.W.; Yang, Y.; Yu, H.; Li, H.B.; Wang, G.; et al. Nlrp9b inflammasome restricts

rotavirus infection in intestinal epithelial cells. Nature 2017, 546, 667–670. [CrossRef]
107. Yanling, Q.; Xiaoning, C.; Fei, B.; Liyun, F.; Huizhong, H.; Daqing, S. Inhibition of NLRP9b attenuates acute lung injury through

suppressing inflammation, apoptosis and oxidative stress in murine and cell models. Biochem. Biophys. Res. Commun. 2018, 503,
436–443. [CrossRef]

108. Hornick, E.E.; Dagvadorj, J.; Zacharias, Z.R.; Miller, A.M.; Langlois, R.A.; Chen, P.; Legge, K.L.; Bishop, G.A.; Sutterwala, F.S.;
Cassel, S.L. Dendritic cell NLRC4 regulates influenza A virus-specific CD4 T cell responses through FasL expression. J. Clin.
Invest. 2019, 129, 2888–2897. [CrossRef] [PubMed]

109. Triantafilou, K.; Ward, C.J.K.; Czubala, M.; Ferris, R.G.; Koppe, E.; Haffner, C.; Piguet, V.; Patel, V.K.; Amrine-Madsen, H.;
Modis, L.K.; et al. Differential recognition of HIV-stimulated IL-1beta and IL-18 secretion through NLR and NAIP signalling in
monocyte-derived macrophages. PLoS Pathog. 2021, 17, e1009417. [CrossRef] [PubMed]

110. Zhang, B.; Chassaing, B.; Shi, Z.; Uchiyama, R.; Zhang, Z.; Denning, T.L.; Crawford, S.E.; Pruijssers, A.J.; Iskarpatyoti, J.A.; Estes,
M.K.; et al. Viral infection. Prevention and cure of rotavirus infection via TLR5/NLRC4-mediated production of IL-22 and IL-18.
Science 2014, 346, 861–865. [CrossRef]

111. Zhang, Z.; Zou, J.; Shi, Z.; Zhang, B.; Etienne-Mesmin, L.; Wang, Y.; Shi, X.; Shao, F.; Chassaing, B.; Gewirtz, A.T. IL-22-induced
cell extrusion and IL-18-induced cell death prevent and cure rotavirus infection. Sci. Immunol 2020, 5, eabd2876. [CrossRef]
[PubMed]

112. de Almeida, L.; da Silva, A.L.N.; Rodrigues, T.S.; Oliveira, S.; Ishimoto, A.Y.; Seribelli, A.A.; Becerra, A.; Andrade, W.A.; Ataide,
M.A.; Caetano, C.C.S.; et al. Identification of immunomodulatory drugs that inhibit multiple inflammasomes and impair
SARS-CoV-2 infection. Sci Adv 2022, 8, eabo5400. [CrossRef] [PubMed]

113. Gong, T.; Jiang, W.; Zhou, R. Control of Inflammasome Activation by Phosphorylation. Trends. Biochem. Sci. 2018, 43, 685–699.
[CrossRef]

https://doi.org/10.1186/s12916-022-02481-3
https://doi.org/10.1128/jvi.01227-22
https://www.ncbi.nlm.nih.gov/pubmed/36656014
https://doi.org/10.1128/jvi.01850-21
https://www.ncbi.nlm.nih.gov/pubmed/35080426
https://doi.org/10.1002/eji.201545839
https://doi.org/10.1128/jvi.00003-23
https://www.ncbi.nlm.nih.gov/pubmed/36877049
https://doi.org/10.1016/j.ebiom.2021.103339
https://doi.org/10.1038/s41419-022-04664-5
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1126/science.abd0811
https://doi.org/10.1016/j.molcel.2022.04.033
https://doi.org/10.1126/science.1199478
https://www.ncbi.nlm.nih.gov/pubmed/21252346
https://doi.org/10.1111/imm.13293
https://www.ncbi.nlm.nih.gov/pubmed/33314083
https://doi.org/10.1126/science.aab3145
https://doi.org/10.1016/j.cell.2021.09.032
https://www.ncbi.nlm.nih.gov/pubmed/34678144
https://doi.org/10.1038/s41586-018-0761-3
https://doi.org/10.1038/nature22967
https://doi.org/10.1016/j.bbrc.2018.04.079
https://doi.org/10.1172/JCI124937
https://www.ncbi.nlm.nih.gov/pubmed/31038471
https://doi.org/10.1371/journal.ppat.1009417
https://www.ncbi.nlm.nih.gov/pubmed/33861800
https://doi.org/10.1126/science.1256999
https://doi.org/10.1126/sciimmunol.abd2876
https://www.ncbi.nlm.nih.gov/pubmed/33008915
https://doi.org/10.1126/sciadv.abo5400
https://www.ncbi.nlm.nih.gov/pubmed/36103544
https://doi.org/10.1016/j.tibs.2018.06.008


Viruses 2023, 15, 1451 20 of 20

114. Karki, R.; Lee, S.; Mall, R.; Pandian, N.; Wang, Y.; Sharma, B.R.; Malireddi, R.S.; Yang, D.; Trifkovic, S.; Steele, J.A.; et al.
ZBP1-dependent inflammatory cell death, PANoptosis, and cytokine storm disrupt IFN therapeutic efficacy during coronavirus
infection. Sci. Immunol. 2022, 7, eabo6294. [CrossRef]

115. Karki, R.; Sharma, B.R.; Tuladhar, S.; Williams, E.P.; Zalduondo, L.; Samir, P.; Zheng, M.; Sundaram, B.; Banoth, B.; Malireddi,
R.K.S.; et al. Synergism of TNF-alpha and IFN-gamma Triggers Inflammatory Cell Death, Tissue Damage, and Mortality in
SARS-CoV-2 Infection and Cytokine Shock Syndromes. Cell 2021, 184, 149–168.e17. [CrossRef] [PubMed]

116. Sundaram, B.; Pandian, N.; Mall, R.; Wang, Y.; Sarkar, R.; Kim, H.J.; Malireddi, R.K.S.; Karki, R.; Janke, L.J.; Vogel, P.; et al.
NLRP12-PANoptosome activates PANoptosis and pathology in response to heme and PAMPs. Cell 2023, 186, 2783–2801.e20.
[CrossRef]

117. Chen, S.T.; Chen, L.; Lin, D.S.; Chen, S.Y.; Tsao, Y.P.; Guo, H.; Li, F.J.; Tseng, W.T.; Tam, J.W.; Chao, C.W.; et al. NLRP12 Regulates
Anti-viral RIG-I Activation via Interaction with TRIM25. Cell Host. Microbe. 2019, 25, 602–616.e7. [CrossRef]

118. Barnett, K.C.; Li, S.; Liang, K.; Ting, J.P. A 360 degrees view of the inflammasome: Mechanisms of activation, cell death, and
diseases. Cell 2023, 186, 2288–2312. [CrossRef]

119. Hornick, E.E.; Banoth, B.; Miller, A.M.; Zacharias, Z.R.; Jain, N.; Wilson, M.E.; Gibson-Corley, K.N.; Legge, K.L.; Bishop, G.A.;
Sutterwala, F.S.; et al. Nlrp12 Mediates Adverse Neutrophil Recruitment during Influenza Virus Infection. J. Immunol. 2018, 200,
1188–1197. [CrossRef]

120. Humphries, F.; Shmuel-Galia, L.; Ketelut-Carneiro, N.; Li, S.; Wang, B.; Nemmara, V.V.; Wilson, R.; Jiang, Z.; Khalighinejad, F.;
Muneeruddin, K.; et al. Succination inactivates gasdermin D and blocks pyroptosis. Science 2020, 369, 1633–1637. [CrossRef]

121. Pathania, Y.S. Dimethyl fumarate for COVID-19. BMJ Support. Palliat. Care 2021. [CrossRef] [PubMed]
122. Torres, P.; Sancho-Saldana, A.; Gil Sanchez, A.; Peralta, S.; Solana, M.J.; Bakkioui, S.; Gonzalez-Mingot, C.; Quibus, L.; Ruiz-

Fernandez, E.; San Pedro-Murillo, E.; et al. A prospective study of cellular immune response to booster COVID-19 vaccination
in multiple sclerosis patients treated with a broad spectrum of disease-modifying therapies. J. Neurol. 2023, 270, 2380–2391.
[CrossRef] [PubMed]

123. Chou, W.C.; Guo, Z.; Guo, H.; Chen, L.; Zhang, G.; Liang, K.; Xie, L.; Tan, X.; Gibson, S.A.; Rampanelli, E.; et al. AIM2 in
regulatory T cells restrains autoimmune diseases. Nature 2021, 591, 300–305. [CrossRef] [PubMed]

124. Hou, Y.; Wei, Y.; Lautrup, S.; Yang, B.; Wang, Y.; Cordonnier, S.; Mattson, M.P.; Croteau, D.L.; Bohr, V.A. NAD+ supplementation
reduces neuroinflammation and cell senescence in a transgenic mouse model of Alzheimer’s disease via cGAS-STING. Proc. Natl.
Acad. Sci. USA 2021, 118, e2011226118. [CrossRef] [PubMed]

125. Pang, H.; Jiang, Y.; Li, J.; Wang, Y.; Nie, M.; Xiao, N.; Wang, S.; Song, Z.; Ji, F.; Chang, Y.; et al. Aberrant NAD(+) metabolism
underlies Zika virus-induced microcephaly. Nat. Metab. 2021, 3, 1109–1124. [CrossRef]

126. Ahn, M.; Chen, V.C.; Rozario, P.; Ng, W.L.; Kong, P.S.; Sia, W.R.; Kang, A.E.Z.; Su, Q.; Nguyen, L.H.; Zhu, F.; et al. Bat ASC2
suppresses inflammasomes and ameliorates inflammatory diseases. Cell 2023, 186, 2144–2159.e22. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/sciimmunol.abo6294
https://doi.org/10.1016/j.cell.2020.11.025
https://www.ncbi.nlm.nih.gov/pubmed/33278357
https://doi.org/10.1016/j.cell.2023.05.005
https://doi.org/10.1016/j.chom.2019.02.013
https://doi.org/10.1016/j.cell.2023.04.025
https://doi.org/10.4049/jimmunol.1700999
https://doi.org/10.1126/science.abb9818
https://doi.org/10.1136/bmjspcare-2021-003250
https://www.ncbi.nlm.nih.gov/pubmed/34172507
https://doi.org/10.1007/s00415-023-11575-8
https://www.ncbi.nlm.nih.gov/pubmed/36933032
https://doi.org/10.1038/s41586-021-03231-w
https://www.ncbi.nlm.nih.gov/pubmed/33505023
https://doi.org/10.1073/pnas.2011226118
https://www.ncbi.nlm.nih.gov/pubmed/34497121
https://doi.org/10.1038/s42255-021-00437-0
https://doi.org/10.1016/j.cell.2023.03.036

	Introduction 
	NLRP3 Inflammasome and SARS-CoV-2 
	The NLRP3 Inflammasome 
	The NLRP3 Inflammasome Assembly and Activation in SARS-CoV-2-Triggered Innate Immunity 
	Sustained Activation of the NLRP3 Inflammasome in SARS-CoV-2 Infection 
	Regulation of the NLRP3 Inflammasome 
	Targeting the NLRP3 Inflammasome to Control SARS-CoV-2 Pathogenesis 

	NLRP3 Inflammasome in RNA Viral Infection 
	HIV 
	IAV 
	Zika Virus 
	Other RNA Viruses 

	NLRP3 Inflammasome in DNA Viral Infection 
	Herpes Simplex Virus 1 
	Other DNA Viruses 

	Other Inflammasomes 
	AIM2 Inflammasome 
	NLRP1 Inflammasome 
	NLRP6 Inflammasome 
	NLRP9b Inflammasome 
	NLRC4 Inflammasome 

	Checkpoint for Host Defense and Inflammatory Response 
	Future Prospective 
	References

